
Pharmacology, Biochemistry and Behavior 95 (2010) 449–456

Contents lists available at ScienceDirect

Pharmacology, Biochemistry and Behavior

j ourna l homepage: www.e lsev ie r.com/ locate /pharmbiochembeh
Psychostimulant-like discriminative stimulus and locomotor sensitization properties
of the wake-promoting agent modafinil in rodents

Neil E. Paterson a, Allison Fedolak a, Berend Olivier a,b, Taleen Hanania a,
Afshin Ghavami a, Barbara Caldarone a,⁎
a PsychoGenics, Inc. 765 Old Saw Mill River Rd., Tarrytown, NY 10591, United States
b Department of Psychopharmacology, Utrecht Institute for Pharmaceutical Sciences, Rudolf Magnus Institute of Neuroscience, Utrecht University, Utrecht, The Netherlands
⁎ Corresponding author. Tel.: +1 914 406 8020; fax:
E-mail address: Barbara.Caldarone@PsychoGenics.co

0091-3057/$ – see front matter © 2010 Elsevier Inc. Al
doi:10.1016/j.pbb.2010.03.006
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 January 2010
Received in revised form 8 March 2010
Accepted 13 March 2010
Available online 25 March 2010

Keywords:
Modafinil
Locomotor sensitization
Drug discrimination
Cocaine
d-amphetamine
Bupropion
Citalopram
Desipramine
GBR12909
Caffeine
Rat
Mouse
The present studies assessed the potential abuse liability and likely mechanism(s) of action of the wake-
promoting agent modafinil.
Methods: Experiments assessed the locomotor sensitization (LS) and discriminative stimulus (DS) properties
of modafinil in mouse and rat, respectively. Comparative data were generated with a range of
psychostimulants and monoamine reuptake inhibitors.
Results: Repeated administration of d-amphetamine and cocaine, psychostimulants with high abuse liability,
resulted in the induction and expression of LS in mice. Bupropion and caffeine, two psychostimulants not
abused in humans, were not associated with LS. GBR12909 induced LS during repeated exposure, but there
was no evidence of expression of LS after acute challenge following withdrawal. In contrast, repeated
administration of modafinil resulted in the expression, but not induction, of LS. d-amphetamine, but not the
μ-opioid agonist morphine or the nAChR agonist nicotine, fully substituted for the cocaine DS in rats. The
selective dopamine transporter (DAT) inhibitor GBR12909 fully substituted, the preferential norepinephrine
transporter (NET) inhibitor desipramine partially substituted, and the selective serotonin reuptake inhibitor
citalopram failed to substitute for cocaine. Modafinil fully substituted for cocaine, similar to the mixed DAT/
NET inhibitor bupropion.
Conclusions: Two preclinical assays indicated potential abuse liability of modafinil; drug discrimination
studies suggest DAT blockade by modafinil is a likely mechanism of action in vivo.
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1. Introduction

Modafinil (2-[(Diphenylmethyl)sulfinyl]acetamide; Provigil®) is a
wake-promoting agent currently approved for treatment of excessive
daytime sleepiness, and is being investigated for use in the treatment
of fatigue due to conditions such as cancer (Cooper et al., 2009) and
amyotrophic lateral sclerosis (Rabkin et al., 2009). In addition, early
clinical trials suggest that modafinil may be useful in treating
cognitive disorders (Biederman and Pliszka, 2008; Kahbazi et al.,
2009) and deficits (Kohli et al., 2009). Preliminary clinical trials
indicated that modafinil may be effective in treating cocaine
dependence (Dackis et al., 2005; Hart et al., 2008), although a meta-
analysis indicated that modafinil was not effective in reducing cocaine
use (Castells et al., 2007). It is particularly important to consider the
abuse liability of modafinil given the interest in using modafinil to
treat both ADHD in children and adolescents (Biederman and Pliszka,
2008) and amphetamine abuse in adults with ADHD (Mann and
Bitsios, 2009).

Despite reports that modafinil exhibits low abuse potential (Rush
et al., 2002a; Deroche-Gamonet et al., 2002; for review, see Myrick et
al., 2004), preclinical and human studies have warned that modafinil
may possess significant abuse potential (Gold and Balster, 1996;
Stoops et al., 2005), at least in vulnerable populations, due to
increased dopamine release in brain reward circuitry (Volkow et al.,
2009). The present experiments aimed to add to the preclinical
literature on the potential abuse liability ofmodafinil, using locomotor
sensitization in drug-naïve mice and drug discrimination in rats
trained to discriminate cocaine from saline.

Locomotor sensitization (LS) refers to the phenomenon in which
repeated intermittent administration of a drug of abuse results in a
progressive increase in the locomotor-stimulant effects of the drug
during the repeated exposure phase and in response to acute drug
challenge after a drug-free (‘withdrawal’) period (Short and Shuster,
1976; Bartoletti et al., 1983; Reith, 1986; Shoaib and Stolerman, 1992).
The induction and expression of LS is linked to multiple neuroadapta-
tions in the mesocorticolimbic system, heavily implicated in reward-
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related behavior (Wolf, 1998; Vanderschuren and Kalivas, 2000;
Thomas et al., 2008). Due to the importance of LS in the development
and persistence of addiction (Robinson and Berridge, 1993), the assay
may be useful in assessing the potential abuse liability of a novel
compoundby determiningwhether repeated intermittent exposure to
that compound results in the emergence of a sensitized locomotor
response. Based on modafinil-induced inhibition of the dopamine
transporter and perhaps othermonoamine transporters (Madras et al.,
2006; Zolkowska et al., 2009), the present studies aimed to determine
whether repeated exposure to modafinil would result in locomotor
sensitization in mice. Mice were selected for locomotor sensitization
studies based on the increasing popularity of mouse for LS studies,
coupledwith the potential use of genetically modifiedmice to identify
neurobiological substrates of addiction.

Drug discrimination (DD) is an assay of operant behavior based on
the interoceptive (‘discriminative stimulus’) properties of test
compounds (Silverman and Ho, 1976; Holtzman, 1985). Rats were
selected for drug discrimination studies based on the long history of
DD studies in rats. DD has been used to assess drug abuse liability,
based on the idea that a test compoundwhich substitutes for a drug of
abuse shares the discriminative stimulus and pharmacological
properties of that drug of abuse (for a critical review of the clinical
translatability of DD and other abuse liability assessment procedures,
see Carter and Griffiths, 2009). Previously, modafinil has been shown
to substitute for the cocaine discriminative stimulus (Gold and
Balster, 1996; Dopheide et al., 2007). DD studies also allow the
exploration of pharmacological mechanisms of action. The pharma-
cological properties of modafinil are not yet entirely clear, but appear
to include effects on norepinephrine, serotonin, glutamate, GABA,
histamine and orexin signaling (for review, see Minzenberg and
Carter, 2008). Accumulating preclinical (Fuxe et al., 1992; Mignot et
al., 1994; de Saint Hilaire et al., 2001; Wisor et al., 2001; Madras et al.,
2006; Zolkowska et al., 2009) and clinical (Volkow et al., 2009)
evidence points toward significant inhibition of the dopamine
transporter as one of the main mechanisms of action, resurrecting
concerns about the potential abuse liability of the compound. In the
present studies, the discriminative stimulus properties of selective
single (GBR12909, citalopram, desipramine) and dual (bupropion)
monoamine reuptake inhibitors and modafinil were compared in
cocaine-trained rats.

In summary, the present studies assessed the potential for abuse
liability and likely mechanism(s) of action of the wake-promoting
agent modafinil, via the locomotor sensitization and drug discrimi-
nation procedures in mice and rats, respectively.
2. Materials and methods

2.1. Subjects

Male C57BL/6 J mice were obtained from Jackson Laboratories (Bar
Harbor, ME) and male Sprague–Dawley rats were obtained from
Harlan Laboratories (Indianapolis, IN). After acclimation to the
vivarium, animals were either ear-notched (mice) or tail-marked
(rats). Mice were group-housed in OptiMICE ventilated cages and rats
were single-housed in OptiRAT ventilated cages. All animals were
maintained on a 12/12 h light/dark cycle (lights on 0700 EST). The
room temperaturewasmaintained at 20–23 °Cwith relative humidity
at approximately 50%. For mice, food was available ad libitum for the
duration of the study, except during testing. For rats, chow was
restricted to maintain body weights at 85% of free-feeding age-
matched controls. For all subjects, water was provided ad libitum for
the duration of the study, except during testing. All testing was
conducted during the light phase, 5 days per week. The behavioral
tests were conducted according to established protocols approved by
the PsychoGenics, Inc. IACUC committee in AALAC-accredited facili-
ties, and in accordance with the Guide to Care and Use of Laboratory
Animals (National Institutes of Health, 1996).
2.2. Apparatus

Locomotor activity was measured in Plexiglas square chambers
(27.3×27.3×20.3 cm; Med Associates Inc., St Albans, VT) surrounded
by infrared photobeam sources and detectors. Mice were tested under
ambient light and data were collected by Med Associates software.

All DD testing took place in operant conditioning chambers
(30.5 cm×24.1 cm×21.0 cm) located in sound-attenuating cubicles
equipped with an exhaust fan (Med Associates, St Albans, VT). Each
chamber contained two response levers situated on one wall of the
chamber. A stimulus light was located above each lever and a house
light was located at the top of the opposite wall. A pellet receptacle
was situated between the two levers for delivery of food pellets
(45 mg). Data were collected, and test session functions were
controlled, by Med PC IV software (Med Associates, St Albans, VT).
2.3. Experimental procedures

2.3.1. Locomotor sensitization studies
Locomotor sensitization was assessed over a 20 day testing period,

and under four testing phases: baseline locomotor activity (3 con-
secutive days), drug-induced locomotion (5 consecutive days), wash-
out (10 days), and challenge (2 days testing of vehicle and test
compound according to a cross-over design: i.e., on day 1 half of
subjects received drug and half vehicle; conditions were reversed on
day 2). Test compounds were administered IP or PO (modafinil only,
based on pilot data indicating locomotor activation occurred after only
PO, not IP, modafinil administration) in a volume of 10 ml/kg, imme-
diately prior to themice being placed in the open field for a 30-minute
test session, during the 5-day repeated exposure phase and the 2-day
challenge phase.
2.3.2. Drug discrimination studies
Twelve rats were tested according to a double-alternation two-

week schedule [Drug (D), Vehicle (V), D, D, V; V, D, V, V, D]. During
training sessions, rats were administered either cocaine (10 mg/kg,
IP) or vehicle and were immediately placed in the operant chambers.
Five minutes later, the test session was initiated; this was signaled by
illumination of the house-light and the stimulus lights. After cocaine
administration, responding on one lever was reinforced by delivery of
a 45 mg food pellet under a fixed-ratio 20 schedule; responses on the
inappropriate lever reset the FR response requirement. After saline
administration, responding on the opposite lever was reinforced.
Lever assignation was counter-balanced across subjects. Delivery of
each food pellet was immediately followed by a 20 s time-out period
during which further lever-pressing had no consequence and the
house and stimulus lights were extinguished. After consistent
responding on the appropriate cocaine- or vehicle-associated lever
for at least 80% of total lever presses across the whole session and
during the first fixed-ratio 20 of the session, compound testing was
initiated. During test sessions, responding on both levers was
reinforced via food pellet delivery.

Test compounds were administered 15 (d-amphetamine, nico-
tine) or 30 (morphine, modafinil, GBR12909, desipramine, bupropion,
citalopram) minutes prior to testing, either IP or SC (nicotine and
morphine only) in a volume of 1 ml/kg. All test compounds were
administered according to a randomized-order, counter-balanced,
within-subjects design. Variable numbers of rats were exposed to
each test compound, but all subjects were used to generate the
cocaine dose–response function. Specific group sizes for each test
compound are indicated in the Fig. 3 legend.
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2.4. Drugs

Cocaine hydrochloride, nicotine bitartrate, morphine sulfate, d-
amphetamine sulfate, modafinil, desipramine hydrochloride, citalo-
pram, bupropion hydrochloride, GBR12909 and caffeine were pur-
chased from Sigma-Aldrich (St. Louis, MO). Cocaine, nicotine,
morphine, d-amphetamine, citalopram and caffeine were dissolved
in saline; GBR12909, desipramine and bupropion were dissolved in
water; modafinil was dissolved in 5% arabic gum solution. All doses
are reported as salt, except nicotine (free base).

2.5. Statistical analyses

Locomotor activity was measured as total distance traveled
(cm), assessed via infrared beam breaks. Induction of LS (defined as
a progressive increase in locomotor activity in drug-exposed
subjects over the 5 consecutive days of repeated drug exposure)
was assessed by analyzing the locomotor activity data obtained on
the final baseline day and the five days of repeated drug/vehicle
administration. Data were analyzed by repeated measures ANOVAs
where Day (6 levels) was the repeated measures and Treatment
(variable number of levels depending on number of doses tested)
was defined as the between-subjects factor. Expression of LS
(defined as increased locomotor activity in previously drug-
exposed subjects compared to vehicle-exposed controls after
acute challenge following the 10 day wash-out period) was
assessed by analyzing the locomotor activity data obtained on the
drug and vehicle challenge days, via a repeated measures ANOVA
with Challenge (2 levels) as the repeated measure, and Exposure
(variable levels depending on the number of doses tested) defined
as the between-subjects factor.

Drug discrimination data were expressed as the percent of
cocaine-appropriate lever responding, and as the rate of responding
during the test session. Percent of cocaine-appropriate lever
responding was calculated by dividing the number of responses
on the drug-appropriate lever by the total responses on both levers.
Response rates were calculated by dividing the total number of
responses by the total duration of the session in seconds. If the
response rate was less than 0.02 responses per second at a specific
dose for a specific subject, cocaine-appropriate lever responding
data for that subject at that dose were excluded. Linear regression
analyses and ED50 values were performed using GraphPad Prism 5.0
software (La Jolla, CA). Full substitution was defined as more than
80% drug-appropriate responding; partial substitution was defined
as between 20 and 80%, and lack of substitution was defined as less
than 20% drug-appropriate responding. Data were analyzed by
analyses of variance (ANOVA) followed by Fisher post-hoc compar-
isons where appropriate, using Statview software (SAS Institute,
Inc., Cary, NC).

3. Results

3.1. The effects of repeated administration of cocaine, d-amphetamine,
bupropion or caffeine on locomotor activity

3.1.1. Cocaine
A repeated measures ANOVA on data obtained from all 5 days of

cocaine/vehicle exposure did not reveal the induction of a sensitized
locomotor response [very strong trend toward a significant Drug x
Day interaction effect: F(4,72)=2.30, p=0.067; significant main
effects of Day: F(4,72)=2.68, pb0.05 and Drug: F(1,18)=192.04,
pb0.0001]. A repeated measures ANOVA comparing locomotor
activity on Days 1 and 5 of cocaine/vehicle exposure revealed a
significant Drug × Day interaction [F(1,18)=10.2, pb0.01]. Post-hoc
tests showed that locomotor activity was significantly higher on Day 5
compared to Day 1 for subjects exposed to cocaine, but not vehicle
(Fig. 1A). A challenge dose of cocaine (10.0 mg/kg) following a 10 day
wash-out period resulted in the expression of locomotor sensitization
[significant Challenge × Exposure interaction effect: F(1,18)=5.39,
pb0.05; significant main effects of Challenge: F(1,18)=37.05,
pb0.0001]. Previous exposure to cocaine increased basal locomotor
activity level [significant main effect of Exposure: F(1,18)=7.74,
pb0.05]. Post-hoc tests showed that cocaine challenge elicited greater
locomotor activation in mice that received repeated administration of
cocaine versus vehicle (Fig. 1B).

3.1.2. Amphetamine
Repeated administration of amphetamine, but not vehicle, resulted

in the induction of a sensitized locomotor response [significant Drug ×
Day interaction effect: (F(8,108)=10.54, pb0.0001; significant main
effects of Day: F(4,108)=37.32, pb0.0001 and Drug: F(2,27)=47.39,
pb0.0001]. Post-hoc tests showed that locomotor activity was sig-
nificantly higher on days 2 through 5 compared to day 1 for subjects
exposed to either 1.5 or 3.0 mg/kg amphetamine, but not vehicle
(Fig. 1C). A challenge dose of amphetamine (1.5 mg/kg) following a
10 day wash-out period resulted in the expression of locomotor sen-
sitization [significant Challenge×Exposure interaction effect: F(2,27)=
15.84, pb0.0001; significant main effect of Challenge: F(1,27)=73.09,
pb0.0001; significant main effect of Exposure: F(2,27)=28.00,
pb0.0001]. Post-hoc tests showed that a challenge dose of amphet-
amine elicited greater locomotor activation in mice that received
repeated administration of amphetamine (1.5 or 3.0 mg/kg) versus
vehicle (Fig. 1D).

3.1.3. Bupropion
Repeated administration of bupropion (10.0 or 20.0 mg/kg) did

not result in the induction of locomotor sensitization [no significant
Drug × Day interaction effect: F(8,84)=1.74, n.s.], although acute
bupropion increased locomotor activity compared to vehicle
[significant main effect of Drug: F(2,21)=59.62, pb0.0001; signif-
icant main effect of Day: F(4,84)=2.88, pb0.05; Fig. 2A]. A
challenge dose of bupropion (10.0 mg/kg) following a 10 day
wash-out period did not result in the expression of locomotor
sensitization [no significant Challenge × Exposure interaction effect:
F(1,10)=0.17, n.s.], although acute bupropion increased locomotor
activity [significant main effect of Challenge: F(1,10)=30.99,
pb0.001]. Previous exposure to bupropion or vehicle did not alter
basal locomotor activity level [no significant main effect of
Exposure: F(1,10)=0.96, n.s.; Fig. 2B].

3.1.4. Caffeine
Repeated administration of caffeine (10.0 and 30.0 mg/kg) did

not result in the induction of locomotor sensitization [no significant
Drug × Day interaction effect: F(8,108)=1.61, n.s.], although caffeine
increased locomotor activity [significant main effect of Drug: F(2,27)=
30.10, pb0.0001; significant main effect of Day: F(4,108)=18.35,
pb0.0001; Fig. 2C). A challenge dose of caffeine (10.0 mg/kg) following
a 10 day wash-out period did not result in the expression of loco-
motor sensitization, in subjects exposed to either 10.0 or 30.0 mg/kg
[no significant Exposure × Challenge interaction effect: F(2,27)=
0.16, n.s.], although acute caffeine increased locomotor activity
[Challenge: F(1,27)=64.08, pb0.0001]. Previous exposure to caffeine
or vehicle did not alter basal locomotor activity level [no significant
main effect of Exposure: F(2,27)=1.94, n.s.; Fig. 2D].

3.2. The effects of repeated administration of GBR12909 or modafinil on
locomotor activity

3.2.1. GBR12909
Repeated administration of GBR12909 resulted in the induction

of a sensitized locomotor response [significant Drug × Day inter-
action effect: F(12,144)=3.73, pb0.0001; significant main effect of



Fig. 1. The effects of repeated administration of cocaine or d-amphetamine on locomotor activity. Panel A depicts total locomotor activity measured across 3 days of vehicle
(baseline) and 5 days of cocaine (15 mg/kg) or vehicle administration (n=10/group). Panel B shows total locomotor activity measured after administration of a challenge dose of
cocaine (10 mg/kg) following the 10 day wash-out period. Panel C depicts total locomotor activity measured across 3 days of vehicle (baseline) and 5 days of d-amphetamine (1.5 or
3.0 mg/kg) or vehicle (n=10/group). Panel D shows total locomotor activity measured after administration of a challenge dose of d-amphetamine (1.5 mg/kg) following the 10 day
wash-out period. Asterisks (*pb0.05) indicate a significant difference compared to either Day 1 of drug exposure (Panels A and C) or the repeated vehicle-acute challenge groups
(Panels B and D).

452 N.E. Paterson et al. / Pharmacology, Biochemistry and Behavior 95 (2010) 449–456
Drug: F(3,36)=56.14, pb0.0001; significant main effect of Day:
F(4,144)=5.28, pb0.001]. Post-hoc tests indicated that admin-
istration of either 15.0 or 25.0 mg/kg GBR12909, but not 5.0 mg/kg
GBR12909 or vehicle, resulted in significantly higher locomotor
activity on days 2 through 5 compared to day 1 (Fig. 3A). A chal-
lenge dose of GBR12909 following a 10 day wash-out period did not
result in the expression of locomotor sensitization [no significant
Exposure × Challenge interaction effect: F(3,36)=2.17, n.s.] al-
though acute administration of GBR 12909 increased locomotor
activity [significant main effect of Challenge: F(1,36)=41.06,
pb0.0001]. Previous exposure to GBR12909 versus vehicle in-
creased basal locomotor activity [significant main effect of Expo-
sure: F(3,36)=3.78, pb0.05; Fig. 3B).
3.2.2. Modafinil
Repeated administration of modafinil did not result in the

induction of locomotor sensitization [no significant Drug × Day
interaction effect: F(8,148)=1.73, n.s.], although modafinil reliably
increased locomotor activity [significant main effect of Drug: F
(2,37)=21.65, pb0.0001]. There was some variation in the effect of
modafinil across days [significant main effect of Day: F(4,148)=
5.48, pb0.001; Fig. 3C). A challenge dose of modafinil (75 mg/kg)
following a 10 day wash-out period resulted in the expression of
locomotor sensitization [significant Exposure × Challenge interac-
tion effect: F(1,24)=5.18, pb0.05; significant main effect of
Challenge: F(1,24)=86.12, pb0.0001; significant main effect of
Exposure: F(1,24)=8.26, pb0.01]. Post-hoc tests showed that acute
modafinil challenge resulted in a greater increase in locomotor
activation in subjects previously exposed to modafinil versus vehicle
(Fig. 3D).
3.3. Assessment of the discriminative stimulus properties of d-
amphetamine, morphine, nicotine, GBR12909, desipramine, citalopram,
bupropion and modafinil in cocaine-trained rats

3.3.1. Drugs of abuse
Administration of cocaine (0, 1.0, 1.7, 3.0 and 10.0 mg/kg IP)

engendered a dose-dependent increase in percent cocaine-appropri-
ate responding,with full substitution at 10 mg/kg, and an ED50 value of
2.94 (95% confidence limits 2.68–3.23)mg/kg (cocaine data are shown
in all four panels of Fig. 4 for reference purposes). Administration of d-
amphetamine (0, 0.1, 0.3 and 0.56 mg/kg IP) engendered a dose-
dependent increase in percent cocaine-appropriate responding, with
full substitution at 0.56 (83.9%) and 1.0 (98.8%) mg/kg, and an ED50

value of 0.48 (95% confidence limits: 0.42–0.54) mg/kg. By contrast,
administration of morphine (0, 0.3, 1.0 and 3.0 mg/kg SC) or nicotine
(0, 0.1, 0.3, 1.0 mg/kg SC) did not substitute for cocaine at any dose
tested (Fig. 4A). Administration of cocaine [F(4,44)=2.76, pb0.05], d-
amphetamine [F(4,16)=18.91, pb0.0001], morphine [F(3,15)=5.85,
pb0.01] and nicotine [F(4,20)=6.3, pb0.01], resulted in decreased
response rates. Post-hoc tests indicated that response rates were
significantly decreased after administration of 3.0 and 10.0 mg/kg
cocaine, 0.56 and 1.0 mg/kg d-amphetamine, 1.0 and 3.0 mg/kg
morphine and 1.7 mg/kg nicotine (Fig. 4B).

3.3.2. Monoamine reuptake inhibitors and modafinil
Administration of GBR12909 (0, 3.0, 5.6, 10.0 and 17.0 mg/kg IP)

engendered a dose-dependent increase in percent cocaine-appropri-
ate responding, with full substitution (87.7%) at 17.0 mg/kg and an
ED50 of 9.1 mg/kg (95% confidence limits 6.98–11.86) mg/kg.
Administration of desipramine (0, 1.7, 3.0 and 5.6 mg/kg IP) exhibited
partial substitution for cocaine at 3.0 (31.2%) and 5.6 (50.8%)mg/kg. It



Fig. 2. The effects of repeated administration of bupropion or caffeine on locomotor activity. Panel A depicts total locomotor activity measured across 3 days of vehicle (baseline) and
5 days of bupropion (10 or 20 mg/kg) or vehicle administration (n=8/group). Panel B shows total locomotor activity measured after administration of a challenge dose of bupropion
(10 mg/kg) following the 10 day wash-out period. Panel C depicts total locomotor activity measured across 3 days of vehicle (baseline) and 5 days of caffeine (10 or 30 mg/kg) or
vehicle administration (n=10/group). Panel D shows total locomotor activity measured after administration of a challenge dose of caffeine (10 mg/kg) following the 10 day wash-
out period. Asterisks (*pb0.05) indicate a significant difference compared to either Day 1 of drug exposure (Panels A and C) or the repeated vehicle-acute challenge groups (Panels B
and D).
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should be noted that only 7 and 6 out of 8 rats responded at 3.0 and
5.6 mg/kg doses, respectively. Administration of citalopram (0, 3.0,
10.0, 17.0 and 30.0 mg/kg IP) failed to substitute for cocaine at any
dose tested, except at 17.0 mg/kg (28.5%), with only 7 and 3 out of
8 rats responding at the 17.0 and 30.0 mg/kg doses, respectively.
Administration of bupropion (0, 10.0, 17.0 and 30.0 mg/kg) engen-
dered a dose-dependent increase in percent cocaine-appropriate
responding, with full substitution at 17.0 (91.2%) and 30.0 (99.94%)
mg/kg IP, and an ED50 value of 11.78 (95% confidence limits 9.58–
14.08) mg/kg. Administration of modafinil (0, 30, 100 and 300 mg/kg
IP) exhibited full substitution for cocaine at 300 mg/kg (90.2%), with
an ED50 value of 95.96 (95% confidence limits 42.93–214.5) mg/kg
(Fig. 4C). Administration of GBR12909 [F(4,24)=14.15, pb0.0001],
desipramine [F(3,21)=11.24, pb0.0001] and citalopram [F(4,28)=
14.27, pb0.0001], but not bupropion [F(3,21)=0.86, n.s.], resulted in
decreased response rates. Post-hoc tests indicated that response
rates were significantly decreased after administration of 10.0 and
17.0 mg/kg GBR12909, 3.0 and 5.6 mg/kg desipramine, and 17.0 and
30.0 mg/kg citalopram. There was a strong trend for modafinil to
decrease response rates [F(3,21)=2.99, p=0.054; Fig. 4D).

4. Discussion

In the present studies, previous exposure to modafinil resulted in
the expression of a sensitized locomotor response in mice and fully
substituted for the cocaine discriminative stimulus in rats. The effects
of modafinil in these two assays were shared with those of abused
drugs such as cocaine and d-amphetamine. Conversely, non-abused
compounds such as bupropion, desipramine, citalopram and caffeine
either did not substitute for cocaine (desipramine and citalopram) or
did not induce locomotor sensitization (bupropion and caffeine).
Thus, the present data may indicate that modafinil exhibits potential
abuse liability. Comparison of the effects of modafinil versus selective
and dual monoamine reuptake inhibitors suggests that modafinil
shares the same mechanism of action as dopamine (DA), but not
serotonin (5-HT) reuptake inhibitors.

Locomotor sensitization occurs during, and after a period of
enforced abstinence (‘withdrawal’) from, repeated administration of
drugs of abuse such as cocaine (present studies; e.g., Reith, 1986), d-
amphetamine (present studies; e.g., Short and Shuster, 1976),
nicotine (e.g., Shoaib and Stolerman, 1992) and morphine (e.g.,
Bartoletti et al., 1983). GBR12909 induced sensitization in the present
studies, consistent with previous reports indicating cross-sensitiza-
tion with cocaine (Baldo and Kelley, 1991; Cornish and Kalivas, 2001),
although GBR12909-exposed subjects did not express locomotor
sensitization after the withdrawal phase. In contrast with cocaine, d-
amphetamine and GBR12909, repeated exposure to bupropion or
caffeine did not result in the induction or expression of locomotor
sensitization. Previously, bupropion induced locomotor sensitization
in rats when given twice, but not once, daily (Nielsen et al., 1986;
Nomikos et al., 1992). It should be noted, however, that in addition to
potential species difference, which include differences between
mouse and rat in metabolism of bupropion (Suckow et al., 1986),
these studies (Nielsen et al., 1986; Nomikos et al., 1992) did not utilize
a wash-out period, unlike the present studies. Previously, caffeine-
induced sensitization was reported for mice (Hsu et al., 2009) and rats
(Meliska et al., 1990). The differences between the Hsu et al., 2009
study and the present findings may be attributable to the duration of
the washout period (3 versus 10 days, respectively) or the duration of
caffeine exposure (14 days v 5 days, respectively). In the current LS
protocol, repeated administration of modafinil (150 mg/kg) resulted
in the expression, but not the induction, of locomotor sensitization. As



Fig. 4. Discriminative stimulus properties of d-amphetamine, nicotine, morphine GBR12909, citalopram, desipramine, bupropion and modafinil in cocaine-trained rats. The graphs
depict the effects of d-amphetamine (n=5), nicotine (n=6) and morphine (n=6; Panels A and B), GBR12909 (n=7), citalopram (n=8), desipramine (n=8), bupropion (n=9)
andmodafinil (n=9; Panels C and D), on cocaine-appropriate responding and response rates in rats trained to discriminate cocaine (10 mg/kg IP) from saline. Panels A and C include
the cocaine dose–response function obtained for all rats (n=12). The dashed lines represent the thresholds for full (80%) and partial (20%) substitution. Asterisks (*pb0.05,
**pb0.01) indicate significant differences compared to vehicle.

Fig. 3. The effects of repeated administration of GBR12909 and modafinil on locomotor activity. Panel A depicts total locomotor activity measured across 3 days of vehicle (baseline)
and 5 days of GBR12909 (5, 15, or 25 mg/kg) or vehicle administration (n=10/group). Panel B shows locomotor activity measured after administration of a challenge dose of
GBR12909 (15 mg/kg) following the 10 day wash-out period. Panel C depicts total locomotor activity measured across 3 days of vehicle (baseline) and 5 days of modafinil (75 or
150 mg/kg) or vehicle treatment (n=13–14/group). Panel D shows total locomotor activity measured after administration of a challenge dose of modafinil (75 mg/kg) following the
10 day wash-out period. Asterisks (*pb0.05) indicate a significant difference compared to either Day 1 of drug exposure (Panels A and C) or the repeated vehicle-acute challenge
groups (Panels B and D).
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far as these authors are aware, there are no previous reports on the
locomotor sensitizing properties of modafinil.

In the DD assay, modafinil fully substituted for cocaine at 300 mg/
kg, with an ED50 value of 95.96 mg/kg. Even at the dose of 300 mg/kg,
there was no significant decrease in response rates. Consistent with
the nature of DD as a pharmacologically specific screen for potential
abuse liability (Balster and Bigelow, 2003), the DA and NE releaser
and reuptake inhibitor d-amphetamine fully substituted for the
cocaine DS (ED50 0.48 mg/kg), as reported previously (D'Mello and
Stolerman, 1977; Huang andWilson, 1986). In contrast, morphine and
nicotine did not substitute for cocaine at any dose tested, including
behaviorally relevant doses as indicated by rate-depressant effects of
the higher doses of morphine and nicotine. Although previously
nicotine was reported to substitute for cocaine, the training dose of
cocaine was considerably lower (5.6 mg/kg) compared to the present
study (10.0 mg/kg; Cunningham et al., 2006; but see Desai et al.,
1999). Morphine does not substitute for cocaine (Järbe, 1984; Wood
and Emmett-Oglesby, 1986; Negus et al., 1998).

Previous reports indicated that modafinil at 250 mg/kg substituted
for cocaine (10.0 mg/kg IP) in rats (Gold and Balster, 1996), and lower
doses (64–128 mg/kg) partially substituted for 5.0 mg/kg cocaine
(Dopheide et al., 2007). Self-administration is considered the gold
standard for assessing the reinforcing properties of potential drugs of
abuse (Balster and Bigelow, 2003). Previous studies indicated that
modafinil is not self-administered in drug-naïve rats from 0.28–
1.7 mg/kg/infusion under a fixed-ratio 1 schedule of reinforcement
and doses up to 256 mg/kg failed to induce a conditioned place
preference in rats (Deroche-Gamonet et al., 2002). Modafinil was self-
administered at 0.1 and 0.3 mg/kg/infusion in rhesus monkeys
previously trained to self-administer cocaine (Gold and Balster,
1996). The absence of self-administration of modafinil in rats versus
monkeys may be due to the lack of prior psychostimulant exposure in
the rat study (Gold and Balster, 1996; Deroche-Gamonet et al., 2002).
Supportive data include reinstatement of cocaine-seeking in rats after
non-contingent modafinil at 64 mg/kg (Deroche-Gamonet et al.,
2002). Nonetheless, modafinil failed to substitute for the cocaine DS
in a human study and did not result in subjective ‘stimulant-like’
ratings (Rush et al., 2002b), although human subjects earned
modafinil capsules under a progressive-ratio schedule when the
self-administration session also required the performance of arith-
metical, but not ‘relaxation’, tasks (Stoops et al., 2005). Overall, the
preclinical data, including the present studies, present amixed picture
of the potential abuse liability of modafinil. An interesting addition to
the preclinical data would be the operational assessment of
psychological constructs previously associated with psychostimulant
withdrawal, such as anhedonia (e.g., Paterson et al., 2000). Impor-
tantly, current clinical data suggest that abuse of modafinil is not
highly prevalent (Myrick et al., 2004), perhaps due to the formulation
properties of the available prescribed compound.

Locomotor sensitization and drug discrimination provide indirect
measures of abuse-related properties of drugs. The present data
highlight the possibility of identifying false positives in both assays.
Bupropion provides an example of demonstrated abuse liability in
multiple preclinical assays, yet does not appear to be abused in
humans (present study; Nielsen et al., 1986; Nomikos et al., 1992;
Lamb and Griffiths, 1990; Tella et al., 1997). The formulation
properties of prescribed preparations of bupropion most likely limit
its utility as a drug of abuse. Thus, a crucial caveat for the
interpretation of all preclinical abuse liability studies is the use of
parenteral routes of administration of solubilized drug preparations
that result in rapid onset of action. Finally, the use of food-restricted
subjects in assays such as drug discrimination may enhance the
rewarding properties of potential drugs of abuse (e.g., Carroll et al.,
1981; Macenski and Meisch, 1999). In summary, the identification of
potential abuse liability of modafinil in the present studies must be
considered in the context of the relative insolubility of prescribed
modafinil preparations, which appear to successfully limit abuse in
humans (Myrick et al., 2004). Regardless of modafinil's abuse liability,
the use of the DD assay in the present study allowed a preliminary
exploration of the pharmacological mechanisms of action of modafinil
in vivo.

The relative contribution of reuptake inhibition of dopamine,
norepinephrine and serotonin to the cocaine DS were assessed.
Specifically, the selective DAT inhibitor GBR12909 fully substituted for
cocaine at 17.0 mg/kg IP (ED50=9.1 mg/kg), but the preferential NET
inhibitor desipramine only partially substituted (50.8±19.6%) for the
cocaine DS at 5.6 mg/kg; selective serotonin reuptake inhibition via
administration of citalopram only just exceeded the threshold for
partial substitution (28.5±18.4%) at the second-highest dose tested
(17.0 mg/kg). The lack of dose-dependent effects for citalopram,
coupled with the high variability in the data, suggest that serotonin
reuptake did not substitute for the cocaine DS. Thus, the present data
indicate that dopamine, but not norepinephrine or serotonin,
reuptake inhibition is sufficient to fully mimic the cocaine DS,
consistent with previous reports (Kleven et al., 1990; Baker et al.,
1993; Spealman, 1993; Filip and Papla, 2001). Previously, a contrib-
utory role for NE involvement in the DS properties of low doses of
cocaine (Terry et al., 1994; Spealman, 1995) was identified; the
present data indicated partial substitution with the preferential NET
inhibitor desipramine. Interestingly, the mixed DA/NE reuptake
inhibitor bupropion fully substituted for cocaine (ED50 value of
11.78 mg/kg), consistent with previous studies (Jones et al., 1980;
Lamb and Griffiths, 1990; Kleven et al., 1990; Baker et al., 1993),
although Terry and Katz (1997) demonstrated that the DS properties
of bupropion are mediated primarily via DAT inhibition. Thus, the
present data considered in the context of previous studies suggest
that modafinil substitutes for cocaine (10 mg/kg IP) via significant
DAT inhibition in vivo. A contributory role for NET inhibition cannot
be excluded based on the present data, but requires additional study.

The present studies indicated that modafinil may possess
significant abuse liability due to the emergence of a sensitized
locomotor response after repeated intermittent administration in
mice and shared discriminative stimulus properties with cocaine in
rats, suggesting significant DAT inhibitory effects. Nonetheless, in the
context of the reported low abuse of modafinil in humans, the present
studies underline the importance of crucial differences between
clinical and preclinical settings, including drug solubility and rate of
onset of drug action. Based on the current findings, future studies
should compare the reinforcing properties of modafinil in psychos-
timulant-experienced and -naïve non-human primates, and further
characterize the in vivo pharmacological mechanism(s) of action of
modafinil via the use of selective DA and NE receptor antagonists in
DD studies. Finally, studies should assess whether the cessation of
chronic exposure to modafinil results in the emergence of anhedonia
or dysphoria.
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