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Modulation of Fronto-Cortical Activity by Modafinil:
A Functional Imaging and Fos Study in the Rat
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Modafinil (MOD) is a wake-promoting drug with pro-cognitive properties. Despite its increasing use, the neuronal substrates of MOD
action remain elusive. In particular, animal studies have highlighted a putative role of diencephalic areas as primary neuronal substrate of
MOD action, with inconsistent evidence of recruitment of fronto-cortical areas despite the established pro-cognitive effects of the drug.
Moreover, most animal studies have employed doses of MOD of limited clinical relevance. We used pharmacological magnetic
resonance imaging (phMRI) in the anesthetized rat to map the circuitry activated by a MOD dose producing clinically relevant plasma
exposure, as here ascertained by pharmacokinetic measurements. We observed prominent and sustained activation of the prefrontal and
cingulate cortex, together with weaker but significant activation of the somatosensory cortex, medial thalamic domains, hippocampus,
ventral striatum and dorsal raphe. Correlation analysis of phMRI data highlighted enhanced connectivity within a neural network including
dopamine projections from the ventral tegmental area to the nucleus accumbens. The pro-arousing effect of MOD was assessed using
electroencephalographic recording under anesthetic conditions comparable to those used for phMR|, together with the corresponding
Fos immunoreactivity distribution. MOD produced electroencephalogram desynchronization, resulting in reduced delta and increased
theta frequency bands, and a pattern of Fos induction largely consistent with the phMRI study. Altogether, these findings show
that clinically relevant MOD doses can robustly activate fronto-cortical areas involved in higher cognitive functions and a network of

INTRODUCTION

The drug modafinil (MOD) is a wake-promoting agent
clinically used for the treatment of sleep disorders including
narcolepsy, sleep apnea and shift-work sleep disorders.
In addition to enhancing wakefulness, many recent studies
support an effect of the drug as cognitive enhancer. MOD
was shown to robustly enhance alertness and attenuate
impairments in tests of mental performance in sleep-
deprived volunteers, and similarly, albeit weaker, cognitive
improvements have been observed in non sleep-deprived
subjects (Pigeau et al, 1995; Wesensten et al, 2002). These
results have prompted an increased off-label use of MOD
for the treatment of cognitive dysfunction in some
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pro-arousing areas, which provide a plausible substrate for the wake-promoting and pro-cognitive effects of the drug.
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psychiatric disorders (ie, schizophrenia and attention-
deficit/hyperactivity disorder). Encouraging results have
been reported from initial single-dose studies in these
conditions (Baranski et al, 2004; Turner et al, 2003;
Repantis et al, 2010), but repeated dose trials have hitherto
failed to demonstrate significant improvements (Freuden-
reich et al, 2009; Pierre et al, 2007). Importantly, non-
medical use of MOD by healthy individuals has increased in
recent years with the expectation of cognitive performance
improvements (Repantis et al, 2010).

Despite the increasing interest into the properties of
MOD, the specific brain substrates underlying the effects of
the drug remain to be fully elucidated (Lynch et al, 2011).
This void is especially relevant for neuropsychiatry
research, because clarification of the circuits mediating
MOD action may yield leads for the development of
effective cognitive-enhancing therapeutics.

Animal research on the central substrates of MOD action
has been based on a variety of MOD doses and routes of
administration that have hitherto produced inconsistent
results. Early studies based on Fos as marker of neuronal
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activation induced by MOD administration in the cat
(5mg/kg, p.o.) and rat (300 mg/kg, i.p.) have pointed to
the anterior and paraventricular hypothalamic areas as
key substrates of MOD action (Lin et al, 1996; Engber et al,
1998). The effect, however, was not reproduced in subse-
quent studies in the rat (75 and 150 mg/kg, i.p.; Scammell
et al, 2000) and mouse (100 mg/kg, i.p.; Willie et al, 2005),
in which a dose-dependent contribution of cortical and
striatal areas was instead observed. On the other hand,
deoxyglucose metabolic mapping in the rat after MOD
administration (150 and 300 mg/kg, i.p.) has demonstrated
increased activity of the hippocampus, thalamus and
amygdala, but no involvement of cortical, striatal or
hypothalamic areas (Engber et al, 1998). Importantly, both
the neurochemical effects of MOD and regional Fos
induction (Fiocchi et al, 2009; Scammell et al, 2000) have
been shown to be dependent on the dose of MOD used.
Since a very wide range of MOD doses (5-600 mg/kg) has
been employed in animal studies, their clinical relevance
remains to be determined.

Pharmacological and neurochemical studies have reveal-
ed an effect of MOD on multiple neurotransmitter systems.
Cathecolamines appear to have a predominant role in
mediating MOD effects on waking and activity, an action
that underlies downstream contributions from other neuro-
transmitters such as histamine, serotonin and orexin
(reviewed by Minzenberg and Carter, 2007). Furthermore,
MOD decreases GABA in some regions, possibly as a
consequence of its ability to increase central glutamate
levels (Kumar, 2008). However, the extent to which such
complex cascade affects specific neuronal targets remains to
be defined.

Spatially resolved imaging techniques such as pharma-
cological magnetic resonance imaging (phMRI) permit to
non-invasively map the neural circuits engaged by psycho-
active agents (Honey and Bullmore, 2004). Recent human
neuroimaging studies have provided some initial insights
into the site of action of MOD. Increased perfusion in the
thalamus, dorsal pons, fronto-cortical areas and hippocam-
pus was observed in healthy volunteers receiving MOD at a
dose of 400mg/kg (Joo et al, 2008). Likewise, imaging
studies of cognitive function have indicated an improve-
ment in information processing within the prefrontal cortex
after MOD use in normal volunteers (Saletu et al, 2007), as
well as in narcoleptic and schizophrenic patients (Hunter
et al, 2006; Spence et al, 2005). Thus, the limited human
neuroimaging evidence available highlights a major con-
tribution of fronto-cortical systems to the pro-cognitive and
wake-promoting properties of MOD.

Here, we used phMRI to spatially resolve the neural
circuitry modulated by MOD in the rat testing a MOD dose
that produces clinically relevant blood exposure. The
protocol we employed relies on the measurement of cerebral
blood volume (CBV), an established marker of brain
metabolism (Gaisler-Salomon et al, 2009; Small et al,
2004), under controlled anesthetic conditions. Recent
studies with the same protocol have highlighted an
encouraging correspondence with functional readouts in
freely moving animals, and analogous human fMRI results
(reviewed by Bifone and Gozzi, 2010). Correlation analysis
of phMRI time series was also performed to identify a
modulatory effect of MOD on neural functional connectivity
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(Bifone et al, 2010). Finally, to corroborate the functional
significance of the imaging results, we assessed the pro-
arousing effect of MOD under the anesthetic conditions of
the study using electroencephalogram (EEG) recordings,
and analyzed in the same subjects Fos immunoreactivity
distribution.

MATERIALS AND METHODS

All animal procedures were performed under approval of
the University of Verona (Interdepartmental Center for
Animal Care and Use Committee), GlaxoSmithKline and
Italian Ministry of Health, following the National Institute
of Health Guide for the Use and Care of Laboratory
Animals, and in accordance with the European Commu-
nities Council Directives (86/609/EEC).

Animals

Sprague-Dawley male rats (Harlan, S Pietro al Natisone,
Italy) weighing 250-350g were used. The animals were
housed three per cage for at least 10 days before the
experiments, with free access to food and water, under a
12 h:12 h light-dark cycle (lights on at 0700 h) and constant
room temperature. All the experiments were conducted
during the light phase, between 1000 and 1400 h, notably
corresponding to the peak of the resting phase of the animal
rest-activity 24 h cycle.

Drug Administration

MOD (Sigma-Aldrich, Milan, Italy) was suspended in
saline containing 5% dimethyl-sulfoxide (DMSO). The drug
was initially dissolved in DMSO and then brought to the
desired volume using saline. Drug suspensions were always
prepared immediately before administration to avoid com-
pound precipitation, and a dose of 10 mg/kg was used for
intravenous (i.v.) administration of the drug. Control
subjects received 3 ml/kg of vehicle (5% DMSO in saline).

Plasma Exposure of MOD

Pharmacokinetic parameters for MOD upon i.v. adminis-
tration have been previously reported (Yu et al, 2000).
Based on the published data, we estimated that a dose of
10 mg/kg would ensure a clinically relevant plasma ex-
posure. To confirm this, we measured the plasma concen-
tration produced 1h after iv. administration of MOD
10 mg/kg in a satellite group of animals (N =3), using the
same formulation and anesthetic conditions employed for
the imaging and EEG recording studies.

Blood sampling and pharmacokinetic analysis were
performed as previously described (Ferrari et al, 2010).
Briefly, plasma samples were obtained, and N,N-dimethyl-
formamide (10 ul/100 pl plasma) was added to each tube.
Samples were prepared for analysis by the addition of two
volumes of cold acetonitrile containing an internal stan-
dard. Upon centrifugation, the supernatant was removed,
the amount of MOD analyzed by liquid chromatography/
tandem mass spectrometry. The concentration of MOD in
the samples was quantified against a rat plasma standard
curve made via serial dilution in a concentration ranging
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from 5 to 40000 ng/ml. Pharmacokinetic parameters were
estimated for each rat by non-compartmental analysis of the
plasma concentration vs time data using the WinNonlin
software (Professional Version 4.0.1, Pharsight Corporation,
Palo Alto, CA, 1997).

phMRI

Animal preparation/monitoring and MRI acquisition para-
meters have been described in detail in previous publica-
tions (Gozzi et al, 2008b, 2010), and are here briefly
presented. The rats were anesthetized with halothane,
tracheotomized and artificially ventilated under neuromus-
cular blockade. After surgery the halothane level was set to
0.8%. The ventilation parameters were adjusted to maintain
normocapnic arterial CO, levels (Pepelko and Dixon, 1975).
No statistically significant difference in the pre- and post-
acquisition p,CO, values between groups was found (one-
way analysis of variance, ANOVA, dof= 14, F(2,13) =0.86;
p=0.45). Linear regression analysis did not show a signi-
ficant correlation between the amplitude of the relative CBV
(rCBV) in response to MOD in the prefrontal cortex
(rebinned over a 4-20-min post injection time window)
and p,CO, levels, when these were expressed as individual
measurements, or pre- and post-acquisition difference
(p>0.31, all tests; data not shown). P,0, levels were
>90mmHg in all subjects, corresponding to >98%
hemoglobin saturation.

MRI data were acquired using a Bruker Avance 4.7 Tesla
system. A 72-mm birdcage resonator was used for radio-
frequency (RF) transmit and a Bruker quadrature ‘Rat
Brain’ coil, placed dorsally on the skull of the animal,
was used for RF receive. The MR acquisition comprised
T,-weighted anatomical images using a fast spin-echo
sequence (TR =5000ms, TE.s=76ms, RARE factor=3,
FOV =40 mm, 256 x 256 matrix, 20 contiguous 1 mm slices)
followed by a time series acquisition with the same spatial
coverage and similar parameters (TR =2700ms, TE.;=
110 ms, RARE factor = 32), but with a lower in-plane spatial
resolution (128 x 128), with a resulting time resolution of
27s per brain volume. Following five reference images,
superparamagnetic iron oxide particles (Endorem, Guerbet,
Genoa, Italy; 2.67ml/kg) were injected iv. to enable
acquisition of images reflecting alterations in microvascular
CBV (Mandeville et al, 1998; Boxerman et al, 1995). After
25min, each subject received an i.v. challenge with vehicle
(N=7) or MOD (10mg/kg; N=9). Total MRI time series
acquisition time was 57 min (128 repetitions).

phMRI Data Analysis

CBV time series images were analyzed within the framework
of the general linear model (GLM) as previously described
(Worsley et al, 1992; Gozzi et al, 2008c). Signal intensity
changes were converted into fractional CBV using a
constrained exponential model of the gradual elimination
of the contrast agent from the blood (Schwarz et al, 2003).
Individual subjects were spatially normalized to a stereo-
taxic rat brain MRI template set as previously described
(Schwarz et al, 2006a). rCBV time series were calculated
covering a 7.2-min (16 time points) pre-challenge baseline
and 25.0-min (56 time points) post-challenge window.
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Image-based time series analysis was carried out using the
FMRI Expert Analysis Tool Version 5.63, part of the FSL
software (Smith et al, 2004) with 0.8 mm spatial smoothing
and a model function capturing the temporal profile of the
signal change induced by the MOD challenge (Schwarz et al,
2006a,b). The model function was identified by wavelet
cluster analysis (WCA) as previously described (Schwarz
et al, 2006b). The WCA regressor chosen captured very well
the sustained positive rCBV changes produced by the drug
challenge as seen with volume of interest (VOI)-based
analysis (Supplementary Figure S1). Higher level group
comparisons were carried out using the FSL software with
multi-level Bayesian (FLAME) inference; Z-statistics images
were thresholded using clusters determined by Z>2.3 and a
corrected cluster significance of p=0.01. Cluster correction
is a familywise-error correction approach implemented in
FSL that introduces a multiplicity correction with respect to
the size of activated clusters. A detailed description of the
method has been reported elsewhere (Worsley et al, 1992;
Friston et al, 1994). A GLM analysis performed with a
boxcar function (off (1:15) and on (16-56)) reproduced the
activation map obtained with the WCA regressor (data not
shown).

phMRI time courses for MOD or vehicle in anatomical
VOIs were extracted from unsmoothed time series using a
3D digital reconstruction of a rat brain atlas (Paxinos and
Watson, 2005) co-registered with the MRI template
(Schwarz et al, 2006a). For each VOI, the mean rCBV over
a 10-min time window (13-23 min post injection) covering
the plateaued response produced by MOD was used as
summary statistics. A similar approach has been recently
applied to assess the functional response produced by i.v.
injection of the psychostimulant agent p-amphetamine
under identical experimental conditions (Gozzi et al,
2011). For this reason, averaged p-amphetamine-induced
response has also been here used to illustrate the
comparison with MOD.

Intersubject functional connectivity analysis with respect
to reference brain regions was performed as previously
described (Schwarz et al, 2007a,b, 2009). Briefly, maps of
response amplitudes correlating across subjects with the
responses in a reference brain region were calculated
within the GLM framework at the group level using FSL/
FLAME as mentioned above. A number of reference VOIs
was examined: ventral tegmental area, prefrontal cortex,
cingulate cortex, somatosensory cortex, caudate-putamen,
nucleus accumbens, thalamus, ventral hippocampus and
dorsal raphe. Z-statistics images were calculated via
contrasts capturing positive and negative correlations with
the reference response, and thresholded at Z>2.3 and a
corrected cluster significance threshold of p = 0.05/N, where
N is the number of subjects per group (MOD=9,
vehicle=7). Linear regression plots of correlated rCBV
responses were calculated by plotting mean rCBV response
to MOD across individual subjects, the latter being
expressed as mean response over a 20-min (4-24 min post
injection) time window.

The nomenclature was based on the Paxinos and Watson
(2005) atlas of the rat brain, except for the prefrontal cortex
(not indicated as such in this atlas). In agreement with
anatomical and behavioral studies in the rat (see Uylings
et al, 2003 for a review), we here indicate as prefrontal



cortex the prelimbic and infralimbic cortex as delineated by
Paxinos and Watson (2005), considering separately the
anterior cingulate cortex.

EEG and Fos Investigation

Rats were placed into a knockdown anesthesia box chamber
while carefully minimizing the potential interference of
external stimuli and reducing the handling time to <2 min
per subject. Anesthesia was induced with 3% halothane.
The animals were then randomly assigned to MOD (N =6)
or vehicle (control) (N=4) groups, and equipped with a
cannula inserted into a tail vein and a transcutaneous
carbon dioxide tension (tcPCO,) monitor (Ramos-Cabrer
et al, 2005).

Accessory experiments performed in our laboratory have
shown a strong linear relationship between transcutaneous
and arterial p,CO, measurements (N=110, R?*=0.98), so
that transcutaneous values present a stable ~ +10 mmHg
offset with respect to the corresponding arterial measure-
ments (data not shown).

During the same procedure, rats were implanted with
electrodes for acute EEG recording. To this purpose,
craniometric data for adult Sprague-Dawley rat were
extrapolated on the scalp of the intact animal by assessing
distances rostrally to the supraoccipital bone (recognizable
to the touch) corresponding to the parietal and frontal
bones (12 and 21 mm, respectively), and on the right side of
the midline (1-2mm). At these coordinates, two needle
electrodes (4cm in length and 0.7 mm in diameter) were
inserted subcutaneously on the skull and fixed. A third
electrode was placed in the orbital region as reference
electrode. This positioning of electrodes has been widely
validated for EEG recordings comparable to those obtained
by chronic implants (Vanderwolf, 1992; Weiergrasber et al,
2005; Birbaumer et al, 2008). After electrode implantation,
the level of halothane was adjusted to achieve a stable (at
least 30 min) uninterrupted presence of slow-wave delta
(0.3-4 Hz) activity (Antunes et al, 2003). This procedure has
been previously applied to the characterization of the
arousing effect of amphetamine under halothane anesthesia
(Berridge and Morris, 2000). Stable EEG traces were
obtained with nominal halothane levels between 1.2 and
1.5%. These halothane concentrations have been shown not
to suppress Fos expression in the rat brain and spinal cord
under different stimulation paradigms (Novikova et al,
2004; Sun et al, 1996).

EEG Recording and Analysis

Rats underwent EEG monitoring for 40-45 min under basal
conditions and for 100 min following MOD administration.
EEG activity was monitored using the Twin EEG Recording
System connected with a Comet AS-40 amplifier (Grass
Telefactor, West Warwick, RI). The EEG signals were
bandpass-filtered (0.1 Hz highpass and 70Hz lowpass
cutoff), digitized and stored at a sampling rate of 200 Hz
using the TWin software (Grass Telefactor). EEG signals
before and after vehicle or MOD administration were
analyzed and compared. A pre-injection segment was
defined as the 25-min epoch before MOD or vehicle
injection. The post-administration segment was defined as
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a 25-min epoch starting 5min after drug injection. The
5-min interval was introduced to exclude non-specific
effects related to the administration procedure. For each
subject, individual EEG epochs were Fourier transformed
and subjected to power spectral analysis (PSA). The
resulting data were normalized by expressing the power of
each frequency bin as a proportion of the total power
(relative power) in the 0.3-20-Hz band. The mean power
spectrum for each group was calculated in the 0.3-4-Hz
(delta) and 4.25-8-Hz (theta) frequency bands. Between-
group statistical analysis was performed using one-way
ANOVA. Transcutaneous p,CO, levels were between 55 and
65 mmHg in all animals, corresponding to arterial values
of ~45-55mmHg, in line with previous EEG assessment
under similar anesthetic conditions in spontaneously
breathing animals (Hudetz, 2002; Steriade et al, 1994).
At the end of the experimental session, the animals were
killed by halothane overdose and perfused transcardially as
indicated below.

Fos Immunocytochemistry

After an interval of 1h and 40 min from MOD or vehicle
administration, rats were perfused transcardially under
halothane anesthesia with 50ml of 0.1M phosphate-
buffered saline, pH 7.3 (PBS), followed by 300ml of 4%
paraformaldehyde in PBS. The brains were removed,
briefly post-fixed, soaked in 20% sucrose until they sank,
and then coronally sectioned at 40um on a freezing
microtome. Two adjacent series of sections were collected
at 200 pm intervals. One series of sections was processed
free floating for Fos immunocytochemistry, and the
adjacent series was mounted on gelatinized slides and
stained with 0.1% cresyl violet for cytoarchitectonic
reference. For Fos immunocytochemistry, the sections were
first soaked in 0.3% Triton X-100 (Sigma-Aldrich, Milan,
Italy) in PBS (3 x 5min rinses) and processed at room
temperature unless otherwise indicated. After washing in
PBS, the sections were pre-incubated for 1h in a solution of
0.3% Triton X-100 (Sigma-Aldrich) and 5% normal horse
serum (NHS, Vector Laboratories, Burlingame, CA) in PBS.
Next, the sections were incubated at 4°C for 36-48 h with
goat anti-c-Fos polyclonal antibodies (Santa Cruz Biotech-
nology, Santa Cruz, CA), diluted 1:4000 in 1% NHS and
0.2% Triton X-100 in PBS. The sections were then incubated
for 1h in biotinylated horse anti-goat antibodies (Vector
Laboratories; 1:200 in 1% NHS in PBS), and processed
using the avidin-biotin protocol (Standard Vectastain
Elite Kit, Vector Laboratories) for 1h. The reaction was
developed using 3-3’diaminobenzidine as chromogen and
nickel intensification (0.025% diaminobenzidine, 0.03%
H,0,, 0.05% NiCl,) to obtain a black reaction product.
The sections were then washed, mounted on gelatinized
slides and coverslipped with Entellan (Merck, Darmstadt,
Germany).

For each animal, the distribution of Fos-immunoreactive
cells was examined throughout the brain. Two investi-
gators, blind to the experimental group, performed the
analyses using an Olympus microscope. Brain regions were
identified according to the Paxinos and Watson (2005)
brain atlas. Images were digitized using a digital camera
(KY-F58 CCD camera, JVC) connected to the microscope.
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Quantification of Fos immunoreactivity was performed in
representative brain areas (Supplementary Figure S2). The
number of Fos-labeled cells in each area was counted in
coronal brain sections using an unbiased approach based
on region of interest (ROI) sampling. Areas were analyzed
on the basis of previous studies on Fos induction elicited by
MOD in the rat (Scammell et al, 2000), as well as on Fos
profiling induced by other psychoactive drugs (Sumner
et al, 2004), and our own data on Fos induction in the
cerebral cortex during EEG-assessed wakefulness (Grassi-
Zucconi et al, 1994). On this basis, the following areas were
analyzed: prefrontal cortex (defined as indicated above to
include the prelimbic and infralimbic portions of the
cortex) and cingulate cortex; somatosensory cortex, evalu-
ating separately superficial and deep layers (by placing the
frame at the brain surface and white matter border,
respectively); dentate gyrus of the ventral hippocampus;
septum; medial portion of the caudate-putamen; core and
shell divisions of the nucleus accumbens; bed nucleus of the
stria terminalis; basal forebrain; anterior hypothalamic area;
posterior hypothalamic area, including the perifornical
region; centromedial and basolateral nuclei of the amygdala;
paraventricular and central medial thalamic nuclei, which
are components of thalamic midline and anterior intra-
laminar nuclei, respectively; dorsal raphe nucleus in the
brainstem.

For the quantitative analyses, following delineation of
each brain region based on adjacent Nissl-stained sections
and on anatomical landmarks, an automated counting
procedure based on ROI sampling was applied using the
image analysis system ImagePro Plus 4.5 (Media Cyber-
netics, Silver Spring, MD). The counts were obtained in
one focal plane, using a x 10 objective, from frames
(0.6 x 0.5mm) placed bilaterally within each ROI (Supple-
mentary Figure S2); for large ROIs, multiple frames were
used. For each ROI, counts were performed in two adjacent
sections and averaged. Parameters such as size, shape and
threshold gray were optimized for the detection of Fos-
positive cells (notably characterized by nuclear immuno-
staining) and applied to all sections. Background intensity
was kept constant across sections so that the counting unit
was a cell in which Fos immunolabeling reached a defined
optical density threshold above background. In a pilot
study, such procedure showed a close agreement between
manual and automated cell counting. The criteria adopted
in the automated procedure were optimized to exclude
lightly immunostained Fos-positive cells, thus resulting in
conservative estimates that minimize the contribution
of potential false positives due to background staining.
Differences in the number of Fos-labeled cells (mean
number/frame) between the MOD and control groups were
statistically analyzed using the non-parametric Wilcoxon-
Mann-Whitney rank sum test. Statistical significance was
set at p<0.05.

RESULTS
Plasma Exposure

Under the anesthetic conditions used in the imaging
study, i.v. administration of 10mg/kg of MOD (used in
all the experiments) produced a plasma exposure of
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0.67 £0.04 ng/ml at 1h post administration. As MOD has
a t1; of 0.2h in the rat brain (Yu et al, 2000), the predicted
exposure of MOD at the end of the phMRI time window
(30 min post injection) was 3.4 pg/ml. This value is consis-
tent with the range of plasma exposures (2-5pg/ml)
measured in human subjects following oral dosing of
clinically effective doses of the drug (ie, 200 mg/kg, Wong
et al, 1999; McClellan and Spencer, 1998).

phMRI

MOD produced a composite, region-specific pattern of
functional activation of telencephalic, diencephalic and
brainstem regions (Figure 1). Significant rCBV increases
were observed in several structures of the telencephalon,
including the ventral hippocampus, septum, caudate-puta-
men and nucleus accumbens. In the cerebral cortex, the
most prominent effects were found in fronto-cortical areas,
such as the prefrontal, anterior cingulate and orbital cortex.
Foci of activation were also documented in the middle and
deep layers of the somatosensory cortex throughout its
anteroposterior extent. In the diencephalon, activated areas
were detected in thalamic domains including the midline
and intralaminar nuclei. In the brainstem, focal activation
of the dorsal raphe was evident.

The time course of MOD-induced rCBV increase was
region dependent (Figure 2). Subcortical and somatosen-
sory cortical regions showed a rapid increase in rCBV,
which reached a plateau within 5min from MOD admin-
istration and remained sustained throughout the 25-min
time window monitored. In contrast, fronto-cortical areas
exhibited a slow-rise gradual increase in rCBV that reached
a plateau ~20min after MOD administration. Consistent
with previous studies (Gozzi et al, 2006, 2008b), small and
transient (~3min) negative rCBV changes were also
observed upon MOD or vehicle administration in all the
VOIs, probably as a result of temporary dilution of the
intravascular contrast agent. No brain region exhibited
sustained negative rCBV changes in the MOD group (Z>1.6
vs vehicle).

The magnitude of the rCBV response to MOD was also
strictly region dependent (Figure 3), with the largest
response in the prefrontal and cingulate cortex (~20%
rCBYV increase), and all the other activated regions showing
smaller increases (~8-10%). It has to be noted, in this
respect, that the region specificity does not reflect different
vascular capacity of different brain areas. Indeed, under
identical experimental conditions the psychostimulant
p-amphetamine exhibited a different rCBV activation pro-
file (Gozzi et al, 2011), characterized by widespread and
uniform activation of multiple forebrain areas and sub-
cortical nuclei (Figure 3; Supplementary Figures S3 and S4;
Supplementary Tables S1 and S2).

Intersubject functional connectivity analysis (Schwarz
et al, 2007b) was performed by mapping the MOD
responses significantly correlating (Z>2.3) with those in
the ventral tegmental area (Figure 4), where dopaminergic
cell bodies giving origin to the mesolimbic pathway reside.
This analysis delineated a discrete network of brain regions
corresponding to dopamine projections to the nucleus
accumbens. No such correlation was observed in the vehicle
group (Z>1.9).
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Anatomical distribution of the rat brain regions significantly activated by acute modafinil administration (10 mg/kg i.v.) vs control. The top three

rows show contiguous | mm-thick coronal slices. The bottom row shows an orthogonal view of the same map including a sagittal and a horizontal slice. Acb,
nucleus accumbens; Cg, cingulate cortex; CPu, caudate-putamen; DGv, ventral dentate gyrus; dR, dorsal raphe nucleus; MdTh, midline thalamus; Sp, septum;
SS, somatosensory cortex; PFC, prefrontal cortex; Rs, retrosplenial cortex; Th, thalamus; VHc, ventral hippocampus; VmTh, ventromedial thalamus.

MOD and vehicle administration produced transient
alterations of mean arterial blood pressure, whose peak
magnitude was well within the CBF autoregulation range
under the anesthetic conditions used (Supplementary
Figure S5). Within this range, abrupt arterial blood pressure
changes are homeostatically compensated without resulting
in significant microvascular rCBV changes (Gozzi et al,
2006, 2007; Zaharchuk et al, 1999).

EEG

Under anesthetic conditions similar to those used in the
phMRI study, MOD administration produced robust
activation of EEG signals within 10-20min. The PSA
analysis highlighted a decreased delta band (p=0.007;
one-way ANOVA, dof=9, F=12.89) and increased theta
band (p =0.039; one-way ANOVA, dof=9, F=6.01) in the
MOD group compared with controls (Figure 5). The
analysis of PSA of control subjects did not highlight
appreciable EEG alterations after vehicle injection.

In the MOD group, EEG tracings revealed two represen-
tative patterns of response (Figure 6). The first was
characterized by an abrupt shift from slow-wave, large-
amplitude activity to high-frequency, low-amplitude activ-
ity. The second pattern of response was characterized by
bursts of fast activity (lasting 2-3s), interspersed with
longer episodes of slow-wave activity. Both types of
response appeared variable in duration (from 30s to

5min), and occurred intermittently (at 10-15 min intervals)
throughout the period following the drug administration.
No noticeable effects on individual EEG tracings were
observed in the vehicle group.

Fos Induction

Intergroup quantitative analysis of Fos immunoreactivity
highlighted a significant effect of MOD on Fos induction
in several brain regions with respect to controls (Figures 7
and 8). In particular, increased numbers of Fos-labeled
neurons in the MOD group were observed in fronto-cortical
areas such as the prefrontal and cingulate cortex. The
effect reached a significant value in the cingulate cortex
(p <0.02, Wilcoxon-Mann-Whitney rank sum test, to which
all the other p-values of this analysis mentioned below also
refer). Significant increases were also found in the septum
(p<0.02), caudate-putamen, especially in its medial portion
(p<0.02), as well as in the nucleus accumbens (p <0.05 in
the shell region). It is noteworthy that all these regions
were also found to be significantly activated by MOD in
the phMRI study. Furthermore, MOD-induced increases in
Fos-labeled neurons were observed in the ventral hippo-
campus, although only with a trend toward a significant
difference vs controls (p=0.06). A similar trend (p=0.07)
was also found for MOD-elicited Fos induction in the basal
forebrain. At diencephalic level, a significant increase
(p<0.02) of MOD-elicited Fos immunoreactivity was
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Figure 2 Temporal profile of modafinil-induced relative cerebral blood volume (rCBV) response in representative anatomical volumes of interest. Data
are plotted as mean £ SEM within each group. Acb, nucleus accumbens; Cg, cingulate cortex; DGyv; ventral dentate gyrus; PFC, prefrontal cortex;

SS, somatosensory cortex; VmTh, ventromedial thalamus.

observed in the anterior intralaminar thalamic nuclei
(central medial nucleus), which was also significantly
activated in the phMRI study. High Fos induction was also
observed in the thalamic paraventricular nucleus located at
the midline, and this occurred in both MOD-treated and
control groups, as also noted for the anterior and posterior
hypothalamic areas, and for the basolateral and especially
the central nuclei of the amygdala (for which no activation
was detected with phMRI). Likewise, no significant inter-
group difference was observed in the dorsal raphe nucleus,
which had instead shown activation in the imaging study.
No brain areas showed an obvious decrease in Fos immuno-
reactivity following MOD administration.
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Altogether the Fos induction part of the study supported
at the cellular level the findings obtained with phMRI,
though with some differences which, as discussed below, are
in all likelihood due to the different methodological
approaches and readout systems.

DISCUSSION

Despite an increasing non-medical and off-label use of
MOD, and > 20 years of research into the psycho-pharma-
cological properties of this drug, the neural substrates of its
action in the brain remain elusive. In the present study, we
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(adapted from Gozzi et al, 201 |, with permission). Acb, nucleus accumbens; Amy, amygdala; Cg, cingulate cortex; CPu, caudate-putamen; DGy, ventral
dentate gyrus; dR, dorsal raphe nucleus; Hipp, hippocampus; Hypoth, hypothalamus; Ins, insular cortex; Motor, motor cortex; PFC, prefrontal cortex;
Pir, piriform cortex; Rs, retrosplenial cortex; Sp, septum; SS, somatosensory cortex; Th, thalamus.

Figure 4 Orthogonal view (a, coronal; b, horizontal; ¢, sagittal) of the brain regions showing intersubject modafinil responses that correlate with those to
the ventral tegmental area (VTA). (d) Correlation (linear regression) between mean relative cerebral blood volume (rCBV) response to modafinil in the
nucleus accumbens (Acb) and VTA. P-value was calculated using a Student's t test on the regression coefficients.

used non-invasive functional imaging to investigate the
neuronal circuitry activated by MOD at a dose that
produces clinically relevant plasma exposure in the rat.
Our data show that MOD can stimulate fronto-cortical areas
involved in higher cognitive function, as well as a network
of pro-arousing areas, comprising thalamocortical, corti-
cothalamic and dopamine-innervated cell groups. More-
over, MOD treatment was here found to be associated with
enhanced connectivity between the dopaminergic ventral
tegmental area and its target represented by the nucleus
accumbens. Importantly, EEG recordings have here docu-
mented a pro-arousing effect of MOD under the anesthetic
conditions employed in the phMRI study, and Fos

immunoreactivity induction has provided an independent
confirmation of the functional effect of MOD in several
of the regions identified in the imaging study. Overall,
the coordinated network of brain structures identified in
the present investigation represents a plausible substrate
for the wake-promoting and pro-cognitive effects of MOD
in the rat.

Functional Response to MOD

The pattern of MOD-elicited activation presents several
features relevant to the functional interpretation of the
pharmacological effects of the drug. First, the robust
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Figure 6 Effect of modafinil (MOD) administration on individual electroencephalogram (EEG) activity traces. (a) Representative 30s segment of EEG
recording sampled immediately before MOD administration. (b, ¢) Examples of desynchronization observed after MOD administration. In (b), MOD evoked
a sudden change (arrow) from slow-wave, large-amplitude activity to high-frequency, low-amplitude activity. In (c), the response is characterized by bursts of
low-voltage fast activity intermingled with dominant slow-wave activity (arrows).

activation of fronto-cortical areas is relevant for transla-
tional research, as it reconciles preclinical functional
mapping data, in which the involvement of fronto-cortical
areas has not been consistently observed (Lin et al, 1996;
Fiocchi et al, 2009; Engber et al, 1998; Scammell et al, 2000),
with the increasing evidence in humans of a cortical
modulation by the drug in normal (Saletu et al, 2007; Joo
et al, 2008) and impaired states (Hunter et al, 2006; Spence
et al, 2005; Saletu et al, 2004; Thomas and Kwong, 2006).
The fronto-cortical activation is also consistent with the
improved cognitive performance observed in rodent
behavioral tasks upon MOD administration at doses similar
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to those employed in the present study (Tsanov et al, 2007;
Beracochea et al, 2001, 2003; Dawson et al, 2010).
Consistent with the notion that fronto-cortical cognitive
tasks are subserved by an extensively interconnected
network of regions (reviewed by Mesulam, 1990), additional
brain substrates activated by MOD may have a role in the
pro-cognitive action of the drug. For example, animal
studies demonstrated that integrity of the nucleus accum-
bens (Floresco et al, 2006), mediodorsal thalamic nucleus
(Block et al, 2007) and posterior parietal cortex (Fox et al,
2003) is necessary for specific cognitive processes like
perceptual attentional set shifting. This task has been shown
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Figure 7 Representative images of Fos immunolabeling after modafinil (MOD) treatment (right column, b, d, f) compared with controls (vehicle, left
column, a, ¢, e) showing that MOD markedly enhanced Fos induction in the cingulate cortex (a, b), medial caudate-putamen (c, d) and thalamic central
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Figure 8 Effect of modafinil (MOD) on the number of Fos-positive cells in regions of interest (ctrl: control animals treated with vehicle). Data are
expressed as mean = SEM. *p <0.05, Wilcoxon—-Mann—Whitney rank sum test. The anatomical distribution of the regions examined is reported in
Supplementary Figure S2. AcbC, nucleus accumbens core; AcbS, nucleus accumbens shell; AH, anterior hypothalamus; AmyBL, basolateral nucleus of the
amygdala; AmyCe, centromedial nucleus of the amygdala; BST, bed nucleus of the stria terminalis; BF, basal forebrain; CeM, central medial thalamic nuclei;
Cg, cingulate cortex; CPu, caudate-putamen; DGy, ventral dentate gyrus; dR, dorsal raphe nucleus; PFC, prefrontal cortex; PH, posterior hypothalamus;
PVT, paraventricular thalamic nuclei; Sp, septum; SSCs, somatosensory cortex superficial layers; SSCd, somatosensory cortex deep layers.

to be improved by MOD in animal models of cognitive
impairment (Dawson et al, 2010). Similarly, the fronto-
septo-hippocampal circuit and its interaction with midline
thalamic nuclei are known to have a role in cognitive
processing and memory formation (Vertes, 2006; Dalley
et al, 2004; Becker et al, 1981; Squire, 1992).

The present imaging findings also highlighted network
features that can be related to the wake-promoting effect
of MOD. Of these, the activation of thalamic cell groups
and of the middle and deep cortical layers, which include
thalamocortical fiber innervation and corticothalamic
neurons, is of special interest given the known role of
thalamocortical systems and corticothalamic control in
the regulation of wakefulness and arousal (McCormick and
Bal, 1997; Steriade, 1996; Pace-Schott and Hobson, 2002).
Among the brainstem nuclei covered by the imaging volume
used in the phMRI study, a clear involvement of the dorsal
raphe was evident. This nucleus, which is the main source
of serotonergic innervation of the diencephalon and
telencephalon, is active during waking and necessary for
complete arousal and cortical activation (Espana and
Scammell, 2004). This finding is in keeping with in-vivo
microdialysis data showing increased dialysate serotonin
levels in the raphe nucleus upon MOD administration
(Ferraro et al, 2002).

Involvement of Dopaminergic Circuits

Mounting preclinical evidence points to a key contribution
of dopamine to the wake-promoting properties of MOD.
For example, mice lacking dopamine transporters are not
sensitive to the wakefulness-promoting effects of MOD
(Wisor et al, 2001), as also mice lacking dopamine D; and
D, receptors (Qu et al, 2008). Microdialysis studies have
shown that MOD increases extracellular dopamine in the
nucleus accumbens and prefrontal cortex (de Saint et al,
2001; Murillo-Rodriguez et al, 2007). In addition, recent
positron emission tomography (PET) studies in humans
(Volkow et al, 2009) and anesthetized monkeys (Madras
et al, 2006) have documented significant occupancy of
dopamine transporters in the nucleus accumbens and cau-
date-putamen upon administration of MOD. Consistently
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with these results, we observed focal and sustained
activation of the caudate-putamen and nucleus accumbens
in phMRI maps of MOD-treated subjects. Moreover,
functional connectivity analysis of phMRI responses
correlating with the ventral tegmental area delineated the
longitudinal extension of the mesolimbic dopamine path-
way to the nucleus accumbens in the MOD group, but not in
controls. Taken together, our findings are consistent with a
pivotal contribution of dopamine pathways to the effect of
MOD, and suggest that the drug may enhance functional
connectivity in the mesolimbic pathway.

The activation of a mediator of reinforcement such as
the nucleus accumbens (Salamone and Correa, 2002) is also
of interest in the light of the debated abuse potential of
MOD (Kruszewski, 2006). The drug was shown to be self-
administered in monkeys previously trained to self-admin-
ister cocaine (Newman et al, 2010; Gold and Balster, 1996),
and may act as a reinforcer under conditions of behavioral
demands (Stoops et al, 2005). It should, however, be
emphasized that the reinforcing and psychostimulant
properties of MOD are weaker than those of classical
dopamine-mimetic stimulants, so that the effective abuse
liability of MOD at clinical doses remains limited and
clinical reports of MOD abuse are rare (Jasinski, 2000;
Myrick et al, 2004).

Comparison with Amphetamines

Converging evidence from studies in animal models
and humans suggests that the distinctive psychotropic
properties of MOD compared with traditional psychosti-
mulants (ie, amphetamines) reflect a unique neuro-
chemical profile (Minzenberg and Carter, 2007). For
example, MOD displays significant affinity but low potency
at dopamine transporter and norepinephrine transporter
leading to moderate elevations in extracellular dopa-
mine and norepinephrine levels (Madras et al, 2006).
MOD administration has also been shown to affect other
multiple neurotransmitter systems, including GABA, ser-
otonin, glutamate, orexin and histamine, possibly second-
ary to catecholamine effects (Minzenberg and Carter, 2007;
Qu et al, 2008).



Our imaging results allow to compare MOD and
amphetamine action under identical experimental condi-
tions. In a recent study (Gozzi et al, 2011), we used the same
phMRI protocol to map the effects of a dose of amphet-
amine that, in keeping with the present data with MOD, was
previously shown to elicit a pro-arousing effect in EEG
recording in halothane-anesthetized animals (Berridge and
Morris, 2000). Unlike MOD, amphetamine produced wide-
spread and robust activation of the forebrain with no sign
of cortical layer specificity. Morever, the effect of amphet-
amine was robust and quantitatively comparable across
cortical regions (Gozzi et al, 2011), and lacked much of the
subcortical and fronto-cortical specificity observed with
MOD. These findings are consistent with the different
pharmacological profile of the two drugs (Minzenberg and
Carter, 2007), and suggest that MOD can focally activate
brain substrates of arousal and cognition, which, in the case
of amphetamine, appear to be recruited as a result of a
global psychostimulant effect.

Fos Induction

The present results of Fos induction analysis have docu-
mented significant MOD-induced increases in a network of
areas including fronto-cortical regions, caudate-putamen,
nucleus accumbens and medial thalamic domains, all of
which exhibited significant rCBV increases in response
to the drug. Given the independent nature of cellular (ie, Fos
induction) and hemodynamic (ie, phMRI) measures of
brain function, these results corroborate the functional
significance of the MRI study, and rule out potential
spurious contributions arising from a putative direct vaso-
active action of MOD.

Discrepancies between the imaging and cellular data are
also to be noted, and differences in the neurophysiological
processes underlying the two experimental readouts may
be invoked to explain the lack of increased Fos induction
in some areas found to be activated in the phMRI study
(ie, raphe nuclei, somatosensory cortex and midline
thalamus). Indeed, it has been shown that Fos induction
does not always correspond to the activation shown by
imaging techniques such as 2-deoxyglucose uptake map-
ping, or PET or blood oxygenation level-dependent contrast
of MRI (Stark et al, 2006; Cirelli and Tononi, 2000).
Hemodynamic responses are generally thought to reflect
local synaptic input (Logothetis et al, 2001), whereas the
c-fos gene and Fos protein induction is thought to reflect
synaptic plasticity rather than neuronal firing per se,
and does not occur in all CNS cell groups (Cirelli and
Tononi, 2000).

Importantly, our Fos data provide additional evidence of
an MOD-induced recruitment of fronto-cortical and striatal
areas in the rodent brain. Similar findings have been
observed with MOD (Scammell et al, 2000; Willie et al,
2005) or its metabolically active enantiomer armodafinil
(Fiocchi et al, 2009) in unanesthetized and unrestrained
rodents, although this effect has not been consistently
reported (Engber et al, 1998; Lin et al, 2000). At variance
with previous reports (Scammell et al, 2000, Engber et al,
1998; Lin et al, 2000), significant MOD-elicited Fos
induction was not here observed in anterior and periforni-
cal hypothalamic areas. On the other hand, significant Fos
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induction was here documented in medial thalamic
domains, which have not been previously reported to be
recruited by MOD. Multiple procedural differences, and
especially the use of anesthesia, may account for some of
these discrepancies. It should however be emphasized that,
as mentioned above, the neurochemical and regional effects
of MOD are dose dependent (Fiocchi et al, 2009; Scammell
et al, 2000). Therefore, the wide and heterogeneous spec-
trum of dose and routes of MOD administration employed
in previous studies (5-600 mg/kg) could also have a role in
the regional differences in the pattern of Fos activation.

In terms of a comparison with studies in unanesthetized
animals, it has to be emphasized that previous studies
have shown a negligible interference of halothane anesthesia
with c-fos expression. For instance, halothane (1.5%), but
not pentobarbital anesthesia preserved c-fos expression
under resting conditions up to 2h from induction (Marota
et al, 1992). Similarly, as also mentioned previously,
halothane (1.5%) was found to preserve the spinal and
supraspinal patterns of c-fos induced by mechanical
stimulations (Novikova et al, 2004). Halothane anesthesia
also did not alter Fos expression in orexin-containing
neurons compared with spontaneously breathing animals
over 2h exposure (Gompf et al, 2009). Although these
results do not permit to rule out an effect of anesthesia on
Fos induction in our study, they however argue against a
role of anesthesia as a main confounding factor in the
interpretation of results. Additional Fos experiments using
the same MOD formulation in unanesthetized and unre-
strained animals are warranted to corroborate the signifi-
cance of the results obtained at the cellular level in the
present investigation in relation to previous studies in
conscious rats.

Methodological Considerations and Limitations
of the Study

The fact that our experiments were performed in anesthe-
tized animals raise the question as to whether the observed
effects truly reflect the pro-arousing and pro-cognitive
action of MOD in conscious states. As also mentioned above
concerning Fos induction, an experiment in freely moving
animals would undoubtedly provide an important support
to the present findings, overcoming the limitations related
to the use of anesthesia. Such an experiment could, for
example, be performed with CBF investigation using
radiolabeled iodoantipyrine (Grunwald et al, 1991). How-
ever, the iodoantipyrine technique suffers from some
limitations, including the fact that, as other psychopharma-
cological measurements in behaving animals, it does
not permit to differentiate the neural targets of the drug
from the brain regions that underlie its secondary
behavioral responses (eg, the activation of locomotor and
autonomic centers by psychostimulant drugs). This aspect
is of crucial importance for a translational approach such as
that of our study.

On the other hand, multiple lines of evidence argue that
the phMRI pattern here identified is representative of the
central substrate recruited by MOD. First, the imaging
and anesthetic protocol employed in our study has been
repeatedly shown to preserve the features of the pattern of
activity produced by a variety of psychoactive drugs with
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remarkable correspondence between brain mapping in
conscious animals and human fMRI results (reviewed by
Bifone and Gozzi, 2010). For example, we were able to
demonstrate that nicotine activates in the anesthetized rat
the same cortico-limbic structures that express increased
Fos induction in conscious animals (Mathieu-Kia et al,
1998) and are activated by the drug in humans as seen with
fMRI (Stein et al, 1998; Gozzi et al, 2006). Similarly, in a
recent series of phMRI studies with psychotogenic antago-
nists of the N-methyl-p-aspartate receptor, such as ketamine
and phencyclidine (Gozzi et al, 2008a, 2008b, 2008c), we
have been able to highlight the activation of a cortico-
limbo-thalamic network corresponding to the patterns
of brain activity measured in freely moving rats with
deoxyglucose mapping (Duncan et al, 1999) and in humans
with different neuroimaging techniques (Deakin et al, 2008;
Gozzi et al, 2008b; Langsjo et al, 2003).

Moreover, in the present study EEG recordings have
shown that MOD could elicit a clear and robust pro-arousing
signature despite the presence of the anesthetic. The
observed increase in theta band power has been reliably
described to reflect the activation of wakefulness-controll-
ing brain areas in anesthetized animals (Shea et al, 2008;
Morrison et al, 2011). Comparable increases in the theta
band relative power and decreases in delta band power
have been described with amphetamines in halothane-
anesthetized animals (Berridge and Morris, 2000). This EEG
signature is also observed following the presentation of
arousing stimuli and seems to be dependent on the activa-
tion of the ascending noradrenergic pathways (Berridge and
Foote, 1991). As changes in behavioral indices of arousal are
accompanied by alterations in forebrain neuronal activity
that are reflected in EEG signals (reviewed by Berridge, 2006),
the observation of a wakefulness EEG signature demonstrates
the efficacy of the MOD formulation used in the present
experiments and provides a crucial intrinsic corroboration of
the functional significance of the imaging findings.

Importantly, our imaging results also showed an
encouraging spatial correspondence with analogous neu-
roimaging studies of MOD in humans. Specifically, in a
recent randomized double-blind single photon emission
computer tomography (SPECT) study, bilateral CBF increa-
ses have been shown in fronto-cortical areas, thalamic
domains as well as dorsal raphe upon administration of
MOD to healthy volunteers (Joo et al, 2008). Notably, all
these regions have been shown to be activated by MOD in
our study. Together, these lines of evidence converge to
indicate that the pattern of activation identified here
represents a plausible substrate for the wake-promoting
and pro-cognitive effects of the drug.

CONCLUDING REMARKS

In conclusion, we used fMRI in the anesthetized rat to
spatially resolve the neural circuitry activated by a dose
of MOD that produces clinically relevant blood exposure.
Our results show that MOD can focally and robustly activate
fronto-cortical areas involved in higher cognitive functions,
as well as a coordinated network of pro-arousing areas
comprising dopamine-innervated cell groups. The func-
tional significance of the imaging results was corroborated
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by the presence of EEG desynchronization and enhanced
Fos immunoreactivity in most of the brain regions identi-
fied in the imaging study. Collectively, these results provide
a comprehensive description of the neural substrates for
the established wake-promoting and pro-cognitive effects of
the drug.
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