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Effects of L-histidine depletion and L-tyrosine/
L-phenylalanine depletion on sensory and motor
processes in healthy volunteers
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Background and purpose: Animal studies show that histamine plays a role in cognitive functioning and that histamine
H3-receptor antagonists, which increase histaminergic function through presynaptic receptors, improve cognitive performance
in models of clinical cognitive deficits. In order to test such new drugs in humans, a model for cognitive impairments induced
by low histaminergic functions would be useful. Studies with histamine H1-receptor antagonists have shown limitations as a
model. Here we evaluated whether depletion of L-histidine, the precursor of histamine, was effective in altering measures
associated with histamine in humans and the behavioural and electrophysiological (event-related-potentials) effects.
Experimental approach: Seventeen healthy volunteers completed a three-way, double-blind, crossover study with L-histidine
depletion, L-tyrosine/L-phenylalanine depletion (active control) and placebo as treatments. Interactions with task manipula-
tions in a choice reaction time task were studied. Task demands were increased using visual stimulus degradation and increased
response complexity. In addition, subjective and objective measures of sedation and critical tracking task performance were
assessed.
Key results: Measures of sedation and critical tracking task performance were not affected by treatment. L-histidine depletion
was effective and enlarged the effect of response complexity as measured with the response-locked lateralized readiness
potential onset latency.
Conclusions and implications: L-histidine depletion affected response- but not stimulus-related processes, in contrast to the
effects of H1-receptor antagonists which were previously found to affect primarily stimulus-related processes. L-histidine
depletion is promising as a model for histamine-based cognitive impairment. However, these effects need to be confirmed by
further studies.
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Introduction

Histamine has been associated with a number of clinical dis-
orders in which cognitive performance is impaired (Onodera
et al., 1994). Animal models for cognitive deficits in disorders

like attention deficit hyperactivity disorder, Parkinson’s
disease, schizophrenia and sleep disorders have been used to
test the effects of histamine H3-receptor antagonists as pos-
sible therapeutic agents (Leurs et al., 1998; Vohora, 2004;
Esbenshade et al., 2006). Histamine H3-receptor antagonists
increase histaminergic function through presynaptic recep-
tors. These studies have shown that performance of a plethora
of tasks is improved and have therefore attracted the atten-
tion of many pharmaceutical companies (Leurs et al., 1998;
Esbenshade et al., 2006; Wijtmans et al., 2007).

To study the role of histamine in cognition, histaminergic
functions can be manipulated. The main observation in such
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studies is that increasing histaminergic activity leads to
improved cognitive performance and prolonged wakefulness,
while decreasing histaminergic activity leads to diminished
performance and increased sleepiness. More specifically, the
role of histamine in human cognition has mostly been
studied by looking at the effects of histamine H1-receptor
antagonists. Impairment of sensorimotor performance in
humans by centrally acting histamine H1-receptor antagonists
has been well established and has often been attributed to
their sedative effects (O’Hanlon and Ramaekers, 1995; Hind-
march and Shamsi, 1999; Kay, 2000; van Ruitenbeek et al.,
2008). These effects are believed to reflect low levels of hista-
minergic functions in the brain.

Apart from histamine H1-receptor blockade, another way to
decrease histaminergic function is by depleting the brain of
the amino acid L-histidine, from which histamine is synthe-
sized by decarboxylation (Cho et al., 1984). Whether
L-histidine itself can be synthesized by humans is a matter of
controversy. In a standard reference work on dietary require-
ments (Institute of Medicine, 2006), histidine is listed as an
indispensable (essential) amino acid. However, this has been
challenged in long-term depletion studies (Kriengsinyos et al.,
2002). Depletion of L-histidine may cause a decrease in brain
histamine, comparable to the decrease in dopamine levels
following depletion of L-tyrosine/L-phenylalanine. In
rodents, histamine metabolism can be altered more by
changes in precursor availability than any other neurotrans-
mitter, such as 5-HT, catecholamines or acetylcholine (Young,
1996). Additional support for the effects of low levels of his-
tamine on cognitive performance comes from animal studies.
Decreasing histamine synthesis in animals using the histidine
decarboxylase (HDC) inhibitor, a-fluormethylhistidine or
HDC knockout mice affects on cognitive performance (Kamei
et al., 1993; Sakai et al., 1998; Chen et al., 1999; Acevedo et al.,
2006). If the effects of low levels of histamine are H1-receptor
mediated, L-histidine depletion should exert the same effects
as H1-receptor antagonists. The aim of the present study was
to assess the effects of L-histidine depletion on sensory- and
motor-related cognitive processes in healthy human volun-
teers using a behavioural and psychophysiological approach,
as in a previous study using an histamine H1-receptor antago-
nist (van Ruitenbeek et al., 2009). To the best of our knowl-
edge this is the first study to assess the effects of L-histidine
depletion on cognitive performance, that is, sensorimotor
performance.

The behavioural approach aims to find interactions
between treatments and task manipulations in sensorimotor
task performance. Sensorimotor functioning can be regarded
as a result of information processing through serial stages
from perception, through decision making to action. Treat-
ments interacting with task manipulations specifically affect-
ing individual stages consequently affect at least the same
stage as the task manipulation (Sternberg, 1969). It has been
shown that H1-receptor blockade increases the effect of the
visual degradation of stimuli and therefore affects sensory
stages of information processing (Gaillard et al., 1988; van
Ruitenbeek et al., 2009).

With the psychophysiological approach, the effects of treat-
ments on separate processes in cognitive functioning can be
measured using event-related potentials (ERPs). The time

interval between a peak and a stimulus or response is indica-
tive of the duration of processes occurring during that inter-
val. For example, the duration of the interval between a
stimulus and the P300 peak latency is indicative of the dura-
tion of sensory processes (Riedel et al., 2006; Polich, 2007).
The lateralized readiness potential (LRP) is associated with
motor programming and the interval between the onset of
the LRP and the response is indicative of the duration of
motor-related processes (Miller and Hackley, 1992; Hackley
and Miller, 1995). An earlier study has shown that H1-receptor
blockade increases the duration of the P300 peak latency, but
does not affect the interval between the LRP onset and the
response (van Ruitenbeek et al., 2009). Thus, H1-blockade
affects sensory, but not motor processes and we expected
L-histidine depletion to have similar effects.

As the behavioural effects of L-histidine depletion have
never been assessed before, an active control treatment was
needed to demonstrate sensitivity of the tests and procedures.
Brain levels of another neurotransmitter dopamine can be
decreased by depleting its precursors L-tyrosine and L-
phenylalanine (McTavish et al., 1999). A decrease in dopam-
ine levels was observed after L-tyrosine/L-phenylalanine
depletion (Montgomery et al., 2003) and impaired cognitive
performance (Harmer et al., 2001), especially in tasks assess-
ing working memory (Harrison et al., 2004). In addition, an
increase in dopamine levels by administration of L-dopa has
shown to have selective effects on sensory stages of informa-
tion processing, as it interacted with stimulus intensity
and not with stimulus-response mapping or stimulus forep-
eriod duration (Rihet et al., 2002). Therefore, L-tyrosine/L-
phenylalanine depletion was used in our study as an active
control.

If L-histidine depletion decreased brain histamine levels
and the effects of H1-receptor antagonists do reflect low levels
of histaminergic fucntion, then the behavioural effects of
L-histidine depletion should be similar to those of H1-receptor
antagonists, such as impaired psychomotor performance and
increased sedation. Moreover, if L-histidine depletion affects
sensorimotor performance the effects may be stage specific.
The results of this study show that L-histidine depletion was
effective in reducing L-histidine levels, measured in plasma,
and that L-histidine depletion affected motor-related pro-
cesses, in contrast to the effects of H1-receptor blockade (van
Ruitenbeek et al., 2009).

Methods

Subjects
This study was approved by the ethics committee of Maas-
tricht University and University Hospital Maastricht and
carried out in accordance with the World Medical Association
Declaration of Helsinki and its amendments. Twenty-two
healthy volunteers (6 male) between 18 and 35 years (mean �

SD: 21 � 2) were recruited by means of posters placed at
Maastricht University locations. They were paid for their par-
ticipation. Five subjects, all female, withdrew from the study
due to side effects of the treatments (nausea and vomiting)
after drinking the amino acid mixture. Data from another
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subject were lost due to a technical error. The remaining 16
subjects out of the intended 18 had a mean (�SD) age of 21
(�2) years.

The general health of the subjects was screened using a
medical history questionnaire. Exclusion criteria were a
significant history or presence of any mental or physical dis-
order: gastrointestinal, hepatic, renal, cardiovascular or neu-
rological. Also, drug abuse, a body mass index outside the
limits of 18.5 and 30.0 kg·m-2 and drinking more than 20
standard alcoholic consumptions per week or five beverages
containing caffeine per day were regarded as exclusion crite-
ria. For women, pregnancy and lactation were also regarded as
exclusion criteria. No drugs or medication, except oral con-
traceptives, aspirin and paracetamol, were allowed to be taken
from a week before the first test day until the end of the study.
Smoking and the use of caffeine were prohibited on test days,
the use of alcohol from 24 h before and during each test day
and the use of psychoactive drugs 2 weeks prior to the first test
day. On each test day subjects received a low-protein, carbo-
hydrate rich diet, which was similar to that given by Riedel
et al. (1999) and Sambeth et al. (2009).

All subjects received written information about the study
procedures and signed an informed consent form prior to
enrolment.

Study design and treatments
The study was conducted according to a double-blind,
placebo-controlled, three-way, crossover design. The treat-
ments were solutions of amino acids (Table 1), taken orally, in
200-mL tap water. The balanced drink (BAL) contained the
entire range of amino acids (total of 104.4 g); the L-histidine
free drink (HID) consisted of the same mixture of amino acids
without the amino acid L-histidine (total of 101.2 g); the
L-tyrosine/L-phenylalanine free drink (TYD) was the same
mixture as in BAL but without the amino acids L-tyrosine and
L-phenylalanine, with a total of 91.8 g of amino acids (all
mixtures from Basic Pharma Manufacturing BV, Roermond,

The Netherlands). Female subjects received 85% of the drink
that male subjects received to adjust for differences in body
weight.

Treatment days were spaced apart by a washout period of at
least 7 days. The order of treatments and sequence of task
conditions were balanced between subjects, although this was
not complete, due to the dropout of six subjects.

Procedure
All subjects were trained to perform the tasks at a plateau level
within 2 weeks prior to the first test day. On treatment days,
subjects arrived well rested at the test facility at 9:00 AM after
refraining from eating from 9:00 PM the night before. One cup
of tea or coffee (without milk or sugar) was allowed before
8:00 AM (6 h before testing) to prevent possible caffeine
withdrawal effects. Consumption of tea of coffee was held
constant over the treatments days within subjects.

After arrival, subjects completed visual analogue scales
measuring subjective mood. A catheter was inserted into the
inner bend of the elbow to take blood samples before and at
2, 4, 6 and 7 h after treatment (T0, T2, T4, T6 and T7 respec-
tively). At 9:15 AM subjects were given the amino acid drink,
which had to be consumed within 15 min. Three hours after
treatment, subjects received a small, low-protein meal. After
treatment, subjects could watch television and play board
games in a specially equipped room. EEG electrodes were
attached to the head of the subject 4 h after treatment and
cognitive assessments started 5 h after treatment (14:15 PM)
and lasted for 45 min. Assessments included a baseline EEG
recording (2 min eyes open and 2 min eyes closed), followed
by a critical tracking task (CTT). Thereafter, a choice reaction
time task and a cued simple reaction time task were per-
formed during which EEG was recorded. Finally, subjects
completed visual analogue scales assessing subjective
alertness.

Behavioural assessments
Choice reaction time task (CRT). The CRT task used in this
study was based on Smulders et al. (1995) and was the same as
to the task used by van Ruitenbeek et al. (2009). The speed of
information processing of the input and output stages are
assessed by manipulating the quality of the visual stimuli and
complexity of the motor responses respectively. Smulders
et al. (1995) and van Ruitenbeek et al. (2009) found selective
effects of stimulus quality (SQ) on the interval between the
stimulus and P300 peak latency and selective effects of
response complexity (RC) on the interval between the LRP
onset and the response.

The task consisted of a repeated presentation of the
numbers 2 and 5 in random order on a computer screen.
Stimuli consisted of small squares surrounded by a frame of
squares. The squares consisted of grids of 6 by 6 pixels. Stimu-
lus presentation time was 200 ms, and the time between offset
of a stimulus and the presentation of the next stimulus was
varied between 1500 and 2200 ms. Subjects had to respond as
fast as possible by pressing a left or right hand button with
their left or right index finger when a 2 or a 5 appeared
respectively. The task consisted of four blocks of 112 trials

Table 1 Content of the amino acid mixtures (g)

Balanced drink
(BAL)

Histidine depletion
(HID)

Tyrosine depletion
(TYD)

Isoleucine 8.0 8.0 8.0
Leucine 13.5 13.5 13.5
Lysine 11.0 11.0 11.0
Methionine 3.0 3.0 3.0
Valine 8.9 8.9 8.9
Threonine 6.5 6.5 6.5
Tryptophan 2.3 2.3 2.3
Alanine 5.5 5.5 5.5
Arginine 4.9 4.9 4.9
Cysteine 2.7 2.7 2.7
Glycine 3.2 3.2 3.2
Serine 6.9 6.9 6.9
Proline 12.2 12.2 12.2
Histidine 3.2 x 3.2
Tyrosine 6.9 6.9 x
Phenylalanine 5.7 5.7 x

The mixture of amino acids to induce L-histidine depletion (HID) is lacking in
the histidine constituent and that to induce L-tyrosine and L-phenylalanine
depletion (TYD) lacks these two amino acids.
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which each lasted approximately 4 min. In all blocks half of
the stimuli were visually degraded and half of the stimuli were
intact. Degradation was achieved by placing 20 dots (42%)
from the frame at random positions in the field within the
frame not occupied by the 26 squares of the digit. There were
seven degraded versions of each digit to prevent subjects from
responding to learned features of the stimulus instead of
recognizing the digit.

In two blocks the complexity of the response was increased
by asking the subjects to press three buttons instead of one in
the following sequence: index, ring and middle finger. The
pressing of the first button indicated the reaction time. The
time between the first button press and the third was also
recorded as ‘motor time’. Blocks requiring three button
presses are indicated as complex (C) blocks and blocks requir-
ing a single button press are indicated as simple (S) blocks.
The blocks were presented in the orders SCCS and CSSC. Half
of the subjects were presented with the SCCS order and the
other half with the CSSC order.

The primary performance variables in this task were the
average reaction times (ms) of the correct responses for the
four different task conditions, that is, intact-simple, degraded-
simple, intact-complex and degraded-complex. Accuracy
scores (%) were logarithmically transformed due to the non-
linear nature of a decrease in accuracy (Dickman and Meyer,
1988).

Critical tracking task. The CTT measures the ability to control
an unstable error signal in a first-order compensatory tracking
task (Jex et al., 1966). The task has been shown to be sensitive
to effects of histamine manipulations (van Ruitenbeek et al.,
2008). Error is displayed as a horizontal deviation of a yellow
triangle from the midpoint on a horizontal scale. Compensa-
tory movements correct the error by returning the triangle to
the centre. The frequency of the error gradually increases
until the subject loses control. The frequency at which
control is lost is the critical frequency or lambda-c (rad·s-1).
The CTT includes five trials of which the highest and lowest
scores are removed. The average of the three remaining scores
is the final score.

Cued simple reaction time task. A pre-cued simple reaction
time task was used to assess treatment effects on the con-
tingent negative variation (CNV) (Walter et al., 1964). The
CNV is a motor process-related slow potential which devel-
ops when there is a clear temporal relationship between a
warning and an imperative signal (Rizzo et al., 1985). In this
task subjects started by focusing on a fixation cross pre-
sented in the centre of the screen for 1 s. Then a warning
signal (red circle) appeared in the centre of the screen,
which was followed by the imperative stimulus (green circle)
after exactly 2 s. Subjects were asked to respond as fast as
possible by pressing a button on a response box with their
right index finger. The average amplitude (mV) of a 500 ms
time window of the CNV is a measure of response prepara-
tion and was a dependent variable in this study. A decrease
in average amplitude indicates a decreased supply of
preparatory potentiality (Rockstroh et al., 1991). Also, reac-
tion time was measured as an indication of response
slowing.

Subjective alertness scale. Subjects’ mood was assessed using a
series of 16 analogue scales of 100 mm. These provide three
factor analytically defined summary scores for ‘alertness’,
‘contentedness’ and ‘calmness’ (Bond and Lader, 1974) of
which alertness was of main interest. The scores on the nine
items associated with the factor alertness were added and
taken as dependent measure.

Baseline EEG. Subjects sat still with their eyes open for a
2-min period during which baseline EEG was recorded. There-
after, baseline EEG was again recorded, but now subjects had
their eyes closed. The power (mV2) of the delta (1–4 Hz), theta
(4–8 Hz), alpha (8–12 Hz) and beta (12–30 Hz) frequency
bands were taken as objective indicators of sedation and
cortical activity.

Plasma samples. After taking a blood sample (5 mL) the cath-
eter was cleaned in order to keep it open during the test day.
The blood sample was centrifuged for 5 min at 4°C at 2522¥ g
and plasma (1 mL) was frozen and stored at -80°C until it was
analysed quantitatively for amino acids by high-performance
liquid chromatography (van Eijk et al., 1993).

For the L-tyrosine/L-phenylalanine depletion we assessed
changes in total L-tyrosine and L-phenylalanine levels from
baseline at T7 (i.e. around testing). L-tyrosine and L-
phenylalanine are transported across the blood-brain barrier
by a transport system that is active towards all the large
neutral amino acids (LNAA). As there is competition between
the various LNAA for transport into the brain, the brain con-
centration is best approximated by the ratio of the plasma
concentration of an amino acid to the sum of the plasma
concentration of all other LNAA (SLNAA). Therefore, we also
calculated the L-tyrosine and L-phenylalanine/SLNAA ratio
for these time points. Although L-histidine is weakly basic it is
transported into the brain by the same transport system as the
LNAA (Oldendorf and Szabo, 1976; Pardridge, 1983) There-
fore, for the L-histidine depletion, we assessed the change
from baseline in total L-histidine and in L-histidine/SLNAA
ratio for T2, T4, T6 and T7. The T2, T4 and T6 measurements
were added due to the unknown decrease in L-histidine levels
over time.

Event-related potentials
EEG recordings. During performance on the cued simple reac-
tion time task and CRT task EEG was recorded to measure the
P300, LRP and CNV ERPs. Dependent variables were the
stimulus locked (S-locked) and response locked (R-locked)
P300 amplitudes and peak latencies, S-locked and R-locked
LRP onsets and the surface under the CNV. EEG activity was
recorded by means of an electrocap from an array of 32
electrodes from the standard 10–20 system (Jasper, 1957). All
electrodes were filled with electrode-gel and were line refer-
enced to the right mastoid electrode. Off-line they were ref-
erenced to both left and right mastoids. The FPz electrode was
used as ground electrode.

The horizontal electrooculogram (EOG) was recorded using
electrodes attached to the outer canthi of the eyes and vertical
EOG was recorded from electrodes attached above and below
the left or right eye and in line with the pupil.

L-histidine depletion and sensorimotor performance
P van Ruitenbeek et al 95

British Journal of Pharmacology (2009) 157 92–103



All electrode impedances were kept below 5 kW. Signals
were amplified using Neuroscan Synamps amplifiers and col-
lected using Neuroscan software. All signals were sampled at a
1000 Hz and filtered online using a 100 Hz low-pass filter and
a 0.05 Hz high-pass filter.

Signal analysis. Continuous signals obtained during the
performance on the choice reaction time task were filtered
off-line using a 1 Hz high-pass filter after which EEG was
corrected for vertical and horizontal eye movements accord-
ing to a procedure by Semlitsch et al. (1986). Dependent
variables from the choice reaction time task were duration
of the interval (ms) between stimulus and P300 peak ampli-
tude (S-locked P300) and between the response and the
P300 peak amplitude (R-locked P300), and the interval
between the stimulus onset and LRP onset (S-locked LRP)
and the interval between the response and LRP onset
(R-locked LRP). In addition, the amplitude of the S-locked
and R-locked P300 was determined as a measure of resource
availability for stimulus processing. The S-locked data were
epoched in 1100 ms sweeps starting 100 ms before stimulus
presentation and the interval between sweep onset and
stimulus served as baseline. The R-locked data were epoched
from 475 ms before to 625 ms after the response. For the
analysis of the P300 all sampled EEG and EOG epochs were
low pass filtered using a 3.6 Hz low-pass filter (Smulders
et al., 1995) and for the analysis of the LRP the data were
filtered using a 11.1 Hz low-pass filter (Miller and Hackley,
1992). Sweeps containing artefacts exceeding +75 or -75 mV
on the Fz, Cz, Pz, Oz, C3 or C4 electrodes were rejected.
This resulted in an average acceptance of 93% of the
epochs.

The length of the S-locked and R-locked intervals of the
P300 was determined at the Cz electrode sites. The S-locked
P300 latencies were determined as the time between onset of
the stimulus and the latency of the largest local maximum
using the Jackknife method (Miller et al., 1998; Ulrich and
Miller, 2001). The amplitude was determined as the amplitude
of that local maximum. The R-locked P300 intervals were
determined as the time between the largest local maximum of
the P300 component and the given response, also using the
Jackknife method. The amplitude was determined as the
amplitude of that local maximum.

lateralized readiness potentials were computed by sub-
tracting C4 from C3, point by point, for right and left hand
trials and subtracting left hand from right hand trials. The
onset latencies of the S-locked and R-locked LRP waveforms
were determined using the Jackknife scoring method with a
1 mV absolute criterion (Miller et al., 1998; Ulrich and Miller,
2001).

For the cued simple reaction time task, the CNV was deter-
mined in a window of 500 ms as a measure of response prepa-
ration. The data were first epoched and then filtered using a
30 Hz low–pass filter and 0.05 high-–pass filter. The area
report 500 ms before the beginning of the imperative stimu-
lus was the dependent variable.

The power of the delta (1–4 Hz), theta (4–8 Hz), alpha
(8–12 Hz) and beta frequency (13–30 Hz) bands were calcu-
lated by means of a fast Fourier transformation of the means
of the midline electrodes (Fz, Cz and Pz).

Statistical analysis
All dependent variables were screened for normality of their
distributions and no deviations from normality were
detected.

Baseline differences in blood-plasma levels of L-histidine,
L-histidine/SLNAA ratio, L-tyrosine/L-phenylalanine and
L-tyrosine + L-phenylalanine/SLNAA ratio were analysed
using ANOVA for repeated measures with Treatment as within
subject factor (BAL, HID, TYD). The plasma levels at T7 were
further analysed as changes from baseline (DT = T7 - T0) with
Treatment as within subject factor with three levels (BAL,
HID, TYD). All significant (P < 0.05) Treatment effects were
followed by two treatment-placebo comparisons. Addition-
ally, due to the unknown pattern of decrease in plasma levels
over time, the L-histidine levels and the L-histidine/SLNAA
ratio in the HID condition were analysed with Time as a
within subject factor with five levels (T0, T2, T4, T6 and T7).
Significant (P < 0.05) effect of Time was followed by four
simple comparisons with baseline (T0).

Within subject factors in the CRT were SQ (intact,
degraded) and RC (simple, complex). Performance and ERP
data from the CRT were analysed for main effects of Treat-
ment (BAL, HID, TYD) and interactions of Treatment with SQ
and RC using a 3 ¥ 2 ¥ 2 within subjects factorial model.
F-values for differences in S-locked and R-locked LRP onset
latencies were divided by (n - 1)2 to correct for the reduction
of variance induced by the Jackknife method (Ulrich and
Miller, 2001). If overall multivariate F-tests indicated a signifi-
cant main effect or interaction (P < 0.05), data were further
analysed using two univariate drug-placebo comparisons.

Performance on the CTT, CNV surface area, subjective
drowsiness scores and plasma levels were analysed for Treat-
ment (three levels) effects using repeated measures ANOVA.
The power of each frequency band was analysed separately for
effects of the treatments using a 3 ¥ 3 within subject model
with Treatment and Electrode (Fz, Cz and Pz) as factors when
subjects held their eyes open and when they held their eyes
closed. All data were analysed using SPSS for Windows
(version 12.0.1).

Results

Missing data
One subject was removed from the CNV data set due to
incomplete data collection. The analysis was done on com-
plete data sets from 15 subjects. Due to difficulties during
blood sampling, several blood samples could not be drawn,
resulting in 14 complete data sets for the TYD condition.
Therefore, Treatment effects were analysed using 14 data sets.
Data sets for the BAL and HID conditions contained 16 sub-
jects. The changes from baseline in the HID condition were
analysed using 16 data sets.

Plasma levels of amino acids
Table 2 displays the average absolute values of L-histidine and
L-tyrosine/L-phenylalanine plasma levels and L-histidine/
SLNAA and L-tyrosine + L-phenylalanine/SLNAA ratio over
time and their changes from baseline.
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Plasma levels of L-histidine, L-histidine/SLNAA ratio,
L-tyrosine/L-phenylalanine, L-tyrosine + L-phenylalanine/
SLNAA ratio did not differ in the three conditions at baseline
[F(2,12) = 2.0, P = 0.181 and Fs < 1 respectively].

Treatment had a marginally significant main effect on the
change from baseline in absolute L-histidine levels (F(2,12) =
3.5, P = 0.063). Treatment-placebo comparisons showed that
decrease from baseline of L-histidine levels at T7 in the HID
condition (20%) was larger than the change in the BAL con-
dition [F(1,13) = 7.6, P = 0.017]. L-histidine levels did not
decrease after treatment in the TYD condition (F < 1), com-
pared with the BAL condition. Treatment also had a main
effect on the L-histidine/SLNAA ratio in blood [F(2,12) = 19.0,
P < 0.001]. The decrease from baseline in the HID condition
(48%) was larger than the decrease in the BAL condition
(12%) [F(1,13) = 33.3, P < 0.001]. There was no significant
difference in L-histidine/SLNAA ratio change from baseline
between the TYD and BAL conditions (F < 1).

A significant main effect of Time in the HID condition
indicated successful reductions in plasma L-histidine levels
[F(4,12) = 9.0, P < 0.001]. Levels were decreased at T4 [22%:
F(1,15) = 15.1, P < 0.001], T6 [26%: F(1,15) = 21.5, P < 0.001]
and T7 [20%: F(1,15) = 11.0, P < 0.005]. L-histidine levels were
not significantly reduced at T2 as compared with T0 [F(1,15)
= 1.9, P = 0.186]. A main effect of Time also indicated a
reduction of the L-histidine/SLNAA ratio [F(4,12) = 45.0,
P < 0.001]. The ratio was reduced at T2 [58%: F(1,15) = 70.1,
P < 0.001], at T4 [59%: F(1,15) = 62.0, P < 0.001], at T6
[46%: F(1,15) = 37.0, P < 0.001] and at T7 [36%: F(1,15) = 14.4,
P = 0.002] (Figure 1).

Treatment had a significant main effect on the change
from baseline of absolute L-tyrosine/L-phenylalanine levels
[F(2,12) = 62.4, P < 0.001]. Treatment-placebo contrasts
showed that L-tyrosine/L-phenylalanine levels decreased
(55%) after treatment in the TYD condition as compared with
the BAL condition [F(1,13) = 96.5, P < 0.001]. The change
from baseline in L-tyrosine/L-phenylalanine levels did not
differ between the HID and BAL conditions (F < 1). Treatment
also affected the change from baseline in L-tyrosine/L-
phenylalanine/SLNAA ratio [F(2,12) = 58.7, P < 0.001].
Treatment-placebo comparisons showed that there was a
decrease of the ratio in the TYD condition (59%) at T7, com-
pared with the change after BAL treatment [F(1,13) = 125.6,
P < 0.001]. The change from baseline of the L-tyrosine/
L-phenylalanine/SLNAA ratio did not significantly differ

between the HID and BAL treatments [F(1,13) = 2.2,
P = 0.163].

CRT task. Table 3 shows means and standard errors of
performance measures and ERPs from the CRT task.

Behavioural performance
Both SQ and RC affected response times [F(1,15) = 53.8,
P < 0.001 and F(1,15) = 5.9, P = 0.028 respectively], but did not
interact with each other (F < 1). Treatment did not affect
reaction time and did not interact with SQ or RC (Fs < 1).

Accuracy of the responses was significantly decreased by
stimulus degradation [F(1,15) = 10.5, P = 0.006], but RC had
no effect [F(1,15) = 1.6, P = 0.230]. Effects of SQ and RC did
not interact [F(1, 16) = 2.6, P = 0.130]. Treatment did not affect

Table 2 Effects of treatments on amino acid levels (mmol·L-1)

Treatment Baseline (T0) DT (T7–T0)

BAL HID TYD BAL HID TYD

L-histidine 93.8 (7.1) 85.7 (7.8) 92.1 (8.0) 2.5 (5.2) -17.1 (5.5)* 8.6 (9.7)
L-histidine/SLNAA ratio 0.18 (0.009) 0.17 (0.014) 0.18 (0.016) -0.021 (0.013) -0.083 (0.011)* -0.003 (0.021)
L-tyrosine/L-phenylalanine 107.3 (6.0) 112.2 (10.3) 111.7 (9.2) 59.8 (12.7) 71.1 (10.6) -61.0 (5.3)*
L-tyrosine + L-phenylalanine/

SLNAA ratio
0.28 (0.018) 0.28 (0.008) 0.27 (0.013) 0.120 (0.021) 0.088 (0.019) -0.159 (0.015)*

Means (�SEM) of absolute values of L-histidine levels, L-histidine/SLNAA ratio, L-tyrosine/L-phenylalanine levels and L-tyrosine + L-phenylalanine/SLNAA ratio at
baseline (T0) and the change from baseline after 7 h (DT) after the balanced mixture (BAL), L-histidine depleted mixture (HID) and L-tyrosine/L-phenylalanine
depleted mixture (TYD).
*Indicates significant (P < 0.05) change from baseline as compared with placebo.
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Figure 1 L-histidine/SLNAA ratio in plasma over time as a measure
of L-histidine depletion. *indicates significant changes from baseline
(T0) as tested with simple comparison analyses using a 0.05 signifi-
cance level.
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accuracy [F(2, 14) = 1.8, P = 0.242] and did not interact with
SQ (F < 1) or RC [F(2, 14) = 1.7, P = 0.222].

P300
Stimulus quality significantly delayed the S-locked P300 peak
latency [F(1,15) = 8.0, P = 0.013], whereas it tended to be
shortened by RC [F(1,15) = 4.1, P = 0.061]. Treatment did not
affect the P300 peak latency [F(2,14) = 1.7, P = 0.213] and did
not interact with SQ or RC (Fs < 1). SQ, RC and Treatment did
not affect the R-locked P300 peak latency [F(1,15) = 2.3,
P = 0.154, F(1,15) = 2.0, P = 0.176 and F(2,14) = 1.9, P = 0.181
respectively].

S-locked P300 peak amplitude was significantly suppressed
by RC [F(1,15) = 25.2, P < 0.001]. Treatment tended to interact
with RC [F(2,14) = 3.4, P < 0.063], which was due to an
enhanced amplitude suppressing effect of RC after HID
[F(1,15) = 6.8, P < 0.002]. SQ and Treatment did not have main
effects on the peak amplitude [F(1,15) = 1.7, P = 0.213 and F
< 1, respectively] and did not interact (F < 1). The R-locked
P300 amplitude was significantly suppressed by SQ and RC
[F(1,15) = 4.7, P = 0.046 and F(1,15) = 16.2, P < 0.001 respec-
tively], but Treatment did not decrease the amplitude (F < 1).
However, Treatment interacted with SQ [F(2,14) = 4.9,
P = 0.025]. Drug-placebo comparisons did not reveal any
differences with BAL [HID: F(1,15) = 1.2, P = 0.285, TYD:
F(1,15) = 1.7, P = 0.210].

LRP
The interval between the stimulus and onset of the LRP (i.e.
S-locked LRP onset latency) was delayed by decreased SQ
[F(2,14) = 7.9, P < 0.013]. Treatment and RC had no effect
[F(2,14) = 1.2, P = 0.336 and F < 1 respectively] and Treatment
did not interact with SQ [F(2,14) = 1.7, P = 0.218] or RC
[F(2,14) = 1.4, P = 0.286]. SQ and RC also did not interact
(F < 1).

The interval between the response and LRP onset (i.e.
R-locked LRP onset) was increased by increased RC [F(1,15) =
13.8, P = 0.003]. Treatment tended to interact with RC [F(2,14)
= 3.3, P = 0.068]; HID enhanced the effect of RC [F(1,15) = 6.8,
P = 0.020] by increasing the interval between the LRP onset
and the response in case of a complex response (Figure 2).
Treatment [F(2,14) = 2.68, P = 0.103] did not have a main
effect on the R-locked LRP onset. Nevertheless, drug-placebo
comparisons showed that TYD decreased the interval between
the R-locked LRP onset and the response [F(1,15) = 5.1,
P = 0.039]. SQ had no effect on the R-locked LRP onset and
did not interact with Treatment (Fs < 1).

Cued simple reaction time task. Simple reaction time and asso-
ciated area under the CNV did not differ between treatments
[F < 1 and F(2,13) = 1.3, P = 0.314 respectively] (Table 4).

CTT. Treatment had no significant main effect on the
average tracking performance [F(2,14) = 2.5, P = 0.115]
(Table 4).

Drowsiness. Visual analogue scale. Treatment had no sig-
nificant effect on subjective alertness (F < 1) (Table 4).

Frequency band power. Treatment did not affect the power
of the delta [F(2,14) = 1.9, P = 0.184], theta and alpha (Fs < 1)
and beta [F(2,14) = 2.9, P = 0.091] frequency bands when
subjects held their eyes open. When subjects closed their eyes,
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Response

Response
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Intact stimulus, Simple response
Degraded stimulus, Simple response
Intact stimulus, Complex response
Degraded stimulus, Complex response
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+
-

R-locked LRP after L-his tidine depletion

R-locked LRP after Tyrosine/phenylalanine depletion

-475

Figure 2 Effects of the treatments on the R-locked LRP onset latency
as assessed 5 h after different amino acid treatments (BAL, HID, TYD).
Treatment with TYD to induce L-tyrosine/L-phenylalanine depletion
decreased the interval between the R-locked LRP and response as
indicated by the drug-placebo comparison (P = 0.039). Treatment
tended to interact with RC (P = 0.068). Drug-placebo comparisons
indicated that L-histidine depletion (treatment with HID) increased
the RC prolonging effect on interval (P = 0.020).

Table 4 Mean (�SEM) performance scores on electrophysiological
and behavioural measures

Treatment

BAL HID TYD

Simple reaction time task
CNV surface area (mV2) 4.4 (1.1) 3.3 (1.6) 5.2 (1.1)
Reaction time (ms) 260 (13.6) 272 (68.3) 250 (42.6)

Critical tracking task
Lambda (rad·s-1) 3.7 (0.1) 3.8 (0.2) 3.6 (0.2)

Visual analogue scale
Alertness (mm) 608 (39) 593 (41) 610 (38)

Simple reaction time task and Critical Tracking Task performance, and subjec-
tive alertness after the balanced drink (BAL), L-histidine depletion (HID) and
L-tyrosine/L-phenylalanine depletion (TYD). There were no significant differ-
ences between the treatments.
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Treatment also did not affect the power of the delta, theta,
alpha (Fs < 1) and beta [F(2,14) = 2.9, P = 0.092] frequency
bands (Table 5).

Discussion

The aim of the present study was to decrease histamine levels
in the brain of healthy volunteers by depleting subjects of its
precursor amino acid, L-histidine. It is the first study that used
this method in human volunteers in order to study the role of
histamine in cognitive performance. The importance of using
different methods to study the involvement of histamine in
cognitive deficits needs to be stressed. Moreover, to study
the involvement of histamine in cognition, the effects of
L-histidine depletion are at least as important as studying the
effects of histamine H1-receptor blockade on cognitive perfor-
mance. In this study we determined if treatment with HID
to induce depletion of L-histidine would exert effects that
were comparable to those seen in other methods of reduced
histaminergic activity (e.g. H1-receptor blockade).

In summary, results indicated that HID treatment affected
response-related processes as shown with the significant inter-
action with RC as measured with the R-locked LRP onset
latency and enhanced the amplitude suppressing effect of RC
on the S-locked P300. However, L-histidine depletion did not
significantly affect performance as measured with speed and
accuracy in the CRT task, simple RT task or the CTT. In
addition, HID treatment did not significantly affect subjective
and objective measures of alertness and arousal, such as mood
and EEG power spectrum.

The few significant effects on sensitive measures of psycho-
motor performance and sedation in this study call into ques-
tion whether L-histidine depletion has effectively decreased
histamine levels in the brain in this study. To evaluate the
hypothesized behavioural effects, the neurophysiological
consequences of precursor depletion need to be considered.
This can only be done on the basis of observations concerning
peripherally measured effects of the treatments. The analyses
of the blood samples taken between T4 and T7 showed
that after HID treatment, L-histidine levels in the plasma

decreased by more than 20%. In comparison, the effects of
TYD treatment on L-tyrosine/L-phenylalanine level were
more pronounced as shown by a reduction of approximately
55%. However, brain concentration of L-histidine is best
approximated by the L-histidine/SLNAA ratio as various
LNAA are competitively transported across the blood-brain
barrier. Analyses showed that the maximal reduction in
L-histidine/SLNAA was 59%, which was similar to the
maximal decrease in L-tyrosine + L-phenylalanine/
SLNAA ratio. Compared with reductions in L-tyrosine/L-
phenylalanine found in previous studies showing functional
impairments (70–80%), reductions in L-histidine concentra-
tions in the present study were only slightly lower (McTavish
et al., 1999; Leyton et al., 2000; Montgomery et al., 2003). The
relationship between the decreased L-histidine availability in
the brain and the decrease in histamine levels are yet
unknown. It may be speculated that histamine stores were
not yet fully depleted at time of testing and that the stored
histamine was used during testing. Depletion of the stored
histamine and the effect on behavioural measures may have
occurred later. We suggest that, in future studies, behavioural
performance should be assessed over a longer period of time
to establish the time of maximal behavioural impairment.

The question of whether L-histidine is an essential amino
acid may be raised here. In the amino acid depletion tech-
nique the amino acid mixture induces protein synthesis and
the level of the missing amino acid declines as it is incorpo-
rated into protein (Moja et al., 1991). The level of the amino
acid will fall only if it is not synthesized at a rate similar to the
rate it is incorporated into protein. As reductions in amino
acid levels were observed in this study, even if histidine were
synthesized by humans, it was not being synthesized at a rate
that was sufficient to replace the histidine incorporated into
protein.

Behaviourally, HID treatment increased the duration of the
interval between the LRP onset and response indicating
increased time needed for more complex response program-
ming. In addition, HID treatment increased the effects of
complex responses on the P300 amplitude indicating that
increased response demands reduces resources available for
stimulus processing (Kok, 1990; Beauducel et al., 2006). These

Table 5 Mean (�SEM) frequency band power (mV2)

Eyes open Eyes closed

BAL HID TYD BAL HID TYD

Delta power Fz 12.2 (0.90) 12.3 (1.01) 14.1 (1.41) 18.6 (2.52) 17.0 (1.80) 20.3 (2.83)
Cz 12.2 (0.78) 12.8 (0.99) 13.9 (1.02) 17.2 (2.05) 16.8 (1.61) 19.0 (1.74)
Pz 12.0 (0.93) 12.8 (1.17) 13.6 (1.15) 15.9 (2.40) 14.7 (1.45) 16.6 (1.73)

Theta power Fz 10.6 (1.07) 9.8 (1.14) 10.7 (1.40) 12.4 (0.90) 11.1 (1.13) 11.8 (1.35)
Cz 9.5 (0.56) 9.8 (0.80) 10.0 (0.88) 12.9 (1.18) 11.8 (1.21) 12.7 (1.52)
Pz 7.7 (0.55) 7.8 (0.63) 7.9 (0.69) 11.1 (1.38) 10.2 (1.11) 10.8 (1.39)

Alpha power Fz 6.8 (0.95) 6.7 (1.22) 7.2 (1.29) 15.2 (2.66) 14.1 (2.99) 13.3 (2.40)
Cz 8.2 (1.50) 8.0 (1.52) 8.5 (1.73) 19.4 (3.94) 18.6 (4.09) 17.0 (3.20)
Pz 11.0 (2.14) 10.5 (2.48) 11.2 (2.56) 29.8 (6.71) 29.4 (7.51) 27.5 (5.88)

Beta power Fz 1.3 (0.12) 1.2 (0.12) 1.4 (0.18) 1.7 (0.18) 1.5 (0.16) 1.7 (0.21)
Cz 1.3 (0.13) 1.3 (0.12) 1.5 (0.18) 1.8 (0.19) 1.7 (0.17) 2.0 (0.21)
Pz 1.5 (0.16) 1.3 (0.18) 1.5 (0.20) 2.3 (0.33) 2.1 (0.29) 2.2 (0.24)

Power for Delta (1–4 Hz), Theta (4–8 Hz), Alpha (8–12 Hz) and Beta (12–30 Hz) frequency bands at the Fz, Cz and Pz electrodes in eyes open closed conditions
were not affected by L-histidine depletion (HID) and L-tyrosine/L-phenylalanine depletion (TYD), compared with the values after the balanced drink (BAL).
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effects were unexpected as a previous study (van Ruitenbeek
et al., 2009) showed that the H1-receptor antagonist, dexchlo-
rpheniramine, enhanced the effect of stimulus degradation
on S-locked P300 peak latency, whereas no effects on motor
processes were found. The effects on processing of visual
stimuli are in line with the observation that the visual cortex
and other visual regions, such as the lateral geniculate nucleus
and the superior colliculus, are densely innervated by hista-
minergic fibres (Manning et al., 1996). In contrast, less hista-
mine H1-receptors are located in motor structures like the
caudate putamen and globus pallidus of the basal ganglia of
the guinea-pig brain (Bouthenet et al., 1988). However, we did
not observe effects of HID treatment on stimulus-related pro-
cesses in this study, suggesting that blocking the histamine
H1-receptor may have qualitatively different effects for those
of decreasing histamine availability and hence histamine
release. One obvious explanation is that decreased release of
histamine following L-histidine depletion would affect the
action of histamine on all its receptors (H1, H2, H3 and H4), as
opposed to affecting only H1-receptors with the appropriate
antagonist.

The involvement of histamine in motor processes is sup-
ported by animal studies in which the histamine synthesizing
enzyme HDC is depleted. For example, Brabant et al. (2007)
found that cocaine-induced hyperactivity is reduced in
HDC knockout mice. In contrast, other authors found that
methamphetamine-induced locomotor hyperactivity was
facilitated in HDC knockout mice (Kubota et al., 2002; Iwabu-
chi et al., 2004) and after administration of a H1-receptor
antagonist (Ito et al., 1997). As methamphetamine and
cocaine increase dopamine activity it may be that histamine
interacts with dopamine. Several mechanisms of interaction
have been suggested, such as interactions with the GABA
neurotransmitter system (Kubota et al., 2002), and the
dopamine transporter (Matsunaga et al., 1998). However, a
study assessing the latter hypothesis could not confirm this
(Theunissen et al., 2006). Taken together, it is suggested that
histamine in the brain plays a role in motor processes, which
may be mediated by dopamine. However, the exact mecha-
nism is not clear.

It may be argued that the effects found in this study are due
to a non-specific effect of amino acid imbalance but we
believe this is unlikely. A similar question was raised concern-
ing tryptophan depletion, but acute lysine depletion has no
effect on mood and cognition in humans, unlike tryptophan
depletion (Klaassen et al., 1999). In addition, in rodents, his-
tamine metabolism can be altered more by changes in pre-
cursor availability than any other neurotransmitter (Young,
1996). Therefore, the effects of HID treatment found in this
study may be attributed to small changes in histamine release.
To account for the limited effect of HID treatment that we
found, it may be argued that a decrease in histamine release
may not occur in all brain areas. Neurotransmitter release can
be regulated differentially in different brain areas and small
changes in histamine synthesis may lead to an inhomoge-
neous decrease of histamine release.

Surprisingly, treatment with TYD, that is, depletion of
dopamine, decreased the interval between the LRP and the
response, indicating increased motor processing capacity.
However, TYD treatment did not affect the CNV and perfor-

mance on the CTT and the CRT as measured with reaction
time. Other studies of the effects of L-tyrosine/L-
phenylalanine depletion yield inconsistent results. Some
studies showed impaired performance (Harmer et al., 2001;
Harrison et al., 2004) and altered mood (Leyton et al., 2000),
while others did not observe such effects (McLean et al., 2004;
Lythe et al., 2005). It has been suggested that these inconsis-
tencies are due to large variability between subjects in brain
dopamine availability. Mehta et al. (2005) showed that sub-
jects who performed worse on a delayed response task and a
planning task also showed the greatest reductions in dopam-
ine levels in the striatum. It may be that there were many
non-sensitive subjects in this study.

To conclude, contrary to our expectations, HID treatment
had an impairing effect on motor-related processes, suggest-
ing that histamine is involved in more than sensory process-
ing, which is affected by histamine H1-receptor blockade.
However, HID treatment did not impair psychomotor perfor-
mance as measured by the CTT and reaction times and did
not cause sedation as indicated by subjective and objective
measures. The absence of these effects may be explained by
small changes in histamine release.
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