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I. Introduction

THE serotonergic system has been implicated in a

variety of central nervous system-mediated processes

including activity, sleep, mood, feeding behavior, sexual
activity, neuroendocrine function, and cognitive func-

tion. It is not surprising, then, that it has been a focus
of interest for investigators of the pathogenesis of a

C Address for reprints: Department of Psychiatry of the Bronx

VeteranS Affaire Medical Center of the Mount Sinai School of Medi-

cine, 130 West Kingsbridge, Bronx, NY 10469.

variety of psychiatric disorders. The serotonergic system
has been investigated in the major affective disorders,

anxiety disorders, schizophrenia, impulse disorders, per-

sonality disorders, and AD. tFindings implicating altered
serotonergic function have been reported for each of

tAbbreviations: 5-HIAA, 5-hydroxyindoleacetic acid; CSF, cerebro-

spinal fluid; 5-HTP, 5-hydroxytryptophan; 5-HT, 5-hydroxytrypta-

mine, serotonin; DA, dopamine; m-CPP, m-chlorophenylpiperazine;

MHPG, methoxy-4-hydroxyphenylglycol; OCD, obsessive-compulsive

disorder; GABA, r-aminobutyric acid; LC, locus coeruleus; AD, Alz-

heimer’s disease; nbM, nucleus basalis of Meynert.
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510 SIEVER ET AL.

these disorders. Agents that enhance or modulate sero-
tonergic function have also been utilized as pharmaco-
logical treatments, either clinically or experimentally, for

each of these disorders as well.
Varieties of indices have been used to explore seroto-

nergic function in the psychiatric disorders including

metabolites such as 5-HIAA in CSF; response to psycho-

pharmacological challenges that perturb serotonergic ac-
tivity such as fenfluramine, tryptophan, or 5-HTP; se-

rotonin uptake and imipramine binding and receptor
sites on platelets; postmortem brain studies of metabo-

lites and receptors; and effects of serotonin precursors

and pharmacological agents altering serotonergic activ-

ity.
5-HT is considered to be a modulatory neurotransmit-

ter with generally inhibitory effects; (Gorzalka et al.,

1990 as reviewed elsewhere (Meltzer and Lowy, 1987;
Vogt, 1982). It plays a role in the regulation of a variety

of psychobiological domains. Lesions of the serotonergic
system result in disinhibited aggression in animals and

in lack of extinction of punished behaviors (Soubrie,

1989). These effects suggest that 5-HT normally serves

to suppress excessive aggression, as well as other motoric
behaviors that might result in aversive consequences. 5-
HT also has inhibitory effects on sexual behaviors, ap-

parently partially mediated by actions on gonadal hor-
mones (McEwen and Parsons, 1982; Richardson, 1990),

and analgesic effects, inhibiting perception of pain. Gen-
eral inhibitory effects of 5-HT are consistent with find-

ings that inhibition of 5-HT synthesis may cause insom-
nia, whereas enhancement of its activity may improve
sleep (Hartmann, 1983; Wauquier et al., 1985). This
amine also has inhibitory effects on appetite and may
produce elevations of mood (Curzon, 1990; Meltzer and
Lowy, 1987). It also has a modulatory influence on tem-

perature (Aulakh et a!., 1988). Many of these psycho-
biological functions are disturbed in the psychiatric dis-
orders, an observation consistent with the possibility
that 5-HT may play a role in a variety of psychiatric
disorders.

II. Critical Issues in Defining Serotonergic

Dysfunction in Human Studies

Although previous paradigms of 5-HT function have
centered around hypotheses of global increases or de-
creases in serotonergic activity in specific psychiatric
disorders, it is increasingly apparent that such formula-
tions may be simplistic. It has been proposed, for exam-
ple, that both decreased serotonergic activity (Murphy

et al., 1978) and increased serotonergic activity are as-
sociated with depression (Ogren et al., 1979). As our
neurobiological sophistication increases, it is becoming
apparent that there may be differences between different
components of the serotonergic system in these disorders
rather than merely global changes in level of function.
Thus, presynaptic versus postsynaptic alterations must

be considered. Even at postsynaptic sites, the presence

of specific 5-HT receptor subtypes with different phar-
macological and behavioral effects demand that consid-

eration be given to differential alterations of specific

subtypes of these receptors. Patterns of alteration of

these components of the serotonergic system would be

expected to be quite different if, for example, there was

a relative failure of the serotonergic system to develop or
innervate the brain (a relative hypotrophy) in contrast

to a dynamic alteration in the components of the system.

In the first case, decreases of all components in the

system, including presynaptic and postsynaptic receptor

sites, would be expected, whereas in the latter case some

components, e.g., presynaptic activity, might be de-

creased; others, e.g., postsynaptic activity, might be in-
creased. Although the majority of serotonergic neurons

arise from the median raphe nucleus, their innervation

covers a wide expanse of cortex and limbic structures.

Regional differences in activity at specific terminal fields
of the serotonergic system might have important impli-

cations for differences in behavior. Preclinical research

increasingly highlights the degree of neurotransmitter

interactions in the central nervous system and of the

relationship of 5-HT function to norepinephrine, DA,

and acetyicholine. The range of effects that 5-HT has on
central nervous system function also makes it unlikely

that a disturbance in 5-HT function would necessarily
specifically result in a single psychiatric disorder. The

possibility of dimensional versus categorical correlates,

then, of 5-HT dysfunction must be considered in linking

biochemical indices to behavioral traits. These issues will
be discussed in greater length and reviewed in relation

to recent results of studies implicating serotonergic dys-
function in the affective and personality disorders, as

well as briefly in other psychiatric disorders, with con-
sideration of their potential implications for developing
future diagnostic and therapeutic agents.

III. Overview of Neuropsychiatric Disorders in
which Serotonin Is Implicated

Historically, 5-HT was initially investigated primarily

in affective disorders. Studies of metabolites of 5-HT,

such as 5-HIAA, in various bodily fluids suggested that

depressed patients might have reduced serotonergic ac-

tivity. Subsequent investigations suggested that those

individuals with reduced serotonergic activity might spe-

cifically constitute a group who had attempted suicide

(Asberg et al., 1987; Meltzer and Lowy, 1987). These
findings prompted investigation of the serotonergic sys-

tem in the impulse disorders and, more specifically, the

impulsive personality disorders. These studies will be

reviewed in more depth in the next section.
The effectiveness of serotonergic agents on anxiety

disorders such as OCD and even other anxiety disorders
stimulated investigation of alterations in serotonergic

function in these disorders. As will be reviewed later,

there is evidence of altered serotonergic function in 5ev-
eral of the anxiety disorders as well. The current efficacy
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of clozapine, a 5-HT2 receptor antagonist, has stimulated

studies of serotonergic function in schizophrenia, an area

that was also of interest in early studies of schizophrenia.
Finally, there has been increasing emphasis on the role

of 5-HT in AD as well. The role of 5-HT in each of these
disorders will be reviewed, with specific emphasis on the
affective and personality disorders.

IV. Studies of Serotonin Function in Affective

and Personality Disorders

A. Cerebrospinal Fluid 5-Hydroxyindoleacetic Acid

The 5-HT metabolite, 5-HIAA, has been found to be

reduced in numbers of studies of medication-free de-
pressed patients. Recent reanalysis of a large sample of

depressed patients and controls suggested that this re-
duction in CSF 5-HIAA was due to the presence of a
subgroup of depressed patients (Gibbons and Davis,
1986) in a bimodal distribution. Although concentrations
of 5-HT metabolites in CSF have not been consistently

correlated with depressive symptoms, reduced CSF 5-
HIAA has been suggested to occur in a subgroup of

suicide-attempting patients with depression (Asberg et
al., 1987; Asberg et al., 1976; Agren, 1980; Banki et al.,

1981; Banki and Arato, 1983). Indeed, suicide attempts
are associated with reduced CSF 5-HIAA in psychiatric

diagnoses other than depression (Brown et al., 1979,
1982; Van Praag, 1983; Ninan et al., 1984), raising the

possibility that the serotonergic abnormality was more
associated with suicide attempts than depression per Se.
There appears to be a relative consistency in reductions
of CSF 5-HIAA across behavioral states, although mod-
est increases of 5-HIAA may result with recovery (Trask-

man-Bendz et al., 1984).

Reduced concentrations of CSF 5-HIAA have also
been correlated with physical aggression directed toward

others. Military subjects with a variety of personality

disorders demonstrated diminished CSF 5-HIAA con-
centrations associated with high aggression scores and

premature discharge from the military. Correlations were
also found with a history of suicide attempt in these

patients as well (Brown et al., 1979). In a second study,

CSF 5-HIAA was negatively correlated with a life history
of physical aggression and psychopathic deviance as as-
sessed by the Minnesota Multiphasic Personality Inven-
tory (Brown et al., 1982).

A specific association of reduced CSF 5-HIAA concen-
trations and impulsive aggressive behavior, particularly

violent aggression, has been reported in subjects selected
for violent offenses. Those subjects committing impul-
sive violence, who are more likely to have antisocial or

explosive personality disorder diagnoses, had CSF 5-
HIAA concentrations that were lower than those who

committed premeditated violent acts, who usually have
paranoid or “anxious cluster” personality disorders di-

agnoses (Linnoila, 1983). This distinction between
planned and impulsive violence has been supported by

studies of professional killers, violent offenders who

killed someone close to them (Lidberg et al., 1985), and

impulsive arsonists (Virkkunen et al., 1987). Other cor-

relations between externally directed aggression and CSF
5-HIAA or impulsivity and CSF 5-HIAA have been re-

ported in normal volunteers (Roy et a!., 1988; Traskman-
Bendz et al., 1986).

Correlations with history of aggression, as well as the
propensity for suicide attempts, might suggest that CSF
5-HIAA represents a partially state-independent index.

Indeed, there appear to be both trait and state compo-

nents to CSF 5-HIAA concentrations because these con-

centrations may correlate when measured at two points

in time in normal volunteers and in depressed patients,
but CSF 5-HIAA concentrations may increase during

recovery in depressed patients with initially low concen-
trations (Traskman-Bendz et a!., 1984). A study of pa-
tients with euthymic bipolar disorder treated with lith-
ium reported normal CSF levels of 5-HIAA (Berrettini
et al., 1985). However, other studies suggest that reduced
5-HT metabolism may be observed in patients with
euthymia and that persistence of these reductions from

the ill to recovered state predict increased risk for future

depressions (Van Praag and DeHaan, 1979). Some data

suggest that reduced concentrations of CSF 5-HIAA may

predict treatment response to the 5-HT precursor 5-
HTP and that such treatment diminishes the likelihood

of subsequent depression (Van Praag and DeHaan, 1980;
Van Praag et al., 1972). Other studies have found that
low CSF 5-HIAA predicted clinical response to tricyclics

such as imipramine (Maas et al., 1982; Aberg-Wistedt et
al., 1982).

In summary, although a number of studies have sug-

gested that depressed patients may have low CSF 5-
HIAA, these findings are not consistent and the decrease
in CSF 5-HIAA concentration does not consistently cor-

relate with the severity of the depression. On the other

hand, reductions in CSF 5-HIAA correlate with suicide
attempts in patients with personality disorders and de-
pressed patients. Reductions in CSF 5-HIAA have cor-
related with outwardly directed aggression, particularly

impulsive, violent aggression, in patients with personal-
ity disorders and criminal offenders, usually with anti-

social or explosive personality disorder diagnoses; such a
correlation has not been clearly documented in patients
with affective disorders. Thus, decreases in 5-HT, as
reflected in reduced CSF 5-HIAA concentrations, may
be more closely related to self- or other-oriented aggres-
sion than to the state of depression.

B. Plasma Tryptophan

Plasma tryptophan levels are an index of the trypto-
phan available to be converted into 5-HT in the central

nervous system and thus may be an overall measure of
central 5-HT activity. Reduced plasma tryptophan levels

have been observed in numerous studies of depressed
patients (Meltzer and Lowy, 1987). Interestingly, de-
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creases in plasma levels of tryptophan have also been

associated with a history of aggressive or suicidal behav-
ior in alcoholics (Branchey et al., 1984). These and other
studies, reviewed elsewhere (Coccaro et al., 1990b), sug-
gest that reduced serotonergic function, perhaps partially

stemming from reduced serotonergic availability, may be
associated with aggressive behavior across several diag-
nostic categories.

C. Platelet-Imipramine Binding

Decreases in the binding of imipramine to platelets

have been reported in numerous studies of depressed

patients as reviewed elsewhere (Meltzer and Lowy, 1987).
Interestingly, the reductions in imipramine binding may
be specifically associated with a family history of depres-
sion (Lewis and McChesney, 1985). Because this site is

allosterically related to the 5-HT uptake site (Briley et

al., 1980), it might be considered to be a marker of
presynaptic serotonergic neurons. One study has sug-

gested that reductions of imipramine-binding sites may
be associated with aggression in adolescents with a di-

agnosis of conduct disorder (Stoff et al., 1987). Because
newer studies suggest that paroxetine may be the more
appropriate ligand for these binding sites (Mellerup et

al., 1983; D’Haenen et a!., 1988), additional studies of
patients with personality disorders are needed to assess

the relationship with aggression that has been estab-
lished using central metabolite and challenge studies of
5-HT.

D. Serotonin Uptake in Platelets

The platelet, like central 5-HT neurons, has 5-HT
uptake sites that may be assayed in depressed patients.
Decreased Vmax, that is, a decrease in the number of
uptake sites, has been reported in both unmedicated

depressed patients (Coppen et al., 1978; Meltzer et al.,
1981) and manic patients (Meltzer et al., 1981), a finding

that may persist even after recovery in unipolar de-
pressed patients (Meltzer and Lowy, 1987). This finding
does not appear to be an artifact of drug treatment. It is
not clear whether it represents a primary abnormality,
which would tend to result in more 5-HT in the synapse

or as a compensatory response to reduced serotonergic
activity (Meltzer and Lowy, 1987). Studies of 5-HT up-

take have not been performed in patients with impulsive

personality disorders.

E. Neuroendocrine Responses to Serotonergic Precursors

Pharmacological challenge with precursors, releasing

agents, reuptake markers, and direct 5-HT agonists can
assess the perturbation of central serotonergic systems

and may provide a reflection of the net function of the
system. A diminished prolactin response to L-tryptophan

at an intravenous dose of 100 mg/kg has been reported
in unmedicated depressed patients compared with con-

trols (Heninger et al., 1984). Other studies suggest the
possibility that this response might have been due to

differences in plasma tryptophan levels (Koyama and

Meltzer, 1986).
In contrast, the cortisol response to the serotonergic

precursor, D,L-5-HTP, administered orally in a 200-mg
dose has been reported to be increased in both unmedi-
cated depressed and manic patients (Meltzer et al., 1984).
The differences in response to these two different pre-
cursors may have to do with differences in serotonergic
control of cortisol versus prolactin. For example, the 5-

HT2 receptor may be particularly involved in mediating

the prolactin response to 5-HTP (Meltzer and Lowy,

1987). Alternatively, hypertrophy or increased activity
of the hypothalamopituitary axis may account for the
increased cortisol secretion. Mixed results obtained re-
garding the possible role of 5-HT1A receptors in prolactin

secretion have been reported (Coccaro et al., 1990a;
Lesch et al., 1989).

Although tryptophan alone is not considered as effec-

tive as tricyclic antidepressant medications (Murphy et
al., 1978), tryptophan does have antidepressant effects
and potentiates the action of tricyclic or monoamine

oxidase inhibitor medications (Meltzer and Lowy, 1987;
Baldessarini, 1984). L-5-HTP has antidepressant efficacy
and also may prevent depression (Van Praag, 1984; Van

Praag and DeHaan, 1980).
Analogously, specialized amino acid diets that deplete

tryptophan may worsen depression in patients with

symptoms (Delgado et al., 1989). Tryptophan depletion
has not been used in patients with impulsive personality
disorders, although depressed patients receiving a tryp-

tophan depletion diet are reported to be somewhat amo-

tivational and irritable.

F. Neuroendocrine Responses to Fenfluramine

Reduced prolactin responses to fenfluramine relative
to controls have been reported in patients with major
depression disorders (Siever et al., 1984) and specifically
in depressed patients without concomitant history of
panic attack compared with depressed patients with

either panic or dysthymic disorders (Lopez-Ibor et al.,
1988). In contrast, differences between major depressive

disorder in outpatients and normal controls did not reach
significance in another study (Asnis et al., 1988). Inspec-
tion of the data in all of these studies indicates a consid-

erable overlap of the magnitude of the prolactin response
to fenfluramine between depressed patients and controls.
Reductions in the response to fenfluramine may not be

associated with complicated or milder depression in out-
patients. However, the specific characteristics of depres-
sion associated with reduced prolactin response to fen-
fluramine cannot be determined from these studies.

In studies designed to investigate the relationship of
reduced prolactin responses to fenfluramine in depres-

sion, impulsivity/aggression, and suicide attempts in pa-
tients with affective and personality disorders, reduced
prolactin responses to fenfluramine were again found in
drug-free, acutely depressed patients compared with
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matched normal controls (Coccaro et al., 1989b). How-

ever, only about 40% of these patients showed signifi-

cantly blunted responses to fenfluramine. Additionally,
a similar proportion of depressed patients in remission,

who had not received antidepressants and other medi-

cations for at least 2 weeks, also had a reduced prolactin

response to fenfluramine (Coccaro et al., 1989b). In a

subset of six patients studied across two states, those
with blunted responses tended to continue to have

blunted responses across states, although there was an
apparent trend for responses to increase slightly with
recovery. These findings could not be attributed to dif-

ferences in age, weight, plasma concentrations of fen-
fluramine, basal concentrations of prolactin, time with-

out antidepressant medications, season of the year, or

any other demographic variables. Furthermore, there was

no correlation with the severity of depressive symptoms
in this sample.

A comparably designed study of prolactin responses to

fenfluramine in a mixed sample of patients with person-

ality disorders also suggested blunted prolactin responses

to fenfluramine. As described before, these responses
could not be attributed to any of the potential artifacts

such as age, weight, etc. that were also found to be

noncontributory in patients with major affective disor-

ders. A history of suicide attempts was associated with

reduced prolactin responses to fenfluramine in the co-

horts with affective and personality disorders. However,

the degree of reduction in prolactin response showed no

correlation with severity of depression or with history of,

or concomitant depression in, the cohort with personality

disorders (Coccaro et al., 1989b).
These studies parallel those of CSF 5-HIAA by sug-

gesting that reductions of serotonergic function may be
associated more specifically with suicide attempts than

with degree of depressive symptomatology. Further eval-

uation of patients with personality disorders indicated

that those who met criteria of the Diagnostic and Statis-

tical Manual ofMentalDisorders, edition 3, for borderline

personality disorder had a reduced prolactin response to

fenfluramine compared with other patients with person-

ality disorders who did not meet criteria for borderline

personality disorder. In contrast, no other specific axis
II disorder that could be meaningfully evaluated in this

sample showed an association with reduced prolactin
responses to fenfluramine. Furthermore, those criteria

particularly associated with impulsivity/aggression, such

as impulsive acts, self-damaging acts, and angry out-

bursts, were specifically associated with a reduced pro-

lactin response, whereas other borderline criteria were

not. Cumulatively, these results suggest that the reduced
prolactin responses to fenfluramine might be related to

impulsive aggression (Coccaro et al., 1989b).
A more direct test of this hypothesis would be to

examine correlationally the relationship between prolac-
tin response to fenfluramine and indices of impulsivity/

aggression across all patients with personality disorders.
Indeed, significant correlations between the prolactin

response to fenfluramine and two subscales of the Buss-

Durkee Hostility Inventory, the “assault” and “irritabil-

ity” subscales, and one subscale of the Barratt impulsiv-
ity scales, “motor impulsivity,” were observed. Reduced

prolactin responses to fenfluramine also were correlated
with the Brown-Goodwin Lifetime Inventory of Aggres-

sion. These scales were also highly intercorrelated. How-

ever, no significant correlations were observed with other
measures of pathology including items less related to
irritability/impulsivity/aggression in the Barrett and
Buss-Durkee scales as well as inventories of anxieties,
sensation seeking, and other forms of psychopathology.
These data cumulatively suggest a strong and specific

association between the reduced prolactin responses to

fenfluramine and impulsive aggression.
Differences in the prolactin response to fenfluramine

between persons who attempt suicides and those who do
not and between persons who abuse alcohol compared
with those who do not were eliminated when a factor of

impulsivity/aggression was covaried in these compari-
sons, whereas the converse was not the issue (Coccaro et

al., 1989b), suggesting that a factor of impulsivity/aggres-
sion may underlie the observed findings. However, other

studies of drug abusers have found a positive correlation
between the prolactin response to fenfluramine and im-
pulsivity (Fishbein et al., 1989).

In contrast to the findings in patients with personality

disorders, no relationship between impulsivity/aggres-
sion, as indexed by the above scales, was found with the

prolactin responses to fenfluramine in depressed patients

in remission. However, the association with suicide at-
tempts and reduced prolactin responses to fenfluramine
was observed in the depressed patients in remission as

part of the combined depressed patient cohort com-
parable to the correlation between suicide attempts and
blunted prolactin responses in the patients with person-

ality disorders. Thus, it appeared that internally directed
aggression, i.e., suicide attempts, was common to patients

with both affective and personality disorders, whereas

externally oriented aggression, i.e., fights, impulsivity,
volatility, and irritability, was only associated with re-
ductions in serotonergic activity in the patients with

personality disorders. These results suggest that other
systems, which are likely to differ in their function

between patients with affective and personality disor-
ders, may account for differences in the direction of
expression of aggression.

G. Neuroendocrine Responses to Direct Serotonin
Receptor Agonists

Although neuroendocrine responses to precursors or
releasing agents may give an indication of “net” seroto-
nergic activity, recent interest has shifted to the evalua-
tion of 5-HT receptor responses. m-CPP is a direct 5-
HT receptor agonist that acts on 5-HT1�, 5-HT2, and 5-
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HT3 receptors. Its administration results in increases in
prolactin, cortisol, and growth hormone. Studies of m-

CPP in depressed patients have not yielded consistent

differences from normal controls (Kahn et al., 1990b). A

preliminary study of the relationship of the prolactin
response to m-CPP revealed similar significant correla-
tions in a negative direction between the prolactin re-

sponse and measures of irritability/aggression (Coccaro
et al., 1989a).

Interestingly, prolactin responses to m-CPP were
highly correlated with prolactin responses to fenflura-

mine when m-CPP plasma concentrations were consid-
ered as a covariant in the correlation. However, prolactin
responses to fenfluramine were not correlated with CSF

5-HIAA in an overlapping cohort of patients (Coccaro et
al., 1989b). These results suggest that at least part of the

variations in serotonergic activity related to impulsivity/

aggression may be postsynaptic.

H. Neuroendocrine Responses to Buspirone

Buspirone is a relatively selective 5-HT1A agonist that
stimulates the release of prolactin and cortisol (Meltzer
and Lowy, 1987). A prolactin response to buspirone can

be blocked by metergoline, which antagonizes both 5-
HT1 and 5-HT2 receptors (Coccaro et al., 1990a). The
prolactin, but not the cortisol, response to buspirone is

blocked by 20 mg of pindolol, a �3-adrenergic and 5-HT1A
antagonist (Coccaro et al., 1990a). In this preliminary

study, in one subject, higher doses of pindolol were
associated with increased prolactin responses, suggesting

the possibility of paradoxical agonist effects of pindolol
on prolactin secretion at higher doses. Although buspi-
rone may have DA antagonist properties, a blockade of
the prolactin response to buspirone by pindolol suggests

that it may be substantially mediated by 5-HT1A recep-
tors. However, ipsapirone, a 5-HT1A agonist with less
dopaminergic antagonism, apparently does not cause the

release of prolactin, at least in one study of normal

subjects (Lesch et al., 1989).
In a pilot study of patients with personality disorders,

prolactin responses to buspirone were negatively corre-
lated with indices of impulsivity/aggression, including
the “irritability” and “assaultiveness” scales of the Buss-
Durkee scales (Coccaro et al., 1990b). These studies lend
further support to the inverse relationship between se-

rotonergic activity and aggression and are consistent
with the possibility that these effects may be partially
mediated by postsynaptic 5-HT1A receptors.

I. Relationship to Indices of Noradrenergic Function

The results of studies of both CSF 5-HIAA and pro-

lactin responses to fenfluramine suggest that these in-
dices of reduced serotonergic functions are associated
with suicide attempts in patients with both personality

and affective disorders and with externally directed
aggression, e.g., fights, irritable behavior, in patients with
personality disorders. However, the inverse association

between reduced indices of serotonergic activity and
externally directed aggression has not been observed in

patients with affective disorders. For example, the pro-

lactin response to fenfluramine negatively correlates
with self-directed aggression, i.e., suicide attempts, but

not with scales reflecting externally reflected irritability/

aggression in depressed patients in remission (Coccaro

et al., 1989b). These results raise the possibility that

other biological systems, which may mediate the direc-
tionality of expressed aggression, may differ between

patients with affective and personality disorders.

One possible system that may differ between the
groups is the noradrenergic system. The LC, the major

noradrenergic nucleus, mediates the organism’s response

to novel, and especially threatening, stimuli in the envi-

ronment. Increased activity of the LC is associated with

higher levels of arousal, whereas reduced activity of the
noradrenergic system is associated with vegetative, res-

titutive functions (Foote et al., 1983). Thus, the norad-

renergic system may be seen as mediating the respon-

siveness and sensitivity of an individual to his or her
environment. Evidence suggests that the noradrenergic

system may be inefficient and dysregulated in major
depressive disorder, particularly endogenous depression

(Siever and Davis, 1985; Weiss et a!., 1982). Deficient

noradrenergic function may contribute to the vegetative

symptoms, lack of goal directed behavior, and lack of
responsiveness to environmental change seen in endog-

enous or “autonomous” major depressive disorder. It is

thus conceivable that the diminished responsiveness of

the noradrenergic system and the associated deficit in
environmental responsiveness associated with depres-
sion may diminish the external expression of aggressive

behavior in patients with major, particularly melan-

cholic, depressive disorders.

Conversely, increased noradrenergic activity has been
associated with increased environmental responsiveness,

as indicated by novelty- or sensation-seeking behavior,

risk-seeking behavior (e.g., gambling), and extroversion

(Roy et al., 1988, 1989). For example, increased concen-
trations of MHPG have been associated with pathologi-

cal gamblers (Roy et al., 1988). Levels of CSF MHPG,
plasma MHPG, and the sum of urinary metabolites of

norepinephrine are correlated with measures of extrov-

ersion on the Eysenck Personality Inventory (Roy et al.,

1989). Sensation seeking on the Zuckerman Sensation

Seeking Scale and urinary levels of MHPG have been
correlated in normal volunteers (Buchsbaum et al., 1981).

These results suggest that increased activity of the nor-

adrenergic system may be associated with impulsive/
aggressive behavior and raise the possibility that in-

creased responsiveness of the noradrenergic system cou-

pled with decreased responsiveness of the serotonergic
system would be most likely to predispose to aggressive
behavior. Preliminary studies in our laboratories suggest
that increased growth hormone responses to clonidine, a
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noradrenergic agonist, are associated with measures of

impulsivity and aggression in patients with personality
disorders (Lawrence et al., 1991). Because the growth

hormone response to norepinephrine assesses the re-

sponsiveness of postsynaptic adrenergic receptors, it
might be hypothesized that increased responsiveness of
these receptors may be associated with greater noradre-

nergic-mediated responses to environmental stimuli. In
the study, no correlation was found with the prolactin

response to fenfluramine, suggesting that these norad-
renergic and serotonergic indices are independent. The

interaction of these two systems in predisposing to im-

pulsive aggression is currently being explored.

J. Intercorrelations between Serotonergic Indices

In the studies ofpatients with affective and personality
disorders cited above, high correlations were observed
between prolactin responses to fenfluramine and prolac-

tin responses to m-CPP, suggesting a common postsyn-
aptic mechanism (Coccaro et al., unpublished data). In

contrast, the prolactin response to fenfluramine did not
correlate with measures of the platelet imipramine bind-
ing or CSF concentrations of 5-HIAA. In fact, a modest
negative correlation was found between the prolactin
response to fenfluramine and concentrations of CSF 5-

HIAA, again suggesting that the neuroendocrine chal-

lenge paradigm may more substantially assess postsyn-

aptic receptor responsiveness.

V. Implications of 5.-Hydroxyindoleacetic Acid

Studies of Patients with Affective and

Personality Disorders

A. Presynaptic versus Postsynaptic Indices

These studies suggest that pre- and postsynaptic in-
dices of serotonergic function may differ in their behav-
ioral correlates. Thus, various indices of serotonergic

activity need not be considered equivalent. For example,
imipramine binding and CSF 5-HIAA concentration in
patients with personality disorders are not correlated

with measures of impulsive aggression, whereas postsyn-
aptic indices including prolactin responses to fenflura-
mine, m-CPP, and buspirone are correlated. Because

CSF 5-HIAA concentrations have been associated with
externally oriented aggression in other studies, it may be

that, in this population of patients with personality
disorders, individual differences in postsynaptic indices
of serotonergic function may contribute substantially to
variations in predisposition to aggression as well as pre-

synaptic components of 5-HT function. These studies
would imply that the neuroendocrine response to sero-

tonergic challenge may be mediated as much by postsyn-
aptic receptors as by presynaptic serotonergic availabil-
ity.

B. 5-Hydroxyindoleacetic Acid Receptor Subtypes

It is known that the 5-HT receptor system consists of

several different receptor subtypes including the 5-HT1A

D, 5-HT2, and 5-HT3 receptors. Although the functional
effects of these receptors are not fully understood, the
receptors are found in different brain locations and are
coupled to different second messenger systems. For ex-
ample, 5-HT1A receptors are found in human frontal

cortex and hippocampus (Hoyer et al., 1986) and activate
adenylate cyclase (Hoyer, 1988); 5-HT2 receptors are also

located in the hippocampus and frontal cortex but are
linked to phosphatidyl inositol turnover (Hoyer et al.,

1986; Hoyer, 1988). Available neuroendocrine probes

may target more than one receptor. For example, m-CPP

binds to 5-HT1A, 5-HT1D, and 5-HT2 (Hamik and Per-
outka, 1980) and 5-HT1� (Hoyer, 1988) receptors. Some

studies suggest that its effects may be particularly me-
diated by 5-HT1� receptors. Buspirone, on the other

hand, is a 5-HT1A partial agonist with few effects in other
serotonergic subtypes. In these studies, responses to m-

CPP and buspirone, as well as to the broad-spectrum
serotonergic agent, fenfluramine, were associated with
impulsivity/aggression, raising the possibility that the

correlation may be partially attributable to variations in
5-HT1A receptor responsiveness. However, the prolactin
response to ipsapirone has not been identified in normal

subjects (Lesch et al., 1989), a result apparently discrep-
ant from those previously described. Ultimately, more

extensive studies of serotonergic agents, such as fenflur-
amine, m-CPP, and tryptophan, with selective antago-
nists may be required to disentangle the meaning of
specific neuroendocrine responses to serotonergic agents.

C. Hypotrophy versus Dysregulation

Alterations in the serotonergic system could be con-

ceived of as reflecting different roots of pathogenesis.
For example, a genetic or acquired deficiency in the

development of the serotonergic neuronal system would
predict reductions in a variety of indices of 5-HT activity,
including CSF 5-HIAA, imipramine binding, and indices
of serotonergic receptor activity. In contrast, an abnor-
mality of a single serotonergic receptor subtype might
actually result in increases in presynaptic 5-HT activity

and secondary down-regulation of other subtypes. An-
other possibility is that the serotonergic receptors are

not properly regulated in relation to changing concentra-
tions of presynaptic 5-HT. In this case, correlations in

the negative direction between pre- and postsynaptic
elements could be expected. Although too few data are

available to confidently speculate on the origin of sero-
tonergic alterations in patients with personality and
affective disorders, the decreased postsynaptic indices of
serotonergic responsiveness in the face of normal to

reduced presynaptic activity suggests a generalized fail-
ure in the development of the serotonergic system or
intrinsic defects in the postsynaptic receptor. More de-
finitive characterization of the relationship of pre- and
postsynaptic indices will be required to disentangle these

possibilities.
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D. Regional Differences

The serotonergic system has widespread innervations

throughout the cortex, limbic system, and basal ganglia,
as well as the hypothalamus. It is quite conceivable that

deficits in one brain area may not be matched by parallel
deficits in other serotonergically innervated brain re-

gions. This differential deficit might be particularly ex-
pected if alterations in single-receptor subsystems with

their specific receptor fields were altered in a given
psychiatric disorder. Ultimately, imaging studies will be

required to resolve these issues. However, there are cor-

relations between hypothalamic responses to serotoner-
gic challenges, such as fenfluramine, and behavioral re-

sponses (Coccaro et al., 1989b). Thus, serotonergic agents
may be indicated for a particular symptomatic cluster in

several psychiatric disorders. 5-HT reuptake blockers
(e.g., fluoxetine) have been implicated as effective in

affective, obsessive-compulsive, and impulsivity disor-
ders. However, differences between expression of the

serotonergic dysfunction in different categories second-

ary to interaction with other disturbed neurotransmitter

systems might be targeted by combinations with other
more specific agents.

Correlations between hypothalamic and behavioral re-
sponses to serotonergic challenge suggest that, in pa-
tients with personality and affective disorders, the ab-
normalities are not confined to a single brain region.

E. Neurotransmitter Interaction

The differing relationships between the serotonergic

system and externally oriented impulsive/aggression in
patients with personality disorders and depressed pa-
tients in remission raises the possibility of other neuro-
transmitter systems modulating the direction of the
expression of impulsive aggression. Because the norad-

renergic system is a behavioral arousal system that may
modulate the extent to which an organism “tunes in” to
the environment, increased activity might be expected to
be associated with excessively responsive or irritable

responses to the environment, which, when coupled with
a reduced serotonergic function or disinhibition of nor-

mally suppressed aggressive behaviors, would result in
irritable aggression. These considerations call for para-

digms of neurotransmitter dysfunction in psychiatric
disorders that take into account interactions between
neurotransmitter systems. The interaction of these spe-
cific neurotransmitter systems would then be considered
as contributing to the specific clinical systems of a par-
ticular disorder or even to symptoms that cross a range

of diagnostic categories. In this case, animal models
support the hypothesis that the noradrenergic and sero-

tonergic neurotransmitter systems interactively contrib-
ute to impulsivity and aggression.

5-HT-mediated aggression is diminished in animals
whose noradrenergic system has been impaired (Soubrie,
1989), and reduced levels of arousal, expected with low

noradrenergic activity, will interfere with the expression

of 5-HT-mediated aggression (Chamberlain et al., 1987).
The serotonergic and noradrenergic systems are closely
related anatomically and functionally, and changes of

activity in one system may contribute to alterations in
the regulation of the other (Janowsky et al., 1982). Thus,

serotonergic dysfunction cannot be understood in rela-
tion to psychiatric disorders when it is not considered in
the context of other related neurotransmitter systems,
such as the noradrenergic, dopaminergic, or cholinergic
systems.

F. Dimensional versus Categorical Correlations

The results of studies of patients with affective and
personality disorders suggest that a dimensional correl-
ative serotonergic dysfunction may be more appropriate
and useful than the attempt to fit 5-HT dysfunction into

categorical distinctions. Thus, although reduced prolac-

tin responses of fenfluramine were associated particu-
larly with borderline personality disorder compared with

other personality disorders, they were specifically related
to the criteria for aggressive and impulsive behavior

(Coccaro et al., 1989b). History of suicide attempts cor-
related with prolactin responses to fenfluramine across
both diagnostic categories, affective and personality dis-
orders. Again, serotonergic dysfunction was not associ-
ated with a particular disorder but with a dimension of

unmodulated aggression, with differences in the direction
of this expression in patients with personality and affec-

tive disorders. Such a dimensional approach involving
neurotransmitter interactions may appear to be more
complex but yet remains testable and provides more
realistic models of psychopathology with implications for
drug development.

VI. Serotonin Function in Other Psychiatric

Disorders

A. Serotonin in Anxiety Disorder

In comparison with studies of 5-HT in depression, the
role of 5-HT in anxiety has received considerably less
attention. Most of the data supporting a connection

between 5-HT and anxiety is based on animal studies.
5-HT research in human subjects has only recently begun
in contrast to the extensive research on the role of
noradrenergic mechanisms in anxiety. Nonetheless, a
substantial body of work in animals and some exciting
recent findings in humans warrants a closer examination

of the 5-HT/anxiety relationship. The most consistent
finding emerging from animal anxiety studies is that

diminishing 5-HT function results in decreased anxiety.
A few studies have found that increasing 5-HT function

may result in anxiety. Unfortunately, the results of the

different studies vary because of methodological deficien-
cies and inconsistencies, including differences in research
design, assessment of anxiety, and pharmacological
agents used (Kahn et al., 1988a).
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A variety of methods have been used to assess different

aspects of 5-HT function in human anxiety studies.
These have included studies in which 5-HT metabolism
was measured, challenge studies with 5-HT agonists, and

treatment studies with agents altering 5-HT availability.
Although measurement ofthe 5-HT metabolite, 5-HIAA,

in CSF is perhaps the most informative method for

assessing central 5-HT metabolism, it has been done in
only a few anxiety studies. Another method, the so-called

challenge paradigm, is particularly well suited to assess-
ment of central 5-HT receptor sensitivity. Treatment

studies of anxiety disorders with drugs selective for 5-
HT systems have also been useful in exploring the rela-
tionship between 5-HT and anxiety in humans (Van
Praag et al., 1987). A possible role for 5-HT has been

studied in OCD, panic disorder, and generalized anxiety

disorder.
Evidence from challenge and treatment studies suggest

that 5-HT is involved in OCD, although the nature of

this involvement is unclear. Suggestive evidence for a 5-

HT role in OCD comes from the increasing number of

studies of successful treatment of OCD with indirect 5-

HT agonists. Several placebo-controlled studies involv-
ing clomipramine (a 5-HT reuptake inhibitor) demon-

strated both antiobsessional and anticompulsive effects

(Kahn et al., 1988b). In contrast, other tricyclic antide-
pressants with fewer or no effects on 5-HT reuptake,

such as desmethylimipramine (Zohar and Insel, 1987)

and nortriptyline (Thoren et al., 1980) and amitriptyline
(Ananth et a!., 1981), have been found ineffective in

treating OCD. Because two studies found a relationship

between clinical improvement and clomipramine levels

but not the levels of its noradrenergic metabolite, des-

methylclomipramine (Stern et al., 1980; Insel et al.,

1983), clomipramine’s therapeutic effects are most likely

related to its 5-HT agonistic properties and not to its

noradrenergic properties.

Challenge studies with the 5-HT agonist m-CPP in

OCD have provided conflicting results. In one study
(Zohar et al., 1987), m-CPP administration to patients

with OCD resulted in increased anxiety and obsessions,
suggesting the presence of 5-HT receptor hypersensitiv-

ity. Yet, the cortisol response was blunted and the pro-

lactin response no different from normals, indicating

that 5-HT receptor hypersensitivity was not involved in
5-HT-mediated hormonal responses. On rechallenge
with m-CPP following 3#{189}months of clomipramine treat-

ment, anxiety and obsessions were not induced (Zohar

et al., 1988), suggesting that down-regulation of 5-HT

receptors had occurred. Charney et al. (1988) failed to

find exacerbation of OCD symptoms with either m-CPP

(0.1 mg/kg, intravenously) or tryptophan challenge (7 g,

intravenously). On the other hand, that study reported

blunted prolactin but normal cortisol responses in female
patients with OCD. Although the present data indicate

a role for 5-HT in OCD, its exact nature is far from clear.

A number of treatment studies using 5-HT agents in

patients with panic disorder suggest that indirect 5-HT

agonists are effective antipanic agents. A unique phe-
nomenon found in treatment studies involving indirect

5-HT agonists is the so called “biphasic response,” in
which improvement in symptoms follows an initial

period of symptom exacerbation. Further evidence that

indirect 5-HT agonists may increase anxiety in patients

with panic disorder is provided by the m-CPP challenge

test. m-CPP given intravenously (0.1 mg/kg) induced
anxiety and panic in patients with panic disorder and in

normal controls (Charney et al., 1987). This effect ap-

pears to be related to dose and route of administration,
because other researchers, using m-CPP in an oral dose
of 0.5 mg/kg, did not report anxiety induction in normal
subjects (Mueller et al., 1985, 1986; Zohar et a!., 1987;

Kahn et al., 1990b). m-CPP, when used at an even lower

oral dose (0.25 mg/kg), was found to increase anxiety
and panic in patients with panic disorder but not in

normal controls (Kahn et a!., 1988b,c).

Hormonal responses to m-CPP also appear to indicate
that patients with panic disorder have hypersensitive 5-

HT receptors. Whereas a low oral dose of m-CPP (0.25
mg/kg) induced augmented cortisol release only in pa-

tients with panic disorder (Kahn et al., 1988c), higher

doses (e.g., 0.1 mg/kg m-CPP, intravenously) resulted in
increased cortisol levels in patients and controls (Char-

ney et al., 1987). The 5-HT-releasing agent, fenflura-

mine, also induces anxiety and panic as well as aug-

mented cortisol and prolactin release in (female) patients

with panic disorder, in contrast to normal controls and

patients with major depression (Tagrum and Marshall,

1990). Den Boer and Westenberg (1990), however, using

5-HTP as a challenge agent, found similar cortisol re-
lease in patients with panic disorder and normal controls.

Because the majority of the normal subjects and nine of
the 20 patients vomited during the test, the interpreta-

tion of their results is difficult. The cortisol release is

likely to have been stress induced rather than the result

of 5-HTP-induced adrenocorticotrophic hormone re-

lease. In one study, in which the 5-HT precursor, tryp-
tophan, was used to challenge 5-HT receptors, normal
prolactin responses were found in patients with panic

disorder (Charney and Heninger, 1986). Interestingly,
the fact that fenfluramine and m-CPP, but not trypto-
phan, induce augmented behavioral responses in patients

with panic disorder, may suggest that the 5-HT deficit

in these patients is presynaptically located (Kahn and

Van Praag, 1988, 1990).

Evidence that 5-HT function may be involved in gen-

eralized anxiety disorder has been obtained from several

treatment studies in which agents selective for 5-HT

systems were used. Two new drugs, buspirone and ritan-

serin, both having pronounced effects on 5-HT systems,

have been shown to be effective in patients with gener-
alized anxiety disorder. In most investigations, buspirone
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benzodiazepines has proven to be as anxiolytic as the

benzodiazepines. Buspirone appears to exert its effects

through the 5-HT1A receptor for which it has a high

affinity. It also binds to DA2 sites, but the latter is
probably less clinically significant because its binding is

16-fold weaker (Peroutka, 1985). Buspirone has been
noted to have agonistic and antagonistic effects on 5-

HT1A receptors, but its net effect is probably to decrease

5-HT function because administration of buspirone de-
creases raphe cell activity (Van der Maelen and Wilder-

man, 1984).
Preliminary results involving the selective 5-HT1c/5-

HT2 antagonist ritanserin show it also to be effective in

generalized anxiety disorder (Leysen et al., 1986). Ad-
ministered for 2 weeks in a 10-mg/day dose in a placebo-

controlled study (n = 83), it was found to be more
effective than placebo and as effective as lorazepam

(Ceulemans et al., 1985b) in a group of patients with

generalized anxiety disorder. In another study (n = 191)

in which ritanserin (10 mg/day) was compared to placebo
and diazepam (10 mg/day), ritanserin (after 3 weeks of

treatment) was found to be more effective than diazepam

or placebo (Ceulemans et al., 1985c). Its therapeutic
effect may be dose related because a lower (5 mg/day)

dose of ritanserin appeared to be ineffective (Ceulemans

et al., 1985b).
In conclusion, it appears that 5-HT receptor abnor-

malities are present in patients with prominent anxiety

symptoms. Which of the multiple 5-HT receptor systems

is involved, however, is not known. In OCD, there ap-

pears to be evidence of both decreased (blunted cortisol
release to m-CPP) and increased (increased obsessions
to m-CPP) 5-HT receptor sensitivity. This could be

explained by hypothesizing differential abnormalities in

some of the 5-HT subreceptors. In panic disorder, be-

havioral and cortisol responses (to m-CPP and fenflur-
amine) suggest postsynaptic 5-HT receptor hypersensi-

tivity, but the normal prolactin responses to m-CPP

suggest that other 5-HT receptors (i.e., those mediating
prolactin response to m-CPP) are normal in panic dis-

order. Finally, in generalized anxiety disorder, both 5-

HT2 antagonists and 5-HT1A partial agonists are effec-

tive, suggesting that decreasing 5-HT function, either by

blocking the postsynaptic receptor (5-HT2 antagonist)
or decreasing release (5-HT1A partial agonist), reduces

anxiety in humans. Interestingly, whereas 5-HT reup-
take inhibitors are effective in panic disorder, 5-HT2

antagonists (Westenberg and Den Boer, 1989) and 5-

HT1A partial agonists (Sheehan et a!., 1989) may not be.

Efficacy of drugs that combine 5-HT1A agonism and 5-

HT2 antagonism has not been tested in patients with

anxiety disorders. Finally, the use of 5-HT3 antagonists,

effective in animal anxiety models, in human anxiety is
another area of great therapeutic and scientific promise.

The pathogenesis of anxiety is unlikely, however, to

be limited to 5-HT receptor abnormalities. For instance,

increased noradrenergic function has been proposed as a

pathogenic factor in panic attacks (Redmond and Huang,
1979; Charney and Redmond, 1983) and others have

postulated a benzodiazepine-GABA hypothesis of anxi-

ety production (Paul et al., 1981). According to the
hypothesis, benzodiazepines exert their anxiolytic effect

by activating GABA’s inhibitory effects on neuronal
excitability (through the facilitation of a cellular influx

of C1 ions, resulting in increased neuronal polarity)

(Costa et al., 1975). Evidence in support ofthe hypothesis

comes from studies in which administration of benzodi-
azepine receptor antagonists induce anxiety-like behav-
ior in monkeys (Ninan et a!., 1982) and in humans

(Dorow et a!., 1983).
How might one reconcile the role of 5-HT in the

pathogenesis of anxiety with the evidence of noradrener-

gic and GABAergic involvement? Several possible expla-

nations may be considered. For example, certain anxiety
states might be related to a predominant dysfunction of

one neurotransmitter system, and other anxiety states
may be related to disturbances in another neurotrans-

mitter system. Alternatively, because 5-HT and norad-

renergic systems have extensive connecting pathways, a
disturbance in one may cause secondary or complemen-

tary effects in the other. 5-HT neurons, for example,

project from the dorsal raphe to the LC (the main nucleus

of noradrenergic-containing neurons) as shown by auto-

radiographic (Descarries and Leger, 1978), immunocy-

tochemical (Pickel et al., 1978), and histochemical meth-

ods (Leger et al., 1979). Destruction ofthe mesencephalic

part of the raphe system reportedly caused an increase

in noradrenergic turnover within the LC (Pujol et a!.,
1978). Furthermore, stimulation of dorsal raphe nuclei
blocked the increase in LC firing typically observed after

administration of noxious stimuli. Moreover, this inhib-
itory effect of dorsal raphe stimulation on the LC is

abolished or diminished by pretreatment with p-chloro-
phenylalanine, 5,7-dihydroxytryptamine and methyser-

gide (Segal, 1979). Also, direct application of 5-HT on

the LC suppressed its firing (Segal, 1979). Conversely,
increased noradrenergic function caused increased 5-HT

activity in the raphe nuclei (Baraban and Aghajanian,

1980; Marwaha and Aghajanian, 1982).
Based on these 5-HT/noradrenergic interactions, one

possible conclusion is that norepinephrine’s anxiogenic

effects are mediated through enhancement of 5-HT func-

tion. GABA’s role in anxiety should also be viewed in

the context of its interaction with other neurotransmit-

ters. For example, recent evidence indicates that the

GABA and 5-HT systems are highly intertwined, both

anatomically and functionally: (a) certain neurons of the

raphe nuclei contain both 5-HT and GABA (Belin et a!.,

1983; Nanopoulos et a!., 1982); (b) systemic administra-
tion of GABA agonists decreases 5-HT synthesis and 5-
HT transmission (probably by inhibition of raphe neu-
ronal activity) (Nishikawa and Scatton, 1983, 1985a); (c)
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local infusion of GABA in the raphe nuclei caused de-

creased 5-HT activity in their projection area (Nishikawa
and Scatton, 1985b); (d) GABA agonists and antagonists

injected in the median raphe, respectively, caused de-

creased and increased 5-HT turnover (Forchetti and

Meek, 1981); and (e) in vivo voltammetry showed that
GABA inhibited striatal 5-HT transmission (Scatton et
a�l., 1984).

B. Serotonin in Schizophrenia

There is growing evidence that blockade of 5-HT2
receptors alleviates schizophrenic symptomatology and
that 5-HT systems are involved in its pathogenesis.

Ritanserin, a selective 5-HT1c/5-HT2 antagonist, either
alone or in combination with a neuroleptic, reduces neg-
ative symptoms in patients with schizophrenia (Ceule-

mans et al., 1985c; Gelders et al., 1986). Mixed 5-HT2/

DA2 antagonists, with an in vivo binding affinity for DA2

20-fold more potent than for 5-HT2 receptors, show
reduction of negative symptoms (Ceulemans et al., 1985a;

Mesotten et a!., 1988; Gelders et a!., 1988). Finally, the
mixed 5-HT1/5-HT2 antagonist, cyproheptidine, was ef-

fective in alleviating both positive and negative symp-
toms in an open pilot study (Silver et al., 1989).

These beneficial effects of 5-HT receptor blockade in
schizophrenia may suggest that 5-HT receptor function

is altered in some schizophrenic patients. 5-HT receptor
function has not been tested in medication-free schizo-

phrenic patients. One study in which 6 to 10 mg of
tryptophan was used intravenously as a challenge of 5-

HT receptors found augmented prolactin release in med-
icated patients (Cowen et a!., 1985). Hoshino et a!.

(1985), administering 3 mg/kg of the 5-HT precursor, 5-
HTP, found inconsistent changes in prolactin and

growth hormone release in patients receiving haloperidol.
Postmortem studies examining 5-HT2 receptors in schiz-

ophrenia are tainted by prior medication use. The results

have been inconsistent, some investigators finding de-
creased binding of the 5-HT2 ligands, [3H]lysergic acid

(Bennet et a!., 1979) or [3H]ketanserin (Mita et a!., 1986),
but others finding no differences as compared with nor-

mal brains (Whitaker et a!., 1981; Reynolds et al., 1983).
The most consistent finding suggesting abnormal 5-HT

function in schizophrenia is that a subgroup of schizo-
phrenic patients has lower CSF concentrations of 5-
HIAA. These patients are generally have cortical atrophy
and/or ventricular enlargement (Nyback et al., 1983;
Potkin et a!., 1983; Losonczy et al., 1986) or a history of

suicide attempts (Van Praag, 1983; Banki et a!., 1984).
Because it has not been studied, one can only speculate
whether the decreased 5-HT metabolism found in this

subgroup is secondary to increased 5-HT receptor sen-
sitivity.

Recently, interest in a possible role for 5-HT in the
pathogenesis of schizophrenia has been boosted by the
finding that clozapine, the only compound proven to be
effective in patients with schizophrenia refractory to

treatment (Kane et al., 1988), is a potent 5-HT2 antag-

onist. Clozapine is also more efficacious than conven-

tional neuroleptics in schizophrenic patients nonrefrac-
tory to treatment (Claghorn et al., 1987; Fischer-Cor-

nelssen and Ferner, 1976; Shopsin et al., 1979; Leon,

1979; Van Praag et al., 1976). Interestingly, clozapine’s
superiority may be unrelated to any effect on DA sys-

tems. Its binding affinity to DA2 receptors is 10-fold
weaker than that of chlorpromazine (Creese et al., 1976;

Peroutka and Snyder, 1980; Richelson, 1984), but in the
studies comparing clozapine to chiorpromazine, cloza-
pine was more effective than chlorpromazine, generally

using half its dose (Kane et al., 1988; Claghorn et al.,
1987; Fischer-Cornelssen and Ferner, 1976; Shopsin et

al., 1979; Leon, 1979). Second, it has been consistently
found that chronic administration of clozapine (3 weeks

to 1 year) does not increase [3H]spiroperidol binding in

brain (Seeger et al., 1982; Lee and Tang, 1984; Rupniak
et al., 1984, 1985; Jenner et al., 1985; Cohen and Lipinski,

1986), implying that it does not increase DA2 receptor
sensitivity.

Furthermore, in contrast to haloperidol, clozapine al-

ters 5-HT2 receptor sensitivity after chronic administra-

tion. After 4 to 10 weeks, clozapine decreased 5-HT2
receptor density in the cortex of rats (Lee and Tang,

1984) This effect is also seen with other 5-HT2 antago-
nists, such as the selective 5-HT2 antagonist, ritanserin,

and the mixed 5-HT2/DA2 antagonist, setoperone (Ley-

sen et a!., 1986). In contrast, haloperidol does not alter
5-HT2 receptor sensitivity in animals (Andree et a!.,

1986). Behavioral studies in animals suggest that cloza-
pine is a potent 5-HT antagonist. Injection of clozapine

in median raphe nuclei blocks lysergic acid-induced hy-
permotility as effectively as 5-HT antagonists (Fink et
a!., 1983). Clozapine can also block the interoceptive cue

of quipazine, a 5-HT agonist (Friedman et al., 1984).
Finally, in contrast to chlorpromazine and haloperidol,

clozapine blocks the temperature and cortisol increase
induced by the selective 5-HT2 agonist, MK-212 (but not

the cortisol increase induced by the selective 5-HT1A
agonist 8-hydroxy-N,N-dipropyl-2-aminotetralin) (Nash

et a!., 1988).
Several studies are presently underway to test 5-HT

receptor sensitivity in patients with schizophrenia, using
m-CPP as a probe. Preliminary evidence provide sugges-
tions of increased and decreased 5-HT receptor sensitiv-
ity in schizophrenia. Linking these receptor abnormali-

ties to treatment response to atypical neuroleptics will
be one of the more interesting avenues of research in
schizophrenia in future years.

C. Serotonin in Alzheimer’s Disease

Recent evidence suggests that there are significant
abnormalities in the 5-HT system in AD (Bowen et a!.,
1983; Cross et a!., 1984; Palmer et a!., 1987). Abnormal-
ities in 5-HT transmission, and in the functional inter-
action between an altered 5-HT system and other neu-
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rotransmitter systems affected by the disease process,

may lead to the clinical expression of symptoms in this

illness and may be important in the consideration of

symptomatic pharmacotherapeutic strategies for pa-

tients with AD.
Postmortem studies have demonstrated significant

losses of 5-HT1 and 5-HT2 receptors in AD cortex, hip-
pocampus, and amygdala (Cross et a!., 1984; Bowen et

a!., 1983). To date there have been no studies of the
status of the 5-HT3 receptor subtype in the AD brain.

There appears to be some regional specificity in this 5-

HT receptor decrease and some selectivity in the receptor
subtype that is affected by the AD process. For example,

the loss in 5-HT1 receptors is primarily in 5-HT1A recep-

tors from the frontal cortex (Middlemiss et a!., 1986). In

contrast, the 5-HT2 receptor loss occurs primarily in the

temporal cortex, hippocampus, and amygdala. Whereas
the 5-HT1 receptor loss appears to be age related in

persons with AD, the 5-HT2 receptor decrease is found

in both older and younger persons with AD (Cross et al.,
1986). The decrement in 5-HT2 receptors is greater than
for the 5-HT1 subtype and may even be selective for AD,

because significant 5-HT2 receptor losses have not been

described in other dementing illnesses, such as Parkin-

son’s dementia, despite the presence of cognitive impair-

ment (Perry et a!., 1984). Although the exact localization
of the 5-HT2 receptor site is uncertain, its association

with somatostatin-containing immunoreactivity (Cross

et a!., 1984) suggests that it is located on intrinsic cortical

neurons.

Patients with AD show increased behavioral respon-
sivity compared to controls following acute challenge
with the selective 5-HT agonist, m-CPP (Lawlor et a!.,

1989b). This may indicate a functionally hyperresponsive

5-HT1/5-HT2 system due to intrinsic damage to the

serotonergic system with compensatory up-regulation of

the remaining postsynaptic receptors (Leysen et a!.,
1986), similar to the denervation supersensitivity in an-

imals following lesioning of the 5-HT system (Trulson
et a!., 1978). Modulation of such a hyperresponsive 5-
HT system with 5-HT selective antagonists, reuptake

inhibitors, or direct agonists may, therefore, represent a

rational pharmacotherapy for certain behavioral symp-
toms in this illness.

1. Functional interactions between serotonergic and do-

paminergic systems. In addition to the cortical 5-HT

receptor loss in AD, there are significant decreases in

large neurons in the dorsal raphe nucleus (Yamamoto

and Hirano 1985), which contains the main serotonergic

projections from the brainstem to the cortex and stria-

turn. In fact, these projections constitute one of the main
ascending pathways from the brainstem to the DA-con-

taming cells of the striaturn and, as such, may play an

important role in the control of motor movement. Elec-
trophysiologica! data from animals indicate that the 5-

HT input to the striatum, caudate, and putamen is

predominantly inhibitory (Dray et a!., 1976; Park et a!.,

1982). The strong relationship between CSF homovanil-

!ic acid and 5-HIAA in human studies indicates that

there is also an important functional interaction between

these two neurotransmitter systems in humans (for re-
view, see Agren et a!., 1986). Manipulation of 5-HT

function can alter brain DA concentrations in animals

and may explain the recent reports of extrapyramidal

side effects in patients receiving fluoxetine (Bouchard et
a!., 1989; Tate, 1989) and the clinical experience of

worsened motoric symptoms in patients with Parkinson

disease being treated with fluoxetine for depression.
In AD, there is relatively greater damage to the 5-HT

system than to the DA system. With the loss of this

predominantly inhibitory input of the 5-HT system, a
relatively “hyperdopaminergic” state may be assumed,

and although highly speculative, this may explain the

development of certain noncognitive symptoms such as
motor agitation and pacing via striatal dysfunction and
the emergence of psychosis via increased frontolimbic

activity. The relative damage to the 5-HT system in any
particular patient with AD could, therefore, explain the

differential presentation of symptoms in patients with
the same neuropathological finding, i.e., plaques and

tangles.

2. Serotonergic-cholinergic interactions. There is a rich

prec!inical literature suggesting that the cho!inergic and

serotonergic systems have many important functional
interactions in the brain. 5-HT receptor stimulation with

m-CPP, a 5-HT agonist, or fenfluramine, a 5-HT-releas-
ing agent, significantly reduce acety!choline release (Vizi

et a!., 1981). Acetylcholine release from cortical and
hippocampal cholinergic nerve terminals is generally in-

hibited by the 5-HT system (Bianchi et a!., 1986; Mura-

matsu et a!., 1988), possibly via 5-HT1B receptors in the
hippocampus (Maura and Raiteri, 1986). This inhibitory

action on acetylcholine release in the hippocampus may

be important in memory processing and could explain

how direct 5-HT agonist stimulation with m-CPP re-

sulted in memory impairment in recent studies in human
populations (Lawlor et al., 1989a,b). Interestingly, 5-HT2

receptor sites (which are selectively reduced in patients

with AD) appear to be located on cholinergic nerve
terminals in the rat cortex, suggesting that further work

on 5-HT-cholinergic interactions, and its possible signif-
icance in AD, may be warranted (Quirion et al., 1985).

Animal models that possess some of the neurochemical

abnormalities present in AD have been developed to test

the potential usefulness of different pharmacological

agents. One such animal model is the nbM model. The
nbM contains the main cortical cholinergic projections.

Lesions of this nucleus result in significant (30 to 50%)

depletions in cortical markers of cholinergic activity such
as choline acetyltransferase and acetylcholinesterase.
These lesions are neurochemica!ly specific and do not

affect other neurotransmitter systems. Furthermore,
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these lesions are stable over time and show little post-

lesion recovery of cholinergic activity or behavioral def-

icit. Animals with such a lesion show profound learning
and memory deficits in most behavioral paradigms, in-

cluding tests of passive avoidance.
The memory impairment produced by nbM lesions

induced with ibotenic acid can be reversed pharmacolog-
ically with physostigmine (Haroutunian et a!., 1986,

1989), showing that drugs that enhance central cholin-
ergic activity can overcome the behavioral deficits pro-
duced by a cho!inergic lesion. However, in the same

model, when the noradrenergic or serotonergic system is

also lesioned chemically, increasing central cholinergic
activity with cholinergic agents does not completely re-
verse the effects of the nbM lesion. Specifically, admin-

istration of the serotonergic depleting agent p-chloroarn-
phetamine to nbM-lesioned rats produces a more pro-

found passive avoidance memory deficit than does nbM
lesions alone and, when combined with the nbM lesion,
blocked the memory-enhancing effects of a wide range

of doses of physostigmine and oxotremorine (Haroutu-
nian et a!., 1989). This would suggest that an intact 5-
HT neuronal system, in addition to normal cholinergic

function, is necessary for normal memory processes,
emphasizing the importance of the functional interaction

between 5-HT and cholinergic systems in memory proc-

essing. It also emphasizes how abnormalities in both of
these systems may contribute to the expression of mern-

ory loss in patients with AD.
3. Summary. In summary, the abnormalities in sero-

tonergic function, and the net effect of the derangement
caused by the AD process in the functional interaction
between 5-HT and other neurotransmitter systems, no-

tably DA and acety!choline, may be important in the

clinical expression of symptoms in patients with AD.
The development of selective agonists and antagonists

for the various 5-HT receptor subtypes may allow us to
tease apart the contribution of particular 5-HT receptor
changes to the presence of clinical symptoms in this
illness and give us direction in the development of 5-H-

selective agents to modify symptoms in this debilitating
illness. Clearly, further studies are warranted to explore

the functional significance of altered neurotransmitter

interactions in the Alzheimer disease process.

VII. Pharmacological Implications

The critical issues reviewed in this paper will have

important implications for pharmacological development
of serotonergic medications. Although traditionally med-

ications affecting the serotonergic system have enhanced
presynaptic activity by, for example, reuptake blockade,
postsynaptic effects of these medications need to be
considered carefully as well. Reduced responsiveness of

postsynaptic receptors may diminish the effectiveness of
reuptake blockers in the serotonergic system. If the sub-
type of receptor that is impaired is clearly identified,
then specific receptor agonists might be used. Although

such clear identification has not been made for affective

and personality disorders, the possibility that 5-HT1A

agonists might be usedfor the control of aggressive be-

havior should be considered; indeed, promising results

have been obtained along those lines (Olivier et a!., 1989).
If dysregulation of both presynaptic and postsynaptic
elements contribute to the deficit, mood stabilizing Se-

rotonergic agents, such as lithium, might be considered

as appropriate agents for controlled therapeutic trials.
A drug action on multiple receptor subtypes must be

considered. There are some suggestions in the evidence

presented that 5-HT2 or 5-HT1� receptors might be su-

persensitive in anxiety disorders, and possibly 5-HT1A

receptors may be diminished in responsiveness in rela-

tion to impulsivity/aggression. It is conceivable in some
syndromes characterized by anxious depressions that the

combination of 5-HT2 antagonists, such as ritanseran,

and 5-HT1A receptor agonists or broad serotonergic reup-
take blockers may compensate for an imbalance between
5-HT2 and 5-HT1A receptors. The possibility of multiple

receptor subtype imbalance in psychiatric disorders must
now be considered during the development of more ef-

fective treatments for these disorders.

To the extent that the serotonergic system may be

seen as dysregulated between presynaptic and postsyn-
aptic components, serotonergic antidepressants may act

as “reregulators” in normalizing serotonergic activity.

Thus, for example, increased serotonergic function in-

duced by serotonergic reuptake blockers may down-reg-

ulate supersensitive postsynaptic receptors in OCDs

(Winslow and Insel, 1990). By stabilizing firing of the

serotonergic system (DeMontigny and Blier, 1984) and

maintaining intersynaptic serotonergic concentrations,

the serotonergic system may be better “buffered,” ex-

plaining why serotonergic reuptake blockers may be ef-

fective for a variety ofpsychiatric disorders with different
specific serotonergic dysfunction patterns.

The drugs that target specific receptor subtype fields
might induce regionally specific effects. For example, 5-

HT1A agonists that reduce presynaptic serotonergic fir-
ing, as well as inhibit firing of hippocampal pyramidal

cells, may be useful in the anxiety disorders by reducing

serotonergic impulse flow to these limbic areas that have

been hypothesized to be central to the modulation of

anxiety (Murphy, 1990).
An agent or combination of agents rationally tailored

to target the dysfunctional interaction of more than one

neurotransmitter system may be required to develop

effective treatment. For example, the reduction of aggres-
sion may require interventions that both reduce norad-

renergic receptor responsiveness and enhance serotoner-

gic function. Thus, serotonergic reuptake blockers may
promote down-regulation of adrenergic receptors (Jan-
owski et a!., 1982), possibly accounting for the reported

beneficial effects of serotonergic reuptake blockers, such
as fluoxetine, in impulsive aggression (Coccaro et a!.,
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1990b). Specific efforts to directly target both systems

may produce more efficacious drugs for these symptoms.

Finally, the possibility that specific serotonergic agents
may be beneficial across diagnostic categories for specific

dimensions of behavior, i.e., anxiety, impulsive/aggres-

sion, must be considered.

VIII. Conclusions

It is clear that the serotonergic system subserves a
broad domain of function in the central nervous system
that may be considered modulatory. It may serve to

suppress punished behaviors and modulate responses to
the environment. Thus, its impairment might be ex-

pected to have a broad parade of behavioral effects, the

expression of which may depend on the biological context
in which it occurs. New drug development must consider

the range of altered patterns of serotonergic activity that

may exist in the psychiatric disorders, their interaction
with other transmitter system abnormalities, and their

association with possible dimensions of symptomatology

that cut across dimensional diagnostic categories.
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