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Abstract
Rationale The hypocretin (hcrt) system has been implicated
in addiction-relevant effects of several drugs, but its role in
nicotine dependence has been little studied.
Objectives These experiments examined the role of the hcrt
system in nicotine reinforcement.
Methods Rats were trained for nicotine self-administration
(NSA) on fixed-ratio schedules. The effects of acute,
presession treatments with the hcrtR1 antagonist SB334867
and the hcrtR1/2 antagonist almorexant were examined on
NSA maintained on a fixed-ratio (FR) 5 schedule. Gene
expression for the hcrt system (mRNA for hcrt, hcrtR1, and
hcrtR2) was measured in animals following NSA on a FR 1
schedule for a 19-day period.
Results The hcrtR1 antagonist SB334867 and the hcrtR1/2
antagonist almorexant both reduced NSA dose-dependently
(significantly at doses of 30 and 300 mg/kg, respectively);
SB334867 did not affect food-maintained responding
whereas almorexant (at the 300 mg/kg) did. Tissue from
animals collected 5 h after self-administration showed an

increase in hcrtR1 mRNA in the arcuate nucleus compared
to control subjects. In tissue collected immediately after a
similar 19-day self-administration period, mRNA for
hcrtR1 was decreased in the rostral lateral hypothalamus
compared to controls.
Conclusions These data confirm a previous report (Hollander
et al., Proc Natl Acad Sci U S A 105:19480–19485, 2008) that
the hypocretin receptor hcrtR1 is activated in nicotine
reinforcement and in addition show that both the arcuate
nucleus and lateral hypothalamus are sites at which hcrt
receptor mechanisms may influence reinforcement. Different
patterns of mRNA expression at different times after NSA
suggest that changes in the hcrt system may be labile with
time.

Keywords Hypocretin . Nicotine . Reinforcement .

Self-administration . SB334867 . Almorexant

Introduction

The hypocretin/orexin neuropeptides (de Lecea et al.
1998; Sakurai et al. 1998), hypocretin-1/hypocretin-2 or
orexin-A/orexin-B, are expressed in a small population of
neurons in the lateral hypothalamus (LH) and perifornical
area (PFA) of the CNS and project extensively throughout
the brain (Nambu et al. 1999; Peyron et al. 1998) where
they interact with two G-protein-coupled receptors,
hcrtR1/hcrtR2 or OX1R/OX2R, with different affinities.
These receptors also have widespread differential distri-
bution in brain (de Lecea et al. 2002; Marcus et al. 2001;
Trivedi et al. 1998). Hypocretins1 have been linked to a

1 We use the hypocretin nomenclature here.
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number of functions including feeding, physical activity
and energy expenditure, arousal, the regulation of sleep,
and narcolepsy (de Lecea et al. 2002; Horvath and Gao
2005; Kilduff and Peyron 2000; Kotz 2006; Paneda et al.
2005; Sakurai 2007; Siegel 2004; Sutcliffe and de Lecea
2002; Winsky-Sommerer et al. 2005).

Recent experiments have implicated hypocretin-1 (hcrt-
1) mechanisms in the addiction-relevant effects of cocaine
and morphine. Hcrt mechanisms influence neural plasticity
within the ventral tegmental area (VTA), behavioral
sensitization to cocaine, cocaine self-administration, and
reinstatement (Borgland et al. 2006; 2009; Boutrel et al.
2005; España et al. 2010). Hcrt neurons respond to chronic
morphine and morphine withdrawal, and the latter is
attenuated in hcrt knockout mice (Georgescu et al. 2003).
Microinjection of hcrt-1 and hcrt-2 into the VTA increases
dopamine and its metabolites in the synaptic field in the
nucleus accumbens, and intra-VTA infusion of the selective
hcrtR1 antagonist SB-334867-A suppresses conditioned
preference for an environment paired to morphine effects;
dependence-related opiate effects are abolished in mice in
which the prepro-hcrt gene is knocked out (Narita et al.
2006). Activation of LH hcrt neurons measured by Fos
expression is significantly correlated to conditioned prefer-
ences for food, cocaine, or morphine, and extinguished
preferences for opioids are reinstated by activation of LH
hcrt neurons or VTA hcrt receptors (Harris et al. 2005).

It has been proposed that LH hcrt neurons are relevant in
reward processing per se whereas those in the PFA may be
associated with arousal and stress (Harris and Aston-Jones
2006). This is consistent with the link between addiction
and the activation of corticotropin-releasing factor mecha-
nisms (de Lecea et al. 2006; Koob 2006, 2008). A recent
review summarizes work in this area (Aston-Jones et al.
2009).

Nicotine reinforces tobacco use. Given that the effects of
nicotine appear to include arousal and attentional improve-
ments, hypocretin mechanisms are potential candidates as
substrates in part because hcrt projection areas include the
VTA and pontine regions such as the pedunculopontine
tegmental nucleus (PPTg), both of which are loci at which
self-administered nicotine acts to produce reinforcing
effects (Corrigall et al. 1994; Lança et al. 2000). In
addition, hcrt mechanisms may influence other brain
regions and contribute broadly to the effects of nicotine
relevant to addiction (Corrigall 2009). However, few
investigations have been reported. Of these, several have
documented the effects of experimenter-administered nico-
tine, including an increase in the expression of hcrt
precursor and receptor mRNA and hcrt peptides following
chronic high-dose nicotine (Kane et al. 2000) and an
increase in the fraction of hcrt-containing neurons in LH/
PFA expressing Fos following acute nicotine (Pasumarthi et

al. 2006). This increase was particularly present in hcrt-
containing neurons projecting to the basal forebrain—
potentially mediating nicotine effects on attention—and to
the paraventricular nucleus of the dorsal thalamus (PVT),
possibly mediating nicotine-induced arousal via circuitry
from the PVT to prefrontal cortex (Pasumarthi and Fadel
2008). In addition, nicotine and hcrt excite the same
thalamocortical synapses and improve performance in an
attentional demand task (Lambe et al. 2005).

The role of the hypocretin system in nicotine’s reinforc-
ing effects has received little attention. One study recently
reported that the selective hcrtR1 antagonist SB334867,
administered systemically, reduced the self-administration
of nicotine but not food-maintained responding, and
decreased the nicotine-produced reduction in brain-reward
threshold (Hollander et al. 2008). In this study, SB334867
also reduced NSA when delivered locally into the insular
cortex. The role of hcrtR2 mechanisms in nicotine’s
reinforcing effects has not yet been studied.

In the experiments reported here, we have examined the
effects of the selective hcrtR1 antagonist SB334867 and the
hcrtR1/2 antagonist almorexant on NSA and food-
maintained responding in laboratory rats. Comparing these
two drugs allows a preliminary assessment of whether an
hcrtR1/2 antagonist has any efficacy above and beyond that
produced by a selective hcrtR1 antagonist. To the extent
that it does, it may suggest a role for hcrtR2 systems in
NSA. In addition, we have examined the expression of
mRNA for the hcrt system (hcrt, hcrtR1, hcrtR2) in several
brain regions at two time points following a 4-week period
of intravenous NSA. The brain regions chosen for
examination (shown in Fig 2b) have a previously demon-
strated role in hcrt-related behaviors and synthesize hcrt
and/or hcrt receptors.

Materials and methods

Subjects

Groups of experimentally naïve male Long–Evans rats
weighing 300–400 g were maintained under a restricted
feeding regimen throughout the entire experiment (approx-
imately 18 g/day rat chow) to limit excessive body weight
gain. Each rat was individually housed in a temperature-
and humidity-controlled colony room with unlimited access
to water under a reversed 12-h light/dark cycle (lights off at
10:00 a.m.). Animal husbandry and experimental protocols
were approved by the Institutional Animal Care and Use
Committee of the Minneapolis Medical Research Founda-
tion and University of Minnesota and were in accordance
with the 1996 NIH Guide for the Care and Use of
Laboratory Animals.
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Apparatus

Experimental sessions occurred in 16 identical operant-
conditioning chambers. The front panel contained two
response levers, a stimulus light over each response lever,
and an aperture for delivery of 45-mg food pellets. Each
chamber was enclosed in a sound-attenuating box equipped
with an exhaust fan that provided masking noise. An
infusion pump for delivery of nicotine infusions was placed
on top of the sound-attenuating box. In all experiments,
presses on the left (active) lever produced a 45-mg food
pellet or an infusion of 0.03 mg/kg nicotine (see below);
presses on the other (inactive) lever were recorded but had
no programmed consequence (except for controls in the
gene expression study, for which both levers had no
programmed consequences).

Food training

All rats were initially trained to lever press for food pellets.
During this phase, each response on the active lever
produced a single 45-mg food pellet. Once trained (100
pellets earned within 1 h for three consecutive sessions),
rats were either implanted with a jugular catheter or further
trained to respond for food as described below. During
training and all subsequent phases of the experiment,
sessions were conducted Monday through Friday.

Surgery

For intravenous self-administration, each rat was implanted
with a chronic indwelling jugular catheter under intramus-
cular droperidol (2.0 mg/kg) and fentanyl (0.04 mg/kg)
anesthesia. A silastic catheter (0.51 mm I.D.×0.94 mmO.D.)
was inserted into the right jugular vein and advanced to the
junction of the vena cava and the right atrium and sutured to
tissue surrounding the vein. The catheter was tunneled
subcutaneously to the back where it exited between the
scapulae and attached to a guide cannula mounted in a
harness assembly on the back of the rat. A stainless steel
spring tether attached to the guide cannula allowed connec-
tion to a fluid swivel for nicotine administration. Rats were
allowed to recover for at least 4 days after surgery, during
which each rat received daily intravenous (IV) infusions of a
heparinized glycerol/saline solution (25% glycerol, 25 U/ml
heparin) and antibiotic (rocephin, 5.25 mg) into the jugular
catheter. To help maintain catheter patency throughout the
remainder of the experiment, catheters were flushed Monday
through Thursday with the heparinized glycerol/saline
solution and “locked” on Fridays with a glycerol/saline
containing 50% glycerol and urokinase (0.67 mg/ml of
heparinized saline). Infusions of methohexital (0.1 ml,
50 mg/ml, IV) were administered occasionally to determine

catheter patency (production of ataxia) if malfunctions were
suspected.

Behavioral training for tests of SB334867 and almorexant

Nicotine self-administration was established with a unit dose
of 0.03 mg/kg/infusion which is commonly used in self-
administration research with rats and is midrange on the dose–
effect curve (Corrigall and Coen 1989; Ross et al. 2007). Rats
were initially given access to nicotine infusions (delivered in
1 s) during 1-h sessions under a fixed-ratio (FR) 1 schedule,
wherein each press on the active lever produced a nicotine
infusion. A 1-min timeout followed each infusion, during
which responses on both levers were recorded but had no
programmed consequence. Once NSA was well-established
under this schedule (at least eight infusions per session for
five consecutive sessions), the response requirement was
gradually increased to FR 5 over several sessions (typically
2 to 3 weeks). Training under the terminal FR 5 schedule
continued for at least ten sessions and until NSA was stable
(at least eight infusions per session and no visually evident
trend in infusion rates for five consecutive sessions), at
which drug pretreatments began. Similar training criteria are
commonly used in studies of NSA (Corrigall and Coen
1989; LeSage et al. 2004; Ross et al. 2007). The mean
number of NSA sessions to meet stability criteria were 40
(±4.5 SEM) and 66 (±8.1 SEM) for groups treated with
SB334867 and almorexant, respectively. For measurement
of gene expression (see below), all rats received 19 sessions
of NSA prior to sacrifice.

For control groups responding for food, once food-
maintained responding was well-established under the FR 1
schedule of food delivery (at least 50 pellets earned per
session for five consecutive sessions), the response require-
ment and timeout were gradually increased to FR 5 and
1 min, respectively (identical to the self-administration
schedule) over several sessions (2 to 3 weeks). Training
under the FR 5 schedule continued until response rate
stabilized (at least 40 pellets earned per session and no trend
in response rate for five consecutive sessions), at which point
drug pretreatments began. Sessions were 1 h in duration.
Food pellets were 45 mg Rodent Dustless Precision Pellets
(Formula PJAI, TestDiet, Richmond, IN, USA).

The effects of SB334867 (10, 18, and 30 mg/kg i.p. at a
volume of 4 ml/kg) and almorexant (100 and 300 mg/kg p.o.
at a volume of 5 ml/kg) and vehicle injections (see below)
were assessed on Tuesdays and Fridays, provided that
response rates during the previous session were within the
range of stable baseline response rates. In some cases, rats
failed to meet these criteria (e.g., following the highest test
dose or in the event of a catheter leak or occlusion). When this
occurred, drug testing was suspended until criteria were met
for at least three consecutive sessions. Antagonist doses and
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routes of administration were selected from prior studies in
rats in which the compounds showed effectiveness in general
behavioral measures and feeding (SB334867; Haynes et al.
2000; Rodgers et al. 2001) and in studies of alertness
(almorexant; Brisbare-Roch et al. 2007). Drug and vehicle
administration occurred 30 min prior to sessions for
SB334867 (Duxon et al. 2001; Harris et al. 2005) and 2 h
prior for almorexant (Brisbare-Roch et al. 2007). Rats were
administered each dose of an antagonist once in a mixed
order that was counterbalanced across rats. Different groups
of animals were used to test each antagonist in both self-
administration and food-maintained responding.

Behavioral training for gene expression studies

For these studies, animals had access to the same dose of
nicotine (0.03 mg/kg/infusion delivered in 1 s); however, the
schedule remained at FR 1 (timeout 1 min) rather than being
increased to FR 5. This was done to attempt to minimize
animal-to-animal variability in acquisition and total nicotine
exposure. Control subjects had the identical surgical and
behavioral history as the nicotine subjects, but their responding
in the experimental chambers only produced infusion-related
cues (no infusion was actually administered). Experimental
sessions occurred for 19 days, at which point animals were

sacrificed either immediately after the session (i.e., 1 to 11min)
or 5 h later. The latter time is approximately five half-lives for
nicotine, a time at which plasma levels would be expected to be
low. The first session occurred on either Monday or Tuesday,
with the start date counterbalanced across groups. Accordingly,
rats were sacrificed on either Thursday or Friday, with the day
of sacrifice counterbalanced across groups. Tissue from
preselected brain regions was collected by tissue punch
microdissection on dry ice as previously described (Kotz et
al. 1997). The samples were frozen and stored at −70°C for
subsequent analysis. The regions collected for measurement
were chosen based upon the presence of hcrt or hcrt receptors
and their previously demonstrated involvement in appetite,
arousal, addiction, and/or physical activity (Borgland et al.
2006; Kotz 2006). Brain punches were taken using 0.5 or
1 mm diameter punching tools, from 1 to 2 mm coronal
sections corresponding to the region of interest, using a
standard brain atlas as a guide (Paxinos and Watson 1998).

One-step real-time RT-PCR

The primers for preproorexin, OX1R, OX2R, and the
housekeeping gene, glyceraldehyde-3-phosphate dehydro-
genase (GADPH), were created using MacVector 7.2
(Accerlys, San Diego, CA, USA; Table 1). One-step real-

Brain region hcrt hcrtR1 hcrtR2

Group 1

cLH Correlated with ns Correlated with

Nicotine intake (p<0.05) Nicotine intake (p<0.05)

Lever presses (p<0.05) Lever presses (p<0.05)

rLH ns ns ns

PPTg ns Correlated with

Lever presses (p<0.02)

VTA ns ns

PVA ns ns

NAccSh ns ns

PFC ns ns

PVN ns ns

ARC Nicotine>control (p=0.01) ns

Group 2

cLH ns Correlated with
Nicotine intake (p<0.01)

rLH Nicotine<control (p<0.05) ns

PPTg ns ns

VTA

PVA

NAccSh

PFC

PVN

ARC ns ns

Table 1 Summary of changes
in hcrt system following nico-
tine self-administration

In group 1, tissue was collected
5 h after the last NSA session; in
group 2, tissue collection
occurred immediately after the
last session

cLH caudal lateral hypothala-
mus, rLH rostral lateral
hypothalamus, PPTg peduncu-
lopontine tegmental nucleus,
VTA ventral tegmental area,
PVA paraventricular thalamic
nucleus, NAccSh nucleus
accumbens shell, PFC prefrontal
cortex, PVN paraventricular
nucleus of the hypothalamus,
ARC arcuate nucleus
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time reverse transcriptase polymerase chain reaction (RT-
PCR) was performed using 100 ng of total RNA and the
reagents provided in the Roche RNA Amplification Kit
SYBR Green I and a Roche LightCycler (Roche Applied
Science, Indianapolis, IN, USA). RT-PCR was performed
as follows: reverse transcription for 30 min at 42°C,
denaturation for 30 s at 95°C, followed by 35 cycles of
cDNA amplification consisting of a 15-s denaturation at
95°C, primer annealing for 20 s at 60°C (preproorexin) or
59°C (OX1R, OX2R, and GADPH), and product elonga-
tion for 15 s at 72°C. Data acquisition was taken at the end
of each amplification cycle at a temperature slightly lower
than the temperature required to melt the PCR product—
84°C (OX1R), 82°C (OX2R), and 79°C (preproorexin and
GADPH). Amplification products from PCR were purified
(QIAquick PCR Purification Kit, Valencia, CA, USA),
determined by electrophoresis in a 3% Nuseive gel, and
then verified by capillary electrophoresis.

Drugs

Nicotine bitartrate (Sigma Chemical Co., St. Louis, MO,
USA) was dissolved in sterile saline containing 25 U/ml
heparin. The pH of the solution was adjusted to 7.4 with
dilute NaOH. Nicotine doses are expressed as the base.
SB334867 (provided by Eli Lilly Co.) was mixed in
dimethyl sulfoxide (DMSO) and sonicated for approxi-
mately 30 min. Immediately prior to administration of each

dose, hydroxypropyl beta cyclodextrin (HBC) and water
were added to form a vehicle solution of 10% DMSO, 10%
HBC, and 80% sterile water. Almorexant (ACT-078573,
provided by Actelion Pharmaceuticals Inc.) was dissolved
in a vehicle 0.25% hydroxypropyl methylcellulose solution.
Receptor activity for the antagonists has been documented
(Brisbare-Roch et al. 2007; Porter et al. 2001).

Data analysis

The main dependent variables were the number of
reinforcers earned per session and relative mRNA expres-
sion levels (corrected for GADPH). All data are presented
as mean values; error bars represent the standard error of
the mean. Hypocretin antagonist data were analyzed using a
one-way repeated measure analysis of variance with
Tukey’s multiple comparison post hoc tests where appro-
priate. mRNA levels were compared in NSA and control
groups using unpaired t tests with Welch’s correction where
appropriate and Pearson’s R was used for regression
analyses. Data were considered significant when p<0.05.

Results

The selective hcrtR1 antagonist SB334867 produced a
dose-dependent and significant reduction in NSA main-
tained on a FR 5 schedule (Fig 1 upper panels; F4, 44=7.07,

Fig. 1 Effects of presession
treatment with the selective
hcrtR1 antagonist SB334867
(upper) and the mixed hcrtR1/2
antagonist almorexant (lower)
on NSA and food-maintained
responding. #p<0.05, different
from baseline; *p<0.05,
different from vehicle
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p<0.0005). In contrast to its effect on NSA, the same doses
of the antagonist did not alter food-maintained responding
on the same schedule of reinforcement. In addition, the
complex vehicle used in these experiments was also
without effect in either behavioral test.

The mixed hcrtR1/2 antagonist almorexant had a
different pattern of effect in that it reduced both self-
administration and food-maintained responding on an FR 5
schedule to a similar extent (nicotine: F3, 27=8.28, p<
0.002; food: F3, 31=2.81, p=<0.05; Fig 1 lower panels).
Although the mean reduction in NSA was greater than that
in food-maintained responding, the difference in the
reduction produced by almorexant between groups was

not statistically significant. Small but nonsignificant effects
of vehicle treatments were evident in the NSA data, but not
in food-maintained responding.

The self-administration history for the animals main-
tained on a FR 1 schedule for the gene expression
experiments is shown in Fig 2a. As expected, responding
in the saline control groups rapidly extinguished, whereas
responding maintained by nicotine delivery stabilized or
increased moderately over the 4-week period. Responding
on the active lever in the NSA groups was somewhat
greater in the first group (in which tissue was collected 5 h
after the last NSA session, Fig 2a upper panels) than in the
second (tissue collected immediately after the last session,

Fig. 2 a The four panels show
the NSA data over 19-day
periods for the two groups of
animals used in the gene
expression studies. Left-hand
panels for each group show the
total number of lever presses.
The right-hand panels show the
number of nicotine infusions
obtained. The top two panels
show data from the group in
which brain tissue was collected
5 h after the last NSA session,
while the bottom two panels
show data from the group in
which tissue was collected
immediately (1–11 min) after
the final session. b Schematic
shows the brain regions that
were collected by
microdissection in group 1
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Fig 2a lower panels), resulting in somewhat greater nicotine
intake. Also as expected, responding on the inactive lever
was small in all groups.

Figure 2b shows the areas that were selected for analysis
of mRNA in group 1. At sacrifice, the plasma nicotine
levels measured from these animals were in the range of
<2–8 ng/ml. In this group, the only significant difference
observed in the mean values between the nicotine and
control subjects was an increase in hcrtR1 mRNA in the
arcuate nucleus (ARC) in the nicotine subjects (Fig 3a; t=
2.74, df=26, p<0.02). In addition, however, there were
some significant correlations, specifically (a) in the cLH,
between each of hcrt and hcrtR2 and both nicotine intake
(hcrt: r=0.56, p<0.05; hcrtR2: r=0.58, p<0.05) and the
extent of lever pressing (hcrt: r=.62, p<0.05; hcrtR2: r=
0.59, p<0.05) and (b) in the PPTg, between lever pressing
and hcrtR2 mRNA (r=0.60, p<0.05). These findings are
summarized in Table 1.

In group 2, tissue collection occurred immediately (i.e., 1
to 11 min) after the final self-administration session, at which
time the plasma nicotine levels ranged from 56 to 247 ng/ml.
The single significant difference in mean values between
nicotine and control animals was a decrease in the rLH
hcrtR1 in the former compared to the latter (Fig 3b; t=2.23,
df=23, p<0.05). In addition, nicotine intake was correlated
with hcrtR1 in the cLH (Table 1; r=0.70, p<0.01).

Discussion

Both the selective hcrtR1 antagonist SB334867 and the
mixed hcrtR1/2 antagonist almorexant reduced NSA, the
former without an effect on food-maintained responding.
Our findings with SB334867 qualitatively replicate a
previous report (Hollander et al. 2008), although the doses
of SB334867 in our study were substantially higher. Notably,
the doses we used were in the same range as those reported in
other studies with this antagonist, including studies examin-
ing reinstatement of alcohol- or drug-seeking behavior
induced by cues, stress, or chemical stimulation of LH
neurons, extinction responding and operant responding for
alcohol and cocaine (Aston-Jones et al. 2009; Borgland et
al. 2009; Boutrel et al. 2005; España et al. 2010; Harris et
al. 2005; Lawrence et al. 2006; Richards et al. 2008). The
higher doses in our study compared to Hollander et al. may
be due to strain differences or the greater nicotine intake
which in turn is likely due to our use of food deprivation
(motivation to self-administration of a wide range of drugs
is directly related to the degree of food deprivation; Comer
et al. 1995).

The mixed hcrtR1/2 antagonist almorexant, at a dose that
was equally effective in reducing NSA as SB334867, also
caused a reduction in food-maintained responding. The
similarity in effects on NSA between the two drugs
provides preliminary evidence that the effects of almorexant
on NSA may be primarily due to hcrtR1 antagonism.
However, the contribution of hcrtR2 needs to be examined
directly with selective antagonists as has been done for
other reinforcers (e.g., Smith et al. 2009).

The absence of effect of SB334867 on food-reinforced
behavior is consistent with reports that the same dose
(30 mg/kg) of the antagonist is without effect on respond-
ing for sucrose pellets on a progressive-ratio (PR) schedule
in food-deprived rats (España et al. 2010) and that a similar
dose (20 mg/kg) is without effect on responding for food
pellets on a PR schedule (Borgland et al. 2009), for 5%
sucrose on a FR 3 schedule (Richards et al. 2008), and for
water (Lawrence et al. 2006). In contrast, the same 20-mg/kg
dose reduced responding for high-fat pellets (Nair et al.
2008), and a 30-mg/kg dose reduced free-feeding and
feeding stimulated by overnight fast (Haynes et al. 2000).
SB334867 appears to reduce feeding by advancing satiety
temporally rather than by changing the structure of feeding;
30 mg/kg of SB334867, given 30 min before testing,
advanced satiety in deprived animals to approximately
20 min after the start of feeding compared to about 40 min
in controls (Rodgers et al. 2001). Visual inspection of their
data shows consumption of approximately 6 g of wet mash
prior to the onset of SB334867-evoked satiety, far more than
the approximate 2.5 g of pellets consumed by animals in our
study. In the Nair et al. study, the time-out period was short

Fig. 3 a This figure shows mRNA values for hcrtR1 in the arcuate
nucleus (ARC) in NSA and control animals from group 1 (*p<0.05). b
mRNA values for hcrtR1 in the rostral lateral hypothalamus (rLH) in
NSA and control animals from group 2 (*p<0.05). Data in both are
presented as the mean values; error bars are SEM
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(20 s) compared to our study, and the pellets were a palatable
high-fat formulation; in the first 15 min of the sessions,
animals consumed 40–45 pellets, almost as many as in our
1-h sessions, yet there was no significant effect of SB334867
over this time. These high-fat pellets (7-fold greater fat
content than the ones used in our study) have the potential to
produce substantially greater satiation. Hence, we believe
that the absence of an effect of SB334867 on food-
maintained responding in our study is due to the failure to
reach satiation in the limited access, relatively short duration
sessions employed. The interaction of SB334867 with
satiation mechanisms is consistent with the observation that
a 20-mg/kg dose suppresses responding for palatable, high-
fat but not normal, pellets (Bonci and Borgland 2009).

The reduction of food-maintained responding by almorex-
ant suggests that antagonism of both hcrt receptors is more
effective at influencing mechanisms of feeding. Although
almorexant is in clinical development as a sleeping aid
(Brisbare-Roch et al. 2007), we did not observe somnolence
in the animals over the test period. However, the antagonist
was administered at a time of presumed high motivational
state (approximately 23 h of food, or nicotine, deprivation), a
fact which may have militated against manifestation of
somnolence. Alternatively, Rodgers et al. (2002) have
advanced the idea that the hcrt system may be involved in
alertness/wakefulness to support foraging for food, and
almorexant may particularly influence this dimension of
behavior. In addition, other factors, such as pharmacokinetic
differences between the two antagonists, may contribute to
the differential effects on food-maintained responding.

The changes observed in the hcrt system after NSA were
limited, perhaps reflecting the relatively small number of CNS
areas selected for study, intended to provide a sample of
regions linked to (a) reward/reinforcement (mesocorticolimbic
regions) and (b) hcrt-containing neurons and a range of their
projections (LH, ARC, PVA, PVN, PPTg). Nonetheless, they
are informative. In tissue collected from animals 5 h after the
last NSA session, the increase in mRNA for hcrtR1 following
nicotine in the ARC, a major gateway to appetite regulation,
suggests that nicotine might in turn alter neuropeptide Y and
pro-opiomelanocortin mechanisms and appetitive systems.
Given that the change in ARC was in message for hcrtR1, the
effect of SB334867 on NSA may derive in part from action
within this brain region.

Other changes in tissues collected 5 h post-NSA were
correlations with nicotine intake and lever presses in the cLH
(hcrt and hcrtR2) and a correlation with lever presses in the
PPTg. The former are not surprising given that hcrt-
containing neurons are located in the LH, and other studies
have found changes in Fos expression in LH neurons after
experimenter-administered nicotine (Pasumarthi et al. 2006).

Correlations in PPTg samples are of interest since this
pontine region has been implicated in NSA (Alderson et al.

2006; Lança et al. 2000) and nicotine reward (Laviolette et
al. 2002). The PPTg, which receives limbic and sensory
input, influences burst firing (Grace et al. 2007) and
conditioned responses (Pan and Hyland 2005) of midbrain
dopaminergic neurons. Hcrt input to the region (Brischoux
et al. 2008; Greco and Shiromani 2001; Marcus et al. 2001;
Nambu et al. 1999; Peyron et al. 1998) may therefore
participate in the organization of reinforced behavior such
as lever pressing. Certainly, hcrt can activate neurons in the
PPTg (Kim et al. 2009). Were this hcrtR2-mediated, as
suggested by the correlation observed here, the effect of
almorexant on both NSA and food-maintained behavior
could reflect an effect on the ability to marshal the needed
circuitry to reinforce a complex task. However, correlations
such as these need to be viewed with caution given that
they derive from a relatively small sample size.

In tissue collected immediately after the last self-
administration session, significant main-effect changes were
again limited to hcrtR1. Based on this limited sample, it
appears that prominent changes in the hcrt system related to
NSA are in this receptor. However, as already noted, the role
of hcrtR2 needs to be determined directly by future studies
using new hcrtR2 antagonists (Dugovic et al. 2009;
Malherbe et al. 2009).

The absence of overlap in the findings from the two
groups raises the possibility that changes in mRNA for hcrt
and its receptors are quite labile. This is not to discount the
possibility that changes may also be related to the state of
nicotine exposure, that is, changes in LH which are evident
only immediately postsession might be related to the
presence of nicotine, whereas changes in ARC that are
manifest only several hours following NSA might be
related to early withdrawal. In addition, nicotine intake
over the 19-day period was not identical in the two groups,
a common occurrence in self-administration studies.

The present findings are in need of extension with
additional tools, not only hcrtR2 selective antagonists but
also other schedules for NSA such as PR schedules which
measure the motivational strength of the behavior and
which can yield different results in pharmacological
testing (Coen et al. 2009); further in this vein, recent data
shows that SB334867 reduces cocaine self-administration
on a PR but not a FR schedule (España et al. 2010). It
would also be informative to use various degrees of
exposure to nicotine and postexposure times to explore
both dose sensitivity and withdrawal. Nonetheless, these
data contribute additional convincing evidence that vol-
untary nicotine self-administration interacts with the hcrt
system and that it does so broadly, leading to changes in
several brain regions. Notable by their absence in the
present study are changes in the VTA or NAccSh, whereas
potential appetitive interactions were observed. A dichot-
omy in hcrt function between reward and arousal has been
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proposed, in which arousal-related effects bypass the
VTA/accumbens circuit but engage others, including
pontine PPTg mechanisms (Harris and Aston-Jones
2006). In view of the correlations in the PPTg sample,
further investigation of hcrt mechanisms in the pontine
region may be fruitful. In addition, further studies with
intracranial microinfusions of hcrt antagonists during NSA
sessions would help to locate CNS regions in which hcrt
mechanisms influence nicotine reinforcement.
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