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ABSTRACT Much experimental and clinical data suggest
that the pharmacological profile of modafinil, a newly dis-
covered waking substance, differs from those of amphetamine
and methylphenidate, two classical psychostimulants. The
brain targets on which modafinil acts to induce wakefulness,
however, remain unknown. A double-blind study using the
protooncogene c-fos as experimental marker in the cat was,
therefore, carried out to identify the potential target neurons
of modafinil and compare them with those for amphetamine
and methylphenidate. Cats were sacrificed after a single oral
administration of amphetamine, methylphenidate, or modafi-
nil at equivalent doses for wake induction (1, 2.5, or 5 mg/kg,
respectively) and brain sections examined for Fos by immu-
nocytochemistry. Administration of either amphetamine or
methylphenidate evoked Fos-like immunoreactivity in a large
number of neurons in the striatum and whole cortex, espe-
cially in the caudate nucleus and mediofrontal cortex, which
are known to be dopaminergic targets. In contrast, adminis-
tration of modafinil resulted in the labeling of few cells in these
structures, but did induce marked Fos labeling in neurons of
the anterior hypothalamic nucleus and adjacent areas. These
results provide evidence for the potential brain targets of
modafinil, which differ from those of amphetamine or meth-
ylphenidate, and suggest that modafinil induces wakefulness
by mechanisms distinct from those of the two stimulants.

Modafinil, a newly discovered wake-improving substance, in-
duces prolonged wakefulness in a number of species, apparently
without associated behavioral excitation (1-4). Unlike amphet-
amine, a psychomotor stimulant, its waking effect is not followed
by an obvious sleep rebound in the cat (4), either under normal
conditions or after sleep deprivation. Moreover, pretreatment
with e-methylparatyrosine, an inhibitor of catecholamine synthe-
sis prevents the arousal effect of amphetamine but allows that of
modafinil to persist (4). Although these results indicate the
different pharmacological profiles of modafinil and amphet-
amine, the underlying mechanisms remain unknown, especially as
regards the brain targets by which modafinil induces waking. This
is mainly because conventional methods, such as autoradiogra-
phy, are currently unable to reveal its central sites of action.
Recently, visualization of the expression of immediate-early
genes (IEGs) has become a promising method in neuroscience.
The proto-oncogene, c-fos, is the most frequently activated IEG
in the central nervous system following various internal or
external stimuli. c-fos encodes a nuclear phosphoprotein, Fos,
which is thought to control target gene expression responsible for
cell activation. c-fos has, therefore, been considered as the third
messenger, reacting to short-term stimuli and triggering long-
term cell reaction cascades (5-7). Although a basic level of
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expression of IEGs occurs in the brain, c-fos is strongly expressed
in various specific cerebral areas following different stimuli, such
as electrical or pharmacological stimulation, stress, or sleep
deprivation (8-15). Thus, visualization of c-fos could serve as a
sensitive indicator of gene activation in individual target neurons
activated following a given stimulus.

We have, therefore, developed Fos immunocytochemical pro-
cedures in both the rat and cat to visualize the potential targets
of modafinil and amphetamine in the central nervous system.
This comparative study also included methylphenidate, a psycho-
stimulant with a waking effect and certain amphetamine-like
characteristics.

MATERIALS AND METHODS

Rats and cats were both used in this study. However, we quickly
found in pilot experiments with rats that the stress associated with
the route of administration (which has to be intraperitoneal)
caused problems, as even a simple injection of physiological saline
resulted in strong c-fos expression in a number of cerebral
structures (see also ref. 9). In contrast, oral administration is well
tolerated by cats, provided that it is very gently and quickly
performed, since the animal usually falls asleep soon after (19.8 =
6.9 min; n = 6) placebo administration, which results in very little
Fos immunoreactivity (see Results). Moreover, we have deter-
mined in the cat by polygraphic recordings the parameters
required for such a study, such as drug dose and duration for
amphetamine-, methylphenidate-, and modafinil-induced wake-
fulness (ref. 4 and data as follows).

The experiments were therefore performed on 16 drug-
naive adult male cats. Three days before administration, the
animals were put in our usual experimental conditions for
sleep—wake recordings. They were placed in a sound-proofed
cage (ambient temperature 25°C; 12:12-h light/dark cycle with
light on at 7 a.m.) and fed each day at 6 p.m. with a standard
normal diet. All external stimuli (e.g., auditory, visual, alimen-
tary, tactile) were strictly avoided. The doses of amphetamine
(Sigma), methylphenidate (Sigma), and modafinil (Labora-
toire L. Lafon, Maisons Alfozt, France) were set at 1, 2.5, and
5 mg/kg because, at these doses, they induce a continuous
waking state of similar duration: 586.3 = 40.1 min, 579.8 = 35.1
min, and 596.2 = 42.1 min, respectively (n = 6; ANOVA, P >
0.1; see also ref. 4). The placebo (lactose) and the drugs used
were coded and randomized so that the experiment, cell
plotting, and photomicrographs were performed blind. All
were administered by the oral route at 11 a.m. and the cats
sacrificed 90 or 150 (» = 8) min later, since c-fos expression is
generally induced 30 min after cell stimulation, reaches a
maximum after 1-2 h, and is maintained for 3-6 h, depending

Abbreviations: AH, anterior hypothalamic nucleus; IEG, immediate-

early gene; ir, immunoreactive.
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on the nature and intensity of the stimulus (5-7). Animals were
deeply anaesthetized (Nembutal, 50 mg/kg i.v.) and perfused
through the ascending aorta with 1 liter of Ringer’s lactate
solution containing 0.1% heparin, followed by 2.5 liters of 0.1
M phosphate buffer (PB, pH 7.4, 4°C)/2-4% paraformalde-
hyde/0.1% glutaraldehyde. After overnight postfixation and
rinsing for 48 h with PB/30% sucrose, the brains were coro-
nally sectioned (20 wm) on a cryostat at —25°C. After rinsing,
the floating sections were incubated with stirring for 48—72 h
at 4°C with a rabbit anti-c-fos antibody (AB-2; Oncogene
Science), diluted 1:10,000 to 1:40,000 in PBS/0.3% Triton
X-100 (PBST)/0.1% sodium azide. Following rinsing, the
sections were incubated with a biotinylated anti-rabbit IgG
(Vector Laboratories), diluted 1:1000 to 1:3000, rinsed, then
incubated with a horseradish peroxidase conjugated avidin-
biotin complex (Vector Laboratories; diluted 1:1000 to
1:2000). Both incubations were in PBST at 4°C overnight with
stirring. The sections were then immersed in 0.05 M TrissHCl
buffer (pH 7.6) containing 0.02% 3,3’ diaminobenzidine-
4HCI, 0.003% H,0,, and 0.6% nickel ammonium sulfate for
6-12 min at room temperature. Finally, the sections were
mounted, dried, dehydrated, and covered with a coverslip,
using DePeX (BDH), for light microscopy. Some of them were
counterstained with neutral red to identify topographic and
cellular structures.
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RESULTS

There was no obvious difference in the distribution and intensity
of Fos-like immunoreactivity in animals sacrificed at 90 or 150
min, so no distinction will be made between the groups when
presenting the results. The placebo led to only a few Fos-
immunoreactive (ir) neurons throughout the central nervous
system. One or two positive neurons per section were occasionally
found in the cortex, basal forebrain, and other regions (see Figs.
1-4 and Table 1). In addition, with all treatments including the
placebo, a group of labeled neurons was detected in the anterior
paraventricular nucleus of the thalamus, as were some weakly
labeled cells in the inferior colliculus. None of the treatments
resulted in much labeling of the main structures known to play
important roles in waking and cortical activation: only a few
stained cells were seen in the substantia innominata of the basal
forebrain, the tuberomammillary area of the posterior hypothal-
amus, the mesopontine tegmentum, and the locus coeruleus after
drug treatment. Few Fos-ir neurons were seen in the intralaminar
nuclei and other thalamic areas (Fig. 1 and Table 1).

Oral administration of amphetamine at a dose of 1 mg/kg
induced Fos-like immunoreactivity in a large number of cells in
several cerebral regions of all treated cats, especially the cortex
and striatum. Of the cortical zones, the mediofrontal cortex
(lateral, splenial, and suprasplenial gyri and gyrus fornicatus)

Table 1. Quantitative evaluation of Fos-like labeling in selected brain areas after the various treatments in the cat

Multiple
Amphetamine Methylphenidate Modafinil range
Site Placebo (A) (B) ©) (D) ANOVA analysis
Cortex
Mediofrontal 0.3 *+0.1 158.8 = 26.3 238.2 = 284 5.6 £ 1.5w ok AD; B; C
Temporal 04 +0.1 81.8 = 24.1 923+179 15.5 = 3.6w Aok AD; BC
Amygdaloid 0.5+0.2 91.0 = 16.9 104.7 = 14.5 10.9 = 2.0w ok AD; BC
Striatum
Caudate n. 0.6 =02 105.5 = 18.6 87.6 = 6.1 24 +08 ook AD; BC
Accumbens 0.3+0.1 31.3+6.5 275+38 33+09 ook AD; BC
Stria terminalis 03 *=0.1 145 £ 3.0 8.6 £ 1.6 3.0 =09 *3kk AD; B; C
Putamen 03 +0.1 74 +25 57+1.6 1.6 £ 0.8 ok AD; BC; CD
Globus pallidus <2 <2 <2 <2 — —
Basal forebrain
Septum 0.8+03 265+ 34 215 =35 77+13 ook AD; BC
Diagonal band of Broca 0.1 +0.1 7.0+1.2 15.6 = 2.2 6.6+ 1.4 Hkok A; BD; C
Substantia innominata <5 <5 <5 <5 — —
Thalamus
Anterior paraventricular n. 156 £ 1.3 229+ 14 19221 19.7 =21 * ACD; BCD
Midline and intralaminar n. <2 <2 <2 <2 — —
Other thalamic areas <2 <2 <2 <2 — —
Hypothalamus
Anterior preoptic 03 =01 31344 30224 179 =23 ook A; BC; D
Anterior hypothalamic n. 03x02 83 £ 1.1w 6.8 £ 1.4w 777 7.1 otk ABC; D
Suprachiasmatic n. 1.3 = 0.5w 8.5+ 1.1w 79 = 1.1w 33.0 = 21w Hkok A; BC; D
Tuberomammillary area <7 <7 <7 <7 — —
Other posterior areas 1.6 0.5 26.3 = 2.8 28.0 2.9 18.6 = 2.3 Aokok A; BC; D
Brainstem
Superior colliculus 0.3 0.1 243 54 218 £23 9.0+1.8 ok AD; BC
Rostral periacqueductal gray 0.5*02 123+ 1.6 9.8 £0.9 252 %29 otk A; BC; D
Rostral reticular formation <7 <7 <7 <7 — —
Substantia nigra <5 <5 <5 <5 — —
Dorsal raphe <5 <5 <5 <5 — —
Mesopontine tegmentum <5 <5 <5 <5 — —
Locus coeruleus <5 <5 <5 <5 — —
Inferior colliculus 16.2 = 2.8w 40.8 = 6.8 52.8 = 8.3 32.0 3.8 sk AD; BC; BD

The results are expressed as the mean number of positive cells per section = SEM, obtained from cell counting of three sections of each treated
cat (four per treatment, thus n = 12) in the representative levels of analyzed structures. The cortical zones are defined in the text. The effect of
the drugs on c-fos expression was examined by ANOVA. The relationship among the experimental groups (A, B, C, D) was further evaluated by
multiple range analysis with the level of significance set at P < 0.05: they are separated by a semi-colon when they are statistically different. Note
that in the great majority of brain regions, the effect of modafinil on c-fos expression is clearly distinct from that of amphetamine or methylphenidate
(¥, P < 0.05; *x, P < 0.01; *=%, P < 0.0001; n, nucleus; w, weak intensity of labeling).
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F1G.1. Distribution of Fos-like immunoreactivity in the rostral brain of the cat. Camera lucida drawing of frontal sections showing Fos-ir neurons
following oral administration of the indicated substances Note that (i) the placebo induces little labeling, (i/) amphetamine or methylphenidate
treatment causes numerous Fos-positive neurons in the cerebral cortex and striatum, and (iif) modafinil treatment induces little labeling of the cortex
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Fic. 2. Photomicrographs of frontal sections through the medio-
frontal cortex (Cx) of the cat, showing Fos-like immunoreactivity
following different administrations. Note that (i) the large number of
stained cells seen with methylphenidate (Met) treatment and, to a
lesser degree, with amphetamine (Amp) and (ii) few or no labeled
neurons seen with modafinil (Mod) or placebo (Pla). (Bar = 50 um.)

contained the largest number of labeled cells (Table 1 and Fig. 1).
Although the intensity of cortical labeling differed from one
neuron to another, most were strongly labeled (Fig. 2). Within the
striatum, the caudate nucleus was densely labeled throughout its
rostrocaudal extension, with more positive neurons being found
in its medial part than its lateral part (Figs. 1 and 3). Many Fos-ir
cells were also seen in the medial prefrontal cortex, olfactory
tubercle, septum, accumbens, and stria terminalis, while lesser or
few were found in the putamen and globus pallidus (Table 1 and
Fig. 1). Some weakly stained cells were scattered throughout the
hypothalamic periventricular zone (Figs. 1 and 4). In the brain-
stem, scattered labeled neurons were seen in the colliculi, peri-
aqueductal gray and rostroventral pontine gray.

As shown in Fig. 1 and Table 1, methylphenidate (2.5 mg/kg)
evoked widespread expression of Fos-like immunoreactivity in
various cerebral structures, the distribution pattern and labeling
intensity being very similar to those elicited by amphetamine. The
number of Fos-ir cells in the mediofrontal cortex was, however,
markedly higher than that seen with amphetamine (Table 1 and
Figs. 1 and 2). In the striatum, the number and intensity of
labeling were similar to that seen with amphetamine (Table 1 and
Fig. 3).

In contrast to methylphenidate and amphetamine and in all
treated cats, administration of modafinil (5 mg/kg) induced
Fos-ir neurons in localized cerebral areas (Table 1 and Fig. 1).
Thus, few labeled cells were present in the cortical sites (Fig. 2),
except for the temporal (gyrus ectosylvius anterior) and amyg-
daloid (periamygdalae and praepyriformis) cortex, in which a
scattered population of weakly labeled neurons was seen; the
number (Table 1) and intensity of labeling in these two areas
were, however, lower than that following amphetamine or meth-
ylphenidate treatment. In addition, very few positive neurons
were present in striatal regions, such as the caudate nucleus (Fig.
3). Conversely, modafinil treatment induced dense Fos-like im-
munoreactivity in the AH and adjacent area (Figs. 1 and 4). As
defined in the cat by different authors (16-18), the AH is a round
nucleus, extending for ~1 mm within the mediocaudal part of the
preoptic/anterior hypothalamus and made up of small- to me-
dium-sized neurons. The Fos-ir neurons in the AH were, for the
most part, strongly labeled (Fig. 4). In the dorsolateral portion of
the suprachiasmatic nucleus, close to the AH, a population of
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weakly labeled cells was also present (Table 1 and Fig. 4). A small
number of Fos-ir neurons was also found in the rostral basal
forebrain and other hypothalamic areas (Table 1 and Fig. 1), as
were some scattered cells in the mesencephalic periaqueductal
gray and the rostroventral pontine gray. In view of the small size
of the AH (Fig. 1) and the large number (Table 1) and high
intensity of the labeling on it (Fig. 4), we consider this nucleus and
the adjacent portion of the suprachiasmatic nucleus as the major
structure in which modafinil induces c-fos expression.

DISCUSSION

The main finding of the present study is that amphetamine,
methylphenidate, and modafinil, which all induce wakefulness,
cause two distinct patterns of c-fos distribution in the cat brain. In
fact, methylphenidate and amphetamine both induce a diffuse
Fos-like immunoreactivity in the cortex and striatum. In contrast,
modafinil treatment results in few labeled cells in these regions,
but, instead, in marked c-fos labeling of neurons of the AH. These
striking differences, together with the relative short time between
treatment and sacrifice (90 or 150 min), imply that the labeling
seen is a reflection of the pharmacological targets of the treat-
ments rather than the consequences of their waking effect.
Furthermore, prolonged waking or sleep deprivation causes
mainly c-fos expression in the preoptic area (12, 13, 19, 20), data
different from those seen in the present study and thus support
our hypothesis.

In spite of their powerful awakening potency at the doses used,
none of the three drugs caused significant c-fos labeling of the
main structures known to be important in waking (e.g., thalamus,
basal forebrain, posterior hypothalamus, and mesopontine teg-
mentum; see refs. 21 and 22). We must point out that most of the
neurons expressing c-fos, whether in this trial or certain others
(12, 19), were of small to medium size as revealed by neutral red
counterstaining, whereas the known waking systems consist
mainly of large neurons, and that c-fos is the principal member of
the IEGs, but not the only one (5-7) and so certain categories of
neurons might use other IEGs for the transcriptional regulation
of genes during cell activation. Although we cannot eliminate the
possibility that the amount of induced Fos protein in these
systems was below the threshold of the immunocytochemical
technique used, these apparently negative results illustrate once
again the complexity of the waking mechanisms and tend to
suggest that waking may be associated with activation of struc-
tures other than those currently defined.

Amphetamine treatment induced dense c-fos expression in the
striatum, especially the caudate nucleus, which receives projec-
tions from mesencephalic dopaminergic neurons. This fits with its
well-known role as dopamine transmission-enhancing agent (23).
In fact, numerous studies indicate that amphetamine activates the
mesencephalostriatal dopaminergic systems originating from the
A8-A10 groups. Moreover, recent studies using c-fos immuno-
histochemistry in the rat have also found that amphetamine
evokes strong expression of c-fos in neurons of the caudate
nucleus (24-26), an effect mediated by dopamine D; and D,
receptors (24). In agreement with the dopamine transmission
enhancing property of amphetamine, we have also observed
Fos-like immunoreactivity in various cortical zones, especially the
mediofrontal cortex, an essential cortical target of the mesoneo-
cortical system originating from the dopaminergic ventral teg-
mental area of Tsai (27, 28). Methylphenidate, which does not
seem to have been the subject of previous studies using c-fos,
evokes a c-fos distribution highly similar to that caused by
amphetamine, both in the cortex and striatum, indicating, its
dopamine transmission-enhancing nature as well. The fact that, at

and striatum, but a large number of aggregated positive neurons is seen in the anterior hypothalamic nucleus (AH). ACC, nucleus accumbens; CA,
caudate nucleus; CL, claustrum; DBH, diagonal band of Broca; GP, globus pallidus; IC, internal capsule; LV, lateral ventricle; OC, optic chiasma;
OLT, olfactory tubercle; OT, optic tract; Para, anterior paraventricular nucleus of the thalamus; PrF, prefrontal cortex; Pu, putamen; SI, substantia

innominata; V3, third ventricle.
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equivalent waking potency, methylphenidate induces a greater
number of cortical cells expressing c-fos than does amphetamine
suggests that the dopaminergic mesoneocortical system might be
more sensitive to methylphenidate than to amphetamine. The
notable presence of activated cells in the cortex underlines the
fact that amphetamine- or methylphenidate-induced awakening
would be due not only to activation of structures involved in the
control of movement and behavior, such as the striatum, but also
to their activating effect on the cortex, probably in a direct
manner. Finally, expression of IEGs in the striatal and cortical
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dopaminergic targets is suggested to mediate the drug tolerance
and dependency of psychostimulants (23, 29). The few Fos-ir cells
seen here with modafinil might explain these addictive phenom-
ena not being associated with its use (1).

The most distinctive and unusual effect of modafinil seen in this
study is the strong c-fos expression in the AH and adjacent
suprachiasmatic border. Though this nucleus has been anatom-
ically well defined, its role in sleep-wake control or other brain
functions has not yet been attentively investigated (16—18, 30). It
may serve as a key target for the waking effect of modafinil due

Amp

FiG. 4. Photomicrographs (blue filter) of frontal
sections through the mediocaudal part of the preoptic/
anterior hypothalamus of the cat, showing Fos-like
immunoreactivity following different administrations.
Note that (i) no obvious labeling is seen with placebo
(Pla), (ii) some weakly labeled cells are present in the
periventricular zone of the third ventricle (V3) following
amphetamine (Amp) or methylphenidate (Met) treat-
ment, and (iii)) modafinil (Mod) induces some weakly
stained neurons in the suprachiasmatic nucleus (Sch)
and many strongly labeled cells in the AH. A higher
power magnification of the Inset shown in the AH
appears in the upper right photomicrograph (without
filter), illustrating the morphology of the Fos-ir labeling
in the cell nuclei on counterstained background. OC,

Met optic chiasma. (Bar = 50 um.)
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to its special anatomical disposition. Indeed, it is situated between
the preoptic area, which plays an essential role in sleep generation
(31-35), and the posterior hypothalamus, in which histaminergic
neurons constitute an important component for arousal (22, 32,
34), and makes numerous reciprocal connections with both (17,
30, 36). Furthermore, it sends efferent inputs to cholinergic and
gabaergic basal forebrain (17, 30, 36) involved in the control of
cortical activity. The AH may therefore play a key role in
integrating and coordinating the functional activity of these
basalohypothalamic structures which are particularly important
for sleep-wake alternation. Before considering the hypothesis of
how modafinil induces wakefulness via the AH, it is necessary to
take into account the paucity of cortical Fos labeling seen
following modafinil treatment. This singular phenomena implies
that no major cortical excitation occurs, at least not in the same
manner than that following amphetamine or methylphenidate
treatment, and that modafinil’s awakening property cannot be
explained in terms of direct pharmacological cortical activation,
as occurs with the two agents. A disinhibitory procedure seems,
therefore, more plausible.

On the one hand, neurons in the preoptic area have been
proposed to induce sleep by inhibiting through their descending
efferents the posterior hypothalamus histaminergic arousal sys-
tem (20, 31-35, 37). To explain the waking effect of modafinil, it
might be suggested that labeled neurons in the AH seen with its
use are inhibitory for preoptic sleep-generating neurons. Data
supporting a such possibility are the presence in the AH and
adjacent area of a large number of neurons containing inhibitory
transmitters such as y-aminobutyric acid (GABA) (37, 38) and
met-enkephalin (30, 39) and the massive local efferent projec-
tions of this nucleus within the preoptic/anterior hypothalamus.
This hypothesis remains to be evaluated by double labeling
studies for induced c-fos and inhibitory transmitters. On the other
hand, modafinil also causes a marked decrease in cortical GABA
outflow in freely moving rodents (40, 41). This effect does not
seem to be its direct action on intrinsic cortical gabaergic neurons,
since it is not seen in vitro on cortex slices (41) and thus the
integrity of the afferent pathways to the cortex appears to be
necessary. Extrinsic cortical GABA originates from the gabaergic
neurons of the posterior hypothalamus (42) and basal forebrain
(43, 44). The forebrain ascending gabaergic neurons form basket-
like contacts preferentially with cortical gabaergic interneurons
and thus play a decisive role in cortical disinhibition (43-45).
Direct corticopetal projections of gabaergic cells in the AH have
notyet been demonstrated; thus, it remains to be determined
if the effect of modafinil on cortical GABA is due, via its AH
target cells and their large forebrain outputs, to an activation
of the gabaergic ascending system, which, in turn, inhibits the
cortical gabaergic interneurons, leading to a reduction in
GABA (40) and, consequently, to cortical disinhibition and,
therefore, to awakening.

The waking state resulting from either the descending or
ascending disinhibitory process does not depend on direct phar-
macological excitation and is, therefore, more physiological, since
the cerebral cortex is maintained in activation purely by natural
influxes originating from various ascending systems. In summary,
our results suggest that wakefulness induced by different phar-
macological agents may be associated with c-fos expression in
different brain regions and that modafinil induces wakefulness by
mechanisms distinct from those of amphetamine and methyl-
phenidate. The main characteristics of modafinil revealed up to
the present seem possibly to be explained by this hypothesis of
disinhibition.
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