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I. Introduction

The existence of an endogenous vasoconstrictor in
blood serum (Stevens and Lee, 1984; Brodie, 1900) and
the presence in the gut of a substance that increases
intestinal motility (Vialli and Ersparmer, 1933) had
been known to scientists since the beginning of the cen-
tury. However, it was not until the serum vasoconstric-
tor was identified as 5-hydroxytryptamine (5-HT)? (Rap-
port et al., 1948) that it became clear that this amine
was also present in the mammalian central nervous
system (CNS) (Twarog and Page, 1953). Shortly after its
discovery in the CNS, and based on the observation that
it was heterogeneously distributed in the dog brain (Bog-
dansky et al., 1956), 5-HT was considered for the first
time a putative neurotransmitter in the CNS. A major
turning point in 5-HT neurotransmission research then
came about when Fuxe and Dahlstrém, using Falck-
Hillarp histochemical fluorescence, provided the first
description of 5-HT neurons (Dahlstrom and Fuxe, 1964)
and their projections (Fuxe, 1965). Today, it is an estab-
lished fact that no region in the mammalian CNS lacks
5-HT innervation (Dahlstrom and Fuxe, 1964; Stein-
busch, 1981, 1984; see Azmitia, 1986; Jacobs and Azmi-
tia, 1992; Azmitia-Whitaker and Azmitia, 1995).

As a neurotransmitter, the ubiquity of 5-HT is not
only anatomical but also phylogenetic. Having been
identified in neurons of the cnidarian Renilla koellikeri
(Umbriaco et al., 1990), it could be one of the most
ancient of currently known transmitters. From primates
(see Azmitia and Gannon, 1986; Tork, 1990) to Chon-
drichtyes (Stuesse and Cruce, 1992), the adult 5-HT
system is organized into two subsystems, i.e., a rostral
division with cell bodies localized in the midbrain and

2 Abbreviations: 5-HT, 5-hydroxytryptamine; CNS, central nervous
system; VTA, ventrotegmental area; bFGF, basic fibroblast growth fac-
tor; ACTH, adrenocorticotrophic hormone; MDA, 3,4-methylenedioxy-
amphetamine; MDMA, 3,3-methylenedioxymethamphetamine; PCA, p-
chloroamphetamine; GPCR, G protein-coupled receptor; REM, rapid
eye movement; NMDA, N-methyl-D-aspartate; EPSP, excitatory
postsynaptic potential; 5-MeOT, 5-methoxytryptamine; TTX, tetrodo-
toxin; PKC, protein kinase C; CYP, cytochrome P-450; PAPP, 4[2-[4-[3-
(trifluoromethyl)phenyl]-1-piperazinyllethyl|benzeneamine; ACh, ace-
tylcholine; CCK, cholecystokinin; CLN, caudal linear nucleus; DA,
dopamine; DRN, dorsal raphe nucleus; EAA, excitatory amino acid;
ECS, electroconvulsive shock; GABA, y-aminobutyric acid; GTI, seroto-
nin-5-O-carboxymethyl-glycyl; LSD, lysergic acid diethylamide; MAOI,
monoamine oxidase inhibitor; MLF, medial longitudinal fasciculus;
MRN, median raphe nucleus; NE, norepinephrine; NEM, N-ethylmale-
imide; PCPA, p-chlorophenylalanine; SSRI, selective serotonin re-
uptake inhibitor; SERT, serotonin transporter; SWS, slow wave sleep;
TFMPP, 1-[3-trifluoromethyl)phenylpiperazine; VIP, vasointestinal
polypeptide; 5-CT, 5-carboxyamidotryptamine; 5-HIAA, 5-hydroxyin-
dole acetic acid; 5-HTP, 5-hydroxytryptophan; 5,7-DHT, 5,7-dihy-
droxytryptamine; 8-OH-DPAT, 8-hydroxy-2-(di-n-propylamino)tetralin;
PET, photon emission tomography.

rostral pons, providing projections to the forebrain, and
a caudal division located primarily in the medulla ob-
longata with descending projections to the spinal cord
and brainstem nuclei. Similarities found among such
divergent vertebrate brains indicate that the major nu-
clear organization and the 5-HT projection network have
remained remarkably stable across phylogeny. In spite
of its remarkable evolutionary stability (Jacobowitz and
MacLean, 1978), careful scrutiny of comparative ana-
tomical evidence indicates that differences are as impor-
tant as similarities. These phylogenetic differences may
be summarized as follows: in higher mammals the sys-
tem has evolved toward a fast, precise type of neuro-
transmission in which 5-HT neurons give rise to few
collaterals (Fallon and Loughlin, 1982), have a high
proportion of myelinated axons, and, due to the exis-
tence of a high proportion of junctional synapses, termi-
nal field innervation is localized. In lower mammals the
system is diffuse, highly branched, unmyelinated, and
nonjunctional innervation predominates in terminal
fields (see Azmitia 1986; Descarries et al., 1990; Tork,
1990; Jacobs and Azmitia, 1992; Azmitia and Whitaker-
Azmitia, 1995).

Because 5-HT neurons are among the first neuro-
blasts to differentiate, the 5-HT system is also ontogen-
ically ancient. Indeed, in the rat brain 5-HT-immunore-
activity appears as early as gestational day 12 (Olsen
and Seiger, 1972; Lidov and Molliver, 1982), tryptophan
hydroxylase activity is present at fertilization, and
nearly every embryonic cell contains 5-HT until the gas-
trula stage (Harris, 1981). The first 5-HT neurons ap-
pear in early development and are located rostrally,
within the mesencephalon (Lidov and Molliver, 1982)
Two days later, a more caudal rhombencephalic group
appears (Wallace and Lauder, 1983). In the next sec-
tions, focus will be on the rostral group.

II. Morphological Aspects of the 5-HT Rostral
System

A. 5-HT Nuclei

Dahlstréom and Fuxe (1964) divided 5-HT cell clusters
into nine groups (B;_g), B; being the most caudal group
of cells. Today, however, the nomenclature most fre-
quently used refers to 5-HT cells contained within cyto-
architectonic brainstem entities known as the raphe
nuclei. Rostral 5-HT neurons are not confined to midline
(raphe) nuclei, they are also present in more lateralized
sites of the reticular formation, especially 1) dorsal to
the medial lemniscus (rat: Dahlstrom and Fuxe, 1964,
Baker et al., 1990) and 2) dorsal to the nucleus raphe
pontis oralis (Lidov and Molliver, 1982; Baker et al.,
1991).
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1. The Caudal Linear Nucleus. The caudal linear nu-
cleus (CLN), described in primates by Tork (1990) and
Azmitia (see Azmitia, 1986; Azmitia and Gannon, 1986;
Jacobs and Azmitia, 1992; Azmitia and Whitaker-Azmi-
tia, 1995), is the most rostral group of serotonergic neu-
rons in the mesencephalic midline, extending along the
rostral boundary of the superior cerebellar decussation.
Its ventral limit is defined by the interpeduncular nu-
cleus and dorsally it contacts the dorsal raphe nucleus
(DRN) through the gap left between the two medial
longitudinal fasciculi. In rats, 5-HT neurons located ros-
tral to the decussation of the superior cerebellar pedun-
cle and above the interpeduncular nucleus have been
considered in some cases a rostral extension of the me-
dian raphe nucleus (MRN) (Lorez et al., 1978; Parent et
al.,, 1981). However, CLN and MRN neurons do not
share common terminal projection fields (Imai et al.,
1986) and display dissimilar dendritic morphology (Hor-
nung and Fristchy, 1988). On the other hand, because
DRN and CLN 5-HT neurons innervate similar terminal
fields (e.g., caudate-putamen in adult rat brain; Imai et
al., 1986) and share a common developmental origin
(Wallace and Lauder, 1983), an alternative approach
proposes that CLN neurons should be considered similar
to those in DRN (see Jacobs and Azmitia, 1992).

2. The Dorsal Raphe Nucleus. The DRN is the largest
of the brainstem serotonergic nuclei containing about
50% of 5-HT neurons in the rat CNS (Wiklund and
Bjorklund, 1980; Descarries et al., 1982), 40% in the cat
CNS (Wiklund et al., 1981), and 50 to 60% in the human
CNS (Baker et al., 1990). Rostrally, the dorsal raphe is
bound by the Edingher Westphal nucleus (III) and, cau-
dally, it extends just ventral to the confluence of the
fourth ventricle and the cerebral aqueduct (Steinbusch,
1981; Descarries et al., 1982; Imai et al., 1986; Tork,
1990; Jacobs and Azmitia; 1992). In most species, the
DRN is composed of several subregions distinguished by
their different cell density, morphology, and projections
(Azmitia and Gannon, 1986; Baker et al., 1991; Johnson
and Ma, 1993): 1) a medial portion, subdivided in turn
into dorsomedial and ventromedial components, just be-
low the cerebral aqueduct and surrounding the medial
longitudinal fasciculus (MLF), respectively; 2) lateral
portions or wings (much more prominent in primates
than other mammals due to a lateralization process
through phylogeny; Descarries et al., 1982; Azmitia and
Gannon, 1986; Baker et al., 1991); and 3) a caudal com-
ponent. During development (15 days of gestation),
5-HT-immunoreactive cells group themselves into two
different clusters, dorsolateral and ventrolateral to the
MLF (Wallace and Lauder, 1983). The dorsolateral por-
tion will give rise to the lateral wings of the DRN,
whereas the ventrolateral group will split to form the
interfascicular portion of DRN and MRN. For this rea-
son, it has been proposed that, in the primate CNS (see
Jacobs and Azmitia, 1992; Azmitia and Whitaker-Azmi-
tia, 1995), the interfascicular subregion of the DRN

should be best considered an entity along with the MRN.
Olzewski and Baxter (1954) had previously defined an
anatomical entity, nucleus centralis superior, consisting
of three groups of cells: 1) a dorsalis component situated
between MLF, 2) a medialis component or MRN, and 3)
a lateralis component which includes the 5-HT cells that
form the ring around the nucleus reticularis pontis ora-
lis (see Table 1). The absence of anatomical boundaries
between the main rostral portion of the DRN (B,) and
the main rostral portion of the MRN (Bg) has also been
observed in rats (Descarries et al., 1982) and cats (Wik-
lund et al., 1981). The main rostral component of the
DRN (B,) also merges, in its rear end, with the caudal
component (Bg) of this same nucleus (see Jacobs and
Azmitia, 1992; Azmitia and Whitaker-Azmitia, 1995).
Furthermore, the latter caudal component is in continu-
ity with the dorsocaudal portion of the MRN (see Jacobs
and Azmitia, 1992; Azmitia and Whitaker-Azmitia,
1995) and the lateral wings of the DRN (Lidov and
Molliver, 1982). Hence, anatomical proximity between
different 5-HT cell clusters provides the ground for a
network of homotypic interconnections among 5-HT
neurons. Such interconnections constitute in turn the
morphological ground for the high degree of cross-talk
existing among 5-HT neurons at the somatodendritic
level. The major implication underlying this arrange-
ment is that the more closely knit and the larger the
number of cells in a functional cluster, the more power-
ful will be the effect of the group on the target structure
toward which it projects (Azmitia, 1986).

3. The Median Raphe Nucleus. The MRN consists of
two distinct parts, i.e., a group of densely packed cells,
vertically oriented and concentrated in the midline, and
a second group, the paramedian columns, consisting of
cells scattered in the periphery of the midline cluster
(Kohler and Steinbusch, 1982). The nucleus is situated
ventral to the MLF and has a rostrocaudal oblique ori-
entation (Azmitia, 1981; Lidov and Molliver, 1982). In
its rostral end, beyond the MLF, it is separated from the
DRN in its rostral end by the superior cerebellar pedun-
cle decussation. Its medial portion extends from the
mesencephalic interpeduncular nucleus to the trapezoid
body in the pons. Laterally, the limits of the nucleus are
poorly defined toward the reticular formation (Kohler
and Steinbusch, 1982), and in the rat the MRN merges
laterally with the 5-HT group in nucleus raphe pontis
oralis (Lidov and Molliver, 1982). The MRN forms the
second largest cluster of 5-HT neurons in the mamma-
lian CNS (Baker et al., 1990).

4. The Supralemniscal Region. The last group of 5-HT
neurons to be considered corresponds to 5-HT cells in the
supralemniscal region. In the rat, 5-HT cells belonging
to this group are scattered along the dorsal border of the
medial lemniscus and extend their dendrites in between
the fiber bundles of the latter (Parent et al., 1981; Stein-
busch, 1981). A similarity between supralemniscal 5-HT
cells and those of the MRN was first noted by Dahlstrom
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and Fuxe (1964) in the rat CNS and has been later
confirmed in primates (Hubbard and Di Carlo, 1974). In
fact, the cells in the supralemniscal region may be con-
tinuous with those of the paramedian columns of the
MRN (Azmitia and Gannon, 1986). Unlike rodents in
which the supralemniscal cell cluster is predominantly
mesencephalic, in humans it is entirely located in the
pons (Baker et al., 1991).

B. Ultrastructure

In all species studied thus far, neurons containing
5-HT consist of a morphologically heterogeneous popu-
lation (Steinbusch, 1981; Jacobs et al., 1984; Azmitia
and Gannon, 1986; Térk and Hornung, 1990). The aver-
age cell diameter varies between 15 and 25 um (Azmitia,
1978; Descarries et al., 1982), and, ultrastructurally,
“5-HT specificity does not closely correlate with any
particular neuronal configuration and/or intracellular
build-up” (Descarries et al., 1982). No unique element
allows to distinguish 5-HT cell bodies from non-5-HT
surrounding neurons.

The average number of axosomatic boutons received
by 5-HT neuron perikarya in the DRN has been quanti-
fied by Descarries et al. (1982). Although 100 pm of
somatic membrane receive seven axonic boutons, the
average number of spines on the same membrane length
is 2.7 (Park et al., 1982). On the dendrites, the number
of axonic boutons per 100-um membrane length is
roughly 60% higher than on the soma (Descarries et al.,
1982). In cats and rats, the fibers contributing to these
axosomatic or axodendritic contacts are non-5-HT fibers
(Descarries et al., 1982; Chazal and Ralston, 1987). In
primates, Kapadia et al. (1985) have described 5-HT
fibers impinging on 5-HT dendrites.

1. Sources of Extracellular 5-HT in Rostral Raphe
Nuclei. The existence of serotonergic axon terminals in
the raphe nuclei of cats and rats has been repeatedly
reported (Baraban and Aghajanian, 1981; Chan-Palay,
1982; Descarries et al., 1982; Chazal and Ralston, 1987),
but the terminals endowed with synaptic specializations
have been found to be consistently in low numbers,
ranging from “none” (Baraban and Aghajanian, 1981),
“exceedingly small number” (Descarries et al., 1982), to
“a few” (Chazal and Ralston, 1987). Furthermore, Bara-
ban and Aghajanian (1981) found 5-HT fibers exclu-
sively in axon bundles rather than in proximity to den-
drites or cell bodies, and when 5-HT terminals were
observed to make somatodendritic synaptic contacts,
these were on non-5-HT neurons (Descarries et al., 1982;
Chazal and Ralston, 1987). In the rare cases in which a
5-HT axon terminal was observed in close apposition to
a 5-HT cell body, no demonstrable synaptic contact was
present (Chazal and Ralston, 1987). Nonsynaptic 5-HT
axon terminals are not exclusive to the raphe nuclei;
they also exist in projection areas such as the cortex,
striatum, and hippocampus (Descarries et al., 1990;
Tork, 1990). 5-HT release therefore occurs not only from

junctional but also from nonjunctional sites (Descarries
et al., 1975, 1982, 1990).

The total number of 5-HT axons that reach the rostral
raphe nuclei (independent of their synaptic specializa-
tions), as well as their origin, is a controversial issue in
the literature. In autoradiographic studies of the rat
brain, Descarries et al. (1982) reported “only few” [°H]5-
HT-labeled axon terminals reaching the DRN; Chan-
Palay (1982) found “numerous” such terminals; whereas
Baraban and Aghajanian (1981) reported prominent la-
beling of unmyelinated 5-HT axons. On the other hand,
using an immunohistochemical procedure, Brusco et al.
(1983) found only few 5-HT axon terminals in rat DRN,
whereas Chazal and Ralston (1987) concluded that, in
the cat, the latter are “widely distributed and not un-
common”, although “not numerous as compared to non-
5-HT terminals”. Furthermore, the fine structure of fi-
bers impinging on the DRN was similar to that of 5-HT
fibers found in terminal projection areas (Beaudet and
Descarries, 1981), a fact that should be borne in mind
when considering whether 5-HT fibers that impinge on
the rostral 5-HT nuclei are collaterals or afferents from
other 5-HT nuclei. In primates, using immunocytochem-
istry, Kapadia et al. (1985) have also reported few 5-HT
axon terminals in the DRN.

In four of the five above-mentioned studies, the num-
ber of 5-HT fibers impinging on the raphe nuclei was
found to be scarce. However, the extracellular concen-
tration of 5-HT at the somatodendritic level is twice that
observed in projection areas such as the cerebral cortex
(e.g., 5.5 and 2.3 nM, respectively; Bel and Artigas,
1992), where the amount of axon terminals is 5.8 X 106
varicosities/mm?® (Descarries et al., 1990). It is then dif-
ficult to conceive that 5-HT fibers (collaterals or affer-
ents from other nuclei) would be the only source of
extracellular 5-HT in the dorsal raphe. An alternative
and conceivably important source of extracellular 5-HT
in the raphe area would therefore be the soma and
dendrites of 5-HT neurons. Indeed, the existence of 5-HT
neurons with vesicle-containing dendrites in the cat
DRN has been reported (Chazal and Ralston, 1987).
These dendrites may be divided into two different types:
1) dendrites in which vesicles were never found to be
associated with any membrane specialization, and 2)
vesicle-containing dendrites which have synaptic mem-
brane specializations. It was not determined whether
the two types of dendrites could belong to the same
neuron. It is possible that the different types of den-
drites could serve different functions: the ones lacking
any junctional specialization could contribute to main-
tain high extracellular-extrasynaptic somatodendritic
concentrations of 5-HT, whereas those bearing special-
izations could constitute the anatomical basis for den-
drodendritic homotypic interactions between 5-HT neu-
rons. In fact, although sometimes vesicle-containing
dendrites were found to contact non-5-HT elements,
most frequently they were presynaptic to other 5-HT
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dendrites. Apposition between 5-HT dendrites has also
been described in rats (Descarries et al., 1982), rabbits
(Felten and Harrigan, 1980), and primates (Kapadia et
al., 1985). Synaptic specializations on dendrodendritic
contacts were recognized in cats (Chazal and Ralston,
1987), as well as in the primate brain (Kapadia et al.,
1985), although 5-HT dendrites containing vesicles were
found only in the cat CNS. Despite these vesicle-contain-
ing dendrites being present throughout the DRN, they
were infrequent as compared to dendrites that did not
contain vesicles. Furthermore, 5-HT dendrodendritic
synapses constituted a small portion of the total DRN
synapses (Chazal and Ralston, 1987). A similar observa-
tion has been made in the substantia nigra where only a
few of the total dendrodendritic contacts interconnected
dopaminergic neurons (Wilson et al., 1977). Still, K*-
induced depolarization evokes significant dopamine
(DA) release from this region (Chéramy et al., 1983). A
neurotransmitter-releasing role for 5-HT dendrites was
initially proposed by Wang and Aghajanian (1977a,
1978) who observed that inhibition of 5-HT neuron firing
following the stimulation of the ascending 5-HT path-
way in the ventrotegmental area (VTA) was abolished by
the 5-HT synthesis inhibitor p-chlorophenylalanine and
restored by 5-hydroxytryptophan. It was also proposed
that the latter inhibitory effect could be mediated by
recurrent 5-HT axon collaterals. Since their initial re-
ports (Wang and Aghajanian, 1977a, 1978), recurrent
inhibition of 5-HT neuron firing activity has been con-
firmed using intracellular (Park et al., 1982) and extra-
cellular (Pineyro et al., 1996b) recordings. In the former
study, the injection of horseradish peroxidase into a
representative 5-HT neuron that showed recurrent in-
hibition following VTA stimulation revealed a single
collateral arising from the neuron’s axon. Although this
observation supports the existence of axon collaterals, it
is not evident that they constitute the only or even an
important anatomical substrate for recurrent inhibition
of 5-HT neuron firing activity. Moreover, two major
Golgi studies in rat and rabbit (Felten and Cummings,
1979; Diaz-Cintra et al., 1981) described only a few axon
collaterals. Summarizing the above-mentioned evi-
dence, it seems reasonable to conclude that the main
source of extracellular 5-HT within the raphe nuclei is of
somatodendritic origin.

2. Cell Bodies Found in the 5-HT Nuclei. Quantitative
studies of the total number of 5-HT neurons located in
the ascending raphe nuclei indicate that there are about
288,000 in the human brain (Tork, 1990), 33,000 in the
cat brain (Wiklund et al., 1981), and 15,200 in the rat
brain (see Jacobs and Azmitia, 1992). Moreover, 5-HT
neurons represent but a small percentage of the total
neuronal population of the raphe nuclei. Using histofluo-
rescence-imaging techniques, Wiklund et al. (1981) re-
ported that in the cat 5-HT neurons constitute 70% of
medium-sized cells in the dorsal raphe and 35% of me-
dium-sized neurons of the MRN. This percentage could

be lower, serotonergic cells constituting 25 to 50% of the
total DRN neuronal population and 20 to 30% of the
MRN's. In the supralemniscal 5-HT cell group (By), the
percentage of 5-HT neurons appears to be much lower
than in the other two nuclei (O’Hearn and Molliver,
1984).

Non-5-HT cells reported in the mesencephalic raphe
nuclei include peptidergic and nonpeptidergic neurons.
The most numerous non-5-HT perikarya are the pepti-
dergic enkephalin-immunoreactive cells (Uhl et al.,
1979; Moss et al., 1981, 1983). Most of enkephalin and
5-HT immunoreactivity in dorsal and median raphe nu-
clei do not colocalize, thus indicating that enkephalin-
and 5-HT-immunopositive cells should be best consid-
ered distinct neuronal populations (Tanaka et al., 1993).
Other peptides contained in DRN somata include 1)
Substance P, abundant in lateral wings (Moss et al.,
1983; Magoul et al., 1986) and rostral portion of the
nucleus (Ljungdahl et al., 1978). It is worth noting that
in bulbospinal neurons Substance P reduces the affinity
and increases the density of [*’H]5-HT-binding sites (Ag-
nati et al., 1983), indicating that the neuropeptide re-
leased from 5-HT neurons may modulate receptor sen-
sitivity to 5-HT; 2) neurotensin, found in cells dorsal to
the MLF at mid- and caudal levels of the DRN (Beitz,
1982); 3) neurons positive for vasointestinal polypeptide
(VIP), which are few and located just ventral to the
aqueduct (Sims et al., 1980; Moss et al., 1983); and 4)
somatostatin- and cholecystokinin (CCK)-positive cells,
both found within the periaqueductal gray, but few of
them lie within the DRN (Vanderhaeghen et al., 1980).

There is also consistent evidence indicating the exis-
tence of DA-positive cells in the midbrain raphe nuclei
(Hokfelt et al., 1976; Ochi and Shimizu, 1978; Miachon
et al., 1984; Trulson et al., 1985; Descarries et al., 1986).
Except for Miachon et al. (1984) who reported few ty-
rosine hydroxylase-positive DA-B-hydroxylase-negative
neurons, there is general agreement that DA cell bodies
in the midbrain raphe are numerous. Two primary sub-
populations of DA neurons have been described: 1) A;yq4c,
lying on the extreme dorsal border of the rostral half of
the DRN, ventral to the cerebral aqueduct and 2) Ay,
occupying the medial aspect of the DRN and extending
dorsocaudally from the ventrorostral border of this nu-
cleus, where the cells appear contiguous with those of
A, (Hokfelt et al., 1984). Similar to A;, DA neurons,
DA-containing cells in rat DRN project to nucleus ac-
cumbens (Stratford and Wirtshafter, 1989) and neostri-
atum (Descarries et al., 1986) with a low degree of co-
lateralization. This projection pattern differs from that
of surrounding 5-HT-immunoreactive neurons which
show profuse colateralization and innervate other struc-
tures such as septum (de Olmos and Heimer, 1980),
prefrontal cortex (O’Hearn and Molliver, 1984; Water-
house et al., 1986; Imai et al., 1986), and neostriatum
(Jacobs et al., 1978; Imai et al., 1986). Stratford and
Wirtshafter (1989) have thus suggested that DRN DA
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cells represent a caudal extension of A;, and hence a
completely different population from 5-HT neurons. Fur-
thermore, no colocalization of 5-HT and tyrosine hydrox-
ylase was observed in the raphe nuclei (Vanhatalo et al.,
1995). Norepinephrine-positive cells have not been
found within the DRN, but are located just caudal to the
lateral wing groups at the limits of the locus ceruleus
(Grzanna and Molliver, 1980).

The existence of y-aminobutyric acid (GABA) in mid-
brain raphe nuclei has been repeatedly reported (Mas-
sari et al., 1976; Belin et al., 1979; Gamrani et al., 1979;
Nanopoulos et al., 1982; Harandi et al., 1987). In fact,
there is as much glutamate decarboxylase activity (a
specific marker for GABAergic neurons; Fonnum and
Walberg, 1973; Ribak et al., 1976) in DRN as in cerebel-
lar GABA-rich nuclei (Massari et al., 1976). The failure
to obtain important changes in y-aminobutyric acid de-
carboxylase activity after lesioning afferents to the
DRN, as well as the presence in this nucleus of termi-
nals, dendrites, and nerve cell bodies accumulating
[*H]GABA (Belin et al., 1979), support the notion that
the GABAergic network is predominantly intrinsic to
the raphe. GABA-positive cell bodies are less numerous
than those for 5-HT (Belin et al., 1979; Harandi et al.,
1987), and in one of these studies, 40% of the GABA-
positive somata was found to contain 5-HT, whereas
30% of the 5-HT-containing neurons immunostained for
GABA (Harandi et al., 1987). Hence, it was proposed
that some neurons could be both GABAergic and sero-
tonergic. Coexistence of 5-HT and GABA in midbrain
raphe neurons has been repeatedly reported (Nanopou-
los et al., 1982; Gamrani et al., 1984; Harandi et al.,
1987; Gao et al., 1993); however, the proportion and the
nuclei in which colocalization occurs vary among differ-
ent studies. For example, electron microscopy studies
revealed coexistence of both neurotransmitters in the
somata of DRN neurons (Harandi et al., 1987). On the
other hand, confocal microscopy studies revealed that in
DRN and MRN, 5-HT and GABAergic neurons consti-
tute two largely distinct populations, double-labeled
neurons being observed only within the raphe magnus,
raphe obscurus, and raphe pallidus nuclei (Gao et al.,
1993). The latter results have been confirmed by Stamp
and Semba (1995) who also observed that in raphe sec-
tions only a very small percentage of 5-HT neurons in
the medullary raphe nuclei also contain GABA (raphe
magnus is the nucleus where the percentage of colocal-
ization was highest and it reached only 3.6%). In the
latter study, double-labeled cells were virtually absent
in the midbrain raphe nuclei, constituting 0.1 to 0.7% of
the total number of cells in DRN, MRN, and the su-
pralemniscal region. Low occurrence of colocalization of
5-HT and GABA has also been found in cultured 5-HT
neurons obtained from the ponto-mesencephalic region
of neonatal rats (Johnson, 1994a). The use of postnatal
rat midbrain-pontine 5-HT-neuron culture has also pro-
vided evidence for corelease, and hence colocalization, of

5-HT and glutamate from single 5-HT neurons (John-
son, 1994b). However, the major drawback of the latter
technique is that the possibility of glutamatergic func-
tion having developed in culture may not be ruled out.
Contrary to this last possibility is the fact that coexist-
ence of 5-HT and glutamate in rat and primate brain has
been observed in medullo-spinal pathways (Nicholas et
al., 1992). 5-HT has also been found to colocalize with
the trace amine tryptamine (Dabadie and Geffard, 1993)
and with basic fibroblast nerve growth factor (bFGF) in
DRN and MRN (Chadi et al., 1993). However, bFGF lacks
the signal peptide necessary to be secreted by the classical
exocytotic pathway used by neuropeptides (Mignatti et al.,
1992) but is released when cells are injured. Rather than
as a neurotransmitter, bFGF would then act as an auto-
crine and paracrine factor which elicits trophic responses.
Indeed, a neurotrophic role has been postulated for 5-HT
itself (for review, see Jacobs and Azmitia, 1992; Azmitia
and Whitaker-Azmitia, 1995). Finally, colocalization of
5-HT and NADPH diaphorase in mesopontine neurons
suggest that 5-HT neurons and nitric oxide may be used as
neurotransmitters by the same neuron (Johnson and Ma,
1993; Wotherspoon et al., 1994).

C. Afferents to Midbrain 5-HT Nuclei

Afferent connections to the raphe nuclei have been
studied using multiple techniques such as lesion and
axon degeneration, histofluorescence, anterograde/ret-
rograde tracer injection, autoradiography, and immuno-
histochemistry (Brodal et al., 1960; Fuxe, 1965; Aghaja-
nian and Wang, 1977; Mosko et al., 1977; Sakai et al.,
1977; Baraban and Aghajanian, 1981; Kalen et al., 1985;
Stratford and Wirtshafter, 1988; Marzienkiewicz et al.,
1989; Behzadi et al., 1990). Results from such studies
have been summarized in Table 2.

Interconnections among raphe nuclei using retro-
grade-tracing techniques suggest a moderate-to-high
density of 5-HT input. These observations contrast with
those from most of the immunocytochemical or radioau-
tographic ultrastructural studies indicating a low num-
ber of 5-HT fibers in the rostral raphe. Mosko et al.
(1977) have reported that the main source of 5-HT fibers
reaching the DRN arise either from the DRN itself or the

TABLE 1
Designation of serotonergic cell groups in the raphe nuclei and
brainstem reticular formation and the corresponding classification
into the B groups

B Grou;

Cytoarchitectonic Structure p
Classification

Containing 5-HT Neurons
MRN, caudal part B;*
MRN, rostral main part Bg*
DRN, caudal part

B

DRN principal, rostral part B
CLN B,

B

B

Nucleus pontis oralis
Supralemniscal region

The structures marked * form part of the nucleus centralis superior as defined by
Olszeswki and Baxter in 1954. Table modified from Tork, 1990.
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MRN. The latter input has been confirmed by other
groups (Sakai et al., 1977; Aghajanian and Wang, 1977,
Kalen et al., 1985; Vertes and Kocsis, 1994). However,
given the proximity between injection and labeled sites,
it cannot be ruled out that tissue damage and tracer
diffusion may account for part of the retrograde staining
observed in the MRN after tracer injection into the DRN.
Furthermore, since retrograde transport of horseradish
peroxidase by dendrites has been reported (Smith et al.,
1974), this raises the possibility that the accumulation
of tracer by dorsal and median raphe perikarya resulted
from retrograde transport by dendrites, rather than the
axon terminals of these neurons. On the other hand,
tracer diffusion or retrograde dendrite transport cannot
account for the projections arising from more distant
nuclei (Sakai et al., 1977; Kalen et al., 1985; Marzienk-
iewicz et al., 1989; Behzadi et al., 1990). Histochemical
confirmation of the neurotransmitter contained in con-
nections among 5-HT nuclei has been performed on rare
occasions (Stratford and Wirtshafter, 1988), and when
done, numerous nonserotonergic cells were retrogradely
labeled after tracer injection into the MRN. It is then
possible that not all of the retrogradely labeled fibers are
serotonergic. The general impression would be that
5-HT axons connecting 5-HT nuclei are “diluted” within
the dorsal and median raphe neuropil.

An important afferent area to the raphe, both in terms
of selectivity and density, is the lateral habenula (Agha-
janian and Wang, 1977; Wang and Aghajanian, 1977b).
This habenular circuit appears to be comprised of both a
monosynaptic GABAergic pathway (Wang and Aghaja-
nian, 1977b; Stern et al.,, 1981; Park, 1987) and a
polysynaptic pathway in which GABA, Substance P
(Neckers et al., 1979; Nishikawa and Scatton, 1985), and
excitatory amino acids serve as components (Kalen et
al., 1985, 1989).

Noradrenergic fibers impinge directly onto the den-
drites of 5-HT neurons (Baraban and Aghajanian, 1981),
producing an excitatory input on the firing activity of
5-HT neurons (Baraban and Aghajanian, 1980). The
lateral hypothalamus also gives rise to a monosynaptic
excitatory input to the DRN (Aghajanian et al., 1987)
although the transmitter is unknown. Multiple afferent
fibers immunoreactive for different neuropeptides, such
as B-endorphin (Bloom et al., 1978), Substance P (Ijung-
dahl et al., 1978; Shults et al., 1984), neurotensin fibers
(Uhl et al., 1979), CCK fibers (Vanderhaeghen et al.,
1980), CLIP/adrenocorticotrophic hormone (ACTH) fi-
bers (Romagnano and Joseph, 1983; Zheng et al., 1991;
Léger et al., 1994), and VIP fibers (El Kafi et al., 1994),
have also been described.

D. Efferent Pathways and Terminal Projection Areas

1. Efferent Pathways. The rostral 5-HT nuclei are the
main source of 5-HT fibers projecting to telencephalon
and diencephalon (Fuxe, 1965; Azmitia and Segal, 1978;
Parent et al., 1981; Villar et al., 1987). Although the

main contingent of fibers from these nuclei is ascending,
they also innervate more sparely numerous brainstem
structures (Vertes and Kocsis, 1994), the cerebellar cor-
tex (Waterhouse et al., 1986; Zimny et al., 1988), and the
spinal cord (Skagerberg and Bjorklund, 1985). In the
nonhuman primate brain, two main ascending bundles
have been described, a dorsal bundle (immediately ven-
tral to the MLF), which receives fibers mainly from
lateral wings and the ventromedial portion of the DRN,
and a ventral bundle, which receives fibers from the
midline DRN and MRN (Schofield and Everitt, 1981,
Azmitia and Gannon, 1986). In the human fetus, two
ascending axon bundles have also been observed, in the
central gray, ventral to the fourth ventricle and the
aqueduct ependyma, and between ventromedial and
ventrolateral 5-HT groups (Nobin and Bjorklund, 1973).
In the rat CNS, two major projection systems to the
forebrain have also been described, a transtegmental
system, which probably corresponds to the above-men-
tioned ventral bundle, courses through the midbrain
forebrain bundle (MFB) and is the most prominent of the
two systems described by Descarries in the rat brain,
and a periventricular system, dorsally located along the
longitudinal fasciculus of Schiitz (Parent et al., 1981). In
primates, unlike in rats, the dorsal component (dorsal
raphe cortical tract) is much more developed than the
MFB system, presumably due to an increase in fibers
projecting to the cortex through the dorsal pathway.
Moreover, the percentage of myelinated 5-HT fibers in
rat MFB is 0.7% of the total immunoreactive 5-HT fi-
bers, whereas it is as much as 25% in primate MFB
(Azmitia and Gannon, 1983).

2. Terminal Projection Areas. Dorsal and median ra-
phe nuclei each innervate specific terminal areas (Bobil-
lier et al., 1975; Azmitia and Segal, 1978; Jacobs et al.,
1978), and, in turn, each terminal projection area has its
unique topographic representation within the respective
nuclei. Labeling studies using wheat germ agglutinin,
horseradish peroxidase, or fluorescent dyes have been
used to unveil the midbrain raphe projection network.
The more rostral portions of the midbrain raphe relate
to the basal-ganglia-motor system and caudal areas are
more related to the limbic system. Neurons projecting to
the striatum occupy the caudal linear nucleus and a
rostral portion of the DRN (Jacobs et al., 1978; Imai et
al., 1986), whereas those projecting to substantia nigra
(Imai et al., 1986) and the motor cortex (O’Hearn and
Molliver, 1984; Waterhouse et al., 1986) reside within
the rostral portions of the dorsal raphe (Imai et al.,
1986). Hippocampus-projecting neurons are situated
caudally in the DRN (caudal ventromedial portion and
By), the MRN, and By (Jacobs et al., 1978; Kohler and
Steinbusch, 1982; Imai et al., 1986), similar to neurons
projecting to the locus ceruleus (Imai et al., 1986) and to
the entorhinal cortex (Koéhler and Steinbusch, 1982).
The raphe representation of the amygdala, on the other
hand, bridges the “basal-ganglia-motor system” and the
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Vestibular nuclei

Prepositus hypoglossy

Nucleus principalis
trigemini

Moderate-low
Moderate-low
Moderate-low

Sakai et al., 1977; Kalen et al., 1985
Kalen et al., 1985
Kalen et al., 1985

TABLE 2
Afferents to the DRN
5 > Structure of Origin Pﬁtgsgﬁ;n Neurfgslrilz(ximtter Reference
28]
E &, Telencephalic afferents
[ Retina Foote et al., 1978; Shen and Semba, 1994
Prefrontal cortex Scarce Possibly Ach Arnsten and Goldman-Rakic, 1984
Subcortical forebrain Aghajanian and Wang, 1977
afferents
Diagonal band of Moderate-high  Possibly Ach Aghajanian and Wang, 1977
brocca
Low Kalen et al., 1985
VJ Stria terminalis Scarce AA Aghajanian and Wang, 1977
Kalen et al., 1985
Diencephalic afferents
Hypothalamic areas
Lateral area Moderate Sakai et al., 1977; Berk and Filkenstein, 1982
[_[_] High AA Kalen et al., 1985
Dorsomedial area High Sakai et al., 1977
= Moderate AA Kalen et al., 1985
Parvocellular Moderate-low Kalen et al., 1985
nucleus
Magnocellular Moderate-low Kalen et al., 1985
nucleus
Perifornical area Moderate Sakai et al., 1977
Moderate-low Kalen et al., 1985
Preoptic area Low Aghajanian and Wang, 1977
H Moderate-low Kalen et al., 1985
Arcuate nucleus Low Sakai et al., 1977; Saper et al., 1979
Submammillothalamic Low Kalen et al., 1985
nucleus
Nucleus habenularis
U Lateralis High AA, GABA, Aghajanian and Wang, 1977; Sakai et al., 1977; Herkenham and Nauta, 1977,
Medialis Substance P Neckers et al., 1979; Stern et al., 1981; Kalen et al., 1985; Nishikawa and
== Scatton, 1985; Park, 1987; Kalen et al., 1989
Brainstem afferents
U Periaqueductal Low AA Kalen et al., 1985
periventricular Neuropeptides
gray
O Laterodorsal Low Sakai et al., 1977
tegmental
H nucleus
VTA Low-moderate DA, AA Aghajanian and Wang, 1977;
O Sustantia nigra Moderate-low Sakai et al., 1977; Kalen et al., 1985
Locus ceruleus and High NE Roizen and Jacobowitz, 1976; Sakai et al., 1977; Grzanna and Molliver, 1980;
subceruleus Baraban and Aghajanian, 1981; Kalen et al., 1985
U Nucleus tractus Moderate NE Aghajanian and Wang, 1977; Sim and Joseph, 1989; Hebert and Saper, 1992
solitarius/A,
Paragigantocellular Epinephrine Sim and Joseph, 1989; Hebert and Saper, 1992
nucleus/C;, C,-Cq
Parabrachial nuclei Moderate-high Sakai et al., 1977; Kalen et al., 1985
Raphe nuclei
Caudalis linearis Low 5-HT Sakai et al., 1977
Dorsalis Moderate 5-HT Mosko et al., 1977
Medianus centralis Moderate-high  5-HT Mosko et al., 1977; Sakai et al., 1977; Aghajanian and Wang, 1977; Kalen et
superior EAA al., 1985, 1988; Vertez and Martin, 1988
Magnus Moderate-high  5-HT Sakai et al., 1977; Kalen et al., 1985

Area dorsolateral to
inferior olive
Cortical afferents
Prefrontal cortex
Subcortical forebrain
afferents
Lateral septum
Diagonal band of
brocca
Stria terminalis
Amygdala
Nucleus accumbens
Ventral pallidum

Moderate-low

Moderate-high

Scarce
Moderate-high
Low

Scarce
Moderate-low
Low

Moderate

Possibly Ach, AA

AA

Possibly Ach
Noncholinergic

AA

AA

Sakai et al., 1977; Kalen et al., 1985

Aghajanian and Wang, 1977; Marzienkiewicz et al., 1989; Behzadi et al., 1990

Marzienkiewicz et al., 1989; Behzadi et al., 1990
Marzienkiewicz et al., 1989; Kalen and Wiklund, 1989; Behzadi et al., 1990

Marzienkiewicz et al., 1989; Behzadi et al., 1990

Hopkins and Holstege, 1978; Marzienkiewicz et al., 1989; Behzadi et al., 1990
Marzienkiewicz et al., 1989; Behzadi et al., 1990

Behzadi et al., 1990

aspet’
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TABLE 2
Continued
Structure of Origin P]Soéﬁgtl;;n Neurﬂg;.ﬁzémtter Reference
Diencephalic afferents
Hypothalamic areas
Dorsomedial area High AA Marzienkiewicz et al., 1989; Behzadi et al., 1990
Perifornical area High AA Marzienkiewicz et al., 1989; Behzadi et al., 1990
Preoptic area High AA Aghajanian and Wang, 1977; Villalobos and Ferssiwi, 1987,
Marzienkiewicz et al., 1989; Behzadi et al., 1990
Arcuate nucleus Low Marzienkewicz et al., 1989; Behzadi et al., 1990
Ventromedial nuclei
Tuber cinereum
Premammillary, High Marzienkewicz et al., 1989; Behzadi et al., 1990
tuberomammillary,
supramammillary,
submammillothalamic
nuclei
Nucleus habenularis
Lateralis High AA Aghajanian and Wang, 1977; Herkenham and Nauta, 1977;
Medialis Low Marzienkiewicz et al., 1989; Behzadi et al., 1990
Brainstem afferents
Periaqueductal Moderate-high AA Marzienkiewicz et al., 1989; Behzadi et al., 1990
Periventricular gray
Laterodorsal tegmental High Marzienkiewicz et al., 1989
nucleus
VTA Moderate-low DA Aghajanian and Wang, 1977;
Substantia nigra Moderate-low Marzienkiewicz et al., 1989; Behzadi et al., 1990
Interpeduncular High AA Marzienkiewicz et al., 1989; Behzadi et al., 1990
nucleus
Locus ceruleus and High NE Marzienkiewicz et al., 1989
subceruleus
Parabrachial nuclei Moderate Marzienkiewicz et al., 1989; Behzadi et al., 1990
Raphe nuclei
Caudalis linearis Low 5-HT
Rostralis linearis Moderate 5-HT Marzienkiewicz et al., 1989
B, Moderate-high 5-HT/other Stratford and Wirthshafter, 1988
Marzienkiewicz et al., 1989
Dorsalis High 5-HT Marzienkiewicz et al., 1989; Behzadi et al., 1990; Vertes and
Kocsis, 1994
Pontis, magnus Moderate 5-HT Marzienkiewicz et al., 1989; Behzadi et al., 1990
Obscurus Low 5-HT Marzienkiewicz et al., 1989; Behzadi et al., 1990
Vestibular nuclei Low Marzienkiewicz et al., 1989
Motor nuclei: Moderate-low 5-HT Marzienkiewicz et al., 1989
oculomotor,
trochlear

Prepositus hypoglossy Moderate-low

Marzienkiewicz et al., 1989; Behzadi et al., 1990

“limbic system representation” (Jacobs et al., 1978; Imai
et al., 1986), possibly as a reflection of the functional
diversity of amygdaloid nuclei. The consequence of this
topographic arrangement is that the selective activation
of a given functional group would simultaneously influ-
ence interconnected brain circuits. Neurons projecting to
interrelated brain circuits, such as the sensorimotor cor-
tex and cerebellar crus II, the visual cortex and cerebel-
lar paraflocculus (Waterhouse et al., 1986), or to the
substantia nigra and caudate-putamen (Imai et al.,
1986), the entorhinal cortex and hippocampus (Kohler
and Steinbusch, 1982), the trigeminal sensory complex
and nucleus accumbens or amygdala (Li et al., 1993),
arise from overlapping areas within the different nuclei.
Moreover, in these regions, a single neuron may provide
a common input to two different but functionally inter-
related terminal areas. In the ventromedial portion of
the DRN, the same neuron was found to project to at
least three different forebrain structures related with
the limbic system: septum, medial thalamus, and olfac-
tory cortex (de Olmos and Heimer, 1980). Colateraliza-

tion provides not only a means for producing concurrent
influences on numerous functionally related circuits, but
it is also a way of achieving extensive serotonergic in-
nervation from a small number of raphe neurons.

In projection areas, serotonergic axons arising from
DRN and MRN raphe have been distinguished on a
morphological basis: in the rat brain, dorsal raphe fibers
are extremely fine with minute varicosities (less than 1
pm in diameter), whereas those arising from median
raphe are distinguished by large spherical varicosities
(2-5 um in diameter; Kosofsky and Molliver, 1987; Mul-
ligan and Tork, 1988). In neocortical areas, dorsal raphe-
fine axons have been found to be far more numerous
than beaded axons (Kosofsky and Molliver, 1987, Ma-
mounas et al., 1991) and to follow a rostrocaudal pattern
of distribution with a greater concentration in more
frontal regions. These findings are in agreement with
those obtained in retrograde-labeling experiments in
which the frontal cortex received twice as many projec-
tions from cells in the DRN than those in the parietal
and occipital cortex (O’Hearn and Molliver, 1984). Mor-
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phological duality has also been reported in the cat
cortex (Mulligan and Tork, 1988), but such results were
not replicated in the rat brain where immunostained
varicosities exhibited similar shape and size irrespective
of the cortical region or sector examined (Séguéla et al.,
1989).

Over a wide range of doses (2.5-40 mg/kg) and sur-
vival times (1 week to 2 months), neurotoxic amphet-
amine derivatives, such as 3,4-methylenedioxyamphet-
amine (MDA), 3,4-methylenedioxymetamphetamine
(MDMA), and p-chloroamphetamine (PCA), produce de-
generation of fine 5-HT axon terminals while sparing
beaded 5-HT axons (Mamounas and Molliver, 1988;
O’Hearn et al., 1988; Wilson et al., 1989; Mamounas et
al., 1991), as well as raphe cell bodies (O’'Hearn et al.,
1988; Mamounas et al., 1991). The 5-HT-releasing agent
fenfluramine produces similar effects (Molliver and Mol-
liver, 1990). These neurotoxins have been used to deter-
mine the differential distribution of beaded and fine axons
and hence the contribution of DRN and MRN in different
projection areas. In the hippocampus and neocortex, dif-
ferent neurotoxins have been reported to produce a re-
gional axon loss/sparing pattern which is coincident with
fine and beaded axon distribution. p-chlorophenylalanine
(PCPA) or MDA administration caused marked denerva-
tion in the parietal and occipital cortices, and a moderate
number of axons was spared in the frontal cortex (Mamou-
nas and Molliver, 1988; Mamounas et al., 1991). In the
hippocampus, there was a greater density of spared axons,
most probably due to the fact that in the hippocampal
formation, in comparison to other cortical areas, beaded
axons are especially prevalent (Mamounas et al., 1991). An
exceptionally large number of axons was spared in stratum
radiatum of CA;, and intact axons were also found in the
stratum oriens of CAj, stratum lacunosum of CA,, and
flanking the granular layer in the dentate gyrus. In con-
trast, few 5-HT axons remained in the outer molecular
layer of the dentate gyrus and stratum oriens and radia-
tum of CA,, areas that normally receive DRN innervation
(Mamounas et al., 1991). On the other hand, Oleskevich
and Descarries (1990) described 5-HT axons projecting to
the same layers, but no distinction between fine or beaded
fibers was made. This same group has nevertheless re-
ported that 5-HT varicosities with synaptic membrane spe-
cializations are slightly larger than their nonjunctional
counterparts (Oleskevich et al., 1991). In fact, based on the
observation that fine fibers rarely make synaptic contacts
while larger varicosities found on beaded axons tend to
show distinct synaptic specializations, Tork (1990) pro-
poses that, along with dual morphology and distinct sen-
sitivity to neurotoxins, the existence of axons with and
without synaptic contacts supports the idea that the as-
cending raphe projections form a dual system. It should be
noted that the reported percentages of synaptic incidence
in terminal areas are very variable: 30 to 80% (of a total of
5.8 X 10° varicosities/mm?®) in the rat cortex (Papadopoulos
et al., 1987; Séguéla et al., 1989), 3% in the monkey cortex

(de Felipe and Jones, 1988), 10 to 15% (of a total of 2.6 X
108 varicosities/mm?) in the rat neostriatum (Soghomo-
nian et al., 1987), and 18 to 24% in the hippocampus (of a
total of 2.7 X 10° varicosities/mm?; Oleskevich et al., 1991).

II1. Physiological and Pharmacological Aspects
of the 5-HT System

A. Firing Activity of 5-HT Neurons

Midbrain raphe 5-HT neurons exhibit a spontaneous,
slow (1-5 spikes/s), regular discharge pattern (Aghaja-
nian and Vandermaelen, 1982; Vandermaelen and
Aghajanian, 1983). Intracellular recordings from dorsal
raphe neurons reveal that 5-HT cells undergo repetitive
cycles of interspike hyperpolarization and depolariza-
tion, spikes arising from depolarizing ramps rather than
from excitatory postsynaptic potentials (Aghajanian and
Vandermaelen, 1982; Vandermaelen and Aghajanian,
1983). The ionic basis for this electrical activity is sum-
marized in Fig. 1.

In freely moving cats, regular stereotyped intrinsic
activity of 5-HT neurons remains unchanged over expo-
sure to a hot environment or administration of a pyro-
gen, increase in blood pressure, insulin-induced hypo-

100 ms 10 ms

60 mV 80 mv

Low threshold Ca™ current

50 ms

High threshold Ca* current

Fic. 1. Representative voltage tracings obtained from acutely isolated
DRN neurons under current clamp (modified from Penington et al., 1991).
A, spontaneous activity exhibited by the cell at resting membrane poten-
tial. Typical action potentials consist of an initiating ramp of depolariza-
tion, spike, shoulder upon repolarization, and an after-hyperpolarization.
B, depolarization of a cell bathed with the Na* channel blocker TTX. TTX
abolished the fast component of the action potential and uncovered low-
and high-threshold Ca®* components of the action potential. Although T
channels seem to be responsible for the low-threshold current, at least
three different channel types (including N- and L-type) underlie the
high-threshold current (Penington and Kelly, 1990; Penington et al.,
1991). The after-hyperpolarization that follows, as in many other verte-
brae and invertebrae neurons, is mediated by a Ca®?*-activated K out-
ward current (Vandermaelen and Aghajanian, 1982; Aghajanian, 1985;
Aghajanian et al., 1987). This after-hyperpolarization is responsible for a
long-lasting refractory period and the slow firing rate of 5-HT neurons. As
Ca®* that entered during the action potential is sequestered/extruded,
the Ca®"-dependent K* current and the after-hyperpolarization de-
crease. When the membrane potential reaches again the value for the
low-threshold Ca®?" current (approximately —60 mV), a new spike will be
triggered. As repolarization from membrane potentials below the resting
potential takes place, a voltage-dependent outward K™ current that slows
the rate of depolarization is simultaneously activated, the so-called I,
current (Aghajanian, 1985).
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glycemia, administration of painful stimuli, physical
restraint, or exposure to powerful aversive stimuli (see
Jacobs and Fornal, 1993). However, the basic pattern of
activity is not constantly the same, and it has been
shown to change dramatically during the sleep-wake-
arousal cycle. Firing activity progressively slows down
from an aroused state through quiet waking and slow
wave sleep (SWS), to become almost silent during rapid
eye movement (REM) sleep (for review, see McGinty and
Harper, 1976; Jacobs and Fornal, 1993). The suppres-
sion of firing of 5-HT neuron during REM sleep corre-
lates well with the production of muscle atonia second-
ary to inhibition of motoneurons controlling antigravity
muscles (Trulson et al., 1981; Steinfels et al., 1983).
More recently, a relationship between motor output and
5-HT neuron activity has been observed. During quiet
wakefulness, when cats engage in various types of ste-
reotyped oral-buccal activities such as chewing and bit-
ing, licking, or grooming with the tongue, approximately
25% of DRN and MRN increase their firing activity 2- to
5-fold (see Jacobs and Azmitia, 1992; Jacobs and Fornal,
1993). This increased neuronal activity precedes the on-
set of stereotyped motor behaviors and ends with its
offset; it does not occur during purposive episodic move-
ments, but some of the neurons may be activated by
somatosensory and proprioceptive stimulations of the
head and neck area. These data have given support to
the current motor hypothesis of 5-HT function in which
the primary role of the 5-HT system would be facilitation
of motor output and concurrent inhibition of sensory
information processing (Jacobs and Fornal, 1993).

The firing activity of midbrain 5-HT neurons is con-
trolled by two main mechanisms, i.e., autoregulatory
influences arising from 5-HT neurons themselves and
heteroregulation by local neurons or afferents to the
raphe nuclei.

1. Autoregulation of 5-HT Neuron Firing Activity. The
firing rate of 5-HT neurons is decreased by 5-HT, and
this effect is mediated by somatodendritic 5-HT, , auto-
receptors (Aghajanian et al., 1972; Vandermaelen et al.,
1986; Blier and de Montigny, 1987). 5-HT and 5-HT, 4
agonists inhibit 5-HT firing activity by inducing mem-
brane hyperpolarization which is brought about by a
2-fold mechanism, i.e., by increasing conductance to po-
tassium ions (Aghajanian and Lakoski, 1984; Yo-
shimura and Higashi, 1985) and by reducing a high-
threshold Ca®* current (Fig. 1; Penington and Kelly,
1990; Penington and Fox, 1994). In both cases, the re-
sponse to 5-HT is G protein-mediated via a direct inter-
action between G proteins and the respective ion chan-
nel (Innis and Aghajanian, 1987; Penington et al., 1991,
Penington et al., 1993; Penington and Fox, 1994).

Current knowledge of the pharmacological properties
of somatodendritic 5-HT, , autoreceptors is mostly based
on electrophysiological studies done in vivo which have
assessed the effect of different compounds on the firing
activity of 5-HT neurons. Table 3 summarizes these

effects. Of the synthetic 5-HT,, agonists listed therein,
lysergic acid diethylamide (LSD) and 8-hydroxy-2-(di-n-
propylamino)tetralin (8-OH-DPAT) are among the most
effective in producing suppression of firing activity, not
only of DRN 5-HT neurons but also that of CA,/; hip-
pocampus pyramidal neurons. Unlike 8-OH-DPAT
which produces maximal activation of postsynaptic
5-HT,, receptors, most of the drugs that completely
inhibit 5-HT neuron firing activity produce partial ago-
nistic effect at postsynaptic 5-HT 4 sites in CA; and CA4
regions of the hippocampus (Yocca and Maayani, 1985;
Yocca et al., 1986; Andrade and Nicoll, 1987a). Some of
these compounds (e.g., tandospirone and flesinoxan) not
only produce a smaller maximal response than 8-OH-
DPAT but have also been shown to reduce the inhibitory
effect induced by the microiontophoretic application of
5-HT onto CA; pyramidal neurons (Godbout et al., 1991;
Hadrava et al., 1995). Conversely, several compounds
previously thought to act as 5-HT, , receptor antagonists
at postsynaptic sites have been shown to produce sub-
maximal agonistic effects at presynaptic sites, inhibiting
5-HT neuron firing. These compounds are also best clas-
sified as partial agonists. For example, drugs like (+)-
WAY 100135, NAN-190, or BMY 7378 block the inhibi-
tion induced by 5-HT, 4 agonists on forskolin-stimulated
adenylyl cyclase activity from hippocampal membranes
(Rydelek-Fitzgerald et al., 1990), block the postsynaptic
neurochemical, electrophysiological, and behavioral ef-
fects of 8-OH-DPAT (Chaput and de Montigny, 1988;
Sharp et al., 1990; Routledge et al., 1993; Escandon et
al., 1994), but they also decrease 5-HT neuron firing
activity (Vandermaelen et al., 1987; Chaput and de Mon-
tigny, 1988; Fletcher et al., 1993, Haddjeri and Blier,
1995). The suppression of raphe firing caused by NAN-
190 and BMY 7378 is blocked by the B-adrenergic/5-
HT,, antagonist (z)-propranolol (Middlemiss, 1984a;
Tricklebank et al., 1985; Greuel and Glaser, 1992). Sim-
ilarly, the inhibition induced by SDZ 216-235 on 5-HT
neuron firing is blocked by the B-adrenergic/5-HT, 5, an-
tagonist (—)-tertatolol (Lanfumey et al., 1993; Lejeune et
al., 1993), further indicating that these “postsynaptic
antagonists” act as partial agonists on presynaptic
5-HT, 5 receptors. The suppression of 5-HT neuron firing
activity induced by (+)-WAY 100135 may be overcome
by pretreatment with the a;-adrenergic agonist phenyl-
ephrine but not by (—)-tertatolol, suggesting that the
latter effect is not due to partial agonism on 5-HT;,
receptors, but rather to the blockade of firing stimulat-
ing a, adrenoceptors on 5-HT neurons (Lanfumey et al.,
1993). Because WAY 100635 and (—)-tertatolol have
been consistently shown to block the effect of 5-HT, 4
agonists without affecting 5-HT neuron firing (Jolas et
al., 1993; Lanfumey et al., 1993; Lejeune et al., 1993;
Prisco et al., 1993; Craven and Grahame-Smith, 1994;
Fletcher et al., 1994; Mundey et al., 1994; Table 3), they
have been named “silent” antagonists. In spite of its lack
of partial agonistic activity on somatodendritic 5-HT;
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TABLE 3
Effect of 5-HT,, active drugs on 5-HT neuron firing activity
Drug ENglelcrtognF?r_'lIig Dose Reference
In vitro studies
(—)-Propranolol <+» 10 uM Kidd et al., 1993
(*+)-Tertatolol <> 1 uM Kidd et al., 1993
(—)-Tertatolol <> 10 nM-10 uM Jolas et al., 1993
WAY 100635 <> 30 nM Craven and Grahame-Smith, 1994
(+)-WAY 100135 <> 10 nM-1 uM Lanfumey et al., 1993
In vivo studies
(—)-Alprenolol <> >2 mg/kg i.v. Millan et al., 1994
Spiperone <> 1 mg/kg i.v. Lum and Piercey, 1988; Blier et al., 1989b, 1993
S-UH-301 <«>A <0.25 mg/kg i.v. Arborelius et al., 1995
(—)-Tertatolol <> 0.5-4 mg/kg i.v. Lejeune et al., 1993
(—)-Tertatolol <> >2 mg/kg i.v. Millan et al., 1994
(—)-Tertatolol <> 0.1-0.5 mg/kg i.v. Jolas et al., 1993
(—)-Tertatolol <> 1 mg/kg i.v. Prisco et al., 1993
(—)-Tertatolol <> ID;, > 4 mg/kg i.v. Gobert et al., 1995
(+)-WAY 100135 <> 0.1-1 mg/kg i.v. Lejeune et al., 1993
(+)-WAY 100135 <> 0.5 mg/kg i.v. Pifeyro et al., 1996
(+)-WAY 100635 4—>+ 0.1-0.5 mg/kg i.v. Fornal et al., 1994
(+)-WAY 100135 <> 1 mg/kg i.v. Haddjeri and Blier, 1995
In vitro studies
8-OH-DPAT v 3 nM-1 uM Lanfumey et al., 1993
8-OH-DPAT + 1C54, 10 nM Jolas et al., 1993
8-OH-DPAT v IC,,, 11 nM Schechter et al., 1990
CM 57493 v 5-20 pM Adrien et al., 1989
Ipsapirone + 50 nM Jolas et al., 1993
Ipsapirone + 60 nM Schechter et al., 1990
Lesopitron v 300 nM Jolas et al., 1993
(+)-20499 v IC,,, 6 nM Kidd et al., 1993
(—)-820500 v IC,,, 130 nM Schechter et al., 1990
BMY 7378 v 100-150 nM Vandermaelen et al., 1987
BMY 7378 v IC;y, 10 nM Greuel and Glaser, 1991
NAN-190 v IC;y, 20 nM Greuel and Glaser, 1991
SDZ 216525 v 100 nM Hamon et al., 1993
SDZ 216525 v 100 nM-1 uM Lanfumey et al., 1990
(+)-WAY 100135 v 1 uM Hamon et al., 1993
(+)-WAY 100135 v >1 uM Lanfumey et al., 1993
In vivo studies
BAY X 3702 v 0.45 pg/kg i.v. Dong et al., 1998
8-OH-DPAT * 2 pglkg iv. Blier and de Montigny, 1987; Blier et al., 1989b
8-OH-DPAT v 1.5 ug/kg i.v. Fornal et al., 1994a
8-OH-DPAT v 1.5 pglkg i.v. Prisco et al., 1993
8-OH-DPAT v 2.2 uglkg iv. Jolas et al., 1994
8-OH-DPAT v 0.6 pglkg i.v. Gobert et al., 1995
8-OH-DPAT v 1.6 ug/kg i.v. McCall et al., 1994
8-OH-DPAT + 0.4 pg/kg i.v. Arborelius et al., 1994
8-OH-DPAT v 1.5 pglkg i.v. Cox et al., 1990
5-MeOT v 45 pglkg iv. Fornal et al., 1994a
Buspirone + 75 pglkg i.v. Fornal et al., 1994a
Buspirone + 15 pg/kg i.v. McCall et al., 1994
CM 57493 v 5-20 mg/kg i.p. Adrien et al., 1989
Flesinoxan v 108 pg/kg i.v. Hadrava et al., 1995
Flesinoxan v 21 pg/kg i.v. Gobert et al., 1995
Gepirone + 10 pg/kg i.v. Blier and de Montigny, 1987
Ipsapirone + 83 ug/kg i.v. Fornal et al., 1994
Ipsapirone * 7.5 pglkg iv. Jolas et al., 1994
Ipsapirone + 3.7 pglkg iv. Gobert et al., 1995
Ipsapirone + 30 pg/kg i.v. Cox et al., 1990
Ipsapirone + 0.1-1 mg/kg i.p. Adrien et al., 1993
LSD * 5 pglkg i.v. Blier et al., 1991; Godbout et al., 1991
LY 293284 + 0.08 ug/kg s.c. Foreman et al., 1994
S 14671 v 0.16 pg/kg i.v. Gobert et al., 1995
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TABLE 3
Continued
Drug Eﬁfﬁi&)g%ﬁgg Dose Reference
S 14506 v 0.3 pglkg i.v. Gobert et al., 1995
S 14671 v 0.16 pg/kg i.v. Lejeune et al., 1993
S 14489 v 5 ug/kg i.v. Millan et al., 1994
S 15535 v 7 ug/kg iv. Millan et al., 1994
S 15931 v 30 pg/kg i.p. Millan et al., 1994
SR 57746A * 90-250 ug/kg i.v. Bachy et al., 1993
Tandospirone + 3.4 pg/kg i.v. Gobert et al., 1995
Tandospirone * 9.1 pg/kg iv. Godbout et al., 1991
U 92016A + 3.4 pg/kg iv. McCall et al., 1994
WY 48723 v 0.6 pg/kg iv. Gobert et al., 1995
Zalospirone + 3.6 pg/kg i.v. McCall et al., 1994
BMY 7378 v 17.5 pg/kg i.v. Cox et al., 1990
BMY 7378 v 1.5 pg/kg i.v. Millan et al., 1994
BMY 7378 v 1.6 pg/kg i.v. Gobert et al., 1995
BMY 7378 v 15.3 pglkg i.v. Fornal et al., 1994
MDL73005EF v 4 pg/kg iv. Millan et al., 1994
PAPP (LY165163) + 42 pg/kg iv. Sprouse and Aghajanian, 1987
Flibanserin * 239 pg/kg i.v. Rueter et al., 1998
In vivo studies
MDL 73005EF v 4.4 pglkg iv. Gobert et al., 1995
NAN-190 v 4 pglkg iv. Millan et al., 1994
NAN-190 v 3.9 ug/kg iv. Gobert et al., 1995
NAN-190 v 34.2 pg/kg i.v. Fornal et al., 1994b
SDZ 216525 v 0.1-0.5 mg/kg i.v. Mundey et al., 1994
SDZ 216525 + 0.4 mg/kg i.v. Fornal et al., 1994
SDZ 216525 v 47.3 pglkg i.v. Gobert et al., 1995
S-UH-301 + 0.5-4 mg/kg i.v. Arborelius et al., 1994
(+)-WAY 100135 v 0.4 mg/kg i.v. Fletcher et al., 1994
(+)-WAY 100135 + 0.25-0.50 mg/kg i.p. Arborelius et al., 1995
(+)-WAY 100135 v 31 pg/kg i.v. Escandon et al., 1994
(+)-WAY 100135 + 0.1-1 mg/kg i.v. Fornal et al., 1994

Note: drugs have been ordered according to their efficacy in different systems. Because efficacy is system-dependent, drugs that figure as partial agonists in one

experimental paradigm may appear as antagonists in another.
“ <, no effect.

receptors, (+)-WAY 100135 does not enter into this cat-
egory due to its a;-adrenergic blocking properties (Lan-
fumey et al., 1993) which induce an observable inhibi-
tion of firing in the electrophysiological paradigm.

Two classical hypotheses have been proposed to ex-
plain the distinct pharmacological properties of pre- and
postsynaptic 5-HT,, receptors: 1) greater receptor re-
serve in somatodendritic than in postsynaptic areas
(Meller et al., 1990; Yocca, 1990; Greuel and Glaser,
1992; Millan et al., 1992) and 2) different pre- and
postsynaptic receptors (see de Montigny and Blier,
1992a,b). The first hypothesis sustains that if no recep-
tor reserve exists, like in the case of the hippocampus
(Yocca, 1990; Gozlan et al., 1994), partial agonists will
not produce a maximal effect and may block the effect of
full agonists. Conversely, if spare receptors are present,
at an appropriately high dose, drugs with low intrinsic
activity (i.e., partial agonists) may still elicit a maximal
response and appear as full agonists. The second hy-
pothesis, suggesting distinct 5-HT,, receptors at pre-
and postsynaptic sites has been proposed to account not
only for the differential pre-/postsynaptic activity of par-

tial agonists but also to explain the following observa-
tions: 1) different rank order in the effectiveness of
5-HT,, agonists to inhibit DRN (8-OH-DPAT, gepi-
rone > LSD > 5-HT) versus hippocampus firing activity
(5-HT > gepirone > 8-OH-DPAT; Blier and de Mon-
tigny, 1987, 1990; Chaput and de Montigny, 1988); 2)
preferential antagonistic effect of BMY 7378 at postsyn-
aptic sites (Chaput and de Montigny, 1988) and of spip-
erone at presynaptic receptors (Lum and Piercey, 1988;
Blier et al., 1989b, 1993a; Fornal et al., 1994a); and 3)
differential effect of long-term administration of 5-HT o
agonists which induce desensitization of presynaptic but
not of postsynaptic CA; 5-HT,,-mediated responses
(Blier and de Montigny, 1994).

Over the past few years advances in molecular biol-
ogy, i.e., the expression of G protein-coupled receptors
(GPCRs) in surrogate cell systems, have greatly modi-
fied the way in which we understand pharmacological
properties of GPCRs and consequently the mechanistic
drug-receptor models used to simulate drug action (see
Kenakin, 1996). The first of such models to consider that
R activation by an agonist would result in R-G protein
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coupling, and subsequent activation of the G protein was
the ternary complex model (De Léan et al., 1980). This
model has been the standard by which drug-receptor
interactions have been explained in the past. More re-
cently, the observed ability of GPCRs for becoming acti-
vated independent of the presence of an agonist (Sa-
mama et al., 1993; Barker et al., 1994; Chidiac et al.,
1994) has guaranteed the appearance of alternative par-
adigms (extended ternary complex model, Samama et
al., 1993; two-state model, Leff, 1995; cubic ternary com-
plex model, Weiss et al., 1996). All models consider that
agonist-independent activity is secondary to spontane-
ous isomerization between the inactive (R) and active
(R") states of the receptor. Furthermore, according to all
of these models, agonists have preferential affinity and
stabilize the active conformation of the receptor (R).
Ligands that stabilize the resting state (R), decreasing
the number of spontaneously active receptors, act as
inverse agonists, and antagonists would be those drugs
that present similar affinities for both, favoring neither
state of the receptor. The fundamental consequence of
embracing any such paradigms is that affinity, potency,
and/or efficacy values should be considered receptor-
and system-dependent, the basal R:R" ratio being a de-
terminant of this dependence. Antagonists, whose effect
would remain unmodified by the level of spontaneous
activation, would therefore remain as the most reliable
tools for receptor classification.

Because none of the drugs producing differential pre-
and postsynaptic effects are neutral antagonists (note:
spiperone has been recently characterized as an inverse
agonist on spontaneously active human 5-HT,, recep-
tors expressed in Chinese hamster ovary cells; Newman-
Tancredi et al., 1997), it cannot be ruled out that differ-
ences in efficacy observed in DRN and hippocampus are
not due to R:R" ratios. Furthermore, differential long-
term desensitization of presynaptic receptors following
long-term administration of 5-HT,, agonists has been
attributed to differential drug efficacy in midbrain and
hippocampus (see de Montigny and Blier, 1992a,b).
Hence, possible different R:R" ratios could also account
for the latter observation. Finally, differences in the
R:R" ratio may explain a set of drugs being more effica-
cious in one area than in another, but it does not account
for the observation that rank order of agonist efficacy
may be different in two regions. The observation of dif-
ferent rank order of efficacy for 5-HT, gepirone, and
8-OH-DPAT in DRN and hippocampus could be due
either to the presence of different 5-HT, , receptor sub-
types or to the same 5-HT, 5 receptor protein coupling to
different G proteins in the two different regions (see
Kenakin, 1995 for receptor promiscuity). Paradigms
which do not include G proteins in their formulation,
such as the two-state model (Leff, 1995), do not account
for the latter possibility. A more recent version, the
three-state model (Leff et al., 1997), which allows for a
single receptor to couple with two different G protein

pathways, may be invoked to explain the differences in
pharmacology in pre- and postsynaptic 5-HT, 5 receptors
without the need to propose different receptor subtypes.
The coupling of a single receptor to more than one G
protein pathway is also addressed by the cubic ternary
model. The latter paradigm has the advantage of pro-
viding yet another mechanism to explain changes in
rank order of efficacy of agonists. The mechanism,
known as agonist trafficking of receptor signals
(Kenakin, 1995), proposes that different drugs may pro-
voke agonist-specific receptor conformations which
would selectively promote G protein coupling in re-
sponse to activation by different agonists. The possibil-
ity of a given conformation being more easily favored in
one structure than in another may explain the changes
in agonist rank order. Furthermore, the fact that i.c.v.
administration of cholera toxin does not alter respon-
siveness of 5-HT neurons to microiontophoretic applica-
tions of 5-HT or 8-OH-DPAT, but reduces that of CA4
neurons by 90% (Blier et al., 1993b), may also be ex-
plained by differential G protein coupling in the two
regions.

Extracellular availability of endogenous 5-HT at the
cell body level and tonic activation of somatodendritic
5-HT,, autoreceptors is yet another factor that may
contribute to modify the effects of 5-HT, 4 ligands. Thus,
Fornal et al. (1994a) have shown that the acute i.v.
administration of the 5-HT;, agonist 8-OH-DPAT or of
the partial agonists ipsapirone and buspirone was more
effective in inhibiting 5-HT neuron firing activity when
cats were inactive (drowsiness) than during active wake-
fulness (a period of higher neuronal activity, 5-HT neu-
ron depolarization, and hence of 5-HT release). Con-
versely, the antagonists spiperone and WAY 100635
induced a dose-dependent increase in the firing rate of
5-HT neurons, which was evident during wakefulness
but not during sleep (Fornal et al., 1994a,c) when 5-HT
neurons are silent, and therefore there is very low de-
polarization-mediated release of 5-HT to activate soma-
todendritic 5-HT, 5 receptors. Moreover, in anesthetized
rats and guinea pigs, in which 5-HT neuron firing activ-
ity resembles that of SWS, WAY 100635 had no effect on
dorsal raphe neuronal firing (Fletcher et al., 1994,
Mundey et al., 1994). It is also worth noting that the
5-HT,, antagonistic properties of (+)-WAY 100135 on
spontaneous 5-HT neuron firing were not evident in
anesthetized rats (Haddjeri and Blier, 1995), in awake
freely moving cats (Fornal et al., 1994c¢), or in an anti-
dromic stimulation paradigm in which 5-HT neuron fir-
ing is suppressed by somatodendritic release of 5-HT
(Pifieyro et al., 1996b). Yet, at doses similar to the ones
used in previous studies (0.5-1 mg/kg i.v.), (+)-WAY
100135 reversed the suppression of 5-HT neuron firing
activity induced by the blockade of 5-HT uptake (Arbore-
lius et al., 1995; Hajés et al., 1995). This observation is
in keeping with the previous assumption that the action
of 5-HT,;, ligands on 5-HT neuron firing activity may
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differ according to the tonic activation of their somato-
dendritic autoreceptors by the extracellular concentra-
tion of 5-HT. Similarly, S-UH-301, which in the dose
range of 0.5 to 4 mg/kg i.v. reduces 5-HT neuron firing,
effectively blocked the suppressant effect induced by the
systemic administration of selective 5-HT reuptake
blocker citalopram (Arborelius et al., 1994, 1995). More-
over, pindolol, which by itself induces no change in 5-HT
neuron firing activity at low doses, prevents the inhibi-
tory effect of paroxetine and LSD on this parameter
(Romero et al., 1996; Haddjeri et al., 1999).

Pindolol is an antagonist which, in the electrophysio-
logical paradigm, discriminates between presynaptic
and postsynaptic hippocampal 5-HT,, receptors. Like
spiperone, pindolol blocks the effect of endogenous 5-HT
on presynaptic receptors without interfering with the
inhibitory effect induced on CA; pyramidal neuron firing
activity by the microiontophoretic application of 5-HT
(Blier et al., 1993a; Romero et al.,, 1996). Moreover,
pindolol, in contrast with other 5-HT; 4, antagonists, was
recently shown to be ineffective in blocking the inhibi-
tory effect of 5-HT,, agonists on the firing activity of
CA, pyramidal neurons in freely moving rats (Tada et
al., 1999). These data do not imply that under certain
experimental conditions pindolol cannot act as a 5-HT; 5
antagonist, as shown in the in vitro studies of Corradetti
et al. (1998) carried out on hippocampus slices. WAY
100635, on the other hand, has been shown to block the
effect of 5-HT on pre- and postsynaptic 5-HT, 4 receptors
located on CAj pyramidal neurons (Haddjeri et al.,
1996). Binding studies are consistent with the latter
observation, i.e., [FHIWAY 100635 behaves as an antag-
onist in projection areas such as the hippocampus since
guanyl nucleotides fail to influence its K, and B, ..
parameters (Khawaja, 1995; Khawaja et al., 1995). The
presynaptic selectivity of the other silent antagonist (—)-
tertatolol remains to be determined, and, for the time
being, pindolol seems the only useful alternative of a
presynaptic 5-HT,, antagonist to be used in clinical
trials. Finally, it is also worth mentioning the case of
(—)-propranolol, which in spite of its moderate affinity
for 5-HT, 5 receptors (Pazos and Palacios, 1985; Hoyer
and Schoeffter, 1991; Prisco et al., 1993), unlike pindo-
lol, does not block the inhibitory effect of 5-HT on 5-HT
neuron firing activity (Sprouse and Aghajanian, 1986;
Blier et al., 1989a). Moreover, propranolol does not block
the effects of either 5-HT or 8-OH-DPAT on hippocampal
neuron firing activity. However, propranolol has been
shown to block 5-HT-induced inhibition of forskolin-
stimulated adenyl cyclase in hippocampal cells (Dumuis
et al., 1988). These differences could be reconciled by
assuming that the propranolol-bound-receptor confor-
mation does not interfere with the G/K* channel path-
way but blocks that of G;/adenylate cyclase.

The local somatodendritic autoreceptor “short-loop” is
only one of the autoregulatory mechanisms of 5-HT neu-
ron firing activity. Several observations suggest that, in

fact, the systemic administration of 8-OH-DPAT may
regulate 5-HT neuron firing activity by an alternative
“long feedback loop”, which also entails 5-HT; 5 receptor
activation: 1) the effectiveness of microiontophoretic ap-
plication of 5-HT,, agonists to inhibit 5-HT neuron fir-
ing activity, but not that of systemic 8-OH-DPAT admin-
istration, is reduced following long-term treatment with
the 5-HT, 4 agonist gepirone and the selective serotonin
reuptake inhibitor (SSRI) cericlamine (Blier and de
Montigny, 1987; Jolas et al., 1994); 2) the effect of i.v.
8-OH-DPAT on 5-HT neuron firing activity, but not that
of its microiontophoretic application onto 5-HT neurons,
is increased by short-term lithium treatment (Blier et
al., 1987); 3) the inhibitory effect of i.v. administration of
8-OH-DPAT on the firing activity of dorsal raphe sero-
tonergic neurons in rats is attenuated by lesion of the
frontal cortex (Ceci et al., 1994); and 4) the local appli-
cation of pertussis toxin into the dorsal raphe (which
inactivates G;,,-coupled 5-HT, 5, autoreceptors; Innis and
Aghajanian, 1987) reduces the effectiveness of intrar-
aphe, but not of systemic 8-OH-DPAT administration, to
reduce 5-HT release in terminal projection areas (Ro-
mero et al., 1994). Direct evidence for such a long feed-
back loop being involved in mediating the activity of
5-HT neurons has recently been provided in electrophys-
iological and microdialysis experiments. The local appli-
cation of 5-HT, , agonists in the medial prefrontal cortex
produces both a suppression of firing of 5-HT neurons
and a decrease in extracellular synaptic level of 5-HT in
the dorsal raphe, most likely as a result of the former
phenomenon (Haj6s and Sharp, 1998; Artigas et al.,
1998).

2. Role of Non-5-HT Receptors in the Regulation of
5-HT Neuron Firing Activity. Autoradiographic and
binding studies have documented the presence of differ-
ent 5-HT-binding sites in the rat raphe nuclei (Waeber
et al., 1988; Herrick-Davis and Titeler, 1988; Waeber et
al., 1989a; Laporte et al., 1992). However, the role of
5-HT receptors, other than 5-HT,, in modulating 5-HT
neuron firing activity at the cell body level, has not been
confirmed. The lack of effect of 1-[3-(trifluoromethyl)-
phenylpiperazine (TFMPP) and m-chlorophenylpipera-
zine on the firing activity of 5-HT neurons led Sprouse
and Aghajanian (1986, 1987) to conclude that 5-HT,
receptors were not involved in regulating 5-HT neuron
firing activity in the rat brain. The systemic injection
and the microiontophoretic application of the preferen-
tial 5-HT,, agonist (*)-2,5-dimethoxy-4-iodoamphet-
amine (DOI) reduce 5-HT neuron firing frequency. How-
ever, this effect could not be blocked by the 5-HT, /¢
antagonists ketanserin and ritanserin (Wright et al.,
1990; Garratt et al., 1991). Moreover, the microionto-
phoretic application of ketanserin does not block the
inhibition of 5-HT neuron firing induced by the neuro-
transmitter itself. It does, however, reduce the basal
firing rates in the majority of 5-HT cells tested (Lakoski
and Aghajanian, 1985). These observations, along with
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the fact that the effectiveness of systemic 8-OH-DPAT
but not that of DOI to inhibit the firing activity of 5-HT
neurons is decreased following repeated DOI adminis-
tration (Kidd et al., 1991), suggest that 5-HT, receptors
are not directly involved in the regulation of 5-HT neu-
ron firing. The role of 5-HT; receptors in regulating
5-HT neuron firing activity has also been investigated.
The fact that systemic administration of the 5-HT; an-
tagonist BRL 46470A does not block the reduction of the
dorsal raphe 5-HT neuron firing rate induced by the
microiontophoretic application of the 5-HT; agonist
2-methyl-5-HT (Haddjeri and Blier, 1995), and that
5-HT neuron firing activity remains unchanged after
systemic administration of three different 5-HT; recep-
tor antagonists, MDL 72222, 1CS-205-930, and ondan-
setron (Adrien et al., 1992), indicate that 5-HT5 recep-
tors do not contribute to the regulation of 5-HT neuron
firing activity. 8-OH-DPAT has often been used as the
“gold standard” for defining 5-HT} 5 receptors, but there
is evidence that it also has reasonable good affinity at
the rat (Shen et al., 1993) and guinea pig (To et al., 1995)
5-HT,; receptor. Moreover, 8-OH-DPAT has also been
identified as the most potent agonist at a cyclase-linked
receptor not yet fully characterized (Becker et al., 1992),
and it also binds to the serotonin transporter (SERT)
(Schoemaker and Langer, 1988; Alexander and Wood,
1988; Ieni and Meyerson, 1988). However, the fact that
methiothepin blocks 5-HT;-mediated responses (Terron,
1997; Kitazawa et al., 1998) but not the effect of i.v.
8-OH-DPAT (Blier et al., 1989b) suggests that 5-HT,
receptors are not involved in 8-OH-DPAT actions on
5-HT neuron firing activity. Furthermore, the dose at
which 8-OH-DPAT interferes with 5-HT uptake is two to
three orders of magnitude higher than the one currently
used in electrophysiological experiments to assess drug
effect on neuronal firing activity. Also, without exclud-
ing the role of other 5-HT receptors, the extensive list of
5-HT,, compounds in Table 3 confirms the role of the
latter receptor in regulating 5-HT neuron firing.

3. Heteroregulation of 5-HT Neuron Firing Activity.
N-methyl-D-aspartate (NMDA) receptors may elicit ex-
citatory postsynaptic potentials (EPSPs) (Pan and Wil-
liams 1989; Pinnock, 1992; Johnson, 1994a) and in-
crease the firing activity of 5-HT neurons (Alojado et al.,
1994) in vitro, but they do not seem to maintain a tonic
activation of 5-HT neuron firing in vivo (Levine and
Jacobs, 1992). However, glutamate does mediate the
increase in firing activity observed following presenta-
tion of phasic auditory stimuli (Levine and Jacobs,
1992). In turn, excitatory amino acid (EAA) release in
the dorsal raphe is negatively regulated by k-opioid re-
ceptors (Pinnock, 1992). Rather unexpectedly, the sys-
temic administration of the NMDA channel blocker (+)-
MK-801 has been shown to facilitate the electrical
activity of 5-HT neurons in the DRN. Such an observa-
tion could be explained by assuming that the channel
blocker reduces the facilitation of an inhibitory influ-

ence. Microiontophoretic application of GABA onto dor-
sal raphe 5-HT neurons produces an inhibition of their
firing rate (Gallager and Aghajanian, 1976; Levine and
Jacobs, 1992). Also, the GABA blocker picrotoxin re-
duces the suppressant effect on 5-HT neuron activity
caused by habenula and pontine reticular formation
stimulation (Wang et al., 1976; Wang and Aghajanian,
1977; Stern et al., 1981). In freely moving animals, mi-
croiontophoretic application of bicuculline produces a
significant increase of 5-HT neuron firing activity dur-
ing SWS, but not during REM or quiet waking, indicat-
ing that GABAergic input is state-dependent and not
tonic (Levine and Jacobs, 1992). In anesthetized rats,
microiontophoretic and systemic administration of «
adrenoceptor antagonists as well as 6-hydroxydopamine
pretreatment suppress 5-HT neuron firing activity, sug-
gesting a tonic facilitatory role for noradrenaline on
dorsal raphe 5-HT neurons (Baraban and Aghajanian,
1980). Furthermore, activation of a,-adrenergic autore-
ceptors by clonidine decreases norepinephrine (NE) out-
put and suppresses the firing activity of 5-HT neurons
(Clement et al., 1992; Haddjeri et al., 1996a). In con-
trast, systemic administration of @ adrenoceptor antag-
onists in the awake freely moving animals produced no
change in 5-HT neuron firing activity (Heym et al.,
1981). Unlike EAAs, NE does not elicit EPSPs on 5-HT
neurons, rather it suppresses the voltage-dependent K*
current I, (Fig. 1; Aghajanian, 1985), leading to a more
rapid activation of the low-threshold inward calcium
current that triggers the spike at the end of the pace-
maker cycle of these neurons. Activation of CCK, recep-
tors located on 5-HT neurons also stimulates their firing
activity (Boden et al., 1991), as does bombesin via the
stimulation of neuromedin B receptors (Pinnock et al.,
1994).

B. Effect of Antidepressant Drug Administration on
5-HT Neuron Firing Activity

The firing activity of 5-HT neurons is not inhibited
only by administration of 5-HT,, agonists (Vander-
maelen et al., 1986; Blier and de Montigny, 1987; God-
bout et al., 1990; Schechter et al., 1990; Hadrava et al.,
1995). This effect is also produced by drugs such as
SSRIs (Blier and de Montigny, 1983; Blier et al., 1984,
Chaput et al., 1986b; Jolas et al., 1994; Arborelius et al.,
1995; Hajos et al., 1995) and monoamine oxidase inhib-
itors (MAOIs) (Blier and de Montigny, 1985; Blier et al.,
19864a,b), which induce an activation of 5-HT,, autore-
ceptors due to an immediate increase in extracellular
5-HT at the somatodendritic level (see Sharp and
Hjorth, 1990; Artigas, 1993). However, following sus-
tained administration of SSRIs, MAOIs, and 5-HT,;,
agonists, a progressive desensitization of somatoden-
dritic 5-HT;, autoreceptors takes place, and the effec-
tiveness of 5-HT, , agonists and antidepressant drugs to
inhibit 5-HT neuron firing activity decreases. After 14 to
21 days of treatment, 5-HT neurons recover their pre-
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treatment firing frequency (Blier and de Montigny,
1983, 1985, 1987, Blier et al., 1984, 1986; Chaput et al.,
1986b; Chaput et al., 1991; Godbout et al., 1990;
Schechter et al., 1990; Jolas et al., 1994; Arborelius et
al., 1995; Hadrava et al., 1995; Dong et al., 1997, 1998).
These multiple in vivo and in vitro electrophysiological
studies have suggested that desensitization of somato-
dendritic 5-HT,, autoreceptors could be a possible ex-
planation for the recovery of 5-HT neuron firing activity.
However, despite the fact that considerable functional
evidence supports the occurrence of 5-HT; , autoreceptor
desensitization, the mechanism underlying this adapta-
tive process remains unclear. The possibility that down-
regulation of 5-HT,, receptors in the midbrain may
mediate the observed electrophysiological desensitiza-
tion has not been confirmed. Although long-term treat-
ment with gepirone (Welner et al., 1989), buspirone
(Gobbi et al., 1991), and fluoxetine (Li et al., 1994) re-
duce the total number of [*H]8-OH-DPAT-binding sites
in midbrain raphe nuclei, sustained administration of
citalopram, sertraline (Hensler et al., 1991), paroxetine,
fluoxetine (Le Poul et al., 1995), and cericlamine (Jolas
et al., 1994), as well as that of clorgyline, phenelzine,
tranylcypromine (Hensler et al., 1991), and ipsapirone
(Schechter et al., 1990), did not modify [*H]8-OH-DPAT-
binding parameters in the same region (all drugs were
administered for a 14- to 21-day period at doses that
induce functional desensitization). Desensitization of
5-HT, ,-mediated inhibition of adenylyl cyclase has also
been documented after the administration of clorgyline,
tranylcypromine, fluoxetine, and buspirone (see New-
man et al., 1993), and the use of molecular biology tech-
niques has allowed us to determine that agonist-induced
desensitization of adenylyl cyclase inhibition correlates
well with 5-HT, , receptor down-regulation in Swiss 3T3
cells (Van Huizen et al., 1993). However, patterns of
desensitization may differ depending on the host cell
used to express the receptor, as well as on the response
being investigated. Indeed, desensitization of the inhib-
itory effect of 5-HT, 5 receptor activation on cAMP pro-
duction is linked to receptor phosphorylation by PKC in
Chinese hamster ovary cells (Raymond, 1991) and by G
protein-coupled receptor kinases in insect Sf9 cells
(Nebigil et al., 1995). It is unlikely then that results
obtained in non-neuronal cell lines may be directly ex-
trapolated to 5-HT neurons. Furthermore, since 5-HT, 5
receptors that control the firing activity of these neurons
are linked (via a G protein) to K™ and Ca®* channels
(Innis and Aghajanian, 1987; Penington et al., 1991,
1993, Penington and Fox, 1994), it is not certain that
they possess the same desensitization mechanisms as
receptors linked to adenylate cyclase. Alternatively, it
has been proposed that antidepressant-induced desensi-
tization of 5-HT,,-mediated responses could be medi-
ated at the signal-transducing (G protein) level (Lesch et
al., 1991, 1992; Lesch and Manji, 1992; Chen and Ra-
senick, 1995). Sustained fluoxetine and clorgyline ad-

ministration have been found to respectively decrease
G, and increase G,;5, mRNA in rat midbrain (Lesch et
al., 1992; Lesch and Manji, 1992). Finally, another pos-
sible target for antidepressant-induced desensitization
of somatodendritic 5-HT; 4 receptor-mediated control of
5-HT neuron firing are the effector channels to which
the receptor is linked by the G protein. The effect of
sustained 5-HT;, receptor activation on K" channels
has been studied on p-neurons of the leech CNS, where
they induce phosphorylation of two different types of K*
channels, increasing their open-state probability (Gold-
ermann et al., 1994). Similar to the above-mentioned
restrictions, it may not be concluded that such a mech-
anism might account for desensitization of 5-HT; ,-me-
diated responses in mammalian 5-HT neurons. How-
ever, this as well as the previous observations open new
research avenues that would be worth exploring.

C. 5-HT Release

1. Neurotransmitter Release and Its Regulation: Cel-
lular and Molecular Aspects. Exocytosis is the main
mechanism used by neuronal cells for releasing neuro-
transmitter molecules. By this process, synaptic vesicles
fuse with the plasma membrane and the neurotransmit-
ter(s) contained within them reach(es) the synaptic cleft.
Exocytosis is triggered by cell depolarization. Depolar-
ization induces opening of voltage-sensitive calcium
channels and subsequent Ca®" entry. Achieving local-
ized concentrations of 10 to 100 uM around the open
channel (Smith and Augustine, 1988), the intracellular
Ca®" increase constitutes the major coupling signal that
links depolarization and exocytotic secretion (reviewed
by Burgoyne and Cheek, 1995). One of the main charac-
teristics of neurotransmitter release is its high speed,
the complete cycle being achieved in hundreds of milli-
seconds. This is apparently due to the fact that secretory
vesicles are already docked to the plasma membrane so
that when Ca®" entry takes place, vesicles in a close
vicinity of activated calcium channels will immediately
void their content into the synaptic cleft by formation of
a fusion pore (see Burgoyne and Cheek, 1995). Docking
and fusing of the vesicles to the plasmalemma is
achieved by Ca®"-sensitive vesicle membrane proteins
(Augustine et al., 1985; Smith and Augustine, 1988;
Leveque et al., 1992). One of these proteins, synapsin I,
in an unphosphorylated state, fixes secretory granules
to the cytoskeleton. Once it undergoes Ca®"-calmodulin/
cAMP-dependent phosphorylation, it releases the vesi-
cles from the cytoskeletal network and allows them to
move to the presynaptic membrane (Valtorta et al.,
1992) where they will be ultimately docked and voided to
the extracellular space. The cytoskeleton is not likely to
be involved in a first burst of release, which usually
empties already docked vesicles, yet releasing the bound
granules from the actin network will facilitate their
subsequent recruitment by the plasma membrane in
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preparation for the arrival of the next axon potential
(see Burgoyne and Cheek, 1995).

The amount of neurotransmitter released is subject to
receptor-dependent regulation that may theoretically
occur at any stage in the release process described
above. However, because most of the exocytotic steps are
regulated by Ca®" influx in an exponential manner (Au-
gustine and Charlton, 1986), relatively small changes in
its influx will be expected to produce profound changes
in neurotransmitter release. Serotonin has been shown
to enhance release by increasing voltage-activated Ca®*
currents in postsynaptic neurons in the substantia nigra
(pars compacta) and spinal cord (Nedegaard et al., 1988;
Berger and Takahashi, 1990). In contrast, the main au-
toregulatory effect of 5-HT on its own release is inhibi-
tory. An inhibition in Ca®" influx may be produced ei-
ther by a direct effect on Ca®?* channels (shift in the
voltage of activation of the channel; Bean, 1989) or by
reducing the depolarization time during which Ca®" en-
ters the cell. This reduction in depolarization duration is
frequently achieved by speeding the activation of K" or
Cl™ currents that end depolarization linked to the action
potential (Berlardetti and Siegelbaum, 1988; Brezina
and Erxleben, 1988). Serotonin, acting on 5-HT;, auto-
receptors, has been shown not only to reduce a high
threshold Ca®* current (Penington and Kelly, 1990;
Penington et al., 1991; Penington and Fox, 1994), but
also to increase conductance to potassium ions (Aghaja-
nian and Lakoski, 1984; Yoshimura and Higashi, 1985).
It is important to realize that the experiments assessing
the cellular and molecular mechanisms of the regulation
of neurotransmitter release have been performed on the
cell body, and that there is no direct electrophysiological
information on the mechanism by which terminal 5-HT
autoreceptors modify Ca®" influx. Linkage via G protein
of neurotransmitter receptors to Ca®" or K* channels is
widely used in nature as a means of inhibiting neuro-
transmitter release (see Miller, 1990; Anwyl, 1991). It
could therefore be a possible mechanism by which 5-HT
autoreceptors regulate release from 5-HT terminals. On
the other hand, agents like cAMP which promote Ca®*-
independent phosphorylation of synapsin I (Bdhler and
Greengard, 1987) might induce regulation of neuro-
transmitter release without modifying Ca®* influx to
the cell. Indeed, this would be in keeping with not only
the observation that adenylate cyclase inhibition by
5-HT,g,1p receptor activation reduces 5-HT release, but
also with the fact that cAMP analogs and stimulation of
adenylate cyclase by forskolin increase 5-HT release
from brain slices and neuroectodermal cell cultures
(Schlicker et al., 1987; Tamir et al., 1990).

Neurotransmitter release from neuronal structures
has been classically studied in terms of exocytosis, and it
is only recently that carrier-mediated release has been
considered as a functionally acceptable mechanism for
increasing extracellular concentration of a wide number
of neurotransmitters including 5-HT (Levi and Raiteri,

1993). Unlike exocytosis, carrier mediated-release is
Na™ but not Ca®?* dependent, does not rely on a vesicu-
lar but on a cytoplasmic pool of neurotransmitter, is not
modulated by presynaptic receptors, and is blocked by
uptake inhibitors (see Levi and Raiteri, 1993). Indeed,
based on the fact that the 5-HT transporter moves 5-HT
with Na™ and Cl~ across the membrane in one step and
K™ repositions the carrier in a second step (Keyes and
Rudnick, 1982; Nelson and Rudnick, 1982; Rudnick,
1986), Rudnick and Wall (1992b,c) have recently shown
that purified platelet plasma membrane vesicles, con-
taining the same 5-HT transporter as the one respon-
sible for 5-HT uptake into presynaptic nerve endings
(Lesch et al., 1993c), may either accumulate or extrude
[*H]5-HT when appropriate transmembrane ionic gradi-
ents are imposed. If manipulating the Na™ or K™ elec-
trochemical gradient changes the direction of neuro-
transmitter flow, it would then be tempting to assume
that 5-HT may be released via this process during depo-
larization. Such a mechanism could explain observa-
tions by McKenna et al. (1991), in which Ca®*-indepen-
dent 5-HT release from rat brain synaptosomes was
induced by high extracellular KCI concentrations. How-
ever, K™ -induced, Ca®"-independent 5-HT release was
not confirmed by Berger et al. (1992) using a similar in
vitro preparation.

On the other hand, multiple studies have confirmed
that the 5-HT transporter mediates 5-HT release in-
duced by substituted amphetamines such as PCA, the
anorexigenic drug fenfluramine, MDA and the drug of
abuse “ecstasy” (MDMA; McKenna et al., 1991; Berger
et al., 1992; Rudnick and Wall, 1992a,c; Sabol et al.,
1992; Gu and Azmitia, 1993; Bonanno et al., 1994).
Apart from releasing 5-HT, these drugs also cause a
degeneration of fine 5-HT terminals (Mamounas and
Molliver, 1988; O’Hearn et al., 1988; Molliver and Mol-
liver, 1990). Therefore, transporter-mediated release of
5-HT has been proposed as a possible neurotoxic mech-
anism for 5-HT neurons, and different properties of
5-HT carriers in fine and beaded axons could account for
the differential effect of these drugs on the two types of
5-HT fibers. More recently, the demonstration that non-
neurotoxic amphetamine derivatives also induce trans-
porter-mediated 5-HT release strongly suggests that re-
lease through the 5-HT transporter is not sufficient to
cause destruction of 5-HT terminals (Rudnick and Wall,
1993). Indeed, several studies indicate that the DA-re-
leasing property of these amines may be a necessary
cofactor for 5-HT fiber destruction (Stone et al., 1988;
Schmidt et al., 1990; Johnson and Nichols, 1991).

2. Physiological Role of Extracellular 5-HT Bioavail-
ability in Midbrain Raphe Nuclei. It is important to bear
in mind that all of the methods presently used to deter-
mine neurotransmitter release, such as synaptosomal or
slice superfusion, in vitro or in vivo voltametry and
microdialysis, measure not only the release but also the
summation of neurotransmitter release, uptake, diffu-
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sion, and metabolism, generally referred to as neuro-
transmitter output. Hence, whenever the term release is
used, it is understood that it does not strictly refer to
5-HT release but rather to what is detected by the
method used. With this in mind, the extracellular con-
centration of 5-HT in the DRN has been estimated to be
between 3 and 10 nM using in vivo voltametry and
microdialysis experiments (Crespi et al., 1988; Bel and
Artigas, 1992; Adell et al., 1993). There seems to be
general agreement on the fact that extracellular 5-HT
levels may vary according to behavioral state changes
(Cespuglio et al., 1990; Houdouin et al., 1991; Portas and
McCarley; 1994). However, there is still controversy
with regard to the direction of these changes. On the one
hand, Jouvet’s group has observed the highest 5-hydrox-
indole peak during sleep (Cespuglio et al., 1990; Hou-
douin et al., 1991), thus supporting the idea that en-
hanced 5-HT;, autoreceptor activation secondary to
dendritic 5-HT release triggered by hypnogenic factors
such as CLIP or VIP (El Kafi et al., 1994) might be
responsible for determining the decrease in 5-HT neuron
firing activity observed during SWS and REM (see Ja-
cobs and Azmitia, 1992; Jacobs and Fornal, 1993). On
the other hand, Portas and McCarley (1994) argue that
extracellular 5-HT in the DRN is highest during wake-
fulness, lowest during REM, and that extracellular so-
matodendritic 5-HT availability depends directly on the
serotonergic action potential activity. The latter obser-
vations are in agreement with results from electrophys-
iological studies in which 5-HT, , antagonists were more
effective in increasing 5-HT neuron firing activity dur-
ing wakefulness than during sleep (Fornal et al.,
1994a,b). Furthermore, in vitro neurochemical studies
indicate that within a range of 5 to 100 Hz, higher
stimulation frequencies elicit increasingly higher extra-
cellular concentrations of 5-HT, as measured by fast
cyclic voltametry in rat DRN slices (O’Connor and Kruk,
1991).

The role of firing activity on 5-HT release in the raphe
nuclei has also been studied using the Na™ channel
blocker tetrodotoxin (TTX). The local administration of
TTX into the DRN or MRN was shown to decrease spon-
taneous [H]5-HT release in nonanaesthetized encéph-
ale-isolé cats (Héry et al., 1986) and freely moving rats
(Bosker et al., 1994), suggesting that 5-HT release is
mainly dependent on firing activity. Other studies did
not confirm this view. TTX injection in the immediate
vicinity of the DRN (lateral boundaries) did not change
the extracellular concentration of 5-HT (Adell et al.,
1993). The 5-hydroxyindole acute acid (5-HIAA) peak in
the DRN was not altered by intraraphe administration
of this Na™ channel blocker at a concentration that
effectively reduced the voltametric signal in the stria-
tum (Scatton et al., 1985). Although it could be argued
that TTX injected in the vicinity and not within the
raphe nuclei might have not reached 5-HT neurons, and
that extracellular 5-HIAA may not always reflect 5-HT

release, results from in vitro experiments have also been
variable. When TTX was introduced into the perfusion
medium, spontaneous [*H]5-HT release from midbrain
raphe slices was increased (Héry et al., 1986), electri-
cally evoked release of 5-HT was reduced (Starkey and
Skingle, 1994), and K*-induced release of the neuro-
transmitter was unaffected (E1 Mansari and Blier, 1996;
Piieyro and Blier, 1996). Interestingly, Pan et al. (1989)
have shown that the electrical stimulation of midbrain
raphe slices elicits a multicomponent postsynaptic po-
tential in which a fast EPSP precedes the slow inhibi-
tory postsynaptic potential produced by 5-HT, 4 receptor
activation. This observation was interpreted by the au-
thors as an indication that at least some of the 5-HT is
released as a result of synaptically induced excitation of
cell bodies, an assumption that seems confirmed by the
fact that in this sort of paradigm TTX abolishes not only
electrically evoked 5-HT release (Starkey and Skingle,
1994) but also the multiple postsynaptic potential (Pin-
nock, 1992). On the other hand, TTX resistance of K*-
induced 5-HT release may be explained by 1) K" -in-
duced depolarization, which triggers a direct activation
of voltage-sensitive Ca®?* channels and exocytotic re-
lease of 5-HT (experiments to determine the effect of
Ca®" channel blockers on K*-induced 5-HT release in
the presence and absence of TTX may help to assess this
possibility) and/or 2) an increase in extracellular K*,
which may induce carrier-mediated 5-HT release. In
favor of the latter mechanism is the observation that
5-HT receptor agonists are much less potent in inhibit-
ing K* than electrically induced 5-HT release from ra-
phe nuclei (Middlemiss, 1987; Starkey and Skingle,
1994; Pinieyro et al., 1995b; Pineyro and Blier, 1996).
Furthermore, in view of the fact that pretreatment with
reserpine does not modify 5-HT release in the DRN of
freely moving rats, release from a cytoplasmic pool has
been proposed (Adell et al., 1993). However, it is worth
noting that Ca®" omission greatly reduces or even abol-
ishes electrically and K" -induced 5-HT release (Kerwin
and Pycock, 1979; Héry et al., 1986; Starkey and Skin-
gle, 1994; Pifieyro et al., 1995b) from midbrain raphe
nuclei, thus indicating that exocytosis is the main mech-
anism involved in neurotransmitter release in this area.
Also, in the cat nodose ganglia, which contain cell bodies
and dendrites but no 5-HT axons, K™ -induced 5-HT re-
lease is totally abolished in a Ca™?-free medium (Fueri
et al., 1984). Such an observation is in keeping with the
idea not only that soma and dendrites of 5-HT neurons
may release 5-HT, but also that somatodendritic release
of 5-HT is predominantly exocytotic.

Considerable evidence supports the view that 5-HT
release in the cell body area may be regulated by firing-
controlling 5-HT, , autoreceptors. In in vitro superfusion
experiments, the 5-HT,, agonists 8-OH-DPAT, buspi-
rone and ipsapirone have been shown to inhibit electri-
cally evoked [*H]5-HT release from rat midbrain raphe
slices, and this effect was blocked by 5-HT, , antagonists
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such as NAN-190, WAY 100135, and S-UH-301 (Starkey
and Skingle, 1994; Davidson and Stamford, 1995a;
Pinieyro et al., 1995b; Pifieyro and Blier, 1996). It has
also been shown that WAY 100135 increases electrically
evoked release of [*’H]5-HT from midbrain slices in both
the absence and presence of a selective 5-HT reuptake
blocker (Starkey and Skingle, 1994; Davidson and Stam-
ford, 1995b), an effect that has been attributed to the
blockade of tonic activation of 5-HT,, autoreceptors by
the endogenous neurotransmitter. Moreover, local de-
crease in extracellular 5-HT has also been observed fol-
lowing 8-OH-DPAT injection into the median raphe re-
gion (Bosker et al., 1994), further supporting the notion
that somatodendritic 5-HT release is subject to local
feedback mechanisms through 5-HT,, autoreceptors.
Activation of somatodendritic 5-HT, , autoreceptors has
a major impact on the amount of 5-HT released not only
in raphe nuclei but also in forebrain projection areas.
For example, infusion of the 5-HT} , agonist 8-OH-DPAT
into the DRN results in a decrease of 5-HT release in the
striatum (Bonvento et al., 1992) and the hippocampus
(Hutson et al., 1989, Sharp et al., 1989, Adell et al.,
1993). Similarly, if the extracellular availability of 5-HT
in the biophase of somatodendritic 5-HT;, receptors is
increased by the direct application of the neurotransmit-
ter or intraraphe perfusion of SSRIs or MAOIs, 5-HT
release in cortex, striatum, and hippocampus is mark-
edly reduced (Becquet et al., 1990; Adell and Artigas,
1991; Celada and Artigas, 1993). If the injection volume
within a specific site is small enough to ensure no diffu-
sion to the corresponding neighboring dorsal or MRN,
then reduction of 5-HT release will follow the differen-
tial projection pattern of the nucleus into which the
agonist was administered: injection of 8-OH-DPAT into
the MRN reduces the extracellular 5-HT concentration
in the hippocampus but not that of the striatum, and the
converse is true for intraDRN administration of 8-OH-
DPAT (Bonvento et al., 1992; Kreiss and Lucki, 1994).
As is the case with firing activity, the effect of blocking
the somatodendritic 5-HT,, autoreceptor may be vari-
able on 5-HT release in projection areas and may in part
depend on the extracellular concentration of 5-HT at the
cell body level. In unanesthetized cats and freely moving
rats, systemic administration of drugs that block 5-HT; 5
receptors, such as methiothepin, S-UH-301, (+)-WAY
100135, and pindolol, produce no change in striatal or
hippocampal 5-HT release (Becquet et al., 1990; Nomi-
kos et al., 1992; Routledge et al., 1993; Romero et al.,
1996). In contrast, the systemic administration of S-UH-
301 or pindolol before the local infusion of citalopram
into the DRN or its systemic administration blocks the
reduction caused by the latter drug in hippocampal and
striatal 5-HT release (Hjorth, 1993; Romero et al., 1996).
Furthermore, infusion of methiothepin into the DRN
blocks the reduction in hippocampal 5-HT release
caused by systemic administration of the SSRI sertra-
line (Invernizzi et al., 1991), and systemic administra-

tion of the 5-HT, 4,;5 antagonist (—)-penbutolol (Hjorth
and Sharp, 1993) prevents the decrease in hippocampal
5-HT output caused by systemic citalopram administra-
tion (Hjorth, 1993). 5-HT;, ligands with low intrinsic
activity, such as BMY 7378 and NAN-190, have been
shown to produce a small decrease in hippocampal 5-HT.
This effect has been attributed to 5-HT; 4 receptor acti-
vation (Hjorth and Sharp, 1990; Sharp et al., 1990).
Systemic administration of the partial agonist SDZ
216525 also reduces 5-HT release in terminal projection
areas (Sharp et al., 1993b, Gurling et al., 1993). On the
other hand, (+)-WAY 100135, which has been shown to
inhibit 5-HT neuron firing activity by blocking «, adre-
noceptors, does not modify hippocampal 5-HT release
when given systemically (Routledge et al., 1993).

The idea that, apart from somatodendritic autorecep-
tors, 5-HT, 5 receptors not located on the somata of 5-HT
neurons may regulate firing-dependent terminal 5-HT
release has now gained considerable support. In fact,
inactivation of autoreceptors by intraraphe infusion of
pertussis toxin prevents the reducing effect on striatal
5-HT release caused by direct administration of citalo-
pram into the dorsal raphe but does not interfere with
the reducing effect caused by the systemic administra-
tion of 8-OH-DPAT (Romero et al., 1994a). In another
line of evidence, electrophysiological experiments in
which 5-HT,, agonists were microiontophoretically ap-
plied onto 5-HT neurons in the DRN and MRN indicate
that the former are more responsive than the latter to
the local application of such drugs (Blier et al., 1990).
However, following systemic administration of 8-OH-
DPAT (250 pg/kg), no differential effect on 5-HT re-
leased in dorsal and median raphe-innervated areas was
observed (Hjorth and Sharp, 1991). Both observations
could be reconciled by admitting that post- and not pre-
synaptic 5-HT,, receptors were being stimulated. On
the other hand, also using systemic administration, Sin-
ton and Fallon (1988) have reported a differential sen-
sitivity of dorsal and median raphe neurons to this
5-HT, 5 agonist: only 5 pg/kg of 8-OH-DPAT was needed
to abolish 5-HT neuron firing activity in the DRN,
whereas 30 pug/kg was not enough to induce cessation of
firing of 5-HT neurons in the MRN. Given the differ-
ences in doses used, it could be possible that pre- and
postsynaptic receptors were differently stimulated in
the two studies.

3. Autoregulation of 5-HT Release in the Raphe Nuclei.
The above-mentioned evidence indicates that, by means
of a potent feedback control mechanism on 5-HT neuron
firing frequency, somatodendritic 5-HT, , autoreceptors
constitute a major presynaptic determinant in the effi-
cacy of 5-HT synaptic transmission. Hence, all auto- or
heteroregulatory influences on 5-HT availability in the
biophase of 5-HT, , autoreceptors will contribute to de-
termine the overall efficacy of 5-HT synaptic transmis-
sion in the brain.
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Apart from being regulated by somatodendritic
5-HT, 5, autoreceptors, 5-HT release from 5-HT neurons
is controlled by terminal 5-HT,p/,;p autoreceptors (see
Starke et al., 1989; Table 4). These receptors, unlike the
somatodendritic ones, can modify 5-HT release without
altering 5-HT neuron firing activity (e.g., see Crespi et
al., 1990). There is now considerable evidence indicating
that this firing-independent control of 5-HT release also
takes place at the cell body level and that non-5-HT;
receptors are involved. Using in vivo voltametry, Blier et
al. (1990) have shown that the systemic administration
of the 5-HT; agonist RU 24969 could reduce extracellu-
lar availability of 5-hydroxindoles in the DRN of anes-
thetized rats without altering 5-HT neuron firing fre-
quency. More recently, these results have been
confirmed and extended using TFMPP which, following
its systemic administration, was also shown to reduce
extracellular availability of hydroxindoles in the rat
DRN without modifying 5-HT neuron firing activity
(Pifieyro et al., 1995, 1996b). Furthermore, the reducing
effects of TFMPP and RU 24969 on extracellular avail-
ability of 5-hydroxyindoles in the rat DRN are blocked
by the non-5-HT,, agonist mianserin but not by WAY
100135. Evidence indicating that 5-HT release in the
DRN may be controlled independently of 5-HT, , recep-
tor activation has also been gathered using an electro-

physiological paradigm. The latter allowed to infer the
amount of extracellular 5-HT available to stimulate so-
matodendritic 5-HT,, autoreceptors by measuring
changes in 5-HT neuron firing activity, a direct conse-
quence of 5-HT, 5 receptor activation, following electri-
cal stimulation of the medial forebrain bundle in the
VTA. The 5-HT agonists TFMPP and RU 24969 were
shown to reduce the duration of suppression of 5-HT
neuron firing evoked by 5-HT pathway stimulation with-
out modifying their basal electrical activity. The effect of
these agonists was blocked by (—)-propranolol and mi-
anserin (which do not interfere with 5-HT,,-mediated
electrophysiological responses of 5-HT neurons). This
observation was interpreted as further indication that
non-5-HT, , agonists regulate 5-HT release in the DRN.

Results from in vitro superfusion studies using mid-
brain raphe slices from guinea pigs also support this
idea: 1) the 5-HT,p/;p antagonist GR 127935 increases
electrically evoked release of 5-HT in guinea pig raphe
slices (Starkey and Skingle, 1994; El Mansari and Blier,
1996), 2) the 5-HT;p,;p agonist sumatriptan inhibits
5-HT release and this effect, not altered by (+)-WAY
100135, is blocked by the 5-HT;p,p antagonist GR
127935 which also blocks the inhibitory effect of the
nonselective agonist 5-methoxytryptamine (5-MeOT).
However, neither sumatriptan- nor 5-MeOT-mediated

TABLE 4
Pharmacological profile of 5-HT terminal autoreceptors in cortex and hippocampus of different species as determined by their effect on 5-HT release
Species Agonists Antagonists Reference
Cortex
Rat 5-CT = RU 24969 > 5-HT >>> methio. > meterg. Limberger et al., 1991
8-OH-DPAT
5-HT (*)-cyanop. < (—)-alprenolol < (—)-pind. < (—)- Middlemiss, 1986
oxprenolol
(—)-prop. Middlemiss, 1984
(—)-penbutolol Hjorth and Sharp, 1993
5-CT > 5-HT > 5-MeOT > LSD (—)-cyanop. > (*)-cyanop. > methio. > (+)- Engel et al., 1986
cyanop. > (+)-prop. > (—)-pind. > meterg. >
quipazinel
(*)-cyanop. < methio. < (—)-prop. < (—)-pind. Schlicker et al., 1985
Pig 5-HT > 5-MeOT > RU 24969 > methio. > meterg. >> mianserin > prop. > Schlicker et al., 1989
8-OH-DPAT mesulergine
Guinea pig 5-CT > 5-HT > RU 24969 methio. > meterg. >>> prop. Limberger et al., 1991
sumatriptan Sleight et al., 1990
5-CT > 5-HT meterg. Ormandy, 1993
5-MeOT > sumatriptan
1694247 Beer et al., 1993
5-CT > 5-HT > sumatriptan methio. Wilkinson and Middlemiss,
1992
5-CT > 5-MeOT Blier and Bouchard, 1994
5-MeOT > sumatriptan methio. > meterg. >> methysergide Middlemiss et al., 1988
GR 127935 El Mansari and Blier, 1996
GR 127935 > methio. Price et al., 1994
Rabbit 5-CT > 5-HT > RU 24969 methio. > meterg. >>> prop. Limberger et al., 1991
Human RU 24969 > 5-CT methio. > methysergide > meterg. = prop. Galzin et al., 1992
. 5-HT > sumatriptan methio. > meterg. Maura et al., 1993
+ Hippocampus
0 Rat RU 24969 < 5-HT methio. > (—)-prop. Maura et al., 1986
Q_ RU 24969 > CP 93129 methio. Hjorth and Tao, 1991
w Guinea pig 5-HT > sumatriptan methio. Wilkinson et al., 1993
5-CT > 5-MeOT Blier and Bouchard, 1994
Rabbit 5-CT > 5-HT > 5-MeOT >>> 8- meterg. > cyanop. > methio. Feuerstein et al., 1987
OH-DPAT

Within each species drugs have been placed in a visual analog scale (decreasing affinity to the right). cyanop., cyanop indolol; methio., methiothepin; prop., propranolol;
pind., pindolol; meterg., metergoline.
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responses are blocked by WAY 100135 (Starkey and
Skingle, 1994; El Mansari and Blier, 1996; note:
5-HT,p,;p nomenclature used in this manuscript con-
forms to new guidelines adopted by the International
Nomenclature Committee®).

According to the new nomenclature, receptors pre-
dominantly found in guinea pig brain are of the 5-HT; g
type, with a nonrodent pharmacological profile (Heuring
et al., 1986; Bruinvels et al., 1993). Since drugs used to
characterize regulation of somatodendritic 5-HT release
by non-5-HT,, receptors in guinea pig brain do not
readily discriminate 5-HT,p from 5-HT, receptors in
this species, and the former largely outnumber the lat-
ter, it seems reasonable to postulate that newly named
5-HT,y receptors negatively regulate 5-HT release in
guinea pig midbrain raphe nuclei. Interestingly,
CP93129, a drug that has been characterized as a
5-HT,y agonist in rodents, produced no effect in electri-
cally evoked release from midbrain guinea pig slices (El
Mansari and Blier, 1996). It is not possible for the time
being to determine whether the lack of effect of this drug
is due to the fact that guinea pig 5-HT; 5 receptors do not
recognize CP93129 as rodent 5-HT, 5 receptors do, or to
the fact that 5-HT,, and not 5-HT;y receptors control
somatodendritic 5-HT release in the guinea pig brain.

In rodents, where brain 5-HT, as well as 5-HT;g
receptors have been detected (Hoyer et al., 1985a; Wae-
ber et al., 1989a; Bruinvels et al., 1993), superfusion
studies performed in midbrain raphe slices of rats and
mice (Pineyro et al.,, 1995a, 1996b) indicated that
5-HT,/5-HT,p-like receptors negatively regulate 5-HT
release in this brain area. Evidence accumulated in
the above-mentioned studies may be separated into
two categories: 1) Observations that support a role for
5-HT,p-like receptors in the regulation of 5-HT release
in anterior raphe nuclei: the 5-HT, agonist 5-carboxy-
amidotryptamine (5-CT) induced a concentration-depen-
dent inhibition of the electrically evoked release of
[®H]5-HT from preloaded rat raphe slices which was

3 The International Nomenclature Committee has named two
closely related recently cloned 5-HT receptors 5-HT,, and 5-HT,.
Initially, and for a brief period of time, these receptors were referred
to as 5-HTp, and 5-HT;ps. The 5-HT,pg is the receptor that the
Nomenclature Committee now calls 5-HT,p and 5-HT,y,, is the one
that is now named 5-HT,,. The new nomenclature should not be
confused with the original pharmacological definition of 5-HT;g/1p
receptor subtypes. The pharmacologically defined 5-HT, receptor
was only found in rodents, whereas the 5-HT;, receptor was gener-
ally found only in nonrodent species. With the cloning of both recep-
tors, it became clear that 5-HT,y (5-HT;pg) was not absent from
nonrodent species, but that a difference of a single amino acid in
transmembrane VII of the rodent receptor caused the large differ-
ence in pharmacological rofile. In spite of their pharmacological
differences in rodents and nonrodents, these receptors are all clas-
sified as 5-HT, g, irrespective of the species they appear in, since they
are homolog receptors across species. Because the currently-defined
5-HT; receptor (5-HT, ) appears to be a receptor of low expression
density, it seems likely that the receptor originally defined in phar-
macological terms as 5-HT,;, is the receptor briefly known as
5-HT,pg and is now called 5-HT.

partly blocked by the 5-HT,; /1, antagonists GR 127935
and mianserin which in rats has a very high selectivity
for 5-HT,, versus 5-HT, receptors; the 5-HT 5,1 ago-
nist sumatriptan inhibited electrically evoked release of
[3H]5-HT from rat and wild-type mice raphe slices, and
this effect was blocked by mianserin and GR 127935;
and midbrain slices from 5-HT,p knockout mice main-
tained a pharmacological response similar to that ob-
served in wild types. 2) Observations that rule out other
specific receptor subtypes include: the fact that the effect
of sumatriptan was not blocked by S-UH-301 nor (+)-
WAY 100135 excludes a possible nonselective activation
of 5-HT, 4 receptors, and in spite of its inhibitory effect
on evoked [*H]5-HT release in terminal regions, the lack
of effectiveness of the selective 5-HT, g agonist CP 93129
to inhibit evoked release from rat and mice midbrain
slices strongly suggests that 5-HT,5 receptors are not
involved in the sumatriptan-mediated response in mid-
brain raphe. Rat (as well as human) 5-HT,; and 5-HT;
receptors have low affinity for 5-CT, which in our studies
effectively mimicked sumatriptan mediated responses.
Similarly, 5-HT,p sites do not bind sumatriptan with
high affinity. Studies from human brain indicate that
5-HT,y sites have low affinity for methiothepin and do
not bind propranolol, both of which blocked the effect of
sumatriptan on 5-HT release in rodent midbrain slices.
Hence, in spite of the fact that sumatriptan binds to
5-HT,p receptors, it is unlikely that these or the 5-HT,
subtype may have mediated the sumatriptan-induced
inhibition of 5-HT release from rodent brain.
Sumatriptan and GR 127935 have very low affinity for
murine 5-HT5, 55 sites. The affinity of sumatriptan for
rat 5-HT, receptors is also considerably low (although
higher than for 5-HT;). If 5-HT; receptors played an
important role in inhibiting 5-HT release in midbrain
nuclei, the inhibitory effect of 8-OH-DPAT (that binds
with higher affinity to 5-HT; than to 5-HT,, receptors)
on somatodendritic 5-HT release would have been
greater, not smaller, than that of sumatriptan. Hence,
even if mRNAs for 5-HT,y, 5-HT;, and 5-HT; receptor
subtypes are present in the DRN, the 5-HT,, receptor,
or a subtype bearing a similar pharmacology, was
deemed a better choice to account for the effect of differ-
ent drugs tested on 5-HT release from rat midbrain
raphe (see Table 5 for pharmacology of G protein-cou-
pled 5-HT receptors).

In contrast with the above-mentioned observations on
the role of 5-HT; receptors controlling 5-HT release in
the DRN, Davidson and Stamford (1995a) have reported
that CP 93129 inhibited in vitro 5-HT release from rat
DRN. On the other hand, they have also observed that
the effect of CP 93129 was only blocked at scattered time
points during continuous superfusion with the 5-HT;g
antagonist isamoltane, an unexpected response since
once the blockage is established, if there are no changes
in drug concentrations there is no reason for such fluc-
tuation. Furthermore, the stimulation protocol used in
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the latter study and the one from our group (Pifieyro et
al., 1995b) were different; in one, stimulation parame-
ters were set to mimic 5-HT neuron firing frequency
during wakefulness (1-5 Hz; Pineyro et al., 1995b),
whereas in the other, pseudosingle pulse stimulations
(100 Hz) were used (Davidson and Stamford, 1995a). It
has been extensively documented that different stimu-
lation parameters may differ in the concentration of
5-HT induced in the biophase of 5-HT receptors, eliciting
different drug actions even if all other experimental
variables are kept constant (see below). In these studies,
however, not all variables were kept constant, the con-
centration of CP 93129 used by Davidson and Stamford
(1995a) was three times as high as the one used in our
study (Pifieyro et al., 1995b). In our paradigm, concen-
trations of this product higher than 100 nM have been
shown to produce significant increases in basal 5-HT
release. Because values for this parameter were not
reported when a concentration of 300 nM CP 93129 was
used, it may not be ruled out that evoked release of 5-HT
may have been reduced after treatment with the 5-HT; g
agonist due to unloading of the slices previous to stim-
ulation.

Based on the observations mentioned above, it could
be hypothesized that if in rats 5-HT; g receptors indeed
play a regulatory role in midbrain 5-HT release, it would

RAT
(anesthesized rats, pretreated with
systemic administration of an SSRI)

5-HT T
hippocampus

&-HTy %

5-HT
hippocampus

5-HT%

(-) penbutolol

N

B. local perfusion (-)penbutolol
(1 M) + S-UH-301 (3 mg/kg)

S-UH-301

probably involve 5-HT release from collaterals and 5-HT
terminals, whereas on the other hand, 5-HT,-like re-
ceptors would control a larger somatodendritic neuro-
transmitter release. Because 5-HT terminals are not
abundant in DRN and MRN, the previous interpretation
would lend support to two observations: 1) lack of effect
of 5-HT; g receptor blockade following systemic admin-
istration of an SSRI to rats (Fig. 2) and 2) lack of effect
of 5-HT; g receptor blockade during wakefulness, a time
when extracellular somatodendric concentrations of
5-HT are high. The former interpretation would also be
in keeping with the observation that even if in binding
studies the number of 5-HT; 5 receptors is much higher
than that of 5-HT, receptors, the activation of the
latter by regulating a greater contingent of releasable
5-HT (somatodendritic) produces a dramatic inhibition
of release, whereas the activation of the former has a
modest or no effect.

Comparing the results obtained in microdialysis stud-
ies in rats and guinea pigs has helped evaluate the role
of 5-HT, 5/ p receptor subtypes in the regulation of 5-HT
release in raphe nuclei. In anesthetized rats pretreated
with citalopram, the systemic administration of the
5-HT, 4,15 antagonist (—)-penbutolol (8 mg/kg s.c) pro-
duces an increase in hippocampal 5-HT release (Hjorth,
1993), most likely by simultaneously blocking activated

GUINEA PIG
(freely moving guinea pigs)

frontal cortex l

3 5HTyp
L
5HTSp
5HTyp
GR 127935\ m GR 127935

C. GR 127935 (0.3 mg/kg)

5-HT T
frontal cortex

5-HT"%

GR 127935

WAY 100635
GR 127935

D. WAY 100635 (0.3 mg/kg)
+ GR 127935 (0.3 mg/kg)

FiG. 2. A, effect of systemic administration of the 5-HT, ,,;5 antagonist (—)-penbutolol on spontaneous hippocampal 5-HT release in anesthesized
rats. B, effect of hippocamal perfusion of the 5-HT, ;5 antagonist (—)-penbutolol and systemic administration of the 5-HT, , antagonist S-UH-301 on
spontaneous 5-HT release in rat hippocampus. C, effect of the systemic administration of the 5-HT, ,,, antagonist GR 127935 on cortical 5-HT release
of freely moving guinea pigs. D, effect of the combined administration of a 5-HT,, (WAY 100135) and the 5-HT,, antagonist on cortical 5-HT release

in freely moving guinea pigs (see text for details).
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somatodendritic 5-HT;, and terminal 5-HT,p autore-
ceptors (Fig. 2A). This effect is similar to that observed
following intrahippocampal perfusion of (—)-penbutolol
(1 pM in the perfusion medium) in combination with
systemic administration of the 5-HT, , antagonist S-UH-
301 (3 mg/kg s.c.; Fig. 2B). When administered system-
ically, there should be no reason why (—)-penbutolol
would not block somatodendritic 5-HT,g receptors in
addition to terminal ones. Hence, if 5-HT,p receptors
played a significant inhibitory role in the regulation of
midbrain 5-HT release, the logical expectation would be
for this type of treatment to induce an additional in-
crease in terminal 5-HT release as compared to intra-
hippocampal perfusion of (—)-penbutolol, provided that
5-HT, 5 autoreceptor function is blocked. Since there was
no such observation, the most parsimonious conclusion
would be that, in rats, 5-HT,5 receptors do not play a
major role in controlling extracellular availability of
5-HT at the somatodendritic level. In freely moving
guinea pigs, the results observed are quite different
(Price et al., 1994). The systemic administration of the
5-HT,g,;p antagonist GR 127935 (0.3 mg/kg) produces a
marked decrease in extracellular cortical 5-HT (Fig. 2C),
an unexpected effect since this drug had been shown to
block terminal 5-HT, g autoreceptors in this species and
increase 5-HT release in cortical slices (Price et al., 1994,
Table 6). The decrease in release could be due, in theory,
to the partial agonistic properties of GR 127935 on
guinea pig terminal autoreceptors (Tingley et al., 1994).
However, it is improbable that this was the actual cause
for reduced in vivo cortical 5-HT release since the sys-
temic administration of WAY 100635 (1 mg/kg) not only
blocked, but in fact reversed the inhibitory effect of GR
127935, thus producing a marked elevation in cortical
5-HT levels (Price et al., 1994; Fig. 2D). The reversal by
WAY 100635 of the GR 127935 effect can be explained by
assuming that GR 127935 blocked 5-HT, g/ receptors
that negatively control 5-HT release at the somatoden-
dritic level. In doing so, such an antagonism would pro-
mote a higher extracellular 5-HT level in raphe nuclei
and a greater activation of somatodendritic 5-HT,, au-
toreceptors. This, in turn, would lead to a reduction in
5-HT neuron firing and thus to a reduction in firing-
dependent terminal 5-HT release. The administration of
WAY 100635 blocks the 5-HT, , autoreceptors, the 5-HT
neurons recover their firing activity, and the enhancing
effect of terminal 5-HT,5 receptor blockade (by GR
127935) on cortical 5-HT release is then unveiled. It
would be interesting to test this hypothesis by assessing
the effect of systemic administration of GR 127935 in rat
brain terminal projection areas. If inhibition resulted, as
it did in guinea pigs, this would suggest the blockade of
a somatodendritic 5-HT, receptor. In such a case, it
should be determined whether WAY 100635 could un-
mask the enhancing effect of GR 127935 produced by
terminal 5-HT;g receptor blockade. Because rat and
guinea pig 5-HT,5 and 5-HT,, receptors are species

homologs, speculating that the 5-HT;, subtype may be
in control of somatodendritic 5-HT release whereas
5-HT,g receptors control terminal release of the neuro-
transmitter seems plausible. If indeed in humans soma-
todendritic and terminal autoreceptors are of the
5-HT,p and 5-HT,5 subtype, respectively, it might be
possible to develop selective terminal and somatoden-
dritic ligands. Theoretically, the expected effect of soma-
todendritic 5-HT, activation and of terminal 5-HT;g
receptor blockade would be an enhancement of 5-HT
release in projection areas.

Concerning the actual localization of 5-HT;p or
5-HT,p-like receptors, the fact that they are functional
in midbrain slices indicates that they may be present
within the raphe nuclei. Indeed, in slices, the raphe
nuclei are separated from their afferent sources. There-
fore, the possibility that the receptors in question are
located on cell bodies of any of the extra-midbrain affer-
ents to the 5-HT nuclei may be ruled out. Moreover,
addition of TTX to the perfusion medium of midbrain
raphe slices does not modify the inhibitory effect of
sumatriptan on the K™ -evoked release of [°H]5-HT (El
Mansari and Blier, 1996; Pifieyro and Blier, 1996),
5-HT,p-like receptors have been proposed to be autore-
ceptors. Finally, GR 127935 has been shown not to block
the inhibitory effect of 5-HT on 5-HT neuron firing ac-
tivity in guinea pig raphe slices (Craven and Grahame-
Smith, 1994), and, in rat DRN, TFMPP as well as RU
24969 reduce somatodendritic availability of 5-hydroxy-
indoles without changing 5-HT neuron firing activity
(Blier et al., 1990; Pineyro et al., 1996b), further sug-
gesting that in anesthetized animals non-5-HT,,, and
possibly 5-HT,, receptors, contribute to the regulation
of somatodendritic release of 5-HT independent of the
regulation of 5-HT neuron firing. Such an interpretation
is further supported by the observation that in anesthe-
tized guinea pigs, a situation in which extracellular so-
matodendritic availability is comparatively low, sys-
temic administration of GR 127935 leaves 5-HT neuron
firing activity unchanged (Sprouse et al., 1995). On the
other hand, it would be expected that in freely moving
animals systemic GR 127935 administration would re-
duce 5-HT neuron if not given in combination with a
5-HT, 5 receptor antagonist.

4. Heteroregulation of Neurotransmitter Release in
Midbrain Raphe Nuclei. Numerous neurotransmitters
and neuromodulators from afferent terminals or intrin-
sic non-5-HT neurons influence 5-HT release in the ra-
phe nuclei. For example, low-frequency (1.5 Hz) stimu-
lation of the habenulo-raphe pathway elicits a decrease
in 5-HT release in the DRN (Reisine et al., 1982). Sim-
ilar results are obtained by intraraphe or systemic ad-
ministration of GABA or GABA agonists (Scatton et al.,
1985; Becquet et al., 1990). This pharmacological inhib-
itory effect on DRN 5-HT release is abolished by tran-
section of the habenulo-raphe pathway (Nishikawa and
Scatton, 1985). The need for the integrity of the habe-
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TABLE 6
Differential influence of species and stimulation paradigm on the effects of terminal autoreceptor antagonists on 5-HT release in cortex and
hippocampus
Species Antagonist Ol];:sfgf/se d Stimulation Procedure Used Reference
Cortex

Rat (—)-Alprenolol (1 uM) K* 25 mM Middlemiss, 1986
(—)-Atenolol (1 uM) <> K* 25 mM Middlemiss, 1986
(*)-Cyanopindolol (10-100 nM) + K" 25 mM Middlemiss, 1986
(*)-Cyanopindolol (10 nM) + 3 Hz; 360 pulses Schlicker et al., 1985
Isamoltane (1 uM) + 100 Hz; 4 pulses Limberger et al., 1991
Mesulergine (1 uM) <> K* 25 mM Middlemiss et al., 1988
Metergoline (1 uM) <> 3 Hz; 360 pulses Géthert, 1980
Metergoline (100 nM) + 100 Hz; 4 pulses Limberger et al., 1991
Methiothepin (1 uM) + K* 25 mM Middlemiss, 1984
Methiothepin (100 nM) + 3 Hz; 360 pulses Gothert, 1980
Methiothepin (100 nM) <> 100 Hz; 4 pulses Limberger et al., 1991
Methysergide (1 uM) <+» K* 25 mM Middlemiss et al., 1988
(—)-Oxprenolol (1 M) A K* 25 mM Middlemiss, 1986
(+)-Oxprenolol (1 uM) + K* 25 mM Middlemiss, 1986
(—)-Pindolol (1 uM) <> K* 25 mM Middlemiss, 1986
(—)-Propranolol (1 uM) <+» K* 25 mM Middlemiss, 1984
(—)-Propranolol (1 uM) + 100 Hz; 4 pulses Limberger et al., 1991
Quipazinel (10 pM) K* 25 mM Middlemiss, 1984

Guinea pig  (*)-Cyanopindolol (1 uM) <> K* 25 mM Middlemiss et al., 1988
GR 127935 (10 w) + Spontaneous release, freely moving  Roberts et al., 1994
GR 127935 (100 nM) + Spontaneous release, anesthesized Skingle et al., 1995
Isamoltane (1 uM) + 100 Hz; 4 pulses Limberger et al., 1991
Mesulergine (1 uM) <> K* 25 mM Middlemiss et al., 1988
Metergoline (300 nM) <+»
Metergoline (1 uM) + 100 Hz; 4 pulses Limberger et al., 1991
Methiothepin (10 nM) <> K* 25 mM Middlemiss et al., 1988
Methiothepin (300 nM) A Wilkinson et al., 1993
Methiothepin (1 uM) <+» 100 Hz; 4 pulses Limberger et al., 1991
Methysergide (1 uM) v K* 25 mM Middlemiss et al., 1988
(=)-Propranolol (1 uM) <> 100 Hz; 4 pulses Limberger et al., 1991

Rabbit Isamoltane (1 puM) + 100 Hz; 4 pulses Limberger et al., 1991
Metergoline (100 nM) + 100 Hz; 4 pulses Limberger et al., 1991
Methiothepin (1 uM) <> 100 Hz; 4 pulses Limberger et al., 1991
(=)-Propranolol (1 uM) <> 100 Hz; 4 pulses Limberger et al., 1991

Hippocampus
Rat BMY 7378 (0.25 mg/kg i.v.) 0.5 or 1 Hz; 60 or 120 pulses Chaput and de Montigny,
anesthesized 1988

(*)-Cyanopindolol (10 nM—uM) 3 Hz; 360 pulses Feuerstein et al., 1987
(+)-Cyanopindolol (30-300 nM) K*" 15 mM Maura et al., 1987

(#+)-Cyanopindolol (10-100 nM) + nitroquipazine
(1 M)

(+)-Cyanopindolol (10 nM-1 uM) + fluvoxamine
(1 puM)

3 Hz; 360 pulses

3 Hz; 360 pulses

Feuerstein et al., 1987

Feuerstein et al., 1987

Mesulergine (300 nM) K*" 15 mM Maura et al., 1986
Metergoline (1 mg/kg i.v.) 1 Hz; 120 pulses Haddjeri et al., 1996
Methiothepin (30-300 nM) K* 15 mM Maura et al., 1986
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Methiothepin (1 mg/kg i.v.)
Methiothepin (1 mg/kg i.v.)

5 Hz; 600 pulses anesthesized
1 Hz; 120 pulses anesthesized

Chaput et al., 1986a,b
Chaput et al., 1986a,b

Methiothepin (3 M) K* 30 mM Auerbach et al., 1990
Methiothepin (10 uM) Spontaneous release anesthesized Hjorth and Tao, 1991
Methysergide (300 nM) K" 15 mM Maura et al., 1986
(—)-Penbutolol (1 uM) + citalopram (5 mg/kg s.c.) Spontaneous release anesthesized Hjorth, 1993
(—)-Propranolol (300 nM) K" 15 mM Maura et al., 1986, 1987

Guinea pig  Methiothepin (300 nM-1 M) 1 Hz; 120 pulses Wilkinson and Middlemiss,
1992
Feuerstein et al., 1987

Feuerstein et al., 1987

Rabbit (*+)-Cyanopindolol (10 nM-1 uM)
(+)-Cyanopindolol (10 nM-1 pM) +
nitroquipazine (1 uM)
(+)-Cyanopindolol (10 nM-1 uM) + fluvoxamine
(1 pM)

3 Hz; 360 pulses
3 Hz; 360 pulses

<« << +¢¢¢++++¢+¢ > et >

3 Hz; 360 pulses Feuerstein et al., 1987
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TABLE 6
Continued
Species Antagonist OE:&S; d Stimulation Procedure Used Reference

Metergoline (10 nM-1 uM) <> 3 Hz; 360 pulses Feuerstein et al., 1987
Metergoline (10 nM—-1 uM) + nitroquipazine (1 pM) f 3 Hz; 360 pulses Feuerstein et al., 1987
Metergoline (10 nM—-1 uM) + fluvoxamine (1 puM) $ 3 Hz; 360 pulses Feuerstein et al., 1987
Methiothepin (10 nM-1 pM) $ 3 Hz; 360 pulses Feuerstein et al., 1987
Methiothepin (10 nM-1 uM) + nitroquipazine (1 pM) ﬁ 3 Hz; 360 pulses Feuerstein et al., 1987
Methiothepin (10 nM—-1 uM) + fluvoxamine (1 uM) f 3 Hz; 360 pulses Feuerstein et al., 1987
Methysergide (10 nM-1 uM) + 3 Hz; 360 pulses Feuerstein et al., 1987
(—)-Propranolol (10 nM-1 uM) <> 3 Hz; 360 pulses Feuerstein et al., 1987

nulo-raphe connection has thus been interpreted in two
alternative ways: 1) the effect of GABA or GABA ago-
nists is an indirect one, and GABA receptors are located
on habenulo-raphe fibers or 2) the inhibitory effect of
GABA is made evident only if 5-HT neurons have a
certain degree of tonic activation, provided in turn by
the habenulo-raphe pathway. It is worth noting that the
most consistently described tonic excitatory input origi-
nates in locus ceruleus (Baraban and Aghajanian, 1981).
The common feature shared by both of the interpreta-
tions above is that they assume that the habenulo-raphe
pathway must contain an excitatory neurotransmitter,
an assumption which is in disagreement with the fact
that the main observed effect of habenulo-raphe path-
way stimulation is depression of 5-HT neuron firing
(72—88% of the 5-HT neurons are inhibited; Stern et al.,
1981). However, when a high stimulation frequency (15
Hz) is used, the habenulo-raphe pathway induces a
marked increase in 5-HT release in projection areas, an
effect that is blocked by injection of kynurenic acid into
the DRN (Kalen et al., 1989). Such an observation has
led Kalen et al. (1989) to suggest that EAAs are the main
neurotransmitters in the habenulo-raphe pathway, and
that glutamatergic fibers could have a double effect on
5-HT neuron, i.e., direct phasic stimulation and indirect
inhibition by stimulating GABAergic interneurons.
Such an observation is in keeping with in vitro findings
in which stimulation of midbrain slices with an electrode
in the DRN causes fast IPSPs and EPSPs that are re-
spectively blocked by bicuculline or picrotoxin and the
NMDA antagonists CNQX and APV (Pan et al., 1989;
Pinnock 1992). The EPSPs due to electrically evoked
release of EAA from afferent fibers onto 5-HT neurons
may be reduced by activation of presynaptic inhibitory
k-opioid receptors located on the glutamatergic fibers
(Pinnock, 1992). However, the predominant effect of sys-
temically administered morphine is a stimulation of
5-HT release, an effect contrary to the one expected from
activating inhibitory receptors on excitatory fibers im-
pinging onto 5-HT neurons. A possible explanation for
such a contradiction could be that the effect of activation
of k-receptors on EAA terminals may be overcome by
activation of other opioid receptors, probably also lo-
cated within the raphe nucleus, as suggested by Tao and

Auerbach (1994). Apart from eliciting postsynaptic po-
tentials on 5-HT neurons recorded from midbrain raphe
slices, GABA and glutamate have been shown to modu-
late 5-HT release in rostral rhombencephalic raphe cells
in primary cultures (Becquet et al., 1993b). GABA pro-
duces its negative modulation predominantly via
GABA, but also GABAg receptors, whereas EAA induce
5-HT release by stimulating NMDA receptors (Becquet
et al., 1993a). Furthermore, in vivo application of the
GABA, antagonist picrotoxin into the DRN locally in-
creased 5-HT release in unanesthetized rats (Becquet et
al., 1990), suggesting that the latter receptors may in-
duce a tonic inhibition of 5-HT release in the dorsal
raphe. The release of 5-HT in the DRN is also modulated
by tachykinins and catecholamines. Indeed, Substance P
has been shown to increase 5-HT release in vitro in
midbrain raphe slices (Kerwin and Pycock, 1979) and in
vivo following its intraraphe injection (Reisine et al.,,
1982). The local infusion of amphetamine, apomorphine,
and the selective D, receptor agonist quinpirole also
increases 5-HT release in DRN, the effect of apomor-
phine being blocked by the selective D, receptor antag-
onist raclopride but not the D; antagonist SCH 23390
(Ferré and Artigas, 1993; Ferré et al., 1994). The latter
observations confirm the role of D, receptors in modu-
lating extracellular availability of 5-HT in the DRN, but
whether the source of DA are dopaminergic afferents or
DA neurons within the nucleus is still unknown. In the
case of NA, this catecholamine inhibited K*-evoked re-
lease of [®H]5-HT from raphe slices. This effect was
mimicked by a, adrenoceptor agonists clonidine and
oxymetazoline, but not by the o, adrenoceptor agonists
phenylephrine and methoxamine. Furthermore, yohim-
bine and rauwolscine not only blocked the effect of
clonidine, but, when administered alone, they both in-
creased the K" -induced release of [2’H]5-HT. A possible
interpretation of the auto- and heteroregulatory connec-
tions of 5-HT release in the DRN is given in Fig. 3.
Interestingly, in some cases, heteroregulatory influ-
ences may produce their effects via activation of auto-
regulatory mechanisms, e.g., D, receptor stimulation
induces an increase in DRN 5-HT release and a decrease
in striatal release, the latter effect being blocked by the
administration of (+)-WAY 100135 (Ferré et al., 1994).
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Fic. 3. Graphic representation of auto- and heteroregulatory connec-
tions of midbrain 5-HT neurons: somatodendritic 5-HT,, as well as
5-HTp/1paike Teceptors are principally influenced by extracellular 5-HT
of somatodendritic origin. They respectively inhibit 5-HT neuron firing or
local release of neurotransmitter. Extracellular 5-HT also modulates
terminal 5-HT,; autoreceptors located either on axon collaterals from
efferent axons of local 5-HT neurons or those located on axons impinging
from neighboring 5-HT nuclei. Activation of «, adrenoceptors increases
5-HT neuron firing activity and that of a, adrenoceptors inhibits 5-HT
release. Both receptors are stimulated by NA released from axons origi-
nating in locus ceruleus. Pharmacological stimulation of dopaminergic D,
receptors increases local 5-HT release. It is not clear whether these
receptors are physiologically stimulated by DA released from intraraphe
DA neurons or dopaminergic projections originating in the VTA. The
stimulation of the habenulo-raphe pathway is believed to induce gluta-
mate release, which, via NMDA receptors, evokes a direct EPSP on 5-HT
neurons. Glutamate also stimulates interneurons which may contain
either Substance P or GABA. Although GABA inhibits 5-HT neuron firing
activity (mainly via GABA, receptors), Substance P may produce an
increase in local 5-HT release. Finally, GABAergic and enkephalinergic
interneurons both inhibit glutamate release. Dashed lines, afferent nu-
clei boundaries.

In other cases, heteroregulatory mechanisms may over-
ride autoregulation, e.g., local infusion of Substance P
enhances 5-HT release in the dorsal raphe (Reisine et
al., 1982) and in the hippocampus (Gradin et al., 1992),
or the contrary is observed with GABA which, in spite of
decreasing somatodendritic availability of 5-HT when
injected into the DRN, also decreases striatal 5-HT re-
lease (Becquet et al., 1990).

5. Autoregulation of 5-HT Release in Terminal Projec-
tion Areas: Cortex and Hippocampus. Evidence indicat-
ing that activation of 5-HT,5 terminal autoreceptors
inhibit 5-HT release is extensive and convincing (rat,
mouse, guinea pig, pig, rabbit, human brain; see Table 4

for pharmacological profiles of terminal autoreceptors;
Hoyer and Middlemiss, 1989; Starke et al., 1989; Géth-
ert, 1990; Middlemiss and Hutson, 1990). Apart from
this well established fact, there is now considerable ev-
idence indicating that more than one receptor subtype
could be involved in controlling release in the same
region, and that some of these receptors might not be of
the 5-HT, g subtype. In rat cortical slices, 8-OH-DPAT
has been shown to inhibit electrically or K*-evoked
5-HT release (Hamon et al., 1984; Limberger et al.,
1991). Because such an effect was not blocked by 300 nM
of the 5-HT,p antagonist isamoltane (Waldmeier et al.,
1988; Schoeffter and Hoyer, 1989), it was suggested that
5-HT,p isamoltane-resistant sites might contribute to
regulate 5-HT release in the rat frontal cortex (Lim-
berger et al., 1991). Today we know that 8-OH-DPAT
has considerable affinity not only for 5-HT,, but also
5-HT5 and 5-HT;, receptors (Table 5), and also that mRNAs
for all three receptor subtypes are present in the DRN
(Table 5). This suggests that, similar to the 5-HT,g
receptor subtype, 5-HT,p, 5-HT;, as well as 5-HT, re-
ceptors could be expressed as autoreceptors on 5-HT
neurons. The concentrations at which 8-OH-DPAT effec-
tively inhibited evoked 5-HT release in the above-men-
tioned studies were higher than 100 nM. Thus, it is
tempting to speculate that the probability for 5-HT,, or
5-HT}; receptors to be involved in this effect is greater
than for 5-HT;, receptors, since the affinity for the latter
is very high (Table 5) and 8-OH-DPAT would have been
expected to be effective at lower concentrations. More-
over, it should be noted that at concentrations of up to 1
uM 8-OH-DPAT, some groups were unable to demon-
strate an inhibition of cortical evoked release of 5-HT
(Middlemiss, 1984b; Engel et al., 1986; Maura et al.,
1986). Additional evidence supporting the fact that 5-HT
receptors controlling 5-HT release in rat hippocampus
are heterogeneous has been obtained by our group. In
superfusion experiments, sumatriptan (1-1000 nM) and
CP 93129 (1-300 nM) induced a dose-dependent inhibi-
tion of electrically evoked [*H]5-HT release from rat
hippocampal slices. Although the effects of CP 93129
and sumatriptan were blocked by (*)-cyanopindolol (1
uM), only that of sumatriptan was blocked by mianserin
(0.3 and 1 uM). On the other hand, only the effect of CP
93129 was blocked by (—)-propranolol (0.3 uM). More-
over, incubation of rat hippocampal slices with the alky-
lating agent N-ethylmaleimide (NEM), abolished the ef-
fect of CP 93129 but not that of sumatriptan (Pifieyro
and Blier, 1996). Furthermore, the inhibitory effect of
5-MeOT in rat hippocampus has been shown to remain
unaffected by NEM, pertussis, or cholera toxin pretreat-
ment, further indicating that, in the rat, there is an
hippocampal 5-HT receptor subpopulation which is in-
deed resistant to G, protein inactivation (Blier, 1991).
Results from superfusion studies in 5-HT;p knockout
mice provide further evidence that a nonhomogeneous
terminal autoreceptor population exists: non-5-HT, g re-
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ceptors continue to control 5-HT release in terminal
projection areas in 5-HT; 5 knockout mice (Pineyro et al.,
1995a). Moreover, it is possible that the combination of
receptor subtypes in terminal autoreceptor populations
may differ among specific projection areas (e.g., cortex
and hippocampus). This would not be surprising given
that each of the 5-HT nuclei contribute in a different
manner to the innervation of distinct terminal fields. In
vivo experiments in the frontal cortex and hippocampus
of 5-HT,p knockout mice also support the idea that
non-5-HT,;,, non-5-HT,; receptors regulate 5-HT re-
lease in the mouse frontal cortex and that terminal 5-HT
autoreceptor populations in the cortex and hippocampus
may be different (Trillat et al., 1996).

In nonrodent species, an inhibitory effect of 8-OH-
DPAT on terminal 5-HT release (Feuerstein et al., 1987;
Schlicker et al., 1989) is not surprising given the mod-
erate affinity of the drug for the nonrodent 5-HT, g re-
ceptor (Table 5). However, until more selective ligands
become available, a role for 5-HT5, 5-HT; receptors, or
even other 5-HT receptors not as yet characterized, on
terminal 5-HT release may not be ruled out. Methio-
thepin is the only antagonist that effectively blocks the
inhibition induced by 8-OH-DPAT (Feuerstein et al.,
1987), but, since methiothepin binds with high affinity
to all 5-HT,y), 5-HT;, and 5-HT, receptor subtypes, no
further inferences can be made. In the guinea pig hip-
pocampus, but not in the cortex, methiothepin has been
shown to block the inhibitory effect of 5-CT and
sumatriptan with less potency than that of 5-HT
(Wilkinson and Middlemiss, 1992; Wilkinson et al.,
1993), suggesting an heterogeneity in the receptor sub-
types regulating 5-HT release in the former but not the
latter region, where methiothepin equipotently blocks
the effects of both 5-HT and sumatriptan. Differences
among 5-HT receptor populations controlling 5-HT re-
lease in the cortex and hippocampus in the guinea pig
brain has also been reported by El Mansari and Blier
(1996). These authors showed that G protein inactiva-
tion with NEM attenuates the inhibitory effect of
5-MeOT in the cortex, but not in the hippocampus, al-
though the inhibitory effect of sumatriptan was reduced
in NEM-pretreated slices from both regions. The differ-
ence between cortical and hippocampal 5-HT autorecep-
tor populations is further supported by the fact that the
inhibitory effect of 5-MeOT on electrically evoked re-
lease of [*H]5-HT is attenuated in hippocampus but not
frontal cortex slices obtained from guinea pigs treated
with paroxetine for 21 days (Blier and Bouchard, 1994,
El Mansari et al., 1995).

In vitro as well as in vivo studies have shown that the
amount of 5-HT released per electrical impulse in-
creases with decreasing frequencies of stimulation
(Gothert 1980; Baumann and Waldmeier, 1981; Chaput
et al., 1986a; Blier et al., 1989a), probably due to a lower
degree of activation of autoreceptors by prolonging the
interval between the stimulation pulses. This interpre-

tation is supported by findings indicating that, at higher
stimulation frequencies, the effectiveness of terminal
5-HT receptor agonists (5-HT itself, 5-CT, 5-MeOT) to
inhibit 5-HT release is reduced and that of the antago-
nist methiothepin to enhance this parameter is in-
creased (Baumann and Waldmeier, 1981; Chaput et al.,
1986a; Blier et al., 1989a). Another way in which the
concentration of endogenous 5-HT in the biophase of
5-HT autoreceptors may be increased is by inhibition of
neuronal 5-HT reuptake. Similar to high stimulation
frequencies, in the presence of 5-HT reuptake blockers,
the effectiveness of 5-HT agonists is reduced (Langer
and Moret, 1982; Galzin et al., 1985) and that of antag-
onists is enhanced (Feuerstein et al., 1987). To explain
SSRI-induced changes in efficacy, two alternative inter-
pretations have been proposed: 1) an increase in 5-HT
concentration in the biophase of terminal autoreceptors,
and 2) an interaction between neuronal 5-HTT and ter-
minal 5-HT receptors (Langer and Moret, 1982; Galzin
et al., 1985; Passarelli et al., 1987; Moret and Briley,
1988). Two important arguments against the “molecular
link hypothesis” favor the “5-HT biophase hypothesis”:
1) in experiments on synaptosomes in which the re-
leased transmitter is washed away rapidly and 5-HT in
the biophase remains too low for autoreceptor activa-
tion, and 5-HT receptor agonists produce the same inhi-
bition of synaptosomal [*H]5-HT release in the absence
or presence of reuptake blockers (Raiteri et al., 1984,
Bonanno and Raiteri, 1987), and 2) when very short
trains of high frequency pulses are used in brain slices,
release of [*H]5-HT is measurable, and yet pulses are too
short to generate autoinhibition (Limberger et al., 1991).
In the latter circumstances, 5-CT and 5-MeOT generate
similar concentration-effect curves for the inhibition of
evoked [*H]5-HT release in the absence and presence of
different reuptake blockers (Limberger et al., 1990). On
the other hand, the fact that 5-HT reuptake blockers
continue to reduce the effectiveness of 5-HT autorecep-
tor agonists following 5-HT depletion by the 5-HT syn-
thesis inhibitor PCPA has been used as an additional
argument to support the molecular link hypothesis (Gal-
zin et al., 1985; Passarelli et al., 1987). It is important to
notice, however, that even after a 90% depletion of hip-
pocampal 5-HT by PCPA pretreatment, 5-HT pre- and
postsynaptic functions were found to be unchanged
(Chaput et al., 1990), suggesting that the 5-HT system
maintains its adaptability even after a great reduction of
endogenous 5-HT.

The effect of changes in 5-HT biophase concentration
are particularly evident in the case of partial agonists
which can either inhibit or enhance terminal 5-HT re-
lease depending on the circumstances. For example, in
the absence of the SSRI nitroquipazine or fluoxetine (1
uM), the 5-HT; 5 ligand (*)-cyanopindolol inhibited elec-
trically evoked release of 5-HT in the rat hippocampus
and enhanced the same parameter when the slices were
superfused with the uptake inhibitors (Feuerstein et al.,
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1987). Similarly, in conditions of negligible autoinhibi-
tion (4 pulses at 100 Hz), metergoline inhibited [*H]5-
HT release from rabbit frontal cortex slices (Limberger
et al.,, 1991), had no effect when 5-HT biophase was
higher (360 pulses at 3 Hz), and enhanced release when
360 pulses at 3 Hz were delivered in the presence of
reuptake inhibitors (Feuerstein et al., 1987). Table 6
summarizes the effects on evoked 5-HT release in the
cortex and hippocampus, obtained with different termi-
nal autoreceptor antagonists in different species and
using different stimulation paradigms. Methiothepin
has been shown to consistently enhance evoked release
of 5-HT in conditions where autoinhibition exists, sug-
gesting that it might be a pure antagonist. Furthermore,
under the same conditions (360 pulses at 3 Hz; rat
hypothalamic slices) in which antagonists such as
metergoline and alprenolol had no effect by themselves
but blocked the effect of LSD, methiothepin induced
opposite effects to those of the terminal autoreceptor
agonist. This observation has prompted the suggestion
that methiothepin could possess inverse agonistic prop-
erties at the terminal 5-HT autoreceptor (Moret and
Briley, 1993). More recently, this suggestion has been
proved, because methiothepin was found to increase
[®*SIGTPyS binding to human 5-HT,p, and 5-HT,y re-
ceptors (Jones et al., 1995), behaving as an inverse ag-
onist. This observation suggests that methiothepin bind-
ing to 5-HT,;y,;p receptors favors the uncoupling of the
receptor-G protein complex. An inverse agonist at the
human terminal autoreceptor that would enhance 5-HT
release in terminal projection areas might prove an ef-
fective antidepressant with quick onset of action.

5-HT release in guinea pig and rat cortex and hip-
pocampus is also modulated by 5-HT; receptors (Galzin
et al., 1990; Barnes et al., 1992; Martin et al., 1992; Blier
and Bouchard, 1993). Unlike 5-HT, g/, 5-HT; receptors
are not localized on 5-HT terminals (Blier et al., 1993c);
they enhance 5-HT release (Galzin et al., 1990; Barnes
et al., 1992; Martin et al., 1992; Blier and Bouchard,
1993) and desensitize within minutes of agonist expo-
sure (see Hoyer 1990; Blier and Bouchard, 1993). They
share with terminal autoreceptors their frequency de-
pendence, being more effective at enhancing 5-HT re-
lease at lower than at higher frequencies (Blier and
Bouchard, 1993).

6. Heteroregulation of Neurotransmitter Release from
5-HT Fibers in Cortex and Hippocampus. Several in vivo
and in vitro studies using brain slices or synaptosomes
have provided evidence for the involvement of multiple
neurotransmitters in the local regulation of 5-HT re-
lease in terminal projection areas. ay,-Adrenergic hetero-
receptors on 5-HT terminals in the brain of different
species have long been known to inhibit 5-HT release
(Gobbi et al., 1990; Raiteri et al., 1990; see Gothert and
Schlicker, 1991; Maura et al., 1992b; Blier et al., 1993c).
Several findings support the idea that the ay-adrenergic
heteroreceptors have different properties as compared

with a, autoreceptors regulating NA release in terminal
projection areas: 1) they have different pharmacological
profiles (Raiteri et al., 1983b; Maura et al., 1992b; Mon-
geau et al., 1993), 2) a, auto- and heteroreceptors are
differentially modulated by neuropeptides such as NPY
(Martire et al., 1989), and 3) only the former desensitize
following long-term treatment with befloxatone, a selec-
tive MAO-A inhibitor (see Blier et al., 1993c¢). The idea of
distinct functional properties of adrenoceptors regulat-
ing 5-HT and NE release in terminal projection areas
has been exploited in the development of new antide-
pressant drugs. Interestingly, selective a, heterorecep-
tor antagonists, even given acutely, may have the capac-
ity to enhance 5-HT neurotransmission (Haddjeri et al.,
1996). Like NE, histamine also exerts a negative regu-
lation of 5-HT release, probably via activation of Hjy
heteroreceptors (Fink et al., 1990). On the other hand,
acetylcholine (ACh) enhances forebrain 5-HT release by
activating nicotinic receptors (Toth et al., 1992; Sum-
mers and Giacobini, 1995). The fact that kynurenic acid
almost completely prevents the enhancing effect on neu-
rotransmitter release induced by the local administra-
tion of nicotine suggests that its effect on 5-HT release is
indirect, mediated via glutamic acid release (Toth et al.,
1992). Inhibitory amino acids are also involved in the
regulation of 5-HT release in cortex and hippocampus.
Following systemic administration of benzodiazepine
agonists, spontaneous or evoked release of 5-HT in ei-
ther region has been shown to decrease (Hitchcott et al.,
1990; Broderick, 1991; Cheng et al., 1993). Local effects
are more ambiguous. In the hippocampal formation, for
example, the activation of the GABA, receptor complex
has been shown to produce either a decrease, no effect,
or an increase in 5-HT release (Pei et al., 1989; Lista et
al., 1990). The fact that the local application of the C1™
channel blocker picrotoxin induced a robust increase in
hippocampal 5-HT of freely moving rats supports the
idea that GABA exerts a tonic inhibition of 5-HT release
in this region (Pei et al., 1989). Numerous polypeptides
have also been found to locally modulate 5-HT release in
projection areas. For example, PYY and pancreatic
polypeptide inhibit cortical 5-HT release via the activa-
tion of the same presynaptic G protein-coupled receptor
as NPY (Schlicker et al., 1991). On the other hand,
Substance P and neurokinin A, two coexisting neuropep-
tides of the tachykinin family, stimulate 5-HT release in
this same area (Iverfeldt et al., 1990). Pharmacological
activation of local opioid receptors (8, k, and u) suggests
that endogenous hippocampal opiates may also be in-
volved in the negative regulation of 5-HT release in this
area (Passarelli and Costa, 1989; Cui et al., 1994).

7. 5-HT g versus 5-HT;;, Receptors. 5-HT5-binding
sites, as opposed to 5-HT, 4 sites, were initially pharma-
cologically described. They represented the sites that
bind spiperone and 8-OH-DPAT with low affinity
(Pedigo et al., 1981; Middlemiss and Fozard, 1983) but
present high affinity for '°I-cyanopindolol (Hoyer et al.,
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1985a,b). They have also been defined by exclusion as
[3H]5-HT-binding sites which are neither of the 5-HT 5
nor of the 5-HTy- subtype (Blurton and Wood, 1986;
Peroutka, 1986; Alexander and Wood, 1987). Originally,
these pharmacologically described 5-HT,  sites were de-
scribed in rodents (Hoyer et al., 1985a; Waeber et al.,
1989a; Waeber and Palacios, 1992) but not in guinea pig,
pig, cow, or human brain (Heuring et al., 1986; see
Bruinvels et al., 1993 and references within). In nonro-
dent species, the sites visualized in the presence of sat-
urating concentrations of 8-OHDPAT and mesulergine
(Heuring and Peroutka, 1987; Waeber et al., 1988,
1989b) were originally named 5-HT;, and more recently
reclassified as 5-HT;. Hence, in spite of their pharma-
cological differences, sites defined by exclusion in rodent
and nonrodent brain would fall under the present
5-HT,g category. However, it has been established that
the sites labeled in this way represent an heterogeneous
receptor population composed of at least 5-HT g1 (5-
CT-sensitive) and 5-HT,y (5-CT-insensitive) receptors
(Leonhardt et al., 1989; Sumner and Humphrey, 1989;
Beer et al., 1992; Lowther et al., 1992; Miller and Te-
itler, 1992). Furthermore, [*H]5-CT has been shown to
label two different subpopulations of 5-HT; as high-
affinity sites in guinea pig cortex and striatum (Mahle et
al., 1991). It was the development of an iodinated radio-
ligand, serotonin-5-O-carboxymethyl-glycyl-'2°I-tyrosin-
amide (1*I-GTI; Boulenguez et al., 1991, 1992), that
allowed 5-HT,y binding sites to be directly labeled in
human, nonhuman primate, and guinea pig brain,
among others (Bruinvels et al., 1991, 1992).

Rodent versus nonrodent 5-HT,p receptor subtype
pharmacology is quite different, whereas that of 5-HT;,
and nonrodent 5-HT;z-binding sites is very much alike.
Two pharmacologically distinct groups may be thus de-
fined, rodent 5-HT,z and nonrodent 5-HT; 5 and all spe-
cies 5-HT;y, receptors. Compounds that show at least a
1.5 log-unit difference in their affinities for rodent
5-HT,g versus nonrodent 5-HT,p/5-HT;-binding sites
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in mammalian brain membranes are summarized in
Table 7.

Recently, human 5-HT,p,p (Hamblin and Metcalf,
1991; Adham et al., 1992; Demchyshyn et al., 1992;
Hamblin et al., 1992b; Jin et al., 1992; Levy et al., 1992;
Weinshank et al., 1992) and rat 5-HT, g receptors (Voigt
et al., 1991; Adham et al., 1992; Hamblin et al., 1992a;
Maroteaux et al., 1992) have been cloned. From these
studies, it has become clear that the “old” 5-HT,, phar-
macological phenotype is conferred by two separate
genes, i.e., a 5-HT; 5z gene cloned in nonrodents (Adham
et al., 1992; Demchyshyn et al., 1992; Hamblin et al.,
1992b; Jin et al., 1992; Levy et al., 1992; Weinshank et
al.,, 1992) and a 5-HT;, gene cloned in rodents and
nonrodents (Hamblin et al., 1992a; Weinshank et al.,
1992). Although the overall amino acid similarity be-
tween 5-HT, and nonrodent 5-HT,g receptors, which
share an almost identical pharmacology, is 61 to 63%
(Hamblin et al., 1992b; Weinshank et al., 1992), nonro-
dent 5-HT, and rat 5-HT,  receptors share a 93% sim-
ilarity in their deduced amino acid sequence and yet
have different pharmacological profiles. When expressed
in heterologous systems, nonrodent 5-HT,5/5-HT;, and
rodent 5-HT,;y receptors maintain the same pharmaco-
logical profile as in brain membranes: the former have a
higher affinity for sumatriptan, 8-OH-DPAT, and «5-
adrenergic antagonists, and bind CP 93129 and arylal-
kylamine compounds such as propranolol and pindolol
with lower affinity than the rodent 5-HT;p subtype
(Metcalf et al., 1992; Oksenberg et al., 1992; Parker et
al., 1993; Adham et al., 1994). Interestingly, a single
amino acid difference (asparagine versus threonine at
position 355) has been shown to be responsible for ro-
dent versus nonrodent distinct pharmacological profiles.
Their pharmacological phenotypes may be intercon-
verted by a single point mutation at amino acid 355
(Metcalf et al., 1992; Oksenberg et al., 1992; Parker et
al., 1993; Adham et al., 1994). The relationship between
5-HT,p, nonrodent 5-HT; 5 and rodent 5-HT, 5 receptors

TABLE 7
Compounds that allow a pharmacological distinction between 5-HT', and 5-HT ,p, receptors
Compound Diff%gg e Reference
Compounds with higher affinity for rodent 5-HT; than
5-HT, p/non-rodent 5-HT, receptors (difference in
affinity stated in log units)
(—)-SDZ 21009 >3 Hoyer et al., 1985; Hoyer and Schoeffter, 1991
CP93129 >2 Bruinvels et al., 1991; Koe et al., 1992
(—)-Pindolol >1.9 Hoyer et al., 1985; Heuring et al., 1987; Hoyer and Schoeftter, 1991
Cyanopindolol >1.8 Engel et al., 1986; Hoyer and Schoeffter 1991
(—)-Propranolol >1.8 Hoyer et al., 1985; Heuring et al., 1987; Hoyer and Schoeffter, 1991
Compounds with higher affinity for 5-HT;,/non-rodent
5-HT, than rodent 5-HT, receptors (difference in
affinity stated in log units)
Yohimbine >1.8 Heuring et al., 1987; Bruinvels et al., 1991; Hoyer and Schoeffter, 1991
Sumatriptan >1.5 Van Wijngaarden et al., 1990; Bruinvels et al., 1991
Mianserin >1.5 Hoyer et al., 1985; Peroutka et al., 1986; Heuring et al., 1987; Bruinvels
et al., 1991; Hoyer and Schoeffter, 1991
8-OH-DPAT >1.5 Heuring et al., 1987; Van Wijngaarden et al., 1990; Bruinvels et al.,

1991; Hoyer and Schoeffter, 1991
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has been summarized by Hartig et al. (1992): given the
70 to 80% similarity in their transmembrane domains,
human 5-HT;p,p and rodent 5-HT,p,;p receptors
should be considered pairs of intraspecies receptor sub-
types and members of the same gene product subfamily.
Furthermore, given the high (95%) transmembrane ho-
mology between human 5-HT, and rat 5-HT,, recep-
tors, on the one hand, and corresponding 5-HT, recep-
tors on the other, these two receptor pairs should be
considered as species homologs. It was only recently that
the 5-HT, receptor antagonists ritanserin and ketan-
serin were found to discriminate between 5-HT,p,, and
5-HTpg (1.1-1.8 log-unit difference in Ky, values,
5-HT,p receptors having a higher affinity than nonro-
dent 5-HT, g receptors for the 5-HT, antagonists (Domé-
nech et al., 1994; Zgombick et al., 1995). Before, these
receptors were initially thought to be pharmacologically
indistinguishable. Although less selective, GR 127935
and metergoline also distinguish between the two recep-
tors with higher affinity for the nonrodent 5-HT, g sub-
type (1 and 0.6 log units, respectively; Skingle et al.,
1991; Doménech et al., 1994). Moreover, in transected
cells, GR 127935 further distinguishes 5-HT;, from non-
rodent 5-HT, 5 receptors by eliciting a full agonistic re-
sponse for the former and behaving as a silent antago-
nist for the latter (Pauwels and Colpaert, 1995; Pauwels
and Palmier, 1995). However, although transfected sys-
tems constitute a useful first approach for studying re-
ceptor pharmacology, interpretation of functional data
from these studies should be cautious since drug activity
may vary according to the level of receptor expression.
For example, the arylkylamines propranolol and pindo-
lol, and the ergot derivative metergoline, which have
been described as antagonists or partial agonists in in
vivo or in vitro studies of terminal 5-HT autoreceptors,
were found to behave as full agonists in cells expressing
the rat or human 5-HT,;y receptor (Miller et al., 1992;
Adham et al., 1993b). Hence, further development of
selective 5-HT;p/nonrodent 5-HT; 5 compounds will de-
pend on the availability of naturally occurring systems
expressing the different receptors to allow drug evalua-
tion. Hamel and coworkers have demonstrated that non-
rodent 5-HT, 5 receptors mediate 5-HT-induced contrac-
tions in cerebral arteries, establishing this tissue as an
appropriate model of nonrodent 5-HT, 5 receptor func-
tion (Hamel and Bouchard, 1991; Hamel et al., 1993). On
the other hand, the low expression of 5-HT,, relative to
5-HT,g receptors in mammalian brain (Beer and Mid-
dlemiss, 1993; Bruinvels et al., 1993, 1994b; Doménech
et al., 1994) has precluded identification of potentially
5-HT,-selective compounds using native systems.

The use of autoradiographic and in situ hybridization
techniques has allowed us to compare not only the ana-
tomical but also the cellular distribution of 5-HTp/1p-
binding sites and 5-HT,p/;p, mRNAs (Bruinvels et al.,,
1994a; Doucet et al., 1995). Autoradiographic studies of
125]_cyanopindolol (Pazos et al., 1985) and, more re-

cently, ?°I-GTI (Bruinvels et al., 1993) have revealed a
particularly high concentration of 5-HT;z-binding sites
in striatum, substantia nigra, and dorsal subiculum of
the rat brain. Yet no mRNA for 5-HT,y receptors was
found in the two latter regions (Voigt et al., 1991; Bru-
invels et al., 1993; Doucet et al., 1995). Conversely, the
DRN, which exhibited an intense mRNA hybridization
signal, displayed low or no 5-HT, binding (Vergé et al.,
1986; Voigt et al., 1991; Bruinvels et al., 1993; Doucet et
al., 1995). Mismatches between 5-HT receptor protein
and mRNA previously observed in mice have been ex-
plained by assuming that 5-HT,g receptors are trans-
ported along fibers far from somas where they are syn-
thesized (Boschert et al., 1994). For example, it has been
suggested that 5-HT;; receptors synthesized in the
soma of CA; pyramidal neurons (CA, pyramidal neurons
are intensely labeled for mRNA; Doucet et al., 1995) are
transported via their glutamatergic projections to reach
the dorsal subiculum as heteroreceptors. Similarly,
5-HT, heteroreceptors on striatal projections to the
substantia nigra have been proposed to explain the high
binding and low hybridization observed in this region
(Bruinvels et al., 1994a). Moreover, 5-HT,y receptors
synthesized in the midbrain raphe could be transported
via axons to reach terminal areas where they have been
described as autoreceptors.

Autoradiographic studies on the human brain indicate
that very high densities of 5-HT,,;y receptors labeled
by ?°I-GTI are present in the basal ganglia, and espe-
cially in substantia nigra (Bruinvels et al., 1991; Pala-
cios et al., 1992). A similar population of '?°I-GTI-la-
beled sites has also been identified in human cortical
membranes (Beer and Middlemiss, 1993) and guinea pig
basal ganglia (Bruinvels et al., 1994b). In the rat brain,
125].GTI also labels 5-HT,y as well as 5-HT,, sites. The
latter have been defined as the non-5-HT,p-'2°I-GTI
binding displaced by the 4[2-[4-[3-(trifluoromethyl)phe-
nyl]1-piperazinyl]ethyllbenzeneamine (PAPP, which
has more than 2 log units higher affinity for 5-HT;y,
than 5-HT,p receptors; Schoeffter and Hoyer, 1989).
These PAPP displaceable sites represent 15 and 11% of
cortical and striatal iodine-labeled sites in the rat brain
(Bruinvels et al., 1993). In the rat cortex, the percentage
of total 2°I-GTI sites (5-HT,g + 5-HT,p) displaced by
PAPP (designated 5-HT,y, sites; 15%) is in agreement
with the percentage of total **°I-GTI (5-HT, 5 + 5-HT,p)
minus ?°I-cytochrome P-450 (CYP; 5-HT, ) in the same
region (19%) and with the percentage of total 5-HT,
binding represented by non-5-HT 5/15/0¢ (5-HT;p) corti-
cal sites reported by Herrick-Davis and Titeler (18%;
1988). In contrast, in the striatum, the sites defined by
125.GTI (5-HT, + 5-HT;p) minus ?°I-CYP (5-HT,)
and non-5-HT 5/ 1p/5c (5-HT;p) sites were 20 and 30%,
respectively (Herrick-Davis and Titeler, 1988; Bruinvels
et al., 1993), representing more than double the PAPP
displacement sites (11%) in this region. In the same
study, Herrick-Davis and Titeler (1988) reported more
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than 40% of non-5-HT 51 5/9¢ sites with 5-HT; , receptor
pharmacology (5-HT > 5-CT >> TFMPP > 8-OH-DPAT
>> (*)-pindolol) in midbrain membranes. On the other
hand, Bruinvels et al. (1993) reported an average of 8%
PAPP-defined 5-HT;p, sites in the same area, whereas
the 5-HT ), sites labeled by 2’I-CYP in the dorsal raphe
and central gray represented approximately 60% of the
5-HT, ), sites labeled by *2°I-GTI). These observations
may indicate that PAPP does not identify all of the
5-HT,p, sites or that *2°I-GTI labels other non-5-HT 5,11
sites. Given that the non-5-HT;,/1psc population de-
scribed by Herrick-Davis and Titeler (1988) showed high
affinity for 5-CT, it is improbable for them to be
5-HT, gy sites. However, the presence of multiple re-
ceptors within this population cannot be ruled out, since
Hill coefficients for sites that recognized 5-CT ranged
from 0.62 to 0.86 (Herrick-Davis and Titeler, 1988).
Hence, the above-mentioned observations suggest that
1251.GTI binding displaced by PAPP may not represent
all of the 5-HT,, receptors in the rat raphe area. Rodent
midbrain, especially raphe nuclei, is one of the areas
expressing the highest levels of 5-HT;, mRNA (Hamblin
et al., 1992a; Bruinvels et al., 1994a). Thus, the high
coexpression of 5-HT,  sites (according to Herrick-Davis
and Titeler, 1988) and mRNA could be interpreted as
further support for the role of 5-HT,, as somatoden-
dritic autoreceptors in the rat brain. Conversely, results
from Bruinvels and coworkers (1993, 1994a,b) would
support the idea that most of the 5-HT,, or its mRNA
are transported to terminal areas. On the other hand,
there is evidence indicating a matching distribution of
5-HT, sites and mRNA in the rat midbrain; Bruinvels
et al., 1993, 1994b; Doucet et al., 1995). However, when
tested in functional studies, at concentrations that do
not alter basal outflow, the 5-HT; g agonist CP 93129 did
not modify 5-HT release (Pifieyro et al., 1995b). As pre-
viously stated, a possible interpretation for this set of
observations would be that 5-HT,y receptors located on
afferent or recurrent axons and regulating 5-HT release
from these secondary sources (as compared to somato-
dendritic release) account for the presence of the protein,
whereas mRNA would be mainly directed to the synthe-
sis of 5-HT, 5 autoreceptors in terminal projection areas.

D. Effect of Antidepressant Drug Administration on
5-HT Release

1. Administration of 5-HT Reuptake Blockers. The re-
ported effect of acute 5-HT reuptake blockade depends
on the dose used and the region examined. At high doses
(10 mg/kg i.p or s.c), the acute administration of fluox-
etine, citalopram, or sertraline has been shown to induce
an increase in extracellular 5-HT in terminal projection
areas such as cortex, striatum, or diencephalon (Dailey
et al., 1992; Invernizzi et al., 1992a; Perry and Fuller,
1992; Rutter and Auerbach, 1993, see Fuller, 1994). The
increase in extracellular 5-HT is dependent on neuronal
firing because it is blocked by TTX (Perry and Fuller,

1992) or 8-OH-DPAT (Rutter and Auerbach, 1993). The
latter observation is somewhat puzzling given the fact
that ED;, of i.v. doses of different SSRIs to inhibit 5-HT
neuron firing are within the 0.1 and 0.5 mg/kg range
(Blier and de Montigny, 1980; Blier et al., 1984; Chaput
et al., 1986b; Gartside et al., 1995; Hajo6s et al., 1995;
Maudhuit et al., 1995; Kasamo et al., 1996), suggesting
that at 10 mg/kg, no matter what SSRI is given, the
result would be total shut-down of 5-HT neuron firing
activity. Even if rats are much more rapid metabolizers
than humans, a dose of 10 mg/kg is 15 to 35 times the
therapeutic dose. Hence, other studies have been per-
formed using much lower doses of SSRIs. In such cases,
the systemic administration of 1 mg/kg citalopram or 32
pmol/kg sertraline (Invernizzi et al., 1991, 1992a) pro-
duced no increase in extracellular 5-HT in cortical pro-
jection areas, and experiments in which extracellular
5-HT was simultaneously measured in cortex and raphe
nuclei reveal that, following systemic administration of
these reuptake inhibitors, there is a preferential in-
crease in extracellular 5-HT in the raphe region (Adell
and Artigas, 1991; Bel and Artigas, 1992). It is this
increase in somatodendritic extracellular 5-HT that ac-
tivates the powerful 5-HT,, autoreceptor feedback loop
leading 5-HT neurons to establish their own “ceiling” on
the extent to which uptake inhibitors increase extracel-
lular 5-HT in terminal projection areas. Reasoning that
long-term reuptake blockade induces a desensitization
of somatodendritic 5-HT,, autoreceptors, Bel and Arti-
gas (1993) proposed the possibility to overcome negative
feedback and increase extracellular availability of 5-HT
in terminal projection areas even when using low doses
of SSRIs. Indeed, they treated rats with 1 mg/kg fluvox-
amine (s.c.) for 2 weeks, and at the end of this time
period the increase in extracellular concentration of
5-HT in frontal cortex of treated rats, still carrying the
osmotic minipump, was similar to that observed follow-
ing a 10-mg/kg acute i.v. dose (Bel and Artigas, 1992,
1993). These results have been confirmed in a study by
Invernizzi et al. (1994), in which sustained treatment
with citalopram (10 mg/kg/day for 14 days) facilitated
the enhancing effect on terminal 5-HT release produced
by a dose of 1 mg/kg of the SSRI administered 24 h after
the end of the treatment. Moreover, this study also
showed that the reducing effect of a systemic dose of 25
png/kg 8-OH-DPAT on terminal 5-HT release was abol-
ished following long-term citalopram administration,
thus confirming a desensitization of 5-HT;, autorecep-
tors (Invernizzi et al., 1994). On the other hand, Bosker
et al. (1995a,b) reported that a 14- or 21-day treatment
with oral or s.c. fluvoxamine (3 mg/kg or 6.5 mg/kg at
study outset, respectively) did not produce desensitiza-
tion of 5-HT , autoreceptors, facilitation of another dose
of fluvoxamine, nor increase in hippocampal 5-HT out-
put. If indeed 5-HT, , autoreceptor desensitization may
in part account for the antidepressant effect of prolonged
SSRI administration, an acute reduction of the activa-
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tion of the feedback mechanism should produce an effect
similar to that of sustained SSRI treatment. This as-
sumption has been verified in seven of eight placebo-
controlled clinical trials showing that in depressed pa-
tients the combination of pindolol and an SSRI produced
either a significant acceleration of the antidepressant
response or a greater proportion of patients presenting a
response at the end of the trial (Maes et al., 1996, 1999;
Berman et al., 1997; Pérez et al., 1997; Tome et al., 1997;
Zanardi et al., 1997, 1998; Bordet et al., 1998). These
results are in agreement with results referred to in a
previous section, in which blockade of 5-HT, , autorecep-
tors was shown to increase extracellular availability of
5-HT in terminal projection areas after the acute admin-
istration of an SSRI.

Apart from inducing desensitization of somatoden-
dritic 5-HT,, autoreceptors, sustained paroxetine (10
mg/kg/day s.c. for 21 days) administration has been re-
ported to decrease the effectiveness of 5-HT g/ recep-
tor activation in reducing electrically evoked release of
5-HT from rat and guinea pig midbrain raphe slices (El
Mansari and Blier, 1996; Pinieyro and Blier, 1996). This
same treatment, as well as fluoxetine (5 mg/kg/day i.p.
for 21 days), induced an increase in electrically evoked
5-HT release from raphe slices (O’Connor and Kruk,
1994; El Mansari and Blier, 1996, Pifieyro and Blier,
1996), indicating that 5-HT receptors which negatively
control 5-HT release in the somatodendritic area are less
sensitive to activation by the endogenous neurotrans-
mitter after sustained 5-HT uptake inhibition. In con-
trast, Bel and Artigas (1993) found no increase in basal
extracellular 5-HT levels in the dorsal raphe of rats
treated with fluvoxamine (1 mg/kg/day s.c. for 21 days).

Terminal 5-HT, g1 autoreceptors in different projec-
tion areas including hippocampus, hypothalamus, and
orbito-frontal cortex have also been found to desensitize
after sustained administration of SSRIs. Desensitiza-
tion has been demonstrated by a reduced efficacy of
5-HT,g,1p agonists to inhibit evoked 5-HT release (Blier
and de Montigny, 1983; Blier et al., 1984, 1998a,b; Cha-
put et al., 1986b; Moret and Briley, 1990; O’Connor and
Kruk, 1994; Blier and Bouchard, 1994; E1 Mansari et al.,
1995). Such a desensitization results in a greater release
of 5-HT per action potential, as indicated by a greater
inhibition of the firing activity of CA; pyramidal neu-
rons following 5-HT pathway stimulation (in the ab-
sence of changes in postsynaptic receptor sensitivity;
Blier and de Montigny, 1983; Blier et al., 1984, 1988a,b;
Chaput et al., 1986b), as well as an increase in electri-
cally evoked release of [*H]5-HT from preloaded slices of
different projection areas, following a 48-h washout pe-
riod after SSRI administration (Blier and Bouchard,
1994; El Mansari et al., 1995). Interestingly, not all
terminal regions respond in a similar way to the same
SSRI treatment, e.g., after a 21-day treatment with par-
oxetine (10 mg/kg/day s.c.), the inhibitory effect of the
agonist 5-methoxytryptamine on the evoked release of

5-HT was attenuated in slices of hippocampus and hy-
pothalamus but not of frontal or orbito-frontal cortex
(Blier and Bouchard, 1994, E1 Mansari et al., 1995). In
turn, of the two latter regions, only in the orbito-frontal
cortex did desensitization occur after an 8-week treat-
ment with paroxetine (10 mg/kg/day s.c.; El Mansari et
al., 1995). It is still unclear whether these different
results indicate that 5-HT neurons are endowed with
different autoreceptor populations depending on the ter-
minal region to which they project, or whether it is the
local influences that determine the different adaptative
properties of the same autoreceptor subtype. Sustained
administration of a low dose of fluvoxamine was found to
induce desensitization of somatodendritic 5-HT, 5 recep-
tors but not of 5-HT,p,;p terminal autoreceptors, the
sensitivity of which remained unchanged after fluox-
etine (5 mg/kg/day for 21 days) or fluvoxamine (6.7 mg/
kg/day for 28 days; Bel and Artigas, 1993; Bosker et al.,
1995b; El Mansari et al., 1995) administration. Further-
more, chlomipramine (10 mg/kg/day s.c. for 21 days) did
not produce a desensitization of 5-HT,y terminal auto-
receptors in rabbit hypothalamus (Schoups and De Pot-
ter, 1988), probably due to the fact that, although in
vitro this drug is a potent and highly selective 5-HT
reuptake blocker, in vivo it loses its selectivity as soon as
it is degraded to chlordesipramine. It is thus possible
that a high percentage or complete blockade of 5-HT
reuptake sites should be achieved for terminal autore-
ceptor desensitization to occur.

The importance of terminal autoreceptor plasticity in
ensuring an enhanced 5-HT transmission is further sup-
ported by the observation that prolonged administration
of SSRIs reduces brain 5-HT (Hrdina, 1987; Caccia et
al., 1992; Trouvin et al., 1993), indicating that after
prolonged reuptake blockade, an increase in extracellu-
lar 5-HT availability occurs in the face of a reduction in
the total 5-HT tissue content.

2. Prolonged Administration of MAOIs. In this case
the situation is reversed, brain 5-HT being actually in-
creased after sustained blockade of MAO-A (Blier et al.,
1986a,b; Celada and Artigas, 1993; Ferrer and Artigas,
1994). On the other hand, similar to SSRIs, the acute
systemic administration of selective MAO-A or nonselec-
tive MAO-A/MAO-B inhibitors produces an immediate
inhibition of 5-HT metabolism and a reduction in 5-HT
neuron firing activity (Blier and de Montigny, 1985;
Blier et al., 1986a,b). It is not surprising then that, when
given acutely, MAOIs and SSRIs, produce a preferential
increase in extracellular 5-HT in midbrain raphe nuclei
as compared to terminal projection areas. In contrast,
prolonged MAOI administration increases extracellular
availability of 5-HT to a similar extent in pre- and
postsynaptic projection areas (Celada and Artigas, 1993,
Ferrer and Artigas, 1994; Bel and Artigas, 1995) with a
time course similar to that of the desensitization of
somatodendritic 5-HT,, autoreceptors (Blier and de
Montigny, 1985; Blier et al., 1986a,b; Pineyro and Blier,
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1996). In long-term experiments, tranylcypromine given
at a dose that had no effect in acute experiments (0.5
mg/kg/day s.c. for 14 days) produced a greater increase
in extracellular cortical availability of 5-HT than the
acute administration of a dose six times higher, even if
the increases in tissue 5-HT concentrations were of 40
and 700%, following the long-term/low-dose and acute/
high-dose treatments, respectively. These observations
suggest that even if the increase in intracellular 5-HT is
almost 20-fold higher following an acute high dose of
tranylcypromine, the neurotransmitter is trapped
within 5-HT terminals, only a small part of it being
available for release (intracellular:extracellular ratio of
5-HT increase in frontal cortex: 11.6 and 5.5 for acute/
high-dose and prolonged/low-dose treatments, respec-
tively). In part, increased extracellular availability of
5-HT after long-term MAOI administration is due to
desensitization of 5-HT, 4 autoreceptors and recovery of
5-HT neuron firing frequency. However, an increase in
terminal 5-HT release (hippocampus, cortex, and hypo-
thalamus) is seen not only in vivo in the whole animal,
but also in vitro in slices containing only 5-HT terminals
(Blier and de Montigny, 1985; Blier et al., 1986a,b; Blier
and Bouchard, 1994; Mongeau et al., 1994), indicating a
5-HT, ,-independent enhancement of neurotransmitter
release. Unlike long-term treatment with SSRIs, the
sensitivity of 5-HT autoreceptors remains unchanged
(Blier et al., 1986a,b; Blier and Bouchard, 1994). The
question arising then is, what is the mechanism in-
volved in increasing the releasable amount of 5-HT after
long-term MAOI administration? It has long been
known that the A form of MAO catalyzes the oxidative
deamination not only of 5-HT but also of NE (Hall et al.,
1969; Yang and Neff, 1973), and that 5-HT terminals are
endowed with inhibitory a,-adrenergic heteroreceptors
(Gothert et al., 1980; Goéthert et al., 1981; Maura et al.,
1982). More recently, our laboratory has shown that
enhanced 5-HT release after sustained MAO-A inhibi-
tion correlates with the production of ay-adrenergic het-
eroreceptor desensitization by these treatments (Blier et
al., 1986a,b; Blier and Bouchard, 1994; Mongeau et al.,
1994). Moreover, destruction of the NE system impairs
the heteroreceptor desensitization caused by the pro-
longed administration of the reversible MAO-A inhibitor
befloxatone (Mongeau et al., 1994).

If acute administration of MAOIs induces a preferen-
tial increase of 5-HT release in midbrain raphe nuclei,
then, as in the case of SSRIs, the combined administra-
tion of a 5-HT,, antagonist along with a MAOI should
produce a greater enhancement of 5-HT availability in
the extracellular space of projection areas than the
MAOI by itself. Indeed, depressed patients treated with
moclobemide or phenelzine and pindolol showed a reduc-
tion in the Hamilton Depression Rate Scale score within
the first week of combined treatment (Artigas et al.,
1994; Blier and Bergeron, 1995). On the other hand, in
microdialysis studies in freely moving rats, the acute

administration of supramaximal doses of the nonselec-
tive inhibitor tranylcypromine (15 mg/kg i.p. which in-
creases motor activity; Celada and Artigas, 1993; Ferrer
and Artigas., 1994) have been shown to produce a con-
siderable increase (500—-1100%) in extracellular cortical
5-HT, two to four times higher than the long-term ad-
ministration of 0.5 mg/kg s.c. for 14 days (224% in-
crease). Furthermore, the ratio of DRN:frontal cortex
extracellular 5-HT was six after 15 mg/kg and one after
0.5 mg/kg, indicating that the observed 500 to 1100%
increase in extracellular cortical 5-HT following the su-
pramaximal dose of tranylcypromine takes place even
with a full activation of the negative somatodendritic
autoregulatory feedback. Similar results were observed
with the acute administration of the nonselective MAOI
pargyline (75 mg/kg i.p.) which elicited 10- to 14-fold
increases in caudate-putamen and frontal cortex with
the same time course as that seen with tranylcypromine
(Kalen et al., 1988b; Carboni and Di Chiara, 1989). In
the tranylcypromine series of experiments, tissue con-
centrations of 5-HT were found to reach a plateau at an
acute dose of 3 mg/kg, with no further change at 15
mg/kg, whereas the cortical extracellular concentration
of neurotransmitter increased 4-fold with the dose in-
crease from 3 to 15 mg/kg (Ferrer and Artigas, 1994).
The latter observation indicates that even if MAO-A
activity is completely blocked at the low dose of tranyl-
cypromine, it is not the only factor determining extra-
cellular 5-HT availability. The latter interpretation is
supported by the fact that the concurrent administration
of either brofaromine (10 mg/kg s.c.) or clorgyline (5
mg/kg i.p.) with deprenyl (2.5 mg/kg i.p; Celada et al.,
1994; Bel and Artigas, 1995) also increases the extracel-
lular concentration of cortical 5-HT to a much greater
extent than the MAO-A inhibitor by itself. This group of
observations may be interpreted as an indication that
extracellular changes in 5-HT availability are deter-
mined not only by MAO-A activity, but also by 5-HT
deamination by MAO-B, as well as the capacity of the
brain to store 5-HT.

The previous experiments also indicate that it is pos-
sible to induce an acute 250 to 400% increase in extra-
cellular 5-HT concentration in projection areas by the
concurrent inhibition of MAO-A and MAO-B. If such a
strategy were to be applied to achieve a faster therapeu-
tic response or as a potentiation strategy in patients
treated with but not responding to MAOISs (i.e., used to
induce a sufficient increase in extracellular 5-HT avail-
ability in projection areas without inducing dose-related
side effects), various facts should be taken into account:
1) MAO-A (contained in catecholaminergic neurons and
terminals; Westlund et al., 1985, 1988) is only 1.4 times
more concentrated in DRN than in the cortex or hip-
pocampus, whereas the concentration of MAO-B (con-
tained in 5-HT neurons; Levitt et al., 1982; Westlund et
al., 1985, 1988) in the midbrain raphe is 3 times higher
than in cortico-hippocampal terminal areas (Saura et
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al., 1992); 2) MAO-B inhibition has no antidepressant
effect by itself (Mann et al., 1984) but contribute to
increase terminal 5-HT release when most, if not all,
MAO-A activity is blocked; 3) it is possible to produce an
almost complete MAO-A blockade without an excessive
increase of DRN extracellular concentration of 5-HT
(Ferrer and Artigas, 1994); 4) doses of MAO-A/MAO-B
inhibitors chosen should favor a terminal versus raphe
nuclei blockade of the enzymes; and 5) at doses where
nonselective MAOIs produce a significant acute increase
in extracellular 5-HT in projection areas, they might
also induce collateral side effects. Hence, based on the
latter, it could be possible that the minimal dose of
selective or nonselective MAO-A inhibitor that com-
pletely blocks MAO-A activity (e.g., 3 mg/kg tranylcypro-
mine), administered in combination with one-third of
the equivalent dose of 2.5 mg/kg deprenyl used in rats by
Artigas’ group (to avoid the disproportionate increase in
DRN 5-HT), could induce an immediate and significant
increase in extracellular 5-HT in projection areas. Under
an equivalent treatment, a quicker therapeutic response
could be expected but chances of 5-HT syndrome are
higher.

One additional question that immediately arises is,
how may the “speeding-up strategies” of SSRI/pindolol
or MAOI/pindolol manage to overcome inhibitory termi-
nal autoregulation by 5-HT autoreceptors? Given that
supramaximal doses of chlomipramine and tranylcypro-
mine produce a 300 to 1100% increase of the basal 2 nM
cortical 5-HT concentration (Bel and Artigas, 1992) and
that 5-HT concentrations between 10 and 100 nM in-
hibit 5-HT release from the rat frontal cortex (Mid-
dlemiss, 1986; Limberger et al., 1991), an insufficient
increase in extracellular concentration of neurotrans-
mitter does not seem an appropriate explanation. The
possibility that terminal autoinhibition could in fact be
activated but 5-HT still released is not in agreement
with the observation that 100 nM 5-HT has been shown
to produce 90% inhibition of electrically evoked release
of 5-HT in frontal cortex slices (Limberger et al., 1991).
Speculating further, it could also be possible that the
amount of releasable 5-HT within the terminal vicinity
is of such magnitude that even if autoinhibition is acti-
vated by the first bursts of arriving action potentials, the
amount of initially released 5-HT is already high enough
to increase its extracellular availability. Such an expla-
nation would fit only in the case of MAOIs but not of
SSRIs (which do not increase intracellular 5-HT avail-
ability).

Moreover, another interesting point to be considered
is, why, if both prolonged SSRI and MAOI administra-
tion increase extracellular availability of 5-HT only fol-
lowing the former, are terminal autoreceptors desensi-
tized? A possible answer to this question could be that by
prolonging reuptake time, SSRIs produce a sustained
increase in intrasynaptic 5-HT concentration. On the
other hand, the increase produced by MAOIs occurs

following the arrival of action potentials to the terminal,
and hence extracellular 5-HT concentration increases in
an “on-off” manner, probably not suitable for producing
desensitization.

3. Antidepressants with o, Adrenoceptor Antagonistic
Properties. Antidepressants with a, antagonists like mi-
anserin and (*)-mirtazapine, whose long-term adminis-
tration increases the duration of suppression of firing of
CA; pyramidal neurons produced by 5-HT pathway
stimulation, have also been shown to desensitize -
adrenergic heteroreceptors on 5-HT neurons (Mongeau
et al., 1994; Haddjeri et al., 1997). Other studies of the
neurochemical effects of long-term mianserin adminis-
tration (Raiteri et al., 1983a; Schoups and De Potter,
1988) reported no change in the sensitivity of these
receptors. A likely explanation for this discrepancy could
be that in the latter studies mianserin was injected i.p.,
whereas in the studies in which they induced a,-adren-
ergic heteroreceptor desensitization, antidepressant
drugs were delivered continuously via osmotic
minipumps implanted s.c.

4. Activation of 5-HT', 4 Receptors by 5-HT ;, Agonists.
Direct activation of presynaptic 5-HT, 5 receptors by 5-HT, o
agonists causes inhibition of 5-HT cell firing, synthesis,
and release in forebrain areas (Blier and de Montigny,
1987; Hjorth and Magnusson, 1988; Sharp et al., 1989a;
Schechter et al., 1990; Godbout et al., 1991). At postsyn-
aptic receptors, biochemical and electrophysiological ex-
periments in the hippocampus (Yocca and Maayani,
1985; Yocca et al., 1986; Andrade and Nicoll, 1987a,b)
have shown that clinically available 5-HT,, agonists
such as buspirone (Glitz and Pohl, 1991) act as partial
agonists and may inhibit cAMP formation pyramidal
neuron firing activity. Since upon acute administration
there is net decrease in forebrain extracellular availabil-
ity of 5-HT and their beneficial clinical antidepressant
and anxiolytic effects are usually not observed until a
few weeks of administration (see Charney et al., 1990;
Glitz and Pohl, 1991), it appears that the presynaptic
effects of 5-HT,, agonists override their postsynaptic
actions. Based on electrophysiological results, it has
been proposed that tolerance develops to the autorecep-
tor-mediated effects (Blier and de Montigny, 1987,
Schechter et al., 1990; Godbout et al., 1991), and a com-
bination of normal 5-HT firing activity along with simul-
taneous activation of postsynaptic normosensitive recep-
tors by the drug and endogenous 5-HT may account for
their therapeutic actions (see Haddjeri et al., 1998).
Neurochemical studies demonstrating 5-HT,, autore-
ceptor desensitization after sustained 5-HT,, agonist
administration have been less consistent, with positive
(Kreiss and Lucki, 1992) and negative results (Sharp et
al., 1993a; Soderpalm et al., 1993). A possible explana-
tion for the discrepancy between electrophysiological
and neurochemical studies could be that the sensitivity
of 5-HT,, autoreceptors was tested directly on 5-HT
neurons in the former and systemically in the latter. As
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previously discussed, systemic administration of 5-HT o
agonists may modify 5-HT neuron electrophysiological
and neurochemical activities acting not only at presyn-
aptic but also postsynaptic 5-HT,, receptors. Further-
more, the hypothesis generated by electrophysiological
data predicts that concurrent administration of a
5-HT,, agonist with a selective 5-HT,, autoreceptor
blocker should produce rapid enhancement of 5-HT neu-
rotransmission (Blier and de Montigny, 1994), and in-
deed the administration of buspirone (20 mg/day) with
pindolol (2.5 mg/kg thrice daily) produced quick reduc-
tions of depressive symptomatology in patients treated
with this drug combination (Blier et al., 1997).

E. 5-HT Reuptake

Following release, 5-HT is actively cleared from the
synaptic cleft by a high-affinity transporter located on
presynaptic neuronal membranes (Kuhar et al., 1972;
see Kanner and Schuldiner, 1987; O’Reilly and Reith,
1988), which functions in series with another type of
carrier, the vesicular transporter, that sequesters intra-
cellular 5-HT within secretory vesicles. The carriers tak-
ing up neurotransmitter from the extracellular space
into the neuron are integral membrane proteins with 12
transmembrane spanning domains, they couple re-
uptake to Na™ and C1~ displacement across the plasma
membrane, and are encoded by a closely related gene
family, the type I or plasma membrane Na*/Cl™-coupled
transporter family, which includes GABA, catechol-
amine, and 5-HT transporters. The vesicular trans-
porter belongs to a different gene superfamily and will
not be considered further (for reviews, see Uhl and Har-
tig, 1992; Amara and Kuhar, 1993; Lester et al., 1994).

1. Molecular Characteristics of the 5-HT Transporter
(SERT). Two main strategies have been used in an at-
tempt to identify the molecular characteristics of the
SERT, i.e., biochemical purification and cloning of cDNA
coding for the protein. Using digitonin as a detergent,
the SERT in rat brain and human platelets has been
solubilized and purified in a conformational state that
retained a pharmacological profile almost identical with
that observed in native membrane preparations (Bies-
sen et al., 1990; Graham et al., 1991; Launay et al.,
1992). In a further step, the human placental SERT has
been reconstituted after purification, displaying not only
the same antidepressant-binding profile as the native
carrier but also NaCl-dependent 5-HT transport (Ra-
mamoorthy et al., 1993b). The molecular weight of this
functional protein isolated from human placenta is
300,000 (Ramamoorthy et al., 1993b). On the other
hand, the other purified proteins have a molecular
weight ranging between 55,000 and 78,000 (Biessen et
al., 1990; Launay et al., 1992) and that of the cloned
SERT itself is about 70,000 (Blakely et al., 1991; Lesch
et al., 1993; Ramamoorthy et al., 1993b). Thus, in anal-
ogy with the Na*/glucose transporter (Stevens et al.,
1990), it has been proposed that the SERT may exist as

an homotetramer (Ramamoorthy et al., 1993b). How-
ever, although dimeric concatenated constructs of the
transporter have been shown to possess 5-HT transport
activity similar to the monomer’s, concatenated tetram-
ers have substantially lower activity (Chang et al.,
1994). The latter observation does not preclude the ex-
istence of functional tetramers since simple functional
monomers or dimers could associate and efficiently
transport 5-HT.

The recent development of site-specific antibodies has
allowed further characterization of the SERT (Lawrence
et al., 1995a,b; Qian et al., 1995; Ovalle et al., 1995;
Wade et al., 1996). The molecular weight of SERT in
immunoprecipitates was found to vary according to the
structure of origin: rat platelets, 94,000; rat pulmonary
membranes, 80,000; rat brain, 71,000 to 76,000; HeLa
cells, 90,000 to 200,000 (Ovalle et al., 1995; Wade et al.,
1996). Differential N-linked glycosylation has been
claimed to account for different molecular weight of CN'S
and peripheral SERT units. In transfected HeLa cells,
the inhibition of glycosylation changes the molecular
weight of the transporter, shifting the 90-kDa SERT
immunoreactivity band to its presumably unglycosy-
lated state of 56 kDa. In contrast, the mobility of a
200-kDa form of the transporter remained unchanged
following glycosylation inhibition. Because unglycosy-
lated monomers have less tendency to aggregate, it has
been suggested that the high-weight slow-mobility spe-
cies may represent a transporter aggregate and that
glycosylation may be involved in multimerization (Qian
et al., 1995). If this interpretation is correct, the molec-
ular weight of the placental purified transporter (Ra-
mamoorthy et al., 1993b) also suggests the possibility of
a tetrameric organization of the transporter (300,000/
55,000-78.000 = 5.5-3.8).

Despite the differences in molecular weight, the hu-
man CNS and peripheral SERTs are polypeptides en-
coded by a single gene located on chromosome 17 (Lesch
et al., 1993; Ramamoorthy et al., 1993b). The existence
of a single hybridizing mRNA, as well as the identity of
the ¢cDNAs cloning brain and peripheral rat SERTS,
suggest that this is also the case for rodents (Blakely et
al., 1991, 1993; Hoffman et al., 1991). Although encoded
by a single gene, in humans, unlike rodents, there are
different types of SERT mRNAs that have been found in
placenta, lung (Ramamoorthy et al., 1993b), and brain
(Austin et al., 1994), the abundance of each mRNA spe-
cies depending on the tissue of origin. The factors deter-
mining the expression of different SERT transcripts is
presently unknown. In contrast with these results, Le-
sch et al. (1993) have reported a single hybridizing tran-
script for human mRNA. These dissenting observations
could be explained by differences in probes used.

Analysis of the amino acid sequence of mammalian
transporters for 5-HT, NE, and DA shows that 41% of
their amino acid residues are identical, homology being
highest at the 12 hydrophobic membrane-spanning do-
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main levels, lower in the intracytoplasmic carboxyl- and
amino-terminals, and particularly low in the large ex-
tracellular loop connecting TM3 and TM4, where the
5-HT carrier has two potential N-linked glycosylation
sites (see Amara and Kuhar, 1993; Rudnick and Clark,
1993). Multiple putative phosphorylation sites by pro-
tein kinase C (PKC) and protein kinase A, consistent
with rapid postranslational regulation of the SERT, are
predominantly found in carboxyl and amino termini
(Blakely et al., 1991; Hoffman et al., 1991; Lesch et al.,
1993, Corey et al., 1994; Demchyshyn et al., 1994). More-
over, recent reports on the organization of the human
SERT gene indicate that the latter is endowed with an
upstream combination of positive and negative cis-act-
ing elements, including the cAMP response element,
that may regulate transcription activity via a promoter
unit (Lesch et al., 1994; Heils et al., 1995).

2. The Mechanism of 5-HT Uptake. The mechanism of
5-HT uptake has been thoroughly studied in platelets
(Rudnick, 1977; Nelson and Rudnick, 1979, 1982),
mouse brain plasma membrane vesicles (O'Reilly and
Reith, 1988; Reith et al., 1989), human placenta brush-
border membrane vesicles (Cool et al., 1990; Ramamoor-
thy et al., 1993b), and, more recently, after stable ex-
pression of cloned SERTSs, in different expression
systems (Blakely et al., 1991; Hoffman et al., 1991; Ra-
mamoorthy et al., 1993a; Corey et al., 1994; Demchy-
shyn et al., 1994; Gu et al., 1994; Mager et al., 1994).
5-HT is the specific substrate for the transporter, and
K, values reported across different studies are summa-
rized in Table 8. Reported values for the turnover num-
ber (maximal number of 5-HT molecules carried by one
transporter in 1 min) in different systems have also been
variable: 500 5-HT molecules/porcine SERT in platelet
membrane vesicles/min (Talvenheimo et al., 1979), 110
5-HT molecules/rSERT expressed in parental LLC-PK,
cells/min (Gu et al., 1994), or 30 5-HT molecules/rSERT
expressed in Xenopus oocytes/min (Mager et al., 1994).
Tryptamine and its derivatives, as well as 5-HT deriva-
tives and phenylethyamines such as (+)-amphetamine
and PCA, are additional substrates for the SERT (Seg-
onzac et al., 1984; Wolfel and Graefe 1992; Mager et al.,
1994). On the other hand, tryptophan, 5-hydroxytrypto-
phan, 5-HIAA, histamine, and the catecholamines NE

and DA, at concentrations as high as 10 uM, do not
significantly bind to this carrier (Ramamoorthy et al.,
1993; Hoffman et al., 1991; Wélfel and Graefe, 1992;
Corey et al., 1994; Barker and Blakely, 1995). However,
higher concentrations of DA, 20 to 40 uM, have been
reported not only to bind to the transporter but to ex-
change with [*H]5-HT (Ramamoorthy et al., 1993;
Wolfel and Graefe, 1992; Corey et al., 1994).

For neurotransmitter influx to occur, all type I plasma
membrane transporters, by definition, exhibit absolute
requirement for Na* in the external medium. The Na™
concentration gradient has been demonstrated to be the
driving force for 5-HT uptake, and it may not be replaced
by other cations. If the gradient is experimentally cre-
ated, independently of Na* ATPase activity, 5-HT up-
take is insensitive to changes in the latter, indicating
that 5-HT and Na* fluxes are directly coupled by the
transporter (Rudnick, 1977; Kanner and Bendaham,
1985; O'Reilly and Reith, 1988; Ramamoorthy et al.,
1993). External Na" increases V.. and decreases K,
for 5-HT (Cool et al., 1990). In peripheral SERTSs, Na™*-
5-HT stoichiometry has been considered to be 1:1 (Tal-
venheimo et al., 1983; Cool et al., 1990). In brain mem-
branes, the increase of 5-HT uptake with Na™ showed a
Hill coefficient of 2, suggesting a requirement of two
Na™ ions for a transport cycle (O’Reilly and Reith, 1988).
More recently, Na™ stoichiometry has been studied in
stably expressed rSERT and an hyperbolic function con-
sistent with a 1:1 stoichiometry was found (Gu et al.,
1994). If the sodium gradient is kept, external Cl™ in-
creases V.. and decreases K, for 5-HT, fitting a Cl:
5-HT stoichiometry of 1:1 (Nelson and Rudnick, 1982;
Cool et al., 1990; Gu et al., 1994). Intracellular K™ has
also been shown to stimulate 5-HT uptake in platelets,
placenta brush-border vesicles, and brain vesicles (Nel-
son and Rudnick, 1979; Reith et al., 1989; Cool et al.,
1990). Only in the case of the neuronal transporter, H"
could not substitute for K in enhancing uptake (Reith
et al., 1989). The overall stoichiometry of a 5-HT uptake
cycle, as proposed by Rudnick and Clark (1993), is 5-HT:
Na":Cl :K", 1:1:1:1. In their mechanistic model, the
authors assume that the transporter may behave like an
ion channel with a gate at each face of the membrane,
but with only one gate opening at a time. In a first step,

TABLE 8
K, values for 5-HT uptake reported across different studies
Transporter K., Reference
nM
hSERT (platelets) 600 Mager et al., 1994
hSERT (heterologous expression, HeLa cells) 460 Ramamoorthy et al., 1995

hSERT (placental brush-border vesicles) 50-60 Balkovetz et al., 1989

rSERT (heterologous expression, Xenopus oocytes) 500-890 Mager et al., 1994

rSERT (heterologous expression, CV-1 cells) 530 Hoffman et al., 1991

rSERT (heterologous expression, HeLa cells) 320 Blakely et al., 1991

rSERT (heterologous expression, basophilic leukemia cells) 220 Kanner and Bendahan, 1985

rSERT (heterologous expression, LLC-PK, cells) 150 Gu et al., 1994

rSERT (brain synaptosomes) 60-80 Ross and Renyi, 1975; Angel and Paul, 1984; Wood et al., 1986
mSERT (brain membranes) 60-180 O’Reilly and Reith, 1988
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the transporter binds Na™, C1~, and 5-HT on the extra-
cellular face of the membrane. To account for cotrans-
port of the three species, it would undergo conforma-
tional change and open the intracellular gate only once
all three of them are bound to the permeation channel.
K" countertransport consists of an inverse conforma-
tional change, reorienting the transporter to its “active
uptake state” once the K ion is released to the extra-
cellular space. Given that 5-HT is transported in its
cationic form (5-HT*; Keyes and Rudnick, 1982; Rud-
nick et al., 1989), the 1:1:1:1 stoichiometry should give
place to an electroneutral process. In agreement with
this concept, in most studies, uptake of 5-HT by mam-
malian transporters was not affected by membrane po-
tential (see Rudnick and Clark, 1993). However, studies
of the rSERT present in basophilic leukemia cells (Kan-
ner and Bendaham, 1985), stably expressed hSERT
(Laezza et al., 1994), rSERT (Mager et al., 1994), and
Drosophila SERT (Corey et al., 1994) indicate that 5-HT
uptake may indeed be electrogenic since it depends on
membrane potential and/or generates a transport-asso-
ciated current. These observations would imply not only
that voltage gradients across the membrane may regu-
late uptake, but also that electrogenic transporters may
mediate nonvesicular 5-HT release.

3. Anatomical and Cellular Localization of the SERT.
In the periphery, the SERT is expressed in enteric 5-HT
neurons (Wade et al., 1996) and non-neuronal cells such
as mast cells (Gripenberg, 1976), crypt epithelial cells,
and very discretely in enterochromaffin cells (Wade et
al., 1996). It is also found in platelets (Rudnick, 1977;
Qian et al., 1995), lung membranes (Qian et al., 1995),
and maternal brush-border of syncytiotrophoblasts
(Cool et al., 1990; Ramamoorthy et al., 1993b).

In the brain, the SERT has been radiolabeled with
[*H]imipramine (Langer et al., 1980a,b; Dawson and
Wamsley, 1983; Hrdina et al., 1985) and more selective
5-HT uptake inhibitors such as [*H]cyanoimipramine
(Wolf et al., 1988; Kovachich et al., 1988; Soucy et al.,
1994), [*H]paroxetine (Habert et al., 1985; de Souza and
Kuyatt, 1987; Langer et al., 1987; Marcusson et al.,
1988), and [*H]citalopram (D’Amato et al., 1987). Al-
though in general the autoradiographic binding pattern
of [*Hlimipramine was found to be similar to that of
[*H]paroxetine (Hrdina et al., 1990) and that of [*H]cita-
lopram (Duncan et al., 1992), there are important re-
gional differences in the density of imipramine- versus
SSRI-labeled sites, the former showing a much higher
density of binding in forebrain areas such as the cortex
and hippocampus. The reason for this discrepancy has
been attributed to the fact [*H]imipramine binds to two
classes of sites, high and low affinity, but only the high-
affinity ones seem related to 5-HT uptake (Moret and
Briley, 1986; Marcusson et al., 1986; Hrdina 1987, 1988;
see review in D’Amato et al., 1987). For this reason,
tritiated SSRIs are the ligands of choice for labeling the
brain 5-HT carrier in vitro. Recently, in vitro [*H]cya-

noimipramine and [*H]citalopram autoradiograms have
been compared to the innervation pattern of 5-HT neu-
rons as marked by [*H]5-HT uptake in rat brain. A
similar linear relationship was found for the labeling
density of each of these ligands and the density of 5-HT
innervation, further indicating the high sensitivity of
both [*H]cyanoimipramine and [*H]citalopram to label
the SERT (Descarries et al., 1995). [*H]Citalopram bind-
ing has also been compared with that of [*H]paroxetine
in postmortem human brain tissue, and it was concluded
that both of these drugs are highly selective ligands but,
because of its higher affinity for the carrier, [*H]parox-
etine was suggested as the radioligand of choice for in
vitro studies (Arranz and Marcusson, 1994).

Although [*H]paroxetine may be the ligand of choice
for in vitro labeling of the SERT, its in vivo distribution
of binding resembles that of in vitro imipramine (Biegon
and Mathis, 1993), and successful conversion of parox-
etine into photon emission tomography (PET) or single
photon emission-computerized tomography imaging
agents has not been accomplished despite its very high
potency for uptake inhibition (see Scheffel et al., 1992).
Other drugs with high affinity for the uptake site, such
as cyanoimipramine, sertraline, citalopram, or fluox-
etine, have been labeled with ''C but also displayed
relatively low specific to nonspecific binding ratios in vivo
(Hashimoto et al., 1987; Lasne et al., 1989; Scheffel and
Ricaurte, 1990; Hume et al., 1991). McN-5652-Z (trans-
1,2,4,5,6,10B3-hexahydro-6-[4-(methylthio)phenyl]lpyr-
rolo[2,1-a]isoquinoline) is another potent blocker of 5-HT
uptake that has been 'C-tagged and assessed as a PET
radiotracer in mouse brain (Shank et al., 1988). This study
suggested that McN-5652-Z may label 5-HT uptake sites in
vivo with high target:nontarget ratio, holding as a prom-
ising radiotracer for human PET studies (Suehiro et al.,
1993). In vivo imaging of the 5-HT carrier has also been
assessed in rat and nonhuman primate brain with the
cocaine analog [(*23I]B-CIT ([*2*IJmethyl-3p-(-4-iodophe-
nyDtropane-2B-carboxylate; Scheffel et al., 1992; Laruelle
et al., 1993). Although this cocaine analog binds to the DA
transporter as well as the SERT, both sites may be dis-
criminated because of kinetic differences in the way the
ligand is taken up or washed out from rich 5-HT and DA
innervation areas (Laruelle et al., 1993). Indeed, in a re-
cent PET study in healthy human volunteers, the SERT
was distinctly recognized in the medial frontal cortex,
brainstem, hypothalamic area, and visual occipital cortex
1 h after injection, and DA transporters were recognized in
the basal ganglia 20 h later (Kuikka et al., 1995). In this
same study, 5-HT uptake sites were found to be reduced
in the frontal cortex of a patient with depression and
increased in the occipital cortex of a patient with panic
disorder.

Cellular localization of SERTSs in the CNS has been
accomplished by using site-specific antibodies (Law-
rence et al., 1995a,b; Ovalle et al., 1995; Qian et al.,
1995). Immunocytochemistry using antibodies directed

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

79
2
-
>
e
-
<
S
0
O
-
0
g
é

aspet

572 PINEYRO AND BLIER

against sites on the second and third extracellular loops
of the 5-HT carrier revealed both neuronal and glial
staining in areas of the rat brain containing 5-HT so-
mata and terminals (dorsal raphe and hippocampus)
(Lawrence et al., 1995b). In contrast, Qian et al. (1995),
using an antibody developed against the intracellular N
terminus, found no evidence of glial staining. In this
case, SERT-immunoreactive somata and a dense net-
work of SERT-immunoreactive processes were observed
in the DRN and on 5-HT terminals in the CA,_5 region of
the hippocampus (Qian et al., 1995). It may then be
possible that either the glial SERT expression in adult
rat brain is not very abundant or the epitope on the N
terminus is not expressed (or masked) in the glial SERT.
Thus, SERT expression in adult brain astrocytes re-
mains a matter of debate. Using colocalization tech-
niques for glial fibrillary acidic protein and radioactivity
for [*H]5-HT, 5-HT uptake activity has been found in
primary astrocyte culture (Katz and Kimelberg, 1985;
Kimelberg and Katz, 1985) and in 50% (frontal cortex) to
80% (periventricular region) of adult rat brain astro-
cytes (Anderson et al., 1992). Furthermore, Artigas et al.
(1995) found that, after intracortical perfusion of 5-HT,
5,7-dihydroxytryptamine (5,7-DHT)-pretreated rats dis-
played in vivo SSRI-sensitive 5-HT uptake similar to
that of control rats. Our group, on the other hand, using
an electrophysiological and in vitro uptake paradigm,
found no effect of paroxetine in 5,7-DHT-treated rats
(Pineyro et al., 1994). Our results are in agreement with
in situ hybridization studies that have failed to detect
any hybridization signal for mRNA in glial cells (Fujita
et al.,, 1993). Like SERT immunoreactivity, SERT
mRNA is present in neurons of caudal linear nucleus,
DRN, MRN, and caudal 5-HT nuclei, matching the dis-
tribution of cell bodies but not that of terminals (Fujita
et al., 1993; Austin et al., 1994). Only in one study, in
which reverse transcription-polymerase chain reaction
was used for amplification, a detectable level of SERT
mRNA expression was found in the frontal cortex, hip-
pocampus, and neostriatum, apart from the abundant
expression observed in the midbrain raphe complex (Le-
sch et al., 1993). Such an observation indicates that
SERT mRNA may be specifically targeted to different
projection areas where it can initiate transporter syn-
thesis, and this opens for consideration the possibility
that mRNA transcription could be locally regulated.

4. Pharmacological Properties of the SERT. The SERT
is the pharmacological target for various therapeutic
and abused substances. Compounds that block 5-HT
reuptake such as tricyclic antidepressants and SSRIs
are in the first group, whereas stimulants such as am-
phetamine and its derivatives, which block 5-HT uptake
and promote release, are part of the latter category.
Cocaine, although it binds and blocks the 5-HT carrier,
is believed to exert most of its behavioral effects by
blocking DA rather than 5-HT uptake (Woolverton and
Kleven, 1992; Barker and Blakely, 1995; Caron, 1996).

5-HT and NE transporters share their sensitivity for
tricyclic antidepressants, tertiary amines such as imip-
ramine and chlomipramine being more potent at the
SERT, and secondary amine tricyclics (e.g., desipra-
mine, nortriptyline) at the NE transporter (see Hyttel,
1982; Thomas et al., 1987; Langer and Schoemaker,
1988; Bolden-Watson and Richelson, 1993). [*H]Imipra-
mine-binding sites were among the first antidepressant-
binding sites to be described both on 5-HT neurons and
platelets (Raisman et al., 1979; Langer et al., 1980a,b).
Based on early observations in which the binding of this
radioligand was inhibited in a complex manner by 5-HT
and SSRIs but competitively by imipramine itself
(Langer and Raisman, 1983; Sette et al., 1983), it was
initially proposed that imipramine-like antidepressants
(imipramine, amitriptyline, or chlomipramine) would
act by allosterically regulating the function of the trans-
porter without directly binding to the substrate recogni-
tion site (Langer and Raisman, 1983). Conversely, the
observation that imipramine and other tricyclics as well
as SSRIs inhibit the binding of the selective SERT li-
gand [*H]paroxetine in a competitive manner (Habert et
al., 1985; Marcusson and Eriksson, 1988; Graham et al.,
1989; Marcusson et al., 1989, 1992) later suggested that
there is a single or at least overlapping binding site for
tricyclic and nontricyclic 5-HT uptake inhibitors on the
SERT. The idea of an overlapping binding site for the
substrate, tricyclic and nontricyclic uptake inhibitors is
further supported by the following observations: 1) in
membranes from rat and human brain, 5-HT produces
competitive displacement not only of [*H]imipramine
but also of [*H]paroxetine which in turn may be dis-
placed, fitting a single-site binding model by citalopram,
norzimelidine, paroxetine, fluoxetine, indalpine, chlomi-
pramine, and desipramine (Habert et al., 1985; Marcus-
son et al., 1988, 1989, 1992); 2) [*H]5-HT uptake by
dSERT is inhibited in a monophasic manner by parox-
etine > fluoxetine > citalopram > cocaine® 5-HT >
desipramine > imipramine (Demchyshyn et al., 1994);
3) Na™ ions are needed for paroxetine and imipramine
binding, as well as for 5-HT binding and translocation
(Wood et al., 1986; Mann and Hrdina, 1992); and 4)
preincubation with imipramine protects against the re-
duction in total [*H]paroxetine binding caused by the
sulfydryl group alkylating agent NEM (Graham et al.,
1989). It is possible then that the early observations by
Langer’s group could be explained by taking into account
the existence of two components for [H]imipramine-
specific binding, i.e., high-affinity, Na*-dependent bind-
ing and low-affinity, Na*-independent binding, as de-
fined using desipramine to determine nonspecific
binding (Hrdina, 1984, 1987, 1988). Indeed, the high-
affinity, Na*-dependent component of [*H]imipramine
binding is completely displaced by 5-HT and nontricyclic
reuptake blockers in brain and platelets (Marcusson et
al., 1986; Hrdina, 1988; Humphreys et al., 1988).
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Even if the above-mentioned findings support the ex-
istence of a common recognition site for 5-HT, tricyclics,
and nontricyclic antidepressants, there is also compel-
ling evidence indicating that, although overlapping,
these sites are distinct, sharing some but not all inter-
acting chemical groups: 1) chemical modification of the
platelet SERT with N-ethoxycarbonyl-2-ethoxy-1,2-di-
hydroquinoline, a reagent that links carbonyl moieties
to vicinal amino groups, significantly reduces the total
number of [*H]imipramine-binding sites, an effect that
is prevented by preincubation with imipramine and
5-HT but not fluoxetine and citalopram (Biessen et al.,
1988); 2) oxidation of the SERT in human platelets by
the thiol reagent phenylarsine oxide reduces [*H]imipra-
mine binding by 90%, an effect that is prevented by the
preincubation with the tricyclic drugs imipramine, cya-
noimipramine, chlomipramine, and amitriptyline but
not by the nontricyclic reuptake blockers citalopram,
fluoxetine, femoxetine, and zimelidine (Biessen et al.,
1988). On the other hand, in rat cortical membranes,
preincubation with imipramine did protect [*H]parox-
etine-binding sites from NEM inactivation (Graham et
al., 1989); 3) the sulfydryl-reducing agent dithiothreitol
increases the affinity of the human platelet SERT for
[*H]imipramine but not for [*’H]paroxetine (Tarrant and
Williams, 1995); 4) antisera directed against the second
extracellular loop of the SERT produce a dose-dependent
inhibition of [*H]5-HT uptake but have no effect on
[®H]citalopram binding (Lawrence et al., 1995b); and
5) incubation of [*H]citalopram, [*Hl]imipramine, or
[3H]paroxetine in the presence of high micromolar con-
centrations of 5-HT, citalopram, or paroxetine may in-
duce very different types of changes in the dissociation
kinetics of each radioligand, e.g., 200 uM citalopram
attenuated the dissociation of [*H]citalopram four times
more than that of [*H]paroxetine, whereas paroxetine
has an opposite effect, increasing the dissociation rate of
[3H]imipramine (Wennogle and Meyerson, 1985; Hum-
phreys et al., 1988; Plenge et al., 1990, 1991; Plenge and
Mellerup, 1991). This last set of observations is consis-
tent with the existence of low-affinity sites that may
modulate the binding status of the high-affinity site.
Further support for allosterism is given by the fact that
paroxetine (although in the low nanomolar range) may
decrease the affinity of the SERT for [*H]cocaine
(Akunne et al., 1992). Cocaine, in turn, binds to a site
that may be distinguished from the substrate/antide-
pressant site because binding of the latter but not that of
5-HT or antidepressants is insensible to C1™ and inhib-
ited by H* (Wall et al., 1993). Conversely, the ability of
5-HT to competitively displace cocaine analogs such as
2-B-[*H]carbomethoxy-3-B-[4-fluorophenyl]tropane and
B-['**I]citalopram argues that cocaine and substrate
sites, if not the same, are closely related (Rudnick and
Wall, 1991; Wall et al., 1993). Other drugs of abuse such
as neurotoxic amphetamine derivatives (MDMA, MDA,
PCA) also induce competitive displacement of [*H]imi-

pramine and inhibition of [*’H]5-HT transport (Rudnick
and Wall, 1992a). Site-directed mutagenesis and chi-
mera construction should help determine which amino
acid residues on the transporter interact with all or most
of the drugs and which are unique to each ligand. Such
studies have suggested that 1) phenylalanine 586 lo-
cated on the 12th transmembrane domain could be re-
sponsible for high-affinity recognition of imipramine
(present in human but not Drosophila SERT); 2) (+)-
amphetamine interacts with multiple residues in this
same transmembrane domain; and 3) contact sites for
citalopram have been localized to the second transmem-
brane domain (Barker et al., 1995).

5. Tianeptine, a Class by Itself? Tianeptine is a tricy-
clic agent (dibenzothiazepine nucleus) with a long (ami-
noheptanoic acid) lateral chain (Labrid et al., 1988). In
France, it is indicated for the treatment of “neurotic and
reactional depressive conditions” and has been claimed
to be a unique type of antidepressant that produces its
effect by enhancing 5-HT uptake.

In rat cortical and hippocampal synaptosomes (Men-
nini et al., 1987; Fattaccini et al., 1990), as well as in rat
and human platelets (Kato and Weitsch, 1988; Chambda
et al., 1991), the increase in 5-HT uptake induced by
tianeptine is secondary to a 20 to 30% increase in V..
Tianeptine does not displace [*H]paroxetine, [*H]imi-
pramine, nor [°*H]d-fenfluramine and does not produce
in vitro effects on 5-HT uptake (Kato and Weitsch,
1988). The increase in V,,, observed ex vivo at least 1 h
after acute administration of tianeptine (Mennini et al.,
1987) should then be an indirect effect. This interpreta-
tion is supported by the observation that, if given 1 h
before sacrifice at a dose similar to the one used in ex
vivo experiments (10 mg/kg i.p.) in which V. is in-
creased, tianeptine does not modify [*Hlimipramine
binding to rat cortical membranes (Romero et al., 1992).
Also, when given acutely (10 mg/kg) or chronically (10 or
20 mg/kg/day for 14 days), tianeptine has no significant
effect on 5-HT uptake in mesencephalic synaptosomes
where SERT's are most abundant (Mennini et al., 1987).
In keeping with this observation, neither acute nor sus-
tained tianeptine administration modify 5-HT neuron
firing frequency (Dresse and Scuvée-Moreau, 1988;
Pinieyro et al., 1995c¢). Furthermore, electrophysiological
data from our laboratory also indicate that the increase
in the firing activity of hippocampal pyramidal neurons
after acute administration of tianeptine does not depend
on the integrity of 5-HT terminals nor the presence of
SERTS, since the effect of the drug is not modified by
5,7-DHT lesions (Pifieyro et al., 1995¢c). Moreover, anal-
ysis of the effect of sustained tianeptine administration
also indicates that its effect on 5-HT uptake is not al-
ways reproducible. Sustained tianeptine administration
increases 5-HT uptake in rat platelets and brain synap-
tosomes (10—20 mg/kg/day for 14 days; Mennini et al.,
1987; Kato and Weitsch, 1988) but not in rat brain slices
(20 mg/kg/day for 14 days; Pineyro et al., 1995d) or human
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platelets (37.5 mg/kg/day for 10 or 28 days; Chambda et al.,
1991). In the brain, the 5-HT uptake-enhancing effect of
tianeptine occurs after a 72-h but not a 24-h washout
(Mennini et al., 1987; Mocaér et al., 1988). In platelets, on
the other hand, a 24-h washout allows the demonstration
of a 30% increase in V., (Kato and Weitsch, 1988). Re-
sults from certain binding studies indicate that doses of 10
to 20 mg/kg/day for 14 days (which may enhance cortical
and hippocampal 5-HT uptake) produce no change in hip-
pocampal [*Hlimipramine- or [*H]paroxetine-binding pa-
rameters (Mennini et al., 1987; Mennini and Garattini,
1991; Frankfurt et al., 1993), whereas other studies have
shown not only a decrease in B, for [*H]paroxetine-
binding sites in the cortex, hippocampus, and DRN (Wa-
tanabe et al., 1993; Kuroda et al., 1994) but also a decrease
in SERT mRNA in DRN (Kuroda et al., 1994). Prenatal
exposure to tianeptine (20 mg/kg/day for 14 days) has also
been shown to reduce B, for [*Hlimipramine in rat cor-
tex (Romero et al., 1992).

Except for the above-mentioned biochemical studies
that have assessed the actual effect of tianeptine on
5-HT uptake, evidence supporting the idea that this
drug enhances 5-HT reuptake is indirect. One hour after
its acute administration (10 mg/kg i.p.), tianeptine was
shown to increase brain tissue concentration of 5-HIAA
without modifying tissue levels of 5-HT (Fattaccini et
al., 1990). At a similar dose, it has also been shown to
induce an increase in extracellular 5-HIAA in the hip-
pocampus, hypothalamus, and medullary dorsal horn
(de Simoni et al., 1992; Puig et al., 1993). Interestingly,
a dose of 20 mg/kg (i.p.) had the opposite effect on ex-
tracellular 5-HIAA in the rat hippocampus (Mennini
and Garattini, 1991) but increased plasma 5-HIAA lev-
els (Ortiz et al., 1991). The observed increases in 5-HIAA
have been interpreted as an increase in intracellular
5-HT turnover secondary to enhanced 5-HT uptake. The
opposite effects of 10-mg/kg and 20-mg/kg doses in the
hippocampus remain unexplained. Another common ap-
proach that has been used to unveil the site of action of
tianeptine is its interaction with drugs that are known
to modify 5-HT reuptake activity (Fattaccini et al., 1990;
Ortiz et al., 1991; de Simoni et al., 1992; Datla and
Curzon, 1993). In keeping with its 5-HT uptake-enhanc-
ing capacity, tianeptine, given 30 min after different
SSRIs or in combination with 5-hydroxytryptophan (5-
HTP), respectively reduced or prevented the increase in
plasma or extracellular brain 5-HT caused by the afore-
mentioned treatments. In both cases, consistent with
the interpretation that tianeptine increases 5-HT up-
take and intracellular deamination, its administration
potentiated the increase in 5-HIAA, respectively, in-
duced by SSRIs in plasma or 5-HTP in the extracellular
cortical fluid (Ortiz et al., 1991; Datla and Curzon,
1993). On the other hand, opposite results have also
been observed. In the rat hippocampus, as in many other
brain regions, SSRI administration reduced extracellu-
lar availability of 5-HIAA, and tianeptine had no effect

on this reduction (de Simoni et al., 1992). Furthermore,
in the same study, a metabolite of the 5-HT-releasing
drug fenfluramine produced the same increase in
5-HIAA independent of whether rats had been pre-
treated with tianeptine or not (de Simoni et al., 1992).
Acute tianeptine administration was also without effect
on the 5-HT depletion caused by d-fenfluramine in the
cortex and striatum (Fattaccini et al., 1990) and on the
increase caused by paroxetine in the time it takes CAq
pyramidal neurons to recover their firing activity follow-
ing microiontophoretic application of 5-HT (Pineyro et
al., 1995c¢). Lack of interaction between tianeptine and
drugs that modify SERT activity should be also con-
fronted with yet other findings suggesting that such an
interaction may exist: 1) tianeptine no longer induced an
increase in tissue 5-HIAA when fenfluramine was pre-
viously administered (Fattaccini et al., 1990), 2) in the
rat hippocampus the administration of sertraline after
tianeptine reverted the enhancing effect of the latter on
5-HIAA production (de Simoni et al., 1992), and 3) after
its sustained administration, tianeptine antagonizes the
increase in the time of recovery of firing of CA; pyrami-
dal from microiontophoretic applications of 5-HT pro-
duced by the SSRI paroxetine (Pifieyro et al., 1995d).
The effect of tianeptine on basal 5-HT release has also
been assessed, and these experiments indicate that nei-
ther its acute nor its sustained administration has an
effect on this parameter (Mennini et al., 1987, Whitton
et al., 1991b). However, both acute and sustained ad-
ministration reduce K*-induced 5-HT release from the
rat brain in vitro (IC5, 2 uM in cortex and 0.4 pM in
hypothalamus) and in vivo (Mocaér et al., 1988; Whitton
et al., 1991b). Most interestingly, as reported by Mocaér
et al. (1988), the in vitro effect of tianeptine is partially
blocked by methiothepin (1 uM), once again suggesting
that a straight-forward interpretation of a decreased
5-HT output due to increased 5-HT uptake may not be
the only explanation possible for this effect. Also sup-
porting this view, Bolafios-Jiménez et al. (1993) have
recently reported that tianeptine dose-dependently re-
duced the effect of the 5-HT,y agonist CGS 12066B on
5-HT release. This group has also shown that without
modifying basal outflow, tianeptine (100 uM) may in-
hibit [PHJACh release from hippocampal rat synapto-
somes (Bolafios-Jiménez et al., 1993). Interestingly, in
keeping with the high concentrations used in this study,
doses of 30 mg/kg i.p. but not lower ones were found to
inhibit in vivo ACh release from the rat hippocampus
(Bertorelli et al., 1992).

From the previous analysis, it can be concluded that
there is no simple explanation for the effects of tianep-
tine on the 5-HT system. One of the most consistent
observations is that acute as well as prolonged admin-
istration of tianeptine may reduce 5-HT neurotransmis-
sion when the latter is enhanced by 5-HTP, K" -evoked
release, or SSRIs. Moreover, in the study by Mennini et
al. (1987), in which cortical and hippocampal synapto-
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somes were shown for the first time to increase V., the
lowest 5-HT concentration used was 40 nM (at least 15
times higher than the normal extracellular brain con-
centration of 5-HT), and in that by Fattaccini et al.
(1990), the [H]5-HT concentration was at least 5 times
higher than the basal extracellular 5-HT. These neuro-
chemical observations are supported by behavioral stud-
ies in which tianeptine has been shown to reduce some of
the symptoms of 5-HTP-induced 5-HT syndrome (de Si-
moni et al., 1992; Datla and Curzon, 1993). Moreover,
tianeptine has been shown to attenuate behaviors that
have been attributed to stress-induced increases in 5-HT
activity, i.e., it attenuates stress-induced open-field be-
havioral deficits without altering basal locomotion pa-
rameters (Broqua et al., 1992; Whitton et al., 1991a;
Fontanges et al., 1993). It also abolishes stress-induced
decreases in hypothalamic corticotrophin-releasing fac-
tor (Delbende et al., 1994), it suppresses decreases in
glucocorticoid type I hippocampal receptors induced by
isolation rearing without affecting basal levels of the
latter nor type II receptors (McEwen, 1991, 1992), and it
prevents stress- and corticosterone-induced reduction in
CA; pyramidal neuron apical tree (Watanabe et al.,
1992, 1993). Tianeptine has not been found to alter basal
ACTH or corticosteroid plasma levels (Delbende et al.,
1993, 1994; Watanabe et al., 1993), nor to modify the
efficacy of 5-HT neurotransmission in basal conditions
(Pineyro et al., 1995c¢). On the other hand, it reduces the
recovery time necessary for CA; pyramidal neurons to
recover their firing activity following microiontophoretic
applications of high currents of concentrated 5-HT
(Pineyro et al., 1995¢).

The next question that naturally arises is whether the
“protective” effect of tianeptine against stress-induced
changes is linked to its uptake-enhancing capacity. A
recent study by Mennini et al. (1993) directly addressed
this question, indicating that tianeptine (10 mg/kg i.p.
1 h before stress) antagonizes the decrease in 5-HT
uptake caused by acute noise stress. However, tianep-
tine has also been shown to induce specific changes in
other brain monoamines involved in the response to
stress: 1) acute tianeptine administration decreases the
firing activity of NA neurons in locus ceruleus without
altering the activity of DRN 5-HT neurons (Dresse and
Scuvée-Moreau, 1988); 2) without producing marked
changes in the 5-HT system, short-term administration
of tianeptine (10 mg/kg/day for 4 days) increases NE
content and decreases NE turnover in specific nuclei
related with mood, i.e., preoptic area, DRN, and sensory
cortex (Frankfurt et al., 1994); 3) its sustained adminis-
tration, like that of desipramine, antagonizes the stress-
induced increase in tyrosine hydroxylase mRNA in the
NA nuclei (see McEwen, 1991); and 4) acute and pro-
longed tianeptine treatment may increase extracellular
DA concentrations in striatum and nucleus accumbens
in a 5-HT-independent manner (Invernizzi et al., 1992),
as well as increase DA turnover in the prefrontal cortex

(Louilot et al., 1990). Hence, these results further indi-
cate that an interaction with the 5-HT system may not
be the only mechanism by which tianeptine attains its
stress-protecting effects.

Finally, clinical proof of the antidepressant efficacy of
tianeptine has been recently reviewed by Wilde and
Benfield (1995). It was concluded that, according to the
available information, the antidepressant efficacy of this
new drug, administered in the short term, appears sim-
ilar to that of amitriptyline, imipramine, and fluoxetine,
and in patients with coexisting anxiety and depression,
tianeptine could be superior to maprotiline. However, it
should be noticed that 1) most of the studies lacked a
placebo-controlled group; 2) in amitriptyline and ma-
proptyline studies, as well as in some of those in which
tianeptine was compared with imipramine, optimal dos-
ages of the standard drugs were not used; 3) in multi-
center double-blind studies, in which the efficacy of long-
term tianeptine treatment was assessed, efficacy was
evaluated taking into account only those patients who
completed the treatment, even if 65% of dropouts under
tianeptine treatment abandoned the study due to inef-
fective treatment; and 4) comparative trials of tianep-
tine and SSRIs other than fluoxetine are needed to fur-
ther define its role in the treatment of depression. Based
on basic and clinical facts, it appears that it may be
premature to claim that “tianeptine is a new antidepres-
sant class with a unique 5-HT uptake enhancing pro-
file”. Furthermore, if indeed 5-HT uptake is stimulated
by the drug in conditions in which 5-HT neurotransmis-
sion is enhanced, then it would seem unlikely that this
be the mechanism involved in its antidepressant action
since depression is a condition in which the 5-HT system
is frequently deficient (see Maes and Meltzer, 1995). It
may, however, protect against the deleterious effects
that different stressful conditions may impose on the
5-HT system of a depressed patient.

F. Regulation of 5-HT Uptake Activity by
Antidepressant Drugs

The results from radioligand and functional studies
following prolonged antidepressant treatments have of-
ten been found to be controversial (Table 9), and the
reasons for this controversy have been attributed to
three main limitations: 1) the use of [*H]imipramine as
a radioligand which, due to its binding to heterogeneous
sites, may confound interpretation of results (it is worth
noting that when the effect of long-term antidepressant
administration was assessed on high- and low-affinity
[*Hlimipramine sites, treatment-induced decreases in
affinity for imipramine were observed at both sites; Hr-
dina, 1987); 2) examination of the effects of long-term
antidepressants being limited in most cases to cortical or
hippocampus homogenates which, unlike autoradio-
graphic analysis, prevents modest changes in discrete
brain areas to be assessed; and 3) the use of low doses
and mainly administration routes (i.p. and s.c. injec-

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

576

PINEYRO AND BLIER

TABLE 9
Effect of different antidepressant treatments on functional and binding properties of the 5-HT transporter
Treatment Dose/Route Ligand Effect Observed Reference
ECS Once [*H]paroxetine Increase in number of binding sites = Hayakawa et al., 1995
in cortical homogenates, not
hippocampus
1/d X 14 ds [*H]paroxetine Increase in number of binding sites = Hayakawa et al., 1995
in cortical homogenates, not
hippocampus
1 every 2ds X 10 ds [*H]paroxetine No change in frontal cortex Cheetham et al., 1993
homogenates
1/d X 10 ds [*H]paroxetine No change in cortex homogenates Gleiter and Nutt, 1988
1/d X 10 ds [*Hlimipramine/functional ~ No change in V,, or B, .. in Craig et al., 1986
cortical synaptosomes or
homogenates
1/d X 7 ds [*Hlimipramine Increase in B, in cortical Barkai, 1986
homogenates
Imipramine 20 mg/kg/d X 14 ds (i.p.) [*H]paroxetine No change in hippocampal or Hayakawa et al., 1995
cortical homogenates
5 mg/kg/d X 21 ds (i.p.) [*H]paroxetine No change in frontal cortex Dewar et al., 1993
homogenates
20 mg/kg/d X 21 ds (i.p.) [*Hlimipramine Increase in V,, and decrease in Barbaccia et al., 1983
B, .. in synaptosomes and
homogenates
3 mg/rat/d X 5 wk (p.o.) [*H]imipramine No change in cortical homogenates Plenge and Mellerup,
1988
20 mg/kg/d X 21 ds (i.p.) [*Hlimipramine No change in V.. or B, . in Marcusson et al., 1988
cortical synaptosomes or
homogenates
20 mg/kg/d X 10 ds (i.p.) [*H]imipramine Decrease in B, in hippocampal Kinnier et al., 1980
homogenates
No change in cortical homogenates
5 mg/kg/d X 21 ds (s.c. mRNA hybridization Decrease in midbrain raphe Lesch et al., 1993a
minipumps) complex
20 mg/kg/d X 16 or 32 ds mRNA hybridization No change in midbrain Spurlock et al., 1994
(i.p.) homogenates
10 mg/kg/d X 21 ds (1.p.) mRNA hybridization Increase in optical density in DRN Lopéz et al., 1994
autoradiograph
Desipramine 10 mg/kg/d X 14 ds (p.o.) [*H]paroxetine No change in frontal cortex Cheetham et al., 1993
homogenates
20 mg/kg/d X 21 ds (i.p.) [*H]imipramine Decrease in B, incortical Barbaccia et al., 1983
homogenates
10 mg/kg/d X 10 ds (i.p.) [*H]imipramine No change in midbrain raphe area Biegon, 1986
or limbic terminal projection
areas
13.6 mg/kg/d X 22 ds (p.o.,  [*Hlimipramine Decrease in B, in cortical Butler, 1987
in drinking water) homogenates
5 mg/kg/d X 21 ds (s.c., via  [*Hlimipramine No change in midbrain raphe Raisman et al., 1980
osmotic minipump) complex
10 mg/kg/d X 21 ds (i.p.) Functional No change in cortical or amygdala Lesch et al., 1993
synaptosomes
Trimipramine 5 mg/kg/d X 21 ds (i.p.) [*H]paroxetine No change in frontal cortex Dewar et al., 1993
homogenates
Protriptyline 20 mg/kg/d X 21 ds (i.p.) [*H]cyanoimipramine No change in cortex or Kovachich et al., 1992
hippocampus autoradiograms
Amitriptyline 10 mg/kg/d X 14 ds (p.o.) [*H]paroxetine No change in frontal cortex Cheetham et al., 1993
homogenates
Nortryptiline 20 mg/kg/d X 21 ds [*Hlimipramine/functional ~ No change in V, ,, decrease in Hrdina, 1987b
(gastric intubation) affinity for imipramine in frontal
cortex homogenates
Chlomipramine 20 mg/kg/d X 19 ds (i.p.) [*H]paroxetine No change in K}, or B, in cortex Graham et al., 1987
and hippocampus homogenates
5 mg/kg/d X 19 ds (s.c. via  [*H]paroxetine No change in K, or B, ,, in cortex
osmotic minipump) and hippocampus homogenates
5 mg/kg/d X 21 ds (s.c. via ~ mRNA hybridization No significant change in midbrain Lesch et al., 1993
osmotic minipump) homogenates
Clorgyline 1 mg/kg/d X 18 ds (i.p.) [*H]paroxetine No change in K}, or B, in cortical ~ Graham et al., 1987
and hippocampus homogenates
1 mg/kg/d X 21 ds (s.c. via mRNA hybridization No change in midbrain raphe Lesch et al., 1993
osmotic minipump) complex
4 mg/kg/d X 21 ds (i.p.) mRNA hybridization Increase in optical density in DRN Lopéz et al., 1994
autoradiographs
Pargyline 100 uM/kg/d X 21 ds (i.p.) [*H]imipramine No change in K, and B, in Zsilla et al., 1983
cortical homogenates
Phenelzine 5 mg/kg/d X 21 ds (i.p.) [*Hlcyanoimipramine Increase in binding in perirhinal Kovachich et al., 1992
cortex autoradiographs
Tranylcypromine 10 mg/kg/d X 14 ds (p.o.) [*H]paroxetine No change in frontal cortex Cheetham et al., 1993

homogenates
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TABLE 9
Continued
Treatment Dose/Route Ligand Effect Observed Reference
Deprenyl 0.5 mg/kg/d X 18 ds (i.p.) [*Hlparoxetine No change in K, or B, in cortical ~Graham et al., 1987
and hippocampal homogenates
1 uM/kg/d X 21 ds (s.c. [*H]imipramine Increase in B, in cortical and Zsilla et al., 1983
injected daily) hippocampal homogenates
0.25 mg/kg/d X 21 ds (i.p.) [*H]cyanoimipramine Increase in binding in dentate Kovachich et al., 1992
gyrus and amygdala
autoradiograph
Citalopram 10 mg/kg/d X 14 ds (p.o.) [PHlparoxetine No change in frontal cortex Cheetham et al., 1993
homogenates
20 mg/kg/d X 21 ds (i.p.) [*H]cyanoimipramine No change in autoradiographs Kovachich et al., 1992
20 mg/kg/d X 19 ds (i.p.) [*Hlcyanoimipramine No change in frontal cortex Graham et al., 1987
homogenates
10 mg/kg/d X 16 or 32 ds mRNA hybridization No change in mesencephalic Spurlock et al., 1994
({i.p.) homogenates
40 mg/kg/d 13 ds (p.o., Functional No change in whole-rat brain Hyttel et al., 1984
given with diet) synaptosomes
Fluoxetine 2 mg/kg/d X 21 ds (i.p.) [®H]paroxetine No change in frontal cortex Dewar et al., 1993
synaptosomes
10 mg/kg/d X 21 ds (i.p.) [*H]paroxetine Increase in binding in cortical and Hrdina and Vu, 1993
hippocampal autoradiographs
10 mg/kg/d X 21 ds (i.p.) [*Hlimipramine/functional ~ Decrease in V. and affinity Hrdina, 1987b
binding in frontal cortex
synaptosomes and homogenates
2.5 mg/kg/d X 21 ds (s.c. mRNA hybridization Decrease in midbrain raphe Lesch et al., 1993a
via osmotic minipump) complex homogenates
Fluovoxamine 50 mg/kg/d X 16 or 32 ds mRNA hybridization No change in midbrain Spurlock et al., 1994
(i.p.) homogenates
Paroxetine 10 mg/kg/d X 21 ds (s.c., [*H]paroxetine/functional Decrease in B, in cortical and Pifieyro et al., 1994
via osmotic minipump) hippocampal homogenated.
Decrease in 5-HT uptake in
hippocampal slices
Sertraline 10 mg/kg/d X 21 ds (i.p.) [*Hlcyanoimipramine Decrease in binding in amygdala Kovachich et al., 1992
and perirhinal cortex
autoradiograph
10 mg/kg/d X 21 ds (i.p.) Functional Decrease in V., in cortex and Butler, 1987
amygdala synaptosomes
Zimelidine 10 mg/kg/d X 14 ds (p.o.) [*Hlparoxetine No change in frontal cortex Cheetham et al., 1993

20 mg/kg/d X 21 d (i.p.) [*H]imipramine

homogenates
No change in V_, or B . in

cortical synaptosomes and
homogenates

Marcusson et al., 1988

d, day; ds, days.

tions; p.o. administration) that cause important fluctu-
ations (peak and trough) in the plasmatic concentration
of antidepressant drugs may also account for a high
proportion of negative results. Nevertheless, if these
limitations are taken into account, certain general con-
clusions may be drawn.

When selective ligands are used to label the SERT,
repeated electroconvulsive shocks (ECS) and long-term
MAOI administration were the only types of treatment
that consistently showed an increase in the number of
SERTs (Kovachich et al., 1992; Hayakawa et al., 1995).
The use of [*Hlimipramine as a radioligand has shown
increases in SERT sites after ECS or deprenyl adminis-
tration (Zsilla et al., 1983; Barkai, 1986). The studies
that yielded negative results were either performed in
homogenates, used smaller number of ECS, or p.o./i.p.
treatments (Zsilla et al., 1983; Graham et al., 1987;
Gleiter and Nutt, 1988; Cheetham et al., 1993). In hy-
bridization as in binding studies either no change or
increased mRNA hybridization was found in the mid-
brain raphe complex after prolonged clorgyline admin-
istration (Lesch et al., 1993; Lopéz et al., 1994). Inter-

estingly, in studies yielding positive results, treatment
was given i.p. (Lépez et al., 1994), whereas in those in
which no change was observed, steady drug plasma lev-
els were achieved by using osmotic minipumps (Lesch et
al., 1993). The fact that the dose used in the latter (Lesch
et al., 1993) was four times smaller than the one used in
the former (Lépez et al., 1994) may explain the results
obtained. In the case of SSRIs, functional studies show a
decrease in V. in cortical and amygdala synaptosomes
of rats that had received prolonged fluoxetine or sertra-
line treatment, as well a decrease in maximal [°H]5-HT
uptake in cortical and hippocampal slices obtained from
rats that had received paroxetine for 21 days (Hrdina,
1987; Butler et al., 1988; Pifieyro et al., 1994). In rats
that had received citalopram administered in their diets,
no functional changes were observed when assessed in
whole-brain synaptosomes (Hyttel et al., 1984). Sus-
tained administration of sertraline and paroxetine de-
creases the number of SERTSs in amygdala, perirhinal
cortex, hippocampus, and rat frontal cortex (Kovachich
et al., 1992; Pineyro et al., 1994), but fluoxetine induced
an increase in [*H]paroxetine binding in the two latter
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areas (Hrdina and Vu, 1993). However, at the same dose
as in the last study and using the same route of admin-
istration, fluoxetine was seen to decrease V.., in corti-
cal synaptosomes (Hrdina, 1987). Since synaptosomes in
which V.. was decreased were prepared from frontal
cortex, and the increased numbers in SERT sites was
observed in frontoparietal, striatal, and hippocampal
cortices, a possible explanation for these two sets of
divergent observations following fluoxetine treatment
could be accounted for by regional differences in the
adaptative properties of the SERTs. Hybridization stud-
ies indicate a decrease in SERT mRNA in midbrain
raphe nuclei after prolonged fluoxetine administration
via osmotic minipumps (Lesch et al., 1993). Whether
this decrease in transcriptional activity is secondary to a
decrease in SERT protein turnover (in agreement with
at least a transitory increase in the number of uptake
sites), or it is the cause for a reduction in SERT number,
cannot be deduced from these results. Once again, stud-
ies in which prolonged SSRI administration induced no
changes in SERT activity or binding sites were per-
formed in homogenates and/or drugs were administered
i.p. (Graham et al., 1987; Kovachich et al., 1992; Dewar
et al., 1993; Spurlock et al., 1994). The fact that, in spite
of both sertraline and citalopram being administered
i.p., only the first produced a reduction in [*H]cyanoimi-
pramine binding (Kovachich et al., 1992), and cortical
5-HT V.. (Butler et al., 1988) is probably due to the fact
that, of these two SSRIs, only sertraline has an active
metabolite whereas citalopram is rapidly inactivated
(see Pifieyro et al., 1994). Finally, results from prolonged
tricyclic administration may not be systematized: imip-
ramine and desipramine have been shown to decrease
[*Hlimipramine but not [*H]paroxetine binding whereas
chlomipramine, not only a tricyclic but also a potent and
selective 5-HT uptake blocker, did not produce any sig-
nificant change in SERT sites or its mRNA (Table 9). In
a recent study by our group, three main lines of evidence
indicate a reduction in 5-HT uptake activity in the rat
hippocampus after prolonged administration of the SSRI
paroxetine: 1) a decrease in the density of SERT sites, 2)
a tolerance to the in vivo electrophysiological effects of
the drug, and 3) a decrease of the in vitro [*H]5-HT
uptake capacity. A reduction in the total number of
[*H]paroxetine-binding sites in cortical and hippocam-
pal membranes and a decrease in the amount of [*H]5-
HT taken up by dorsal raphe slices indicate that the
plasticity of the SERT occurs not only in multiple pro-
jection areas, but also in the cell body and dendrites of
5-HT neurons (Pifieyro et al., 1994). Superfusion exper-
iments in midbrain raphe slices provide additional evi-
dence of the functional consequences of somatodendritic
SERT down-regulation: after prolonged administration
of paroxetine, the electrically evoked release of [*H]5-HT
in rat and guinea pig midbrain raphe slices is much
higher than that observed after sustained befloxatone
treatment (El1 Mansari and Blier, 1996; Pifieyro and

Blier, 1996). That the enhanced somatodendritic output
of [?H]5-HT is due to SERT desensitization was demon-
strated by the fact that superfusion of midbrain raphe
slices with medium containing 1 uM paroxetine (intro-
duced 20 min before the stimulations) produced a 50%
increase in slices obtained from saline- or befloxatone-
treated rats but remained unchanged in slices obtained
from rats that had received paroxetine for 21 days. Fur-
thermore, in the frontal cortex of long-term paroxetine-
treated guinea-pigs, there is no 5-HT,, autoreceptor
desensitization (unlike in the hippocampus and the hy-
pothalamus), and electrically evoked [*H]5-HT release is
still enhanced (Blier and Bouchard, 1994; El Mansari
and Blier, 1996). This is due to a desensitization of the
SERT that was demonstrated by the reduced effective-
ness of the same dose of paroxetine in enhancing [*H]5-
HT uptake in frontal cortex slices of guinea pigs treated
with the SSRI for 21 days, as compared to 2 days (Blier
and Bouchard, 1994).

Based on the previous analysis, the observations in
Table 9 could be summarized by saying that an increase
in 5-HT uptake may be expected after repeated ECS or
sustained MAOI administration, whereas a decrease in
this function is more likely to occur after prolonged SSRI
treatment. Hence, it seems that the antidepressant ef-
fect is not correlated with a specific adaptative response
of the 5-HT carrier.

Apart from drugs, numerous physiological processes
regulate 5-HT uptake activity. Understanding them and
finding the similarities they might have with any given
pharmacological treatment may help us to understand
how antidepressant drugs or ECS regulate SERT activ-
ity. ACTH and ACTH fragments up-regulate SERT ex-
pression during 5-HT neuron differentiation (Azmitia
and De Kloet, 1987; Eaton and Whittemore, 1990). A
transcription increase also occurs in raphe neurons of
aged rats, an effect that may compensate for 5-HT leak-
age from degenerating terminals and/or increased re-
lease induced by age-related decline in terminal autore-
ceptor regulation (Meister et al., 1995). Similarly, 5-HT
neuron sprouting in raphe nuclei following a 5,7-DHT
lesion has been correlated with an increase in [*H]par-
oxetine B, ,, values in the brainstem (Pranzatelli and
Martens, 1992). Up-regulation of the SERT secondary to
transcriptional activation may occur via an increase in
cAMP (Cool et al., 1991; King et al., 1992; Ramamoorthy
et al., 1993a) which has been recently proposed to induce
the activation of the hSERT gene promoter via immedi-
ate early gene products such as transcription factors of
the c-fos/c-jun family (Heils et al., 1995). cAMP-indepen-
dent mechanisms activated by interleukin-18 (Ra-
mamoorthy et al., 1995b) or the PKC inhibitor stauro-
sporine (Ramamoorthy et al., 1995a) may also activate
SERT mRNA production. Alternatively, 5-HT uptake
activity may be rapidly enhanced without altering the
transporter density by a mechanism involving trans-
porter phosphorylation/dephosphorylation. Nitric oxide-
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c¢GMP pathway activation has been shown to have this
effect (Miller and Hoffman, 1994). Phosphorylation/de-
phosphorylation of the transporter via other signaling
pathways such as PKC and calmodulin induce an oppo-
site effect, reducing 5-HT uptake (Myers et al., 1989;
Anderson and Horne, 1992; Jayanthi et al., 1994). It is
unlikely, however, that these rapid regulatory responses
may account for the decrease in 5-HT uptake observed
after prolonged SSRI administration, since the former
take place within 1 h or less after treatment, and in the
case of paroxetine, tolerance to the drug was not ex-
pressed within a 48-h period but rather after a various
number of days of treatment (Pifieyro et al., 1994). Fur-
thermore, a recent study indicating that reduction in
SERT mRNA does not always result in a decrease in the
number of SERT in 5-HT neurons (Yu et al., 1994) sug-
gests that a decrease in transcription might not always
serve as an explanation for a long-latency down-regula-
tion in the SERT. On the other hand, a dysregulated
expression of the SERT gene (Heils et al., 1995) has been
suggested as a possible explanation for one of the most
consistent findings in biological psychiatry: the disease-
associated decrease in brain and platelet 5-HT uptake
sites observed in patients with affective disorders (see
Lesch and Bengel, 1995).

IV. Concluding Remarks

This article provided an overview of the morphological
aspects of the 5-HT system, analyzed the autoregulatory
mechanisms with which 5-HT neurons are endowed and
how they contribute to the regulation of firing activity,
neurotransmitter release, and reuptake, along with the
drugs that modify these functions. Special attention has
been given to antidepressant drug treatments, their
long-term effects, and possible strategies that may allow
one to bypass this complex autoregulatory machinery to
achieve quicker and/or more effective antidepressant re-
sponses. Autoregulatory processes not previously con-
sidered as targets for antidepressant drugs, such as
regulation of somatodendritic 5-HT release by non-5-
HT,, receptors, have also been considered. Although
many of the mechanisms described may still be a matter
of debate, there is no doubt that a comprehensive ap-
proach to the physiology of the 5-HT system is paving
the road to a better pharmacological management of
affective and anxiety disorders.

Acknowledgments. We thank Helen Cameron and Gilda Cor-
padean for excellent secretarial assistance and Professors E. Azmi-
tia, L. Descarries, P. Hrdina, and E. Hamel for helpful comments and
discussion during the preparation of the manuscript. P.B. was a
scientist of the Medical Research Council of Canada and G.P. was a
Medical Research Council fellowship recipient.

REFERENCES

Adell A and Artigas F (1991) Differential effects on clomipramine given locally or
systemically on extracellular 5-hydroxytryptamine in raphe nuclei and frontal
cortex. An in vivo brain microdialysis study. Naunyn-Schmiedebergs Arch Phar-
macol 343:237-244.

Adell A, Carceller A and Artigas F (1993) In vivo brain dialysis study of the

somatodendritic release of serotonin in the raphe nuclei of the rat: Effects of
8-hydroxy-2-(di-n-propylamino)tetralin. J Neurochem 60:1673-1681.

Adham N, Borden LA, Schechter LE, Gustafson EL, Cochran TL, Vaysse P J-J,
Weinshank RL and Branchek TA (1993a) Cell-specific coupling of the cloned
human 5-HT1F receptor to multiple signal transduction pathways. Naunyn-
Schmiedebergs Arch Pharmacol 348:566-575.

Adham N, Ellerbrock B, Hartig P, Weinshank RL and Branchek T (1993b) Receptor
reserve masks partial agonist activity of drugs in a cloned rat
5-hydroxytryptaminelB receptor expression system. Mol Pharmacol 43:427—433.

Adham N, Kao H-T, Schechter LE, Bard J, Olson M, Urquhart D, Durkin M, Hartig
PR, Weinshank RL and Branchek, TA (1993c) Cloning of another human serotonin
receptor (5-HT;p): A fifth 5-HT,; receptor subtype coupled to the inhibition of
adenylate cyclase. Proc Natl Acad Sci USA 90:408—412.

Adham N, Romanienko P, Hartig P, Weinshank RL and Branchek T (1992) The rat
5-hydroxytryptamine;p receptor is the species homologue of the human
5-hydroxytryptamine, g receptor. Mol Pharmacol 41:1-7.

Adham N, Tamm JA, Salon JA, Vaysse P J-J, Weinshank RL and Branchek TA
(1994) A single point mutation increases the affinity of serotonin 5-HT,p,,
5-HT;pg, 5-HT1g and 5-HTyp receptors for B-adrenergic antagonists. Neurophar-
macology 33:387-391.

Adrien J, Lanfumey L, Gozlan H, Fattaccini CM and Hamon M (1989) Biochemical
and electrophysiological evidence for an agonist action of CM 57493 at pre- and
postsynaptic 5-hydroxytryptaminelA receptors in brain. o Pharmacol Exp Ther
248:1220-1230.

Adrien J, Tissier MH, Lanfumey L, Haj-Dahmane S, Jolas T, Franc B and Hamon M
(1992) Central action of 5-HTj receptor ligands in the regulation of sleep-
wakefulness and raphe neuronal activity in the rat. Neuropharmacology 31:519—
529.

Aghajanian GK (1985) Modulation of a transient outward current in serotonergic
neurons by aj-adrenoceptors. Nature (Lond) 315:501-503.

Aghajanian GK, Haigler HJ and Bloom FE (1972) Lysergic acid diethylamide and
serotonin: Direct actions on serotonin-containing neurons in rat brain. Life Sci
11:615-622.

Aghajanian GK and Lakoski JM (1984) Hyperpolarization of serotonin neurons by
serotonin and LSD: Studies in brain slices showing increased K* conductance.
Brain Res 305:181-185.

Aghajanian GK, Sprouse JS and Rasmussen K (1987) Physiology of the midbrain
serotonin system, in Psychopharmacology. The Fourth Generation of Progress
(Meltzer H ed), pp 141-149, Raven Press, New York.

Aghajanian GK and Vandermaelen CP (1982) Intracellular recordings from seroto-
nergic dorsal raphe neurons: Pacemaker potentials and the effect of LSD. Brain
Res 238:463—-469.

Aghajanian GK and Wang RY (1977) Habenular and other midbrain raphe afferents
demonstrated by a modified retrograde tracing technique. Brain Res 122:229-242.

Agnati LF, Fuxe KJ, Benfenati F, Zini I and Hokfelt T (1983) On the functional role
of coexistence of 5-HT and substance P in bulbospinal 5-HT neurons. Substance P
reduces affinity and increases density of [*H]5-HT binding sites. Acta Physiol
Scand 117:299-301.

Akunne HC, De Costa BR, Jacobson AE, Rice KC and Rothman RB (1992) [>H]Co-
caine labels a binding site associated with the serotonin transporter in guinea pig
brain: Allosteric modulation by paroxetine. Neurochem Res 17:1275-1283.

Alexander BS and Wood MD (1987) Stereoselective blockade of central [*H]5-
hydroxytryptamine binding to multiple sites (5-HT;,, 5-HT;5 and 5-HT;c) by
mianserin and propranolol. J Pharm Pharmacol 39:664—666.

Alexander BS and Wood MD (1988) [3H]-OH-DPAT labels the 5-hydroxytryptamine
uptake recognition site and the 5-HT1A binding site in the rat striatum. o/ Pharm
Pharmacol 40:888—891.

Alojado ES, Ohta Y, Yamamura T and Kemmotsu O (1994) The effect of fentanyl and
morphine on neurons in the dorsal raphe nucleus in the rat: An in vitro study.
Anesth Analg 78:726-732.

Amara SG and Kuhar MJ (1993) Neurotransmitter transporters: Recent progress.
Annu Rev Neurosci 16:73-93.

Anderson GM and Horne WC (1992) Activators of protein kinase C decrease seroto-
nin transport in human platelets. Biochim Biophys Acta 1137:331-337.

Anderson EJ, McFarland D and Kimelberg HK (1992) Serotonin uptake by astro-
cytes in situ. Glia 6:154-158.

Andrade R and Nicoll RA (1987a) Novel anxiolytics discriminate between postsyn-
aptic serotonin receptors mediating different physiological responses on single
neurons of the rat hippocampus. Naunyn-Schmiedebergs Arch Pharmacol 336:5—
10.

Andrade R and Nicoll RA (1987b) Pharmacologically distinct actions of serotonin on
single pyramidal neurons of the rat hippocampus recorded in vitro. J Physiol
(Lond) 394:99-124.

Angel L and Paul SM (1984) Inhibition of synaptosomal 5-[*Hlhydroxytryptamine
uptake by endogenous factor(s) in human blood. FEBS Lett 171:280-284.

Anwyl R (1991) Modulation of vertebrate neuronal calcium channels by transmit-
ters. Brain Res Rev 16:265-281.

Arborelius L, Ho6k BB, Hacksell U and Svensson TH (1994) The 5-HT1A receptor
antagonist (S)-UH-301 blocks the (R)-8-OH-DPAT-induced inhibition of serotoner-
gic dorsal raphe cell firing in the rat. J Neural Transm Gen Sect 96:179-186.

Arborelius L, Nomikos GG, Grillner P, Hertel P, Hook BB, Hacksell U and Svensson
TH (1995) 5-HT 5 receptor antagonists increase the activity of serotonergic cells in
the dorsal raphe nucleus in rats treated acutely or chronically with citalopram.
Naunyn-Schmiedebergs Arch Pharmacol 352:157-165.

Arranz B and Marcusson J (1994) [*H]paroxetine and [*H]citalopram as markers of
the human brain 5-HT uptake site: A comparison study. o/ Neural Transm 97:27—
40.

Arnsten AFT and Goldman-Rakie PS (1984) Selective prefrontal cortical projections
to the region of the locus coeruleus and raphe nuclei in the rhesus monkey. Brain
Res 306:9-18.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

580 PINEYRO AND BLIER

Artigas F (1993) 5-HT and antidepressants: New views from microdialysis studies.
Trends Pharmacol Sci 14:262.

Artigas F, Bel N, Figueras G, Suiiol C, Vilaré6 M and Mengod G (1995) Antidepres-
sants inhibit the neuronal 5-HT transporter in glial cells. In vivo and in vitro
studies. 25th Neuroscience Meeting, Abstract 540.1, November 11-16, San Diego,
CA.

Artigas F, Casanovas JM and Hervas I (1998) Modulation of the 5-HT release by pre-
and postsynaptic 5-HT; 5 receptors. Soc Neurosci Abst 24:1365.

Artigas F, Perez V and Alvarez E (1994) Pindolol induces a rapid improvement of
depressed patients treated with serotonin reuptake inhibitors. Arch Gen Psychi-
atry 52:248-251.

Auerbach SB, Kamalakannan N and Rutter JJ (1990) TFMPP and RU24969 en-
hance serotonin release from rat hippocampus. Eur J Pharmacol 190:51-57.

Austin MC, Bradley CC, Mann JJ and Blakely RD (1994) Expression of serotonin
transporter messenger RNA in the human brain. J Neurochem 62:2362-2367.

Augustine GJ and Charlton MP (1986) Calcium dependence of presynaptic calcium
current and post-synaptic response in squid giant synapse. J Physiol (Lond)
381:619-640.

Augustine GJ, Charlton MP and Smith SJ (1985) Calcium entry and transmitter
release at voltage-clamped nerve terminals of squid. J Physiol (Lond) 367:163—
181.

Azmitia E (1978) The serotonin-producing neurons of the midbrain median and
dorsal raphe nuclei, in Handbook of Psychopharmacology (Iversen LL, Iversen SD
and Snyder SH eds) vol 9, pp 233-314, Plenum, New York.

Azmitia E (1981) Bilateral serotonergic projections to the dorsal hippocampus of the
rat: Simultaneous localization of [*H]5-HT and HRP after retrograde transport.
J Comp Neurol 203:737-743.

Azmitia E (1986) Re-engineering the brain serotonin system: Localized application of
neurotoxins and fetal neurons. Adv Neurol 43:493-507.

Azmitia E and Gannon P (1986) The primate serotoninergic system: A review of
human and animal studies and a report on Macaca fascicularis. Adv Neurol
43:407-467.

Azmitia E and Whitaker-Azmitia P (1995) Anatomy, cell biology and plasticity of the
serotoninergic system, in Psychopharmacology. The Fourth Generation of Progress
(Bloom F and Kupfer D eds) pp 443—449, Raven Press, New York.

Azmitia EC and De Kloet ER (1987) ACTH neuropeptide stimulation of serotonergic
neuronal maturation in tissue culture: Modulation by hippocampal cells. Prog
Brain Res 72:311-318.

Azmitia EC and Gannon PJ (1983) The ultrastructural localization of serotoninim-
munoreactivity in myelinated and unmyelinated axons within the medial fore-
brain bundle of rat and monkey. J Neurosci 3:2083-2090.

Azmitia EC and Segal M (1978) An autoradiographic analysis of the differential
ascending projections of the dorsal and median raphe. Comp Neur 179:641-668.

Bachy A, Heaulme M, Giudice A, Michaud JC, Lefevre IA, Souilhac J, Manara L,
Emerit MB, Gozlan H, Hamon M, Keane PE, Soubrie P and LeFur G (1993) SR
57227A: A potent and selective agonist at central and peripheral 5-HT; receptors
in vitro and in vivo. Eur J Pharmacol 237:299-309.

Béhler M and Greengard P (1987) Synapsin I bundles F-actin in a phosphorylation
dependent manner. Nature (Lond) 326:704-707.

Baker K, Halliday G, Hornung J, Geffen B, Cotton R and Tork I (1991) Distribution,
morphology and number of monoamine-synthesizing and substance P-containing
neurons in the human dorsal raphe nucleus. Neuroscience 42:757-775.

Baker K, Halliday G and Tork I (1990) Cytoarchitecture of the human dorsal raphe
nucleus. J Comp Neurol 301:147-161.

Baraban JM and Aghajanian GK (1980) Suppression of firing activity of 5-HT
neurons in the dorsal raphe by alpha-adrenoceptor antagonists. Neuropharmacol-
ogy 19:355-363.

Baraban JM and Aghajanian GK (1981) Noradrenergic innervation of serotonergic
neurons in the dorsal raphe: Demonstration by electron microscopic autoradiog-
raphy. Brain Res 204:1-11.

Barbaccia LM, Gandolfi O, Chuang D-M and Costa E (1983) Modulation of neuronal
serotonin uptake by a putative endogenous ligand of imipramine recognition sites.
Proc Natl Acad Sci USA 80:5134-5138.

Bard JA, Zgombick J, Adham N, Vaysse P, Branchek TA and Weinshank RL (1993)
Cloning of a novel human serotonin receptor (5-HT;) positively linked to adenylate
cyclase. J Biol Chem 31:23422-23426.

Barkai AI (1986) Interactions of drugs and electroshock treatment on cerebral
monoaminergic systems. Ann NY Acad Sci 462:147-162.

Barker EL and Blakely RD (1995) Norepinephrine and serotonin transporters:
Molecular targets of antidepressant drugs, in Psychopharmacology. The Fourth
Generation of Progress (Bloom F and Kupfer D eds) pp 321-333, Raven Press, New
York.

Barker EL, Gray MA and Blakely RD (1995) Identification of amino acids implicated
in the binding of biogenic amine transporter antagonists. 25th Neuroscience Meet-
ing, Abstract 316.2, November 11-16, San Diego, CA.

Barker EL, Westphal RS, Schmidt D and Sanders-Bush E (1994) Constitutively
active 5-hydroxytryptamine,. receptors reveal novel inverse agonist activity of
receptor ligands. J Biol Chem 269:11687-11690.

Barnes NM, Cheng CH, Costall B GE J and Naylor RJ (1992) Differential modulation
of extracellular levels of 5-hydroxytryptamine in the rat frontal cortex by (R)- and
(S)-zacopride. Br J Pharmacol 107:233-239.

Baumann PA and Waldmeier PC (1981) Further evidence for negative feedback
control of serotonin release in the central nervous system. Naunyn-Schmiedebergs
Arch Pharmacol 317:36—43.

Bean BP (1989) Neurotransmitter inhibition of neuronal calcium currents by
changes in channel voltage dependence. Nature (Lond) 340:153-156.

Beaudet A and Descarries L (1981) The fine structure of central serotonin neurons.
JJ Physiol (Paris) 77:193-203.

Becker B, Gettys T, Middleton J, Olsen C, Albers F, Lee S, Fanburg B and Raymond
J (1992) 8-hydroxy-2-(di-n-propylamino) tetralin-responsive 5-hydroxytrypta-

mine4-like receptor expressed in bovine pulmonary artery smooth muscle cells.
Mol Pharmacol 42:817—825.

Becquet D, Faudon M and Héry F (1990) The role of serotonin release and autore-
ceptors in the dorsalis raphe nucleus in the control of serotonin release in the cat
caudate nucleus. Neuroscience 39:639—647.

Becquet D, Héry M, Deprez P, Faudon M, Fache MP, Giraud P and Héry F (1993a)
N-methyl-D-aspartic acid/glycine interactions on the control of 5-hydroxytrypta-
mine release in raphe primary cultures. J Neurochem 61:1692-1697.

Becquet D, Héry M, Francois-Bellan AM, Giraud P, Deprez P, Faudon M, Fache MP
and Héry F (1993b) Glutamate, GABA, glycine and taurine modulate serotonin
synthesis and release in rostral and caudal rhombencephalic raphe cells in pri-
mary cultures. Neurochem Int 23:269—-283.

Beer MS and Middlemiss DN (1993) Serotonin-5-O-carboxymethyl-
glycyl[**T]tyrosinamide labels the 5-HTp; receptor subtype in human cortex. Eur
J Pharmacol 242:195-198.

Beer MS, Stanton JA, Bevan Y, Chauhan NS and Middlemiss DN (1992) An inves-
tigation of the 5-HT1D receptor binding affinity of 5-hydroxytryptamine, 5-car-
boxyamidotryptamine and sumatriptan in the central nervous system of seven
species. Eur J Pharmacol 213:193-197.

Behzadi G, Kalen P, Parvopassu F and Wiklund L (1990) Afferents to the median
raphe nucleus of the rat: Retrograde cholera toxin and wheat germ conjugated
horseradish peroxidase tracing and selective D-[*H]aspartate labeling of possible
excitatory amino acid inputs. Neuroscience 37:77-100.

Beitz AJ (1982) The organization of efferent projections to the midbrain periaque-
ductal gray of the rat. Neuroscience 7:133-159.

Bel N and Artigas F (1992) Fluvoxamine preferentially increases extracellular 5-hy-
droxytryptamine in the raphe nuclei: An in vivo microdialysis study. Eur J Phar-
macol 229:101-103.

Bel N and Artigas F (1993) Chronic treatment with fluvoxamine increases extracel-
lular serotonin in frontal cortex but not in raphe nuclei. Synapse 15:243-245.

Bel N and Artigas F (1995) In vivo evidence for the reversible action of the mono-
amine oxidase inhibitor brofaromine on 5-hydroxytryptamine release in rat brain.
Naunyn-Schmiedebergs Arch Pharmacol 351:475—482.

Belin MF, Aguera M, Tappaz M, McRae-Degueurce A, Bobillier P and Pujol JF (1979)
GABA-accumulating neurons in the nucleus raphe dorsalis and periaqueductal
gray in the rat: A biochemical and radioautographic study. Brain Res 170:279—
297.

Berger AJ and Takahashi T (1990) Serotonin enhances a low-voltage-activated
calcium current in rat spinal motoneurons. o Neurosci 10:1922—-1928.

Berger UV, Gu XF and Azmitia EC (1992) The substituted amphetamines 3,4-
methylenedioxymethamphetamine, methamphetamine, p-chloroamphetamine
and fenfluramine induce 5-hydroxytryptamine release via a common mechanism
blocked by fluoxetine and cocaine. Eur J Pharmacol 215:153-160.

Berk ML and Finkelstein JA (1982) Efferent connections of the lateral hypothalamic
area of the rat: An autoradiographic investigation. Brain Res Bull 8:511-526.
Berlardetti F and Siegelbaum SA (1988) Up and down modulation of single K*
channel function by distinct second messengers. Trends Neurosci 11:232-238.
Berman RM, Darnell AM, Miller HL, Anand A and Charney DS (1997) Effect of
pindolol in hastening response to fluoxetine in the treatment of major depression:

A double-blind, placebo-controlled trial. Am J Psychiatry 154:37-43.

Bertorelli R, Amoroso D, Girotti P and Consolo S (1992) Effect of tianeptine on the
central cholinergic system: Involvement of serotonin. Naunyn-Schmiedebergs Arch
Pharmacol 345:276-281.

Biegon A (1986) Effect of chronic desipramine treatment on dihydroalprenolol,
imipramine and desipramine binding sites: A quantitative autoradiographic study
in the rat brain. J Neurochem 47:77-80.

Biegon A and Mathis C (1993) Evaluation of [*H]paroxetine as an in vivo ligand for
serotonin uptake sites: A quantitative autoradiographic study in the rat brain.
Synapse 13:1-9.

Biessen EAL, Horn AS and Robillard GT (1990) Partial purification of the 5-hy-
droxytryptophan-reuptake system from human blood platelets using a citalopram-
derived affinity resin. Biochemistry 29:3349-3354.

Biessen EAL, Norder JA, Horn AS and Robillard GT (1988) Evidence for the exis-
tence of at least two different binding sites for 5HT-reuptake inhibitors within the
5HT-reuptake system from human platelets. Biochem Pharmacol 37:3959-3966.

Blakely RD, Berson HE, Fremeau RT Jr, Caron MG, Peek MM, Prince HK and
Bradley CC (1991) Cloning and expression of a functional serotonin transporter
from rat brain. Nature (Lond) 354:66-70.

Blakely RD, Moore KR and Qian Y (1993) Tails of serotonin and norepinephrine
transporters: Deletions and chimeras retain function. Soc Gen Physiol Ser 48:283—
300.

Blier P (1991) Terminal serotonin autoreceptor function in the rat hippocampus is
not modified by pertussis and cholera toxins. Naunyn-Schmiedebergs Arch Phar-
macol 344:160-166.

Blier P and Bergeron R (1995) Effectiveness of pindolol with selected antidepressant
drugs in the treatment of major depression. o/ Clin Psychopharmacol 15:217-222.

Blier P, Bergeron R and de Montigny C (1997) Selective activation of postsynaptic
5-HT 5 receptors induces rapid antidepressant response. Neuropsychopharmacol-
ogy 16:333-338.

Blier P and Bouchard C (1993) Functional characterization of a 5-HT3 receptor which
modulates the release of 5-HT in the guinea-pig brain. Br J Pharmacol 108:13-22.

Blier P and Bouchard C (1994) Modulation of 5-HT release in the guinea-pig brain
following long-term administration of antidepressant drugs. Br J Pharmacol 113:
485-495.

Blier P, Chaput Y and de Montigny C (1988a) Long-term 5-HT reuptake blockade,
but not monoamine oxidase inhibition, decreases the function of terminal 5-HT
autoreceptors: An electrophysiological study in the rat brain. Naunyn-
Schmiedebergs Arch Pharmacol 337:246-254.

Blier P and de Montigny C (1980) Effect of chronic tricyclic antidepressant treatment
on the serotoninergic autoreceptor. Naunyn-Schmiedebergs Arch Pharmacol 314:
123-128.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

AUTOREGULATION OF SEROTONIN NEURONS 581

Blier P and de Montigny C (1983) Electrophysiological investigations on the effect of
repeated zimelidine administration on serotonergic neurotransmission in the rat.
o Neurosci 3:1270-1278.

Blier P and de Montigny C (1985) Serotoninergic but not noradrenergic neurons in
rat central nervous system adapt to long-term treatment with monoamine oxidase
inhibitors. Neuroscience 16:949-955.

Blier P and de Montigny C (1987) Modification of 5-HT neuron properties by sus-
tained administration of the 5-HT1A agonist gepirone: Electrophysiological stud-
ies in the rat brain. Synapse 1:470—-480.

Blier P and de Montigny C (1990) Differential effect of gepirone on presynaptic and
postsynaptic serotonin receptors: Single-cell recording studies. J Clin Psychophar-
macol 10:135-20S.

Blier P and de Montigny C (1994) Current advances and trends in the treatment of
depression. Trends Pharmacol Sci 15:220-226.

Blier P, de Montigny C and Azzaro AJ (1986a) Effect of repeated amiflamine admin-
istration on serotonergic and noradrenergic neurotransmission: Electrophysiolog-
ical studies in the rat CNS. Naunyn-Schmiedebergs Arch Pharmacol 334:253-260.

Blier P, de Montigny C and Azzaro AJ (1986b) Modification of serotonergic and
noradrenergic neurotransmissions by repeated administration of monoamine oxi-
dase inhibitors: Electrophysiological studies in the rat central nervous system.
J Pharmacol Exp Ther 237:987-994.

Blier P, de Montigny C and Chaput Y (1988b) Electrophysiological assessment of the
effects of antidepressant treatments on the efficacy of 5-HT neurotransmission.
Clin Neuropharmacol 11(Suppl 2):S1-S10.

Blier P, de Montigny C and Tardiff D (1984) Effects of the two antidepressant drugs
mianserin and indalpine on the serotonergic system: Single-cell studies in the rat.
Psychopharmacology 84:242-249.

Blier P, de Montigny C and Tardif D (1987b) Short-term lithium treatment enhances
responsiveness of postsynaptic 5-HT; 5 receptors without altering 5-HT autorecep-
tor sensitivity: An electrophysiological study in the rat brain. Synapse 1:225-232.

Blier P, Lista A and de Montigny C (1993a) Differential properties of pre- and
postsynaptic 5-hydroxytryptamine; 5, receptors in the dorsal raphe and hippocam-
pus. L. Effect of spiperone. J Pharmacol Exp Ther 265:7-15.

Blier P, Lista A and de Montigny C (1993b) Differential properties of pre- and
postsynaptic 5-hydroxytryptamine, 5, receptors in the dorsal raphe and hippocam-
pus. II. Effect of pertussis and cholera toxins. J Pharmacol Exp Ther 265:16—-23.

Blier P, Mongeau R, Weiss M and de Montigny C (1993¢) Modulation of serotonin
neurotransmission by presynaptic alpha-2-adrenergic receptors: A target for an-
tidepressant pharmacotherapy?, in New Pharmacological Approaches to the Ther-
apy of Depressive Disorders, International Acadamy of Biomedical Research (Men-
dlewicz J, Brunello N, Langer SZ and Racagni G eds) vol 5, pp 74-82, Karger,
Basel.

Blier P, Ramdine R, Galzin A-M and Langer SZ (1989a) Frequency-dependence of
serotonin autoreceptor but not a,-adrenoceptor inhibition of [*H]-serotonin release
in rat hypothalamic slices. Naunyn-Schmiedebergs Arch Pharmacol 339:60—64.

Blier P, Serrano A and Scatton B (1990) Differential responsiveness of the rat dorsal
and median raphe 5-HT systems to 5-HT; receptor agonists and p-chloroamphet-
amine. Synapse 5:120-133.

Blier P, Steinberg S, Chaput Y and de Montigny C (1989b) Electrophysiological
assessment of putative antagonists of 5-hydroxytryptamine receptors: A single-cell
study in the rat dorsal raphe nucleus. Can J Physiol Pharmacol 67:98—105.

Bloom F, Battenberg E, Rossier J, Ling N and Guillemin R (1978) Neurons contain-
ing B-endorphin in rat brain exist separately from those containing enkephalin:
Immunocytochemical studies. Proc Natl Acad Sci USA 75:1591-1595.

Blurton PA and Wood MD (1986) Identification of multiple binding sites for [3H]5-
hydroxytryptamine in the rat CNS. J Neurochem 46:1392-1398.

Bobillier P, Petitjean F, Slavert D, Ligier M and Sequin S (1975) Differential
projections of the nucleus raphe dorsalis and nucleus raphe centralis as revealed
by autoradiography. Brain Res 85:205-210.

Boden PR, Woodruff GN and Pinnock RD (1991) Pharmacology of a cholecystokinin
receptor on serotonin neurons in the dorsal raphe of the rat brain. Br J Pharmacol
102:635-638.

Bogdansky D, Pletscher A, Brodie B and Undenfriend S (1956) Identification and
assay of serotonin in brain. J Pharmacol Exp Ther 117:88-98.

Bolafios-Jimenez F, de Castro RM and Fillion G (1993) Antagonism by citalopram
and tianeptine of presynaptic 5-HT;p heteroreceptors inhibiting acetylcholine
release. Eur J Pharmacol 242:1-6.

Bolden-Watson C and Richelson E (1993) Blockade by newly-developed antidepres-
sants of biogenic amine uptake into rat brain synaptosomes. Life Sci 52:1023—
1029.

Bonanno G, Fassio A, Severi P, Ruelle A and Raiteri M (1994) Fenfluramine releases
serotonin from human brain nerve endings by a dual mechanism. J Neurochem
63:1163-1166.

Bonanno G and Raiteri M (1987) Interaction between 5-HT uptake inhibition and
activation of 5-HT autoreceptors by exogenous agonists in rat cerebral cortex slices
and synaptosomes. Naunyn-Schmiedebergs Arch Pharmacol 335:219-225.

Bonvento G, Scatton B, Claustre Y and Rouquier L (1992) Effect of local injection of
8-OH-DPAT into the dorsal or median raphe nuclei on extracellular levels of
serotonin in serotonergic projection areas in the rat brain. Neurosci Lett 137:101—
104.

Bordet R, Thomas P and Dupuis B (1998) Effect of pindolol on onset of action of
paroxetine in the treatment of major depression: Intermediate analysis of a dou-
ble-blind, placebo-controlled trial. Am J Psychiatry 155:1346-1351.

Bosker F, Klompmakers A and Westenberg H (1994) Extracellular 5-hydroxytryp-
tamine in median raphe nucleus of the conscious rat is decreased by nanomolar
concentrations of 8-hydroxy-2-(di-n-propylamino)tetralin and is sensitive to tetro-
dotoxin. J Neurochem 63:2165-2171.

Bosker F, Klompmakers A and Westenberg H (1995a) Effects of single and repeated
oral administration of fluvoxamine on extracellular serotonin in the median raphe
nucleus and dorsal hippocampus of the rat. Neuropharmacology 34:501-508.

Bosker FJ, Van Esseveldt KE, Klompmakers AA and Westenberg HGM (1995b)

Chronic treatment with fluvoxamine by osmotic minipumps fails to induce persis-
tent functional changes in central 5-HT;, and 5-HT;g receptors, as measured by
in vivo microdialysis in dorsal hippocampus of conscious rats. Psychopharmacology
117:358-363.

Boschert U, Amara DA, Segu L and Hen R (1994) Then mouse 5-hydroxytryptamine;g
receptor is localized predominantly on axon terminals. Neuroscience 58:167—182.

Boulenguez P, Chauveau J, Segu L, Morel A, Delaage M and Lanoir J (1991)
Pharmacological characterization of serotonin-O-carboxymethyl-glycyl-tyrosin-
amide, a new selective indolic ligand for 5-hydroxytryptamine (5-HT);p and
5-HTp binding sites. J Pharmacol Exp Ther 259:1360-1365.

Boulenguez P, Segu L, Chauveau J, Morel A, Lanoir J and Delaage M (1992)
Biochemical and pharmacological characterization of serotonin-O-
carboxymethylglycyl[1?°T]iodotyrosinamide, a new radioiodinated probe for
5-HT,p and 5-HT,p binding sites. J Neurochem 58:951-959.

Brezina V and Erxleben C (1988) Modulation of potassium and calcium currents by
FMRFNH2 in Aplysia neurons: A mechanism of presynaptic inhibition, in Calcium
and Ion Channel Modulation (Grinnel AD, Armstrong D and Jackson MB eds) pp
275-290, Plenum, New York.

Brodal A, Walberg F and Taber E (1960) The raphe nuclei of the brain stem in the
cat. III. Afferent connections. J Comp Neurol 114:261-281.

Broderick PA (1991) Adinazolam affects biogenic amine release in hippocampal CA;
neuronal circuitry. Brain Res Bull 27:689—-692.

Brodie T (1900) The immediate action of an intravenous injection of blood serum.
J Physiol (Lond) 26:48-71.

Broqua P, Baudrie V, Laude D and Chaouloff F (1992) Influence of the novel
antidepressant tianeptine on neurochemical, neuroendocrinological and behav-
ioral effects of stress in rats. Biol Psychiatry 31:391-400.

Bruinvels AT, Landwehrméyer B, Gustafson EL, Durkin MM, Mengod G, Branchek
TA, Hoyer D and Palacios JM (1994a) Localization of 5-HT,g, 5-HT;p,, 5-HT g
and 5-HT; receptor messenger RNA in rodent and primate brain. Neuropharma-
cology 33:367-386.

Bruinvels AT, Landwehrméyer B, Probst A, Palacios JM and Hoyer D (1994b) A
comparative autoradiographic study of 5-HT;p binding sites in human and guinea-
pig brain using different radioligands. Brain Res: Mol Brain Res 21:19-29.

Bruinvels AT, Landwehrméyer B, Waeber C, Palacios JM and Hoyer D (1991)
Homogeneous 5-HT1D recognition sites in the human substantia nigra identified
with a new iodinated radioligand. Eur J Pharmacol 202:89-91.

Bruinvels AT, Lery H, Nozulak J, Palacios JM and Hoyer D (1992) 5-HT1D binding
sites in various species: Similar pharmacological profile in calf, guinea-pig, dog,
monkey and human brain membranes. Naunyn-Schmiedebergs Arch Pharmacol
346:243-249.

Bruinvels AT, Palacios JM and Hoyer D (1993) Autoradiographic characterisation
and localisation of 5-HT;p compared to 5-HT;y binding sites in rat brain. Naunyn-
Schmiedebergs Arch Pharmacol 347:569-582.

Brusco A, Peressini S and Pecci Saavedra J (1983) Serotonin-like immunoreactivity
and anti-5-hydroxytryptamine (5-HT) antibodies: Ultrastructural application in
the central nervous system. J Histochem Cytochem 31:524-530.

Burgoyne RD and Cheek TR (1995) Mechanisms of exocytosis and the central role of
calcium, in Neurotransmitter Release and its Modulation. Biochemical Mecha-
nisms, Physiological Function and Clinical Relevance (Powis DA and Bunn SJ eds)
pp 7-21, Cambridge University Press, Cambridge, UK.

Butler J, Tannian M and Leonard BE (1988) The chronic effects of desipramine and
sertraline on platelet and synaptosomal 5HT uptake in olfactory bulbectomised
rats. Prog Neuro-Psychopharmacol Biol Psychiatry 12:585-594.

Caccia S, Fracasso C, Garattini S, Guiso G and Sarati S (1992) Effects of short- and
long-term administration of fluoxetine on the monoamine content of rat brain.
Neuropharmacology 31:343-347.

Carboni E and Di Chiara G (1989) Serotonin release estimated by transcortical
dialysis in freely-moving rats. Neuroscience 32:637—645.

Caron M (1996) Images in neuroscience. Molecular biology, II. A dopamine trans-
porter mouse knockout. Am J Psychiatry 153:1515-1520.

Ceci A, Baschirotto A and Borsini F (1994) The inhibitory effect of 8-OH-DPAT on the
firing activity of dorsal raphe serotoninergic neurons in rats is attenuated by lesion
of the frontal cortex. Neuropharmacology 33:709-713.

Celada P and Artigas F (1993) Monoamine oxidase inhibitors increase preferentially
extracellular 5-hydroxytryptamine in the midbrain raphe nuclei. A brain microdi-
alysis study in the awake rat. Naunyn-Schmiedebergs Arch Pharmacol 347:583—
590.

Celada P, Bel N and Artigas F (1994) The effects of brofaromine, a reversible MAO-A
inhibitor, on extracellular serotonin in the raphe nuclei and frontal cortex of freely
moving rats. J Neural Transm 41:357-363.

Cerutis DR, Hass NA, Iversen LJ and Bylund DB (1994) The cloning and expression
of an OK cell ¢cDNA encoding a 5-hydroxytryptamine,g receptor. Mol Pharmacol
45:20-28.

Cespuglio R, Sarda N, Gharib A, Chastrette N, Houdouin F, Rampin C and Jouvet M
(1990) Voltametric detection of the release of 5-hydroxyindole compounds through-
out the sleep-waking cycle of the rat. Exp Brain Res 80:121-128.

Chadi G, Tinner B, Agnati LF and Fuxe K (1993) Basic fibroblast growth factor
(bFGF, FGF-2) immunoreactivity exists in the noradrenaline, adrenaline and
5-HT nerve cells of the rat brain. Neurosci Lett 160:171-176.

Chambda G, Lemoine P, Flachaire E, Ferry N, Quincy C, Sassard J, Ferber C,
Mocaér E, Kamoun A and Renaud B (1991) Increased serotonin platelet uptake
after tianeptine administration in depressed patients. Biol Psychiatry 30:609—
617.

Chan-Palay V (1982) Serotonin neurons and their axons in the raphe dorsalis of rat
and rhesus monkey: Demonstration by high resolution autoradiography with
[3H]-serot0nin, in Cytochemical Methods in Neuroanatomy (Chan-Palay V and
Palay SL eds) pp 357-386, Alan R. Liss, Inc., New York.

Chang AS, Starres DM and Charnes SM (1994) Possible existence of quaternary
structure in the serotonin transport complex. 24th Neuroscience Meeting, Abstract
267.2. San Diego Society for Neuroscience.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

582 PINEYRO AND BLIER

Chaput Y, Blier P and de Montigny C (1986a) In vivo electrophysiological evidence
for the regulatory role of autoreceptors on serotonergic terminals. o Neurosci
6:2796-2801.

Chaput Y and de Montigny C (1988) Effects of the 5-hydroxytryptaminel receptor
antagonist, BMY 7378, on 5-hydroxytryptamine neurotransmission: Electrophys-
iological studies in the rat central nervous systeml. J Pharmacol Exp Ther 246:
359-370.

Chaput Y, de Montigny C and Blier P (1986b) Effects of a selective 5-HT reuptake
blocker, citalopram, on the sensitivity of 5-HT autoreceptors: Electrophysiological
studies in the rat brain. Naunyn-Schmiedebergs Arch Pharmacol 333:342-348.

Chaput Y, de Montigny C and Blier P (1991) Presynaptic and postsynaptic modifi-
cations of the serotonin system by long-term administration of antidepressant
treatments. An in vivo electrophysiologic study in the rat. Neuropsychopharma-
cology 5:219-229.

Chaput Y, Lesieur P and de Montigny C (1990) Effects of short-term serotonin
depletion on the efficacy of serotonin neurotransmission: Electrophysiological
studies in the rat central nervous system. Synapse 6:328-337.

Charney DS, Krystal JH, Delgado PL and Heninger GR (1990) Serotonin-specific
drugs for anxiety and depressive disorders. Annu Rev Med 41:437—446.

Chazal G and Ralston HJ III (1987) Serotonin-containing structures in the nucleus
raphe dorsalis of the cat: An ultrastructural analysis of dendrites, presynaptic
dendrites and axon terminals. J Comp Neurol 259:317-329.

Cheetham SC, Viggers JA, Slater NA Heal DJ and Buckett WR (1993) [SH]parox-
etine binding in rat frontal cortex strongly correlates with [*H]5-HT uptake: Effect
of administration of various antidepressant treatments. Neuropharmacology 32:
737-743.

Chen J and Rasenick MM (1995) Chronic treatment of C6 glioma cells with antide-
pressant drugs increases functional coupling between a G protein (G,) and adeny-
1yl cyclase. J Neurochem 64:724-732.

Cheng CH, Costall B, Ge J and Naylor RJ (1993) The profiles of interaction of
yohimbine with anxiolytic and putative anxiolytic agents to modify 5-HT release in
the frontal cortex of freely-moving rats. Br J Pharmacol 110:1079-1084.

Chéramy A, Leviel V and Glowinski J (1983) Dendritic release of dopamine in the
substantia nigra. Nature (Lond) 289:537-542.

Chidiac P, Hebert T, Valiquette M, Dennis M and Bouvier M (1994) Inverse agonist
activity of B-adrenergic antagonists. Mol Pharmacol 49:490—499.

Clement H-W, Gemsa D and Weseman W (1992) The effect of adrenergic drugs on
serotonin metabolism in the nucleus raphe dorsalis of the rat, studied by in vivo
voltametry. Eur J Pharmacol 217:43—48.

Cool DR, Leibach FH, Bhalla VK, Mahesh VB and Ganapathy V (1991) Expression
and cyclic AMP-dependent regulation of a high affinity serotonin transporter in
the human placental choriocarcinoma cell line (JAR). J Biol Chem 24:15750—
15757.

Cool DR, Leibach FH and Ganapathy V (1990) Modulation of serotonin uptake
kinetics by ions and ion gradients in human placental brush-border membrane
vesicles. Biochemistry 29:1818-1822.

Corey JL, Quick MW, Davidson, N, Lester, HA and Guastella, J (1994) A cocaine-
sensitive Drosophila serotonin transporter: Cloning, expression and electrophysi-
ological characterization. Proc Natl Acad Sci USA 91:1188-1192.

Cornfield LJ, Lambert G, Arvidsson L-E, Mellin C, Vallgarda J, Hacksell U and
Nelson DL (1991) Intrinsic activity of enantiomers of 8-hydroxy-2-(di-n-
propylamino)tetralin and its analogs at 5-hydroxytryptamine, , receptors that are
negatively coupled to adenylate cyclase. Mol Pharmacol 39:780-787.

Corradetti R, Laaris N, Hanoun N, Laporte AM, Le Poul E, Hamon M and Lanfumey
L (1998) Antagonist properties of (—)pindolol and WAY 100635 at somatodendritic
and postsynaptic 5-HT  receptors in the rat brain. Br J Pharmacol 123:449—-462.

Cox RF, Meller E and Waszczak BL (1990) Electrophysiological evidence for a large
receptor reserve for inhibition of dorsal raphe neuronal firing by 5-HT, 5 agonists.
Synapse 14:297-304.

Craven R and Grahame-Smith D (1994) WAY-100635 and GR127935: Effects on
5-hydroxytryptamine-containing neurons. Eur J Pharmacol 271:R1-R3.

Crespi F, Garratt JC, Sleight AJ and Marsden CA (1990) In vivo evidence that
5-hydroxytryptamine (5-HT) neuronal firing and release are not necessarily cor-
related with 5-HT metabolism. Neuroscience 35:139-144.

Crespi F, Martin KF and Marsden CA (1988) Measurement of extracellular basal
levels of serotonin in vivo using nafion-coated carbon fibre electrodes combined
with differential pulse voltametry. Neuroscience 27:885—-896.

Cui Y, Lee T and Wang LC (1994) Species difference in the modulatory effect of
kappa agonist on 5-HT release from ground squirrel and rat hippocampus. Neu-
rosci Lett 175:126—-128.

D’Amato RJ, Largent BL, Snowman AM and Snyder SH (1987) Selective labeling of
serotonin uptake sites in rat brain by [*H]citalopram contrasted to labeling of
multiple sites by [*H]imipramine. J Pharmacol Exp Ther 242:364—371.

Dabadie H and Geffard M (1993) Identification of tryptamine and tryptamine-
serotonin neurons in the rat dorsal raphe nuclei using specific antibodies. Synapse
14:178-183.

Dahlstrém A and Fuxe K (1964) Evidence for the existence of monoamine-containing
neurons in the central nervous system. I. Demonstration of monoamines in cell
bodies of brainstem neurons. Acta Physiol Scand Suppl 232:1-55.

Dailey JW, Yan QS, Mishra PK, Burger RL and Jobe PC (1992) Effects of fluoxetine
on convulsions and on brain serotonin as detected by microdialysis in genetically
epilepsy-prone rats. J Pharmacol Exp Ther 260:533-540.

Datla KP and Curzon G (1993) Behavioural and neurochemical evidence for the
decrease of brain extracellular 5-HT by the antidepressant drug tianeptine. Neu-
ropharmacology 32:839—845.

Davidson C and Stamford JA (1995a) Evidence that 5-hydroxytryptamine release in
rat dorsal raphe nucleus is controlled by 5-HT;,, 5-HT; and 5-HT, autorecep-
tors. Br J Pharmacol 114:1107-1109.

Davidson C and Stamford JA (1995b) The effect of paroxetine on 5-HT efflux in the
rat dorsal raphe nucleus is potentiated by both 5-HT;, and 5-HT,g,p receptor
antagonists. Neurosci Lett 188:41-44.

Dawson TM and Wamsley JK (1983) Autoradiographic localization of [*H]-
imipramine binding sites: Association with serotonergic neurons. Brain Res Bull
11:325-334.

de Felipe J and Jones EG (1988) A light and electron microscopic study of serotonin-
immunoreactive fibers and terminals in the monkey sensory-motor cortex. Exp
Brain Res 71:171-182.

Delbende C, Mocaér E, Rettori M, Kamoun A and Vaudry H (1993) Effect of the
antidepressant tianeptine on the activity of the hypothalamo-pituitary-adrenal
axis. Eur Psychiatry 8:49-54.

Delbende C, Tranchand Brunel D, Tarozzo G, Grino M, Oliver C, Mocaér E and
Vaudry H (1994) Effect of chronic treatment with the antidepressant tianeptine on
the hypothalamo-pituitary-adrenal axis. Eur J Pharmacol 251:245-251.

De Léan A, Stadel JM and Lefkowitz RJ (1980) A ternary complex model explains the
agonist specific binding properties of the adenylate cyclase-coupled beta adrener-
gic receptor. J Biol Chem 255:7108-7117.

Demchyshyn L, Sunahara RK, Miller K, Teitler M, Hoffman BJ, Kennedy JL,
Seeman P, Van Tol HHM and Niznik HB (1992) A human serotonin 1D receptor
variant (SHT1Dp) encoded by an intronless gene on chromosome 6. Proc Natl Acad
Sci USA 89:5522-5526.

Demchyshyn LL, Pristupa ZB, Sugamori KS, Barker EL, Blakely RD, Wolfgang Wi,
Forte MA and Niznik HB (1994) Cloning, expression and localization of a chloride-
facilitated, cocaine-sensitive serotonin transporter from Drosophila melanogaster.
Proc Natl Acad Sci USA 91:5158-5162.

de Montigny C and Blier P (1992a) Electrophysiological evidence for the distinct
properties of presynaptic and postsynaptic 5-HT,;, receptors: Possible clinical
relevance, in International Academy for Biomedical and Drug Research (Langer
SZ ed) pp 80-88, Karger, Basel.

de Montigny C and Blier P (1992b) Electrophysiological properties of 5-HT , recep-
tors and of 5-HT;, agonists, in SerotoninlA Receptors in Depression and Anxiety
(Stahl SM, Gastpar M, Keppel Hesselink JM, and Traber J eds) pp 83-98, Raven
Press, New York.

de Olmos J and Heimer L (1980) Double and triple labeling of neurons with fluores-
cent substances; the study of collateral pathways in the ascending raphe system.
Neurosci Lett 19:7-12.

Descarries L, Audet M, Doucet G, Garcia S, Oleskevich S, Séguéla P, Soghomonian
JJ and Watkins K (1990) Morphology of central serotonin neurons. Brief review of
quantified aspects of their distribution and ultrastructural relationships. Ann NY
Acad Sci 90:81-92.

Descarries L, Beaudet A and Watkins KC (1975) Serotonin nerve terminals in adult
rat neocortex. Brain Res 100:563-588.

Descarries L, Berthelet F, Garcia S and Beaudet A (1986) Dopaminergic projection
from nucleus raphe dorsalis to neostriatum in the rat. J Comp Neurol 249:511—
520.

Descarries L, Soucy JP, Lafaille F, Mrini A and Tanguay R (1995) Evaluation of
three transporter ligands as quantitative markers of serotonin innervation density
in rat brain. Synapse 21:131-139.

Descarries L, Watkins K, Garcia S and Beaudet A (1982) The serotonin neurons in
nucleus raphe dorsalis of adult rat: A light and electron microscope radioauto-
graphic study. J Comp Neurol 207:239-254.

de Simoni MG, de Luigi A, Clavenna A and Manfridi A (1992) In vivo studies on the
enhancement of serotonin reuptake by tianeptine. Brain Res 574:93-97.

de Souza EB and Kuyatt BL (1987) Autoradiographic localization of H-paroxetine-
labeled serotonin uptake sites in rat brain. Synapse 1:488-496.

Dewar KM, Grondin L, Nénonéné EK, Ohayon M and Reader TA (1993) [®H]Parox-
etine binding and serotonin content of rat brain: Absence of changes following
antidepressant treatments. Eur J Pharmacol 235:137-142.

Diaz-Cintra S, Cintra L, Kemper T, Resnich O and Morgane PJ (1981) Nucleus raphe
dorsalis: A morphometric Golgi study in rats of three age groups. Brain Res
207:1-16.

Doménech A, Heredia J, Beleta J, Hamblin M, Mengod G and Palacios JM (1994)
Characterization of human 5-HT,p, and 5-HT;/;pg serotonin receptors in perma-
nent cell lines using an iodinated high affinity agonist ligand: Comparison with
human tissues. Can J Physiol Pharmacol 72:(S1)P13.24.22.

Dong J, de Montigny C and Blier P (1997) Effect of acute and repeated versus
sustained administration of the 5-HT; receptor agonist ipsapirone: Electrophys-
iological studies in the rat hippocampus and dorsal raphe. Naunyn-Schmiedebergs
Arch Pharmacol 356:303-311.

Dong J, de Montigny C and Blier P (1998) Full agonistic properties of Bay X 3702 on
presynaptic and postsynaptic 5-HT; 5 receptors electrophysiological studies in the
rat hippocampus and dorsal raphe. J Pharmacol Exp Ther 286:1239-1247.

Doucet E, Pohl M, Fattaccini C-M, Adrien J, El Mestikawy S and Hamon M (1995)
In situ hybridization evidence for the synthesis of 5-HT,y receptor in serotonin-
ergic neurons of anterior raphe nuclei in the rat brain. Synapse 19:18-28.

Dresse A and Scuvée-Moreau J (1988) Electrophysiological effects of tianeptine on
rat locus coeruleus, raphe dorsalis and hippocampus activity. Clin Neuropharma-
col 11:851-S58.

Dumuis A, Bouhelal R, Sebben M, Cory R and Bockaert J (1988) A non classical 5-HT
receptor positively coupled with adenylate cyclase in the central nervous system.
Mol Pharmacol 34:880—887.

Duncan GE, Little KY, Kirkham JA, Kaldas RS, Stumpf WE and Breese GR (1992)
Autoradiographic characterization of [*Hlimipramine and [*H]citalopram binding
in rat and human brain: Species differences and relationships to serotonin inner-
vation patterns. Brain Res 591:181-197.

Eaton MJ and Whittemore SR (1990) Adrenocorticotropic hormone activation of
adenylate cyclase in raphe neurons: Multiple regulatory pathways control seroto-
nergic neuronal differentiation. J Neurobiol 28:465—481.

El Kafi B, Cespuglio R, Léger L, Marinesco S and Jouvet M (1994) Is the nucleus
raphe dorsalis a target for the peptides possessing hypnogenic properties? Brain
Res 637:211-221.

El Mansari M and Blier P (1996) Functional characterization of 5-HT;, autorecep-

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

AUTOREGULATION OF SEROTONIN NEURONS 583

tors on the modulation of 5-HT release in guinea pig mesencephalic raphe, hip-
pocampus and frontal cortex. Br J Pharmacology 118:681-689.

El Mansari M, Bouchard C and Blier P (1995) Alteration of serotonin release in the
guinea pig orbito-frontal cortex by selective serotonin reuptake inhibitors. Neuro-
psychopharmacology 13:117-127.

Engel G, Gothert M, Hoyer D, Schlicker E and Hillenbrand K (1986) Identity of
inhibitory presynaptic 5-hydroxytryptamine (5-HT) autoreceptors in the rat brain
cortex with 5-HT,g binding sites. Naunyn-Schmiedebergs Arch Pharmacol 332:
1-7.

Erlander MG, Lovenberg TW, Baron BM, De Lecea L, Danielson PE, Racke M, Slone
AL, Siegel BW, Foye PE, Cannon K, Burns JE and Sutcliffe JG (1993) Two
members of a distinct subfamily of 5-hydroxytryptamine receptors differentially
expressed in rat brain. Proc Natl Acad Sci USA 90:3452-3456.

Escandon NA, Zimmerman DC and McCall RB (1994) Characterization of the
serotoninlA receptor antagonist activity of WAY-100135 and spiperone. o/ Phar-
macol Exp Ther 268:441-4417.

Fallon J and Loughlin S (1982) Monoamine innervation of the forebrain: Collater-
alization. Brain Res Bull 9:295-307.

Fattaccini CM, Bolanos-Jimenez F, Gozlan H and Hamon M (1990) Tianeptine
stimulates uptake of 5-hydroxytryptamine in vivo in the rat brain. Neuropharma-
cology 29:1-18.

Felten DL and Cummings JP (1979) The raphe nuclei of the rabbit brain stem.
J Comp Neurol 187:199-244.

Felten DL and Harrigan P (1980) Dendrite bundles in nuclei raphe dorsalis and
centralis superior of the rabbit: A possible substrate for local control of serotoner-
gic neurons. Neurosci Lett 16:275-280.

Ferré S and Artigas F (1993) Dopamine D, receptor-mediated regulation of serotonin
extracellular concentration in the dorsal raphe nucleus of freely moving rats.
JJ Neurochem 61:772-775.

Ferré S, Cortés R and Artigas F (1994) Dopaminergic regulation of the serotonin
raphe-striatal pathway: Microdialysis studies in freely moving rats. J Neurosci
14:4839-4846.

Ferrer A and Artigas F (1994) Effects of single and chronic treatment with tranyl-
cypromine on extracellular serotonin in rat brain. Eur J Pharmacol 263:227-234.

Feuerstein TJ, Lupp A and Hertting G (1987) The serotonin (5-HT) autoreceptor in
the hippocampus of the rabbit: Role of 5-HT biophase concentration. Neurophar-
macology 26:1071-1080.

Fink K, Schlicker E, Neise A and Géthert M (1990) Involvement of presynaptic
5-HT3 receptors in the inhibitory effect of histamine on serotonin release in the rat
brain cortex. Naunyn-Schmiedebergs Arch Pharmacol 342:513-519.

Fletcher A, Bill DJ, Bill SJ, Cliffe TA, Dover GM, Forster EA, Haskins JT, Jones D,
Mansell HL and Reilly Y (1993) WAY100135: A novel, selective antagonist at
presynaptic and postsynaptic 5-HT1A receptors. Eur J Pharmacol 237:283-291.

Fonnum F and Walberg F (1973) An estimation of the concentration of GABA and
glutamate decarboxylase in the inhibitory Purkinje axon terminals in the cat.
Brain Res 54:115-127.

Fontanges R, Mimouni J, De Grieve X, Picard J, Pugeat M and Bange C (1993) Effect
of tianeptine on neuroendocrine, enzyme and behavioral responses to restraint
stress in male rats. Eur Psychiatry 8:67-72.

Foote WE, Taber-Pierce E and Edwards L (1978) Evidence for a retinal projection to
the midbrain raphe of the cat. Brain Res 156:135-140.

Foreman MM, Fuller RW, Rasmussen K, Nelson DL, Calligaro DO, Zhang L, Barrett
JE, Booher RN, Paget CJ Jr and Flaugh ME (1994) Pharmacological character-
ization of LY293284: A 5-HT 5 receptor agonist with high potency and selectivity.
o Pharmacol Exp Ther 270:1270-1281.

Fornal CA, Litto JW, Metzler CW, Marrosu F, Tada K and Jacobs BL (1994a)
Single-unit responses of serotonergic dorsal raphe neurons to 5-HT;, agonist and
antagonist drug administration in behaving cats. J Pharmacol Exp Ther 270:
1345-1358.

Fornal CA, Marrosu F, Metzler W, Tada K and Jacobs BL (1994b) Effects of the
putative 5-hydroxytryptaminelA antagonists BMY 7378, NAN 190 and (—)-
propranolol on serotonergic dorsal raphe unit activity in behaving cats. J Phar-
macol Exp Ther 270:1359-1366.

Fornal CA, Metzler CW, Veasey SC, McCreary AC, Dourish CT and Jacobs BL
(1994¢) Single-unit studies in behaving animals provide evidence that WAY-
100635, but not (s)-WAY-100135, blocks the action of endogenous serotonin at the
5-HT autoreceptor. J Pharmacol Exp Ther 270:1345-1358.

Forster EA, Cliffe IA, Bill DJ, Dover GM, Jones D, Reilly Y and Fletcher A (1995) A
pharmacological profile of the selective silent 5-HT1A receptor antagonist, WAY-
100635. Eur J Pharmacol 281:81-88.

Frankfurt M, McKittrick CR and McEwen BS (1993) Changes in serotonin receptor
subtypes induced by short- and long-term antidepressant treatment. 23rd Neuro-
science Meeting, Abstract 564.2, November 7-12, Washington, DC.

Frankfurt M, McKittrick CR, McEwen BS and Luine VN (1984) Tianeptine treat-
ment induces regionally specific changes in monoamines. Brain Res 696:1-6.

Fueri C, Faudon M, Hery M and Hery F (1984) Release of serotonin from perikarya
in cat nodose ganglia. Brain Res 304:173-177.

Fuyjita M, Shimada S, Maeno H, Nishimura T, Tohyama M (1993) Cellular localiza-
tion of serotonin transporter mRNA in the rat brain. Neurosci Lett 162:59—62.
Fuller RW (1994) Uptake inhibitors increase extracellular serotonin concentration

measured by brain microdialysis. Life Sci 55:163-167.

Fuxe K (1965) Evidence for the existence of monoamine neurons in the central
nervous system. IV. Distribution of monoamine nerve terminals in the central
nervous system. Acta Physiol Scand Suppl 64:37—85.

Gallager DW and Aghajanian GK (1976) Effect of antipsychotic drugs on the firing
of dorsal raphe cells. II. Reversal by picrotoxin. Eur J Pharmacol 39:357-364.
Galzin A-M, Moret C, Verzier B and Langer SZ (1985) Interaction between tricyclic
and nontricyclic 5-hydroxytryptamine uptake inhibitors and the presynaptic 5-hy-
droxytryptamine inhibitory autoreceptors in the rat hypothalamus. J Pharmacol
Exp Ther 235:200-211.

Galzin A-M, Poirier MF, Lista A, Chodkiewicz JP, Blier P, Ramdine R, Lo6 H, Roux

FX, Redondo A and Langer SZ (1992) Characterization of the 5-hydroxytryptamine
receptor modulating the release of 5-[*H]hydroxytryptamine in slices of the human
neocortex. J Neurochem 59:1293-1301.

Galzin A-M, Poncet V and Langer SZ (1990) 5-HTj receptor agonists enhance the
electrically-evoked release of [*H]-5-HT in guinea-pig frontal cortex slices. Br
Pharmacol 101:307P.

Gamrani H, Calas A, Belin MF, Aguera M and Pujol JF (1979) High resolution
radioautographic identification of [*H]GABA-labeled neurons in the rat nucleus
raphe dorsalis. Neurosci Lett 15:43—48.

Gamrani H, Harandi M, Belin MF, Dubois MP and Calas A (1984) Direct electron
microscopic evidence for the coexistence of GABA uptake and endogenous seroto-
nin in the same rat central neurons (by coupled radioautographic and immunocy-
tochemical procedures). Neurosci Lett 48:25-30.

Gao B, Fritschy JM, Benke D and Mohler H (1993) Neuron-specific expression of
GABA,-receptor subtypes: Differential association of the a;- and az-subunits with
serotonergic and GABAergic neurons. Neuroscience 4:881-892.

Garratt JC, Kidd EJ, Wright IK and Marsden CA (1991) Inhibition of 5-hydroxy-
tryptamine neuronal activity by the 5-HT agonist, DOI. Eur J Pharmacol 199:
349-355.

Gartside SE, Umbers V, Hajos M and Sharp T (1995) Interaction between a selective
5-HT1A receptor antagonist and an SSRI in vivo: Effects on 5-HT cell firing and
extracellular 5-HT. Br J Pharmacol 115:1064-1070.

Gleiter CH and Nutt DJ (1988) Repeated electroconvulsive shock does not change
[3H]-par0xetine binding to the 5-HT uptake site in rat cortical membranes. Psy-
chopharmacology 95:68-70.

Glennon RA, Seoung-Soo H, Dukat M, Teitler M and Davis K (1994) 5-(nony-
loxy)tryptamine: A novel high-affinity 5-HT1Dp serotonin receptor agonist. J Med
Chem 37:2828-2830.

Glitz DA and Pohl R (1991) 5-HT,;, partial agonists what is their future? Drugs
41:11-18.

Gobbi M, Cavanus S, Miari A and Mennini T (1991) Effect of acute and chronic
administration of buspirone on serotonin and benzodiazepine receptor subtypes in
the rat brain: An autoradiographic study. Neuropharmacology 304:313-321.

Gobbi M, Frittoli E and Mennini T (1990) The modulation of [*H]noradrenaline and
[*Hlserotonin release from rat brain synaptosomes is not mediated by agp-
adrenoceptor subtype. Naunyn-Schmiedebergs Arch Pharmacol 342:382-386.

Gobert A, Lejeune F, Rivet JM, Audinot V, Newman-Tancredi A and Millan MJ
(1995) Modulation of the activity of central serotoninergic neurons by novel
serotoninlA receptor agonists and antagonists: A comparison to adrenergic and
dopaminergic neurons in rats. J Pharmacol Exp Ther 273:1032—-1046.

Godbout R, Chaput Y, Blier P and de Montigny C (1991) Tandospirone and its
metabolite, 1-(2-pyrimidinyl)-piperazine—II. Effects of acute administration of
1-PP and long-term administration of tandospirone on noradrenergic neurotrans-
mission. Neuropharmacology 30:691-701.

Godbout R, Chaput Y, Blier P and de Montigny C (1991) Tandospirone and its
metabolite, 1-(2-pyramidinyl)-piperazine. I. Effects of acute and long-term admin-
istration of tandospirone on serotonin neurotransmission. Neuropharmacology
30:679-690.

Goldermann M, Hanke W and Schlue W-R (1994) Modulation of K"-channels in
p-neurons of the leech CNS by phosphorylation. J Comp Physiol A Sens Neural
Behav Physiol 174:231-237.

Géthert M (1980) Serotonin-receptor-mediated modulation of Ca®*-dependent 5-hy-
droxytryptamine release from neurons of the rat brain cortex. Naunyn-
Schmiedebergs Arch Pharmacol 314:223-230.

Gothert M (1990) Presynaptic serotonin receptors in the central nervous system. Ann
NY Acad Sci 604:102-112.

Gothert M, Huth H and Schlicker E (1981) Characterization of the receptor subtype
involved in a-adrenoceptor-mediated modulation of serotonin release from rat
brain cortex slices. Naunyn-Schmiedebergs Arch Pharmacol 317:199-203.

Gothert M and Schlicker E (1991) Regulation of serotonin release in the central
nervous system by presynaptic heteroceptors, in Presynaptic Regulation of Neu-
rotransmitter Release: A Handbook (Feigenbaum J and Hanani M eds) pp 845—
876, Freund, Tel Aviv.

Gozlan H, El Mestikawy S, Pichat A, Glowinski J and Hamon M (1983) Identification
of presynaptic serotonin autoreceptors using a new ligand *HPAT. Nature (Lond)
305:140-142.

Gozlan H, Laporte A-M, Thibault S, Schechter LE, Bolafos F and Hamon ML (1994)
Differential effects on N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) on
various 5-HT receptor binding sites in the rat brain. Neuropharmacology 33:423—
431.

Gradin K, Qadri F, Nomikos GG, Hillegaart V and Svensson TH (1992) Substance P
injection into the dorsal raphe increases blood pressure and serotonin release in
hippocampus of conscious rats. Eur J Pharmacol 218:363-367.

Graham D, Esnaud H, Habert E and Langer SZ (1989) A common binding site for
tricyclic and nontricyclic 5-hydroxytryptamine uptake inhibitors at the substrate
recognition site of the neuronal sodium-dependent 5-hydroxytryptamine trans-
porter. Biochem Pharmacol 38:3819-3826.

Graham D, Esnaud H and Langer SZ (1991) Characterization and purification of the
neuronal sodium-ion-coupled 5-hydroxytryptamine transporter. Biochem Soc
Trans 19:99-102.

Graham D, Tahraoui L and Langer SZ (1987) Effect of chronic treatment with
selective monoamine oxidase inhibitors and specific 5-hydroxytryptamine uptake
inhibitors on [3H]par0xetine binding to cerebral cortical membranes of the rat.
Neuropharmacology 26:1087-1092.

Greuel JM and Glaser T (1992) The putative 5-HT; 5 receptor antagonists NAN-190
and BMY 7378 are partial agonists in the rat dorsal raphe nucleus in vitro. Eur
J Pharmacol 211:211-219.

Griebel G (1995) 5-Hydroxytryptamine-interacting drugs in animal models of anxi-
ety disorders: More than 30 years of research. Pharmacol Ther 65:319-395.

Gripenberg J (1976) Inhibition by reserpine, guanethidine and imipramine of the

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

584 PINEYRO AND BLIER

uptake of 5-hydroxytryptamine by rat peritoneal mast cells in vivo. Acta Physiol
Scand 96:407-416.

Grzanna R and Molliver ME (1980) The locus coeruleus in the rat: An immunohis-
tochemical delineation. Neuroscience 5:21—-40.

Gu H, Wall SC and Rudnick G (1994) Stable expression of biogenic amine transport-
ers reveals differences in inhibitor sensitivity, kinetics and ion dependence. J Biol
Chem 269:7124-7130.

Gu XF and Azmitia EC (1993) Integrative transporter-mediated release from cyto-
plasmic and vesicular 5-hydroxytryptamine stores in cultured neurons. Eur
JJ Pharmacol 235:51-57.

Gurling J, Ashworth-Preece MA, Hartley JE, Fletcher A, Dourish CT and Routledge
C (1993) Effects of the putative 5-HT;, receptor antagonist SDZ 216.525 in two
models of somatodendritic 5-HT;, autoreceptor function. Br J Pharmacol 108:
255P.

Habert E, Graham D, Tahraoul L, Claustre Y and Langer SZ (1985) Characterization
of [3H]par0xetine binding to rat cortical membranes. Eur J Pharmacol 118:107—
114.

Haddjeri N and Blier P (1995) Pre- and post-synaptic effects of the 5-HT3 agonist
2-methyl-5-HT on the 5-HT system in the rat brain. Synapse 20:54—67.

Haddjeri N, Blier P and de Montigny C (1996) Effect of the ap-adrenoceptor antag-
onist mirtazapine on the 5-HT system in the rat brain. J Pharmacol Exp Ther
277:861-871.

Haddjeri N, Blier P and de Montigny C (1997) Effects of long-term treatment with
the ay-adrenoceptor antagonist mirtazapine on 5-HT neurotransmission Naunyn-
Schmiedebergs Arch Pharmacol 355:20—-29.

Haddjeri N, Blier P and de Montigny C (1998) Long-term antidepressant treatments
result in a tonic activation of forebrain 5-HT;, receptors. J Neurosci 18:10150—
10156.

Haddjeri N, de Montigny C and Blier P (1999) Modulation of the firing activity of rat
serotonin and noradrenaline neurons by (+)pindolol. Biol Psychiatry 45:1163—
1169.

Hadrava V, Blier P, Dennis T, Ortemann C and de Montigny C (1995) Character-
ization of 5-hydroxytryptaminelA properties of flesinoxan: In vivo electrophysiol-
ogy and hypothermia study. Neuropharmacology 34:1311-1326.

Hajés M, Gartside SE and Sharp T (1995) Inhibition of median and dorsal raphe
neurons following administration of the selective serotonin reuptake inhibitor
paroxetine. Naunyn-Schmiedebergs Arch Pharmacol 351:624—629.

Hajés M and Sharp T (1998) Afferent regulation of dorsal raphe 5-HT neurones:
Possible role of cortical postsynaptic 5-HT 5 receptors. Soc Neurosci Abst 24:1108.

Hall DWR, Logan BW and Parsons GH (1969) Further studies on the inhibition of
monoamine oxidase by M and B 9302 (Clorgyline). Biochem Pharmacol 18:1447—
1454.

Hamblin MW, McGuffin RW, Metcalf MA, Dorsa DM and Merchant KM (1992a)
Distinct 5-HT;p and 5-HT,p, serotonin receptors in rat: Structural and pharmaco-
logical comparison of the two cloned receptors. Mol Cell Neurosci 3:578-587.

Hamblin MW and Metcalf MA (1991) Primary structure and functional character-
ization of a human 5-HT;p-type serotonin receptor. Mol Pharmacol 40:143-148.

Hamblin MW, Metcalf MA, McGuffin RW and Karpells S (1992b) Molecular cloning
and functional characterization of a human 5-HT;p serotonin receptor: A homo-
logue of the rat 5-HT,p receptor with 5-HT,p-like pharmacological specificity.
Biochem Biophys Res Commun 184:752-759.

Hamel E and Bouchard D (1991) Contractile 5-HT1 receptors in human isolated pial
arterioles: Correlation with 5-HT,p, binding sites. Br J Pharmacol 102:227-233.
Hamel E, Gregoire L and Lau B (1993) 5-HT1 receptors mediating contraction in
bovine cerebral arteries: A model for human cerebrovascular 5-HT,p; receptors.

Eur J Pharmacol 242:75-82.

Hamon M, Bourgoin S, Gozlan H, Hall MD, Goetz C, Artaud F and Horn AS (1984)
Biochemical evidence for the 5-HT agonist properties of PAT (8-hydroxy-2-(di-n-
propylamino)tetralin) in the rat brain. Eur J Pharmacol 100:263-276.

Harandi M, Aguera M, Gamrani H, Didier M, Maitre M, Calas A and Belin MF
(1987) y-Aminobutyric acid and 5-hydroxytryptamine interrelationship in the rat
nucleus raphe dorsalis: Combination of radioautographic and immunocytochemi-
cal techniques at light and electron microscopy levels. Neuroscience 21:237-251.

Hayakawa H, Okamoto Y, Shimizu M, Nishida A, Motohashi N and Yamawaki S
(1995) Single or repeated treatment with electroconvulsive shock increases num-
ber of serotonin uptake binding sites in the frontal cortex. Biol Psychiatry 31:1-5.

Harris W (1981) Neural activity and development. Annu Rev Physiol 43:689-710.

Hartig PR, Branchek TA and Weinshank RL (1992) A subfamily of 5-HT,p, receptor
genes. Trends Pharmacol Sci 13:152-159.

Hashimoto K, Inoue O, Suzuki K, Yamasaki T and Kojima M (1987) Synthesis and
evaluation of ['Clcyanoimipramine. Int J Radiat Appli Instr Part B 14:587-592.

Heald A, Stanton JA, Osborne S-A, Middlemiss DN and Beer MS (1994) [PHIL-
694,247 labells the 5-HT;p; receptor in pig caudate membranes. Eur JJ Pharmacol
264:213-216.

Heils A, Teufel A, Petri S, Seemann M, Bengel D, Balling U, Riederer P and Lesch
K-P (1995) Functional promoter and polyadenylation site mapping of the human
serotonin (5-HT) transporter gene. JJ Neural Transm 102:247-254.

Hensler JG, Kovachich GB and Frazer A (1991) A quantitative autoradiographic
study of serotoninlA receptor regulation effect of 5,7-dihydroxytryptamine and
antidepressant treatments. Neuropsychopharmacology 4:131-144.

Herbert H and Saper CB (1992) Organization of medullary adrenergic and norad-
renergic projections to the periaqueductal gray matter in the rat. J Comp Neurol
315:34-52.

Herkenham M and Nauta WJ (1977) Afferent connections of the habenular nuclei in
the rat. A horseradish peroxidase study, with a note on the fiber-of-passage
problem. J Comp Neurol 173:123-146.

Herrick-Davis K and Titeler M (1988) Detection and characterization of the seroto-
nin 5-HTp receptor in rat and human brain. J Neurochem 50:1624-1631.

Heuring RE and Peroutka SJ (1987) Characterization of a novel *H-5-hydroxytryp-
tamine binding site subtype in bovine brain membranes. J Neurosci 7:894-903.

Heuring RE, Schlegel RJ and Peroutka SJ (1986) Species variations in RU24969
interactions with non-5-HT1A binding sites. Eur J Pharmacol 122:279-282.

Héry F, Faudon M and Fueri C (1986) Release of serotonin in structures containing
serotoninergic nerve cell bodies: Dorsalis raphe nucleus and nodose ganglia of the
cat. Ann NY Acad Sci 473:239-255.

Heym J, Trulson ME and Jacobs BL (1981) Effects of adrenergic drugs on raphe unit
activity in freely moving cats. Eur J Pharmacol 74:117-125.

Higgins GA, Jordan CC and Skingle M (1991) Evidence that the unilateral activation
of 5HTp receptors in the substantia nigra of the guinea pig elicits contralateral
rotation. Br o Pharmacol 102:305-310.

Hitchcott PK, File SE, Ekwuru M and Neal MdJ (1990) Chronic diazepam treatment
in rats causes long-lasting changes in central [*H]-5-hydroxytryptamine and [14C]-
gamma-aminobutyric acid release. Br J Pharmacol 99:11-21.

Hjorth S (1993) Serotonin 5-HT; , autoreceptor blockade potentiates the ability of the
5-HT reuptake inhibitor citalopram to increase nerve terminal output of 5-HT in
vivo: A microdialysis study. J Neurochem 60:776-779.

Hjorth S and Magnusson T (1988) The 5-HT1A receptor agonist, 8-OH-DPAT,
preferentially activates cell body 5-HT autoreceptors in rat brain in vivo. Naunyn-
Schmiedebergs Arch Pharmacol 338:463—471.

Hjorth S and Sharp T (1990) Mixed agonist/antagonist properties of NAN-190 at
5-HT,, receptors: Behavioural and in vivo brain microdialysis studies. Life Sci
46:955.

Hjorth S and Sharp T (1991) Effect of the 5-HT' 5 receptor agonist 8-OH-DPAT on the
release of 5-HT in dorsal and median raphe-innervated rat brain regions as
measured by in vivo microdialysis. Life Sci 48:1779-1786.

Hjorth S and Sharp T (1993) In vivo microdialysis evidence for central serotoninlA
and serotoninlB autoreceptor blocking properties of the beta adrenoceptor antag-
onist (—)penbutolol. J Pharmacol Exp Ther 265:707-712.

Hjorth S and Tao R (1991) The putative 5-HT;p receptor agonist CP-93129 sup-
presses rat hippocampal 5HT release in vivo: Comparison with RU 24969. Eur J
Pharmacol 209:249-252.

Hoffman BJ, Mezey E and Brownstein MdJ (1991) Cloning of a serotonin transporter
affected by antidepressants. Science (Wash DC) 254:579-580.

Hokfelt T, Johansson O, Fuxe K, Goldstein M and Park D (1976) Immunohistochem-
ical studies on the localization and distribution of monoamine neuron systems in
the rat brain. I. Tyrosine hydroxylase in the mes- and diencephalon. Med Biol
54:427-453.

Hokfelt T, Martensson R, Bjorklund A, Kleinau S and Goldstein S (1984) Distribu-
tional maps of tyrosine-hydroxylase-immunoreactive neurons in the rat brain, in
Handbook of Chemical Neuroanatomy, Classical Transmitters in the CNS (Hokfelt
T and Bjorklund A eds) vol 2, pp 277-379, Elsevier, Amsterdam.

Hopkins DA and Hoistege G (1978) Amygdaloid projections to the mesencephalon,
pons and medulla oblongata in the cat. Exp Brain Res 32:529-547.

Hornung P and Fristchy J (1988) Serotoninergic system in the brainstem of the
marmoset: A combined immunochemical and three-dimensional reconstruction
study. J Comp Neurol 270:471-480.

Houdouin F, Cespuglio R, Gharib A, Sarda N and Jouvet M (1991) Detection of the
release of 5-hydroxyindole compounds in the hypothalamus and the raphe dorsalis
throughout the sleep-waking cycle and during stressful situations in the rat: A
polygraphic and voltametric approach. Exp Brain Res 85:153-162.

Hoyer D (1990) Serotonin 5-HT;, 5-HT, and 5-HT-M receptors. Neuropsychophar-
macology 3:371-383.

Hoyer D, Engel G and Kalkman HO (1985a) Molecular pharmacology of 5-HT; and
5-HT, recognition sites in rat and pig brain membranes: Radioligand binding
studies with [*H]5-HT, [*H]8-OH-DPAT, (—)-[***Iliodocyanopindolol, [*H]mesul-
ergine and [®Hlketanserin. Eur J Pharmacol 118:13-23.

Hoyer D, Engel G and Kalkman HO (1985b) Characterization of the 5-HT1B recog-
nition site in rat brain: Binding studies with (—)-[?*IJodocyanopindolol. Eur
JJ Pharmacol 118:1-12.

Hoyer D and Middlemiss DN (1989) Species differences in the pharmacology of
terminal 5-HT autoreceptors in mammalian brain. Trends Pharmacol Sci 10:130—
132.

Hoyer D and Schoeffter P (1991) 5-HT receptors: Subtypes and second messengers.
J Receptor Res 11:197-214.

Hrdina PD (1984) Differentiation of two components of specific [*H]imipramine
binding in rat brain. Eur J Pharmacol 102:481-488.

Hrdina PD (1987a) Sodium-dependent [*]limipramine binding in rat hippocampus
and its relationship to serotonin. Can J Physiol Pharmacol 65:2422—2427.

Hrdina PD (1987b) Regulation of high- and low-affinity [*H]imipramine recognition
sites in rat brain by chronic treatment with antidepressants. Eur J Pharmacol
138:159-168.

Hrdina PD (1988) Inhibition of sodium-dependent [3H]imipramine binding in rat
brain by serotonin and serotonin uptake inhibitors. Eurd Pharmacol 148:279-282.

Hrdina PD, Foy B, Hepner A and Summers RJ (1990) Antidepressant binding sites
in brain: Autoradiographic comparison of [*H]paroxetine and [*H]imipramine
localization and relationship to serotonin transporter. J Pharmacol Exp Ther
252:410-418.

Hrdina PD, Pappas BA, Roberts DC, Bialik RJ and Ryan CL (1985) Relationship
between levels and uptake of serotonin and high affinity [*H]imipramine recogni-
tion sites in the rat brain. Can J Physiol Pharmacol 63:1239-1244.

Hrdina PD and Vu TB (1993) Chronic fluoxetine treatment upregulates 5-HT uptake
sites and 5-HT, receptors in rat brain: An autoradiographic study. Synapse 14:
324-331.

Hubbard JE and Di Carlo V (1974) Fluorescence histochemistry of monoamine-
containing cell bodies in the brainstem of the squirrel monkey (Saimiri sciureus).
II1. Serotonin containing groups. J Comp Neurol 153:385-398.

Hume SP, Pascali C, Pike VW, Turton DR, Ahier RG, Myers R, Bateman DM,
Cremer JE, Manjil LG and Dolan R (1991) Citalopram: Labelling with carbon-11
and evaluation in rat as a potential radioligand for in vivo PET studies of 5-HT
re-uptake sites. Int J Radiat Appl Instr Part B 18:339-351.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

AUTOREGULATION OF SEROTONIN NEURONS 585

Humphreys CJ, Levin J and Rudnick G (1988) Antidepressant binding to the porcine
and human platelet serotonin transporters. Mol Pharmacol 33:657—663.

Hutson PH, Sarna GS, O’Connell MT and Curzon G (1989) Hippocampal 5-HT
synthesis and release in vivo is decreased by infusion of 8-OH-DPAT into the
nucleus raphe dorsalis. Neurosci Lett 100:276-280.

Hyttel J (1982) Citalopram-pharmacological profile of a specific serotonin uptake
inhibitor with antidepressant activity. Prog Neuro-Psychopharmacol Biol Psychi-
atry 6:277-295.

Hyttel J, Overo KF and Arnt J (1984) Biochemical effects and drug levels in rats after
long-term treatment with the specific 5-HT-uptake inhibitor, citalopram. Psycho-
pharmacology 83:20-27.

Teni J and Meyerson L (1988) The 5HT 5 receptor probe [*H|8-OH-DPAT labels the
5HT transporter in human platelets. Life Sci 42:311-320.

Imai H, Steindler DA and Kitai ST (1986) The organization of divergent axonal
projections from the midbrain raphe nuclei in the rat. J Comp Neurol 243:363-380.

Innis RB and Aghajanian GK (1987) Pertussis toxin blocks 5-HT;, and GABAg
receptor-mediated inhibition of serotonergic neurons. Eur J Pharmacol 143:195—
204.

Invernizzi R, Belli S and Samanin R (1991) An increase of extracellular serotonin in
the dorsal raphe masks the effect of sertraline in the frontal cortex, in Monitoring
Molecules in Neuroscience (Rollema H, Westerink BHC and Drijthout WJ eds) pp
253-255, University Centre for Pharmacy, Groningen.

Invernizzi R, Belli S and Samanin R (1992a) Citalopram’s ability to increase the
extracellular concentrations of serotonin in the dorsal raphe prevents the drug’s
effect in the frontal cortex. Brain Res 584:322-342.

Invernizzi R, Bramante M and Samanin R (1994) Chronic treatment with citalopram
facilitates the effect of a challenge dose on cortical serotonin output: Role of
presynaptic 5-HT; 5 receptors. Eur J Pharmacol 260:243-246.

Invernizzi R, Pozzi L, Garattini S and Samani R (1992b) Tianeptine increases the
extracellular concentrations of dopamine in the nucleus accumbens by a serotonin-
independent mechanism. Neuropharmacology 3:221-227.

Iverfeldt K, Solti M and Bartfai T (1990) Substance P and neurokinin A, two
coexisting tachykinins stimulating the release of [*H]5-HT from rat cerebral cor-
tical slices. Brain Res 506:335-338.

Jacobs B and Azmitia E (1992) Structure and function of the brain serotonin system.
Physiol Rev 72:165-229.

Jacobs B, Gannon P and Azmitia E (1984) Atlas of serotoninergic cell bodies in the
cat brainstem: An immunocytochemichal analysis. Brain Res Bull 13:1-31.

Jacobs BL, Foote SL and Bloom FE (1978) Differential projections of neurons within
the dorsal raphe nucleus of the rat: A horseradish peroxidase (HRP) study. Brain
Res 147:149-153.

Jacobs BL and Fornal CA (1993) 5-HT and motor control: A hypothesis. Trends
Neurol Sci 16:346—-351.

Jacobowitz D and MacLean A (1978) A brainstem atlas of catecholaminergic and
serotonergic perikarya in a pigmy primate (Cebuella pygmaea). J Comp Neurol
177:397-416.

Jayanthi LD, Ramamoorthy S, Mahesh VB, Leibach FH and Ganapathy V (1994)
Calmodulin-dependent regulation of the catalytic function of the human serotonin
transporter in placental choriocarcinoma cells. J Biol Chem 269:14424-14429.

Jin H, Oksenberg D, Ashkenaz A, Peroutka SJ, Duncan AMV, Rozmahel R, Yang Y,
Mengod G, Palacios JM and O’'Dowd BF (1992) Characterization of the human
5-hydroxytryptamine,y receptor. J Biol Chem 267:5735-5738.

Johnson M and Ma P (1993) Localization of NADPH diaphorase activity in mono-
aminergic neurons of rat brain. J Comp Neurol 332:391-406.

Johnson MD (1994a) Electrophysiological and histochemical properties of postnatal
rat serotonergic neurons in dissociated cell culture. Neuroscience 63:775-7817.

Johnson MD (1994b) Synaptic glutamate release by postnatal rat serotonergic neu-
rons in microculture. Neuron 12:433—442.

Johnson MP and Nichols DE (1991) Combined administration of a non-neurotoxic
3,4-methylenedioxymethamphetamine analogue with amphetamine produces se-
rotonin neurotoxicity in rats. Neuropharmacology 30:819—822.

Jolas T, Haj-Dahmane S, Kidd EJ, Langlois X, Lanfumey L, Fattaccini CM, Vantalon
V, Laporte AM, Adrien J, Gozlan H and Hamon M (1994) Central pre- and
postsynaptic 5-HT1A receptors in rats treated chronically with a novel antidepres-
sant, cericlamine. J Pharmacol Exp Ther 268:1432-1443.

Jolas T, Haj-Dahmane S, Lanfumey L, Fattaccini CM, Kidd EJ, Adrien J, Gozlan H,
Guardiola-Lemaitre B and Hamon M (1993) (—)Tertatolol is a potent antagonist at
pre- and postsynaptic serotonin 5-HT;, receptors in the rat brain. Naunyn-
Schmiedebergs Arch Pharmacol 347:453—463.

Jones BJ, Burton M, Middlemiss DN, Price GW and Roberts C (1995) Are the
contrasting effects of GR 127935 and methiothepin on recombinant 5-HT,p, recep-
tor systems physiologically relevant (Abstract)? Eur J Neuropsychopharmacol
3:11-29.

Kalen P, Karlson M and Wiklund L (1985) Possible excitatory amino acid afferents
to nucleus raphe dorsalis of the rat investigated with retrograde wheat germ
agglutinin and D-[*H]aspartate tracing. Brain Res 360:285-297.

Kalen P, Skagerberg G and Lindvall O (1988a) Projections from the ventral tegmen-
tal area and mesencephalic raphe to the dorsal raphe nucleus in the rat: Evidence
for a minor dopaminergic component. Exp Brain Res 73:69-77.

Kalen P, Strecker RE, Rosengren E and Bjérklund A (1988b) Endogenous release of
neuronal serotonin and 5-hydroxyindoleacetic acid in the caudate-putamen of the
rat as revealed by intracerebral dialysis coupled to high-performance liquid chro-
matography with fluorimetric detection. J Neurochem 51:1422-1435.

Kalen P, Strecker RE, Rosengren E and Bjorklund A (1989) Regulation of striatal
serotonin release by the lateral habenula-dorsal raphe pathway in the rat as
demonstrated by in vivo microdialysis: Role of excitatory amino acids and GABA.
Brain Res 492:187-202.

Kalen P and Wiklund L (1989) Projections from the medial septum and diagonal
band of Broca to the dorsal and central superior raphe nuclei: A non-cholinergic
pathway. Exp Brain Res 75:401-416.

Kanner BI and Bendaham A (1985) Transport of 5-hydroxytryptamine in membrane
vesicles from rat basophilic leukemia cells. Biochim Biophys Acta 816:403—410.
Kanner BI and Schuldiner S (1987) Mechanism of transport and storage of neuro-

transmitters. Crit Rev Biochem 22:1-38.

Kapadia SE, de Lanerolle NC and Lamotte CC (1985) Immunocytochemical and
electron microscopic study of serotonin neuronal organization in the dorsal raphe
nucleus of the monkey. Neuroscience 15:729-746.

Kasamo K, Blier P and de Montigny C (1996) Blockade of the serotonin and norepi-
nephrine uptake processes by duloxetine—In vitro and in vivo studies in the rat
brain. J Pharmacol Exp Ther 277:278-286.

Kato G and Weitsch AF (1988) Neurochemical profile of tianeptine, a new antide-
pressant drug. Clin Neuropharmacol 11:43-50.

Katz DM and Kimelberg HK (1985) Kinetics and autoradiography of high affinity
uptake of serotonin primary astrocyte cultures. J Neurosci 7:1901-1908.

Kenakin T (1995) Agonist-receptor efficacy and receptor promiscuity. Trends Phar-
macol Sci 16:188-192.

Kenakin T (1996) The classification of seven transmembrane receptors in recombi-
nant expression systems. Pharmacol Rev 48:413—-463.

Kerwin RW and Pycock CJ (1979) The effect of some putative neurotransmitters on
the release of 5-hydroxytryptamine and Y-aminobutyric acid from slices of the rat
midbrain raphe area. Neuroscience 79:1359-1365.

Keyes SR and Rudnick G (1982) Coupling of transmembrane proton gradients to
platelet serotonin transport. J Biol Chem 257:1172-1176.

Khawaja X (1995) Quantitative autoradiographic characterization of the binding of
[3H]WAY-100635, a selective 5-HT;, receptor antagonist. Brain Res 6:217-225.
Khawaja X, Evans N, Reilly Y, Ennis C and Minchin MC (1995) Characterisation of
the binding of [PH|WAY-100635, a novel 5-hydroxytryptamine; , receptor antago-

nist, to rat brain. J Neurochem 64:2716-2726.

Kidd EJ, Garratt JC and Marsden CA (1991) Effects of repeated treatment with
1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) on the autoregulatory con-
trol of dorsal raphe 5-HT neuronal firing and cortical 5-HT release. Eur J Phar-
macol 200:131-139.

Kidd EJ, Haj-Dahmane S, Jolas T, Lanfumey L, Fattaccini CM, Guardiola-Lemaitre
B, Gozlan H and Hamon M (1993) New methoxy-chroman derivatives, 4[N-(5-
methoxy-chroman-3-yl)N-propylamino]butyl-8-azaspiro-(4,5)-decane-7,9-dione
[(%£)-S 20244] and its enantiomers, (+)-S 20499 and (—)-S 20500, with potent
agonist properties at central 5-hydroxytryptamine;, receptors. J Pharmacol Exp
Ther 264:863—872.

Kimelberg HK and Katz DM (1985) High-affinity uptake of serotonin into immuno-
cytochemically identified astrocytes. Science (Wash DC) 228:889—891.

King SC, Tiller AA, Chang AS-S and Lam DM-K (1992) Differential regulation of the
imipramine-sensitive serotonin transporter by cAMP in human JAr choriocarci-
noma cells, rat PC12 pheochromocytoma cells and C33-14-B1 transgenic mouse
fibroblast cells. Biochem Biophys Res Commun 183:487—491.

Kinnier WJ, Chuang DM and Costa E (1980) Down regulation of dihydroalprenolol
and imipramine binding sites in brain of rats repeatedly treated with imipramine.
Eur J Pharmacol 67:289-294.

Kitazawa T, Kubo O, Satoh M and Taneike T (1998) Involvement of 5-hydroxytryp-
tamine; receptors in inhibition of porcine myometrial contractility by 5-hydroxy-
tryptamine. Br J Pharmacol 123:173-182.

Koe BK, Lebel LA, Fox CB, Schmidt AW, Schulz DW and Macor JE (1994) Novel
tryptamine derivatives with a 5-(3-nitro-2-pyridylamino) moiety bind preferen-
tially to 5-HTp receptors. J Med Chem 633:14.

Koe BK, Nielsen JA, Macor JE and Heym J (1992) Biochemical and behavioral
studies of the 5-HT;g receptor agonist, CP-94,253. Drug Dev Res 26:241-250.

Kohler C and Steinbusch H (1982) Identification of serotonin and non-serotonin
containing neurons of the midbrain raphe projecting to the entorhinal area and the
hippocampal formation. A combined immunohistochemical and fluorescent retro-
grade tracing in the rat brain. Neuroscience 7:951-975.

Kosofsky BE and Molliver ME (1987) The serotoninergic innervation of cerebral
cortex: Different classes of axon terminals arise from dorsal and median raphe
nuclei. Synapse 1:153-168.

Kovachich GB, Aronson CE and Brunswick DJ (1992) Effect of repeated adminis-
tration of antidepressants on serotonin uptake sites in limbic and neocortical
structures of rat brain determined by quantitative autoradiography. Neuropsycho-
pharmacology 7:317-324.

Kovachich GB, Aronson CE, Brunswick DJ and Frazer A (1988) Quantitative auto-
radiography of serotonin uptake sites in rat brain using [*H]cyanoimipramine.
Brain Res 454:78—88.

Kreiss DS and Lucki I (1992) Desensitization of 5-HT;, autoreceptors by chronic
administration of 8-OH-DPAT. Neuropharmacology 31:1073-1076.

Kreiss DS and Lucki I (1994) Differential regulation of serotonin (5-HT) release in
the striatum and hippocampus by 5-HT, 5 autoreceptors of the dorsal and median
raphe nuclei. J Pharmacol Exp Ther 269:1268-1279.

Kuhar MJ, Roth RH and Aghajanian GK (1972) Synaptosomes from forebrains of
rats with midbrain raphe lesions: Selective reduction of serotonin uptake. J Phar-
macol Exp Ther 181:36—45.

Kuikka JT, Tiihonen J, Bergstrom KA, Karhu J, Hartikainen P, Viinam#ki H,
Lansimies E, Lehtonen J and Hakola P (1995) Imaging of serotonin and dopamine
transporters in the living human brain. Eur J Nucl Med 22:346-350.

Kuroda Y, Watanabe Y and McEwen BS (1994) Tianeptine decreases both serotonin
transporter mRNA and binding sites in rat brain. Eur J Pharmacol 268:3-5.

Labrid C, Moleyre J, Poignant JC, Malen C, Mocaér E and Kamoun A (1988)
Structure-activity relationships of tricyclic antidepressants, with special reference
to tianeptine. Clin Neuropharmacol 11:21-31.

Laezza F, Galli A, Risso S, Duke BJ, Defelice LJ and Blakely RD (1994) Electrogenic
properties of human monoamine transporters. 24th Neuroscience Meeting, Ab-
stract 267.3.

Lakoski JM and Aghajanian G (1985) Effects of ketanserin on neuronal responses to
serotonin in the prefrontal cortex lateral geniculate and dorsal raphe nucleus.
Neuropharmacology 24:265-273.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

586 PINEYRO AND BLIER

Lanfumey L, Haj-Dahmane S and Hamon M (1993) Further assessment of the
antagonist properties of the novel and selective 5-HT1A receptor ligands (+)-WAY
100 135 and SDZ 216-525. Eur J Pharmacol 249:25-35.

Langer SZ, Galzin AM, Poirier MF, Loo H, Sechter D and Zarifian E (1987) Associ-
ation of [3H]—imipramine and [°H] -paroxetine binding with the 5HT transporter in
brain and platelets: Relevance to studies in depression. J Receptor Res 7:499-521.

Langer SZ and Moret C (1982) Citalopram antagonizes the stimulation by lysergic
acid diethylamide of presynaptic inhibitory serotonin autoreceptors in the rat
hypothalamus. J Pharmacol Exp Ther 222:220-226.

Langer SZ, Moret C, Raisman R, Dubocovich ML and Briley M (1980a) High-affinity
[*Hlimipramine binding in rat hypothalamus: Association with uptake of seroto-
nin but not of norepinephrine. Science (Wash DC) 210:1133-1135.

Langer SZ and Raisman R (1983) Binding of [3H]imipramine and [3H]desipramine as
biochemical tools for studies in depression. Neuropharmacology 22:407—413.

Langer SZ, Raisman R and Briley MS (1980b) Stereoselective inhibition of [*H]-
imipramine binding by antidepressant drugs and their derivatives. Eur J Phar-
macol 64:89-90.

Langer SZ and Schoemaker H (1988) Effects of antidepressants on monoamine
transporters. Prog Neuro-Psychopharmacol Biol Psychiatry 12:193-216.

Langlois M, Brémont B, Rousselle D and Gaudy F (1993) Structural analysis by the
comparative molecular field analysis method of the affinity of B-adrenoceptor
blocking agents for 5-HT;, and 5-HT;y receptors. Eur J Pharmacol 244:77—87.

Laporte AM, Koscielniak T, Ponchant M, Vergé D, Hamon M and Gozlan H (1992)
Quantitative autoradiographic mapping of 5-HT3 receptors in the rat CNS using
[*25TJiodo-zacopride and [®]zacopride as radioligands. Synapse 10:271-281.

Laruelle M, Baldwin RM, Malison RT, Zea-Ponce Y, Zoghbi SS, Al-Tikriti MS,
Sybirska EH, Zimmermann RC, Wisniewski G, Neumeyer JL, Milius RA, Wang S,
Smith EO, Roth RH, Charney DS, Hoffer PB and Innis RB (1993) SPECT imaging
of dopamine and serotonin transporters with ['2°I]8-CIT: Pharmacological char-
acterization of brain uptake in nonhuman primates. Synapse 13:295-309.

Lasne MC, Pike VW and Turton DR (1989) The radiosynthesis of [N-methyl-*1C]-
sertraline. Int J Radiat Appli Instr Part A 40:147-151.

Launay J-M, Geoffroy C, Mutel V, Buckle M, Cesura JE, Alouf JE and Da Prada M
(1992) One-step purification of the serotonin transporter located at the human
platelet plasma membrane. J Biol Chem 16:11344-11351.

Lawrence JA, Charters AR, Butcher SP, Kelly JS and Olverman HdJ (1995a) Recog-
nition of 5-HT transporter by antipeptide antibodies. Biochem Soc Trans 23:473.

Lawrence JA, Charters AR, Butcher SP, Kelly JS and Olverman HJ (1995b) 5-HT
transporter antibodies as a tool in serotonergic synaptosomal isolation. Biochem
Soc Trans 23:1155.

Leff P (1995) Two state model of receptor activation. Trends Pharmacol Sci 16:89—
97.

Leff P, Scaramellini C, Law C and McKechnie K (1997) A three-state receptor model
of agonist action. Trends Pharmacol Sci 18:355-362.

Léger L, Bonnet C, Cespuglio R and Jouvet M (1994) Immunocytochemical study of
the CLIP/ACTH-immunoreactive nerve fibres in the dorsal raphe nucleus of the
rat. Neurosci Lett 174:137-140.

Lejeune F, Rivet J-M, Gobert A, Hervé C and Millan MJ (1993) WAY 100,135 and
(—)-tertatolol act as antagonists at both 5-HT;, autoreceptors and postsynaptic
5-HT 5 receptors in vivo. Eur J Pharmacol 240:307-310.

Leonhardt S, Herrick-Davis K and Titeler M (1989) Detection of a novel serotonin
receptor subtype (5-T;g) in human brain: Interaction with a GTP-binding protein.
J Neurochem 53:465.

Le Poul E, Laaris N, Doucet E, Laporte AM, Hamon M and Lanfumey L (1995) Early
desensitization of somato-dendritic 5-HT;, autoreceptors in rats treated with
fluoxetine or paroxetine. Naunyn-Schmiedebergs Arch Pharmacol 352:141-148.

Lesch KP, Aulakh CS, Tolliver TJ, Hill JL. and Murphy DL (1991) Regulation of G
proteins by chronic antidepressant drug treatment in rat brain: Tricyclics but not
clorgyline increase G, subunits. Eur J Pharmacol 207:361-364.

Lesch KP, Aulakh CS, Wolozin BL, Tolliver TdJ, Hill JL. and Murphy DL (1993a)
Regional brain expression of serotonin transporter mRNA and its regulation by
reuptake inhibiting antidepressants. Mol Brain Res 17:31-35.

Lesch KP, Balling U, Gross J, Strauss K, Wolozin BL, Murphy DL and Riederer P
(1994) Organization of the human serotonin transporter gene. J Neural Transm
95:157-162.

Lesch KP and Bengel D (1995) Neurotransmitter reuptake mechanisms: Targets for
drugs to study and treat psychiatric, neurological and neuro-degenerative disor-
ders. CNS Drugs 4:302-322.

Lesch KP, Hough CJ, Aulakh CS, Wolozin BL, Tolliver TdJ, Hill JL, Acacia J, Chuang
D-M and Murphy DL (1992) Fluoxetine modulates G protein as, aq and «al2
subunit mRNA expression in rat brain. Eur J Pharmacol 227:233-2317.

Lesch KP and Manji HK (1992) Signal-transducing G proteins and antidepressant
drugs: Evidence for modulation of a subunit gene expression in rat brain. Biol
Psychiatry 32:549-579.

Lesch K-P, Wolozin BL, Ester HC, Murphy DL and Riederer P (1993b) Isolation of a
¢DNA encoding the human brain serotonin transporter. J Neural Transm 91:67—
72.

Lesch K-P, Wolozin BL, Murphy DL and Riederer P (1993¢) Primary structure of the
human platelet serotonin uptake site: Identity with the brain serotonin trans-
porter. J Neurochem 60:2319-2322.

Lester HA, Mager S, Quick MW and Janis LC (1994) Permeation properties of
neurotransmitter transporter. Annu Rev Pharmacol Toxicol 34:219-249.

Leveque C, Hoshino T, David P, Shoji-Kasai Y, Leys K, Omori A, Lang B, el Far O,
Sato K and Martin-Moutot N (1992) The synaptic vesicle protein synaptotagmin
associates with calcium channels and is a putative Lambert-Eaton myasthenic
syndrome antigen. Proc Natl Acad Sci USA 89:3625-3629.

Levi G and Raiteri M (1993) Carrier-mediated release of neurotransmitters. Trends
Neurol Sci 16:415-419.

Levine ES and Jacobs BL (1992) Neurochemical afferents controlling the activity of
serotonergic neurons in the dorsal raphe nucleus: Microiontophoretic studies in
the awake cat. JJ Neurosci 12:4037—-4044.

Levitt P, Pintar JE and Breakefield OX (1982) Immunocytochemical demonstration
of monoamine oxidase B in brain astrocytes and serotonergic neurons. Proc Natl
Acad Sci USA 79:6385—6389.

Levy FO, Gudermann T, Perez-Reyes E, Birnbaumer M, Kaumann AJ and Birn-
baumer L (1992) Molecular cloning of a human serotonin receptor (S12) with a
pharmacological profile resembling that of the 5-HT,p subtype. J Biol Chem
11:7553-7562.

Li Q, Brownfield MS, Levy AD, Battaglia G, Cabrera TM and Van de Kar LD (1994)
Attenuation of hormone responses to the 5-HT, agonist ipsapirone by long-term
treatment with fluoxetine, but not desipramine, in male rats. Biol Psychiatry
36:300-308.

Li Q, Takada M, Matsuzaki S, Shinonaga Y and Mizuno N (1993) Identification of
periaqueductal gray and dorsal raphe nucleus neurons projecting to both the
trigeminal sensory complex and forebrain structures: A fluorescent retrograde
double-labeling study in the rat. Brain Res 623:267-277.

Lidov H and Molliver M (1982) Immunohistochemical study of the development of
serotonergic neurons in the rat CNS. Brain Res Bull 9:559—-604.

Limberger N, Deicher R and Starke K (1991) Species differences in presynaptic
serotonin autoreceptors: Mainly 5-HT, 5 but possibly in addition 5-HT; in the rat,
5-HT;p in the rabbit and guinea pig brain cortex. Naunyn-Schmiedebergs Arch
Pharmacol 343:353-364.

Limberger N, Starke K and Singer EA (1990) Serotonin uptake blockers influence
serotonin autoreceptors by increasing the biophase concentration of serotonin and
not through a “molecular link.” Naunyn-Schmiedebergs Arch Pharmacol 342:363—
370.

Lista A, Blier P and de Montigny C (1990) Benzodiazepine receptors modulate
5-hydroxytryptamine neurotransmission in the rat hippocampus: In vivo electro-
physiological evidence. J Pharmacol Exp Ther 254:318-323.

Ljungdahl A, Hokfelt T and Nilsson G (1978) Distribution of substance P-like
immunoreactivity in the central nervous system of the rat. I. Cell bodies and
terminals. Neuroscience 3:861-943.

Lopez JF, Chalmers DT, Vazquez DM, Watson SJ and Akil H (1994) Serotonin
transporter mRNA in rat brain is regulated by classical antidepressants. Biol
Psychiatry 35:287-290.

Lorez H, Saner A and Richards J (1978) Evidence against a neurotoxic effect of
halogenated amphetamines on serotonergic By cells. A morphometric fluorescence
histochemical study. Brain Res 146:188-194.

Louilot A, Mocaér E, Simon H and Le Moal M (1990) Difference in the effects of the
antidepressant tianeptine on dopaminergic metabolism in the prefrontal cortex
and the nucleus accumbens of the rat. A voltametric study. Life Sci 47:1083-1089.

Lowther S, De Paermentier F, Crompton MR and Horton RW (1992) The distribution
of 5-HT;p and 5-HT;j binding sites in human brain. Eur J Pharmacol 222:137—
142.

Lucas JJ and Hen R (1995) New players in the 5-HT receptor field: Genes and
knockouts. Trends Pharmacol Sci 16:246—252.

Lum IT and Piercey MF (1988) Electrophysiological evidence that spiperone is an
antagonist of 5-HT;, receptors in the dorsal raphe nucleus. Eur J Pharmacol
149:9-15.

McCall RB, Romero AG, Bienkowski MdJ, Harris DW, McGuire JC, Piercey MF, Shuck
ME, Smith MW, Svensson KA, Schreur PJ, Carlsson A and Vonvoigtlander PF (1994)
Characterization of U-92016A as a selective, orally active, high intrinsic activity
5-hydroxytryptamine,, agonist. J Pharmacol Exp Ther 271:875-883.

McEwen BS (1991) Stress et hippocampe Le point sur les connaissances actuelles. La
Presse Med 37:1801-1806.

McEwen BS, Gould E and Sakai RR (1992) The vulnerability of the hippocampus to
protective and destructive effects of glucocorticoids in relation to stress. Br JJ
Psychiatry 160:18—-24.

McGinty DJ and Harper RM (1976) Dorsal raphe neurons depression of firing during
sleep in cats. Brain Res 101:569-575.

McKenna DJ, Guan X-M and Shulgin AT (1991) 3,4-Methylenedioxyamphetamine
(MDA) analogues exhibit differential effects on synaptosomal release of [*H]-
dopamine and [*H]-5-hydroxytryptamine. Pharmacol Biochem Behav 38:505-512.

Maenhault C, Van Sande J, Massart C, Dinsart C, Libert F, Monferini E, Giraldo E,
Ladinsky H, Vassart G and Dumont JE (1991) The orphan receptor cDNA RDC4
encodes a 5-HTp serotonin receptor. Biochem Biophys Res Commun 180:1460—
1468.

Maes M and Meltzer H (1995) The serotonin hypothesis of major depression, in
Psychopharmacology. The Fourth Generation of Progress (Bloom F and Kupfer D
eds) pp 933-944, Raven Press, New York.

Maes M, Vandoolaeghe E and Desnyder R (1996) Efficacy of treatment with traz-
odone in combination with pindolol or fluoxetine in major depression. J Affect Dis
41:201-210.

Mager S, Min C, Henry DJ, Chavkin C, Hoffman BJ, Davidson N and Lester HA
(1994) Conducting states of a mammalian serotonin transporter. Neuron 12:845—
859.

Magoul R, Onteniente B, Oblin A and Calas A (1986) Inter- and intracellular
relationship of substance P containing neurons with serotonin and GABA in the
dorsal raphe nucleus: Combination of autoradiographic and immunocytochemical
techniques. J Histochem Cytochem 34:735-T42.

Mahle CD, Nowak HP, Mattson RJ, Hurt SD and Yocca FD (1991) [*H]5-
carboxamidotryptamine labells multiple high affinity 5-HT;p-like sites in guinea
pig brain. Eur J Pharmacol 205:323-324.

Mamounas LA and Molliver ME (1988) Evidence for dual serotonergic projections to
neocortex: Axons from the dorsal and median raphe nuclei are differentially
vulnerable to the neurotoxin p-chloramphetamine (PCA). Exp Neurol 102:23-36.

Mamounas LA, Mullen CA, O’Hearn E and Molliver ME (1991) Dual serotoninergic
projections to forebrain in the rat: Morphologically distinct 5-HT axon terminals
exhibit differential vulnerability to neurotoxic amphetamine derivatives. J Comp
Neurol 314:558-586.

Mann CD and Hrdina PD (1992) Sodium dependence of [3H]paroxetine binding and
5-[*Hlhydroxytriptamine uptake in rat diencephalon. J Neurochem 59:1856—1861.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

AUTOREGULATION OF SEROTONIN NEURONS 587

Mann J, Fox Aarrons S, Frances A, Bernstein W and Brown R (1984) Studies of
selective and reversible monoamine oxidase inhibitors. J Clin Psychiatry 45:62—
66.

Marcusson J and Eriksson K (1988) Dissociation kinetics of [*H]paroxetine binding
to rat brain consistent with a single-site model of the antidepressant binding/5-
hydroxytryptamine uptake site. J Neurochem 51:1477-1481.

Marcusson JO, Andersson A and Béckstrom I (1989) Drug inhibition indicates a
single-site model of the 5-HT uptake site/antidepressant binding site in rat and
human brain. Psychopharmacology 99:17-21.

Marcusson JO, Backstrom IT and Ross SB (1986) Single-site model of the neuronal
5-hydroxytryptamine uptake and imipramine-binding site. Mol Pharmacol 30:
121-128.

Marcusson JO, Bergstrom M, Eriksson K and Ross SB (1988) Characterization of
[*Hlparoxetine binding in rat brain. J Neurochem 50:1783-1790.

Marcusson JO, Norinder U, Hogberg T and Ross SB (1992) Inhibition of [*H]parox-
etine binding by various serotonin uptake inhibitors: Structure-activity relation-
ships. Eur J Pharmacol 215:191-198.

Maroteaux L, Saudou F, Amlaiky N, Boschert U, Plassat JL. and Hen R (1992) The
motor 5-HT;y serotonin receptor: Cloning, functional expression and localisation
in motor control centers. Proc Natl Acad Sci USA 89:3020-3024.

Martin KF, Hannon S, Phillips I and Heal DJ (1992) Opposing roles for 5-HT;p and
5-HT; receptors in the control of 5-HT release in rat hippocampus in vivo. Br J
Pharmacol 106:139-142.

Martire M, Fuxe K, Pistritto G, Preziosi P and Agnati LF (1989) Neuropeptide Y
increases the inhibitory effects of clonidine on potassium evoked [3H]-
noradrenaline but not [*H]-5-hydroxytryptamine release from synaptosomes of the
hypothalamus and the frontoparietal cortex of the male Sprague-Dawley rat.
J Neural Trans 78:61-72.

Marzienkiewicz M, Morcos R and Chrétien M (1989) CNS connections with the
median raphe nucleus: Retrograde tracing with WGA-apoHRP-gold complex in the
rat. J Comp Neurol 290:11-35.

Massari J, Gottesfeld Z and Jacobowitz DM (1976) Distribution of glutamic acid
decarboxylase in certain rhombencephalic and thalamic nuclei of the rat. Brain
Res 118:147-151.

Matthes H, Boschert U, Amlaiky N, Grailhe R, Plassat J-L, Muscatelli F, Mattei M-G
and Hen R (1993) Mouse 5-hydroxytryptamines, and 5-hydroxytryptaminesg re-
ceptors define a new family of serotonin receptors: Cloning, functional expression
and chromosomal localization. Mol Pharmacol 43:313-319.

Maudhuit C, Hamon M and Adrien J (1995) Electrophysiological activity of raphe
dorsalis serotoninergic neurons in a possible model of endogenous depression.
Neuroreport 6:681-684.

Maura G, Andrioli GC, Cavazzani P and Raiteri M (1992a) 5-Hydroxytryptamine
receptors sited on cholinergic axon terminals of human cerebral cortex mediate
inhibition of acetylcholine release. J Neurochem 58:2334—-2337.

Maura G, Bonanno G and Raiteri M (1992b) Presynaptic alpha 2-adrenoceptors
mediating inhibition of noradrenaline and 5-hydroxytryptamine release in rat
cerebral cortex: Further characterization as different alpha 2-adrenoceptor sub-
types. Naunyn-Schmiedebergs Arch Pharmacol 345:410—-416.

Maura G, Gemignani A and Raiteri M (1982) Noradrenaline inhibits central seroto-
nin release through a2-adrenoceptors located on serotonergic nerve terminals.
Naunyn-Schmiedebergs Arch Pharmacol 320:272-274.

Maura G, Roccatagliata E and Raiteri M (1986) Serotonin autoreceptor in rat
hippocampus: Pharmacological characterization as a subtype of the 5-HT; recep-
tor. Naunyn-Schmiedebergs Arch Pharmacol 334:323-326.

Maura G, Thellung S, Andrioli GC, Ruelle A and Raiteri M (1993) Release-regulating
serotonin 5-HT;p, autoreceptors in human cerebral cortex. J Neurochem 60:1179—
1182.

Maura G, Ulivi M and Raiteri M (1987) (—)-Propranolol and (*)-cyanopindolol are
mixed agonists-antagonists at serotonin autoreceptors in the hippocampus of the
rat brain. Neuropharmacology 26:713-717.

Meister B, Johnson H and Ulfhake B (1995) Increased expression of serotonin
transporter messenger RNA in raphe neurons of the aged rat. Mol Brain Res
33:87-96.

Meller E, Goldstein M and Bohmaker K (1990) Receptor reserve for 5-HT;4-
mediated inhibition of serotonin synthesis: Possible relationship to anxiolytic
properties of 5-HT;, agonists. Mol Pharmacol 37:231-237.

Mengod G, Vilaro M, Raurich A, Lopezgimenez J, Cortes R and Palacios J (1996)
5-HT receptors in mammalian brain. Receptor autoradiography and in situ hy-
bridization studies of new ligands and newly identified receptors. Histochem J
28:747-758.

Mennini T and Garattini S (1991) Neurobiologie de la tianeptine: un nouveau réactif
pharmacologique. Presse Méd 20:1823-1827.

Mennini T, Mocaer E and Garattini S (1987) Tianeptine, a selective enhancer of
serotonin uptake in rat brain. Naunyn-Schmiedebergs Arch Pharmacol 336:478—
482.

Mennini T, Taddei C, Codegoni A, Gobbi M and Garattini S (1993) Acute noise stress
reduces [*H]5-hydroxytryptamine uptake in rat brain synaptosomes: Protective
effects of buspirone and tianeptine. Eur J Pharmacol 241:255-260.

Metcalf MA, McGuffin RW and Hamblin MW (1992) Conversion of the human
5-HT1Dp serotonin receptor to the rat 5-HT,p ligand-binding phenotype by
THR?®°ASN site directed mutagenesis. Biochem Pharmacol 44:1917-1920.

Miachon S, Berod A, Leger L, Chat M, Hartman B and Pujol JF (1984) Identification
of catecholamine cell bodies in the pons and pons-mesencephalic junction of the cat
brain, using tyrosine hydroxylase and dopamine-B-hydroxylase immunohisto-
chemistry. Brain Res 305:369-374.

Middlemiss DN (1984a) Stereoselective blockade at [°H]5-HT binding sites and at
the 5-HT autoreceptor by propranolol. Eur JJ Pharmacol 101:289.

Middlemiss DN (1984b) 8-Hydroxy-2-(di-n-propylamino) tetralin is devoid of activity
at the 5-hydroxytryptamine autoreceptor in rat brain. Implications for the pro-
posed link between the autoreceptor and the [*H]5-HT recognition site. Naunyn-
Schmiedebergs Arch Pharmacol 327:18-22.

Middlemiss DN (1986) Blockade of the central 5-HT autoreceptor by p-adrenoceptor
antagonists. Eur J Pharmacol 120:51-56.

Middlemiss DN (1987) Lack of effect of the putative 5-HT, 5 receptor agonist 8-OH-
DPAT on 5-HT release in vitro, in Brain 5-HT';, Receptors (Dourish C, Ahlenius S
and Hutson P eds) pp 82-93, Ellis Horwood, Chichester, England.

Middlemiss DN, Bremer ME and Smith SM (1988) A pharmacological analysis of the
5-HT receptor mediating inhibition of 5-HT release in the guinea-pig frontal
cortex. Eur J Pharmacol 157:101-107.

Middlemiss DN and Fozard JR (1983) 8-Hydroxy-2-(di-n-propylamino)-tetralin dis-
criminates between subtypes of the 5-HT; recognition site. Eur J Pharmacol
90:151-153.

Middlemiss DN and Hutson PH (1990) The 5-HT;p receptors. Ann NY Acad Sci
600:132-148.

Mignatti P, Morimoto T and Rifkin DB (1992) Basic fibroblast growth factor, a
protein devoid of secretory signal sequence, is released by cells via a pathway
independent of the endoplasmic reticulum-Golgi complex. o/ Cell Physiol 151:81—
93.

Millan MJ, Canton H, Gobert A, Lejeune F, Rivet JM, Bervoets K, Brocco M,
Widdowson P, Mennini T, Audinot V, Honoré P, Renouard A, Le Marouille-
Girardon, Verriele L, Gressier H and Peglion J-L (1994) Novel benzodioxopipera-
zines acting as antagonists at postsynaptic 5-HT,, receptors and as agonists at
5-HT,;, autoreceptors: A comparative pharmacological characterization with pro-
posed 5-HT, 5 antagonists. J Pharmacol Exp Ther 268:337-352.

Millan MJ, Rivet JM, Canton H, Lejeune F, Bervoets K, Brocco M, Gobert A,
Lefebvre de Ladonchamps B, Le Marouille-Girardon S, Verriele L, Laubie M and
Lavielle G (1992) S14671: A naphtylpiperazine 5-hydroxytriptamine ;, agonist of
exceptional potency and high efficacy possessing antagonist activity at 5-hy-
droxyptamine 1C/2 receptors. J Pharmacol Exp Ther 262:451-463.

Miller KJ and Hoffman BJ (1994) Adenosine Az receptors regulate serotonin trans-
port via nitric oxide and ¢cGMP. J Biol Chem 269:23751-27356.

Miller KJ, King A, Demchyshyn L, Niznik H and Teitler M (1992) Agonist activity of
sumatriptan and metergoline at the human 5-HT;pg receptor: Further evidence
for a role of the 5-HTp receptor in the action of sumatriptan. Eur J Pharmacol
227:99-102.

Miller KJ and Teitler M (1992) Quantitative autoradiography of 5-CT-sensitive
(5-HT;p) and 5-CT-insensitive (5-HT,;g) serotonin receptors in human brain. Neu-
rosci Lett 136:223-226.

Miller RJ (1990) Receptor-mediated regulation of calcium channels and neurotrans-
mitter release. FASEB J 4:3291-3299.

Mocaér E, Rettori MC and Kamoun A (1988) Pharmacological antidepressive effects
and tianeptine-induced 5-HT uptake increase. Clin Neuropharmacol 11:32—42.
Molliver DC and Molliver ME (1990) Anatomic evidence for a neurotoxic effect of
(*=)fenfluramine upon serotonergic projections in the rat. Brain Res 12:165-168.
Mongeau R, Blier P and de Montigny C (1993) In vivo electrophysiological evidence
for tonic activation by endogenous noradrenaline of a,-adrenoceptors on 5-hy-
droxytryptamine terminals in the rat hippocampus. Naunyn-Schmiedebergs Arch

Pharmacol 347:266—-272.

Mongeau R, de Montigny C and Blier P (1994) Electrophysiological evidence for
desensitization of ay-adrenoceptors on serotonin terminals following long-term
treatment with drugs increasing norepinephrine synaptic concentration. Neuro-
psychopharmacology 10:41-51.

Monsma FJ Jr, Shen Y, Ward RP, Hamblin MW and Sibley DR (1993) Cloning and
expression of a novel serotonin receptor with high affinity for tricyclic psychotropic
drugs. Mol Pharmacol 43:320-3217.

Moret C and Briley M (1986) High- and low-affinity binding of [*H]imipramine in rat
hypothalamus. JJ Neurochem 47:1609-1613.

Moret C and Briley M (1988) Sensitivity of the response of 5-HT autoreceptors to
drugs modifying synaptic availability of 5-HT. Neuropharmacology 27:43—49.

Moret C and Briley M (1990) Serotonin autoreceptor subsensitivity and antidepres-
sant activity. Eur J Pharmacol 180:351-356.

Moret C and Briley M (1993) The unique effect of methiothepin on the terminal
serotonin autoreceptor in the rat hypothalamus could be an example of inverse
agonism. J Psychopharmacol 7:331-337.

Mosko SS, Haubrich D and Jacobs BL (1977) Serotonergic afferents to the dorsal
raphe nucleus: Evidence from HRP and synaptosomal uptake studies. Brain Res
119:269-290.

Moss MS, Glazer EJ and Basbaum AI (1981) Enkephalin-immunoreactive perikarya
in the cat raphe dorsalis. Neurosci Lett 21:33-37.

Moss MS, Glazer EJ and Basbaum AI (1983) The peptidergic organization of the cat
periaqueductal gray. I. The distribution of immunoreactive enkephalin-containing
neurons and terminals. J Neurosci 3:603-616.

Mulligan KA and Térk I (1988) Serotoninergic innervation of the cat cerebral cortex.
J Comp Neurol 270:86-110.

Mundey MK, Fletcher A and Marsden CA (1994) Effect of the putative 5-HT;,
antagonist WAY-100635 on 5-HT neuronal firing in the guinea-pig dorsal raphe
nucleus. Neuropharmacology 3:61-66.

Myers CL, Lazo JS and Pitt BR (1989) Translocation of protein kinase C is associated
with inhibition of 5-HT uptake by cultured endothelial cells. Am J Physiol 257:
L253-1258.

Nanopoulos D, Belin MF, Maitre M, Vincendon G and Pujol JF (1982) Immunocy-
tochemical evidence for the existence of GABAergic neurons in the nucleus raphe
dorsalis. Possible existence of neurons containing serotonin and GABA. Brain Res
232:375-389.

Nebigil CG, Garnovskaya MN, Casafias SJ, Mulheron JG, Parker EM, Gettys TW
and Raymond JR (1995) Agonist-induced desensitization and phosphorylation of
human 5-HT;, receptor expressed in Sf9 insect cells. Biochemistry 34:11954—
11962.

Neckers LM, Schwartz JP, Wyatt RJ and Speciale SG (1979) Substance P afferents
from the habenula innervate the dorsal raphe nucleus. Exp Brain Res 37:619.

Nedegaard S, Bolam JP and Greenfield SA (1988) Facilitation of a dendritic calcium

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

588 PINEYRO AND BLIER

conductance by 5-hydroxytryptamine in the substantia nigra. Nature (Lond) 333:
174-177.

Nelson PJ and Rudnick G (1979) Coupling between platelet 5-hydroxytryptamine
and potassium transport. J Biol Chem 254:10084-10089.

Nelson PJ and Rudnick G (1982) The role of chloride ion in platelet serotonin
transport. J Biol Chem 257:6151-6155.

Newman ME, Lerer B and Shapira B (1993) 5-HT-1A receptor-mediated effects of
antidepressants. Prog Neuro-Psychopharmacol Biol Psychiatry 17:1-19.

Newman-Tancredi A, Conte C, Verriele L and Millan M (1997) Agonist and inverse
agonist efficacy at human recombinant serotonin 5HT 5 receptors as a function of
receptor: G-protein stoichiometry. Neuropharmacology 36:451—459.

Nicholas AP, Pieribone VA, Arvidsson U and Hokfelt T (1992) Serotonin-, substance
P- and glutamate/aspartate-like immunoreactivities in medullo-spinal pathways
of rat and primate. Neuroscience 48:545-559.

Nishikawa T and Scatton B (1985) Inhibitory influence of GABA on central seroto-
nergic transmission. Involvement of the Habenulo-raphe pathways in the
GABAergic inhibition of ascending cerebral serotonergic neurons. Brain Res 331:
81-90.

Nobin A and Bjorklund A (1973) Topography of the monoamine neuron systems in
the human brain as revealed in fetuses. Acta Physiol Scand 388:1—-40.

Nomikos GG, Arborelius L and Svensson TH (1992) The novel 5-HT;, receptor
antagonist (S)-UH-301 prevents (R)-8-OH-DPAT-induced decrease in interstitial
concentrations of serotonin in the rat hippocampus. Eur J Pharmacol 216:373—
378.

O’Connor JJ and Kruk ZL (1991) Frequency dependence of 5-HT autoreceptor
function in rat dorsal raphe and suprachiasmatic nuclei studied using fast cyclic
voltametry. Brain Res 568:123-130.

O’Connor JJ and Kruk ZL (1994) Effects of 21 days treatment with fluoxetine on
stimulated endogenous 5-hydroxytryptamine overflow in the rat dorsal raphe and
suprachiasmatic nucleus studied using fast cyclic voltametry in vitro. Brain Res
640:328-335.

O’Hearn E, Battaglia G, de Souza EB, Kuhar MJ and Molliver ME (1988) Methyl-
enedioxyamphetamine (MDA) and methylenedioxymethamphetamine (MDMA)
cause selective ablation of serotonergic axon terminals in forebrain: Immunocyto-
chemical evidence for neurotoxicity. J Neurosci 8:2788—-2803.

O’Hearn E and Molliver ME (1984) Organization of raphe-cortical projections in rat:
A quantitative retrograde study. Res Bull 13:709-726.

O'Reilly CA and Reith MEA (1988) Uptake of [*H]serotonin into plasma membrane
vesicles from mouse cerebral cortex. o Biol Chem 263:6115-6121.

Ochi J and Shimuzu K (1978) Occurrence of dopamine-containing neurons in the
midbrain raphe nuclei of the rat. Neurosci Lett 8:317-320.

Oksenberg D, Marsters SA, O’'Dowd BF, Jin H, Havlik S, Peroutka SJ and Ashkenazi
A (1992) A single amino-acid difference confers major pharmacological variation
between human and rodent 5-HT,p receptors. Nature (Lond) 360:161-163.

Oleskevich S and Descarries L (1990) Quantified distribution of the serotonin inner-
vation in adult rat hippocampus. Neuroscience 34:19-33.

Oleskevich S, Descarries L, Watkins KC, Séguéla P and Daszuta A (1991) Ultra-
structural features of the serotonin innervation in adult rat hippocampus: An
immunocytochemical description in single and serial thin section. Neuroscience
42:777-791.

Olsen L and Seiger A (1972) Early prenatal ontogeny of central monoamine neurons
in the rat: Fluorescence histochemical observation. Z Anat Entwicklungsgesch
137:301-316.

Olzewski J and Baxter D (1954) Cytoarchitecture of the Human Brainstem, Lippin-
cott, Philadelphia, PA.

Ortiz J, Mocaér E and Artigas F (1991) Effects of the antidepressant drug tianeptine
on plasma and platelet serotonin concentrations in the rat. Eur J Pharmacol
199:335-339.

Ormandy GC (1993) Increased cyclic AMP reduces 5-HT,p, receptor-mediated inhi-
bition of [*H]5-hydroxytryptamine release from guinea-pig cortical slices. Eur
J Pharmacol Mol Pharmacol Sect 244:189-192.

Ovalle S, Casanova E, Garate C, Alonso-Llamazares AA, Chinchetru MA and Calvo
P (1995) Immunodetection of serotonin transporter from mouse brain. Neuroreport
6:2353-2356.

Palacios JM, Waeber C, Bruinvels AT and Hoyer D (1992) Direct visualization of
serotonin,p receptors in the human brain using a new iodinated radioligand. Mol
Brain Res 13:175-179.

Pan ZZ, Colmers WF and Williams JT (1989) 5-HT-mediated synaptic potentials in
the dorsal raphe nucleus: Interactions with excitatory amino acid and GABA
neurotransmission. J Neurosci 62:481-486.

Pan ZZ and Williams JT (1989) Gaba-and glutamate-mediated synaptic potentials in
rat dorsal raphe neurons in vitro. J Neurophysiol 61:719-726.

Papadopoulos GC, Parnavelas JG and Buijs R (1987) Light and electron microscopic
immunocytochemical analysis of the serotonin innervation of the rat visual cortex.
J Neurocytol 16:883—892.

Parent A, Descarries L and Beaudet A (1981) Organization of serotonin ascending
systems in the adult rat brain. A radioautographic study after intraventricular
administration of [*H]5-hydroxytryptamine. Neuroscience 6:115—138.

Park MR (1987) Monosynaptic inhibitory postsynaptic potentials from lateral habe-
nula recorded in dorsal raphe neurons. Brain Res Bull 19:581-586.

Park MR, Imai H and Kitai ST (1982) Morphology and intracellular responses of an
identified dorsal raphe projection neuron. Brain Res 240:321-326.

Parker EM, Grisel DA, Iben LG and Shapiro RA (1993) A single amino acid differ-
ence accounts for the pharmacological distinctions between the rat and human
5-hydroxytryptamine;y receptors. J Neurochem 60:380—-383.

Passarelli F and Costa T (1989) Mu and delta opioid receptors inhibit serotonin
release in rat hippocampus. J Pharmacol Exp Ther 248:299-305.

Passarelli F, Galzin A-M and Langer SZ (1987) Interaction between neuronal uptake
inhibitors and presynaptic serotonin autoreceptors in rat hypothalamic slices:
Comparison of K and electrical depolarization. J Pharmacol Exp Ther 242:1056 —
1063.

Pauwels PJ and Colpaert FC (1995) The 5-HT1D receptor antagonist GR 127,935 is
an agonist at cloned human 5-HT,p,, receptor sites. Neuropharmacology 34:235—
237.

Pauwels PJ and Palmier C (1995) Functional effects of the 5-HT;p, receptor antag-
onist GR 127,935 at human 5-HT,p,, 5-HTypg, 5-HT;4 and opossum 5-HT,p
receptors. Eur J Pharmacol 290:95-103.

Pazos A, Engel G and Palacios JM (1985) B-adrenoceptor blocking agents recognize
a subpopulation of serotonin receptors in brain. Brain Res 343:403—408.

Pazos A and Palacios JM (1985) Quantitative autoradiographic mapping of serotonin
receptors in the rat brain. I. Serotonin-1 receptors. Brain Res 346:205-230.

Pedigo NW, Yamamura HI and Nelson DL (1981) Discrimination of multiple [*H]
5-hydroxytryptamine binding sites by the neuroleptic spiperone in rat brain.
J Neurochem 36:220-226.

Pei Q, Zetterstrom T and Fillenz M (1989) Both systemic and local administration of
benzodiazepine agonists inhibit the in vivo release of 5-HT from ventral hippocam-
pus. Neuropharmacology 28:1061-1066.

Penington NJ and Fox AP (1994) Effects of LSD on Ca®" currents in central
5-HT-containing neurons: 5-HT;, receptors may play a role in hallucinogenesis.
JJ Pharmacol Exp Ther 269:1160-1165.

Penington NJ and Kelly JS (1990) Serotonin receptor activation reduces calcium
current in an acutely dissociated adult central neuron. Neuron 4:751-758.

Penington NJ, Kelly JS and Fox AP (1991) A study of the mechanism of Ca®* current
inhibition produced by serotonin in rat dorsal raphe neurons. J Neurosci 11:3594 —
3609.

Penington NJ, Kelly JS and Fox AP (1993) Whole-cell recordings of inwardly recti-
fying K+ currents activated by 5-HT;, receptors on dorsal raphe neurons of the
adult rat. J Physiol (Lond) 469:387—405.

Pérez V, Gilarberte I, Faries D, Alvares E and Artigas F (1997) Randomised,
double-blind, placebo-controlled trial of pindolol in combination with fluoxetine
antidepressant treatment. Lancet 349:1594-1597.

Peroutka SJ (1986) Pharmacological differentiation and characterization of 5-HT 4,
5-HTp, 5-HT¢ binding sites in rat frontal cortex. J Neurochem 47:529-540.

Perry KW and Fuller RW (1992) Effect of fluoxetine on serotonin and dopamine
concentration in microdialysis fluid from rat striatum. Life Sci 50:1683-1690.

Pifieyro G and Blier B (1996) Regulation of [?H]5-HT release from rat midbrain
raphe nuclei by 5-HT,p receptors: Effect of tetrodotoxin, G protein inactivation
and long-term antidepressant administration. J Pharmacol Exp Ther 276:697—
707.

Pineyro G, Blier P, Dennis T and de Montigny C (1994) Desensitization of the
neuronal 5-HT carrier following its long-term blockade. J Neurosci 14:3036-3047.

Pifieyro G, Castanon N, Hen R and Blier P (1995a) Regulation of[>°H]5-HT release in
raphe, frontal cortex and hippocampus of 5-HT;g knock-out mice. Neuroreport
29:353-359.

Pifieyro G, Castanon N, Hen R and Blier P (1996a) Multiple 5-HT receptor subtypes
regulate [°H]5-HT release in terminal projection areas: Superfusion studies in rat
and mice brain. XXth Collegium Internationale Neuropsychopharmapologicum
Congress, Abstract 20, June 23-27, 1996, Melbourne, Australia.

Pifieyro G, de Montigny C and Blier P (1995b) 5-HT1D receptors regulate 5-HT
release in the rat raphe nuclei. In vivo voltametry and in vitro superfusion studies.
Neuropsychopharmacology 13:249-260.

Pifieyro G, Weiss M, de Montigny C and Blier P (1996b) Autoregulatory properties of
dorsal raphe 5-HT neurons: Possible role of electrotonic coupling and 5-HT;p
receptors in the rat brain. Synapse 22:54—62.

Pifieyro G, Deveault L, Blier P, Dennis T and de Montigny C (1995¢) Effect of acute
and long-term tianeptine administration on the 5-HT transporter: Electrophysio-
logical and binding studies in the rat brain. Naunyn-Schmiedebergs Arch Phar-
macol 351:111-118.

Pineyro G, Deveault L, de Montigny C and Blier P (1995d) Effect of prolonged
administration of tianeptine on 5-HT neurotransmission: An electrophysiological
study in the rat hippocampus and dorsal raphe. Naunyn-Schmiedebergs Arch
Pharmacol 351:119-125.

Pinnock RD (1992) Activation of k-opioid receptors depresses electrically evoked
excitatory postsynaptic potentials on 5-HT-sensitive neurons in the rat dorsal
raphe nucleus in vitro. Brain Res 583:237-246.

Pinnock RD, Reynolds T and Woodruff GN (1994) Different types of bombesin
receptors on neurons in the dorsal raphe nucleus and the rostral hypothalamus in
rat brain slices in vitro. Brain Res 653:119-124.

Plenge P and Mellerup ET (1988) Lithium treatment: Are the present schedules
optimal? Acta Psychiatr Scand Suppl 345:69-73.

Plenge P and Mellerup ET (1991) [*H]citalopram binding to brain and platelet
membranes of man and rat. J Neurochem 56:248.

Plenge P, Mellerup ET and Laursen H (1991) Affinity modulation of [*H]imipramine,
[®H]paroxetine and [*H]citalopram binding to the 5-HT transporter from brain and
platelets. Eur J Pharmacol 206:243—-250.

Plenge P, Mellerup ET and Nielsen M (1990) Inhibitory and regulatory binding sites
on the rat brain serotonin transporter: Molecular weight of the [*H]paroxetine and
[*Hlcitalopram binding proteins. Eur J Pharmacol 189:129—-134.

Portas CM and McCarley RW (1994) Behavioral state-related changes of extracel-
lular serotonin concentration in the dorsal raphe nucleus: A microdialysis study in
the freely moving cat. Brain Res 648:306-312.

Pranzatelli MR and Martens JM (1992) Plasticity and ontogeny of the central 5-HT
transporter: Effect of neonatal 5,7-dihydroxytryptamine lesions in the rat. Dev
Brain Res 70:191-195.

Price GW, Roberts C, Watson J, Burton M, Middlemiss DN and Jones BJ (1994)
Effects of the selective 5-HT,, receptor antagonist GR127935 on in vitro and in
vivo release from guinea-pig cerebral cortex. IUPHAR-Satellite Meeting on Sero-
tonin, vol 3, p 152, International Union of Pharmacology.

Prisco S, Cagnotto A, Talone D, De Blasi A, Mennini T and Esposito E (1993)
Tertatolol, a new B-blocker, is a serotonin (5-hydroxytryptamine;,, receptor an-
tagonist in rat brain. J Pharmacol Exp Ther 265:739-744.

Puig S, Rivot JP and Besson JM (1993) Effects of tianeptine on 5-hydroxyindoles and

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

AUTOREGULATION OF SEROTONIN NEURONS 589

on the morphine-induced increase in 5-HT metabolism at the medullary dorsal
horn level as measured by in vivo voltametry in freely moving rats. Brain Res
600:219-224.

Qian Y, Melikian HE, Rye DB, Levey Al and Blakely RD (1995) Identification and
characterization of antidepressant-sensitive serotonin transporter proteins using
site-specific antibodies. J Neurosci 15:1261-1274.

Raisman R, Briley M and Langer SZ (1979) Specific tricyclic antidepressant binding
sites in rat brain. Nature (Lond) 281:148-150.

Raisman R, Briley MS and Langer SZ (1980) Specific tricyclic antidepressant bind-
ing sites in rat brain characterised by high-affinity *H-imipramine binding. Eur
J Pharmacol 6:373-380.

Raiteri M, Bonanno G, Marchi M and Maura G (1984) Is there a functional linkage
between neurotransmitter uptake mechanisms and presynaptic receptors? J Phar-
macol Exp Ther 231:671-677.

Raiteri M, Maura G, Folghera S, Cavazzani P, Andrioli GC, Schlicker E, Schalnus R
and Goéthert M (1990) Modulation of 5-hydroxytryptamine release by presynaptic
inhibitory alpha-2-adrenoceptors in the human cerebral cortex. Naunyn-
Schmiedebergs Arch Pharmacol 342:508-512.

Raiteri M, Maura G, Gemignani A and Pittaluga A (1983a) Differential blockade by
(—)mianserin of the ay-adrenoceptors mediating inhibition of noradrenaline and
serotonin release from rat brain synaptosomes. Naunyn-Schmiedebergs Arch
Pharmacol 322:180-182.

Raiteri M, Maura G and Versace P (1983b) Functional evidence for two stereochemi-
cally different alpha-2-adrenoceptors regulating central noradrenaline and sero-
tonin release. J Pharmacol Exp Ther 224:679—-684.

Ramamoorthy JD, Ramamoorthy S, Papatropoulos A, Catravas JD, Leibach FH and
Ganapathy V (1995a) Cyclic AMP-independent up-regulation of the human sero-
tonin transporter by staurosporine in choriocarcinoma cells. J Biol Chem 29:
17189-17195.

Ramamoorthy S, Bauman AL, Moore KR, Han H, Yang-Feng T, Chang AS, Ganapa-
thy V and Blakely RD (1993) Antidepressant- and cocaine-sensitive human sero-
tonin transporter: Molecular cloning, expression and chromosomal localization.
Proc Natl Acad Sci USA 90:2542-2546.

Ramamoorthy S, Cool DR, Mahesh VB, Leibach FH, Melikian HE, Blakely RD and
Ganapahy V (1993a) Regulation of the human serotonin transporter cholera toxin-
induced stimulation of serotonin uptake in human placental choriocarcinoma cells
is accompanied by increased serotonin transporter mRNA levels and serotonin
transporter-specific ligand binding. J Biol Chem 15:21626-21631.

Ramamoorthy S, Leibach FH, Mahesh VB and Ganapathy V (1993b) Partial purifi-
cation and characterization of the human placental serotonin transporter. Pla-
centa 14:449—-461.

Ramamoorthy S, Prasad PD, Kulanthaivel P, Leibach FH, Blakely RD and Ganapa-
thy V (1993c) Expression of a cocaine-sensitive norepinephrine transporter in the
human placental syncytiotrophoblast. Biochemistry 32:1346-1353.

Ramamoorthy S, Ramamoorthy JD, Prasad PD, Bhat GK, Mahesh VB, Leibach FH
and Ganapathy V (1995b) Regulation of the human serotonin transporter by
interleukin-1B8. Biochem Biophys 216:560-567.

Rapport M, Green A and Page I (1948) Serum vasoconstrictor (serotonin): Isolation
and characterization. J Biol Chem 176:1248-1251.

Raymond JR (1991) Protein kinase C induces phosphorylation and desensitization of
the human 5-HT, 5 receptor.  Biol Chem 266:14747-14753.

Reisine TD, Soubrie P, Artaud F and Glowinski J (1982) Involvement of lateral
habenula-dorsal raphe neurons in the differential regulation of striatal and nigral
serotonergic transmission in cats. J Neurosci 2:1062—-1071.

Reith ME, Zimanyi I and O’Reilly CA (1989) Role of ions and membrane potential in
uptake of serotonin into plasma membrane vesicles from mouse brain. Biochem
Pharmacol 13:2091-2097.

Ribak CE, Vaughn JF, Saito K, Barber R and Roberts E (1976) Immunocytochemical
localization of glutamate decarboxylase in rat substantia nigra. Brain Res 116:
287-298.

Roizen MF and Jacobowitz DM (1976) Studies on the origin of innervation of the
noradrenergic area bordering on the nucleus raphe dorsalis. Brain Res 101:651—
668.

Romagnano MA and Joseph SA (1983) Immunocytochemical localization of
ACTH,_gg in the brainstem of the rat. Brain Res 276:1-16.

Romero G, Toscano E, Montero D, de Filipe MC and del Rio J (1992) Effect of
prenatal exposure to tianeptine on different neurotransmitter receptors and 5-HT-
stimulated inositol phosphate formation in rat brain. J Neural Transm 90:113—
124.

Romero L, Bel N, Artigas F, de Montigny C and Blier P (1994) Effect of pindolol on
the function of pre- and postsynaptic 5-HT; 5 receptors: In vivo microdialysis and
electrophysiological studies in the rat brain. Neuropsychopharmacology 15:349—
360.

Romero L, Celada P and Artigas F (1996) Reduction of in vivo striatal 5-hydroxy-
tryptamine release by 8-OH-DPAT after inactivation of G;/G,, proteins in dorsal
raphe nucleus. Eur J Pharmacol 265:103-106.

Ross SB and Renyi AL (1975) Tricyclic antidepressant agents. I. Comparison of the
inhibition of the uptake of 3-H-noradrenaline and 14-C-5-hydroxytryptamine in
slices and crude synaptosome preparations of the midbrain-hypothalamus region
of the rat brain. Acta Pharmacol Toxicol 36:382-394.

Routledge C, Gurling J, Wright IK and Dourish CT (1993) Neurochemical profile of
the selective and silent 5-HT;, receptor antagonist WAY100135: An in vivo mi-
crodialysis study. Eur J Pharmacol 239:195-202.

Ruat M, Traiffort E, Leurs R, Tardivel-Lacombe J, Diaz J, Arrang J-M and Schwartz
J-C (1993) Molecular cloning, characterization and localization of a high-affinity
serotonin receptor (5-HT;) activating cAMP formation. Proc Natl Acad Sci USA
90:8547-8551.

Rudnick G (1977) Active transport of 5-hydroxytryptamine by plasma membrane
vesicles isolated from human blood platelets. J Biol Chem 7:2170-2174.

Rudnick G (1986) ATP-driven H* pumping into intracellular organelles. Annu Rev
Physiol 48:403—413.

Rudnick G and Clark J (1993) From synapse to vesicle: The reuptake and storage of
biogenic amine neurotransmitters. Biochim Biophys Acta 1144:249-263.

Rudnick G, Kirk KL, Fishkes H and Schuldiner S (1989) Zwitterionic and anionic
forms of a serotonin analog as transport substrates. J Biol Chem 264:14865—
14868.

Rudnick G and Wall S (1991) Binding of the cocaine analog 2-B-[3H]carb0meth0xy-
3-B-[4-fluorophenyl]tropane to the serotonin transporter. Mol Pharmacol 40:421—
426.

Rudnick G and Wall SC (1992a) The molecular mechanism of “ecstasy” [3,4-
methylenedioxy-methamphetamine (MDMA)]: Serotonin transporters are targets
for MDMA-induced serotonin release. Proc Natl Acad Sci USA 89:1817-1821.

Rudnick G and Wall SC (1992b) The platelet plasma membrane serotonin trans-
porter catalyzes exchange between neurotoxic amphetamines and serotonin. Ann
NY Acad Sci 648:345-347.

Rudnick G and Wall SC (1992¢) p-Chloroamphetamine induces serotonin release
through serotonin transporters. Biochemistry 31:6710—-6718.

Rudnick G and Wall SC (1993) Non-neurotoxic amphetamine derivatives release
serotonin through serotonin transporters. Mol Pharmacol 43:271-276.

Rutter JJ and Auerbach SB (1993) Acute uptake inhibition increases extracellular
serotonin in the rat forebrain. J Pharmacol Exp Ther 265:1319-1324.

Rydelek-Fitzgerald L, Teitler M, Fletcher PW, Ismaiel AM and Glennon RA (1990)
NAN-190: Agonist and antagonist interactions with brain 5-HT 5 receptors. Brain
Res 532:191.

Sabol KE, Richards JB and Seiden LS (1992) Fluoxetine attenuates the DL-
fenfluramine-induced increase in extracellular serotonin as measured by in vivo
dialysis. Brain Res 585:421-424.

Sakai K, Salvert D, Touret M and Jouvet M (1977) Afferent connections of the
nucleus raphe dorsalis in the cat as visualized by the horseradish peroxidase
technique. Brain Res 137:11-35.

Samama P, Cotecchia S, Costa T and Lefkowitz R (1993) A mutation induced
activated state of the By-adrenergic receptor. J Biol Chem 268:4625-4636.

Sanders-Bush E (1988) 5-HT receptors coupled to phosphoinositide hydrolysis, in
The Serotonin Receptors (Sanders-Bush E ed) pp 181-198, Humana Press, Clifton,
NJ.

Saura J, Kettler R, Da Prada M and Richards JG (1992) Quantitative enzyme
radioautography with [®*H]Ro 41-1049 and [*H]Ro 19-6327 in vitro: Localization
and abundance of MAO-A and MAO-B in rat CNS, peripheral organs and human
brain. J Neurosci 12:1977-1999.

Scatton B, Serrano A and Nishikawa T (1985) GABA mimetics decrease extracellular
concentrations of 5-HIAA (as measured by in vivo voltametry) in the dorsal raphe
of the rat. Brain Res 341:372-376.

Schechter LE, Bolanos FJ, Gozlan H, Lanfumey L, Haj-Dahmane S, Laporte A-M,
Fattaccini C-M and Hamon M (1990) Alterations of central serotoninergic and
dopaminergic neurotransmission in rats chronically treated with ipsapirone: Bio-
chemical and electrophysiological studies. J Pharmacol Exp Ther 255:1335-1347.

Scheffel U, Dannals RF, Cline EJ, Ricaurte GA, Carroll FI, Abraham P, Lewin AH
and Kuhar MJ (1992) [123/1251]RTI-55, an in vivo label for the serotonin trans-
porter. Synapse 11:134-139.

Scheffel U and Ricaurte GA (1990) Paroxetine as an in vivo indicator of 3,4-
methylenedioxymethamphetamine neurotoxicity: A presynaptic serotonergic
positron emission tomography ligand? Brain Res 527:89-95.

Schlicker E, Fink K, Classen K and Gothert M (1987) Facilitation of serotonin (5-HT)
release in the rat brain cortex by cAMP and probable inhibition of adenylate
cyclase in 5-HT nerve terminals by presynaptic alpha 2-adrenoceptors. Naunyn-
Schmiedebergs Arch Pharmacol 336:251-256.

Schlicker E, Fink K, Gothert M, Hoyer D, Molderings G, Roschke I and Schoeffter P
(1989) The pharmacological properties of the presynaptic serotonin autoreceptor in
the pig brain cortex conform to the 5-HT;p receptor subtype. Naunyn-
Schmiedebergs Arch Pharmacol 340:45-51.

Schlicker E, Gothert M and Hillenbrand K (1985) Cyanopindolol is a highly potent
and selective antagonist at the presynaptic serotonin autoreceptor in the rat brain
cortex. Naunyn-Schmiedebergs Arch Pharmacol 331:398—401.

Schlicker E, Gross G, Fink K, Glaser T and Gothert M (1991) Serotonin release in the
rat brain cortex is inhibited by neuropeptide Y but not affected by acth1-24,
angiotensin II, bradykinin and delta-sleep-inducing peptide. Naunyn-Schmiede-
bergs Arch Pharmacol 343:117-221.

Schmidt CJ, Black CK and Taylor VL (1990) Antagonism of the neurotoxicity due to
a single administration of methylenedioxymethamphetamine. Eur J Pharmacol
31:59-70.

Schoeffter P and Hoyer D (1989) Interaction of arylpiperazines with 5-HT 5, 5-HT 3,
5-HT,¢ and 5-HT,p receptors: Do discriminatory 5-HT,p receptor ligands exist?
Naunyn-Schmiedebergs Arch Pharmacol 339:675—683.

Schoemaker H and Langer Z (1988) [3H]8-OH-DPAT labells the serotonin trans-
porter in the rat striatum. Eur J Pharmacol 124:371-373.

Schofield SPM and Everitt BJ (1981) The organization of indoleamine neurons in the
brain of the rhesus monkey (Macaca mulatta). J Comp Neurol 197:369-383.

Schoups AA and De Potter WP (1988) Species dependence of adaptations at the pre-
and postsynaptic serotonergic receptors following long-term antidepressant drug
treatment. Biochem Pharmacol 37:4451—4460.

Segonzac A, Tateishi T and Langer SZ (1984) Saturable uptake of [*H]-tryptamine in
rabbit platelets is inhibited by 5-hydroxytryptamine uptake blockers. Naunyn-
Schmiedebergs Arch Pharmacol 328:33-317.

Séguéla P, Watkins KC and Descarries L (1989) Ultrastructural relationships of
serotonin axon terminals in the cerebral cortex of the adult rat. J Comp Neurol
289:129-142.

Sette M, Briley MS and Langer SZ (1983) Complex inhibition of [3H]imipramine
binding by serotonin and nontricyclic serotonin uptake blockers. J Neurochem
40:622-628.

Shank RP, Vaught JL, Pelley KA, Setler PE, McComsey DF and Maryanoff BE
(1988) McN-5652: A highly potent inhibitor of serotonin uptake.  Pharmacol Exp
Ther 247:1032-1038.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

590 PINEYRO AND BLIER

Sharp T, Backus LI, Hjorth S, Bramwell SR and Grahame-Smith DG (1990) Further
investigation of the in vivo pharmacological properties of the putative 5-HT;,
antagonist BMY 7378. Eur J Pharmacol 176:331-340.

Sharp T, Bramwell SR, Clark D and Grahame-Smith DG (1989) In vivo measure-
ments of extracellular 5-hydroxytryptamine in hippocampus of the anaesthetized
rat using microdialysis: Changes in relation to 5-hydroxytryptaminergic neuronal
activity. J Neurochem 53:234-240.

Sharp T and Hjorth S (1990) Application of brain microdialysis to study the phar-
macology of the 5-HT, 5 autoreceptor. J Neurosci Methods 34:83-90.

Sharp T, McQuade R, Bramwell S and Hjorth S (1993a) Effect of acute and repeated
administration of 5-HT;, receptor agonists on 5-HT release in rat brain in vivo.
Naunyn-Schmiedebergs Arch Pharmacol 348:339-346.

Sharp T, McQuade R, Fozard JR and Hoyer D (1993b) The novel 5-HT;, receptor
antagonist, SDZ 216525, decreases 5-HT release in rat hippocampus in vivo. BrJ
Pharmacol 109:699-702.

Shen H and Semba K (1994) A direct retinal projection to the dorsal raphe nucleus
in the rat. Brain Res 635:159-168.

Shen Y, Monsma FJ Jr, Metcalf MA, Jose PA, Hamblin MW and Sibley DR (1993)
Molecular cloning and expression of a 5-hydroxytryptamine; serotonin receptor
subtype. J Biol Chem 285:18200-18204.

Shults CW, Quirion R, Chronwall B, Chase TN and O’Donohue TL (1984) A com-
parison of the anatomical distribution of substance P and substance P receptors in
the rat central nervous system. Peptides 5:1097-1984.

Sim LJ and Joseph SA (1989) Opiocortin and catecholamine projections to raphe
nuclei. Peptides 10:1019-1025.

Sims KB, Hoffman DL, Said SI and Zimmerman EA (1980) Vasoactive intestinal
polypeptide (VIP) in mouse and rat brain: An immunocytochemical study. Brain
Res 186:165-183.

Sinton CM and Fallon SC (1988) Electrophysiological evidence for a functional differ-
entiation between subtypes of the 5-HT receptor. Eur J Pharmacol 157:173-181.
Skagerberg G and Bjérklund A (1985) Topographic principles in the spinal projec-
tions of serotonergic and non-serotonergic brainstem neurons in the rat. Neuro-

science 15:445—480.

Skingle M, Higgins GA and Feniuk W (1994) Stimulation of central 5-HT1D recep-
tors causes hypothermia in the guinea-pig. J Psychopharmacol 8:14-21.

Skingle M, Sleight AJ and Feniuk W (1995) Effects of the 5-HT1D receptor antag-
onist GR127935 on extracellular levels of 5-HT in the guinea-pig frontal cortex as
measured by microdialysis. Neuropharmacology 34:377-382.

Sleight AdJ, Cervenka A and Peroutka SJ (1990) In vivo effects of sumatriptan (GR
43175) on extracellular levels of 5-HT in the guinea pig. Neuropharmacology
29:511-513.

Smith R, Gall C, Deadwyler S and Lynch G (1974) Dendritic transport of horseradish
peroxidase in vivo and in vitro, in Proceedings of the Society for Neuroscience,
Fourth Annual Meeting, St. Louis, MO.

Smith SJ and Augustine GJ (1988) Calcium ions, active zones and synaptic trans-
mitter release. Trends Neurosci 11:458—464.

Soderpalm B, Lundin B and Hjorth S (1993) Sustained 5-hydroxytryptamine release-
inhibitory and anxiolytic-like action of the partial 5-HT,; 5 receptor agonist, buspi-
rone, after prolonged chronic administration. Eur J Pharmacol 239:69-73.

Soghomonian JJ, Doucet G and Descarries L (1987) Serotonin innervation in adult
rat neostriatum. I. Quantified regional distribution. Brain Res 425:85-100.

Soucy JP, Lafaille F, Lemoine P, Mrini A and Descarries L (1994) Validation of the
transporter ligand cyanoimipramine as a marker of serotonin innervation density
in brain. J Nucl Med 35:1822-1830.

Sprouse JS and Aghajanian GK (1986) (—)-Propranolol blocks the inhibition of
serotonergic dorsal raphe cell firing by 5-HT 5 selective agonists. Eur J Pharmacol
128:295-298.

Sprouse JS and Aghajanian GK (1987) Electrophysiological responses of serotonin-
ergic dorsal raphe neurons to 5-HT;, and 5-HT g agonists. Synapse 1:3-9.

Sprouse J, Reynolds L and Rollema H (1997) Do 5HT, g/, autoreceptors inoculate
dorsal raphe cell firing? In vivo electrophysiological studies in guinea pigs with
GR127935. Neuropharmacology 36:559—567.

Spurlock G, Buckland P, O’Donovan M and McGuffin P (1994) Lack of effect of
antidepressant drugs on the levels of mRNAs encoding serotonergic receptors,
synthetic enzymes and 5-HT transporters. Neuropharmacology 33:433—440.

Stamp JA and Semba K (1995) Extent of colocalization of serotonin and GABA in the
neurons of the rat raphe nuclei. Brain Res 677:39—49.

Starke K, Gothert M and Kilbinger H (1989) Modulation of neurotransmitter release
by presynaptic autoreceptors. Physiol Rev 69:864—988.

Starkey SJ and Skingle M (1994) 5-HTy, as well as 5-HT; 5 autoreceptors modulate 5-HT
release in the guinea-pig dorsal raphe nucleus. Neuropharmacology 33:393—402.

Steinbusch H (1981) Distribution of serotonin immunoreactivity in the central ner-
vous system of the rat. Neuroscience 4:557-618.

Steinbusch H (1984) Serotonin immunoreactive neurons and their projections in the
CNS, in Handbook of Chemical Neuroanatomy, Classical Transmitters and Trans-
mitter Receptors in the CNS, Part II (Bjorklund A, Hokfelt T and Kuhar M eds) vol
3, pp 68-125, Elsevier, Amsterdam.

Stern WC, Johnson A, Bronzino JD and Morgane PJ (1981) Neuropharmacology of
the afferent projections from the lateral habenula and substantia nigra to the
anterior raphe in the rat. Neuropharmacology 20:979-989.

Stevens BR, Fernandez A, Hirayama B, Wright EM and Kempner ES (1990) Intes-
tinal brush border membrane Na*/glucose cotransporter functions in situ as a
homotetramer. Proc Natl Acad Sci USA 87:1456-1460.

Stevens L and Lee F (1984) Action of intermittent pressure and of defibrinated blood
upon blood vessels of frog and terrapin. Johns Hopkins Biol Studies 3:99.

Steinfels GF, Heym J, Strecker RE and Jacobs BL (1983) Raphe unit activity in
freely moving cats is altered by manipulation of central but not peripheral motor
systems. Brain Res 279:77-84.

Stone DM, Johnson M, Hanson GR and Gibb JW (1988) Role of endogenous dopa-
mine in the central serotonergic deficits induced by 3,—4-methylenedioxymetham-
phetamine. J Pharmacol Exp Ther 249:79—87.

Storm-Mathisen J and Fonnum F (1971) Quantitative histochemistry of glutamate
decarboxylase in the rat hippocampus region. J Neurochem 18:1105-1111.

Stratford TR and Wirtshafter D (1988) Evidence for a projection from the B9
serotonergic cell group to the median raphe nucleus. Brain Res Bull 21:325-328.

Stratford TR and Wirtshafter D (1989) Ascending dopaminergic projections from the
dorsal raphe nucleus in the rat. Brain Res 511:173-176.

Stuesse S and Cruce W (1992) Distribution of tyrosine hydroxylase, serotonin and
leu-enkephalin immunoreactive cells in the brainstem of a shark, Squalus acan-
thias. Brain Behav Evol 39:77-92.

Suehiro M, Scheffel U, Dannals RF, Ravert HT, Ricaurte GA and Wagner HN Jr
(1993) A PET radiotracer for studying serotonin uptake sites: Carbon-11-McN-
56527Z. J Nucl Med 34:120-127.

Summers KL and Giacobini E (1995) Effects of local and repeated systemic admin-
istration of (—)nicotine on extracellular levels of acetylcholine, norepinephrine,
dopamine and serotonin in rat cortex. Neurochem Res 20:753-759.

Sumner MJ and Humphrey PPA (1989) 5-HT1D binding sites in porcine brain can be
sub-divided by GR 43175. Br J Pharmacol 98:29.

Tada K, Kasamo K, Ueda N, SuzukiT, Kojima T and Ishikawa K (1999) Anxiolytic
5-hydroxytryptamine,, agonists suppress firing activity of dorsal hippocampus
CA1 pyramidal neurons through a postsynapic mechanism: Single-unit study in
unanesthetized, unrestrained rats. J Pharmacol Exp Ther 288:843—848.

Talvenheimo J, Fishkes H, Nelson PJ and Rudnick G (1983) The serotonin trans-
porter-imipramine “receptor”. J Biol Chem 258:6115-6119.

Talvenheimo J, Nelson PJ and Rudnick G (1979) Mechanism of imipramine inhibi-
tion of platelet 5-hydroxytryptamine transport. J Biol Chem 254:4631-4635.

Tamir H, Liu K-P, Hsiung S-C, Aldersberg M, Nunez EA and Gershon MD (1990)
Multiple signal transduction mechanisms leading to the secretion of 5-hydroxy-
tryptamine by MTC cells, a neuroectodermally derived cell line. J Neurosci 10:
3743-3753.

Tanaka M, Okamura H, Yanaihara N, Tanaka Y and Ibata Y (1993) Differential
expression of serotonin and [met]enkephalin-arg®-gly”-leu® in neurons of the rat
brain stem. Brain Res 30:561-570.

Tao R and Auerbach SB (1994) Increased extracellular serotonin in rat brain after
systemic or intraraphe administration of morphine. J Neurochem 63:517-524.
Tarrant HM and Williams DC (1995) Dithiothreithol promotes a higher affinity state
of the serotonin transporter for the tricyclic antidepressant, imipramine. Biochem

Soc Trans 23:41.

Terron JA (1997) Role of 5-ht; receptors in the long-lasting hypotensive responsive
induced by 5-hydroxytryptamine in the rat. Br J Pharmacol 121:563-571.

Thomas DR, Nelson DR and Johnson AM (1987) Biochemical effects of the antide-
pressant paroxetine, a specific 5-hydroxytryptamine uptake inhibitor. Psychophar-
macology 93:193-200.

Tingley FD, Schmidt AW, Howard HR and Schulz DW (1994) GR 127935: In vitro
and in vivo characterization of a putative 5-HT, antagonist. 24th Annual Meeting
of the Society for Neuroscience, Abstract 633.11.

To ZP, Bonhaus DW, Eglen RM and Jakeman LB (1995) Characterization and
distribution of putative 5-ht7 receptors in guinea-pig brain. Br J Pharmacol
115:107-116.

Tome MB, Issac MT, Harte R and Holland C (1997) Paroxetine and pindolol: A
randomized trial of serotonergic autoreceptor blockade in the reduction of antide-
pressant latency. Int Clin Psychopharmacol 12:81—-89.

Tork I (1990) Anatomy of the serotonergic system. Ann NY Acad Sci 90:9-35.

Térk I and Hornung J (1990) Raphe nuclei and serotonin containing systems, in The
Human Nervous System (Paxinos G ed) pp 149-202, Academic Press, San Diego, CA.

Toth E, Sershen H, Hashim A, Vizi ES and Lajtha A (1992) Effect of nicotine on
extracellular levels of neurotransmitters assessed by microdialysis in various
brain regions: Role of glutamic acid. Neurochem Res 17:265-271.

Tricklebank MD, Forler C and Fozard JP (1985) The involvement of subtypes of the
5-HT, receptor and of catecholaminergic systems in the behavioural response to
8-hydroxy-2-(di-n-propylamino)tetralin in the rat. Eur J Pharmacol 106:271-282.

Trillat AC, Malagie J, Scearce K, Jacquot C, Hen R and Gardier AM (1995) Fluox-
etine-induced increase in frontocortical 5-HT levels: A microdialysis study in mice
lacking 5-HTp receptors. 25th Annual Meeting of the Society for Neuroscience,
Abstract 539.7.

Trouvin JH, Gardier AM, Chanut E, Pages N and Jacquot C (1993) Time course of
brain serotonin metabolism after cessation of long-term fluoxetine treatment in
the rat. Life Sci 52:187-192.

Trulson ME, Cannon MS and Raese JD (1985) Identification of dopamine-containing
cell bodies in the dorsal and median raphe nuclei of the rat brain using tyrosine
hydroxylase immunochemistry. Brain Res 15:229-234.

Trulson ME, Jacobs BL and Morrison AR (1981) Raphe unit activity during REM
sleep in normal cats and in pontine lesioned cats displaying REM sleep without
atonia. Brain Res 226:75-91.

Twarog B and Page J (1953) Serotonin content of some mammalian tissues and urine
and a method for its determination. J Physiol (Lond) 175:157-161.

Uhl GR, Goodman RR and Snyder SH (1979) Neurotensin-containing cell bodies,
fibers and nerve terminals in the brain stem of the rat: Immunohistochemical
mapping. Brain Res 167:77-91.

Uhl R and Hartig P (1992) Transporter explosion: Update on uptake. Trends Phar-
macol Sci 13:421-425.

Umbriaco C, Anctil M and Descarries L (1990) Serotonin immunoreactive neurons in
the cnidarian, Renilla koellikeri. J Comp Neurol 291:167-178.

Valtorta F, Benfenati F and Greengard P (1992) Structure and function of the
synapsins. J Biol Chem 267:7195-7198.

Vanderhaeghen JJ, Lotstra F, de Mey J and Gilles C (1980) Immunohistochemical
localization of cholecystokinin- and gastrin-like peptides in the brain and hypoph-
ysis of the rat. Proc Natl Acad Sci USA 77:1190-1194.

Vandermaelen CP and Aghajanian GK (1983) Electrophysiological and pharmaco-
logical characterization of serotonin dorsal raphe neurons recorded extracellularly
and intracellularly in rat brain slices. Brain Res 289:109-119.

Vandermaelen CP, Braselton JP and Gehlbach G (1987) In vivo and in vitro electro-

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet’

AUTOREGULATION OF SEROTONIN NEURONS 591

physiological studies indicate that BMY 7378 is a partial agonist at 5-HT;,
receptors in the rat dorsal raphe nucleus. Soc Neurosci Abstr 13:459.5.

Vandermaelen CP, Matheson GK, Wilderman RC and Patterson LA (1986) Inhibi-
tion of serotoninergic dorsal raphe neurons by systemic and iontophoretic admin-
istration of buspirone, a non-benzodiazepine anxiolytic drug. Eur J Pharmacol
129:123-130.

Vanhatalo S, Soinila S, Kaartinen K and Back N (1995) Colocalization of dopamine
and serotonin in the rat pituitary gland and in the nuclei innervating it. Brain Res
16:275-284.

Van Huizen F, Bansse M-T and Stam NdJ (1993) Agonist-induced down-regulation of
human 5-HT;, and 5-HT, receptors in Swiss 3T3 cells. Neuroreport 4:1327-1330.

Van Wijngaarden I, Tulp MT and Soudijn W (1990) The concept of selectivity in 5-HT
receptor research. Eur J Pharmacol 188:301-312.

Vergé D, Daval G, Marzienkiewicz M, Patey A, El Mestikawy S, Gozlan H and
Hamon M (1986) Quantitative autoradiography of multiple 5-HT,; receptor sub-
types in the brain of control or 5,7-dihydroxytryptamine-treated rats. J Neurosci
6:3474-3482.

Vertes R and Kocsis B (1994) Projections of the dorsal raphe nucleus to the brain-
stem: PHA-L analysis in the rat. J Comp Neurol 340:11-26.

Vertez RP and Martin GF (1988) Autoradiographic analysis of ascending projections
from the pontine and mesencephalic reticular formation and the median raphe
nucleus in the rat. J Comp Neurol 275:511-541.

Vialli M and Ersparmer V (1933) Cellule enterocromaffini e cellule basigranulose
acidofile nei vertebrati. Z Zellforsch Mikrosk Anat 19:743.

Villalobos J and Ferssiwi A (1987) The differential descending projections from the
anterior, central and posterior regions of the lateral hypothalamic area: An auto-
radiographic study. Neurosci Lett 81:95-99.

Villar MJ, Vitale ML and Parisi MN (1987) Dorsal raphe serotonergic projection to
the retina. A combined peroxidase tracing-neurochemical/high-performance liquid
chromatography study in the rat. Neuroscience 22:681-686.

Voigt MM, Laurie DJ, Seeburg PH and Bach A (1991) Molecular cloning and
characterization of a rat brain cDNA encoding a 5-hydroxytryptamine;p receptor.
EMBO J 10:4017-4023.

Wade PR, Chen J, Jaffe B, Kassem IS, Blakely RD and Gershon MD (1996) Local-
ization and function of a 5-HT transporter in crypt epithelia of the gastroiontes-
tinal tract. J Neurosci 16:2352—2364.

Waeber C, Dietl M, Hoyer D and Palacios JM (1989a) 5-HT; receptors in the
vertebrate brain regional distribution examined by autoradiography. Naunyn-
Schmiedebergs Arch Pharmacol 340:486—494.

Waeber C, Dietl M, Hoyer D, Probst A and Palacios JM (1988) Visualization of a
novel serotonin recognition site (5-HT;p) in the human brain by autoradiography.
Neurosci Lett 88:11-16.

Waeber C and Palacios JM (1992) Non 5-HT1A/5-HT1C [°H]5-HT binding sites in the
hamster, opossum and rabbit brain show similar regional distribution but differ-
ent sensitivity to beta-adrenoceptor antagonists. Synapse 12:261-270.

Waeber C, Schoeffter P, Palacios JM and Hoyer D (1989b) 5-HT(1D) receptors in
guinea-pig and pigeon brain. Radioligand binding and biochemical studies. Nau-
nyn-Schmiedebergs Arch Pharmacol 340:479—-485.

Waldmeier PC, Williams M, Baumann PA, Bischoff S, Sills MA and Neale RF (1988)
Interactions of isamoltane (CGP 361A), an anxiolytic phenoxypropanolamine de-
rivative, with 5-HT; receptor subtypes in the rat brain. Naunyn-Schmiedebergs
Arch Pharmacol 337:609—-620.

Wall SC, Innis RB and Rudnick G (1993) Binding of the cocaine analog 2p-
carbomethoxy-38-(4-[1?°Tliodophenyl)tropane to serotonin and dopamine trans-
porters: Different ionic requirements for substrate and 2B-carbomethoxy-33-(4-
[*?*TJiodophenyl)tropane binding. Mol Pharmacol 43:264—270.

Wallace J and Lauder J (1983) Development of the serotonergic system in the rat
embryo: An immunocytochemical study. Brain Res Bull 10:459—-479.

Wang R, Gallager D and Aghajanian G (1976) Stimulation of pontine reticular
formation suppresses firing of serotonergic neurons in the dorsal raphe. Nature
(Lond) 264:365-368.

Wang RY and Aghajanian GK (1977a) Antidromically identified serotonergic neu-
rons in the rat midbrain raphe: Evidence for collateral inhibition. Brain Res
132:186-193.

Wang RY and Aghajanian GK (1977b) Physiological evidence for habenula as major
link between forebrain and midbrain raphe. Science (Wash DC) 197:89-91.

Wang RY and Aghajanian GK (1978) Collateral inhibition of serotonergic neurons in
the rat dorsal raphe nucleus: Pharmacological evidence. Neuropharmacology 17:
819-825.

Watanabe Y, Gould E, Daniels DC, Cameron H and McEwen BS (1992) Tianeptine
attenuates stress-induced morphological changes in the hippocampus. Eur J Phar-
macol 222:157-162.

Watanabe Y, Sakai RR, McEwen BS and Mendelson S (1993) Stress and antidepres-
sant effects on hippocampal and cortical 5-HT;, and 5-HT, receptors and trans-
port sites for serotonin. Brain Res 615:87-94.

Waterhouse BD, Mihailoff GA, Baack JC and Woodward DJ (1986) Topographical
distribution of dorsal and median raphe neurons projecting to motor, sensorimotor
and visual cortical areas in the rat. J Comp Neurol 249:460—476.

Weinshank RL, Zgombick JM, Macchi MdJ, Branchek TA and Hartig PR (1992)
Human serotonin 1D receptor is encoded by a subfamily of two distinct genes:
5-HTyp, and 5-HTypg. Proc Natl Acad Sci USA 89:3630-3634.

Weiss J, Morgan P, Lutz M and Kenakin T (1996) The cubic ternary complex
receptor-occupancy model. III. Resurrecting efficacy. J Theor Biol 181:381-397.
Welner SA, de Montigny C, Desroches J, Desjardins P and Suranyi-Cadotte BE
(1989) Autoradiographic quantification of serotonin;, receptors in rat brain fol-

lowing antidepressant drug treatment. Synapse 4:347-352.

Wennogle LP and Meyerson LR (1985) Serotonin uptake inhibitors differentially
modulate high affinity imipramine dissociation in human platelet membranes.
Life Sci 36:1541-1550.

Westlund KN, Denney RM, Kochersperger LM, Rose RM and Abell CW (1985)

Distinct monamine oxidase A and B populations in primate brain. Science (Wash
DC) 20:181-183.

Westlund KN, Denney RM, Rose RM and Abell CW (1988) Localization of distinct
monoamine oxidase A and monoamine oxidase B cell populations in human brain-
stem. Neuroscience 25:439—456.

Whitton PS, Sarna GS, Datla KP and Curzon G (1991a) Effects of tianeptine on
stress-induced behavioural deficits and 5-HT dependent behaviour. Psychophar-
macology 104:81-85.

Whitton PS, Sarna GS, O’Connell MT and Curzon G (1991b) The effect of the novel
antidepressant tianeptine on the concentration of 5-hydroxytryptamine in rat
hippocampal dialysates in vivo. Neuropharmacology 30:1-4.

Wiklund L and Bjorklund A (1980) Mechanisms of regrowth in the bulbospinal
serotonin system following 5,6-dihydroxytryptamine induced axotomy. II. Fluores-
cence histochemical observations. Brain Res 191:129-169.

Wiklund L, Léger L and Persson M (1981) Monoamine cell distribution in the cat
brain stem. A fluorescence histochemical study with quantification of indolamin-
ergic and locus coeruleus cell groups. J Comp Neurol 203:613—647.

Wilde MI and Benfield P (1995) Tianeptine A review of its pharmacodynamic and
pharmacokinetic properties and therapeutic efficacy in depression and coexisting
anxiety and depression. Drugs 49:411-439.

Wilkinson LO, Hawkins LM, Beer MS, Hibert MF and Middlemiss DN (1993)
Stereoselective actions of the isomers of metitepine at 5-HT;pp receptors in the
guinea pig brain. Neuropharmacology 32:205-208.

Wilkinson LO and Middlemiss DN (1992) Metitepine distinguishes two receptors
mediating inhibition of[*H]-5-hydroxytryptamine release in guinea pig hippocam-
pus. Naunyn-Schmiedebergs Arch Pharmacol 345:696—699.

Wilson CJ, Groves PM and Fifkova E (1977) Monoaminergic synapses, including
dendrodendritic synapses in the rat substantia nigra. Exp Brain Res 30:161-174.

Wilson MA, Ricaurte GA and Molliver ME (1989) Distinct morphologic classes of
serotonergic axons in primates exhibit differential vulnerability to the psycho-
tropic drug 3,4-methylenedioxymethamphetamine. Neuroscience 28:121-137.

Wolf J, Kreider MS, Goodman C and Brunswick DJ (1987) Labelling in vivo of
serotonin uptake sites in rat brain after administration of [*H]cyanoimipramine.
o Pharmacol Exp Ther 241:196-203.

Walfel R, Bohm W, Halbrugge T, Bonisch H and Graefe K (1988) On the 5-hydroxy-
tryptamine transport across the plasma membrane of rabbit platelets and its
inhibition by imipramine. Naunyn-Schmiedebergs Arch Pharmacol 338:1-8.

Wolfel R and Graefe K-H (1992) Evidence for various tryptamines and related
compounds acting as substrates of the platelet 5-hydroxytryptamine transporter.
Naunyn-Schmiedebergs Arch Pharmacol 345:129-136.

Wood MD, Broadhurst AM and Wyllie MG (1986) Examination of the relation-
ship between the uptake system for 5-hydroxytryptamine and the high-affinity [*HJi-
mipramine binding site: I. Inhibition by drugs. Neuropharmacology 25:519-525.

Woolverton WL and Kleven MS (1992) Assessment of new medications for stimulant
abuse treatment. NIDA Res Monogr 119:155-159.

Wotherspoon G, Albert M, Rattray M and Priestly JV (1994) Serotonin and NADPH-
diaphorase in the dorsal raphe nucleus of the adult rat. Neuroscience Lett 173:31-36.

Wright IK, Garratt JC and Marsden CA (1990) Effects of a selective 5-HT, agonist,
DOI, on 5-HT neuronal firing in the dorsal raphe nucleus and 5-HT release and
metabolism in the frontal cortex. Br J Pharmacol 99:221-222.

Yagaloff KA and Hartig PR (1985) [*25]LSD binds to a novel serotonergic site on rat
choroid plexus epithelial cells. J Neurosci 5:3178-3183.

Yang H-YT and Neff NH (1973) The monoamine oxidase of brain: Selective inhibition
with drugs and the consequences for the metabolism of the biogenic amines.
o Pharmacol Exp Ther 189:733-740.

Yocca FD (1990) Neurochemistry and neurophysiology of buspirone and gepirone:
Interactions of presynaptic and postsynaptic 5-HT 5 receptors. J Clin Psychophar-
macol 10:65-12S.

Yocca FD, Hyslop DK, Taylor DP and Maayani S (1986) Buspirone and gepirone:
Partial agonists at the 5-HT,, receptor linked to adenylate cyclase in rat and
guinea pig hippocampal preparations. Fed Proc 45:436.

Yocca FD and Maayani S (1985) Actions of gepirone (BMY 13805) on functional 5-HT
receptors. Pharmacologist 27:195.

Yoshimura M and Higashi H (1985) 5-Hydroxytryptamine mediates inhibitory
postsynaptic potentials in rat dorsal raphe neurons. Neurosci Lett 53:69—74.

Yu A, Yang J, Pawlyk AC and Tejani-Butt SM (1994) Acute depletion of serotonin down-
regulates serotonin transporter mRNA in raphe neurons. Brain Res 688:209-212.

Zanardi R, Artigas F, Sforzini L, Gasperini M, Smeraldi E and Pérez J (1997) How
long pindolol should be associated to paroxetine to improve the antidepressant
response? J Clin Psychopharmacol 17:446—450.

Zanardi R, Franchini L, Gasperini M, Lucca A, Smeraldi E and Pérez J (1998) Faster
onset of fluvoxamine in combination with pindolol in the treatment of delusional
depression: A controlled study. J Clin Psychopharmacol 18:441—-446.

Zgombick JM, Borden LA, Cochran TL, Kucharewicz SA, Weinshank RL and
Branchek TA (1993) Dual coupling of cloned human 5-hydroxytryptamine;p, and
5-hydroxytryptamine;pg receptors stably expressed in murine fibroblasts: Inhibi-
tion of adenylate cyclase and elevation of intracellular calcium concentrations via
pertussis toxin-sensitive G protein(s). Mol Pharmacol 44:575-582.

Zgombick JM, Schechter LE, Kucharewicz SA, Weinshank RL and Branchek TA
(1995) Ketanserin and ritanserin discriminate between recombinant human
5-HT;p, and 5-HT,pg receptor subtypes. Eur J Pharmacol 291:9-15.

Zheng Z, Léger L, Cespuglio R and Jouvet M (1991) Distribution of the pro-
opiomelanocortin-immunoreactive axons in relation to the serotoninergic neurons
in the dorsal raphe nucleus of the rat. Neurosci Lett 130:17-21.

Zimny R, Grottel K and Jakielska D (1988) Afferent fiber connections from the
raphe nuclei to the cerebellar paramedian lobule. A histochemical study in the
rabbit utilizing horseradish peroxidase as a retrograde marker. J Hirnforsch
29:21-35.

Zsilla G, Barbaccia ML, Gandolfi O, Knoll J and Costa E (1983) (—)-Deprenyl a
selective MAO “B” inhibitor, increases [3H]imipramine binding and decreases
beta-adrenergic receptor function. Eur J Pharmacol 89:111-117.

2T0Z ‘ST aunr uo 1sanb Aq 610’sjeuinofiadse Aaiwieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

