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Recent attention has been focused on the involvement of
serotonin (5-HT) in the pathophysiology of schizophrenia
and its role in mediating antipsychotic drug effects. There
are two reasons for the new emphasis: the tremendous
success of the so-called “atypical” antipsychotic drugs (a
common feature of which is their high affinity for specific
5-HT receptor subtypes); and the elucidation of a complex
family of 5-HT receptors whose function and pharmacol-
ogy is only beginning to be understood. This paper will
review the evidence that pertains to the role of 5-HT in
mediating antipsychotic drug effects. The interaction of
dopamine and 5-HT systems will be reviewed, and the
mechanisms of action of atypical antipsychotic drugs will
be evaluated in this context. The impact of serotonin on
neurodevelopment, and the involvement of serotonin in the
psychotomimetic and psychotogenic properties of halluci-
nogens, will be discussed. Together, these facts will be
placed into the context of changes in serotonergic func-
tion in schizophrenia. Biol Psychiatry 1998;44:
1099–1117 ©1998 Society of Biological Psychiatry
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Introduction

Since the advent of chlorpromazine and elucidation of
its mechanisms of action, there has been a focus on

dopamine (DA) neurotransmission both in formulating
pathophysiological theories of schizophrenia and in devel-
oping new therapeutic agents (Randrup and Munkvad
1965; Carlsson 1974; Snyder et al 1974; Creese et al 1976;
Seeman et al 1976; Davis et al 1991). Recently, consider-

able attention has been focused on the potential involve-
ment of serotonin (5-HT) in both the pathophysiology of
schizophrenia and its role in mediating antipsychotic drug
effects. One reason for this has been the tremendous
success of the so-called “atypical” antipsychotic drugs that
have as a common feature high affinity for one or more
5-HT receptor subtypes (e.g., 5-HT2A). In fact, it is now
known that there is a large family of 5-HT receptors whose
function and pharmacology are only beginning to be
understood. The molecular biology of serotonin receptors,
and the therapeutic implications of drugs acting at these
receptors is reviewed in the article by Kroeze and Roth
(this issue).

This paper will review evidence linking 5-HT systems
to the mediation of antipsychotic drug effects, and also to
the possible etiology of the disorder. We shall address the
role of serotonin in neurodevelopment, and the functional
interactions of DA and 5-HT systems. By examining the
psychotomimetic and psychotogenic properties of halluci-
nogens, and changes in serotonergic function in schizo-
phrenia, we hope to provide insight into how 5-HT
systems may play a role in the clinical action of atypical
antipsychotic drugs, and to highlight many of the remain-
ing unanswered questions.

Functional Interactions of DA and 5-HT
Systems

A major line of evidence supporting a potential role of
serotonin in mediating antipsychotic drug effects involves
the anatomical and functional interactions of DA and
5-HT. DA and 5-HT neurotransmission interact at differ-
ent anatomical levels, are mediated by different 5-HT
receptor subtypes, and affect different aspects of DA
function. Generally speaking, the reduction of 5-HT ac-
tivity is associated with an enhancement of DA. This
interaction has been suggested to account for the benefi-
cial effects of atypical antipsychotic drugs in schizophre-
nia, specifically the reduction of extrapyramidal symptoms
(EPS) and improvement in negative symptoms, attributed
to 5-HT2A antagonism.

The neuroanatomical basis for interactions between
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serotonin and DA systems is well described. Serotonergic
neurons in the median and dorsal raphe nuclei innervate
DA neurons in the substantia nigra (SN, A9) and the
ventral tegmental area (VTA, A10) (Herve et al 1987; van
der Kooy and Hattori 1980; Dray et al 1976). Van
Bockstaele et al (1994) demonstrated in an electron
microscopic immunocytochemical study that serotonergic
terminals make synaptic contact with DA neurons in the
VTA. In addition to innervation of A9 and A10 neurons,
5-HT neurons project to terminal fields of DA neurons,
including the caudate putamen, nucleus accumbens, me-
dial prefrontal cortex, and amygdala (Lvoie and Parent
1990; Steinbusch et al 1981; van der Kooy and Hattori
1980; Imai et al 1986). Thus, neuroanatomical studies
provide a basis for interactions between DA and 5-HT at
the level of DA cell bodies and in terminal fields of these
neurons. Figure 1 depicts a simplified (for illustrative
purposes) diagram of 5-HT and DA interactions in the
midbrain and striatum.

Behavioral Evidence for 5-HT–DA Interactions

Behavioral studies examining the effects of 5-HT lesions
and depletion suggest, in general, that 5-HT produces
antagonistic actions on DA-mediated behaviors (Mabry
and Campbell 1973; Breese et al 1974; Morrow and Roth
1996). Consistent with this idea, selective 5-HT reuptake
inhibitors (SSRIs) such as fluoxetine decrease the self-
administration of cocaine (Carroll et al 1990; Richardson
and Roberts 1991) and amphetamine (Leccese and Lyness

1984) in rats. While these data indicate that 5-HT normally
inhibits dopaminergic function, direct microinjection of
5-HT into the VTA apparently had the opposite effect
(Guan and McBride 1989; Mylecharane et al 1996; Gillies
et al 1996). Moreover, the selective 5-HT2A receptor
antagonists MDL 100,907 and MDL 100,151 potently
inhibit amphetamine-induced locomotor activity at doses
of the antagonists that do not affect spontaneous activity
(Arnt 1995; Sorensen et al 1993). These findings indicate
that 5-HT can have a stimulatory effect on mesolimbic DA
systems and seem difficult to reconcile with the results of
studies showing that 5-HT lesions and depletion potentiate
indirectly acting DA agonists. It may be that the results
from depletion or lesion studies reflect compensatory
changes in brain as much as endogenous function.

Electrophysiological Interactions between 5-HT
and DA

A number of studies have demonstrated effects of acute
5-HT receptor activation on the electrophysiological ac-
tivity of midbrain DA neurons. Most in vivo electrophys-
iological studies find that 5-HT has slight inhibitory
effects on the firing of DA neurons (Fibiger and Miller
1977; Dray et al 1978; Ugedo et al 1989) that are blocked
by 5-HT2A antagonists (Ugedo et al 1989). 5-HT has also
been shown to potentiate DA receptor-mediated inhibitory
effects on neuronal activity in the VTA (Brodie and
Bunney 1996). In addition, the effect of the 5-HT2

antagonists to reverse amphetamine-induced inhibition of

Figure 1. Schematic diagram of
functional interactions between do-
pamine and serotonin systems that
affect the occurrence of extrapyrami-
dal side effects induced by antipsy-
chotic drugs (modified from Kapur
and Remington 1996). This illustra-
tion is a simplification of the varied
and complex interactions of DA and
5-HT that are described further in
Table 1. ACh, acetylcholine; GABA,
gamma-aminobutyric acid.
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DA neuron activity was blocked by pretreatment with a
dose of levodopa that produced no effect on DA neuronal
activity alone (Sorensen et al 1992). From these data,
Sorensen et al (1992) suggest that the 5-HT2 antagonists
produced this effect in part by interfering with amphet-
amine-stimulated DA synthesis.

Although most acute in vivo electrophysiological stud-
ies involving extracellular unit recording indicate that
5-HT has an inhibitory influence on midbrain DA neurons,
the action of 5-HT on the functional activity of DA cells
can be complex. (Cameron et al 1997; Kelland et al 1990;
Mylecharane 1996; Gillies et al 1996; Guan and McBride
1989). The data from behavioral, microdialysis (Benloucif
and Galloway 1991), and in vitro electrophysiological
studies appear contradictory to the in vivo electrophysio-
logical observation indicating an inhibitory influence of
5-HT on DA neurons. Thus, further work is required to
clarify the physiological role of 5-HT/DA interactions at
the level of DA cell bodies.

Chronic administration of the atypical antipsychotic
drug clozapine (a drug with 5-HT2A antagonistic proper-
ties) results in a reduction in the number of spontaneously
active neurons in the VTA, but not the substantia nigra
(Chiodo and Bunney 1983). By contrast, chronic admin-
istration of the typical antipsychotic haloperidol reduces
the number of spontaneously active neurons in both the
VTA and substantia nigra (Chiodo and Bunney 1983). The
ability of clozapine to inhibit selectively DA neuronal
activity in the VTA has been hypothesized to account for
its efficacy in the treatment of schizophrenia and lack of
EPS. Clozapine interacts with a variety of receptors from
different neurotransmitter systems including D1, D2, D4,
5-HT2A, 5-HT2C, 5-HT3, 5-HT6, 5-HT7, a1- and a2-
adrenergic, histamine H1, and muscarinic M1 and M4

receptors. There is no simple explanation relating this
mixed neuroreceptor profile to the anatomically selective
pharmacologic effects of clozapine on VTA neuronal
activity. It is of interest that chronic administration of the
selective 5-HT2 receptor antagonists MDL 100,907 (So-
rensen et al 1993) also selectively reduces the number of
spontaneously active DA neurons in the VTA. These
preclinical data, together with data showing that 5-HT
receptor antagonists, particularly of 5-HT2A receptors,
block DA-mediated behaviors, suggest that selective
5-HT2 antagonists may possess atypical antipsychotic
activity.

Postsynaptic Interactions between DA and 5-HT in
the Medial Prefrontal Cortex

Altered structure and functional activity of DA in the
medial prefrontal cortex has been suggested to be respon-
sible for the negative symptoms and cognitive deficits in

schizophrenia (Andreasen et al 1992; Gur et al 1995;
Norman et al 1997; Siegel et al 1993; Weinberger et al
1988; 1995). Dopamine characteristically inhibits activity
of neurons in the medial prefrontal cortex. Activation of
5-HT3-like receptors in the medial prefrontal cortex has
also been shown to suppress neuronal activity in this
region (Ashby et al 1991). Ashby et al (1991) refer to these
receptors as 5-HT3-like because they differ in specific
functional characteristics associated with cloned iono-
tropic 5-HT3 receptors, but demonstrate pharmacologic
selectivity characteristic of these receptors. After lesioning
of 5-HT neurons with 5-7-dihydroxytryptamine, 5-HT3

receptors become functionally supersensitive (Ashby et al
1994). By contrast, in these lesioned rats, there is DA
receptor subsensitivity in the medial prefrontal cortex,
suggesting that 5-HT exerts a permissive role in the
electrophysiological effects of DA in this region (Ashby et
al 1994). Support for this hypothesis comes from data
showing that 5-HT and 5-HT3 agonists markedly potenti-
ate the effects of DA on the firing rate of medial prefrontal
cortical neurons (Wang et al 1996). This action of 5-HT to
potentiate the electrophysiological actions of DA in the
medial prefrontal cortex is similar to the electrophysiolog-
ical interactions of the monoamines in the VTA; however,
different 5-HT receptor subtypes appear to be involved in
mediating these effects in the two regions (i.e., 5-HT3

receptors in the cortex and 5-HT2A receptors in the VTA).

Effects of 5-HT on DA Release

There are abundant and consistent data demonstrating that
5-HT can stimulate DA release from nerve terminals by an
action on presynaptic receptors. Early in vitro studies in
striatal synaptosomes showed that 5-HT could stimulate
DA release in this cell-free preparation (De Belleroche and
Bradford 1980). In vivo microdialysis studies have also
shown that local application of 5-HT and selective ago-
nists can induce the release of DA in both striatum and
limbic brain regions. When added to the perfusate, 5-HT
induced the release of DA in the dorsal striatum (Ben-
loucif et al 1993) and nucleus accumbens (Parsons and
Justice 1993). Benloucif et al (1993) demonstrated that
stimulation of DA release by locally applied 5-HT in the
striatum could be reduced by 5-HT1 and 5-HT3 antago-
nists. Consistent with those findings, 5-HT3 receptor
stimulation in the striatum increases endogenous DA
release (Blandina et al 1989; Chen et al 1991). Locally
applied 5-HT also increases DA release in the medial
prefrontal cortex, and the magnitude of the potentiation
was substantially greater than that observed in the striatum
(Iyer and Bradberry 1996). The 5-HT receptor subtype
involved in mediating this response in the medial prefron-
tal cortex may be different from that mediating the
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homologous action in the striatum and accumbens. This is
suggested by the fact that 5-HT3 antagonism was without
effect, but a selective 5-HT1B/5-HT1D antagonist com-
pletely blocked 5-HT-stimulated DA release (Iyer and
Bradberry 1996). Thus, differential presynaptic regulation
of DA release by 5-HT in the striatum, nucleus, and
medial prefrontal cortex may provide a means to regulate
dopamine release in a neuroanatomically sensitive fashion.

Although stimulation of DA release by 5-HT1B/5-HT1D

and 5-HT3 agonists is well documented, systemic admin-
istration of 5-HT2 antagonists also stimulates DA release.
For example, Hertel et al (1996) found that systemic
administration of clozapine and amperozide (which are
both potent 5-HT2A antagonists) increased DA release
selectively in the medial prefrontal cortex. By contrast the
D2 antagonist raclopride selectively increased DA release
in the nucleus accumbens and striatum (Hertel et al 1996).
Local infusion of the 5-HT2A antagonist ritanserin into the
medial prefrontal cortex also results in increased DA
release (Pehek 1996). Such data suggest that 5-HT is
exerting a tonic inhibitory effect on DA release in the
medial prefrontal cortex. These findings, together with
data indicating a stimulatory role of presynaptic 5-HT1B/
5-HT1D and 5-HT3 receptors in the regulation of DA
release, demonstrate a complex but important role of 5-HT
in the regulation of DA release via actions on or near DA
terminals.

Positron-emission tomography (PET) studies in ba-
boons have demonstrated that the 5-HT2A antagonists
altanserin and SR 46349B reduce substantially11C-raclo-
pride binding, indicating that the drugs increase DA
release (Dewey et al 1995). Direct measurement of DA via
microdialysis confirmed that conclusion. In a similar study
in human subjects, administration of the 5-HT-releasing
agent fenfluramine resulted in a significant reduction in
the binding of 11C-raclopride, suggesting that the drug
increased DA release (Smith et al 1997). This was corrob-
orated by changes of other indices of increased DA release

in plasma (i.e., homovanillic acid, prolactin, and cortisol).
In rats, fenfluramine induces a robust induction of Fos in
the striatum that is blocked by a D1 DA antagonist and
6-hydroxydopamine treatment, but not by a variety of
5-HT receptor antagonists (Rouillard et al 1996). These
data indicate the induction of Fos by the 5-HT-releasing
agent is mediated through DA and are consistent with the
findings of the PET studies in humans.

As is clearly apparent from this review of studies, the
nature of these 5-HT and DA-mediated interactions are
varied and complex. Table 1 describes the different types
of regional interactions.

Conclusions

Functional interactions between 5-HT and DA systems
have been clearly demonstrated behaviorally, neurochemi-
cally, and electrophysiologically. The effects of 5-HT
appear to be differentially mediated by distinct 5-HT
receptors and are neuroanatomically specific. They pro-
vide a potential basis for the beneficial effects of atypical
antipsychotic drugs in terms of their improved EPS liabil-
ity and therapeutic effects against negative symptoms and
less clearly cognitive and psychotic symptoms.

Antipsychotic Drug Pharmacology

5-HT2A Receptor Antagonist Properties of Atypical
Antipsychotics

Meltzer et al (1989) formalized and popularized a concept
that had been previously suggested in a report by Ceule-
mans et al (1985), to wit, that the ratio of 5-HT2A to D2

affinities was the key pharmacologic property of atypical
antipsychotic drugs. Meltzer et al (1989) suggested that
typical and atypical antipsychotics can be distinguished on
the basis of lower D2 and higher 5-HT2A pKI values (a
logarithmic measure of the affinity of a drug for its
receptor), parameters derived from in vitro receptor stud-

Table 1. Summary of 5-HT–DA Interactions as Assessed by Different Experimental Approaches

5-HT manipulation
Usual effect on

DA function
Implication for 5-HT and

DA interactions

5-HT lesion or depletion Potentiate behavioral effects of DA drugs 5-HT antagonizes DA function
5-HT uptake inhibition Decrease self-administration of DA drugs 5-HT antagonizes DA function
Injection of 5-HT agonists into VTA Increase locomotor activity 5-HT potentiates DA function
5-HT2 blockade Decrease DA-mediated locomotion 5-HT potentiates DA function
5-HT agonist in vivo Slight decrease or no effect on DA neuron activity 5-HT antagonizes DA function
5-HT agonist electrophysiological

stimulation in vitro
Depolarization of DA neurons 5-HT potentiates DA function

5-HT3 agonist Enhancement of DA-induced depression
of medial prefrontal cortex neuron activity

5-HT potentiates DA function

Presynaptic action of 5-HT agonists Stimulation of DA release 5-HT potentiates DA function
5-HT antagonists Stimulation of DA release 5-HT antagonizes DA function
5-HT2 antagonist Reduction in11C-raclopride binding in vivo 5-HT antagonizes DA function
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ies. He proposed that the atypical antipsychotics had
5-HT2A/D2 pKI ratios of at least 1.1 (corresponding to a
25-fold selectivity for 5-HT2 as compared with D2 recep-
tors). This criterion is met in the new atypical compounds
(such as clozapine, risperidone, olanzepine, quetiapine,
sertindole, and ziprasidone) that have a relative 5-HT2 to
D2 selectivity.

These atypical antipsychotics have no effect on DA cell
firing following acute administration, and most of them
selectively decrease the activity of mesolimbic A10 neu-
rons after chronic administration (Chiodo and Bunney
1983, 1985; White and Wang 1983a, 1983b). The prefer-
ential blockade of 5-HT2A receptors by atypical antipsy-
chotic drugs may contribute to their superior clinical
profile by decreasing the inhibitory effects of DA activity
produced by chronic neuroleptics (i.e., postsynaptic D2

antagonism, depolarization block), functionally increasing
DA activity in the striatum and, possibly, certain other
brain regions as well. Svensson et al (1995) have proposed
a model that attributes the beneficial effect of atypical
antipsychotics on negative symptoms to blockade of
5-HT2A receptors, which leads to increased burst firing of
DA neurons in the medial prefrontal cortex (mPFC)
compared to single spike firing, thereby increasing the
signal – noise ratio. In addition, increases in mPFC DA
activity produced by 5-HT2A receptor antagonism may
contribute to the antipsychotic efficacy of these atypical
antipsychotic drugs by decreasing excessive subcortical
DA activity (Schmidt et al 1995).

It seems unlikely, however, that the ratio of affinities for
5-HT2A and D2 receptors is the entire explanation of the
novel mechanism and unique clinical features of the
atypical antipsychotics. Anticholinergic,a-adrenergic,
and/orb-adrenergic blockade, ability to enhance glutama-
tergic transmission and stimulate neurotensin release, and
ability to increase gamma-aminobutyric acid turnover in
the striatum and decrease it in the substantia nigra may
also contribute, along with other effects, to the spectrum of
action of atypical antipsychotics. It may also be that the
5-HT2/D2 ratio is relevant only to EPS and tardive
dyskinesia liability and not to increased therapeutic effi-
cacy. Some of the newer drugs that have become available
are therefore of heuristic value.

Selective 5-HT2A Antagonists

MDL 100,907 is a selective 5-HT2A antagonist that has no
D2 antagonist properties in vivo, and which is suggested to
have antipsychotic properties by preclinical studies. Like
the atypical antipsychotics, it decreases the firing rate of
A10, but not A9, neurons after chronic administration
(Sorensen et al 1993). It also blocks amphetamine-induced
locomotor activity at doses that do not cause catalepsy

(Schmidt et al 1992). Microdialysis studies confirm that
5-HT2A receptor blockade caused by MDL 100,907 pro-
duces marked increases in DA efflux in the rat medial
prefrontal cortex (Schmidt and Fadayel 1995), suggesting
that MDL 100,907 may have therapeutic effects for
negative symptoms. Phase II clinical trials of MDL
100,907 to assess the safety and antipsychotic efficacy of
this 5-HT2A antagonist in the treatment of schizophrenia
have just recently been completed. These preliminary data
(Offord, personal communication) suggest that the drug is
safe and efficacious, although further studies are needed to
determine if selective 5-HT2A antagonism provides
marked improvements in the treatment of schizophrenia.

Combined 5-HT2A and 5-HT2C Receptor
Antagonists

Clozapine, an effective atypical antipsychotic, has higher
affinity for the 5-HT2C receptor (in addition to the 5-HT2A

receptor) than the D2 receptor. Some evidence suggests
that combined 5-HT2A and 5-HT2C antagonists, such as
ritanserin and mianserin, may have antipsychotic activity
in schizophrenic patients, even though they have little
activity at D2 receptors. Three placebo-controlled double-
blind studies have demonstrated an effect of ritanserin
augmentation of antipsychotics predominantly on negative
symptoms in schizophrenic patients who have been poorly
controlled on ongoing therapy with a classical antipsy-
chotic agent (Gelders 1989; Reynetjens et al 1986;
Duinkerke et al 1993). A recent open-label treatment trial
of acutely psychotic patients with 20 mg of ritanserin
treatment alone for 4 weeks resulted in an improvement of
both negative and positive symptoms (Wiesel et al 1994).
The fact that these effects were mediated via 5-HT2A

receptors rather than D2 receptors was confirmed in this
study by assessing D2 receptor occupancy with PET.
Ritanserin treatment has also been shown to reduce the
EPS associated with antipsychotic therapy (Reynetjens et
al 1986; Miller et al 1990). Mianserin augmentation of
antipsychotic treatment has been reported to decrease
negative and global symptoms in hospitalized patients
with chronic schizophrenia (Rogue and Rogue 1992).

5-HT3 Receptor Antagonists

5-HT3 receptor antagonists have been examined as poten-
tial antipsychotics. This is due to both the 5-HT3 antago-
nism properties of effective atypical antipsychotics such as
clozapine and the primarily preclinical studies that suggest
antipsychotic efficacy of the highly selective 5-HT3 an-
tagonist, ondansetron. In animal models, ondansetron
reduced limbic DA hyperactivity caused by the infusion of
DA or amphetamine into the rat nucleus accumbens, and
this has traditionally been utilized as a preclinical test of
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antipsychotic efficacy. Ondansetron was distinguished
from DA receptor antagonists by its ability to return the
hyperactivity response to control values, without excessive
suppression of locomotion. Furthermore, the use of a
selective 5-HT3 receptor agonist 2-methyl-5-HT increased
the hyperactivity response induced by amphetamine, an
effect that was antagonized by ondansetron. 2-methyl-
5-HT had no direct effect on spontaneous locomotor
activity when given alone (Costall et al 1987). These data
are consistent with the view that 5-HT, via the 5-HT3

receptor, has a modulatory function that is only apparent
when the mesolimbic DA system is disturbed.

Clinical evidence of the antipsychotic efficacy of on-
dansetron is less encouraging. Two separate open-label
uncontrolled multicenter trials of ondansetron in patients
with schizophrenia reported a significant reduction in
Brief Psychiatric Rating Scale scores in patients who were
treated with 16 mg/day for 4 weeks (DeVeaugh-Geiss et al
1992). Gaster and King (1997) note, however, that a
double-blind study in 114 patients failed to confirm the
initial findings.

PET Studies

PET studies have utilized selective radioligands such as
[11C]raclopride and [11C]N-methylspiperone to measure
D2 and 5-HT2 receptor occupancy, respectively, after
treatment with typical and atypical antipsychotics. These
studies have demonstrated high D2 receptor occupancy
(70–90%) in patients who have received therapeutic doses
of conventional antipsychotic drugs. In contrast, studies of
patients treated with the atypical antipsychotic clozapine
show a relatively low D2 receptor occupancy (20–67%;
Farde et al 1992, 1994, 1995). This suggested that the lack
of EPS with clozapine could be explained on the basis of
lower striatal D2 receptor occupancy, but that the superior
antipsychotic efficacy of clozapine in treatment-resistant
patients may be mediated by a mechanism that is not
totally based on D2 receptor occupancy. In contrast to D2

receptor occupancy, 5-HT2A receptor occupancy in the
neocortex was very high (range, 84–94%), even at low
clozapine doses. This high 5-HT2A receptor occupancy
does not prove, but is consistent with the view that 5-HT2A

antagonism may be related to the superior antipsychotic
efficacy of clozapine in treatment-resistant schizophrenia
(Farde et al 1995). PET studies of newer atypical anti-
psychotics reveal that risperidone at low doses (1–4 mg)
produces D2 and 5-HT2A occupancies that are in the range
produced by clozapine (D2 ,70%, 5-HT2A .80%), but at
higher doses (.6 mg) produces D2 receptor occupancies
of 70–80% and 5-HT2A receptor occupancies of 80–95%
(Farde et al., 1995; Kapur et al personal communication).
Olanzapine (10 mg) results in a D2 and 5-HT2 receptor

occupancy similar to clozapine [D2 receptor occupancy of
59–63% and 5-HT2 receptor occupancy of 74–92% (Ny-
berg et al 1997)], while doses greater than 10 mg produce
D2 occupancy of greater than 70% (Kapur et al personal
communication). Quetiapine at doses of 150–750 mg
produces D2 occupancies,70% and 5-HT2A occupancies
.80% (Kapur et al personal communication). Interest-
ingly, EPS do not always occur with risperidone and
usually do not occur with olanzapine at doses associated
with D2 occupancies.80%. This suggests that the con-
current 5-HT2A antagonism of these compounds may be
mitigating their D2 antagonism in the striatum.

There is evidence from PET studies that serotonin
modulates DA in normal subjects. Studies of normal
subjects that have utilized a pharmacologic challenge of
the serotonin system with (6)-fenfluramine have demon-
strated a decrease in binding of [11C] raclopride, the
radioactive ligand that is a competitive antagonist for the
striatal D2 receptor. The observed decrease in [11C]
raclopride binding to the striatum after the (6)-fenflura-
mine challenge is consistent with an increase in presyn-
aptic DA concentrations and with the ability of a serotonin
agonist to stimulate DA activity (Smith et al 1997). This
implied serotonergic modulation of DA function in normal
subjects has implications for both the etiology and treat-
ment of schizophrenia. If there is an abnormality in
serotonergic modulation of DA in schizophrenia, we
would expect that a (6)-fenfluramine challenge in schizo-
phrenic patients might decrease [11C]raclopride binding to
a greater degree than in normal subjects (due to an
increase in presynaptic DA release in response to the
challenge). 5-HT2A/D2 receptor antagonists would com-
pensate for this imbalance in the serotonin and dopamine
systems; however, these results are not consistent with
subhuman primate studies in which the 5-HT uptake
inhibitor, citalopram, increased [11C]raclopride binding
(Dewey et al 1995). This might be due to the different
5-HT agonists used and the fact that fenfluramine may
release DA as well as serotonin from presynaptic storage
sites.

Genetic Studies

The role of serotonin receptor genes in the pathophysiol-
ogy of schizophrenia and in the prediction of response to
clozapine in treatment-refractory schizophrenics is an area
that has generated much interest. An extensive array of
genetically polymorphic sites is now available for molec-
ular genetic dissection of the serotonin system. The
5-HT2A receptor gene (HTR2A) has been localized to
chromosome 13 (Hsieh et al 1990), and several restriction
fragment length polymorphisms (RFLPs) have been iden-
tified. One is silent (Warren et al 1993), another occurs in
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the putative promoter region of this gene (Deckert et al
1997), and the third leads to His/Tyr amino acid substitu-
tion in the 5-HT2A receptor protein (Erdmann et al 1996).
The 5-HT2C gene has been localized to the X-chromo-
some, and has a coding sequence RFLP (Lappalainen et al
1995). Other candidate genes from the serotonin system
include: the 5-HT1A (Khan et al 1990), 5-HT1D alpha
(Kasapi et al 1994; Ozaki et al 1995), 5-HT1D beta
(Sidenberg et al 1993; Lappalainen et al 1995; Nothen et
al 1994), 5-HT1E (Shimron-Abarbanell et al 1996), 5-HT1F

(Shimron-Abarbanell et al 1996), 5-HT6 (Kohen et al
1996), and 5-HT7 receptors (Gelernter et al 1995).

Williams et al (1996) reported an association between
the T102C polymorphism in the gene for the 5-HT2A

receptor located on the long arm of chromosome 13 and
schizophrenia. This finding has, however, not been repli-
cated by other investigators (Arranz et al 1996). Because
clozapine has a high affinity for the 5-HT2A receptor, it
was hypothesized that functional variation at the gene for
this receptor may affect treatment response. There is some
evidence that allelic variation of genes that encode sero-
tonin receptors can influence clinical response to cloza-
pine. Arranz et al (1995a) showed that, for the T102C
polymorphism of the 5-HT2A receptor gene, the genotypes
T102/C102 and T102/T102 were more common in cloza-
pine responders. Homozygosity for the C102 allele was
more frequent among patients who were clozapine nonre-
sponders, findings that have been replicated by Masellis et
al (1995). Arranz et al (1995b) have also studied a H452Y
polymorphism in the 5-HT2A receptor, and found an
association between the allele Y452 and poor response to
clozapine. Sodhi et al (1995) reported that a polymorphism
of the 5-HT2C receptor (a serine substitution of cysteine at
amino acid 23 in the 5-HT2C receptor) was associated with
a good response to clozapine. Prediction of antipsychotic
response by genotyping has generated interest, because
this may permit early identification of treatment respond-
ers that could spare them the delay resulting from failure
to respond to other medications. The association between
clinical response and 5-HT receptor polymorphisms pro-
vides a potentially important line of evidence linking
serotonin to antipsychotic drug actions.

Psychotomimetic and Psychotogenic
Properties of Hallucinogens

Another line of evidence linking serotonin to schizophre-
nia and, by extension, antipsychotic drug activity is the
research on hallucinogenic drugs. Several terms are often
used for such drugs, including hallucinogen and psycho-
tomimetic. It should be recognized that both terms are
misnomers, because not all such drugs reliably produce
hallucinations, nor do they usually produce a state that

mimics psychosis. As such, despite the differences be-
tween the effects of “hallucinogens” and the symptoms
seen in various psychoses, such mechanisms are likely to
be heuristic. Administration of hallucinogens to patients
with schizophrenia produces an intoxication that includes
many of the same manifestations that occur in healthy
persons, but is described as qualitatively different than the
mental state in schizophrenia. The one exception to this is
PCP, a psychotomimetic agent that is believed to model
the positive, negative, and cognitive symptoms of schizo-
phrenia (Javitt and Zukin 1991), but does not directly
affect the 5-HT system.

Historical Relationship between 5-HT and
Hallucinogen Action

Following the isolation and identification of 5-HT, interest
in its role as a neurotransmitter and its possible relevance
to behavior was greatly stimulated by, and was intertwined
with, the virtually contemporaneous discovery of LSD and
recognition that this potent psychoactive substance had the
ability to interact with 5-HT systems (Twarog and Page
1953; Gaddum 1953; Gaddum and Hameed 1954; Wool-
ley and Shaw 1954). The idea that the effects of LSD
could be attributed simply to blockade of brain 5-HT
receptors was short lived. A variety of studies provided
convincing evidence that blockade of 5-HT receptors was
not the primary mechanism of LSD (e.g., Cerletti and
Rothlin 1955). Nevertheless, it was evident that even if
LSD was not a central antagonist of 5-HT, it did have
effects on 5-HT function in the central nervous system
(Freedman 1961; Rosecrans et al 1967; Ande´n et al 1968,
1971, 1974; Fuxe et al 1972; Freedman et al 1970;
Leonard 1973; Randic and Padjen 1971). Such data
suggested that 5-HT systems may play a role in the
etiology and/or therapy of aspects of psychosis.

5-HT1A, 5-HT2A,and 5-HT2C Receptor Actions of
Hallucinogens

At the present time, there seems to be a fairly clear
consensus that the key site for hallucinogen action is the
5-HT2A receptor subtype (Branchek et al 1990; McKenna
and Saavedra 1987; Pierce and Peroutka 1989; Sadzot et al
1989; Teitler et al 1988, 1990). It should be noted,
however, that this conclusion has been developed largely
by correlation of the rat behavioral activity of hallucino-
genic phenethylamines with their affinities and activities
at the 5-HT2 receptor (Glennon et al 1983, 1984a, 1984b,
1986; Sanders-Bush et al 1988).

Because all of the hallucinogens have nearly equal
potency in binding to the 5-HT2A and 5-HT2C receptor
subtypes, there has been some uncertainty as to which of
these receptors was more important to the mechanism of
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action. Nevertheless, Ismaiel et al (1993) developed a
spiperone analogue with about 2000-fold selectivity for
the rat 5-HT2A over the 5-HT2C receptor that was able to
block the discriminative cue of the hallucinogen (6)-1-
(2,5-dimethoxy-4-methyl-phenyl)-2-aminopropane (DOM)
in the two-lever drug discrimination paradigm in rats. Schre-
iber et al (1994) were able to abolish the discriminative cue
of the hallucinogen (6)-1-(2,5-dimethoxy-4-iodophenyl)-2-
aminopropane hydrochloride (DOI) in rats with the highly
selective 5-HT2A receptor antagonist MDL 100,907 (Schmidt
et al 1992), a drug with 200-fold selectivity for 5-HT2A

versus 5-HT2C receptors. Conversely, the selective 5-HT2C

receptor antagonist SB 200,646 (Kennett et al 1994) did not
block the stimulus effect of DOI at relatively high doses that
were effective in antagonizing behavioral effects caused by
5-HT2C receptor activation.

Although the preponderance of evidence suggests that
hallucinogens are agonists, the issue is clouded by studies
that show LSD to be a partial agonist (McClue et al 1989;
Sanders-Bush et al 1988), or even an antagonist (Norman
et al 1989; Pierce and Peroutka 1990) at the 5-HT2A

receptor. Glennon (1990) has reviewed this controversy
and has concluded that hallucinogens either are agonists or
in some cases may be partial agonists. Even though the
interoceptive cue produced by hallucinogens in rats may
be mediated by 5-HT2A receptor stimulation, the hypoth-
esis that this effect also mediates hallucinogen intoxication
in humans is confounded by the fact that the rat and human
5-HT2A receptor subtypes have slightly different structu-
re–activity relationships, apparently based on a single
amino acid substitution in transmembrane region V (Kao
et al 1992; Gallaher et al 1993). Hence, effects of various
hallucinogens on rat behavior may not be strictly analo-
gous to those in humans.

While compelling evidence links stimulation of the
5-HT2A receptor to hallucinogenesis in man, activation of
the 5-HT2C receptor also may play a role in the overall
intoxication process. Lisuride, a known 5-HT2A agonist,
known to suppress the firing of dorsal raphe cells like LSD
(Rogawski and Aghajanian 1979), is considered nonhal-
lucinogenic despite possessing the pharmacologic compo-
nents believed necessary for hallucinogenic effects in man.
In contrast to LSD and other hallucinogens, lisuride is an
antagonist, not an agonist at 5-HT2C receptors (Sanders-
Bush 1994). Indeed, other known hallucinogens are potent
5-HT2C agonists (Sanders-Bush and Breeding 1991;
Burris et al 1991), whereas nonhallucinogenic analogues
such as 2-bromo-LSD (BOL) and lisuride lack agonist
properties. These issues will not be settled until agonists
and antagonists selective for the 5-HT2A vs. 5-HT2C

receptors are available.
It should be noted that a role for the 5-HT1A receptor

should not be completely dismissed. Immunohistochemi-

cal studies have shown that the 5-HT1A receptors located
in the midbrain raphe nuclei are almost exclusively local-
ized on the cell membranes of 5-HT neurons (Sotelo et al
1990), and agonist drugs at the 5-HT1A autoreceptor
strongly inhibit central 5-HT neuron activity (Williams et
al 1988). Even though hallucinogens of the phenethyl-
amine class do not suppress raphe firing, and lack signif-
icant affinity for the 5-HT1A receptor subtype (Teitler
et al 1988), LSD has high affinity for these receptors,
as do potent tryptamine hallucinogens such as 5-methoxy-
dimethyltryptamine (DMT) and psilocin (McKenna et al
1990). LSD and 5-methoxy-DMT are also full agonists at
5-HT1A receptors (DeVivo and Maayani 1986; Dumuis et
al 1988).

Potentiating Effects of Interactions at Other
Receptor Subtypes

Fiorella et al (1995) reported that only 56% of the
variability in the potency of a given antagonist to block the
interoceptive cue produced by LSD could be accounted for
by 5-HT2A affinity alone. This is consistent with the
hypothesis that the primary cue of LSD may be modulated
by interactions at other receptor types (Meert et al 1990).
Although the LSD cue in rats appears to be expressed
through 5-HT2A receptor activation, it may be modulated
by effects of LSD at other monoamine receptors. These
ancillary monoamine interactions could be important.
Because the in vivo potency of LSD is about one order of
magnitude greater than for hallucinogenic phenethyl-
amines, some other pharmacologic property may be po-
tentiating its effects. It is difficult to know what this action
might be, however, because LSD binds with high affinity
to a variety of 5-HT receptors, including 5-HT1A, 5-HT1B,
5-HT1D, 5-HT2A, 5-HT2C, 5-HT6, 5-HT7, DA D1 and D2

receptors, anda1 anda2 adrenergic receptors (Burt et al
1976; Creese et al 1976; Hoyer 1988; Leysen 1985;
Marona-Lewicka and Nichols 1995; Meibach et al 1980;
U’Prichard et al 1977; Watts et al 1995). Although there is
no evidence to suggest that interactions with other 5-HT1

subtypes are responsible for potentiation of 5-HT2A ef-
fects, these cannot presently be ruled out as possibilities.
Almost nothing is known about the functional significance
of 5-HT6 or 5-HT7 receptors, where LSD also has high
affinity.

Hallucinogens: Relevance to Antipsychotic Drugs

At the present time there is compelling evidence that the
most salient feature of the pharmacology of hallucinogens,
at least in rats, is an agonist interaction with 5-HT2A

receptors. There is also some evidence that this is a
necessary, but perhaps not sufficient mechanism, and that
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the concurrent stimulation of 5-HT2C receptors may also
be required. There is no other distinguishing feature, at
least of the phenethylamine hallucinogens, to suggest that
additional pharmacologic components are required.
Tryptamine hallucinogens, including LSD, also potently
activate 5-HT1A receptors, and this could distinguish
qualitative features of the actions of tryptamines from
those of the phenethylamines. It is interesting that LSD has
modest affinity fora-adrenergic receptors, and relatively
high affinity for DA receptors, especially the D2 (Watts et
al 1995). The affinity of LSD for D2 receptors (K0.5 5 6.4
nM) is certainly in a range where receptor activation might
occur at behaviorally relevant doses. The exceptional
potency of LSD compared with other types of hallucino-
gens cannot be explained simply by its affinity for, or
interactions with 5-HT2A, 5-HT2C, or 5-HT1A receptors. It
is proposed that the high affinity of LSD for D2 receptors
may be a potentiating interaction to explain this high
potency. It is also possible that the high potency of LSD
may be a consequence of synergistic interactions resulting
from the interplay of LSD with many of the receptors for
which it has high affinity. In this regard, it may be that the
unique actions of clozapine are due to this drug having the
“right” proportion of relative affinity to several mono-
amine receptors of the serotonergic, dopaminergic, and/or
adrenergic families.

Lessons from Studies of 3,4-
Methylenedioxymethamphetamine (MDMA)

MDMA is a recreational drug that achieved popularity in
the United States about a decade ago, but which continues
to be highly popular in Europe, particularly at all night
dance parties (“raves”). It has unique psychopharmacol-
ogy, but its salient pharmacologic features, at least in
animal models, involve the indirect release both of neuro-
nal dopamine and neuronal serotonin. Furthermore,
MDMA induces selective destruction of serotonin axons
and terminals. DA has been shown to play a clear role in
MDMA-induced neurotoxicity. A linear correlation has
been demonstrated between acute DA release and extent
of long-term 5-HT terminal deficits (Nash and Nichols
1991). MDMA itself induces DA release (Schmidt et al
1987; Steele et al 1987), but the acute increase in postsyn-
aptic 5-HT that occurs concomitantly markedly amplifies
the concentration of extracellular DA (Gudelsky and Nash
1996). Activation of the 5-HT2A receptor has been shown
to enhance DA synthesis and release (Nash 1990; Schmidt
et al 1990), and the 5-HT released by MDMA may be
largely responsible for this activation (Huang and Nichols
1993). Consistent with this notion, increased levodopa
utilization and extracellular levels of DA seen after
MDMA administration are attenuated by 5-HT2A antago-

nists (Nash 1990; Schmidt et al 1990), as is MDMA-
induced neurotoxicity (Nash 1990; Schmidt et al 1990).

Recently, Marona-Lewicka and Nichols (in press) have
used a drug discrimination study in rats to demonstrate the
potentiation of a dopaminergic cue by pretreatment with
5-HT2A agonists. Rats were first trained to discriminate
1.0 mg/kg of (1)-amphetamine sulfate from saline. Dose–
response curves demonstrated that a dose of 0.25 mg/kg
produced approximately 50% selection of the drug lever.
The 5-HT2A agonists DOI and LSD did not produce
amphetaminelike responding at any dose tested or time of
administration. Simultaneous administration of DOI or
LSD with amphetamine was not significantly different
from the response produced by amphetamine alone. Pread-
ministration of DOI (3 hours) or of LSD (2 hours) before
amphetamine, however, evoked significant enhancement
of the amphetamine cue. The results suggested that the
enhanced behavioral response to amphetamine may be due
either to an increased sensitivity of dopaminergic neurons
in the mesolimbic area, or to an enhanced release of
dopamine by amphetamine.

These studies all show that activation of the 5-HT2A

receptor can enhance the response to a drug that produces
indirect release of dopamine from neuron terminals.
Whether or not these findings would extrapolate to schizo-
phrenia is at present an unknown, but highly relevant
issue. If basal dopaminergic tone is enhanced through
some pathological process, will the activation of serotonin
systems further amplify dopaminergic function? Enhanced
efficacy of antipsychotic agents possessing 5-HT2A antag-
onist activity certainly suggests a parallel to the studies
cited above.

Evidence for 5-HT Dysfunction in
Schizophrenia

There is sparse evidence for 5-HT involvement in the
pathophysiology of schizophrenia. Direct evidence for
abnormal 5-HT2A-mediated neurotransmission in schizo-
phrenia comes primarily from cerebral spinal fluid (CSF)
studies of 5-HT metabolites and postmortem ligand bind-
ing studies of 5-HT, 5-HT metabolites, 5-HT transporters,
and 5-HT receptors. Indirect evidence comes from phar-
macologic challenges probing the 5-HT system, the ob-
served effects of antipsychotic drugs with clinical efficacy
in schizophrenia that have pharmacologic properties in-
volving 5-HT modulation, and pharmacogenetic studies
that will be discussed in the next section.

Studies of 5-hydroxyindoleacetic acid (5-HIAA) con-
centration in the CSF of patients with schizophrenia have
generated inconsistent results, reporting both an increase
(Gomes et al 1980; Wode-Helgodt et al 1977) and a
decrease in CSF 5-HIAA concentration (Ashcroft et al
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1966; Bowers et al 1969). Low CSF 5-HIAA concentra-
tion in schizophrenia was associated with increased ven-
tricle–brain ratio (Potkin et al 1983; Losonczy et al 1986;
Jennings et al 1984), prominent negative symptoms
(Pickar et al 1986), and poor prefrontal activation during
prefrontal neuropsychological tasks (Weinberger et al
1988).

Postmortem studies have reported an increase in 5-HT
and 5-HIAA levels in subcortical areas such as the
putamen, nucleus accumbens, and globus pallidus (Crow
et al 1979; Farley et al 1980) and a decrease in 5-HIAA
levels in cortical regions including the cingulate and
frontal cortices (Winblad et al 1979). Serotonin transport-
ers, located on presynaptic 5-HT terminals, are believed to
provide an index of 5-HT innervation, and generally are
reported to be decreased in the frontal cortex of patients
with schizophrenia (Joyce et al 1993; Laruelle et al 1993).
Studies of 5-HT2 receptors in the frontal cortex of patients
with schizophrenia have generated conflicting results.
Several postmortem studies report a decrease in 5-HT2A

receptor number in the prefrontal cortex (Arora and
Meltzer 1991; Whitaker et al 1981; Bennett et al 1979).
Other studies, however, show no change in receptor
density in the frontal cortex of schizophrenics (Owen et al
1981; Joyce et al 1993). The difference in the 5-HT2

receptor densities in studies of the frontal cortex in
schizophrenia may be related to the heterogeneity of the
disease or may represent differences in medication effects,
because 5-HT2A antagonists down-regulate 5-HT2A recep-
tors.

Indirect evidence of serotonin dysfunction in schizo-
phrenia comes from the observed effects of largely anti-
psychotic drugs with clinical efficacy in schizophrenia that
have pharmacologic properties involving 5-HT modula-
tion; PET studies implicating 5-HT2 antagonism in the
clinical efficacy of atypical antipsychotics; and pharma-
cogenetic studies.

The drug m-chlorophenylpiperazine (mCPP) is a partial
agonist at 5-HT1A, 5-HT1B, 5-HT1D, and 5-HT2C recep-
tors, and an antagonist of 5-HT2 and 5-HT3 receptors
(Kahn and Wetzler 1991). Several groups have used
mCPP to probe 5-HT receptors in schizophrenia, yet these
studies have produced apparently conflicting results. In
antipsychotic drug free schizophrenic patients, mCPP has
been reported to increase (Iqbal et al 1991; Krystal et al
1993), reduce (Kahn et al 1992), or have no effect (Breier
et al 1993; Koreen et al 1997; Owen et al 1993) on
psychotic symptoms. These discrepancies have been at-
tributed to differences in the mode of mCPP administra-
tion, or the heterogeneity of patients in terms of their
vulnerability to the psychotogenic effects of mCPP. Krys-
tal et al (1993) hypothesized that the symptom-exacerbat-
ing effects were mediated by 5-HT2C stimulation that was

blocked by clozapine. In a separate study, however, the
effects of the indirectly acting DA agonist methylpheni-
date (known to exacerbate symptoms in schizophrenics)
were compared to mCPP in the same patient sample.
Methylphenidate was a more potent and consistent psy-
chotogen (Koreen et al 1997), suggesting that mCPP may
produce nonspecific anxiogenic effects that could elevate
psychotic symptoms in unstable patients.

Finally, the amino acidL-tryptophan is the dietary
precursor of 5-HT. Administration of large doses of
tryptophan does not exacerbate psychosis and may pro-
duce a decrease in aggression and in negative symptoms
(Gillin et al 1976; Morand et al 1983). Studies of 5-HT-
depleting agents, such as fenfluramine, suggest that these
agents are of no benefit in treating schizophrenic patients
(Shore et al 1985; Stahl et al 1985) and may even further
impair cognitive functioning of patients (Soper et al 1990).

Serotonin and Neurodevelopment:
Implications for Atypical Antipsychotics

Serotonin plays a role in the development of multiple
tissues and organs, including the fertilized ovum, the heart,
the intestines, craniofacial structures, and the central
nervous system from the earliest stages of gastrulation
through adulthood (Lauder 1990). Within the brain, sero-
tonin influences neuronal and glial morphology, connec-
tivity, and function (Azmitia and Whitaker-Azmitia 1991).
Some of these effects are direct, some are mediated by
growth factors (the best characterized of which is 5-HT1A

stimulation of the release of S100b from astrocytes), and
some appear to be mediated by counteracting the morpho-
genic influences of other neurotransmitters. It is likely that
most or all of these effects are initiated by the binding of
5-HT to one of more than a dozen different serotonin
receptors. Activation of particular serotonin receptors
accounts for some, but not all, of the specificity observed.
In addition, the particular effects observed appear to be
temporally and spatially determined. Consequently, acti-
vation of a particular serotonin receptor may result in
opposing actions during different developmental periods
or in different regions. The spatial resolution of effects of
5-HT is extreme; within a single neuron, some neurites
respond to serotonin with elongation, whereas others cease
their growth (Goldberg et al 1990). Of course, 5-HT is not
unique among the neurotransmitters in having such a
neurodevelopmental role.

Ontogeny of the Serotonergic System

The serotonergic system is among the first neurotransmit-
ter systems to innervate the brain and to demonstrate
functional activity (cf. Lauder 1990, 1995). In the rat,
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rostral raphe neurons are generated between embryonic
day 12 (E12) and E15, and serotonergic axons from the
raphe emanate toward the diencephalon almost immedi-
ately. They travel to the ventral thalamic area and then to
the septal region via the diagonal band of Broca. Cortical
innervation occurs 1) from the septal region to the medial
part of the frontal cortex, where it splits into two tracts on
either side of the cortical plate; 2) from ventral parts of the
ganglionic eminence, ventral to the internal capsule and
into the lateral cortex; and 3) from the ventral surface of
the cortical poles, then dorsally and rostrocaudally in a
radial fashion. In somatosensory cortex there are two
distinct forms of serotonergic terminals: 1) fairly sparse
large synapses in the molecular layer from median raphe
(concentrated in limbic cortex); and 2) numerous pleomor-
phic fine synapses present in all layers of granular cortex
from dorsal raphe (Kosofsky and Molliver 1987). The first
serotonergic fibers in the cerebellum are seen postnatally.
In early postnatal life, there is a general pattern of
escalating serotonergic innervation that peaks, and then
falls rapidly. In the somatosensory region and visual
cortex this peak seems associated with the “critical peri-
ods” for development of representational maps. This
critical period generally overlaps with periods of excess
synaptogenesis and roughly ends as synapses begin to be
eliminated.

There are clear developmental patterns of different
serotonergic receptors. For example, 5-HT1A receptors
appear at E12 and peak between E14 and E16 in rat cortex.
In humans, a similar peak is seen between the 16th and
22nd weeks of gestation. In contrast, 5-HT1A receptors on
glial cells appear to increase with advancing age (Whi-
taker-Azmitia et al 1993). 5-HT1B receptors have been
most clearly described on the thalamocortical afferents
during the first 2 weeks of rat life and then fall to
negligible levels (Bennett-Clark et al 1995). 5-HT1D re-
ceptors that appear to be autoreceptors are relatively rare
at birth, but increase during the first year and then fall (del
Olmo et al 1996). 5-HT2A and 5-HT2C receptors are
expressed in midgestation (E14) by developing mono-
amine neurons. They appear to mediate the cell differen-
tiation effects of serotonin (Lauder and Liu 1994). In
addition, 5-HT2A and 5-HT2C receptors are expressed in
several target regions prior to the arrival of serotonergic
fibers and may play a role in the guidance of serotonergic
fibers (Wallace and Lauder 1983).

Effects during the Embryonic Period

During the embryonic period, serotonin appears to have
trophic effects upon several different types of neurons and
some glia, to influence the formation of synapses, and to
influence the shape of the dendritic trees of some neurons.

Increased serotonin delays the maturation of the seroto-
nergic system, leading to a transient decrease in synapto-
somal serotonin (Heuther et al 1992). Exogenous serotonin
also leads to increases in noradrenergic (TH1) cells,
dopaminergic cells, and cholinergic cells [the latter seem
to be mediated by 5-HT1A receptors (Riad et al 1994)].
Exogenous serotonin also results in an increase in neurite
outgrowth from raphe neurons, but not mesencephalic
serotonin neurons, and an increase in neurite length and
branching in cholinergic neurons, although results in vitro
are very dependent upon the characteristics of the cultured
neurons.

Effects during the Postnatal and Adult Periods

Serotonin has also been demonstrated to have numerous
actions during the early postnatal period. Depending on
experimental factors, serotonin can increase the number of
fibers, the extent of myelination, and the number of
synapses (Chubakov et al 1986; Gromova et al 1983). It
also can increase the number of neurons with spontaneous
electrophysiological activity, and increase the percentage
of neurons that have patterned bursts of firing rather than
random discharges. In dissociated culture systems, it
appears that serotonin depletion reduces the number of
dendritic spines. Both 5-HT1A and 5-HT2 receptors appear
to be involved in these processes (Rorig and Sutor 1996).

For these reasons, it is not surprising that manipulation
of serotonergic systems in intact animals also has effects.
For example, among the changes caused by treatment with
fenfluramine at postpartum days 1–6 (P1–6) was a de-
crease in the area of the cytoarchitectonic representation of
individual whiskers (known as barrels) with broader
spaces between them (Bennett-Clark et al 1995). More
prolonged depletion of serotonin (P2–16) led to decreased
growth and differentiation of layers II–VI and delayed
barrel formation. Depletion after P21 did not change the
cytoarchitecture (Osterheld-Haas and Hornung 1996).
These studies suggest that serotonin acts to increase the
specificity of the thalamocortical circuit during the critical
period of somatosensory cortical development such that
serotonin depletion results in a larger number of neurons
that respond to input from multiple whiskers rather than
the highly specific pattern of innervation that is usually
observed. Rhoades et al (1994) have postulated that
electrical inhibition resulting from 5-HT1B receptor acti-
vation is critical during the period of synapse overelabo-
ration to set up the most appropriate connections. Again
there appears to be temporal specificity such that micro-
scopic cytoarchitectonic organization is sensitive to the
effects of serotonin depletion for a shorter period than the
synaptic organization.

Importantly, serotonin depletion during the early post-
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natal period also is associated with an array of behavioral
effects. Decreasing serotonin by;30% on P10–20 re-
sulted in deficits in spatial learning, extinguishing learned
responses, and learning in a new set (e.g., executive
functions) that persisted for at least 40 days (Mazer et al
1997). Animals with these behavioral changes also had
transient decreases in synaptophysin but long-standing
changes in MAP2 (a dendritic marker). Concurrent treat-
ment with 5-HT1A agonists (or dexamethasone) prevented
the negative effects of serotonin deprivation on synapto-
physin and MAP2. Behavioral changes have also been
reported with reduction of activity at 5-HT2 and 5-HT3
sites (De Ceballos et al 1985; Bell et al 1992).

Although relatively few studies have been done, the
regulatory effects of serotonin appear to persist in the adult
brain, albeit at a more limited level. These effects seem
confined to areas that still have relatively high levels of
serotonergic innervation or are near areas with high levels
of innervation. Sprouting of serotonergic fibers into basal
ganglia areas that have been experimentally deafferented
has been reported (Zhou et al 1991). Exogenous serotonin,
however, decreases the extent of sprouting observed (Bak-
er and Croll 1996). Significant serotonergic effects have
also been demonstrated in living adult chickens and
rodents. In the chick spinal cord, serotonin depletion
results in a decrease of synapses only in the dorsal
laminae, where the serotonergic innervation is relatively
high (Chen et al 1997). Serotonin depletion led to de-
creases in synaptophysin and MAP2 in both cortical and
hippocampal brain sections of adult rats. These changes
could be prevented by concurrent administration of the
5-HT1A agonist ipsapirone (Azmitia et al 1995). Taken
together, these results suggest that serotonin may be
required in adult brain to regulate the density of dendritic
spines and synapses.

Serotonin, Development, and Schizophrenia

The bulk of evidence suggests that the overall role of
serotonin during brain development is to promote the
development of specific and appropriate connections be-
tween neurons. In addition, serotonin appears to have a
role in the maintenance and appropriate remodeling of
synapses in some brain regions during adult life. The role
of serotonin during adolescence, when there is continuing
development in the frontal cortex and in some regions of
the limbic system, has not yet been defined. In the context
of neurodevelopmental models, existing evidence clearly
suggests a potential role for serotonin in the pathophysi-
ology of schizophrenia. The evidence is less clear for a
link between the trophic effects of serotonin and therapeu-
tic mechanisms of antipsychotic drug effects. One could
speculate, however, that atypical antipsychotics might act

during the initial phases of psychotic illness to prevent
stabilization of aberrant or inappropriate connections that
have led to the emergence of psychotic symptoms. Further
one could postulate that during later phases or chronic
stages of the illness, there is improvement because the
more recently established (presumably aberrant) connec-
tions are more sensitive to the destabilizing effects of
serotonin.

Conclusions

In summary, a broad array of evidence (both direct and
indirect) implicates 5-HT in the pathophysiology of
schizophrenia, and as a key substrate mediating atypical
antipsychotic drug effects (Kapur and Remington 1996;
Kapur 1996). Moreover, in view of the role of serotonin in
neurodevelopment and neuronal plasticity, there is a
strong rationale for the potential involvement of serotonin
in the pathogenesis and neurodevelopmental diathesis of
schizophrenia. This evidence, however suggestive of and
consistent with a role for serotonin, remains inconclusive
and largely circumstantial. The results of studies with the
selective 5-HT2A antagonists currently in development
could provide critical information on this question.

At the same time, 5-HT could well play an important
role in the modulation of pathologic neurochemical sys-
tems (e.g., DA, glutamate) and thereby provide a target for
therapeutic agents. The pharmacologic evidence at this
point in time most strongly suggests that the 5-HT activity
of antipsychotic drugs works through the DA system to
produce atypical clinical effects that principally reduce the
EPS liability of D2 antagonism, but also possibly improve
negative symptoms (either through decreased striatal D2

antagonism or through increased DA release in the medial
prefrontal cortex).

This work was supported, in part, by US Public Health Service research
grants MH00537, MH-40537, and MH-42705, and Center grants
MH33127 and HD03310.

This work was presented at the Neuroscience Discussion Forum “A
Decade of Serotonin Research” held at Amelia Island, Florida in
November, 1997. The conference was sponsored by the Society of
Biological Psychiatry through an unrestricted educational grant provided
by Eli Lilly and Company.

References
Andén NE, Corrodi H, Fuxe K, Hokfelt T (1968): Evidence for

a central 5-hydroxytryptamine receptor stimulation by lyser-
gic acid diethylamide.Br J Pharmacol Chemother34:1–7.

Andén NE, Corrodi H, Fuxe K (1971): Hallucinogenic drugs of
the indolealkylamine type and central monoamine neurons.
J Pharmacol Exp Ther179:236–249.

Andén NE, Corrodi H, Fuxe K, Meek JL (1974): Hallucinogenic

1110 J.A. Lieberman et alBIOL PSYCHIATRY
1998;44:1099–1117



phenethylamines: Interactions with serotonin turnover and
receptors.Eur J Pharmacol25:176–184.

Andreasen NC, Rezai K, Alliger R, et al (1992): Hypofrontality
in neuroleptic-naive patients and in patients with chronic
schizophrenia. Assessment with xenon 133 single-photon
emission computed tomography.Arch Gen Psychiatry12:
943–958.

Arnt J (1995): Differential effects of classical and newer antip-
sychotics on the hypermotility induced by two dose levels of
D-amphetamine.Eur J Pharmacol283:55–62.

Arora RC, Meltzer HY (1991): Serotonin 2 (5-HT2) receptor
binding in frontal cortex of schizophrenic patients.J Neural
Transm Gen Sect85:19–29.

Arranz M, Collier D, Sodhi M, et al (1995a): Association
between clozapine response and allelic variation in 5-HT2A
receptor gene.Lancet346:281–282.

Arranz MJ, Dawson E, Shaikh S, et al (1995b): Cytochrome
P4502D6 genotype does not determine response to clozapine.
Br J Clin Pharmacol4:417–420.

Arranz MJ, Collier DA, Munro J, et al (1996): Analysis of a
structural polymorphism in the 5-HT2A receptor and clinical
response to clozapine.Neurosci Lett217:177–178.

Ashby CR Jr, Minabe Y, Edwards E, Wang RY (1991): 5-HT3

like receptors in the rat medial prefontal cortex: an electro-
physiological study.Brain Research550:181–191.

Ashby CR Jr, Zhang JY, Edwards E, Wang RY (1994b): The
induction of serotonin3-like receptor supersensitivity and
dopamine receptor subsensitivity in the rat medial prefrontal
cortex after intraventricular administration of the neurotoxin
5,7-dihydroxytryptamine: A microiontophoretic study.Neu-
roscience60:453–462.

Ashcroft GW, Crawford TBB, Eccleston D, et al (1966): 5-Hy-
droxyindole compounds in the cerebrospinal fluid of patients
with psychiatric or neurological diseases.Lancet ii:1049–
1052.

Azmitia EC, Whitaker-Azmitia PM (1991): Awakening the
sleeping giant: Anatomy and plasticity of the brain serotoner-
gic system.J Clin Psychiatry52(suppl 12):4–16.

Azmitia EC, Rubinstein VJ, Strafaci JA, Rios JC, Whitaker-
Azmitia PM (1995): 5-HT1A agonist and dexamethasone
reversal of para-chloroamphetamine induced loss of MAP-2
and synaptophysin immunoreactivity in adult rat brain..Brain
Res677:181–192.

Baker MW, Croll RP (1996): Modulation of in vivo neuronal
sprouting by serotonin in the adult CNS of the snail.Cell Mol
Neurobiol16:561–576.

Bell J, Zhang X, Whitaker-Azmitia PM (1992): 5-HT3 receptor-
active drugs alter development of spinal serotonergic inner-
vation: Lack of effect of other serotonergic agents.Brain Res
571:293–297.

Benloucif S, Galloway MP (1991): Facilitation of dopamine
release in vivo by serotonin agonists: Studies with microdi-
alysis.Eur J Pharmacol200:1–8.

Benloucif S, Keegan MJ, Galloway MP (1993): Serotonin-
facilitated dopamine release in vivo: Pharmacological char-
acterization.J Pharmacol Exp Ther265:373–377.

Bennett JP Jr, Enna SJ, Bylund DB, Gillin JC, Wyatt RJ, Snyder
SH (1979): Neurotransmitter receptors in frontal cortex of
schizophrenics.Arch Gen Psychiatry36:927–934.

Bennett-Clark CA, Lane RD, Rhoades RW (1995): Fenfluramine
depletes serotonin from the developing cortex and alters
thalamocortical organization.Brain Res702:255–260.

Blandina S, Goldfarb J, Craddock-Royal B, Green JP (1989):
Release of endogenous dopamine by stimulation of 5-hy-
droxytryptamine3 receptors in the striatum.J Pharmacol Exp
Ther 251:803–809.

Bowers MB Jr, Heninger GR, Gerbode F (1969): Cerebrospinal
fluid 5-hydroxyindoleacetic acid and homovanillic acid in
psychiatric patients.Int J Neuropharmacol8:255–262.

Branchek T, Adham N, Macchi M, Kao H-T, Hartig PR (1990):
[3H]-DOB (4-bromo-2,5-dimethoxyphenylisopropylamine)
and [3H]ketanerin label two affinity states of the cloned
human 5-hydroxytryptamine2 receptor.Mol Pharmacol38:
604–609.

Breese GR, Cooper BR, Mueller RA (1974): Evidence for
involvement of 5-hydroxytryptamine in the actions of am-
phetamine.Br J Pharmacol52:307–314.

Breier A, Kirkpatrick B, Buchanan RW (1993): Clozapine
attenuates metachlorophenylpiperazine (mCPP)-induced
plasma cortisol increases in schizophrenia.Biol Psychiatry
34:492–494.

Brodie MS, Bunney EB (1996): Serotonin potentiates dopamine
inhibition of ventral tegmental area neurons in vitro.J Neu-
rophysiol76:2077–2082.

Burris KD, Breeding M, Sanders-Bush E (1991): (1)Lysergic
acid diethylamide, but not its nonhallucinogenic congeners, is
a potent serotonin 5HT1C receptor agonist.J Pharmacol Exp
Ther 258:891–896.

Burt DR, Creese I, Snyder SH (1976): Binding interactions of
lysergic acid diethylamide and related agents with dopami-
nergic receptors in brain.Mol Pharmacol12:631–638.

Cameron DL, Wessendorf MW, Williams JT (1997): A subset of
ventral tegmental area neurons is inhibited by dopamine,
5-hydroxytryptamine and opioids.Neuroscience77:155–166.

Carlsson AJ (1974): Antipsychotic drugs and catecholamine
synapses.Psychiatry Res11:57–64.

Carroll ME, Lac ST, Asencio M, Kragh R (1990): Fluoxetine
reduces intravenous cocaine self-administration in rats.Phar-
macol Biochem Behav35:237–245.

Cerletti A, Rothlin E (1955): Role of 5-hydroxytryptamine in
mental disease and its antagonism to lysergic acid derivatives.
Nature176:785–786.

Ceulemans DL, Gelders YG, Hoppenbrouwers ML, Reyntjens
AJ, Janssen PA (1985): Effect of serotonin antagonism in
schizophrenia: A pilot study with setoperone.Psychopharma-
cology (Berl)85:329–332.

Chen J, van Praag H, Gardner EL (1991): Activation of 5-HT3

receptor by 1-phenylbiguanide increases dopamine release in
the rat nucleus accumbens.Brain Res543:354–357.

Chen L, Hamaguchi K, Hamada S, Okado N (1997): Regional
differences of serotonin-mediated synaptic plasticity in the
chicken spinal cord with development and aging.J Neural
Transplant Plast6:41–48.

Chiodo LA, Bunney BS (1983): Typical and atypical neurolep-
tics: Differential effects of chronic administration on the
activity of A9 and A10 midbrain dopaminergic neurons.
J Neurosci3:1607–1619.

Chiodo LA, Bunney BS (1985): Possible mechanisms by which

Serotonin, Dopamine, and Antipsychotic Drugs 1111BIOL PSYCHIATRY
1998;44:1099–1117



repeated clozapine administration differentially affects the
activity of two subpopulations of midbrain dopamine neu-
rons.J Neuro Neurosci5:2539–2544.

Chubakov AR, Gromova EA, Konovalov GV, Sarkisova EF,
Chumasov EI (1986): The effects of serotonin on the morpho
functional development of rat cerebral neocortex in tissue
culture.Brain Res369:285–297.

Costall B, Domeney AM, Naylor RJ, Tyers MB (1987): Effects
of the 5-HT3 receptor antagonist, GR38032F, on raised
dopaminergic activity in the mesolimbic system of the rat and
marmoset.Br J Pharmacol92:881–894.

Creese I, Burt DR, Snyder SH (1976): The dopamine receptor:
Differential binding of d-LSD and related agents to agonist
and antagonist states.Life Sci17:1715–1720.

Crow TJ, Baker HF, Cross AJ, et al (1979): Monoamine
mechanisms in chronic schizophrenia: Post-mortem neuro-
chemical findings.Br J Psychiatry134:249–256.

Davis KL, Kahn RS, Ko G, Davidson M (1991): Dopamine in
schizophrenia: A review and reconceptualization.Am J Psy-
chiatry 148:1474–1486.

De Belleroche JS, Bradford HF (1980): Presynaptic control of
the synthesis and release of dopamine from striatal synapto-
somes: A comparison between the effect of 5-hydroxytrypta-
mine, acetylcholine, and glutamate.J Neurochem35:1227–
1237.

De Ceballos ML, Benedi A, Urdin C, Del Rio J (1985): Prenatal
exposure of rats to antidepressant drugs down-regulates
beta-adrenoreceptors and 5-HT2 receptors in cerebral cortex.
Neuropharmacology24:947–952.

Deckert J, Catalano M, Heils A, et al (1997): Functional
promoter polymorphism of the human serotonin transporter:
Lack of association with panic disorder.Psychiatr Genet
7:45–47.

del Olmo E, del Arco C, Diaz A, et al (1996): Ontogenetic
development of 5-HT1D receptors in human brain: An auto-
radiographic study.Eur J Neurosci8:53–60.

DeVeaugh-Geiss J, McBain S, Cooksey P, Bell JM (1992): The
effects of a novel 5-HT3 antagonist, ondansetron, in schizo-
phrenia. In: Meltzer HY, editor.Novel Antipsychotic Drugs.
New York: Raven Press, pp 225–232

DeVivo M, Maayani S (1986): Characterization of the
5-hydroxytryptamine1A receptor-mediated inhibition of for-
skolin-stimulated adenylate cyclase activity in guinea pig and
rat hippocampus membranes.J Pharmacol Exp Ther238:
248–253.

Dewey SL, Smith GS, Logan J, et al (1995): Serotonergic
modulation of striatal dopamine measured with positron
emission tomography (PET) and in vivo microdialysis.J Neu-
rosci 15:821–829.

Dray A, Gonye TJ, Oakley NR, Tanner T (1976): Evidence for
the existence of a raphe projection to the substantia nigra in
rat. Brain Res113:45–57.

Dray A, Davies J, Oakley NR, Tongroach P, Velucci S (1978):
The dorsal and median raphe projections to the substantia
nigra in the rat: Electrophysiological, biochemical and behav-
ioral observations.Brain Res151:431–442.

Duinkerke SJ, Botter PA, Jansen AA, et al (1993): Ritanserin, a
selective 5-HT2/1C antagonist, and negative symptoms in
schizophrenia. A placebo-controlled double-blind trial.Br J
Psychiatry163:451–455.

Dumuis A, Sebben M, Bockaert J (1988): Pharmacology of
5-hydroxytryptamine-1A receptors which inhibit cAMP pro-
duction in hippocampal and cortical neurons in primary
culture.Mol Pharmacol33:178–186.

Erdmann J, Shimron-Abarbanell D, Rietschel M, et al (1996):
Systematic screening for mutations in the human seroto-
nin-2A (5-HT2A) receptor gene: Identification of two natu-
rally occurring receptor variants and association analysis in
schizophrenia.Hum Genet97:614–619.

Farde L, Nordstrom AL, Wiesel FA, Pauli S, Halldin C, Sedvall
G (1992): Positron emission tomographic analysis of central
D1 and D2 dopamine receptor occupancy in patients treated
with classical neuroleptics and clozapine. Relation to extra-
pyramidal side effects.Arch Gen Psychiatry49:538–544.

Farde L, Nordstrom AL, Nyberg S, Halldin C, Sedvall G (1994):
D1-, D2-, and 5-HT2-receptor occupancy in clozapine-treated
patients.J Clin Psychiatry55:67–69.

Farde L, Nyberg S, Oxenstierna G, Nakashima Y, Halldin C,
Ericsson B (1995): Positron emission tomography studies on
D2 and 5-HT2 receptor binding in risperidone-treated schizo-
phrenic patients.Psychopharmacology (Berl)15:19S–23S.

Farley IJ, Shannak KS, Hornykiewicz O (1980): Brain mono-
amine changes in chronic paranoid schizophrenia and their
possible relation to increased receptor sensitivity. In: Pepeu
G, Kuhar MJ, Enna SJ, editors.Receptors for Neurotransmit-
ters and Peptides. New York: Raven Press, pp 427–433.

Fibiger HC, Miller JJ (1977): An anatomical and electrophysio-
logical investigation of the serotonergic projection from the
dorsal raphe nucleus to the substantia nigra in the rat.
Neuroscience2:975–987.

Fiorella D, Rabin RA, Winter JC (1995): The role of the 5-HT2A

and 5-HT2C receptors in the stimulus effects of hallucino-
genic drugs I: Antagonist correlation analysis.Psychophar-
macology (Berl)121:347–356.

Freedman DX (1961): Effects of LSD-25 on brain serotonin.
J Pharmacol Exp Ther134:160–166.

Freedman DX, Gottleib R, Lovell RA (1970): Psychotomimetic
drugs and brain 5-hydroxytryptamine metabolism.Biochem
Pharmacol19:1181–1188.

Fuxe K, Holmstedt B, Jonsson G (1972): Effects of 5-methoxy-
N,N-dimethyltryptamine on central monoamine neurons.Eur
J Pharmacol19:25–34.

Gaddum JH (1953): Antagonism between lysergic acid diethyl-
amide and 5-hydroxytryptamine.J Physiol121:15P.

Gaddum JH, Hameed KA (1954): Drugs which antagonize
5-hydroxytryptamine.Br J Pharmacol9:240–248.

Gallaher TK, Chen K, Shih J (1993): Higher affinity of psilocin
for human than rat 5-HT2 receptor indicates binding site
structure.Med Chem Res3:52–66.

Gaster LM, King FD (1997): Serotonin 5-HT3 and 5-HT4
receptor antagonists.Med Res Rev17:163–214.

Gelders YG (1989): Thymosthenic agents, a novel approach in
the treatment of schizophrenia.Br J Psychiatry155:33–36.

Gelernter J, Rao PA, Pauls DL, Hamblin MW, Sibley DR, Kidd
KK (1995): Assignment of the 5HT7 receptor gene (HTR7) to
chromosome 10q and exclusion of genetic linkage with
Tourette syndrome.Genomics26:207–209.

Gillies DM, Mylecharane EJ, Jackson DM (1996): Effects of
5-HT3 receptor-selective agents on locomotor activity in rats

1112 J.A. Lieberman et alBIOL PSYCHIATRY
1998;44:1099–1117



following injection into the nucleus accumbens and the
ventral tegmental area.Eur J Pharmacol6:1–12.

Gillin J, Kaplan J, Wyatt R (1976): Clinical efects of tryptophan
in chronic schizophrenic patients.Biol Psychiatry11:635–
639.

Glennon RA (1990): Do classical hallucinogens act as 5-HT2

agonists or antagonists?Neuropsychopharmacology3:509–
517.

Glennon RA, Young R, Rosecrans JA (1983): Antagonism of the
effects of the hallucinogen DOM and the purported 5-HT
agonist quipazine by 5-HT2 antagonists.Eur J Pharmacol
22:189–196.

Glennon RA, Young R, Hauck AE, McKenney JD (1984a):
Structure activity studies on amphetamine analogues using
drug discrimination methodology.Pharmacol Biochem Be-
hav 21:895–901.

Glennon RA, Teitler M, McKenney JD (1984b): Evidence for
5-HT2 involvement in the mechanism of action of hallucino-
genic agents.Eur J Pharmacol35:2505–2511.

Glennon RA, Teitler M, Young R (1986): Structure-activity
relationships and mechanisms of action of hallucinogenic
agents based on drug discrimination and radioligand binding
studies.Psychopharmacol Bull22:953–958.

Goldberg JI, Mills LR, Kater SB (1990): Novel effects of
serotonin on neurite outgrowth in neurons cultured from
embryos of Helisoma Trivolvis.J Neurobiol22:182–194.

Gomes UC, Shanley BC, Potgieter L, Roux JT (1980): Norad-
renergic overactivity in schizophrenia: Evidence based on
cerebrospinal fluids noradrenaline and cyclic nucleotide con-
centrations.Br J Psychiatry137:346–351.

Gromova HA, Chubakov AR, Chumasov EI, Konovalov HV
(1983): Serotonin as a stimulator of hippocampal cell differ-
entiation in tissue culture.J Dev Neurosci1:339–349.

Guan XM, McBride WJ (1989): Serotonin microinfusion into the
ventral tegmental area increases accumbens dopamine re-
lease.Brain Res Bull23:541–547.

Gudelsky GA, Nash JF (1996): Carrier-mediated release of
serotonin by 3,4-methylenedioxy methamphetamine: Impli-
cations for serotonin-dopamine interactions.J Neurochem
6:243–249.

Gur RE, Mozley PD, Resnick SM, et al (1995): Resting cerebral
glucose metabolism in first-episode and previously treated
patients with schizophrenia relates to clinical features.Arch
Gen Psychiatry52:657–667.

Hertel P, Nomikos GG, Iurlo M, Svensson TH (1996): Risperi-
done: Regional effects in vivo on release and metabolism of
dopamine and serotonin in the rat brain.Psychopharmacology
(Berl) 124:74–86.

Herve D, Pickel VM, Joh TH, Beaudet A (1987): Serotonin axon
terminals in the ventral tegmental area of the rat: Fine
structure and synaptic input to dopaminergic neurons.Brain
Res1:71–83.

Heuther G, Thomke F, Adler L (1992): Administration of
tryptophan-enriched diets to pregnant rats retards the devel-
opment of the serotonergic system in their offspring.Dev
Brain Res68:175–181.

Hoyer D (1988): Functional correlates of serotonin 5-HT1

recognition sites.J Recept Res8:59–81.

Hsieh CL, Bowcock AM, Farrer LA, et al (1990): The serotonin

receptor subtype 2 locus HTR2 is on human chromosome 13
near genes for esterase D and retinoblastoma-1 and on mouse
chromosome 14.Somat Cell Mol Genet16:567–574.

Huang X, Nichols DE (1993): 5-HT2 receptor-mediated poten-
tiation of dopamine synthesis and central serotonergic defi-
cits. Eur J Pharmacol238:291–297.

Imai H, Steindler DA, Kitai ST (1986): The organization of
divergent axonal projections from the midbrain raphe nuclei
in the rat.J Comp Neurol243:363–380.

Iqbal N, Asnis GM, Wetzler S, Kahn RS, Kay SR, van Praag HM
(1991): The mCPP challenge test in schizophrenia: Hormonal
and behavioral responses.Biol Psychiatry30:770–778.

Ismaiel AM, De Los Angeles J, Teitler M, Ingher S, Glennon RA
(1993): Antagonism of 1-(2,5-dimethoxy-4-methyl)-2-amino-
propane stimulus with a newly identified 5-HT2 versus
5-HT1C-selective antagonist.J Med Chem36:2519–2525.

Iyer RN, Bradberry CW (1996): Serotonin-mediated increase in
prefrontal cortex dopamine release: Pharmacological charac-
terization.J Pharmocol Exp Ther277:40–47.

Javitt DC, Zukin SR (1991): Recent advances in the phencycli-
dine model of schizophrenia.Am J Psychiatry148:1301–
1308.

Jennings WS, Schultz SC, Narasimhachar N, et al (1984): Brain
ventricular size and CSF monoamine metabolite in an ado-
lescent inpatient population.Psychiatry Res16:87–94.

Joyce JN, Shane A, Lexow N, Winokur A, Casanova MF,
Kleinman JE (1993): Serotonin uptake sites and serotonin
receptors are altered in the limbic system of schizophrenics.
Neuropsychopharmacology8:315–336.

Kahn RS, Wetzler S (1991): m-Chlorophenylpiperazine as a
probe of serotonin function.Biol Psychiatry30:1139–1166.

Kahn RS, Siever LJ, Gabriel S, et al (1992): Serotonin function
in schizophrenia: Effects of metachlorophenylpiperazine in
schizophrenic patients and healthy subjects.Psychiatry Res
43:1–12.

Kao H-T, Adham N, Olsen MA, Weinshank RL, Branchek TA,
Hartig PR (1992): Site-directed mutagenesis of a single
residue changes the binding properties of the serotonin 5-HT2

receptor from a human to a rat pharmacology.FEBS Lett
307:324–328.

Kapur S (1996): 5-HT2 antagonism and EPS benefits: Is there a
causal connection?Psychopharmacology (Berl)124:35–39.

Kapur S, Remington G (1996): Serotonin-dopamine interaction
and its relevance to schizophrenia.Am J Psychiatry153:466–
476.

Kasapi M, Holik J, Shah M, Hoff M, Coon H, Byerley W (1994):
SSCP at the HTR1DA locus.Hum Mol Genet3:1444.

Kelland MD, Freeman AS, Chiodo LA (1990): Serotonergic
afferent regulation of the basic physiology and pharmacolog-
ical responsiveness of nigrostriatal dopamine neurons.
J Pharmacol Exp Ther253:803–811.

Kennett GA, Wood MD, Glen A, et al (1994): In vivo properties
of SB 200,646A, a novel 5-HT2C/2B receptor antagonist.Br J
Pharmacol111:797–802.

Khan MA, Isenberg KE, Aschauer H, Devor EJ (1990): A Sac I
RFLP is detected with the 5-HT1a serotonin receptor probe
G21.Nucl Acids Res3:691.

Kohen R, Metcalf MA, Khan N, et al (1996): Hamblin MW

Serotonin, Dopamine, and Antipsychotic Drugs 1113BIOL PSYCHIATRY
1998;44:1099–1117



cloning, characterization, and chromosomal localization of a
human 5-HT6 serotonin receptor.J Neurochem66:47–56.

Koreen AR, Lieberman JA, Alvir J, Chakos M (1997): The
behavioral effect of m-chlorophenylpiperazine (mCPP) and
methylphenidate in first-episode schizophrenia and normal
controls.Neuropsychopharmacology16:61–68.

Kosofsky BE, Molliver ME (1987): The serotoninergic innerva-
tion of cerebral cortex: Different classes of axon terminals
arise from dorsal and median raphe nuclei.Synapse1:153–
168.

Krystal JH, Seibyl JP, Price LH, et al (1993): m-Chlorophe-
nylpiperazine effects in neuroleptic-free schizophrenic pa-
tients.Arch Gen Psychiatry50:624–635.

Lappalainen J, Dean M, Charbonneau L, Virkkunen M, Linnoila
M, Goldman D (1995): Mapping of the serotonin 5-HT1D
beta autoreceptor gene on chromosome 6 and direct analysis
for sequence variants.Am J Med Genet60:157–161.

Laruelle M, Abi-Dargham A, Casanova MF, Toti R, Weinberger
DR, Kleinman JE (1993): Selective abnormalities of prefron-
tal serotonergic receptors in schizophrenia. A postmortem
study.Arch Gen Psychiatry50:810–818.

Lauder JM (1990): Ontogeny of the serotonin sytem in the rat:
Serotonin as a developmental signal.Ann NY Acad Sci
600:297–313.

Lauder JM (1995): Ontogeny of neurotransmitter systems: Sub-
strates for developmental disabilities.Ment Retard Dev Dis-
abil Res Rev1:51–168.

Lauder JM, Liu J (1994): Glial heterogeneity and developing
neurotransmitter systems.Perspect Dev Neurobiol2:239–
250.

Lavoie B, Parent A (1990): Immunohistochemical study of the
serotoninergic innervation of the basal ganglia in the squirrel
monkey.J Comp Neurol299:1–16.

Leccese AP, Lyness WH (1984): The effects of putative 5-hy-
droxytryptamine receptor active agents on d-amphetamine
self-administration in controls and rats with 5,7-dihy-
droxytryptamine median forebrain bundle lesions.Brain Res
303:153–162.

Leonard BE (1973): Some effects of of the hallucinogenic drug
2,5-dimethoxy-4-methylamphetamine on the metabolism of
biogenic amines in the rat brain.Psychopharmacologia32:
33–49.

Leysen JE (1985): Serotonin receptor binding sites. In: Green
AR, editor. Neuropharmacology of Serotonin. Oxford: Ox-
ford University Press, pp 86–87.

Losonczy MF, Song IS, Mohs RC, et al (1986): Correlates of
lateral ventricular size in chronic schizophrenia, II: Biological
measures.Am J Psychiatry143:1113–1118.

Mabry PD, Campbell BA (1973): Serotonergic inhibition of
catecholamine-induced behavioral arousal.Brain Res 49:
381–391.

Marona-Lewicka D, Nichols DE (1995): Complex stimulus
properties of LSD: A drug discrimination study with2-adre-
noceptor agonists and antagonists.Psychopharmacology
(Berl) 120:384–391.

Marona-Lewicka D, Nichols DE (1997): 5-HT2A/2C receptor
agonists potentiate the discriminative cue of (1)-amphet-
amine in the rat.Neuropharmacology10:1471–1478.

Masellis M, Paterson AD, Badr F, et al (1995): Genetic variation

of 5-HT2A receptor and response to clozapine.Lancet346:
1108.

Mazer C, Muneyyirci J, Taheny K, Raio N, Borella A, Whitaker-
Azmitia P (1997): Serotonin depletion during synaptogenesis
leads to decreased synaptic density and learning deficits in the
adult rat: A possible model of neurodevelopmental disorders
with cognitive deficits.Brain Res760:68–73.

McClue SJ, Brazell C, Stahl SM (1989): Hallucinogenic drugs
are partial agonists of the human platelet shape change
response: A physiological model of the 5-HT2 receptor.Biol
Psychiatry26:297–302.

McKenna DJ, Saavedra JM (1987): Autoradiography of LSD and
2,5-dimethoxyphenylisopropylamine psychotomimetics dem-
onstrates regional, specific cross-displacement in the rat
brain.Eur J Pharmacol142:313–315.

McKenna DJ, Repke DB, Peroutka SJ (1990): Differential
interactions of indolealkylamines with 5-hydroxytryptamine
receptor subtypes.Neuropharmacology29:193–198.

Meert TF, De Haes PLAJ, Vermote PCM (1990): The discrim-
inative stimulus properties of LSD: Serotonergic and cat-
echolaminergic interactions.Psychopharmacology (Berl)
101:271.

Meibach RC, Maayani S, Green JP (1980): Characterization and
radioautography of [3H]LSD binding by rat brain slices in
vitro: The effect of 5-hydroxytryptamine.Eur J Pharmacol
67:371–382.

Meltzer HY, Metsubara S, Lee JC (1989): Classification of
typical and atypical drugs on the basis of dopamine D1, D2

and serotonin 5-HT2A pKi values. J Pharmacol Exp Ther
251:238-246.

Miller CH, Fleischhacker WW, Ehrmann H, Dane JM (1990):
Treatment of neuroleptic induced akathisia with the 5-HT2

antagonist ritanserin.Psychopharmacol Bull26:373–376.

Morand C, Yong S, Ervin F (1983): Clinical response of
aggressive schizophrenics to oral tryptophan.Biol Psychiatry
18:575–578.

Morrow BA, Roth RH (1996): Serotonergic lesions alter cocaine-
induced locomotor behavior and stress-activation of the
mesocorticolimbic dopamine system.Synapse23:174–181.

Mylecharane EJ (1996): Ventral tegmental area 5-HT receptors:
Mesolimbic dopamine release and behavioural studies.Behav
Brain Res73:1–5.

Nash JF (1990): Ketanserin pretreatment attenuates MDMA-
induced DA release in the striatum as measured by in-vivo
microdialysis.Life Sci47:2401–2408.

Nash JF, Nichols DE (1991): Microdialysis studies of 3,4-
methylenedioxymethamphetamine and structurally related
analogues.Eur J Pharmacol200:53–58.

Norman AB, Nash DR, Sanberg PR (1989): [3H]Lysergic acid
diethylamide (LSD): Differential agonist and antagonist bind-
ing properties at 5-HT receptor subtypes in rat brain.Neuro-
chem Int14:497–504.

Norman RM, Malla AK, Morrison-Stewart SL, et al (1997):
Neuropsychological correlates of syndromes in schizophre-
nia. Br J Psychiatry170:134–139.

Nothen MM, Erdmann J, Shimron-Abarbanell D, Propping P
(1994): Identification of genetic variation in the human
serotonin 1D beta receptor gene.Biochem Biophys Res
Commun205:1194–1200.

1114 J.A. Lieberman et alBIOL PSYCHIATRY
1998;44:1099–1117



Nyberg S, Farde L, Halldin C (1997): A PET study of 5-HT2 and
D2 dopamine receptor occupancy induced by olanzapine in
healthy subjects.Neuropsychopharmacology16:1–7.

Osterheld-Haas MC, Hornung JP (1996): Laminar development
of the mouse barrel cortex: Effects of neurotoxins against
monoamines.Exp Brain Res110:183–195.

Owen F, Cross AJ, Crow TJ, Lofthouse R, Poulter M (1981):
Neurotransmitter receptors in brain in schizophrenia.Acta
Psychiatr Scand63:20–28.

Owen RR Jr, Gutierrez-Esteinou R, Hsiao J, et al (1993): Effects
of clozapine and fluphenazine treatment on response to
m-chlorophenylpiperazine infusions in schizophrenia.Arch
Gen Psychiatry50:636–644.

Ozaki N, Lappalainen J, Dean M, Virkkunen M, Linnoila M,
Goldman D (1995): Mapping of the serotonin 5-HT1D alpha
autoreceptor gene (HTR1D) on chromosome 1 using a silent
polymorphism in the coding region.Am J Med Genet60:162–
164.

Parsons LH, Justice JB (1993): Perfusate serotonin increases
extracellular dopamine in the nucleus accumbens as measured
by in vivo microdialysis.Brain Res606:195–199.

Pehek EA (1996): Local infusion of the serotonin antagonists
ritanserin or ICS 205,930 increases in vivo dopamine release
in the rat medial prefrontal cortex.Synapse24:12–28.

Pickar D, Roy A, Breier A, Doran A, Wolkowitz O, Colison J, et
al (1986): Suicide and aggression in schizophrenia: Neuro-
biologic correlates.Ann NY Acad Sci487:189–196.

Pierce PA, Peroutka SJ (1989): Hallucinogenic drug interactions
with neurotransmitter receptor binding sites in human cortex.
Psychopharmacology (Berl)97:118–122.

Pierce PA, Peroutka SJ (1990): Antagonist properties of d-LSD
at 5-hydroxytryptamine2 receptors.Neuropsychopharmacol-
ogy 3:503–508.

Potkin S, Weinberger DR, Linnoila M (1983): Low CSF 5-hy-
droxyindoleacetic acid in schizophrenic brains with enlarged
ventricles.Am J Psychiatry140:21–25.

Randic M, Padjen A (1971): Effect of N,N-dimethyltryptamine
andd-lysergic acid diethylamide on the release of 5-hydroxy-
indoles in rat forebrain.Nature230:532–533.

Randrup A, Munkvad I (1965): Special antagonism of amphet-
amine-induced abnormal behaviour. Inhibition of stereotyped
activity with increase of some normal activities.Psychophar-
macologia7:416–422.

Reynetjens A, Gelders ML, Hoppenbrouwers JA, Bussche GV
(1986): Thymosthenic effects of ritanserin (R 55667), a
centrally acting serotonin-S2 receptor blocker.Drug Dev Res
8:205–211.

Rhoades RW, Bennett-Clarke CA, Shi MY, Mooney RD (1994):
Effects of 5-HT on thalamocortical synaptic transmission in
the developing rat.J Neurophysiol72:2438–2450.

Riad M, Emerit MB, Hamon M (1994): Neurotrophic effects of
ipsapirone and other 5-HT1A receptor agonists on septal
cholenergic neurons in culture.Dev Brain Res82:245–258.

Richardson NR, Roberts DCS (1991): Fluoxetine pretreatment
reduces breaking points on a progressive ration schedule
reinforced by intravenous cocaine self-administration in the
rat. Life Sci49:833–840.

Rogawski MA, Aghajanian GK (1979): Response of central
monoaminergic neurons to lisuride: Comparison with LSD.
Life Sci24:1289–1298.

Rogue A, Rogue P (1992): Mianserin in the management of
schizophrenia. In:Schizophrenia, an International Confer-
ence Abstract Book, Vancouver BC, p 135.

Rorig B, Sutor B (1996): Serotonin regulates gap junction
coupling in the developing rat somatosensory cortex.Eur
J Neurosci8:1685–1695.

Rosecrans JA, Lovell RA, Freedman DX (1967): Effects of
lysergic acid diethylamide on the metabolism of brain 5-hy-
droxytryptamine.Biochem Pharmacol16:2011–2021.

Rouillard C, Bovetto S, Gervais J, Richard D (1996): Fenflura-
mine-induced activation of the immediate-early gene c-fos in
the striatum: Possible interaction between serotonin and
dopamine.Mol Brain Res37:105–115.

Sadzot B, Baraban JM, Glennon RA, et al (1989): Hallucino-
genic drug interactions at human brain 5-HT2 receptors:
Implications for treating LSD-induced hallucinogenesis.Psy-
chopharmacology (Berl)98:495–499.

Sanders-Bush E (1994): Neurochemical evidence that hallucino-
genic drugs are 5-HT1C receptor agonists: What next? In: Lin
GC, Glennon RA, editors.Hallucinogens: An Update. (NIDA
Research Monograph Series 146.) Rockville, MD: US-
DHHS, pp 203–213.

Sanders-Bush E, Breeding M (1991): Choroid plexus epithelial
cells in primary culture: A model of 5-HT1C receptor activa-
tion by hallucinogenic drugs.Psychopharmacology (Berl)
105:340–346.

Sanders-Bush E, Burris KD, Knoth K (1988): Lysergic acid
diethylamide and 2,5-dimethoxy-4-methylamphetamine are
partial agonists at serotonin receptors linked to phosphoino-
sitide hydrolysis.J Pharmacol Exp Ther246:924–928.

Schmidt CJ, Fadayel GM (1995): The selective 5HT2A receptor
antagonist MDL 100,907, increases dopamine efflux in the
prefrontal cortex of the rat.Eur J Pharmacol273:273–279.

Schmidt CJ, Levin JA, Lovenberg W (1987): In vitro and in vivo
neurochemical effects of methylenedioxymethamphetamine
on striatal monoaminergic systems in the rat brain.Biochem
Pharmacol187:747–755.

Schmidt CJ, Black CK, Taylor VL (1990): Antagonism of the
neurotoxicity due to a single administration of 3,4-methyl-
enedioxymethamphetamine.Eur J Pharmacol181:59–70.

Schmidt CJ, Fadayel GM, Sullivan CK, Taylor VL (1992):
5-HT2 receptors exert a state-dependent regulation of dopa-
minergic function: Studies with MDL 199,907 and the am-
phetamine analogue, 3,4-methylenedioxymethamphetamine.
Eur J Pharmacol223:65–74.

Schmidt CJ, Sorensen SM, Kehne JH, Carr AA, Palfreyman MG
(1995): The role of 5-HT2A receptors in antipsychotic activ-
ity. Life Sci56:2209–2222.

Schreiber R, Brocco M, Millan MJ (1994): Blockade of the
discriminative stimulus effects of DOI by MDL 100,907 and
the ‘atypical’ antipsychotics, clozapine and risperidone.Eur
J Pharmacol264:99–102.

Seeman P, Lee T, Chau-Wong M, Wong K (1976): Antipsy-
chotic drug doses and neuroleptic/dopamine receptors.Na-
ture 261:717–719.

Shimron-Abarbanell D, Harms H, Erdmann J, et al (1996):
Systematic screening for mutations in the human serotonin 1F
receptor gene in patients with bipolar affective disorder and
schizophrenia.Am J Med Genet67:225–228.

Serotonin, Dopamine, and Antipsychotic Drugs 1115BIOL PSYCHIATRY
1998;44:1099–1117



Shore D, Korpi ER, Bigelow LB, Zec RF, Wyatt RJ (1985):
Fenfluramine and chronic schizophrenia.Biol Psychiatry
20:329–352.

Sidenberg DG, Bassett AS, Demchyshyn L, et al (1993): New
polymorphism for the human serotonin 1D receptor variant
(5-HT1D beta) not linked to schizophrenia in five Canadian
pedigrees.Hum Hered43:315–318.

Siegel BV Jr, Buchsbaum MS, Bunney WE Jr, et al (1993):
Cortical-striatal-thalamic circuits and brain glucose metabolic
activity in 70 unmedicated male schizophrenic patients.Am J
Psychiatry150:1325–1336.

Smith GS, Dewey SL, Brodie JD, et al (1997): Serotonergic
modulation of dopamine measured with [11C] raclopride and
PET in normal human subjects.Am J Psychiatry154:490–
496.

Snyder S, Greenberg D, Yamamura HI (1974): Antischizo-
phrenic drugs and brain cholinergic receptors. Affinity for
muscarinic sites predicts extrapyramidal effects.Arch Gen
Psychiatry31:58–61.

Sodhi MS, Arranz MJ, Curtis D, et al (1995): Association
between clozapine response and allelic variation in the
5-HT2C receptor gene.Neuroreport7:169–172.

Soper HV, Elliott RO, Rejzer AA, Marshall BD Jr (1990):
Effects of fenfluramine on neuropsychological and commu-
nicative functioning in treatment-refractory schizophrenic
patients.J Clin Psychopharmacol10:168–175.

Sorensen SM, Humphreys TM, Taylor VL, Schmidt CJ (1992):
5-HT2 receptor antagonists reverse amphetamine-induced
slowing of dopaminergic neurons by interfering with stimu-
lated dopamine syntheses.J Pharmacol ExpTher260:872–
878.

Sorensen SM, Kehne JH, Fadayel GM, et al (1993): Character-
ization of the 5-HT2 receptor antagonist MDL 100907 as a
putative atypical antipsychotic: Behavioral, electrophysiolog-
ical and neurochemical studies.J Pharmacol Exp Ther
266:684–691.

Sotelo C, Cholley B, El Mestikawy S, Gozlan H, Hamon M
(1990): Direct immunohistochemical evidence of the exis-
tence of 5-HT1A autoreceptors on serotoninergic neurons in
the midbrain raphe nuclei.Eur J Neurosci2:1144–1154.

Stahl SM, Uhr SB, Berger Pa (1985): Pilot study on the effects
of fenfluramine on negative symptoms in twelve schizo-
phrenic patients.Biol Psychiatry20:1098–1102.

Steele TD, Nichols DE, Yim GKW (1987): Stereochemical
effects of 3,4-methylenedioxymethamphetamine (MDMA)
and related amphetamine derivatives on inhibition of uptake
of [3H]-monoamines into synaptosomes from different re-
gions of the rat brain.Biochem Pharmacol36:2297–2303.

Steinbusch HWM, Niewenhuys R, Verhofstad AAJ, Van der
Kooy D (1981): The nucleus raphe dorsalis of the rat and its
projection upon the caudate-putamen. A combined cytoarchi-
tectonic immunocytochemical and retrograde transport study.
J Physiol77:157–174.

Svensson TH, Mathe JM, Andersson JL, Nomikos GG, Hilde-
brand BE, Marcus M (1995): Mode of action of atypical
neuroleptics in relation to the phencyclidine model of schizo-
phrenia: Role of 5-HT2 receptor and alpha 1-adrenoceptor
antagonism.J Clin Psychopharmacol15:11S–18S.

Teitler M, Leonhardt S, Weisberg EL, Hoffman BJ (1990): 4--
[125I]Iodo-(2,5-dimethoxy)phenylisopropylamineand[3H]ke-

tanserin labeling of 5-hydroxytryptamine2 (5HT2) receptors
in mammalian cells transfected with a rat 5HT2 cDNA:
Evidence for multiple states and not multiple 5HT2 receptor
subtypes.Mol Pharmacol38:594–598.

Teitler M, Lyon RA, Glennon RA (1988): Radioligand binding
evidence implicates the brain 5-HT2 receptor as site of action
for LSD and phenylisopropylamine halucinogens.Psycho-
pharmacology (Berl)94:213–216.

Twarog BM, Page I (1953): Serotonin content of some mamma-
lian tissues and urine and a method for its determination.Am J
Physiol175:157–161.

Ugedo L, Grenhoff J, Svensson TH (1989): Ritanserin, a 5HT2

receptor antagonist, activates midbrain dopamine neurons by
blocking serotonergic inhibition.Psychopharmacology (Berl)
98:45–50.

U’Prichard DC, Greenberg DA, Snyder SH (1977): Binding
characteristics of radiolabeled agonists and antagonists at
central nervous system alpha noradrenergic receptors.Mol
Pharmacol13:454–473.

Van Bockstaele EJ, Cestari DM, Pickel VM (1994): Synaptic
structure and connectivity of serotonin terminals in the
ventral tegmental area: Potential sites for mudulation of
mesolimbic dopamine neurons.Brain Res647:307–322.

Van der Kooy D, Hattori D (1980): Dorsal raphe cells with
collateral projections to the caudate-putamen and substantia
nigra: A fluorescent retrograde double labeling study in the
rat. Brain Res186:1–7.

Wallace JA, Lauder JM (1983): Development of the serotonergic
system in the rat embryo: An immunocytochemical study.
Brain Res Bull10:459–479.

Wang RY, Ashby CR Jr, Zhang JY (1996): Modulation of the
A10 dopamine system: Electrophysiological studies of the
role of 5-HT3-like receptors.Behav Brain Res73:7–10.

Warren JT Jr, Peacock ML, Rodriguez LC, Fink JK (1993): An
MspI polymorphism in the hyman serotonin receptor gene
(HTR2): Detection by DGGE and RFLP analysis.Hum Mol
Genet2:338.

Watts VJ, Lawler CP, Fox DR, Neve KA, Nichols DE, Mailman
RB (1995): LSD and structural analogs: Pharmacological
evaluation at D1 dopamine receptors.Psychopharmacology
(Berl) 118:401–409.

Weinberger DR, Lipska BK (1995): Cortical maldevelopment,
anti-psychotic drugs, and schizophrenia: A search for com-
mon ground.Schizophr Res16:87–110.

Weinberger DR, Berman KF, Illowsky BP (1988): Physiological
dysfunction of dorsolateral prefrontal cortex in schizophrenia,
III: A new cohort and evidence for a monoaminergic mech-
anism.Arch Gen Psychiatry45:609–615.

Whitaker PM, Crow TJ, Ferrier IN (1981): Tritiated LSD binding
in frontal cortex in schizophrenia.Arch Gen Psychiatry
38:278–280.

Whitaker-Azmitia PM, Clarke C, Azmitia EC (1993): Localiza-
tion of 5-HT1A receptors to astroglial cells in adult rats:
Implications for neuronal-glial interactions psychoactive drug
mechanism of action.Synapse14:201–205.

White FJ, Wang RY (1983a): Differential effects of classical and
atypical antipsychotic drugs on A9 and A10 dopamine neu-
rons.Science221:1054–1057.

White FJ, Wang RY (1983b): Comparison of the effects of

1116 J.A. Lieberman et alBIOL PSYCHIATRY
1998;44:1099–1117



chronic haloperidol treatment on A9 and A10 dopamine
neurons in the rat.Life Sci32:983–993.

Wiesel, Nordstrom A-L, Farde L, Eriksson B (1994): An open
clinical and biochemical study of ritanserin in acute patients
with schizophrenia.Psychopharmacology (Berl)114:31–38.

Williams JT, Colmers WF, Pan ZZ (1988): Voltage and ligand
activated inwardly rectifying currents in rat dorsal raphe
neurons in vitro.J Neurosci8:3499–3506.

Williams J, Spurlock G, McGuffin P, et al (1996): Association
between schizophrenia and T102C polymorphism of the
5-hydroxytryptamine type 2a-receptor gene [European Mul-
ticentre Association Study of Schizophrenia (EMASS)
Group].Lancet347:1294–1296.

Winblad B, Bucht G, Gottfries CG, Roos BE (1979): Mono-
amines and monoamine metabolites in brains from demented
schizophrenics.Acta Psychiatr Scand60:17–28.

Wode-Helgodt B, Fyro B, Gullberg B, Sedvall G (1977): Effect
of chlorpromazine treatment on monamine metabolite levels
in cerebrospinal fluids on psychotic patients.Acta Psychiatr
Scand56:280–293.

Woolley DW, Shaw E (1954): A biochemical and pharmacolog-
ical suggestion about certain mental disorders.Proc Natl
Acad Sci USA40:228–231.

Zhou FC, Bledsoe S, Murphy J (1991): Serotonergic sprouting is
induced by dopamine-lesion in substantia nigra of adult rat
brain.Brain Res556:108–116.

Serotonin, Dopamine, and Antipsychotic Drugs 1117BIOL PSYCHIATRY
1998;44:1099–1117


