Serotonin-Dopamine Interaction and Its Relevance to Schizophrenia
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Obijective: The therapeutic success of clozapine and risperidone has focused attention on
the interaction between the serotonin and dopamine systems as an avenue for superior thera-
peutics in schizophrenia. The authors review the neurobiological basis for this interaction and
its clinical relevance. Method: The authors synthesized information from more than 100 pub-
lished articles obtained through electronic and bibliography-directed searches. Findings: The
serotonin system inhibits dopaminergic function at the level of the origin of the dopamine
system in the midbrain as well as at the terminal dopaminergic fields in the forebrain. Seroto-
nergic antagonists release the dopamine system from this inhibition. This disinhibition of the
dopamine system in the striatum may alleviate neuroleptic-induced extrapyramidal symptoms,
and a similar disinhibition in the prefrontal cortex may ameliorate negative symptoms. How-
ever, the benefits of combined serotonergic-dopaminergic blockade may be observed in only
a narrow dose range and may be lost with doses that produce suprathreshold dopaminergic
blockade. Conclusions: Serotonergic modulation of dopaminergic function provides a viable
mechanism for enhancing therapeutics in schizophrenia, but much remains unclear. Future
research will have to establish the existence of this interaction in humans in vivo, specify the
conditions under which it leads to optimal therapeutic benefits, and explore the possibility of
using specific serotonergic treatments as flexible adjuncts to typical neuroleptics, rather than

the present trend toward using single drugs with combined actions.

(Am J Psychiatry 1996; 153:466-476)

he therapeutic success of clozapine and, more re-
cently, risperidone has focused attention on the se-
rotonin system and its interaction with the dopaminer-
gic system as an avenue for superior treatment of
psychotic illnesses. Understanding the interaction be-
tween serotonin and dopamine and its therapeutic im-
plications is particularly timely because a number of
new antipsychotic medications (e.g., olanzapine, sero-
quel, sertindole, ziprasidone) with serotonin-dopamine
interaction profiles are being tested in clinical trials (1).
In the light of this burgeoning scientific and clinical in-
terest, we reviewed the neural basis and clinical rele-
vance of the serotonin-dopamine interaction. Evidence
for a primary role of serotonin in the etiology of schizo-
phrenia has been covered recently by others (2, 3) and
will not be a focus of this article.
This review is divided into three sections. The first
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reviews the anatomy and physiology of the dopamine
and serotonin systems and the neural bases for their
interaction. The second section examines the functional
relevance of serotonin-dopamine interaction, as dem-
onstrated in animal models and experimental human
studies. The third section evaluates the role of the sero-
tonin-dopamine interaction in the efficacy of the
“atypical” neuroleptics like clozapine and risperidone.
We conclude by highlighting the unanswered questions
regarding the relevance of the serotonin-dopamine in-
teraction and, in doing so, indicate directions for future
research.

NEUROBIOLOGICAL BASIS OF THE SEROTONIN-
DOPAMINE INTERACTION

The Dopamine and Serotonin Systems

The dopaminergic system arises from groups of cells in
the midbrain. Neurons from the substantia nigra ascend
to the striatum, via the nigrostriatal pathway, and are
primarily involved in the modulation of motor behavior,
whereas neurons from the ventral tegmental area pro-
ject to the limbic (mesolimbic projections) and cortical
(mesocortical projections) regions and are involved in cog-
nition and modulation of motivation and reward (4). The
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effects of dopamine released by
these projections are mediated
through a series of dopamine re-
ceptors (D-Ds) grouped into
two families, the D, family (D,
and Ds) and the D, family (D,
D3, D), on the basis of their ge-
netic homology and common
second messenger systems. The
D, receptors are prominent in
the cortical regions, D, receptors
are prominent in the striatum,
and D; and D, receptors have a
higher distribution in the limbic
regions. Presynaptic dopamine
receptors may be localized on the
cell bodies in the midbrain (so-
matodendritic autoreceptors),
where they modulate the firing
of dopamine neurons, or on the
axonal terminals of dopamine
neurons (terminal autorecep-
tors), where they modulate the re-
lease of dopamine (5, 6). Postsy-
naptic dopamine receptors me-
diate the effect of dopamine on
the nondopaminergic postsy-
naptic neurons.

The serotonergic neurons also
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FIGURE 1. Functional Interactions Between the Serotonin-Dopamine Systems and Their Role in
Reducing Extrapyramidal Symptoms®
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iDA=dopamine neurons, S-HT=serotonin neurons, GABA=y-aminobutyric acid neurons,
ACh=cholinergic interneurons, EPS=extrapyramidal symptoms. The D, dopamine receptors are
represented by an open cross, the 5-HT, receptors by a circle, and the 5-HT, , receptors by a triangle.
This figure is a schematic representation of the mechanism and consequences of the interaction
between serotonin and dopamine at the level of the substantia nigra and the striatum. 5-HT, an-
tagonists and the 5-HT,, autoreceptor agonists inhibit the serotonin system and thus release the
dopamine system from this inhibition (disinhibition of the dopamine system). The release of the
dopamine system from serotonergic inhibition ameliorates extrapyramidal symptoms.

arise from discrete midbrain

nuclei; the dorsal raphe nucleus

and the median raphe nucleus provide the most promi-
nent projections. The dorsal raphe nucleus projects to
the cortex and the striatal regions, and the median ra-
phe nucleus projects to the limbic regions (7). The sero-
tonin receptors are grouped on the basis of shared ge-
netic sequences and second messenger systems into
three classifications: 1) the 5-HT, family (5-HT,, 5-
HTp, 5-HT g, and 5-HTg), which uses G-protein-me-
diated signal transduction; 2) the 5-HT) family (5-HT),,
5-HT,g, S-HT,(, and 5-HT,), which uses phosphoino-
sitol-mediated signal transduction; and 3) the 5-HT;
receptor, which uses ion-gated channels for signal
transduction (8). The somatodendritic serotonergic
autoreceptors, mainly 5-HT, type, are found on the
serotonergic neurons in the raphe nuclei and modulate
the firing of the serotonergic neurons. The terminal
autoreceptors, probably 5-HT,p, subtype, modulate the
release of serotonin from the serotonergic neurons. On
the other hand, postsynaptic serotonin receptors medi-
ate the action of serotonin on the nonserotonergic neu-
rons, with the 5-HT 5 receptors being prominent in the
limbic regions and 5-HT, receptors prominent in the
motor regions (7-10).

Serotonergic Inhibition of Dopaminergic Function
in the Midbrain

Serotonergic projections from the dorsal raphe (11,
12) project directly to the substantia nigra and inhibit
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the firing of the dopaminergic neurons (7, 13). Most of
these raphe-nigral neurons arise as collaterals of the ra-
phe-striatal neurons, thus providing a neural basis for
coordinated modulation of midbrain and terminal do-
paminergic function (14). The stimulation of dorsal ra-
phe serotonergic fibers releases serotonin in the sub-
stantia nigra (13). This is associated with a decrease in
the firing rate of the dopamine neurons and antagonizes
dopamine-mediated behaviors, suggesting an inhibi-
tory modulation of the dopamine neurons in the sub-
stantia nigra by serotonin (11, 12, 15-19). This inhibi-
tory action seems to be modulated by 5-HT), receptors
located on the somatodendritic surface of the dopamine
neurons (9, 12, 17, 20). As expected, anatomical or
chemical lesions that disrupt the raphe-nigral projec-
tion (17, 18), 5-HT,, agonists that functionally inhibit
the raphe-nigral neurons (16,21, 22), or 5-HT, antago-
nists that antagonize the effect of the raphe-nigral sys-
tem (20) all lead to a biochemical and functional disin-
hibition of the dopamine system. Figure 1 illustrates the
major elements of this interaction.

Serotonergic Inhibition of Dopaminergic Function
in the Forebrain

Tract tracing (23, 24) and immunohistochemical
studies (25-27) have shown that serotonergic neurons
that arise in the dorsal raphe nucleus project uninter-
ruptedly via the medial forebrain bundle to the striatum
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and cortex (7). Stimulation of these raphe-striatal neu-
rons, or the striatal administration of serotonergic
agonists, causes an inhibition of striatal neuronal firing,
presumably by means of a decrease in synaptic dopa-
mine (24, 28-31). This effect seems to be mediated by
the 5-HT, receptors (30, 32-36) and may result from a
decreased release (32, 33, 37, 38) or a decreased synthe-
sis of dopamine in the terminals (18, 35, 39, 40), al-
though the decreased synthesis has not been consis-
tently observed (41, 42). Nonetheless, the concept of
serotonergic modulation of dopamine function receives
clear impetus from in vivo positron emission tomogra-
phy (PET) studies in baboons showing that altanserin,
a 5-HT, antagonist, increases the release of endogenous
dopamine, while citalopram, a selective serotonin reup-
take inhibitor (SSRI), decreases the release of endo-
genous dopamine (43).

Consistent with this inhibitory influence of serotonin
on dopamine, lesioning the serotonergic projections
disinhibits the dopamine system and causes an increase
in striatal dopamine levels (15, 44). Similarly, 5-HT,
antagonists block serotonin’s inhibitory action on
striatal dopamine and result in increased dopamine lev-
els in the striatum (28, 31, 36, 43, 45). Similar evidence
exists for striatal control of limbic and cortical dopa-
mine function (10, 46). It is to be noted, however, that
serotonin has a direct influence on the cholinergic and
y-aminobutyric acid (GABA) system, and some of sero-
tonin’s effects on the dopamine system may be medi-
ated, indirectly, through its modulation of the GABA
and cholinergic system (17, 18, 47-49).

In summary, there is convincing evidence that the se-
rotonergic projections inhibit dopamine function at
two levels: at the level of the midbrain they inhibit the
firing of the dopamine cells projecting from the sub-
stantia nigra, and in the striatum and cortex they inhibit
the synaptic release of dopamine and probably the syn-
thesis of dopamine. As a result, serotonergic agonists,
serotonin precursors, and SSRIs enhance the inhibition
of the dopamine system. Conversely, lesions of the ra-
phe nuclei, 5-HT 5 agonists (through their action on
autoreceptors), and 5-HT, antagonists disinhibit the
dopamine system.

FUNCTIONAL RELEVANCE OF THE SEROTONIN-
DOPAMINE INTERACTION

Relevance of the Serotonin-Dopamine Interaction
in Animal Models of Extrapyramidal Symptoms

Neuroleptic-induced extrapyramidal symptoms in
humans result from occupancy of D, receptors in the
striatum (50). Neuroleptic-induced catalepsy in ani-
mals, which represents a similar mechanism, provides a
valuable model to study extrapyramidal symptoms
(51). Since serotonin exerts an inhibitory influence on
the dopaminergic system, manipulations that inhibit se-
rotonin function (raphe lesions, 5-HT,, autoreceptor
agonists, or 5-HT, antagonists) would be expected to
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disinhibit the dopamine system and ameliorate cata-
lepsy. Conversely, enhancing serotonergic function
(with serotonin precursors, direct agonists, or SSRIs)
would be expected to further inhibit the dopamine sys-
tem and worsen catalepsy. We now examine evidence
in support of these paradigms.

In one of the earliest studies of this phenomenon,
Kostowski et al. (37) showed that lesions of the raphe
nuclei prevent and ameliorate neuroleptic-induced cata-
lepsy in rodents, a finding subsequently confirmed for
anatomical and chemical raphe lesions (52, 53). Fur-
thermore, there is a close relationship between the de-
gree of ablation of the raphe, the loss of serotonin in the
striatum, and the degree to which the catalepsy is pre-
vented (54).

5-HT, 4 agonists, by means of their action on soma-
todendritic autoreceptors, inhibit the firing of seroto-
nergic neurons. Several studies (55-58) reported a
beneficial effect of 5-HT,, agonists in reversing and
preventing the development of catalepsy in rodents, and
this effect has now been confirmed in primate models
of extrapyramidal symptoms (59, 60). It is specific for
the 5-HT, subtype, is not observed with other 5-HT,
receptor subtypes (55), and is distinct from the 5-HT,
effect (56). These findings suggest that the combination
of a 5-HT 5 agonist and a D,-antagonist may lead to
extrapyramidal symptom-free antipsychotic activity
(58). However, to our knowledge, no such studies exist
in humans.

With respect to 5-HT, antagonism and its effect on
catalepsy in rodents, Maj et al. (61) reported that cy-
proheptadine, a 5-HT, antagonist, prevents catalepsy,
although this interpretation is confounded by the an-
ticholinergic properties of cyproheptadine. Subsequent
reports using specific 5-HT, antagonists have con-
firmed a role for 5-HT, in alleviating catalepsy (53, 55,
56, 62) and have also shown that 5-HT, antagonists
enhance dopamine-mediated motor behavior in models
other than catalepsy (63, 64). Other groups, however,
failed to find this effect, even though they used drugs
with similar 5-HT), activity and similar animal models
(58, 65). The results in primate models of extrapyrami-
dal symptoms also show variance: there have been re-
ports of a beneficial effect of 5-HT, antagonists in the
Cercopethicus species (66) but no such effects in several
investigations of the Cebus species (59, 67, 68).

This variance in the findings may reflect differences
in the relevance of the serotonin-dopamine interaction
across different species or differences in the models used
to study extrapyramidal symptoms (68). The latter sug-
gestion is buttressed by the demonstration in physio-
logical experiments (38) that 5-HT, antagonism may
ameliorate the functional effects of D, antagonism
when it is partial but may not be able to reverse the
effects if D, blockade is complete. In addition, a recent
report (69) showed that ritanserin, a 5-HT, antagonist,
was able to antagonize haloperidol-induced catalepsy
when induced with low doses of haloperidol but was
ineffective when suprathreshold doses of haloperidol
were used to induce catalepsy. Thus, 5-HT, blockade
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may bestow only a limited protection from the effects
of D5 blockade, a concept that will be of particular rele-
vance in the discussion of the antagonism between 5-
HT, and D; in the clinical context.

In keeping with the overall argument, serotonergic
agonists would be expected to further inhibit the dopa-
mine system and worsen extrapyramidal symptoms. In-
deed, it has been reported that 5-hydroxytryptophan (a
precursor of serotonin) and quipazine (a direct acting
agonist) worsen haloperidol-induced catalepsy in rats
(53, 62). Similarly, SSRIs enhance serotonergic trans-
mission and worsen extrapyramidal symptoms in ro-
dent and primate models, although the effect in pri-
mates may be species-dependent (62, 66, 67).

In summary, manipulations that inhibit the serotonin
system (e.g., raphe lesions, 5-HT 5 agonists, and 5-HT,
antagonists) disinhibit the dopamine system and offer
an indirect avenue to alleviate neuroleptic-induced
extrapyramidal symptoms. The different interactions
and their functional effects on extrapyramidal symp-
toms are illustrated in figure 1.

Relevance of the Serotonin-Dopamine Interaction
in Alleviating Extrapyramidal Symptoms in Humans

The earliest convincing evidence for serotonin-dopa-
mine interaction in humans came from Ceulemans et al.
(70), who treated patients with schizophrenia with se-
toperone, a 5-HT, antagonist, in an open trial and dem-
onstrated a beneficial effect on extrapyramidal symp-
toms. It was unclear in this study, however, whether the
benefit resulted from the discontinuation of the typical
neuroleptic or from the initiation of the setoperone. In
subsequent studies, Reyntjens et al. (71), Gelders (72),
and Bersani et al. (73) used ritanserin, a more specific
5-HT, antagonist, in double-blind, placebo-controlled,
add-on trials and showed a significant improvement in
extrapyramidal symptoms. Beneficial effects of ritan-
serin have now been reported in neuroleptic-induced
akathisia (74, 75) and in tremor and akinesia observed
in Parkinson’s disease (76-78). Silver et al. (79) have
reported a beneficial trend for cyproheptadine in ame-
liorating extrapyramidal symptoms in patients receiv-
ing neuroleptics, although its anticholinergic properties
confound the role of its 5-HT; blockade. In contrast,
Korsgaard and Friis (80), using mianserin in a double-
blind crossover trial in patients with neuroleptic-in-
duced parkinsonism, failed to find a beneficial effect of
5-HT, antagonism.

SSRIs, the most commonly used serotonergic agon-
ists, are known to induce an akathisia-like syndrome
(81-83). More recent reports (77, 84, 85) also impli-
cated SSRIs in a variety of extrapyramidal symptoms,
ranging from tremor to dystonic reactions. Although
some of the subjects in these studies were receiving
neuroleptics or had Parkinson’s disease (86), cases of de
novo onset of characteristic parkinsonian symptoms
have also been reported (85). Epidemiologic studies
(87) suggest that SSRI-induced extrapyramidal symp-
toms are definite, but rare, occurrences reported in one
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out of 1,000 individuals treated with these drugs. This
suggests that in some individuals who are either receiv-
ing drugs inducing D, antagonism or have asympto-
matic Parkinson’s disease the marginal increase in do-
pamine antagonism caused by the SSRI is enough to
push them over the threshold for extrapyramidal symp-
toms (87). However, for the majority of individuals the
degree of D, antagonism induced by SSRIs does not by
itself cross the extrapyramidal symptom threshold.

The Serotonin-Dopamine Interaction
and Negative Symptoms

Negative symptoms of schizophrenia involve a syn-
drome of flattened affect, alogia, and amotivation ac-
companied by emotional and social withdrawal. Typi-
cal antipsychotics have limited efficacy against negative
symptoms, and many patients freed from their delu-
sions and hallucinations are still unable to resume pro-
ductive lives due to enduring negative symptoms. De-
spite their critical clinical importance, there are few, if
any, convincing animal models of negative symptoms
(88). However, the neuropsychological similarity of pa-
tients with prominent negative symptoms to patients
with frontal lesions and data from neuroimaging stud-
ies link negative symptoms to frontal dysfunction (89—
91). It has been suggested that this may reflect, at least
in part, hypodopaminergic function in the prefrontal
cortex (92-95). Such a model would predict that in-
creasing dopaminergic function in the prefrontal cortex
may relieve negative symptoms, a view that led to the
use of dopamine agonists with some success (96, 97).

Given the inhibitory effect of serotonin on dopami-
nergic transmission, it has been hypothesized that drugs
inhibiting serotonergic function may disinhibit dopami-
nergic transmission in the prefrontal cortex and, as a
result, may improve negative symptoms (97). This hy-
pothesis is supported by reports that clozapine, which
is thought to improve negative symptoms, induces an
increased turnover of dopamine in the prefrontal cortex
of rodents, an effect not seen with typical antipsychotics
(98, 99). More recent studies (100-102) suggest that
this property of clozapine can be explained by its 5-HT,
antagonism. Thus, if current speculations regarding the
role of the prefrontal cortex in negative symptoms are
correct, S-HT, antagonists could ameliorate negative
symptoms by means of their effects on the dopami-
nergic system. It is worth noting that serotonergic pro-
jections also have a direct inhibitory effect on the
prefrontal neurons, separate from their effect on the do-
paminergic projections. Accordingly, some of the ef-
fects of 5-HT, blockers on negative symptoms in ani-
mal models and humans may reflect a direct effect
rather than a dopamine-mediated effect on prefrontal
neurons (46, 103).

Ceulemans et al. (70) provided the first supporting
clinical evidence by demonstrating that setoperone, a
5-HT, antagonist, resulted in a significant improve-
ment in emotional withdrawal, autistic behavior, and
dysphoria in patients with schizophrenia. Reyntjens et
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al. (71) and Gelders (72), in an add-on, double-blind,
placebo-controlled study of ritanserin, found a signifi-
cant improvement in negative and affective symptoms
in the ritanserin-treated patients only. This finding has
now been replicated in another study (104), where
maximum improvement was noted in affective flatten-
ing and social relationships. Similar results have also
been reported in a study employing cyproheptadine in
patients with predominantly negative symptoms (79),
although the 5-HT, activity of cyproheptadine is con-
founded with its histaminergic and cholinergic effects.

A little surprising, then, are the results of Silver and
Nassar (105), Spina et al. (106), and Goff et al. (107),
who found equally significant improvement in negative
symptoms with SSRI treatment. This presents an inter-
esting puzzle—5-HT, antagonists and SSRIs have op-
posing effects on the serotonergic system and, through
the serotonin-dopamine interaction, on the dopaminer-
gic system, so how do both of these drugs improve
negative symptoms? The answer lies, perhaps, in the
possibility that what are currently recognized as nega-
tive symptoms may in fact reflect separate pathophysi-
ological entities (90, 108, 109). Therefore, it is conceiv-
able that both SSRIs and 5-HT, antagonists may
improve manifest negative symptoms: the SSRIs may
exert an effect on the depressive component of negative
symptoms, and the 5-HT, antagonists may exert an ef-
fect on the extrapyramidal symptom component of
negative symptoms.

ROLE OF THE SEROTONIN-DOPAMINE INTER-
ACTION IN THE EFFECTS OF CLOZAPINE
AND RISPERIDONE

Extrapyramidal Symptoms

Numerous reports have established clozapine’s vir-
tual freedom from extrapyramidal symptoms in usual
doses (110-113). Is this related to clozapine’s seroto-
nin-dopamine interaction profile? It had been postu-
lated that clozapine’s high ratio of 5-HT); to D, affinity
may account for its diminished extrapyramidal symp-
toms (114, 115). However, recent PET studies suggest
otherwise. It has been shown that patients receiving
conventional neuroleptics experience extrapyramidal
symptoms only when D, occupancy exceeds a thresh-
old, somewhere in the range of 75%-80% D, occu-
pancy (50). Extrapyramidal symptoms are not ob-
served below these levels of D, occupancy, even with
the classical neuroleptics. Clozapine’s D, occupancy
varies from 20% to 67% (116, 117) and has never been
shown to exceed the putative threshold for extrapy-
ramidal symptoms. Thus, clozapine’s low extrapy-
ramidal symptom profile is explained more parsimoni-
ously on the basis of its low D, occupancy, and there
appears to be no need to invoke the role of the seroto-
nin-dopamine interaction to explain its superiority in
alleviating extrapyramidal symptoms (118).

As for risperidone, a series of trials have confirmed
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that, in doses ranging from 4 to 8 mg/day, risperidone
produces significantly fewer extrapyramidal symptoms
than haloperidol (119-121), although the superiority
of risperidone in producing fewer extrapyramidal
symptoms is not as striking as that of clozapine. First,
the difference between risperidone and haloperidol in
terms of extrapyramidal symptoms became statistically
indistinguishable at doses beyond 6-8 mg (119, 120).
Second, no significant difference in producing extrapy-
ramidal symptoms was found when risperidone was
compared with perphenazine, a medium-potency agent
with a tendency to produce fewer extrapyramidal
symptoms than haloperidol (122). Furthermore, recent
PET data suggest that risperidone and haloperidol are
almost equipotent at the dopamine D, receptor (123,
124); therefore, the comparative dose of haloperidol in
these clinical trials (10-20 mg/day of haloperidol) may
have been too high (1, 125). Studies have shown that
mean doses of 3.7 mg/day (126), 4 mg/day (127), or 3.3
mg/day (128) are as effective as 10-50 mg/day of halo-
peridol and produce significantly fewer extrapyramidal
symptoms. This raises the question of whether 4-8 mg
day of risperidone would have shown the same supe-
riority in terms of extrapyramidal symptoms had it
been compared with a lower dose of haloperidol. Al-
though clozapine causes virtually no extrapyramidal
symptoms, risperidone’s superiority is only relative to
high-potency neuroleptics and disappears with increas-
ing dosage. This suggests that the mechanism for ris-
peridone’s superiority in terms of extrapyramidal
symptoms may be different from that of clozapine.

The clue to risperidone’s having few extrapyramidal
symptoms at lower doses, as well as the diminution of
this benefit at high doses, may lie in the operation of the
mechanism of the serotonin-dopamine interaction. At a
dose of 6 mg/day, risperidone demonstrates higher 5-
HT, than D, occupancy (its 5-HT, occupancy ranges
from 80% to near saturation [129], and its D, occu-
pancy lies in the 74%-83% range, bordering on the
extrapyramidal symptom threshold [ 123, 129]). At this
dose, the presence of potent 5-HT, antagonism may re-
duce risperidone’s risk of extrapyramidal symptoms in
comparison with a conventional neuroleptic. However,
as discussed earlier, the ability of 5-HT, antagonism to
counter the effects of D, antagonism is limited. As the
dose of risperidone is increased beyond 6 mg/day, su-
prathreshold D, blockade may result, and the seroto-
nin-dopamine interaction mechanism may no longer be
able to alleviate extrapyramidal symptoms (123).

It has been proposed that antipsychotics require a par-
ticular ratio of 5-HT, to D, affinities (greater affinity for
5-HT, than D,) to obtain the beneficial effects of seroto-
nin-dopamine interaction with respect to extrapyramidal
symptoms (114, 115). However, the 5-HT), to D affinity
ratio of a drug is a fixed number, while the relative level
of 5-HT, and D, blockade produced by a drug is a func-
tion of the dose. This is illustrated in figure 2. At low
doses, a drug with combined 5-HT, and D, antagonist
activity shows marked preference for the 5-HT), receptors,
whereas at the higher dose, both the D, and the 5-HT,
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receptors are almost completely blocked.
Figure 2 demonstrates how the difference
between the 5-HT, blockade and D, block-
ade is notable when the level of D, occu-
pancy is just beyond the extrapyramidal
symptom threshold, and this may prevent
the clinical expression of extrapyramidal
symptoms. However, at doses that result in
suprathreshold D, occupancy, the prepon-
derance of 5-HT, blockade as well as the
benefits related to the serotonin-dopamine
interaction may be lost. This view is borne
out by recent studies in animals (69), as well
as reports using PET imaging with risperi-
done in humans (123). Therefore, the thera-
peutic window observed in clinical trials
with risperidone (119, 120) may not be pe-
culiar to risperidone but may simply reflect
limits of serotonergic protection in the face
of high D, dopamine blockade.

-

— % Receptor Occupancy
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FIGURE 2. Relationship Between Dose of Antipsychotic, 5-HT, and D, Receptor Oc-
cupancy, and Extrapyramidal Symptoms®

Dose of a 5-HT, / D, antipsychotic ————b

3The figure demonstrates that levels of both 5-HT, (dashed curve) and D, receptor
occupancy (solid curve) rise with increasing doses of an antipsychotic with 5-HT, and

D, properties. At low doses, the 5-HT, occupancy is much higher than D, occupancy

Negative Symptoms

(5-HT,>D,). However, at high doses the difference is negligible (5-HT,~D,). The ar-

row on the left represents the threshold for extrapyramidal symptoms in the absence

Prospective, controlled studies have
demonstrated clozapine’s superiority to
conventional neuroleptics in the treat-
ment of negative symptoms (110, 130,
131). In the case of risperidone, the evi-
dence is less clear. Of the published pro-
spective, double-blind trials, two (119, 120) reported
risperidone to be superior to haloperidol, but another
two studies (132, 133) failed to find such a difference.
In addition, these effects may be lost over time (121)
and may be evident only when low doses of risperidone
are compared with relatively higher doses of haloperi-
dol (119, 120, 132). Moreover, few of these studies
have appropriately controlled for changes in factors
such as depression, extrapyramidal symptoms, and psy-
chotic withdrawal, which could confound the improve-
ment in negative symptoms. When these confounding
factors are controlled statistically, some studies (134,
135) found an effect of clozapine and risperidone on
primary negative symptoms, but others (136) failed to
distinguish these effects from changes in extrapy-
ramidal symptoms and psychosis.

If we assume that these drugs have a primary effect
on negative symptoms, how do we explain this effect?
The preferential 5-HT, antagonism and resulting sero-
tonin-dopamine interaction are promising candidates
for an explanation. This is supported by independent
clinical trials that have shown the superiority of selec-
tive 5-HT), antagonists in ameliorating negative symp-
toms and by the fact that the shared feature distinguish-
ing clozapine and risperidone from conventional
neuroleptics is their relatively higher 5-HT, than D, an-
tagonism. However, these drugs are multifaceted, and
clozapine demonstrates high affinities for the dopamine
D,, serotonin 5-HT,¢, adrenergic a,;, muscarinic, and
histamine H; receptors, while risperidone also exhibits
high affinity for dopamine D,, histamine H;, and ad-
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of 5-HT, blockade. At dose A, the level of D, blockade is just above the extrapyramidal
symptom threshold, but extrapyramidal symptoms are prevented because the 5-HT,
blockade is greater than the D, blockade. However, at dose B, the D, blockade is
suprathreshold and the difference between 5-HT, and D, blockade is minimal, con-
ditions that result in the appearance of extrapyramidal symptoms despite the presence
of 5-HT, blockade.

renergic a; receptors (137, 138). In view of the putative
roles of these other neurotransmitters in negative symp-
toms (79, 96, 139), it may be premature to assign the
superiority of clozapine and risperidone in the treat-
ment of negative symptoms solely to their serotonin-do-
pamine interaction properties.

FUTURE DIRECTIONS

In summary, convincing evidence for the functional
relevance of the serotonin-dopamine interaction in alle-
viating extrapyramidal symptoms in humans is avail-
able from clinical trials in which specific 5-HT; block-
ers have been added, and this is further buttressed by
the superior extrapyramidal symptom profile of risperi-
done. The question still remains as to how 5-HT, an-
tagonism prevents or alleviates extrapyramidal symp-
toms in humans. Animal data permit us to postulate
two plausible hypotheses, outlined in figure 3. Con-
comitant 5-HT, antagonism could release endogenous
dopamine in the striatum, which in turn may displace
the neuroleptic from D; sites in the striatum. Such a
hypothesis would predict that the addition of a 5-HT,
antagonist would shift the D, occupancy curve to the
right, thus increasing the dose at which the extrapy-
ramidal symptom threshold is crossed (hypothesis I
in figure 3). On the other hand, 5-HT, blockade may
elevate the threshold for extrapyramidal symptoms
through the modulating influences on cholinergic or
GABA-ergic mechanisms without a direct effect on D,
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FIGURE 3. Two Hypotheses Regarding the Mechanisms Whereby 5-HT, Antagonists Diminish
Extrapyramidal Symptoms?

% D, Occupancy

wM%&HTz wi%SHT,
—— Doseof aD,antagonist >
Hypothesis Il

5HT, blockade raises the EPS threshoid

EPS onset
10 without 5-H'I';, with S-HT:,

EPS onset

— Dose of a D, antagonist—
Hypothesis |

5-HT, blockade shifts D, occupancy curve to the right

*EPS=extrapyramidal symptoms. Hypothesis I depicts how the addition of 5-HT, blockade
releases endogenous dopamine and shifts the curve of D, occupancy to the right (solid curve
depicts original D, occupancy curve, and the curve with dashes depicts the D, curve under the
influence of 5-HT, antagonists). The extrapyramidal symptom threshold remains the same,
but the dose at which extrapyramidal symptoms manifests shifts because of a shiftin the curve.
In hypothesis I1, the addition of the 5-HT, blockade raises the threshold of extrapyramidal
symptoms, without a direct effect on D, occupancy. This mechanism also increases the dose
at which the extrapyramidal symptoms become clinically observable, but there is no change
in the curve for D, occupancy. Both mechanisms plausibly explain the observed finding that
the addition of 5-HT, antagonism delays extrapyramidal symptoms.

tex are still in their infancy. There-
fore, investigating this aspect of se-
rotonin-dopamine interaction in hu-
mans may have to await the develop-
ment of valid in vivo measures of the
cortical dopamine system.

An assumption implicit in the
above explanations of the serotonin-
dopamine interaction is that the ef-
fect of the serotonin-dopamine inter-
action is different in different brain
regions. It is conventionally held that
antipsychotic action results from
inhibiting dopaminergic function
in the mesolimbic system and that
similar inhibition in the striatum
and the prefrontal cortex leads to the
production or exacerbation of extra-
pyramidal symptoms and negative
symptoms, respectively. We have ar-
gued here that antipsychotics with a
serotonin-dopamine interaction pro-
file may ameliorate extrapyramidal
symptoms and negative symptoms
by disinhibiting the dopamine system
in the striatum and the prefrontal
cortex. However, a similar func-
tional disinhibition in the mesolim-

occupancy. In this case, one would expect no change in
the curve relating D> occupancy to dose, but one would
expect that the level of D, occupancy producing extra-
pyramidal symptoms would be higher, i.e., the extrapy-
ramidal symptom threshold would be raised (hypothe-
sis II in figure 3). It is now possible to measure the
effects of 5-HT, antagonism on endogenous dopamine
and D, blockade in humans, in vivo, and to relate these
findings to clinical outcomes. Therefore, these two hy-
potheses concerning the role of the serotonin-dopamine
interaction in alleviating extrapyramidal symptoms are
eminently testable, and it is hoped that future research
will address them.

The second major therapeutic role for the serotonin-
dopamine interaction is in alleviating negative symptoms.
The clinical evidence available demonstrates improve-
ment in negative symptoms with 5-HT, antagonists but
does not unequivocally distinguish between primary and
secondary improvements in negative symptoms. None-
theless, how might the serotonin-dopamine interaction
help in the amelioration of negative symptoms? It is pos-
tulated that negative symptoms result from hypo-
dopaminergic function in the prefrontal cortex. One could
hypothesize that 5-HT, antagonism, by disinhibiting the
dopaminergic system, would lead to enhanced dopami-
nergic transmission in the prefrontal cortex, which in turn
could ameliorate negative symptoms. Although current
neuroimaging technologies permit the measurement of
dopamine receptors in the striatum, methods for evaluat-
ing D, receptors or dopamine levels in the prefrontal cor-
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bic regions would counteract the

primary antipsychotic action. There-
fore, our reasoning can be held together only if we can
demonstrate that serotonin’s influence on the dopamine
system in the mesolimbic regions is either quantitatively
or qualitatively different from its effect in the striatum
and the prefrontal cortex.

Finally, we raise the issue of using two drugs, one
with specific 5-HT, and another with specific D, an-
tagonism, to obtain the benefits of the serotonin-dopa-
mine interaction. It is claimed (140) that newer antipsy-
chotic agents like risperidone have an optimal balance
of 5-HT, and D affinities, which provides the benefits
of the serotonin-dopamine interaction. However, the
crucial element is not the balance of 5-HT, and D, af-
finities of a given drug in a test tube, but the relative
levels of 5-HT, and D, antagonism it produces in a
given patient. The limitation inherent in any drug that
has both 5-HT, and D, antagonism is that any effort to
increase 5-HT, blockade inexorably increases D, an-
tagonism and vice versa (figure 2). Although recent
clinical trials have demonstrated the success of drugs
like risperidone, it is quite likely that independent con-
trol over the 5-HT, and D, system may provide for even
more effective treatment. Low-potency neuroleptics
that can be regarded as fixed combinations of anti-D,
and anticholinergic activity have been largely replaced
by higher potency neuroleptics that provide relatively
selective D, blockade and that are electively and flex-
ibly combined with doses of anticholinergics. Thus,
with better understanding of the role and implications
of the serotonin-dopamine interaction, clinicians may
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find that using two agents that permit independent con-
trol over the D, and 5-HT) systems permits more indi-
vidualized and efficacious therapy.

The widespread study of the serotonin-dopamine in-
teraction from a basic and clinical viewpoint promises
a certain and substantive change in the pharma-
cotherapy of schizophrenia. The evidence is not un-
equivocal. The discovery of new receptor subtypes and
a better understanding of their functional relevance will
call for a constant reevaluation of existing knowledge.
However, the facts are sufficiently coherent to permit
the specification of testable hypotheses and to provide
a logical framework for understanding the therapeutic
benefits of the serotonin-dopamine interaction. The
next few years will lead to a clearer understanding and,
we hope, a more effective use of the serotonin-dopa-
mine interaction for the benefit of our patients.

12.

13.

14.

15.

REFERENCES

. Gerlach J, Peacock L: New antipsychotics: the present status.

Int Clin Psychopharmacol 1995; 10:39-48

. Breier A: Serotonin, schizophrenia and antipsychotic drug ac-

tion. Schizophr Res 1995; 14:187-202

. Roth BL, Meltzer HY: The role of serotonin in schizophrenia,

in Psychopharmacology: The Fourth Generation of Progress:
An Official Publication of the American College of Neuropsy-
chopharmacology. Edited by Bloom FE, Kupfer DJ. New York,
Raven Press, 1995, pp 1215-1228

. Le Moal M: Mesocorticolimbic dopaminergic neurons: func-

tional and regulatory roles. Ibid, pp 283-294

. Chiodo LA, Freeman AS, Bunney BS: Dopamine autoreceptor

signal transduction and regulation. Ibid, pp 221-226

. Roth RH, Elsworth JD: Biochemical pharmacology of midbrain

dopamine neurons. Ibid, pp 227-244

. Jacobs BL, Azmitia EC: Structure and function of the brain se-

rotonin system. Physiol Rev 1992; 72:165-229

. Dubovsky SL, Thomas M: Serotonergic mechanisms and cur-

rent and future psychiatric practice. J Clin Psychiatry 1995; 56:
3848

. Pazos A, Probst A, Palacios JM: Serotonin receptors in the hu-

man brain, IV: autoradiographic mapping of serotonin-2 recep-
tors. Neuroscience 1987; 21:123-139

. Hamon M, Gozlan H, Mestikawy S, Emerit MB, Bolanos F,

Schechter L: The central 5-HT) 4 receptors: pharmacological,
biochemical, functional, and regulatory properties. Ann NY
Acad Sci 1990; 600:114-129

. Fibiger HC, Miller JJ: An anatomical and electrophysiological

investigation of the serotonergic projection from the dorsal ra-
phe nucleus to the substantia nigra in the rat. Neuroscience
1977, 2:975-987

Olpe HR, Koella WP: The response of striatal cells upon stimu-
lation of the dorsal and median raphe nuclei. Brain Res 1977;
122:357-360

Nedergaard S, Bolam JP, Greenfield SA: Facilitation of a den-
dritic calcium conductance by 5-hydroxytryptamine in the sub-
stantia nigra. Nature 1988; 333:174-177

van der Kooy D, Hattori T: Dorsal raphe cells with collateral
projections to the caudate-putamen and substantia nigra: a fluo-
rescent retrograde double labeling study in the rat. Brain Res
1980; 186:1-7

Dray A, Davies J, Oakley NR, Tongroach P, Vellucci S: The
dorsal and medial raphe projections to the substantia nigra in
the rat: electrophysiological, biochemical and behavioural ob-
servations. Brain Res 1978; 151:431-442

. Kelland MD, Freeman AS, Chiodo LA: Serotonergic afferent

regulation of the basic physiology and pharmacological respon-
siveness of nigrostriatal dopamine neurons. ] Pharmacol Exp
Ther 1990; 253:803-811

Am | Psychiatry 153:4, April 1996

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

SHITIJ KAPUR AND GARY REMINGTON

. James TA, Starr MS: Rotational behaviour elicited by 5-HT in

the rat: evidence for an inhibitory role of 5-HT in the substantia
nigra and corpus striatum. ] Pharm Pharmacol 1980; 32:196-200
Giambalvo CT, Snodgrass SR: Biochemical and behavioral ef-
fects of serotonin neurotoxins on the nigrostriatal dopamine
system: comparison of injection sites. Brain Res 1978; 152:555-
566

Milson JA, Pycock CJ: Effects of drugs acting on cerebral S-hy-
droxytryptamine mechanisms on dopamine-dependent turning
behaviour in mice. Br ] Pharmacol 1976; 56:77-85

Ugedo L, Grenhoff ], Svensson TH: Ritanserin, a 5-HT; recep-
tor antagonist, activates midbrain dopamine neurons by block-
ing serotonergic inhibition. Psychopharmacology (Berl) 1989;
98:45-50

Arborelius L, Chergui K, Murase S, Nomikos GG, Hook BB,
Chouvet G, Hacksell U, Svensson TH: The 5-HTj4 receptor
selective ligands, (R)-8-OH-DPAT and (S)-UH-301, differen-
tially affect the activity of midbrain dopamine neurons. Arch
Pharmacol 1993; 347:353-362

Sinton CM, Fallon SL: Electrophysiological evidence for a func-
tional differentiation between subtypes of the S-HT receptor.
Eur ] Pharmacol 1988; 157:173-181

Ternaux JP, Hery F, Bourgoin S, Adrien J, Glowinski J, Hamon
M: The topographical distribution of serotonergic terminals in
the neostriatum of the rat and the caudate nucleus of the cat.
Brain Res 1977; 121:311-326

Miller JJ, Richardson TL, Fibiger HC, McLennan H: Anatomi-
cal and electrophysiological identification of a projection from
the mesencephalic raphe to the caudate-putamen in the rat.
Brain Res 1975; 97:133-136

Pickel VM, Sesack SR: Electron microscopy of central dopamine
systems, in Psychopharmacology: The Fourth Generation of
Progress: An Official Publication of the American College of
Neuropsychopharmacology. Edited by Bloom FE, Kupfer DJ.
New York, Raven Press, 1995, pp 257-268

Soghomonian JJ, Descarries L, Watkins KC: Serotonin innerva-
tion in adult rat neostriatum, II: ultrastructural features: a ra-
dioautographic and immunocytochemical study. Brain Res
1989; 481:67-86

Tork I: Anatomy of the serotonergic system. Ann NY Acad Sci
1990; 600:9-34

Davies ], Tongroach P: Neuropharmacological studies on the
nigro-striatal and raphe-striatal system in the rat. Eur J Phar-
macol 1978; 51:91-100

Williams J, Davies JA: The involvement of S-hydroxytrypta-
mine in the release of dendritic dopamine from slices of rat sub-
stantia nigra. ] Pharm Pharmacol 1983; 35:734-737

Hetey L, Drescher K: Influence of antipsychotics on presynaptic
receptors modulating the release of dopamine in synaptosomes
of the nucleus accumbens of rats. Neuropharmacology 1986;
25:1103-1109

Waldmeier PC, Delini-Stula AA: Serotonin-dopamine interac-
tions in the nigrostriatal system. Eur ] Pharmacol 1979; 55:363~
373

Muramatsu M, Tamaki-Ohashi J, Usuki C, Araki H, Chaki S,
Aihara H: 5-HT, antagonists and minaprine block the 5-HT-
induced inhibition of dopamine release from rat brain striatal
slices. Eur ] Pharmacol 1988; 153:89-95

Ennis C, Kemp JD, Cox B: Characterisation of inhibitory 5-hy-
droxytryptamine receptors that modulate dopamine release in
the striatum. ] Neurochem 1981; 36:1515-1520

Westfall TC, Tittermary V: Inhibition of the electrically induced
release of [*H]dopamine by serotonin from superfused rat
striatal slices. Neurosci Lett 1982; 28:205-209

Andrews DW, Patrick RL, Barchas JD: The effects of S-hy-
droxytryptophan and 5-hydroxytryptamine on dopamine syn-
thesis and release in rat brain striatal synaptosomes. ] Neuro-
chem 1978; 30:465-470

Rokosz-Pelc A, Antkiewicz-Michaluk L, Vetulani J: 5-Hy-
droxytryptamine-like properties of m-chlorophenylpiperazine:
comparison with quipazine. ] Pharm Pharmacol 1980; 32:220-222
Kostowski W, Gumulka W, Cxlonkowski A: Reduced catalep-
togenic effects of some neuroleptics in rats with lesioned mid-

473



SEROTONIN-DOPAMINE INTERACTION AND SCHIZOPHRENIA

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.
Sé6.

57.

474

brain raphe and treated with p-chlorophenylalanine. Brain Res
1972; 48:443-446

Saller CF, Czupryna M], Salama Al: 5-HT) receptor blockade
by ICI 169,369 and other 5-HT; antagonists modulates the ef-
fects of D-2 dopamine receptor blockade. ] Pharmacol Exp Ther
1990; 253:1162-1170

de Belleroche JS, Bradford HF: Presynaptic control of the syn-
thesis and release of dopamine from striatal synaptosomes: a
comparison between the effects of S-hydroxytryptamine, ace-
tylcholine, and glutamate. ] Neurochem 1980; 35:1227-1234
Spampinato U, Esposito E, Samanin R: Serotonin agonists re-
duce dopamine synthesis in the striatum only when the impulse
flow of nigro-striatal neurons is intact. ] Neurochem 1985; 45:
980-982

Baldessarini R}, Marsh E: Fluoxetine and side effects. Arch Gen
Psychiatry 1990; 47:191-192

Baldessarini RJ, Marsh ER, Kula NS: Interactions of fluoxetine
with metabolism of dopamine and serotonin in rat brain re-
gions. Brain Res 1992; 579:152-156

Dewey SL, Smith GS, Logan ], Alexoff D, Ding YS, King P,
Pappas N, Brodie JD, Ashby CR Jr: Serotonergic modulation of
striatal dopamine measured with positron emission tomogra-
phy (PET) and in vivo microdialysis. ] Neurosci 1995; 15:821-
829

Dray A, Gonye TJ, Oakley NR, Tanner T: Evidence for the ex-
istence of a raphe projection to the substantia nigra in rat. Brain
Res 1976; 113:45-57

Tung Che-S, Wu Wan-H, Hwang Nei-G, Yin Tsai-H: Evidence
that 5-HT; antagonism elicits a 5-HT3-mediated increase in do-
pamine transmission (abstract). Neuropsychopharmacology
1994; 10(3S, part 11):208S

Ashby CR Jr, Jiang LH, Kasser R], Wang RY: Electrophysi-
ological characterization of 5-hydroxytryptamine; receptors in
the rat medial prefrontal cortex. J Pharmacol Exp Ther 1990;
252:171-178

Gillet G, Ammor S, Fillion G: Serotonin inhibits acetylcholine
release from rat striatum slices: evidence for a presynaptic re-
ceptor-mediated effect. ] Neurochem 1985; 45:1687-1691
Dewey SL, Smith GS, Logan J, Brodie JD: Modulation of central
cholinergic activity by GABA and serotonin: PET studies with
11C-benztropine in primates. Neuropsychopharmacology
1993; 8:371-376

Dewey SL, Smith GS, Logan ], Brodie JD, Simkowitz P, Mac-
Gregor RR, Fowler JS, Volkow ND, Wolf AP: Effects of central
cholinergic blockade on striatal dopamine release measured
with positron emission tomography in normal human subjects.
Proc Natl Acad Sci USA 1993; 90:11816-11820

Farde L, Nordstrom AL, Wiesel FA, Pauli S, Halldin C, Sedvall
G: Positron emission tomographic analysis of central Dy and D
dopamine receptor occupancy in patients treated with classical
neuroleptics and clozapine: relation to extrapyramidal side ef-
fects. Arch Gen Psychiatry 1992; 49:538-544

Sanberg PR: Haloperidol-induced catalepsy is mediated by post-
synaptic dopamine receptors. Nature 1980; 284:472-473
Carter CJ, Pycock CJ: A study of the sites of interaction between
dopamine and 5-hydroxytryptamine for the production of flu-
phenazine-induced catalepsy. Naunyn Schmiedebergs Arch
Pharmacol 1978; 304:135-139

Fuenmayor LD, Vogt M: The influence of cerebral 5-hydroxy-
tryptamine on catalepsy induced by brain amine depleting
neuroleptics or by cholinomimetics. Br ] Pharmacol 1979; 67:
309-318

Costall B, Fortune DH, Naylor R], Mardsen CD, Pycock C:
Serotonergic involvement with neuroleptic catalepsy. Neuro-
pharmacology 1975; 14:859-868

Hicks PB: The effect of serotonergic agents on haloperidol-in-
duced catalepsy. Life Sci 1990; 47:1609-1615

Bethany S, Neal-Beliveau JN, Lucki J, Lucki I: Serotonergic in-
volvement in haloperidol-induced catalepsy. ] Pharmacol Exp
Ther 1993; 265:207-217

Invernizzi RW, Cervo L, Samanin R: 8-Hydroxy-2-(di-n-propy-
lamino) tetralin, a selective serotonin 14 receptor agonist,
blocks haloperidol-induced catalepsy by an action on raphe nu-

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

clei medianus and dorsalis. Neuropharmacology 1988;27:515-
518

Wadenberg ML: Antagonism by 8-OH-DPAT, but not ritan-
serin, of catalepsy induced by SCH 23390 in the rat. ] Neural
Transm Gen Sect 1992; 89:49-59

Casey DE: Extrapyramidal syndromes: primate models as pre-
dictors of clinical response (abstract). Neuropsychopharmacol-
ogy 1994; 10(3S, part 1):370S

Liebman JM, Gerhardt SC, Gerber R: Effects of 5-HT 4 agon-
ists and 5-HT, antagonists on haloperidol-induced dyskinesias
in squirrel monkeys: no evidence for reciprocal 5-HT-dopamine
interaction. Psychopharmacology (Berl) 1989; 97:456—461
Maj ], Sarnek J, Klimek V, Rawlow A: On the anticataleptic
action of cyproheptadine. Pharmacol Biochem Behav 1976; §:
201-205

Balsara JJ, Jadhav JH, Chandorkar AG: Effect of drugs influ-
encing central serotonergic mechanisms on haloperidol-induced
catalepsy. Psychopharmacology (Berl) 1979; 62:67-69
Yamaguchi K, Nabeshima T, Kameyama T: Potentiation of
phencyclidine-induced dopamine-dependent behaviors in rats
after pretreatments with serotonin depletors. ] Pharmacobio-
dyn 1986; 9:479-489

Baldessarini RJ, Amatruda TT, Griffith FF, Gerson S: Differen-
tial effects of serotonin on turning and sterotypy induced by
apomorphine. Brain Res 1975; 93:158-163

Arnt ], Hyttel ], Bach-Lauritsen T: Further studies of the mecha-
nism behind scopolamine-induced reversal of antistereotypic
and cataleptogenic effects of neuroleptics in rats. Acta Pharma-
col Toxicol (Copenh) 1986; 59:319-324

Korsgaard S, Gerlach J, Christensson E: Behavioral aspects of
serotonin-dopamine interaction in the monkey. Eur J Pharma-
col 1985; 118:245-252

Povlsen UJ, Noring U, Laursen AL, Korsgaard S, Gerlach J: Ef-
fects of serotonergic and anticholinergic drugs in haloperidol-
induced dystonia in Cebus monkeys. Clin Neuropharmacol
1986; 9:84-90

Casey DE: Serotonergic aspects of acute extrapyramidal syn-
dromes in nonhuman primates. Psychopharmacol Bull 1989;
25:457-459

Bligh-Glover W, Jaskiw GE, Vrtunski B, Ubogy D, Meltzer HY:
SHT,-receptor antagonists can attenuate submaximal haloper-
idol-induced catalepsy in rats. Schizophr Res 19955 15:153-154
Ceulemans DL, Gelders YG, Hoppenbrouwers ML, Reyntjens
AJ, Janssen PA: Effect of serotonin antagonism in schizophre-
nia: a pilot study with setoperone. Psychopharmacology (Berl)
1985; 85:329-332

Reyntjens A, Gelders YG, Hoppenbrouwers ML, Bussche GV:
Thymosthenic effects of ritanserin (R 55667), a centrally acting
serotonin-S receptor blocker. Drug Development Res 1986; 8:
205-211

Gelders YG: Thymosthenic agents, a novel approach in the
treatment of schizophrenia. Br ] Psychiatry 1989; 155:33-36
Bersani G, Grispini A, Marini S, Pasini A, Valducci M, Ciani N:
5-HT); antagonist ritanserin in neuroleptic-induced parkinson-
ism: a double-blind comparison with orphenadrine and place-
bo. Clin Neuropharmacol 1990; 13:500-506

Miller CH, Fleischhacker WW, Ehrmann H, Kane JM: Treat-
ment of neuroleptic induced akathisia with the 5-HT; antago-
nist ritanserin. Psychopharmacol Bull 1990; 26:373-376
Miller CH, Hummer M, Pycha R, Fleischhacker WW: The effect
of ritanserin on treatment-resistant neuroleptic induced aka-
thisia: case reports. Prog Neuropsychopharmacol Biol Psychia-
try 19925 16:247-251

Hildebrand J, Delecluse F: Effect of ritanserin, a selective sero-
tonin-S; antagonist, on Parkinsonian rest tremor. Curr Ther Res
1987; 41:298-300

Bouchard RH, Pourcher E, Filteau M], Baruch P: Dose-related
modulation of DA-dependent motor behavior by ritanserin
(RIT) in idiopathic Parkinson’s disease (IPD) (abstract). Neuro-
psychopharmacology 1994; 10(3S, part I1):210S

Henderson J, Yiannikas C, Graham ]S: Effect of ritanserin, a
highly selective 5-HT; receptor antagonist, on Parkinson’s dis-
ease. Clin Exp Neurol 1992; 29:277-282

Am | Psychiatry 153:4, April 1996



79.

80.
81.
82.
83.

84.
8s.
86.
87.
88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Silver H, Blacker M, Weller MP, Lerer B: Treatment of chronic
schizophrenia with cyproheptadine. Biol Psychiatry 1989; 25:
502-504

Korsgaard S, Friis T: Effects of mianserin in neuroleptic-induced
parkinsonism. Psychopharmacology (Berl) 1986; 88:109-111
Hamilton MS, Opler LA: Akathisia, suicidality, and fluoxetine.
J Clin Psychiatry 1992; 53:401-406

Klee B, Kronig MH: Case report of probable sertraline-induced
akathisia (letter). Am ] Psychiatry 1993; 150:986-987
Lipinski JF Jr, Mallya G, Zimmerman P, Pope HG Jr: Fluoxe-
tine-induced akathisia: clinical and theoretical implications. ]
Clin Psychiatry 1989; 50:339-342

Coulter DM, Pillans PI: Fluoxetine and extrapyramidal side ef-
fects. Am ] Psychiatry 1995; 152:122-125

Arya DK: Extrapyramidal symptoms with selective serotonin
reuptake inhibitors. Br J Psychiatry 1994; 165:728-733

Steur EN: Increase of Parkinson disability after fluoxetine medi-
cation. Neurology 1993; 43:211-213

Choo V: Paroxetine and extrapyramidal reactions (letter). Lan-
cet 1993; 341:624

Rogue P, Danion Jean-M: Animal models of schizophrenia (ab-
stract). Neuropsychopharmacology 1994; 10(3S, part 1):292S
Wolkin A, Sanfilipo M, Wolf AP, Angrist B, Brodie JD, Ro-
trosen J: Negative symptoms and hypofrontality in chronic
schizophrenia. Arch Gen Psychiatry 1992; 49:959-965
Andreasen NC, Nopoulos P, Schultz S, Miller D, Gupta S,
Swayze V, Flaum M: Positive and negative symptoms of schizo-
phrenia: past, present, and future. Acta Psychiatr Scand Suppl
1994; 384:51-59

Liddle PF, Friston KJ, Frith CD, Hirsch SR, Jones T, Frackowiak
RS: Patterns of cerebral blood flow in schizophrenia. Br ] Psy-
chiatry 1992; 160:179-186

Weinberger DR, Berman KF: Speculation on the meaning of
cerebral metabolic hypofrontality in schizophrenia. Schizophr
Bull 1988; 14:157-168

Deutch AY: The regulation of subcortical dopamine systems by
the prefrontal cortex: interactions of central dopamine systems
and the pathogenesis of schizophrenia. J Neural Transm Suppl
1992; 36:61-89

Davis KL, Kahn RS, Ko G, Davidson M: Dopamine in schizo-
phrenia: a review and reconceptualization. Am ] Psychiatry
1991; 148:1474-1486

Weinberger DR, Lipska BK: Cortical maldevelopment, anti-
psychotic drugs, and schizophrenia: a search for common
ground. Schizophr Res 1995; 16:87-110

Rao ML, Moller HJ: Biochemical findings of negative symp-
toms in schizophrenia and their putative relevance to pharma-
cologic treatment: a review. Neuropsychobiology 1994; 30:
160-172

Owens DCG: The pharmacology of negative and affective
symptoms in psychosis (abstract). Neuropsychopharmacology
1994; 10(3S, part I):151S

Moghaddam B, Bunney BS: Acute effects of typical and atypical
antipsychotic drugs on the release of dopamine from prefrontal
cortex, nucleus accumbens, and striatum of the rat: an in vivo
microdialysis study. ] Neurochem 1990; 54:1755-1760
Moghaddam B: Preferential activation of cortical dopamine
neurotransmission by clozapine: functional significance. J Clin
Psychiatry 1994; 55:27-29

Nomikos GG, lurlo M, Andersson JL, Kimura K, Svensson TH:
Systemic administration of amperozide, a new atypical antipsy-
chotic drug, preferentially increases dopamine release in the rat
medial prefrontal cortex. Psychopharmacology (Berl) 1994; 115:
147-156

Svensson TH, Mathe JM, Andersson JL, Nomikos GG, Hilde-
brand BE, Marcus M: Mode of action of atypical neuroleptics
in relation to the phencyclidine model of schizophrenia: role of
5-HT; receptor and alpha 1-adrenoreceptor antagonism. J Clin
Psychopharmacol 1995; 15(Feb suppl 1):115-18S; correction,
15(2):154 ’

Schmidt CJ, Fadayel GM: The selective 5-HT;4 receptor an-
tagonist, MDL 100,907, increases dopamine efflux in the pre-
frontal cortex of the rat. Eur ] Pharmacol 1995; 273:273-279

Am ] Psychiatry 153:4, April 1996

103.

104.

10S.

106.

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

SHITIJ] KAPUR AND GARY REMINGTON

Mantz ], Godbout R, Tassin JP, Glowinski ], Thierry AM: In-
hibition of spontaneous and evoked unit activity in the rat me-
dial prefrontal cortex by mesencephalic raphe nuclei. Brain Res
1990; 524:22-30

Duinkerke SJ, Botter PA, Jansen AA, van Dongen PA, van Haaf-
ten AJ, Boom AJ, van Laarhoven JH, Busard HL: Ritanserin, a
selective 5-HT»/5-HT antagonist, and negative symptoms in
schizophrenia: a placebo-controlled double-blind trial. Br J Psy-
chiatry 1993; 163:451-455

Silver H, Nassar A: Fluvoxamine improves negative symptoms
in treated chronic schizophrenia: an add-on double-blind, pla-
cebo-controlled study. Biol Psychiatry 1992; 31:698-704
Spina E, Dedomenico P, Ruello C, Longobardo N, Gitto C, An-
cione M, Dirosa AE, Caputi AP: Adjunctive fluoxetine in the
treatment of negative symptoms in chronic schizophrenic pa-
tients. Int Clin Psychopharmacol 1994; 9:281-285

Goff DC, Midha KK, Saridsegal O, Hubbard JW, Amico E: A
placebo-controlled trial of fluoxetine added to neuroleptic in
patients with schizophrenia. Psychopharmacology (Berl) 1995;
117:417-423

Moller H]J, van Praag HM, Aufdembrinke B, Bailey P, Barnes
TR, Beck J, Bentsen H, Eich FX, Farrow L, Fleischhacker WW:
Negative symptoms in schizophrenia: considerations for clinical
trials. Psychopharmacology (Berl) 1994; 115:221-228
Schooler NR: Deficit symptoms in schizophrenia: negative
symptoms versus neuroleptic-induced deficits. Acta Psychiatr
Scand 1994; 89:21-26

Kane J, Honigfeld G, Singer J, Meltzer H: Clozapine for the
treatment-resistant schizophrenic: a double-blind comparison
with chlorpromazine. Arch Gen Psychiatry 1988; 45:789-796
Casey DE: Clozapine: neuroleptic-induced EPS and tardive dys-
kinesia. Psychopharmacology (Berl) 1989; 99(suppl):S47-553
Shopsin B, Klein H, Aaronsom M, Collora M: Clozapine, chlor-
promazine, and placebo in newly hospitalized, acutely schizo-
phrenic patients: a controlled, double-blind comparison. Arch
Gen Psychiatry 1979; 36:657-664

Claghorn J, Honigfeld G, Abuzzahab FS Sr, Wang R, Steinbook
R, Tuason V, Klerman G: The risks and benefits of clozapine
versus chlorpromazine. J Clin Psychopharmacol 1987; 7:377-
384

Meltzer HY, Matsubara S, Lee JC: The ratios of serotonin; and
dopamine; affinities differentiate atypical and typical antipsy-
chotic drugs. Psychopharmacol Bull 1989; 25:390-392
Meltzer HY, Matsubara S, Lee JC: Classification of typical and
atypical antipsychotic drugs on the basis of dopamine D-1, D-2
and serotonin; pKi values. J Pharmacol Exp Ther 1989; 251:
238-246

Crouzel C, Guillaume M, Barre L, Lemaire C, Pike VW: Ligands
and tracers for PET studies of the 5-HT system—current status.
Int J Rad Appl Instrum [B] 1992; 19:857-870

Farde L, Nordstrom AL: PET analysis indicates atypical central
dopamine receptor occupancy in clozapine-treated patients. Br
J Psychiatry 1992:30~33

Nordstrom A-L, Farde L, Nyberg S, Karlsson P, Halldin C, Sed-
vall G: Dy, D,, and 5-HT); receptor occupancy in relation to
clozapine serum concentration: a PET study of schizophrenic
patients. Am J Psychiatry 1995; 152:1444-1449

Chouinard G, Jones B, Remington G, Bloom D, Addington D,
MacEwan GW, Labelle A, Beauclair L, Arnott W: A Canadian
multicenter placebo-controlled study of fixed doses of risperi-
done and haloperidol in the treatment of chronic schizophrenic
patients. J Clin Psychopharmacol 1993; 13:25-40

Marder SR, Meibach RC: Risperidone in the treatment of
schizophrenia. Am ] Psychiatry 1994; 151:825-835

Claus A, Bollen J, De Cuyper H, Eneman M, Malfroid M, Peus-
kens ], Heylen S: Risperidone versus haloperidol in the treat-
ment of chronic schizophrenic inpatients: a multicentre double-
blind comparative study. Acta Psychiatr Scand 1992; 85:295-
305

Hoyberg O], Fensbo C, Remvig J, Lingjaerde O, Sloth-Nielsen
M, Salvesen I: Risperidone versus perphenazine in the treatment
of chronic schizophrenic patients with acute exacerbations.
Acta Psychiatr Scand 1993; 88:395-402

475



SEROTONIN-DOPAMINE INTERACTION AND SCHIZOPHRENIA

123.

124.

125.

126.

127.

128.

129.

130.

131.

476

Kapur S, Remington G, Zipursky RB, Wilson AA, Houle S: The
D, dopamine receptor occupancy of risperidone and its rela-
tionship to extrapyramidal symptoms: a PET study. Life Sci
1995; 57:PL103-PL107

Nyberg S, Farde L, Halldin C, Dahl M-L, Bertilsson L: D, do-
pamine receptor occupancy during low-dose treatment with
haloperidol decanoate. Am ] Psychiatry 1995; 152:173-178
Kapur S: 5-HT; antagonism and EPS: is there a causal connec-
tion? Psychopharmacology (Berl) (in press)

McEvoy JP, Hogarty GE, Steingard S: Optimal dose of neuro-
leptic in acute schizophrenia: a controlled study of neuroleptic
threshold and higher haloperidol dose. Arch Gen Psychiatry
1991; 48:739-745

Stone CK, Garver DL, Griffith J, Hirschowitz J, Bennett J: Fur-
ther evidence of a dose-response threshold for haloperidol in
psychosis. Am J Psychiatry 1995; 152:1210-1212

Janicak PG, Javaid JI, Sharma RP, Leach A, Dowd S, Davis JM:
A double-blind randomized study of three haloperidol plasma
levels for acute psychosis, in New Research Program and Ab-
stracts, 148th Annual Meeting of the American Psychiatric As-
sociation. Washington, DC, APA, 1995

Farde L, Nyberg S, Oxenstierna G, Nakashima Y, Halldin C,
Ericsson B: Positron emission tomography studies on D-2 and
5-HT; receptor binding in risperidone-treated schizophrenic
patients. ] Clin Psychopharmacol 1995; 15(Feb suppl 1):195-
23S

Breier A, Buchanan RW, Kirkpatrick B, Davis OR, Irish D, Sum-
merfelt A, Carpenter WT Jr: Effects of clozapine on positive and
negative symptoms in outpatients with schizophrenia. Am J Psy-
chiatry 1994; 151:20-26

Pickar D, Owen RR, Litman RE, Konicki E, Gutierrez R, Ra-
paport MH: Clinical and biologic response to clozapine in pa-
tients with schizophrenia: crossover comparison with fluphen-
azine. Arch Gen Psychiatry 1992; 49:345-353

132.

133.

134.

135.

136.

137.

138.

139.

140.

Muller-Spahn F: Risperidone in the treatment of chronic schizo-
phrenic patients: an international double-blind parallel-group
study versus haloperidol (International Risperidone Research
Group). Clin Neuropharmacol 1992; 15(suppl 1, part A):90A-
91A

Borison R, Pathiraja AP, Diamond BI, Meibach RC: Risperi-
done: clinical saftey and efficacy in schizophrenia. Psychophar-
macol Bull 1992; 28:213-218

Miller DD, Perry PJ, Cadoret R], Andreasen NC: Clozapine’s
effect on negative symptoms in treatment-refractory schizo-
phrenics. Compr Psychiatry 1994; 35:8-15

Moller HJ: The negative component in schizophrenia. Acta Psy-
chiatr Scand 1995; 91:11-14

Lieberman JA, Safferman AZ, Pollack S, Szymanski S, Johns C,
Howard A, Kronig M, Bookstein P, Kane JM: Clinical effects
of clozapine in chronic schizophrenia: response to treatment
and predictors of outcome. Am | Psychiatry 1994; 151:1744-
1752

Leysen JE, Janssen PM, Schotte A, Luyten WH, Megens AA:
Interaction of antipsychotic drugs with neurotransmitter recep-
tor sites in vitro and in vivo in relation to pharmacological and
clinical effects: role of SHT, receptors. Psychopharmacology
(Berl) 1993; 112:540-S54

Schotte A, Janssen PF, Megens AA, Leysen JE: Occupancy of
central neurotransmitter receptors by risperidone, clozapine
and haloperidol, measured ex vivo by quantitative autoradiog-
raphy. Brain Res 1993; 631:191-202

Yeomans JS: Role of tegmental cholinergic neurons in dopami-
nergic activation, antimuscarinic psychosis and schizophrenia.
Neuropsychopharmacology 1995; 12:3-16

Leysen JE, Megens AAHH, Janssen PMF, Schotte A: Finely bal-
anced SHT,/D;-antagonism: a crucial factor for the treatment
of schizophrenia (abstract). Neuropsychopharmacology 1994;
10(3S, part 1):467S

Am | Psychiatry 153:4, April 1996





