
Pharmacology, Biochemistry and Behavior 98 (2011) 94–100

Contents lists available at ScienceDirect

Pharmacology, Biochemistry and Behavior

j ourna l homepage: www.e lsev ie r.com/ locate /pharmbiochembeh
The safety of modafinil in combination with oral Δ9-tetrahydrocannabinol in humans

Dawn E. Sugarman ⁎, James Poling, Mehmet Sofuoglu
Yale University School of Medicine, Department of Psychiatry, 300 George St., New Haven, CT 06511, USA
VA Connecticut Healthcare System, 950 Campbell Ave., Bldg. 36/116A4, West Haven, CT 06516, USA
⁎ Corresponding author. VA Connecticut Healthcare Sy
36/116A4, West Haven, CT 06516, USA. Tel.: +1 203 93

E-mail address: Dawn.Sugarman@yale.edu (D.E. Sug

0091-3057/$ – see front matter. Published by Elsevier
doi:10.1016/j.pbb.2010.12.013
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 16 July 2010
Received in revised form 3 December 2010
Accepted 13 December 2010
Available online 21 December 2010

Keywords:
Cannabis
Modafinil
Marijuana
THC
Addiction
Marijuana (cannabis) is the most widely used illicit substance globally, and cannabis use is associated with a
range of adverse consequences. Currently, no medications have been proven to be effective for the treatment
of cannabis addiction. The goals of this study were to examine the safety and efficacy of a potential treatment
medication, modafinil, in combination with oral Δ9-tetrahydrocannabinol (THC). Twelve male and female
occasional cannabis users participated in an outpatient double-blind, placebo-controlled, crossover study.
Across four sessions, participants were randomly assigned to a sequence of four oral treatments: (1) 400 mg
modafinil+placebo, (2) 15 mg THC+placebo, (3) 400 mg modafinil+15 mg THC, or (4) placebo+placebo.
Outcome measures included heart rate, blood pressure, performance on the Rapid Visual Information
Processing (RVIP), and the Hopkins Verbal Learning Test (HVLT), and subjective measures. Oral THC increased
heart rate, and produced increased subjective ratings of feeling “high” and “sedated,” as well as increased
ratings of euphoria. Modafinil alone increased the Profiles of Mood States (POMS) subscales of vigor and
tension. These findings support the safety of modafinil in combination with THC. The effects of modafinil in
combination with a range of doses of THC need to be determined in future studies.
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1. Introduction

Marijuana (cannabis) is the most widely used illicit substance
globally and in the United States (Compton et al., 2004; Office of
National Drug Control Policy, 2008; SAMHSA, 2008). It is estimated that
one out of 12 cannabis users will eventually become dependent
(Wagner and Anthony, 2002). Increased treatment-seeking has been
observed among cannabis users (Stephens et al., 2002), making
cannabis one of themost common illicit drugs of use among admissions
to treatmentprograms in theUS (SAMHSA, 2008).Marijuana smoking is
associated with a range of adverse consequences, including respiratory
ailments, and impairments in memory, concentration, motivation, self-
esteem, employment, and interpersonal relationships (Stephens et al.,
2002). Currently, there are no effectivemedications for the treatment of
cannabis addiction and available behavioral treatments are only
modestly effective (Nordstrom and Levin, 2007). For example, behav-
ioral treatments including cognitive–behavioral therapy (CBT), moti-
vational enhancement therapy (MET), and contingency management
(CM) have shown promise in the short-term, but one year abstinence
rates with a combination of these behavioral treatments have ranged
from 9 to 29% (Budney et al., 2007). Thus, development of effective
treatment strategies, specifically for cannabis use disorders (depen-
dence or abuse), is urgently needed.
Evidence shows that chronic exposure to cannabis is associated
with dose-related cognitive impairments, most consistently in
attention, working memory, verbal learning and memory functions
(Bolla et al., 2002; Pope et al., 1995; Pope and Yurgelun-Todd, 1996;
Solowij, 1995; Solowij et al., 1995, 2002). Recently, we proposed that
targeting cognitive impairment associated with chronic cannabis use
by cognitive-enhancing medications may be a promising novel
strategy for the treatment of cannabis addiction (Sofuoglu et al.,
2010). We suggested that medications enhancing cognitive function
may be effective either alone or in combination with behavioral
treatments for cannabis addiction (Sofuoglu et al., 2010). One
cognitive enhancer that has been evaluated for other addictive
disorders is modafinil. Modafinil is a wakefulness-promoting medi-
cation, approved for the treatment of narcolepsy, sleep-apnea and
shift-work induced sleep disorder (Ballon and Feifel, 2006). Modafinil
has been shown to improve cognitive performance in sleep deprived
individuals, as well as in those with attention deficit hyperactivity
disorder (ADHD) and schizophrenia (Muller et al., 2004; Turner et al.,
2003; Wesensten et al., 2002). Modafinil's mechanism of action is
complex and may include enhancement of glutamate release and
inhibition of GABA release in various brain regions (Ferraro et al.,
1998, 1999), as well as dopamine and norepinephrine transporter
inhibition (Madras et al., 2006), which results in increased synaptic
levels of dopamine and norepinephrine (Murillo-Rodriguez et al.,
2007; Volkow et al., 2009). Modafinil is currently being examined for
the treatment of cocaine and methamphetamine addiction (Dackis et
al., 2005a; Hart et al., 2008; Morgan et al., 2010; Shearer et al., 2009a).
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Modafinil's potential utility for cannabis dependence has not yet
been evaluated. The cognitive enhancing effects of modafinil may
alleviate cognitive deficits associatedwith cannabis use, and its mood-
elevating effects could potentially help to alleviate cannabis with-
drawal, which include depressed mood, irritability, anxiety, and anger
(Budney and Hughes, 2006). In addition, modafinil has been shown to
attenuate some of the positive subjective effects from cocaine,
methamphetamine and nicotine in humans (Dackis et al., 2003b; De
La Garza et al., 2010; Malcolm et al., 2006; Sofuoglu et al., 2008). Since
increasing dopamine release in the nucleus accumbens is a shared
mechanism for the rewarding effects of stimulants (Pich et al., 1997)
as well as cannabis (Cheer et al., 2004; Robledo et al., 2007), it is
plausible that modafinil may also attenuate the rewarding effects of
cannabis.

The goals of this study were twofold. First, we examined the
safety and tolerability of modafinil treatment in combination with
oral Δ9-tetrahydrocannabinol (THC), as a potential treatment medica-
tion in cannabis users. Second, we examined modafinil's effects on the
THC-induced physiological, subjective, and cognitive performance
responses. We hypothesized that modafinil would attenuate the
subjective and cognitive effects of oral THC.

2. Materials and methods

2.1. Participants

A total of 18 occasional cannabis users between the ages of 18 to 55
were recruited from the New Haven area by newspaper advertise-
ments and flyers. The inclusion criteria included: (a) cannabis use at
least once in last two months and at least 10 times in lifetime, and
(b) a urine sample positive for cannabis. Participants were excluded if
they met DSM-IV criteria for cannabis abuse or dependence, or were
seeking treatment for substance abuse or dependence. The sample
was limited to occasional cannabis users because heavy cannabis use
is associated with tolerance to the acute effects of cannabis (D'Souza
et al., 2008; Lichtman and Martin, 2005; Ramaekers et al., 2009). Data
from the first three participants were used to determine the duration
andmedication effects for safety, which led to a revised protocol. Data
from these three participants were not used since the revisions
included changes to the schedule of assessments. In addition, three
participants did not complete the study due to drug use (n=2), and
personal reasons (n=1). Of the 12 participants who completed the
study (eight African-Americans, three Caucasian, and one Hispanic),
11 were male and one was female, with an average age (SD) of
33.7 years (7.7). All participants had normal physical, laboratory, and
psychiatric examinations, and none were dependent on alcohol or
other drugs except nicotine (n=7). All participants provided
informed consent prior to study entry and were paid for participation.
Experimental sessions were conducted in the Biostudies Unit located
at the VA Connecticut Healthcare System, West Haven campus. This
study was approved by the VA Connecticut Healthcare SystemHuman
Subjects Subcommittee.

2.2. Design and procedures

In this double-blind, placebo-controlled, crossover study, subjects
had four separate outpatient experimental sessions. Across four
sessions, subjects were randomly assigned to a sequence of four
treatment conditions which included placebo+placebo, modafinil
(400 mg)+placebo, THC (15 mg)+placebo, ormodafinil (400 mg)+
THC (15 mg). In each session, after baseline measures were obtained,
subjects received the study medication followed by a light meal. The
sessions started at 8:00 am and lasted for approximately 7 h. Sessions
were separated by a minimum of four days to minimize the carryover
effects from modafinil and THC.
2.3. THC and modafinil administration

The oral form of THC (Marionol®) was obtained from Unimed
Pharmaceuticals, Inc. (Buffalo Grove, IL). Oral THC is used in the
treatmentof anorexia associatedwithweight loss, in patientswithAIDS,
and for nausea and vomiting associatedwith chemotherapy. The typical
dose associated with these treatments is in the 2.5 to 20 mg/day range.
We used 15mg of THC, which has been shown to be well-tolerated by
cannabis users (Chesher et al., 1990; Haney et al., 2003; Hart et al.,
2005). After oral administration, THC has an onset of action of
approximately 0.5 to 1 h with peak effects at 2 to 4 h. The duration of
action for any psychoactive effects is 4 to 6 h, with appetite stimulation
continuing for up to 24 h. Modafinil (Provigil®) was obtained from
Cephalon (145 Brandywine Parkway, West Chester, PA 19380).
Although a single daily 200 mg dose of modafinil is recommended for
the treatment of narcolepsy or sleep apnea (Murray, 2004), doses
between 200 and 400 mg have been examined in combination with
cocaine (Dackis et al., 2003a, 2005a; Hart et al., 2008; Vosburg et al.,
2010). Doses between 200 and 600 mg have been safely tolerated by
cocaine users (Dackis et al., 2005b; Vosburg et al., 2010), and doses
between 200 and 400 mg have been used for the treatment of
methamphetamine dependence (Heinzerling et al., 2010; McGaugh et
al., 2009). Previous laboratory studies examining the combination of
cocaine and modafinil found that both 200 mg and 400 mg doses of
modafinil were equivalent in attenuating the cardiovascular effects of
cocaine (Hart et al., 2008), and both doses were not associatedwith any
medical risk in combination with cocaine (Dackis et al., 2005a; Hart et
al., 2008). The one study that examined 200 mg of modafinil for
methamphetamine dependence did notfind an effect formodafinil over
placebo for methamphetamine use (Shearer et al., 2009b). However, at
higher doses, modafinil can produce hypertension and tachycardia
(Wong et al., 1999). Since this is the first study to assess modafinil in
combinationwith THC,wewanted tomaximize the possibility of having
an effective dose, whileminimizing side effects. Therefore, we chose the
400 mg dose of modafinil. Following oral administration, modafinil is
rapidly absorbed, reachingpeakplasma levelswithin 2–4 h. Thehalf-life
of modafinil is 7–15 h. Modafinil and THC were administered at the
same time.

2.4. Measures

The outcome measures included physiological, subjective, and
cognitive performance measures. The physiological measures con-
sisted of systolic and diastolic blood pressure and heart rate. The
subjective measures were comprised of the Drug Effects Question-
naire (DEQ), the Addiction Research Center Inventory-Short Form
(ARCI), and the Profile of Mood States (POMS). The DEQ assessed the
acute subjective effects of THC, and asked subjects to rate “stimulat-
ed”, “high”, “anxious”, “sedated”, “down”, “feeling the drug strength”,
“feel good drug effects”, “feel bad drug effects”, “wantmore drug”, and
“like the drug” on a scale from 0 (“not at all”) to 10 (“extremely”). The
ARCI (Martin et al., 1971) 49-item version consists of true-or-false
questions with five subscales: drug-induced euphoria (Morphine–
Benzedrine Group; MBG), stimulant-like effects (Amphetamine; A),
intellectual efficiency and energy (Benzedrine Group; BG), dysphoria
(Lysergic Acid; LSD), and sedation (Pentobarbital–Chlorpromazine;
PCAG) (Martin et al., 1971). We also included the ARCI ‘M’ scale,
which consists of four questions specific to marijuana (Chait et al.,
1985). The POMS is a 65-item rating scale used to measure the effects
of medication treatments on mood using six subscales: Tension,
Depression, Anger, Vigor, Fatigue, and Confusion (McNair et al., 1971).
The POMS is widely used as a research tool in behavioral pharmacol-
ogy (Fischman and Foltin, 1991). It has been found to be sensitive to
the mood-altering effects of drugs including cannabis and modafinil.

Cognitive performance was assessed with the Hopkins Verbal
Learning Test-Revised (HVLT-R) and a module from the Cambridge
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Neuropsychological Test Automated Battery (CANTAB): the Rapid
Visual Information Processing (RVIP). The HVLT-R is a brief verbal
learning and memory test with six alternate forms, making it ideal for
repeated neuropsychological examinations such as this study. The
revised version also includes a delayed recall trial (Benedict et al.,
1998), which is the type of recall that appears most sensitive to the
effects of cannabis (Hooker and Jones, 1987). For the HVLT-R we used
total recall, delayed recall, and the Recognition Discrimination Index
as the main outcome measures. The Total Recall is the sum of correct
responses for Trial 1, 2, and 3. Delayed Recall is the number of correct
responses for Trial 4 (after 20–25 min). The Recognition Discrimina-
tion Index is the total number of true positivesminus the total number
of false positives on delayed recognition trial (given right after trial 4
recall). The RVIP is widely used as a measure of sustained attention
with a workingmemory component. In this task, subjects are asked to
respond to any of three digit sequences in a continuous stream of
digits lasting for 7 min. A white box appears in the center of the
computer screen, inside which digits from 2 to 9 appear in a pseudo-
random order at the rate of 100 digits per minute. Subjects are
instructed to detect consecutive odd or even sequences of digits (e.g.,
2–4–6, 3–5–7, 4–6–8, 5–7–9, etc.) and to register responses using a
press-pad. Impairments in attention have long been recognized in
cannabis users (Harvey et al., 2007; Ranganathan and D'Souza, 2006).
For the RVIP key measures were mean latency, A′ (target sensitivity, a
measure of the ability to detect sequences), and B″ (response bias, a
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(THC+PLA), placebo plus 400 mg active modafinil (PLA+MOD), or placebo plus placebo (P
modafinil conditions compared to placebo. Diastolic blood pressure was a significantly greate
modafinil conditions compared to placebo.
measure of the tendency to respond regardless of whether a target is
present). Subjective assessments were completed at baseline, then at
30, 60, 90, 150,180, 210, 240, 270, and 300 min after the study
medications administration. Heart rate and blood pressure measure-
ments were obtained at the same time points, as well as at 120 and
360 min after medication administration. Cognitive assessments were
given to participants two hours after medication administration.

2.5. Statistical analysis

We conducted two types of mixed-effects repeated-measures
analyses using SAS Proc Mixed, version 9.2. All models included fixed
main-effect estimates for THC (0 mg or 15 mg), modafinil (0 mg or
400 mg) and their interaction, as well as a blocking factor for
treatment sequence. For the first analyses, all data collected at each
time point were included in the model. For the second analyses,
change-from-baseline scores were used as outcome measures.
Change scores, maximum post-dose measurement minus the pre-
dose measurement at baseline, are commonly used summary
measures that capture the magnitude of the response. Change scores
were calculated for the physiological and subjective scales, where
multiple measurements were obtained at different time points.
Significant treatment or treatment-by-treatment interactions
(pb0.05) were followed by post hoc group comparisons using Fisher's
LSD.
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3. Results

3.1. Physiological responses

As shown in Fig. 1, THC increased heart rate (THC main effect;
[F (1, 461)=18.6; pb0.0001]) and lowered systolic blood pressure
(THC main effect; [F (1, 461)=4.6; pb0.05]), compared to placebo.
Modafinil, compared to placebo, increased heart rate (modafinil main
effect; [F (1, 461)=48.8; pb0.0001]), increased systolic blood pressure
(modafinil main effect; [F (1, 461)=6.5; pb0.05]) and increased
diastolic blood pressure, (modafinil main effect; [F (1, 461)=12.2;
pb0.001]). For change scores in heart rate, modafinil plus THC,
had greater increases in heart rate than THC alone [THC by modafinil
effect; F (1, 30)=4.2; pb0.05].

3.2. Subjective responses

THC increased subjective ratings of “feel high” (THC main
effect; [F (1, 460)=6.7 pb0.05]), “feel sedated” (THC main effect;
[F (1, 460)=5.5; pb0.05]), and “feel the drug strength” (THC main
effect; [F (1, 460)=5.9; pb0.05]) scales of the DEQ, compared to
placebo (see Fig. 2). There were no significant modafinil-by-THC
interactions for any of the DEQ scales. For the change score
analyses, modafinil treatment reduced the rating of “feel sedated”
(modafinil main effect; [F (1, 30)=4.3; pb0.05]) and THC treat-
ment increased the rating of “feel the bad effects” (THC main
effect; [F (1, 30)=4.3; pb0.05].

For ratingson theARCI, THC increased ratings on thePCAG(sedation)
subscale (THC main effect; [F (1, 461)=14.0; pb0.001]), the LSD
(dysphoria) subscale (THCmain effect; [F (1, 461)=7.2; pb0.001]), and
the M (marijuana) subscale (THC main effect; [F (1, 461)=5.4;
DEQ: I feel high

0

0.5

1

1.5

2

2.5

0 30 60 90 150 180 210 240 270 300

Time (Minutes)

R
at

in
g

0

0.5

1

1.5

2

2.5

0 30 60 90

Tim

R
at

in
g

THC+MOD
THC+PLA
PLA+MOD
PLA+PLA

DEQ: I feel
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pb0.001]), compared to placebo (see Fig. 3). The THC plus modafinil
condition had significantly lower ratings on the MBG (drug-induced
euphoria) subscale (THC bymodafinil effect; [F (1, 461)=5.3; pb0.05]),
compared to other conditions. In addition, the THC plus modafinil
condition had significantly lower ratings on the BG (intellectual
efficiency and energy) subscale (THC by modafinil effect; [F (1, 461)=
6.1; pb0.05]), compared tomodafinil placeboor THC-placebo conditions
(see Fig. 3). For change score analysis of the ARCI, THC increased the
marijuana M-scale [F (1, 30)=6.2; pb0.05]. THC plus modafinil,
compared to modafinil alone had greater score in the marijuana scale
(THC by modafinil effect; [F (1, 30)=4.4; pb0.05]).

THC reduced scores for thedepressed (THCmain effect; [F (1, 461)=
4.1; pb0.05]) and vigor (THCmain effect; [F (1, 461)=30.7; pb0.001]),
subscales of the POMS, compared to placebo. Modafinil increased
ratings of tension (modafinil main effect; [F (1, 451)=10.8; pb0.005])
and vigor (modafinil main effect; [F (1, 461)=4.1; pb0.05]), and
decreased depressed ratings (main effect modafinil; [F (1, 461)=7.2;
pb0.01]), on the POMS. There were no significant modafinil-by-THC
interactions for any of the POMS scales. For change score analyses, no
significant treatment differences were found.

3.3. Cognitive performance assessments

There were no significant treatment effects for the RVIP, and the
HVLT. Fig. 4 graphically represents the means for the three subscales
of the RVIP and the three subscales of the HVLT, by condition.

4. Discussion

In this study 15 mg oral THC treatment increased subjective
ratings on the ARCI subscales of PCAG (sedation), LSD (dysphoria),
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and M (marijuana). These findings are consistent with previous
research that has showed the oral THC increased ratings on the ARCI
LSD, PCAG, and M subscales (Kirk and de Wit, 1999; Makela et al.,
2006; McDonald et al., 2003; Wachtel et al., 2002). Results also
showed that THC increased DEQ item ratings of “feel high,” “feel
sedated,” and “feel the drug strength,” and THC reduced ratings of
vigor and depression on the POMS subscales. These findings are
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enhance vigor especially in sleep-deprived individuals, while in-
creased anxiety and aggression has also been reported as a result of
modafinil treatment (MacDonald et al., 2002; Rush et al., 2002;
Wesensten, 2006). In a more recent study with healthy adults,
modafinil increased both the negative and positive scales of the
PANAS (Taneja et al., 2007). It has been suggested that the arousing
effect of modafinil may be interpreted as negative by some
individuals.

We also observed a significant modafinil-by-THC interaction, with
lower attenuated ratings on the euphoria subscale of the ARCI,
compared to other treatment conditions. Given that the single dose of
THC in this study had very little effect, this minor interaction cannot
be meaningfully interpreted. Moreover, these effects were not
significant when the change scores, rather than the all the time
points, were analyzed.

As expected, THC increased heart rate. The cardiovascular effects of
THC are mediated by sympathetic activation and cholinergic inhibi-
tion (Jones, 2002). In our study, 400 mg modafinil increased
participants' heart rate and systolic and diastolic blood pressure.
These findings are consistent with previous studies where modafinil
increased the resting heart rate and blood pressure in healthy controls
(Taneja et al., 2005) and abstinent smokers (Sofuoglu et al., 2008). The
increased blood pressure and heart rate induced by modafinil have
been attributed to noradrenergic activation (Taneja et al., 2005). In
our study, modafinil did not enhance the heart rate and blood
pressure induced by oral THC. These findings support the safety of
modafinil in combination with THC.

In this study, the cognitive effects of oral THC or modafinil were
not significant. There was a trend for a THC-induced impairment on
the HVLT. This lack of treatment effect on cognitive outcomes could be
due to several limitations of this study. First, we only used one dose
(400 mg) of modafinil in this study. Since this is the first study to
assess modafinil in combination with THC, we based our dosage on
other studies in the literature that have examined modafinil in
combination with illicit drug use (i.e. cocaine and methamphet-
amine). Future research should examine the combination of THC and
modafinil in cannabis users usingmultiple doses in order tomore fully
understand modafinil's effects. Second, the treatment duration was
brief, and only one relatively small dose of THC was administered. It is
possible that higher doses of THC would show effects on cognitive
performance. Third, the cognitive assessment in this study involved
only two tasks, did not include a comprehensive assessment, and was
limited by small sample sizes. Fourth, the exclusion of heavy cannabis
users limits the ability to generalize these results to future examina-
tions of modafinil for the treatment of cannabis dependence. Finally,
although our sample was limited to occasional users, we did not
collect data on specific cannabis use patterns of participants; therefore
we cannot rule out the possibility that the effects of THC may differ by
patterns of use.

In summary, these results show that modafinil can be safely
combined with oral THC. Further studies with larger sample sizes and
a range of cannabis doses are warranted to investigate the therapeutic
efficacy of modafinil. It is also recommended that future studies
examine the effects of modafinil with regular marijuana smokers,
and include a more comprehensive cognitive assessment battery in
order to detect possible effects of modafinil and THC on cognitive
performance.
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