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Abstract
Rationale Modafinil is a wake-promoting drug with FDA ap-
proval for the treatment of excessive daytime sleepiness that
has been prescribed for ADHD and recently assessed as a
potential treatment for psychostimulant dependence. Previous
research indicates that modafinil modestly increases locomo-
tor activity and produces similar discriminative stimulus ef-
fects to psychostimulants in rodents, although the subjective
effects of modafinil are reportedly distinct from those of
cocaine or amphetamine in humans with a history of
psychostimulant abuse.
Objectives The current study employed drug discrimination
procedures in rats to examine the pharmacological actions
contributing to modafinil’s discriminative stimulus functions.
Methods Eight male Sprague–Dawley rats were trained to
discriminate intragastric administration of 256 mg/kg
modafinil from vehicle (5 % arabic gum) under a FR 20
schedule of food reinforcement. Substitution tests were con-
ducted with various dopaminergic agents (d-amphetamine,
cocaine, PNU-91356A, GBR 12909, methylphenidate) and
nondopaminergic agents (nicotine, ethanol). Antagonist tests
were conducted with the selective D1 antagonist, SCH 39166,
and the nonselective D2 antagonist, haloperidol.
Results Rats trained to discriminate modafinil displayed com-
plete stimulus generalization to cocaine, methylphenidate, and
GBR 12909 and the discrimination was completely blocked
by both SCH 39166 and haloperidol. Evidence for significant

partial substitution was obtained with d-amphetamine, PNU-
91356A, and nicotine.
Conclusions Results strongly support the role of dopaminer-
gic mechanisms in the discriminative stimulus functions of
modafinil, although further evaluation regarding the contribu-
tion of other neurotransmitter systems to these effects should
be continued. The findings are discussed in light of clinical
research efforts with modafinil as a treatment for
psychostimulant dependence.
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Modafinil is an alertness-promoting drug manufactured by
Cephalon® with FDA approval for the treatment of narcolep-
sy. It is also reportedly effective in the treatment of chronic
fatigue syndrome (Turkington et al. 2004), obstructive sleep
apnea/hypopnea syndrome, and shift work sleep disorder
(Keating and Raffin 2005) and has been investigated to treat
fatigue in patients with neurological disorders (Sheng et al.
2013) such as Parkinson’s disease (Hogl et al. 2002), amyo-
trophic lateral sclerosis (Carter et al. 2005), and dementia
(Howcroft and Jones 2005). Furthermore, modafinil’s wake-
promoting (Hermant et al. 1991; Silvestri et al. 2002; Webb
et al. 2006) and cognitive-enhancing effects (Turner et al.
2003) are similar to those of traditional psychomotor stimu-
lants (e.g., amphetamine, cocaine) apparently without the side
effects typically associated with these substances (Deroche-
Gamonet et al. 2002; Hermant et al. 1991; Lin et al. 2000),
indicating it is a promising candidate for agonist replacement
therapy for psychostimulant dependence.

In a review of preclinical, human laboratory, and clinical
research, Herin et al. (2010) summarized the rationale for
agonist-like pharmacotherapy for stimulant dependence;
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medications with effects similar to the abused drug, but
exhibiting a lower abuse liability may normalize neurochem-
istry and stabilize behavior and subsequently reduce drug use.
As such, modafinil’s reported low abuse liability and similar
pharmacological actions to psychostimulants support its use in
the treatment of psychostimulant dependence. In the condi-
tioned place preference paradigm, modafinil does not produce
a preference for the drug-paired context (Deroche-Gamonet
et al. 2002; Quisenberry et al. 2013b) nor does it potentiate
d-amphetamine-induced place preference in rats (Quisenberry
et al. 2013b). Further, modafinil is not self-administered in rats
(Deroche-Gamonet et al. 2002) or humans unless under spe-
cific behavioral demands (Stoops et al. 2005). Reports regard-
ing modafinil’s actions on dopamine transporter (DAT) bind-
ing sites and evidence for its longer duration of action and
lower efficacy compared to cocaine support the use of
modafinil as an agonist replacement therapy for cocaine de-
pendence (Loland et al. 2012; Federici et al. 2013). However,
clinical studies of modafinil for the treatment of cocaine
(Dackis et al. 2005; Schmitz et al. 2012; Anderson et al.
2009), amphetamine (Mann and Bitsios 2008), or metham-
phetamine (Shearer et al. 2009) dependence and for cognitive
deficits associated with a history of methamphetamine abuse
(Dean et al. 2011; Ghahremani et al. 2011) have yielded
equivocal results.

Further development of modafinil as a treatment option for
psychostimulant dependence requires a better understanding
of the pharmacological actions responsible for its behavioral
and subjective effects. This information is critically important
for predicting potential interactions with other central nervous
system (CNS) stimulants. As noted above, the DAT is impli-
cated in modafinil’s actions (Minzenberg and Carter 2008;
Wisor et al. 2001). Investigations utilizing in vitro techniques
to assess modafinil-induced DAT binding (Loland et al. 2012;
Nguyen et al. 2011) along with results from in vivo assays
suggest dopamine’s involvement in modafinil’s CNS effects
(Minzenberg and Carter 2008;Wisor et al. 2001; Volkow et al.
2009; Dopheide et al. 2007; Zolkowska et al. 2009; Rowley
et al. 2013). Evidence for modafinil-induced increases in lo-
comotor activity in Marmosets (Van Vilet et al. 2006), Rhesus
monkeys (Andersen et al. 2010), and rats (Zolkowska et al.
2009; Ward et al. 2004; Young et al. 2011) is also indicative of
its stimulant-like mechanism of action.

Drug discrimination is a widely accepted behavioral assay
with considerable pharmacological specificity for determining
CNS mechanisms of drug action. To date, three studies found
that modafinil engendered full substitution for cocaine (Pater-
son et al. 2010; Loland et al. 2012; Newman et al. 2010),
while three other studies found modafinil to produce only
partial substitution for cocaine (Gold and Balster 1996; Rush
et al. 2002a; Dopheide et al. 2007). Additionally, modafinil
produced only partial substitution for d-amphetamine, but po-
tentiated the effects of low doses of d-amphetamine

(Dopheide et al. 2007; Quisenberry et al. 2013a) and cocaine
(Dopheide et al. 2007). Furthermore, human laboratory stud-
ies of modafinil’s reinforcing and subjective effects indicate
that oral modafinil at clinically effective doses does not appear
to have strong reinforcing effects and produces subject-rated
effects distinct from psychostimulants (Malcolm et al. 2006;
Rush et al. 2002b; Warot et al. 1993). Considered together,
these findings suggest that modafinil can produce subjective
effects similar to those of cocaine or amphetamine in some
individuals, but these effects are typically differentiated by
humans with a history of psychostimulant abuse.

Further understanding of the mechanisms of action respon-
sible for modafinil’s subjective effects may be garnered by
training animals to discriminate modafinil and assessing other
substances for stimulus generalization and antagonism. The
primary aim of this study was to examine the contribution of
the DAT to modafinil’s discriminative stimulus functions by
training rats to discriminate modafinil and subsequently
assessing DAT inhibitors and other dopaminergic and
nondopaminergic agents for stimulus generalization and DA
antagonists for blockade of the training stimulus.

Methods

Subjects Eight adult male Sprague–Dawley rats (Charles Riv-
er, Portage, MI) were singly housed in polycarbonate cages
lined with corncob bedding (Harlan Teklad, Conrad, Iowa) in
a vivarium maintained on a 12:12-light/dark cycle with lights
on from 7:00 a.m. to 7:00 p.m. Water was provided ad libitum
in home cages and once daily feedings of Purina® 5001 rodent
laboratory chow (Richmond, Indiana) were given to maintain
animals at 85 to 90 % of free-feeding weights. All procedures
were reviewed and approved by the Western Michigan Uni-
versity Institutional Animal Care and Use Committee and
complied with the Guide for the Care and Use of Laboratory
Animals (2011).

Apparatus Training and testing sessions were conducted in
eight standard operant conditioning chambers (ENV-001;
MED Associates Inc., Georgia, VT), housed within sound-
and light-attenuating shells. Each chamber was equipped with
three removable levers and a food pellet dispenser located on
the front panel, a 28-V house light, and a fan. Reinforcement
for lever pressing consisted of the delivery of 45 mg Dustless
Precision Pellets® (Product# F0021, BioServ, Flemington,
NJ). Experimental events and data collection were pro-
grammed using Version IV Med-PC software (MED Associ-
ates Inc., St. Albans, VT).

Drugs (±) Modafinil was synthesized in the laboratory of Dr.
Thomas Prisinzano using previously described methods
(Prisinzano et al. 2004). Suspensions were prepared fresh each
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day in a 5 % arabic gum solution (Sigma-Aldrich, St. Louis,
MO) and administered by gavage (i.g.) in a volume of 10 ml/
kg 30 min prior to training sessions. The DA releaser, d-
amphetamine-hemisulfate (Sigma-Aldrich, St. Louis, MO),
and the D2 agonist, PNU-91356A (Pharmacia & Upjohn,
Inc., Kalamazoo MI), were dissolved in 0.9 % NaCl and ad-
ministered via intraperitoneal (i.p.) injection 10 min prior
to test sessions. The DAT inhibitor, GBR 12909
bismethanesulfonate monohydrate, was prepared in the
Chemical Biology Research Branch, National Institute on
Drug Abuse and the National Institute on Alcohol Abuse
and Alcoholism. GBR 12909 was dissolved in sterile water
and administered i.p. 30 min prior to test sessions. Another
DAT inhibitor, cocaine-hydrochloride (National Institute on
Drug Abuse, Bethesda, MD), and the nicotinic cholinergic
receptor agonist, (−)-nicotine hydrogen tartrate (Sigma-Al-
drich, St. Louis, MO), were dissolved in 0.9 % NaCl and
administered i.p. 15 min before test sessions. Another DAT
inhibitor, methylphenidate-hydrochloride, was obtained by
prescription from Sindecuse Health Center pharmacy (Kala-
mazoo, MI) in the form of 5 mg tablets that were crushed and
dissolved in sterile water and administered i.g. in a 10-ml/kg
volume 30min before test sessions. Ethanol, a GABA agonist,
was diluted in saline and administered via i.g. 30 min before
test sessions. SCH 39166 (Shering-Plough Corporation,
Bloomfield, NJ), a D1 dopamine antagonist, was dissolved
in 0.9 % NaCl and administered i.p. 10 min prior to modafinil
(256 mg/kg) administration and 40 min before test sessions.
Haloperidol (Sigma-Aldrich, St. Louis, MO), a non-selective
D2 dopamine antagonist, was dissolved in 0.9 % NaCl and
administered i.p. 30 min prior to modafinil (256 mg/kg) ad-
ministration and 60 min before test sessions.

Training procedures Preliminary training and drug discrim-
ination training procedures were similar to those described in
our previous published work (e.g., Quisenberry et al. 2013a).
Animals underwent preliminary training to establish lever
pressing on a fixed ratio 20 (FR 20) schedule of reinforce-
ment, initially with only the center lever present and subse-
quently only with the left lever or right lever present under
either drug or vehicle stimulus conditions. Once responding
was reliably maintained on the FR 20 schedule under both
stimulus conditions, discrimination training commenced with
both left and right levers present. Drug injections consisted of
256 mg/kg modafinil (i.g. 30 min) and vehicle injections
consisted of a 5 % arabic gum solution. Half the animals were
reinforced for responses on the left lever following modafinil
and for responses on the right lever following vehicle admin-
istration. Conditions were reversed for the remaining animals.

The modafinil training dose and pretreatment interval were
selected based on previous findings that this dose produced
nearly complete substitution for d-amphetamine in rats
(Quisenberry et al. 2013a). The selection of a 30-min

pretreatment interval is supported by a previous report by
Dopheide et al. (2007), who assessed the time course of
modafinil using drug discrimination procedures. The highest
dose they tested (128 mg/kg) produced only partial substitu-
tion for low doses of d-amphetamine and cocaine, with max-
imal drug lever responses occurring between 30 and 120 min.

Modafinil and vehicle training sessions were administered
in a non-systematic order, with the limitation that no animal
received more than two consecutive drug or two consecutive
vehicle sessions throughout the study. The chambers and le-
vers were wiped clean with isopropyl alcohol after each ses-
sion to reduce the influence of olfactory stimuli on lever se-
lection (Extance and Goudie 1981). Criteria for stimulus dis-
crimination were 80 % correct lever responses prior to the
delivery of the first reinforcer and for the remainder of each
training session for a minimum of 8 of 10 consecutive dis-
crimination training sessions.

Substitution and antagonists tests Stimulus generalization
tests commenced when each subject met the criteria described
above. In between test sessions, animals were administered no
less than one drug training session and one vehicle training
session and were required to exhibit 80 % response accuracy
on the first FR and for the remainder of the training session
under both conditions to continue testing. If an animal did not
meet these criteria, training sessions continued until discrimi-
nation criteria were met for each stimulus condition on two
consecutive days. Substitution tests were conducted with the
following test compounds in the order listed: modafinil (0, 16,
32, 64, 128, 256, and 384 mg/kg); d-amphetamine (0, 0.03,
0.1, 0.3, 1.0, and 3.0 mg/kg); PNU-91356A (0.01, 0.03, 0.1,
and 0.3 mg/kg); GBR 12909 (0, 5, 10, 20, and 30 mg/kg);
nicotine (0, 0.1, 0.2, 0.4, and 0.8 mg/kg); cocaine (0, 1.25, 2.5,
5, and 10 mg/kg); and methylphenidate (0, 1.25, 2.5, 5,
10 mg/kg). Antagonist tests were then conducted with SCH
39166 (0, 0.03, 0.1, 0.3 mg/kg, i.p.) and haloperidol (0, 0.125,
0.25, 0.5 mg/kg, i.p.) in combination with 256 mg/kg
modafinil. Lastly, ethanol (0.75, 1.5, 2.0 g/kg, i.g.) was
assessed as a negative control for substitution.

Individual test doses of each compound were administered
in a counterbalanced order among animals. At each dose level,
half of the animals were tested on a day following a drug
training session and the other half were tested on a day fol-
lowing a vehicle training session. Test sessions were similar to
discrimination training sessions with the exception that no
reinforcers were delivered and rats were immediately removed
from the chambers following the completion of 20 consecu-
tive responses on either lever or after 20 min had elapsed,
whichever occurred first.

Data analysis Stimulus generalization was quantified as the
percentage of total responses emitted on the drug-appropriate
lever. Complete stimulus generalization was defined as a
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group mean of 80 % or higher on any given dose. A group
average between 20 and 80 % drug-lever selection was con-
sidered partial substitution. Complete stimulus antagonism
was defined as a group mean of 20 % or lower on any given
dose. Response rate was expressed as the number of responses
per second, calculated by dividing the total number of re-
sponses on both levers by the number of seconds to complete
a test session. Means (±S.E.M.) for the percentage of drug-
lever responses and response rate were calculated for each test
dose and dose–response curves were plotted from these data.
For test compounds producing dose-dependent increases in
drug lever selection, separate one-way repeated measures
analysis of variance (ANOVA) tests were conducted to assess
the main effect of drug dose on the percentage of drug-lever
responses and on response rate. Test sessions in which animals
failed to emit at least 20 responses were excluded from statis-
tical analyses of the percentage drug-lever selection, but were
included in statistical analyses of response rate. Statistical
analyses were performed using Prism GraphPad version 6.0
(GraphPad, San Diego, CA).

Results

Modafinil established stimulus control in all eight animals
within an average of 36 (±2.4) discrimination training sessions
(range, 23–43). However, two animals failed to consistently
maintain the discrimination following the completion of sub-
stitution tests with modafinil and d-amphetamine. The
modafinil training dose was subsequently increased to
384 mg/kg for these two animals and stimulus control was
re-established. Due to the difference in training dose, statisti-
cal analysis and graphic representation of subsequent test re-
sults excluded these two animals, although testing did contin-
ue with these animals. Data from these two animals were
included for the modafinil and d-amphetamine substitution
tests because they were completed prior to the increase in
training dose.

The modafinil dose–response curve and dose–response
curves generated from substitution tests with drugs that pro-
duced complete substitution following at least one dose (co-
caine, methylphenidate, GBR 12909) are displayed in the left
panel and those that produced partial substitution (PNU-
91356A, nicotine, d-amphetamine) are depicted in the right
panel in Fig. 1. Modafinil produced a dose-dependent increase
in drug-lever responses with full substitution at the training
dose. A repeated measures one-way ANOVA revealed a sig-
nificant effect of modafinil dose on percentage of drug-lever
responses [F (6, 42)=5.29, p<0.001]. Tukey post-hoc tests
were significant between the 256 mg/kg dose and vehicle
(p<0.001) and between the 256 and 16 mg/kg dose
(p<0.05). There were also significant differences between
384 mg/kg and vehicle (p<0.01). A one-way repeated

measures ANOVA on response rate following modafinil ad-
ministration was not statistically significant.

The cocaine dose–response curve depicts full substitution
for modafinil with 2.5 mg/kg (94 %) and 10 mg/kg (80 %). A
one-way repeated measures ANOVA on percent modafinil-
lever selection revealed a significant main effect of cocaine
dose [F (4, 29)=4.18, p<0.05]. Tukey post-hoc tests were
significant between the vehicle and 2.5 mg/kg (p<0.05) con-
ditions. Response rate following cocaine administration de-
creased in a dose-dependent fashion, although a one-way re-
peated measures ANOVA on response rate following cocaine
was not significant.

Methylphenidate (MPH) produced dose-dependent in-
creases in percent drug-lever responding with full substitution
at both 5 mg/kg (88 %) and 10 mg/kg (100 %). A one-way
repeated measures ANOVA revealed a significant main effect
of MPH dose [F (4, 12)=13.05, p<0.001]. Post-hoc compar-
isons showed significant differences between vehicle and
5 mg/kg (p<0.01) and between vehicle and 10 mg/kg
(p<0.01) in addition to differences between 1.25 and
5 mg/kg (p<0.001) and between 1.25 and 10 mg/kg
(p<0.05). A one-way repeatedmeasures ANOVA on response
rate following MPH administration was not significant.

GBR 12909 produced dose-dependent increases in drug-
appropriate responding, with full substitution (86 %) follow-
ing the administration of 30 mg/kg. A one-way repeated mea-
sures ANOVA on percent modafinil-lever responses revealed
a significant effect of GBR 12909 dose [F (4, 20)=3.47,
p<0.05]. Tukey post-hoc tests were significant between per-
cent drug-lever responses following 30 mg/kg and vehicle
(p<0.05). GBR 12909 also produced dose-dependent de-
creases in response rate. A one-way repeated measures
ANOVA on response rate was statistically significant [F (4,
20)=6.15, p<0.01] with significant Tukey post-hoc tests be-
tween vehicle and 30 mg/kg (p<0.001), between 5 and
30 mg/kg (p<0.05), and between 20 and 30 mg/kg GBR
12909 (p<0.05).

d-Amphetamine produced dose-dependent increases in the
percentage of drug-lever responses, with significant partial
substitution (74 %) at 3.0 mg/kg. However, four of the eight
animals failed to meet the response requirement at this dose.
Therefore, this dose was eliminated from the statistical analy-
sis of percent drug-lever responses but was included in the
statistical analysis of response rate. A one-way repeated mea-
sures ANOVA excluding the 3 mg/kg dose revealed a signif-
icant effect of d-amphetamine dose on percentage of drug-
lever responses [F (4, 28)=3.76, p<0.05]. Post-hoc tests were
significant between 1.0 mg/kg and vehicle (p<0.05) and be-
tween 0.03 and 1.0 mg/kg d-amphetamine (p<0.05). A one-
way repeatedmeasures ANOVAon response rate including all
dose levels was statistically significant [F (5, 35)=14.98,
p<0.001] with significant Tukey post-hoc tests between vehi-
cle and 1.0 mg/kg (p<0.05) and 3.0 mg/kg (p<0.001).
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Significant differences were also found between 0.10 and
1.0 m/kg (p<0.01) and between 0.10 and 3.0 mg/kg
(p<0.001). The 0.3 mg/kg dose was only significantly differ-
ent from the 3.0 mg/kg dose (p<0.001).

Responding by the majority of animals was severely
disrupted by the highest dose test of the D2 agonist PNU-
91356A (0.3 mg/kg), and this dose was excluded from statis-
tical analysis of percent drug-lever responses. Substantial par-
tial substitution for modafinil was observed with 0.1 mg/kg
(63 %) and 0.2 mg/kg (67 %) PNU-91356A. A one-way re-
peated measures ANOVA on percent modafinil-lever selec-
tion revealed a significant main effect of PNU-91356A dose
[F (3, 12)=7.22, p<0.01] and Tukey post-hoc tests were sig-
nificant between vehicle and 0.1 mg/kg PNU-91356A
(p<0.01) and between vehicle and 0.2 mg/kg PNU-91256A
(p<0.05). This test compound reduced response rate in a dose-
dependent fashion. A one-way repeated measures ANOVA on
response rate was significant [F (4, 16)=7.69, p<0.01] and

Tukey post-hoc tests revealed a statistically significant differ-
ence between vehicle and 0.1 mg/kg (p<0.01), between vehi-
cle and 0.2 mg/kg dose (p<0.05), and between vehicle and
0.3 mg/kg dose (p<0.01).

Of particular interest, partial substitution for modafinil was
produced by nicotine administration, with a group mean of
74 % drug-lever selection following 0.4 mg/kg. A one-way
repeated measures ANOVA revealed a significant effect of
nicotine dose on percentage of drug-lever responses [F (4,
20)=8.11, p<0.001]. Tukey post-hoc tests were significant
between vehicle and 0.4 mg/kg (p<0.01), between vehicle
and 0.8 mg/kg (p<0.01), and between 0.2 mg/kg and
0.4 mg/kg (p<0.05). Visual analysis of response rate data after
nicotine administration suggests a dose-dependent decrease in
responding; however, a one-way repeated measures ANOVA
found no statistically significant effects of nicotine on re-
sponse rate. As a negative control, oral ethanol administration
was assessed for substitution to modafinil and none

Fig. 1 Dose–response curves generated from the results of substitution
tests with cocaine (n=6), methylphenidate (n=4), GBR 12909 (n=6), and
modafinil (n=8) in the left panel and with PNU-91356A (n=5), nicotine
(n=6), and d-amphetamine (n=8) in the right panel. Mean (±S.E.M.)

percent drug-lever selection is shown in the upper two graphs; mean
(±S.E.M.) response rate is depicted in the lower two graphs. Symbols
indicate statistically significant post-hoc tests compared to vehicle
(*p<0.05, **p<0.01, #p<0.001)
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of the doses tested produced significant drug-appropriate
responding, as shown in Table 1.

Figure 2 displays the results of antagonist tests with the D1

dopamine receptor antagonist, SCH 39166, or the non-
selective D2 dopamine receptor antagonist, haloperidol ad-
ministered in combination with the modafinil training dose.
Percent modafinil-lever selection is presented in the upper
panel and response rate is displayed in the lower panel.
Dose-dependent decreases in percent modafinil-lever selec-
tion were evident with both antagonists. A repeated measures
one-way ANOVA revealed a significant effect of SCH 39166
dose on percentage of drug-lever responses [F (3, 15)=18.29,
p<0.001]. Tukey post-hoc tests were significant between the
vehicle and 0.1 mg/kg (p<0.001) and between vehicle and
0.3 mg/kg (p<0.001). A repeated measures one-way ANOVA
revealed no significant effect of SCH 39166 dose on response
rate.

A repeated measures one-way ANOVA revealed a signifi-
cant effect of haloperidol dose on percentage of drug-lever
responses [F (3, 9)=4.99, p<0.05]. Tukey post-hoc tests were
significant between vehicle and the 0.5 mg/kg dose (p<0.01).
Statistical analysis of response rate with a one-way repeated
measures ANOVA also revealed a significant effect of dose [F
(3, 12)=9.63, p<0.01]. Tukey post-hoc tests were significant
between 0.5 mg/kg and all other dose levels (p<0.01).

Discussion

This study investigated the involvement of dopaminergic
actions in the discriminative stimulus effects of the wake-
promoting agent, modafinil. It was determined that
256 mg/kg modafinil (i.g. 30 min) establishes discriminative
stimulus control in rats. Although maintenance of this discrim-
ination was weak in two of the eight animals assessed, increas-
ing the training dose to 384mg/kg in these animals successfully
re-established discrimination. More importantly, the DAT
inhibitors, GBR 12909, methylphenidate, and cocaine all
engendered complete substitution, implicating the involvement
of DAT inhibition in mediating modafinil’s discriminative stim-
ulus effects. In contrast, the psychostimulant d-amphetamine,
which exerts its actions primarily through increasing DA
release, failed to produce complete substitution at a dose that

markedly suppressed responding. These results are consistent
with two previous reports (Dopheide et al. 2007; Quisenberry
et al. 2013a) that modafinil produces only partial substitution in
rats trained to discriminate d-amphetamine.

The complete blockade of modafinil discrimination by the
D1 antagonist, SCH 39166, and the non-selective D2 antago-
nist, haloperidol, also strongly support the role of dopaminergic
mechanisms in the discriminative stimulus functions of
modafinil. Furthermore, the current results confirm those of
previous studies using in vitro techniques that the DATand both
D1 and D2 DA receptors are involved in modafinil’s neurophar-
macological actions (Loland et al. 2012; Nguyen et al. 2011;
Korotkova et al. 2007) and behavioral effects (Wisor et al.
2001; Zolkowska et al. 2009; Rowley et al. 2013).

While it is tempting to conclude from the current data that
modafinil’s discriminative stimulus effects are mediated pri-
marily by its actions as a DAT inhibitor, significant partial

Table 1 Results of negative control tests with ethanol

Ethanol dose (g/kg) Percent modafinil lever Responses per second

Mean S.E.M. N Mean S.E.M. N

0.75 0.87 0.87 5 1.20 0.46 5

1.5 13.01 11.52 5 0.54 0.44 5

2 0.95 0.95 3 0.12 0.04 3

Fig. 2 Dose–response curves generated from the results of antagonist
tests with SCH 39166 + 256 mg/kg modafinil (n=6) and haloperidol +
256mg/kgmodafinil (n=6). Mean (±S.E.M.) percent drug-lever selection
is represented in the top panel andmean (±S.E.M.) response rate is shown
in bottom panel. Symbols indicate statistically significant post-hoc tests
compared to vehicle + 256 mg/kg modafinil (*p<0.05, **p<0.01,
#p<0.001)
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substitution by d-amphetamine and by the nicotinic choliner-
gic agonist, nicotine, should not be ignored. Although nicotine
is not a direct dopamine agonist, it increases DA efflux in the
nucleus accumbens and DA antagonists have been shown to
block its discriminative stimulus effects (Di Chiara 2000).
Furthermore, a previous report that the nicotinic receptor an-
tagonist, mecamylamine, did not change modafinil-induced
DA efflux suggests that the cholinergic system is not involved
in modafinil’s mechanism of action (Dopheide et al. 2007).
The current findings suggest modafinil and nicotine may have
similar discriminative stimulus effects and, thus, the extent to
which dopaminergic actions contribute to these similarities
warrant further investigation. For example, it may be of inter-
est to determine if modafinil discrimination is enhanced by
nicotine or vice versa. Such investigations may have particular
relevance regarding modafinil’s behavioral and subjective ef-
fects in smokers versus nonsmokers.

Although the present results strongly support the role of
DAT inhibition in modafinil’s discriminative stimulus func-
tions, future investigations should evaluate the contribution
of other neurotransmitter systems to these effects. While co-
caine and d-amphetamine are well known to act upon the DA
system, they also have actions on noradrenergic and seroto-
nergic systems (Glennon and Young 2011). For example,
DAT inhibitors readily substitute for cocaine and both DAT
and 5-HT transporter inhibitors enhance the discriminative
stimulus effects of cocaine in rats trained to discriminate low
doses of cocaine (Kleven and Koek 1998). Additionally,
evaluation of the discriminative stimulus effects of d-
amphetamine revealed substitution with NE transport inhibi-
tors (Kamien and Woolverton 1989), suggesting this is a pri-
mary mechanism involved in maintaining the discriminative
stimulus effects of d-amphetamine. Given that the NE system
appears to be important to the locomotor-activating effects of
modafinil (Hermant et al. 1991), further investigations of the
shared discriminative stimulus functions between modafinil
and other noradrenergic agonists are warranted. Additionally,
in consideration of the presumed involvement of orexin in
modafinil’s wake-promoting effects (Willie et al. 2005), ex-
ploration of the orexin system’s role in modafinil’s discrimi-
native stimulus functions may also be of interest.

Limitations of the current study warrant some discussion.
Different injection methods and vehicles were used in previ-
ous drug discrimination investigations of modafinil, which
could result in different substitution patterns among various
studies. Moreover, the use of intragastric modafinil delivery in
the current study could have led to variable and inconsistent
drug absorption and may be partly responsible for variability
in responding among animals. For example, stimulus gener-
alization following 384 mg/kg modafinil was lower than that
obtained with the training dose, due to two animals that
responded mainly on the vehicle lever in substitution tests
with this dose.

Drug discrimination in nonhumans is a useful tool to in-
form the potential therapeutic utility of medications for the
treatment of substance dependence (Li et al. 2006). As such,
the current results that modafinil shares similar discriminative
stimulus functions with cocaine may be relevant to recent
clinical evaluations of modafinil for treating psychostimulant
dependence. Of particular importance, modafinil produces
different subject-rated effects in participants with and without
a history of psychostimulant use (Malcolm et al. 2006; Rush
et al. 2002a, b; Warot et al. 1993). Humans without a history
of psychostimulant use appear to be more likely to character-
ize the effects of modafinil as amphetamine-like (Makris et al.
2007; Stoops et al. 2005), while findings are generally consis-
tent that participants with a history of psychostimulant abuse
can readily distinguish the effects of modafinil from either
cocaine or amphetamine (Malcolm et al. 2006; Rush et al.
2002a, b).

Consistent with the idea that previous exposure to
psychostimulants can influence the behavioral effects of
modafinil, drug self-administration studies with nonhumans
found that modafinil fails to function as a reinforcer in rats
without a history of cocaine self-administration (Deroche-
Gamonet et al. 2002), but appears to be reinforcing in rhesus
monkeys previously trained to self-administer cocaine (Gold
and Balster 1996). The impact of drug-use history on
modafinil discrimination should be further assessed in both
preclinical and clinical research settings. For example, nonhu-
man self-administration and drug discrimination procedures
could be employed sequentially to assess the impact of am-
phetamine or cocaine self-administration training on their sub-
sequent discrimination and stimulus generalization to
modafinil. Studies of this sort may be a worthwhile pursuit
as a preclinical assessment of drug use history on the subjec-
tive effects of modafinil.

Evidence that psychostimulant users can discriminate the
effects of modafinil from those of other psychostimulants does
not preclude the possibility that modafinil could be established
as a therapeutic agent to assist in recovery from psycho-
stimulant dependence. Based on the rationale for agonist-
like pharmacotherapy for stimulant dependence summarized
by Herin et al. (2010), the current findings coupled with pre-
vious reports of modafinil’s low abuse liability (Jasinski 2000;
Rush et al. 2002b; Myrick et al. 2004; Stoops et al. 2005) and
findings that modafinil’s actions on DAT binding have a lon-
ger duration of actionwith lower efficacy compared to cocaine
(Loland et al. 2012) support continued research with
modafinil as a substitution therapy for psychostimulant depen-
dence. However, substantial evidence for modafinil’s clinical
efficacy in this regard is currently lacking. Despite initial
promising results in a small number of cocaine-dependent
patients over a brief time period (Dackis et al. 2005), a more
recent double-blind, placebo-controlled randomized clinical
trial failed to indicate clinical efficacy of modafinil as a
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treatment for cocaine dependence (Schmitz et al. 2012). An-
other investigation of modafinil’s effectiveness on reducing
cocaine use, the percentage of non-use days significantly in-
creased when participants who were also alcohol-dependent
were removed from analysis (Anderson et al. 2012) and re-
sults from a sample of participants seeking treatment for meth-
amphetamine dependence indicated modest but promising ef-
fects of modafinil (Shearer et al. 2009).

In sum, this is the first report that a high dose of oral
modafinil (256 mg/kg) can be established as a discriminative
stimulus and that stimulus generalization is robust with DAT
inhibitors, while DA antagonists block modafinil’s discrimi-
native stimulus effects. These data suggest that discriminative
stimulus functions of modafinil are mediated by the dopami-
nergic system and provide a foundation on which to build new
experiments. History of psychostimulant use, in both humans
and animals, appears to be an important factor in the discrim-
ination and substitution of modafinil for other psycho-
stimulants. Thus, continued research on modafinil as an ago-
nist therapy for psychostimulant dependence must carefully
consider how individual differences in substance use history
might influence treatment outcome. Exploration of the impact
of previous drug use history on modafinil’s reinforcing and
subjective effects may benefit from the use of preclinical
models, including drug self-administration methods and drug
discrimination methods in tandem. Further research on the
behavioral and neuropharmacological effects of modafinil in
populations with different substance use history is essential to
evaluating its therapeutic efficacy and potential risks
as a relapse-prevention treatment for psychostimulant
dependence.

Acknowledgments The authors acknowledge Mike Caspers and Dr.
Thomas Prisinzano, Department of Medicinal Chemistry, University of
Kansas, for preparation of the modafinil used in this study. Through the
generous contribution of GBR 12909, a portion of this work was support-
ed by the intramural research programs of the National Institute on Drug
Abuse and the National Institute on Alcohol Abuse and Alcoholism. All
procedures in this experiment complied with the Guide for the Care and
Use of Laboratory Animals.

Conflict of interest The authors report no conflicts of interest.

References

AndersenML, Kessler E,MurnaneKS,McClung JC, Tufik S, Howell LL
(2010) Dopamine transporter-related effects of modafinil in rhesus
monkeys. Psychopharmacology 210:439–448

Anderson AL, Reid MS, Shou-Hua L, Holmes T, Shemanski L, Slee A,
Elkashef AM (2009) Modafinil for the treatment of cocaine depen-
dence. Drug Alcohol Depend 104:133–139. doi:10.1016/j.
drugalcdep.2009.04.015

Anderson A, Li S, Biswas K, McSherry F, Holmes T, Iturriaga E,
Elkashef AM (2012) Modafinil for the treatment of methamphet-
amine dependence. Drug Alcohol Depend 120:135–141

Carter GT, Weiss MD, Lou J, Jensen MP, Abresch RT, Martin TK, Hecht
TW, Han JJ, Weydt P, Kraft GH (2005) Modafinil to treat fatigue in
amyotrophic lateral sclerosis: an open label pilot study. Am J Hosp
Palliat Med 22:55–59

Dackis CA, KampmanKM, Lynch KG, Pettinati HM,O’Brien CP (2005)
A double-blind, placebo-controlled trial of modafinil for cocaine
dependence. Neuropsychopharmacology 30:205–211

Dean AC, Sevak RJ, Monterosso JR, Hellemann G, Sugar CA, London
ED (2011) Acute modafinil effects on attention and inhibitory con-
trol in methamphetamine-dependent humans. J Stud Alcohol Drugs
72:943–953

Deroche-Gamonet V, Darnaudery M, Bruins-Slot L, Piat F, Moal ML,
Piazza PV (2002) Study of the addictive potential of modafinil in
naïve and cocaine-experienced rats. Psychopharmacology 161:387–
395. doi:10.1007/s00213-002-1080-8

Di Chiara G (2000) Role of dopamine in the behavioural actions of
nicotine related to addiction. Eur J Pharmacol 393:295–314

Dopheide MM, Morgan RE, Rodvelt KR, Schachtman TR, Miller DK
(2007)Modafinil evokes striatal [3H]dopamine release and alters the
subjective properties of stimulants. Eur J Pharmacol 568:112–123.
doi:10.1016/j.ejphar.2007.03.044

Extance K, Goudie AJ (1981) Inter-animal olfactory cues in operant drug
discrimination procedures in rats. Psychopharmacology 73(4):363–
371

Federici M, Latagliata EC, Rizzo FR, Ledonne A, Gu HH, Romigi A,
Nistico R, Puglisi-Allegra S, Mercuri NB (2013) Electro-
physiological and amperometric evidence that modafinil blocks
the dopamine uptake transporter to induce behavioral activation.
Neuroscience 252:118–124. doi:10.1016/j.neuroscience.2013.07.
071

Ghahremani DG, Tabibnia G, Monterosso J, Hellemann G, Poldrack RA,
London ED (2011) Effect of modafinil on learning and task-related
brain activity in methamphetamine-dependent and healthy individ-
uals. Neuropsychopharmacology 36:950–959. doi:10.1038/npp.
2010.233

Glennon RA, Young R (2011) Drug discrimination: applications to me-
dicinal chemistry and drug studies. Wiley, Hoboken, NJ

Gold LH, Balster RL (1996) Evaluation of the cocaine-like discriminative
stimulus effects and reinforcing effects of modafinil .
Psychopharmacology 126:286–292

Herin DV, Rush CR, Grabowski J (2010) Agonist-like pharmacotherapy
for stimulant dependence: preclinical, human laboratory, and clinical
studies. Ann NYAcad Science 1187:76–100

Hermant J, Rambert FA, Duteil J (1991) Awakening properties of
modafinil: effect on nocturnal activity inmonkeys (Macacamulatta)
after acute and repeated administration. Psychopharmacology 103:
28–32

Hogl B, SaletuM, Brandauer E, Glatzi S, Frauscher B, Seppi K, Ulmer H,
WenningG, PoeweW (2002)Modafinil for the treatment of daytime
sleepiness in Parkinson’s disease: a double-blind, randomized,
crossover, placebo-controlled polygraphic trial. Sleep 25:62–66

Howcroft DJ, Jones RW (2005) Does modafinil have the potential to
improve disrupted sleep pattern in patients with dementia. Int J
Geriatr Psychiatry 20:492–495. doi:10.1002/gps.1305

Jasinski DR (2000) An evaluation of the abuse potential of modafinil
using methylphenidate as a reference. J Psychopharmacol 14:53–60

Kamien JB, Woolverton WL (1989) A pharmacological analysis of the
discriminative stimulus properties of d-amphetamine in Rhesus
monkeys. J Pharmacol Exp Ther 248:938–946

Keating GM, RaffinMJ (2005)Modafinil: a review of its use in excessive
sleepiness associated with obstructive sleep apnoea/hypopnoea syn-
drome and shift work sleep disorder. CNS Drugs 19:785–803

Kleven MS, Koek W (1998) Discriminative stimulus properties of co-
caine: enhancement by monoamine reuptake blockers. J Pharmacol
Exp Ther 284:1015–1025

4418 Psychopharmacology (2015) 232:4411–4419

http://dx.doi.org/10.1016/j.drugalcdep.2009.04.015
http://dx.doi.org/10.1016/j.drugalcdep.2009.04.015
http://dx.doi.org/10.1007/s00213-002-1080-8
http://dx.doi.org/10.1016/j.ejphar.2007.03.044
http://dx.doi.org/10.1016/j.neuroscience.2013.07.071
http://dx.doi.org/10.1016/j.neuroscience.2013.07.071
http://dx.doi.org/10.1038/npp.2010.233
http://dx.doi.org/10.1038/npp.2010.233
http://dx.doi.org/10.1002/gps.1305


Korotkova TM, Klyuch BP, Ponomarenko AA, Lin JS, Hass HL,
Sergeeva OA (2007) Modafinil inhibits rat midbrain dopaminergic
neurons through D2-like receptors. Neuropharmacology 52:626–
633. doi:10.1016/j.neuropharm.2006.09.005

Li SM, Campbell BL, Katz JL (2006) Interaction of cocaine with dopa-
mine uptake inhibitors or dopamine releasers in rats discriminating
cocaine. J Pharmacol Exp Ther 317:1988–1096

Lin JS, Gervasoni D, Hou Y, Vanni-Mercier G, Ramber F, Frydman A,
JouvetM (2000) Effects of amphetamine andmodafinil on the sleep/
wake cycle during experimental hypersomnia induced by sleep dep-
rivation in the cat. J Sleep Res 9:89–96. doi:10.1046/j.1365-2869.
2000.00181.x

Loland CJ, Mereu M, Okunola OM, Cao J, Prisinzano TE, Mazier S,
Kopajtic T, Shi L, Katz JL, Tanda G, Newman AH (2012) R-
modafinil (armodafinil): a unique dopamine uptake inhibitor and
potential medication for psychostimulant abuse. Biol Psychiatry
72:405–413

Makris AP, Rush CR, Frederich RC, Taylor AC, Kelly TH (2007)
Behavioral and subjective effects of d-amphetamine and modafinil
in healthy adults. Exp Clin Psychopharmacol 15:123–133. doi:10.
1037/1064-1297.15.2.123

Malcolm R, Swayngim K, Donovan JL, DeVane CL, Elkashef A, Chiang
N, Khan R, Mojsiak J, Myrick DL, Hedden S, Cochran K, Woolson
RF (2006) Modafinil and cocaine interactions. Am J Drug Alcohol
Abuse 32:577–587. doi:10.1080/00952990600920425

Mann N, Bitsios P (2008) Modafinil treatment of amphetamine abuse in
adult ADHD. J Psychopharmacol 23:468–471. doi:10.1177/
0269881108091258

Minzenberg MJ, Carter CS (2008) Modafinil: a review of neurochemical
actions and effects on cognition. Neuropsychopharmacology 33:
1477–1502

Myrick H, Malcolm R, Taylor B, LaRowe S (2004) Modafinil: preclini-
cal, clinical, and post-marketing surveillance—a review of abuse
liability issues. Ann Clin Psychiatry 16:101–109

National Research Council of the National Academies Guide for the Care
and Use of Laboratory Animals (2011). Available at https://grants.
nih.gov/grants/olaw/Guide-for-the-Care-and-Use-of-Laboratory-
Animals.pdf

Newman JL, Negus SS, Lozama A, Prisinzano TE, Mello NK (2010)
Behavioral evaluation of modafinil and the abuse-related effects of
cocaine in rhesus monkeys. Exp Clin Psychopharmacol 18:395–
408. doi:10.1037/a0021042

Nguyen T, Tian Y, You I, Lee S, Jang C (2011) Modafinil-induced con-
ditioned place preference via dopaminergic system in mice. Synapse
65:733–741. doi:10.1002/syn.20.892

Paterson NE, Fedolak A, Olivier B, Hanania T, Ghavami A, Caldarone B
(2010) Psychostimulant-like discriminative stimulus and locomotor
sensitization of the wake-promoting agent modafinil in rodents.
Pharmacol Biochem Behav 95:449–456. doi:10.1016/j.pbb.2010.
03.006

Prisinzano T, Podobinski J, Tidgewell K, Luo M, Swenson D (2004)
Synthesis and determination of the absolute configuration of the
enantiomers of modafinil. Tetrahedron Asymmetry 15:1053–1058

Quisenberry AJ, Prisinzano TE, Baker LE (2013a) Combined effects of
modafinil and d-amphetamine in male Sprague–Dawley rats trained to
discriminate d-amphetamine. Pharmacol Biochem Behav 110:208–215

Quisenberry AJ, Prisinzano TE, Baker LE (2013b) Modafinil alone and
in combination with low dose amphetamine does not establish con-
ditioned place preference in male Sprague–Dawley rats. Exp Clin
Psychopharmacol 21:252–258

Rowley H L, Kulkarni R S, Gosden J, Brammer R J, Hackett D, Heal D J
(2013) Differences in the neurochemical and behavioural profiles of
lisdexamfetamine methylphenidate and modafinil revealed by si-
multaneous dual-probe microdialysis and locomotor activity mea-
surements in freely-moving rats. J Psychopharmacol 0: 1–16. doi:
10.1177/0269881113513850

Rush CR, Kelly TH, Hays LR, Wooten AF (2002a) Discriminative stim-
ulus effects of modafinil in cocaine-trained humans. Drug Alcohol
Depend 67:311–322

Rush CR, Kelly TH, Hays LR, Baker RW, Wooten AF (2002b) Acute
behavioral and physiological effects of modafinil in drug abusers.
Behav Pharmacol 13:105–115

Schmitz JM, Rathnayake N, Green CE, Moeller G, Dougherty AE,
Grabowski J (2012) Combination of modafinil and d-amphetamine
for the treatment of cocaine dependence: a preliminary investigation.
Front Psychol 3:1–6. doi:10.3389/psyt.2012.00077

Shearer J, Darke S, Rodgers C, Slade T, van Beek I, Lewis J, Brady D,
McKetin R, Mattick RP, Wodak A (2009) A double-blind, placebo-
controlled trial of modafinil (200 mg/day) for methamphetamine
dependence. Addiction 104:224–233. doi:10.1111/j.1360-0443.
2008.02437.x

Sheng P, Hou L, Wang X, Wang X, Huang C, Yu M, Han X, Dong Y
(2013) Efficacy of modafinil in fatigue and excessive daytime sleep-
iness associated with neurological disorders: a systematic review
and meta-analysis. PLoS ONE 8:1–11

Silvestri AJ, Sanford LD, Ross RJ, Mann GL, Pavlock A, Morrison AR
(2002) The central nucleus of the amygdala and the wake-promoting
effects of modafinil. Brain Res 941:43–52

Stoops WW, Lile JA, Fillmore MT, Glaser PEA, Rush CR (2005)
Reinforcing effects of modafinil: influence of dose and behavioral
demands following drug administration. Psychopharmacology 182:
186–193

Turkington D, Hedwat D, Rider I, Young AH (2004) Recovery from
chronic fatigue syndrome with modafinil. Hum Psychopharmacol
19:63–64

Turner DC, Robbins TW, Clark L, Aron AR, Dowson J, Sahakian BJ
(2003) Cognitive enhancing effects of modafinil in healthy volun-
teers. Psychopharmacology 165:260–269

van Vilet SAM, Jongsma MJ, Vanwersch RAP, Olivier B, Philippens I
(2006) Behavioral effects of modafinil in marmoset monkeys.
Psychopharmacology 185:433–440. doi:10.1007/s00212-006-0340-4

Volkow ND, Fowler JS, Logan J, Alexoff D,Wei Zhu BSE, Telang F et al
(2009) Effects of modafinil on dopamine and dopamine transporters
in the male human brain: clinical implications. JAMA 301:1148–
1154. doi:10.1001/jama.2009.351

Ward CP, Harsh JR, York KM, Stewart KL, McCoy JG (2004) Modafinil
facilitates performance on a delayed nonmatching to position swim
task in rats. Pharmacol Biochem Behav 78:735–741

Warot D, Corruble E, Payan C, Weil JS, Puech AJ (1993) Subjective
effects of modafinil, a new central adrenergic stimulant in healthy
volunteers: a comparison with amphetamine, caffeine, and placebo.
Eur Psychiatry 8:201–208

Webb IA, Pollock MS, Mistlberger RE (2006) Modafinil [2-
[(diphenylmethyl)sulfinyl]acetamide] and circadian rhythms in
Syrian hamsters: assessment of the chronobiotic potential of a novel
alerting compound. J Pharmacol Exp Ther 317:882–889. doi:10.
1124/jpet.105.099010

Willie JT, RentalW, Chemelli RM,Miller MS, Scammell TE, Yanagisawa
M, Sinton CM (2005) Modafinil more effectively induces wakeful-
ness in orexin-null mice than in wild-type littermates. Neuroscience
130:983–995. doi:10.1016/j.neuroscience.2004.10.005

Wisor JP, Nishino S, Sora I, Uhl GH, Mignot E, Edgar DM (2001)
Dopaminergic role in stimulant-induced wakefulness. J Neurosci
21:1787–1794

Young JW, Kooistra K, Geyer MA (2011) Dopamine receptor medi-
ation of the exploratory/hyperactivity effects of modafinil.
Neuropsychopharmacology 36:1385–1396

Zolkowska D, Jain R, Rothman RB, Partilla JS, Roth BL, Setola V,
Prisinzano TE, Baumann MH (2009) Evidence for the involvement
of dopamine transporters in behavioral stimulant effects of
modafinil. J Pharmacol Exp Ther 329:738–746. doi:10.1124/jpet.
108.146142

Psychopharmacology (2015) 232:4411–4419 4419

http://dx.doi.org/10.1016/j.neuropharm.2006.09.005
http://dx.doi.org/10.1046/j.1365-2869.2000.00181.x
http://dx.doi.org/10.1046/j.1365-2869.2000.00181.x
http://dx.doi.org/10.1037/1064-1297.15.2.123
http://dx.doi.org/10.1037/1064-1297.15.2.123
http://dx.doi.org/10.1080/00952990600920425
http://dx.doi.org/10.1177/0269881108091258
http://dx.doi.org/10.1177/0269881108091258
https://grants.nih.gov/grants/olaw/Guide-for-the-Care-and-Use-of-Laboratory-Animals.pdf
https://grants.nih.gov/grants/olaw/Guide-for-the-Care-and-Use-of-Laboratory-Animals.pdf
https://grants.nih.gov/grants/olaw/Guide-for-the-Care-and-Use-of-Laboratory-Animals.pdf
http://dx.doi.org/10.1037/a0021042
http://dx.doi.org/10.1002/syn.20.892
http://dx.doi.org/10.1016/j.pbb.2010.03.006
http://dx.doi.org/10.1016/j.pbb.2010.03.006
http://dx.doi.org/10.1177/0269881113513850
http://dx.doi.org/10.3389/psyt.2012.00077
http://dx.doi.org/10.1111/j.1360-0443.2008.02437.x
http://dx.doi.org/10.1111/j.1360-0443.2008.02437.x
http://dx.doi.org/10.1007/s00212-006-0340-4
http://dx.doi.org/10.1001/jama.2009.351
http://dx.doi.org/10.1124/jpet.105.099010
http://dx.doi.org/10.1124/jpet.105.099010
http://dx.doi.org/10.1016/j.neuroscience.2004.10.005
http://dx.doi.org/10.1124/jpet.108.146142
http://dx.doi.org/10.1124/jpet.108.146142

	Dopaminergic mediation of the discriminative stimulus functions of modafinil in rats
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Methods
	Results
	Discussion
	References


