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Abstract

Background—Recent reports have demonstrated that binge-like ethanol drinking leads to an 

increase in hypothalamic orexin (OX) signaling and that suppressing this signaling via systemic 

administration of an orexin receptor (OXR) antagonist blocks this behavior; however, the specific 

OX pathways that modulate this behavior remain unknown. The goal of the present study was to 

further elucidate the role of the OX system in binge-like ethanol drinking using behavioral, 

molecular, and pharmacological techniques.

Methods—The drinking-in-the-dark (DID) paradigm was used to model binge-like drinking 

behavior in male C57BL/6J mice. Experiment 1 examined changes in the OX precursor, prepro-

orexin, within the hypothalamus following multiple cycle ethanol or sucrose DID using 

polymerase chain reaction (PCR) analysis. In experiments 2a & 2b, we used site-directed infusion 

of an OXR antagonist to examine the individual contribution of each OXR subtype within the 

ventral tegmental area (VTA) and central amygdala (CeA), repectively, in binge-like ethanol or 

sucrose drinking.

Results—Findings from our PCR study revealed that multiple cycles of binge-like ethanol 

drinking did not lead to changes in prepro-orexin mRNA as a function of binge-like ethanol 

drinking. However, data from site-directed pharmacology studies indicate that the OX1R is the 

predominate receptor subtype within the VTA and CeA that regulates binge-like ethanol drinking. 

Interestingly, inhibition of OX1Rs did not affect binge-like sucrose intake, which suggests that 

these OX circuits are specific for ethanol consumption.

Conclusions—As a whole, these data suggest that the VTA and CeA are important regions in 

which OX regulates binge-like ethanol drinking behavior. Moreover, these findings identify OXR 

antagonists as a potential treatment option that may be used to ameliorate problematic drinking 

behavior while leaving responding to natural rewards relatively intact.
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1. Introduction

The two peptides of the orexin (OX) system, orexin-A and orexin-B, are cleaved from the 

precursor, prepro-orexin (de Lecea et al., 1998; Sakurai et al., 1998). Neurons that produce 

OX are located exclusively within the hypothalamus and send widespread projections 

throughout the brain where OX peptide released from these fibers act on two receptors, the 

orexin-1 (OX1R) and orexin-2 receptor (OX2R), to influence a wide array of 

neurobiological functions. Previous pharmacological studies have shown that signaling onto 

OXRs plays a role in moderate-level ethanol intake such that ethanol drinking parallels OX 

signaling as agonists increase ethanol consumption (Barson et al., 2015; Schneider et al., 

2007) while antagonists reduce drinking (Jupp et al., 2011; Lawrence et al., 2006; Moorman 

and Aston-Jones, 2009; Srinivasan et al., 2012); however, its role in excessive ethanol intake 

remains relatively unexplored.

We and others have recently demonstrated that the OX system participates in binge-like 

ethanol drinking behavior. Indeed, repeated episodes of binge-like ethanol drinking produce 

reduced levels of orexin-A protein within the lateral hypothalamus (LH) consistent with 

increased release from LH neurons. These results suggest that binge-like ethanol drinking is 

associated with increased signaling within the OX system (Olney et al., 2015). Moreover, 

multiple reports have shown that blocking this increase in signaling via peripheral 

administration of an OX1R or OX2R antagonist disrupts binge-like consumption of ethanol, 

sucrose, or saccharin (Alcaraz-Iborra et al., 2014; Anderson et al., 2014; Olney et al., 2015). 

Together, these data indicate that (1) orexin-A is released from hypothalamic orexigenic 

neurons during binge-like ethanol drinking and (2) suppressing signaling onto OXRs 

attenuates this behavior. These data, however, were unable to identify the locus of this effect.

Although neurons that synthesize OX peptide are restricted to the hypothalamus, orexinergic 

fibers project extensively throughout the brain. Among this litany of brain regions that 

receive hypothalamic OX input are the ventral tegmental area (VTA) and central nucleus of 

the amygdala (CeA; Ch’ng and Lawrence, 2015; Nambu et al, 1999; Peyron et al, 1998; 

Schmitt et al, 2012). Accordingly, these structures also express both OXR subtypes 

(Cluderay et al., 2002; Marcus et al., 2001; Narita, 2006) and application of OX causes 

robust depolarization of neurons in these regions (Bisetti et al., 2006; Korotkova et al., 

2003). Importantly, both the VTA and CeA are involved in ethanol drinking behavior as 

ethanol has been demonstrated to engage both regions (Bachtell and Ryabinin, 2001; Gessa 

et al., 1985; McBride et al., 2010; Pandey et al., 2008). Moreover, pharmacological 

manipulations of the VTA (Melón and Boehm, 2011; Moore and Boehm, 2009) or CeA 

(Lowery-Gionta et al, 2012; Rinker et al, In Press) disrupts binge-like ethanol drinking. As a 

whole, these findings reveal the VTA and CeA as probable sites where OX acts to modulate 

binge-like ethanol drinking behavior.

The current set of experiments were designed to further elucidate the role of the OX system 

in binge-like ethanol drinking. Using polymerase chain reaction (PCR), we examined the 

effect of repeated cycles of binge-like ethanol drinking on hypothalamic prepro-orexin 

mRNA expression; results, coupled with previous immunohistochemistry data, are 

consistent with increased OX signaling stemming from binge-like ethanol consumption. 
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Furthermore, using site-directed pharmacological techniques, in tandem with OX 

compounds selective for either the OX1R or OX2R, we sought to characterize the 

contribution of each receptor subtype within the VTA and CeA. Our results indicate the 

OX1R is the principal OXR subtype that selectively modulates binge-like ethanol 

consumption in these regions.

2. Materials and Methods

Animals

Each of the following experiments used male C57BL/6J mice (Jackson Laboratories, Bar 

Harbor, ME), aged 6–7 weeks and weighing 20–25 g upon arrival. Mice were individually 

housed in cages located in a vivarium with an ambient temperature of approximately 22°C 

and a reverse light/dark cycle (lights off at 8:30 am). Animals in the current study were used 

in only one experiment and were not reused between experiments- that is, mice from 

experiment 2a were not later reused in experiment 1 or 2b and vice-versa. Refer to Table S1 

for a comprehensive list of the number of animals used in each experiment. All procedures 

used were in accordance with the National Institute of Health guidelines and were approved 

by the University of North Carolina Institutional Animal Care and Use Committee.

Experiment 1—To determine whether multiple cycles of binge-like ethanol drinking 

causes alterations in the OX system, mice experienced one or three cycles of drinking-in-the-

dark (DID) consuming either ethanol, sucrose, or water. The DID procedure is a preclinical 

model of binge-like ethanol drinking we have used previously to assess changes in the OX 

system following excessive ethanol consumption (Olney et al., 2015). In order to maintain 

consistency with these previous experiments, which assessed OX protein levels, our DID 

procedures used in Experiment 1 were identical to those we used previously. Briefly, animals 

were given 2-hr access to test bottles containing either ethanol (20% v/v) or sucrose (3% 

w/v) 3-hr into the dark cycle for three consecutive days. Binge-like consumption is assessed 

on the fourth day when access to test bottles is extended to 4-hr. Tail-blood samples are 

collected after test bottles are removed on the fourth day to assess blood ethanol 

concentration (BEC). Each 4-day test period constitutes a binge cycle and animals are 

allowed 3-days rest between cycles.

To assess changes in prepro-orexin expression while ethanol was still present in the brain, all 

animals were sacrificed immediately following the final binge session so that brains could be 

extracted and processed for PCR. Multiple cycles of DID (0, 1, or 3 cycles) were assessed in 

order to examine prepro-orexin mRNA changes over time in response to repeated binge-like 

ethanol drinking. Bilateral brain punches (1.0 mm x 1.0 mm) containing the hypothalamus- 

including all subregions (i.e. LH, perifornical area of the hypothalamus, and dorsomedial 

hypothalamus)- were subsequently collected from each animal.

Experiment 2a—Mice were cannulated targeting the VTA to assess the contribution of 

OXRs within this region. To assess regional specificity of these effects, a separate cohort of 

mice were cannulated dorsal to the VTA. Thirty minutes prior to testing, animals were 

bilaterally infused with either the selective OX1R antagonist, SB-334867 (SB; 0.0 or 6.0 μg; 

Tocris Bioscience, Bristol, UK), or the selective OX2R antagonist, TCS-OX2-29 (TCS; 0.0, 
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5.0, or 7.5 μg; Tocris Bioscience, Bristol, UK). These doses of SB and TCS were determined 

based on what has been demonstrated to be effective previously (Barson et al., 2015; 

Borgland et al., 2006). Both compounds were dissolved in 100% dimethyl sulfoxide 

(DMSO). High concentrations of DMSO are commonly used to dissolve compounds for 

intracranial infusions (James et al., 2011; Li et al., 2011; Srinivasan et al., 2012) with no 

observable consequences on behavior (Akbari et al., 2008; James et al., 2011; Naghdi and 

Asadollahi, 2004). All infusions were administered in a volume of 0.3 μl/side. In order to 

increase power during statistical analysis, a Latin-square design was used such that each 

animal received all doses of the drug over repeated trials in a randomized, counterbalanced 

order. Mice were given three days of rest between subsequent 4-day DID sessions in order to 

avoid carryover effects of the drug. The DID procedures were identical to those used in 

Experiment 1 except animals had access to test bottles for only 2-hr on the fourth day due to 

the short half-life (Mould et al., 2014; Porter et al., 2001) and transient effects on binge-like 

drinking behavior of the compounds used (Olney et al., 2015). It is worth noting that 

limiting the access to ethanol during DID from 4-hr to only 2-hr has the clear disadvantage 

of reducing the total amount of ethanol consumed across the entire test period. This is 

particularly problematic considering the fact that binge-like ethanol drinking is specifically 

defined by the amount of ethanol consumed (i.e. BEC ≥ 80 mg/dl; NIAAA, 2004). However, 

we observed that animals in the current study were nonetheless able to achieve binge levels 

of ethanol consumption despite the fact that access to ethanol was limited to only 2-hr.

Experiment 2b—Mice were bilaterally cannulated targeting the CeA to assess the 

contribution of OXRs within this region while a separate cohort was cannulated targeting the 

BLA as a region-specific control. All other experimental procedures were identical to those 

described for Experiment 2a except only one dose of TCS were used (0.0 versus 7.5 μg) as 

the lower dose (5.0 μg) was found to be ineffective at modulating binge-like ethanol drinking 

during Experiment 2a; thus, only the effect of the higher dose (7.5 μg) was examined in 

Experiment 2b.

Data Analysis

For experiment 1, a univariate ANOVA was used to measure prepro-orexin mRNA 

expression in the hypothalamus using group (water, one-cycle ethanol, one-cycle sucrose, 

three-cycle ethanol, or three-cycle sucrose) as the independent variable. Fisher’s LSD post-
hoc tests and Bonferroni corrections were used when applicable. To ensure that 

hypothalamic precursor expression was not affected by differential drinking levels, separate 

t-tests were used to assess consumption of each test solution (i.e. ethanol or sucrose) on the 

final day of testing between animals in the one or three DID cycle groups. Similarly, a t-test 

was also performed on the BEC data to measure differences in ethanol metabolism as a 

function of DID cycles (one or three). Finally, separate univariate ANOVAs were used to 

analyze changes in body mass (g) as a function of group. For all analyses, p < 0.05 (two-

tailed) was used to determine statistical significance.

For experiments 2a & b, separate repeated-measures ANOVAs were used for either the VTA 

or CeA to assess hourly binge consumption with both time (hour 1 and hour 2) and dose (0.0 

or 6.0 μg for SB; 0.0, 5.0, or 7.5 μg for TCS) being within-subject variables. Additionally, 
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BEC and total binge consumption across the total two-hour test period was assessed using 

separate repeated-measures ANOVAs with dose (0.0 or 6.0 μg for SB; 0.0, 5.0, or 7.5 μg for 

TCS) as the within-subject variable. We also included drug order as a between-subjects 

variable in these analyses to ensure the order in which the animals were presented with the 

drug did not have any confounding effects on drinking behavior. Fisher’s LSD post-hoc tests 

and Bonferroni corrections were used when applicable. Importantly, due to the relatively 

short half-life and transient activity of the compounds (Mould et al., 2014; Porter et al., 

2001), planned-comparisons were used to assess binge-like consumption of each drug group 

relative to vehicle during the first hour of testing. In fact, doses that were observed to be 

ineffective at reducing binge-like ethanol drinking across a four-hour DID test period 

(Anderson et al., 2014) were found to significantly reduce ethanol consumption, but only 

during the first hour of DID testing (Olney et al., 2015). Thus, planned-comparisons are 

necessary to detect the short-lived effects of these compounds on binge-like consumption. 

Notably, consumption of each test solution was adjusted to account for differences in body 

weight between animals. Specifically, binge-like consumption of ethanol was recorded as 

g/kg while sucrose consumption was in ml/kg form. Values of binge-like ethanol 

consumption for each of the studies in experiments 2a & 2b have been converted to ml/kg 

form and are provided in the supplemental section (Figure S2).

3. Results

Experiment 1: Assessing changes in orexin mRNA following DID

PCR analysis detected a significant difference in prepro-orexin expression within the 

hypothalamus as a function of group (Fig. 1A; F(4, 45) = 5.558, p = 0.001). Here, the three-

cycle sucrose group was found to have significantly more precursor mRNA relative to all of 

the other groups except the one-cycle ethanol group (p’s ≤ 0.002). Importantly, all animals in 

our PCR study displayed comparable consumption, BECs, and final body mass regardless of 

DID history (Figure S1), which indicates that differences in precursor mRNA expression 

were not confounded by group differences in these measures.

Experiment 2a: Characterizing orexin circuitry in the ventral tegmental area

Repeated-measures ANOVA revealed that binge-like ethanol consumption did not change 

over time (Fig. 1B; Main effect of Time: F(1,15) = 2.701, p = 0.121) nor did inhibition of 

OX1Rs in the VTA significantly alter binge-like ethanol drinking (Main effect of Dose: 

F(1,15) = 2.651, p = 0.096; Time×Dose Interaction: F(1,15) = 2.189, p = 0.160). However, 

planned-comparisons revealed that, relative to vehicle-treated controls, SB significantly 

blunted binge-like ethanol intake during the first hour of testing (t(16) = 2.208, p = 0.042), 

confirming our previous observation that the short half-life of SB (Porter et al., 2001) limits 

the window in which this compound is effective (Olney et al., 2015). Moreover, no 

significant effect was observed on total binge-like ethanol drinking across the 2-hr test 

period (F(1,15) = 3.161, p = 0.096) or on BECs (Fig. 1C; F(1,15) = 0.419, p = 0.527) between 

drug conditions. Importantly, the order in which animals received drug treatment in our 

Latin-square design did not confound binge-like ethanol drinking (F(1,15) = 3.489, p = 0.081) 

or BECs (F(1,15) = 0.134, p = 0.720).
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Intra-VTA infusion of SB did not affect binge-like sucrose consumption across time (Fig. 

1D; Main effect of Time: F(1,15) = 4.253, p = 0.064). Binge-like sucrose drinking was not 

impacted by treatment condition (Main effect of Dose: F(1,15) = 0.711, p = 0.412). There 

was, however, a significant interaction effect (Time×Dose Interaction: F(1,15) = 4.876, p = 

0.043). Further probing revealed vehicle-treated animals consumed significantly greater 

volumes of sucrose during the first hour of testing relative to the second (t(16) = 2.473, p = 

0.025). Notably, planned-comparisons revealed no significant difference in sucrose 

consumption during the first hour of testing between treatment groups (t(16) = 1.463, p = 

0.163). Moreover, sucrose consumption across the entire two hour test period did not vary 

between treatment conditions (F(1, 15) = 0.711, p = 0.412). Additionally, the order in which 

the animal received the compound did not impact sucrose intake (F(1, 15) = 0.024, p = 0.878).

Importantly, effects were specific to the VTA as similar treatment dorsal to the VTA did not 

produce significant alterations in binge-like ethanol drinking as a function of treatment (Fig. 

1E; Main effect of Dose: F(1,10) = 4.188, p = 0.068; Time×Dose Interaction: F(1,10) = 3.989, 

p = 0.074; Total ethanol consumption: F(1,10) = 4.188, p = 0.068; SB versus vehicle planned-

comparisons at the first hour: t(11) = −0.278, p = 0.786) although we did observe that the 

animals drank significantly more ethanol during the second hour of testing relative to the 

first regardless of treatment condition (Main effect of Time: F(1,10) = 7.037, p = 0.024). 

Moreover, we did not observe an effect on BECs between groups (Fig. 1F; F(1,9) = 0.028, p 
= 0.870). Additionally, whether the animal received treatment with vehicle or SB first did 

not affect binge-like ethanol consumption (F(1,10) = 0.268, p = 0.616) or BECs (F(1,9) = 

0.108, p = 0.750).

Intra-VTA infusion of TCS did not significantly alter binge-like ethanol drinking over time 

(Fig. 2A; Main effect of Time: F(1,19) = 3.175, p = 0.091). Similarly, none of the doses of 

TCS affected drinking behavior (Main effect of Dose: F(2,38) = 0.669, p = 0.518; Time×Dose 

Interaction: F(2,38) = 0.425, p = 0.657). Using planned-comparisons, we did not observe a 

significant effect of the low dose of TCS (5.0 μg) relative to vehicle-treated controls during 

the first hour of testing (t(21) = −0.005, p = 0.996) but there was a nonsignificant trend for 

the high dose of TCS (7.5 μg) to reduce ethanol consumption relative to vehicle (t(21) = 

1.790, p = 0.088). Additionally, we did not observe an effect across the total 2-hr test period 

(F(2,38) = 0.669, p = 0.518). There was a marginal, albeit nonsignificant, effect for BEC 

levels to vary as a function of TCS dose (Fig. 2B; F(2,34) = 3.181, p = 0.054). Moreover, the 

order in which the animals received the drug treatment did not impact binge-like ethanol 

drinking (F(1, 19) = 0.194, p = 0.825) or BECs (F(1, 19) = 1.323, p = 0.292).

Experiment 2b: Characterizing orexin circuitry in the central nucleus of the amygdala

Repeated-measures ANOVA revealed that binge-like ethanol drinking did not change across 

the 2-hr test period (Fig. 3A; Main effect of Time: F(1,13) = 2.077, p = 0.173). Although 

there was no main effect of dose (F(1,13) = 2.242, p = 0.158), there was a nonsignificant 

trend for drinking levels to change over time as a function of treatment (Time×Dose 

Interaction: F(1,13) = 2.334, p = 0.056); however, planned-comparisons at the first hour of 

testing revealed that intra-CeA treatment with SB significantly reduced drinking levels 

relative to vehicle-treated controls (planned-comparisons: (t(14) = 2.961, p = 0.010). 
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Similarly, our analyses did not reveal an effect of treatment on total drinking across the 2-hr 

test period (F(1,13) = 2.242, p = 0.158) nor did it impact BECs (Fig. 3B; F(1,11) = 0.149, p = 

0.707). Importantly, drug order did not affect binge-like ethanol drinking (F(1,13) = 0.135, p 
= 0.719) or BECs (F(1,11) = 0.001, p = 0.982).

Similar treatment with SB did not alter hourly sucrose consumption (Main effect of time: 

F(1,13) = 1.707, p = 0.214; Main effect of Dose: F(1,13) = 1.957, p = 0.185; Time×Dose 

Interaction: F(1,13) = 0.547, p = 0.473; planned-comparisons at the first hour: t(14) = 2.035, p 
= 0.061) or total consumption across the 2-hr test period (F(1,13) = 1.957, p = 0.185; Fig. 

3C). Moreover, drug order did not impact binge-like sucrose consumption (F(1,13) = 0.503, p 
= 0.491).

Intra-BLA infusion of SB did not affect binge-like ethanol drinking (Fig. 3D; Main effect of 

Dose: F(1,11) = 0.088, p = 0.772; Time×Dose Interaction: F(1,11) = 0.002, p = 0.962; planned-

comparison at the first hour: t(12) = 0.134, p = 0.896)- although there was a significant effect 

that indicated animals drank significantly more ethanol during the second hour of testing 

relative to the first regardless of drug treatment (Main effect of Time: F(1,1) = 7.522, p = 

0.019). Moreover, there was no significant effect of SB across the total 2-hr test period 

(F(1,11) = 0.088, p = 0.772) nor was there an effect on BECs (Fig. 3E; F(1,11) = 0.795, p = 

0.392). The order in which the animals received the drug did not alter ethanol drinking 

(F(1,11) = 0.045, p = 0.836) or BECs (F(1,11) = 0.503, p = 0.493).

No significant main effects were observed following intra-CeA infusion of TCS (Fig. 4A; 

Main effect of Dose: F(1,13) = 2.344, p = 0.150; Main effect of Time: F(1,13) = 0.833, p = 

0.378); however, we observed a significant interaction effect (Time×Dose Interaction: F(1,13) 

= 8.980, p = 0.010). Further probing revealed that this effect was driven by the fact that 

vehicle-treated animals drank significantly more ethanol during the second hour of testing 

relative to the first (t(14) = −3.076, p = 0.008). Additionally, vehicle-treated animals 

consumed significantly more ethanol relative to TCS-treated animals during the second hour 

of testing (t(14) = 3.190, p = 0.007). Notably, no difference was observed between the two 

treatment groups during the first hour of testing (t(14) = −1.284, p = 0.220). No effect was 

observed across the total 2-hr test period (F(1,13) = 2.330, p = 0.151) nor was there an effect 

on BECs (Fig. 4B; F(1,13) = 0.631, p = 0.445). Treatment order did not affect ethanol 

drinking (F(1,13) = 150, p = 0.705) or BECs (F(1,13) = 4.148, p = 0.069).

No significant effects on any measure of binge-like sucrose consumption were observed 

following intra-CeA infusions of TCS (Fig. 4C; Main effect of Time: F(1,12) = 0.046, p = 

0.834; Main effect of Dose: F(1,12) = 0.462, p = 0.510; Time×Dose Interaction: F(1,12) = 

0.872, p = 0.369; planned-comparisons at the first hour: t(13) = −0.709, p = 0.491; total 

drinking across the full two hours: F(1,12) = 0.462, p = 0.510; drug order: F(1,12) = 0.277, p = 

0.608).

4. Discussion

Findings from these experiments extend upon the existing OX literature in a number of 

ways. First, results from our PCR studies showed that- unlike other experimental models of 
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ethanol administration- binge-like ethanol drinking did not produce compensatory changes 

in hypothalamic prepro-orexin expression; however, these findings are consistent with 

previous inferences made that binge-like ethanol drinking triggers increased signaling in 

hypothalamic OX neurons (Olney et al, 2015). What is more, we were able to identify and 

characterize OX circuitry within the VTA and CeA that modulates binge-like ethanol 

drinking behavior by demonstrating that the OX1R is the predominate receptor subtype that 

selectively regulates binge-like ethanol consumption in these regions. Notably, the data 

collected from these experiments- to our knowledge- provide the first evidence that OX 

signaling within the CeA contributes to ethanol drinking behavior.

It is worth noting that our intra-VTA infusion of SB may have partially diffused from its 

target location within the VTA into the surrounding brain tissue- including the substantia 

nigra (SN), which also robustly expresses both OXR subtypes (Ch’ng and Lawrence, 2015; 

Marcus et al., 2001). What is more, the SN has recently generated much interest due to its 

observed role in motivated behaviors (see Magnard et al., 2016 for review). Therefore, there 

remains the possibility that inadvertent inhibition of OX1Rs in the SN may- in part- have 

contributed to the observed decrease in binge-like ethanol drinking. However, the role of 

OXRs on ethanol intake within this specific brain region has previously been directly 

examined when Srinivasan and colleagues (2012) demonstrated that intra-SN infusion of a 

nonselective OX1R/OX2R antagonist failed to impact ethanol self-administration. Thus, the 

possibility that our observed reduction in binge-like ethanol drinking was due to nonspecific 

effects of SB in the SN is unlikely. Further reinforcing site-specificity we failed to find an 

effect of SB on ethanol intake when injected into the control site.

Additionally, it should be noted that, given the within-subjects nature of the experiments, 

mice in these studies received multiple infusions over the course of testing. Indeed, one may 

argue that multiple injections may lead to neurodegeneration of the tissue in the infusion 

zone. Had multiple infusions caused damage to the surrounding tissue, then one would 

expect that the OXR antagonist would be effective only during the first week of testing as 

the continued infusions would cause sufficient damage to limit the effects of the drug. 

However, we did not observe this to be the case as our statistical analyses did not reveal a 

main effect of drug order in any of our experiments. This indicates that the drug was equally 

effective across multiple weeks and suggests the absence of sufficient damage to the 

surrounding tissue that would limit the effects of the drug.

Although we have identified the specific OX pathways that modulate binge-like ethanol 

drinking, these studies were unable to specifically characterize the nature of these circuits. 

That is, it remains to be determined which population of neurons within the VTA and CeA 

are expressing OXRs that drive binge drinking behavior. That said, it is well-established that 

OX acts directly on dopaminergic neurons within the VTA. Indeed, OX has been 

demonstrated to induce plasticity at postsynaptic sites on these dopaminergic neurons that is 

believed to contribute to the development of drug addiction (Borgland et al., 2006). The 

actions of OX in the CeA, however, are poorly understood. Schmeichel and colleagues 

(2016) recently reported that SB significantly blocked a cocaine-induced enhancement of 

GABAergic neurotransimission within the CeA. Taken together, these observations suggest 

that OX may regulate binge drinking- at least in part- by modulating the activity of 
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dopaminergic and GABAergic neurons within the VTA and CeA, respectively. However, 

future studies will seek to more directly investigate these mechanisms in order to provide 

further insight into the specific OX circuitry involved in binge drinking behavior.

In accordance with the existing literature (Olszewski et al., 2009), our PCR study 

demonstrated multiple cycles of binge-like sucrose consumption led to elevated levels of 

hypothalamic prepro-orexin mRNA expression. Specifically, we observed a marked increase 

in prepro-orexin mRNA within the hypothalamus following three cycles of binge-like 

sucrose drinking. These data suggest that hypothalamic OX signaling is involved in sucrose 

consumption. In fact, schedule-induced feeding of a high-sugar diet causes a robust 

enhancement of hypothalamic prepro-orexin mRNA expression relative to a standard diet 

(Olszewski et al., 2009). Together with the data from the current study, this suggests that 

hypothalamic OX neurons are recruited following repeated access to highly palatable 

reinforcers. Importantly, although previous findings suggest that OX signaling in the 

parabrachial nucleus (Kay et al., 2014), ventral pallidum (Ho and Berridge, 2013), or 

posterior paraventricular nucleus of the thalamus (Barson et al., 2015) regulates sucrose 

consumption, data from our site-directed pharmacology studies (Experiments 2a & 2b) 

indicate that OX signaling in the VTA and CeA does not modulate binge-like sucrose 

consumption.

Contrary to the previous studies that found increases in prepro-orexin mRNA following 

ethanol exposure (Barson et al., 2015; Lawrence et al., 2006), we found that binge-like 

ethanol drinking did not impact hypothalamic precursor expression. Although inconsistent 

with much the current literature, other reports exist that deviate from this pattern of results as 

well. Indeed, chronic ethanol consumption tends to increase OX mRNA (Barson et al., 2015; 

Lawrence et al., 2006). However, Morganstern and colleagues (2010) reported that acute 

ethanol caused an increase in OX expression while chronic ethanol consumption resulted in 

a significant reduction in hypothalamic OX mRNA. Given that different models of ethanol 

exposure can lead to differential effects on the OX system, it may be the case that the DID 

procedure does not produce compensatory changes in the OX system. Alternatively, the 

timing of the tissue collection may have impacted the results as well. For example, we 

sacrificed animals immediately after the final binge session whereas others waited 30 min 

(Barson et al., 2015) or two hours (Morganstern et al., 2010) afterwards to assess OX 

mRNA. Thus, we may have collected tissue before the system responded to the depleted 

levels of OX peptide and mobilized prepro-orexin mRNA to replenish those levels. Indeed, 

waiting longer to assess brain tissue may reveal compensatory changes in levels of prepro-

orexin mRNA that are consistent with our drinking data (i.e. that the OX system is recruited 

during binge-like ethanol consumption).

Although we did not observe significant changes in precursor mRNA as a function of binge-

like ethanol drinking, these results do provide insight as to the nature of the changes we 

previously reported concerning orexin-A immunoreactivity (IR) in which we observed that 

binge-like ethanol drinking reduces orexin-A IR in the LH (Olney et al., 2015). Specifically, 

we proposed that this reduction in orexin-A IR reflected an increase in signaling stemming 

from reduced stores of OX peptide in neurons. Given this reduction in orexin-A IR, had 

expression of prepro-orexin mRNA similarly decreased following DID in our present study 
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then a more parsimonious explanation would be that the OX system is downregulated 

following binge-like ethanol drinking. However, the fact that prepro-orexin mRNA did not 

change indicates the system is not downregulated following binge-like ethanol consumption 

and that reduced orexin-A IR was likely reflective of depleted cellular stores following 

increased release. Moreover, this interpretation is consistent with the notion that binge-like 

ethanol drinking parallels OX signaling as pharmacological blockade of OXRs disrupts this 

behavior (Anderson et al., 2014; Olney et al., 2015).

Our findings provide support that the OX1Rs within the VTA and CeA contribute to binge-

like ethanol drinking while the contribution of the OX2R may be relatively more limited. 

Notably, inhibiting intra-VTA OX2Rs via TCS failed to significantly alter binge-like ethanol 

drinking in our experiments across a range of doses. Although one may surmise that- based 

on our findings- OX2Rs within the VTA do not contribute to binge drinking behavior, it may 

be more appropriate to conclude that, within the VTA, OX2Rs play a subsidiary role to 

OX1Rs in modulating ethanol drinking. Indeed, previous studies have demonstrated that the 

OX2R is capable of modulating ethanol drinking (Anderson et al., 2014; Barson et al., 2015; 

Shoblock et al., 2011). In fact, we did observe a slight, albeit nonsignificant, trend for the 

higher dose of TCS (7.5 μg) to disrupt ethanol drinking during the first hour of testing 

relative to vehicle-treated animals. Furthermore, intra-VTA TCS marginally reduced BECs 

relative to vehicle-treated controls. What is more, animals treated with the lower dose of 

TCS (5.0 μg) achieved an average BEC (73.32 ± 10.50 mg/dl) below the threshold to be 

considered a binge episode (80 mg/dl). Together, these findings suggest that OX2Rs in the 

VTA may have relatively more subtle effects on ethanol consumption. Indeed, it has 

previously been demonstrated that suppressing OX2R signaling within the anterior 

paraventricular nucleus of the thalamus (PVT) via local infusion of a dose of TCS 

comparable to our low dose (5.0 μg) effectively attenuated ethanol consumption (Barson et 

al., 2015). As a whole, the fact that the observed reductions in binge-like ethanol drinking 

following our VTA manipulation did not reach statistical significance across a range of 

doses (5.0 and 7.5 μg) suggests that that the OX2R is not the predominate OXR subtype that 

modulates binge-like ethanol drinking within the VTA but OX2R signaling in other brain 

regions (e.g. anterior PVT) makes significant contributions to ethanol drinking.

Additionally, our data suggest that OX2Rs within the CeA may participate in binge-like 

ethanol drinking. Indeed, we observed that TCS-treated animals consumed less ethanol 

relative to vehicle treated animals during the second hour of our ethanol DID test. 

Specifically, this effect was driven by the fact that vehicle-treated animals displayed an 

increase in ethanol consumption during the second hour of testing relative to the first. Thus, 

treatment with TCS may not have reduced binge-like drinking behavior, per se, but rather 

blocked an increase in drinking behavior that occurred during the second hour of testing. 

Further investigations may seek to elucidate the particular role of the OX2R in the CeA.

Our data suggest that these compounds have a narrow window in which binge-like ethanol 

drinking is altered due to their relatively short half-life. Indeed, drinking was significantly 

blunted only during the first hour of testing following local infusions of SB into the VTA or 

CeA. Despite these changes in drinking behavior, we did not observe any significant 

differences in BECs at the end of the two-hour test period. Perhaps differences in BECs 
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would have been observed had we taken tail-blood samples at a time that coincided with the 

observed differences in drinking behavior (i.e. one hour after ethanol access). However, 

collecting tail-blood samples requires the use of a restrainer and can be rather stressful for 

the animal (Harris et al., 2004; Tuli et al., 1995), which may ultimately confound subsequent 

drinking behavior (Nash and Maickel, 1985; Rockman et al., 1986). Thus, blood samples 

were collected at the end of the 2-hour test period, which may have provided sufficient time 

for the drug to clear the system and for the drug-treated animals to drink enough ethanol to 

achieve a BEC comparable to their vehicle-treated counterparts.

Perhaps our most exciting finding was the fact that OX signaling within the VTA and CeA 

was reinforcer-specific. Specifically, these OX circuits were demonstrated to modulate 

binge-like ethanol drinking, yet did not contribute to binge-like sucrose consumption. 

Previously, we and others have shown that a systemic injection of an OXR antagonist 

reduces binge-like consumption of ethanol as well as other natural reinforcers including 

sucrose and the non-nutritional sweetener, saccharin (Alcaraz-Iborra et al., 2014; Anderson 

et al., 2014; Olney et al., 2015). Taken alone, these previous findings indicate that the OX 

system regulates the overarching hedonic properties shared by salient reinforcers in general.

However, a growing number of studies have emerged reporting that pharmacological 

suppression of signaling onto OXRs disrupts ethanol self-administration yet leaves 

responding to sucrose intact. Indeed, early investigations reported that systemic (Jupp et al., 

2011) or intra-VTA administration of an OXR antagonist reduces operant responding 

(Srinivasan et al., 2012) and seeking behavior (Brown et al., 2016) of ethanol, but not 

sucrose. More recently, it has also been demonstrated that infusion of OX into the anterior 

PVT augments ethanol drinking without altering sucrose drinking (Barson et al., 2015). A 

similar pattern has also been observed in other natural rewards as infusion of orexin-A into 

the paraventricular nucleus of the hypothalamus or LH enhances ethanol drinking but does 

not alter food or water intake (Schneider et al., 2007). To be clear, this collection of findings 

does not invalidate the conclusion that the OX system modulates responses to general, 

salient reinforcers. They do, however, indicate that specific OX pathways regulating binge-

like ethanol drinking may be largely independent of those that modulate responding to 

natural rewards. Indeed, this ability to manipulate ethanol consumption without affecting 

responding to natural rewards makes the OX system an appealing target for novel 

pharmacotherapies used to treat alcohol use disorders (AUDs).

Although these data help elucidate the OX circuitry involved in binge-like ethanol drinking, 

the psychological mechanisms by which OX signaling in these regions modulates this 

behavior remains unknown. Two well-established psychological processes, positive- and 

negative-reinforcement, have been identified as principal motivators of ethanol consumption 

(Edwards, 2016; Gilpin and Koob, 2008). Indeed, both the VTA and CeA are involved in 

aspects of both positive- and negative-reinforcement (Gessa et al., 1985; Gilpin and Koob, 

2008; Hata et al., 2011; Hodge et al., 1993; Hyytiä and Koob, 1995). Moreover, the OX 

system has been implicated in both of these behavioral principles (Anderson et al., 2014; 

Bayerlein et al., 2011; Kuru et al., 2000; Sakamoto et al., 2004; Taslimi et al., 2012; von der 

Goltz et al., 2011; Winsky-Sommerer et al., 2004). Therefore, inhibiting OXR signaling 

within these regions may diminish the reinforcing properties of ethanol consumption- 
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thereby attenuating the motivation to consume ethanol. Further investigation is needed in 

order to identify the psychological process mediating the effect of OX signaling on ethanol 

consumption.

Through our current set of experiments, we have demonstrated that OX signaling within the 

VTA and CeA- particularly onto the OX1R- modulates binge-like ethanol drinking. 

Interestingly, OX1R signaling in these regions is selective for ethanol as pharmacological 

inhibition of the OX1R did not alter binge-like sucrose consumption. Though we observed 

no changes in prepro-orexin mRNA as a function of binge-like ethanol drinking, this 

observation provides further support to interpretations of previous experimental findings that 

binge-like ethanol drinking leads to increased signaling of hypothalamic OX neurons (Olney 

et al., 2015). Indeed, a substantial body of literature, which encompasses various behavioral 

paradigms that model ethanol consumption, clearly demonstrates that OX signaling 

modulates ethanol drinking behavior (Lawrence, 2010; Mahler et al., 2012). As a whole, 

these data provide converging evidence that OX inhibition blocks ethanol consumption and 

further reinforces the potential value of OX compounds in treating AUDs. What is more, the 

selectivity of our manipulations for ethanol over sucrose suggests that targeting specific OX 

circuits, such as those involving the VTA and CeA, may be beneficial in reducing binge-like 

ethanol consumption without impacting responding to natural rewards.

Supplementary Material
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Figure 1. 
Expression of prepro-orexin mRNA within the hypothalamus (N = 50; n = 10/group) 

following binge-like ethanol drinking as well as the effect of inhibiting signaling onto 

OX1Rs in the VTA on binge-like drinking behavior. PCR analysis revealed that the three 

cycles of binge-like sucrose consumption produced a marked increase in prepro-orexin 

mRNA expression within the hypothalamus relative to all other groups except for the one-

cycle ethanol group (A). Inhibition of OX1Rs in the VTA selectively reduces binge-like 

ethanol consumption. Animals infused with SB directly into the VTA exhibited blunted 

binge-like ethanol consumption relative to vehicle-treated controls but only during the first 

hour of testing (B). Despite this reduction in consumption, no significant effect was 

observed in BECs as measured at the end of the two hour test period (C). Interestingly, intra-

VTA infusion of SB did not significantly affect binge-like sucrose consumption at any point 

during the test (D), though a significant Time×Dose interaction revealed that vehicle-treated 

animals drank significantly more sucrose during the first hour of testing relative to the 

second. Importantly, this phenomenon was specific to the VTA treatment as SB infused 

directly dorsal to the VTA did not significantly impact binge-like ethanol drinking (E) or 

subsequent BECs (F) at the end of the two hour test period. We did, however, observe that 

animals drank significantly more ethanol during the second hour of testing relative to the 

first hour regardless of treatment group. H2O, water group; 1E, one-cycle ethanol group; 3E, 

three-cycle ethanol group; 1S, one-cycle sucrose group; 3S three-cycle sucrose group. Bars 

that share the same letter in (A) are significantly different from one another (p < 0.05). * 

denotes that p < 0.05 relative to vehicle-treated animals during the first hour of testing. † 

signifies that p < 0.05 relative to vehicle-treated animals during the first hour of testing. # 

denotes that animals drank significantly more during the second hour of testing relative to 

the first hour regardless of treatment group. Dotted line in (C, F) delineates 80 mg/dl, the 

minimum BEC to constitute a binge episode. Data presented as Mean ± SEM.
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Figure 2. 
Inhibition of OX2Rs in the VTA does not significantly alter binge-like consumption. 

Infusion of TCS into the VTA does not significantly impact binge-like ethanol consumption 

at any point throughout the test period (A) nor does it significantly alter observed BEC 

levels (B). Dotted line in (B) delineates 80 mg/dl. Data presented as Mean ± SEM.
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Figure 3. 
Inhibition of OX1Rs in the CeA selectively reduces binge-like ethanol consumption. 

Animals infused with SB directly into the CeA exhibited blunted binge-like ethanol 

consumption relative to vehicle-treated controls but only during the first hour of testing (A). 
Despite this reduction in consumption, no significant effect was observed in BECs as 

measured at the end of the two hour test period (B). Interestingly, intra-CeA infusion of SB 

did not significantly affect binge-like sucrose consumption at any point during the test (C). 
Importantly, this phenomenon was specific to the CeA treatment as local infusion of SB into 

the BLA did not significantly impact binge-like ethanol drinking (D)- although animals did 

drink significantly more ethanol during the second hour of testing relative to the first, 

regardless of treatment condition. Moreover, intra-BLA SB did not affect subsequent BECs 

(E) at the end of the two hour test period. Data presented as mean ± SEM. * denotes that p < 

0.05 relative to vehicle-treated animals during the first hour of testing. # denotes that animals 

drank significantly more during the second hour of testing relative to the first hour regardless 

of treatment group. Dotted line in (B) delineates 80 mg/dl, the minimum BEC to constitute a 

binge episode. Data presented as Mean ± SEM.
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Figure 4. 
Inhibition of CeA OX2Rs impacts binge-like consumption. Vehicle treated animals 

displayed an enhancement in binge-like ethanol drinking during the second hour of testing 

relative to the first (A) and infusion of TCS into the CeA blocked this behavior. However, no 

changes in BECs were observed as a function of treatment with TCS (B) nor did it impact 

binge-like sucrose intake (C). Data presented as mean ± SEM. * denotes that p < 0.05 

relative to vehicle treated animals during the first hour of testing. † signifies that p < 0.05 

relative to TCS treated animals at the same time point. Dotted line in (B) delineates 80 

mg/dl. Data presented as Mean ± SEM.
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