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Objective: Extracellular dopamine concentrations were esti-
mated through measurement of [11C]raclopride binding with
positron emission tomography after dietary manipulation of
the dopamine precursors tyrosine and phenylalanine.

Method: Healthy male subjects were scanned on two occa-
sions: once after receiving a balanced amino acid drink and
once after receiving a drink mixture from which tyrosine and
phenylalanine were omitted.

Results: Dietary tyrosine and phenylalanine depletion increased
[11C]raclopride binding in the striatum by a mean of 6%. The
change in [11C]raclopride binding correlated significantly with
the fall in the ratio of tyrosine and phenylalanine to large neu-
tral amino acids.

Conclusions: This is the first demonstration of an effect of a di-
etary manipulation on brain dopamine release in humans. This
result provides support for the further investigation of the role
of dietary manipulations in the treatment of neuropsychiatric
disorders.

(Am J Psychiatry 2003; 160:1887–1889)

Dietary manipulation can lower plasma concentra-
tions of tyrosine and phenylalanine, the amino acid pre-
cursors of dopamine (1), and thereby diminish access of
tyrosine and phenylalanine to the brain through competi-
tion with other large neutral amino acids for the transport
site. In animals, this results in reduced brain dopamine
synthesis (2). Indirect evidence from endocrine and psy-
chological paradigms suggests that plasma tyrosine and
phenylalanine depletion lowers brain dopamine activity
in healthy volunteers (3). In addition, tyrosine and phenyl-
alanine depletion attenuates the symptoms of patients
with acute mania (4), a putatively hyperdopaminergic
state. [11C]Raclopride binding measured with positron
emission tomography (PET) is sensitive to levels of en-
dogenous dopamine, providing a more direct measure-
ment of the effect of tyrosine depletion on brain dopamine
concentrations.

Method

PET Scanning

Seven healthy male volunteers (mean=36 years, range=26–48)
were scanned on two occasions according to a protocol approved

by the local research ethics committee. Volunteers gave written
informed consent after the procedure had been fully explained.
Bolus administration of [11C]raclopride was followed by constant
infusion (kBOL=105 minutes) (5). Total administered activity was
190 (SD=9.2) MBq per scan. Data were acquired by using a Sie-
mens ECAT 966 PET camera over 100 minutes. Binding potential
was calculated as striatal counts/cerebellar counts–1 between 38
and 80 minutes. An additional complementary analysis was per-
formed by using the simplified reference tissue model, which also
returns a value for binding potential.

Region of Interest Analysis

The striatal region of interest was defined on a magnetic reso-
nance scan positioned in standard Montreal Neurological Institute
space. An [11C]raclopride template was constructed in Montreal
Neurological Institute space and was then spatially transformed to
an individual PET image within SPM 99 (Wellcome Department of
Cognitive Neurology, University College, London). The resulting
transformation parameters were used to transform the region of
interest onto the [11C]raclopride image. Cerebellar regions of in-
terest were defined (operator blind to condition) on summated
PET images (1–35 minutes) as 15-mm radius circles placed manu-
ally on five axial planes. Time activity curves for individual regions
were generated by using image analysis software (Analyze AVW 4.0,
Mayo Foundation, Rochester, Minn.). An additional complemen-
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tary analysis was performed by using fixed-volume regions of inter-
est placed by hand on the summated PET image.

Statistical Parametric Mapping Analysis

A supplementary voxel-by-voxel analysis was performed by us-
ing SPM 99. Parametric maps of binding potential were generated
by normalizing activity (38–80 minutes) per voxel to mean cere-
bellar activity. These images were transformed into standard space,
and scans were compared by using paired t tests with analysis re-
stricted to areas of the brain with binding potential greater than
0.5. One subject was excluded from this analysis because of a
technical problem importing data into SPM 99.

Dietary Tyrosine and Phenylalanine Depletion

Subjects came to the unit at 8:45 a.m. on the morning of each
scan having followed a low protein diet for the preceding 24 hours
and having fasted from midnight. At 9:00 a.m., subjects were
given a balanced amino acid drink (isoleucine, 15 g; leucine, 22.5
g; lysine, 17.5 mg; methionine, 5 g; valine, 17.5 g; threonine, 10 g;
tryptophan, 2.5 g; tyrosine, 12.5 g; and phenylalanine, 12.5 g) or a
depleted amino acid drink, which was identical to the balanced
drink except that it lacked tyrosine and phenylalanine. The order
of drink administration for the two scans was balanced drink/de-
pleted drink for four subjects and depleted drink/balanced drink
for three subjects. For the estimation of prolactin and amino acid
concentrations, venous blood samples were taken 4 hours before
the scanning began (9:00 a.m. “prescan”), as the scanning began
(1:00 p.m. “start”), and after 100 minutes when the scanning
ended (2:40 p.m. “end”). Samples were analyzed as described (2).
The ratio of tyrosine and phenylalanine to other large neutral
amino acids (valine, tryptophan, isoleucine, and leucine) deter-
mines access of tyrosine and phenylalanine to the brain. Change
in the ratio of tyrosine and phenylalanine to large neutral amino
acids was calculated as follows:

(tprescan–tend/tend)depleting drink–(tprescan–tend/tend)balanced drink

where tprescan is the ratio of tyrosine and phenylalanine to large
neutral amino acids 4 hours before scanning began and tend is the
ratio of tyrosine and phenylalanine to large neutral amino acids
at the completion of scanning.

Statistical Analysis

For the region of interest analysis, binding potential was com-
pared between conditions by using a paired t test. For the statistical
parametric mapping analysis, an uncorrected significance thresh-
old of p<0.05 was chosen given the anatomically constrained a pri-
ori hypothesis. Differences in prolactin concentration, amino acid
ratios, and reference region time activity curve were assessed by us-
ing repeated-measures analysis of variance. Other PET variables
were compared by using paired t tests.

Results

There was a significant difference in striatal [11C]raclo-
pride binding potential between the balanced drink
condition (mean=2.6, SD=0.3) and the tyrosine/phenyl-
alanine depleted drink condition (mean=2.7, SD=0.3) (t=
–5.10, df=6, p=0.002); dietary tyrosine/phenylalanine de-
pletion increased [11C]raclopride binding potential in the
striatum by a mean of 6% (SD=3%). The statistical para-
metric mapping analysis (Figure 1) confirmed the findings
of the region of interest analysis. The simplified reference
tissue model also showed a significant increase in binding
potential (t=–3.6, df=6, p=0.01), as did analysis with fixed-
volume regions of interest (t=–3.8, df=6, p=0.009). There
was a significant increase in plasma prolactin concentra-
tion (an indirect measure of reduced dopamine trans-

FIGURE 1. Difference in [11C]Raclopride Binding in Seven Healthy Subjects After Ingestion of a Balanced Versus a Tyrosine/
Phenylalanine-Depleted Amino Acid Drinka

a The upper row shows axial and coronal statistical parametric mapping projections of the binding difference in the striatal region of interest.
The lower row shows these regions projected onto representative magnetic resonance image brain slices.
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mission in the hypothalamus) from 4 hours before drink
ingestion to 100 minutes after for the depleted drink con-
dition (mean=177 [SD=56] versus 314 [SD=140], respec-
tively) compared with the balanced drink condition
(mean=184 [SD=53] and 145 [SD=39]) (F=5.86, df=2, 12,
p<0.02). The change in ratio of plasma tyrosine and phe-
nylalanine to large neutral amino acids was significantly
greater for the depleted drink condition (tprescan: mean=
0.21 [SD=0.04]; tend: mean=0.0067 [SD=0.0038]) than for
the balanced drink condition (tprescan: mean=0.23 [SD=
0.03]; tend: mean=0.12 [SD=0.03]) (F=55.37, df=2, 12,
p<0.001). The absolute concentration of tyrosine and phe-
nylalanine was also lower relative to baseline in the de-
pleted drink condition (–74%, SD=9) than in the balanced
drink condition (266%, SD=147) (F=22.67, df=2, 12,
p<0.001). Most importantly, the increase in binding poten-
tial following tyrosine and phenylalanine depletion corre-
lated significantly with the percentage fall in the ratio of
tyrosine and phenylalanine to large neutral amino acids
(r=0.79, df=5, p=0.03), providing validation that the in-
crease of [11C]raclopride binding was related to dopamine
precursor availability.

Reference tissue time activity curve, region of interest
volume, and radiopharmaceutical parameters (total in-
jected, precursor injected, purity, and specific radioactiv-
ity) did not differ between conditions (data not shown).

Discussion

PET and microdialysis studies in primates have con-
firmed that changes in [11C]raclopride binding are asso-
ciated with alterations in extracellular dopamine concen-
trations. Limited studies in nonhuman primates after
administration of the dopamine-depleting agent alpha-
methyl-para-tyrosine would indicate that an approximate
50% reduction in striatal extracellular dopamine concen-
tration (measured with microdialysis) corresponds to a
25% increase in binding of the SPET radiotracer [123I]IBZM
(6). This would indicate that the 6% increase in [11C]raclo-
pride binding potential we report here may correspond to
at least a 10%–20% reduction in dopamine concentrations.
Indeed, because the balanced mixture also appeared to
lower tyrosine availability to the brain to a moderate ex-
tent, greater increases of [11C]raclopride binding may
have been seen in comparison with a control drink that
did not alter ratios of tyrosine and phenylalanine to large
neutral amino acids.

The reduction in presynaptic dopamine release pro-
duced by tyrosine and phenylalanine depletion offers the
potential to lower the activity of dopamine pathways
through a novel mechanism. Such an action could pro-
duce beneficial effects for a variety of neuropsychiatric
syndromes in which clinical symptoms have been linked
to increased dopamine release, such as acute schizophre-
nia and mania. Most conventional antipsychotic drugs are
fairly selective antagonists of the D2 receptor subtype of
dopamine receptor, whereas tyrosine and phenylalanine
depletion would presumably lower neurotransmission at
all postsynaptic dopamine receptor subtypes. In addition,
the effect of diminished tyrosine availability to lower dopa-
mine synthesis might be particularly apparent in those
dopamine neurons that are firing most rapidly, perhaps
resulting in the possibility of relatively selective inhibition
of overactive pathways.
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