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se in the treatment of excessive daytime sleepiness. The precise mechanism of
modafinil action has not been elucidated, although bothdopamine (DA) and norepinephrine (NE) systems have
been implicated. To explore the roles of DA and NE in the mechanism of modafinil-induced arousal, dopamine
β-hydroxylase knockout (Dbh −/−) micewere examined in behavioral paradigms of arousal (photobeam breaks
and behavioral scoring of sleep latency).Dbh −/−mice completely lackNE but have hypersensitive DA signaling.
It was hypothesized that Dbh −/−mice would be unresponsive to modafinil if the compound acts primarily via
NE, but would be hypersensitive to modafinil if it acts primarily via DA. Dbh −/−mice had increased sensitivity
to the locomotor-activating and wake-promoting effects of modafinil. Paradoxically, the α1-adrenergic
receptor antagonist, prazosin, attenuated the effects of modafinil in control mice, but not in Dbh −/− mice.
Blockade of DA receptors with flupenthixol decreasedmodafinil-induced locomotion andwake in both control
and Dbh −/−mice. These results suggest that both NE and DA are involved in the behavioral effects of modafinil
in control mice, but the requirement for NE can be bypassed by hypersensitive DA signaling.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
It has been estimated that 50–70 million Americans suffer from
chronic disorders of sleep andwakefulness that adversely affect health
and longevity, making sleep disorders second only to pain in the
number of patients seeking medical attention (Colten and Altevogt,
2006). Accordingly, the development of medications to treat sleep
disorders is a high priority. One such drug is modafinil, which is
approved for use in the treatment of the excessive daytime sleepiness
associated with narcolepsy and other sleep disorders. Modafinil has a
behavioral phenotype distinct from that ofmore traditional stimulants
such as amphetamine or cocaine in that it does not produce rebound
hypersomnolence and has limited dependence liability (Ballon and
Feifel, 2006; Edgar and Seidel,1997;Minzenberg andCarter, 2008). The
mechanism of action(s) underlying the wake-promoting effects of
modafinil remain to be elucidated (Minzenberg and Carter, 2008).

Early research from the1990s implicated the catecholamines,NE and
DA, in the mechanism of action of modafinil, but the animal data are
confusing, with the role that each neurotransmitter plays yet to be
clarified. Of more than 100 neurotransmitter and enzyme targets, the
only consistentfinding invitro is a lowaffinity (Ki=2–7µM) inhibition of
tics, Emory University, White-
s. Tel.: +1404727 3106; fax: +1
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theDA transporter (DAT) (Mignot et al.,1994).While DAT knockoutmice
show decreased responsiveness to modafinil (Wisor et al., 2001), other
data indicated that DA receptor antagonists were ineffective in blocking
modafinil-induced arousal (Duteil et al., 1990; Lin et al., 1992; Simon
et al., 1995). The compounds that consistently block the effects of
modafinil are α1-adrenergic receptor (α1AR) antagonists (Duteil et al.,
1990; Hermant et al.,1991; Lin et al., 1992), whileα1bAR knockoutmice
show an attenuated response to the drug (Stone et al., 2002). However,
modafinil does not bind α1ARs (Mignot et al., 1994). Modafinil is also a
weak inhibitor of the norepinephrine transporter (NET) in vitro and in
vivo (IC50 ∼36 μM); (Madras et al., 2006). However, the in vivo
assessment of this interactionwas limited, as data from only one animal
was available for themost effectivemodafinil dose (Madras et al., 2006).
While many neurotransmitters are involved in producing and main-
taining arousal states, these transporters remain the only known
biochemical targets of modafinil. Thus, the focus of these experiments
was on the catecholaminergic systems and their interaction.

A novel tool for studying the relative roles of NE and DA in behavioral
phenotypes are dopamineβ-hydroxylase knockout (Dbh −/−)mice. These
mice completely lackNEandepinephrine (EPI), but showacompensatory
increase in high-affinity state DA receptors and are hypersensitive to the
behavioral effects of both direct (e.g. quinpirole) and indirect (e.g.
amphetamine, cocaine) DA agonists (Schank et al., 2006; Weinshenker
et al., 2002b). Previous studies examining arousal behaviorally or by
electroencephalogram (EEG) have revealed that exploratory activity in a
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Fig. 1. Effect of modafinil on locomotor behavior. Dbh +/− andDbh −/−mice were placed in
locomotor activity chambers. Fourhours later, micewere injectedwith vehicle ormodafinil
(6.25,12.5, 25, or 50mg/kg, i.p.), and ambulations (consecutive beambreaks)were recorded
for an additional 2 h. Shown are the total ambulations for the 2 h following modafinil
administration. All data is presented as mean±SEM. ⁎pb0.01, ⁎⁎pb0.001, compared to
vehicle control for that genotype. †pb0.001 compared to Dbh +/− mice for that dose.
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novel environment, latency to sleep following handling or exposure to
environmental stimuli, and wake bout duration were attenuated in
Dbh −/− mice, suggesting that NE is important for maintaining vigilance
(Hunsley and Palmiter, 2003, 2004). Thus, Dbh −/− mice were used to
explore the role of catecholamines in modafinil-induced arousal.

It was hypothesized that if modafinil acts primarily via a noradre-
nergic mechanism, Dbh −/− mice should be non-responsive since they
completely lack NE. In contrast, if modafinil acts mainly through DA
systems, these mice should be hypersensitive. Modafinil was tested in
Dbh −/− mice using both locomotor and sleep latency paradigms as
behavioral readouts, and NE–DA interactions were further explored by
examining the effect of NE and DA receptor antagonist pretreatments.

2. Methods

2.1. Animals and housing

Dbh −/− mice, maintained on a mixed 129/SvEv and C57BL/6J
background, were developed and generated as described (Thomas et al.,
1995, 1998). Dbh −/− males were bred to Dbh +/− females. Pregnant
Dbh +/−micewere given the AR agonists isoproterenol and phenylephr-
ine (20 μg/ml each)+vitamin C (2 mg/ml) from E9.5–E14.5, and L-3,4-
dihydroxyphenylserine (DOPS; 2 mg/ml+vitamin C 2 mg/ml) from
E14.5-birth in their drinking water to rescue the embryonic lethality
associated with the homozygous Dbh −/− mutation. Because of this
treatment, NE and EPI were present in Dbh −/− animals before but not
after birth. Dbh −/− mice were identified by the delayed growth and
ptosis phenotypes, which are 100% correlated with the Dbh −/−
genotype. Genotypes were confirmed by PCR. Dbh +/− mice were used
as controls as they had normal catecholamine levels and were
indistinguishable from Dbh +/+ mice for all previously tested pheno-
types, including locomotor activity (Bourdelat-Parks et al., 2005;
Mitchell et al., 2006; Thomas et al., 1998, 1995). Male and female mice
aged 2–8 months were used in all experiments. No age or gender
differenceswere found, and resultswere combined.Allmicewere reared
in a specific pathogen-free facility with a 12 h light/dark cycle (lights
on— 7 am; lights off— 7 pm). Food and water were available ad libitum
except during behavioral testing. All experiments were carried out in a
quiet, isolated behavior room between 8:00 and 15:00 h. Mice were
moved to this room at least 24 h before testing. Experimental protocols
were approved by the Emory University IACUC and meet the guidelines
of theAmericanAssociation for Accreditation of Laboratory Animal Care.

2.2. Compounds

Modafinil (Cephalon, Inc.,WestChester, PA) and theα1ARantagonist
prazosin (0.5 mg/kg; Sigma-Aldrich, St. Louis, MO) were prepared by
dissolving the compounds in warm 0.9% saline, 1.5% DMSO, and 1.5%
cremophor EL. A 90 mg/kg dose of modafinil was reported to have
identical effects in Dbh −/− and +/− control mice (Hunsley and Palmiter,
2004). BecauseDbh −/−mice have altered responses to other stimulants
that are most apparent at low to moderate doses (Weinshenker et al.,
2002a; Schank et al., 2006), lower doses of modafinil (6.25–50 mg/kg)
were selected for these experiments. The dose of prazosinwas selected
based on published reports that it can block the behavioral effects of
stimulants in mice (Drouin et al., 2001; Weinshenker et al., 2002a). The
non-selective DA receptor antagonist, cis-(Z)-flupenthixol dihydrochlor-
ide (0.025 or 0.25 mg/kg; Sigma-Aldrich) was dissolved in 0.9% saline.
These doses of flupenthixol were selected based on motor behavior
dose–response experiments (Rommelfanger et al., 2007). All com-
pounds were administered i.p. in a volume of 10 ml/kg.

2.3. Sleep latency

Dbh +/− and Dbh −/− mice were individually housed in large
plexiglass cages and allowed to acclimate for 4 h. Vehicle or modafinil
(6.25, 12.5, or 25 mg/kg) was then administered, and mice were
observed by a trained experimenter for behavioral signs of sleep.
During sleep, mice exhibit a distinctive posture and breathing pattern
that allows the observer to determine onset. Sleep was defined as
2 min of uninterrupted sleep behavior, and 75% of the next 10 min
spent asleep (Hunsley and Palmiter, 2004). This behavioral scoring
paradigm has been shown to reliably correlate with onset of sleep
using EEG measurements (Hunsley and Palmiter, 2003, 2004). In a
subset of animals, saline or the DA receptor antagonist, flupenthixol,
(0.25 mg/kg) was administered 30 min prior to modafinil (25 mg/kg)
administration. This dose of modafinil was used for the antagonist
experiment because it was the only dose tested that significantly
increased sleep latency in both control and Dbh −/− mice.

2.4. Locomotor activity

Locomotor activity was assessed using an automated system (San
Diego Instruments, La Jolla, CA, USA) with photobeams that recorded
ambulations (consecutive beam breaks). Mice were placed individually
in the chambers and allowed to acclimate for 4 h, and were then
administered vehicle or modafinil (6.25, 12.5, 25, or 50 mg/kg). Activity
was recorded for an additional 2 h. This time framewas selected because
by 2 h, locomotor activity had tapered off andwas approaching baseline
levels. In order to examine the effects of receptor antagonist pretreat-
ment, vehicle, the α1AR antagonist prazosin (0.5 mg/kg), or the DA
receptor antagonist, flupenthixol (0.025 or 0.25 mg/kg), were injected
30 min prior to modafinil (50 mg/kg) administration. This dose of
modafinil was used because it produced comparable amounts of
locomotor activity in control and Dbh −/−mice, thus making antagonist
effects easier to compare between genotypes. All datawere presented as
total ambulations for the 2 h following modafinil administration. To
assess the effects of flupenthixol on exploratory activity in a novel
environment,Dbh +/− andDbh −/−micewere administered flupenthixol
(0.25 mg/kg). Thirty minutes following injection, mice were placed in
the locomotor chambers, and their activity was recorded for 2 h.

2.5. Statistical analysis

All data is presented as mean±standard error of the mean.
Student's t-tests were used when comparing 2 groups with equal
variance, Mann–Whitney tests were used when comparing 2 groups
with unequal variance, and two-way ANOVA followed by Bonferroni
post hoc tests were used when comparing more than 2 groups.
ANOVA analysis assumes normally distributed data, and in two cases
(Figs. 1 and 2), the data was not normally distributed. Natural log



Fig. 2. Effect of modafinil on sleep latency. Dbh +/− and Dbh −/− mice were placed in
observation chambers, injected with vehicle or modafinil (6.25, 12.5, or 25 mg/kg, i.p.)
4 h later, and observed until the onset of sleep. Shown is latency to sleep following the
injection. ⁎pb0.05, ⁎⁎pb0.001 compared to vehicle control for that genotype. † pb0.01
compared to Dbh +/− mice for that dose.

Fig. 4. Effect of DA receptor blockade on modafinil-induced locomotion. Dbh +/− and
Dbh −/− mice were placed in locomotor activity chambers and injected with vehicle
or flupenthixol (0.25 mg/kg, i.p.) 3.5 h later. Thirty minutes following the pretreatment,
mice were injected with modafinil (50 mg/kg, i.p.), and ambulations (consecutive beam
breaks) were recorded for an additional 2 h. Shown are the total ambulations for the 2 h
after modafinil administration. ⁎pb0.05 compared to vehicle control for that genotype.
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transformation was performed, which resulted in normally distrib-
uted data, and statistics were conducted on the transformed data.
Statistical analysis was conducted using Graphpad™ Prism 4.0c for
Macintosh (San Diego, CA).

3. Results

3.1. Dbh −/− mice are hypersensitive to modafinil-induced locomotion
and wake

Modafinil dose-dependently increased locomotor activity in both
control (Dbh +/−) and Dbh −/− mice (Fig. 1). There was a main effect of
modafinil dose (F(4,67)=65.08, pb0.0001), genotype (F(1,67)=38.21,
pb0.0001), and a dose×genotype interaction (F(4,67)=3.87, pb0.007).
Post hoc tests revealed a significant response to modafinil compared
to vehicle in both Dbh −/− and control mice at all doses tested. Dbh −/−
mice tended to have a greater response at all doses, and the genotype
difference was significant at the 12.5 and 25 mg/kg doses (Fig. 1).

The results of the sleep latency experiments mirrored those of the
locomotor activity experiments. Vehicle-treated Dbh −/− mice had a
shorter sleep latency than vehicle-treated Dbh +/− mice, as previously
reported (Hunsley and Palmiter, 2003) (Fig. 2). Modafinil dose-
dependently increased sleep latency in both Dbh +/− and Dbh −/− mice,
and Dbh −/−micewere hypersensitive to the wake-promoting effects of
Fig. 3. Effect of α1AR blockade on modafinil-induced locomotion. Dbh +/− and Dbh −/−
mice were placed in locomotor activity chambers and injected with vehicle or prazosin
(0.5 mg/kg, i.p.) 3.5 h later. Thirty minutes following the pretreatment, mice were
injected with modafinil (50 mg/kg, i.p.), and ambulations (consecutive beam breaks)
were recorded for an additional 2 h. Shown are the total ambulations for the 2 h after
modafinil administration. ⁎pb0.05 compared to vehicle control for that genotype.
modafinil (Fig. 2). There was a significant effect of dose (F(3,66)=65.53,
pb0.0001) and a dose×genotype interaction (F(3,66)=8.800, pb0.0001).
All doses of modafinil tested significantly increased sleep latency in
Dbh −/−mice,whereas only thehighest dose tested (25mg/kg) increased
sleep latency in Dbh +/− mice. Furthermore, the highest dose of
modafinil produced significantly longer sleep latency in Dbh −/− mice
compared to Dbh +/− mice.

3.2. Blockade of α1AR or DA receptors attenuates modafinil-induced
locomotor activity and wake

Antagonists of α1ARs can attenuate the locomotor-activating and
wake-promoting effects ofmodafinil in rodents andnon-humanprimates
(Duteil et al., 1990; Hermant et al., 1991; Lin et al., 1992). Consistent with
these results, pretreatment of control (Dbh +/−) mice with the α1AR
antagonist, prazosin (0.5 mg/kg), attenuated modafinil-induced (50 mg/
kg) locomotor activity (Fig. 3). In contrast, prazosin pretreatment had no
effect on modafinil-induced locomotor activity in Dbh −/−mice (Fig. 3).

To determine whether DA signaling was critical for the effects of
modafinil, mice were pretreated with the non-selective DA receptor
antagonist, flupenthixol (0.025 or 0.25 mg/kg), 30 min prior to
modafinil (50 mg/kg for locomotor activity, 25 mg/kg for sleep
latency). While the lower dose of flupenthixol had no effect (data not
shown), the higher dose decreased modafinil-induced locomotor
activity in both Dbh +/− and Dbh −/− mice (Fig. 4). This dose of
flupenthixol decreased exploratory locomotor activity (main effect of
Fig. 5. Effect of DA receptor blockade on locomotor behavior in a novel environment.
Dbh +/− and Dbh −/− mice were injected with flupenthixol (0.25 mg/kg, i.p.), placed in
locomotor activity chambers 30 min later, and ambulations (consecutive beam breaks)
were recorded for an additional 2 h. Shown are total ambulations for the 2 h after being
placed in the chambers. ⁎pb0.05 compared to vehicle control for that genotype.



Fig. 6. Effect of DA receptor blockade on sleep latency inmodafinil-treatedmice. Dbh +/−
and Dbh −/− mice were placed in observation chambers, and injected with vehicle or
flupenthixol (0.25 mg/kg, i.p.) 3.5 h later. Thirty minutes following the pretreatment,
mice were injected with modafinil (25 mg/kg, i.p.) and observed until the onset of sleep.
Shown is latency to sleep following modafinil injection. ⁎pb0.05 compared to vehicle
control for that genotype.

Fig. 7. A hypothetical parallel pathway wiring diagram for modafinil-induced arousal.
Modafinil blocks NET and DAT. In the wake-promoting pathway (right), the increased
extracellular NE signals via α1ARs to activate wake-promoting DA neurons in the
ventral periaqueductal gray (vPAG). The DAT blockade prevents the uptake of the
released DA, thus facilitating DA transmission in vPAG projection areas. Simultaneously,
NE inhibits sleep-promoting neurons in the hypothalamus (and perhaps other brain
regions). Arrow to DA neurons signifies excitation, and bar to hypothalamic neurons
signifies inhibition. NE, norepinephrine; DA, dopamine; α1ARs, α1-adrenergic
receptors; NET, norepinephrine transporter; DAT, dopamine transporter.
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treatment; F(1,28)=7.74, pb0.01), but to a lesser extent than modafinil-
induced locomotor activity (49% and 46% decrease in exploratory
activity in Dbh +/− and Dbh −/− mice versus 76% and 83% decrease in
modafinil-induced activity) (Fig. 5). Flupenthixol also attenuated
modafinil-induced wake in mice of both genotypes (Fig. 6).

4. Discussion

Although the effects of modafinil appear to involve both NE and
DA, the exact contribution of these two monoamines to the
mechanism of modafinil action remains unclear. Dbh −/− mice
completely lack NE but have hypersensitive DA signaling. Thus, it
was hypothesized that if modafinil acts primarily via NE, then the
behavioral effects of modafinil would be attenuated in these mice,
while if modafinil acts primarily via DA, Dbh −/− mice would be
hypersensitive. As Dbh −/− mice were hypersensitive to both the
wake-promoting and locomotor-activating effects of modafinil, it is
tempting to conclude that modafinil acts primarily via the dopami-
nergic system. However, this finding requires reconciliation with the
reported effects of α1AR antagonists in attenuating the effects of
modafinil. Lesioning of the locus coeruleus (LC), the major brainstem
noradrenergic nucleus, using the selective noradrenergic neurotoxin
N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4), had no
effect on modafinil-induced wake behavior (Wisor and Eriksson,
2005). Because α1AR blockade attenuated the effects of modafinil in
both intact and LC-lesioned animals, these authors proposed that
modafinil acts by blocking DAT and increasing extracellular DA, which
then directly stimulates α1ARs to promote wake (Wisor and Eriksson,
2005). However, there are a number of caveats to this model. Firstly,
the potency of DA at cloned α1ARs is approximately 100-fold lower
than that of NE (Zhang et al., 2004). Secondly, DSP-4 does not
completely eliminate LC neurons, and in fact leaves ventral brainstem
adrenergic and noradrenergic nuclei (e.g. A1, A2, C1, C2) intact
(Fritschy and Grzanna,1991). This is an important point, as projections
from these nuclei provide the majority of the noradrenergic innerva-
tion to dopaminergic areas (i.e., ventral tegmental area, nucleus
accumbens, periaquaductal grey (PAG)) and supplies NE and EPI to the
hypothalamus (Jones et al., 1977;Woulfe et al., 1990; Delfs et al., 1998),
which is a likely site of the wake-promoting effects of modafinil (Delfs
et al., 1998; Engber et al., 1998a; Jones et al., 1977; Lin et al., 1996;
Scammell et al., 2000; Woulfe et al., 1990).

This hypothesis was tested in the present study by examining the
effects of the α1AR antagonist, prazosin, in Dbh −/− mice. If modafinil
acts by facilitating the ability of DA to directly stimulate α1ARs, then
blocking α1ARs should attenuate the behavioral effects of modafinil
whether or not NE is present. However, while prazosin attenuated
modafinil-induced locomotor activity in control mice, it failed to do so
in Dbh −/− mice. In contrast, the DA receptor antagonist, flupenthixol,
attenuated the effects of modafinil in both control and Dbh −/− mice.
Thus, an alternate mechanism for modafinil-induced arousal may be
proposed that partially depends on NE–DA interactions (Fig. 7, “right”
pathway). The noradrenergic system provides excitatory drive onto
DA neurons via α1ARs, which are critical for DA release and responses
to dopaminergic drugs like psychostimulants (Weinshenker and
Schroeder, 2007). This is consistent with the hypothesis that modafinil
produces its behavioral effects viaweak blockade of both DAT and NET
(Gallopin et al., 2004; Madras et al., 2006). NET blockade increases
extracellular NE, which in turn activates α1ARs and promotes the
firing of DA neurons and DA release. DAT blockade prevents the
reuptake of the released DA, which then promotes the behavioral
effects of modafinil by activating DA receptors. NET blockade also
increases NE in other brain regions involved in sleep–wake regulation,
such as the hypothalamus (Fig. 7, “left” pathway). Although Dbh −/−
mice lack NE, they can bypass the requirement for α1AR stimulation
because of hypersensitive DA receptors.

4.1. Blockade of DAT and NET by modafinil

Early studies showed that modafinil interacts with DAT with low
affinity (IC50 ∼2–6 μM), but had no effect on NET (Mignot et al., 1994).
However, subsequent studies showed that modafinil increased
extracellular levels of both DA and NE in vivo, and in fact only NE
was elevated in the hypothalamus (de Saint Hilaire et al., 2001).
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Modafinil was reported to inhibit catecholamine uptake via cloned
human DAT and NET in human embryonic kidney cells, and displaced
both DAT and NET PET ligands from primate brain in vivo (Madras
et al., 2006), although there are concerns about the robustness of this
effect of modafinil on NET as in vivo data were only reported for one
animal. In an in vitro study, modafinil suppressed the activity of sleep-
promoting neurons in the hypothalamus in a NE-dependent manner,
and its effects were mimicked by the selective NET blocker, nisoxetine
(Gallopin et al., 2004). These results support an integral part of the
present model, that modafinil blocks DAT and NET and increases
extracellular DA and NE. Moreover, modafinil has several similarities
with bupropion, an existing NET/DAT blocker used both as an
antidepressant and as an anti-smoking pharmacotherapy (Wilkes,
2006). Bupropion increases locomotor activity in rodents (e.g. Mitchell
et al., 2006) and wake in narcoleptic dogs (Nishino et al., 2006), and a
common side effect of bupropion therapy is insomnia (e.g. Wilkes,
2006). Future studies directly comparing the wake-promoting effects
of modafinil and bupropion might yield interesting information, as
specific affinities for each drug at DAT and NET could underlie
differences in clinical efficacy. Validation of our model will require a
more complete understanding of modafinil-transporter affinities and
interactions across species.

4.2. Activation of α1ARs receptors is involved in modafinil-induced
arousal

It has previously been reported that modafinil-induced arousal is
reduced by α1AR antagonists and in α1b knockout mice (Duteil et al.,
1990; Hermant et al., 1991; Lin et al., 1992; Wisor and Eriksson, 2005;
Wisor et al., 2001), and this was confirmed in our experiment with
prazosin in control mice (Fig. 3). However, prazosin failed to block
modafinil-induced locomotion in Dbh −/− mice. This result is remi-
niscent of the pattern of response to typical dopaminergic agents;
Dbh −/− mice have an increase in high-affinity state DA receptors and
are hypersensitive to amphetamine, cocaine, and direct DA agonists,
and these behavioral responses cannot be blocked by α1AR antago-
nists as they are in control mice (Schank et al., 2006; Weinshenker
et al., 2002b). Thus, α1AR signaling appears critical for modafinil-
induced arousal in normal animals via its effect on DA neuron activity
and DA release, but the requirement for NE can be bypassed by hyper-
sensitive DA receptors. We believe this is because NE, acting primarily
viaα1ARs, can provide excitatory drive ontomidbrain DA neurons and
facilitate DA release (Weinshenker and Schroeder, 2007). This supports
the idea that the activation ofα1ARs is important for DA transmission,
as proposed in our model (Fig. 7, “right” pathway). These results sug-
gest that the increase in extracellular NE following modafinil admin-
istration promotes arousal by activating α1ARs and facilitating DA
transmission (Fig. 7, “right” pathway).

4.3. Activation of DA receptors is involved in modafinil-induced arousal

Early data indicated that DA antagonists could not block the
behavioral effects of modafinil. For example, it was reported that D1
and D2 antagonists failed to prevent modafinil-induced locomotor
activity in rodents (Duteil et al., 1990; Simon et al., 1995). However,
additional examination of the actual data indicates that DA antago-
nists can attenuatemodafinil responses under certain conditions. Both
the D1 antagonist, SCH23390 (Simon et al., 1995) and the D2
antagonist, haloperidol (Duteil et al., 1990; Simon et al., 1995) partially
inhibited modafinil-induced locomotor activity. It was argued that the
antagonists did not suppress modafinil-induced locomotor activity to
a greater extent than baseline locomotor activity. An additional caveat
was that neither of these studies simultaneously examined D1 and D2
inhibition or examined the effects of DA antagonists on the wake-
promoting effects of modafinil. More recently, it was shown that
activation of D2 autoreceptors with quinpirole, which can inhibit DA
release, attenuated the wake-promoting effects of modafinil (Wisor
and Eriksson, 2005). In the present study, the D1/D2 antagonist
flupenthixol had a larger suppressive effect on modafinil-induced
locomotor activity than it did on exploratory activity. Furthermore,
when the confound of DA antagonist effects on locomotor activity
were controlled for by examining sleep latency, flupenthixol still
attenuated the effects of modafinil. The fact that flupenthixol was
effective in Dbh −/− mice indicates that the DA antagonist was acting
downstream of NE signaling. These results are consistent with the
final part of the proposed model, that the increased extracellular DA
(brought about by dual DAT blockade and α1AR activation) promotes
arousal by activating DA receptors. Although DA is not traditionally
thought of as a regulator of the sleep–wake cycle, recent evidence
indicates that DA can influence sleep states and promote wake
(Berridge, 2006; Dzirasa et al., 2006; Isaac and Berridge, 2003; Lu
et al., 2006; Wisor et al., 2001).

4.4. Anatomical correlates of the model

Where in the brain might these noradrenergic–dopaminergic
interactions be occurring? Lu et al. (2006) recently identified a
population of wake-active DA neurons in the ventral periaqueductal
gray (vPAG) that receive noradrenergic and adrenergic innervation.
α1ARs are expressed in the vPAG (Jones et al., 1985; Pieribone et al.,
1994), and α1AR agonists depolarize nearly all vPAG neurons
(Vaughan et al., 1996). Thus, modafinil may increase NE in the vPAG
and activate the wake-promoting DA neurons, which innervate other
brain regions implicated in arousal such as the hypothalamus and
prefrontal cortex. DAT blockade by modafinil in these regions could
further amplify the wake-promoting signal (Fig. 7, “right” pathway).

4.5. Limitations of the model

The primary caveat of our model is that we do not know the extent
of direct NET blockade by modafinil in vivo. Modafinil can elevate
extracellular NE in rats, and its electrophysiological effects can be
mimicked by a selective NET blocker in brain slices (de Saint Hilaire
et al., 2001; Gallopin et al., 2004). However, there are conflicting data
sets on in vitro NET blockade (Madras et al., 2006; Mignot et al., 1994),
and only one report of in vivo NET blockade (measured in a single
monkey; (Madras et al., 2006)), and species differences may exist (our
unpublished data). It is also possible that modafinil cannot block NET
in vivo at physiological doses but can increase extracellular NE via
indirect pathways.

Although the proposed model can explain many of the previous
findings on the role of catecholamines in modafinil-induced arousal, it
cannot explain all of them. Most prominently, it fails to account for
some of the observed behavioral, neurochemical and molecular
differences between modafinil and typical psychostimulants like
amphetamine. For example, while Dbh −/− mice are hypersensitive
to all doses of modafinil and high doses of amphetamine, they are
actually resistant to the wake-promoting effects of low amphetamine
doses (Hunsley and Palmiter, 2003). Canonical psychostimulants
induce robust c-Fos expression in the striatum, while modafinil may
not (Engber et al., 1998b; Lin et al., 1996). Furthermore, modafinil
increased extracellular NE, but not DA, in the hypothalamus, which
appears to be an important site of action formodafinil (de Saint Hilaire
et al., 2001). Finally, modafinil suppressed sleep-promoting neurons in
the hypothalamus in a NE-dependent manner, and its effects were
mimicked by the selective NET blocker, nisoxetine (Gallopin et al.,
2004). These data are consistent with previous studies indicating that
NE potently increased wake via α1ARs in the hypothalamus and other
brain regions (Berridge et al., 2003; Berridge and O'Neill, 2001). Taken
together, these results indicate that NE plays a dual role in modafinil-
induced arousal. Firstly, acting viaα1ARs, it facilitates DA transmission
and promotes wake. Secondly, there appears to be a noradrenergic
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component of modafinil action that is independent of its effects on DA
transmission and may involve suppression of sleep-promoting
neurons in the hypothalamus. Further experiments will be needed to
confirm various aspects of this model. There is also growing evidence
that histamine release is an important mediator of modafinil-induced
wakefulness. Because NE and histamine can reciprocally facilitate each
other's release, it is possible that a positive feedback loop exists be-
tween these two neurotransmitters (Bealer, 1993; Prast et al., 1991).
Thus, histaminemay be acting in conjunctionwith the catecholamines
to producemodafinil-induced arousal, butwhether it occurs in parallel
to or downstream of DAT/NET blockade remains to be elucidated
(Ishizuka et al., 2003; Lin et al., 2008; Minzenberg and Carter, 2008).
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