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Catecholamines have been implicated in the etiology and 
pathophysiology of mood and anxiety disorders. In the 
present study, we investigated the effects of experimentally 
reducing catecholamine neurotransmission by means of 
acute phenylalanine/tyrosine depletion (APTD). Healthy 
female volunteers ingested: (1) a nutritionally balanced 
amino acid (AA) mixture (

 

n

 

 

 

5

 

 14); (2) a mixture deficient 
in the serotonin precursor, tryptophan (

 

n

 

 

 

5

 

 15); or (3) one 
deficient in the catecholamine precursors, phenylalanine 
and tyrosine (

 

n

 

 

 

5

 

 12). Mood was measured at three times: 
at baseline and both immediately before and after an 
aversive psychological challenge (public speaking and 
mental arithmetic) conducted 5 hours after AA mixture 

ingestion. Acute tryptophan depletion (ATD) lowered mood 
and energy and increased irritability scores. These effects 
were statistically significant only after the psychological 
challenge. The effect of APTD on mood was similar to that 
of ATD. APTD did not attenuate the anxiety caused by the 
psychological challenge. These findings suggest that, in 
healthy women, reduced serotonin and/or catecholamine 
neurotransmission increases vulnerability to lowered mood, 
especially following exposure to aversive psychological 
events.
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Brain catecholamines are thought to be involved in the
regulation of mood (Bunney and Davis 1965; Depue
and Iocono 1989: Schildkraut 1965), anxiety (Charney et
al. 1984), appetitive motivation (Blackburn et al. 1992;
Koob 1996: Stewart 1995), reward (Wise 1996), and at-
tention to novel environmental stimuli (Redmond 1987).
In some patients exhibiting disturbances in these be-
haviors, cerebrospinal fluid (CSF) concentrations of cat-

echolamine metabolites are altered (Depue and Iocono
1989; Pitchot et al. 1992; Redmond et al. 1986; Schild-
kraut 1978; Siever 1987). Both dopamine and noradren-
aline neurons are activated following exposure to envi-
ronmental stressors (Abercrombie and Zigmond 1995).
Activation of noradrenaline neurons may increase anxi-
ety (Redmond 1987), whereas moderate activation of
midbrain dopamine neurons seems to increase psycho-
motor activity and responses to emotionally relevant
stimuli (Le Moal 1995). In comparison, reductions in no-
radrenaline (Schatzberg and Schildkraut 1995) and
dopamine (Willner 1995) neurotransmission may be in-
volved in the etiology of depression, although the evi-
dence for dopamine is weaker.

The suggestion that low levels of catecholamines may
predispose humans to lowered mood and psychomotor
retardation, but decreased anxiety, has led to experimen-
tal studies of this hypothesis. Decreased dopaminergic
function can be elicited experimentally using low doses
of apomorphine, which are thought to act as a presynap-
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tic agonist. However, problems with apomorphine in-
clude concern about its specificity for the presynaptic,
rather than postsynaptic receptor, and side effects (Lal
1988). Another approach is to inhibit tyrosine hydroxy-
lase with 

 

a

 

-methyl-p-tyrosine (AMPT). Repeated admin-
istration of AMPT produces primarily fatigue and seda-
tion (Engelman et al. 1968; Sjoerdsma et al. 1965),
although also mild decreases in self-reported “happi-
ness” and “calmness,” which are reversed by L-dopa
(McCann et al. 1993; McCann et al. 1995). However,
AMPT can also produce both acute dystonic reactions
(McCann et al. 1990) and crystalluria (Brogden et al.
1981). In comparison to the effects of reducing catechola-
mine synthesis, administration of the catecholamine
amino acid (AA) precursor, tyrosine, attenuates mood-
lowering (Banderet and Lieberman 1989) and cognitive
deficits (Deijen and Orlebeke 1994; Neri et al. 1995) asso-
ciated with stressful environmental challenges.

Recently, a new method has been developed for test-
ing the effects of reduced catecholamine synthesis, acute
depletion of the catecholamine precursors, phenylala-
nine and tyrosine (Moja et al. 1996; Sheehan et al. 1996).
This method is analogous to the acute tryptophan deple-
tion (ATD) method which transiently decreases brain
serotonin synthesis (Moja et al. 1984; Nishizawa et al.
1997; Young et al. 1985) and release (Bel and Artigas
1996; Heslop et al. 1991; Stancampiano et al. 1997). ATD
has been used to investigate the role of serotonin in the
regulation of mood (Ellenbogen et al. 1996; Young et al.
1985), impulsive behaviors (Lemarquand et al. 1999), ag-
gressive responding (Cleare and Bond, 1995; Pihl et al.
1995), and the mechanism of antidepressant action
(Bremner et al. 1997; Delgado et al. 1990).

In the acute phenylalanine/tyrosine depletion (APTD)
method, participants ingest a mixture of essential AAs
that is deficient in the catecholamine precursors, phenyl-
alanine and tyrosine. This induces protein synthesis,
which diminishes the body’s stores of phenylalanine and
tyrosine, because they are incorporated into protein. Be-
cause tyrosine hydroxylase, the rate-limiting enzyme in
catecholamine synthesis, normally is not fully saturated
with tyrosine (Carlsson and Lindqvist 1978), the reduced
availability of tyrosine will likely reduce catecholamine
synthesis. The magnitude of the decline of catecholamine
synthesis following APTD might vary with regional and
individual differences in rates of cell firing, catechola-
mine stores, and the affinity state of tyrosine hydroxy-
lase. Dopaminergic projections to the nucleus accumbens
and to the prefrontal and cingulate cortices may be espe-
cially dependent upon tyrosine availability (During et al.
1988; Tam et al. 1990), and this dependency seems to be
greatest when firing rates, and, therefore, precursor utili-
zation, are high (Milner and Wurtman 1986; Tam and
Roth 1997).

In rats, APTD has been reported to decrease caudate
concentrations of tyrosine and the dopamine (DA) me-

tabolites homovanillic acid (HVA) and 3,4-dihydrox-
yphenylacetic acid (DOPAC), although not DA itself
(Biggio et al. 1976). More recently, APTD was reported
to reduce the rate of tyrosine hydroxylation, as mea-
sured by decreased DOPA accumulation following ad-
ministration of the aromatic L-amino acid decarboxyl-
ase inhibitor, m-hydroxybenzylhydrazine (NSD-1015)
(Fernstrom and Fernstrom 1995). In vervet monkeys,
APTD decreased CSF concentrations of both HVA
and the norepinephrine (NE) metabolite, 3-methoxy-
4-hydroxyphenylethylene glycol (MHPG) and did so to
a similar extent that ATD reduces 5-hydroxyindoleace-
tic acid (5-HIAA) (Palmour et al. 1998). Two recent
studies indicate that APTD reduces plasma concentra-
tions of tyrosine and phenylalanine in humans (Moja et
al. 1996; Sheehan et al. 1996).

The behavioral and physiological effects of APTD re-
main largely unexplored. Palmour et al. (1998) ob-
served that APTD decreased voluntary alcohol con-
sumption in alcohol-preferring monkeys, a behavioral
change suggestive of decreased DA-mediated appeti-
tive motivation or reward. Moja et al. (1996) reported
that APTD significantly decreased blood pressure, pos-
sibly reflecting lowered catecholamine function. In con-
trast, Sheehan et al. (1996) reported that APTD failed to
decrease evening plasma concentrations of melatonin,
suggesting that the treatment had no effect on periph-
eral noradrenergic function.

In the present study, we measured the effects of
APTD and ATD on mood and anxiety in healthy
women. We have found previously that ATD lowers
brain serotonin synthesis more in women than in men
(Nishizawa et al. 1997). ATD also lowered mood in
healthy women but not healthy men (Ellenbogen et al.
1996), possibly because of the greater biochemical ef-
fect, but also possibly because of the greater susceptibil-
ity of women to lowered mood. For both these reasons,
we studied healthy women in the present study. Low-
ering an amino acid in the amino acid depletion tech-
nique is attributable to protein synthesis, so if ATD
lowers tryptophan more in women than in men, APTD
would be expected to lower tyrosine more in women
than in men. To assess whether APTD reduces anxiety,
we evaluated subjects both before and after a mildly
threatening psychological challenge, public speaking.
We hypothesized that APTD would lower mood and
energy and blunt the anxiety response to the psycho-
logical challenge.

 

SUBJECTS AND PROCEDURES

Subjects

 

Healthy female participants, aged 19 to 39, were re-
cruited through local newspaper advertisements. Women
were studied because we found previously that ATD
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lowers mood in healthy women, but not in healthy men
(Ellenbogen et al. 1996). All potential participants were
screened initially during a telephone interview. They
were then evaluated further (ML) with the Structured
Clinical Interview for DSM-III-R (SCID-NP; Spitzer
1987). Exclusion criteria included a personal or first-
degree relative history of axis I psychiatric disorders, a
Beck Depression Inventory (BDI; Beck et al. 1961) score
above 10, a positive urine drug screen (Triage Panel for
Drugs of Abuse), and a positive pregnancy test. None
had significant medical diseases, as determined by clin-
ical judgment from a physical examination (PB) and
laboratory tests. All were tested during their follicular
phase (Range: days 1–12).

 

Procedure

 

The study was a double-blind, between-groups design.
Group assignment to AA condition was made ran-
domly in blocks of six. The day before testing, all sub-
jects ate a low protein diet provided by the investiga-
tors and fasted from midnight before the experimental
day (see Benkelfat et al. 1994). On the test day, subjects
arrived at the laboratory at 8:30 

 

A

 

.

 

M

 

. and had blood
samples drawn for the measurement of baseline plasma
concentrations of AAs. They then ingested one of three
AA mixtures: (1) an 86-g nutritionally balanced (B) con-
trol AA mixture; (2) a similar mixture deficient in tryp-
tophan (Trp-); or (3) one deficient in phenylalanine and
tyrosine (Phe/Tyr-). The composition of the AA mix-
tures is based on the 100-g AA mixture used by us in
men (Young et al. 1985) and subsequently adapted for
the lower body weight of women (Ellenbogen et al.
1996). The drinks were prepared within a few minutes
of oral administration by mixing the powdered AAs
with either: (1) 150 ml water, 45 ml chocolate syrup, and
0.6 g of sodium cyclamate; or (2) 180 ml of orange juice
plus sodium cyclamate, according to the preference of
the subjects. Because of the unpleasant taste of methio-
nine, cysteine, and arginine, these AAs were encapsu-
lated and administered separately.

Following ingestion of the AA mixtures, the women
remained awake in a room with affectively neutral vid-
eos and reading material available to them. One hour
after ingestion, they completed the vocabulary and
block design tests from the Weschler intelligence scale
(WAIS). Five hours after ingestion, they underwent a
mild threatening psychological challenge, a slightly
modified version of the Trier Social Stress Test (Kirsch-
baum et al. 1993). The 5-hour interval was chosen on
the basis of monkey data showing that CSF catechola-
mine metabolite levels are lowered at this time (Pal-
mour et al. 1998). In addition, after ATD in humans,
plasma tryptophan reaches it lowest level after about 5
hours (Young et al. 1985). Because the mechanism for
the decline in tryptophan and tyrosine is the same [i.e.,

incorporation of the relevant amino acid into protein,
thereby depleting its level in blood and tissues (Moja et
al. 1991)], tyrosine might be expected to reach its lowest
level after 5 hours, as does tryptophan.

The modified Trier Social Stress Test consisted of
two parts, a 10-min Anticipation Period and a 10-min
Test Period. During the Anticipation Period, subjects
were asked to prepare a speech suitable for applying
for a job. They were told that their speech would be re-
corded for later analysis, and a videocamera with mi-
crophone was visible. They were then given 10 min to
prepare and take notes but were not allowed to use
them during their speech. During the Test Period, sub-
jects presented their 5-min speech followed by 5 min of
arithmetic problems. If a subject stopped her speech be-
fore her time (5 min), she was told “You still have some
time left. Please continue!” If the subject stopped a sec-
ond time before the 5 min were up, 20 seconds of si-
lence were followed by the arithmetic problem solving
(in the present study, this occurred only once). The
arithmetic problems consisted of repeatedly adding the
digits of a three-digit number to form successive new
numbers (e.g., 654; 6 

 

1

 

 5 

 

1

 

 4 

 

5

 

 15; 15 

 

1

 

 654 

 

5

 

 669; 6 

 

1

 

6 

 

1

 

 9 

 

5

 

 21; 21 

 

1

 

 669 

 

5

 

 690, etc). Answers were to be
given aloud. If the subject made a mistake, she was
asked to begin from the first number.

Blood pressure and heart rate were monitored
throughout the stress test. Blood pressure was mea-
sured using a Model Acutorr 3 Sat from Datascope. The
pressure cuff was attached to the nondominant upper
arm and inflated at 5-min intervals.

Mood scales were administered three times. At base-
line, before ingesting the AA mixture, subjects com-
pleted the BDI, the bipolar Profile of Mood States
(POMS; Lorr et al. 1982; McNair et al. 1988), and a vi-
sual analog mood scale (VAMS; Bond and Lader 1974).
Five hours after ingestion of the mixture, the same
scales were administered again. Immediately following
the psychological challenge, the POMS and VAMS
were completed for a third time. The POMS is com-
posed of six bipolar scales: elated–depressed; com-
posed–anxious; energetic–tired; agreeable–hostile; con-
fident–unsure; and clear headed–confused. The VAMS
has 10-cm horizontal lines, each representing a mood
state, on which the subject was instructed to place a
mark that best described her current state. The POMS is
highly sensitive to nonclinical changes in mood states.
As in our previous studies, the primary dependent
measure was the POMS. Thus, the primary measure of
lowering of mood was the elated–depressed scale of the
POMS, the primary measure of lowered energy was the
energetic–tired scale of the POMS; whereas, the pri-
mary measures of the blunting of the anxiety response
were the composed–anxious scale of the POMS and the
cardiac responses to the stress test. The main measure
on the VAMS was the depression scale. The other
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VAMS measures were included to see if any other as-
pect of mood changed and to maintain consistency with
previous work on ATD (Ellenbogen et al. 1996), so that
comparisons could be made across studies.

At the end of each test day, before returning home,
all subjects ate a high-protein snack and ingested a 1-g
L-tryptophan tablet. Phenylalanine and tyrosine were
not given in tablet form, because they are present in
protein at much higher levels than tryptophan. The
tryptophan preparation used in Canada has not been
associated with any cases of eosinophilia myalgia syn-
drome (Wilkins 1990).

Total and free (nonalbumin bound) plasma tryp-
tophan concentrations were measured as described pre-
viously (Benkelfat et al. 1994). Plasma concentrations of
phenylalanine and tyrosine were analyzed using high-
performance liquid chromatography (HPLC) with fluo-
rescence detection. Ice-cold methanol (150 

 

m

 

l) was
added to plasma (50 

 

m

 

l) on ice. Following homogeniza-
tion and centrifugation, 5-

 

m

 

l of the supernatant was re-
acted with o-phthaldialdehyde in an alkaline medium
in the presence of 2-mercaptoethanol (Sloley et al.
1992). The reaction mixture was injected into a Waters
Alliance 2690 XE sample handling system. Separation
was accomplished using a gradient system on a Waters
Spherisorb ODS2 column (C

 

18

 

, 5 

 

m

 

m, 4.6 

 

3

 

 250 mm)
connected to a Waters 

 

m

 

Bondapak C

 

18

 

 precolumn. The
detector was set at 254 nm (excitation wavelength) and
455 nm (emission wavelength). Plasma concentrations
of the other large neutral amino acids (LNAAs) were
analyzed by the gas chromatographic procedure of
Wong et al. (1990). This procedure involves sequential
derivatization with isobutyl chloroformate and pen-
tafluorophenol followed by analysis on a gas chromato-
graph equipped with a fused silica capillary column
and an electron-capture detector.

No measurements were made of catecholamines or
their metabolites in plasma or urine, because these mea-
sures would reflect primarily effects on catecholamine
synthesis in the periphery, which would not necessarily
be of the same magnitude as those in the brain. Thus,
tyrosine availability in the brain, but not in the periph-
ery, is influenced by the levels of the other large neutral
amino acids that inhibit the transport of tyrosine in the
brain (Oldendorf and Szabo 1976).

 

Data Analyses

 

POMS scores were converted to population normalized

 

t

 

 scores. A change of 10 points corresponds to one stan-
dard deviation (SD) in the general population.

Demographic characteristics were analyzed with
one-way between groups analyses of variance (ANO-
VAs). Behavioral, cardiovascular, and blood data were
analyzed by two-way between–within groups ANO-
VAs (group 

 

3

 

 time). Both absolute scores and change

(

 

D

 

) scores were analyzed. When there were significant
group differences on the test day at baseline, the base-
line scores were used as covariates in analyses of cova-
riance (ANCOVAs) of the 

 

D

 

 scores. Planned compari-
sons were made with Student’s 

 

t

 

-tests; the behavioral
data were corrected for planned multiple comparisons.
Fisher’s Exact Tests (one-tailed) were used to compare
the proportion of subjects in each group that vomited
and dropped out of the study.

 

Ethics

 

The study was carried out in accordance with the Dec-
laration of Helsinki and was approved by the Research
Ethics Board of the Royal Victoria Hospital, McGill Uni-
versity. All subjects gave informed written consent.
Subjects were given $70 (CAN) compensation for loss of
time related to their participation.

 

RESULTS

Baseline Measures and Demographic Characteristics

 

The demographic and baseline characteristics of the
subjects are displayed in Table 1. The three groups did
not differ significantly on age, body mass index (BMI),
cardiovascular activity, Beck Depression Inventory
(BDI) scores, and the Weschler intelligence scale (WAIS)
vocabulary and block scores.

On the test day, before ingestion of the AA mixture,
some baseline differences were noted. Compared to the
control Group B, Group Phe/Tyr- reported lower
POMS Energy-Tired scores (

 

p

 

 

 

,

 

 .02) and higher VAMS
Depression (

 

p

 

 

 

,

 

 .03) and BDI scores (

 

p

 

 

 

,

 

 .002). Com-
pared to Group Trp-, both Group B (

 

p

 

 

 

,

 

 .03) and Group
Phe/Tyr- (

 

p

 

 

 

,

 

 .02) reported higher baseline VAMS Ex-
cited scores; Group Phe/Tyr- reported higher baseline
BDI scores (

 

p

 

 

 

,

 

 .0008) (Table 2). Unless otherwise indi-
cated, all subsequent analyses use 

 

D

 

 scores. When base-
line differences were apparent, the pretreatment score
was used as a covariate in ANCOVAs of the 

 

D

 

 scores.

 

Effects of Trp- and Phe/Tyr- on Plasma Amino Acids

 

Plasma concentrations of free and total tryptophan de-
creased significantly following Trp- (free tryptophan:

 

p

 

 

 

,

 

 .00001; Total Tryptophan: 

 

p

 

 

 

,

 

 .0000001) and in-
creased significantly following both the balanced mix-
ture (free tryptophan: 

 

p

 

 

 

,

 

 .00001; total tryptophan: 

 

p

 

 

 

,

 

.00001) and Phe/Tyr- (free tryptophan: 

 

p

 

 

 

,

 

 .00001; total
tryptophan: 

 

p

 

 

 

,

 

 .00001). There were no significant dif-
ferences at baseline (free tryptophan: 

 

p

 

 

 

.

 

 .25; total tryp-
tophan: 

 

p

 

 

 

.

 

 .70) (Table 3).
As reflected by significant treatment 

 

3

 

 time interac-
tions, the three AA mixtures also had significantly dif-
ferent effects on plasma concentrations of phenylala-
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nine (F

 

(2,34)

 

 

 

5

 

 20.53, 

 

p

 

 

 

,

 

 .000002) and tyrosine (F

 

(2,34)

 

 

 

5

 

24.53, 

 

p

 

 

 

,

 

 .0000004). Following Phe/Tyr-, plasma con-
centrations of both phenylalanine (

 

p

 

 

 

,

 

 .007) and ty-
rosine (

 

p

 

 

 

,

 

 .04) decreased significantly; whereas, they
increased following ingestion of the balanced (phenyl-
alanine: 

 

p

 

 

 

,

 

 .0002; tyrosine: 

 

p , .0000003) and tryptophan-
deficient mixtures (phenylalanine: p , .000002; tyrosine:
p , .0000002). There were no significant differences at
baseline (phenylalanine: p . .80; tyrosine: p . .60) (Table 3).

The ratio of tyrosine to large neutral amino acids
(LNAA: tryptophan, tyrosine, phenylalanine, leucine,
isoleucine, valine) was calculated using the free tryp-
tophan concentration. All three mixtures significantly
decreased the tyrosine/LNAA ratio (B: p , .03; Trp-:
p , .003; Phe/Tyr-: p , .0000001). However, as reflected
by a significant treatment 3 time interaction, these ef-
fects were markedly more pronounced following Phe/
Tyr- than the other two mixtures (F(2,33) 5 8.40, p ,
.002). A similar treatment 3 time interaction was seen
with the phenylalanine/LNAA ratio (F(2,33) 5 14.88, p ,
.00003). In comparison, Phe/Tyr- did not significantly
change the tryptophan/LNAA ratio (p . .10) (Table 3).

Effects of Trp- and Phe/Tyr- on Mood

Trp- vs. Balanced AA Mixture.  Five hours after admin-
istration of the AA mixtures, there were few signifi-
cant group differences. Compared to Group B, Group
Trp- displayed greater decreases in POMS Confident–
Unsure scores (p 5 .05), greater decreases in VAMS
Lively scores (p , .007), and blunted increases in VAMS
Restless scores (p , .003). On the other hand, following
the psychological challenge, Trp- resulted in significant
mood lowering on all six POMS scales: Elation–Depres-
sion (p , .03), Composed–Anxious (p , .04), Energetic–
Tired (p , .01), Agreeable–Hostile (p , .05), Confident–
Unsure (p , .01), and Clearheaded–Confused (p ,
.0008) (Figure 1). ANCOVAs indicated that the mood
lowering was unrelated to pretreatment BDI scores.
VAMS scores also suggested greater mood lowering in
Group Trp- following the psychological challenge.
Compared to Group B, Group Trp- reported signifi-
cantly greater negative changes on the VAMS Happy
(p , .03), Irritated (p , .04), Lively (p , .000007), and
Clearheaded scales (p 5 .05) (Table 2).

Phe/Tyr- vs. Balanced AA Mixture.  Before the psycho-
logical challenge, Phe/Tyr- led to reduced increases in
VAMS Restlessness (p , .005) and larger decreases on
the VAMS Lively scale (p , .02), as compared to con-
trols (Table 3). After the psychological challenge, the
larger decreases on the VAMS Lively scale were again
apparent (p , .02), and subjects reported mood lower-
ing on the POMS Elated–Depressed scale (p , .001)
(Figure 1). An ANCOVA with pretreatment BDI scores

as the covariate did not change the effect on mood, ac-
counting for less than 0.03 of the variance.

Phe/Tyr- vs. Trp-.  When groups Trp- and Phe/Tyr-
were compared, Trp- led to significantly greater nega-
tive changes on the POMS Agreeable–Hostile scale (p ,
.03), although only after the psychological challenge.
Phe/Tyr- led to significantly greater negative changes
in VAMS Bored scores, both before (p , .004) and after
the psychological challenge (p , .05).

Correlations Between Scores Before and After the Psy-
chological Challenge.  Although neither Trp- nor Phe/
Tyr- AA mixtures induced extensive mood lowering be-
fore the psychological challenge, these change scores were
significantly correlated with the larger changes reported
following the psychological challenge (r 5 0.46 to 0.84).

Effects of Trp- and Phe/Tyr- on Heart Rate and
Blood Pressure

Heart Rate.  In all three groups, heart rate changed sig-
nificantly during the psychological challenge (F(8,288) 5
42.11, p , .0000001). Compared to baseline, heart rate
increased significantly during anticipation and prepa-
ration of the challenge, reached a peak during the
speech and mathematical tasks, and then returned to
baseline (data not shown). Neither Trp- nor Phe/Tyr-
had a significant effect on heart rate, as reflected by the
absence of a main effect of Group (F(2,36) 5 2.75, p , .08)
or a Group 3 Time interaction (F(16,288) 5 0.49, p . .90).

Systolic Blood Pressure.  In all three groups, systolic
blood pressure changed significantly as a result of the
psychological challenge (F(8,248) 5 13.26, p , .0000001).
Collapsed over groups, systolic blood pressure was sig-
nificantly higher throughout the psychological chal-
lenge than at any other point, except for the second
baseline (p , .0002). There was neither a main effect of
Group (F(2,31) 5 0.04, p . .95) nor a significant Group 3
Time interaction (F(16,248) 5 1.54, p , .09) (data not
shown).

Diastolic Blood Pressure.  In all three groups, diastolic
blood pressure changed significantly during the psy-
chological challenge (F(8,248) 5 8.37, p , .0000001). Col-
lapsed over groups, diastolic blood pressure was signif-
icantly higher during the psychological challenge than
at any other time point except for the second baseline
(p , .05). There was not a main effect of Group (F(2,31) 5
0.35, p . .70) but there was a significant Group 3 Time
interaction (F(16,248) 5 2.13, p , .008). In Group B,
diastolic blood pressure decreased during the anticipa-
tion phase, increased during the speech and math tasks,
and then returned to baseline (lowest value immedi-
ately before beginning speech; highest value at the end
of the math task; p , .0002, data not shown). In compar-
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ison, neither Group Trp- nor Phe/Tyr- displayed de-
creases during the anticipation phase.

Adverse Effects

Three subjects withdrew from the study. All had ingested
the Phe/Tyr- mixture (Fisher’s Exact Test, Phe/Tyr- vs.
Balanced AA, p 5 .12; Phe/Tyr- vs. Trp-, p 5 .11). The pri-
mary reported reason for withdrawing was nausea, and
all three regurgitated some of the AA mixture.

The subjects who withdrew from the study did not
differ significantly from those who remained, although
there was a trend for them to have a lower body mass
index (BMI; kg/m2) (study completers vs. withdrawing
subjects: 22.1 6 3.1 vs. 18.5 6 0.6; planned Comparison,
F(1,40) 5 3.83, p 5 .06).

Two women administered the Phe/Tyr- mixture had
a vagal response following the second blood draw.
Both women recovered within 2 minutes, and no fur-
ther adverse events were found. One of the women
withdrew from the study, the other completed it.

Including the three subjects who withdrew, a total of
11 women vomited (25%); six had been administered
the Trp- mixture (40%), five the Phe/Tyr- mixture (33%),
none the balanced mixture (Fisher’s Exact Test, Trp- vs.
Balanced AA, p , .02; Phe/Tyr- vs. Balanced, p , .03;
Phe/Tyr- vs. Trp-, p . .25). Only subjects who com-
pleted the study were included in the remaining data
analyses. The reported effects are not significantly
changed by excluding the women who vomited (e.g.,
POMS Elated–Depressed D scores following the psycho-
logical challenge: including subjects who vomited: Trp-:
24.7 6 6.2, Phe/Tyr-: 26.0 6 6.2; excluding subjects
who vomited: Trp-: 24.9 6 7.4, Phe/Tyr-: 26.2 6 7.5).

DISCUSSION

The most important finding in this study is that APTD
and ATD had similar effects on mood. Both treatments

elicited a lowering of mood, relative to a control amino
acid mixture, that became statistically significant after
the psychological challenge. It is not clear to what ex-
tent the difference in the effects seen before and after
the challenge is dependent upon the stress of the chal-
lenge itself, or merely on the progressive development
of lowered mood over time after amino acid depletion.
These observations suggest that both low catechola-
mine and low serotonin neurotransmission might in-
crease risk for depressed states, particularly following
exposure to stressors, at least in healthy women, who
were the subjects of this study. There was no evidence
for an attenuation of the anxiety response to a mild
aversive challenge attributable to APTD.

The change attributable to ATD in POMS depression
scale scores before the psychological challenge was sim-
ilar to that in our previous study in healthy women (El-
lenbogen et al. 1996). However, although this effect was
statistically significant in our previous two-group
study, in the present study, with three groups, the dif-
ference was not statistically significant once corrections
for multiple comparisons were made.

Although there was a significant lowering of mood
after APTD on the POMS depression scale, there was no
significant effect on the VAMS depression scale. How-
ever, the VAMS depression scale scores were around 1
out of a possible 10, suggesting that the VAMS depres-
sion scale is only sensitive to larger changes in mood,
unlike the POMS, which is known to be sensitive to
small changes of mood. The VAMS happy scale scores
did not decline after APTD, suggesting that, as with the
VAMS depression scale scores, VAMS happy scale
scores measure only large changes in mood. Alterna-
tively, although there is evidence that the precise di-
mensions measured by the POMS are bipolar (Lorr et
al. 1982), the dimensions measured by the VAMS may
not be bipolar.

Some subjects experienced nausea and vomiting,
and it is possible that this influenced the mood scales.

Table 1. Demographic and Baseline Characteristics

Variable

Amino Acid Mixture

Balanced 
(n 5 14)

Tryptophan Deficient 
(n 5 15)

Phenylalanine/Tyrosine-Deficient 
(n 5 12)

Age (years) 26.6 6 4.9 27.9 6 6.4 26.2 6 6.5
Body mass index (kg/m2) 23.1 6 3.0 22.3 6 3.3 20.6 6 2.8
Heart rate (beats/min) at medical exam 74.0 6 8.0 72.0 6 5.6 75.9 6 11.9
Systolic blood pressure at medical exam 109.0 6 8.2 109.1 6 11.4 103.3 6 12.7
Diastolic blood pressure at medical exam 67.1 6 7.9 67.1 6 7.4 66.7 6 6.2
Beck depression inventory at SCID interview 2.6 6 2.3 2.4 6 2.6 3.6 6 3.2
WAIS vocabulary 49.5 6 8.9 51.5 6 10.5 45.2 6 9.6
WAIS block 34.5 6 11.3* 30.8 6 13.3 35.6 6 12.8
Menstrual cycle day at test 7.5 6 3.1 7.4 6 3.4 7.8 6 3.5

*n 5 13.
Values are given as mean 6 SD.
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Table 2. Changes on the VAMS Following the Ingestion of a Balanced (B), a Tryptophan-Deficient (Trp-), or a 
Phenylalanine/Tyrosine-Deficient (Phe/Tyr-) Amino Acid Mixture

VAMS 
Item Group

Before 
AA 

Mixture

5 hrs after 
AA 

Mixture
After 

Stressor

Change Score 
before vs. 
5 hrs after 

AA Mixture

Change score
before vs. 

after Stressor

Happy B 6.7 6 1.7 6.1 6 1.7 5.9 6 2.0d 20.5 6 1.6 20.7 6 2.0d

Trp- 6.2 6 1.5 4.9 6 2.5 4.4 6 1.7 A,c 21.2 6 2.4 21.8 6 2.0c

Phe/Tyr- 6.5 6 1.7 5.7 6 2.1 5.2 6 2.2 20.8 6 1.7 21.4 6 1.9

Bored B 1.6 6 1.2 4.6 6 2.7A 3.5 6 2.2 3.1 6 2.4 2.0 6 2.1
Trp- 2.7 6 2.4 4.3 6 2.8e 3.6 6 2.4 1.6 6 3.2E 0.9 6 3.5e

Phe/Tyr- 2.7 6 2.8 6.8 6 2.0A,d 5.5 6 2.1A 4.2 6 2.7D 2.8 6 2.6d

Anxiety B 1.4 6 1.9 1.4 6 1.6 2.3 6 2.8 0.0 6 1.2 0.9 6 1.9
Trp- 1.9 6 1.6 1.5 6 1.4 1.7 6 2.3E 20.5 6 1.0 20.26 1.6
Phe/Tyr- 3.1 6 2.8 2.9 6 2.6 4.1 6 2.7D 20.2 6 3.7 1.0 6 3.3

Satisfied B 6.5 6 2.4 5.6 6 2.4 5.66 2.2 20.9 6 2.1 21.0 6 3.3 
Trp- 5.9 6 2.0 4.7 6 2.8 4.0 62.2 21.2 6 2.1 21.9 6 2.0
Phe/Tyr- 5.7 6 2.2 4.8 6 2.0 5.0 6 1.6 20.8 6 3.3 20.7 6 3.3

Excited B 5.0 6 2.3d 3.8 6 2.7 3.666 2.6d 21.2 6 2.5 21.4 6 2.0
Trp- 3.1 6 2.2e 2.2 6 2.1 1.7 6 1.9c,E 20.9 6 1.6 21.3 6 2.0
Phe/Tyr- 5.1 6 2.7d 3.1 6 2.5 4.0 6 2.6D 21.9 6 2.7 21.2 6 2.7

Depressed B 0.4 6 0.5e 0.4 6 0.4E 0.6 6 0.6E 0.1 6 0.4 0.2 6 0.7
Trp- 1.0 6 0.9 0.8 6 0.8e 0.8 6 0.6E 20.3 6 0.8 20.2 60.6E

Phe/Tyr- 1.3 6 1.6c 1.7 6 2.7C,d 2.0 6 2.8C,D 0.4 6 1.6 0.6 6 1.8D

Interest B 7.2 6 2.3 5.7 6 2.5 5.6 6 2.5D 21.5 6 2.8 21.6 6 2.9d

Trp- 6.6 6 1.9 5.4 6 3.1 3.6 6 2.5A,C,E 21.2 6 1.8 23.0 6 1.7c,e

Phe/Tyr- 7.2 6 1.6 5.0 6 2.4a 5.8 6 2.6D 22.2 6 2.0 21.4 6 2.1d

Anger B 0.2 6 0.3 0.3 6 0.4 0.3 6 0.4 0.1 6 0.2 0.1 6 0.3
Trp- 0.8 6 0.9 0.6 6 0.5 1.2 6 2.4 20.2 6 0.6 0.4 6 2.7
Phe/Tyr- 0.5 6 0.5 0.4 6 0.4 0.5 6 0.5 20.0 6 0.4 0.0 6 0.3

Elated B 3.7 6 2.8 2.9 6 2.6 3.0 6 2.7 20.8 6 2.7 20.7 6 3.1
Trp- 2.8 6 1.7 2.3 6 1.8 1.9 6 1.6 20.5 6 2.1 20.9 6 1.4
Phe/Tyr- 3.0 6 2.6 1.7 6 1.7 2.4 6 2.6 21.3 6 2.6 20.6 6 1.4

Restless B 2.2 6 2.5 5.5 6 3.1A,D 4.4 6 3.4a 3.3 6 2.7D,E 2.2 6 2.7
Trp- 1.2 6 1.5 2.6 6 3.0C 2.7 6 2.8 1.3 6 3.6C 1.5 6 3.4
Phe/Tyr- 2.9 6 1.7 4.2 6 2.8 4.5 6 2.7 1.4 6 2.2C 1.6 6 2.4

Irritated B 1.1 6 1.9 0.8 6 0.9 1.1 6 1.5 20.3 6 1.8 20.1 6 2.4d

Trp- 1.0 6 1.0 1.1 6 1.2 2.0 6 2.9 0.2 6 1.5 1.1 6 3.1c

Phe/Tyr- 0.9 6 1.0 1.0 6 1.2 1.1 6 1.6 0.1 6 1.7 0.2 6 1.9

Lively B 4.8 6 2.9 4.4 6 2.4 4.4 6 2.8D 20.4 6 1.9D,e 20.5 6 2.2D,e

Trp- 5.0 6 2.5 3.2 6 2.7a 2.2 6 1.9A,C 21.8 6 2.4C 22.8 6 2.4C

Phe/Tyr- 5.4 6 2.5 3.6 6 2.2 3.5 6 2.8a 21.8 6 1.9c 21.8 6 2.6c

Clearheaded B 7.7 6 1.8 6.4 6 2.6 6.6 6 2.6 21.3 6 3.0 21.1 6 3.0d

Trp- 7.3 6 2.4 6.2 6 2.4 4.8 6 2.7A 21.1 6 1.7 22.5 6 3.1c

Phe/Tyr- 6.8 6 2.3 5.8 6 2.4 5.2 6 2.8 21.0 6 2.4 21.6 6 2.8

Values are given as mean 6 SD. For the B group n 5 14, for the Trp- group n 5 15, and for the Phe/Tyr- group n 5 12. VAMS indicates Visual An-
alogue Mood Scale (0–10). A positive change in score represents an increase in that item’s intensity.

ap < .05, Ap < .01, different from before treatment, corrected for multiple planned comparisons (0.05/18 5 0.0028; 0.01/18 5 0.00056).
bp < .05, Bp < .01, different from 5 hours after treatment, corrected for multiple planned comparisons (0.05 / 18 5 0.0028; 0.01 / 18 5 0.00056).
cp <.05, Cp < .01, different from B, corrected for multiple planned comparisons (0.05 / 6 5 0.0083; 0.01 / 6 5 0.0017).
dp < .05, Dp < .01, different from Trp-, corrected for multiple planned comparisons (0.05 / 6 5 0.0083; 0.01 / 6 5 0.0017).
ep < .05, Ep < .01, different from Phe/Tyr-, corrected for multiple planned comparisons (0.05 / 6 5 0.0083; 0.01 / 6 5 0.0017).
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However, the results did not change when subjects who
vomited were omitted. Also, in a previous study on
ATD, we used an instructional manipulation in which
subjects were either supplied or not supplied with
information designed to account for any possible pe-
ripheral sensations that might be related to depressive
affect. This manipulation had no effect on the mood-
lowering effect of ATD (Smith et al. 1987). Thus, sensa-
tions of nausea are unlikely to have had an appreciable
effect on the mood measures.

The effects of APTD were similar to those reported
to occur in response to other treatments used to de-
crease catecholamine neurotransmission in humans.
For example, in healthy volunteers, AMPT has been re-
ported to induce sedation, lower mood, and reduce
calmness (McCann et al. 1993; McCann et al. 1995). In
our study, APTD also lowered mood, energy, and calm-

ness, but only the mood-lowering effect was statisti-
cally significant. The different results might reflect dif-
ferences in the degree to which catecholamine synthesis
was lowered, the cumulative effect of giving AMPT
over a much longer time period, or nonspecific effects
of AMPT. Interestingly, tyrosine loading does not pro-
duce elevations in baseline mood, but it does attenuate
mood-lowering effects of environmental challenges
(Banderet and Lieberman 1989). This may reflect
greater utilization and depletion of precursor stores in
DA cells when firing rates are high (Tam and Roth
1997).

The overlap between the effects of ATD and APTD
raises the possibility that the observed mood lowering
might be caused by nonspecific effects of altered AA
availability or AA imbalance. However, a recent report
suggests that acute depletion of another essential AA,

Table 3. Changes to Plasma Concentrations of Amino Acids Following Ingestion of a 
Balanced (B), a Tryptophan-Deficient (Trp-), or a Phenylalanine/Tyrosine-Deficient 
(Phe/Tyr-) Amino Acid Mixture

Amino Acid Group
Before AA 

Mixture
5 h after 

AA Mixture
Percent 
Change

Free plasma tryptophan B (n 5 13) 8.4 6 2.8 17.6 6 2.6 109.5
Trp- (n 5 13) 7.9 6 1.8 1.3 6 0.6 283.6
Phe/Tyr- (n 5 10) 7.2 6 0.6 17.2 6 5.7 138.9

Total plasma tryptophan B (n 5 13) 50.4 6 4.8 100.5 6 14.9 99.4
Trp- (n 5 13) 52.6 6 10.1 6.9 6 3.6 284.9
Phe/Tyr- (n 5 11) 50.8 6 7.5 104.6 6 39.8 105.9

Plasma phenylalanine B (n 5 13) 63.2 6 10.4 129.2 6 37.5 104.4
Trp- (n 5 13) 60.6 6 11.8 151.4 6 87.9 149.8
Phe/Tyr- (n 5 11) 63.7 6 9.6 15.0 6 7.9 276.5

Plasma tyrosine B (n 5 13) 69.5 6 22.8 165.7 6 55.5 138.4
Trp- (n 5 13) 74.7 6 14.8 176.8 6 72.9 136.7
Phe/Tyr- (n 5 11) 68.0 6 14.9 32.2 6 9.8 252.6

Plasma valine B (n 5 13) 172.5 6 55.6 613.8 6 138.8 255.8
Trp- (n 5 13) 174.9 6 50.0 644.3 6 247.3 268.4
Phe/Tyr- (n 5 11) 184.4 6 57.3 652.2 6 186.2 253.7

Plasma leucine B (n 5 13) 120.6 6 29.6 498.6 6 171.5 313.4
Trp- (n 5 13) 112.8 6 29.3 447.3 6 190.2 296.5
Phe/Tyr- (n 5 11) 111.8 6 35.8 458.1 6 226.8 309.7

Plasma iso-leucine B (n 5 13) 53.6 6 29.6 223.3 6 171.5 316.6
Trp- (n 5 13) 52.0 6 29.3 203.2 6 190.2 290.8
Phe/Tyr- (n 5 11) 50.7 6 35.8 189.6 6 226.8 274.0

Phenylalanine/LNAAs B (n 5 13) 0.13 6 0.02 0.079 6 0.02 239.2
Trp- (n 5 13) 0.13 6 0.03 0.094 6 0.04 227.7
Phe/Tyr- (n 5 10) 0.14 6 0.03 0.016 6 0.02 288.6

Tyrosine/LNAAs B (n 5 13) 0.14 6 0.03 0.11 6 0.05 221.4
Trp- (n 5 13) 0.16 6 0.03 0.11 6 0.04 231.2
Phe/Tyr- (n 5 10) 0.15 6 0.05 0.031 6 0.02 279.3

Tryptophan/LNAAs 
free tryptophan

B (n 5 13) 0.017 6 0.003 0.011 6 0.02 235.3
Trp- (n 5 13) 0.017 6 0.004 0.00088 6 0.0006 294.8
Phe-Tyr-(n 5 10) 0.015 6 0.004 0.014 6 0.004 26.7

Tryptophan/LNAAs 
total tryptophan

B (n 5 13) 0.098 6 0.02 0.060 6 0.01 238.8
Trp- (n 5 13) 0.10 6 0.02 0.0049 6 0.004 295.1
Phe-Tyr- (n 5 11) 0.098 6 0.02 0.076 6 0.03 222.4

Values are given as mean 6 SD in mmol/l.
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lysine, does not affect mood in subjects who respond to
ATD (Klaassen et al. 1997). Also, in the present study,
differences between the effects of ATD and APTD were
apparent. Only ATD significantly increased feelings of
irritability, confusion and fatigue, whereas only APTD
increased feelings of boredom.

There is no direct evidence that APTD decreases cat-
echolamine neurotransmission. This noted, in the
present study, APTD decreased the phenylalanine and
tyrosine to LNAA ratios by 80 to 90%, a reduction that
would be expected to reduce transport of the catechola-
mine precursors into brain. The control treatment and
the ATD mixture lowered the tyrosine to LNAA ratio
by 21 and 31%, respectively. Thus, the control treatment
is a relatively conservative one. However, changes in
the ratio of 20 to 30% would be unlikely to influence
catecholamine synthesis to any appreciable extent.
Changes of this magnitude are within the range of the
ratio of tyrosine to LNAA that can be expected because
of diurnal changes and normal variations in protein in-
take (Fernstrom et al. 1979).

In animals, tyrosine-deficient diets have been re-

ported to decrease DOPA accumulation (Fernstrom and
Fernstrom 1995) and concentrations of catecholamine
metabolites (Biggio et al. 1976; Fernstrom and Fern-
strom 1995) but not 5-HIAA (Palmour et al. 1998). In
comparison, tyrosine loading significantly increases
both DOPA accumulation and tissue concentrations of
DA (Tam et al. 1990). Notably, in humans, tyrosine sup-
plements have the opposite effect of APTD and attenu-
ate mood-lowering responses to environmental chal-
lenges (Banderet and Lieberman 1989).

APTD has certain advantages over other methods
designed to lower catecholamine neurotransmission. For
example, AMPT requires multiple daily treatments, the
marked sedation may mask other effects, and it has been
reported to induce both crystalluria (Brogden et al. 1981)
and acute dystonic reactions (McCann et al. 1990). The
effects of autoreceptor agonists and postsynaptic recep-
tor antagonists are rapid (e.g., Przedborski et al. 1995),
but most are nonspecific (Broderick 1997; Closse et al.
1984; Moroni et al. 1983; Yocca 1990) and, perhaps because
of regional differences in presynaptic autoreceptors and
postsynaptic feedback, do not induce consistent changes

Figure 1. Changes since morning baseline in POMS Elated–Depressed mood scores induced by ingestion of the Balanced
(B), Tryptophan-deficient (Trp-), or Phenylalanine/Tyrosine-deficient (Phe/Tyr-) amino acid mixtures. The plotted scores
are the mean 6 SE of normalized T scores. A negative change in score represents a lowering in mood; * p , .05, ** p , .01.
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to synthesis, cell firing, or transmitter release (Cubeddu
et al. 1990; Hjorth et al. 1983; Wolf et al. 1986).

There are several disadvantages of the APTD
method. First, as with AMPT, it should decrease the
synthesis of both dopamine and noradrenaline, and,
thus, lacks the specificity of ATD, which should affect
only serotonin among the major neurotransmitters. Re-
sults from studies using other techniques must be used
to infer which effects of APTD are attributable to
dopamine and which are attributable to noradrenaline.
Second, unlike AMPT, APTD may decrease the synthe-
sis of the trace amines phenylethylamine and tyramine
in brain. However, unlike ATD, which may lower the
levels of other potentially psychoactive tryptophan me-
tabolites, such as melatonin, quinolinic acid, and
kynurenic acid, there are no other obvious metabolites
of phenylalanine and tyrosine, other than trace amines,
that might affect brain function. Third, as mentioned
previously, APTD, as ATD, may have nonspecific ef-
fects related to amino acid imbalance. Fourth, there is
no direct evidence that APTD lowers the rate of cate-
cholamine synthesis, let alone catecholamine function,
in humans. For ATD, there is evidence for a lowering of
serotonin synthesis in human CNS from both PET
(Nishizawa et al. 1997) and CSF (Carpenter et al. 1998)
studies. However, there is no positron emission tomog-
raphy (PET) method for studying the metabolic flux
through tyrosine hydroxylase, so measurement of CSF
catecholamines or their metabolites is the only feasible
method. Meanwhile, the evidence that lowered plasma
tyrosine can, under some circumstances, decrease brain
catecholamines must be inferred from animals studies
and the behavioral effects in humans.

In conclusion, the present study: (1) indicates that
APTD decreases tyrosine to LNAA ratios by 80%; (2)
replicates our earlier finding that ATD can transiently
lower mood in healthy women; (3) indicates that APTD
can also transiently lower mood; (4) suggests that
APTD does not reduce anxiety responses in healthy
women; and (5) indicates that effects of both ATD and
APTD are greater following exposure to a psychologi-
cal challenge. This last finding might suggest that low-
ered monoamine synthesis decreases monoamine avail-
ability for use during periods of elevated demand; the
result might be disturbed responses to psychological
stressors and increased vulnerability to negative mood
states. In some people, low monoamine synthesis might
be a trait that increases the risk for mood disorders fol-
lowing exposure to stressful life events (e.g., Kendler et
al. 1995; Trestman et al. 1991).
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