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Neural systems involved in processing natural rewards and drugs of abuse overlap and exposure to drugs of abuse induce neuroadaptations that can cause compulsive-like behavior. For example, the recruitment of the orexin (Orx) system by drugs of abuse has been proposed to induce neuroadaptations that in turn alter its function, reflected by maladaptive, compulsive, and addictive behavior. Orexin neurons project to the paraventricular nucleus of the thalamus (PVT)—particularly the posterior part (pPVT), a structure that plays a key role in stress regulation. This study investigated whether Orx transmission in the pPVT plays a role in stress-induced reinstatement of reward-seeking behavior toward ethanol (EtOH) and a highly palatable food reward [sweetened condensed milk (SCM)] in rats and whether this role changes with EtOH dependence. After being trained to orally self-administer EtOH or SCM, the rats were made dependent (EtOHD and SCMD) by chronic intermittent EtOH vapor exposure. The control nondependent groups (EtOHND and SCMND) were exposed to air. Following extinction, the rats were tested for stress-induced reinstatement of EtOH- and SCM-seeking behavior. Stress reinstated EtOH- and SCM-seeking behavior in all groups (EtOHD/ND and SCMD/ND). Administration of the dual Orx receptor (OrxR) antagonist TCS1102 (15 μg) in the pPVT prevented stress-induced reinstatement only in dependent rats (EtOHD and SCMD). In parallel, the qPCR analysis showed that Orx mRNA expression in the hypothalamus and OrxR1/R2 mRNA expression in the pPVT were increased at the time of testing in the EtOHD and SCMD groups. These results are the first to implicate Orx transmission in the pPVT in the stress-induced reinstatement of reward-seeking behavior in EtOH dependent rats and indicate the maladaptive recruitment of Orx transmission in the pPVT by EtOH dependence.
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INTRODUCTION

Drugs neuroadaptively influence neural systems that regulate motivation that is normally directed toward natural rewards. The neuroplasticity of this circuitry may be responsible for maladaptive compulsive behavior that characterizes addiction (e.g., Kelley and Berridge, 2002; Aston-Jones and Harris, 2004; Kalivas and O’Brien, 2008; Wanat et al., 2009). Relapse vulnerability is a challenge for the successful treatment of ethanol (EtOH) addiction, and relapse prevention has emerged as a major problem for treatment and medication development efforts (DeJong, 1994; O’Brien and McLellan, 1996). In patients who suffer from alcohol use disorder (AUD), relapse is frequently triggered by stressful events (Breese et al., 2005; Sinha, 2007). Over recent decades, behavioral scientists have used rodent models of reinstatement to study neuronal mechanisms of stress-induced relapse to EtOH seeking (Weiss et al., 2001; Lê and Shaham, 2002; Shaham et al., 2003) and investigate brain mechanisms that regulate palatable food-seeking behavior (Ghitza et al., 2006; Nair et al., 2009). The reinstatement of EtOH seeking following intermittent footshock has been extensively used to mimic relapse-like behavior in rodents (e.g., Lê et al., 1998, 1999; Martin-Fardon et al., 2000; Liu and Weiss, 2002), demonstrating that stress-induced relapse is a valid model for testing possible therapeutic targets for the prevention of craving and relapse.

The orexin (Orx; also known as hypocretin) system (de Lecea et al., 1998; Peyron et al., 1998; Sakurai et al., 1998) regulates physiological functions (Sutcliffe and de Lecea, 2000; Mieda and Yanagisawa, 2002; de Lecea, 2012), modulates stress (Berridge et al., 2010), and has been implicated in reward-motivated (e.g., drug-seeking) behavior (Harris et al., 2005; Dayas et al., 2008; Martin-Fardon et al., 2010, 2018; Jupp et al., 2011b; Sakurai and Mieda, 2011). Compulsive EtOH drinking is driven by dysfunctional reward and stress systems (Tunstall et al., 2017). Based on its role in regulating reward-motivated behavior and stress-related behaviors, the Orx system may be an ideal target for AUD treatment. The Orx system is recruited by both conventional reinforcers (Cason and Aston-Jones, 2013a,b; Olney et al., 2015) and drugs of abuse, including EtOH (Borgland et al., 2006; Bonci and Borgland, 2009; Thompson and Borgland, 2011). Orexin neurons are activated by stimuli that are predictive of food, morphine, cocaine, and EtOH (Harris et al., 2005; Dayas et al., 2008; Martin-Fardon et al., 2010, 2018; Jupp et al., 2011b). Pharmacological manipulations of the Orx system affect EtOH intake and seeking. For example, the OrxR1 antagonist SB334867 decreased voluntary home-cage EtOH drinking (Moorman and Aston-Jones, 2009; Anderson et al., 2014), operant EtOH self-administration (Lawrence et al., 2006; Richards et al., 2008; Jupp et al., 2011a; Lei et al., 2016a; Moorman et al., 2017), and the reinstatement of EtOH seeking that is induced by EtOH-associated stimuli (Lawrence et al., 2006; Jupp et al., 2011b; Martin-Fardon and Weiss, 2014; Brown et al., 2016; Moorman et al., 2017) or stress (Richards et al., 2008). SB334867 treatment disrupted EtOH-induced conditioned place preference (CPP) and EtOH-induced locomotor sensitization (Voorhees and Cunningham, 2011; Macedo et al., 2013). A few studies also showed that OrxR2 blockade with specific antagonists affected EtOH consumption. For example, LSN2424100 decreased home-cage EtOH drinking (Anderson et al., 2014), JNJ10397049 reduced EtOH self-administration in rats and EtOH-induced CPP and the reinstatement of operant responding for EtOH in mice (Shoblock et al., 2011), while an intracerebroventricular or intra-paraventricular nucleus of the thalamus (PVT) injection of TCSOX229 reduced EtOH intake in rats (Brown et al., 2013; Barson et al., 2015). These results suggest that the Orx system plays a key role in EtOH intake and EtOH-seeking behavior.

The PVT is part of dorsal midline thalamic nuclei and plays a key role in energy homeostasis, arousal, endocrine regulation, reward (Bhatnagar and Dallman, 1998; Van der Werf et al., 2002; Kelley et al., 2005; Parsons et al., 2006), and particularly stress regulation (Hsu et al., 2014). The effects of EtOH abuse on the thalamus have been recognized for decades. For example, the thalamus was shown to undergo marked volume reductions that resulted in characteristic cognitive impairments in severe alcoholics (Mann et al., 1999, 2001; Tedstone and Coyle, 2004; Pitel et al., 2015), and exposure to EtOH-related cues significantly activated the thalamus (George et al., 2001). Shrinkage of the thalamus was also observed in rats that were bred to consume high amounts of EtOH, suggesting that the predisposition to EtOH dependence in these rats may be associated with thalamic abnormalities that are reminiscent of those that are observed in EtOH-dependent patients (Gozzi et al., 2013). Among its extensive projections, Orx neurons send dense projections to the PVT, especially its posterior part (pPVT; Peyron et al., 1998; Baldo et al., 2003; Kirouac et al., 2005; Hsu and Price, 2009). The PVT is consistently and potently activated in rodents by various stressors and plays a unique role in regulating responses to chronic stressors (Hsu et al., 2014). For example, endogenous Orx release acted on the PVT to produce anxiety, and OrxR blockade in the PVT attenuated the anxiogenic effects of footshock stress (Li et al., 2010) and decreased the latency to engage in social interaction in a contextual fear conditioning paradigm in rats (Dong et al., 2015). Moreover, OrxA administration in the pPVT reinstated cocaine- and sweetened condensed milk (SCM)-seeking behavior (Matzeu et al., 2016, 2018), further supporting a pivotal function for Orx transmission in the pPVT in the mediation of reward-seeking behavior. A role for Orx projections to the PVT in EtOH seeking is supported by previous findings that EtOH-related contextual cues increased the number of Fos-positive PVT neurons that were closely associated with Orx fibers (Dayas et al., 2008). Other evidence supports a role for Orx projections to the PVT during EtOH seeking. The context-induced reinstatement of alcoholic beer seeking was associated with PVT–ventral striatum pathway recruitment, and inactivation of the PVT prevented the context-induced reinstatement of EtOH seeking (Hamlin et al., 2009; Marchant et al., 2010).

The pPVT receives the densest Orx projections (Kirouac et al., 2005). Based on our data on cocaine- and SCM- seeking behavior (Matzeu et al., 2016, 2018), the present study investigated whether the pharmacological manipulation of Orx transmission in the pPVT (i.e., OrxR1 and OrxR2 blockade with the dual Orx receptor antagonist TCS1102) prevents the stress-induced reinstatement of reward-seeking behavior toward EtOH and a highly palatable food reward (i.e., SCM) in rats with a history of EtOH dependence. To assess whether molecular changes that occur during EtOH dependence could explain the pharmacological results, we measured Orx mRNA expression in the hypothalamus and OrxR1/R2 mRNA expression in the pPVT at the time of the reinstatement test. Overall, we tested the hypothesis that actions of Orx in the pPVT are important during stress-induced reinstatement of reward-seeking behavior following EtOH dependence.



MATERIALS AND METHODS


Rats

One hundred eighty adult Wistar rats (90 males and 90 females; Charles River, Wilmington, MA, USA), 2 months old at the start of the experiment, were housed two per cage in a temperature- and humidity-controlled vivarium on a reverse 12 h/12 h light/dark cycle with ad libitum access to food and water. The animals were given at least 1 week to acclimate to the housing conditions and handling daily before testing. All of the procedures were conducted in strict adherence to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute. Both males and females were included in the study, not to study sex differences but rather to be inclusive of both sexes. Consequently, as shown in Figures 3, 4, males and females were not evenly distributed across the different groups.
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FIGURE 1. (A) Experimental procedure. Somatic withdrawal sign (WDS) scores were recorded upon the completion of training. (B) During weeks 1–3 of CIE vapor exposure, BALs were measured 15 min before the EtOH vapors were turned off (on Fridays), and the rats were scored for WDS 8 h (i.e., acute abstinence) after the EtOH vapor was turned off (on Thursdays). (C) During weeks 4–6 of CIE vapor exposure, the rats underwent self-administration sessions (Monday, Wednesday, and Friday) when acute abstinence occurred (8 h after the vapor was turned off). (D) During weeks 7–8 of CIE vapor exposure, the rats were exposed to daily extinction sessions during acute abstinence (8 h after the EtOH vapor was turned off). BAL, blood alcohol level; WDS, somatic withdrawal signs; W, week.
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FIGURE 2. Schematic representation of injection sites in the pPVT (x, rats with correct injection sites; o, rats with missed injection sites) in EtOH (A) and SCM (B) rats.
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FIGURE 3. (A) Total EtOH intake in the EtOHND and EtOHD groups during training and the air (EtOHND) and CIE (EtOHD) vapor procedure. ***p < 0.001, vs. training; ###p < 0.001, vs. EtOHND. n = 36–42 rats/group. (B) Somatic withdrawal signs (WDS) recorded upon the completion of training and during acute abstinence after CIE vapor exposure. ***p < 0.001, vs. baseline; ###p < 0.001, vs. EtOHND. n = 36–42 rats/group. (C) Effect of TCS1102 injection in the pPVT on footshock stress-induced reinstatement of EtOH-seeking behavior. *p < 0.05, **p < 0.01, vs. respective extinction and sham injection; ∧p < 0.05, vs. respective vehicle; #p < 0.05, vs. respective inactive lever. n = 8–13 rats/group. (D) Relative Orx gene expression in the hypothalamus in EtOH rats. **p < 0.01, vs. naive; ##p < 0.01, vs. EtOHND. (E) Relative OrxR1 gene expression in the pPVT in EtOH rats. **p < 0.01, vs. naïve; ##p < 0.01, vs. EtOHND. (F) Relative OrxR2 gene expression in the pPVT in EtOH rats. *p < 0.05, vs. naive; #p < 0.05, vs. EtOHND. Orx, OrxR1, and OrxR2 mRNA expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and are expressed in relative amounts. n = 8 rats/group. Blue symbols indicate male rats. Purple symbols indicate female rats. BSL, baseline; W4, week 4; W5, week 5; W6, week 6; EXT, extinction; SH, sham injection; SIR, stress-induced reinstatement; N, naive; ND, EtOHND; D, EtOHD.
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FIGURE 4. (A) Total SCM intake in the SCMND and SCMD groups during training and the air (SCMND) and CIE vapor procedure (SCMD). n = 33–34 rats/group. (B) Somatic withdrawal signs (WDS) recorded upon the completion of training and during acute abstinence during CIE vapor exposure. ***p < 0.001, vs. baseline; ###p < 0.001, vs. SCMND. n = 33–34 rats/group. (C) Effect of TCS1102 injection in the pPVT on footshock stress-induced reinstatement of SCM-seeking behavior. *p < 0.05, **p < 0.01, vs. respective extinction and sham injection; ∧p < 0.05, vs. respective vehicle; #p < 0.05, ##p < 0.01, vs. respective inactive lever. n = 8–10 rats/group. (D) Relative Orx gene expression in the hypothalamus in SCM rats. *p < 0.05, vs. naive; ##p < 0.01, vs. SCMND. (E) Relative OrxR1 gene expression in the pPVT in SCM rats. ***p < 0.001, vs. naive; ###p < 0.001, vs. SCMND. (F) Relative OrxR2 gene expression in the pPVT in SCM rats. ***p < 0.001, vs. naive; ###p < 0.001, vs. SCMND. Orx, OrxR1, and OrxR2 mRNA expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and are expressed in relative amounts. n = 8 rats/group. Blue symbols indicate male rats. Purple symbols indicate female rats. BSL, baseline; W4, week 4; W5, week 5; W6, week 6; EXT, extinction; SH, sham injection; SIR, stress-induced reinstatement; N, naive; ND, SCMND; D, SCMD.





Ethanol and Sweetened Condensed Milk Self-administration Training (Figure 1)

Ethanol and SCM self-administration were established in daily 30 min sessions on a fixed-ratio 1 (FR1) schedule of reinforcement in standard operant conditioning chambers (29 × 24 × 19.5 cm; Med Associates, St. Albans, VT, USA). Sessions were initiated by the extension of both levers into the operant chamber, and responses on the right active lever resulted in the delivery of 0.1 ml of 10% EtOH (w/v) or SCM diluted 2:1 (v/v) in tap water into a drinking receptacle and the brief illumination of a cue light (0.5 s) above the lever. Responses on the left inactive lever were recorded but had no scheduled consequences. The rats were scored for somatic withdrawal signs (WDS) upon the completion of training (Figure 1).



PVT Cannulation (Figure 1)

Fourteen days after beginning self-administration training, the rats that were assigned to stress-induced reinstatement testing (n = 142) were implanted with a guide cannula (23-gauge, 15 mm, Plastics One, Roanoke, VA, USA) that was aimed at the PVT anterior/posterior, −3.3 mm; medial/lateral, ±2.72 mm from Bregma; dorsal/ventral, −2.96 mm from the dura, 25° angle; (Paxinos and Watson, 1997) and positioned 3.5 mm above the target injection point. The PVT coordinates that were used are within the posterior part of the PVT (i.e., pPVT, the portion of the PVT that receives the most Orx afferents; Kirouac et al., 2005). After 7 days of recovery, the animals resumed self-administration training for an additional 7 days.



Chronic Intermittent EtOH Vapor Exposure (Figure 1)

After 21 sessions of EtOH or SCM self-administration, half of the rats were made dependent (EtOHDor SCMD) by chronic intermittent EtOH (CIE) vapor exposure. The other half was exposed only to air (non-dependent groups, EtOHNDor SCMND). During 6 weeks of dependence induction, the rats underwent daily cycles of 14 h EtOH vapor ON [blood alcohol levels (BALs) during vapor exposure ranged between 150 and 250 mg%, measured with a blood analyzer (GC-headspace, Agilent Technologies, Santa Clara, CA, USA)] and 10 h OFF and were left undisturbed for 3 weeks except to control BALs (measured during the last 15 min of vapor exposure) and score withdrawal signs (WDS; at 8 h of abstinence) once per week. Behavioral signs of withdrawal were measured by a laboratory assistant who was blind to the experimental conditions using a rating scale that was adapted from an original study by Macey et al. (1996). The scale included ventromedial limb retraction, vocalization (i.e., irritability in response to touch), tail rigidity, abnormal gait, and body tremors. Each sign was given a score of 0–2, based on the following severity: 0 = no sign, 1 = moderate, and 2 = severe. The sum of the five scores (0–10) was used as a quantitative measure of withdrawal severity and to confirm dependence. In this model, rats exhibit somatic and motivational signs of withdrawal (Vendruscolo and Roberts, 2014). Starting at the beginning of the fourth week of CIE vapor exposure, the rats were subjected to 30 min FR1 EtOH or SCM self-administration sessions when acute abstinence occurred (i.e., 8 h after the vapor was turned off when brain and blood alcohol levels are negligible), three times per week (Monday, Wednesday, and Friday). The air-exposed rats underwent the same procedure. During weeks 7 and 8 of CIE vapor exposure, the rats were subjected to daily 30 min extinction sessions when acute abstinence occurred. Extinction sessions were identical to the EtOH or SCM self-administration sessions but with EtOH or SCM withheld. Fifteen minutes before the last extinction session, the rats received a sham injection to habituate them to the microinjection procedure. This involved the insertion of an injector (that was left in place for 2 min) in the guide cannula that extended into the pPVT. After the sham injections, the rats were returned to their home cages for 2 min and then placed in the operant chamber for 15 min. At the end of the 15-min period, both levers in the operant chambers were extended, and the rats were tested under extinction conditions.



Effects of TCS1102 on the Stress-Induced Reinstatement of EtOH- and SCM-Seeking Behavior (Figure 1)

Twenty-four hours after the sham injection session during acute abstinence, the rats received TCS1102 (Tocris Bioscience, Bristol, UK; 0, 7.5, or 15 μg; Hsiao et al., 2012; Dong et al., 2015) dissolved in 100% dimethylsulfoxide (DMSO; Sigma Aldrich, St. Louis, MO, USA) and then tested for the reinstatement of EtOH and SCM seeking that was induced by footshock stress. The microinjections in the pPVT were performed using a micro-infusion pump (Harvard 22 Syringe Pump, Holliston, MA, USA) and injectors that extended 3.5 mm beyond the guide cannula. The injections were performed at a flow rate of 0.5 μl/min over 1 min. The injectors were left in place for an additional minute to allow for diffusion away from the injector tip. Following the injections, the rats were returned to their home cages for 2 min and then placed in the operant chamber to undergo footshock stress [15 min, variable intermittent electric footshock, 0.5 mA; duration, 0.5 s; mean shock interval, 40 s; range, 10–70 s; (Martin-Fardon et al., 2000; Zhao et al., 2006; Sidhpura et al., 2010)]. Two minutes following the termination of footshock, levers were extended into the chamber, and responses were recorded for 30 min. Each animal was tested with only one dose of TCS1102 or a vehicle according to a between-subjects design. Injection sites were verified, and off-target cannulations were excluded from the study (Figure 2).



Quantitative Polymerase Chain Reaction (qPCR) Procedure

The rats that were used for the gene expression analysis (n = 48) were prepared in parallel and underwent the same behavioral procedure as described above, but they did not undergo pPVT cannulation. Therefore, these rats were neither injected with TCS1102 nor tested for stress-induced reinstatement. Twenty-four hours after the last extinction session (at 8 h of abstinence, at the same time when the effects of TCS1102 on stress-induced reinstatement were tested in the behavioral groups), the rats were deeply anesthetized and decapitated. Their brains were rapidly extracted, frozen in methyl butane, and stored at −80°C. Brains were subsequently dissected into coronal sections, and brain regions of interest were collected with tissue punches. The sampled regions included the hypothalamus (dorsolateral, including the dorsomedial, perifornical, and lateral hypothalamus; range concerning Bregma: −2.56 to −4.16 mm; Paxinos and Watson, 1997) and the pPVT (range concerning Bregma: −2.80 to −3.80 mm). Brain punches were frozen on dry ice and stored at −80°C. Total RNA was isolated and purified using an RNA extraction kit (RNA Clean and Concentrator-5, Zymo Research, Irvine, CA, USA). RNA concentration was measured using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA was reverse transcribed into complementary DNA (cDNA) via 5× mix, iScript, Reverse Transcription, Supermix for RT-qPCR using a CFX 384 Real-Time System (Bio-Rad, Hercules, CA, USA). The cDNA templates were amplified using SYBR, iTaq Universal SYBR, and Green Supermix in the CFX 384 Real-Time System (Bio-Rad, Hercules, CA, USA). The primer sequences of Orx (prepro-Orx) antisense oligonucleotides were 5′-GCC GTC TCT ACG AAC TGT TG-3′ and 5′-CGA GGA GAG GGG AAA GTT AG-3′. The antisense oligonucleotide primer sequences were 5′-CCC TCA ACT CCA GTC CTA GC-3′ and 5′-CAG GGA GGG CCT ATA ATT GA-3′ for OrxR1 and 5′-CCA TGT TGT TGG GGT GCT TA-3′ and 5′-TCC CCC TCT CAT AAA CTT GG-3′ for OrxR2. The primer sequences of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were 5′-CAA GGC TGT GGG CAA GGT CA-3′ and 5′-GGT TTC TCC AGG CGG CAT GT-3′ (Jöhren et al., 2001). The relative expression of mRNA was calculated using the comparative Ct method. All data were standardized with Gapdh as the endogenous reference gene. Relative expression of different gene transcripts was calculated by the ΔCq method and converted to a relative expression ratio (2−ΔCq) for the statistical analysis (Livak and Schmittgen, 2001).



Statistical Analysis

Ethanol and SCM self-administration data were analyzed using two-way repeated-measures analysis of variance (ANOVA), with time (i.e., baseline, weeks 4–6) and dependence as factors. Withdrawal score values were log10 transformed for the statistical analysis and back-transformed for a graphical representation (Matzeu et al., 2018) and analyzed using two-way ANOVA, with time and dependence as factors. Stress-induced reinstatement was analyzed using a mixed three-way ANOVA, with treatment (i.e., responses during the extinction, sham, and reinstatement test following the TCS1102 injection), dependence (i.e., EtOHND, vs. EtOHD/SCMD vs. SCMND), and lever (i.e., active vs. inactive) as factors. Significant main effects or interactions in the ANOVAs were followed by the Tukey post hoc test. Relative gene expression data were analyzed using one-way ANOVA, followed by the Tukey post hoc test. All of the results are expressed as mean ± SEM. Values of p < 0.05 were considered statistically significant. The statistical analysis was performed using GraphPad Prism 8 software.




RESULTS

Nineteen animals were excluded from the study (three that never acquired self-administration, five because of health complications, and 11 because of cannula misplacement), thus reducing the number of animals to 161 (EtOHND: n = 34 for behavior and n = 8 for qPCR; EtOHD: n = 28 for behavior and n = 8 for qPCR; SCMND: n = 25 for behavior and n = 8 for qPCR; SCMD: n = 26 for behavior and n = 8 for qPCR; naive: n = 16 for qPCR).


Ethanol Self-administration and Stress-Induced Reinstatement

Before CIE vapor or air exposure, the rats were divided into two subgroups to obtain a similar EtOH self-administration baseline (Figure 3A) based on the last 3 days of training. During weeks 4–6 of CIE vapor exposure, compared with pre-CIE vapor exposure and the EtOHND group, EtOHD animals escalated their EtOH intake [calculated by averaging the measures that were obtained Monday, Wednesday, and Friday during weeks 4–6 of the CIE procedure; p < 0.001, Tukey post hoc test following two-way ANOVA: dependence (EtOHND vs. EtOHD), F(1,76) = 29.06, p < 0.001; time, F(3,228) = 41.85, p < 0.001; dependence × time interaction, F(3,228) = 22.00, p < 0.001; Figure 3A]. During weeks 4–6 of CIE vapor exposure, somatic withdrawal signs were measured at 8 h of abstinence. EtOHD animals exhibited significantly higher somatic withdrawal signs compared with withdrawal signs that were measured at the end of EtOH self-administration training and compared with the EtOHND group [p < 0.001, Tukey post hoc test following two-way ANOVA: dependence (EtOHND vs. EtOHD), F(1,336) = 130.20, p < 0.001; time, F(3,228) = 44.46, p < 0.001; dependence × time interaction, F(3,228) = 39.52, p < 0.001; Figure 3B]. Compared with extinction and the sham injection, footshock elicited the significant reinstatement of EtOH-seeking behavior in both the EtOHND and EtOHD groups [p < 0.05, Tukey post hoc test following three-way ANOVA: dependence (EtOHND vs. EtOHD), F(1,336) = 0.13, p > 0.05; treatment (extinction, sham, TCS1102), F(8,336) = 10.72, p < 0.001; lever (active vs. inactive), F(1,336) = 89.0, p < 0.001; dependence × treatment interaction, F(8,336) = 1.42, p > 0.05; lever × treatment interaction, F(8,336) = 10.75, p < 0.001; dependence × lever interaction, F(8,336) = 0.01, p > 0.05; dependence × treatment × lever interaction, F(8,336) = 1.25, p > 0.05; Figure 3C]. The injection of TCS1102 in the pPVT reduced the footshock-induced reinstatement of EtOH-seeking behavior only in EtOHD rats, with a significant effect at the 15-μg dose (p < 0.05, Tukey post hoc test; Figure 3C). Responses at the inactive lever remained low and unaffected throughout the experiment (Figure 3C).



Sweetened Condensed Milk Self-administration and the Stress-Induced Reinstatement

Compared with pre-CIE vapor exposure and the SCMND group, SCM self-administration remained stable and unchanged in SCMD rats [two-way ANOVA: dependence (SCMND vs. SCMD), F(1,65) = 0.11, p > 0.05; time, F(3,195) = 2.34, p > 0.05; dependence × time interaction, F(3,195) = 0.96, p > 0.05; Figure 4A]. During weeks 4–6 of CIE vapor exposure, somatic withdrawal signs were measured at 8 h of abstinence. SCMD rats exhibited significantly higher somatic withdrawal signs compared with withdrawal signs that were measured at the end of SCM self-administration training and compared with the SCMND group [p < 0.001, Tukey post hoc test following two-way ANOVA: dependence (SCMND vs. SCMD), F(1,65) = 295.7, p < 0.001; time, F(3,195) = 62.65, p < 0.001; dependence × time interaction, F(3,195) = 54.80, p < 0.001; Figure 4B]. Footshock stress induced the reinstatement of SCM seeking in both the SCMND and SCMD groups [p < 0.05, Tukey post hoc test following three-way ANOVA: dependence (SCMND vs. SCMD), F(1,235) = 0.04, p > 0.05; treatment (extinction, sham, TCS1102), F(8,235) = 13.78, p < 0.001; lever (active vs. inactive), F(1,235) = 79.19, p < 0.001; dependence × treatment interaction, F(8,235) = 0.33, p > 0.05; lever × treatment interaction, F(8,235) = 13.64, p < 0.001; dependence × lever interaction, F(8,235) = 0.14, p > 0.05; dependence × treatment × lever interaction, F(8,235) = 0.27, p > 0.05; Figure 4C]. The injection of TCS1102 in the pPVT reduced the footshock stress-induced reinstatement of SCM-seeking behavior only in SCMD rats, with a significant effect at the 15-μg dose (p < 0.05, Tukey post hoc test; Figure 4C), similar to the EtOHD group. Responses at the inactive lever remained low and unaffected (Figure 4C).



Relative Gene Expression Analysis of Orx in the Hypothalamus and OrxR1/2 Expression in the pPVT

Relative Orx gene expression in the hypothalamus significantly increased in rats in the EtOHD and SCMD groups compared with naive and nondependent rats (EtOH: p < 0.01, Tukey post hoc test following one-way ANOVA, F(2,21) = 10.52, p < 0.001; SCM: p < 0.05, Tukey post hoc test following one-way ANOVA, F(2,21) = 7.06, p < 0.01). Relative Orx gene expression in the EtOHND and SCMND groups was identical to the naive group (Figures 3D, 4D). In the EtOHD and SCMD groups, the relative gene expression of OrxR1 and OrxR2 in the pPVT was significantly higher than in the naive and non-dependent groups (OrxR1 for EtOH: p < 0.01, Tukey post hoc test following one-way ANOVA, F(2,21) = 10.90, p < 0.001; OrxR1 for SCM: p < 0.001, Tukey post hoc test following one-way ANOVA, F(2,21) = 18.56, p < 0.001; OrxR2 for EtOH: p < 0.05, Tukey post hoc test following one-way ANOVA, F(2,21) = 4.76, p < 0.05; OrxR2 for SCM: p < 0.001, Tukey post hoc test following one-way ANOVA, F(2,21) = 13.50, p < 0.001). In the EtOHND and SCMND groups, relative OrxR1 and OrxR2 gene expression were similar to relative OrxR1 and OrxR2 gene expression in the naive group (Figures 3E,F, 4E,F).




DISCUSSION

In the present study, the influence of EtOH dependence on the self-administration of EtOH or a highly palatable food (SCM) was evaluated. As reported previously (e.g., O’Dell et al., 2004; Vendruscolo and Roberts, 2014; Matzeu et al., 2018), EtOHD rats exhibited an increase (i.e., escalation) in EtOH self-administration during dependence, whereas SCM self-administration was unaffected, suggesting that the intake of highly palatable food, in contrast to EtOH, does not alleviate negative withdrawal states (for review, see Koob, 2014). Furthermore, we observed a pivotal role for Orx inputs to the pPVT in the stress-induced reinstatement of reward-seeking behavior in EtOH-dependent rats. Footstock stress-induced the reinstatement of reward-seeking behavior in all groups, but an intra-pPVT injection of the dual Orx receptor antagonist TCS1102 reduced reinstatement only in dependent rats (i.e., EtOHDand SCMD groups), with no effect in nondependent rats (i.e., EtOHND and SCMND groups). The relative gene expression analysis revealed that Orx mRNA expression in the hypothalamus and OrxR1 and OrxR2 mRNA expression in the pPVT significantly increased in the EtOHD and SCMD groups compared with the naive and non-dependent groups. Overall, the behavioral and molecular data are the first to demonstrate the maladaptive recruitment of Orx inputs to the pPVT by EtOH dependence.

People who suffer from AUD are inclined to increase their EtOH consumption to relieve or avoid withdrawal symptoms (Peer et al., 2013). Similarly, in preclinical studies, EtOH-dependent rats exhibited traits of EtOH dependence that were characterized by somatic and motivational withdrawal symptoms that typically appeared after 6–8 h of abstinence from EtOH, and EtOH self-administration (escalation) significantly increases when EtOH is made available again (Roberts et al., 1996; O’Dell et al., 2004; Vendruscolo and Roberts, 2014; Matzeu et al., 2018). Consistent with these earlier observations, we found an increase in EtOH self-administration in EtOHD rats during weeks 4–6 of CIE vapor exposure, whereas SCM intake was unaffected in SCMD rats. These findings demonstrate that the consumption of highly palatable food, in contrast to EtOH, was unable to relieve negative states that are associated with acute EtOH withdrawal. Drugs of abuse usurp neurocircuitry that controls food intake (Volkow et al., 2012, 2013; Tomasi and Volkow, 2013) and it has been described that palatable food and EtOH intake is controlled by common neuronal substrates (Barson et al., 2011; Barson and Leibowitz, 2016). Both clinical and preclinical studies have shown that moderate EtOH consumption increases palatable food intake (Schrieks et al., 2015; Cummings et al., 2020), but heavy EtOH consumption either decreases or does not change palatable food intake (Cummings et al., 2020). These previous findings were confirmed by the present results, showing no changes in SCM consumption during EtOH dependence (i.e., heavy EtOH exposure). The reason why EtOH dependence did not influence SCM consumption is unclear. However, as suggested by others (for review, see Cummings et al., 2020), the dose-dependent effects of EtOH on palatable food intake could overlap with the biphasic effect of EtOH (i.e., increase in food intake at a low dose of EtOH and no change or a decrease in food intake at a high dose of EtOH). If low-dose EtOH can increase the motivation for palatable food, the withdrawal state that is induced by chronic exposure to high doses of EtOH (i.e., CIE vapor exposure) can be alleviated only by a voluntary increase in EtOH self-administration (escalation) but not SCM self-administration (no escalation). An alternative explanation for the absence of an increase in SCM self-administration in SCMD rats could be attributable to the schedule of reinforcement that was used. Under the present experimental conditions, the level of responding for SCM was already substantially high under basal conditions. This observation suggests that the SCM group of rats might have already reached a plateau of intake before EtOH dependence induction, thus dramatically limiting the possibility of measuring any further increase in SCM self-administration. Nonetheless, further studies are needed to support or refute this hypothesis.

Although footstock stress-induced reinstatement in all groups in the present study, the intra-pPVT injection of TCS1102 reduced reinstatement only in the EtOHD and SCMD groups, with no effect in the EtOHND and SCMND groups. Before discussing the implications of these findings, a potential limitation needs to be mentioned. A possible behavioral confound following the TCS1102 injection in the pPVT could be the close position of the pPVT to the third ventricle and thus the possibility that TCS1102 diffused to the ventricles and exerted nonspecific actions at other brain regions beyond the pPVT. However, the accuracy of the injections (depicted in Figure 2), together with our earlier studies that used a similar approach and found: (1) a selective effect of transient inactivation of the pPVT in preventing cocaine conditioned reinstatement (Matzeu et al., 2015); and (2) selective blockade of the reinstating effect of intra-pPVT OrxA administration by co-administering the OrxR2 antagonist TCSOX229 (Matzeu et al., 2016) or dynorphin (Matzeu et al., 2018), strongly argue against this possibility. The Orx system is well known to play an important role in reward-seeking behavior, especially when the motivation for the reward is high (Borgland et al., 2009; Moorman and Aston-Jones, 2009; España et al., 2010; Hollander et al., 2012; Mahler et al., 2014; Bentzley and Aston-Jones, 2015; Lopez et al., 2016). Consistent with this observation, several studies reported that the effect of OrxR antagonists is more pronounced in animals with high motivation for EtOH (Anderson et al., 2018), suggesting a role for the Orx system in the exacerbation of EtOH seeking and drinking that are typically observed with EtOH dependence. For example, systemic SB334867 administration produced more robust decreases in EtOH self-administration and reinstatement in selectively bred alcohol-preferring (P) rats (Lawrence et al., 2006; Dhaher et al., 2010; Anderson et al., 2014). SB334867 also decreased EtOH drinking and preference to a greater extent in rats with a high preference for EtOH but only weakly in rats with a low preference for EtOH (Moorman and Aston-Jones, 2009; Moorman et al., 2017). The blockade of OrxR1 selectively decreased the escalation of drinking in EtOH-dependent mice, without altering lower levels of EtOH intake in non-dependent mice (Lopez et al., 2016) and was more effective in reducing compulsive-like EtOH drinking in quinine-resistant mice (Lei et al., 2016a,b). Finally, the dual OrxR antagonist almorexant decreased the breakpoint for EtOH seeking in a progressive-ratio schedule in rats that were genetically predisposed to EtOH preference (Anderson et al., 2014). Collectively, these previous studies and the present findings suggest that the extent to which the Orx system is recruited is linked to greater motivation that is induced by EtOH dependence in EtOHD and SCMD rats. In the EtOHD and SCMD groups, dysregulation or hyperactivation of the Orx system could produce pathological EtOH and SCM seeking. In fact, following intra-pPVT vehicle injections, the magnitude of stress-induced reinstatement was virtually identical in all groups (dependent and nondependent). However, the observation that TCS1102 prevented stress-induced reinstatement only in EtOH-dependent rats (EtOHD and SCMD groups) is indicative of a common mechanism that mediates the stress-induced reinstatement of EtOH seeking or palatable food-seeking following EtOH dependence, strongly suggesting that CIE vapor exposure induces neuroadaptations that can be revealed by pharmacological manipulations. If this hypothesis is correct, then antagonizing the Orx system could be particularly valuable because it would help prevent EtOH craving and relapse in individuals with AUD and perhaps be beneficial for treating maladaptive behavior toward conventional reinforcers in individuals with a history of EtOH dependence (e.g., Schuckit et al., 1996; Sinha and O’Malley, 2000; Munn-Chernoff et al., 2013). Such a possibility will need further investigation.

The present study showed that the blockade of both OrxRs in the pPVT with the dual OrxR antagonist TCS1102 prevented stress-induced reinstatement only in EtOH-dependent rats. The PVT has been proposed to be part of the neurocircuitry that regulates drug-seeking (Martin-Fardon and Boutrel, 2012) and has been shown to participate in hedonic feeding (Choi et al., 2012). Indeed, the PVT is involved in cocaine and EtOH seeking and reinstatement (Dayas et al., 2008; Hamlin et al., 2009; James et al., 2010, 2011; Matzeu et al., 2016, 2018). The anterior PVT has also been shown to play an important role in regulating EtOH drinking (Barson et al., 2015, 2017). CIE exposure or EtOH intoxication reduces Fos expression in the PVT, and Fos expression markedly increases during acute withdrawal following CIE exposure (Smith et al., 2019). The present results extend our understanding of the participation of Orx inputs in the pPVT in the mediation of stress-induced EtOH- and SCM-seeking behavior after a history of EtOH dependence. The PVT receives dense Orx projections (Peyron et al., 1998; Baldo et al., 2003; Kirouac et al., 2005; Hsu and Price, 2009) and is implicated in behavioral responses to acute and chronic stressors (Hsu et al., 2014) and appetitive and aversive behaviors (Hsu et al., 2014; Kirouac, 2015; Millan et al., 2017). Barson et al. (2015) found that an injection of OrxA and OrxB peptides in the anterior PVT but not pPVT increased EtOH consumption, an effect that was reversed by an injection of the Orx2R antagonist TCSOX229 (Barson et al., 2015, 2017), supporting the hypothesis that the anterior PVT plays a role in mediating EtOH drinking via OrxR2 signaling. The lack of an effect on EtOH drinking when injections occurred in the pPVT suggests regional specialization of the PVT, in which the anterior PVT is most likely engaged during EtOH and perhaps SCM consumption, whereas the pPVT (present study) mediates the reinstatement of reward-seeking behavior (EtOH or SCM) that is induced by stress in rats with a history of EtOH dependence. Further studies are needed to elucidate the possible specialization of the PVT subdivisions.

The lack of effect of TCS1102 in EtOH nondependent animals suggests that the stress-induced reinstatement of reward-seeking behavior in these rats might not depend on pPVT Orx transmission but perhaps depend on other mechanisms. However, a large body of evidence demonstrates the involvement of the Orx system and PVT in feeding (Sutcliffe and de Lecea, 2000; Mieda and Yanagisawa, 2002; Kelley et al., 2005; de Lecea, 2012), arousal, stress, anxiety (Bhatnagar and Dallman, 1998; Van der Werf et al., 2002; Kelley et al., 2005; Parsons et al., 2006; Berridge et al., 2010; Hsu et al., 2014), and reward-motivated behavior (Harris et al., 2005; Dayas et al., 2008; Martin-Fardon et al., 2010, 2018; Jupp et al., 2011b; Sakurai and Mieda, 2011; Hsu et al., 2014), strongly arguing against this possibility. Another possibility is that at the dose range used, TCS1102 has no affect in EtOHND and SCMND rats because their Orx/OrxR system is not compromised. Supporting this possibility is a recent study that showed that OrxR2 blockade with TCSOX229 in the pPVT reduced cue-induced food-seeking behavior in hungry rats (i.e., a stressful condition; Meffre et al., 2019). Overall, these findings confirm that Orx transmission in the pPVT plays an important role in reward-seeking behavior that is induced by cues or stress, especially when the motivation for the reward is high or when the Orx system is compromised, such as by food restriction (Diano et al., 2003; Horvath and Gao, 2005; Iwasa et al., 2015) or EtOH dependence (present study).

At the time of reinstatement testing in the present study, significant increases in Orx mRNA expression in the hypothalamus and OrxR1 and OrxR2 mRNA expression in the pPVT in EtOHD and SCMD rats were observed. In the lateral hypothalamus, an increase in Orx mRNA expression was observed during morphine (Zhou et al., 2006) and cocaine (Zhou et al., 2008) withdrawal. Particularly relevant is the observation that chronic EtOH consumption increases Orx mRNA expression in the lateral hypothalamus in EtOH-preferring rats (Lawrence et al., 2006) and non-genetically selected EtOH-preferring rats and Orx2R mRNA expression in the anterior PVT (Barson et al., 2015). Similarly, oral EtOH administration by gavage increased the double-labeling of Fos with Orx2R in the anterior PVT (Barson et al., 2015). We propose that Orx overexpression that is induced by chronic EtOH administration and the lack of an ability to reduce OrxR expression and activity in response to chronic EtOH administration might make rats vulnerable to EtOH overconsumption and craving. In fact, under normal physiological conditions, Orx synthesis triggers an adaptive reduction of OrxRs in the lateral hypothalamus that exerts negative feedback on enhanced Orx activity (Alcaraz-Iborra et al., 2014). Following EtOH dependence, this regulatory balance between Orx peptides and receptors might be compromised. This possibility is supported by the finding that acute EtOH increases the density of Orx neurons in the lateral hypothalamus and the observation that repetitive sessions of EtOH binge-like drinking failed to significantly reduce mRNA OrxR1 expression (Morganstern et al., 2010). Perhaps EtOH dependence-induced maladaptation leads to the exacerbation of Orx signaling in the pPVT. This maladaptation was behaviorally revealed in the present study by the pharmacological effects of TCS1102 that antagonized stress-induced reinstatement in EtOHD and SCMD rats and the observation of the upregulation of Orx and OrxRs gene expression. One limitation of the present qPCR analysis could be that Orx and OrxRs gene expression was measured at acute abstinence, without subjecting the rats to stress. Although investigating how stress itself can cause additional changes in the Orx system would be of interest, the rationale for processing the tissue under the present conditions was to obtain a snapshot of the Orx/OrxR system at the time when the effects of TCS1102 on stress-induced reinstatement were tested in the behavioral groups (i.e., 24 h after the last extinction session at 8 h of abstinence).

Stress is a major cause of relapse in patients who suffer from AUD (Breese et al., 2005; Sinha, 2007). The present results demonstrated the maladaptive recruitment of Orx transmission in the pPVT by EtOH dependence, reflected by changes in transcription factors in the Orx/OrxR system. Dual OrxR antagonist administration in the pPVT prevented the stress-induced reinstatement of EtOH- and SCM-seeking behavior in rats with a history of EtOH dependence and molecular changes were induced by CIE vapor exposure in both EtOH and SCM self-administering rats. Overall, these findings suggest that targeting OrxRs could have beneficial effects on preventing EtOH craving and relapse and possibly preventing more general maladaptive behavior toward conventional reinforcers.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

All of the procedures were conducted in strict adherence to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute.



AUTHOR CONTRIBUTIONS

AM and RM-F participated in the study concept and design. AM performed the experiments, undertook the statistical analysis, interpreted the findings, and drafted the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the National Institute on Drug Abuse and National Institute on Alcohol Abuse and Alcoholism (grant nos. DA033344, AA024146, AA006420, and AA026999 to RM-F).



ACKNOWLEDGMENTS

This is publication number 30011 from The Scripps Research Institute. The authors thank Drs. Gianluigi Lichinchi and Francesca Telese for their valuable input on the qPCR procedure and Michael Arends for assistance with manuscript preparation.



REFERENCES

Alcaraz-Iborra, M., Carvajal, F., Lerma-Cabrera, J. M., Valor, L. M., and Cubero, I. (2014). Binge-like consumption of caloric and non-caloric palatable substances in ad libitum-fed C57BL/6J mice: pharmacological and molecular evidence of orexin involvement. Behav. Brain Res. 272, 93–99. doi: 10.1016/j.bbr.2014.06.049

Anderson, R. I., Moorman, D. E., and Becker, H. C. (2018). Contribution of dynorphin and orexin neuropeptide systems to the motivational effects of alcohol. Handb. Exp. Pharmacol. 248, 473–503. doi: 10.1007/164_2018_100

Anderson, R. I., Becker, H. C., Adams, B. L., Jesudason, C. D., and Rorick-Kehn, L. M. (2014). Orexin-1 and orexin-2 receptor antagonists reduce ethanol self-administration in high-drinking rodent models. Front. Neurosci. 8:33. doi: 10.3389/fnins.2014.00033

Aston-Jones, G., and Harris, G. C. (2004). Brain substrates for increased drug seeking during protracted withdrawal. Neuropharmacology 47, 167–179. doi: 10.1016/j.neuropharm.2004.06.020

Baldo, B. A., Daniel, R. A., Berridge, C. W., and Kelley, A. E. (2003). Overlapping distributions of orexin/hypocretin- and dopamine-β-hydroxylase immunoreactive fibers in rat brain regions mediating arousal, motivation, and stress. J. Comp. Neurol. 464, 220–237. doi: 10.1002/cne.10783

Barson, J. R., Ho, H. T., and Leibowitz, S. F. (2015). Anterior thalamic paraventricular nucleus is involved in intermittent access ethanol drinking: role of orexin receptor 2. Addict. Biol. 20, 469–481. doi: 10.1111/adb.12139

Barson, J. R., and Leibowitz, S. F. (2016). Hypothalamic neuropeptide signaling in alcohol addiction. Prog. Neuropsychopharmacol. Biol. Psychiatry 65, 321–329. doi: 10.1016/j.pnpbp.2015.02.006

Barson, J. R., Morganstern, I., and Leibowitz, S. F. (2011). Similarities in hypothalamic and mesocorticolimbic circuits regulating the overconsumption of food and alcohol. Physiol. Behav. 104, 128–137. doi: 10.1016/j.physbeh.2011.04.054

Barson, J. R., Poon, K., Ho, H. T., Alam, M. I., Sanzalone, L., and Leibowitz, S. F. (2017). Substance P in the anterior thalamic paraventricular nucleus: promotion of ethanol drinking in response to orexin from the hypothalamus. Addict. Biol. 22, 58–69. doi: 10.1111/adb.12288

Bentzley, B. S., and Aston-Jones, G. (2015). Orexin-1 receptor signaling increases motivation for cocaine-associated cues. Eur. J. Neurosci. 41, 1149–1156. doi: 10.1111/ejn.12866

Berridge, C. W., España, R. A., and Vittoz, N. M. (2010). Hypocretin/orexin in arousal and stress. Brain Res. 1314, 91–102. doi: 10.1016/j.brainres.2009.09.019

Bhatnagar, S., and Dallman, M. (1998). Neuroanatomical basis for facilitation of hypothalamic-pituitary-adrenal responses to a novel stressor after chronic stress. Neuroscience 84, 1025–1039. doi: 10.1016/s0306-4522(97)00577-0

Bonci, A., and Borgland, S. (2009). Role of orexin/hypocretin and CRF in the formation of drug-dependent synaptic plasticity in the mesolimbic system. Neuropharmacology 56, 107–111. doi: 10.1016/j.neuropharm.2008.07.024

Borgland, S. L., Chang, S. J., Bowers, M. S., Thompson, J. L., Vittoz, N., Floresco, S. B., et al. (2009). Orexin A/hypocretin-1 selectively promotes motivation for positive reinforcers. J. Neurosci. 29, 11215–11225. doi: 10.1523/JNEUROSCI.6096-08.2009

Borgland, S. L., Taha, S. A., Sarti, F., Fields, H. L., and Bonci, A. (2006). Orexin A in the VTA is critical for the induction of synaptic plasticity and behavioral sensitization to cocaine. Neuron 49, 589–601. doi: 10.1016/j.neuron.2006.01.016

Breese, G. R., Chu, K., Dayas, C. V., Funk, D., Knapp, D. J., Koob, G. F., et al. (2005). Stress enhancement of craving during sobriety: a risk for relapse. Alcohol. Clin. Exp. Res. 29, 185–195. doi: 10.1097/01.alc.0000153544.83656.3c

Brown, R. M., Khoo, S.-Y. S., and Lawrence, A. J. (2013). Central orexin (hypocretin) 2 receptor antagonism reduces ethanol self-administration, but not cue-conditioned ethanol-seeking, in ethanol-preferring rats. Int. J. Neuropsychopharmacol. 16, 2067–2079. doi: 10.1017/S1461145713000333

Brown, R. M., Kim, A. K., Khoo, S. Y., Kim, J. H., Jupp, B., and Lawrence, A. J. (2016). Orexin-1 receptor signalling in the prelimbic cortex and ventral tegmental area regulates cue-induced reinstatement of ethanol-seeking in iP rats. Addict. Biol. 21, 603–612. doi: 10.1111/adb.12251

Cason, A. M., and Aston-Jones, G. (2013a). Attenuation of saccharin-seeking in rats by orexin/hypocretin receptor 1 antagonist. Psychopharmacology 228, 499–507. doi: 10.1007/s00213-013-3051-7

Cason, A. M., and Aston-Jones, G. (2013b). Role of orexin/hypocretin in conditioned sucrose-seeking in rats. Psychopharmacology 226, 155–165. doi: 10.1007/s00213-012-2902-y

Choi, D. L., Davis, J. F., Magrisso, I. J., Fitzgerald, M. E., Lipton, J. W., and Benoit, S. C. (2012). Orexin signaling in the paraventricular thalamic nucleus modulates mesolimbic dopamine and hedonic feeding in the rat. Neuroscience 210, 243–248. doi: 10.1016/j.neuroscience.2012.02.036

Cummings, J. R., Gearhardt, A. N., Ray, L. A., Choi, A. K., and Tomiyama, A. J. (2020). Experimental and observational studies on alcohol use and dietary intake: a systematic review. Obes. Rev. 21:e12950. doi: 10.1111/obr.12950

Dayas, C. V., McGranahan, T. M., Martin-Fardon, R., and Weiss, F. (2008). Stimuli linked to ethanol availability activate hypothalamic CART and orexin neurons in a reinstatement model of relapse. Biol. Psychiatry 63, 152–157. doi: 10.1016/j.biopsych.2007.02.002

de Lecea, L. (2012). Hypocretins and the neurobiology of sleep-wake mechanisms. Prog. Brain Res. 198, 15–24. doi: 10.1016/B978-0-444-59489-1.00003-3

de Lecea, L., Kilduff, T. S., Peyron, C., Gao, X., Foye, P. E., Danielson, P. E., et al. (1998). The hypocretins: hypothalamus-specific peptides with neuroexcitatory activity. Proc. Natl. Acad. Sci. U S A 95, 322–327. doi: 10.1073/pnas.95.1.322

DeJong, W. (1994). Relapse prevention: an emerging technology for promoting long-term drug abstinence. Int. J. Addict. 29, 681–705. doi: 10.3109/10826089409047904

Dhaher, R., Hauser, S. R., Getachew, B., Bell, R. L., McBride, W. J., McKinzie, D. L., et al. (2010). The orexin-1 receptor antagonist SB-334867 reduces alcohol relapse drinking, but not alcohol-seeking, in alcohol-preferring (P) rats. J. Addict. Med. 4, 153–159. doi: 10.1097/ADM.0b013e3181bd893f

Diano, S., Horvath, B., Urbanski, H. F., Sotonyi, P., and Horvath, T. L. (2003). Fasting activates the nonhuman primate hypocretin (orexin) system and its postsynaptic targets. Endocrinology 144, 3774–3778. doi: 10.1210/en.2003-0274

Dong, X., Li, Y., and Kirouac, G. J. (2015). Blocking of orexin receptors in the paraventricular nucleus of the thalamus has no effect on the expression of conditioned fear in rats. Front. Behav. Neurosci. 9:161. doi: 10.3389/fnbeh.2015.00161

España, R. A., Oleson, E. B., Locke, J. L., Brookshire, B. R., Roberts, D. C., and Jones, S. R. (2010). The hypocretin-orexin system regulates cocaine self-administration via actions on the mesolimbic dopamine system. Eur. J. Neurosci. 31, 336–348. doi: 10.1111/j.1460-9568.2009.07065.x

George, M. S., Anton, R. F., Bloomer, C., Teneback, C., Drobes, D. J., Lorberbaum, J. P., et al. (2001). Activation of prefrontal cortex and anterior thalamus in alcoholic subjects on exposure to alcohol-specific cues. Arch. Gen. Psychiatry 58, 345–352. doi: 10.1001/archpsyc.58.4.345

Ghitza, U. E., Gray, S. M., Epstein, D. H., Rice, K. C., and Shaham, Y. (2006). The anxiogenic drug yohimbine reinstates palatable food seeking in a rat relapse model: a role of CRF1 receptors. Neuropsychopharmacology 31, 2188–2196. doi: 10.1038/sj.npp.1300964

Gozzi, A., Agosta, F., Massi, M., Ciccocioppo, R., and Bifone, A. (2013). Reduced limbic metabolism and fronto-cortical volume in rats vulnerable to alcohol addiction. NeuroImage 69, 112–119. doi: 10.1016/j.neuroimage.2012.12.015

Hamlin, A. S., Clemens, K. J., Choi, E. A., and McNally, G. P. (2009). Paraventricular thalamus mediates context-induced reinstatement (renewal) of extinguished reward seeking. Eur. J. Neurosci. 29, 802–812. doi: 10.1111/j.1460-9568.2009.06623.x

Harris, G. C., Wimmer, M., and Aston-Jones, G. (2005). A role for lateral hypothalamic orexin neurons in reward seeking. Nature 437, 556–559. doi: 10.1038/nature04071

Hollander, J. A., Pham, D., Fowler, C. D., and Kenny, P. J. (2012). Hypocretin-1 receptors regulate the reinforcing and reward-enhancing effects of cocaine: pharmacological and behavioral genetics evidence. Front. Behav. Neurosci. 6:47. doi: 10.3389/fnbeh.2012.00047

Horvath, T. L., and Gao, X.-B. (2005). Input organization and plasticity of hypocretin neurons: possible clues to obesity’s association with insomnia. Cell Metab. 1, 279–286. doi: 10.1016/j.cmet.2005.03.003

Hsiao, Y.-T., Jou, S.-B., Yi, P.-L., and Chang, F.-C. (2012). Activation of GABAergic pathway by hypocretin in the median raphe nucleus (MRN) mediates stress-induced theta rhythm in rats. Behav. Brain Res. 233, 224–231. doi: 10.1016/j.bbr.2012.05.002

Hsu, D. T., Kirouac, G. J., Zubieta, J. K., and Bhatnagar, S. (2014). Contributions of the paraventricular thalamic nucleus in the regulation of stress, motivation, and mood. Front. Behav. Neurosci. 8:73. doi: 10.3389/fnbeh.2014.00073

Hsu, D. T., and Price, J. L. (2009). Paraventricular thalamic nucleus: subcortical connections and innervation by serotonin, orexin and corticotropin-releasing hormone in macaque monkeys. J. Comp. Neurol. 512, 825–848. doi: 10.1002/cne.21934

Iwasa, T., Matsuzaki, T., Munkhzaya, M., Tungalagsuvd, A., Kuwahara, A., Yasui, T., et al. (2015). Developmental changes in the hypothalamic mRNA levels of prepro-orexin and orexin receptors and their sensitivity to fasting in male and female rats. Int. J. Dev. Neurosci. 46, 51–54. doi: 10.1016/j.ijdevneu.2015.07.005

James, M. H., Charnley, J. L., Jones, E., Levi, E. M., Yeoh, J. W., Flynn, J. R., et al. (2010). Cocaine- and amphetamine-regulated transcript (CART) signaling within the paraventricular thalamus modulates cocaine-seeking behaviour. PLoS One 5:e12980. doi: 10.1371/journal.pone.0012980

James, M. H., Charnley, J. L., Flynn, J. R., Smith, D. W., and Dayas, C. V. (2011). Propensity to ‘relapse’ following exposure to cocaine cues is associated with the recruitment of specific thalamic and epithalamic nuclei. Neuroscience 199, 235–242. doi: 10.1016/j.neuroscience.2011.09.047

Jöhren, O., Neidert, S. J., Kummer, M., Dendorfer, A., and Dominiak, P. (2001). Prepro-orexin and orexin receptor mRNAs are differentially expressed in peripheral tissues of male and female rats. Endocrinology 142, 3324–3331. doi: 10.1210/endo.142.8.8299

Jupp, B., Krivdic, B., Krstew, E., and Lawrence, A. J. (2011a). The orexin1 receptor antagonist SB-334867 dissociates the motivational properties of alcohol and sucrose in rats. Brain Res. 1391, 54–59. doi: 10.1016/j.brainres.2011.03.045

Jupp, B., Krstew, E., Dezsi, G., and Lawrence, A. J. (2011b). Discrete cue-conditioned alcohol-seeking after protracted abstinence: pattern of neural activation and involvement of orexin1 receptors. Br. J. Pharmacol. 162, 880–889. doi: 10.1111/j.1476-5381.2010.01088.x

Kalivas, P. W., and O’Brien, C. (2008). Drug addiction as a pathology of staged neuroplasticity. Neuropsychopharmacology 33, 166–180. doi: 10.1038/sj.npp.1301564

Kelley, A. E., Baldo, B. A., and Pratt, W. E. (2005). A proposed hypothalamic-thalamic-striatal axis for the integration of energy balance, arousal, and food reward. J. Comp. Neurol. 493, 72–85. doi: 10.1002/cne.20769

Kelley, A. E., and Berridge, K. C. (2002). The neuroscience of natural rewards: relevance to addictive drugs. J. Neurosci. 22, 3306–3311. doi: 10.1523/JNEUROSCI.22-09-03306.2002

Kirouac, G. J. (2015). Placing the paraventricular nucleus of the thalamus within the brain circuits that control behavior. Neurosci. Biobehav. Rev. 56, 315–329. doi: 10.1016/j.neubiorev.2015.08.005

Kirouac, G. J., Parsons, M. P., and Li, S. (2005). Orexin (hypocretin) innervation of the paraventricular nucleus of the thalamus. Brain Res. 1059, 179–188. doi: 10.1016/j.brainres.2005.08.035

Koob, G. F. (2014). Neurocircuitry of alcohol addiction: synthesis from animal models. Handb. Clin. Neurol. 125, 33–54. doi: 10.1016/B978-0-444-62619-6.00003-3

Lawrence, A. J., Cowen, M. S., Yang, H.-J., Chen, F., and Oldfield, B. (2006). The orexin system regulates alcohol-seeking in rats. Br. J. Pharmacol. 148, 752–759. doi: 10.1038/sj.bjp.0706789

Lê, A. D., Poulos, C. X., Harding, S., Watchus, J., Juzytsch, W., and Shaham, Y. (1999). Effects of naltrexone and fluoxetine on alcohol self-administration and reinstatement of alcohol seeking induced by priming injections of alcohol and exposure to stress. Neuropsychopharmacology 21, 435–444. doi: 10.1016/S0893-133X(99)00024-X

Lê, A. D., Quan, B., Juzytch, W., Fletcher, P. J., Joharchi, N., and Shaham, Y. (1998). Reinstatement of alcohol-seeking by priming injections of alcohol and exposure to stress in rats. Psychopharmacology 135, 169–174. doi: 10.1007/s002130050498

Lê, A., and Shaham, Y. (2002). Neurobiology of relapse to alcohol in rats. Pharmacol. Ther. 94, 137–156. doi: 10.1016/s0163-7258(02)00200-0

Lei, K., Wegner, S. A., Yu, J. H., and Hopf, F. W. (2016a). Orexin-1 receptor blockade suppresses compulsive-like alcohol drinking in mice. Neuropharmacology 110, 431–437. doi: 10.1016/j.neuropharm.2016.08.008

Lei, K., Wegner, S. A., Yu, J. H., Mototake, A., Hu, B., and Hopf, F. W. (2016b). Nucleus accumbens shell and mPFC but not insula orexin-1 receptors promote excessive alcohol drinking. Front. Neurosci. 10:400. doi: 10.3389/fnins.2016.00400

Li, Y., Li, S., Wei, C., Wang, H., Sui, N., and Kirouac, G. J. (2010). Orexins in the paraventricular nucleus of the thalamus mediate anxiety-like responses in rats. Psychopharmacology 212, 251–265. doi: 10.1007/s00213-010-1948-y

Liu, X., and Weiss, F. (2002). Additive effect of stress and drug cues on reinstatement of ethanol seeking: exacerbation by history of dependence and role of concurrent activation of corticotropin-releasing factor and opioid mechanisms. J. Neurosci. 22, 7856–7861. doi: 10.1523/JNEUROSCI.22-18-07856.2002

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Lopez, M. F., Moorman, D. E., Aston-Jones, G., and Becker, H. C. (2016). The highly selective orexin/hypocretin 1 receptor antagonist GSK1059865 potently reduces ethanol drinking in ethanol dependent mice. Brain Res. 1636, 74–80. doi: 10.1016/j.brainres.2016.01.049

Macedo, G. C., Kawakami, S. E., Vignoli, T., Sinigaglia-Coimbra, R., and Suchecki, D. (2013). The influence of orexins on ethanol-induced behavioral sensitization in male mice. Neurosci. Lett. 551, 84–88. doi: 10.1016/j.neulet.2013.07.010

Macey, D. J., Schulteis, G., Heinrichs, S. C., and Koob, G. F. (1996). Time-dependent quantifiable withdrawal from ethanol in the rat: effect of method of dependence induction. Alcohol 13, 163–170. doi: 10.1016/0741-8329(95)02030-6

Mahler, S. V., Moorman, D. E., Smith, R. J., James, M. H., and Aston-Jones, G. (2014). Motivational activation: a unifying hypothesis of orexin/hypocretin function. Nat. Neurosci. 17, 1298–1303. doi: 10.1038/nn.3810

Mann, K., Gunther, A., Stetter, F., and Ackermann, K. (1999). Rapid recovery from cognitive deficits in abstinent alcoholics: a controlled test-retest study. Alcohol Alcohol. 34, 567–574. doi: 10.1093/alcalc/34.4.567

Mann, K., Agartz, I., Harper, C., Shoaf, S., Rawlings, R. R., Momenan, R., et al. (2001). Neuroimaging in alcoholism: ethanol and brain damage. Alcohol. Clin. Exp. Res. 25, 104S–109S. doi: 10.1097/00000374-200105051-00019

Marchant, N. J., Furlong, T. M., and McNally, G. P. (2010). Medial dorsal hypothalamus mediates the inhibition of reward seeking after extinction. J. Neurosci. 30, 14102–14115. doi: 10.1523/JNEUROSCI.4079-10.2010

Martin-Fardon, R., and Boutrel, B. (2012). Orexin/hypocretin (Orx/Hcrt) transmission and drug-seeking behavior: is the paraventricular nucleus of the thalamus (PVT) part of the drug seeking circuitry? Front. Behav. Neurosci. 6:75. doi: 10.3389/fnbeh.2012.00075

Martin-Fardon, R., Cauvi, G., Kerr, T. M., and Weiss, F. (2018). Differential role of hypothalamic orexin/hypocretin neurons in reward seeking motivated by cocaine versus palatable food. Addict. Biol. 23, 6–15. doi: 10.1111/adb.12441

Martin-Fardon, R., Ciccocioppo, R., Massi, M., and Weiss, F. (2000). Nociceptin prevents stress-induced ethanol- but not cocaine-seeking behavior in rats. Neuroreport 11, 1939–1943. doi: 10.1097/00001756-200006260-00026

Martin-Fardon, R., and Weiss, F. (2014). N-(2-methyl-6-benzoxazolyl)-N′-1,5-naphthyridin-4-yl urea (SB334867), a hypocretin receptor-1 antagonist, preferentially prevents ethanol seeking: comparison with natural reward seeking. Addict. Biol. 19, 233–236. doi: 10.1111/j.1369-1600.2012.00480.x

Martin-Fardon, R., Zorrilla, E. P., Ciccocioppo, R., and Weiss, F. (2010). Role of innate and drug-induced dysregulation of brain stress and arousal systems in addiction: focus on corticotropin-releasing factor, nociceptin/orphanin FQ and orexin/hypocretin. Brain Res. 1314, 145–161. doi: 10.1016/j.brainres.2009.12.027

Matzeu, A., Kallupi, M., George, O., Schweitzer, P., and Martin-Fardon, R. (2018). Dynorphin counteracts orexin in the paraventricular nucleus of the thalamus: cellular and behavioral evidence. Neuropsychopharmacology 43, 1010–1020. doi: 10.1038/npp.2017.250

Matzeu, A., Kerr, T. M., Weiss, F., and Martin-Fardon, R. (2016). Orexin-A/hypocretin-1 mediates cocaine-seeking behavior in the posterior paraventricular nucleus of the thalamus via orexin/hypocretin receptor-2. J. Pharmacol. Exp. Ther. 359, 273–279. doi: 10.1124/jpet.116.235945

Matzeu, A., Terenius, L., and Martin-Fardon, R. (2018). Exploring sex differences in the attenuation of ethanol drinking by naltrexone in dependent rats during early and protracted abstinence. Alcohol. Clin. Exp. Res. 42, 2466–2478. doi: 10.1111/acer.13898

Matzeu, A., Weiss, F., and Martin-Fardon, R. (2015). Transient inactivation of the posterior paraventricular nucleus of the thalamus blocks cocaine-seeking behavior. Neurosci. Lett. 608, 34–39. doi: 10.1016/j.neulet.2015.10.016

Meffre, J., Sicre, M., Diarra, M., Marchessaux, F., Paleressompoulle, D., and Ambroggi, F. (2019). Orexin in the posterior paraventricular thalamus mediates hunger-related signals in the nucleus accumbens core. Curr. Biol. 29, 3298.e4–3306.e4.doi: 10.1016/j.cub.2019.07.069

Mieda, M., and Yanagisawa, M. (2002). Sleep, feeding and neuropeptides: roles of orexins and orexin receptors. Curr. Opin. Neurobiol. 12, 339–345. doi: 10.1016/s0959-4388(02)00331-8

Millan, E. Z., Ong, Z., and McNally, G. P. (2017). Paraventricular thalamus: gateway to feeding, appetitive motivation, and drug addiction. Prog. Brain Res. 235, 113–137. doi: 10.1016/bs.pbr.2017.07.006

Moorman, D. E., and Aston-Jones, G. (2009). Orexin-1 receptor antagonism decreases ethanol consumption and preference selectively in high-ethanol—preferring Sprague—Dawley rats. Alcohol 43, 379–386. doi: 10.1016/j.alcohol.2009.07.002

Moorman, D. E., James, M. H., Kilroy, E. A., and Aston-Jones, G. (2017). Orexin/hypocretin-1 receptor antagonism reduces ethanol self-administration and reinstatement selectively in highly-motivated rats. Brain Res. 1654, 34–42. doi: 10.1016/j.brainres.2016.10.018

Morganstern, I., Chang, G.-Q., Barson, J. R., Ye, Z., Karatayev, O., and Leibowitz, S. F. (2010). Differential effects of acute and chronic ethanol exposure on orexin expression in the perifornical lateral hypothalamus. Alcohol. Clin. Exp. Res. 34, 886–896. doi: 10.1111/j.1530-0277.2010.01161.x

Munn-Chernoff, M. A., Duncan, A. E., Grant, J. D., Wade, T. D., Agrawal, A., Bucholz, K. K., et al. (2013). A twin study of alcohol dependence, binge eating, and compensatory behaviors. J. Stud. Alcohol Drugs 74, 664–673. doi: 10.15288/jsad.2013.74.664

Nair, S. G., Adams-Deutsch, T., Epstein, D. H., and Shaham, Y. (2009). The neuropharmacology of relapse to food seeking: methodology, main findings and comparison with relapse to drug seeking. Prog. Neurobiol. 89, 18–45. doi: 10.1016/j.pneurobio.2009.05.003

O’Brien, C. P., and McLellan, A. T. (1996). Myths about the treatment of addiction. Lancet 347, 237–240. doi: 10.1016/s0140-6736(96)90409-2

O’Dell, L. E., Roberts, A. J., Smith, R. T., and Koob, G. F. (2004). Enhanced alcohol self-administration after intermittent versus continuous alcohol vapor exposure. Alcohol. Clin. Exp. Res. 28, 1676–1682. doi: 10.1097/01.alc.0000145781.11923.4e

Olney, J. J., Navarro, M., and Thiele, T. E. (2015). Binge-like consumption of ethanol and other salient reinforcers is blocked by orexin-1 receptor inhibition and leads to a reduction of hypothalamic orexin immunoreactivity. Alcohol. Clin. Exp. Res. 39, 21–29. doi: 10.1111/acer.12591

Parsons, M. P., Li, S., and Kirouac, G. J. (2006). The paraventricular nucleus of the thalamus as an interface between the orexin and CART peptides and the shell of the nucleus accumbens. Synapse 59, 480–490. doi: 10.1002/syn.20264


Paxinos, G., and Watson, C. (1997). The Rat Brain in Stereotaxic Coordinates. New York, NY: Academic Press.


Peer, K., Rennert, L., Lynch, K. G., Farrer, L., Gelernter, J., and Kranzler, H. R. (2013). Prevalence of DSM-IV and DSM-5 alcohol, cocaine, opioid, and cannabis use disorders in a largely substance dependent sample. Drug Alcohol Depend. 127, 215–219. doi: 10.1016/j.drugalcdep.2012.07.009

Peyron, C., Tighe, D. K., van den Pol, A. N., de Lecea, L., Heller, H. C., Sutcliffe, J. G., et al. (1998). Neurons containing hypocretin (orexin) project to multiple neuronal systems. J. Neurosci. 18, 9996–10015. doi: 10.1523/JNEUROSCI.18-23-09996.1998

Pitel, A. L., Segobin, S. H., Ritz, L., Eustache, F., and Beaunieux, H. (2015). Thalamic abnormalities are a cardinal feature of alcohol-related brain dysfunction. Neurosci. Biobehav. Rev. 54, 38–45. doi: 10.1016/j.neubiorev.2014.07.023

Richards, J. K., Simms, J. A., Steensland, P., Taha, S. A., Borgland, S. L., Bonci, A., et al. (2008). Inhibition of orexin-1/hypocretin-1 receptors inhibits yohimbine-induced reinstatement of ethanol and sucrose seeking in Long-Evans rats. Psychopharmacology 199, 109–117. doi: 10.1007/s00213-008-1136-5

Roberts, A. J., Cole, M., and Koob, G. F. (1996). Intra-amygdala muscimol decreases operant ethanol self-administration in dependent rats. Alcohol. Clin. Exp. Res. 20, 1289–1298. doi: 10.1111/j.1530-0277.1996.tb01125.x

Sakurai, T., Amemiya, A., Ishii, M., Matsuzaki, I., Chemelli, R. M., Tanaka, H., et al. (1998). Orexins and orexin receptors: a family of hypothalamic neuropeptides and G protein-coupled receptors that regulate feeding behavior. Cell 92, 573–585. doi: 10.1016/s0092-8674(00)80949-6

Sakurai, T., and Mieda, M. (2011). Connectomics of orexin-producing neurons: interface of systems of emotion, energy homeostasis and arousal. Trends Pharmacol. Sci. 32, 451–462. doi: 10.1016/j.tips.2011.03.007

Schrieks, I. C., Stafleu, A., Griffioen-Roose, S., de Graaf, C., Witkamp, R. F., Boerrigter-Rijneveld, R., et al. (2015). Moderate alcohol consumption stimulates food intake and food reward of savoury foods. Appetite 89, 77–83. doi: 10.1016/j.appet.2015.01.021

Schuckit, M. A., Tipp, J. E., Anthenelli, R. M., Bucholz, K. K., Hesselbrock, V. M., and Nurnberger, J. I. Jr., et al. (1996). Anorexia nervosa and bulimia nervosa in alcohol-dependent men and women and their relatives. Am. J. Psychiatry 153, 74–82. doi: 10.1176/ajp.153.1.74

Shaham, Y., Shalev, U., Lu, L., de Wit, H., and Stewart, J. (2003). The reinstatement model of drug relapse: history, methodology and major findings. Psychopharmacology 168, 3–20. doi: 10.1007/s00213-002-1224-x

Shoblock, J. R., Welty, N., Aluisio, L., Fraser, I., Motley, S. T., Morton, K., et al. (2011). Selective blockade of the orexin-2 receptor attenuates ethanol self-administration, place preference and reinstatement. Psychopharmacology 215, 191–203. doi: 10.1007/s00213-010-2127-x

Sidhpura, N., Weiss, F., and Martin-Fardon, R. (2010). Effects of the mGlu2/3 agonist LY379268 and the mGlu5 antagonist MTEP on ethanol seeking and reinforcement are differentially altered in rats with a history of ethanol dependence. Biol. Psychiatry 67, 804–811. doi: 10.1016/j.biopsych.2010.01.005

Sinha, R. (2007). The role of stress in addiction relapse. Curr. Psychiatry Rep. 9, 388–395. doi: 10.1007/s11920-007-0050-6

Sinha, R., and O’Malley, S. S. (2000). Alcohol and eating disorders: implications for alcohol treatment and health services research. Alcohol. Clin. Exp. Res. 24, 1312–1319. doi: 10.1111/j.1530-0277.2000.tb02097.x

Smith, R. J., Anderson, R. I., Haun, H. L., Mulholland, P. J., Griffin, W. C. III., Lopez, M. F., et al. (2019). Dynamic c-Fos changes in mouse brain during acute and protracted withdrawal from chronic intermittent ethanol exposure and relapse drinking. Addict. Biol. doi: 10.1111/adb.12804 [Epub ahead of print].

Sutcliffe, J. G., and de Lecea, L. (2000). The hypocretins: excitatory neuromodulatory peptides for multiple homeostatic systems, including sleep and feeding. J. Neurosci. Res. 62, 161–168. doi: 10.1002/1097-4547(20001015)62:2<161::AID-JNR1>3.0.CO;2-1

Tedstone, D., and Coyle, K. (2004). Cognitive impairments in sober alcoholics: performance on selective and divided attention tasks. Drug Alcohol Depend. 75, 277–286. doi: 10.1016/j.drugalcdep.2004.03.005

Thompson, J. L., and Borgland, S. L. (2011). A role for hypocretin/orexin in motivation. Behav. Brain Res. 217, 446–453. doi: 10.1016/j.bbr.2010.09.028

Tomasi, D., and Volkow, N. D. (2013). Striatocortical pathway dysfunction in addiction and obesity: differences and similarities. Crit. Rev. Biochem. Mol. Biol. 48, 1–19. doi: 10.3109/10409238.2012.735642

Tunstall, B. J., Carmack, S. A., Koob, G. F., and Vendruscolo, L. F. (2017). Dysregulation of brain stress systems mediates compulsive alcohol drinking. Curr. Opin. Behav. Sci. 13, 85–90. doi: 10.1016/j.cobeha.2016.10.006

Van der Werf, Y. D., Witter, M. P., and Groenewegen, H. J. (2002). The intralaminar and midline nuclei of the thalamus. Anatomical and functional evidence for participation in processes of arousal and awareness. Brain Res. Rev. 39, 107–140. doi: 10.1016/s0165-0173(02)00181-9

Vendruscolo, L. F., and Roberts, A. J. (2014). Operant alcohol self-administration in dependent rats: focus on the vapor model. Alcohol 48, 277–286. doi: 10.1016/j.alcohol.2013.08.006

Volkow, N. D., Wang, G. J., Fowler, J. S., Tomasi, D., and Baler, R. (2012). Food and drug reward: overlapping circuits in human obesity and addiction. Curr. Top. Behav. Neurosci. 11, 1–24. doi: 10.1007/7854_2011_169

Volkow, N. D., Wang, G. J., Tomasi, D., and Baler, R. D. (2013). Obesity and addiction: neurobiological overlaps. Obes. Rev. 14, 2–18. doi: 10.1111/j.1467-789X.2012.01031.x

Voorhees, C. M., and Cunningham, C. L. (2011). Involvement of the orexin/hypocretin system in ethanol conditioned place preference. Psychopharmacology 214, 805–818. doi: 10.1007/s00213-010-2082-6

Wanat, M. J., Willuhn, I., Clark, J. J., and Phillips, P. E. (2009). Phasic dopamine release in appetitive behaviors and drug addiction. Curr. Drug Abuse Rev. 2, 195–213. doi: 10.2174/1874473710902020195

Weiss, F., Ciccocioppo, R., Parsons, L. H., Katner, S., Liu, X., Zorrilla, E. P., et al. (2001). Compulsive drug-seeking behavior and relapse. Neuroadaptation, stress and conditioning factors. Ann. N Y Acad. Sci. 937, 1–26. doi: 10.1111/j.1749-6632.2001.tb03556.x

Zhao, Y., Dayas, C. V., Aujla, H., Baptista, M. A., Martin-Fardon, R., and Weiss, F. (2006). Activation of group II metabotropic glutamate receptors attenuates both stress and cue-induced ethanol-seeking and modulates c-fos expression in the hippocampus and amygdala. J. Neurosci. 26, 9967–9974. doi: 10.1523/JNEUROSCI.2384-06.2006

Zhou, Y., Bendor, J., Hofmann, L., Randesi, M., Ho, A., and Kreek, M. J. (2006). Mu opioid receptor and orexin/hypocretin mRNA levels in the lateral hypothalamus and striatum are enhanced by morphine withdrawal. J. Endocrinol. 191, 137–145. doi: 10.1677/joe.1.06960

Zhou, Y., Cui, C. L., Schlussman, S. D., Choi, J. C., Ho, A., Han, J. S., et al. (2008). Effects of cocaine place conditioning, chronic escalating-dose binge pattern cocaine administration and acute withdrawal on orexin/hypocretin and preprodynorphin gene expressions in lateral hypothalamus of Fischer and Sprague–Dawley rats. Neuroscience 153, 1225–1234. doi: 10.1016/j.neuroscience.2008.03.023

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Matzeu and Martin-Fardon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnint-14-599710-g004.gif
>

)

o

Mean (xSEM) Responses Mean (£SEM) Intake (g/kg)

Orx

o
60- 5 1
B SO0Myg 2 "3 semy
= sCMp A% 8- SCM,,
F B 20 48
2w Y L&, . e3
20 3% ¢ P gg ¢
¥ L3
1= ,
i ﬁ ﬁ [ : ‘g
o -1 g o
BSLW4 W5 W6 BSLws ws we O
BSL W4 W5 W6 BSL W4 W5 W6
Active Lever
100+
80 »  SCMyp #  SCM,
¥ .
60— : . a
o # *
40 * : A
3 s £y s
204 : | H . LY *
JEAL A ] el #aE
Inactive Lever
20+
Fidii mam bl Hnm mes S
EXT SH SR EXT SH SR EXT SH SR EXT SH SR EXT SH SR EXT SH SR
v v v v v v
Testio Testoz Testioz Testioz Testioz Testoz
[Og05) (759050 (150 (00 (75005 [15ug0su)
c 20 f E - 0.06- - F c 0.08-
2 . 45 ok _g’
g 15 8 . 8 o0
a g 0.04 s
3 b H bR o
@ 10 1 1 X o 004 fues
§ S8 S8
o o 0.02 i S T
gos g gom -
- g |z g |
g 0.0- 2 0.00- m lﬁ g 0.00- ﬁ@
N ND D N ND D






OPS/images/fnint-14-599710-g002.gif
R \"'"":‘!:'
-~ Bregma-3.14mm -

Bregma -3.60 mm





OPS/images/fnint-14-599710-g003.gif
o

Mean (xSEM) Responses Mean (£SEM) Intake (g/kg)

Orx

a
5100 EtOHyp ;m 1 I EtOHy
4| EtOH, we W 5| O3 EOH, -
P . =3 -
e H _g °
* . 2 -1 @E T
.ol HE PN
2 s & § ° - e -
® - -
1 41 8 = E =
e 2 I H =l
o 8 ol o e
W4 W5 W6 ,2 BSL W4 W5 W6 BSL W4 W5 W6
100 Active Lever
EtOHyp EtOH,
80-{
P #
N M -
60-| N * .
" ° #
M ) N
w : i :
nd ﬁ .. ﬁ I I
H . ohef e - N e e 7 oo o
| A el | el sl FER
Inactive Lever
20+
s pfmich ek | s e siin
EXT SH SR EXT SH SR EXT SH SR EXT SH SR EXT SH SR EXT SH SR
Testioz Tostioz Tostioz Testioz Testioz Testio
(OgoSl)  (7Sg0sM  [1Se0SN) [0S [7S0S) (15905
20 X X
. - E o0 @ Fo_ oo
S = S = s ¥
@ . @ N @ M
8 15 8 8 oo N
g : g° ; o
-
2w ¥ H
§ . . S 6 S5
o o 0.02 . =
$ os ] . [ $ oo o e
5 k:t H k] o [
2 0 g ool g olffil
N ND D N ND D






OPS/xhtml/Nav.xhtml


Contents





		Cover



		Blockade of Orexin Receptors in the Posterior Paraventricular Nucleus of the Thalamus Prevents Stress-Induced Reinstatement of Reward-Seeking Behavior in Rats With a History of Ethanol Dependence



		Introduction



		Materials And Methods



		Rats



		Ethanol And Sweetened Condensed Milk Self-Administration Training (Figure 1)



		Pvt Cannulation (Figure 1)



		Chronic Intermittent Etoh Vapor Exposure (Figure 1)



		Effects Of Tcs1102 On The Stress-Induced Reinstatement Of Etoh- And Scm-Seeking Behavior (Figure 1)



		Quantitative Polymerase Chain Reaction (Qpcr) Procedure











		Results



		Ethanol Self-Administration And Stress-Induced Reinstatement



		Sweetened Condensed Milk Self-Administration And The Stress-Induced Reinstatement











		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments

















OPS/images/crossmark.jpg





OPS/images/fnint-14-599710-g001.gif
A CIE B
| Vapor Chambers { }g : gL‘F ‘Tes( Wi-W3
i
EtOH or SCM Days of
self-administration| Wi | Wa| Wa | Wa|Ws | Ws ) Wr| We the week
,,,,,,,,,,,, X
M Self-administration  Extinction  Acute Abstinence
wDs 8habstinence  8h abstinence
c D
W4 -Ws W7-Wg
Days of

51
BAL<—| m

heweek | S |[M| T |W

st:yvfe:fksMTwT

= 5
BAL=— T
BAL=— T

BT ENE

Ext Ext Ext Ext
adm. adm. adm.





OPS/images/cover.jpg
, frontiers |
in Integrative Neuroscience

Blockade of Orexin Receptors in
the Posterior Paraventricular
Nucleus of the Thalamus Prevents
Stress-Induced Reinstatement of
Reward-Seeking Behavior in Rats
With a History of Ethanol
Dependence









OPS/images/logo.jpg
,frontiers . )
in Integrative Neuroscience





