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Abstract Rationale: Modafinil is a well-tolerated psy-
chostimulant drug with low addictive potential that is used
to treat patients with narcolepsy or attention deficit
disorders and to enhance vigilance in sleep-deprived
military personal. So far, understanding of the cognitive
enhancing effects of modafinil and the relevant neurobio-
logical mechanisms are incomplete. Objectives: The aim
of this study was to investigate the effects of modafinil on
working memory processes in humans and how they are
related to noradrenergic stimulation of the prefrontal
cortex. Methods: Sixteen healthy volunteers (aged 20—
29 years) received either modafinil 200 mg or placebo
using a double blind crossover design. Two computerized
working memory tasks were administered, a numeric
manipulation task that requires short-term maintenance of
digit-sequences and different degrees of manipulation as
well as delayed matching task that assesses maintenance of
visuo-spatial information over varying delay lengths. The
battery was supplemented by standardized paper pencil
tasks of attentional functions. Results: Modafinil sig-
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nificantly reduced error rates in the long delay condition of
the visuo-spatial task and in the manipulation conditions,
but not in the maintenance condition of the numeric task.
Analyses of reaction times showed no speed-accuracy
trade-off. Attentional control tasks (letter cancellation,
trail-making, catch trials) were not affected by modafinil.
Conclusions: In healthy volunteers without sleep depri-
vation modafinil has subtle stimulating effects on main-
tenance and manipulation processes in relatively difficult
and monotonous working memory tasks, especially in
lower performing subjects. Overlapping attentional and
working memory processes have to be considered when
studying the noradrenergic modulation of the prefrontal
cortex.
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Introduction

Working memory processes, i.e. the short-term mainte-
nance and manipulation of modality-specific information,
are mediated by neuronal networks involving prefrontal
and parietal cortices as shown by numerous lesion and
neuroimaging studies in monkeys and humans (Fuster
1995; Goldman-Rakic 1996). The efficacy of neuronal
processing related to working memory is modulated by
neurotransmitters including dopamine and noradrenaline
(Arnsten and Robbins 2002). The catecholamine modula-
tion of the prefrontal cortex serves the fine-tuning of
cognitive functioning in emotionally relevant situations
(Aston-Jones et al. 1999; Robbins 2000). Pharmacological
studies in monkeys and humans have shown that both
short-term memory and executive processes can be
improved by noradrenaline agonists, dopamine agonists,
and psychostimulant drugs (Arnsten 1998; Robbins 2000;
Ellis and Nathan 2001; Miiller 2002). In healthy
volunteers visual and visuo-spatial working memory
performance were dose-dependently modulated by cloni-
dine, a mixed «;/c, noradrenaline receptor agonist (Coull
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et al. 1995), and guanfacine, an «2 agonist (Jakéla et al.
1999). Dose-response relationships are critical and seem to
follow an inverted-U curve with both too low and too high
levels of catecholamines having detrimental effects on
cognition (Arnsten and Robbins 2002).

Modafinil (2-[(diphenylmethyl)sulfinyl]acetamide) is a
non-amphetamine psychostimulant drug that is licensed in
many countries for the treatment of excessive daytime
sleepiness in narcolepsy in doses ranging between 100 and
400 mg per day (McClellan and Spencer 1998; US
Modafinil in Narcolepsy Multicenter Study Group 2000;
Thorpy et al. 2003; Becker et al. 2004). There seems to be
a therapeutic potential in attention deficit hyperactivity
disorder (ADHD), both in children (Rugino and Copley
2001) and adults (Taylor and Russo 2000; Turner et al.
2004), as well as in several neuropsychiatric diseases with
excessive daytime sleepiness (Hogl et al. 2002; Rammo-
han et al. 2002; DeBattista et al. 2003; Talbot et al. 2003).
The mechanism of action of modafinil is still unclear. Its
relatively low abuse potential argues against a dopami-
nergic mechanism (Jasinski 2000). In animal experiments,
behavioural effects of modafinil could be antagonized by
noradrenergic drugs, but not by a dopamine antagonist
(Duteil et al. 1990; Lin et al. 1992). More recent data
indicate activation of the hypothalamic arousal (hypocre-
tin) system (Scammell et al. 2000). A pharmacological
functional magnetic resonance imaging (fMRI) study with
modafinil showed enhanced brain activity during visual
processing both in patients with narcolepsy and controls
(Ellis et al. 1999).

Several studies have investigated the effects of different
doses of modafinil on cognitive performance of young
military personnel after sleep deprivation of 35 h and
more: most studies used attentional tasks like critical
flicker fusion, simple or choice reaction time or mental
arithmetic and showed that doses above 100 mg modafinil
improve attentional functions and sleepiness (Bensimon et
al. 1991; Lagarde and Batejat 1995; Pigeau et al. 1995;
Baranski and Pigeau 1997; Baranski et al. 1998;
Wesensten et al. 2002). In sleep deprivation studies with
more comprehensive cognitive tasks 3x100 mg per day
reduced error rates in a visual search task (Stivalet et al.
1998) and 600 mg normalized error rates in a complex
flight simulator task as well as EEG parameters and
sleepiness (Caldwell et al. 2000). For military missions up
to 24 h modafinil is considered to be preferable to naps,
for longer missions a combination of naps and modafinil is
recommended (Buguet et al. 2003).

Two recent modafinil studies in non-sleep deprived
healthy volunteers used computerized tasks focusing on
memory, executive and attentional functions, mainly from
the Cambridge neuropsychological test automated battery
(CANTAB) (Robbins et al. 1998). Turner et al. (2003)
found improved performance after modafinil in the digit
spans, delayed matching to sample, pattern recognition
memory and stockings of Cambridge planning task.
However, only the effects of modafinil on planning time
for the most difficult problems and on stop signal reaction
time were dose-dependent. Randall et al. (2003) found

some effects on mood ratings but no cognitive effects of
either 100 or 200 mg modafinil. Negative findings in the
latter study can be explained by insufficient power due to
the small number of subjects (ten per group in a between
subjects design) and possible ceiling effects in high
performing students. Taken together, these studies in
healthy young volunteers show that (a) it is difficult to
improve cognition in well rested subjects (b) mainly doses
of 200 mg or higher have cognitive enhancing effects and
(c) it is not clear which attentional or working memory
processes are influenced by modafinil.

The aim of our study was to investigate the effects of
modafinil on subprocesses of working memory. A place-
bo-controlled crossover study was performed in healthy
volunteers using a single dose of modafinil 200 mg and
computerized cognitive tasks in order to disentangle subtle
drug effects on maintenance and manipulation processes.
Two working memory tasks were selected that have been
extensively used in monkey and human research on
working memory: The visuo-spatial delayed matching task
is similar to the delayed response task that has been
established by the monkey research groups at Yale
University (Goldman-Rakic 1996; Arnsten 1998). The
manipulation task requires short-term maintenance and
manipulation of a numeric sequence. Variants of this task
with digit, letter or word sequences and different re-
ordering instructions have been used in clinical (Bublak et
al. 2000, 2002; Lewis et al. 2003a), pharmacological
(Miiller et al. 2004; Honey et al. 2003) and neuroimaging
studies (D’Esposito et al. 1999; Gruber et al. 1999; Postle
et al. 1999; Barde and Thompson-Schill 2002; Lewis et al.
2003Db).

The present study addressed two questions: First, can a
single medium dose of modafinil enhance working
memory performance in healthy volunteers without sleep
deprivation? Second, are the effects of modafinil on
human working memory modality or process specific?
Facilitating drug effects were predicted for the most
difficult conditions of the two working memory tasks, i.e.
manipulation of all positions and longest delays.

Materials and methods

Subjects Sixteen healthy students (ten male, six female;
mean age 24.1£1.9, range 20-29 years) were recruited by
advertisement in the local community and included after
medical examination. They had no history of psychiatric,
neurological or cardiovascular illness and no major vision
or motor impairments. All subjects were advised to sleep
sufficiently during the preceding night. Subjects were
asked to abstain from alcohol for 12 h as well as for
caffeine and nicotine for 3 h before the test sessions. There
was a financial compensation of €75 for each participant
(plus €25 for blood sampling). The study protocol was
approved by the Ethics Committee of the University of
Leipzig and all subjects participated with written informed
consent.



Design A double-blind, randomised and balanced cross-
over design was used. An oral dose of modafinil 200 mg
(Vigil, Merckle GmbH, Blaubeuren, Germany) or a
placebo (lactose) tablet, both hidden in identical opaque
gelatin capsules, was administered on each testing day.
The single dose of 200 mg was considered to be a
compromise between efficacy, cost-effectiveness and
safety when the study was submitted for application.
Each subject was tested on 2 days separated by 1 week.
Cognitive testing was performed between 90 and 180 min
after drug intake, i.e. at ascending or maximal plasma
concentrations of modafinil (#,.) as reported in the
literature (McClellan and Spencer 1998; Wong et al. 1999)
and confirmed by plasma level measurements in five
randomly selected subjects (Fig. 1). Blood pressure and
heart rates were monitored every 30 min. Two psycho-
pathological self-rating scales for state anxiety (state trait
anxiety inventory part 1, STAI-1) and subjective well
being (Befindlichkeitsskala, Bf-S) were administered at
baseline and after cognitive testing as previously described
(Miiller et al. 1998).

Cognitive tasks Manipulation processes were investigated
with a numeric working memory task that requires short-
term maintenance and manipulations of four-digit se-
quences (Bublak et al. 2000, 2002). During each trial, four
digits are presented sequentially, followed by a delay of
about 4 s and a cue that indicates if the sequence has to be
recognised in the original order or re-ordered. In the
“easy” manipulation condition the middle two numbers
have to be switched (positions 1-2-3-4 to 1-3-2-4) and in
the “difficult” manipulation condition all four digits are re-
ordered (positions 1-2-3-4 to 3-1-4-2). Trials end with a
sequential recognition of the original (no manipulation) or
re-ordered sequence (i.e. after “easy” or “difficult”
manipulation). In each trial, four consecutive dual-choice
responses (left or right) have to be performed with the
correct item on randomised positions, right or left to the
middle of the screen. Reactions times (RTs) of the first
response (initiation times) and of the following three
responses (execution times) were analysed separately,

Hg/ml

' 1‘5
time (h)

Fig. 1 Plot of mean plasma concentration-time curves (mean+SD)
after single oral administration of modafinil 200 mg in five subjects
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because initiation times are more indicative for the
duration of the manipulation process (Lewis et al. 2003a,
b). Subjects with more than 25% of errors in a preceding
practice session were excluded. A total of 96 randomised
trials, 32 per manipulation condition (no, easy, difficult
manipulation), had to be performed in eight blocks. The
task duration was about 35 min.

Maintenance processes were tested using visuo-spatial
delayed matching to sample task with three different delay
lengths. The task was developed with the intention to (a)
be homologue to delay tasks that have been extensively
used in monkey research (Goldman-Rakic 1996; Robbins
1998; Arnsten and Robbins 2002), (b) to require only
minimal finger movements (button press) instead of
difficult pointing or grasping movements, and (c) to be
suitable for later application in a neuroimaging experi-
ment. It was implemented using the ERTS software
package (Experimental Run Time System, BeriSoft
Cooperation, Frankfurt/Main, Germany), which provides
millisecond accuracy in stimulus presentation and re-
sponse registration. Subjects sat in front of a 17-inch
monitor (1024x768 resolution) in dim room light; the eye-
to-screen distance was 100 cm as controlled by a chin rest.
They had to memorize the location of a 2x2 mm yellow
square (sample) and compare it after a delay of 1,4, or 8 s
with a second stimulus (match) that appeared on one of
five possible positions (—10°, =5°, 0°, +5° or +10°) on an
invisible circle (150 mm diameter) around the crosshair
fixation (3%x3 mm). There were 52 possible locations since
the 12 digit positions of the analogue clock were omitted.
The subject has to decide whether the match is at the same
or a different position by pressing one of two buttons.
There was a trial-wise performance feedback: With a
correct response the fixation cross changes its colour from
yellow to green and with a wrong answer to red (Fig. 2).
Each block consisted of 24 randomised trials and two
catch trials. Catch trials served to control for fixation of the
hair cross and to avoid eye movements; they consisted of a
short (250 ms) shrinkage of the fixation cross during the
main delay that had to be responded to with a button press.
Subjects who missed more than 30% of the catch trials
were excluded. A maximum of 240 randomised trials, up
to 80 per delay condition, were presented and the task
duration was about 30 min.

To control drug effects on attention two well-established
paper—pencil tasks, the d2-Test (a letter cancellation task)
and ZVT (Zahlenverbindungstest, a German variant of the
trail-making task) were administered as previously
described (Miiller et al. 1998).

Pharmacokinetics In five randomly selected subjects
blood samples were taken at 0, 0.5, 1, 1.5, 2, 2.5, 3, 4,
6, 12 and 24 h after drug administration. When placebo
was given on the second day blood sampling was stopped
after cognitive testing and debriefing; blood samples were
centrifuged immediately at 4°C and serum was stored at
—80°C until the end of the study. Modafinil serum
concentrations were analysed after solid phase extraction
on a Bond Elut CI8 reverse phase cartridge by high
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Fig. 2 Visuo-spatial delayed
matching task (the dotted circle
is not shown in the real exper-
iment, feedback stimuli are
either green or red)

500

performance liquid chromatography (HPLC) and UV
detection at 235 nm wave length, according to the method
described by Burnat et al. (1998).

Data analysis All data were analysed using windows
versions of SPSS (Statistical Package for the Social
Sciences). Repeated measures ANOVAs were calculated
for the planned main effects and interactions. Sphericity
was assessed and the Greenhouse-Geisser conservative F-
test was used to interpret the ANOVA where necessary.
Post hoc contrasts were evaluated by #-tests to evaluate
drug effects on the different conditions of the working
tasks and other selected parameters.

Results

Manipulation processes Performance in the manipulation
task was influenced by modafinil. There was a significant
main effect for drug [F(1,15)=5.6; P=0.032] with fewer
errors after modafinil; however, no significant drug by
manipulation interaction [F(2,30)=1.2; P>0.10]. Planned
post hoc analyses of the modafinil effects revealed no
difference (P>0.10) for the “no” manipulation condition, a
trend (P<0.09) for fewer errors in the “easy” manipulation
and significantly (P<0.03) less errors in the “difficult”
manipulation condition (Fig. 3). The mean error rates of
both manipulation conditions:
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were significantly (P=0.01) lower after modafinil (3.4
+2.7% as compared to 5.6+4.1% after placebo). A median
split based on the performance on the placebo day
revealed that only the relatively “poor manipulators”
benefited from modafinil treatment (P<0.03) improving
from 9.8 to 5.7% of errors, whereas the good manipulators
remained good (3.9 versus 3.7%) indicating a floor effect.
There were no relationships between performance and
state anxiety. As shown before in other studies there was a
main effect of manipulation on both errors [F2,30=5.0;
P<0.013] and mean RTs [F(2,30)=32.2; P<0.001] with
increasing manipulation costs. There were no significant
drug or drugxmanipulation effects on RTs, either on the
mean of all four RTs or on the first reaction. Post hoc
analyses of RT distributions (“vincentization”, see Schu-
bert et al. (2002) for methodological aspects) showed a
trend for a decile by drug interaction [F(8,135)=1.77;
P=0.089] with drug-related differences only for the slower
RTs, indicating less attention lapses (Fig. 4).

Maintenance processes Error rates in the visuo-spatial
delayed matching task were around 35% (Table 1), which
is quite high but would have prevented ceiling effects in a
study with predicted cognitive enhancement. There were
some effects of modafinil on performance: when con-
sidering error rates the primary ANOVA showed a drug by
delay length interaction on trend level [F(2,30)=2.9;
P=0.068]. Planned post hoc comparisons revealed no
differences in error rates after short (1 and 4 s) delays;
however, a significant (P=0.01) error reduction of 13.7%
after modafinil in the long delay condition. The compar-
ison of error rates adjusted for the 1 s control condition
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Table 1 Error rates and reaction times (R75) in the visuo-spatial
working memory (maintenance) task (meantSD) after modafinil
200 mg or placebo

Drug Delay length (ms)
1,000 4,000 8,000
Errors (%)  Placebo 35.8+7.8 32.5+5.0 37.9+7.1
Modafinil  34.8+7.0 33.6+7.7 32.7+£6.3%*
RTs (ms) Placebo 937+207 889+197 873+183
Modafinil  894+193*  860+187*  854+172
*P<0.05; **P<0.01
1500
14004 § ~O~M°
8 —O—easy
130091 & :
o —O—difficult
1200 _: —®—no
1100 { < —#—easy
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Fig. 4 Reaction time (R7) distributions for the no, easy and difficult
manipulation conditions in the numeric manipulation task after
modafinil 200 mg or placebo

(error ratey o g ¢ — error rate; ) showed a marginally
significant drug effect [F(1,15)=4.4, P=0.053], but no
significant delay effect or drug by delay interaction. A
further post hoc comparison revealed a significant
(P<0.03) decrease of adjusted errors in the 8 s condition
after modafinil (Fig. 5). RTs were significantly faster after
modafinil in all delay conditions [F(1,15)=5.5; P=0.033];
however, there was no significant drug by delay length
interaction. Further analysis revealed no significant effects
of modafinil on RTs in the long delay condition. There was
no significant main effect of delay length, either for errors
[F(1,30)=2.9; P=0.069] or for RTs [F(1,30)=1.2; P>0.10].
Catch trials were detected correctly in 81.5+£15.1% after
placebo versus 85.8+15.8% after modafinil; the difference
was not significant.

Control parameters Letter cancellation (d2 task) and trail-
making (ZVT) were not affected by modafinil (Table 2);
there were practice effects when comparing the first and
the second day, as previously observed. Modafinil had no
significant effects on state anxiety (STAI-1) and mood (Bf-
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Table 2 Effects of modafinil 200 mg or placebo on attentional
control tasks and mood ratings (mean+SD, no significant differ-
ences). d2 letter cancelation (high score=good performance); ZVT
trail-making-A (low time [s]=good performance); Bf-S well being
(low score=good mood); STAI-1 state anxiety (low score=low
anxiety)

Attention Mood
d2 ZNVT Bf-S STAI-1
Placebo 198448 57.9+12.7 11.6£10.3 30.8+7.3
Modafinil 202+56 57.0+£14.5 11.0+£8.5 31.9+8.6
Oplacebo Emeodafinil| p<0.04
T 51 -
i
g 29
o
5 ]
° =+ f=i|=
@ -1
7]
3, -3 4
®
-5 4
; 4 sec 8 sec
o delay length

Fig. 5 Error rates (meantSEM) in the visuo-spatial working
memory (maintenance) task adjusted for performance in the short
(1 s) delay control condition after modafinil 200 mg or placebo

S); self-rated mood did not differ before and after
cognitive testing.

Systolic (114.8+10.7 versus 119.8+10.7 mmHg) and
diastolic (71.5£8.5 versus 74.1+6.9 mmHg) blood pres-
sure as well as heart rate (61.44+6.4 versus 65.5£9.4 per
min) were significantly (P<0.05) increased by modafinil
when comparing the mean of the last two (“on drug”)
measurements (135 and 180 min after drug administra-
tion); there was no drug effect on sublingual temperature.
Cognitive testing was performed at a time of maximal
plasma levels of modafinil, as confirmed in a subgroup of
five subjects (Fig. 1). The single dose of modafinil 200 mg
was generally well tolerated and no unpleasant side effects
were observed. In the debriefing at the end of the second
day 75% of all subjects attributed the drug to the correct
day, which is above chance level but also indicating a
reasonable blinding.

Discussion

We have shown that a single dose of modafinil results in
subtle improvement of performance in the difficult
conditions of two working memory tasks, independent
from stimulus modality. After 200 mg of modafinil, young
healthy adults without sleep deprivation made fewer errors
in the difficult manipulation condition of a numeric task
and in the long delay condition of a visuo-spatial
maintenance task. The drug did not influence attentional
control tasks and mood ratings.
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These results confirm and extend findings from
previous studies with modafinil in healthy volunteers
(Turner et al. 2003) and animals (Béracochéa et al. 2001).
Turner et al. (2003) found no effects on attentional (rapid
visual information processing), executive (attentional set-
shifting) and spatial working memory tasks of the
CANTAB, however, there were positive effects of
modafinil on performance in the digit span (forward and
backward) and pattern recognition memory tasks. Signif-
icant effects on RTs in the delayed matching tasks can be
explained by speed-accuracy trade-off, i.e. better perfor-
mance at the expense of slower RTs, whereas in our study
reduced errors were accompanied by faster or unchanged
RTs. The small cardiovascular effects observed in our
study are consistent with the finding of increased systolic
blood pressure after modafinil observed by Turner et al.
(2003). Randall et al. (2003) found no cognitive or
cardiovascular effects of modafinil in a similar, albeit
underpowered study. In pharmacological studies with a
comparable design working memory performance of
healthy volunteers was improved by noradrenaline
(Coull et al. 1995; Jdkdld et al. 1999) and dopamine
agonists (Miiller et al. 1998; Mehta et al. 2001), by
conventional psychostimulants like methylphenidate or
amphetamine (Mattay et al. 2000) and impaired by
noradrenaline and dopamine antagonists (Mehta et al.
1999); these findings are, however, not consistent across
all studies, tasks and drugs (Ellis and Nathan 2001;
Arnsten and Robbins 2002; Miiller 2002).

Some limitations of our study have to be considered. (a)
We used a single dose of modafinil and did not investigate
dose-related effects. The dose of 200 mg showed cognitive
enhancing effects in other studies with non-sleep deprived
healthy volunteers. The focus of our study was on the
nature of cognitive processes modulated by modafinil
rather than dose-dependency of the effects. In the light of
recent publications, we would recommend to use at least
two doses of 200 and 400 mg modafinil in future studies
with healthy volunteers. (b) Crossover designs allow the
detection of modest drug effects within a relative small
number of subjects; however, practice effects may
confound intervention effects. We reduced possible prac-
tice effects by training all subjects up to a stable level of
performance. Due to problems with consent and blood
sampling, plasma levels could only be evaluated in five
subjects and no correlations between individual modafinil
levels and cognitive parameters could be calculated. (c)
Unlike findings with our previous task with more complex
visuo-spatial stimuli (Miiller et al. 1998) and a pilot study
with this task (Miiller et al., unpublished data), there were
no increases in errors and even a decrease of RTs with
increasing delay-length. The trials with the shortest delays
were probably too much attention-loaded and the trial-
wise (often negative) feedback may have distracted the
subjects. Our modafinil effect can, nevertheless, be
regarded as maintenance-specific, because it was only
observed in the long-delay condition of the task. In a
subsequent behavioural study with this task we used
block-wise feedback with more consistent results (Miiller

2002). (d) The modafinil effect on slower RTs in the
manipulation task is hampered by a preceding exclusion of
the slowest 10% of reactions in order to control for
outliers.

The subtle effects on manipulation performance togeth-
er with the finding that the benefit of modafinil was
mainly observed in the poorer manipulators is compatible
with findings in other cognitive drug studies in healthy
students; in relatively high performing subjects without
brain pathology or experimentally induced impairment it is
difficult to improve cognitive performance with any given
drug (ceiling effect). Most studies that report cognitive
enhancement in healthy volunteers administered modafinil
after sleep deprivation (Bensimon et al. 1991; Baranski
and Pigeau 1997; Stivalet et al. 1998; Caldwell et al. 2000;
Wesensten et al. 2002), a condition with down regulated
noradrenergic and/or hypocretin systems (Aston-Jones et
al. 1999; Sutcliffe and de Lecea 2002). In non-sleep
deprived subjects, pharmacological enhancement of cog-
nitive functions can only be detected with “high resolu-
tion” tasks that are difficult enough to avoid ceiling (or
floor) effects. Higher doses of psychostimulants may even
result in cognitive impairment according to the inverted-U
model that predicts optimal cognitive functioning at
intermediate cortical catecholamine levels and impair-
ments at both too low and too high levels (Arnsten and
Robbins 2002). Neither our study nor any other published
study has observed impairment of cognitive performance
by higher doses of modafinil. This supports clinical
observations of relatively safe use and broad “therapeutic
window” in patients with various neuropsychiatric dis-
eases (Jasinski 2000; Taylor and Russo 2000; Rugino and
Copley 2001; Hogl et al. 2002; Rammohan et al. 2002;
DeBattista et al. 2003; Talbot et al. 2003; Thorpy et al.
2003).

The mechanism of action of modafinil remains
controversial. Data from animal experiments suggest
direct activation of the tuberomammillary nucleus and
the hypocretin neurons of the perifornical area (Scammell
et al. 2000). Several brain regions are targets of extensive
hypocretin projections; in rats and monkeys the most
dense arborization of hypocretin axons in the brainstem
was detected in the locus coeruleus complex (Horvath et
al. 1999; Sutcliffe and de Lecea 2002). Animal models and
patient studies suggest that the hypocretin system is
dysfunctional in narcolepsy (Nishino 2003), which is the
primary indication for modafinil treatment (McClellan and
Spencer 1998). An indirect stimulation of noradrenaline
and other arousal enhancing neurotransmitters (serotonin,
histamine, acetylcholine) seems to be the most plausible
mechanism of action of modafinil, at the moment.
Glutamate enhancing and GABA inhibiting effects are
favoured by other researchers (Ferraro et al. 1999), and
there are conflicting studies about the effects of modafinil
on dopamine release (Wisor et al. 2001). Further
pharmacological studies with various antagonists are
necessary to investigate the noradrenergic specificity of
modafinil, especially the proposed involvement of the ;-
receptor (Lin et al. 1992).



As indicated by the vincentized RT data, modafinil
seems to speed up the slowest responses in the difficult
manipulation condition that can be taken as an indication
for attention lapses and a noradrenergic mechanism of
action (Smith and Nutt 1996). Although our two working
memory tasks are not explicitly matched for sensitivity, the
findings of this study suggest an underlying attentional
mechanism for the facilitating effects of modafinil on both
spatial and numerical working memory processes. General
fastening of RTs in the maintenance task, selective effects
on RT outliers in the manipulation task together with mild
increases of blood pressure and heart rate can be taken as
evidence for an enhancement of arousal and the speeding
of RTs in one task and the lack of process-specific RT or
performance effects (no significant interaction of drug and
task condition) are indicating complex interactions
between arousal and working memory processes. Both in
the study of Turner et al. (2003) and in our study,
traditional measures of attentional functions like the rapid
visual information processing (RVIP), a trail-making task
(ZVT), a letter cancellation task and the detection of catch
trials were not influenced by modafinil. Enhancement of
arousal or vigilance may affect performance in the more
difficult conditions of any given cognitive task (Eysenck
1982). High performing subjects might be more able to
allocate attentional resources to perform difficult cognitive
tasks. This idea is, however, not directly supported by our
data and has to be investigated in future studies.

The functional neuroanatomy of maintenance and
manipulation processes in working memory has been
elucidated by a series of recent neuroimaging studies with
event-related fMRI (D’Esposito et al. 1999; Postle et al.
1999; Barde and Thompson-Schill 2002; Glahn et al.
2002; Lewis et al. 2003b). Depending on stimulus
modality and task complexity these tasks activate extended
neuronal networks. The (dorso)lateral prefrontal cortex is
critically involved in more difficult and effort demanding
conditions. Future behavioural and neuroimaging studies
will investigate the effects of modafinil and other
stimulants on maintenance and manipulation processes in
working memory and task-related brain activity in order to
disentangle the contribution of ascending neurotransmitter
systems to the cognitive enhancing effects of modafinil
and the overlap of underlying attentional and working
memory processes.

In conclusion, the results of this study suggest that
modafinil, possibly via hypocretin mediated activation of
the locus coeruleus/noradrenaline system, has a potential
to enhance difficult and effort demanding working mem-
ory processes. These findings are relevant for the treatment
of subjects with attention deficit disorders and daytime
sleepiness of different etiology.
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