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Introduction

Bright light can alleviate low mood in patients with seasonal af-
fective disorder (SAD),1 nonseasonal major depressive disor-
der,2,3 antepartum depression,4 eating disorders5,6 and those
with subsyndromal winter mood disturbances7,8 (for con -
trasting results, see Rosenthal and colleagues9). Although the
mechanism of action behind the therapeutic effect of bright
light remains poorly understood, some potential candidates
contributing to this effect have been identified. For example, al-
tered diurnal rhythms may be involved, and administration of
melatonin at certain times of day can shift rhythms and im-
prove symptoms in patients with SAD.10 Cortisol is also impli-

cated, but the effects have been inconsistent, as extended bright
light exposure has been reported to decrease,11 increase12,13 and
to have no effect14 on plasma cortisol levels in humans. A small
but more consistent literature implicates serotonin (5-HT). De-
creasing 5-HT synthesis with acute tryptophan depletion
(ATD) temporarily reverses the effects of phototherapy,15,16

while in the converse experiment, bright light exposure pro-
tects against ATD-induced mood lowering in healthy women
with mild seasonal changes to mood and behaviour.17

The SAD symptom cluster of lethargy, psychomotor retar-
dation, weight gain and low motivation18 suggest a hypoactive
dopamine (DA) system.19–22 However, evidence that light influ-
ences DA transmission remains limited and largely indirect.
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Background: Despite evidence that bright light can improve mood, the neurobiology remains poorly understood. Some evidence impli-
cates the catecholamines. In the present study, we measured the effects of transiently decreasing dopamine (DA) synthesis on mood
and motivational states in healthy women with mild seasonal mood changes who were tested in either bright or dim light. Methods: On
2 test days, participants slept overnight in a light-controlled room. On the morning of each session, half of the participants awoke to grad-
ual increases of bright light, up to 3000 lux, and half to dim light (10 lux). For all participants, DA was reduced on 1 of the test days using
the acute phenylalanine/tyrosine depletion (APTD) method; on the other day, they ingested a nutritionally balanced control mixture
(BAL). Beginning 4 hours postingestion, participants completed subjective mood questionnaires, psychological tests and a progressive
ratio breakpoint task during which they worked for successive units of $5. Results: Thirty-two women participated in our study. The
APTD lowered mood, agreeableness, energy and the willingness to work for monetary reward. The effects on energy and motivation
were independent of light, while the effects on mood and agreeableness were seen in the dim condition only, being prevented by bright
light. Limitations: Acute phenylalanine/tyrosine depletion might affect systems other than DA. The sample size was small. Conclusion:
These results suggest that increased DA function may be responsible for some of the beneficial effects of light, while adding to the evi-
dence that the neurobiology of mood and motivational states can be dissociated.



Dopamine and light: mood and motivation

J Psychiatry Neurosci 2013;38(6) 389

For example, acute bright light exposure (7000 lux for 10 min)
increased striatal blood flow in healthy volunteers,23 and in a
case series of patients with Parkinson disease, light exposure
(1000–1500 lux, 1 hour daily for 2 weeks) improved mood, so-
cial activity and motor function and, in some cases, reduced
DA replacement therapy dosages by 13%–100%.24 Consistent
with this, DA D2/D3 receptor availability was greater in partici-
pants whose measurements were preceded by 30 days with
more sunshine than in those tested after less sunshine.25 Pa-
tients with symptomatic SAD also show evidence of altered
DA system function, and, compared with healthy controls,26

striatal DA transporter (DAT) availability is reduced. More-
over, in patients with remitted SAD, catecholamine depletion
with α-methyl-para-tyrosine (AMPT) reversed the therapeutic
efficacy of bright light.27 Finally, in a preclinical model, rodents
kept in constant darkness showed increased monoamine cell
body apoptosis — changes that were associated with behav-
ioural alterations indicative of a depressed state.28

The purpose of the present study was to investigate the roles
of DA and light on mood and motivational states using the
acute phenylalanine/tyrosine depletion (APTD) method.29,30

The APTD method has a number of advantages. Unlike
AMPT, evidence suggests that it preferentially affects the re-
lease of DA;29 compared with DA receptor antagonists, APTD
influences presynaptic release and, consequently, the activa-
tion of all DA receptor subtypes. While APTD does not typ -
ically induce mood-lowering when participants are at rest,31

 effects have been seen in women following a psychological
challenge.32 Features of the study design were similar to that of
aan het Rot and colleagues,17 with the exception of the trans-
mitter targeted. In brief, healthy women with mild seasonal
changes to mood and behaviour were tested in bright or dim
light conditions after ingestion of amino acid mixtures that
 either did or did not contain the DA precursors phenylalanine
and tyrosine. We hypothesized that APTD would lower both
mood and  motivation and that these effects would be pre-
vented by ex posure to bright light.

Methods

Participant recruitment

This study was approved by the Institutional Review Board
of McGill University’s Faculty of Medicine, and all partici-
pants provided written informed consent. The study was car-
ried out on women, as some depletion studies found women
were more susceptible to mood-lowering effects than men.16

Participants were recruited using advertisements asking for
women who felt less energetic in winter than in summer.
Those individuals who expressed interest were scheduled for
an assessment that included the Structured Clinical Interview
for DSM-IV, Non-patient Edition (SCID-NP33), the Seasonal
Pattern Assessment Questionnaire (SPAQ34), the Short Michi-
gan Alcoholism Screening Test,35 the Beck Depression Inven-
tory (BDI36) and a self-rated version of the Hamilton Rating
Scale for Depression, Seasonal Affective Disorders self-rating
version.37 The SPAQ included the Global Seasonality Scale
(GSS), which assesses degree of seasonal change on 6 dimen-

sions: sleep, appetite, mood, energy, weight and social activ-
ity. The inclusion criteria were age 18–40 years, because sea-
sonality is more common in this age range,38 and a GSS score
of 6 or more out of 24, which indicates at least mild seasonal
changes in mood and behaviour. In addition participants
must have never met criteria for major depressive disorder,
including seasonal type (i.e., SAD). Exclusion criteria were
any past or present Axis I disorders, as defined by the DSM-
IV-TR; a BDI score of 15 or higher; use of hormonal contra-
ceptives in the previous 3 months; abnormal sleep patterns;
excessive caffeine, tobacco or alcohol use; and any current
medical illness. Medical health was assessed through an
exam performed by a physician.
Testing took place over 3 consecutive winter seasons

(2008–2010) starting and ending with the daylight savings
time changes, which occurred on the first Sunday in Novem-
ber and the second Sunday in March.

Study design

Participants were randomly assigned, in blocks of 4, to
2 groups: the dim and bright light conditions. In both condi-
tions, participants received the APTD mixture and the nutri-
tionally balanced (BAL) control mixture on different days
 using a double-blind crossover procedure. The order of treat-
ment was randomized. The APTD mixture and the proced -
ure for its administration was the same as that used previ-
ously.32 As participants were blind to which amino acid (AA)
mixture they received on each day, the fact that they were
not blind to the bright or dim light condition should not have
biased the results.
On each test day, participants ingested the APTD or BAL

mixture. Changes in plasma tyrosine and prolactin levels
have been observed as soon as 1–3 hours after ingestion of
the AA mixture, but effects may be maximal at 4–7 hours.39,40

Experimental procedure

Testing environment
The testing environment was a windowless, temperature-
controlled and soundproof isolation suite free from external
time cues, ensuring uniformity among sessions. Light inten-
sity settings were verified with a calibrated light metre
(IL1400A; International Light). Light was administered by
ceiling-mounted banks of cool-white fluorescent lamps
(4100 K, F32T8/TL841; Philips Lighting, and F032/841; Syl-
vania) covered with filters emitting less than 1% of radiant
energy up to 400 nm (Uvalite Plus; Plaskolite Inc.).

Pre-experimental session protocol
We asked participants to keep a regular sleep/wake cycle for
at least 1 week before each test day. Test days took place dur-
ing the follicular phase of the menstrual cycle and at least
3 days apart. The day before each test day, participants were
asked to consume a low-protein diet.
A prepackaged, precooked meal was either collected by the

participant at McGill University or delivered to her home be-
fore each test day. These meals were the same as those used



previously in a study conducted in our laboratory,41 and the
protein (22.6 g/24 h), and caloric content (2212 kcal/24 h)
were similar to those in the low protein diet used by Delgado
and colleagues.42 The same diet was provided before both ex-
perimental sessions to maintain the double-blind and stan-
dardize the participant’s food intake the day before a test day.
Participants arrived at the laboratory on the evening before

each test day, at least 1 hour before their normal sleep time.
Upon arrival, participants handed in all personal devices that
indicated the time, were placed in their isolation suite, were
asked to complete a set of questionnaires, and were screened
for recent illicit drug use (Triage Panel for Drugs of Abuse,
Biosite Diagnostics) and pregnancy. Lights were turned off at
their habitual bedtime, and participants slept in total dark-
ness for their individual standard duration of sleep (7–9 h).

Experimental session
Test sessions began at each participant’s normal wake time
with an initial light setting of 10 lux; if the participant was as-
signed to the dim light group they remained in this light set-
ting. For participants in the bright light group, light was grad-
ually increased in 3 increments over 15 minutes (10, 180 and
3000 lux) and then remained at 3000 lux for the remainder of
the test day. Participants remained in their assigned light con-
dition for the entire test day (460 min). Participants were
given 30 minutes to get ready for the day, after which they
completed morning questionnaires, had their vital signs
recorded and provided a blood sample. They were then given
1 of the AA mixtures. Subjective rating questionnaires were
completed 4, 5, 6 and 6.5 hours post ingestion. Between 4 and
6 hours postingestion 2 computer tasks were administered: a
challenging facial emotion recognition task and a progressive
ratio (PR) breakpoint task. Data from the first task are not pre-
sented here. After completion of the computer tasks, partici-
pants had a second blood sample taken. At 6.5 hours post -
ingestion, participants underwent a negative mood induction
procedure, as outlined below. About 6.75 hours after being
awoken, participants completed a final set of questionnaires,
had their vital signs reassessed, had a high protein meal to
normalize their tyrosine levels, and went home (Appendix 1,
Fig. S1, available at cma.ca/jpn).

Negative mood induction procedure
During the initial screening, participants were asked to pro-
vide and rank 5–10 sad autobiographical memories, which
were used in an established negative mood induction pro -
cedure.43 On each test day, participants listened to music
known to induce a sad mood. While the music was playing,
the researcher narrated a standardized script instructing the
participant to listen to the music and recall the personal
memory they had ranked as most sad. After reading the
script, the participant was left alone for 20 minutes with the
music playing.

Test measures

Self-reported mood ratings
Self-reported mood states were measured with the 72-item

bipolar Profile of Mood States (POMS), a questionnaire sensi-
tive to transient fluctuations in subclinical mood states.44 Raw
POMS scores were normalized to t scores.

Incentive motivation
A PR breakpoint task was administered on a computer to
measure motivation. Participants were offered the opportun -
ity to work for $5 amounts by repeatedly pressing the letters
“D” and “R;” each successful D–R combination counted as
1 press. Participants were told they could stop at any time, or
when the time limit, unknown to them, was reached. To re-
ceive the first $5, participants had to complete 100 presses.
Each subsequent breakpoint increased by a factor of 2.3. Par-
ticipants could complete up to a maximum of 10 reward
units ($50 maximum). A session ended when the ratio was
too large to maintain responding or when the time ran out
(50 min). The dollar amount used as a monetary reward for
the incentive motivation task was determined by a pilot
study (Appendix 1, supplementary results). Those data indi-
cated that, first, participants were willing to work to com-
plete PR breakpoints to earn units of monetary reward and
that, second, those participants working for units of $5
reached higher breakpoints than those working for $1 units.
Based on these results, and to avoid floor effects, we used the
$5 reward unit for the present study.

Side effects
Dizziness, headache and nausea have been reported follow-
ing AA mixture ingestion or exposure to bright light.17 These
3 items were assessed using visual analogue scales (VAS)
100 mm in length.

Plasma amino acid analysis
We obtained blood samples 15 minutes before and about
6 hours postingestion of the AA mixture (5 of 64 samples were
not obtained). Blood samples were centrifuged immediately
(10 min, 1500g, 0 ºC) and stored at –80 ºC until further analysis.
We measured plasma AA levels, except for tryptophan, using
high-pressure liquid chromatography with fluorometric detec-
tion (HPLC-FD) on an Ultrasphere ODS  reverse-phase column
(Beckman Coulter) with ophtalaldehyde precolumn deriva -
tization and aminoadipic acid as an internal standard. Total
tryptophan levels were measured by HPLC-FD on a Bondpak
reverse-phase column  (Phenomenex).

Statistical analysis

All analyses were performed using IBM SPSS Statistics Ver-
sion 19 for Macintosh. We analyzed between-groups demo-
graphic variables using independent sample t tests. Changes
to plasma AA levels, behavioural measures and subjective
mood states were analyzed using repeated-measures analysis
of variance (ANOVA). To rule out the potential influence of
baseline differences on subjective mood ratings on the POMS
or side-effect ratings on the VAS, we calculated ∆ scores from
evening baseline by subtracting data from each time point
from the evening baseline to get a difference score; ∆ scores
were used for all analysis of participant mood states and side
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effects. The ANOVA included 2 within-subjects variables: AA
mixture (APTD v. BAL) and time. The model also included
1 between-subjects variable: light (bright v. dim). Models con-
sidered AA mixture, light, time and their interactions. We
considered main effects and interactions to be significant at
p < 0.05. Significant interactions and planned comparisons
were analyzed post hoc using a Bonferroni correction for mul-
tiple comparisons. We used Pearson correlations to evaluate
the association between AA mixture–induced side effects and
subjective mood and behavioural measures whensignificant
results were found. We considered these results to be sig -
nificant at p ≤ 0.05. All tests were 2-tailed.
All variables were screened for normality using the

Shapiro– Wilks test, and equality of variance was assessed
 using the Levene test. These analyses indicated that the PR
task data required a Log10 transformation to satisfy the as-
sumption of normality required for parametric analyses.

Results

Participants

Eighteen women were initially assigned to the dim light condi-
tion. Of these, 2 withdrew after the first test day (1 stated side
effects, 1 stated illicit drug use post–test day). Twenty women

were initially assigned to the bright light condition. Of these, 4
withdrew after the first test day (3 stated side effects, 1 stated
time constraints). Four of these 6 women had received the
APTD mixture. Thirty-two women completed the study. 
Participant GSS scores ranged from 7 to 16 out of 24 (mean

10.6, standard deviation [SD] 2.5). As none of the participants
reported major depressive episodes, as determined by the
SCID, but all described clinically relevant symptoms during
the winter months, participants were classified as having sub-
syndromal SAD.7 Average participant age was 23.0 (SD 4.8)
years, and BDI scores averaged 3.13 (SD 3.44). Participants in
the 2 light conditions were similar on demographic variables
with the exception of alcohol consumption (Table 1); however,
all drinking histories were below clinically relevant levels, and
individual differences in alcohol use did not correlate with
any of the behavioural variables analyzed.
Of the 16 women randomly assigned to the dim light

group, 9 received BAL on their first test day and 7 received
APTD. Of the 16 women assigned to the bright light group, 8
received BAL on their first day and 8 received APTD.

Table 1: Demographic and clinical characteristics of participants 

Group, mean (SD)* 

Characteristic 
Bright light  

n = 16 
Dim light  
n = 16 

9.12 ry ,egA  (2.6) 24.2 (6.1) 

Body mass index 23.1 (2.3) 22.3 (2.7) 

Current alcohol use, drinks/wk† 5.1 (2.7) 2.0 (2.0) 

3.3 erocs IDB  (3.7) 3.0 (3.3) 

SPAQ: Global Seasonality Score 10.4 (2.2) 10.8 (2.8) 

Occupation, % student 50.0 68.8 

Bed time, hh:mm 23:32 (0:54) 00:00 (0:42) 
Wake time, hh:mm 8:10 (1:21) 8:32 (0:35) 

BDI = Beck Depression Inventory36; SD = standard deviation; SPAQ = seasonal pattern 
assessment questionnaire.34  
*Unless otherwise indicated. 
†t30 = 3.75, p < 0.001. 

Table 2*: Plasma levels of tyrosine and phenylalanine, and ratios of tyrosine and phenylalanine to large neutral amino acids

BAL, mean (SD) APTD, mean (SD)

Amino acid, µmol/L Morning session Afternoon session Difference, % Morning session Afternoon session Difference, %

Tyrosine 49.8 (1.6) 123.0 (10.0)‡ 147.1 52.5 (1.5) 13.6 (0.6)‡ –74.1

Phenylalanine 44.8 (1.0) 57.0 (4.0)‡ 27.0 45.4 (1.1) 14.8 (1.2)‡ –67.5

Tyrosine:LNAA† 0.131:1 (0.004) 0.151:1 (0.011) 15.2 0.135:1 (0.003) 0.015:1 (0.001)‡ –88.8

Phenylalanine:LNAA 0.116:1 (0.002) 0.063:1 (0.003)‡ –45.9 0.115:1 (0.002) 0.017:1 (0.002)‡ –85.3

APTD = acute phenylalanine tyrosine depletion; BAL = balanced; LNAA = large neutral amino acid; SD = standard deviation.
*On the APTD test session, plasma concentrations of tyrosine and phenylalanine decreased significantly (tyrosine F1,26 = 151.25, p < 0.001; phenylalanine F1,26 = 79.56,
p < 0.001). The APTD mixture decreased tyrosine and phenylalanine levels by 74.09% and 67.46% from baseline. In comparison, the BAL mixture increased plasma tyrosine
and phenylalanine by 147.11% and 27.01%. Ingestion of the APTD mixture also significantly decreased the ratio of tyrosine to other LNAAs by 88.77% (p < 0.001), whereas
the BAL mixture caused a nonsignificant change in ratio (change of 15.18%, p = 0.06). Ingestion of both mixtures significantly decreased the ratio of plasma phenylalanine
to other LNAAs (F1,26 = 155.30, p < 0.001), but the reductions were more pronounced following APTD than BAL with a decrease of 85.34% versus 45.90%, respectively
(p < 0.001).
†LNAAs include phenylalanine, tryptophan, leucine, isoleucine, valine and methionine.
‡p < 0.0001.
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Fig. 1: Change on progressive ratio breakpoint task performance in-
duced by ingestion of a control balanced (BAL) or acute phenylala-
nine/ tyrosine depletion (APTD) amino acid mixtures. Plotted scores
are mean number of presses corresponding to the final breakpoint
and standard error of the mean (SEM). Participants, regardless of
light condition, worked for fewer $5 units on the APTD test day than
on the BAL test day.



Plasma amino acids

Plasma concentrations of tyrosine and phenylalanine increased
and decreased 4 hours postingestion of the BAL and APTD
mixtures, respectively. There was no significant effect of light
on plasma amino acid levels (F1,26 = 0.001, p = 0.51; Table 2).

Effects of APTD: not prevented by light

Motivation
We found a significant main effect of AA mixture for PR

breakpoint reached (F1,30 = 6.624, p = 0.015). On the APTD test
session, the breakpoint achieved was lower than that
achieved with the BAL session, and this effect was independ -
ent of light (light ×AA mixture: F1,30 = 1.657, p = 0.21; Fig. 1).

Energy
There was a significant AA mixture × time interaction for the
POMS energetic–tired subscale (F4,120 = 4.711, p = 0.001;
Table 3). Compared with the BAL test session, participants’
rating scores on the APTD session began to decrease during
the psychological tasks (p = 0.10), an effect that was statistically
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Table 3: Summary of raw POMS subscale scores

Time point, mean (SEM)

POMS Item

Laboratory
entry (evening

baseline)
Before AA

mixture
4 h postingestion

(pretasks)
5 h postingestion

(midtasks)
6 h postingestion

(posttasks)
6.5 h postingestion

(post-NMI)

Composed–anxious

Dim light condition

BAL 56.8 (2.0) 57.9 (2.2) 60.0 (2.5) 56.9 (2.5) 57.5 (2.4) 54.9 (2.3)

APTD 60.1 (2.3) 57.9 (2.3) 59.2 (2.6) 55.5 (2.3) 55.4 (2.5) 53.6 (2.2)

Bright light condition

BAL 61.4 (2.3) 61.6 (2.1) 61.1 (2.0) 61.3 (2.3) 59.6 (2.1) 57.4 (2.2)

APTD 60.3 (2.7) 60.1 (2.1) 61.6 (2.1) 58.8 (2.3) 60.1 (2.5) 56.0 (2.3)

Confident–unsure

Dim light condition

BAL 53.9 (1.7) 54.4 (1.7) 51.3 (1.7) 50.8 (1.9) 52.6 (1.9) 46.0 (2.2)

APTD 54.8 (2.3) 53.6 (2.3) 51.1 (1.9) 49.3 (1.9) 48.8 ( 1.9) 45.6 (2.3)

Bright light condition

BAL 56.4 (1.3) 52.9 (1.2) 55.0 (1.5) 51.8 (1.6) 54.0 (1.5) 49.7 (1.7)

APTD 54.4 (1.6) 53.6 (1.6) 53.7 (1.6) 49.8 (1.5) 51.4 (1.4) 48.2 (1.5)

Clearheaded–confused

Dim light condition

BAL 51.6 (1.9) 54.8 (2.0) 52.1 (2.2) 51.8 (2.2) 53.4 (2.0) 47.8 (2.4)

APTD 53.8 (2.4) 54.3 (2.0) 51.0 (2.0) 48.4 (1.7) 48.0 (2.0) 47.8 (2.7)

Bright light condition

BAL 55.8 (1.7) 54.9 (1.5) 56.1 (1.8) 54.5 (2.3) 54.6 (1.9) 51.1 (2.4)

APTD 55.2 (2.0) 54.5 (1.7) 55.6 (1.7) 53.4 (1.7) 55.0 (1.6) 50.3 (1.9)

Elated–depressed

Dim light condition

BAL 52.9 (2.2) 51.1 (2.2) 48.8 (1.8) 49.4 (2.1) 52.4 (2.1) 37.8 (1.9)

APTD 52.6 (2.8) 51.9 (2.5) 48.4 (2.0) 48.3 (2.3) 47.4 (1.9) 37.7 (2.2)

Bright light condition

BAL 56.1 (1.6) 54.1 (2.0) 54.8 (2.0) 53.8 (1.7) 53.8 (1.5) 42.9 (2.0)

APTD 53.1 (2.2) 52.6 (1.8) 53.5 (1.8) 52.1 (1.6) 51.9 (1.6) 41.4 (2.0)

Agreeable–hostile

Dim light condition

BAL 50.6 (2.4) 53.4 (2.6) 53.3 (2.7) 53.2 (2.9) 54.4 (2.6) 49.3 (3.1)

APTD 53.7 (3.2) 53.4 (2.6) 53.0 (2.8) 49.7 (2.4) 48.8 (2.7) 49.4 (3.1)

Bright light condition

BAL 57.4 (2.4) 57.1 (2.5) 56.6 (2.5) 55.1 (2.5) 54.3 (2.7) 50.3 (2.5)

APTD 55.4 (2.5) 55.0 (2.4) 56.2 (2.3) 54.0 (2.3) 53.8 (2.5) 51.4 (2.9)

Energetic–tired

Dim light condition

BAL 49.4 (1.5) 51.3 (1.8) 49.4 (1.6) 49.8 (1.7) 50.8 (1.7) 44.7 (1.6)

APTD 50.2 (2.9) 50.6 (2.0) 46.6 (2.1) 44.7 (2.0) 44.0 (1.9) 45.3 (1.9)

Bright light condition

BAL 50.7 (2.1) 50.3 (2.1) 51.6 (1.9) 49.3 (2.3) 49.8 (1.8) 44.4 (1.9)

APTD 49.4 (2.2) 50.2 (1.8) 49.4 (1.7) 46.4 (1.9) 47.1 (2.2) 43.9 (1.6)

AA = amino acid; APTD = acute phenylalanine tyrosine depletion; BAL = control/balanced amino acid mixture; NMI = negative mood induction procedure;
POMS = profile of mood states; SEM = standard error of the mean.
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significant immediately after their completion (p = 0.036).
Again, this effect was independent of light (light ×AA mixture
× time: F4,120 = 1.007, p = 0.41; Fig. 2).

Effects of APTD: prevented by light

Agreeable–hostile
There was a significant 3-way light × AA mixture × time
inter action for the POMS agreeable–hostile subscale (F4,120 =
2.580, p = 0.040). Participants in the dim light group reported
significantly lower scores (i.e., greater hostility) with the
APTD mixture than with the BAL mixture (Fig. 3). The
 decrease in agreeable–hostile scores was significant at 5
(p = 0.012) and 6 hours (p = 0.002) postingestion, correspond-
ing to mid- and postpsychological task periods. This effect of
APTD was not seen in the bright light group (p = 0.21). Vis -
ual inspection of the data also indicated a small decrease in
agreeable–hostile scores for participants in the bright light
group that was not predicated a priori. However, there was
no significant main effect of light, and the more prominent
difference in scores was between AA mixtures within the
dim light condition.
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Fig. 2: Changes in Profile of Mood States (POMS) energetic–tired
mood scores induced by ingestion of control balanced (BAL) or acute
phenylalanine/tyrosine depletion (APTD) amino acid mixtures. The
plotted scores are the mean ∆ score from evening baseline and stan-
dard error of the mean (SEM). A negative change in scores represents
a lowering in mood. There was a significant main effect of amino acid
mixture collapsed across light conditions, with participants reporting
significantly lower energy levels 6 hours postingestion on the APTD
day than on the BAL day. NMI = negative mood induction.
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Fig. 3: Changes in Profile of Mood States (POMS) agreeable–hostile mood scores dependent on light condition (bright v. dim) and ingestion of
a control balanced (BAL) or acute phenylalanine/tyrosine depletion (APTD) amino acid mixture. Values are shown as mean ∆ score from
evening baseline and standard error of the mean (SEM). A negative change in scores represents a lowering in mood. Significant results are
between BAL and APTD within the dim light condition. No significant differences between amino acid mixtures were found within the bright
light condition. *p < 0.05, †p < 0.01. The dim light group had significantly lower ratings of agreeableness on the APTD test session than on the
BAL session at 5 hours and 6 hours postingestion. The inset graph depicts the same data represented as a double ∆, with difference scores
calculated from morning baseline and net difference scores calculated between APTD and BAL at each time point within each light condition.
The significant time points for the agreeable–hostile subscale remained consistent across both analyses. NMI = negative mood induction.
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Elated–depressed
There was not a significant light × AA mixture × time interac-
tion for the POMS elated–depressed subscale (F4,120 = 1.424,
p = 0.23); however, as significant differences were anticipated
on this scale a priori, we proceeded with planned compari -
sons. After completion of the psychosocial tasks, there was a
trend for participants in the dim light group to report lower
elated–depressed scores on the APTD day than on the BAL
day (6 h postingestion, p = 0.05), an effect not seen in partici-
pants tested in the bright light group (p = 0.60; Fig. 4).

Nonsignificant POMS subscales
Other than a main effect of time (F5,150 = 9.148, p = 0.001), there
were no significant main effects or interactions for the 3 re-
maining POMS subscales (composed–anxious,  confident–
unsure, clearheaded–confused).

Negative mood induction procedure

The negative mood induction (NMI) procedure was intended
to act as a final stressor; however, the effects were potent,
overwhelming any potential modest effects of APTD on
mood. For all subscales of the POMS there was a significant

effect of time (F4,120 = 8.947, p = 0.001), reflecting lower mood
ratings following the NMI (6.5 h postingestion), as compared
with all other time points (p = 0.027).

Discussion

In the present study, 2 main findings emerged. First, to our
knowledge, this study provides the first evidence in humans
that lowered DA transmission can reduce the motivation to
work for a nonpharmacological reward, an effect produced
irrespective of light condition. Second, APTD increased sus-
ceptibility to low mood following the mild stress of perform-
ing psychological tasks, an effect that was prevented by
bright light exposure. Since bright light exposure prevented
only some of the effects of APTD, the results support the sug-
gestion that the influence of DA on mood and motivational
states are dissociable. Moreover, the results add to the evi-
dence that the effects of DA on motivational states do not re-
quire changes in mood.22,45 These results do not suggest,
though, that mood and motivational states are unable to in-
fluence each other;46,47 negative mood states can decrease mo-
tivation, and susceptibility to low mood could be increased
by a combination of low DA-related changes in motivation
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and energy. The present study though, suggests that neuro -
biological influences on mood and motivation are dissociable.
We have reported previously that APTD can induce a mild

mood lowering effect when participants are psychologically
stressed.32 The present study supports this observation fol-
lowing the administration of milder psychological chal-
lenges, and raises the possibility that studies where this
mood-lowering effect was absent could reflect differential
lighting conditions. Bolstering this interpretation, the present
study benefitted from testing participants under carefully
controlled conditions. Participants arrived the night before,
slept in the laboratory and remained there throughout testing
procedures without external influences or contact with indi-
viduals other than the researcher and nurse.
In previous studies, APTD reduced reward sensitivity48 as

well as the willingness to work for pharmacological re-
wards.49,50 The present study indicates that lowered DA can
also reduce the motivation to work for a nonpharmacological
reward. The measure of motivation was the PR breakpoint
task. Reductions in PR breakpoints could occur for many rea-
sons, including increased fatigue, lowered mood or a de-
crease in the reward’s ability to sustain focused interest in -
dependent of mood.45,51 Notably, no significant correlations
between changes in POMS energetic–tired scores and PR re-
sults were found for either light condition (r < 0.218, p > 0.15).
While it cannot be ruled out that the effect of APTD on PR
breakpoints may have reflected fatigue or psychomotor retar-
dation, previous APTD studies reported no effect of APTD
on response time or latency in either recovered depressed pa-
tients48,52 or healthy controls,53 whereas a significant increase
in apathy has been observed.53 Our observations support this
finding and suggest that motivation to obtain reward and
subjective experience of energy are both DA-related but may
be independent effects. This finding is also supported by ani-
mal and human research demonstrating that locomotor acti-
vation or fatigue can be behaviourally and anatomically dis-
sociated from motivation to work for or seek out reward.54,55

Limitations

Our results should be interpreted in light of the following
considerations. First, as with most studies using different
light levels it is difficult to “blind” the condition of light.
However, the influence of light condition was only seen in
combination with AA mixture, which was administered in a
double-blind fashion, and no independent effects of light
were observed. Second, bright light did not prevent the ef-
fects of APTD on energy or motivation despite the fact that
SAD summer remission is associated with marked increases
in energy and goal-directed behaviour, sometimes to the
point of hypomanic-like states.1 This noted, our study investi-
gated the effects of an acute (1-day) change in light intensity
only. More prolonged changes in light exposure lasting days
or weeks might influence DA and DA- related behaviours
more potently. Third, the mood-lowering effects of APTD
did not appear until 5 hours postingestion — a delay that
could reflect the influence of the psychological tests adminis-
tered just before the assessment or the normal time-course of

the effects of APTD. However, the latter interpretation seems
unlikely because the subjective effects of APTD have been
seen as early as 4 hours postingestion29,40,56 and because DA
AA precursor use is known to be greater under challenge con-
ditions.57,58 Fourth, the APTD mixture increased reporting of
nausea and headache, which could have affected participants’
mood ratings. However, when analyzed, reported side-effects
and mood ratings at the 2 significant time points (5 and
6 hours postingestion) were not associated. Fifth, the ability of
bright light to prevent APTD-induced mood- lowering effects
but not the decreases in energy levels and motivation to seek
monetary reward could reflect either a positive  mood–
promoting mechanism that is nondopaminergic or effects in
2 separate DA pathways — 1 light sensitive, the other not.
However, just as selective increases in DA synthesis do not
 elevate mood,59 APTD alone, before the addition of a psycho-
logical stressor, did not lower mood. Moreover, accumulating
evidence suggests that the mechanisms regulating mood and
motivational states are separable.21,45,51 Sixth, APTD might af-
fect catecholamines other than DA. However, microdialysis,29

neuroendocrine40 and fos expression studies60 all suggest that
APTD affects DA transmission over other catecholamines.
Moreover, APTD has been shown to decrease extracellular
DA levels in humans as indicated by increased striatal
[11C]raclopride binding in imaging studies30,61 and to increase
circulating prolactin levels (indicative of reduced DA func-
tion62), but to have no effect on plasma melatonin, a neuroen-
docrine index of noradrenergic neurotransmission.63 Finally,
the sample size of 32 participants was modest, and only
women were tested. Future studies will need to involve men
to determine whether the present effects can be generalized or
whether they are sex-specific.

Conclusion

Results from the present study suggest that enhancement of
DA function may be responsible for some of the beneficial ef-
fects of light. In addition, these and findings from relevant
studies support the hypothesis that the neurobiology of
mood and motivational states can be dissociated in humans.
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