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Abstract. Single oral administration of modafinil 
(16-64 mg/kg) in monkeys induced an increase in noctur- 
nal activity and in behavioural arousal without stereo- 
typed behaviour. Modafinil-induced increase in noctur- 
nal activity was prevented by the centrally acting al 
adrenoceptor antagonist prazosin. After repeated oral 
administration of modafinil, b.i.d, for 5 days, nocturnal 
activity was still increased, but was lower than after a 
single administration; the gradual decrease appeared on 
the second night. No rebound of sleep and no residual 
effect on night 5 (when modafinil was administered for 
4 days and placebo on day 5) were seen after the with- 
drawal of the drug. Therefore, modafinil appeared to 
produce strong behavioural stimulation and awakening 
in a non-human primate species, after single, as well as 
after repeated administration, without other obvious 
side-effects (no sign of anxiety, no behavioural trouble). 
These awakening properties involved a modulation 
(stimulation) of a central a~ adrenergic system. 

Key words: Modafinil Prazosin - Awakening - al- 
Adrenoceptor - Nocturnal activity - Rhesus monkey 

Narcolepsy and idiopathic hypersomnia are disabling 
sleep disorders usually treated with amphetamine-like 
psychostimulants and tricyclic antidepressants. How- 
ever, these therapeutics are unsatisfactory, so we search- 
ed for new drugs with high activity against these syn- 
dromes. Recently, adrafinil [(diphenylmethyl) sulfinyl-2 
acetohydroxamic acid] demonstrated an original profile 
characterized by hypertocomotion in mice (Rambert et 
al. 1986) and awakening effect in monkeys (Milhaud and 
Klein 1985). Since a partial metabolic transformation of 
adrafinil into modafinil [(diphenylmethyl) sulfinyl-2 ace- 
tamide] has been demonstrated (Moachon, personnal 
communication), the pharmacological activity of this last 
compound was studied and an increased locomotor ac- 
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tivity was evidenced in mice, without stereotyped behav- 
iour in mice and rats (Duteil et al. 1990). This increase 
in locomotor activity was prevented by centrally acting 
al-adrenoceptor antagonists. No obvious peripheral 
sympathetic effect was seen in mice and rats. Pharma- 
cological activities of modafinil were then considered to 
be investigated in monkeys. 

It is already known that the locomotor stimulant 
effect of drugs is related to the activity cycle (diurnal or 
nocturnal) of the species; the diurnal activity of monkeys 
was decreased or unchanged after administration of 
stimulant drugs such as amphetamine, caffeine or 
methylphenidate (Davis 1957; Alexander and Isaac 
1965; Stinnette and Isaac 1975; Lowther and Isaac 1976; 
Isaac and Kallman 1979). In contrast, the nocturnal 
activity of monkeys was increased after the administra- 
tion of amphetamine, caffeine (Lagarde and Milhaud 
1989) or adrafinil (Milhaud and Klein 1985). Therefore, 
the nocturnal period seemed to be the most suitable to 
observe a drug-induced locomotor stimulant effect. 
Moreover, the night period is noiseless and without ex- 
ternal stimulation, compared with daytime, 

The present study was therefore undertaken to evalu- 
ate the pharmacological effects of modafinil on behav- 
iour and nocturnal activity, after either single or repeated 
oral administration of the drug, in the rhesus monkey. 

In addition, since the pharmacological effects of 
adrafinil (Duteil et al. 1979) and modafinil (Duteil et al. 
1990) involve a central ~l-adrenergic link, the al- 
adrenoceptor antagonist prazosin, was used in order to 
attempt to antagonize the modafinit-induced stimulating 
effects. 

Materials and methods 

Animals 

The experimental subjects were ten male (Charles River, Saint- 
Aubin-16s-Elbeuf, France), 3-4 years old, 3.7-5.6 kg, rhesus mon- 
keys (Macaca mulatta). Usually, the monkeys were either housed 
in a large living cage (2 x 2 x 2 m) for six to eight animals, allowing 



them more space for exercise, or paired in a stainless steel cage 
(0.5 x 0.6 x 0.7 m), located in an environmentally controlled room 
with regulated temperature (21 =k 1 ° C) under a constant 12 h light/ 
12 h dark cycle (lights on from 06.00 hours to 18.00 hours). They 
were fed 3 times a day on a diet consisting of standard monkey 
pellets (Extra-Labo) supplemented with fresh fruits and vegetables, 
and were given free access to water. 

All animals were accustomed to the experimental conditions 
and were free of drugs for a period of 4 weeks before the study. 

Experimental design 

Animals were assigned to treatment groups using appropriate 
randomization procedures according to a latin square design (Lel- 
louch and Lazar 1985). Drugs were administered in a flavoured 
syrup by the oral route in a volume of 10 ml per animal. Control 
animals always received the same number of administrations of 
deionized water or tragacanth gum in a flavoured syrup at the same 
time intervals. 

Experimental procedure 

Nocturnal activity was investigated in four pairs of monkeys. Two 
animals of the same pair were moved from the housing unit and 
singly placed in cages in a sound attenuated room. The two cages 
were distant from 60 cm and separated by a transparent screen to 
avoid ultrasonic interference. Gross behaviour was assessed by 
intermittent videotape recording. Total nocturnal mobility time was 
individually recorded for 12 h (from 18.00 hours to 06.00 hours) and 
for each third of the night (from 18.00 hours to 22. 00 hours, 22.00 
hours to 02.00 hours and 02. 00 hours to 06. 00 hours) by an 
ultrasound device (an ultrasound field was generated in each cage 
so that each movement interrupting this ultrasound field could be 
detected by a receiving transducer). 

Experiment 1 : Acute administration of modafinil. At 17.00 hours, the 
two animals of the same pair received modafinil (16, 32 or 64 mg/kg) 
or vehicle. Two drug administrations to the same animal were 
spaced by 1 week. 

Experiment 2." Interaction with prazosin. At 16.00, hours the two 
animals of the same pair received prazosin (2 mg/kg) or vehicle, 
followed by modafinil (32 rag/kg) or vehicle 1 h later. 

Experiment 3: Repeated administration of modafinil. Nocturnal ac- 
tivity was investigated for 5 days. Four treatments were alternated 
in a randomized order in each pair of subjects at 1-month interval. 
Each treatment consisted ofa b. i. d. (09.00 hours and 17.00 hours) 
oral dosage of modafinil (32 mg/kg) or vehicle: 

Treatment 1 : placebo (from day 1 to day 5), 
Treatment 2: placebo (from day 1 to day 4) followed by modafinil 

(on day 5), 
Treatment 3: modafinil (from day 1 to day 4) followed by placebo 

(on day 5), 
Treatment 4: modafinil (from day 1 to day 5). 

Drugs 

Prazosin hydrochloride (Pfizer) was dissolved in deionized water, 
modafinil (Lafbn) was suspended in a 0.5% tragacanth gum solu- 
tion. All doses refer to the free base. 

Statistics 

The data are expressed as means + SEM. Drug effects were assessed 
(after logarithmic transformation to reduce variation between 
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groups) using a one-way ANOVA, followed by the two-tailed Dun- 
nett's test for comparison of multiple experimental groups with a 
single control group (experiment 1), a two-way ANOVA followed 
by the Newman-Keuls test for multiple comparisons between 
groups (experiment 2) and a repeated measure design (ANOVAR) 
followed by either the two-tailed Dunnett's test or the Newman- 
Keuls test (experiment 3). A P value of 0.05 was accepted as the level 
of statistical significance (Schwartz 1981). 

Results 

Experiment 1: Acute administration of  modafinit 

The overall  observa t ion  of  animals  receiving oral doses 
of  modaf in i l  r ang ing  f rom 16 to 64 mg/kg  demons t ra t ed  
a quiet  awaken ing  behav iour  wi thou t  stereotypies. 

A significant increase (Table  1) in  mobi l i ty  dura-  
t ion was observed after modaf ini l  admin i s t r a t ion  
(16-64 mg/kg,  Fig. 1). This  effect was p r o m i n e n t  dur ing  
the first third of  the night  (18.00 hours  to 22.00 hours).  

Experiment 2: Interaction with prazosin 

The overall observa t ion  of  animals  receiving prazos in  
(2 mg/kg)  did no t  show behavioura l  change. 

Table 1. Summary of analysis of variance: experiment 1 

Period Treatment 

F d P 

18.00-22.00 h 62.2 (3,18) 
22.00-02.00 h 9.8 (3,18) 
02.00-06.00 h 11.3 (3,18) 
18.00-06.00 h 59.0 (3,18) 

P<0.001 
P<0.001 
P<0.001 
P<0.001 
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Fig. 1. Nocturnal activity alter a single administration of modafinil 
in monkeys. Placebo (0 mg/kg) or modafinil (16-32 or 64 mg/kg) 
was given orally at 17.00 hours (8 animals/dose). Mobility time, 
recorded by an ultrasound device from 18.00 hours to 22.00 hours 
(open triangle), from 22.00 hours to 02.00 hours (open square) and 
from 02.00 hours to 06.00 hours (open diamond) is shown. Total 
mobility time from 18.00 hours to 06.00 hours (open circle) 
is the sum of the three periods. Significant differences from placebo 
group (Dunnett's test), are represented as: *0.01<P_<0.05; 
** 0.001 <P_<0.01 
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Table 2. Summary of analysis of variance: experiment 2 

Period Treatment A (Modafinil) 

F d P 

Treatment B (Prazosin) Interaction A x B 

F df , '  F df , '  

18,00-22.00 h 88.6 (1,18) P<0.001 
22.00-02.00 h 5.4 (1,18) P<0,05 
02.00~6.00 h 4.9 (1,18) P<0.05 
18,00-06.00 h 51.4 (1,18) P <  0.001 

2.0 (1,18) P>0.05 0.4 (1,18) P>0.05 
2.7 (1,18) P>0.05 0.2 (1,18) P>0.05 
0.7 (I,t8) P>0.05 1.6 (1,t8) P>0.05 
3.0 (1,18) P>0.05 1.1 (1,18) P>0.05 
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Fig. 2A, B. Effect of prazosin on modafinil-induced increase in 
nocturnal activity in monkeys. Prazosin (2 mg/kg ) and modafinil 
(32 mg/kg) were given orally at 16.00 hours and 17.00 hours, 
respectively (8 animals/dose). Mobility time, recorded by an ul- 
trasound device from 18.00 hours to 22.00 hours (panel A), and 
from 22.00 hours to 02.00 hours, (panel B) is shown. Prazosin 
0 mg/kg: open circle, prazosin 2 mg/kg: f i l led circle. Signifcant 
differences between appropriate groups (Newman-Keuls test), 
are represented as: ns: not significant; ** 0.001< P_< 0.01; 
*** P-<0.001 

The nocturnal mobility duration in placebo or 
prazosin (2 mg/kg) treated animals were similar. 

Modafinil (32 mg/kg) induced a significant increase 
in mobility duration which was only obvious from 18.00 
hours to 22.00 hours (Fig. 2A) and from 22.00 hours to 
02.00 hours (Fig. 2B). Prazosin pretreatment reduced 
modafinil-induced increase in mobility duration (Fig. 2) 
although the two-way ANOVA did not show a signifi- 
cant effect (Table 2). 

Experiment 3: Repeated administration o f  modafinil 

In treatment group 1, the overall observation of animals 
displayed a quiet normal sleep every night. 

In treatment group 2, a quiet normal sleep for nights 
1--4 and a total arousal on night 5 were observed. 

In treatment group 3, almost continuous arousal was 
observed on night 1 and 2, but the awakening activity of 
modafinil gradually decreased on night 3 and 4. The 
behavioural sleep was quite normal on night 5. 

In treatment group 4, the same behaviour as in group 
3 was seen, but the awakening activity of modafinil 
gradually decreased on nights 4 and 5. 

Otherwise, in treatment groups 3 and 4, abnormal 
short lasting head-weaving early appeared (30-60 min 
after drug administration) in three of eight animals fol- 
lowing day 1 and day 2 modafinil administration only. 

The nocturnal activity recording showed homo- 
geneity in the responses according to the treatment: from 
day 1 to day 4, no significant difference appeared between 
treatment 1 and treatment 2 (receiving placebo for 4 
days) or between treatment 3 and treatment 4 (receiving 
modafinil for 4 days). 

The ANOVAR revealed significant overall treatment 
effect, time effect and treatment by time interaction 
(Table 3). In the modafinil groups, the enhancement in 
nocturnal activity gradually decreased on the second 
night (from 02.00 hours to 06.00 hours, Fig. 3C) and the 
third night (from 22.00 hours to 02.00 hours, Fig. 3B). 
For the 18.00 hours to 22.00 hours period, the hyperac- 
tivity decreased only on day 4 and onwards (Fig. 3A). 

After 4 days of placebo administration, the subse- 
quent administration of modafinil on day 5, significantly 
increased nocturnal activity (Fig. 3D). This increase 
(which did not significantly differ from those observed on 
day 1 in treatment groups 3 and 4) was more obvious 
during the first part of the night (Fig. 3A). 

After 4 days of modafinil administration, the subse- 
quent administration of placebo on day 5 did not signifi- 
cantly modify nocturnal activity as compared with the 
group receiving placebo for 5 days. 

Table 3. Summary of analysis of variance: experiment 3 

Period Treatment 

F df p 

Time Treatment x Time 

F df P F df e 

18,00-22.00 h 30.2 (3,28) 
22.00-02.00 h 8.2 (3,28) 
02.00-06.00 h 1.3 (3,28) 
18.00-06.00 h 15.4 (3,28) 

P<O.O01 
P<O.O01 
P<O.O01 
P > 0.05 

4.7 (4,112) P<0.001 18.4 (12,112) 
4.7 (4,112) P<0.01 8.3 (12,112) 
3.4 (4,112) P<0.01 3.7 (12,112) 
5.8 (4,i 12) P <  0.05 18.4 (12,112) 

P<O.O01 
P<O.O01 
P<O.O01 
P <  0.001 
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Fig. 3A-D. Nocturnal activity after repeated administrations of 
modafinil in monkeys. Modafinil (32 mg/kg) or placebo was given 
orally twice a day at 09.00 hours and 17.00 hours (8 animals/dose). 
Mobility time recorded each day by an ultrasound device from 
18.00 hours to 22.00 hours (panel A), from 22.00 hours to 02.00 
hours @anel B) and from 02.00 hours to 06.00 hours (panel C) is 
shown. Total mobility time from 18.00 hours to 06.00 hours (panel 
D) is the sum of the three periods. Placebo (control group) from day 
1 to day 5: open circle; placebo from day 1 to day 4 followed by 
modafinil on day 5: open triangle; modafinil from day I to day 4 
followed by placebo on day 5: open square; modafinil from day 1 
to day 5: open diamond Significant differences from control group 
(day 1 to day 5, Dunnett's test) and between appropriate groups 
(day 5, Newman-Keuls test), are represented as: ns: not significant; 
* 0.01 <P_<0.05; ** 0.001 <P_<0.01; *** P_<0.001 

Discussion 

In the rhesus monkey, nocturnal behaviour is charac- 
terized by the presence of nycthemeral rhythms, sitting 
or crouching during sleep time and low nocturnal loco- 
motor activity, but the percentage of nocturnal arousal 
periods were relatively high compared with other primate 
species (Yellin and Hauty 1971; Adams and Barratt 
1974). 

The two methods used in these studies complemented 
each other. The ultrasonic method did not appear to 
induce obvious behavioural changes; it allowed a con- 
tinuous measure of activity, but did not fully take into 
account the drug-induced arousal duration in monkeys. 
On the other hand, the intermittently-programmed 
videotape recording did not allow continuous observa- 
tion of the behaviour, but was able to clearly differentiate 
quiet arousal from sleep. The ultrasonic method demon- 
strated an increase in nocturnal activity duration after 

acute oral administration of modafinil compared with 
placebo. The highest dose of modafinil induced hyperac- 
tivity for only 12 % of the observation time; in fact, even 
after the lower doses of modafinil, intermittent video 
observation samples showed that, whatever the time, 
monkeys stayed awake throughout the night, often mo- 
tionless in a sitting position that was not taken into 
account by the ultrasonic method. 

EEG results after single or repeated administration 
ofmodafinil are in keeping with the nocturnal awakening 
effect of modafinil in monkeys (Milhaud, personal com- 
munication). Diurnal arousal and structural organisa- 
tion of sleep (when it reappeared) were not altered. 

Video recording also allowed observation of move- 
ments. In non-human primates, central nervous system 
stimulants such as amphetamine (Randrup and Munk- 
vad 1967; Scraggs and Ridley 1978; Ridley and Baker 
1982; Miczek and Gold 1983) elicited stereotyped behav- 
iour (repetitive movements of head, neck, limbs and 
trunk) and repetitive behavioural sequences (self-groom- 
ing, staring at the hands). 

On the other hand, in rhesus monkeys, apomorphine 
elicited hyperactivity and repetitive stereotyped move- 
ments, i.e. chewing, tongue movements, licking, biting 
and vocalizations (Porsolt et al. 1982), which were an- 
tagonized by neuroleptics. In contrast to amphetamine 
or apomorphine, modafinil did not produce stereotyped 
patterns of repetitive movements associated with 
hyperactivity. 

In mice, modafinil-induced hyperactivity was pre- 
vented by the central al-adrenoceptor antagonists, 
prazosin, phenoxybenzamine, and yohimbine in high 
doses (DuteiI et al. 1990). This antagonism appeared to 
be of central origin because phentolamine, which did not 
easily cross the blood-brain barrier (Anden and Str6m- 
born 1974), did not antagonize this hyperactivity. The 
importance of a modulatory role for noradrenaline in 
locomotor activity is well documented. In rats, specific 
and selective c~ 2- and ~l-adrenoceptor antagonists id- 
azoxan and prazosin, respectively, differentially influen- 
ced amphetamine-induced hyperactivity: prazosin (but 
not idazoxan) markedly reduced low dose d-ampheta- 
mine-induced hyper locomotion and enhanced high dose 
d-amphetamine-induced stereotyped gnawing (Dickin- 
son et al. 1988). 

Prazosin, a drug known to block the central al- 
adrenoceptors (Menkes et al. 1981), at a dose which did 
not alter blood pressure (data not shown) and did not 
modify nocturnal activity, antagonized modafinil- 
induced hyperactivity in rhesus monkeys. This argued for 
a central al-adrenergic participation in modafinil- 
induced increase in arousal in rhesus monkeys according 
to the hypothesis of an involvement of noradrenergic 
system in the regulation of the sleep-waking cycle (Fuxe 
et al. 1974; De Sarro et al. 1987). 

Repeated administration of modafinil induced an 
increase in nocturnal activity duration after each ad- 
ministration, but this hyperactivity was shortened fol- 
lowing the second day of administration; this decrease 
first appeared in the third part of the night and was 
probably related to an enzymatic induction involved by 
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repeated high doses, as reported in mice (Ramber t  et al. 
1987). 

After  the last adminis t rat ion o f  modafinil ,  no  with- 
drawal  syndrome was observed. The lack o f  increase in 
mobil i ty dura t ion  is in line with the lack o f  residual effect 
o f  the drug.  Likewise, the lack o f  decrease in mobil i ty 
dura t ion  is in keeping with the lack o f  rebound  effect; 
however,  a reduct ion in mobil i ty  dura t ion  seemed dif- 
ficult to  demonstra te ,  since at tha t  time the activity level 
was already very low. 

In  conclusion,  single modafini l  adminis t ra t ion in- 
duced a dose-related hyperact ivi ty and awakening effect 
in monkeys ,  which seem to be dependent  u p o n  an a l -  
adrenergic activity. These two effects decreased after 
repeated adminis t ra t ion wi thout  any wi thdrawal  effect. 

These studies, demons t ra t ing  awakening efficacy o f  
oral  adminis t ra t ion o f  modafini l  in n o n - h u m a n  primates,  
were co r robora ted  by clinical studies which confirmed 
the awakening activity o f  modafini l  in h u m a n  and its 
therapeutic  efficacy in narcolepsy and idiopathic hyper-  
somnia  (Billiard et al. 1987; Laf fon t  et al. 1987; Bastuji 
and Jouvet  1988). 
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