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Cerebral dopamine homeostasis has been implicated in a wide range of cognitive processes and
is of great pathophysiological importance in schizophrenia. A novel approach to study cognitive
effects of dopamine is to deplete its cerebral levels with branched chain amino acids (BCAAs)
that acutely lower dopamine precursor amino acid availability. Here, we studied the effects of
acute dopamine depletion on early and late attentive cortical processing. Auditory event-
related potential (ERP) components N2 and P3 were investigated using high-density
electroencephalography in 22 healthy male subjects after receiving BCAAs or placebo in a
randomized, double-blind, placebo-controlled crossover design. Total free serum prolactin was
also determined as a surrogate marker of cerebral dopamine depletion. Acute dopamine
depletion increased free plasma prolactin and significantly reduced prefrontal ERP components
N2 and P3. Subcomponent analysis of N2 revealed a significant attenuation of early attentive
N2b over prefrontal scalp sites. As a proof of concept, these results strongly suggest that BCAAs
are acting on basic information processing. Dopaminergic neurotransmission seems to be
involved in auditory top-down processing as indexed by prefrontal N2 and P3 reductions
during dopamine depletion. In healthy subjects, intact early cortical top-down processing can
be acutely dysregulated by ingestion of BCAAs. We discuss the potential impact of these
findings on schizophrenia research.
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1. Introduction An important approach to studying cognitive effects of

dopamine involves pharmacological challenge; here, we

Alterations of prefrontal dopamine levels have been investigate the manipulation of cerebral dopamine levels by

implicated in several cognitive processes in healthy control
subjects as well as in schizophrenia patients. Originating from
the ventral tegmental area and projecting to prefrontal cortex,
the mesocortical dopaminergic pathway is thought to modulate
prefrontal cognitive domains such as attention, executive
control, and working memory (e.g. Goldberg et al, 2003;
Malhotra et al,, 2002; see also Goldman-Rakic et al.,, 2000;
Seamans and Yang, 2004, for reviews).
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nutritional depletion of its precursor amino acids tyrosine and
phenylalanine via branched chain amino acids (BCAAs).
Rodent experiments have shown that plasma BCAAs displace
aromatic amino acids at a transporter located at the blood-
brain-barrier (Smith et al., 1987); further, BCAAs are thought
to induce protein synthesis and plasma tryptophan is
incorporated into these newly synthesized proteins (Moja
et al., 1991). Consequently, brain levels of aromatic amino
acids decrease, which induces acute depletion of cerebral
monoamines including dopamine (see Fernstrom, 2005, for a
review).

In human subjects, surrogate markers of central dopamine
like serum prolactin level have been reproducibly impacted by
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oral administration of BCAAs (Scarna et al., 2002, 2005). Indirect
evidence for central efficacy of dopamine depletion via amino
acid mixtures in healthy subjects is provided by cognitive studies
that have shown influences on behavioral performance in the
Stroop task and in affective and non-affective Go/NoGo tasks
using acute tyrosine/phenylalanine depletion (Scholes et al.,
2007; Vrshek-Schallhorn et al., 2006) as well as in the lowa
Gambling Task using BCAAs (Sevy et al, 2006). However, in
frequently studied spatial working memory tasks, the conse-
quences of dopamine depletion seem inconclusive, with more
recent studies reporting subtle or no effects of acute tyrosine/
phenylalanine depletion per se (Ellis et al., 2005; Mehta et al.,
2005). Inconsistencies across studies using nutritional dopamine
depletion may be related to the use of different amino acid
mixtures, differences in study and/or task design, and the
difficulty of achieving selective depletion of catecholamine
precursors without perturbing brain availability of tryptophan.
These inconsistencies across studies increase the need for new
and profound measurements of effects of nutritional manipula-
tion on cerebral dopamine homoeostasis, e.g. neural processing
by means of electrophysiological measures.

Data from pharmacological challenge as well as genetic
studies strongly suggest a central role for dopaminergic
transmission in attentive neural processing, as has been
repeatedly shown with event-related potentials (ERPs). Acute
administration of haloperidol or droperidol to healthy subjects
attenuated prefrontal PN, a measure of early selective attention,
in three independent studies (Ahveninen et al., 2000; Kahkonen
et al,, 2001; Shelley et al., 1997). Another study demonstrated a
reduction of error-related negativity, an early measure of
response monitoring, following haloperidol challenge (Zirnheld
et al., 2004). After sulpirid challenge, P3 was found to be affected
bidirectionally as a function of baseline (Takeshita and Ogura,
1994). Recent studies using dissection of prefrontal P3 according
to genetic polymorphisms found significant effects of genotype
for genes coding for catechyl-O-methyl-transferase (Gallinat
et al, 2003) as well as dopamine D3 (Mulert et al,, 2006) and
D4 receptor (Krdamer et al., 2007), suggesting that prefrontal P3
phenotype is, at least in part, a function of cortical dopaminergic
activity. In sum, there seems to be strong evidence for
dopaminergic mediation of early attentive ERP components;
less conclusive, yet suggestive evidence is available for P3. Our
novel approach may help to further elucidate dopamine's role in
attentive ERP generation. The results obtained following dopa-
mine depletion are likely to be less dependent on pharmacody-
namic interactions, as may be the case in studies using different
dopamine antagonists with differential receptor affinities.

For the current investigation, N2 and P3 were selected as
attentive ERP components. N2 (MMN/N2b) is an ERP
complex obtained during selective attention when repetitive
stimuli are interrupted by infrequent events deviating in
stimulus characteristics. The first subcomponent, mismatch
negativity (MMN), is elicited irrespective of the amount of
attention allocated to the stimuli and is regarded as reflecting
involuntary or pre-attentive change detection. The second
subcomponent, N2b, overlaps with MMN and is elicited only
when attention is allocated to the deviant stimuli irrespective
of whether or not a behavioral response is required (Naatanen
et al., 1982; Opitz et al., 1999; Ritter et al., 1992). P3 is elicited
in a wide range of paradigms involving detection of
behaviorally relevant targets and represents a later stage of

attentional top-down processing. Neuroanatomically, it has
been proposed that both attentive ERP components N2b and
P3 share generators in the frontal lobe (Baudena et al., 1995;
Crottaz-Herbette and Menon, 2006).

We predicted that prefrontal attentive ERP components, i.e.
N2 and P3, would decrease as a consequence of acutely down-
regulated dopamine flux in prefrontal cortex. To address this
hypothesis, prefrontal cortical activation was studied in healthy
subjects employing high-density electroencephalography
(EEG) recording during a selective attention task, the auditory
oddball paradigm. Differences between a physiological and a
putatively dopamine-depleted state were investigated using
amplitude determination of prefrontal N2 and P3.

2. Methods
2.1. Subjects

Participants were screened for mental and physical health
and were excluded when fulfilling the criteria of psychiatric
disorders according to DSM-IV as determined by structured
clinical interviews (First et al., 2001). Further reasons for
exclusion were medical or neurological disorders, or intake of
psychotropic drugs including regular smoking. All subjects
had negative urine toxicology before participating in the
study. Only male participants were recruited in order to
minimize potential variance of dependent measures owing to
cyclical hormonal variations in females. The final sample for
this investigation consisted of 22 right-handed healthy
Caucasian subjects with a mean age of 35.5+8.3 years.
Mean body mass index (BMI) was 24.9+5.1 kg/m2. All
participants gave written consent after the study protocol was
explained in detail. All participants were paid for participa-
tion (50 $). This study was approved by the Institutional
Review Board of the Zucker Hillside Hospital, North Shore-
Long Island Jewish Health System, and was conducted in
accordance with the declaration of Helsinki.

2.2. Study design

Acute dopamine depletion was achieved by administra-
tion of a BCAA drink containing valine, isoleucine, and leucine
(60 g; ratio val:ile:leu=3:3:4). The BCAA mixture is
commercially available as a nutritional supplement drink
called Tarvil® (SHS North America, Gaithersburg, MD, USA).
Its validity as a dopamine antagonist as well as the time
course of observed effects on peripheral prolactin levels has
been established in a prior investigation from our group (Sevy
et al., 2006).

BCAA and an identically flavored placebo mixture were
administered in a double-blind, randomized, controlled cross-
over design. The placebo mixture contained a mix of artificial
pineapple flavor, gum, artificial sweeteners, and industrial filler
that adds volume and texture, but has no known effects; no
amino acids or sugars were involved since it has been found
that “balanced” amino acid mixtures lowered tyrosine avail-
ability to the brain (Montgomery et al., 2003) and thus might
confound potential results.

To eliminate potential carry-over effects of BCAAs (ti)2
approximately 1.5 h; Marchesini et al., 1987), recordings were
conducted on two non-consecutive days within one week.
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Subjects were required to fast 12 h before testing (start at 0:00).
At 10:00, a heparinized intravenous was placed for repeated
assessments of plasma prolactin levels that were determined at
baseline before BCAA or placebo administration and hourly
thereafter for 5 h. Following intravenous placement, BCAAs or
placebo were administered. At 12:00, subjects underwent a
comprehensive battery of cognitive tests, including lowa
Gambling Task, working memory, visual attention, and verbal
memory (Sevy et al., 2006). After a short break, ERPs were
recorded 3 h after BCAA ingestion at approximately 13:00. This
schedule was maintained throughout the study.

2.3. Stimuli and task

We employed an auditory oddball paradigm with pseudo-
randomized presentation of standard (261 sine waves of
1000 Hz) and target stimuli (37 sinusoidal tones of 1500 Hz,
probability .124). All stimuli were presented binaurally by
headphones at a nominal intensity of 75 dB sound pressure
level and with a duration of 100 ms including 5 ms rise and fall;
stimulus onset asynchrony was 1200 ms. Subjects were seated
in a reclined chair and were instructed to visually fixate a cross
on a computer monitor and to respond to target stimuli by
pressing a button with the right index finger as fast as possible.

2.4. ERP recording and analysis

EEG was collected with 64 Ag/Ag-Cl electrodes according
to the extended international 10/20 system using an
electrode cap. Additional electrodes were placed at left and
rights mastoids, the outer canthus of the left eye, and the tip
of the nose. A ground electrode was placed on the forehead;
electrode impedances were kept below 5 kQ. All channels
were referenced to the tip of the nose. EEG was recorded with
a Neuroscan SynAmps (El Paso, TX, US) and digitized
continuously at a sampling rate of 500 Hz. During acquisition,
EEG data were band-filtered from .05 to 100 Hz.

Offline ERP analysis was performed using Brain Vision
Analyzer 1.05 (Brain Products, Munich, Germany). At least 15
artifact-free (<100 pV) and correctly responded (within 200
to 1000 ms post target stimulus) sweeps per subject and
condition were taken into further analyses. Segments con-
taining 350 ms pre-stimulus and 800 ms post stimulus
periods were averaged per subject and stimulus type. ERP
data were then low-pass filtered at 45 Hz (24 dB/octave) and,
after baseline correction, re-referenced to linked mastoids.
Midline leads Fz, FCz, Cz, and Pz were then further analyzed.

N2 (MMN/N2b) was identified at FCz and was assessed as
the mean negative difference between ERPs elicited by target
minus standard stimuli at 100 to 240 ms post stimulus. At
electrodes other than FCz, N2 was assessed as a peak at a
comparable latency between 100 and 240 ms; if no clear peak
was detectable, this component was chosen at the same latency.
MMN and N2b were determined as the first (100-200 ms) and
second (140-240 ms) negative peak within N2 deflection,
respectively. P3 was determined at Pz as the most positive peak
between 250 and 600 ms post target stimulus and was assessed
as baseline-to-peak amplitude; assessment of P3 at other
electrodes followed the procedure for N2.

2.5. Assessment of psychopathology and adverse events

Psychiatric symptoms were assessed using the Hamilton
Rating Scale for Depression (Hamilton, 1960), Brief Psychia-
tric Rating Scale (Woerner et al., 1988), and the Scale for the
Assessment of Negative Symptoms (Andreasen, 1989). Extra-
pyramidal motor symptoms were assessed with Simpson-
Angus Scale (Simpson and Angus, 1970). Biological measures
included heart rate, blood pressure, and temperature;
additionally, subjects were asked to report at any time if
they experienced any side effects.

2.6. Statistical analyses

Statistical calculations were done using SPSS 13.0. The
effects of acute dopamine depletion on ERP component
amplitudes of N2 (MMN/N2b) and P3 were assessed by
separate repeated measures models using condition (placebo
vs. BCAA) as the main within-subjects factor and order of
treatment (condition on day 1) as the between-subjects factor;
age was included as a covariate. Other comparisons (prolactin
levels, reaction time, accuracy, N sweeps, MMN, N2b, P3) were
performed on the basis of the same repeated measuresina2 x 2
design. For analysis of prolactin levels, an additional repeated
measures model was computed using all 6 prolactin measures
obtained within one study day as within-subjects. All tests were
performed as two-tailed tests with a p<.05.

3. Results
3.1. Clinical and behavioral measures

Subjects did not report any side effects nor were there any
significant differences between placebo and BCAA condition
in any of the rating scales or of the vital signs assessed. There
were also no significant differences between treatment arms
in terms of accuracy to target stimuli (BCAA 82.06 + 7.9% vs.
placebo 84.89 + 6.6%) or reaction times (RT; BCAA 420.77 +
89.2 ms vs. placebo 413.074+79.6 ms). No significant
interactions of condition x order of treatment were found.

3.2. Peripheral prolactin levels

Peripheral serum prolactin levels are shown in Fig. 1. There
was no significant difference of prolactin levels during
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Fig. 1. Plasma prolactin levels at baseline and up to 5 h after administration of
placebo or branched chain amino acids (BCAA). *p<.01.
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Table 1
Mean (4 SD) amplitudes [uV]) of target ERP components N2 (MMN/N2b)
and P3b.

BCAA Placebo F p 7

N2 (MMN/N2b) at Fz 394349 —104+301 389 .063 .63
N2 (MMN/N2b) at FCz —.27+2.85 —204+270 814 .0098 .289
N2 (MMN/N2b) at Cz ~ —.91+£265 —226+£265 519 .034 206
N2 (MMN/N2b) at Pz~ —.674£255 —102+£221 15 .702 .007

P3 at Fz 221+334 4514510 2.70 .116 118
P3 at FCz 3.57+418 6.29+5.07 454 .046 .185
P3 at Cz 5.63+4.49 744+448 153 231 071
P3 at Pz 1042+5.54 11.68+4.99 239 .138  .107

BCAA, branched chain amino acid; MMN, mismatch negativity; 1%, partial
eta-squared.

challenge with placebo; challenge with BCAA revealed a
significant effect on prolactin levels (F(5,16)=7.881;
p=.001). In within-subjects contrasts, no significant differ-
ences between acute dopamine depletion and control condi-
tion were observed for baseline marker concentration and 5 h
after BCAA administration; however, plasma prolactin level
was significantly increased at 2 to 4 h after BCAA adminis-
tration (2 h: F(1,20)=13.835; p=.001; 3 h: F(1,20)=
53.625; p<.0001; 4 h: F(1,20) =22.077; p<.0001).

3.3. Grand average target ERPS: N2 and P3

Target-locked ERPs are summarized in Table 1. Mean
number of sweeps utilizable for ERP analysis (BCAA 21.95 +
6.67 vs. placebo 21.50 4 5.85) and mean artifact ratio (BCAA
33.19% 4+ 21.00 vs. placebo 28.21419.06%) were not signifi-
cantly different between groups. Grand average ERP wave-

Fz

——Placebo —— BCAA

forms revealed the classic ERP components N1-P2-N2-P3 in
response to target stimuli and indicated a positive shift of
prefrontal target ERPs following BCAA ingestion(Fig. 2).
Critically and in keeping with our prediction, during dopa-
mine depletion, repeated measures MANOVA indicated
significant reductions of frontocentral N2 (FCz: F(1,20)=
8.14; p=.0098) and P3 (FCz: F(1,20)=4.54; p=.046)
following BCAA ingestion. There was no interaction of
treatment condition x order of treatment neither was there
an order effect.

3.4. Difference ERPs: N2 (MMN/N2b)

Fig. 3 illustrates grand average ERP difference waves that
contrast target with standard ERP. MMN was identified with a
maximum at Fz, a mean prefrontal latency of 121.45 4+ 39.63 ms,
and a typical polarity inversion at the left mastoid when
referenced to the tip of the nose (data not shown). MMN was
followed by a frontocentrally maximal N2b component that
peaked at a mean prefrontal latency of 213.64 4-35.95 ms and
lacked polarity reversal at mastoid leads in the nose reference.
When dividing N2 into subcomponents, only N2b was found
to be significantly attenuated over the prefrontal scalp (FCz: F
(1,20) =9.04; p=.0069; 17 =.311) while MMN was insignif-
icantly reduced (Table 2).

4. Discussion

In a randomized, double-blind, placebo-controlled cross-
over study, diminished attentive cortical processing following
BCAA administration was observed. Prefrontal ERP compo-
nents N2 (MMN/N2b) and P3 were significantly reduced. The
changes in attentive ERP amplitudes were accompanied by a

Fig. 2. Grand average ERP by treatment status in response to target stimuli for selected channels in topographic head montage (right) and for midline electrodes Fz,

FCz, Cz, and Pz (left).
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Fig. 3. Grand average ERP for midline electrode FCz. (a) Grand average ERP in
response to target and standard stimuli following placebo administration. (b)
Grand average ERP in response to target and standard stimuli following BCAA
administration. (c) Grand average ERP difference waves (target minus standard
ERP) by treatment modality.

significant increase in peripheral prolactin levels. This is the
first study to report on attentive ERP attenuation following
dopamine depletion with BCAAs.

4.1. Efficacy of nutritional dopamine depletion

BCAA ingestion resulted in an approximately 2.5-fold
increase in peripheral prolactin levels. This prolactin elevation
in our sample is comparable to or exceeds the effect sizes
described in other studies (Gijsman et al., 2002; Harmer et al.,
2001; Scarna et al., 2002, 2005; Sevy et al., 2006) suggesting
depletion of hypothalamic dopamine via reduced central
dopamine precursor availability. Comparable reductions of
dopamine precursors have been shown to significantly reduce
central catecholamine turnover in experimental animals,
which is evidenced by decreased levels of catecholamine
metabolites in cerebrospinal fluid (Palmour et al., 1998) as
well as decreased cerebral catecholamine synthesis (McTa-
vish et al., 1999).

4.2. ERPs during dopamine depletion

The observed attenuation of N2 seems to be based on a
reduction of its top-down subcomponent N2b, indicating
decreased early attentive rather than automatic change
detection. Our finding of selective N2b reduction is consis-
tent with other studies investigating the effects of central
dopamine antagonism on early attentive ERP components

like PN (Ahveninen et al., 2000; Kahkonen et al., 2001;
Shelley et al., 1997). However, since PN is usually elicited in
dichotic listening tasks these results may not be fully
comparable to our findings. ERP data obtained from auditory
oddball paradigms in Parkinson's disease have coherently
shown both reduced PN as well as N2; particularly, the grand
average curves provided by these studies reveal a remarkable
similarity with our findings (Lagopoulos et al., 1998, Fig. 1;
Pekkonen et al., 1995, Fig. 2; Vieregge et al., 1994, Fig. 7),
suggesting a similar deficiency pattern in Parkinson's disease
and in nutritional dopamine depletion, at least on the
cortical level. This consistency across studies strongly
suggests that early top-down ERP N2b is, at least to a greater
extent, dopaminergically mediated and can be disrupted by
BCAAs.

The observed effects of BCAAs on P3 at prefrontal sites
might reflect effects on overlapping components P3a and P3b.
It is widely agreed that P3a is a frontal component, while P3b
is maximal at parietal leads; however, P3b is also partially
generated in prefrontal cortex. To disentangle P3a and P3b
generators, Halgren et al. (1998) investigated a three-
stimulus oddball paradigm in subjects with intracerebral
electrodes. The authors were able to distinguish between P3a
generators in anterior cingulate cortex (ACC) and P3b
generators confined to ventrolateral prefrontal cortex. In the
traditional auditory oddball paradigm that was used here
frontal P3 most likely includes both P3a and P3b properties
(e.g. Crottaz-Herbette and Menon, 2006; Ritter et al., 1992).
However, given good evidence for a central role of dopamine
in the neuropharmacology of P3a (e.g. Kramer et al., 2007),
we hypothesize that prefrontal P3 reduction observed in this
study might reflect a diminution of P3a.

4.3. Potential impact on schizophrenia research

Prefrontal N2 and P3 have been found to be reduced by
BCAAs in this study and are also known to be reduced in
schizophrenia (e.g. Demiralp et al., 2002; Umbricht et al.,
2006; Van der Stelt et al., 2005). The neural sources of N2 and
P3 have been reported to be located in ACC (Baudena et al.,
1995; Halgren et al, 1998; Van Veen and Carter, 2002;
Woldorff et al., 1999), which is consistent with dysfunctional
ACC activations in schizophrenia (e.g. Carter et al., 2001;
Dehaene et al., 2003; Neuhaus et al., 2007).

The pattern of ERP deficits following BCAAs points to
pathophysiological mechanisms that may be comparable to

Table 2
Mean (+SD) amplitudes [uV] of target ERP subcomponents MMN and N2b.
BCAA Placebo F p i

MMN at Fz —3.564+3.80 —49142.64 1.40 .250 .075
MMN at FCz —3.4843.55 —4.724+2.88 1.82 192 .083
MMN at Cz —333+274 —41943.35 1.63 217 .066
MMN at Pz —2.02+£272 —3.83+£292 282 117 119
N2b at Fz —3.2943.84 —517+426 416 .055 172
N2b at FCz —4.16+3.70 —6.57+£422 9.04 0069 311
N2b at Cz —4.70+£3.92 —644+449 489  .039 197
N2b at Pz —3.9444.06 —3.96+3.53 .03 .867 .001

BCAA, branched chain amino acid; MMN, mismatch negativity; 1%, partial
eta-squared.
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those in schizophrenia, at least on the cortical level. Thus,
BCAAs offer the opportunity to study mechanisms of cortical
dopamine dysregulation and may aid further research on the
exact mechanisms of cognitive deficits in schizophrenia.
Another interesting thought may arise from potential ther-
apeutic benefit of nutritional dopamine manipulation in
general; however, given the lack of focality of action, the
potential future use of nutritional compounds seems to be
limited from the current perspective. Nevertheless, nutri-
tional compounds containing amino acids offer an interesting
alternative to challenge studies with pharmaceutical drugs
and might one day be integrated into therapeutical concepts
for schizophrenia.

4.4. Limitations

Limitations of our study include potential lack of general-
ization since only male Caucasian subjects have been
investigated. Further studies will have to determine whether
our findings are replicable in other, less homogenous samples.

Next, comparatively liberal criteria were applied for ERP
analysis. The number of sweeps is low and artifact rejection
criteria were relatively tolerant. Together with comparatively
low accuracy and long reaction times, this shortcoming
considerably decreases statistical power and, consequently,
results should be regarded as preliminary.

Further, as control condition, we used a placebo mixture that
did not contain amino acids and thus our results might be
confounded by unspecific effects of amino acid ingestion per se. A
superior approach might be provided by the use of nutritionally
balanced amino acid mixtures deficient in tyrosine and pheny-
lalanine and a balanced amino acid mixture as control condition
(e.g. Leyton et al., 2004; Nagano-Saito et al., 2004). However, it
has also been found that balanced amino acid mixtures including
tyrosine and phenylalanine lowered tyrosine availability to the
brain, presumably due to a lowered ratio of dopamine precursors
to large neutral amino acids (Montgomery et al., 2003).

A final limitation to the present findings may arise from
confounding effects of other transmitter systems, notably the
serotonergic and noradrenergic systems. However, serotonin
increases prolactin release, so a decrease in serotonergic
function would have potentially counterbalanced prolactin
increase (Attenburrow et al., 2001), which does not seem to
be the case in our data; on the other hand, it cannot be ruled
out that prolactin increase would have been even greater with
a selective dopamine antagonism. Further, it has been found
that amino acid mixtures lacking tyrosine and phenylalanine
can affect norepinephrine levels in medial prefrontal cortex,
at least in preclinical studies (Bongiovanni et al., 2008); our
data on unaffected mean RTs, however, argue against a
pronounced confounder by noradrenergically mediated
effects on generalized arousal processes.

5. Conclusion

The present investigation is the first to examine ERPs
following BCAA administration in healthy subjects and
indicates that BCAAs modulate prefrontal ERP components
N2 and P3. A concurrent significant effect of BCAAs on plasma
prolactin levels provides evidence that BCAAs act on
dopamine homeostasis and suggests a role of dopamine in

the pharmacology of neuronal top-down processing. It has to
be noted, though, that our results might be confounded by
influences from serotonergic and noradrenergic transmitter
systems which stresses the need to further elaborate nutri-
tional approaches to studying cognitive functions. Despite
this major limitation, the present study emphasizes the utility
of dopamine depletion paradigms in future research on
attentional functions in general and dopaminergic imbalance
in neuropsychiatric disorders like schizophrenia in particular.
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