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a  b  s  t  r  a  c  t

Dysregulation  of  pain  neurocircuitry  and  neurochemistry  has  been  increasingly  recognized  as playing
a critical  role  in  a diverse  spectrum  of  diseases  including  migraine,  fibromyalgia,  depression,  and  PTSD.
Evidence  presented  here  supports  the hypothesis  that alcohol  dependence  is among  the  pathologies
arising  from  aberrant  neurobiological  substrates  of pain.  In  this  review,  we explore  the  possible  influence
of alcohol  analgesia  and  hyperalgesia  in  promoting  alcohol  misuse  and  dependence.  We  examine  evidence
that neuroanatomical  sites  involved  in  the  negative  emotional  states  of  alcohol  dependence  also  play an
hronic pain
ociception
egative affect
tress
nxiety

important  role  in  pain  transmission  and  may  be  functionally  altered  under  chronic  pain  conditions.  We
also  consider  possible  genetic  links  between  pain  transmission  and  alcohol  dependence.  We  propose  an
allostatic  load  model  in  which  episodes  of alcohol  intoxication  and  withdrawal,  traumatic  stressors,  and
injury  are  each  capable  of  dysregulating  an  overlapping  set  of  neural  substrates  to  engender  sensory  and
affective  pain  states  that  are  integral  to alcohol  dependence  and  comorbid  conditions  such  as  anxiety,
llostasis depression,  and chronic  pain.
Published  by  Elsevier  Ltd.
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. Introduction

Chronic pain affects an estimated 116 million American adults
nd costs the nation up to $635 billion each year (Committee
n Advancing Pain Research, Care, and Education; Institute of
edicine, 2011). Approximately 18 million Americans suffer from

lcohol abuse or dependence, contributing to 100,000 deaths and
185 billion in costs annually (Grant et al., 2004a). Although the
elationship between pain and opiate misuse has been extensively
tudied, considerably less attention has been devoted to the study
f pain and alcohol use despite evidence that alcohol ingestion can
cutely reduce pain. In addition, associations between chronic pain
onditions and alcohol problems have been reported with episodes
f alcohol abuse antedating chronic pain in some people and alco-
ol dependence emerging after the onset of chronic pain in others
Katon et al., 1985). In light of the great public health impact of both
lcohol dependence and chronic pain, a mechanistic understanding
f this relationship is important for preventing and treating both
roblems.

In addition to the well-established acute alcohol actions
reward, stimulation, and impairment) and withdrawal effects
CNS/ANS hyperexcitability, anxiety, sleep disturbances, and dys-
horia) that contribute to excessive drinking and relapse, alcohol
roduces analgesia followed by hyperalgesia after withdrawal
Gatch, 2009). We  hypothesize here that pain sensitivity, analgesic
ctions of alcohol and withdrawal-induced hyperalgesia also con-
ribute to alcohol misuse and alcohol addiction. This hypothesis is
upported by observations that problem drinkers are more likely to
eport pain conditions and heightened sensitivity to painful stim-
lation than the general population. Alcohol dependence also was
ound to be a major predictor of pain severity following serious
njury (Castillo et al., 2006; Holmes et al., 2010). Other studies sug-
est that people who do not have drinking problems, but have a
ositive family history of alcoholism (FHP), are more sensitive to
ainful stimulation than those having no family history of alco-
olism (FHN; Stewart et al., 1995). Likewise, people with chronic
ain conditions are more likely to have family members with drink-

ng problems (Goldberg et al., 1999; Katon et al., 1985). Another
acet of this relationship is revealed in studies showing that peo-
le experiencing chronic pain turn to alcohol presumably for relief
e.g., Brennan et al., 2005; Riley and King, 2009).

An important aspect of the pain–alcohol link rests on neural sub-
trates of alcohol reinforcement and dependence which are also
bserved to influence critical pain transmission and perception
unctions. In this review, we discuss neuroreceptor systems that

ay  play a dual role in alcohol reinforcement and pain transmission
nd the implications this has for imparting genetic vulnerabil-
ty to develop pain-related problems in addition to compulsive
lcohol seeking. We  also extend previous thinking in which alco-
ol dependence and addiction are thought to arise when brain
eward and extrahypothalamic stress systems, including the cen-
ral nucleus of the amygdala (CeA), are dysregulated by chronic
lcohol intoxication and withdrawal cycles such that there is a pro-
ressive and enduring shift away from a homeostatic reward set
oint seemingly maintained in recreational drinkers (Edwards and
oob, 2010; Koob and Le Moal, 2001). The dysregulated reward
nd stress systems result in the emergence of allostasis-like nega-
ive emotional states during abstinence periods. According to this
iew, alcohol is consumed in ever increasing amounts to alleviate
egative motivational symptoms arising in the absence of alco-
ol. Below we suggest affective as well as sensory dimensions of
ain should be considered as part of the abstinence syndrome

ontributing to alcohol use. In addition, we propose a model in
hich pain-related affective and sensory dysregulation associated
ith functional changes in an overlapping set of neurocircuitry

ccurs in response to repeated episodes of alcohol intoxication
oral Reviews 36 (2012) 2179–2192

and withdrawal, unresolved chronic pain, stress and other insults.
The hypothesized model helps explain the relationship between
pain symptoms and alcohol use, as well as comorbidity between
alcohol dependence, anxiety disorders, and chronic pain. A mecha-
nistic understanding of how these core circuits are dysregulated by
diverse insults will promote strategies for preventing and treating
a spectrum of debilitating pain-associated disorders.

2. Analgesia, hyperalgesia and alcohol dependence

2.1. Alcohol analgesia

Alcohol dose-dependently produces analgesia in humans and
animals and the possibility that analgesia may  contribute to alcohol
use is supported by reports that as many as 25% of people experi-
encing pain self-medicate with alcohol (e.g., Riley and King, 2009).
Pseudoaddiction describes an addictive-like seeking of analgesic
drugs by people experiencing chronic pain in an effort to allevi-
ate undertreated pain (Weissman and Haddox, 1989). Although
pseudoaddiction is primarily associated with opiates, understand-
ing conditions under which alcohol significantly reduces pain may
identify people at risk for engaging in harmful drinking in an
attempt to alleviate pain.

Alcohol’s pain alleviating effects are associated with vulnerabil-
ity for becoming alcohol dependent. In general, excessive alcohol
users and FHP individuals are more sensitive to painful stimula-
tion and are more responsive to pain-reducing effects of alcohol
than control subjects to the extent that alcohol normalizes pain and
discomfort perceptions (Stewart et al., 1995). In alcoholics, height-
ened alcohol analgesia may  also arise from extensive experience
through which they come to expect that alcohol alleviates pain.
For example, bourbon whiskey reduced pain perception by alco-
holic men, but had no analgesic effect in non-alcoholic subjects
(Cutter et al., 1976). Subsequent research in male university stu-
dents (Brown and Cutter, 1977) showed that alcohol’s ability to
reduce pain was influenced by drinking experiences such that cus-
tomary bar drinkers and subjects with a history of sickness after
drinking experienced greater pain reduction after drinking alco-
hol than those who  drank with families or who  had no history of
drinking-related sickness. The maximum level of pain reduction
was associated with the subject’s preferred alcohol dose.

Tolerance develops to alcohol’s analgesic effects with repeated
exposure through physiological mechanisms that include learning
mechanisms. When alcohol is administered to rats in a liquid diet
for 10 days, analgesic effects peak within 2–4 days and subside with
continued administration until pain responses return to baseline
levels by day 10 (Gatch, 2009). Such tolerance can be environment-
dependent, as exposure to alcohol in itself was  not sufficient to
produce tolerance to alcohol analgesia, i.e., tolerance was observed
only in animals receiving repeated pain assessments during alcohol
administration, but not in animals which did not receive analge-
sia tests during the alcohol exposure period (Jørgensen and Hole,
1984). Other studies suggest environment-independent tolerance.
For example, rats receiving alcohol injections in a distinct environ-
ment developed tolerance to alcohol’s analgesic effects regardless
of whether they also received tail-flick tests in the same environ-
ment (Tiffany et al., 1987). Learning mechanisms do not appear
to influence tolerance development when rats receive alcohol in a
liquid diet, however, because comparable tolerance effects were
observed regardless of whether repeated pain tests were given
during alcohol administration (Gatch and Lal, 1999). These studies

suggest that conditions for developing tolerance to alcohol analge-
sia vary, and that experiencing sustained or exaggerated analgesic
effects in response to alcohol may  involve learning mechanisms as
observed with tolerance to other actions of alcohol.
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.2. Pain, chronic excessive drinking and alcohol dependence

Extended periods of alcohol exposure induce pain symptoms
nd exacerbate chronic pain arising from other sources. Alcoholism
s typically accompanied by the emergence of negative emotional
tates that constitute a motivational withdrawal syndrome when
ccess to alcohol is disrupted (Gilpin and Koob, 2008; Koob, 2003).
hronic alcohol use impacts several peripheral and central nervous
ystem actions, and while it has long been observed that oral alco-
ol administration increases human pain thresholds, withdrawal

rom chronic use often increases pain sensitivity as one compo-
ent of a larger alcohol withdrawal syndrome (Jochum et al., 2010).
rolonged and excessive alcohol exposure itself generates a small
ber peripheral neuropathy in both rodents and humans (Mellion
t al., 2011). Indeed, the development of neuropathy during alco-
ol withdrawal may  represent one critical, definitive symptom

ndicative of dependence clinically distinct from alcohol abuse
Diamond and Messing, 1994). In this regard, reduced nociceptive
hresholds gradually emerge in ethanol-dependent rats relative to
on-dependent controls (Dina et al., 2006; Edwards et al., 2012).
hese data suggest that drinking in alcoholics may  be motivated
n part by a desire to alleviate ethanol withdrawal-induced hyper-
lgesia. Whether alcohol alleviates neuropathic pain induced by
hronic alcohol use remains to be demonstrated.

Self-reports of alcohol use specifically for pain management
re common, even in younger adults (e.g., Riley and King, 2009).
or example, Brennan et al. (2005) found that problem drinkers
ot only described more severe pain symptoms compared to non-
rinkers, they also reported a higher incidence of using alcohol to
anage their pain symptoms. Moreover, follow-up studies indi-

ated that the use of alcohol to treat pain resulted in a worsening
f drinking and other health-related problems three years later,
uggesting that motivational mechanisms associated with pain-
elated drinking could underlie the persistence and exacerbation
f alcohol-related disorders and overall lifetime morbidity. Rodent
tudies reveal elevated tail-flick thresholds (i.e., analgesia) in the
ot plate test during chronic ethanol administration and hyper-
lgesia upon alcohol withdrawal that is subsequently reversed
hen alcohol is administered (Edwards et al., 2012; Gatch, 2009).

These examples support the plausibility that alcohol’s anal-
esic effects contribute to excessive alcohol use. Ongoing alcohol
dministration appears to alleviate some forms of pain, particularly
uring acute withdrawal, while generating a painful neuropathy
hat may  not be alleviated by acute ethanol administration. Time
ourse studies involving a wider variety of pain assays, especially
hose distinguishing sensory and affective aspects of pain, are
eeded to profile pain and analgesia resulting from alcohol drinking
ssociated with dependence.

. Chronic pain and neural substrates of alcohol addiction

The many brain regions contributing to pain reflect the pain’s
daptive function in transmitting actual or potentially harmful
timulation and the recruitment of cognitive, affective and moti-
ated behavior necessary to respond to such stimuli. By implication,
unctional changes in pain pathways could also influence other
unctions supported by non-primary pain systems as indicated by
igher incidences of depression and anxiety in people with chronic
ain disorders (Fröhlich et al., 2006; Gureje, 2008). Analgesic
esponses to addictive drugs have been observed to covary with the
rug’s reinforcing effects possibly because of similar neuroreceptor

ctions. Pain-related neural substrates may  also influence motiva-
ionally relevant aversive states (including hyperalgesia) associated
ith protracted alcohol withdrawal and excessive drinking. We
ow discuss several likely neurochemical and neuroanatomical
oral Reviews 36 (2012) 2179–2192 2181

substrates affecting both pain transmission and alcohol depend-
ence.

Le Magnen et al. (1980) and Franklin (1998) proposed that the
positive hedonic state produced by addictive drugs is associated
with an indifference to pain because neural substrates of analge-
sia and neural substrates of reinforcement overlap. Some evidence
suggests that alcohol’s analgesic effects are mediated by neurore-
ceptor systems involved in alcohol reinforcement. For example,
pharmacological studies partially support the involvement the mu-
opioid receptor (MOR) in alcohol’s analgesic effects (Boada et al.,
1981; Campbell et al., 2006, 2007; Pohorecky and Shah, 1987) in
addition to its reinforcing effects (e.g., Cunningham et al., 1998;
Froehlich et al., 1990; Walker and Koob, 2008). Gene knockout stud-
ies implicate G protein-coupled inwardly rectifying potassium 2
(GIRK2) channels as a major signal transduction mechanism for
analgesic actions of many different drug classes including alco-
hol (Blednov et al., 2003; Ikeda et al., 2000; Mitrovic et al., 2003)
and also suggest a role in alcohol reward (Hill et al., 2003). In
the following section, we  discuss pain transmission functions of
neuroanatomical structures participating in alcohol reinforcement
and addiction. Overlapping neural substrates of pain transmission
and alcohol reinforcement raise the possibility that aberrant pain
processing associated with chronic pain could alter the pharma-
cology and neurochemistry of alcohol to influence the transition to
alcohol addiction.

Chronic pain represents a condition where nociception no
longer acts as a useful, adaptive process beneficial to the organism,
but instead represents a debilitating state commonly associ-
ated with negative emotional states and even affective disorders
(Fröhlich et al., 2006; Gureje, 2008). Initial nociceptive sensitivity
is often associated with hyperalgesic priming, a form of periph-
eral sensitization involving neuronal plasticity in primary afferent
nociceptors (Reichling and Levine, 2009). In comparison, cen-
tral sensitization mechanisms represent an augmented response
commonly associated with pathological pain states and involve
the propagated recruitment of central neurons in the nociceptive
response, leading to a broadening of nociceptive field and ampli-
fication of pain processes (Woolf and Salter, 2000; Latremoliere
and Woolf, 2009). Central sensitization of pain corresponds to the
functional enhancement of nociceptive circuitry along the ascend-
ing neuraxis, including the dorsal horn of the spinal cord (Woolf,
1983), the rostroventral medulla (Porreca et al., 2002) and vari-
ous limbic centers such as the central amygdala and prefrontal
cortex (discussed below). In turn, functional gain in reinforcement-
related limbic centers associated with a recruitment of stress (Koob
and Le Moal, 2008) or immune system (Crews et al., 2011) factors
may  modify the central processing of nociceptive stimuli, resulting
in aberrant plasticity linking pain and various affective disorders
associated with the compulsive seeking of pain relief. Indeed,
both pathological pain (Ji et al., 2003) and addiction (Nestler,
2001; Hyman, 2005) have been conceptualized as disorders of
dysregulated neural plasticity involving mechanisms commonly
ascribed to learning and memory processes. Consequently, func-
tional enhancement of shared central circuitry following a history
of excessive drinking or chronic pain may facilitate negative
reinforcement, whereby compulsive drinking serves as a pain-
reduction process. Thus, altered neural functioning associated with
chronic pain conditions raises two issues: (1) whether chronic pain
changes overlapping neural substrates of alcohol addiction and (2)
whether these alterations are associated with increased alcohol
drinking and the development of dependence.
3.1. Nucleus accumbens

Alcohol promotes DA release in the nucleus accumbens (NAc),
a phenomenon contributing to the reinforcing effects of drugs
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f abuse including alcohol (Boileau et al., 2003; Di Chiara and
mperato, 1988). Opioid peptides in the NAc also have a key role
n alcohol reward in animals and humans (Heyser et al., 1999;

itchell et al., 2012). The NAc is currently understood to encode
 full spectrum of responses—from reward to aversion—to a vari-
ty of motivationally salient stimuli. A series of studies in animals
Gear and Levine, 1995, 2011; Gear et al., 1999) provided evidence
hat noxious stimuli can actually induce heterosegmental antinoci-
eption through an ascending pathway originating from the spinal
ord to the NAc. Here, subdermal capsaicin or paw immersion
n hot water induced analgesia as measured by the jaw opening
eflex. Such pain-induced antinociception is hypothesized to result
rom inhibition of tonic pronociceptive efferent activity from the
Ac (possibly via the rostral ventral medulla) through dopaminer-
ic and opioidergic receptor mechanisms (Gear and Levine, 1995,
011; Gear et al., 1999). In humans, decreased BOLD signaling from
aseline has been found in the NAc following the onset of painful
timulation (Aharon et al., 2006; Becerra et al., 2001; Becerra and
orsook, 2008). With respect to chronic pain, offset of noxious ther-
al  stimulation elicited opposite patterns of NAc BOLD activity in

hronic back pain patients compared with healthy control subjects
Baliki et al., 2010). These differences suggested that the reward
alue of pain relief associated with acute pain may  also be medi-
ted by the NAc. In addition, the functional connectivity of the
Ac with other cortical regions was altered in chronic back pain
atients. In healthy subjects, the NAc was mainly connected with
he insula, whereas chronic back pain patients exhibited increased
unctional connectivity with the medial prefrontal cortex (mPFC).
hese studies suggest that the NAc mediates the reinforcing actions
f alcohol as well as sensing the painful actions of noxious stimuli,
ossibly through overlapping neuropharmacological mechanisms.
unctional changes in the NAc associated with chronic pain would,
herefore, be predicted to affect alcohol reinforcement and addic-
ion.

.2. Central amygdala and prefrontal cortex

Converging evidence also suggests that neural substrates asso-
iated with motivationally relevant emotional aspects of alcohol
ithdrawal and dependence overlap with substrates of emotional

spects of nociceptive processing in areas such as the amygdala
Neugebauer et al., 2004) and prefrontal cortex (PFC; Vogt, 2005;

ei  and Zhuo, 2001), where ascending pain pathways terminate
or the processing of emotional components of pain. In particular,
ain-responsive neurons are abundant in the lateral part of the cen-
ral amygdala (known as the “nociceptive amygdala”; Bernard and
esson, 1990). In addition, this region is also critically important

or alcohol reinforcement, and represents another possible neu-
oanatomical intersection of central pain modulation and alcohol
eward. For example, intra-CeA administration of opioid receptor
ntagonists reduces oral alcohol self-administration in rats (Foster
t al., 2004; Heyser et al., 1999). Alcohol also causes the release of
everal neurotransmitters in the CeA, including GABA, DA, and sero-
onin (Nie et al., 2000; Roberto et al., 2003; Yoshimoto et al., 2000).
hus, alcohol acts directly within this region of ascending nocicep-
ive circuitry to possibly regulate neuronal plasticity related to the
ntersection of pain and negative affect.

Chronic pain produces multiple electrophysiological and molec-
lar neuroadaptations in the CeA, a number of which are lateralized
o the right CeA (e.g., Carrasquillo and Gereau, 2008; Ji and
eugebauer, 2009). The CeA receives functionally distinct inputs

rom the pontine parabrachial area (PB, nociceptive information)

nd basolateral amygdala (BLA, sensory-affective information) that
re magnified in chronic pain states (Ikeda et al., 2007; Neugebauer
t al., 2003). This plasticity is driven in part by an enhance-
ent of glutamatergic systems, most notably activation of group I
oral Reviews 36 (2012) 2179–2192

metabotropic glutamate receptors (mGluR1/mGluR5; Kolber et al.,
2010; Li and Neugebauer, 2004; Neugebauer et al., 2003; Ren
and Neugebauer, 2010). Neugebauer (2007) speculated that the
amygdala facilitates nociceptive signaling in persistent pain states.
Such altered processing may  orient the organism’s motivational
capacity to act toward alleviating this condition via heightened
arousal (Koob et al., 1976) or negative reinforcement mechanisms
(Koob and Le Moal, 2008). This function of pain contrasts with the
stress-induced analgesia that is typically produced by acute stress-
ors (Butler and Finn, 2009; also see Knoll and Carlezon, 2010).
Relevant to the interface with alcoholism, chronic pain-induced
activation of the amygdala is accompanied by alterations in mPFC
function and production of cognitive deficits (Ji et al., 2010; Ji and
Neugebauer, 2011; Sun and Neugebauer, 2011). Such executive sys-
tem deficits are hypothesized to play a critical role in the aberrant
decision-making that accompanies the transition from drug use to
dependence (George and Koob, 2010), and by this mechanism indi-
viduals suffering from chronic pain may  be more susceptible to
alcohol misuse and poor pain management.

3.3. Insula

Functional neuroimaging studies in humans reveal the insular
cortex to be the most consistently activated region during abnor-
mal  and induced pain experiences in humans (Tracey, 2011). These
observations are consistent with studies in epilepsy patients in
which direct electrical stimulation of distinct regions within the
posterior insula evoked somatotopically specific pain sensations
(Ostrowsky et al., 2002), and with neuroanatomical studies show-
ing that the dorsal posterior insula receives pain input from a
spinothalamocoritical circuit (Bernard et al., 1996). The anterior
insula appears to integrate information about the salience of an
impending painful stimulus. Aberrant misreading of such stimuli
has been hypothesized to be a possible factor in the transition
from acute to chronic pain (Wiech et al., 2010). The role of the
insula in addiction was highlighted in a study showing that smok-
ers with brain damage involving the insula were more likely to quit
smoking without difficulty (Naqvi et al., 2007). A recent fMRI study
showed that subjects with a family history of alcohol dependence
and a variant of the GABRA2 gene associated with alcoholism had
an elevated response in the insula when anticipating rewards and
losses (Villafuerte et al., 2011). Whether the insula’s involvement
in aspects of alcohol addiction is correlated with pain transmission
remains unknown.

3.4. Chronic pain effects on drug reward

Although effects of chronic pain on the pharmacology and neu-
rochemistry of alcohol self-administration have not been reported,
several studies have shown that neuropathic pain alters the
rewarding and reinforcing effects of opiates in rodent models. For
example, spontaneous pain induced by nerve injury reduced mor-
phine’s ability to induce conditioned place preferences (Ozaki et al.,
2002, 2004) and suppressed the ability of morphine to lower brain
stimulation reward (BSR) thresholds (Ewan and Martin, 2011).
Similarly, dose–response curves for MOR  agonists in maintaining
self-administration were shifted to the right such that lower doses
capable of maintaining heroin self-administration in normal rats
were ineffective in a spinal nerve ligation model of spontaneous
pain, whereas higher doses capable of reversing hypersensitivity to
pain were self-administered (Martin et al., 2007). Because baseline

BSR thresholds were unchanged by nerve injury, changes in heroin
effects could not be attributed to general disruption of reward
function. In light of alcohol’s effects on opioid systems, examining
alcohol self-administration, particularly dose–response functions
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Fig. 1. Intersection of neural substrates mediating nociception and alcohol
dependence. (A) Ascending pathways mediating the supraspinal processing of
pain. Blue structures are involved in the “fast” processing of pain via the spinotha-
lamic tract and arrive indirectly at the amygdala. Pink structures are involved in
the  “fast” processing of pain via the spinoparabrachial-amygdala pathway that
arrives directly at the amygdala. Yellow structures are involved in the “slower”
cognitive/affective processing of pain. (B) Pathways for the supraspinal processing
of  pain superimposed on key elements of addiction circuitry implicated in negative
emotional states. Addiction circuitry is composed of structures involved in the three
stages of the addiction cycle: binge/intoxication (ventral striatum, dorsal striatum,
and thalamus), withdrawal/negative affect (ventral striatum, bed nucleus of the stria
oral Reviews 36 (2012) 2179–2192 2183

(see Carnicella et al., 2011) in chronic pain models such as these is
warranted.

4. Neural dysregulation, alcohol dependence and chronic
pain

The transition from recreational alcohol use to alcohol depend-
ence has been hypothesized to arise when brain reward and stress
systems are dysregulated by chronic alcohol intoxication and with-
drawal episodes (Koob and Le Moal, 2001; Edwards and Koob,
2010). This dysregulation engenders persistent negative emotional
states and hypersensitivity to emotional distress when alcohol use
is discontinued (Edwards and Koob, 2010). The transition to alcohol
dependence involves a recruitment and/or potentiation of circuitry
within forebrain areas including the amygdala and prefrontal cor-
tex (Gilpin and Koob, 2008). Similarly, a sensitization of nociceptive
circuitry (Reichling and Levine, 2009) in combination with a host
of affective factors (Young Casey et al., 2008) is thought to drive
the pathological transition from adaptive nociceptive signaling to
chronic pain states. A common goal of both pain and addiction
fields is to better understand transition-associated biochemical
and behavioral neuroadaptations in hope of blocking or reversing
the neuroplastic changes responsible for disease progression. It is
becoming clear that neuroadaptively driven dysregulation of neu-
ral circuitry shared by pain and addiction processes may  underlie a
potential convergence of these two disease states. Fig. 1 illustrates
the intersection of neural substrates mediating both nociception
and alcohol dependence.

4.1. Neuroadaptation within the central amygdala

The CeA represents one potential node of intersection between
nociception and motivationally relevant negative affect associ-
ated with alcohol dependence. Neuroadaptations in this region
are particularly associated with the advanced progression of dis-
ease in animal models of pain and alcohol dependence. In terms
of CeA excitability, alcohol increases glutamate levels in the CeA of
alcohol-dependent, but not alcohol-naïve, animals (Roberto et al.,
2004). Alcohol-dependent animals also display increased levels
of the stress-related neuropeptide corticotropin-releasing factor
(CRF) in the CeA during withdrawal (Merlo-Pich et al., 1995). Impor-
tantly, intra-CeA infusion of a CRF receptor antagonist reduces
excessive levels of alcohol drinking in dependent animals with-
out altering limited alcohol self-administration in non-dependent
animals or water intake (Funk et al., 2006). Similar to animals
with a history of alcohol dependence, animals having undergone
arthritis induction display an enhanced CeA excitability that is
reduced via CRF1 receptor antagonism (Ji and Neugebauer, 2007).

Moreover, enhanced anxiety-like behavior following either alcohol
withdrawal (Huang et al., 2010) or arthritis induction (Ji et al., 2007)
is blocked following intra-CeA CRF1 receptor antagonism. Down-
stream of CRF1 receptors (Kageyama et al., 2007; Refojo et al., 2005),

terminalis, central nucleus of the amygdala; red structures), preoccupa-
tion/anticipation (prefrontal cortex, orbitofrontal cortex, and hippocampus). Note
the significant neuroanatomical intersection of the supraspinal regulation of
pain and addiction in the amygdala. (C) Regions involved in the preoccupa-
tion/anticipation stage of addiction (green) are accessed by ascending pain circuitry,
and this interaction may  promote compulsive alcohol seeking under conditions of
acute or chronic pain. ACC, anterior cingulate cortex; AMG, amygdala; BNST, bed
nucleus of the stria terminalis; DRG, dorsal root ganglion; DS, dorsal striatum; GP,
globus pallidus; Hippo, hippocampus; Hyp, hypothalamus; Insula, insular cortex;
OFC, orbitofrontal cortex; PAG, periaqueductal grey; PB, parabrachial nucleus; PFC,
prefrontal cortex; PPC, posterior parietal cortex; S1, S2, somatosensory cortex; SMA,
supplementary motor area; Thal, thalamus; VS, ventral striatum.

Modified with permission from Blackburn-Munro and Blackburn-Munro (2003),
Koob  et al. (2008), and Shurman et al. (2010).
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 recruitment of amygdala extracellular signal-regulated kinase
ERK) signaling has also been demonstrated during withdrawal in
lcohol-dependent animals (Sanna et al., 2002) and is hypothesized
lso to be a critical component underlying pain-related synaptic
lasticity and behavior (Carrasquillo and Gereau, 2007; Fu et al.,
008; Kolber et al., 2010). In contrast to CRF1 receptor signaling,
ctivation of CeA CRF2 receptors may  mediate the anti-nociceptive
ffects of CRF (Ji and Neugebauer, 2008) and this system may  be
esponsible for the amygdala’s role in stress-induced analgesia
escribed above. Consistent with this hypothesis, microinjection
f a CRF2 receptor agonist into the CeA reduces excessive drinking
n alcohol-dependent rats (Funk and Koob, 2007).

.2. Cortical regulation of pain and addiction

Another central pain regulatory site, the PFC, is thought to
lay an important role in the maladaptive behaviors commonly
bserved in chronic drug users, including a high propensity for
elapse (Lasseter et al., 2010). The PFC is an aggregate of sev-
ral integrated regions, including the prelimbic, infralimbic, and
nterior cingulate cortex (ACC). These regions receive informa-
ion (including nociception-related information) primarily from
he mediodorsal thalamus (Uylings and van Eden, 1990) and are
ollectively involved in driving drug-seeking behavior via their
onnections to other elements of drug- and drug context-induced
elapse circuitries (Feltenstein and See, 2008; Janak and Chaudhri,
010; Self and Nestler, 1998; Shaham et al., 2003). In regard to
lcohol, alcohol-paired context-induced alcohol seeking is associ-
ted with enhanced Fos protein expression (a marker of neuronal
ctivation) in the ACC of rats (Dayas et al., 2007), suggesting
hat potentiated cingulate activity could contribute to compulsive
lcohol-seeking behaviors observed in dependent subjects. Simi-
arly, the affective components of pain in humans are regulated
y a pathway that includes the ACC (Price, 2000; Vogt, 2005). Par-
icularly interesting is the proposed role of the ACC in organizing
ehavioral goals (such as avoiding negative emotional conditions)
ollowing nociceptive input (Vogt et al., 1997, 2004). Similar to
he CeA, evidence for a specific role of ACC ERK signaling in the
nduction and expression of affective pain has been demonstrated
n rodent models (Cao et al., 2009; Johansen et al., 2001; Wei  and
huo, 2008).

.3. Stress systems, pain and alcohol dependence

Alcohol dependence can be viewed as a condition whereby
tress-related mechanisms come to predominate in driving com-
ulsive alcohol seeking and excessive drinking (Breese et al., 2011;
oob et al., 2008; Uhart and Wand, 2009). Chronic stress can also

nduce a persistent hyperalgesic state in animal models (Imbe
t al., 2006), indicating the intimate relationship between stress
nd pain and also suggesting a possible predisposing role of early
ife stress on aberrant nociception in adulthood (Davis et al., 2005;
reen et al., 2011). Although mechanisms of nociception, stress,
nd anxiety are difficult to dissociate, pain represents a unique
egative affective valence that is often intimately associated with

 host of psychiatric disorders, including drug dependence (Elman
t al., 2011). Some have even speculated that certain stress-related
sychological disorders, including posttraumatic stress disorder
nd chronic fatigue syndrome, may  feature generalized pain as

 primary debilitating symptom (Reichling and Levine, 2009).
nvestigations have uncovered remarkable interactions between
tress-induced potentiation of peripheral immune mediators and

rimary afferent nociceptor activation (Khasar et al., 2005). This
tress-induced potentiation of nociception was mimicked by direct
ocal glucocorticoid administration (Khasar et al., 2008). Elevated
lucocorticoid levels are a hallmark of chronic alcohol consumption
oral Reviews 36 (2012) 2179–2192

and represent one marker for relapse potential (Adinoff et al.,
1998; Gianoulakis et al., 2003; Walter et al., 2006). Glucocorti-
coids also sensitize extrahypothalamic CRF systems in the CeA
(Imaki et al., 1991; Makino et al., 1994; Swanson and Simmons,
1989). In support of a causal role for glucocorticoids, the glucocor-
ticoid receptor antagonist mifepristone (RU38486) reversed both
the chronic alcohol-induced hyperalgesia in binge-drinking rats
(Dina et al., 2008) and the development of compulsive drinking
in ethanol-dependent rats (Vendruscolo et al., 2012), suggesting a
close association between excessive alcohol exposure, recruitment
of stress signaling, and resultant dependence-like symptomato-
logy, including pain. Supporting this hypothesis, blockade of the
CRF1 receptor, a target commonly associated with stress- and
anxiety-like behaviors, alleviates nociceptive hypersensitivity in
a wide variety of animal pain assays (e.g., Hummel et al., 2010)
including the hyperalgesia of alcohol withdrawal (Edwards et al.,
2012) and also attenuates excessive limbic reactivity (including
amygdala, ACC, and insula regions) during pain expectation in
human irritable bowel syndrome patients (Hubbard et al., 2011).

5. Genetic influences on pain, alcohol analgesia and alcohol
dependence

Pain sensitivity and alcohol analgesia are enhanced in alcohol
dependent patients and FHP individuals and may  also be altered in
animal models of genetic vulnerability for alcohol dependence. In
one study, alcohol administration enhanced tolerance for a painful
electric shock only in FHN subjects (Perrino et al., 2008) whereas
a more comprehensive study (Ralevski et al., 2010) found that
FHP subjects scoring high for neuroticism displayed greater alcohol
analgesia than FHN subjects and FHP subjects with low neuroticism
scores. Studies in rodents selectively bred for differences in alco-
hol preference also provide partial evidence alcohol preference and
pain response covary (Chester et al., 2002; Kampov-Polevoy et al.,
1996; but see Kimpel et al., 2003). Given the possibility of a genetic
link between pain processing and alcohol dependence, we suggest
possible candidates having the potential to influence neurotrans-
mitter systems involved in alcohol dependence and pain.

5.1. KCNJ6

A human study revealed an association between a polymor-
phism of the KCNJ6 gene, the gene encoding GIRK2, and alcohol
dependence in an adult German sample (Clarke et al., 2011).
Although pain responses and alcohol analgesia were not inves-
tigated in the study, a subsequent analysis in an adolescent
population demonstrated that the same genotype was  associ-
ated with hazardous drinking when early psychosocial stress was
present. Given the possible link between psychosocial stress and
pain disorders (e.g., Bardin et al., 2009; Grande et al., 2004; Nilsen
et al., 2007; Scarinci et al., 1994; Van Houdenhove and Luyten,
2006), and the role of GIRK2 channels in the analgesic effects
of alcohol and other drugs, exploring the relationship between
the KCNJ6 polymorphism and pain transmission, including alco-
hol analgesia, in this population may  further support a role for pain
in the development of alcohol dependence.

5.2. OPRM1

The A118G variant of the �-opioid receptor 1 (OPRM1) gene may
also prove to influence pain sensitivity, alcohol reinforcement and
analgesia although evidence for a relationship between the A118G

variant and alcohol dependence is mixed (Bart et al., 2005; Franke
et al., 2001; Kim et al., 2009; Nishizawa et al., 2006). A118G car-
riers do have diminished pain sensitivity (Fillingim et al., 2005;
Lötsch et al., 2006, but see Vossen et al., 2010). The analgesic effects
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Fig. 2. Schematic diagram describing the hypothesized role of chronic pain in facilitating alcohol dependence. Although alcohol consumption produces analgesia, excessive
use  promotes hyperalgesia that may  represent a negative and pathological emotional state associated with dependence. In turn, we propose that negative emotional states
associated with drug withdrawal and protracted abstinence can also exacerbate dysregulated nociception. Hyperalgesia (increased sensitivity to pain) caused by protracted
a evelo
2

o
b
a
p
2
e

5

t
l
v
h
2
W
r
t
a
e
d
e
t
c
e

6
d

i
r
s
a
e
l

nd  excessive alcohol intake could therefore be closely associated with the parallel d
010).

f alcohol have not been studied as a function of OPRM1 status,
ut a number of studies suggest carriers of the A118G variant or

 functionally equivalent polymorphism show enhanced alcohol
reference and euphoria (Barr et al., 2010; Ray and Hutchison,
004) and enhanced striatal DA response to alcohol (Ramchandani
t al., 2011), a response often associated with drug reward.

.3. COMT

The val158met polymorphism of the catechol-O-methyl-
ransferase (COMT) gene results in higher COMT enzyme levels,
ower D2 receptor-mediated neurotransmission and elevated acti-
ation of the MOR  system. The met158 allele is associated with
igher subjective and brain responses to pain (Mobascher et al.,
010) and suppressed MOR  response to pain (Zubieta et al., 2003).
hether the COMT met158 allele influences alcohol dependence

emains unclear. Some studies suggest that the met158 allele con-
ributes to the development of both late-onset and early-onset
lcoholism (Tiihonen et al., 1999; Wang et al., 2001) whereas oth-
rs fail to find an association between COMT variation and alcohol
ependence (Foroud et al., 2007; Ishiguro et al., 1999; Samochowiec
t al., 2006). Male COMT −/− mice were found to drink more alcohol
han wildtype mice (Tammimäki et al., 2008); however, it cannot be
oncluded yet whether this reflects stronger or weaker reinforcing
ffects.

. Allostatic load, chronic emotional pain, and alcohol
ependence

The brain and body respond to events such as alcohol intox-
cation, stress, and injury by activating neuronal and hormonal
esponses to promote physiological stability in the face of a changed

et point (allostasis). When these events are frequent or severe,
s with chronic excessive alcohol intoxication and withdrawal
pisodes, the stabilizing responses become dysregulated (allostatic
oad) as result of structural and functional changes in the brain to
pment of hyperkatifeia (increased sensitivity to negative emotions; Shurman et al.,

engender an enduring pathophysiological state (Koob and Le Moal,
2001; McEwen, 2000). Within this framework, we  hypothesize that
alcohol triggers an initial rewarding and analgesic response (acute
intoxication) followed by an opposing dysphoric and hyperalgesic
state (acute withdrawal). More specifically, extended episodes of
alcohol intoxication and withdrawal alter brain stress circuitry
(including CRF signaling within the CeA) and reward circuitry
(including DA signaling in the VTA and NAc), and as a result, are
hypothesized to engender a persistent negative affective state,
including a hypersensitivity to emotional distress termed hyper-
katifeia (Shurman et al., 2010) that motivates excessive alcohol
consumption in an effort to restore the normal hedonic/emotional
state (Koob and Le Moal, 2001; Koob, 2003). Protracted exposure to
dependence-inducing alcohol concentrations followed by repeated
withdrawals also heightens sensitivity to mechanical stimulation
through CRF1-receptor dependent mechanisms (Edwards et al.,
2012). This suggests that emotional pain (hyperkatifeia) and
sensory pain (hyperalgesia) resulting from allostatic-like dysregu-
lation of overlapping pain and addiction pathways could contribute
to excessive alcohol use (Fig. 2). In this sense, it has been suggested
that addiction could be considered a type of chronic emotional pain
syndrome (Koob and Le Moal, 2006, p. 449).

Allostatic-like dysregulation of shared neurocircuitries and neu-
rochemicals has been invoked to explain vulnerability to alcohol
addiction resulting from chronic alcohol and stress (Breese et al.,
2011; Uhart and Wand, 2009), as well as comorbidity between
depression and pain disorders (Robinson et al., 2009). We  propose a
model (Fig. 3) where alcohol, stressors and injury are similarly capa-
ble of dysregulating a common set of neural substrates (including
the CeA, NAc, ACC, and insula; symbolized by the outer oval in Fig. 3)
to engender a heightened state of sensitivity to emotional and
sensory pain. Under normal, homeostatic conditions (symbolized

by the upper inner oval), alcohol intoxication produces emotional
and sensory pain though a compensatory opponent response (i.e.,
withdrawal) to an initial rewarding and analgesic action whereas
emotional and sensory pain comprise the initial response to trauma
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Fig. 3. A model of how alcohol intoxication and withdrawal, trauma (stress) and
injury transition to the corresponding disease states of alcohol dependence, anxiety
disorders/depression, and chronic pain through actions upon an overlapping set of
neural circuits (symbolized by the outer oval). Under normal, homeostatic condi-
tions (symbolized by the upper inner oval), alcohol intoxication produces emotional
and  sensory pain though a compensatory opponent response (i.e., withdrawal) to
an  initial rewarding and analgesic action. Emotional and sensory pain comprise the
initial response to trauma and injury that may  be followed by a compensatory
analgesic/euphoric response when terminated. When the initiating condition is
not resolved (i.e., chronic alcohol intoxication and withdrawal, untreated injury)
homeostasis can no longer be sustained. Neural circuits become dysregulated (indi-
cated by the dashed arrow) resulting in an allostatic state (symbolized by the lower
inner oval) characterized by persistent hyperkatifeia and hyperalgesia. According
to  the model, chronic alcohol intoxication and withdrawal increases allostatic load
and  results in hyperkatifeia and hyperalgesia. Vulnerability to develop chronic pain
disorders following intense and/or untreated injury is increased because the abil-
ity  to restore physiologic stability is compromised by dysregulated neural circuits.
Similarly, the model predicts that intense and/or untreated injury increases allo-
static load through similar neural mechanisms enhancing vulnerability to alcohol
dependence by affecting relevant alcohol actions upon dysregulated neural circuits.
As illustrated in the model, intense and unresolved trauma is also predicted to con-
tribute to allostatic load in this system to influence vulnerability to chronic pain
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isorders and alcohol dependence. The model also acknowledges the role of genetic
nfluences, such as those discussed previously, on the initial homeostatic responses,
s  well as the parameters involved in the development of allostatic load.

nd injury. Chronic alcohol intoxication and withdrawal, intense
nd/or untreated injury, or intense and/or unresolved trauma are
ach capable of increasing allostatic load (indicated by the dashed
rrow) to the extent that a dysfunctional state emerges (symbolized
y the lower inner oval) characterized by persistent hyperkatifeia
nd hyperalgesia. We  hypothesize that the sensory and emotion-
lly based allostatic state serves as a predisposing condition, as
ell as a shared phenotypic characteristic of alcohol dependence,

nxiety and depression, and chronic pain disorders. We  suggest
hat full expression of these distinct disease states may  depend on
etween-systems interactions in which the shared neural circuitry

llustrated in this model influences systems exclusive to a single
isorder or subset of disorders. Shared neurocircuitry and neuro-
hemistry enables crosstalk between the diverse disorders such
hat changes in neural structure and function (i.e., allostatic load)
rising from one disorder can affect the others. The model accounts
or well-documented comorbidities between alcohol and anxiety
isorders (Kushner et al., 2012), anxiety, depression and chronic
ain disorders (Gerrits et al., 2012; Gureje et al., 2008) as well as
lcohol dependence and pain sensitivity discussed previously. It

lso predicts that drugs (such as CRF-1 receptor antagonists) act-
ng upon the shared neurocircuits would likely be effective for
reating alcohol dependence and pain disorders whereas other
harmacotherapies targeting disorder-specific mechanisms would
oral Reviews 36 (2012) 2179–2192

be effective for one disorder, but not the others. The model also
explains observed functional substitutability of acute alcohol with-
drawal episodes and restraint stress in provoking social anxiety
(Breese et al., 2005).

7. Further considerations

The proposed allostatic emotional state model is supported
by observations that pain transmission and emotional aspects of
alcohol dependence involve overlapping neurocircuitry and that
alcohol dependent and FHP individuals are more sensitive to
painful stimulation. It is also consistent with observed affective
disorders associated with alcohol dependence and pain disorders,
use of alcohol to cope with pain (Brennan et al., 2005; Sheu et al.,
2008), affective pain experience as a significant predictor of alcohol
use (Lawton and Simpson, 2009), and significant positive associa-
tions between alcohol dependence and chronic pain (Demyttenaere
et al., 2007; Von Korff et al., 2005). In contrast to our model’s predic-
tions, however, some investigators do not find greater-than-chance
co-occurrence rates of pain and alcohol use disorders (Dersh et al.,
2007) and may  even find less frequent alcohol use (e.g., Thelin
Bronner et al., 2012) despite more alcohol drinking problems (e.g.,
Brennan et al., 2011). These findings are understandable if one con-
siders that there are conditions in which excessive alcohol drinking
or the presence of chronic pain does not induce an allostatic-like
negative emotional state.

For example, a significant proportion of people meeting diag-
nostic criteria for alcohol dependence spontaneously reduce their
drinking (Dawson et al., 2005). Therefore, extended periods of
excessive alcohol drinking meeting diagnostic criteria for alcohol
dependence may  not always dysregulate neural circuits associ-
ated with pain and negative emotional states. In animal models,
chronic exposure with brief, daily withdrawal episodes produces
more rapid increases in alcohol self-administration relative to con-
tinuous alcohol exposure and, by inference, a more rapid escalation
of the allostatic processes responsible for excessive ethanol self-
administration (O’Dell et al., 2004). Binge-like drinking models
with intermittent withdrawal episodes also produce a more rapid
development of hyperalgesia vs. continuous access models (e.g.,
Dina et al., 2006 vs. Dina et al., 2000). Repeated acute withdrawal
episodes, therefore, may  be necessary to activate neuroplasticity
necessary for the induction of an allostatic-like negative emotional
state, a conclusion that is consistent with greater incidence of prior
delirium tremens episodes in patients experiencing pain problems
relative to those not reporting pain (Trafton et al., 2004).

Although negative emotional states have been observed in lab-
oratory models of chronic pain (Hummel et al., 2008; Narita et al.,
2006; Parent et al., 2012), studies using a neuropathic pain model
(e.g., Ewan and Martin, 2011) failed to produce increases in BSR
thresholds, thought to reflect the hypohedonia following with-
drawal from several drug classes including alcohol (Koob, 2003,
2009). Therefore, conditions necessary for painful stimulation to
engage allostatic mechanisms relevant to hyperkatifeia and hyper-
algesia require further study. In this context, a history of drug use
or stress associated with unresolved pain may  be key drivers of
allostatic load.

Personality and social influences may  influence the expression
of allostatic-like negative emotional states and the subsequent
development of alcohol dependence and pain disorders. For exam-
ple, personality disorders linked to alcohol use disorders such as
anxiety disorders (Grant et al., 2004b)  and somatization disor-

ders (Hasin and Katz, 2007), are also associated with increased
pain sensitivity and pain pathology (Dersh et al., 2001) whereas
other personality disorders associated with alcohol dependence
such as borderline personality disorder, and antisocial personality
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isorder are characterized by lower sensitivity to pain (Schmahl
t al., 2006). These contrasting relationships may  reflect diver-
ent behavioral and physiological responses that have evolved
o accommodate psychosocial challenges and their correspond-
ng influences on allostatic load and vulnerability to stress-related
isease (Korte et al., 2005). Divergent genetic, physiological, and
ehavioral stress responses are also likely to differentially interact
ith alcohol intoxication and withdrawal as well as exposure to
ainful stimulation. In addition to biological mediators, the influ-
nce of contextual risks and resources (e.g., SES, social support)
nd cognition (e.g., appraisal and coping) has been incorporated
nto recent allostasis models (Ganzel et al., 2010). These variables

ay  exert their influence by modulating stress-induced neuro-
lasticity in the amygdala, hippocampus and prefrontal cortex,
tructures implicated in pain and alcohol dependence (Davidson
nd McEwen, 2012). It is important, therefore, that research on
he alcohol–pain relationship consider the moderating influences
f personality, social context and cognitive style. In this light, inter-
ersonal resources were found to moderate the effects of painful
edical conditions on drinking frequency (Brennan et al., 2011).
As discussed in Ilgen et al. (2010),  the co-occurrence of pain and

lcohol dependence may  be explained by a number of hypothe-
es including: (a) alcohol use to alleviate sensory aspects of pain
self-medication), (b) activation of underlying predispositions for
lcohol dependence by stress created by chronic pain (stress-
iathesis), (c) underlying risk factors common to both pain and
lcohol use disorders, and (d) development of pain conditions as
he result of injuries incurred while intoxicated. Temporal onsets
f pain and alcohol use disorders consistent with each of these
ypotheses have been reported in the literature making it unlikely
hat a single comorbidity hypothesis applies to all individuals.
or example, consistent with self-medication and stress-diathesis
ccounts, some find that chronic pain increases subsequent risk for
lcohol drinking problems or the onset of a new substance use dis-
rder (Brown et al., 1996; Larson et al., 2007). Others report that
lcohol and substance use disorders precede the onset of chronic
ain conditions (e.g., Dersh et al., 2007), a sequence that is con-
istent with the typical age of onset of the two conditions in the
eneral population.

By stipulating that the allostatic state arising through actions
y alcohol, trauma (stress) or injury does not depend on
he temporal sequence of exposure (i.e., the insults are func-
ionally substitutable) our model is compatible with many
ypotheses. Nevertheless, laboratory studies suggest that the pres-
nce of hyperkatifeia and enhanced responsiveness to painful
timulation may  not always be sufficient to increase alcohol
rinking. For example, early animal studies on the relationship
etween alcohol dependence and withdrawal and subsequent self-
dministration generally yielded equivocal findings most likely
ecause reinforcing effects of alcohol were not established prior to
ependence induction (see Heilig et al., 2010; Roberts et al., 2000).
lcohol use (quantity and frequency) and withdrawal history is pre-
icted to be an important determinant of whether allostatic-like
egative emotional states induced by chronic pain or stress affect
rinking and contribute to the development and maintenance of
lcohol dependence.

The model presented here raises important considerations
or future studies of the pain–alcohol relationship in clinical
opulations. First, we suggest that valid measures of relevant
llostatic-like negative emotional states such as exaggerated brain
esponses to negative affective stimuli (Gilman and Hommer, 2008)
e developed and implemented. Although positive associations

etween chronic pain and substance use disorders have been
eported in the absence of mood and anxiety disorders (Ilgen
t al., 2010)—a finding seemingly at odds with our hypothesis—we
ropose that hyperkatifeia, rather than full blown affective
oral Reviews 36 (2012) 2179–2192 2187

disorder, is the common antecedent and phenotype associated with
pain disorders and alcohol dependence. In addition, comprehen-
sive measures of past alcohol use patterns, including quantity and
frequency measures and measures of withdrawal experiences, will
enhance interpretation of temporal onset studies.

Finally, an enormous wealth of evidence has pointed to a
substantial overlap in the biobehavioral mechanisms underlying
alcohol and opioid dependence that may closely relate to a com-
mon  dysregulation of pain signaling. Opioids and alcohol activate
similar neuronal circuitry (Koob and Bloom, 1988; Herz, 1997;
Siggins et al., 2003; Modesto-Lowe and Fritz, 2005; Gianoulakis,
2009), and also share a close similarity with regard to withdrawal
symptomatology (West and Gossop, 1994) including mechanical
hypersensitivity in animal models of alcohol and opioid depend-
ence (e.g., Edwards et al., 2012). Indeed, mice that display an alcohol
deprivation effect (increased drinking levels as a consequence of
withdrawal) also display greater hyperalgesia during concomitant
morphine withdrawal (Salimov et al., 1993). For the past several
decades, clinicians have been required to balance the use of highly
effective pain-relieving opioid medications with their potential
for generating a paradoxical hyperalgesia (Simonnet and Rivat,
2003; Angst and Clark, 2006) and a transition to dependence in
susceptible individuals (Fishbain et al., 2008; Turk et al., 2008).
The rise in prescription opioid dependence (Maxwell, 2011) fur-
ther suggests a link between pain modulation and addiction. Ren
et al. (2009) found that a hyperalgesic state can persist for up to
five months in abstinent opioid addicts, while addicts with more
pain sensitivity also displayed greater cue-induced drug craving
at this time point. Given that chronic pain is well known to cause
both emotional distress and produce a sustained negative emo-
tional state (King et al., 2009), both alcohol- and opioid-induced
hyperalgesia may  constitute conditions intimately associated with
the transition to drug dependence by facilitating negative rein-
forcement processes. Consequently, abstinent individuals with a
history of opioid or alcohol dependence may  be susceptible to
cross-sensitization mechanisms driving relapse to continued use
of either drug. In contrast to animals made dependent on heroin
or ethanol, a development of mechanical hyperalgesia was not
observed in rats that displayed escalated cocaine intake (Edwards
et al., 2012). Furthermore, a recent study found that induction
of a chronic pain-like state induced by spinal nerve ligation was
able to block morphine-induced, but not cocaine-induced, poten-
tiation of rewarding electrical brain stimulation (Ewan and Martin,
2011), suggesting a lack of association between exaggerated noci-
ception and cocaine reward. Investigations into the differential
ability of abused substances to interact with nociceptive signaling
will enhance our knowledge of the precise mechanisms underly-
ing the intersection of pain signaling and the potential transition
to addicted states.

8. Remaining questions

Our model raises additional questions centered on three funda-
mental issues: (1) What is the spectrum of sensory and affective
pain responses associated with alcohol dependence, stress-related
affective disorders, and chronic pain disorders? (2) What func-
tional neuroanatomical and neurochemical changes of circuitry
are mutually affected by alcohol intoxication and withdrawal,
trauma and other stressors, and injury and other insults leading
to hyperalgesia and hyperkatifeia; (3) What are the structural and
functional mechanisms of allostatic dysregulation in these circuits

associated with alcohol exposure and withdrawal, stress, and pain-
inducing injuries. Regarding the first issue, in addition to functional
neuroimaging approaches in humans (Tracey, 2011), animal mod-
els continue to be developed to measure a broad range of pain
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esponses (Mogil, 2009). Important to our hypothesis, models pur-
orting to measure cognitive and affective aspects of pain would be
seful including paradigms measuring effects of fear- or anxiety-

nducing stimuli on reflexive pain measures as well as conditioned
esponses to painful stimuli. The second issue involves whether
euroanatomical substrates mutually affecting alcohol depend-
nce and pain are shared regions of interest or truly represent
verlapping neural circuits. Studies using neuroimaging techniques
o identify patterns of neural activation associated with chronic
ain conditions and alcohol dependence are needed in addition to
nimal studies measuring the effects of experimental manipulation
f brain pathways on pain and alcohol response measures in the
ame subjects. Finally, we suggested that alcohol intoxication and
ithdrawal, stress, and some forms of neuronal injury may  be func-

ionally substitutable in terms of their effects on pain and alcohol
elated measures, possibly through distinct mechanisms, because
hey accelerate allostatic load in systems relevant to emotional
nd affective pain. An important implication of this hypothesis is
hat identifying neuropathology engendering elevated sensitivity
o sensory and affective pain and the full spectrum of interac-
ions with disease specific mechanisms may  be a critical step in
he prevention and treatment of alcohol dependence and diverse,
omorbid conditions arising from aberrant pain transmission.
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