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Abstract: 1 

Signaling at the orexin-1 receptor (Ox1R) is important for motivation for various drugs of abuse. 2 

Recently, our laboratory showed that systemic blockade of Ox1Rs decreased motivation for the 3 

potent and short-acting opioid remifentanil, as well as remifentanil consumption at null cost 4 

(Porter-Stransky et al., 2017). However, the central site(s) through which orexin acts to regulate 5 

opioid-seeking behaviors are not known. We investigated ventral pallidum (VP) as a potential 6 

site of orexin action, as VP is a known mediator of opioid reward and is densely innervated by 7 

orexin-immunoreactive fibers. We used a within-session behavioral economics (BE) paradigm in 8 

which remifentanil price (responses/µg iv remifentanil) was sequentially increased throughout 9 

the session. Rats were implanted with bilateral cannulae into caudal VP (cVP), through which 10 

microinjections of SB334867 (SB), an Ox1R antagonist, were given prior to BE and 11 

reinstatement testing. Contrary to systemic SB treatment, intra-cVP SB preferentially reduced 12 

motivation (increased demand elasticity and reinstatement) for reminfentanil, without affecting 13 

remifentanil consumption at null cost. These effects were specific to cVP, as control 14 

microinjections of SB immediately dorsal to cVP did not affect remifentanil-seeking. Baseline 15 

demand for remifentanil predicted cued reinstatement of remifentanil seeking and the efficacy 16 

with which intra-cVP SB administration reduced motivation for remifentanil.  These findings 17 

indicate a specific role for cVP Ox1R signaling in mediating the motivational properties of the 18 

opioid remifentanil, distinct from its consumption at null cost. Our findings also highlight the BE 19 

paradigm as an effective biomarker for predicting opioid addiction behaviors and treatment 20 

efficacy. 21 

 22 
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Significance Statement 23 

Abuse of prescription opioids has risen rapidly and continues to be a major health issue. There is 24 

significant urgency to understand the neurobiological and behavioral mechanisms underlying 25 

opioid addiction. Here we determined the role of caudal ventral pallidum (cVP) orexin signaling 26 

in remifentanil seeking using a within-session behavioral economics paradigm. We report that 27 

intra-cVP infusions of the orexin-1 receptor antagonist SB334867 (SB) blocked motivated 28 

responding for remifentanil as well as cued ‘relapse’ of remifentanil seeking. In contrast, SB 29 

intra-cVP did not affect consumption of remifentanil under low-effort conditions. Together, our 30 

findings indicate that decreasing orexin-1 receptor signaling in cVP is a potential strategy for the 31 

treatment of opioid abuse.  32 
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Introduction: 33 

In recent years, abuse of prescription opioids has risen rapidly and has become a major health 34 

issue (Compton and Volkow, 2006; Lewis et al., 2017; Volkow and Collins, 2017; Dobbs and 35 

Fogger, 2018). Thus, it is urgent to understand the neurobiological and behavioral mechanisms 36 

underlying opioid addiction to facilitate development of new treatments for this disorder. The 37 

hypothalamic orexin (hypocretin) system is a key modulator of drug seeking behaviors across a 38 

variety of drugs of abuse, including opioids (Harris et al., 2005; Mahler et al., 2014a; Baimel et 39 

al., 2015; James et al., 2017). Orexin-containing neurons are located in hypothalamus and project 40 

widely throughout the brain, targeting two G-protein-coupled receptors (orexin receptors 1 and 41 

2; Ox1R and Ox2R, respectively). In particular, signaling at Ox1R has been shown to mediate 42 

motivation and addiction (for review, James et al., 2018). We found that blocking Ox1Rs can 43 

disrupt opioid seeking behaviors: systemic blockade of Ox1R signaling reduced breakpoints for 44 

heroin in a progressive ratio task (Smith and Aston-Jones, 2012) and attenuated demand 45 

(motivation) for remifentanil in a behavioral economics (BE) paradigm (Porter-Stransky et al., 46 

2017). Systemic Ox1R blockade also reduced low-effort (fixed ratio [FR] 1) self-administration 47 

of heroin and remifentanil, indicating a potential additional role for the orexin system in 48 

mediating the low-effort consumption of opiates. Despite these data, little is known about where 49 

in the reward circuitry orexin acts to contribute to opioid reward behavior.  50 

One region of interest is ventral pallidum (VP), as this brain structure is innervated by orexin 51 

fibers (Peyron et al., 1998; Baldo et al., 2003) and VP neurons express both Ox1Rs and Ox2Rs 52 

(Marcus et al., 2001). Human studies indicate that drug-related cues robustly activate VP 53 

(Childress et al., 2008), and inactivation of VP in rats prevents various drug behaviors, including 54 

acquisition and expression of learned preferences for environments paired with morphine reward 55 
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(Dallimore et al., 2006). Moreover, VP inactivation decreases FR5 heroin self-administration 56 

(Hubner and Koob, 1990). Interestingly, caudal VP (cVP) contains the greatest density of orexin 57 

fibers in the VP (Baldo et al., 2003), and previous studies found that orexin microinjection into 58 

this region enhances the hedonic impact of sucrose (Ho and Berridge, 2013). Taken together, 59 

these studies indicate a potential role for orexin signaling in cVP in opioid reward.  60 

The present study was designed to test the hypothesis that orexin signaling in cVP regulates 61 

demand (motivation or low-cost consumption) for the ultra-short acting opioid remifentanil. We 62 

focused on remifentanil because its short half-life lends itself well to BE analysis with the 63 

threshold procedure (Glass et al., 1999), and it contributes to prescription opioid abuse (Zacny 64 

and Galinkin, 1999; Baylon et al., 2000; Panlilio and Schindler, 2000; Levine and Bryson, 2010). 65 

We determined remifentanil demand using a within-session BE paradigm that provides a 66 

quantitative measure of both the desired amount of remifentanil at low effort, and the motivation 67 

for this drug as the required effort increases. We first sought to confirm the results of our 68 

previous study, which found that systemic administration of the selective Ox1R antagonist 69 

SB334867 (SB) reduced motivation (increased demand elasticity; ), and reduced free 70 

consumption (Q0), of remifentanil. We then compared these effects to those following local 71 

microinfusion of SB into cVP. In agreement with our previous study, systemic SB reduced 72 

motivation (increased demand elasticity; ) and decreased free consumption of remifentanil 73 

(Q0). In contrast, intra-cVP SB increased demand elasticity for remifentanil without affecting 74 

free consumption, indicating a preferential role for orexin signaling in cVP in motivation for 75 

remifentanil. Both systemic and local blockade of Ox1R signaling in cVP also reduced cued 76 

reinstatement of remifentanil seeking. Together, our findings point to cVP as a critical site of 77 
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Ox1R signaling that drives motivation for remifentanil reward, and thus highlight a novel target 78 

for therapeutics designed to treat opioid addiction.   79 

Materials and Methods 80 

Subjects 81 

Male Sprague Dawley rats (n=24; initial weight 275–300 g; Charles River, Raleigh, USA) were 82 

single-housed and maintained under a 12h reverse light/dark cycle (lights off at 08:00h) in a 83 

temperature and humidity-controlled animal facility at Rutgers University. Food and water were 84 

available ad libitum. All experimental procedures were approved by the Rutgers Institutional 85 

Animal Care and Use Committee and were conducted according to the Guide for the Care and 86 

Use of Laboratory Animals. Rats were handled daily after a 3-day acclimation period at the 87 

facility. All experiments were performed in the rats’ active (dark) phase. 88 

Drugs 89 

Remifentanil (obtained from the National Institute of Drug Abuse (NIDA) Drug Supply 90 

Program, Research Triangle Park, USA) was dissolved in 0.9% sterile saline for intravenous (iv) 91 

self-administration. SB334867 (SB), a selective antagonist of the Ox1R was supplied by the 92 

NIDA Drug Supply Program and dissolved in sterile artificial cerebrospinal fluid (aCSF) at a 93 

concentration of 1mM for VP microinjections, as described in our previous study (Mahler et al., 94 

2013). For systemic administration, SB was suspended in 10% 2-hydroxypropyl-b-cyclodextrin 95 

in sterile water and 2% DMSO (Sigma-Aldrich, USA), as in our prior studies (Bentzley and 96 

Aston-Jones, 2015; Porter-Stransky et al., 2017; James et al., 2018a; James et al., 2018c). SB 97 

(30mg/kg) or vehicle was injected at a volume of 4.0ml/kg i.p. 30min prior to testing. We used 98 

this dose of SB because we previously reported that lower doses of SB (10mg/kg) did not affect 99 
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demand elasticity, free consumption, or reinstatement responding for remifentanil (Porter-100 

Stransky et al., 2017). A within-subjects design was used whereby each rat received both SB and 101 

vehicle, and the order was counterbalanced across subjects. 102 

Intravenous catheter and stereotaxic surgery 103 

Rats were implanted with an indwelling catheter into the jugular vein as described previously 104 

(McGlinchey et al., 2016). Rats allocated to VP experiments were then placed in a stereotaxic 105 

frame (Kopf, Tujunga, USA) and implanted with bilateral stainless steel guide cannulae (22G , 106 

11mm, Plastics One) directed 2mm dorsal to cVP (−0.8mm posterior, ±2.6mm medial–lateral, 107 

−7.5mm ventral, relative to bregma (Paxinos and Watson, 1998). Cannulae were secured to the 108 

skull using jeweler’s screws and dental acrylic, and stylets were placed into the guide cannula to 109 

prevent occlusion. 110 

Dorsal control and cVP microinfusions 111 

Animals received a mock microinjection the day prior to the first microinfusion test - injection 112 

cannulae (28G) were bilaterally inserted into the guide cannula and kept in place for 1 min (no 113 

infusions). On test days, rats received microinfusions (0.3μl/side) of either SB (1 mM) or vehicle 114 

(aCSF) 5min prior to behavioral testing. Microinjections took place over a 70-sec period, and 115 

injectors were left in place for 1min following infusions to limit backflow of the injectate. We 116 

have found the dose of SB used here to be effective in other brain areas in prior publications 117 

(Harris et al., 2007; Espana et al., 2010; James et al., 2011; Mahler et al., 2013). SB and vehicle 118 

microinfusions were counterbalanced in a within-subjects design and administered via 119 

polyethylene tubing connected to gastight 10μl Hamilton syringes (Hamilton, USA) set in an 120 

infusion pump (Model 975, Harvard Apparatus, USA).  121 
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Control microinjections of SB were first carried out 2 mm dorsal to VP to confirm that our 122 

observed changes in behavior were not due to dorsal diffusion of SB. This within-subjects 123 

control was performed using injectors that projected 0.2mm below the tip of the guide cannula. 124 

Dorsal control microinjections were performed in a session prior to VP microinjection sessions.  125 

Each rat received a maximum of 6 VP microinfusions in a counterbalanced within-subjects 126 

design. These included microinjections of SB and vehicle for BE performance, cue-induced 127 

reinstatement, and locomotor activity. 128 

Localization of injection sites 129 

Following the final behavioral test, rats were deeply anesthetized with ketamine/xylazine 130 

(56.6⁄8.7mg⁄kg) and received bilateral microinfusions of pontamine sky blue via the VP infusion 131 

cannulae (0.3μl). Brains were flash-frozen in 2-methylbutane, sectioned into 40µm-thick 132 

sections, mounted on glass slides, Nissl-stained with neutral red, and cover slipped to localize 133 

cannula tract damage and verify injection sites. We sought to test the effect of SB in cVP (AP: -134 

0.1 to -0.8mm relative to bregma), so rats with misplaced VP cannulae that were located in 135 

rostral VP (rVP; AP>0.0 mm relative to bregma; n=5) were analyzed as a separate group.  136 

Self-administration training 137 

The self-administration procedure was similar to a recently published study from our laboratory 138 

(Porter-Stransky et al., 2017). All self-administration sessions occurred in standard Med 139 

Associates operant chambers. A response on the active lever resulted in remifentanil infusion 140 

(1μg over 4s) paired with light and tone cues. After each infusion, a 20s time-out occurred 141 

(house light off) when additional presses did not yield remifentanil or cues. Presses on the 142 

inactive lever had no consequences. Each session ended after 2h or when 80 infusions were 143 
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earned, whichever occurred first. Subjects were trained on a fixed ratio-1 (FR1) procedure for a 144 

minimum of 6 sessions. After earning a minimum of 25 infusions within 2h for at least 3 145 

consecutive sessions, animals advanced to the behavioral economics procedure.  146 

Behavioral economics (BE) procedure 147 

Rats were trained to self-administer remifentanil on an FR1 schedule (as described above) before 148 

being trained on the BE task, as described previously (Porter-Stransky et al., 2017). Briefly, 149 

during the BE task the cost of drug increased by decreasing the amount of drug infused per 150 

active lever press every 10min. Therefore, each 110min session tested 11 doses of remifentanil 151 

(2, 1, 0.6, 0.3, 0.2, 0.1 0.06, 0.03, 0.02, 0.01 and 0.006 μg/infusion). Each infusion was 152 

accompanied by presentation of a light-tone cue; responses on the inactive lever had no 153 

consequence. Demand curves were generated for each BE session as previously described 154 

(Bentzley et al., 2013; Porter-Stransky et al., 2017) using an exponential demand equation 155 

(Hursh and Silberberg, 2008) and least sum of squares approach, to generate estimates of 156 

preferred remifentanil intake at zero cost (Q0) and demand elasticity (α, the slope of the demand 157 

curve). Larger α values indicate greater demand elasticity and are characterized by a greater 158 

reduction in responding as drug price increases; this is interpreted as decreased motivation 159 

(Bentzley et al., 2013). Smaller α values indicate lower demand elasticity and are symptomatic of 160 

continued responding for drug despite increases in cost to obtain drug (increased motivation). 161 

Subjects were trained daily on the BE procedure until stable responding was obtained (≤20% 162 

variation in α and Q0 over 3 consecutive days) before testing the effects of SB. Between drug 163 

treatments, rats were re-tested on the BE procedure for a minimum of 3d and and until behavior 164 

returned to pre-treatment levels.  165 
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Extinction and reinstatement tests 166 

After BE testing, rats were subjected to extinction training and locomotor activity testing 167 

(described below). The order of extinction training and locomotor tests was counterbalanced. 168 

During each 2h extinction session, lever presses yielded neither remifentanil nor cues. Rats 169 

received extinction training for at least 7d and until they met the criteria of ≤15 active lever 170 

presses for at least two consecutive sessions. Rats were given two 2h cue-induced reinstatement 171 

tests with either SB or vehicle (counterbalanced), in which pressing the active lever yielded the 172 

cues previously paired with remifentanil infusions, but no remifentanil. Rats received at least 2d 173 

of extinction (≤15 active lever presses) between tests. One rat from the systemic SB group died 174 

between BE and reinstatement testing, and thus was not included in extinction/reinstatement 175 

analyses.  176 

Locomotor testing 177 

Rats were tested for locomotor activity as described previously (McGlinchey et al., 2016; James 178 

et al., 2018b) in locomotor boxes (clear acrylic, 40 x 40 x 30 cm) with Digiscan monitors 179 

(AccuScan Instruments). Rats were placed in a chamber for 2h to acclimate to the environment. 180 

The next day, rats received a microinjection of either SB or aCSF into cVP 5min before being 181 

tested in the locomotor chamber for 2h. Total, horizontal, and vertical locomotor activity were 182 

recorded using beam beaks. A within-subjects design was utilized, and drug order was 183 

counterbalanced across rats. Rats underwent a one-day washout period in between testing 184 

sessions in which they were placed in the locomotor chamber but did not receive drug.  185 

Data analysis  186 
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Analyses were performed in Graphpad Prism V6, except for multiple linear regression analyses 187 

which were performed using SPSS Statistics (V19). Acquisition of self-administration, 188 

individual differences in BE parameters, and the effects of SB on locomotor activity were 189 

analyzed using repeated measures ANOVA and paired t-tests. α and Q0 values following SB 190 

treatment were transformed to represent percent change relative to their control injections. For 191 

VP microinjection experiments, separate analyses were used to compare the effect of SB in cVP 192 

and rVP relative to vehicle and dorsal control injections. The effects of SB on active/inactive 193 

lever responding during reinstatement tests were assessed using separate 2-way repeated 194 

measures ANOVAs with ‘treatment’ (extinction, vehicle, SB) and ‘lever type’ (active, inactive) 195 

as the variables. Tukey post-hoc tests were applied to all significant repeated measures ANOVA 196 

tests. A linear regression was used to correlate individual Q0 and α values. For multiple linear 197 

regression analyses, Q0 and α values were set as the independent variables, with the dependent 198 

variables being active lever responses during cued reinstatement, or the difference in responding 199 

between SB and vehicle treatments. 200 

Results 201 

Experiment 1: Systemic blockade of Ox1Rs reduced economic demand, free consumption, and 202 

cued reinstatement of remifentanil seeking  203 

Figure 1a outlines the timeline of behavioral testing to investigate the effect of systemic 204 

treatment with SB on remifentanil seeking behaviors. During FR1 training, rats made more 205 

presses on the active lever than the inactive lever (main effect, F(11,131)=3.501, p=0.0003) 206 

beginning on the third session (Bonferroni post hoc test, p=0.0173) and throughout the remainder 207 

of the training sessions (Fig. 1b). This was associated with an increase in remifentanil infusions 208 
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across training (one-way repeated measures ANOVA; F(5,65)=11.64, p=0.0003; Fig. 1c). Next, 209 

rats were trained on the BE procedure, to determine drug demand at varying costs in a within-210 

session design (Fig. 1d). There was a significant inverse correlation between baseline Q0 and α in 211 

these BE tests (r =-0.6783, p=0.0311 Fig. 1e), such that individuals with high Q0 values exhibited 212 

more persistent drug taking as the cost for remifentanil increased than individuals with low Q0. 213 

We next sought to confirm our previous findings that systemic blockade of Ox1R signaling 214 

reduces reminfentanil demand (Porter-Stranksy et al., 2015). This provided a direct comparison 215 

to intra-VP experiments in subsequent studies (below). Blockade of Ox1Rs with SB significantly 216 

increased demand elasticity (decreased motivation for remifentanil, 30 mg/kg SB versus vehicle, 217 

t9=2.551, p=0.0312; Fig. 1f). Additionally, this dose of SB reduced remifentanil consumption at 218 

low effort (free consumption) compared with vehicle (decreased Q0, t9=2.382, p=0.0411; Fig. 219 

1g). To test the effect of systemic SB treatment on cued reinstatement behavior, lever pressing 220 

was extinguished over a minimum period of 7d such that the number of active lever presses per 221 

session was <15 (Fig. 1h). A 2×3 repeated measures ANOVA revealed a significant main effect 222 

of treatment (F2, 32=7.720, p=0.0018), and lever (F2,32=34.56, p<0.0001), and a significant 223 

treatment × lever interaction (F2,32=8.672, p=0.001). Post-hoc analyses showed that animals 224 

reinstated active lever-pressing to remifentanil-associated cues after vehicle pretreatment 225 

(vehicle vs. extinction, p<0.0001), and that this was blocked by systemic administration of SB 226 

(SB vs. vehicle, p=0.0005; Fig. 1i). There was no effect of SB (p=0.9441) or vehicle (p=0.9658) 227 

pretreatment on inactive lever responding (Fig. 1i).  228 

Experiment 2: Antagonism of Ox1Rs in cVP decreased motivation but not free consumption for 229 

remifentanil, and decreased cued reinstatement of extinguished remifentanil seeking. 230 
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A separate group of animals with bilateral cannulae in cVP were used to test cVP as a potential 231 

site of action mediating the effects of Ox1R signaling on demand for remifentanil (Fig. 2a). Rats 232 

acquired remifentanil self-administration (Fig. 2b,c) and exhibited stable demand (α) for 233 

remifentanil that was correlated with Q0 values (Fig. 2d) as in Experiment 1. Microinfusion of 234 

SB into cVP significantly increased demand elasticity (decreased motivation) compared to 235 

microinjections of vehicle (aCSF) or dorsal microinfusions of SB (F(2, 4)=15.02, p=0.0012; Fig. 236 

2e). In contrast to systemic injections of SB, intra-cVP microinfusions of SB did not alter 237 

remifentanil free consumption (Q0; F(2,4)=0.8576, p=0.4358; Fig. 2f). In rats with misplaced SB 238 

injections directed at rVP, there was no effect of SB on either demand elasticity (p=0.4878) or 239 

free consumption (p=0.8281).  240 

Next we tested the role for Ox1R signaling in cued reinstatement behavior. Lever pressing was 241 

extinguished as in Experiment 1 (Fig. 2g). Immediately prior to reinstatement tests, rats were 242 

microinjected with either SB or aCSF (counterbalanced) bilaterally into cVP. A 2×3 factor 243 

repeated measures ANOVA revealed a significant main effect of treatment (F(2, 52)=8.117, 244 

p=0.0009) and lever (F(2,52)=61.38, p<0.0001), and a significant treatment×lever interaction 245 

(F(2,52)=8.280, p=0.0008). Tukey’s post-hoc analyses showed that remifentanil-associated cues 246 

reinstated active lever pressing after vehicle pretreatment (vehicle vs. extinction, p<0.0001; Fig. 247 

2h). SB in cVP significantly reduced responding on the active lever during reinstatement (SB vs. 248 

vehicle, p=0.0008). Separate analyses revealed that SB also reduced reinstatement in animals 249 

with misplaced cannulae in rVP (n=5; p=0.0061). There was no effect of SB (p=0.9604) or aCSF 250 

(p=0.9955) in cVP on inactive lever responding (Fig. 2h). Together, these data indicate that 251 

Ox1R signaling in cVP mediates the motivational properties of remifentanil reward behavior 252 
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(demand elasticity, cued reinstatement) but is not important for its mediating consumption under 253 

null cost conditions.  254 

Experiment 3: Blocking Ox1Rs in VP did not affect locomotor activity 255 

To test for non-specific effects of intra-cVP microinjections of SB, we assessed general motor 256 

activity in an open field apparatus. Bilateral microinfusions of SB into cVP did not alter the total 257 

distance traveled (t13=0.9848; p=0.3427; Fig. 3a), nor was there an effect on either horizontal 258 

(t13=1.032; p=0.0754; Fig 3b) or vertical (t13=1.436; p=0.1747; Fig. 3c) activity over the 2h test 259 

session. These results indicate that effects of SB on demand elasticity and reinstatement were not 260 

due to changes in general motoric activity.  261 

Experiment 4: Baseline demand for reminfentanil predicted cued reinstatement and efficacy of 262 

SB 263 

Finally, we sought to test whether ‘baseline’ demand predicted addiction behaviors and SB 264 

efficacy, as we have previously reported for cocaine (Bentzley et al., 2014; James et al., 2018a). 265 

Multiple linear regression analyses revealed that baseline demand elasticity (; β=-0.674, 266 

p=0.008; Fig. 5a, left), but not free consumption (Q0; β=0.438, p=0.118; Fig. 5a, right), predicted 267 

cue-induced reinstatement after aCSF microinfusion into VP. Thus, animals with the lowest  268 

(highest motivation) had greater cued reinstatement behavior. Consistent with previous evidence 269 

from our lab indicating that demand elasticity (α) for cocaine can be used to predict those 270 

subjects most likely to benefit from the anti-motivational effects of SB treatment (James et al., 271 

2018a), we found here that baseline  (β=-0.751, p=0.002) predicted the extent of reduction in 272 

reinstatement by intra-cVP SB (Fig 5b, left). A similar, but non-significant, trend was observed 273 

for Q0 (β=-0.502, p=0.068; Fig. 5b, right). Together, these data indicate that ‘baseline’ demand 274 
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elasticity for reminfentanil is a behavioral biomarker for relapse propensity and can be used to 275 

predict those individuals most likely to benefit from treatment with an Ox1R antagonist to block 276 

reinstatement behavior. 277 

Discussion 278 

 We confirm previous findings (Porter-Stransky et al., 2017) that systemic blockade of 279 

Ox1Rs with SB increased demand elasticity (decreased motivation) for remifentanil (α), 280 

decreased free remifentanil consumption (Q0), and attenuated cue-induced reinstatement of drug 281 

seeking. We extend these findings to show that motivation and reinstatement, but not ‘free 282 

consumption’, for remifentanil are mediated by Ox1R signaling in cVP. Finally, we show that 283 

rats’ baseline remifentanil demand elasticity  predicted cue-induced reinstatement responding 284 

and the extent of SB effects in cVP  on reinstated drug seeking. Together, these results indicate a 285 

specific role for orexin signaling in cVP in motivated responding for the opioid remifentanil and 286 

highlight demand elasticity as a behavioral biomarker to predict relapse vulnerability and the 287 

efficacy of cVP Ox1R antagonism in blocking reminfentanil seeking behavior.  288 

A clear role has been established for orexin signaling in drug seeking behavior (Harris et 289 

al., 2005; Mahler et al., 2012; James et al., 2017). Signaling at the Ox1R preferentially mediates 290 

high effort drug seeking/taking, or when drug motivation is augmented by external stimuli, such 291 

as drug-associated stimuli (Harris et al., 2005; Smith and Aston-Jones, 2012; Porter-Stransky et 292 

al., 2017). We previously found that this role extends to opioids, as systemic SB reduced 293 

motivated responding for both heroin (Smith and Aston-Jones, 2012) and remifentanil (Porter-294 

Stransky et al., 2017). In addition, Fos activation of lateral hypothalamus (LH)  orexin neurons is 295 

strongly correlated with the degree of morphine seeking in a conditioned place preference 296 
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paradigm (Harris et al., 2005). However, unlike with other drugs of abuse, these studies 297 

highlighted a role for orexin signaling in free consumption of opioids, as systemic SB treatment 298 

reduced FR1 responding for heroin and low-cost consumption (Q0) for remifentanil. Here, we 299 

confirm a role for Ox1R signaling in both motivation and free consumption of remifentanil 300 

reward by showing that systemic SB treatment both increased α and decreased Q0 values in the 301 

same BE test session.  302 

We investigated cVP as a potential central site of action for SB in mediating remifentanil 303 

seeking behaviors, as this region has been implicated in both motivational and hedonic 304 

processing. Intra-cVP microinfusions of SB increased demand elasticity (α) but had no effect on 305 

remifentanil intake at null cost (Q0). These effects were specific to SB in cVP, as we observed no 306 

effect of SB microinfusions dorsal to VP and in animals with misplaced injections. VP is a key 307 

component of the brain circuitry regulating effort-related choice behavior, as VP inactivation 308 

reduces willingness to work on an instrumental task to obtain sucrose reward (Farrar et al., 309 

2008). cVP receives moderate orexin input and expresses a high density of Ox1Rs (Marcus et al., 310 

2001; Baldo et al., 2003), indicating that this region may be a site for orexin modulation of 311 

reward behavior. Interestingly however, there is evidence that orexin signaling in VP also 312 

mediates the hedonic properties of reward. Microinjections of orexin-A into cVP enhanced the 313 

hedonic responses (‘liking’) for sucrose, as assessed by an affective taste reactivity test (Ho and 314 

Berridge, 2013). While we have previously argued that Q0 might reflect an animal’s hedonic set 315 

point for drug (Bentzley et al., 2014), this is difficult to test directly. Thus, we are unable to 316 

directly draw conclusions from our data regarding the role for cVP Ox1R signaling and hedonic 317 

processing for remifentanil reward. It is unlikely that the lack of effect of intra-VP SB on Q0 is 318 

due to the dose of SB used, as this dose produces robust behavioral effects in other paradigms 319 
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(Harris et al., 2007; Mahler et al., 2013) and higher doses of SB would likely have off-target 320 

effects (Porter et al., 2001; Smart et al., 2001). It is possible, though, that the previously reported 321 

effects of orexin-A infusions in cVP on ‘liking’ for sucrose may be mediated by actions at Ox2R, 322 

as orexin-A has similar affinity for Ox1R and Ox2R (Sakurai et al., 1998), and Ox2Rs are 323 

expressed in cVP (Marcus et al., 2001). It is also possible that the orexin system plays distinct 324 

roles in mediating the hedonic aspects of sucrose versus opioid reward. Clearly, further studies 325 

are required to test these possibilities.     326 

Systemic SB is highly effective at reducing cued reinstatement of extinguished drug 327 

seeking (Smith et al., 2009; Smith and Aston-Jones, 2012; Plaza-Zabala et al., 2013; Moorman et 328 

al., 2017). Such findings led us to hypothesize that the orexin system provides motivational 329 

activation by reward-associated stimuli (Mahler et al., 2014a; James et al., 2017). Consistent 330 

with this view, we found that both systemic and intra-cVP SB reduced cued reinstatement of 331 

extinguished remifentanil seeking. Importantly, VP is part of a broader reward network that 332 

underlies reinstatement behavior (McFarland and Kalivas, 2001; Prasad and McNally, 2016); 333 

thus, orexin may act at other sites to contribute to cued reinstatement of remifentanil seeking 334 

(James and Dayas, 2013; Qi et al., 2013; Matzeu et al., 2018). It will therefore be important that 335 

future studies seek to identify the relative contribution of orexin signaling in VP versus other key 336 

reward regions in reinstatement of opioid seeking. 337 

Importantly, here we focused on cVP, as this area is more densely innervated by orexin 338 

terminals than rVP. However, rVP has also been implicated in motivated reward seeking (Root et 339 

al., 2015), including for drugs of abuse (Mahler and Aston-Jones, 2012; Mahler et al., 2014b). 340 

Interestingly, in a small number of animals (n=5) with misplaced injections directed at rVP, we 341 

observed no effect of SB on BE parameters, but a significant effect of SB on cued reinstatement. 342 
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This may indicate a functional distinction between cVP vs rVP, where motivation is more 343 

associated with orexin signaling in cVP, whereas stimulus-driven seeking might involve orexin 344 

input to both regions. However, given the relatively small number of animals in this group, it is 345 

difficult to draw comprehensive conclusions from these observations, and it will be necessary 346 

that future studies examine this further.   347 

It is possible that blocking Ox1R signaling in our experiments impacted general motor 348 

behavior, owing to the role for orexin signaling in arousal (Tsujino and Sakurai, 2013; Li et al., 349 

2014; Li et al., 2017). However we previously reported systemic SB only modestly reduced 350 

general locomotor activity in rats with a history of remifentanil self-administration, and that the 351 

magnitude of this reduction was not related to SB’s effects on α or Q0 (Porter-Stransky et al., 352 

2017). VP has been shown to be critical for the modulation of locomotor activation (Swerdlow et 353 

al., 1984; Williams and Herberg, 1987). However, in locomotor activity tests we observed no 354 

differences following microinjections of SB in cVP. Moreover, intra-cVP SB did not attenuate 355 

inactive lever presses on BE or cued reinstatement tests, and other studies have failed to observe 356 

non-specific motor deficits following local injections of SB into other reward regions (Borgland 357 

et al., 2009; James et al., 2011; Mahler et al., 2013). We also found that intra-cVP SB had no 358 

effect on low effort responding (Q0) for remifentanil, further supporting our conclusion that 359 

intra-VP SB-induced decreases in demand were not due to motor deficits.  360 

The orexin system is important for motivated responding for natural rewards (Cason and 361 

Aston-Jones, 2013b, a) and thus it is possible that the effect of intra-cVP infusions on motivation 362 

for remifentanil would also extend to motivated food seeking. Importantly however, evidence 363 

indicates that doses of SB that are sufficient to block drug seeking (such as those used here) have 364 

no effect on regular chow intake in ad-libitum fed animals (Borgland et al., 2009; Choi et al., 365 
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2010; Alcaraz-Iborra et al., 2014), indicating that any potential orexin-based therapy designed to 366 

reduce craving and motivation for opioid reward may not interfere with homeostatic feeding.  367 

We previously reported that baseline demand elasticity is a strong predictor of several 368 

addiction-relevant endophenotypes (Bentzley et al., 2014; James et al., 2018a). Moreover, we 369 

showed that SB is most effective at reducing motivation for cocaine and alcohol in highly 370 

motivated animals (Lopez et al., 2016; Moorman et al., 2017; James et al., 2018a; James et al., 371 

2018c). Here, we show that animals with high baseline motivation for remifentanil also have 372 

strong cued reinstatement behavior. We also show that high motivation animals exhibited the 373 

largest reduction in reinstatement after SB injection, indicating that demand elasticity might also 374 

be useful for identifying those individuals most likely to benefit from the therapeutic effects of 375 

Ox1R blockade. Given that the BE paradigm can be readily applied in clinical populations 376 

(MacKillop et al., 2018), our findings point to the potential utility of this approach for identifying 377 

those individuals most likely to relapse following abstinence, and to benefit from 378 

pharmacotherapies that interfere with orexin signaling.  379 

In conclusion, our results add to a growing body of literature implicating the orexin 380 

system as a target for treating opioid abuse and provide new insights into the corresponding 381 

neural substrates. We also show that BE provides a predictive behavioral marker of remifentanil 382 

seeking behaviors and the anti-drug seeking efficacy of SB, and thus could be applied clinically 383 

to determine opioid addiction liability and optimize pharmacological treatment strategies.384 
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 Figure 1. Effects of systemic Ox1R blockade on demand and reinstatement for 566 

remifentanil. (a) Timeline for behavioral procedure. Rats (n=10) were trained to self-administer 567 

remifentanil and then underwent BE training. Lever pressing was extinguished, and animals were 568 

then tested in a 2h cue-induced reinstatement session. Arrows in timeline indicate 30 mg/kg SB 569 

or vehicle treatments (counterbalanced). (b-c) Mean behavioral performance during remifentanil 570 

self-administration training. Data reflect the final 6 days of self-administration training. *p<0.05; 571 

**p<0.01 active vs. inactive lever. (d) A representative demand curve for a single animal during 572 

a remifentanil BE session. (e) Consumption of remifentanil at null cost (Q0) negatively correlated 573 

with demand elasticity (α). Each point represents data from a single animal. (f-g) SB (30mg/kg, 574 

ip) increased α (decreased motivation; f) and reduced Q0 (free consumption; g) for remifentanil 575 

during BE sessions. (h) Mean number of active and inactive lever presses during 7 days of 576 

extinction training (n=9). *p<0.05. (i) Average active lever presses during the last 3 days of 577 

extinction training and 2 h cue-induced reinstatement testing 30 min after pretreatment with 30 578 

mg/kg SB or vehicle. SB had no effect on inactive lever presses. ***p<0.001; ****p<0.0001. 579 

Bar graphs represent mean ± standard error of mean (SEM).  580 

 581 

Figure 2. Ox1R antagonism in VP decreases motivation for remifentanil. (a) Experimental 582 

design of behavioral training and testing, indicating the order and number of injections in VP. (b-583 

c) Mean lever pressing during remifentanil FR-1 self-administration (n=14). Data show average 584 

number of infusions, and active and inactive lever presses during the final 6 days of FR1 585 

sessions. Rats made significantly more lever presses on the active (drug associated) lever than 586 

the inactive lever, beginning on the second session and throughout the remainder of the training 587 

sessions. This was associated with an increase in remifentanil (Remi) intake. *p<0.05, **p<0.01 588 
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vs. inactive lever. (d) There was a significant correlation between α and Q0 such that high takers 589 

at null effort (high Q0) displayed significantly higher motivation (low ) for remifentanil than 590 

low takers. (e) Demand elasticity (α) was significantly increased (motivation was decreased) 591 

following intra-cVP delivery of SB compared to microinfusion of aCSF or SB just dorsal to VP 592 

(n=14). No change in  values was observed in animals that received misplaced injections 593 

located in rVP (n=5). **p<0.01 compared with dorsal SB. (f) Consumption of remifentanil at 594 

null cost (Q0) was not altered by intra-cVP SB microinfusion, indicating that Ox1R blockade in 595 

VP does not alter remifentanil intake at low cost. Similarly, no effect of SB was observed in 596 

animals with misplaced (rVP) SB injections (n=5). (g) Mean number of active and inactive lever 597 

presses during 7 days of extinction training after BE training and testing (n=14). (h) 598 

Microinfusion of SB into cVP reduced active lever responding during cue-induced reinstatement 599 

of remifentanil seeking compared to after aCSF microinjections (n=14). There was also a 600 

significant reduction in reinstatement scores in animals with misplaced (rVP) SB injections 601 

(n=5). There was no effect of SB vs. aCSF microinjections on inactive lever presses. 602 

***p<0.001; ****p<0.0001. (i) Representative schematic (upper panel) and photomicrograph 603 

(lower panel; neutral red Nissl stain, frontal section, midline at center) of cannula injection sites 604 

from animals that received microinjections in cVP. Injection sites are marked by blue dye 605 

microinfused from cannulae at end of experiments. Bilateral injection sites across all rats (black 606 

circles; n=14). Bar graphs represent mean ± standard error of mean (SEM). n.s.=not statistically 607 

different.   608 

 609 

Figure 3. Blockade of Ox1R signaling in cVP had no effect on general locomotor activity. 610 

(a) Rats displayed no differences in total distance traveled in locomotor chambers after SB 611 
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microinjection into VP compared to vehicle (n=14). Microinjection of SB into VP had no effect 612 

on (b) horizontal or (c) vertical activity. Bar graphs represent mean ± standard error of mean 613 

(SEM). *p< 0.05; ***p<0.001; n.s.=not statistically different.  614 

 615 

Figure 4. Baseline demand elasticity predicted reinstatement propensity and efficacy of SB 616 

microinfusion into VP. (a) Baseline demand elasticity (α), but not free remifentanil 617 

consumption (Q0), significantly correlated with the magnitude of cue-induced reinstatement with 618 

aCSF microinjection, (Q0. (b) Baseline demand elasticity (α) correlated with the magnitude of 619 

the reduction of cue-induced reinstatement after SB microinjection into cVP. Free remifentanil 620 

consumption also correlated with the magnitude of the reduction of cue-induced reinstatement 621 

with SB microinjection into VP, but this failed to reach statistical significance (Q0). n=14 for all 622 

correlations.  623 
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