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Abstract

An estimated 50-90% of individuals with cocaine use disorder (CUD) also report using alcohol.
Cocaine users report co-abusing alcohol to ‘self-medicate’ against the negative emotional side
effects of the cocaine ‘crash’, including the onset of anxiety. Thus, pharmaceutical strategies to
treat CUD would ideally reduce the motivational properties of cocaine, alcohol, and their
combination, as well as reduce the onset of anxiety during drug withdrawal. The hypothalamic
orexin (hypocretin) neuropeptide system offers a promising target, as orexin neurons are critically
involved in activating behavioral and physiological states to respond to both positive and negative
motivators. Here, we seek to describe studies demonstrating efficacy of orexin receptor antagonists
in reducing cocaine, alcohol- and stress-related behaviors, but note that these studies have largely
focused on each of these phenomena in isolation. For orexin-based compounds to be viable in the
clinical setting, we argue that it is imperative that their efficacy be tested in animal models that
account for polysubstance use patterns. To begin to examine this, we present new data showing
that rats’ preferred level of cocaine intake is significantly increased following chronic homecage
access to alcohol. We also report that cocaine intake and motivation are reduced by a selective
orexin-1 receptor antagonist when rats have a history of cocaine + alcohol, but not a limited
history of cocaine alone. In light of these proof-of-principle data, we outline what we believe to be
the key priorities going forward with respect to further examining the orexin system in models of
polysubstance use.
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Introduction: Coabuse of alcohol in cocaine use disorder

The overwhelming majority of individuals with substance use disorder report using more
than one drug of abuse either simultaneously or at different times. Among individuals with
cocaine use disorder (CUD), alcohol represents the most commonly used alternative drug,
with estimates of coabuse ranging from 50-90% (Anthony et al., 1994; Brookoff et al., 1996;
Grant and Harford, 1990; Kedia et al., 2007; Liu et al., 2018; Rounsaville et al., 1991).
Indeed, cocaine + alcohol represents the most prevalent 2-drug combination among patients
seeking treatment for substance use disorder (12.4% of treatment seekers), with cocaine +
cannabis a distant second (3.4% of treatment seekers; (Kedia et al., 2007)). When taken in
combination, cocaine and alcohol results in the production of cocaethylene (CE), a cocaine
metabolite that has a plasma half-life of 3-5 times that of cocaine and is associated with
seizure, liver damage and compromised immune system function (Andrews, 1997;
Dasgupta, 2017). Notably, the LD50 of CE is significantly lower than cocaine, and thus is
associated with an 18-25-fold risk of immediate death compared to cocaine alone (Andrews,
1997; Dasgupta, 2017). Moreover, those who use cocaine and alcohol simultaneously report
that the amount of each substance consumed increases significantly compared to when either
drug are used alone (Gossop et al., 2006).

Despite the prevalence of alcohol coabuse in CUD, preclinical research overwhelmingly
tends to focus on these substances in isolation (Crummy et al., 2020; Liu et al., 2018). This
phenomenon may in part explain why several pharmacotherapies designed to treat CUD
have failed in clinical trials, despite promising data pointing to their efficacy in the
laboratory setting. One interesting example is the dopamine transporter inhibitor modafanil,
which is highly effective at reducing a range of cocaine-related behaviors in rat. When tested
in a double blind, placebo-controlled study in cocaine-dependent patients, modafinil was
effective at reducing the percentage of non-use days on/y in patients who did not have a
history of alcohol dependence (Anderson et al., 2009). Examples such as this highlight the
need for greater emphasis on animal models that incorporate drug use patterns that mimic
those in clinical populations — indeed, they are critical to identify candidate brain systems
for novel pharmacotherapies to treat CUD with associated alcohol coabuse.

When considering the neurobiological mechanisms contributing to cocaine + alcohol
coabuse, one first step might be to focus on those brain systems identified as governing
cocaine and alcohol behaviors when studied in isolation. One strong candidate system is the
hypothalamic orexin (hypocretin) system, given its common role in mediating reward
seeking, including both cocaine and alcohol seeking (Campbell et al., 2020a; James et al.,
2017b; Mahler et al., 2014). Indeed, an extensive literature of preclinical studies now
indicate that orexin receptor antagonists are highly effective at protecting against cocaine
and alcohol use and a series of ongoing clinical studies are seeking to extend these
observations to human patients (Campbell et al., 2020a; James and Aston-Jones, 2020;
Suchting et al., 2019). Critically with respect to cocaine + alcohol coabuse, orexin receptor
antagonists also protect against the negative aspects of drug reward, including stress and
anxiety behaviors during withdrawal (Georgescu et al., 2003; Li et al., 2010; Li et al., 2011;
Yeoh et al., 2014), which appear to be a major driving factor for alcohol use in CUD
populations (Higgins et al., 1993; McCance et al., 1995; McCance-Katz et al., 1993).
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Despite this promise, to date there currently exists no study, in laboratory animals or
humans, that has explicitly examined the orexin system in the context of cocaine + alcohol
coabuse. To this end, here we seek to review the evidence pointing to the potential utility of
orexin-based therapies designed to treat cocaine + alcohol coabuse, as well as identify the
key steps forward for future studies designed to test this hypothesis. First, we briefly explore
the factors contributing to alcohol use in CUD, highlighting the perceived heightened
reinforcing efficacy and anxiogenic properties of CE. Next, we review the extant literature
relating to the orexin system in reward as it relates to cocaine and alcohol seeking, with a
focus given the neural circuits through which the orexin system mediates the seeking of both
drugs, as well as the receptor systems involved in these behaviors. Similarly, we discuss the
orexin system as a key mediator of stress and anxiety behaviors, including those related to
drug withdrawal, highlighting the anxiolytic properties of compounds that block orexin
signaling. Finally, we outline what we believe to be the key priorities going forward with
respect to examining orexin system function in cocaine + alcohol co-abusing populations.
As a practical step forward, we offer preliminary empirical data providing proof-of-principle
support for the efficacy of a selective orexin-1 receptor antagonist in reducing cocaine
demand in rats with a history of cocaine and alcohol self-administration. Our overarching
intention is to give impetus to future efforts designed to explore the orexin system as a
candidate for novel pharmacotherapies to address alcohol coabuse in CUD populations.

2.0 Factors contributing to cocaine and alcohol coabuse

The reasons underlying polysubstance abuse are varied, and include opportunistic access,
experimentation and social conformity (Connor et al., 2014). In the case of cocaine +
alcohol coabuse, there is a perception that the euphoric effects of cocaine are enhanced by
simultaneous alcohol consumption. Two unique metabolic phenomena appear to contribute
to this enhanced subjective experience (Liu et al., 2018). First, simultaneous consumption of
cocaine + alcohol is associated with a reduction in the amount of cocaine metabolized to
benzoylecgonine, resulting in enhanced plasma levels of cocaine (Pan and Hedaya, 1999).
Second, as noted above, simultaneous consumption of cocaine + alcohol results in the
production of CE, which unlike other cocaine metabolites, is psychoactive and rewarding in
and of itself. Indeed, CE causes euphoria in humans as measured by self-rating scales of the
intensity of the “high” (Hart et al., 2000; McCance et al., 1995). CE is self-administered by
primates (Jatlow et al., 1991) and rats (Raven et al., 2000) and produces CPP in rat to a
similar magnitude as cocaine (Knackstedt et al., 2002). There is some evidence to indicate
that the combination of cocaine and alcohol is more reinforcing than either drug alone. Rats
consumed higher amounts of alcohol in their home cage following a non-contingent cocaine
injection (Knackstedt et al., 2006), and mice showed enhanced cocaine-induced
psychomotor stimulation when co-administered with alcohol (Masur et al., 1989). In rats
tested on an ICSS task, the combination of low intraperiotoneal doses of cocaine and alcohol
reduced reward thresholds and increased response rate despite neither dose having any effect
on its own (Lewis and June, 1994). In monkeys, daily access to sweetened alcohol 4h after
cocaine access was associated with self-administration of cocaine at doses that were
previously non-reinforcing (Czoty, 2015). These effects appear to be dependent on the
temporal patterns of cocaine + alcohol co-consumption, as another study in monkey reported
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that cocaine self-administration behavior was unaffected by i.v. alcohol administration
10min prior to cocaine availability (Aspen and Winger, 1997). Additionally, in rats cocaine
can attenuate the anxiolytic effects of alcohol, but simultaneously enhance motor
impairments (Aston-Jones et al., 1984).

Cocaine users also report ingesting alcohol to avoid the undesirable side effects of cocaine.
In particular, users report using alcohol to reduce the anxiety and other negative emotional
states that characterize the cocaine “crash” (Higgins et al., 1993; Knackstedt et al., 2002;
McCance et al., 1995; McCance-Katz et al., 1993). In addition to the psychoactive and
anxiolytic properties of alcohol, it has been hypothesized that the co-administration of
alcohol reduces cocaine-related anxiety via CE-mediated processes (Knackstedt et al.,
2002). First, whereas cocaine binds the serotonin transporter and subsequently blocks
serotonergic reuptake (Ritz et al., 1987), CE has weaker effects on the serotonergic
transporter (Bradberry et al., 1993; Nobiletti et al., 1994), thereby resulting in comparatively
higher serotonin availability. Second, studies in rat indicate that the anxiogenic side effects
of CE are less than those observed for cocaine (Knackstedt et al., 2002; Raven et al., 2000).
Third, rats develop a conditioned place aversion to an environment when pairings are made
15mins after cocaine injection, compared to 30mins for CE, indicating that the onset of CE’s
aversive properties are delayed relative to cocaine (Knackstedt et al., 2002). Combined with
the significantly longer half-life of CE compared to cocaine, CE may serve to blunt or mask
the onset of cocaine’s anxiogenic actions (Knackstedt et al., 2002). In addition, given the
high comborbidity between SUDs (including CUD) and chronic anxiety-disorders (Brady et
al., 2013), alcohol is also likely sought to ‘self-medicate’ against chronic underlying anxiety
states. Future studies should also seek to examine other potential reasons for polydrug use,
including the possibility that persons use cocaine and alcohol to ‘balance out’ the stimulant
and depressive effects of these drugs, respectively.

Together, these data indicate that coabuse of alcohol in CUD populations is driven, at least in
part, by both positive and negative reinforcing factors. Thus, a pharmacotherapy targeting a
general motivational system, regardless of valence, might offer a solution to ameliorating
both contributing factors. To this end, we speculate that the hypothalamic orexin system
holds significant promise, given its common role in broadly mediating motivational states
(Mahler et al., 2014). Below, we review evidence linking the recruitment of orexin neurons
to drug seeking, both for cocaine and alcohol, and by various stress states including
withdrawal. Moreover, we highlight evidence that compounds that block orexin signaling are
highly effective at reducing drug seeking as well as reducing behavioral and physiological
responses to stress (James et al., 2017a; James et al., 2017b). Collectively, these studies
demand that future studies examine the potential utility of orexin-based compounds as a
novel therapeutic approach to managing cocaine + alcohol coabuse — an effort that we seek
to catalyze by describing preliminary data indicating efficacy of such an approach.

3.0 The orexin/hypocretin system — role in addiction and stress

3.1

Introduction to the orexin system

Orexins (orexin-A and orexin-B) are neuropeptides that are exclusively synthesized in
neurons in the caudal hypothalamus (de Lecea et al., 1998; Sakurai et al., 1998). Orexin-
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producing neurons project widely throughout the brain (Peyron et al., 1998), where orexin
peptides act on two G protein coupled receptors - orexin 1 receptor (Ox1R) and orexin 2
receptor (Ox2R) (de Lecea et al., 1998; Marcus et al., 2001; Sakurai et al., 1998). Ox1R and
Ox2R have differing binding affinities for the peptide, such that orexin A has greater binding
affinity for Ox1R, while orexin B has an equal binding affinity for both receptors (de Lecea
et al., 1998; Sakurai et al., 1998). The orexin system is implicated in a range of
physiological and behavioral functions, including sleep, arousal, cardiorespiratory responses,
stress and motivation (Abreu et al., 2020; Barson, 2020; Burdakov, 2020; Carrive and
Kuwaki, 2017; Freeman et al., 2020; James et al., 2017a; Krystal et al., 2013; Li et al., 2017;
Mabhler et al., 2014; Simmons and Gentile, 2019; Soya and Sakurai, 2020; Summers et al.,
2020). We have argued that these broad functions reflect a fundamentally unified role for the
orexin system in translating motivational states into organized and adaptive behaviors
(Mahler et al., 2014). That is, orexin neurons are recruited by homeostatic signals of
physiological disequilibrium and/or exposure to important environmental stimuli, especially
when they are relevant to a current physiological need. Orexin neurons, in turn, facilitate
suites of psychological (e.g. appetitive/aversive motivation) and physiological (e.g.
cardiovascular activation, suppression of sleep) processes via mechanisms described below.
Periods of rapid firing during phasically adaptive behavior are overlaid on circadian
oscillations in tonic orexin neuron activity, which contribute to orexin’s broad involvement
in regulating sleep and arousal (Mahler et al., 2014).

Diversity of orexin system functionality is achieved in three ways. First is heterogeneity of
processing in efferent targets. Orexin neurons provide input to a broad range of neural sites,
including those important for arousal/stress (e.g. locus coeruleus, paraventricular nucleus of
the hypothalamus, amygdala) and reward (ventral tegmental area, lateral septum, nucleus
accumbens) (Peyron et al., 1998). Interestingly, although orexin axons are collateralized and
often target several adjacent regions, there is evidence that orexin neurons participate largely
in multiple parallel but anatomically segregated neural circuits (Berridge et al., 2010; Gompf
and Aston-Jones, 2008). In addition, the expression of Ox1R and Ox2R are partially non-
overlapping, allowing for target-specific effects of orexin release (Marcus et al., 2001).
Studies generally indicate that actions at Ox1Rs are more important in mediating reward and
feeding as well as the regulation of dopamine signaling (Harris et al., 2005; Haynes et al.,
2000; James et al., 2017b; Prince et al., 2015b) whereas actions at Ox2Rs have been
implicated more strongly with arousal and stress related functions (Sakurai and Mieda,
2011; Tsujino and Sakurai, 2013; Yamanaka et al., 2002; Yamanaka and Tsunematsu, 2010).
Second is heterogeneity of inputs. Retrograde mapping studies indicate that orexin afferents
arise from a broad number of regions, and may selectively target subsets of orexin neurons
(Giardino et al., 2018; Sakurai et al., 2005; Yoshida et al., 2006) allowing for differential
recruitment of functional subpopulations of orexin neurons (Mahler et al., 2014). Moreover,
orexin neurons exhibit heterogeneity in receptor expression and diversity in their
responsivity to inputs (Burdakov et al., 2013). Third, there is some evidence of heterogeneity
of orexin neuron function based on anatomical location. In rat, DMH/PF but not LH orexin
neurons respond to stress and arousal (Estabrooke et al., 2001; Harris and Aston-Jones,
2006; Sakamoto et al., 2004; Winsky-Sommerer et al., 2004), whereas LH neurons are
preferentially recruited by stimuli associated with reward (Harris et al., 2005; James et al.,
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2019b). Moreover, there is a close association between the number of LH, but not DMH/PF,
orexin neurons and the expression of addiction-like behavior (discussed below; (Fragale et
al., 2020; James et al., 2019b; Pantazis et al., 2020). Together, these three factors contribute
to the orexin system’s facilitation of a broad range of behaviors and physiological functions.
Indeed, it is through this heterogeneity that orexin neurons simultaneously underlie the
expression of both appetitive and aversive behavioral states, including drug seeking and
anxiety/stress behaviors. Below, we elaborate on these functions as they apply to cocaine
and alcohol coabuse.

3.2 Orexin as a mediator of cocaine and alcohol behaviors

In 2005, our lab provided the first evidence that the orexin system mediates drug seeking
behavior, reporting that the expression of conditioned place preference for cocaine (and
morphine) is associated with Fos recruitment in LH orexin neurons (Harris et al., 2005). In
the ~15 years since, a role for the orexin system has been extended beyond cocaine and
morphine to all drugs of abuse tested, including alcohol (Brodnik et al., 2018; Hopf, 2020;
James et al., 2017b; Matzeu and Martin-Fardon, 2020; Moorman, 2018; Walker and
Lawrence, 2017). Fos activation of orexin neurons has been reported following alcohol
sensitization in mice (Macedo et al., 2013) and in response to discriminative stimuli
predictive of ethanol and cocaine availability (Dayas et al., 2008; Martin-Fardon et al.,
2018). Consistent with these findings, Fos expression in orexin neurons is positively
correlated with context-induced renewal of extinguished alcohol seeking (Hamlin et al.,
2007), and we found that activation of orexin neurons predicts both homecage ethanol
preference and the degree of context-induced ethanol seeking (Moorman et al., 2016). As
noted above, we reported that orexin neurons are activated in response to context associated
with cocaine reward (Harris et al., 2005). We also found that rats with a history of
intermittent access to cocaine, a self-administration paradigm known to induce a robust
addiction-like state (Fragale, 2020; James et al., 2018b; Kawa et al., 2016), exhibit greater
activation of orexin neurons in response to a drug-associated environment compared to
subjects with a milder addiction-like profile (James et al., 2018b).

Significant evidence now indicates that cocaine- and alcohol-induced changes to orexin
system function extend beyond plasticity of activity to persistent changes in the expression
of orexin peptide levels (Barson et al., 2015; Collier et al., 2019; Collier et al., 2020; James
et al., 2018b; Lawrence et al., 2006; Sterling et al., 2015). Chronic voluntary ethanol
consumption was reported to increase the area of prepro-orexin mRNA in LH of inbred
alcohol preferring (iP) rats (Lawrence et al., 2006), while acute ethanol exposure increased
orexin peptide expression in LH of Sprague Dawley rats (Morganstern et al., 2010).
Moreover, increased numbers of orexin neurons, particularly in the left hemisphere, are
observed in zebrafish following direct embryonic exposure or maternal ethanol consumption
prior to paternal fertilization (Collier et al., 2019; Collier et al., 2020). Similar to these
findings, we found that rats that exhibit enhanced cocaine motivation following intermittent
access to cocaine exhibit greater numbers of orexin neurons, and that this increase persists
for at least 150d after the cessation of intermittent cocaine (James et al., 2019b). We also
found that the number of orexin neurons predicts baseline or “trait” motivation for cocaine
on a behavioral economics task, such that a higher number of LH orexin neurons is
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associated with higher motivated responding, but not baseline intake, for cocaine (Pantazis et
al., 2019).

Much of the work examining the receptor systems through which orexin mediates the
reinforcing and motivational properties of alcohol and cocaine has focused on the Ox1R.
Pharmacological agents that block signaling at Ox1R reduce compulsive ethanol drinking
(Lei et al., 2016a) as well as ethanol self-administration on both fixed (FR) and progressive
ratio (PR) schedules of reinforcement (Jupp et al., 2011; Lawrence et al., 2006; Moorman et
al., 2017; Richards et al., 2008). A significant body of evidence now indicates that Ox1Rs
play a particularly important role in regulating alcohol and cocaine seeking under conditions
of increased motivation (James et al., 2017b). We have shown that systemic pretreatment
with the Ox1R antagonist SB selectively reduces homecage ethanol drinking, self-
administration and cue-induced reinstatement in high alcohol preferring rats (Moorman et
al., 2017). This is consistent with reports showing that Ox1R antagonism preferentially
reduces cocaine seeking under conditions of increased motivation. For example, Ox1R
blockade reduces cocaine consumption under PR but not FR1 schedules of reinforcement
(Borgland et al., 2009; Boutrel et al., 2005; Espana et al., 2010; Smith et al., 2009b).
Moreover, using a behavioral economics task, we found that systemic SB decreases
motivation for cocaine, but that this effect is strongest in rats with high baseline demand
(James et al., 2018a). Our lab and others have also shown that rats highly motivated for
cocaine are more sensitive to lower doses of SB to decrease drug motivation (James et al.,
2018b; Schmeichel et al., 2017a).

Both cocaine and alcohol use disorders are chronically relapsing conditions, whereby re-
initiation of drug seeking can be triggered by several factors, including exposure to drug-
associated cues and contexts. The orexin system seems to play a consistent role in the
reinstatement of extinguished alcohol and cocaine seeking. Inhibition of the orexin cells
themselves is sufficient to block reinstatement of cocaine seeking elicited by discriminative
stimuli (Yeoh et al., 2018). Ox1R blockade attenuates ethanol and cocaine seeking in
response to discrete and contextual cues (James et al., 2019b; Jupp et al., 2011; Lawrence et
al., 2006; Martin-Fardon and Weiss, 2014; Moorman et al., 2017; Smith et al., 2009a; Smith
et al., 2010). Similar to their effects on drug demand, Ox1R antagonists are most effective at
blocking reinstatement in animals that exhibit a stronger addiction-like phenotype, such that
lower doses are required to achieve behavioral effects in these animals (James et al., 2019a;
James et al., 2019b; Moorman et al., 2017). In addition to drug cues, relapse to drug seeking
can also be triggered by stress. Ox1R antagonists are also highly effective at preventing
reinstatement of both alcohol and cocaine seeking elicited by stressful/aversive stimuli,
consistent with a role for the orexin system in both reward and stress/arousal (discussed
below) (Boutrel et al., 2005; Richards et al., 2008; Wang et al., 2009).

Ox1Rs regulate the reinforcing properties of alcohol and cocaine through classic reward-
associated brain areas including VTA. Local microinjection of SB into VTA reduced ethanol
consumption in mice and attenuated cue-induced reinstatement in iP rats (Olney et al., 2017)
(Brown et al., 2013). Similarly, intra-VTA SB reduced motivation for cocaine on a BE task
and attenuates discriminative cue-induced reinstatement of extinguished cocaine seeking
(Espana et al., 2010; James et al., 2011). Ox1Rs may also regulate consumption of both
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drugs through stress-associated brain regions. Microinfusion of SB into CeA reduced binge-
like alcohol drinking in mice (Olney et al., 2017) and reduced cocaine self-administration in
highly motivated rats given extended access to cocaine (Schmeichel et al., 2017a).
Parventricular thalamus also appears to be an important locus of orexin signaling in drug
seeking, as infusions of orexin peptides reinstate extinguished drug seeking and stimulates
alcohol drinking (Barson et al., 2015; Barson et al., 2017; Matzeu et al., 2016). Similarly,
local injections of an Ox1R antagonist into nucleus accumbens shell disrupts both cocaine
and alcohol behaviors (Lei et al., 2019; Lei et al., 2016b; Yang et al., 2020).

Although there is a high degree of convergence with respect to Ox1R signaling in cocaine
and alcohol behaviors, evidence to date largely points to a unique role for Ox2R signaling in
alcohol reward. For example, systemic administration of the Ox2R antagonist JNJ-10397049
attenuated ethanol self-administration and CPP (Shoblock et al., 2011). In addition, i.c.v.
administration of the Ox2R antagonist TCS-OX2-29 (TCS) reduced ethanol self-
administration (Brown et al., 2013) and intra-VTA microinjections of TCS or a dual orexin
receptor antagonist decreased ethanol drinking (Olney et al., 2017; Srinivasan et al., 2012).
Moreover, intermittent-access to 20% ethanol increased Ox2R mRNA in the anterior portion
of PVT, and infusions of TCS into this region decreased this type of drinking behavior
(Barson et al., 2015). In contrast, there is little evidence to support a role of Ox2R signaling
in cocaine reward. Systemic pretreatment with the selective Ox2R antagonist 4PT had no
effect on cued reinstatement of extinguished cocaine seeking (Smith et al., 2009b), and the
dual Ox1R/Ox2R antagonist almaorexant has similarly limited effects as a selective Ox1R
antagonist on cocaine self-administration (Prince et al., 2015a). Notably however, one study
reported that intra-PVT infusions of orexin-A reinstated extinguished cocaine seeking and
that this was blocked by co-administration of TCS (Matzeu et al., 2016). Importantly, the
role of Ox2R signaling in cocaine behaviors remains to be fully explored, in part due to a
paucity of selective Ox2R antagonists that can be administered systemically; thus, this
should be the focus of efforts going forward.

To date, a role for the orexin system in combined cocaine + alcohol consumption remains
entirely untested. One interesting question relates to whether polydrug use might have
additive effects on orexin cell upregulation, such that a greater increase in orexin cell
numbers is observed following cocaine + alcohol self-administration as compared to either
drug on its own. It is likely that there is a ceiling on how many cells in the hypothalamus are
capable of producing orexin peptides, however this remains to be tested directly. Similar
outstanding questions relate to whether the rewarding properties of CE, as a result of
concomitant cocaine + alcohol consumption, enhances the salience of drug-paired cues/
contexts during self-administration, thus enhancing the role for the orexin system in this type
of drug seeking. Such an effect might lead to increased efficacy of orexin receptor
antagonists in reducing drug seeking/taking (as is seen in rats with excessive motivation for
either cocaine or alcohol, as described above), however this also remains to be tested. One
important first step to address this might be to test the effects of orexin receptor antagonism
on responding for CE. Although we acknowledge that as a field, we are far from
understanding the role of the orexin system in the context of individual drugs of abuse, we
suggest that if orexin-based therapeutics are to be effective in the clinic, as we and others
have suggested (Campbell et al., 2020a; James and Aston-Jones, 2020; James et al., 2020;
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Yeoh et al., 2014), it is imperative that investigations going forward begin to examine their
efficacy in preclinical models that take polydrug use into account.

3.3 The orexin system in stress and anxiety

As outlined above, CUD populations report co-abusing alcohol to avoid the anxiogenic side
effects associated with cocaine withdrawal. To this end, it is interesting that extensive
evidence now indicates that orexin neurons are critically involved in coordinating behavioral
and physiological responses to stress. This is achieved, in part, via direct innervation of key
arousal, autonomic and emotion regions (for recent reviews, see (Abreu et al., 2020; Grafe
and Bhatnagar, 2018; James et al., 2017a; Summers et al., 2020)). Moreover, orexin neurons
directly modulate the hypothalamic pituitary adrenal (HPA) axis at various levels via direct
innervation of the CRF-containing medial parvocellular division of the paraventricular
nucleus, and orexin peptides act at the pituitary and adrenal glands themselves (Date et al.,
2000; Lo Pez et al., 1999; Lopez et al., 2001; Malendowicz et al., 2001; Voisin et al., 2003).
Consistent with this, chemogenetic inhibition of orexin neurons abolishes heightened HPA
axis responsivity to repeated restraint stress in female rats (Grafe et al., 2017a).

Exposure to a range of stressors results in recruitment of orexin neurons. Psychological
stressors, including exposure to fear-associated contexts, novel environments, restraint
stress, foot shock and the forced swim test all increase orexin mMRNA or Fos protein
expression in orexin cells (Chen et al., 2014; Chen et al., 2013; Flores et al., 2015; Furlong
et al., 2009; Harris and Aston-Jones, 2006; James et al., 2014; Martins et al., 2004).
Similarly, Fos induction is observed in orexin neurons in response to physiological stressors,
including hypercapnia (CO, stress), intraperioteneal injections and food restriction, as well
as pharmacological agents that induce stress behaviors including caffeine and the alpha2
receptor antagonist yohimbine (Abreu et al., 2020; Johnson et al., 2012; Kastman et al.,
2016; Kurose et al., 2002; Panhelainen and Korpi, 2012). Moreover, prepro-orexin mRNA
levels are directly related to behavioral responsivity to repeated social defeat stress, such that
lower orexin levels correspond with greater resilience to this form of stress (Grafe et al.,
2018). As noted above, there is some evidence of selective recruitment of DMH/PF orexin
neurons by some types of stressors, however this has not been observed in all studies (James
etal., 2017a).

Acute orexin receptor antagonism is highly effective at ameliorating behavioral responses to
anxiogenic stimuli. For example, systemic treatment with selective Ox1R antagonists
reduces the expression of anxiety-like behaviors in response to cat odor exposure, nicotine,
novelty, yohimbine and fear associated contexts (Beig et al., 2015; Gozzi et al., 2013; Plaza-
Zabala et al., 2010; Staples and Cornish, 2014; Vanderhaven et al., 2015), although see
(Blume et al., 2018). These effects appear to be mediated, at least in part, by reduced
recruitment of the HPA axis (Heydendael et al., 2013; Vanderhaven et al., 2015). There is
also a role for Ox2R signaling in the expression of stress behaviors. Mice lacking Ox2R
exhibit a blunted stress response (Yun et al., 2017) and administration of selective Ox2R
antagonists blocks behavioral, cardiovascular and HPA axis responsivity to restraint stress
(Grafe et al., 2017b), quinporole (Abounoori et al., 2020), cage exchange stress (Yun et al.,
2017) and novelty (Beig et al., 2015) (although note that there is some evidence that
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signaling at Ox2R can be protective against the expression of anxiety; see (Arendt et al.,
2014; Arendt et al., 2013; Staton et al., 2018; Summers et al., 2020)). Similarly, there is
emerging evidence that dual orexin receptor antagonists (DORAS) may be effective
anxiolytics. For example, a clinical study recently reported that suvorexant attenuates heart
rate and cortisol release in response to the cold pressor test (Suchting et al., 2019) and there
are several clinical trials currently underway investigating the utility of suvorexant for panic
disorder (NCT02593682) and PTSD (NCT03642028). In animals, DORAs prevent the
behavioral and autonomic responses to stress (Chen et al., 2013), and there is some evidence
that these compounds have additive protective effects beyond Ox1R and Ox2R antagonists
alone (Beig et al., 2015).

Of particular relevance here is the question of whether orexin receptor antagonists might be
effective at reducing stress and anxiety states associated with cocaine withdrawal. The
majority of work on the orexin system in drug withdrawal has been carried out using Ox1R
antagonists in models of opioid withdrawal, which is characterized by a range of
physiological and emotional symptoms, including anxiety. In morphine-dependent rats,
naloxone-precipitated withdrawal is associated with Fos induction in orexin neurons and an
increase in orexin MRNA. Moreover, Ox1R antagonists reduce morphine withdrawal
(Laorden et al., 2012) and withdrawal symptoms are less severe in orexin knockout mice
(Georgescu et al., 2003). There is some evidence that orexins might be involved in
withdrawal from other drugs of abuse, including a report that orexin levels in the CSF are
elevated during acute abstinence from methamphetamine (Chen et al., 2016). To date,
however, orexin signaling during cocaine withdrawal remains largely uncharacterized. One
study reported that acute (24h) withdrawal from chronic escalating-dose cocaine
administration was associated with increased LH orexin mRNA levels (Zhou et al., 2008).
Similarly, we reported that orexin cell numbers and reactivity was higher in intermittent vs.
short access rats after drug context exposure following 24h withdrawal (James et al., 2019b).
In that study we also reported that intermittent access rats exhibited greater negative
emotional behaviors, including anxiety-like behavior, after 5 months of homecage
abstinence; these rats also exhibited greater reactivity and number of orexin neurons after
protracted abstinence, however the relevance of this increase to negative emotional behaviors
was not directly tested. Given the role for orexin in both acute and chronic anxiety-like
states, we suggest that targeting this system could have particularly beneficial therapeutic
effects in cocaine and alcohol coabuse, both in terms of reducing the onset of anxiety during
the cocaine crash (and thus reducing ‘self-medication” with alcohol), as well as ameliorating
more chronic underlying anxiety states that contribute to ongoing drug use. Of course,
significant work is required to test this hypothesis, especially considering that no studies to
date have investigated the orexin system, nor the efficacy of orexin receptor antagonists, in
the context of cocaine and alcohol coabuse.

4.0 Orexin-1 receptor antagonists are more effective at reducing cocaine

demand following homecage alcohol exposure.

As outlined above, studies examining the neurobiological basis of cocaine + alcohol coabuse
are limited. Significant evidence indicates that the orexin system might underlie cocaine +
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alcohol coabuse, as activity of these neurons is linked to seeking and taking both drugs, as
well as the expression of withdrawal behaviors, including anxiety. Although there is
extensive literature demonstrating the efficacy of Ox1R antagonists at reducing drug-related
behaviors in animals with a history of either cocaine or alcohol self-administration, the
efficacy of these compounds in animals with a history of cocaine and alcohol coabuse has
not been tested. To begin to examine this, we sought to test the efficacy of the selective
Ox1R antagonist SB334867 (SB) on motivated cocaine seeking in rats, both before and after
cocaine self-administration was made coincident with intermittent home cage alcohol
access. To do this, we leveraged the behavioral economics procedure, which allows repeated
assessment of SB treatment on cocaine motivation in the same animal. We predicted that
with prolonged cocaine self-administration, home cage alcohol intake would increase and
that this might, in turn, increase demand for cocaine. Because Ox1R antagonists are most
effective in rats with stronger addiction profiles (James et al., 2019; Fragale et al. 2020), we
also predicted that SB would be more effective at reducing cocaine demand when cocaine
self-administration was coincident with home cage alcohol access.

All new experiments were carried out in male Sprague Dawley rats (n=10; 250-300g,
Charles River) that were given ad /ibitum access to regular rat chow and water, and
maintained on a reverse 12:12 light/dark cycle (lights on at 06:00h). All protocols and
animal care procedures were approved by the Rutgers University Institutional Animal Care
and Use Committee, and in accordance with the National Research Council’s Guide for the
Care and Use of Laboratory Animals. Rats were implanted with an intravenous jugular
catheter and trained to self-administer cocaine on a FR1 schedule (0.2mg/50ul infusion;
minimum of 6 sessions) before being tested for ‘baseline’ economic demand on a within-
session behavioral economics procedure over a period of ~1w (Bentzley et al., 2013). Rats
were then given access to alcohol (20% ethanol) in their homecage 3d/week (Monday,
Wednesday, Friday) over a period of 5w, during which time demand for cocaine was
assessed daily (Monday-Friday). Over the 5w alcohol access period, homecage intake of
alcohol increased significantly from an average of 1.94 + 0.50 g/kg to 3.40 + 0.81 g/kg per
session (W10 =41.00, p = 0.037; Wilcoxon test; Fig. 1a and b). This increase in alcohol
intake was paralleled by a significant increase in the animals’ preferred level of cocaine
intake (QO0; W10 = 53.00, p = 0.004; Wilcoxon test; Fig. 1c), but no change in their
motivation for cocaine (a; p > 0.05; Fig. 1d). To test the role of orexin signaling in these
rats, we assessed the effect of SB on both Qg and a. prior to any alcohol experience and at
d36-40 (after 5w of home cage alcohol exposure). Rats were administered a single
intraperitoneal (i.p.) dose of SB (30mg/kg) at both time points and tested for cocaine
demand 30 min later. Interestingly, SB had no effect on cocaine Qg prior to home cage
alcohol exposure (consistent with prior studies; (Bentzley and Aston-Jones, 2015; James et
al., 2019a; James et al., 2019b)), but significantly decreased preferred cocaine levels
following home cage alcohol (Time x Treatment interaction, F1 15=6.986, p=0.0165; Sidak’s
post-hoc test, p=0.012; Figure 1e). Similarly, SB increased a (decreased motivation) only
following alcohol experience (Treatment main effect, F1 15=6.691, p=0.019; Sidak’s post-
hoc test, p=0.029).

Two key findings can be derived from these preliminary data. First, rats that self-
administered cocaine and had concurrent homecage access to alcohol had preferred levels of
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cocaine intake almost twice that of when they were given access to cocaine alone. It is
unlikely that this reflects the development of cocaine ‘tolerance’ with prolonged cocaine
intake, as baseline demand parameters (including Qg) remain stable for several weeks in rats
given limited (so called ‘short access’) daily access to cocaine, or across multiple BE testing
days (James et al., 2019a), as was the case here (although we acknowledge that the inclusion
of a cocaine-only group in future studies would be informative in this regard). Rather,
increased cocaine intake might reflect reduced anxiogenic effects of cocaine resulting from
concomitant alcohol consumption, either due to the production of CE on days where both
cocaine and alcohol were available, or because of the general anxiolytic properties of
alcohol. Anxiety-like behavior was not assessed here, and thus it will be important for future
studies to examine whether the aversive properties of cocaine are attenuated in animals that
have concurrent access to cocaine + alcohol compared to cocaine alone. Second, we
observed an increase in SB efficacy following alcohol, such that SB was effective at
reducing preferred cocaine levels and cocaine mativation only after 5w home cage alcohol
exposure. This finding is generally consistent with previous studies showing that SB is more
effective in animals that exhibit a stronger addiction phenotype, including after self-
administration procedures that induce an addiction phenotype, such as extended or
intermittent access (Fragale et al., 2020; James and Aston-Jones, 2017; James et al., 2019a;
James et al., 2019b; Schmeichel et al., 2017b). Thus, the present data might indicate that
concurrent cocaine + alcohol use precipitated a stronger addiction phenotype that was
orexin-dependent. Although SB is reported to be most effective at reducing motivation for
drug rather than its intake per se, our findings are also consistent with studies that have
reported that SB or orexin knockdown reduces cocaine intake in animals that exhibited
escalation of intake (Schmeichel et al., 2017b; Schmeichel et al., 2018). An interesting
question going forward relates to the effect of cocaine + alcohol co-administration on orexin
cell expression. Cocaine and alcohol each increase orexin cell and mRNA levels (James et
al., 2019b; Lawrence et al., 2005) and greater SB efficacy has previously been reported in
rats with higher orexin cell numbers (Fragale et al., 2020; James et al., 2019b), and thus we
might expect that the introduction of alcohol in this experiment resulted in a concurrent
increase in the number of orexin cells. Moreover, here, alcohol was available in the home
cage before and after cocaine sessions, however intake patterns were not studied in a way
that allows estimations of possible cocaine x alcohol interactions (or CE production). Future
studies should seek to better understand how the temporal patterns of cocaine and alcohol
intake contribute to the effects observed here. Finally, it will also be important for future
studies to understand the precise circuits through which orexin neurons mediate cocaine
intake versus motivation after a history of cocaine + alcohol use, and whether these differ to
those involved in each drug on their own.

5.0 Conclusions and considerations for future studies

Here we propose that the hypothalamic orexin neuropeptide system represents a potential
target for novel therapeutics designed to reduce drug seeking in cocaine + alcohol co-
abusing populations. Evidence reviewed here indicates that the orexin peptides act primarily
at Ox1R to mediate cocaine seeking, whereas alcohol behaviors are mediated by actions at
both Ox1R and Ox2R, raising the possibility that compounds that target both receptor
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subtypes (DORAS) might be most effective in cases of dual-dependence. Moreover, the role
for orexin signaling in stress and anxiety appears to involve signaling at both receptors, and
thus the anxiolytic properties of a DORA might be most effective to reduce the tendency to
‘self-medicate’ against the negative emotional aspects of cocaine withdrawal with alcohol.
To this end, the FDA-approved DORA suvorexant (Belsomra™) represents an attractive
therapeutic option with the possibility of being readily repurposed. Indeed, we note that
several clinical trials are currently underway examining the efficacy of suvorexant in CUD
and AUD populations (ClinicalTrials.gov; (Campbell et al., 2020b; James et al., 2020); it is
not clear to what extent these studies will include polydrug use as a key outcome measure.
Notably, suvorexant and another recently approved DORA (lemborexant) are hypnotics
designed to promote sleep in an insomnia indication (Kishi et al., 2020), thus any studies
examining their repurposing for addiction must consider whether the soporific effects of
these compounds might be enhanced by concomitant drug use. Indeed, prescribing
guidelines for suvorexant lists alcohol use as a contraindication, based on evidence that their
combined use has negative effects on tests of reaction time, vigilance, working/episodic
memory, postural stability and alertness (Sun et al., 2015). Nonetheless, it is possible that the
sleep-promoting properties of DORAs might have additional therapeutic benefits for
addiction outcomes, given that both cocaine and alcohol use are associated with severe sleep
disruptions that contribute to relapse risk (Angarita et al., 2014a; Angarita et al., 2014b;
Roehrs et al., 2020). Focus should also be given to examining any potential effects of
DORAs on mood, given that low orexin signaling can be associated with depression
symptomology, including suicidality (Arendt et al., 2013; Bowrey et al., 2017; Brundin et
al., 2007a; Brundin et al., 2007b; James et al., 2014; Lutter et al., 2008). Moreover, based on
preclinical studies finding higher efficacy of orexin receptor antagonists in rats with stronger
addiction phenotypes (Fragale et al., 2020; Fragale et al., 2019; James et al., 2019a;
Mohammadkhani et al., 2019a), it is possible that low, non-sedating doses of suvorexant will
be effective at reducing craving. Additionally, evidence indicating that the anti-drug seeking
properties of orexin receptor antagonists, including suvorexant, extend beyond their
bioavailability (up to 48h) suggests that daily dosing might not be necessary (Brodnik et al.,
2020; Mohammadkhani et al., 2019b; O’Connor et al., 2020). Clearly, significant work is
required to address these questions around potential clinical use of orexin receptor
antagonists for polysubstance use, as well as the more mechanistic questions raised
throughout this article. Regardless, there exists a significant foundation of work pointing to
the potential utility of orexin-based compounds; we suggest that extending these
investigations to the context of polysubstance abuse should be the focus of studies moving
forward.
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Figure 1:

Rats were tested for economic demand for cocaine prior to alcohol exposure. Rats were then
given home cage access to alcohol three times a week (Monday, Wednesday, Friday; 12h/d),
during which time they were tested daily for cocaine demand. (a, b) Alcohol consumption
escalated significantly across the 5w of home cage alcohol access, such that intake was
significantly higher on the final alcohol session compared to the first. (c) Rats had a higher
preferred level of cocaine intake (Qg) after 5w of home cage alcohol. (d) There was no
change in cocaine motivation as a result of home cage alcohol. (€) SB had no effect on
preferred cocaine levels (Qg) prior to alcohol access (Pre-EtOH), but was associated with a
significant reduction in Qg values when tested following 5w alcohol (post-EtOH). (f) We
observed a main effect of SB treatment on cocaine motivation (a) across both test days,
however post-hoc analyses revealed that SB significantly increased a (decreased cocaine
motivation) only following alcohol (post-EtOH). Data reflects mean + SEM. *p<0.05.
**p<0.01. Baselinein Panels eand freflects values from the day prior to SB testing (i.e. no
treatment).
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