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Alcohol-use disorders are chronically relapsing conditions characterized by cycles of

use, abstinence and relapse. The ventral pallidum (VP) is a key node in the neural

circuits controlling relapse to alcohol seeking and a key target of pharmacotherapies

for relapse prevention. There has been a significant increase in our understanding of

the molecular, anatomical, pharmacological and functional properties of the ventral

pallidum, laying foundations for a new understanding of its role in relapse to alcohol

seeking and motivation. Here we review these advances, placing special emphasis

on how advances in understanding in the cellular and circuit architectures of ventral

pallidum contributes to the relapse to alcohol seeking. We show how this knowledge

improves mechanistic understanding of current relapse prevention pharmacotherapies,

how it may be used to tailor these against different forms of relapse and how it may

help provide insights into the mental health problems frequently co-morbid with

alcohol-use disorders.

1 | INTRODUCTION

Alcohol-use disorders impose significant burdens on individuals,

their families and communities (Whiteford et al., 2013). They are

among leading causes of preventable morbidity and mortality,

worldwide. Alcohol-use disorders are characterized by persistent

and repeated alcohol use despite the adverse personal, health

and financial consequences caused by this use. A major treatment

goal is promoting abstinence from drinking. However, the chronic

relapsing nature of alcohol-use disorders remains a major impediment

(Jonas et al., 2014). Relapse to drinking after a period of treatment

and abstinence is common and it can be precipitated by a wide

range of events, including stressors and negative emotions, positive

emotions, exposure to alcohol-associated cues as well as places and

exposure to alcohol itself.

To this end, there are a handful of approved medications for

alcohol-use disorders (e.g. naltrexone and acamprosate) that can have

strong efficacy in a subset of individual drinkers. When effective,

these treatments can reduce heavy drinking and reduce the return

to drinking after periods of abstinence (e.g. Anton et al., 2006).

Encouragingly, other candidate medications (e.g. baclofen) provide

additional treatment options (Agabio et al., 2018). Nonetheless,

there remains considerable heterogeneity in both the clinical

presentation (including continuum of severity of alcohol-use disorder

as well as the presence, extent and type of co-morbidities) and

treatment responsiveness among sufferers of alcohol-use disorders.

Heterogeneity in treatment responsiveness remains poorly understood,

but there is widespread recognition that advances in successful,

personalized addiction medicines will depend on understanding these

(Litten, Ryan, Falk, Reilly, Fertig, & Koob, 2015).

Here, we review recent findings regarding the neuropharmacology,

neuroanatomy and neurobiology of relapse to seeking alcohol and

other drugs of abuse. Our focus is on the role of the ventral pallidum

(VP) in relapse. In particular, we focus on findings from preclinical

animal models showing how relapse to alcohol seeking is assembled

from heterogeneous cell types and neural circuits involving the

VP. There has been a significant increase in understanding in the

cellular, circuit and functional heterogeneity of the VP that has led to

new discoveries and previously unrecognized complexities in how the

VP controls relapse. These include demonstrations that different forms

of relapse (e.g. reacquisition and context-induced reinstatement)

depend on difference in the VP cellular and circuit architectures.
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Understanding and parsing this cellular and circuit heterogeneity in

preclinical models of relapse provide a crucial evidence base for

understanding when and why relapse prevention medications may be

effective or ineffective. It therefore provides a mechanistic bridge to

understanding heterogeneity in treatment responsiveness among

individuals with alcohol-use disorders.

2 | VENTRAL PALLIDUM (VP) AND RELAPSE

The VP is located in the rostral, subcommissural portion of

the substantia innominata and is a critical component of the

ventral striatopallidal system. In animal models, cellular activity and

manipulation studies (e.g. lesions, pharmacological, chemogenetic

and optogenetic) consistently and robustly implicate the VP in a

variety of forms of relapse to seeking a variety of drugs of abuse,

including alcohol, cocaine, heroin, remifentanil and natural reinforcers

such as sucrose and food (e.g. Mahler et al., 2014; Mohammadkhani,

James, Pantazis, & Aston-Jones, 2020; Perry & McNally, 2013;

Rogers, Ghee, & See, 2008; Smith & Berridge, 2005; Tang, McFarland,

Cagle, & Kalivas, 2005). Indeed, the role of the VP in different forms

of relapse to seeking a variety of drugs of abuse is so robust that the

VP was proposed as key component of a “final common pathway” for

relapse (Kalivas & Volkow, 2005) (Figure 1a). Within this influential

framework, different triggers for relapse to drug seeking (stressors,

drug-associated cues, contexts and drugs themselves) recruit distinct

and non-overlapping neural circuits that converge on the dorsomedial

prefrontal cortex, which orchestrates relapse behaviour via glutamate

projections to GABA neurons in the nucleus accumbens core (AcbC),

which in turn send dense projections to the VP. The VP then serves as

both a key output nucleus sending projections outside the basal

ganglia (e.g. to mediodorsal thalamus) and as an indirect relay to

midbrain dopamine neurons to determine propensity to relapse.

In recent years, we have learned much about the functional

organization of these pathways. The role for VP in relapse depends on

synaptic input from the nucleus accumbens core (AcbC) because

selective inhibition of dorsomedial prefrontal cortex (dmPFC), AcbC,

VP, or prelimbic cortex (PL) à AcbC or AcbC à VP pathways can

reduce relapse to cocaine or alcohol seeking (Khoo, Gibson, Prasad, &

McNally, 2015; Mahler et al., 2014; Stefanik et al., 2013; Stefanik,

Kupchik, Brown, & Kalivas, 2013). Projections from the AcbC to VP

emerge from both D1 (Drd1) and D2 (Drd2) receptor expressing

neurons and these two populations of neurons innervate overlapping

populations of the VP neurons (Heinsbroek et al., 2017; Kupchik

et al., 2015; Lobo et al., 2010). There are distinct roles for these two

inputs to the VP in relapse. Drd1 projections to the VP are essential

for cue-induced reinstatement of cocaine seeking (Pardo-Garcia

et al., 2019) as well as sensitization of locomotor responses (Creed,

Ntamati, Chandra, Lobo, & Luscher, 2016), whereas Drd2 projections

to the VP may contribute to cocaine-induced negative affect (Creed

et al., 2016) and suppress relapse (Heinsbroek et al., 2017). Moreover,

these two Acb inputs to the VP undergo plasticity that contributes to

their roles in promoting or preventing relapse (Creed et al., 2016;

Heinsbroek et al., 2017).

These findings have direct relevance for understanding treatment

mechanisms of alcohol-use disorders. The opioid receptor antagonist

naltrexone remains a key, first line pharmacotherapy for alcohol-use

disorders. The VP is one of the brain sites for naltrexone's therapeutic

effectiveness. μ opioid receptors in the VP determine both

affective/hedonic (i.e. liking) and motivational (i.e. wanting) impacts of

rewards and tastes (Smith, Tindell, Aldridge, & Berridge, 2009; Tindell,

Smith, Pecina, Berridge, & Aldridge, 2006). Microinjections of μ opioid

receptor antagonists into the VP prevent multiple forms of relapse

(context-induced, primed reinstatement) to alcohol (Perry &

McNally, 2013) or cocaine (primed reinstatement) seeking (Tang

et al., 2005). Moreover, persistent activation of μ-opioid receptors on

F IGURE 1 (a) Ventral pallidum as a key element in a final common pathway controlling relapse. (b) Anatomical subdivisions of the VP with
partially overlapping and partially segregated afferents and efferents (modelled after Root et al., 2015). (c) Cell-type and projection-specific
heterogeneity in the VP. AcbC, nucleus accumbens core; AcbSh, nucleus accumbens shell; BLA, basolateral amygdala; DR, dorsal raphé;
Glut, glutamate; LH, lateral hypothalamus; LHb, lateral habenula; MD, mediodorsal thalamus; PFC, prefrontal cortex; PL, prelimbic cortex;
RMTg, rostromedial tegmentum; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; VP,
ventral pallidum; VPdl, dorsolateral ventral pallidum; VPvm, ventromedial ventral pallidum; VPvl, ventrolateral ventral pallidum; VTA, ventral
tegmental area
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Acb terminals in the VP contributes to changes in plasticity in this

projection contributing to relapse (Heinsbroek et al., 2017; Kupchik

et al., 2014). In humans, the VP is part of the limbic pallidum, which

also includes the globus pallidus. Reduced globus pallidus volumes

have been detected in heroin-dependent individuals (Muller

et al., 2019) and in binge drinkers (Maksimovskiy, Fortier, Milberg, &

McGlinchey, 2019). Moreover, in one case study, infarcts of the

globus pallidus after methadone overdose led to abstinence from

opiates and alcohol use for 10 years (Moussawi, Kalivas, & Lee, 2016).

3 | COMPLEXITIES PROMOTING
HETEROGENEITY

Nonetheless, the role of the VP in relapse and aspects of

drug addiction is more complex and interesting still. The VP is

heterogeneous in terms of its anatomical organization, afferent and

efferent connectivity and constituent cell types. As we will show in

later sections, understanding this heterogeneity is essential to

understanding both the mechanisms for and treatments of relapse. It

also has important implications for understanding mental health

problems which are frequently co-morbid with alcohol-use disorders.

Expression of substance P delineates the VP from adjacent

regions including the bed nucleus of the stria terminalis and the

interstitial nucleus of the posterior limb of the anterior commissure

(Heimer, Zahm, Churchill, & Kalivas, 1991; Root, Melendez, Zaborszky,

& Napier, 2015; Zahm & Heimer, 1990). Anatomically, the VP

comprises dorsolateral (dl), ventromedial (vm), and ventrolateral

(vl) subdivisions (Groenewegen, Berendse, & Haber, 1993; Heimer

et al., 1991; Root et al., 2015; Zahm & Heimer, 1990). These

anatomical subdivisions are distinguishable by their neurochemical

signatures. The VPdl can be delineated by dense calbindin-d28k and

low neurotensin expression, the VPvm has dense neurotensin and

little calbindin-d28k expression, whereas the VPvl expresses neither

calbindin-d28k nor neurotensin (Root et al., 2015; Tripathi, Prensa,

Cebrian, & Mengual, 2010; Tripathi, Prensa, & Mengual, 2013;

Zahm, 1989; Zahm & Heimer, 1990). These subdivisions serve

different roles in different forms of relapse and motivation. For

example, Mahler et al. (2014) have shown that the VPvm is recruited

during cue-induced reinstatement of cocaine seeking, whereas the

VPdl is recruited during cocaine-primed reinstatement of cocaine

seeking. Similarly, Berridge and colleagues have shown important

differences in the role of opioid actions in these regions (hedonic

“hot” and “cold” spots) in determining the hedonic impact of tastes

(Smith et al., 2009; Smith & Berridge, 2005).

This compartmentalization of the VP is also reflected in the

organization of its major afferents and efferents (Figure 1b). Most

importantly for present purposes, the calbindin-d28k rich VPdl receives

extensive projections from the AcbC, whereas the neurotensin rich

VPvm receives extensive projections from the nucleus accumbens shell

(AcbSh) (Heimer et al., 1991; Zahm & Brog, 1992; Zahm &

Heimer, 1990). Other inputs, including from the basolateral amygdala

(BLA), ventral tegmental area (VTA) and the dorsal raphé, reach both

regions (see Root et al., 2015, for review). Likewise, whereas the VPdl

projects extensively to subthalamic nucleus (STN) and substantia

nigra pars reticulata (SNr), the VPvm projects extensively to medial

dorsal thalamus, lateral hypothalamus (LH) and VTA (Groenewegen

et al., 1993; Tripathi et al., 2013; Zahm, 1989; Zahm, Williams, &

Wohltmann, 1996). So there are distinct, segregated channels of

information flow through the VP, including AcbSh à VPvm à LH/VTA

and AcbC à VPdl à STN/substantia nigra channels (Groenewegen

et al., 1993; Zahm & Heimer, 1990).

There are at least four major cell types in the VP:- GABAergic

(GABA), glutamatergic (vGlut2), and cholinergic (ChAT), with at least

one other class characterized by expression of parvalbumin (PV) and

releasing either or both GABA and glutamate (Faget et al., 2018;

Knowland et al., 2017; Root et al., 2015) (Figure 1c). These VP

neurons express various peptides including calretinin, dynorphin,

calbindin-d28k, neuropeptide Y and somatostatin (Root et al., 2015).

GABAergic neurons are especially abundant, comprising more than

70% of the VP neurons with lower but similar numbers (10%–15%) of

glutamatergic and cholinergic neurons (Faget et al., 2018). The relative

distribution of these neurons varies across the VP. GABAergic

neurons are more abundant in the medial portion of the VP,

glutamatergic neurons in the medial VP, whereas the VP cholinergic

neurons tend to be more sparsely and heterogeneously dispersed

(Faget et al., 2018; Knowland et al., 2017; Tooley et al., 2018). The VP

cell types also differ in their long-range connectivity. For example, the

VP GABA neurons project to the LH and VTA, lateral habenula (LHb),

VTA, substantia nigra pars compacta (SNc), VP parvalbumin neurons

send dense and separate projections to the LHb and VTA, and can be

both excitatory and inhibitory on their postsynaptic targets via release

of both glutamate and GABA (Knowland et al., 2017), VP glutamatergic

neurons project to the LHb, VTA and rostromedial tegmental

nucleus (RMTg), while VP cholinergic neurons project to PFC and BLA

(Faget et al., 2018; Knowland et al., 2017; Tooley et al., 2018).

4 | PARSING THE CELL-TYPE AND
CIRCUIT-SPECIFIC VP MECHANISMS FOR
DIFFERENT FORMS OF RELAPSE

We have shown how different forms of relapse are assembled

from these distinct cell types and their major projection targets

using an animal model of distinct aspects of relapse to alcohol seeking

(Figure 2a). In this model, rats are trained in a distinctive context

to make a response (nosepoke) to receive a small amount (0.6 ml)

of alcoholic beer for each response. The animals readily learn to

self-administer alcohol under these conditions, reach high levels of

intake (25–30 ml�h−1) and show behavioural indices of intoxication

(reduced locomotor activity, impaired righting reflex and somnolence).

Then we extinguish this seeking behaviour in a second, distinctive

context, and rats readily learn to reduce alcohol seeking. When rats are

tested in the extinction context, they refrain from alcohol seeking.

When rats are tested in the training context, they relapse to alcohol

seeking even though no alcohol is available on test. This form of relapse
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is renewal or context-induced reinstatement (Crombag, Bossert, Koya,

& Shaham, 2008; Crombag, Grimm, & Shaham, 2002; Crombag &

Shaham, 2002; Todd, 2013; Todd, Vurbic, & Bouton, 2014). It is a

robust and reliable way of modelling and understanding how contexts

and places associated with alcohol-use provoke relapse (Gibson

et al., 2018; Hamlin, Clemens, Choi, & McNally, 2009; Hamlin, Newby,

& McNally, 2007; Marchant, Hamlin, & McNally, 2009). Importantly,

because animals refrain from alcohol seeking when tested in the

extinction context, this is also a robust and reliable way of modelling

and understanding the voluntary refraining from alcohol seeking

(Gibson et al., 2018; Millan, Furlong, & McNally, 2010; Millan,

Marchant, & McNally, 2011; Millan & McNally, 2011). Finally, animals

receive a single session of retraining of alcohol self-administration.

This contingent re-exposure to alcohol causes a rapid return to

pre-extinction levels of responding and alcohol intake (Willcocks &

McNally, 2011). This rapid reacquisition models the rapid transition

from lapse (a single drinking episode) to relapse (a return to

pre-abstinence levels of drinking), characteristic of relapse in human

drinkers and which is difficult to prevent (Marlatt, Baer, Donovan, &

Kivlahan, 1988; Marlatt & Donovan, 2005).

Context-induced reinstatement of alcohol seeking is associated

with recruitment of the VP, as shown by expression of the Fos protein

(Perry & McNally, 2013). This recruitment of the VP is causal to

context-induced reinstatement of alcohol seeking because relapse

can be prevented by microinjections of μ receptor antagonists to

the VP (Perry & McNally, 2013) as well as by chemogenetic inhibition

of the VP neurons (Prasad et al., 2020). Importantly, the VP also

contributes to other forms of reinstatement of alcohol seeking,

F IGURE 2 (a) Animal model
of context-induced reinstatement
and reacquisition. (b) Transpallidal
pathways mediating context-
induced reinstatement and
reacquisition. (c) Cell-type and
circuit-specific mechanisms for
relapse. Context-induced
reinstatement is mediated by a
VP GABA à LH monosynaptic
projection that converges with
monosynaptic inputs from AcbSh
Drd1 neurons onto the same LH

GABA neurons, determining
propensity to relapse
(VP GABA à LH) or refrain from
relapse (AcbSh Drd1 à LH).
Context-induced reinstatement
and reacquisition are mediated by
a VP PV à VTA projection
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including alcohol-priming reinstatement (Perry & McNally, 2013) and

rapid reacquisition of alcohol seeking and drinking (Khoo et al., 2015;

Prasad et al., 2020; Prasad & McNally, 2016). This critical role for the

VP in context-induced and other forms of reinstatement of alcohol

seeking is consistent with other findings, reviewed above, identifying

the VP as obligatory for relapse.

We have mapped the neurocircuitry of these VP contributions to

relapse (Figure 2b). Context-induced reinstatement is associated with

the selective recruitment of AcbC inputs to the VP, consistent

with the location of the VP in a final common relapse pathway (Perry

& McNally, 2013). However, other major afferents to the VP,

including from caudal parts of the basolateral amygdala (BLA; Kelley,

Domesick, & Nauta, 1982; Zaborszky, Leranth, & Heimer, 1984) are

also recruited during this reinstatement (Perry & McNally, 2013),

supporting other evidence that the VP serves an integrative, not

just relay, role in motivated behaviour (Ottenheimer, Richard, &

Janak, 2018; Richard, Ambroggi, Janak, & Fields, 2016; Richard,

Castro, DiFeliceantonio, Robinson, & Berridge, 2013). Little is known

about the causal roles of these VP inputs in context-induced

reinstatement. Despite being strongly recruited, the AcbC à VP input

is not necessary for context-induced reinstatement because

optogenetic inhibition of this input does not prevent reinstatement

(Khoo et al., 2015). On the other hand, the AcbSh à VP input is likely

to be important because the AcbSh Drd1 neurons that project to the

VP also collateralize to the VTA and these AcbSh Drd1 neurons

mediate context-induced reinstatement (Gibson et al., 2018).

The AcbC à VP input is important for relapse during

reacquisition of alcohol seeking (Khoo et al., 2015). Recall that the

AcbSh targets VPvm, whereas AcbC targets VPdl, so this dissociation

in the roles of AcbC à VP pathway in context-induced reinstatement

versus reacquisition might reflect different roles of the VP channels in

different forms of relapse, but other evidence reviewed below

suggests that this is an oversimplification. Regardless, these structural

differences in the VP inputs controlling two different forms of relapse

in the same animal provide one mechanism for why medications may

prove more (or less) effective against different forms of relapse.

Context-induced reinstatement of alcohol seeking is associated

with the selective recruitment of key the VP outputs. Studies

combining retrograde tracing with expression of the c-Fos protein

show that the VP projections to the LH, VTA and STN are each

recruited during context-induced reinstatement (Prasad et al., 2020;

Prasad & McNally, 2016). Each of these specific VP output pathways

causally mediates context-induced reinstatement because chemogenetic

disconnection of VP à STN, VP à VTA, and VP à LH each prevents

reinstatement (Prasad et al., 2020; Prasad & McNally, 2016). There are

again nuanced but important differences in how the VP outputs

contribute to different forms of relapse. The VP à VTA and VP à STN

pathways mediate context-induced reinstatement and reacquisition as

well as motivation to respond for and consume alcohol more generally

(Prasad et al., 2020; Prasad & McNally, 2016), whereas the VP à LH

pathway mediates context-induced reinstatement but not reacquisition

(Prasad et al., 2020). A role for the VP à VTA projections in relapse

to alcohol seeking supports work by Mahler et al. (2014) using relapse

to cocaine seeking. A role for the VP à STN pathway in relapse is novel

but well supported by other findings implicating STN in motivation to

respond for drugs of abuse (Baracz, Everett, & Cornish, 2015; Baunez,

Dias, Cador, & Amalric, 2005; Baunez, Yelnik, & Mallet, 2011; Lardeux &

Baunez, 2008; Rouaud et al., 2010). Moreover, this identification of a

key role for the VP à STN pathway in different forms of relapse to

alcohol seeking provides a mechanistic circuit basis for understanding

the therapeutic effects of STN deep brain stimulation against

relapse (Baunez et al., 2011; Hachem-Delaunay et al., 2015; Pelloux &

Baunez, 2013; Rouaud et al., 2010).

These findings suggest that the different roles for the VP in

relapse are more complex than different forms of relapse being

associated with different VP channels of information flow

(i.e. AcbSh à VPvm à LH/VTA vs. AcbC à VPdl à STN/SN). The

same channels or parts of channels are recruited across different

forms of relapse. To further understand this, we have mapped the

cellular architecture of the VP contributions to relapse (Figure 2c).

This mapping has answered key questions about how the VP

assembles relapse. Single molecule fluorescent in situ hybridization

showed that context-induced reinstatement is associated with the

selective activation of the VP GABA and PV neurons (Prasad

et al., 2020). Cell-type and pathway-specific chemogenetic

disconnections showed that the VP PV neurons control both

context-induced reinstatement and reacquisition via their projections

to VTA (Prasad et al., 2020). The VP PV neurons target lateral VTA

where they synapse onto both GABA and dopamine neurons

(Knowland et al., 2017). Both lateral VTA dopamine (Liu et al., 2020)

and GABA (Gibson et al., 2018) neurons mediate context-induced

reinstatement and reacquisition, but whether this is due to the VP PV

input to these cells is yet to be determined. In contrast, the VP GABA

neurons mediate context-induced reinstatement but not reacquisition.

The VP GABA neurons mediate context-induced reinstatement via

their projections to the LH. So different forms of relapse depend on

both distinct VP cell types and distinct VP output pathways.

This underscores the important point that different medications may

be more (or less) effective against different forms of relapse due to

these important but subtle differences in how VP assembles different

forms of relapse.

The VP GABAergic projection to the LH is of special interest. We

and others have shown that VP GABAergic neurons provide

monosynaptic input to LH GABA neurons (Jennings, Rizzi, Stam'takis,

Ung, & Stuber, 2013; Prasad et al., 2020). This is important because

AcbSh Drd1 neurons also provide monosynaptic inhibitory input to LH

GABA neurons (Gibson et al., 2018; O'Connor et al., 2015). Whereas

the VP GABA inputs to LH GABA neurons cause context-induced

reinstatement (Prasad et al., 2020), AcbSh Drd1 GABA inputs to LH

GABA neurons prevent this reinstatement (Gibson et al., 2018).

Moreover, using optogenetic-assisted circuit mapping, we showed that

a subpopulation of these LH GABA neurons receive converging

monosynaptic inputs from both the VP GABA and AcbSh Drd1 neurons

(Prasad et al., 2020). This provides the first known location of cellular

convergence between the striatopallidal circuits controlling relapse and

striato-hypothalamic circuits controlling extinction.
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This convergence of striatopallidal and striato-hypothalamic

pathways with opposing functions in promoting versus preventing

relapse identifies LH GABA neurons as critical to controlling

propensity to relapse. Single-cell transcriptomic analyses have shown

that LH GABA neurons are diverse and comprise at least 15 major

clusters (Mickelsen et al., 2019). The critical cluster of LH GABA

neurons that receive converging striatopallidal and striato-hypothalamic

inputs to bidirectionally control relapse are currently unknown. One

attractive possibility is a cluster of LH GABA neurons that expresses

Gal (encoding galanin) along with Nts (encoding neurotensin), Cartpt

(encoding cocaine- and amphetamine-regulated transcript) and Tac1

(encoding preprotachykinin-1). The neuropeptide products of each of

these genes, including galanin (Genders et al., 2019; Genders, Scheller,

& Djouma, 2020; Wilson et al., 2018), neurotensin (Pandey, Badve,

Curtis, Leibowitz, & Barson, 2019; Vadnie et al., 2014), CART (King,

Furlong, & McNally, 2010; Moffett et al., 2006; Philpot & Smith, 2006;

Rogge, Jones, Hubert, Lin, & Kuhar, 2008) and substance P/neurokinin

A (Schank, 2020; Schank & Heilig, 2017; Thorsell, Schank, Singley,

Hunt, & Heilig, 2010) have been identified by preclinical studies as

important in reducing alcohol consumption and alcohol seeking.

Moreover, neurokinin receptor antagonists have therapeutic potential,

blunting spontaneous and challenge elicited alcohol cravings in

detoxified human drinkers (George et al., 2008). However, the effects of

individually manipulating these neuropeptide systems are often small.

Further identification and functional characterization of the critical

population of LH GABA neurons controlling propensity to relapse may

allow for interventions with larger effects against craving and relapse.

5 | VP AND AVERSIVE MOTIVATION

The VP has other functions important to understanding alcohol-use

disorders as well as some of the co-morbidities that accompany

these disorders. Major depressive disorder, anxiety disorders and

stress-related disorders are highly co-morbid with alcohol-use

disorders (Castillo-Carniglia, Keyes, Hasin, & Cerdá, 2019). The causes

of these co-morbidities are poorly understood but likely to be

complex and heterogenous. These extensive co-morbidities not only

increase the personal and broader impacts of alcohol-use disorders,

but they also pose significant challenges for treatment.

Recent findings have strongly implicated the VP in key

behavioural responses to stressors and aversive motivation, especially

via projections to the VTA and LHb. For example, the VP PV neurons

play an important role in responses to chronic social defeat stress

(Knowland et al., 2017). Mice subjected to chronic social defeat show

elevated activity of the VP PV neurons and this causes adverse

behavioural and motivational effects. The VP PV à VTA pathway

mediates social withdrawal, whereas the VP PV à LHb pathway

mediates behavioural despair (struggling in a tail suspension test)

in response to chronic social stress (Knowland et al., 2017). The VP

glutamatergic neurons, on the other hand, have been strongly

implicated in aversion, avoidance and anxiety. Stimulation of the

VP vGlut2 neurons is aversive, supporting avoidance behaviours

(Faget et al., 2018; Stephenson-Jones et al., 2020) and this depends

on the VP vGlut2 à LHb pathway (Faget et al., 2018). This linking of

specific VP cell types and their projections to distinct aspects of

stress, anxiety, and aversive motivation is well supported by findings

from non-human primates with pharmacological manipulations (Saga

et al., 2016; Saga, Ruff, & Tremblay, 2019) and single unit recordings

(Kaplan, Mizrahi-Kliger, Israel, Adler, & Bergman, 2020).

This role for the VP in aversion processing has important

implications for understanding alcohol-use disorders. First, this role

provides a potential cellular basis for understanding changes in social

behaviour, stress-reactivity and mood associated with alcohol use.

Social behaviours have a key role in reducing drug craving, protecting

against relapse and maintaining abstinence (Heilig, Epstein, Nader, &

Shaham, 2016; Venniro et al., 2018; Venniro, Caprioli, & Shaham, 2018).

We now know that the same population of VP neurons (PV neurons)

and projections (to VTA) that orchestrate relapse to alcohol seeking also

orchestrate social withdrawal in response to stressors. The targeting of

this specific circuit may have benefit. Second, the role for the VP in

aversion processing also may help explain changes in aversive and

risky decision making. Persistent alcohol use, despite the adverse

consequences of this use, is a diagnostic criterion of substance-use

disorder and addictive disorders and the VP is essential for controlling

drug seeking under adverse consequences (Farrell et al., 2019). Finally,

although these roles for the VP in stress and aversion have been

identified in alcohol and other drug free animals, there is emerging

evidence that drug withdrawal profoundly alters neurotransmission in

the VP cell types (e.g. vGlut2) essential for aversion processing

(Heinsbroek et al., 2020; Inbar et al., 2020).

6 | CONCLUSIONS

The ventral pallidum (VP) is a key node in the neural circuits

controlling relapse to alcohol seeking. It is also a key target of

pharmacotherapies for relapse prevention. The work reviewed here

shows how distinct forms of relapse to alcohol seeking can be

linked to the molecular, anatomical, pharmacological, and functional

properties of the VP. Although the VP is obligatory for all forms of

relapse that have been studied, different forms of relapse are

assembled from different VP cellular and circuit architectures. It

follows that the efficacy of relapse prevention medications will be

determined, at least in part, by which component of these different

architectures is targeted. These findings provide a mechanistic bridge

to understanding heterogeneity in treatment responsiveness among

individuals with alcohol-use disorders because they begin to identify

why and when relapse medications may be effective and ineffective.

Moreover, they raise the important possibility of targeting different

architectures to provide tailored interventions for different forms of

relapse. Of course, how such selective targeting may be achieved

remains to be determined. Finally, the recent insights into the cellular

and circuit mechanisms for VP to aversion processing have important

implications for understanding and remediating social, affective, and

decision-making processes in alcohol-use disorders.
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6.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked

to corresponding entries in http://www.guidetopharmacology.org,

the common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018), and are permanently archived

in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander,

Christopoulos, et al., 2019, Alexander, Keely, et al., 2019).
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