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 i g  h  l  i g  h  t  s

Orexins  (OX)  contribute  to  palatable  feeding  in  organisms  with  caloric  needs.
We  explored  OX involvement  in  sucrose/saccharin  binge-drinking  in non-deprived  mice.
OXR1  antagonism  blunted  sucrose/saccharin  binge  consumption  in  a DID  procedure.
Four  episodes  of  sucrose/saccharin  binge  drinking  reduced  OX  mRNA  expression  in the LH.
OX  might  be engaged  during  the  initial  stages  of binge-eating  disorders.
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a  b  s  t  r  a  c  t

The  orexin  (OX)  system  has  been  implicated  in  food-reinforced  behavior,  food-seeking  and  food  overcon-
sumption.  Recent  evidence  suggests  that  OX  signaling  might  influence  consumption  of  palatable  foods
with  high  reinforcing  value  depending  upon  the  caloric  status  of  the  animal.  The  present  study  evaluates
from  a pharmacological  and  a molecular  approach  the  contribution  of OX  to  excessive  binge-like  con-
sumption  of  highly  preferred  palatable  substances  (sucrose  and  saccharin)  in  ad  libitum-fed  C57BL/6J  mice.
The main  findings  of  this  study  are:  (1) intraperitoneal  (ip)  injection  of  SB-334867  (10,  20  or  30  mg/kg),
a  selective  OXR1  antagonist,  significantly  decreased  binge-like  consumption  of  sucrose  (10%,  w/v) and
saccharin  (0.15%,  w/v)  during  the  test  day  in a  Drinking  in  the Dark  procedure  in  ad  libitum-fed  ani-
rexins
alatable substances

mals, without  evidence  of  any  significant  alteration  of  locomotor  activity.  (2)  Four  repetitive,  2-h  daily
episodes  of sucrose  and saccharin  (but not  water)  binge-like  drinking  significantly  dampened  OX mRNA
expression  in  the LH.  Present  findings  show  for the  first time  a role  for OXR1  signaling  in binge-like  con-
sumption  of  palatable  substances  in animals  under  no  caloric  needs.  Targeting  OXR1  could  represent  a
novel pharmacological  approach  to  treat  binge-eating  episodes.
. Introduction

In 1998, two groups independently identified a new class of

ypothalamic neuropeptides cleaved from the protein, prepro-
rexin [1,2]. These peptides, called orexin-A (OX-A) and orexin-B
OX-B) (also denoted as hypocretin 1 and hypocretin 2), are
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produced by a very small population of neurons in the hypothal-
amus which send widespread projections to brain regions [3–9].
Their actions are mediated by two individual membrane receptors,
orexin type 1 and type 2 receptors (OXR1 and OXR2, respectively);
while orexin A (OX-A) acts on both OXR1 and OXR2, orexin B (OX-B)
acts only on OXR2 [9].

The OX peptides have been involved in a variety of
regulatory physiological functions including arousal [7–10], sleep-

wakefulness [11,12] or homeostatic aspects of feeding. Regarding
OX contribution to food intake, OX knockout mice exhibit a
hypophagic phenotype compared to aged-matched littermates
[13]; central administration of OX-A stimulates regular chow
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onsumption [1], while pretreatment with the OXR1 antagonist SB-
34867 (SB) block this effect [14,15]; central infusion of the OXR1
ntagonist SB blunts by itself food consumption [16] and fasting up-
egulates prepro-orexin mRNA [1]. Subsequent reports conducted
n animals under no caloric needs have extended previous find-
ngs pointing to a specific role for OXR signaling in food reward.
hus, central administration of OX-A increases the consumption of
ighly palatable food [17] and systemic administration of the OXR1
ntagonist SB reduces palatable food intake [18].

It has been recently reported that OXR1 signaling is addition-
lly involved in food-reinforced and food-seeking behaviors. A
ignificant reduction in variable ratio and progressive ratio (PR)
esponding for standard pellets has been observed in response
o OXR1 antagonism in C57BL/6J mice and the same effect was
eported in OX knockdown mice as well [19]. Moreover, stud-
es aimed at comparing food seeking behaviors in ad libitum vs
ood-restricted animals support the idea that OX signaling might
nfluence consumption of palatable foods with high reinforcing
alue. Thus, while central administration of the OXR1 antagonist
B did not alter responding for a sucrose solution in ad libitum-fed
nimals [20], it was able to reduce FR responding for high-fat food
nd sucrose [20–23] and PR responding for chocolate [24] in food-
estricted rats. In the same direction, infusion of the OX antagonist
B equally decreased active lever responding and the number of
accharin reinforcers earned in ad libitum-fed and food-restricted
ats [22].

A few studies have suggested the contribution of the OX sys-
em to food overconsumption [25] depending on the caloric status
f the animal [26]. Thus, Piccoli et al. [27] demonstrated that
he selective OX1R antagonist GSK1059865 was unable to inhibit
ighly palatable food consumption in animals under not restricted
ccess to food, while it reduced binge-eating under mild stress and
estricted-food access conditions, which might be indicative of a
ole for OXR1 signaling in compulsive eating behaviors, rather than
edonic eating [26,27]. However, the lack of effect of Almorex-
nt in hedonic feeding in stressed animals suggests that periods
f food restriction might be critical for the engagement of the
X system in promoting overeating of highly palatable substances

28].
The present study further evaluates, from a pharmacological and

olecular approach, the contribution of OX to excessive binge-like
onsumption of highly preferred palatable substances in animals
nder no caloric needs. To that end, we first evaluate here, in ad

ibitum-fed animals, the effect of systemic administration of the
XR1 antagonist SB in binge-like drinking of sucrose (a caloric
nd natural hedonic substance) and saccharin (an artificial sweet-
ner whose reinforcing property is due to its hedonic sweet taste
s it lacks calories) in a Drinking in the Dark (DID) procedure.
his mouse model of excessive binge-like drinking was  originally
eveloped by Rhodes et al. [29,30] to generate high levels of vol-
ntary ethanol consumption over a short period of time (2–4 h)
31]. Interestingly, the DID procedure also triggers binge-like drink-
ng of both caloric and non-caloric palatable substances, such as
ucrose or saccharin [32–34] in ad libitum-fed animals. Thus, there
s evidence that over a period of 2 or 4 h, in a DID procedure,

ice consume, as average, more than 50% of the total amount they
onsume over 24 h [34,35], under a 2-bottle unlimited access pro-
edure [32,34,36].

Molecular studies have added support to the role of OX on
eward. Thus, it has been shown a reduction of OX mRNA in the
H following chronic treatment with morphine [37], cocaine [38]
r ethanol [39] in rats. The second objective in this study is aimed

t evaluating whether repetitive episodes of binge-like drinking
f palatable, caloric (sucrose) and non-caloric (sucrose) substances
ave an impact on OX mRNA expression in the lateral hypothala-
us  (LH).
rain Research 272 (2014) 93–99

2. Material and methods

2.1. Animals and housing

Male adult C57BL/6J mice (Charles River Laboratories, Spain S.A.)
were 8 weeks old and weighed 20–25 g on arrival. Animals were
housed individually in polycarbonate cages with stainless steel
wire mesh lids and sawdust covering the floor. Mice were allowed
to acclimate to the housing environment for 1 week before any
experimental procedures. The animal house was kept at approxi-
mately 21 ± 2 ◦C in a 12:12 h light/dark schedule (lights on 8 am–8
pm). Animals had ad libitum access to chow and water. Behav-
ioral procedures were approved by the Bioethical Animal Care
Committee at the University of Almeria, Spain. They were in agree-
ment with the animal care guidelines established by the Spanish
Royal Decree 1025/2005 for reducing animal pain and discom-
fort.

2.1.1. Drugs
The OXR1 antagonist SB-334867 (SB; 1-(2-methylbenzoxazol-

6-yl)-3-[1,5]naphthyridin-4-yl urea hydrochloride; Tocris, Bristol,
UK) was  suspended in 1.5% dimethyl sulfoxide (DMSO), 20% 2-
hydroxypropyl-bcyclodextrin (HBC) and sterile water; 10, 20 or
30 mg/kg were given in a volume of 10 ml/kg (ip) 30 min prior to the
test session [40]. Vehicle was  delivered at the same volume as the
SB solution. The OXR1 receptor antagonist SB-334867 is >1000-fold
selective for OXR1 over OXR2 [41]. The selected doses of SB have
been reported to attenuate reward seeking [42,43], operant self-
administration of saccharin [20], reward-feeding behavior [44] and
operant responding for food reinforcement [19].

2.2. Experiment 1: effects of ip SB-334867 (10, 20, 30 mg/kg) on
sucrose and saccharin binge-like drinking

Experiment 1 was  conducted to determine whether OX
signaling modulates binge-like consumption of caloric (sucrose)
and non-caloric (saccharin) palatable substances in ad libitum-fed
mice as measured in a standard 4-day Drinking in the Dark pro-
cedure [29–31,36]. Mice (n = 40) were first trained and tested for
binge-like 0.15% (w/v) saccharin drinking. One week later, in which
animals remained in their home cage with water and food ad libitum
and did not receive any experimental manipulation, the same group
of animals were trained and tested for binge-like 10% (w/v) sucrose
drinking. DID was  performed as follows: on days 1–3, beginning 3 h
into the dark cycle, all home-cage water bottles were replaced with
a single bottle of 0.15% (w/v) saccharin or 10% (w/v) sucrose which
were weighed and placed on cages for 2 h. During the DID training
(days 1–3), mice were habituated to intraperitoneal (ip) injection.
To that end, they were injected daily with the appropriate volume
(10 ml/kg) of vehicle 30 min  prior to sucrose or saccharin presenta-
tion. On day 4 (test-day), animals were assigned to groups equated
for fluid consumption during the training and given an intraperi-
toneal (ip) injection of SB (10, 20 or 30 mg/kg) or vehicle 30 min
prior to sucrose or saccharin presentation. On the test day, bottle
access was  extended to 4 h.

An empty cage for each shelf was  used for the placement of
dummy bottles to measure lost fluid which was  subtracted off
the total consumption as a control for fluid spillage. Water con-
sumption and body weight measures were recorded daily. On the
test day, sucrose and saccharin intake was measured as ml/kg/4 h.

Food was  available ad libitum during the study and measured
on the 4-h test period as g/kg/4 h. Total calories ingested over
the same test period were included in the statistical analyses as
well.
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Fig. 1. Consumption (ml/kg/4 h) of 0.15% saccharin (A) or 10% sucrose (B) during the
test day in the DID procedure following an intraperitoneal (ip) injection of SB (0, 10,
20 or 30 mg/kg) 30 min  before access to saccharin or sucrose. The ANOVAs conducted
M. Alcaraz-Iborra et al. / Behavio

.3. Experiment 2: effects of ip SB-334867 (30 mg/kg) on
ocomotor activity

Because reduced fluid and food consumption might be the result
f SB-elicited altered locomotor activity, and the role of OX in sleep
nd arousal, a separate set of C57BL/6J mice (n = 32) were evalu-
ted for locomotor activity in response to the highest dose of SB
mployed in the previous study (30 mg/kg). Open-field locomotor
ctivity-monitoring chambers of 40 × 40 cm2 equipped with pho-
obeams (Versamax Animal Locomotor Activity, Madrid, SP) were
mployed. The locomotor activity test consisted of two phases.
n the study, all mice were transported to the locomotor testing
oom in their home cages to habituate for 30 min  before the begin-
ing of the test. On phase I, days 1–3, animals were habituated
o ip injections by administering them with a solution of vehicle
10 ml/kg) and then placed into the activity chamber for 30 min
here motor behavior was recorded. Averaged locomotor activity
ata during the habituation stage were calculated for each ani-
al  that served as individual baseline. During phase II, day 4, all

nimals received a single ip injection of the OXR1 antagonist SB
30 mg/kg) and then placed into the activity chamber and their
ocomotor activity recorded for 30 min. The floor of the locomotor
ctivity chamber was carefully cleaned with water after each mouse
as tested. Behavioral measures recorded included total distance

raveled and total movement time. Locomotor activity data during
he test day (day 4) were obtained from baseline individual scores
y subtracting activity data in the test-day minus activity baseline
ata (Test − baseline).

.4. Experiment 3: effect of four repetitive episodes of binge-like
rinking of caloric (sucrose) and non-caloric (saccharin) palatable
ubstances on OX mRNA expression in the lateral hypothalamus
LH)

The present experiment was carried out to evaluate the impact
f four, 2-h daily episodes of sucrose or saccharin binge-drinking on
X mRNA expression in the LH. For this purpose, three new groups
f animals (n = 6) had access to saccharin, sucrose or water in a DID
rocedure, as previously described. On the test day, 30 min  after
onsumption, mice were sacrificed and brains extracted. Brain dis-
ections were collected as follow: brains were placed in a matrix,
nd coronal sections were made between approximately −0.88
nd −1.76 mm from Bregma (Franklin and Paxinos, 2007). Brain
ections were placed on a glass slide, and the LH was removed and
ollected under a microscope by using the fornix and third ventri-
le as landmarks. Collected tissue was stored in 200 �l of RNAlater
Sigma-Aldrich Co., St Louis, MO)  until processed. Total RNA was
urified using TRI reagent (Sigma) following the manufacturer’s

nstructions. One microgram of RNA was retrotranscribed using
evertAid Reverse Transcriptase (Fermentas, Thermo Scientific)
ccording to the manufacturer’s recommendations. Quantitative
eal-time PCR (qPCR) was performed in an Applied Biosystems
300 real-time PCR system using a mix  containing 2.5 ng of
DNA, 5 �M of each primer and PyroTaqEvaGreener Master mix
Cultek). The PCR conditions were: 1 cycle, 95 ◦C for 15 min;
0 cycles, 95 ◦C for 15 s, 60 ◦C for 30 s and 72 ◦C for 40 s. Each

ndependent sample was assayed in duplicate and normalized
sing the extensively used 2−��Ct method in qPCR assays. Thus,
old change was calculated according to the differences in Ct

alues between the orexin and the housekeeping GAPDH genes
ithin the same sample, and between each sample and a reference
ample in the water condition. The sequences of the primers
ere as follows: OX: 5′-GACCACTGCACTGAAGAGATCATC-3′ and

′-GCCCAGGGAACCTTTGTAG-3′. GAPDH: 5′-TTCACCTGGCAC-
GCACAA-3′ and 5′-CCACCATCCGGGTTCCTATAA-3′.
revealed significant differences in both saccharin and sucrose binge-like consump-
tion  in OX-treated mice relative to VEH-treated mice. All values are means ± S.E.M.
*p < 0.05 and **p < 0.01.

2.5. Data analysis

All data in this report are presented as means ± S.E.M. Inde-
pendent one-way analyses of variance (ANOVAs) were used to
analyze saccharin, sucrose and food intake, locomotor activity data
and OX mRNA data. Outlier data were first identified by employ-
ing the Grubbs’ test (standard alpha = 0.05) and then eliminated
from the statistics. When significant interactions emerged, post hoc
Newman–Keuls test (NK) were carried out. The accepted level of
significance for all tests was  *p < 0.05 and **p  < 0.01.

3. Results

3.1. Experiment 1: effects of ip SB-334867 (10, 20 and 30 mg/kg)
on sucrose and saccharin binge-like drinking in ad libitum mice

Fig. 1 shows data representing 4-h voluntary binge-like con-
sumption of 0.15% (w/v) saccharin (Fig. 1A) and 10% (w/v) sucrose
(Fig. 1B) during the test-day of the DID procedure. Independent
one-way ANOVAs performed on fluid consumption data revealed
that 10, 20 and 30 mg/kg doses of SB significantly reduced saccha-
rin [F(3, 40) = 29.56; p < 0.01] and sucrose [F(3, 40) = 87.12; p < 0.01]
binge-like consumption. Additional NK analysis revealed that ani-
mals treated with the OXR1 antagonist SB (10, 20 or 30 mg/kg)
consumed significantly less saccharin and sucrose than did animals
treated with vehicle. Additionally, NK tests showed that animals
treated with 20 and 30 mg/kg of SB significantly reduced sucrose

consumption relative to animals treated with 10 mg/kg of dose.

Total calories from both sucrose (calories from chow + sucrose)
and saccharin (calories from chow) were analyzed (see Table 1).
Independent one-way ANOVAs performed on each set of data
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Table 1
Total calories consumed (kcal/g/4 h) while drinking sucrose or saccharin during the
test day after administration of the OXR1 antagonist SB (10, 20 and 30 mg/kg) or
vehicle.

Sucrose group (kcal/g) Saccharin group (kcal/g)

VEH 3.47 ± 0.20 2.74 ± 0.42
SB (10 mg)  2.24 ± 0.14** 0.20 ± 0.09**

SB (20 mg)  1.11 ± 0.28** 1.24 ± 0.49**

SB (30 mg)  0.97 ± 0.19** 0.64 ± 0.39**
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Fig. 2. OX mRNA expression in the LH after four repetitive 2-h episodes of binge-like
ll values are means ± S.E.M.
** p < 0.01.

evealed that total calories ingested while drinking sucrose [F(3,
0) = 33.38; p < 0.01] and saccharin [F(3, 39) = 8.95; p < 0.01] were
ignificantly reduced by SB. NK post hoc independent analysis per-
ormed on calorie data obtained in each study revealed that in both
ases, animals treated with SB consumed significantly fewer calo-
ies than did animals treated with vehicle and groups treated with
0 and 30 mg/kg of SB significantly reduced calories consumed rel-
tive to the 10 mg/kg-dose group.

.2. Experiment 2: effects of ip SB-334867 (30 mg/kg) on
ocomotor activity

Independent one-way ANOVAs conducted on each set of
ocomotor activity data (changes in locomotor activity from base-
ine) revealed that administration of the OXR1 antagonist SB
id not significantly alter total distance traveled (mean ± S.E.M.
ehicle: −1334.24 ± 494.31; SB (30 mg): −2968.90 ± 670.28; [F(1,
2) = 3.85; p > 0.05]) or movement time (mean + S.E.M. vehicle:
122.12 ± 43.61; SB (30 mg): −250.26 ± 58.63; [F(1, 12) = 3.07;

 > 0.05]) during the 30-min test day.

.3. Experiment 3.3: effect of binge-like drinking of caloric
sucrose) and non-caloric (saccharin) substances on OX
xpression in the lateral hypothalamus (LH)

The ANOVA conducted on mRNA data revealed that four repet-
tive 2-h daily episodes of sucrose and saccharin binge-drinking,
ut not water (see Table 2 for consumption data), significantly
ecreased OX mRNA expression in the LH [F(2, 3) = 19,540; p < 0.05]
Fig. 2).

. Discussion

Two main observations emerged in the study: (1) systemic
dministration of SB, a selective OXR1 antagonist, significantly
ecreased binge-like consumption of sucrose and saccharin in a
ID procedure, in ad libitum-fed animals, without evidence of any

ignificant alteration of locomotor activity. (2) Four repetitive, 2-h

aily episodes of sucrose and saccharin (but not water), binge-like
rinking significantly dampened OX mRNA expression in the LH.

Because the highest dose of SB employed in the consumption
tudies did not significantly alter locomotor activity exhibited on an

able 2
onsumption data (ml/kg/2 h) of water, 0.15% saccharin or 10% sucrose during the
ID procedure associated to the mRNA study.

Water
consumption
(ml/kg/2 h)

Sucrose
consumption
(ml/kg/2 h)

Saccharin
consumption
(ml/kg/2 h)

Day 1 34.40 ± 0.64 72.42 ± 8.78 67.70 ± 6.86
Day 2 23.42 ± 3.50 117.72 ± 10.46 94.41 ± 15.24
Day 3 22.14 ± 0.87 125.80 ± 4.16 77.88 ± 6.87
Day 4 21.12 ± 2.29 103.74 ± 8.07 86.69 ± 3.64

ll values are means ± S.E.M.
consumption of water, 0.15% saccharin or 10% sucrose. All values are means ± S.E.M.
*p  < 0.05 and **p  < 0.01.

open arena, it is unlikely that the effect on binge-like consumption
was due to drug-induced altered motor behavior. Our conclusion is
consistent with previous studies which have reported non-altered
locomotor activity in both rats [18,45] and mice [19,40] following
administration of the same doses of SB that we have employed
here. Furthermore, present data are in agreement with previous
findings, showing that peripheral administration of 20–30 mg/kg
of SB had no effect on inactive lever presses in sucrose [20] and
cocaine [24] nor on responding during a cue-induced reinstatement
test for saccharin [22].

An important issue to consider regarding the observed general-
ized reduction of fluid consumption is that drug treatment might
have caused aversion, malaise and/or visceral distress, leading to
unspecific effects on fluid and food intake. While this possibility
cannot be completely discarded, the observation that icv admin-
istration of SB does not elicit unspecific malaise or sickness at
doses effectively reducing conditioned fluid consumption of palat-
able substance [46] supports our conclusion that reduced binge-like
drinking following OXR1 blockade are unlikely the result of gener-
alized malaise.

The observation that SB blunted saccharin binge-like drinking (a
non-caloric substance) in ad libitum-fed animals extends the con-
clusions of a recent report showing a significant decrease in active
lever responding and the number of saccharin reinforces earned,
both in food-restricted and non-restricted animals, pointing to a
role for OX in hedonic aspects of food-seeking [22]. Noteworthy,
studies aimed at testing the role of OX in hedonic eating have
been conducted in food-restricted animals exposed to highly palat-
able, caloric substances [28,47]. Because our studies employed ad
libitum-fed animals, present data provide evidence for the first time
that OXR1 modulates excessive binge-like consumption of non-
caloric substances, which support a role for OX acting on OXR1 in
regulating non-homeostatic, hedonic aspects of overconsumption.

On the other hand, our finding that OX is engaged in sucrose
binge-like drinking in animals under non-caloric restriction con-
trasts with recent reports indicating that the OX system might
be differentially engaged by caloric vs non-caloric hedonic food
rewards, depending on the deprivation state during consump-
tion [22]. Thus, SB reduces FR responding for high-fat food and
sucrose [4,20,21,23] and PR responding for chocolate [24] only in
food-restricted animals. In the same direction, Piccoli et al. [27]
demonstrated that the selective OX1R antagonist GSK1059865 is
unable to inhibit highly palatable food consumption in animals
under not restricted access to food, while it reduced binge-eating

under mild stress and restricted food access conditions [26,27].
These findings, together with the lack of effect of Almorexant in
hedonic feeding in stressed animals, have led to the hypothesis that
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eriods of food restriction might be critical for the engagement of
he OX system in promoting overeating of highly palatable caloric
ubstances [28].

The reason why OXR1 antagonism in the present study
ignificantly reduced sucrose binge-drinking in animals under non-
aloric restriction remains unclear but several possibilities are
iscussed. First, with present experimental design where the same
nimals were employed for the saccharin and the sucrose study,
e cannot completely rule out the influence of saccharin expe-

ience on sucrose drinking. It is possible that exposure to the
ery sweet, but non-caloric saccharin, alters the hedonic aspects
n sucrose. If so, animals might be comparing the final reward to
revious experience with both rewards. In this regard, if saccha-
in consumption interferes with the hedonic aspects of sucrose,
hen, having no previous experience with saccharin consumption
hould trigger different rates of sucrose drinking to that achieved
n our study. Arguing against this idea, previous behavioral studies

here sucrose drinking is tested in a binge-like drinking procedure
n the absence of previous experience with saccharin report very
imilar levels of sucrose intake to that achieved in our study [32].
n the other hand, it is not unusual in the literature to find a set
f tastants (saccharin, sucrose, ethanol or quinine) tested on the
ame group of animals, either on operant, binge-like drinking or
wo-bottle choice, drinking tests [34,48–50].

Second, our data are in agreement with previous literature
howing a key role for OXR1 signaling in modulating homeo-
tatic aspects of food intake [51]. Thus, the observation that
ucrose intake and total calories ingested (fluids + chow) (both
n the saccharin and sucrose studies) were significantly reduced
fter SB administration is in accordance with previous phar-
acological observation that acute systemic treatment with SB

ose-dependently blocks the hyperphagic and behavioral effects
f orexin-A in rats [15,17] and, when given alone at high doses
30 mg/kg), significantly inhibits food intake of both normal chow
52] and palatable food [18]. Moreover, 14-day treatment with SB
educes cumulative food intake and body weight gain in ob/ob
ice [52] and OX knockout mice exhibit a hypophagic phenotype

13]. Because our study employs systemic administration of the
XR1 antagonist and given the complexity and extended physi-
logical actions of the OX system, it will be not surprising that
B antagonized OXR1 at several anatomical brain sites modulat-
ng independent physiological functions, such as homeostatic and
edonic aspects of food intake. If this is the case, the impact of
XR1 antagonism on sucrose and saccharin binge-drinking would
e caloric- and hedonic-driven, respectively. Additional pharma-
ological site-directed studies are needed to further explore this
ypothesis.

Third, although DID is not a caloric-restricted procedure, it is
orth to mention that it allows limited access (2–4 h/day) to highly
referred substances, at that circadian time point when caloric
eeds are higher [53]. There is the possibility that at 3 h into the
ark (when palatable substances are offered in the DID test), the
nergy status of animals is negatively balanced which might paral-
el that physiological status during mild food restriction. If so, our
nding showing reduced sucrose binge-drinking due to SB admin-

stration will be perfectly predicted by the hypothesis holding that
he OX system might be differentially engaged by caloric vs non-
aloric hedonic food rewards depending on the deprivation state
uring consumption [22]. Additional studies specifically manipu-

ating the energy status during a DID test are needed to further
nderstand the role of OXR1 signaling in binge-like consumption.

The second relevant observation in the present study show that

our 2-h daily repetitive episodes of sucrose and saccharin binge-
ike drinking, but not water, reduced OX mRNA expression in the
H, which further supports the engagement of OX in overconsump-
ion of highly palatable substances during DID. Furudono et al. [25]
rain Research 272 (2014) 93–99 97

showed a significant increase in OX mRNA after saccharin overcon-
sumption and then a gradual diminution to a basal level. Consistent
with our present data, these results suggest that overconsumption
and binge-like consumption of a reward, including natural caloric
(sucrose) and artificial non-caloric (saccharin) sweet substances,
triggers activity of the OX system, leading to a short-term adap-
tive, compensatory reduction of OX synthesis. There is the exciting
idea that the adaptive reduction in OX synthesis might work as a
protective neurochemical mechanism which prevents from over-
consumption escalade; moreover, it is tempting to propose that the
inability to properly blunt OX activity in response to binge-like eat-
ing episodes might turn organisms vulnerable to the development
of binge-eating disorders.

An “episode of binge eating” is defined as eating in a discrete
period of time (usually less than 2 h) an amount of food that is def-
initely larger than most individuals would eat in a similar period
of time under similar circumstances [54]. Prolonged binge eating,
also defined as food addiction [55], is a compulsive behavior charac-
terized by food overconsumption without caloric need rather than
craving for a specific nutrient, is a key feature of bulimia nervosa or
binge-eating disorder and has been observed in obese patients as
described by the DSM-V [54–56]. Given the existence of behavioral
and neurobiological similarities in drug addiction and binge eating
(food addiction) [55,57,58], and because DID has been proposed
as a valuable experimental tool modeling pre-dependent, impul-
sive transitional states to alcohol dependence [59], it is tempting
to speculate that DID might successfully model the initial states of
binge-eating disorders. In this regard, first, given the proposal that
transition to drug dependence involves sensitization of the stress
system in the brain [60]; second, the role of OX in arousal and stress
[61]; and third, the idea that the same neural systems involved in
drug dependence are recruited during the initial pre-dependence
states, there is the exciting idea that OX activity is engaged in a
positive loop in vulnerable organisms where binge-eating recruit
OX activity and increased OX activity further triggers binge-eating
episodes and the development of a binge-eating disorder over time.

In light of the available data showing the importance of OX
signaling in food-reward behaviors and food overconsumption,
our present findings further support the engagement of OXR1
signaling in hedonic eating and extend the current knowledge indi-
cating a role for OXR1 signaling in binge consumption of palatable
substances in organisms under no caloric needs. Current medica-
tion (Topiramate) employed to reduce episodes of binge eating in
clinical studies has been associated with a variety of side effects
[62,63] and new pharmacological strategies are needed. Moreover,
our findings suggest that targeting OXR1 could represent a novel
pharmacological approach to control binge-eating episodes in vul-
nerable organisms failing to reduce OX activity with repetitive
binge-eating episodes.
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