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Abstract

Alterations in brain tryptophan levels cause changes in brain serotonin synthesis, and this has been used to study the implication of altered
serotonin levels in humans. In the acute tryptophan depletion (ATD) technique, subjects ingest a mixture of amino acids devoid of
tryptophan. This results in a transient decline in tissue tryptophan and in brain serotonin. ATD can result in lower mood and increase in
irritability or aggressive responding. The magnitude of the effect varies greatly depending on the susceptibility of the subject to lowered
mood or aggressivity. Unlike ATD, tryptophan can be given chronically. Tryptophan is an antidepressant in mild to moderate depression and
a small body of data suggests that it can also decrease aggression. Preliminary data indicate that tryptophan also increases dominant behavior
during social interactions. Overall, studies manipulating tryptophan levels support the idea that low serotonin can predispose subjects to
mood and impulse control disorders. Higher levels of serotonin may help to promote more constructive social interactions by decreasing

aggression and increasing dominance. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Over the past four decades, advances have been made in
understanding the role of serotonin in the control of mood
and behavior and in the etiology of psychopathology. Given
the complexity of the problem, a variety of different
experimental approaches have been needed, each with their
own particular advantages and disadvantages. Studies that
look at measures related to serotonin function in patients
may demonstrate an alteration, but such associations do not
necessarily imply anything about cause and effect. Studies
that look at the mechanism of action of treatments provide
information on the role of serotonin in the treatment of
symptoms, but systems involved in therapy are not neces-
sarily those involved in etiology. Altering levels of the
serotonin precursor tryptophan can provide information
both on the results of low serotonin levels and also on
whether increasing serotonin levels can be therapeutic. In
such studies, cause and effect are quite clear, but as
discussed below, such studies have their own disadvantages.
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Tryptophan hydroxylase, the rate-limiting enzyme on the
pathway from tryptophan to serotonin, is not normally
saturated with tryptophan. In humans, increasing tryptophan
levels can increase serotonin synthesis as much as twofold
(Young and Gauthier, 1981), while decreasing tryptophan
availability can cause a substantial decline in serotonin
synthesis and turnover (Nishizawa et al., 1997; Carpenter
et al., 1998). When tryptophan is given to increase serotonin
synthesis, a dose of 6 g (about six times the normal daily
dietary intake; Sainio et al., 1996), is enough to saturate
tryptophan hydroxylase and double the rate of serotonin
synthesis (Young and Gauthier, 1981). In clinical studies,
lower doses are sometimes used, e.g., 1 g TID (Young,
1986). While giving tryptophan can be done chronically,
lowering tryptophan levels can only be done acutely.

In the acute tryptophan depletion (ATD) technique,
subjects ingest a mixture of amino acids that contains no
tryptophan (Young et al., 1985; Moore et al., 2000). This
induces protein synthesis (Moja et al., 1991), and as
tryptophan is incorporated into proteins, its level in blood
and tissues declines markedly. This results in a decline in
serotonin synthesis in both animal (Gessa et al., 1974) and
human brain (Nishizawa et al., 1997). In animal studies,
alterations in serotonin synthesis lead, in some circum-
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stances, to a change in serotonin release (Stancampiano et
al., 1997; Bel and Artigas, 1996; Heslop et al., 1991;
Schwartz et al., 1990; Westerink and De Vries, 1991;
Sharp et al., 1992). ATD attenuates the prolactin response
to p-fenfluramine challenge in healthy human subjects,
indicating that there is a decline of serotonin levels in
the releasable pool of serotonin (Coccaro et al., 1998).
However, the evidence for a decline in serotonin release
after ATD in humans in the absence of fenfluramine
treatment is circumstantial. It is presumed to occur when
the consequences of ATD or tryptophan loading are
consistent with what is know about the role of serotonin
in humans.

The advantage of the tryptophan depletion and loading
techniques is that the relation between cause and effect in
any experiment is clear, but they have several limitations.
First, as noted above, there is no direct evidence that brain
serotonin release is altered in humans. Second, altered
tryptophan levels may influence the levels of compounds
other than serotonin. ATD at night lowers plasma melatonin
(Zimmermann et al., 1993), while tryptophan supplementa-
tion increases plasma melatonin (Huether et al., 1992).
Other potentially psychoactive tryptophan metabolites that
might be altered include tryptamine, quinolinic acid and
kynurenic acid. Tryptophan supplementation has been
shown to increase human CNS tryptamine synthesis (Young
and Gauthier, 1981), but the functional implications of this
are not known. A third limitation of the ATD method is
related to the imbalanced mixture of amino acids ingested.
Tryptophan has a special role to play in the regulation of
protein synthesis (Sidransky et al., 1968). While tryptophan
supplements may increase protein synthesis in the brain
(Jorgensen and Majumdar, 1976), tryptophan deficiency
could possibly decrease brain protein synthesis. Further-
more, an extensive animal literature exists on the effects of
amino acid imbalance, and a tryptophan-deficient amino
acid mixture is an example of a diet causing amino acid
imbalance. In rats, an amino acid imbalance causes a rapid
decline in food intake (Harper et al., 1970). Conditioned
place aversion probably plays a role in this decline in food
intake, and the effect may be mediated by serotonin, as
serotoning receptor antagonists block both taste aversion and
the decline in intake of an amino acid imbalanced diet
(Terry-Nathan et al., 1995). It is important to note that this
effect occurs with any amino imbalanced diet, not just one
with deficiency of tryptophan. Thus, the involvement of
serotonin in the anorexia is not mediated via altered
tryptophan availability. However, ATD does not lower food
intake in humans (Young et al., 1988; Oldman et al., 1994,
1995; Weltzin et al., 1995). This may reflect a difference
between humans and rats rather than demonstrating that
humans are not sensitive to the effects of amino acid
imbalance. If amino acid imbalance can alter one aspect
of brain function, food intake, via an unknown mechanism,
it might mediate changes in mood or behavior in ATD
studies by the same mechanism. Thus, an appropriate

control would be to look at the effect of amino acid mixtures
deficient in amino acids other than tryptophan, to see if they
have the same effect as T-amino acid mixtures. This was
done by Klaassen et al. (1999a) who compared the effect of
ATD and acute lysine depletion in healthy subjects with a
family history of depression. Consistent with previous work,
ATD caused a modest but significant lowering of mood
(Benkelfat et al., 1994). However, depletion of the essential
amino acid lysine had no effect on mood. Lysine is not a
neurotransmitter precursor and, like other amino acids, is
degraded to provide energy. It is also a precursor of
carnitine, but this is not relevant to the control of mood.
Thus, nonspecific effects related to amino acid imbalance
are unlikely to account for the effects on mood. Confirma-
tion of this result with other amino acid mixtures deficient in
other essential amino acids would reinforce this conclusion.

A fourth limitation of the ATD technique is the relatively
short duration of the biochemical changes. Obviously, the
effects of chronic low brain serotonin on, for example,
mood may be different both quantitatively and qualitatively
from the effects of a few hours of low brain serotonin
produced by tryptophan depletion. This is not a limitation of
tryptophan supplementation studies.

2. Mood
2.1. Tryptophan depletion

A transient lowering of mood was the first reported
behavioral effect of ATD in humans (Young et al., 1985).
As noted above, recent results confirm that this is unlikely to
be a nonspecific effect of amino acid imbalance. Acute
lysine depletion has no effect on mood even in individuals
who respond to ATD (Klaassen et al., 1999a). Acute
depletion of the catecholamine precursors, phenylalanine
and tyrosine, also lowers mood, but the effect is qualita-
tively different from that produced by ATD, the latter
associated with irritability and the former with self-reported
boredom and decreased interest in rewards (Leyton et al.,
2000b,c).

Mood-lowering responses following ATD have been
reported in approximately half of the published studies in
healthy volunteers. This variability in response to ATD
appears to reflect characteristics of the individual being
tested. Women report a mood-lowering effect more often
than men (Ellenbogen et al., 1996). This does not appear to
be due to women being more likely to articulate a mild
change in mood. Preliminary results suggest that women are
not more likely than men to report mood lowering following
cathecholamine depletion (Moreno et al., 1999b). Women,
compared to men, also have a superior treatment response to
SSRI antidepressants but not to noradrenergic tricyclics
(Kornstein et al., 2001). This, along with evidence from
other sources (e.g., Young et al., 1980; Biver et al., 1996;
Okazawa et al., 2001), raises the possibility that a sex-
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related difference in response to ATD might reflect differ-
ences in serotonin function.

People at elevated genetic risk for mood disorders are
also more likely to display a transient mood-lowering
response to ATD. In a sample of carefully screened healthy
men, with or without a multigenerational family history of
mood disorders, only the high-risk males exhibited mood
lowering following ATD. This effect of family history has
been replicated and, to date, has been seen in three of four
reported studies (Benkelfat et al., 1994; Ellenbogen et al.,
1999; Klaassen et al., 1999b; Quintin et al., 2001). A mood-
lowering response to ATD might be a phenotypic marker of
vulnerability to depression (Benkelfat et al., 1994).

The mood lowering seen following ATD in healthy
subjects is in the subclinical range. In comparison, larger
changes have been reported to occur in those with a personal
history of mood disorders. As in healthy subjects, there
appears to be considerable individual variability among
former patients in susceptibility to ATD-related mood low-
ering. A transient reappearance of depressive symptoms in
some remitted, treatment-free subjects with a history of
clinical depression has been reported in four studies (Smith
et al., 1997; Neumeister et al., 1998b; Moreno et al., 1999a;
Leyton et al., 2000a) but not in three others (Miller et al.,
1996; Lam et al., 2000; Leyton et al., 1997). Preliminary
attempts to identify factors that might account for the
marked individual differences in mood-lowering response
to ATD among former patients implicate sex (Moreno et al.,
2001), a history of self-injury/suicidal behavior (Smith et al.,
1999; Leyton et al., 1997, 2000a), elevated genetic risk for
impulsive aggressive behavior (Leyton et al., 2000a),
relapse during the following 12 months (Neumeister et al.,
1999; Moreno et al., 2000) and, possibly, inherited poly-
morphisms of the gene encoding for the 5-HT transporter
(Moreno et al., 2001, but see also Lenzinger et al., 1999).
Two positron emission tomography studies suggest that, in
remitted patients, reinstatement of depressive symptoms
following ATD is associated with decreased metabolic
activity in the orbitofrontal cortex and striatum (Bremner
et al., 1997; Smith et al., 1999). Intriguingly, ATD does not
exacerbate depressive symptoms in currently ill untreated
patients with major depressive disorder (Delgado et al.,
1994), possibly due to a ceiling effect.

The largest mood-lowering responses to ATD have been
reported to occur in remitted patients still receiving anti-
depressant treatment. Here, too, considerable variability in
effect size exists, and this seems to be related to treatment
modality, characteristics of the patient and efficacy of the
depletion. A recent discussion noted that some participants
in ATD studies experienced relatively modest depletions of
plasma tryptophan levels. A reanalysis of these data sug-
gested that a minimum 60% depletion was necessary,
though not sufficient, to elicit the reappearance of depres-
sive symptoms (Van der Does, 2001).

Treatment modality is the best-studied variable related
to whether ATD reverses antidepressant efficacy. A tran-

sient reversal of clinical efficacy has been seen in patients
being treated with SSRIs (6/7 published reports: Delgado
et al.,, 1990; Delgado et al., 1991; Delgado et al., 1999;
Bremner et al., 1997; Aberg—Wistedt et al.,, 1998; Smith
et al.,, 1999, but not Moore et al., 1998), MAOIs (2/2:
Delgado et al., 1990; Smith et al., 1999) and phototherapy
(2/2: Lam et al.,, 1996; Neumeister et al., 1998a). In
comparison, ATD does not appear to reverse the clinical
efficacy of tricyclics (3/3: Delgado et al., 1990, 1991,
1999), lithium (3/3: Benkelfat et al., 1995; Cassidy et al.,
1998; Hughes et al., 2001), ECT (1/1: Cassidy et al., 1997)
or sleep deprivation (1/1: Neumeister et al., 1998b). One
interpretation is that the mechanism of some antidepressant
treatments might be more dependent than others on unin-
terrupted serotonin neurotransmission (Delgado et al.,
1999). This is not a sufficient explanation, though, and
only 50-60% of patients being treated with an SSRI,
MAOI or phototherapy experience a reappearance of
depressive symptoms following ATD. An alternative —
though not incompatible — explanation is that susceptibil-
ity to ATD-related depressive symptom induction varies
during treatment and might be highest during the first few
weeks of reduced symptomatology (Moore et al., 1998). A
recent study indicates that administration of an SSRI per se
is not sufficient to elicit vulnerability to ATD mood low-
ering. In six healthy subjects (four men and two women),
fluoxetine administration (20 mg/day for 6 weeks) did not
increase their affective response to ATD (Barr et al., 1997).

As in remitted patients off medication, there is evidence
that characteristics of the subject may also predict whether
ATD will lead to a reversal of antidepressant efficacy. Some
post hoc analyses suggest that ATD is more likely to lead to
a mood-lowering effect in women than in men (Moreno
et al., 2001). Additional factors not yet assessed include
family history, risk for self-injury and genotype.

2.2. Tryptophan supplementation

The acute effect of tryptophan in normal subjects, like
that of ATD, results in a mood change, in this case euphoria,
in a minority of subjects when tryptophan is given at doses
0.5-7 g (Leathwood and Pollet, 1983; Charney et al., 1982;
Greenwood et al., 1975; Smith and Prockop, 1962). How-
ever, there is no understanding of the factors that lead to
mood changes in some subjects and not in others. Similarly,
the antidepressant effect of tryptophan seems to vary
depending on how and to whom it is given. There seems
to be a consensus that tryptophan is not as effective as
standard antidepressants in severely depressed inpatients
(Cole et al., 1980; Baldessarini, 1984; Young, 1986).
However, the largest and longest study of tryptophan as
an antidepressant looked at its effect relative to placebo,
amitriptyline and the combination of tryptophan and ami-
triptyline in mild to moderately depressed outpatients over
12 weeks (Thomson et al., 1982). Tryptophan was better
than placebo and equivalent to amitriptyline in efficacy and
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had fewer side effects than amitriptyline. The combination
of tryptophan and amitriptyline was not better than either
drug alone.

Four placebo-controlled studies have demonstrated the
ability of tryptophan, given at dose of L-tryptophan from 3.5
to 18 g/day, to potentiate the antidepressant action of
monoamine oxidase inhibitors (Pare, 1963; Coppen et al.,
1963; Glassman and Platman, 1969; Ayuso Guttierrez and
Lopez-Ibor Alino, 1971). However, tryptophan also poten-
tiated the side effects of the monoamine oxidase inhibitors.
Unlike the combination of tryptophan with MAOIs, the
addition of tryptophan to tricyclic antidepressants has only
occasionally shown any potentiation of clinical effect.
Negative results came from several studies, which looked
at the combination of tryptophan with clomipramine or
desipramine (Shaw et al., 1975), imipramine (Chouinard
et al., 1979) and zimelidine (Walinder et al., 1981). In a
study comparing tryptophan and placebo in patients treated
with amitriptyline, there was a trend for the combination to
give better results, but this effect was not statistically
significant (Lopez-Ibor Alino et al., 1973). However, the
combination of clomipramine with pL-tryptophan was sig-
nificantly better than clomipramine alone (Walinder et al.,
1976). As mentioned above, the largest and longest study of
the effect of the addition of tryptophan to other antidepres-
sants found no significant difference between the three
active treatment groups, and all were significantly better
than placebo (Thomson et al., 1982). However, the Hamil-
ton Depression Scale item “depressed mood” showed
significantly better improvement for the combination than
for either active treatment alone. A single preliminary study
on specific serotonin reuptake inhibitors reported that
patients treated with fluoxetine plus tryptophan responded
significantly faster than those treated with fluoxetine and
placebo (Levitan et al., 2000).

As with tryptophan depletion studies, the clinical use of
tryptophan provides clear evidence that altered tryptophan
levels can result in an alteration of mood in some circum-
stances. This is seen most clearly in patients with mild to
moderate depression.

3. Interpersonal interaction
3.1. Tryptophan depletion

The most studied aspect of interpersonal interaction is
aggression. A wealth of animal data supports the idea that
there is an inverse relationship between serotonin and
aggression and in particular impulsive aggression (Eichel-
man, 1993; Higley and Linnoila, 1997). Correlational data
in humans (e.g., between levels of the serotonin metabolite
5-hydroxyindoleacetic acid in the cerebrospinal fluid and
aggressive behavior) support the idea that low serotonin also
predisposes humans to impulsive aggressive behavior (Virk-
kunen and Linnoila, 1993; Mann, 1995). ATD has been used

in conjunction with laboratory measures to investigate a
causal link between low serotonin and aggression in
humans. The tests used include behavioral measures of
“aggression” and paper-and-pencil tests that look at related
phenomena such as irritability. Spontaneous acts of aggres-
sion are usually too infrequent to study during the short time
of an ATD study, which is why laboratory measures of
aggression, which obviously suffer from a certain artifici-
ality, and feelings such as irritability, are usually studied.

One measure of aggressive responding that has been
used in conjunction with ATD is the Taylor Competitive
Reaction Time task (Taylor, 1967, 1983). Subjects are told
that they are competing in a reaction time trial with an
opponent in another room, although the opponent is in fact
fictitious. The response of the opponent is programmed into
a computer. Before each trial, the subject adjusts a switch or
presses one of several buttons to set the level of a sound or
an electric shock (below the previously determined painful
threshold) to be delivered to their opponent, should the
subject win the trial. Should the subject lose the trial, s’he
receives a stimulus within the same intensity range. The
measure of aggression is the level of the stimulus adminis-
tered to the opponent. This can be studied when the
subject’s opponent delivers both low-intensity stimuli or
provokes the subject by administering a high-intensity
stimulus. Using this measure with healthy male subjects,
Smith et al. (1986) found no effect of ATD. However,
subsequently, the same group used a slightly different
design with higher levels of provocation and found that
aggression varied inversely with tryptophan levels (Pihl
et al., 1995). Alcohol also increased aggressive responding.
The effects of altered tryptophan and alcohol were additive,
suggesting that some subjects become aggressive when they
drink because of low serotonin levels. Cleare and Bond
(1995) studied subjects with low or high trait aggression as
measured by the Buss—Durkee Hostility Inventory (Buss
and Durkee, 1957). ATD had no effect on subjects with low
trait aggression, but subjects with high aggression showed
greater aggressive responding on the Taylor task and also
became more angry, aggressive, annoyed, hostile and quar-
relsome on subjective measures.

Another measure that has been used is the Point-Sub-
traction Aggression Paradigm. In this test, subjects can press
one of two buttons. The first uses a fixed ratio to add points,
each with a monetary value, to the subject’s total displayed
on a monitor. The second uses a lower fixed ratio to subtract
points from a fictitious opponent and is used as the measure
of aggression. The response to point (monetary) loss, due to
the actions of the opponent, is an important component of
this task.

Using the Point-Subtraction test, ATD increased aggress-
ive responding in unselected male volunteers (Moeller
et al., 1996; Bjork et al., 1999), and the effect was greatest
in those with high trait hostility (Dougherty et al., 1999). In
a recent study, two groups of men with or without a history
of aggression were studied. In the aggressive men, ATD
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increased aggressive responding, whereas the opposite
occurred in the nonaggressive men (Bjork et al., 2000).
Another study using a questionnaire supported the idea that
trait hostility enhances the response to ATD. The relation-
ship between changes in plasma tryptophan and changes in
hostility was stronger in healthy male subjects with preex-
isting hostile traits than in those with low hostility (Finn
et al., 1998). Two studies in patients also reported increases
in hostile or irritable mood after ATD. The first was on
patients with premenstrual syndrome, who had a suscept-
ibility to irritability (Weltzin et al., 1995). The second was
on patients with bulimia, who showed an increase in
irritability but no change in depressed mood (Weltzin
et al.,, 1995). While bulimic patients are not necessarily
susceptible to irritability, they may have lowered serotonin
function (Brewerton, 1995).

Not all studies of susceptible subjects have shown an
increase in irritability or aggression after ATD. In patients
with Intermittent Explosive Disorder, ATD did not increase
irritability or events as measured by the Overt Aggression
Scale (Salomon et al., 1994). A second study looked at
sons of male alcoholics in their early 20s, who were
themselves not alcoholic but would have a high probability
of developing alcoholism. In these subjects, ATD did not
change responses on the Taylor Aggression task, although
there was an increase in commission errors on a Go/No Go
task (LeMarquand et al., 1999). This latter finding suggests
an increase in impulsivity due to lowered serotonin, and an
increase in impulsivity in real life situations could lead to
enhanced aggression. However, ATD did not increase Go/
No Go commission errors in adolescent males who had
been aggressive throughout their childhood (LeMarquand
et al., 1998).

While the results on ATD and irritability/aggression do not
present as consistent a picture as those with mood, studies
using both behavioral measures of aggressive responding and
self report measures of irritability indicate that lowered
serotonin can enhance both aggressive feelings and behavior
in some circumstances. Surprisingly, the most aggressive
subjects showed no change. This observation may be ana-
logous to the finding that ATD does not exacerbate symptoms
in currently ill patients with major depressive disorder. More
work will be needed to determine if this is due to ceiling
effects or if more disturbed patients are less susceptible to the
effects of lowered serotonin. In patients with currently
expressed disorders, an aggravation of symptoms may occur
only after alterations of other neuronal systems.

3.2. Tryptophan supplementation

As with ATD, tryptophan supplementation has been
studied more in relation to mood than to irritability/aggres-
sion. However, both acute studies and clinical trials have
been reported in the literature. ATD studies using both the
Taylor task (Pihl et al., 1995) and the Point-Subtraction test
(Bjork et al., 2000) have also included a tryptophan

supplemented group. In this situation, supplementation
refers to levels above that present in the normal control
treatment, which is an amino acid mixture containing the
amount of tryptophan in a good protein source. In both
these studies, there was a gradation of effect, with the
tryptophan-depleted groups showing the greatest aggressive
response and the tryptophan-supplemented group showing
the least response.

Two studies have investigated the possible effect of
tryptophan in pathologically aggressive patients. The first
was performed on aggressive schizophrenics whose behav-
ior was not controlled by neuroleptics (Morand et al., 1983).
Some were on neuroleptics during the study, but none were
taking neuroleptics with significant binding to serotonin
receptors. Tryptophan caused a significant reduction in
uncontrolled behaviors relative to placebo. In the second
study, on aggressive psychiatric inpatients, tryptophan did
not decrease aggressive acts, relative to placebo. However,
the patients required significantly less neuroleptic medica-
tion to control their aggression when they were on trypto-
phan (Volavka et al., 1990).

A recent study has looked at the effect of tryptophan on
two aspects of social behavior in healthy subjects (Mosko-
witz et al., 2001). The event sampling methodology used for
assessing behavior in this study came from the social
science literature on social interaction. While details vary,
typically, interpersonal behaviors are organized in a circle
defined by two major axes (e.g., Carson, 1969; Foa, 1961;
Kiesler, 1983; Leary, 1957; Wiggins, 1995; Wiggins and
Broughton, 1985). One axis encompasses dominant and
submissive behaviors. The second axis encompasses agree-
able and quarrelsome behaviors. These behaviors are
studied using an event sampling method in which subjects
fill in a brief questionnaire about their behavior after each
important social interaction throughout the day. While
behavior along each axis varies greatly from one interaction
to another, after about 70 interactions (six per day for
12 days), mean values settle down to a value that is a
characteristic of the individual. The event sampling method
has several advantages. First, it investigates behavior in
everyday life and avoids the artificiality of laboratory
studies. Second, it minimizes the extent of retrospective
reporting that often occurs with self-report questionnaires
and therefore reduces biases and distortions that alter the
memory of past events. Third, as applied to dominant/
submissive and quarrelsome/agreeable behaviors, it reduces
subjective biases by asking about the behavior of the
individual in the interaction, not the individual’s feelings
about what occurred.

The two axes of human social behavior are similar to
two aspects of social behavior in monkeys often referred
to in the primate literature as dominant/submissive and
agonistic/affiliative. Altered serotonin affects behavior on
both these axes. Treatments that lower serotonergic func-
tion in monkeys tend to increase aggression, while treat-
ments that increase serotonin function not only decrease
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aggression but also increase affiliative behaviors such as
grooming (Chamberlain et al., 1987; Raleigh et al., 1980,
1991; Raleigh and McGuire, 1991). Furthermore, serotonin
has also been related to dominant and submissive behav-
iors in monkeys. In monkeys, there is a two-way inter-
action between dominance and serotonin (Higley et al.,
1996a; Raleigh and McGuire, 1991; Raleigh et al., 1984,
1983). In vervet monkey troops, the alpha male has high
platelet and brain serotonin, and these levels fall when
dominance is lost. Conversely, raising brain serotonin
function promotes acquisition of dominance in males
(Raleigh and McGuire, 1991).

In a recent study, tryptophan and placebo were each
given for 12 days to 98 healthy human subjects in a cross-
over design (Moskowitz et al., 2001). Behavior was meas-
ured by the event sampling technique described above.
Relative to placebo, tryptophan caused a significant de-
crease in quarrelsome behaviors, no change in agreeable-
ness, a significant increase in dominant behavior and no
change in submissive behavior. This suggests that serotonin
can influence behaviors along the continuum from verbal
quarrelsomeness to outright physical aggression. Further-
more, it raises the possibility that serotonin is a factor-
regulating dominant behavior in humans.

4. Conclusion

Studies with altered tryptophan levels show conclusively
that such alterations can change both mood and feelings
and/or behavior related to irritability and aggression. The
most plausible explanation for this is that serotonin does
have a direct effect on mood, irritability and aggression. The
relationship works in two different directions, with lowered
serotonin resulting in more negative mood and/or behavior
while increased serotonin levels have the opposite effect.
The effects on mood and aggression seem to be independ-
ent, but this issue has not been studied directly and this
conclusion must remain tentative.

One pervasive theme in most of the studies discussed
above is the susceptibility of some subjects to the effect of
altered tryptophan availability, while other subjects remain
unaffected. This is not surprising. Aspects of mood and
behavior are not under the control of a single neurotrans-
mitter. Effects are seen, presumably, only when the altera-
tion in serotonin function is large enough to overcome the
homeostatic effects of other neurotransmitter systems. One
pertinent question is whether subjects who show an effect of
ATD already have low serotonin, and ATD pushes it below
a critical level. Alternatively, they may have normal sero-
tonin, but alterations in other neurotransmitter systems that
reduce the homeostatic effect that normally operates to
control mood or aggression. This could be tested by
studying whether subjects with demonstrated preexisting
low serotonin levels are particularly responsive to ATD,
but such a study has not yet been done.

Far more studies have been carried out on the effects of
altered tryptophan levels on mood than on aggression. This
presumably reflects in part the fact that simple measures
are available to measure mood changes over both the short
and long term. Measures of aggressive behavior over the
short term suffer from a certain artificiality, while clinical
studies on aggressive subjects are difficult to carry out.
Furthermore, while the relationship between irritability,
aggression and quarrelsomeness seems intuitively obvious,
exactly how they are related is not clear. For example,
irritability would be more likely to lead to verbal or
physical aggression in subjects who were impulsive, but
not all subjects who are quarrelsome are necessarily
impulsive. Nonetheless, the fact that alterations of trypto-
phan levels give consistent results independent of whether
the measure is irritability, a behavioral measure of aggres-
sion, or a self-assessment measure of quarrelsome behavior
during social interactions, suggests that these measures are
all tapping into a similar construct that is partially under
the control of serotonin.

The recent demonstration that tryptophan administration
can alter dominant behavior introduces an additional level
of complexity into the study of the role of serotonin in the
control of human mood and behavior. The increase in
dominance occurred at the same time as a decrease in
quarrelsomeness, raising the possibility that higher sero-
tonin levels may be associated with more constructive social
interactions. In monkeys, low levels of the serotonin metab-
olite 5-hydroxyindoleacetic acid in the cerebrospinal fluid
are associated with low social status and inappropriate
aggression (Higley et al., 1996a,b). While it would be
interesting to know if lowered serotonin leads to more
submissive, albeit more aggressive, behaviors in humans,
there is no suitable method to look at behavior along the
dominant/submissive axis in humans over the short time
period of an ATD study.

The results discussed above suggest that low serotonin is
involved in the etiology of depression and pathological
aggression in some patients. How a possible role of sero-
tonin as a modulator of dominant/submissive behavior fits
in with this is not known. A decline in feelings of sub-
missiveness, if this were to occur in patients treated with
SSRIs, could possibly help to attenuate feelings of depres-
sion or aggression, but this needs to be studied. It remains to
be seen to what extent mood, aggression and dominance are
independent in humans and how alterations in one may, over
the long term, alter the other two.

References

Aberg-Wistedt A, Hasselmark L, Stain-Malmgren R, Aperia B, Kjellman,
BF, Mathe AA. Serotonergic ‘vulnerability’ in affective disorder: a
study of the tryptophan depletion test and relationships between
peripheral and central serotonin indexes in citalopram-responders.
Acta Psychiatr Scand 1998;97:374—80.

Ayuso Gutierrez JL, Lopez-Ibor Alino JJ. Tryptophan and an MAOI (nia-



S.N. Young, M. Leyton / Pharmacology, Biochemistry and Behavior 71 (2002) 857-865 863

lamide) in the treatment of depression. Int Pharmacopsychiatry 1971;
6:92-7.

Baldessarini RJ. Treatment of depression by altering monoamine metabo-
lism: precursors and metabolic inhibitors. Psychopharmacol Bull 1984;
20:224-39.

Barr LC, Heninger GR, Goodman W, Charney DS, Price LH. Effects of
fluoxetine administration on mood response to tryptophan depletion in
healthy subjects. Biol Psychiatry 1997;41:949—54.

Bel N, Artigas F. Reduction of serotonergic function in rat brain by
tryptophan depletion: effects in control and fluvoxamine-treated rats.
J Neurochem 1996;67:669—76.

Benkelfat C, Ellenbogen MA, Dean P, Palmour RM, Young SN. Mood-
lowering effect of tryptophan depletion: enhanced susceptibility in
young men at genetic risk for major affective disorders. Arch Gen
Psychiatry 1994;51:687—-97.

Benkelfat C, Seletti B, Palmour RM, Hillel J, Ellenbogen MA, Young SN.
Tryptophan depletion in stable lithium-treated patients with bipolar
disorder in remission. Arch Gen Psychiatry 1995;52:154-5.

Biver F, Lotstra F, Monclus M, Wikler D, Damhaut P, Mendlewicz J, Gold-
man S. Sex difference in SHT, receptor in the living human brain.
Neurosci Lett 1996;204:25-8.

Bjork JM, Dougherty DM, Moeller FG, Cherek DR, Swann AC. The
effects of tryptophan depletion and loading on laboratory aggression
in men: time course and a food-restricted control. Psychopharmacology
1999;142:24-30.

Bjork JM, Dougherty DM, Moeller FG, Swann AC. Differential behavioral
effects of plasma tryptophan depletion and loading in aggressive and
nonaggressive men. Neuropsychopharmacology 2000;22:357—69.

Bremner JD, Innis RB, Salomon RM, Staib LH, Ng CK, Miller HL,
Bronen RA, Krystal JH, Duncan J, Rich D, Price LH, Malison R,
Dey H, Soufer, R, Dey H, Charney DS. Positron emission tomography
measurement of cerebral metabolic correlates of tryptophan depletion-
induced depressive relapse. Arch Gen Psychiatry 1997;54:364—74.

Brewerton TD. Toward a unified theory of serotonin dysregulation in eating
and related disorders. Psychoneuroendocrinology 1995;20:561—90.

Buss AH, Durkee A. An inventory for assessing different kinds of hostility.
J Consult Psychol 1957;21:343—8.

Carpenter LL, Anderson GM, Pelton GH, Gudin JA, Kirwin PDS, Price
LH, Heninger GR, McDougle CJ. Tryptophan depletion during con-
tinuous CSF sampling in healthy human subjects. Neuropsychophar-
macology 1998;19:26-35.

Carson RC. Interaction concepts of personality. Chicago: Aldine, 1969.

Cassidy F, Murry E, Weiner RD, Carroll BJ. Lack of relapse with tryptophan
depletion following successful treatment with ECT. Am J Psychiatry
1997;154:1151-2.

Cassidy F, Murry E, Carroll BJ. Tryptophan depletion in recently manic
patients treated with lithium. Biol Psychiatry 1998;43:230-2.

Chamberlain B, Ervin FR, Pihl RO, Young SN. The effect of raising or
lowering tryptophan levels on aggression in vervet monkeys. Pharmacol
Biochem Behav 1987;28:503—10.

Charney DS, Heninger GR, Reinhard JF, Sternberg DE, Hafstead KM. The
effect of IV L-tryptophan on prolactin, growth hormone, and mood in
healthy subjects. Psychopharmacology 1982;78:38—-43.

Chouinard G, Young SN, Annable L, Sourkes TL. Tryptophan-nicotinamide,
imipramine and their combination in depression. Acta Psychiatr Scand
1979;59:395—-414.

Cleare AJ, Bond AJ. The effect of tryptophan depletion and enhancement
on subjective and behavioural aggression in normal male subjects.
Psychopharmacology 1995;118:72—81.

Coccaro EF, Kavoussi RJ, Cooper TB, Hauger R. Acute tryptophan deple-
tion attenuates the prolactin response to D-fenfluramine challenge in
healthy human subjects. Psychopharmacology 1998;138:9—15.

Cole JO, Hartmann E, Brigham P. L-Tryptophan: clinical studies. In: Cole
JO, editor. Psychopharmacology update. Lexington, MA: Collamore,
1980. pp. 119-48.

Coppen A, Shaw DM, Farrell JP. Potentiation of the antidepressive effect of
a monoamine-oxidase inhibitor by tryptophan. Lancet 1963i;79—81.

Delgado PL, Chamey DS, Price LH, Aghajanian GK, Landis H, Heninger
GR. Serotonin function and the mechanism of antidepressant action:
reversal of antidepressant-induced remission by rapid depletion of
plasma tryptophan. Arch Gen Psychiatry 1990;47:411-8.

Delgado PL, Price LH, Miller HL, Salomon RM, Licinio J, Krystal JH,
Heninger GR, Charney DS. Rapid serotonin depletion as a provocative
challenge test for patients with major depression: relevance to antide-
pressant action and the neurobiology of depression. Psychopharmacol
Bull 1991;27:321-30.

Delgado PL, Price LH, Miller HL, Salomon RM, Aghajanian GK,
Heninger GR, Chamey DS. Serotonin and the neurobiology of depres-
sion: effects of tryptophan depletion in drug-free depressed patients.
Arch Gen Psychiatry 1994;51:865—74.

Delgado PL, Miller HL, Salomon RM, Licinio J, Krystal JH, Moreno FA,
Heninger GR, Charney DS. Tryptophan-depletion challenge in de-
pressed patients treated with desipramine or fluoxetine: implications
for the role of serotonin in the mechanism of antidepressant action. Biol
Psychiatry 1999;46:212-20.

Dougherty DM, Bjork JM, Marsh DM, Moeller FG. Influence of trait hos-
tility on tryptophan depletion-induced laboratory aggression. Psychiatry
Res 1999;88:227—-32.

Eichelman B. Bridges from the animal laboratory to the study of violent or
criminal individuals. In: Hodgins S, editor. Mental disorders and crime.
New York: Sage, 1993. pp. 194-207.

Ellenbogen MA, Young SN, Dean P, Palmour RM, Benkelfat C. Mood
response to acute tryptophan depletion in healthy volunteers: sex dif-
ferences and temporal stability. Neuropsychopharmacology 1996;
15:465-74.

Ellenbogen MA, Young SN, Dean P, Palmour RM, Benkelfat C. Acute
tryptophan depletion in healthy young women with a family history
of major affective disorder. Psychol Med 1999;29:35—-46.

Finn PR, Young SN, Pihl RO, Ervin FR. The effects of acute plasma
tryptophan manipulation on hostile mood: the influence of trait hostility.
Aggressive Behav 1998;24:173—85.

Foa UG. Convergences in the analysis of the structure of interpersonal
behavior. Psychol Bull 1961;68:341—53.

Gessa GL, Biggio G, Fadda F, Corsini GV, Tagliamonte A. Effect of oral
administration of tryptophan-free amino acid mixtures on serum tryp-
tophan, brain tryptophan and serotonin metabolism. J Neurochem
1974;22:869—70.

Glassman AH, Platman SR. Potentiation of a monoamine oxidase inhibitor
by tryptophan. J Psychiatr Res 1969;7:83-8.

Greenwood MH, Lader MH, Kantamaneni BD, Curzon G. The acute effects
of oral (—)-tryptophan in human subjects. Br J Clin Pharmacol
1975;2:165-72.

Harper AE, Benevenga NJ, Wohlhueter RM. Effects of ingestion of dis-
proportionate amounts of amino acids. Physiol Rev 1970;50:428 —558.

Heslop K, Portas CM, Curzon G. Effect of altered tryptophan availability
on tissue and extracellular serotonin in the rat cortex. In: Rollema H,
Westerink BHC, Drijthout W1J, editors. Monitoring molecules in neuro-
science: proceedings of the Sth international conference of in vivo.
Methods. University Centre For Pharmacy, Groningen. 1991;259—-61.

Higley JD, Linnoila M. Low central nervous system serotogenic activity is
traitlike and correlates with impulsive behavior. A nonhuman primate
model investigating genetic and environmental influences on neuro-
transmission. Ann NY Acad Sci 1997;836:39-56.

Higley JD, King ST, Hasert MF, Champoux M, Suomi SJ, Linnoila M.
Stability of interindividual differences in serotonin function and its
relationship to severe aggression and competent social behavior in
rhesus macaque females. Neuropsychopharmacology 1996a;14:67—76.

Higley JD, Mehlman PT, Higley SB, Fernald B, Vickers J, Lindell SG,
Taub DM, Suomi SJ, Linnoila M. Excessive mortality in young free-
ranging male nonhuman primates with low cerebrospinal fluid 5-hy-
droxyindoleacetic acid concentrations. Arch Gen Psychiatry 1996b;
53:537-43.

Huether G, Hajak G, Reimer A, Poeggeler B, Blomer M, Rodenbeck A,
Ruther E. The metabolic fate of infused L-tryptophan in men: possible



864 S.N. Young, M. Leyton / Pharmacology, Biochemistry and Behavior 71 (2002) 857-865

clinical implications of the accumulation of circulating tryptophan and
tryptophan metabolites. Psychopharmacology 1992;109:422—32.

Hughes JH, Dunne F, Young AH. Effects of acute tryptophan depletion on
mood and suicidal ideation in bipolar patients symptomatically stable
on lithium. Br J Psychiatry 2001;177:447-51.

Jorgensen AJF, Majumdar APN. Bilateral adrenalectomy: effect of trypto-
phan force-feeding on amino acid incorporation into ferretin, transferrin,
and mixed proteins of liver, brain and kidneys in vivo. Biochem Med
1976;16:37—46.

Kiesler DJ. The 1982 interpersonal transaction circle: a taxonomy for com-
plementarity in human processes. Psychol Bull 1983;77:421-30.

Klaassen T, Riedel WJ, Deutz NEP, van Someren A, van Praag HM. Spe-
cificity of the tryptophan depletion method. Psychopharmacology
1999a;141:279—-86.

Klaassen T, Riedel WJ, van Someren A, Deutz NE, Honig A, van Praag
HM. Mood effects of 24-hour tryptophan depletion in healthy first-
degree relatives of patients with affective disorders. Biol Psychiatry
1999b;46:489-97.

Kornstein SG, Schatzberg AF, Thase ME, Yonkers KA, McCullough JP,
Keitner GI, Gelenberg AJ, Davis SM, Harrison WM, Keller MB. Gen-
der differences in treatment response to sertraline versus imipramine in
chronic depression. Am J Psychiatry 2001;157:1445-52.

Lam RW, Zis AP, Grewal A, Delgado PL, Charney DS, Krystal JH. Effects
of rapid tryptophan depletion in patients with seasonal affective disorder
in remission after light therapy. Arch Gen Psychiatry 1996;53:41—4.

Lam RW, Bowering TA, Tam EM, Grewal A, Yatham LN, Shiah IS, Zis AP,
Effects of rapid tryptophan depletion in patients with seasonal affective
disorder in natural summer remission. Psycol Med 2000;30:79—87.

Leary T. Interpersonal diagnosis of personality. New York: Ronald
Press, 1957.

Leathwood PD, Pollet P. Diet-induced mood changes in normal populations.
J Psychiatr Res 1983;17:147—54.

LeMarquand DG, Pihl RO, Young SN, Tremblay RE, Seguin JR, Palmour,
RM, Benkelfat C. Tryptophan depletion, executive functions, and dis-
inhibition in aggressive, adolescent male. Neuropsychopharmacology
1998;19:333-41.

LeMarquand DG, Benkelfat C, Pihl RO, Palmour RM, Young SN.
Behavioral disinhibition induced by tryptophan depletion in nonalco-
holic young men with multigenerational family histories of paternal
alcoholism. Am J Psychiatry 1999;156:1771-9.

Lenzinger E, Neumeister A, Praschak-Rieder N, Fuchs K, Gerhard E, Wil-
leit M, Sieghart W, Kasper SF, Hornik K, Aschauer HN. Behavioral
effects of tryptophan depletion in seasonal affective disorder associated
with the serotonin transporter gene? Psychiatry Res 1999;85:241—6.

Levitan RD, Shen JH, Jindal R, Driver HS, Kennedy SH, Shapiro CM.
Preliminary randomized double-blind placebo-controlled trial of trypto-
phan combined with fluoxetine to treat major depressive disorder: anti-
depressant and hypnotic effects. J Psychiatr Neurosci 2000;25:337—-46.

Leyton M, Young SN, Benkelfat C. Relapse of depression after rapid
depletion of tryptophan. Lancet 1997;349:915-9.

Leyton M, Ghadirian AM, Young SN, Palmour RM, Blier P, Helmers KF,
Benkelfat C. Depressive relapse following acute tryptophan depletion
in patients with major depressive disorder. J Psychopharmacol 2000a;
14:284-17.

Leyton M, Young SN, Blier P, Baker GB, Pihl RO, Benkelfat C. Acute
tyrosine depletion and alcohol ingestion in healthy women. Alcohol
Clin Exp Res 2000b;24:459—64.

Leyton M, Young SN, Pihl RO, Etezadi S, Lauze C, Blier P, Baker GB,
Benkelfat C. Effects on mood of acute phenylalanine/tyrosine depletion
in healthy women. Neuropsychopharmacology 2000c;22:52—63.

Lopez-Ibor Alino JJ, Ayuso Gutierrez JL, Montejo Iglesias ML. Tryptophan
and amitriptyline in the treatment of depression: a double-blind study.
Int Pharmacopsychiatry 1973;8:145-51.

Mann JJ. Violence and aggression. In: Bloom FE, Kupfer DJ, editors.
Psychopharmacology: the fourth generation of progress. New York:
Raven Press, 1995. pp. 1919-28.

Miller HL, Damell A, Cappiello A, Bemman R, Anand A, Charney DS.

Serotonin function and vulnerability to depression. Biol Psychiatry
1996;36(Suppl):528 (Abstract).

Moeller FG, Dougherty DM, Swann AC, Collins D, Davis CM, Cherek
DR. Tryptophan depletion and aggressive responding in healthy males.
Psychopharmacology 1996;126:97—103.

Moja EA, Restani P, Corsini E, Stacchezzini MC, Assereto R, Galli CL.
Cycloheximide blocks the fall of plasma and tissue tryptophan levels
after tryptophan-free amino acid mixtures. Life Sci 1991;49:1121-8.

Moore P, Gillin C, Bhatti T, DeModena A, Seifritz E, Clark C, Stahl S,
Rapaport M, Kelsoe J. Rapid tryptophan depletion, sleep electroence-
phalogram, and mood in men with remitted depression on serotonin
reuptake inhibitors. Arch Gen Psychiatry 1998;55:534-9.

Moore P, Landolt HP, Seifritz E, Clark C, Bhatti T, Kelsoe J, Rapaport M,
Gillin JC. Clinical and physiological consequences of rapid tryptophan
depletion. Neuropsychopharmacology 2000;23:601—-22.

Morand C, Young SN, Ervin FR. Clinical response of aggressive schizo-
phrenics to oral tryptophan. Biol Psychiatry 1983;18:575-8.

Moreno FA, Gelenberg AJ, Heninger GR, Potter RL, McKnight KM,
Allen J, Phillips AP, Delgado PL. Tryptophan depletion and depres-
sive vulnerability. Biol Psychiatry 1999a;46:498—505.

Moreno FA, McGahuey C, Delgado PL. Lack of gender effects in mood
response to catecholamine depletion. Meet Am Coll Neuropsychophar-
macol, Acapulco, Mexico 1999b;38:104 (Abstract).

Moreno FA, Heninger GR, McGahuey CA, Delgado PL. Tryptophan
depletion and risk of depression relapse: a prospective study of tryp-
tophan depletion as a potential predictor of depressive episodes. Biol
Psychiatry 2000;48:327-9.

Moreno FA, Rowe DC, Kaiser B, Chase D, Michaels T, Gelernter J,
Delgado PL. Association between SLC6A4 polymorphism and mood
response to tryptophan depletion. Eur Winter Conf Brain Res, Les
Arcs, France 2001;21:59 (Abstract).

Moskowitz DS, Pinard G, Zuroff DC, Annable L, Young SN. The effect
of tryptophan on social interaction in every day life: a placebo-con-
trolled study. Neuropsychopharmacology 2001;25:277—89.

Neumeister A, Praschak-Rieder N, Hesselmann B, Vitouch O, Rauh M,
Barocka A, Kasper S. Effects of tryptophan depletion in fully remitted
patients with seasonal affective disorder during summer. Psychol Med
1998a;28:257—-64.

Neumeister A, Praschak-Rieder N, Hesselmann B, Vitouch O, Rauh M,
Barocka A, Tauscher J, Kasper S. Effects of tryptophan depletion in
drug-free depressed patients who responded to total sleep deprivation.
Arch Gen Psychiatry 1998b;55:167—-72.

Neumeister A, Habeler A, Praschak-Rieder N, Willeit M, Kasper S. Tryp-
tophan depletion: a predictor of future depressive episodes in seasonal
affective disorder? Int Clin Psychopharmacol 1999;14:313-5.

Nishizawa S, Benkelfat C, Young SN, Leyton M, Mzengeza S, de Mon-
tigny C, Blier P, Diksic M. Differences between males and females in
rates of serotonin synthesis in human brain. Proc Natl Acad Sci USA
1997;94:5308—13.

Okazawa H, Leyton M, Benkelfat C, Mzengeza S, Diksic M. Statistical
mapping analysis of serotonin synthesis images generated in healthy
volunteers using positron-emission tomography and o-[''CJmethyl-L-
tryptophan. J Psychiatr Neurosci 2001;25:359-70.

Oldman AD, Walsh AES, Salkovskis P, Laver DA, Cowen PJ. Effect of
acute tryptophan depletion on mood and appetite in healthy female
volunteers. J Psychopharmacol 1994;8:8—13.

Oldman A, Walsh A, Salkovskis P, Fairburn CG, Cowen PJ. Biochemical and
behavioural effects of acute tryptophan depletion in abstinent bulimic
subjects: a pilot study. Psychol Med 1995;25:995-1001.

Pare CMB. Potentiation of monoamine-oxidase inhibitors by tryptophan.
Lancet 1963;ii:527-8.

Pihl RO, Young SN, Harden P, Plotnick S, Chamberlain B, Ervin FR. Acute
effect of altered tryptophan levels and alcohol on aggression in normal
human males. Psychopharmacology 1995;119:353—-60.

Quintin P, Benkelfat C, Launay JM, Arnulf I, Pointreau-Bellenger A, Bar-
bault S, Alvarez JC, Varoquax O, Perez-Diaz F, Jouvent R, Jouvent R,
Leboyer M. Clinical and neurochemical effect of acute tryptophan de-



S.N. Young, M. Leyton / Pharmacology, Biochemistry and Behavior 71 (2002) 857-865 865

pletion in unaffected relatives with bipolar affective disorder. Biol Psy-
chiatry 2001;50:184—190.

Raleigh MJ, McGuire MT. Bidirectional relationships between tryptophan
and social behavior in vervet monkeys. In: Schwarcz R, Young SN,
Brown RR, editors. Kynurenine and serotonin pathways: progress in
tryptophan research, advances in experimental medicine and biology,
vol. 294. New York: Plenum, 1991. pp. 289-98.

Raleigh MJ, Brammer GL, Yuwiler A, Flannery JW, McGuire MT, Geller E.
Serotonergic influences on the social behavior of vervet monkeys
(Cercopithecus aethiops sabaeus). Exp Neurol 1980;68:322—34.

Raleigh MJ, Brammer GL, McGuire MT. Male dominance, serotonergic
systems, and the behavioral and physiological effects of drugs in vervet
monkeys (Cercopithecus aethiops sabaeus). In: Miczek KA, editor.
Ethopharmacology: primate models of neuropsychiatric disorders.
New York: Alan R. Liss, 1983. pp. 185-97.

Raleigh MJ, McGuire MT, Brammer GL, Yuwiler A. Social and environ-
mental influences on blood serotonin concentrations in monkeys.
Arch Gen Psychiatry 1984;41:405-10.

Raleigh MJ, McGuire MT, Brammer GL, Pollack DB, Yuwiler A. Seroto-
nergic mechanisms promote dominance acquisition in adult male vervet
monkeys. Brain Res 1991;559:181-90.

Sainio EL, Pulkki K, Young SN. L-Tryptophan: biochemical, nutritional
and pharmacological aspects. Amino Acids 1996;10:21—47.

Salomon RM, Mazure CM, Delgado PL, Mendia P, Charney DS. Serotonin
function in aggression: the effect of acute plasma tryptophan depletion
in aggressive patients. Biol Psychiatry 1994;35:570-2.

Schwartz DH, Hernandez L, Hoebel BG. Tryptophan increases extracel-
lular serotonin in the lateral hypothalamus of food-deprived rats.
Brain Res Bull 1990;25:803-7.

Sharp T, Bramwell SR, Grahame-Smith DG. Effect of acute administration
of L-tryptophan on the release of 5-HT in rat hippocampus in relation to
serotonergic neuronal activity: an in vivo microdialysis study. Life Sci
1992;50:1215-23.

Shaw DM, MacSweeney DA, Hewland R, Johnson AL. Tricyclic antide-
pressants and tryptophan in unipolar depression. Psychol Med 1975;
5:276-8.

Sidransky H, Sarma DSR, Bongiorno M, Verney E. Effect of dietary tryp-
tophan on hepatic polyribosomes and protein synthesis in fasted mice.
J Biol Chem 1968;243:1123-32.

Smith B, Prockop DJ. Central-nervous-system effects of ingestion of
L-tryptophan by normal subjects. N Engl J Med 1962;267:1338—41.

Smith SE, Pihl RO, Young SN, Ervin FR. Elevation and reduction of plasma
tryptophan and their effects on aggression and perceptual sensitivity in
normal males. Aggressive Behav 1986;12:393-407.

Smith KA, Fairburn CG, Cowen PJ. Relapse of depression after rapid
depletion of tryptophan. Lancet 1997;349:915-9.

Smith KA, Morris JS, Friston KJ, Cowen PJ, Dolan RJ. Brain mecha-
nisms associated with depressive relapse and associated cognitive im-
pairment following acute tryptophan depletion. Br J Psychiatry 1999;
174:525-9.

Stancampiano R, Melis F, Sarais L, Cocco S, Cugusi C, Fadda F. Acute
administration of a tryptophan-free amino acid mixture decreases
5-HT release in rat hippocampus in vivo. Am J Physiol 1997;272:
R991—-4.

Taylor SP. Aggressive behavior and physiological arousal as a function of
provocation and the tendency to inhibit aggression. J Pers 1967;35:
297-310.

Taylor SP. Alcohol and human physical aggression. In: Gottheil E, Druley,
KA, Skoloday TE, Waxman HM, editors. Alcohol, drug abuse and
aggression. Springfield, IL: Charles C. Thomas, 1983. pp. 280-91.

Terry-Nathan VR, Gietzen DW, Rogers QR. Serotonin; antagonists block
aversion to saccharin in an amino acid-imbalanced diet. Am J Physiol
1995;37:R1203-8.

Thomson J, Rankin H, Ashcroft GW, Yates CM, McQueen JK, Cummings
SW. The treatment of depression in general practice: a comparison of
L-tryptophan, amitriptyline, and a combination of L-tryptophan and
amitriptyline with placebo. Psychol Med 1982;12:741-51.

Van der Does AJW. The mood-lowering effect of tryptophan depletion:
possible explanation for discrepant findings. Arch Gen Psychiatry
2001;58:200—1.

Virkkunen M, Linnoila M. Serotonin in personality disorders with habitual
violence and impulsivity. In: Hodgins S, editor. Mental disorder and
crime. New York: Sage, 1993. pp. 227-43.

Volavka J, Crowner M, Brizer D, Convit A, van Praag HM, Suckow
RF. Tryptophan treatment of aggressive psychiatric inpatients. Biol
Psychiatry 1990;28:728—32.

Walinder J, Skott A, Carlsson A, Nagy A, Roos BE. Potentiation of the
antidepressant action of clomipramine by tryptophan. Arch Gen
Psychiatry 1976;33:1384-9.

Walinder J, Carlsson A, Persson R. 5-HT reuptake inhibitors plus tryptophan
in endogenous depression. Acta Psychiatr Scand 1981;63(Suppl. 290):
179-90.

Weltzin TE, Fernstrom MH, Fernstrom JD, Neuberger SK, Kaye WH.
Acute tryptophan depletion and increased food intake and irritability
in bulimia nervosa. Am J Psychiatry 1995;152:1668—71.

Westerink BHC, De Vries JB. Effect of precursor loading on the synthesis
rate and release of dopamine and serotonin in the striatum: a micro-
dialysis study in conscious rats. J Neurochem 1991;56:228—33.

Wiggins JS. Interpersonal adjectives scales: professional manual Odessa,
FL: Psychological Assessment Resources, 1995.

Wiggins JS, Broughton R. The interpersonal circle: a structural model for
the integration of personality research. Perspect Pers 1985;1:1—47.
Young SN. The clinical psychopharmacology of tryptophan. In: Wurtman,
RJ, Wurtman JJ, editors. Nutrition and the brain, volume 7, food con-
stituents affecting normal and abnormal behaviors. New York: Raven

Press, 1986. pp. 49—88.

Young SN, Gauthier S. Effect of tryptophan administration on tryptophan,
5-hydroxyindoleacetic acid, and indoleacetic acid in human lumbar and
cisternal cerebrospinal fluid. J Neurol Neurosurg Psychiatry 1981;44:
323-7.

Young SN, Gauthier S, Anderson GM, Purdy WC. Tryptophan, 5-hydroxy-
indoleacetic acid and indoleacetic acid in human cerebrospinal fluid:
interrelationships and the influence of age, sex, epilepsy and anticon-
vulsant drugs. J Neurol Neurosurg Psychiatry 1980;43:438—45.

Young SN, Smith SE, Pihl RO, Ervin FR. Tryptophan depletion causes a
rapid lowering of mood in normal males. Psychopharmacology 1985;
87:173-17.

Young SN, Tourjman SV, Teff KL, Pihl RO, Anderson GH. The effect of
lowering plasma tryptophan on food selection in normal males. Phar-
macol Biochem Behav 1988;31:149-52.

Zimmermann RC, McDougle CJ, Schumacher M, Olcese J, Mason JW,
Heninger GR, Price LH. Effects of acute tryptophan depletion on noctur-
nal melatonin secretion in humans. J Clin Endocrinol Metab 1993;
76:1160—4.



	The role of serotonin in human mood and social interaction
	Introduction
	Mood
	Tryptophan depletion
	Tryptophan supplementation

	Interpersonal interaction
	Tryptophan depletion
	Tryptophan supplementation

	Conclusion
	References


