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Abstract

Alcohol use disorder (AUD) is a chronic, relapsing disorder that is characterized by the
compulsive use of alcohol despite numerous health, social, and economic consequences. Initially,
the use of alcohol is driven by positive reinforcement. Over time, however, alcohol use can take on
a compulsive quality that is driven by the desire to avoid the negative consequences of abstinence,
including negative affect and heightened stress/anxiety. This transition from positive- to negative-
reinforcement-driven consumption involves the corticotropin-releasing-factor (CRF) system,
although mounting evidence now suggests that the CRF system interacts with other neural systems
to ultimately produce behaviors that are symptomatic of compulsive alcohol use, such as the
hypocretin (Hcrt) system. Hypocretins are produced exclusively in the hypothalamus, but Hert
neurons project widely throughout the brain and reach regions that perform regulatory functions
for numerous behavioral and physiological responses — including the infralimbic cortex (IL) of the
medial prefrontal cortex (mPFC). Although the entire mPFC undergoes neuroadaptive changes
following prolonged alcohol exposure, the IL appears to undergo more robust changes compared
with other mPFC substructures. Evidence to date suggests that the IL is likely involved in EtOH-
seeking behavior, but ambiguities with respect to the specific role of the IL in this regard make it
difficult to draw definitive conclusions. Furthermore, the manner in which CRF interacts with Hert
in this region as it pertains to alcohol-seeking behavior is largely unknown, although
immunohistochemical and electrophysiological experiments have shown that CRF and Hecrt
directly interact in the mPFC, suggesting that the interaction between CRF and Hcrt in the IL may
be critically important for the development and subsequent maintenance of, compulsive alcohol
seeking. This review aims to consolidate recent literature regarding the role of the IL in alcohol-
seeking behavior and to discuss evidence that supports a functional interaction between Hcrt and
CRF in the IL.
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Introduction

Alcohol use disorder (AUD) is a chronic, relapsing disorder that is accompanied by
significant neuroplastic changes in brain regions that are involved in reward seeking and
processing. Findings strongly suggest that these changes are responsible for the maladaptive
and compulsive behavior that is indicative of the pathology (Aston-Jones & Harris, 2004;
Kalivas & O’Brien, 2008; Kelley & Berridge, 2002; Wanat et al., 2009). Such brain regions
as the medial prefrontal cortex (mPFC), basolateral amygdala (BLA), central nucleus of the
amygdala (CeA), bed nucleus of the stria terminalis (BNST), ventral tegmental area (VTA),
nucleus accumbens (NAC), hippocampus, and dorsal striatum (Carnicella et al., 2008; Chen
et al., 2011; Dayas et al., 2007; Janak & Chaudhri, 2010; Kalivas & Volkow, 2005; Steketee
& Kalivas, 2011; Topple et al., 1998; Zhao et al., 2006) are major components of
interconnected cortical and limbic brain regions that are responsible for addiction-related
behaviors, such as drug cue-, drug prime-, and stress-induced reinstatement of drug-seeking
(Daglish & Nutt, 2003; Dayas et al., 2007; Goldstein & Volkow, 2002; Heinz et al., 2010;
Heinz et al., 2005; Miller & Goldsmith, 2001; Zhao et al., 2006). The chronic administration
of alcohol is well known to significantly dysregulate brain stress responses that are mediated
by corticotropin- releasing factor (CRF), including the hypothalamic-pituitary-adrenal
(HPA) axis and extrahypothalamic stress systems (Quadros et al., 2016; Stephens & Wand,
2012). Specifically, repeated and chronic exposure to drugs with a potential for dependence,
including alcohol, appears to increase extrahypothalamic CRF activity in several brain
structures that have a role in withdrawal-related anxiety and dysphoria (Merlo-Pich et al.,
1995; Olive et al., 2002; Sommer et al., 2008; see Becker et al., 2012 for review) and blunt
the responsivity of the HPA axis (Koob & Kreek, 2007; Koob, 2008). The dysregulation in
these stress systems contributes to the transition from controlled alcohol consumption, which
is largely motivated by positive reinforcement and reward-seeking, to the escalation of
consumption that occurs in tandem with the user becoming increasingly tolerant to the
effects of alcohol. At the latter stage, alcohol consumption is largely driven by dysphoria and
negative reinforcement. This “dark side” of addiction (Koob & Le Moal, 1997) is
characterized by long-term, persistent plasticity in the activity of neural circuitry that is
involved in mediating motivational systems (Koob, 2009). These neuroplastic changes are
hypothesized to be significantly involved in compulsive alcohol- seeking and taking
behavior that is indicative of AUD.

Stress often precipitates relapse of drug-seeking behavior in previously abstinent individuals.
Several neuropeptides have been proposed to interact with CRF to promote or control
reinstatement of drug-seeking behavior, which is a commonly used procedure to model
stress-induced relapse in animals (see Shalev et al., 2010 for a review). In squirrel monkeys,
for example, it has been shown that kappa opioid receptor agonist-induced reinstatement of
cocaine-seeking was attenuated by the CRF4 antagonist CP-154, 526 (Valdez et al., 2007),
suggesting a possible CRF-dynorphin interaction. Other neuropeptides such as nociceptin
and leptin have also been suggested to interact with CRF. Evidence suggests that nociceptin
can ameliorate the anorectic and anxiogenic effects of CRF receptor stimulation in the
BNST, a region critical for footshock-stress induced reinstatement (Ciccocioppo et al., 2003;
Radi et al., 2008). It has also been shown that the administration of leptin and a non-
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selective CRF antagonist a-helical CRF both decrease food-deprivation-induced
reinstatement (Shalev et al., 2001; Shalev et al., 2006) which suggests the possibility that
CRF-leptin interactions contributes to this form of reinstatement, although leptin
administration has no effect on footshock-induced reinstatement, which requires VTA
dopamine transmission (Hahn et al., 2009; Hommel et al., 2006; Wang et al., 2005). It is
possible that food deprivation-induced reinstatement of drug-seeking involves CRF-leptin
interactions in different brain region, and more research is required to elucidate this
possibility.

The hypocretinergic/orexinergic (Hcrt/Orx) neural system also appears to interact with CRF
and has an integral role in driving uncontrolled alcohol use. The Hcrt system has been
repeatedly shown to play a significant role in stress- and motivation-related behaviors and
has thus been a prime target for studies of its involvement in addiction since its near-
simultaneous discovery by two separate research groups in 1998 (de Lecea et al., 1998;
Sakurai et al., 1998). Furthermore, neuroanatomical findings show that the Hcrt and CRF
systems interact. Corticotropin-releasing factor terminals have been reported to directly
contact Hcrt neurons that express both CRF receptor subtypes (CRF; and CRF,; Winskey-
Sommer et al., 2004), and CRF neurons are recipients of Hert inputs. Interestingly, evidence
supports the hypothesis that these two systems interact in brain systems that are related to
stress and drug-seeking behaviors. For example, the mPFC is a target of Hcrt projections
(see Fig. 1) and CRF immunoreactive cells are distributed throughout the cortex, particularly
in limbic regions such as the prefrontal cortex (Swanson et al., 1983) The possibility that the
CRF and Hcrt systems interact is intriguing when one considers the roles they both have in
regulating stress responses. However, the resultant behavioral outcomes of such interactions
may differ depending on which functional subdivision of the mPFC is the recipient of Hert
projections, as the dorsal mPFC (prelimbic cortex) and ventral mPFC (infralimbic cortex)
have been shown to be dissociable with regard to their anatomical connectivity and
functionality (Vertes, 2004, 2006) . The present review summarizes findings that (1)
implicate the IL in alcohol-seeking behavior and (2) suggest a functional interaction between
CRF and Hcrt in the IL, and that this interaction has important consequences for
dysregulated alcohol-seeking behavior.

Role of Hypocretin in Drug/Alcohol-Motivated Behaviors

The Hcrt system plays an important role in modulating reward function and drug-directed
behavior (Harris et al., 2005). Hypocretin-1 (Hcrt-1) and hypocretin-2 (Hcrt-2) are
secondary products that are obtained by the proteolytic cleavage of a common precursor,
prepro-Hcrt (de Lecea et al., 1998; Gatfield et al., 2010; Tsujino & Sakurai, 2009). Hcrt-1
and Hcrt-2 are neuropeptides that regulate a wide variety of physiological functions,
including feeding, energy metabolism, and arousal (Edwards et al., 1999; Haynes et al.,
2000; Haynes et al., 2002; Sakurai et al, 1998; Sutcliffe & de Lecea, 2002; Teske et al.,
2010; Taheri et al., 2002; Willie et al., 2011). Two Hcrt receptors have been identified: Hcrt-
rl1 and Hert-r2 (Ammoun et al., 2003; Sakurai et al., 1998; Scammell & Winrow, 2011).
Hcrt-rl has higher affinity for Hert-1 (~20-30 nM) than Hcrt-2 (10- to 1000-fold lower),
whereas Hcrt-r2 has similar affinity for both Hert-1 and Hert-2 (~40 nM; Ammoun et al.,
2003; Sakurai et al., 1998; Scammell & Winrow, 2011). Hcrt neurons are exclusively located
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in the hypothalamus (see Fig. 1), predominately in the lateral hypothalamus (LH),
dorsomedial hypothalamus (DMH), and perifornical area (PFA; Baldo et al., 2003; DiLeone
et al., 2003; Winsky-Sommerer et al., 2004). Hcrt neurons are activated by a wide variety of
biologically significant factors, including the onset of stimuli that signal the availability of
drugs of abuse, such as morphine, cocaine, and alcohol (Dayas et al., 2008; Harris et al.,
2005; Jupp et al., 2011; Martin-Fardon et al., 2010; Martin-Fardon et al., 2016). Consistent
with these observations, SB334867 also blocked the acquisition of cocaine-induced
behavioral sensitization and the cocaine-induced potentiation of excitatory currents in
dopamine neurons in the VTA (Borgland et al., 2006). Additionally, the intra-VTA
administration of Hert-1 increased the motivation to self-administer cocaine both in discrete
trials procedures and under a progressive-ratio (PR) schedule of reinforcement and enhanced
the effects of cocaine on both tonic and phasic dopamine signaling (Espana et al., 2011). The
intra-VTA administration of SB334867 reduced cocaine self-administration and attenuated
the cocaine-induced enhancement of dopamine signaling (Espana et al., 2010).

Evidence of the role of Hert neurons in specifically alcohol-related behavior can be traced
back to early animal experiments that used intracranial self-stimulation (ICSS). In these
studies (Lestang et al., 1985; Wayner et al., 1971) rats that received electrode implants in the
LH would respond robustly for electrical stimulation, and electrical stimulation of the LH
subsequently led the rats to drink alcohol to the point of intoxication (Wayner et al., 1971).
This latter finding raised the intriguing possibility that the LH is involved in modulating the
reinforcing effects of alcohol. Supporting this hypothesis, Lestang et al. (1985) found that
ibotenic acid-induced lesions of the LH diminished the rate at which rats self-stimulated,
suggesting that the LH indeed plays a significant role in reinforcement-seeking, possibly
including behaviors that are maintained by the reinforcing effects of alcohol. Evidence of the
involvement of LH Hcrt neurons in drug-seeking behavior came from subsequent
observations that these neurons innervate brain structures that were previously shown to be
involved in modulating responses to drugs of abuse and arousal (Peyron et al., 1998; Fadel &
Deutch, 2002; Winsky-Sommerer et al., 2003). Importantly, Lawrence et al. (2006) found
that the Hert system, specifically the Hert-r1, is involved in expression of the cue-induced
reinstatement of alcohol-seeking behavior. Lawrence et al. (2006) found that SB334867
reversed alcohol-conditioned reinstatement in alcohol-preferring iP rats and decreased
alcohol self-administration under a fixed-ratio (FR) schedule (Table 1). Operant responses
for water remained unaffected, demonstrating that the effect of SB334867 was specific to
alcohol self-administration and not attributable to untoward side effects, thus lending further
credence to the notion that the Hert system is involved in alcohol-seeking. Additional
findings corroborated these results, indicating that the Hert-rl antagonism has a greater
impact on alcohol-related behaviors compared with behaviors that are motivated by natural
rewards (e.g., food and sucrose). Richards et al. (2008) found that peripheral injections of
SB334867 (up to 20 mg/kg) did not interfere with sucrose self-administration. Similarly,
Cason and Aston-Jones (2013) reported that SB334867 did not decrease sucrose intake in
rats that were maintained on varying feeding regimens (i.e., ad /ibitum vs. food-restricted)
when administered at a dose of 10 mg/kg; however, these authors observed a reduction of
sucrose self-administration when the rats received 20 or 30 mg/kg SB334867. Additional
evidence that Hert-r1 antagonism differentially affects alcohol self-administration compared
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with the self-administration of natural reinforcers comes from the results of Jupp et al.
(2011) in alcohol-preferring iP rats. These authors tested the effects of 5 mg/kg SB334867
on the self-administration of either alcohol or sucrose under both fixed- and progressive-
ratio schedules. SB334867 reduced responding for both alcohol and sucrose under an FR3
schedule of reinforcement (Table 1). However, under a PR schedule, the same dose of
SB334867 reduced responding for alcohol and breakpoint for alcohol, only. These findings
partially support the hypothesis that the Hcrt system affects self-administration in a
reinforcer type-dependent manner. Importantly, these findings also imply that the
involvement of the Hert system is somewhat specific to tasks that require a high level of
motivation, such as a PR schedule of reinforcement. Anderson et al. (2014) failed to observe
similar results in female alcohol-preferring P rats that were treated with 10 and 30 mg/kg
SB334867, however, suggesting possible sex-differences in the efficacy of SB334867 in
attenuating alcohol-seeking behaviors.

Importantly, although the previously discussed study by Lawrence et al. (2006) is
compelling and has also been replicated in outbred male Long-Evans rats using SB334867
(Richards et al., 2008; see Table 1), a different Hcrt-r1 antagonist, SB408124, did not alter
alcohol self-administration in male Wistar rats at any of the doses tested (1, 10, and 30
mg/kg; Shoblock et al., 2011). Notably, however, the authors noted that the rats self-
administered relatively low amounts of alcohol. When considered within the context of the
findings of Moorman and Aston-Jones (2009), who showed that SB334867 (30 mg/kg, i.p )
only reduced alcohol consumption and preference in rats that expressed a high preference
for alcohol in the two-bottle choice procedure, the discrepant results of Shoblock et al.
(2011; see Table 1) may be partially attributable to the possibility that Hert-rl is recruited
only under conditions of high alcohol consumption or heightened motivation to consume
alcohol. Given the procedural differences between studies in the routes of administration and
the fact that SB334867 and SB408124 differ with regard to their bioavailability and
selectivity for Hert-rl (Langmead et al., 2009), the specific manner in which Hert-r1 is
involved in alcohol-related behaviors remains to be fully characterized.

Hypocretin and Stress

Hypocretin neurons have been reported to be activated by various stressful events
(Gerashchenko et al., 2011; Ida et al., 2000). Hypocretin promotes bodily reactions that
accompany states of stress such as elevations of blood pressure, heart rate, oxygen
consumption, body temperature, energy metabolism, and respiratory rate (Lubkin &
Stricker-Krongrad, 1998; Samson et al., 1999; Shahid et al., 2011; Tupone et al., 2011;
Yoshimichi et al., 2001). Although Hcrt is exclusively produced in the LH, DMH, and PFA
(Baldo et al., 2003; DiLeone et al., 2003; Winsky-Sommerer et al., 2004), Hcrt neurons
project widely throughout the brain (Peyron et al., 1998) and densely innervate such brain
regions as the paraventricular nucleus of the thalamus (PVT), nucleus accumbens shell
(NACsh), ventral pallidum (VP), VTA, CeA, BNST, and mPFC (Fig. 1), all of which are
associated with arousal, motivation, and responses to stress and anxiety (e.g., Baldo et al.,
2003; Peyron et al., 1998; and for an extensive review, see Grafe & Bhatnagar, 2018). The
anxiolytic effects of Hert-rl blockade, for example, were associated with a decrease in
neural activity in both the BNST and CeA (Johnson et al., 2012). Furthermore, the Hert
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system has been shown to interact with brain stress systems, such as the norepinephrine
system and extended amygdala (Berridge et al., 2010; Kilduff & Peyron, 2000; Li et al.,
2014). Hypocretin-expressing neurons are predominantly located in a part of the
hypothalamus that has been associated with fight-or-flight responses (Johnson et al., 2012).
Additional behavioral evidence shows that acute stressors, such as footshocks, novel
contexts, short-term forced swim stress, restraint stress, food restriction, panic-like states,
and social stress all engage the Hert system in rodents and increase Hcrt signaling, possibly
through inputs from the CRF system to the Hcrt system (Carrive, 2013; Yeoh et al., 2014;
Johnson et al., 2012; Winsky-Sommerer, et al., 2004). In contrast, chronic, unavoidable
stressors, such as those that are used in various animal models of depression (e.g., social
defeat, chronic unpredictable mild stress, and tail suspension; Nocjar et al., 2012; Nollet et
al., 2011) generally yield the downregulation of Hcrt transmission and cessation of coping
behaviors. Similarly, Hert hypoactivity has been associated with depression symptoms in
humans, although somewhat inconsistent results have been reported (Bayard & Dauvilliers,
2013; Johnson et al., 2012; Salomon et al., 2003; Yeoh et al., 2014). Overall, the findings
that are reviewed above suggest that during stressful situations, the Hert system may initially
respond by motivating adaptive coping behaviors when stressors are perceived as temporary.
Once the stressor becomes unavoidable, chronic, and predictable, the consequent
downregulation of the Hcrt system may yield behavioral traits that are reminiscent of
depression or learned helplessness (Yeoh et al., 2014; Johnson et al., 2012; James et al.,
2014).

Corticotrophin-Releasing Factor, Stress, and the “Dark Side” of Addiction

Corticotropin-releasing factor plays a prominent role in mediating brain stress responses.
Given the role of stress in the development of dysregulated, compulsive drug use, CRF has
received much research attention to uncover its role in the development and persistence of
AUD (for a review, see Quadros et al., 2016). Corticotropin-releasing factor is a 41-amino-
acid neuropeptide that interacts with two G-protein-coupled CRF receptors, CRF; and
CRF,, that are positively coupled to adenylate cyclase via G protein (Bale & Vale, 2004,
Zorrilla & Koob, 2004; Zorrilla & Koob, 2004). Corticotropin-releasing factor is the primary
activator of the HPA stress axis via anterior pituitary CRF; receptor activation, which leads
to an increase in adrenocorticotropic hormone (ACTH) secretion that ultimately stimulates
glucocorticoid production and release from the adrenal gland (Vale et al., 1981). CRF,
receptors are widely distributed in stress-responsive brain regions (see Fig. 1), including the
neocortex, the CeA, the medial septum, the hippocampus, the thalamus, the cerebellum, and
autonomic midbrain and hindbrain nuclei (Grigoriadis et al., 1996; Primus et al., 1997;
Sanchez et al., 1999; Van Pett et al., 2000).

Severe anxiety has been postulated to be caused by excessive alcohol consumption through
neuroadaptive changes that heavily involve the CRF system (e.g., Heilig & Koob, 2007).
These neuroadaptive changes appear to counter the hedonic effects of alcohol (i.e., the
overexcitation of brain reward systems) and eventually exert a powerful influence on the
motivation to use alcohol or other drugs of abuse. The behavioral process that is associated
with this neuroadaptive or homeostatic change is well-characterized by Solomon’s
opponent-process theory of motivation (Solomon & Corbit, 1974), which fundamentally
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coalesced the concept of motivation and the various emotional, affective, and hedonic states
that are experienced during various stages of addiction. Briefly, these stages consist of the
preoccupation/anticipation stage, binge/intoxication stage, and withdrawal/negative affect
stage. Impulsivity in drug-seeking/taking may dominate at earlier stages, whereas later
stages are characterized by compulsive drug- seeking/taking, in which the motivation for
drug use shifts from positive reinforcement to negative reinforcement (Koob, 2009).

The transition from alcohol use to abuse and ultimately AUD is indeed mediated at least
partially by changes in brain stress pathways (Lu & Richardson, 2014). These changes are
forged through repeated cycles of intoxication and withdrawal (Breese et al., 2011; Heilig &
Koob, 2007), and AUD eventually comes to be characterized by HPA axis impairments that
contribute to psychological and behavioral symptoms, such as dysphoria, craving, and the
propensity to relapse early in abstinence (Li et al., 2011; Lovallo, 2006; Sinha et al., 2011;
Stephens & Wand, 2012). Importantly, alcohol is an acute stressor that activates the HPA
axis, an effect that has been observed in studies featuring experimenter-administered alcohol
Pruett et al., 1998; Rivier, 1993; Rivier et al., 1984; Selvage, 2012) as well as voluntary
alcohol consumption (Richardson et al., 2008). In fact, a strong correlation exists between
blood alcohol levels (BALS) in rats following acute dosing of alcohol and stress hormonal
response measures (Ellis, 1966; Ogilvie et al., 1997a). Using a range of alcohol doses (0.5 -
4 g/kg), Ellis (1966) found that increases in plasma corticosterone levels strongly paralleled
the dose of alcohol that elicited the response. Ogilvie et al. (1997a) expanded these findings
by testing the potentially distinct effects of various routes of alcohol administration on HPA
axis activity. These authors found that intraperitoneal (i.p) and intragastric (i.g) alcohol
administration resulted in strong correlations between increases in ACTH levels and BALSs.
While it should be noted that the aforementioned methods of experimenter-administration
can be in and of themselves stressful to rodents (e.g., due to forced injections, gavage, or
restraint), similar effects of alcohol on stress responses have been observed with voluntary
drinking in humans (Ekman et al., 1994; King et al., 2006; Schuckit et al., 1987; Lex et al.,
1991). King et al. (2006) showed that a relatively high dose of alcohol (0.8 g/kg, or a four-
drink equivalent) increased cortisol levels in subjects, although an interaction was found
with the subjects’ reported drinking habits, such that heavy social drinkers exhibited an
attenuated cortisol response following alcohol consumption compared with light social
drinkers.

The differential response to the alcohol challenge that was reported by King et al. (2006) fits
with other findings that demonstrated that chronic alcohol exposure suppresses the function
of the neuroendocrine stress system, and this dysregulation has been suggested to contribute
to symptoms of AUD. In rats, when neuroendocrine tolerance is challenged by an
experimenter-administered dose of alcohol (e.g., 1 g/kg, i.v), the HPA response differs
greatly, and depends on the individual’s prior experience with alcohol in an inversely
proportional manner (Richardson et al., 2008). For example, in postdependent rats with an
extensive history of alcohol consumption, the alcohol challenge dose (1 g/kg, i.v) resulted in
a blunted endocrine response, whereas low-drinking nondependent rats that were given the
same challenge dose exhibited a robust ACTH and corticosterone response. Similar findings
have been reported in humans. Blunted basal levels of stress hormones were shown to
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predict alcohol craving in human alcoholics (Kiefer et al., 2002). A strong relationship was
found between the suppression of HPA hormone levels, an increase in heavy drinking, and a
tendency to relapse early during abstinence (Gianoulakis, 1998; Kiefer et al., 2002;
Junghanns et al., 2003; Adinoff et al., 2005a,b,c; Sinha et al., 2011).

Alcohol administration stimulates the HPA axis to release ACTH and corticosterone. This is
thought to be one possible mechanism by which alcohol-driven activity of the HPA axis
results in neuroadaptive changes in the CRF system. High levels of corticosterone are known
to increase CRF mRNA in the CEA and lateral BNST and decrease the presence of CRF
mRNA in the PVN (Makino et al., 1994; Albeck et al., 1997; Schulkin et al., 1998; Shepard
et al., 2000). The relationship among these structures is complex. Briefly, the CeA has a
stimulatory effect on the CRF system in the PVN, whereas the lateral BNST plays both a
stimulatory and inhibitory role. Importantly, this relationship is susceptible to “allostatic
overload” under conditions of chronic high stress (Cullinan et al., 1993; Gray et al., 1993;
Herman et al., 1994, 1996; Herman & Cuilliman, 1997; Schulkin et al., 1998; Schulkin,
1999), such as chronic repeated alcohol exposure. Ultimately, chronic alcohol exposure is
thought to sensitize CRF activation in the extended amygdala and decrease HPA axis
function via neuroadaptive changes that occur because of the constant stimulation of CRF
expression in the CeA and lateral BNST. A decrease in HPA axis function is associated with
a hypothesized shift in the ability to regulate stress-system responses to external stressors,
thus contributing to a shift in the allostatic set point (Koob, 2003), the negative affective
state that characterizes alcohol dependence and a shift to the “dark side” of addiction (Koob,
2010).

Involvement of the Medial Prefrontal Cortex in Drug Seeking

The mPFC is a key component of the mesocorticolimbic system and has been implicated in
the regulation of drug-taking behavior (Kalivas, 2008, 2009). The mPFC receives inputs
from both limbic and sensory structures, including the hippocampus and amygdala (Hoover
& Vertes, 2007)-subsequently, the motivational significance and salience of drug-associated
contexts and stimuli is processed through the mPFC, which allows the organism to take
action accordingly (Kalivas, 2009; Lasseter et al., 2010). The mPFC is also critical for the
ability of the organism to exert executive control over various drug-related behaviors, such
as the selection and initiation of drug-seeking behavior — this is accomplished by virtue of
mPFC projections to the NAC. This eventually results in the engagement of motor-related
brain regions such as the dorsal striatum and ventral pallidum (Kalivas, 2009; Lasseter et al.,
2010; Vertes, 2004).

The mPFC is divided neuroanatomically and functionally along a dorsal-ventral gradient.
The dorsal region consists of the precentral cortex (PrC) and anterior cingulate cortex
(ACC). The ventral region consists of the Prl, IL, and ventral orbital cortex (VO). Additional
frontal structures such as the dorsal agranular insular cortex (AID) and dorsolateral
orbitofrontal cortex share connections with the PrL and the IL and constitute portions of an
extended prefrontal network (Conde et al., 1995; Kesner & Churchwell, 2011; Vertes, 2004).
The dorsal-ventral division of the mPFC is commonly demarcated at the PrL-IL border,
however. This is especially the case in behavioral studies because these two subregions of
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the mPFC are distinct and dissociable with regard to their anatomical connectivity and
functionality (Vertes, 2004, 2006). For example, while the PFC generally projects to the
BNST and CeA, IL projections to the BNST and CeA are far denser than PrL projections to
those same regions (\Vertes, 2004). This is an important distinction when considering
compulsive drug-seeking behaviors that result from chronic alcohol exposure, as the IL was
shown to undergo more robust changes than the PrL following chronic intermittent alcohol
vapor exposure (Pleil et al., 2015), and these changes extended beyond overall, general
changes in mPFC functionality that were observed following chronic alcohol exposure
observed in earlier studies (Holmes et al., 2012; Hu et al., 2015; Kroener et al., 2012; Pava
& Woodward, 2014).

Considering the observed differences in connectivity as well as alcohol-induced plasticity, it
is unsurprising that the PrL and IL are also quite distinct from one another with respect to
their roles in PFC-mediated behaviors (Sierra-Mercado et al., 2011; Holmes et al., 2012).
Inactivation of the IL for example, was found to have no effect on fear expression in rats,
whereas inactivation of the PrL impaired fear expression (Sierra-Mercado et al., 2011).
Additionally, Sierra-Mercado et al. (2011) demonstrated that inactivation of the IL impaired
the within-session acquisition of extinction and extinction memory; in contrast, PrL
inactivation had no effect on extinction memory. Similarly, chronic intermittent alcohol
exposure reduced the A-methyl-D-aspartate (NMDA) receptor-dependent burst firing of IL
neurons but not PrL neurons, and this reduction was shown to mediate the extinction of fear-
related behavior in mice (Holmes et al., 2012).

Though findings regarding fear-related behaviors seem to be consistent with the commonly
proposed role of the PrL in response initiation (“go”) and the IL in response inhibition
(“stop™), the exact manner in which the IL is involved in alcohol-seeking behavior
specifically is currently the subject of some ambiguity. Meinhardt et al. (2013) for example
reported a deficit in the expression of the metabotropic glutamate receptor 2 (mGIuRy)
autoreceptors after a history of alcohol dependence. Behaviorally, this deficit manifested as
an increase in alcohol seeking and was subsequently reversed by local mGIuR,
overexpression in the IL, suggesting an inhibitory role for the IL in cue-induced alcohol-
seeking behavior. Knowing that mGIuR; is a presynaptic autoreceptor that negatively
modulates glutamatergic transmission (e.g., Pin & Duvoisin, 1995; Schoepp, 2001), one
interpretation of these findings is that the downregulation of IL mGIuR, after chronic
alcohol exposure translates into increased glutamate release, and consequently, an increase
in IL glutamatergic signaling into the NAc that in turn manifests as enhanced alcohol-
seeking behavior. Similarly, Pfarr et al. (2015) used the Daun02 inactivation method in rats
to demonstrate that the IL was specifically implicated in the inhibition of excessive alcohol
seeking, in which inactivation of a neuronal ensemble in the IL but not PrL resulted in
uncontrolled alcohol-seeking behavior. However, Pfarr et al. (2015) noted that the targeted
neuronal ensemble was specific for cue-induced responses, because footshock stress-induced
alcohol-seeking behavior was unaffected by the Daun02 manipulation. Since reinstatement
of alcohol-seeking was measured using the same approach (i.e., lever pressing) across
reinstatement experiments, it seems plausible that separate neuronal ensembles in the IL are
each responsive to distinctive stimuli, but eventually act on the same behavior output
through another functional ensemble which may be located elsewhere. It remains to be
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determined whether the putative stress-responsive neuronal ensemble exerts an excitatory or
inhibitory influence on alcohol seeking, therefore necessitating further research.

Other sources suggest that the IL may fulfill a more general role in forming cue-reward
associations, as it has been noted that cue-induced seeking of either alcohol or a non-drug
reinforcer (saccharin) activated largely overlapping neuronal ensembles in the IL which were
of similar size and organization (Pfarr et al., 2018). Further complicating the notion that the
Prl and IL serve generally opposing “go-stop” functions with respect to behavior, Moorman
& Aston-Jones (2015) found cue-evoked activity in both the PrL and the IL during reward-
seeking and extinction, such that neuronal activity in both mPFC subregions appeared be
contextually driven — that is, both PrL and IL encoded behavioral initiation during reward-
seeking and behavioral inhibition during extinction. Dayas et al. (2007) had previously
reported similar results, wherein the presence of a previously alcohol-associated olfactory
cue increased c- fos expression in both the PrL and IL. Other investigators presented
similarly equivocal findings. Baclofen/muscimol inactivation of the PrL for instance,
attenuated ABA renewal of alcoholic beer seeking but augmented reacquisition, whereas
baclofen/muscimol-induced inactivation of the IL had no effect on reinstatement or
reacquisition of alcoholic beer seeking. Interestingly, IL inactivation increased the latencies
with which rats responded when placed in the extinction context (Willcocks & McNally,
2013). In light of the findings reported by Moorman & Aston-Jones (2015), these findings
may suggest a role for the IL driving contextually appropriate responses to relevant external
stimuli, though more research is clearly needed to disambiguate the exact role of the IL in
alcohol-seeking behavior.

Evidence of Hypocretin and Corticotropin-Releasing Factor Interaction (Fig.

1)

Corticotropin-releasing factor immunoreactive cells have been found in the mPFC (Swanson
et al., 1983), a region that is known to be impaired following chronic exposure to drugs of
abuse, including alcohol (Kalivas & Volkow, 2005; Kalivas et al., 2005). Evidence suggests
that these cells are CRF-expressing interneurons, although this determination was made
primarily according to cell morphology (Swanson et al., 1983). As such, the role of these
putative CRF-expressing interneurons in compulsive drug-seeking behavior remains to be
fully elucidated. Nevertheless, converging evidence suggests a link between impairments in
mPFC-related cognitive function and CRF in the mPFC in the development of compulsive
drug seeking (Koob, 2008). For example, rats that were given chronic intermittent access to
two-bottle choice alcohol drinking presented an increase in the activation of GABA and
CRF neurons in the mPFC during abstinence, and working memory deficits were correlated
directly with greater alcohol consumption during acute abstinence (George et al., 2012).

Similarly, mounting evidence suggests that there Hcrt-CRF interactions take place in the
brain, especially in regions that are responsible for mediating brain stress responses.
Neuroanatomically, such structures as the hypothalamus, extended amygdala, and the
paraventricular nucleus of the hypothalamus (PVN) are all targets of Hcrt-containing
projections (Baldo et al., 2003; Ciriello et al., 2003; Schmitt, et al., 2012). The
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immunostaining for CRF; and CRF receptors in the LH showed that a large proportion of
Hcrt- immunoreactive neurons (~60%) also expressed CRF receptors, and CRF terminals
made direct contact with Hcrt neurons that expressed both CRF; and CRF, receptors
(Winsky-Sommer et al., 2004). Compellingly, Winsky-Sommerer et al. (2004) showed that
the activity of hypothalamic Hcrt neurons ex vivo is directly and dose-dependently
stimulated by CRF, thus providing confirmatory evidence that these two systems interact
directly with one another in this region.

Behavioral evidence of an interaction between Hcrt and CRF has also been described. For
example, intracerebroventricular (i.c.v) Hert administration was shown to enhance anxiety-
like behavior in mice in the light-dark exploration test and in both mice and rats in the
elevated plus maze (Suzuki et al., 2005) and lower brain reward function, reflected by
elevations of ICSS reward thresholds (Boutrel et al., 2005). The latter effect was
subsequently shown to be mediated by CRF (Hata et al., 2011). Intracerebroventricular Hert
administration was also found to activate PVN CRF neurons (Sakamoto et al., 2004) and
elevate HPA hormone levels (Kuru et al., 2000), suggesting the direct modulation of CRF-
mediated neuroendocrine output by Hcrt. Furthermore, the anxiolytic-like effects of Hert
blockade were associated with lower neural activation in the BNST and CeA (Johnson et al.,
2012). Altogether, these data suggest that Hcrt interactions with CRF neurons in the PVN,
BNST, and CeA are associated with anxiogenic and anhedonic states (Hata et al., 2011).

Hypocretin-CRF interactions have been shown to be reciprocal, as corticotropin-releasing
factor provides excitatory inputs to Hert neurons and Hcrt neurons undergo CRF-dependent
transcriptional activation following exposure to various stressors (Winsky-Sommerer et al.,
2004). Acute withdrawal following chronic drug exposure induces a stress-like state of
hyperarousal. Withdrawal from morphine and nicotine increased the transcriptional activity
of Hcrt neurons in the LH and CRF neurons in the PVN and CeA (Georgesu et al., 2003;
Laorden et al., 2012). Morphine withdrawal-induced activation of the PVN, BNST, and CeA
was decreased by systemic Hert-rl blockade (Laorden et al., 2012). Local Hcrt-r1 blockade
in the PVN reduced the behavioral expression of nicotine withdrawal (Plaza-Zabala et al.,
2012). These findings raise the possibility that the Hert modulation of CRF neurons
participates in the chronically relapsing, negative affective state that characterizes drug
addiction (i.e., the “dark side” of addiction). The findings by Boutrel et al. (2005) that
central administration of Hcrt-1 reinstated cocaine-seeking behavior in a CRF-dependent
manner supports this possibility. Boutrel et al. also found that the blockade of noradrenergic
and CRF systems prevented the Hcrt-induced reinstatement of cocaine seeking, suggesting
that Hert-1 reinstated cocaine-seeking behavior through the induction of a stress-like state
via the noradrenergic and CRF systems. This was further corroborated by the finding that
SB334867 blocked the footshock-induced reinstatement of previously extinguished cocaine
seeking.

Disruptions of neuronal transmission and excitability in the IL that are caused by chronic
alcohol exposure are much more pronounced than the observed disruptions of the PrL
following similar alcohol treatment (Pliel et al., 2015), which may suggest that the IL has a
disproportionate role relative to the PrL in alcohol-related behaviors. Promisingly, recent
evidence seems to indicate that this disruption of IL function is likely a critical factor in the
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development of dysregulated alcohol-seeking behavior (Meinhardt et al., 2013; Pfarr et al.,
2015), and evidence seems to suggest that CRF may play an important role in this regard.
The presence of CRF-stained cells in limbic PFC regions such as the infralimbic cortex
(Swanson et al., 1983) is also a promising indicator, although it must be stressed that cortical
CRF neurons have only been sparsely studied, and the exact role of these putative CRF-
expressing interneurons is unknown. However, it has been reported that rats given chronic
intermittent access to two-bottle choice alcohol drinking presented an increase in the mPFC
CRF neurons (in addition to GABAergic interneurons) during abstinence, and the working
memory deficits observed during abstinence were correlated directly with elevated alcohol
consumption during acute abstinence (George et al., 2012). The upregulation of these
putative CRF-expressing interneurons in tandem with the observed upregulation of
GABAergic interneurons may eventually result in a decrease in glutamatergic activity in the
mPFC, consistent with earlier reports (Meinhardt et al., 2013; Kufahl et al., 2011; Sidhpura
etal., 2010; Zhao et al., 2006). The glutamatergic dysregulation observed by Meinhardt et
al. (2013) may be due to an upregulation of GABAergic interneurons, leading to general
mPFC hypofunction which may manifest as, for example, a deficit in working memory as
demonstrated by George et al. (2012). Additionally, George et al. (2012) report that although
there was an increase in the number of mPFC CRF neurons during alcohol withdrawal, those
CRF neurons did not show Fos activation 24 h into the withdrawal period, which was
markedly different from what they observed in GABAergic neurons. However, given that
CRF has been shown to facilitate GABAergic signaling (Roberto et al., 2010) and the
number of CRF neurons was increased, it seems quite plausible that CRF was indeed
involved in the working-memory deficits reported by George et al (2012).

There is also evidence to suggest that mPFC CRF neurons interact with Hcrt in the IL. The
IL receives Hcrt projections from the LH (Date et al., 1999; see Fig. 1), and Hcrt receptor
MRNA has been detected in the IL (Marcus et al., 2001). Conversely, Hert neurons in the
hypothalamus have been found to express both CRF receptor subtypes, and the application
of CRF to hypothalamic slices ex vivowas shown to depolarize the membrane potential of
these cells (Winsky-Sommerer et al., 2004). Intriguingly, it has also been reported that the IL
projections to the LH are significant (Floyd et al., 2001; Vertes, 2004; and see Fig. 1),
raising the possibility that chronic alcohol-induced dysregulation of IL function (e.g., Pfarr
et al., 2015; Pliel et al., 2015) may influence the activity of hypothalamic Hcrt neurons in
return. Considering the reciprocal nature of Hcrt-CRF interactions (Winsky-Sommerer et al.,
2004) and the dysregulation of CRF that is observed following chronic alcohol exposure, it
may be the case that IL dysregulation feeds back to LH to influence Hcrt expression in the
IL.

Finally, additional evidence of Hcrt-CRF interactions came from Richards et al. (2008), who
examined the role of Hert-r1 during the reinstatement of alcohol-seeking behavior that was
induced by the pharmacological stressor yohimbine. Yohimbine activates c-fosand CRF
mRNA in brain regions that also express c-fos and CRF mRNA following footshock-
induced stress (Funk et al., 2006). Behaviorally, yohimbine induces a stress-like response in
both humans and laboratory animals (Bremner et al., 1996a, b; Vythilingam et al., 2000).
Importantly, yohimbine is known to upregulate CRF expression in the CeA (Funk et al.,
2006), an effect that is analogous to the long-term upregulation of CRF4 receptors during
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withdrawal following a history of alcohol dependence (Merlo-Pich et al., 1995). Richards et
al. (2008) showed that SB334867 (5 and 10 mg/kg) significantly decreased the yohimbine-
induced reinstatement of alcohol-seeking behavior (see Table 1), suggesting that Hert-r1
blockade can prevent the CRF-mediated stress response, thus supporting the possibility of a
Hcrt-CRF functional interaction.

Concluding Statements

Although a burgeoning number of studies demonstrate interactions between Hcrt and CRF
(e.g., Boutrel et al., 2005; Hata et al., 2011; Johnson et al., 2012; Kuru et al., 2000; Laorden
et al., 2012; Sakamoto et al., 2004; Winsky- Sommerer et al., 2004), the clearest findings
that demonstrate that Hert-CRF interactions are a critical contributor to the maintenance of
compulsive drug-taking/seeking behavior still come from an earlier study by Boutrel et al.
(2005), who convincingly demonstrated that the central administration of Hcrt reinstated
cocaine-seeking behavior in a CRF-dependent manner, providing significant support for the
hypothesis that the Hert modulation of CRF neurons participates in the maintenance and
persistence of the negative affective state that characterizes drug addiction and predisposes
addicted individuals to relapse. Unclear from the results of Boutrel et al. (2005) is whether
this form of Hert modulation of CRF involves CRF neurons in the PVN, BNST, CeA, or
other CRF-rich regions such as the mPFC. The specific role of the IL with regard to Hert-
CRF interactions is also currently unknown, and more work is required to elucidate the
purported role of the IL in this process. It is also unclear whether CRF neurons found in the
mPFC are interneurons as proposed by Swanson et al. (1983). Interestingly, although Pfarr et
al. (2015) confirmed that the alcohol-cue responsive functional neuronal ensemble does
contain interneurons, only <10% of the functional ensemble were identified as such.
Furthermore, it is uncertain whether those interneurons expressed CRF, and importantly,
Pfarr et al. (2015) note that the majority of neurons (~70%) found in the functional ensemble
are principally glutamatergic neurons. This latter finding further supports the notion that
glutamatergic transmission is critically important in dysregulated alcohol-seeking behaviors
— especially in light of findings that utilized various reinstatement procedures to demonstrate
a role for group Il metabotropic glutamate receptors (mGIuR,3) in dysregulated alcohol-
related behaviors (Kufahl et al., 2011; Sidhpura et al., 2010; Zhao et al., 2006). Future
studies should confirm the exact nature of CRF-expressing neurons in the mPFC, and the IL
specifically, as this may have potentially important consequences for how Hcrt-CRF
interactions in this region.

Nevertheless, as has been discussed, several lines of evidence suggest that the IL is an
excellent candidate for further investigations. Given the interactions between Hcrt and CRF
in regions that mediate stress responses (Winskey-Sommerer et al., 2004), the presence of
putative CRF-expressing interneurons in the mPFC and the IL (Swanson et al., 1983; Fig. 1),
the reciprocal interactions between Hcrt and CRF (Winskey-Sommerer et al., 2004), and the
observation that the IL sends robust projections back to the LH (Floyd et al., 2001; Vertes,
2004; Fig. 1) this suggests that disruptions to Hert-CRF interactions in the IL may have
downstream effects on the hypothalamic Hcrt neurons, and it seems highly plausible that
these relationships between Hcrt and CRF will have important ramifications in determining
the driver of dysregulated alcohol-seeking behavior that is indicative of AUD.
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Figure 1.

Schematic diagram of various Hcrt projections that originate from the DMH, LH, and PFA
(blue arrows), IL projection to the HYP (green arrow), and locations of Hcrt neurons (red
circles). Locations of CRF-expressing neurons and putative CRF-expressing interneurons
are shown as orange circles and purple triangles, respectively. mPFC, medial prefrontal
cortex; Al, aganular insular cortex; LO, lateral orbitocortex; VLO, ventrolateral
orbitocortex; PrL, prelimbic cortex; IL, infralimbic cortex; BNST, bed nucleus of the stria
terminalis; Hcrt, hypocretin; Hipp, hippocampus; SFO, subfornial organ; CRF, corticotropin-
releasing factor; CeA, central nucleus of the amygdala; BLA, basolateral amygdala, AAD,
anterior amygdaloid area; PFA, perifornical area; PVN, paraventricular nucleus of the
hypothalamus; VMH, ventromedial hypothalamus; DMH, dorsomedial hypothalamus, LH,
lateral hypothalamus; TMN, tuberomammillary nucleus; PPT, pendunculopontine nucleus;
LDT, laterodorsal tegmental nucleus; LC, locus coeruleus; VTA, ventral tegmental area;
PBP, parabrachial pigmented nucleus of the ventral tegmental area; PN, paranigral nucleus
of the ventral tegmental area; VTAR, ventral tegmental area, rostral.

Modified from Baimel et al., 2015; Moorman et al., 2015; Paxinos & Watson, 1986;
Swanson et al., 1983; Tsujino & Sakurai, 2013; Vertes, 2004.
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Table 1.

Summary of the effect of Hert-rl blockade on alcohol-related behaviors

Measure Ligand (dose) Findings References
Int. SB334867 (20 mg/kg) FR Alcohol SA J Lawrence et al., 2006
SB334867 (20 mg/kg) FR Water SA -
SB334867 (10 & 20 mg/kg) FR Alcohol SA J  Richards et al., 2008
SB334867 (10 & 20 mg/kg) FR Sucrose SA -
SB334867 (10 mg/kg) FR Sucrose SA — Cason & Aston-Jones, 2013
SB334867 (20 & 30 mg/kg) FR Sucrose SA v
SB334867 (5 mg/kg) FR Alcohol SA 4 Juppetal., 2011
SB334867 (5 mg/kg) FR Sucrose SA y
SB334867 (5 mg/kg) PR Alcohol SA v
SB334867 (5 mg/kg) PR Sucrose SA -
SB334867 (10 & 30 mg/kg) 2BC Alcohol SA - Anderson et al., 2014
SB334867 (10 & 30 mg/kg) PR Alcohol SA -
SB408124 (1, 10, & 30 mg/kg)  FR Alcohol SA — Shoblock et al., 2011
SB334867 (30 mg/kg) 2BC Alcohol SA ¥ Moorman & Aston-Jones, 2009
Reinst. SB334867 (20 mg/kg) Alcohol cue J Lawrence et al., 2006
SB334867 (5 & 10 mg/kg) Stress /  Richards et al., 2008
Pref. SB334867 (30 mg/kg) 2BC J Moorman & Aston-Jones, 2009
Int.: Intake

Reinst.: Reinstatement
Pref.: Preference
2BC: 2-bottle choice
FR: Fixed Ratio

PR: Progressive Ratio

SA: Self-administration
" no effect

v
: decrease
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