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availability and improves morning alertness and brain measures of
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ABSTRACT

Background: Brain serotonin function is thought to promote sleep
regulation and cognitive processes, whereas sleep abnormalities and
subsequent behavioral decline are often attributed to deficient brain
serotonin activity. Brain uptake of the serotonin precursor trypto-
phan is dependent on nutrients that influence the availability of
tryptophan via a change in the ratio of plasma tryptophan to the sum
of the other large neutral amino acids (Trp:LNAA).

Objective: We tested whether evening consumption of
a-lactalbumin protein with an enriched tryptophan content of 4.8
2/100 g increases plasma Trp:LNAA and improves alertness and
performance on the morning after sleep, particularly in subjects with
sleep complaints.

Design: Healthy subjects with (n = 14) or without (n = 14) mild
sleep complaints participated in a double-blind, placebo-controlled
study. The subjects slept at the laboratory for 2 separate nights so that
morning performance could be evaluated after an evening diet con-
taining either tryptophan-rich a-lactalbumin or tryptophan-low pla-
cebo protein. Evening dietary changes in plasma Trp:LNAA were
measured. Behavioral (reaction time and errors) and brain measures
of attention were recorded during a continuous performance task.
Results: Evening a-lactalbumin intake caused a 130% increase in
Trp:LNAA before bedtime (P = 0.0001) and modestly but signifi-
cantly reduced sleepiness (P = 0.013) and improved brain-sustained
attention processes (P = 0.002) the following morning. Only in poor
sleepers was this accompanied by improved behavioral performance
(P = 0.05).

Conclusion: Evening dietary increases in plasma tryptophan avail-
ability for uptake into the brain enhance sustained alertness early in
the morning after an overnight sleep, most likely because of im-
proved sleep. Am J Clin Nutr 2005;81:1026-33.

KEY WORDS Sleep complaints, continuous performance task,
attention, a-lactalbumin, tryptophan, event-related brain acivity

INTRODUCTION

Reduced alertness after poor sleep often deteriorates
cognitive-behavioral functioning (1). Most of the observed neg-
ative effects are on performance that requires sustained attention,
which are recognized by vigilance tasks that are repetitive, sim-
ple, and of long duration (2, 3). Vigilance studies indicate that
sleepiness progressively reduces attention and efficient stimulus
detection (4), as evidenced by lower behavioral responsiveness
and by reduced parietal event-related brain activity that occurs
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~300 ms after stimulus onset (P300), which indicates reduced
attention processing (5). Consequently, reduced vigilance after
poor sleep often leads to dramatic catastrophes and traffic acci-
dents (6). Moreover, sleep disturbances often precede affective
complaints and depressive symptoms (7). From a prevention
perspective, itis important to search for mechanisms that mediate
the effect of poor sleep on cognitive performance.

The effects of poor sleep on performance may be partly me-
diated by a biochemical imbalance of brain serotonin (5-
hydroxytryptamine, or 5-HT). Brain 5-HT seems to be involved
in the regulation of sleep and cognitive processes (8, 9), and sleep
abnormalities and cognitive decline in clinical populations are
partly attributable to deficient brain 5-HT activity (10, 11). Ac-
cordingly, reduced 5-HT concentrations resulting from the ex-
haustion of its plasma precursor tryptophan was found to provoke
sleep abnormalities seen in depression (10, 12), whereas in-
creases in available plasma tryptophan for uptake into the brain
improved sleep in different subjects (9, 13, 14). These sleep-
promoting effects of tryptophan may be stronger in subjects with
sleep complaints, because they are vulnerable to the sleep-
reducing effects of tryptophan depletion (12). In further support,
sleep complaints are often accompanied by stress and emotional
decline (15, 16) that, in turn, may alter 5-HT receptor sensitiza-
tion (17, 18) and subsequently increase tryptophan and 5-HT
vulnerability (18). Even though these findings suggest positive
relations between tryptophan availability and sleep, beneficial
effects of increases in evening tryptophan on morning alertness
have not yet been investigated. Instead, studies exclusively fo-
cused on the effects of tryptophan alterations on electroencepha-
lographic (EEG) sleep recordings without exploring its rele-
vance to morning performance.

Available brain tryptophan and 5-HT in humans is thought to
rise with the intake of L-tryptophan or carbohydrates, which raise
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the ratio of plasma tryptophan to large neutral amino acids (Trp:
LNAA) (19, 20). These methods, however, may have physical
side effects, and carbohydrate ingestion showed no or only small
behavioral effects due to modest tryptophan alterations (21, 22).
An alternative method for raising tryptophan availability, and
probably 5-HT, may be the intake of a-lactalbumin (A-LAC)
protein, which contains the highest tryptophan content of all
food-protein sources (23). Recently, it was shown that A-LAC
containing 1.3 g/100 g tryptophan causes a 48% increase in
plasma Trp:LNAA (18). In addition, A-LAC was found to in-
crease brain 5-HT concentrations (24) and to reduce sleep dis-
turbances inrats (25). The present study investigated whether the
evening intake of A-LAC may improve morning performance in
subjects with sleep complaints. To enhance the effects of A-LAC
on Trp:LNAA, A-LAC protein was used with a greater trypto-
phan content (4.8 g/100 g) than that used in previous studies (18).

SUBJECTS AND METHODS

Subjects

Dutch University students (n = 235) filled out the Dutch
Groningen Sleep Questionnaire (GSQ; 26) and a questionnaire
package concerning personal details. From the highest quartile of
the GSQ score (x = SD: 22 * 2; range: 20-27), 14 subjects (7
men and 7 women aged 22 + 2 y) were selected for the poor-
sleepers group; from the lowest quartile of the GSQ score (16 =
1;range: 15-17), 14 subjects (7 men and 7 women aged 22 + 3y)
were selected for the “good sleepers” group. Exclusion criteria
for participation were chronic and current illness; a history of
psychiatric or medical illness; medication use; metabolic, hor-
monal, or intestinal diseases; irregular diets or deviant eating
habits; excessive use of alcohol, cigarettes, coffee, or drugs;
allergy to milk products; and pregnancy as assessed by health and
lifestyle questionnaires. All subjects who participated in the ex-
periment had a body mass index (BMI; in kg/m?) in the normal
range (BMI: 19-26), were nonsmokers, and were not allowed to
drink alcohol or take any drug for 2 d before and during the
experiment. The study was approved by the Medical Ethics Com-
mittee (MEC 03-0625) of the Academic Hospital Maastricht
(Maastricht, Netherlands) and complied with the requirements of
the European Council of Good Clinical Practice adopted by the
52nd World Medical Association General Assembly, Edinburgh,
United Kingdom (October 2000). All subjects gave their in-
formed consent to participate in the experiment.

Methods

The experimental procedure was conducted according to a
double-blind, placebo-controlled design, and the data analysis
was conducted without knowledge of the subject’s assignment
and dietary condition.

During 2 experimental sessions, subjects with and without
sleep complaints stayed at the laboratory for an overnight sleep
for the monitoring of their early morning alertness and mental
functioning under task-related EEG-ERP registration, after ei-
ther an evening diet containing tryptophan-enriched A-LAC or
standard protein (placebo). The diets were isoenergetic and con-
tained equal amounts of protein, carbohydrate, and fat. The order
of presentation of the A-LAC and placebo diets was counterbal-
anced between subjects. Both experimental sessions were sepa-
rated by a 3- or 4-wk period to allow for the control of the
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women’s menstrual cycles, whereas women using oral contra-
ceptives participated during the time when they actually con-
sumed the contraception pill. Two weeks before the start of the
experiment, all subjects were invited to the laboratory to famil-
iarize themselves with the sleep conditions and experimental
procedures.

For each experimental session, 2 subjects arrived at the labo-
ratory at 1800 (see Figure 1 for an overview). The subjects were
instructed to consume a standardized lunch at 1230, for which
they received precise descriptions and a food diary, and to fast
from 1300 onward (only water or tea without sugar was permit-
ted). After their arrival, the subjects consumed an evening meal
together with an A-LAC or placebo milk shake at 1830, which
was followed by a second milk shake 1 h later (at 1930). Two
hours after intake of the second drink, a blood sample was taken
and collected in a tube. Then, subjects were allowed to watch
television or to read in a private guest room and also conducted
a computer test as part of another study. At 2250, the subjects
filled in a computerized Stanford Sleepiness Scale (27) and then
went to bed at 2300 (lights off) in a private bedroom until 0700
in the morning (lights on). After showering, the subjects filled in
a second sleepiness scale and were brought into the laboratory.
After the EEG electrodes were connected, the subjects were
seated in front of a computer screen in an electrically shielded and
soundproof cabin and conducted a continuous performance task
(CPT). Before the CPT started, the subjects first had to run
through a practice session until a predetermined criterion was
reached (>80% hits and <500 ms). After completion of the CPT,
the electrodes were disconnected and the subjects were allowed
to go home.

Diets

On both experimental evenings, an isoenergetic diet (Knorr
Orienty Nasi; Unilever Bestfoods, Rotterdam, Netherlands) pro-
viding 325 kcal (13% of energy as protein, 86% of energy as
carbohydrate, and 1% of energy as fat) was provided to the
subjects The 2 dietary conditions were similar, with the excep-
tion of an additional milk shake in which the protein sources
differed. The milk shake for the experimental diet contained 20 g
tryptophan-enriched (4.8 g/100 g tryptophan) A-LAC protein
(Davisco Foods International, Eden Prairie, MN) and the milk
shake of the placebo diet contained 20 g (1.4 g/100 g tryptophan)
sodium caseinate (DMV International, Veghel, Netherlands).
The milk shakes were prepared by mixing the A-LAC or placebo
protein powder with 7 g strawberry milk shake mix (Nesquik;
Nestlé, Vevey, Switzerland) and 200 mL water. The first milk
shake was served with the meal (1830), and the second milk
shake was served 1 h later (at 1930). A research assistant blind to
the dietary conditions supervised the dietary intake to make sure
that all foods were consumed within 20 min. The amino acid
profile of the protein sources and the nutrient composition of the
milk shakes are given in Table 1.

Measurements

Sleepiness

Changes in sleepiness were measured by using the Stanford
Sleepiness Scale (27), which was offered on a computer screen
and has a 7-point interval scale ranging from “strongly disagree”
to “strongly agree.” The first scale was offered 10 min before the
subjects went to bed (at 2250), and a second scale was offered the
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FIGURE 1. General design and time schedule of the experiment. A: During 2 experimental sessions, the subjects with (n = 14; ®) or without (n = 14; [J)
mild sleep complaints slept overnight in the study laboratory; their performance was monitored the morning after the evening intake of a tryptophan-rich
a-lactalbumin (A-LAC) diet or a casein (placebo) diet. B: During each experimental session, the subjects consumed the diets after their arrival at the study
laboratory; a blood sample was collected 2 h after dietary intake (at 2130). After the first measurement of sleepiness, the subjects slept from 2300 to 0700. After
the subjects awoke and a second measure of sleepiness was made, behavioral and brain measures were assessed during a continuous performance task (CPT).

SSS, Stanford Sleepiness Scale.

following morning 10 min after the subjects awoke (at0710). The
sleepiness scale comprises 7 statements concerning feelings of
alertness ranging from “feeling active and vital” (score of 1) to
“almost dreaming, sleep onset will be soon” (score of 7). The
Stanford Sleepiness Scale is particularly sensitive to changes in
alertness that are caused by poor sleep and sleep loss (28).

Continuous performance task

The CPT was used to measure changes in vigilance (29). A
series of randomly presented letters (A, E, H, K, L, and X) was
presented at the center of the computer screen. The subjects were
instructed to push a button as quickly as possible when the letter
X appeared on the screen, but only when it was preceded by the

TABLE 1
Amino acid profile of the milk shake containing tryptophan-rich a-
lactalbumin (A-LAC) and of the tryptophan-poor milk shake (placebo)’

A-LAC Placebo
Nutrient (g)
A-LAC protein 20 0
Sodium caseinate protein 0 20
Fruit aroma powder 7 7
Water 200 200
Amino acid profile (g/100 g)
Isoleucine 6.0 5.8
Leucine 10.8 10.1
Phenylalanine 4.1 54
Tyrosine 44 5.8
Valine 43 7.5
Tryptophan 4.8 14
Trp:LNAA 1.7 0.4

T LNAA, large neutral amino acids.

letter A (A-X sequence, target condition). When an A was fol-
lowed by another letter (A-not-X, nontarget condition), the sub-
jects were instructed to not respond. The CPT was administered
in 3 time blocks of ~4-min duration, consisting of 264 trials each,
to measure sustained attention. Each block contained 24 A-X
sequences and 24 A-other sequences, and 24 X, K, E, H, and L
letters were presented randomly alone without a preceding A.
Each trial lasted 950 ms, including stimulus duration of 150 ms
and a fixed interstimulus interval of 800 ms, and the total task
duration was ~13 min (3 X 4.18 min). Before the task onset, the
subjects had to practice to reach sufficient performance (minimal
80% hits and a reaction time (RT) of <500 ms), which was
generally accomplished within 3—4 min. Stimulus presentation
and acquisition of behavioral data were controlled by Experi-
mental Run Time System software (ERTS, version 3.18; Berisoft
Corp, Frankfurt, Germany). For each subject, the number of hits
(correct A-X responses), misses (missed A-X responses), and
false alarms (A-other) as well as the mean RTs during the hits
were computed as behavioral measures of (sustained) attention
efficiency.

Electroencephalographic recordings

During the CPT, EEG activity was registered continuously
from tin electrodes by means of an electro cap from the midline
scalp positions, of which only the signals at the parietal electrode
(Pz) were analyzed for the purpose of this study. Both horizontal
and vertical electro-oculographic (EOQG) activity was recorded
with the use of 2 tin electrodes attached to the outer canthi of both
eyes (horizontal EOG) and from 2 infraorbital and supraorbital
tin electrodes placed in line with the pupil of the left eye (vertical
EOG). A ground electrode was attached to the middle of the
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forehead, and a reference electrode was placed on the left mas-
toid. Electrode impedance was kept below 5 K-{). Signals were
recorded at 250 Hz, with an online band pass filter of 0.05-50 Hz,
with the use of NEUROSCAN software and NEUROSCAN am-
plifiers (NEUROSCAN 4.2; Tefa Portanje, Woerden, Nether-
lands).

Offline, the continuous EEG was divided into epochs from 200
ms prestimulus to 952 ms poststimulus, filtered with a 30-Hz (24
dB/Oct) digital low-pass filter and baseline corrected with a
200-ms prestimulus interval. EEG signals were corrected for
vertical EOG artifacts by means of an eye-movement correction
algorithm (30), and all EEG epochs containing artifacts exceed-
ing £ 75 wV were removed. Averaged parietal ERPs were com-
puted for individual subjects in each of the 3 CPT blocks, only for
target trials to which subjects responded correctly. In the ERP,
peak amplitudes and latencies of the P300 component were
scored relative to baseline at Pz in a 300-550 ms window.

Biochemical analyses

Blood samples were collected in 5-mL evacuated tubes con-
taining sodium heparin and centrifuged at 2850 X g (5000 rpm)
for 5 min at 4 °C. Subsequently, the supernatant fluid (100 wL)
was mixed with 4 mg sulfasalicylic acid and stored at —80 °C
until analyzed. Amino acid analysis in plasma was conducted
with HPLC with the use of a 2-3-um Bischof Spherisorb ODS II
column (31). Plasma Trp:LNAA was calculated by dividing the
plasma tryptophan concentration by the sum of the other large
neutral amino acids, ie, valine, isoleucine, leucine, tyrosine, and
phenylalanine.

Experimental design and statistical analysis

The main research question formulated in the introduction was
analyzed by means of univariate repeated-measures analysis of
variance (ANOVA) by using the general linear model (SPSS 7.5
for WINDOWS; SPSS Inc, Chicago) with one between-subjects
factor “group” (poor sleepers compared with good sleepers, as
independent variables) and one within-subjects factors “diet”
(A-LAC compared with placebo, as independent variables) on
changes in plasma Trp:LNAA and sleepiness and behavioral (RT
and errors) and ERP changes during the CPT as dependent vari-
ables. For the effect on behavioral and ERP changes during the
CPT across the 3 time blocks, multivariate ANOVA also in-
cluded “block’ as a within-subjects factor with first- and second-
order polynomial contrasts. Although we counterbalanced for
the sequence of dietary condition (order of diet), this factor was
incorporated as a covariant when a significant main or interaction
effect was found. This was the case for the ERP P300 amplitude
and latency. Significant results shown with these procedures
were further examined by post hoc tests. Huynh-Feldt—or Green-
house-Geisser—corrected P values, their corresponding epsilons,
and the original (ie, uncorrected) df are reported when the sphe-
ricity assumption was not met. All statistics were evaluated at a
significance level of 5%. Data are reported as means = SDs.

RESULTS

Plasma Trp:LNAA

Repeated-measures ANOVA with “diet” as the within-
subjects factor and “group” as the between-subjects factor
showed a significant effect of diet (P < 0.0001), which indicated
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FIGURE 2. Mean (£SEM) ratio of total plasma tryptophan to other large
neutral amino acids (Trp:LNAA) 2 h after the evening intake of a tryptophan-
rich a-lactalbumin diet (A-LAC) or a casein (placebo) diet in healthy subjects
with (n = 14; m) or without (n = 14; [J) mild sleep complaints. Repeated-
measures ANOVA showed a significant main effect of diet (P < 0.0001).
“Significantly different from placebo, P < 0.05. The mean difference be-
tween diets was significant (P < 0.0001) when both groups were pooled.
There were no significant differences between the subjects with or without
sleep complaints.

asignificant (130%) increase in plasma Trp:LNAA after A-LAC
as compared with placebo. As shown in Figure 2, the mean
plasma Trp:LNAA was higher after the A-LAC diet condition
(0.25 + 0.02) than after the placebo diet condition (0.11 £ 0.03).
There was no significant effect of group or an interaction be-
tween diet and group.

Sleepiness

Repeated-measures ANOVA with diet as the within-subjects
factor and group as the between-subjects factors on evening
sleepiness showed no significant effect (P > 0.2). A second
analysis with diet as the within-subjects factor and group as the
between-subjects factor on morning sleepiness showed a signif-
icanteffectof diet (P = 0.013). As shown in Figure 3, all subjects
were less sleepy in the morning after evening intake of A-LAC
(2 £ 0.1) than after placebo intake (3 * 0.1). There was no
significant effect of group or an interaction between diet and

group.
Continuous performance task

Behavioral findings

Repeated-measures ANOVA with diet and block as within-
subjects factors and group as the between-subjects factor on RT
showed a significant effect of block (P = 0.045) and a significant
interaction effect of diet X block X group (P = 0.05), which
originated from a significant quadratic polynomial contrast (P =
0.014). As indicated in Figure 4, RT was lower in the poor-
sleepers group during the second block (from 369 + 51 to 379 +
53 ms) and higher at the end of the task during the third block
(401 = 40 ms; P = 0.014) after the A-LAC diet, whereas there
were no significant differences after the placebo diet (P > 0.5).
This effect or any other effect was not found in the good-sleepers
group.

To see whether this interaction effect on RT was accompanied
by alterations in the number of errors, we also conducted an
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FIGURE 3. Mean (£SEM) changes in sleepiness scores after an over-
night sleep following the evening intake of a tryptophan-rich a-lactalbumin
(A-LAC) diet or a casein (placebo) diet in healthy subjects with (n = 14; m)
or without (n = 14; [J) mild sleep complaints. Repeated-measures ANOVA
showed a significant main effect of diet (P = 0.013). “Significantly different
from placebo, P < 0.05. The mean difference between diets was significant
(P = 0.013) when both groups were pooled. There were no significant
differences between the subjects with or without sleep complaints.

ANOVA on the number of missed A-X responses. The analysis
showed no significant interaction effect of diet X block X group
(P> 0.2). However, as indicated in Figure 5, the analysis on the
number of false alarms (A-other) did show a significant interac-
tion of diet X block X group (P = 0.008), which indicated a
significant linear reduction in the number of false alarms across
blocks after the A-LAC diet in poor sleepers (P = 0.048) but not
in good sleepers (P > 0.7).

Good sleepers

Poor sleepers

410 —
400 —
390 —

380 — E‘

370

RT (ms)

[;H

360 —
350 —

340

[ [ \ \ \ [
1 2 3 1 2 3

Time blocks

FIGURE 4. Mean (=SEM) changes in reaction time (RT) during a
continuous performance task after an overnight sleep following the evening
intake of a tryptophan-rich a-lactalbumin diet () or a casein (placebo) diet
(O) in healthy subjects with (n = 14) or without (n = 14) mild sleep com-
plaints (poor and good sleepers, respectively). Repeated-measures ANOVA
showed a significant effect of block (P = 0.045) and a significant interaction
effect of diet X block X group (P = 0.05). In the poor sleepers, morning RT
was significantly lower halfway through the task (block 2) and was higher at
the end of the task (block 3) after the evening intake of a-lactalbumin than
after the intake of placebo. The quadratic trends were significantly different
between treatments (P = 0.05) but not in the good sleepers.

MARKUS ET AL

] Good sleepers Poor sleepers
2 —
2 15 —
2
5 |
1 —
0.5 —

—_
387
%)
—_
b
5]

Time blocks

FIGURE 5. Mean (:=SEM) changes in the number of errors during a
continuous performance task after an overnight sleep following the evening
intake of a tryptophan-rich a-lactalbumin diet () or a casein (placebo) diet
(O) in healthy subjects with (n = 14) or without (n = 14) mild sleep com-
plaints (poor and good sleepers, respectively). Repeated-measures ANOVA
showed a significant interaction effect of diet X block X group (P = 0.008).
In the poor sleepers, morning reaction time was significantly lower halfway
through the task (block 2) and was higher at the end of the task (block 3) after
the evening intake of a-lactalbumin than after the intake of placebo. The
quadratic trends were significantly different between treatments (P = 0.05)
but not in the good sleepers.

ERP findings

Repeated-measures ANOVA with diet and block as within-
subjects factors and group as the between-subjects factor on
parietal P300 amplitudes showed a significant effect of diet (P <
0.002), which indicated that morning P300 amplitude was sig-
nificantly higher after the A-LAC diet (23 + 6 wV) than after the
placebo diet (19 £ 6 wV) (Figure 6). No other main or interac-
tion effects were found.

Repeated-measures ANOVA on parietal P300 latency showed
a significant effect of diet (P = 0.002) and a significant interac-
tion of diet X block X group (P < 0.04). Further post hoc testing
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FIGURE 6. Mean amplitudes of event-related brain activity ~300 ms
after stimulus onset (P300 amplitude) during a continuous performance task
that was completed after an overnight sleep following the evening intake of
atryptophan-rich a-lactalbumin diet (solid line) or a casein diet (broken line);
the data for all subjects (n = 28) were pooled. Repeated-measures ANOVA
showed a significant main effect of diet (P = 0.002). The early morning P300
amplitude was significantly higher after the evening intake of a-lactalbumin
than after the intake of placebo (P = 0.005). There were no significant
differences between the subjects with or without sleep complaints.
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FIGURE 7. Mean (=SEM) latency of event-related brain activity ~300
ms after stimulus onset (P300 amplitude) during a continuous performance
task completed after an overnight sleep following the evening intake of a
tryptophan-rich a-lactalbumin diet (®) or a casein (placebo) diet (CJ) in
healthy subjects with (n = 14) or without (n = 14) mild sleep complaints
(poor and good sleepers, respectively). Repeated-measures ANOV A showed
a significant effect of diet (P = 0.002) and a significant interaction of diet X
block X group (P = 0.04). Further ANOVA testing within each group
showed a near-significant effect of diet X block in the poor sleepers (P =
0.07) but not in the good sleepers. In the poor sleepers, morning P300 latency
appeared to increase as a function of time-on-task after the evening intake of
a-lactalbumin was compared with the intake of placebo (post hoc dependent
ttest with time block as a within-subjects factor; P = 0.05); this was not found
in the good sleepers.

in separate groups showed a near-significant effect of diet X
block in poor sleepers (P = 0.07) and no significant effect in good
sleepers. As shown in Figure 7, poor sleepers showed higher
latency from blocks 1 + 2 to the last block (as a function of
time-on-task) after the A-LAC diet as compared with after the
placebo diet; this effect was not found in good sleepers.

DISCUSSION

The present study investigated whether evening consumption
of A-LAC increases plasma tryptophan availability for uptake
into the brain and improves morning alertness and attention in
subjects with sleep complaints. The results showed a large in-
crease in tryptophan availability after A-LAC intake. Morning
alertness improved modestly but significantly in all subjects and
was accompanied by improved vigilance performance in sub-
jects with mild sleep complaints.

Evening dietary effect on Trp:LNAA

Evening consumption of A-LAC containing 4.8 g/100 g Trp
resulted in a 130% increase in the plasma Trp:LNAA as com-
pared with placebo. This indicated that, after the A-LAC diet,
more tryptophan was available for uptake into the brain (32). This
rise in Trp:LNAA is considerably higher than the 48% increase
that was previously found after consumption of A-LAC contain-
ing 1.7 g/100 g tryptophan (18) and the previously reported
20-45% increases after the consumption of foods such as car-
bohydrates (22). Although a 40-50% variation in plasma Trp:
LNAA is thought to be sufficient to change available brain tryp-
tophan and 5-HT synthesis and release (18, 20, 32-34), a 130%
increase may cause an even larger increase in available brain
tryptophan (and probably 5-HT) and, therefore may also result in
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a greater release of functionally active brain 5-HT and related
behavior as previously suggested (18, 35). This certainly merits
further investigation.

Dietary effect on early morning sleepiness

It was assumed that A-LAC would especially induce feelings
of sleepiness in the evening in poor sleepers, leading, in turn, to
improved sleep and reduced feelings of sleepiness in the morn-
ing. Contrary to our expectations, there was no effect on evening
sleepiness. We found that poor sleepers were sleepier in the
evening, regardless of dietary condition. In contrast, there was a
significant dietary effect on sleepiness in the morning. Poor
sleepers and good sleepers felt less sleepy and more alert in the
morning after the consumption of A-LAC than after the con-
sumption of placebo in the evening. This apparent contradictory
effect of diet on evening compared with morning sleepiness may,
however, not be surprising after all. The subjects had just finished
a computer test before evening sleepiness was measured as part
of another study. In addition, evening changes in feelings of
sleepiness do not necessarily reflect the transitional phase be-
tween wakefulness and sleep onset and subsequent sleep
progress, whereas early morning changes in sleepiness do. Hence,
changes in morning scores on the Stanford’s Sleepiness Scale most
likely indicate higher alertness due to improved sleep (28).

Dietary effects on early morning performance

There was a significant increase in RT as a function of task
duration, which indicated successful task manipulation of vigi-
lance. Generally, increased sleepiness after poor sleep signifi-
cantly reduces vigilance performance as evidenced by an in-
crease in RTs and an increase in the number of errors (4). Only in
poor sleepers was RT significantly reduced halfway through the
task and became higher at the end of the task after evening
A-LAC consumption. Moreover, only in these subjects was there
a modest but significant reduction in the number of false alarms
across task performance.

The results also showed higher parietal P300 amplitudes dur-
ing the morning task performance in all subjects after evening
intake of A-LAC. Together with the reduction in morning sleep-
iness after A-LAC intake, this finding indicates a general in-
crease in attention (5). Hence, an increase in parietal P300 am-
plitude is thought to reflect a rise in neural activity involved in
attention that is controlled by the activation or arousal state of the
subjects and its consequent drive to perform (5). Together with
the behavioral findings, it appears as if such an increase in cog-
nitive resources modestly improved task performance in poor
sleepers. In addition, in these subjects, P300 latency increased
across task performance after evening intake of A-LAC; this is
thought to reflect slower cognitive evaluation processes and may
suggest that subjects take more time to perform well.

Are the dietary effects of A-LAC intake due to improved
sleep?

The remaining question is whether the effects of evening
A-LAC intake on subsequent morning sleepiness and perfor-
mance are mediated by improved sleep. This appears to be likely.
First, the effects cannot be caused by higher plasma tryptophan
availability in the morning. On the basis of previous studies, it is
expected that food-induced increases in plasma Trp:LNAA in
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humans remain for =4 -5 h after intake (with peak scores occur-
ring =3 h after intake), followed by a fast gradual return to
baseline values (33, 36, 37). In addition, the highest increases in
the present study were expected around bedtime and should have
been sustained for only a few hours after midnight. Second,
previous findings showed reduced sleep after evening trypto-
phan depletion and improved sleep after evening increases in
tryptophan availability (9, 10, 13, 14). In addition, it was shown
by Minet-Ringuet et al (25) that even the intake of A-LAC con-
taining lower tryptophan concentrations than used in the present
study was capable of reducing sleep disturbances after food de-
privationinrats. Third, current dietary findings on reduced morn-
ing scores on the Stanford Sleepiness Scale further support the
assumption that morning alertness improves as a result of better
sleep and reduced sleep loss (28). Finally, the increases in pari-
etal (P300) event-related brain activity indicate enhanced arousal
and attention processing (5), which have been found to decrease
particularly after poor sleep (4). In addition, Smulders (38) re-
ported lower morning P300 amplitudes and reduced perfor-
mance accuracy after sleep deprivation, as indicated by increased
RTs in combination with a higher amount of errors.

Conclusion

The present study showed a significant 130% increase in the
plasma Trp:LNAA 2 h after the evening intake of an A-LAC—
enriched standard diet as compared with a placebo diet. This was
accompanied by reduced sleepiness and higher task-related brain
activity the following morning, which suggests improved alert-
ness due to better sleep. Only in subjects with mild sleep com-
plaints was this accompanied by modest but significantly im-
proved vigilance performance. The current findings support the
assumption that evening consumption of tryptophan-rich
A-LAC may improve early morning performance indirectly by
enhancing available brain tryptophan and subsequent sleep im-
provement. However, further evidence is needed, including EEG
sleep measures, in subjects with more severe sleep complaints.
For instance, beneficial effects on morning performance may be
mediated by reduced sleep onset latency or changes in rapid eye
movement latency, because these are particularly affected by
acute tryptophan depletion (10) or by L-tryptophan (10).
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