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Abstract
Dopamine is well known for involvement in reinforcement, motor control and frontal lobe functions, such as attention and memory. Tyrosine/

phenylalanine depletion (TPD) lowers dopamine synthesis and can therefore be used as a model to study the effects of low dopamine levels. This is

the first study to assess the effect of TPD on memory performance and its electrophysiological correlates. In a double blind placebo (PLA)-controlled

crossover design, 17 healthy volunteers (six males, 11 females) aged between 18 and 25 were tested after TPD and PLA. Working memory was assessed

using a Sternberg memory scanning task (SMS) and episodic memory using the Visual Verbal Learning Test (VVLT). Simultaneously, event-related

potentials (ERPs) were measured. The tyrosine and phenylalanine ratio was significantly reduced after TPD and increased after PLA. Working memory

performance was not affected by TPD. However, ERP measures were affected by the treatment, indicating that TPD impaired stimulus processing during

working memory performance. Episodic memory was not impaired after TPD. Again, alterations in ERP measures suggested adverse effects of TPD on

memory-related processing. These results suggest that dopamine is involved in both working memory and episodic memory-related processing,

although the effects are too small to be detected by performance measures.
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Introduction

Dopamine is one of the most thoroughly studied neurotrans-
mitters. It is known to be involved in reinforcement and
motor control (Nieoullon, 2002). In addition, evidence is

accumulating that dopamine is likewise involved in cognitive
function, including frontal lobe functions such as attention,
planning and working memory (Cools and Robbins, 2004).

Previous research has shown that in diseases in which dopa-
mine transmission is altered, such as Parkinson’s Disease,
working memory is disturbed (Owen et al., 1997; Nieoullon,
2002). Dopaminergic treatment alleviates this problem (Costa

et al., 2003; Lewis et al., 2005; Moustafa et al., 2008).
Similarly, dopamine-elevating compounds improve working
memory performance in healthy volunteers (Elliott et al.,

1997; Luciana and Collins, 1997; Luciana et al., 1992).
Administration of dopamine-lowering compounds, on the
other hand, results in the impairment of working memory

(Luciana and Collins, 1997; Mehta et al., 1999).
A way to study dopamine function is to acutely lower

dopamine levels in the brain by depleting its precursors, tyr-
osine and phenylalanine (Barrett and Leyton, 2004). Because

these amino acids are transported into the brain by neutral
amino acid transporters, amino acids have to compete with
each other. Lowering the relative amount of one or two spe-

cific amino acids worsens their position in this competition,
which thereby leads to decreased availability of these precur-
sors in the brain (Barrett and Leyton, 2004; McTavish et al.,

2001). Indeed, there is evidence that Tyrosine/phenylalanine

depletion (TPD) reduces dopamine release, dopamine synthe-
sis and attenuates the induced elevation of dopamine levels

(Bongiovanni et al., 2008; Le Masurier et al., 2004b; Leyton
et al., 2004; McTavish et al., 1999; Montgomery et al., 2003).
The effect of TPD is anatomically selective and preferentially

affects dopamine-rich areas, such as caudate and putamen,
while not affecting other regions, such as the frontal and
cingulate cortex (Le Masurier et al., 2004a).

The findings with respect to various cognitive functions
have been very inconsistent; some studies found effects of
TPD lowering scores on spatial recognition and spatial work-
ing memory tasks (Gijsman et al., 2002; Harmer et al., 2001;

Harrison et al., 2004; Nathan et al., 2002), whereas others did
not (Ellis et al., 2007; Lythe et al., 2005; Mehta et al., 2005a),
even though lower spatial working memory and planning

accuracy scores were associated with decreased striatal dopa-
mine levels (Mehta et al., 2005b). Furthermore, TPD impairs
vigilance and sustained attention when combined with sero-

tonin depletion (Matrenza et al., 2004), but TPD alone does
not (Harrison et al., 2004). Grevet et al. (2002) found
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impaired performance on delayed recall in Rey’s auditory
verbal learning test (RAVLT) after TPD (Grevet et al.,
2002), while Harrison et al. (2004) found no effect on a

visual word-learning task.
More recently, TPD has been used to study the relation-

ship between dopamine function and mood. It has been sug-
gested that TPD induces a decrease in mood in healthy

volunteers (Leyton et al., 2000; McLean et al., 2004; Ruhe
et al., 2007). Furthermore, after TPD both healthy volunteers
and recovered depressed patients display a higher sensitivity

to negative words and a lower sensitivity to positive words in
an affective Go/No-Go task (McLean et al., 2004; Roiser
et al., 2005; Vrshek-Schallhorn et al., 2006).

Research on the relationship between dopamine and
event-related potential (ERP) components is scarce. The
available evidence, chiefly regarding P300, a component

that is related to novelty processing and stimulus evaluation,
is inconsistent (Coull, 1998; Farber et al., 2004; Prasher and
Findley, 1991; Stanzione et al., 1991). For instance, P300
latency has been reported to be increased both in cases of

enhanced and reduced dopamine transmission; delayed
latency has been observed in PD and after administration
of both dopamine antagonists and dopamine agonists

(Prasher and Findley, 1991; Stanzione et al., 1991).
Because previous studies produced conflicting results with

respect to the memory-modulating effects of altered dopa-

mine transmission, this study aimed to further explore the
effects of TPD on memory function, including working
memory and episodic memory. This was done by measuring
performance using the Sternberg memory scanning task

(SMS) and a verbal learning task, and ERPs extracted from
electroencephalography (EEG) recordings. To our knowl-
edge, no study currently exists that has combined TPD and

EEG during cognitive processing. Because working memory
deficits have been observed after depletion of dopamine in
PD, the intake of dopamine antagonists and TPD (Gijsman

et al., 2002; Harmer et al., 2001; Harrison et al., 2004; Mehta
et al., 1999; Nathan et al., 2002; Nieoullon, 2002), it was
expected that depletion of tyrosine and phenylalanine would

interfere with working memory function. Furthermore, it was
hypothesized that TPD may disturb verbal learning (Grevet
et al., 2002) and possibly enhance sensitivity to negative
words.

Method

Participants

Twenty-two healthy volunteers aged between 18 and 25 years

were recruited by means of advertisement posters at
Maastricht University. Preselection occurred on the basis of
pre-screening by telephone. The participants, without any
presence of psychiatric and neurologic diseases, were sub-

jected to a medical screening by means of a medical question-
naire. Inclusion criteria were normal binocular activity
(corrected or uncorrected), a body mass index between 18.5

and 30 and signed informed consent.
Exclusion criteria were a history or presence of mental or

physical disorders, such as cardiac, hepatic, renal, pulmonary,

neurological gastrointestinal, haematological or psychiatric

illnesses, and sensory or motor deficits that could affect test
performance. Furthermore, participants were excluded if they
were pregnant or lactating, in the case of drug abuse, when

drinking more than 20 alcoholic beverages a week or more
than five caffeine-containing beverages a day.

Five participants did not complete the study because they
had to vomit after intake of the amino-acid drink. The 17

participants (11 females, six males) who completed this
study had a mean age of 21.1 years (SD¼ 2.0 years).

The study was approved by the ethical committee of

Maastricht University and conducted in accordance with the
ethical principles that have their origin in the Declaration of
Helsinki 1975, revised Hong Kong 1989.

Design

The study was conducted according to a double-blind, placebo
(PLA)-controlled, three-way crossover design. The three test-
ing sessions were spaced apart by a period of at least one week.
On one occasion participants received a balanced amino acid

drink (PLA). On the other two occasions they received an
amino acid drink either lacking tyrosine and phenylalanine
(TPD) or histidine (HID, as part of a larger research study

(van Ruitenbeek et al., 2009)).

Procedure

The study was integrated in a larger study on the influence of
TPD and HID on the brain and behaviour. This section
describes the procedure of the complete study.

Participants were not allowed to use drugs or medication,
except oral contraceptives, within two weeks before the first
test-day until the end of the study. The participants were

instructed to arrive at the lab in a fasted condition.
Furthermore they were requested to abstain from alcohol
and caffeine from 9:00 p.m. the night before. Testing days

started at either 8:30 a.m. or 10:30 a.m. A catheter was
placed in order to collect blood samples, which were used to
verify if depletion was successful. Blood samples were obtained

at 0, 2, 4, 6 and 7 hours. After the first blood sample was
collected, participants completed two questionnaires: Bond
& Lader and the complaint list. Subsequently participants
received the amino acid drink, which had to be consumed

within 15 minutes. This was followed by a break in which
participants could consume water or caffeine-free tea. After
three hours the participants had lunch. The lunch consisted

of three slices of gluten-free bread with honey, apple treacle
or jam, an apple and a caffeine-free soda drink.

Four and half hours after consumption of the drink, the

EEG cap was placed. EEG recording started five hours after
consumption of the drink with four minutes baseline mea-
surement, two minutes with eyes open and two minutes
with eyes closed. Thereafter, the participants were subjected

to a test battery of approximately 90 minutes (with a 10
minute break in between), consisting of the following tests:
the Visual Verbal Learning Test (VVLT), Critical Tracking

Task, SMS: delayed recall and delayed recognition, Choice
Reaction Time task, Simple Reaction Time task and an
Oddball paradigm. In this study only the SMS and the

VVLT are of interest. After completion of the test battery
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the baseline EEG measurement was repeated. After the last
blood sample was taken, the catheter was removed and the
participants completed the mood questionnaire and the com-

plaint list a second time.

Material

Drink composition: The quantities of amino acids in the
mixture, as given to male participants, were based on those
used by Young et al. (1985). Female participants received

85% of this amount based on their average lower body
weight (Ellenbogen et al., 1996). The content of the TPD
mixture was the same as the balanced drink, except that it

lacked tyrosine and phenylalanine. The amino acids were
solved in 200ml (for males) or 170ml (for females) water.

Blood samples: Blood samples were collected via a catheter
placed in the participants’ dominant arm. After collection of
the blood, the catheter was cleaned with heparin and the

blood samples were centrifuged for five minutes at 4�C (at
4000 rpm). Subsequently, 1ml of plasma was stored at �20�C
until performance of the amino acid analysis (van Eijk et al.,

1993). The dependent measures were the percentage of change
from T0 to T7 in both tyrosine and phenylalanine plasma
levels and the tyrosine and phenylalanine/RLNAA ratio.

Questionnaires: Two questionnaires were used to assess

mood: the Bond & Lader Visual Analogue Scale (VAS) and
the complaint list. The VAS required participants to score
bipolar items by marking a 100mm line, with a normal
state being indicated by marking the middle of the line. The

dependent measures were total scores, measured in milli-
metres, on three dimensions: alertness, contentment and
calmness. On the complaint list participants had to indicate,

on a scale from 0 to 3, to what extent they experienced the
presented complaints, including for example nausea, head-
ache and feeling cold. The dependent measure was the total

score summed over the 31 items.

Tasks
SMS: The memory scanning task (Sternberg, 1966) was

used as a measure of working memory. In this task the parti-
cipants were required to memorize one, two or four conso-

nants. After memorization, 48 consonants were presented and
the participants were required to indicate if the presented
items appeared in the memorized sequence. The stimuli

were presented in six blocks of 48 items each. In the first
three blocks the workload increased, so participants had to
memorize one letter in the first block, two letters in the second

and four letters in the third block. In the fourth, fifth and
sixth block this order was reversed. In this task reaction time
increases linearly with the workload; that is, the number of
items that has to be held in memory. The slope of this func-

tion is an indication of the speed of scanning of short-term
memory, whereas the intercept is a measure of psychomotor
speed. The behavioural-dependent measures were slope, inter-

cept, reaction time, measured in milliseconds, and accuracy,

indicated by a number between 0 and 1, with 0 indicating that
the answer was false and 1 indicating that the answer was
right. The electrophysiological-dependent measures were the

amplitude and latency of the P150, N200, P3a and P3b ERP
components.

VVLT: This task is an adapted version of RAVLT (Lezak,
1995). The VVLT was used to measure episodic memory. It
included 30 words, 12 of which are positive, 12 of which are

negative and six of which are neutral, as determined by the
valence ratings of word lists by a pool of healthy volunteers
(Klaassen et al., 2002). These words were presented on a com-

puter screen three times in a row, each time followed by
immediate free recall of all remembered words. After 30 min-
utes, participants were subjected to a delayed recall test and a

recognition test. During the latter, 30 words were presented,
15 of which were previously presented and another 15 that
were new. The outcome measures of the immediate and
delayed recall tests were hits (correctly recalled words),

false alarms (words named that were not on the list) and
doubles (words named twice). In addition, performance was
assessed taking into account the valence of the words, by

taking the same measures for each of the valence categories
separately.

The behavioural-dependent measures of the recognition

test were reaction time, measured in milliseconds, accuracy,
indicated by a number between 0 and 1, with 0 indicating that
the answer was false and 1 indicating that the answer was
right and sensitivity (A0). A0 is calculated as follows: A0 ¼

1-1/4[fr/cr+ (1� cr)/(1� fr)], where fr is falsely recognized
words and cr is correctly recognized words. The electrophy-
siological dependent measures were the amplitude and latency

of the P150, N200, P3a and P3b ERP components.

Electroencephalography: The electroencephalogram was
recorded using 32 electrodes attached to a cap according to
the international 10-20 system (Jasper, 1958). The ground

electrode was placed on the AFz location, on the forehead.
An electrode placed at the left mastoid served as a reference.
An electro-oculogram (EOG) was measured bipolarly verti-
cally above and below the right eye and horizontally next to

the right and the left eye.
Data were sampled at 1000Hz and filtered online between

0.05 and 100Hz. Offline, data were screened for artefacts and

filtered between 1 and 30Hz. ERPs were extracted by stimu-
lus-locked averaging of epochs from 100ms before to 1000ms
after stimulus presentation.

For both tasks, ERPs were analysed at Fz, FCz, Cz, CPz,
Pz, P3 and P4. In the ERPs extracted from the electroenceph-
alogram during the SMS, five peaks could be discerned. P150
was determined as the highest amplitude within 110–210ms

after stimulus onset and N200 as the lowest amplitude within
180–300ms after stimulus onset. P3a and P3b were deter-
mined as the highest amplitude within windows individually

specified for each participant. The windows for P3a and P3b
were not overlapping and had to be between 260 and 430ms
after stimulus onset. In addition, the latencies of these four

peaks were included in the analysis.
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In the VVLT, the same components were observed. P150
was determined as the highest amplitude within a window of
130–210ms after stimulus onset, N200 as the lowest ampli-

tude within 180–260ms after stimulus onset and P3a and P3b
were again determined as the highest amplitude within win-
dows individually specified for each participant. The windows
for P3a and P3b were chosen such that they would not over-

lap and fell between 230 and 420ms after stimulus onset. The
latencies of these four peaks were included in the analysis.

Statistical analysis: All behavioural and ERP data were
analysed by means of repeated measures analysis of variance

(ANOVA) with the within-subjects factor treatment, which
had two levels: PLA and TPD. Additional within-subject fac-
tors were electrode position (five levels), workload (three levels:

one, two and four letters memorized) and stimulus type (two
levels: old and new) for the SMS. For the VVLT, additional
variables were electrode position (five levels), trial (three levels:
trial 1, 2 and 3) and valence (three levels: positive, negative

and neutral) for the immediate recall part and stimulus
type (two levels: old and new) for the recognition part.
Behavioural data, including reaction time and accuracy, and

ERP data, including amplitudes and latencies, were tested for
the main effects and all possible interaction effects. The effects
were evaluated using the Greenhouse–Geisser correction and

were considered significant at p< 0.05. Where necessary the
Bonferroni correction was applied. In the case of a significant
main effect, post hoc pairwise comparisons were conducted.
Interaction effects were analysed post hoc by conducting

additional repeated measures ANOVAs, including only
those factors that were involved in the interaction.

Results

Blood samples

After TPD, the plasma tyrosine and phenylalanine level was
significantly reduced by 57% at T7, compared to T0 (F1,13¼

131.161, p< 0.001) and the tyrosine and phenylalanine/
RLNAA ratio was reduced by 62% at T7 (F1,13¼ 108.134,
p< 0.001). The Tyrosine and phenylalanine level was
increased by 61% at T7 compared to the baseline

(F1,15¼ 24.150, p< 0.001) in the PLA condition and the
tyrosine and phenylalanine/RLNAA ratio was increased by
40% at T7 (F1,15¼ 21.992, p< 0.001).

Questionnaires

Neither the VAS nor the complaint list showed significant
differences between the PLA and TPD conditions
(Fs< 1.391).

SMS

Task performance: The behavioural measures slope, inter-

cept, reaction time and accuracy were not affected by the
treatments (see Table 1). However, TPD appeared to speed
up the reaction time (F1,16¼ 3.995, p¼ 0.063), although this

effect did not reach significance.

To evaluate whether the task worked appropriately, the

effects of workload and stimulus type on reaction time and
accuracy were analysed. The reaction time increased as work-
load increased (F1.35,21.64¼ 202.805, p< 0.001) and reaction

time was longer for new as compared to old items
(F1,16¼ 71.148, p< 0.001).

ERP measures: Figure 1 depicts the grand average ERPs
per treatment condition and task manipulation at Cz. The
ERP latencies and amplitudes were analysed using repeated

measures ANOVA with treatment, electrode position, work-
load and stimulus type as within-subjects factors. Upon
inspection of the main effects of workload and stimulus

type, we learned that the task produced the expected effects
on the ERPs. For instance, P3a amplitude decreased with
increasing workload (F1.56,24.94¼ 20.790, p< 0.001).

The relationship between treatment and the amplitude and

latency of the ERP components is plotted in Figure 2.
Treatment affected the amplitude and latency of several com-
ponents. There was no significant main effect of the treatment

on P150 amplitude or latency. N200 was delayed after TPD
(F1,16¼ 4.911, p< 0.05), as compared to PLA. TPD decreased
P3a amplitude, as compared to PLA (F1,16¼ 5.715, p< 0.05).

Furthermore, analysis of the P3a latency revealed an interac-
tion between treatment, workload and stimulus type
(F1.97,31.56¼ 6.473, p< 0.01). The post hoc analysis did not

reveal any significant effects of treatment. For P3b latency,
an interaction between the treatment and electrode position
was found (F2.41,38.53¼ 3.398, p< 0.05). The post hoc analysis
revealed that at the Fz electrode, P3b latency was increased

by TPD (F1,16¼ 5.229, p< 0.05).

VVLT

Task performance: Immediate recall scores and delayed
recall scores are listed in Table 2.

The hit rate in the immediate recall phase of the VVLT
was not affected by the treatment. However, TPD reduced
false alarms and doubles (false alarm: F1,16¼ 6.272,
p< 0.05; doubles: F1,16¼ 7.385, p< 0.05). The hit rate signifi-

cantly increased over the trials (F1.67,26.75¼ 170.913, p< 0.01),
as should be expected. Neither delayed recall (see Table 2,
Fs< 1.595 for hits, false alarms and doubles) nor recognition

(see Table 3, Fs< 1.358 for accuracy, RT and A0) were
affected by the treatment. However, accuracy was
lower when an old item was presented compared to when

a new item was presented in the recognition test

Table 1. Mean scores for dependent variables of the SMS after PLA

and TPD

Mean (SEM) scores

PLA TPD

Reaction time (ms) 472 (12) 460 (11)

Accuracy 0.96 (0.01) 0.96 (0.01)

Slope (ms/letter) 41 (3) 37 (3)

Intercept (ms) 417 (11) 410 (9)
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(F1,16¼ 7.264, p< 0.05). The valence of the words did not

affect memory performance.

ERP measures: Grand average ERPs, averaged over the

trials, after PLA and TPD, are shown in Figure 3. A repeated
measures ANOVA with treatment and electrode position
as within-subjects factors was run on these data. P150

latency was increased after TPD compared to PLA
(F1,16¼ 6.610, p< 0.05). For N200 amplitude, an interaction
between the treatment and electrode position was found

(F1.92,30.66¼ 5.448, p< 0.05). The post hoc analysis revealed
that the amplitude was different over different electrode posi-
tions for the PLA condition, but there was no clear pattern.
P3b latency was delayed after TPD as compared to PLA

(F1,16¼ 6.398, p< 0.05). Furthermore, there was an interac-
tion between the treatment and electrode position
(F2.32,40.37¼ 2.788, p< 0.05). The post hoc analysis showed

that the latency increasing effect of TPD was significant on
the FCz and Cz electrode positions.

Figure 4 depicts the grand average ERPs measured during

recognition testing after PLA and TPD. ERP amplitudes and

latencies were again analysed using a repeated measures
ANOVA with treatment (PLA and TPD) and stimulus type
(old and new) as within-subjects factors. This analysis

revealed that P150 was not altered by TPD, nor were any
main effects of treatment observed for the N200 component.
As for the latency data, however, an interaction between the

treatment and the stimulus type was found (F1,16¼ 8.278,
p< 0.05), which indicated that N200 latency decreased after
TPD when an old item was presented

P3a latency was decreased after TPD as compared to PLA

(F1,16¼ 6.868, p< 0.05).

Discussion

This is the first study that investigated the effects of dopamine
depletion on working memory and episodic memory, as well

as their electrophysiological correlates. After TPD, the tyro-
sine and phenylalanine/RLNAA ratio was decreased by 62%.
This is a significant level of depletion and similar to previous

studies using the same method (Grevet et al., 2002; Harrison
et al., 2004).

TPD did not significantly affect working memory perfor-
mance, but did have some effects on episodic memory, as was

indicated by a decreased false alarm rate and a decrease in the
double mentioning of words. During the performance of a
working memory task, TPD delayed N200 latency, decreased

P3a amplitude and increased P3b latency.
After TPD, both P150 and P3b latency were increased

during episodic memory encoding. During the recognition

phase, TPD decreased P3a latency. Accordingly, the hypoth-
esis that TPD would interfere with working memory was not
confirmed by the behavioural data. The hypothesis that TPD
would negatively affect episodic memory was even discon-

firmed by the behavioural data, since fewer false alarms and
doubles were observed after TPD. On the other hand, the
effects observed on ERPs suggest that there was a memory

modulating effect of TPD. It is suggested that these effects
were too small to be detected in the behavioural data.

Previous studies showed conflicting results with respect to

the effect of TPD on working memory (Ellis et al., 2007;
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Gijsman et al., 2002; Harmer et al., 2001; Harrison et al.,
2004; Lythe et al., 2005; Mehta et al., 2005a; Nathan et al.,

2002). A satisfying explanation for this inconsistency has not
yet been given. In this study, the lack of behavioural effects
could not be attributed to a lack of depletion. Furthermore,
both behavioural and ERP measures of the working memory

task showed the expected variations between the different task
conditions (Pelosi et al., 1995). It is important to note that the
PLA condition in this study involves the administration of a

balanced amino acid mixture, which led to a 40% increase in
the tyrosine and phenylalanine/RLNAA ratio. It is not clear
how this may have affected the results, but for future studies

the inclusion of baseline testing may be considered.

Furthermore, it is important to note that previous studies
used other working memory tests than the one used in the

present study. It is highly likely that dopamine has differential
effects on different forms of working memory. However, even
among studies using comparable tasks, there were some that

found an effect of TPD, whereas others did not. It has there-
fore been proposed that although TPD does alter dopaminer-
gic transmission, its effect may not be large enough to
consistently alter neuropsychological function (Lythe et al.,

2005). With respect to the present data, this may be a valid
suggestion, since we found no effects on behavioural mea-
sures, even though changes in the ERPs were observed.

The effects of TPD on ERP measures indicate that TPD
altered brain processes, which are possibly related to memory
function. TPD delayed N200 latency. N200 amplitude has

been linked to response inhibition or conflict (Bokura et al.,
2001; Falkenstein et al., 1995; Forster and Pavone, 2008).
Increased latency possibly reflects the prolonged duration or
delayed onset of response conflict. Alternatively, the current

finding may indicate increased response selection time after
the depletion of tyrosine and phenylalanine, since N200
latency has also previously been related to the timing of

response selection (Gajewski et al., 2008).
TPD decreased P3a amplitude. P3a is considered a novelty

related peak, where increased amplitude most likely reflects

an alerting effect of the novel stimulus (Coull, 1998).

Table 2. Means of percentages of hits, false alarms and doubles of the VVLT after PLA and TPD

Mean (SEM) of percentages of words recalled

PLA TPD

Hits False alarms Doubles Hits False alarms Doubles

Immediate recall 55.6 (2.4) 1.7 (0.5) 4.6 (0.8) 52.9 (2.9) 0.7 (0.2) 2.5 (0.4)

Delayed recall 61.6 (3.7) 2.4 (0.8) 2.9 (0.7) 57.3 (4.3) 1.8 (0.6) 1.8 (0.6)

Immediate recall – positive words 56.9 (3.2) 3.8 (1.1) 53.6 (2.8) 1.8 (0.5)

Immediate recall – negative words 53.8 (3.1) 4.1 (0.8) 52.6 (3.7) 3.1 (0.7)

Immediate recall – neutral words 57.2 (3.6) 5.6 (1.3) 52.0 (4.2) 2.6 (1.4)

Delayed recall – positive words 20.3 (1.6) 0.7 (0.4) 19.6 (1.3) 1.1 (0.3)

Delayed recall – negative words 19.8 (1.3) 1.1 (0.4) 18.3 (1.8) 0.3 (0.2)

Delayed recall – neutral words 22.5 (1.7) 1.0 (0.7) 19.6 (2.0) 0.0 (0.0)
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Figure 4. Grand average ERPs during the recognition test of the VVLT

after PLA and TPD at presentation of old and new items at Fz.
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Figure 3. Grand averages during the encoding phase of the VVLT after

PLA and TPD at Fz.

Table 3. Mean reaction time, accuracy and sensitivity of the VVLT,

recognition test after PLA and TPD

Mean (SEM) scores

PLA TPD

Reaction time (ms) 749 (23) 738 (21)

Accuracy 0.91 (0.02) 0.89 (0.02)

Sensitivity (A0) 0.95 (0.01) 0.94 (0.01)
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Decreased P3a amplitude, therefore, may indicate decreased
alertness. This may be attributed either to a decrease in dopa-
mine levels after TPD or an increase of dopamine levels after

the PLA condition. Indeed, Grevet et al. (2002) reported
increased subjective alertness ratings after consumption of
the balanced amino acid mixture as compared to the baseline.
P3b latency was increased by TPD. Since P3b latency is

known to increase when categorization of the stimulus is
made more difficult by degrading the stimulus or when
memory set size increases (Garcia-Larrea and Cezanne-Bert,

1998; Smulders et al., 1995), it can be inferred that the stim-
ulus categorization effect was increased by TPD.

Together, the described effects suggest that TPD affected

stimulus processing during working memory. However, since
no effects were observed on behavioural measures it is sug-
gested that effects of TPD are not large enough to affect

performance. This idea is supported by findings from other
studies (Ellis et al., 2007; Mehta et al., 2005a).

Episodic memory was not impaired by TPD. However,
after TPD fewer false alarms and doubles were observed in

the immediate recall phase. A decrease in false alarms has
also been observed after 5-HT suppletion, whereas false
alarms have been shown to increase after serotonin depletion

(Meeter et al., 2006). These contrasting effects are in line with
the idea that dopamine and serotonin have opposing influences
on working memory (Luciana et al., 1998). The hit rate and the

false alarm rate (taking together false alarms and doubles)
were combined post hoc in a sensitivity measure (A0) using
the same formula as used in the recognition test. This measure
indicated an increase in sensitivity after TPD (A0 ¼ 0.572 in the

PLA condition and A0 ¼ 0.753 after TPD). This further sup-
ports the idea that dopamine and serotonin have opposing
influences, since sensitivity has been observed to decrease

after serotonin depletion (Schmitt et al., 2000).
The finding that TPD did not negatively affect perfor-

mance on the word-learning test is at odds with the findings

of Grevet et al. (2002), who found decreased performance on
delayed recall as assessed in RAVLT after TPD. However,
our findings are consistent with those of Harrison et al.

(2004), who found no effect of TPD on a 15-word VVLT.
Although this has not been tested explicitly, it may be possible
that TPD exerts larger effects on auditory word learning com-
pared to visual word learning.

On the recognition task there was no effect of TPD. The
lack of memory impairing effects of TPD could not be
explained by the ineffectiveness of the task, since, as expected,

the hit rate in the immediate recall test increased over the
trials, and accuracy on the recognition task was lower for
old, as compared to new, items.

It was expected that TPD and PLA would differentially
affect responses to positive and negative words (McLean
et al., 2004; Vrshek-Schallhorn et al., 2006). However, this
was not the case. Perhaps differences between positive and

negative words can only be observed when a response has
to be made immediately after the appearance of the stimulus
(as is the case in the Go/No-Go task (McLean et al., 2004))

and not when there is a delay between stimulus presentation
and testing.

ERPs recorded during the encoding phase of this episodic

memory task revealed that TPD delayed the latency of both

P150 and P3b ERP components. P150 is, in addition to work-
ing memory, also thought to be related to stimulus categor-
ization (Schendan et al., 1998). Although in the VVLT no

categorization is necessary, encoding may be regarded simi-
larly to categorization. Delayed P150 latency may reflect a
delay in this process. This is in line with the effect on P3b
latency, since P3b is known to be dependent on stimulus

categorization time (Luck, 2005), or in this case, encoding
time. A delay in encoding therefore may lead to a delay in
P3b latency.

During recognition testing, P3a latency was decreased by
TPD. As explained above, P3a amplitude is thought to be
related to alertness or novelty (Coull, 1998). An effect on

latency is therefore more difficult to explain.
In summary, TPD did not affect episodic memory perfor-

mance. Participants even produced fewer false alarms and

reported fewer words two times in the immediate recall
phase. On the ERPs, however, some effects were observed
that were indicative of adverse effects of TPD on memory.
Since an effect of TPD on word learning was found previously

(Grevet et al., 2002) and electrophysiological correlates of
memory were affected by TPD in the present study, it is sug-
gested that the effects of TPD did affect memory processing,

but that the effects on memory performance remained sub
threshold.

In conclusion, the current findings suggest that TPD,

which lowers dopamine levels, affects memory-related proces-
sing. Dopamine is likely to be involved both in working
memory and episodic memory. This has implications for the
study of memory. Where previously the focus has been on

other neurotransmitters, such as acetylcholine and serotonin,
it has now become clear that dopamine also deserves atten-
tion. Future studies may further improve the study design in

order to produce more sizeable effects.
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