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While chronic pain is considered by some to be a CNS disease, little is understood about underlying neuro-
biological mechanisms. Addiction models have heuristic value in this regard, because both pain and addic-
tive disorders are characterized by impaired hedonic capacity, compulsive drug seeking, and high stress. In
drug addiction such symptomatology has been attributed to reward deficiency, impaired inhibitory control,
incentive sensitization, aberrant learning, and anti-reward allostatic neuroadaptations. Here we propose that
similar neuroadaptations exist in chronic pain patients.
Epidemiological and Clinical Context
Pain is critical for the survival of organisms. It is also, especially

when chronic, a reason the lives of so many people become un-

bearable. In addition to immeasurable suffering, chronic pain re-

mains one the most challenging problems faced by clinicians

and health care policy makers by afflicting more than 120 million

Americans and costing an estimated $600 billion annually

(Gaskin and Richard, 2012; Nahin, 2015) due to loss of produc-

tivity, medical expenses, and long-term disability (Institute of

Medicine, 2011). The following facts call for novel insights in-

forming better prevention, diagnosis, and management of

chronic pain patients. First, the preceding numbers are rising

steadily (Freburger et al., 2009), notwithstanding the overall

improving standard of health care. Second, the currently avail-

able analgesics, including opioids, are inefficient in about 70%

of patients in pooled analyses of placebo-controlled trials (Gilron

et al., 2005). Finally, even though CNS involvement in pain is well

recognized and encoded in the International Association for the

Study of Pain (IASP) definition as ‘‘emotional experience associ-

ated with actual or potential tissue damage’’ (Merskey and

Boduk, 1994), there is still a black box between advances in

the understanding of clinical symptomatology and effective anal-

gesic strategies, along with basic mechanisms.

Pain and Reward
Sensory abnormalities are commonly understood to be central

features of chronic pain. Here, however, pain is postulated to

be a disorder of reward function. This is a time-honored perspec-

tive. Formulated around the 6th–5th century BCE by Anax-

imander, Heraclitus, and Pythagoras and refined about 2,500

years later by Fichte and Hegel, unity of opposites is a core tenet

of dialectic philosophy, analogous to the yin and yang laws of na-

ture that have been steering traditional Chinese healing practices

for more than 3 millennia. Dostoevsky and Nietzsche expanded

this concept to the holistic and indivisible pain-pleasure amal-

gamation, while Spinoza upheld the pain-pleasure continuum

by designating them opposite anchors of the perfection scale.
Despite being one of many legitimate ways in which pain might

be operationalized, this approach has several advantages. First,

the concepts of reward and motivation rest on a firm body of

basic and clinical research. Second, their activities are regulated

in accordance with homeostatic principles maintaining stability

in response to environmental challenges. Third, avoiding pain

and seeking pleasure are linked to opposing defense or avoid-

ance versus approach motivational drives that shape the

behavior of humans and other species. Fourth, pain relation to

reward has been extensively documented.

Key Terms
Reward is defined as an integrated set of hedonic (i.e., pleasur-

able) and motivational processes occurring at both conscious

and unconscious levels and eliciting cognitive and behavioral re-

sponses (Berridge and Robinson, 2003). In contrast, pleasure

encompasses a variety of positive affective states, supporting

gratification of immediate needs (e.g., food, water, and sex),

along with social behaviors (e.g., attachments, community affili-

ation, and pursuit of excellence). Still, pleasure is distinct from

euphoria, which is a more specific affective state of well-being,

self-confidence, and sociability. Motivation refers to conscious

and unconscious psychological constructs that normatively

link biological, emotional, social, or cognitive needs with behav-

iors aimed at their fulfillment while optimizing pleasure and

avoiding harm.

Stress is implicated across the entire spectrum of painful phe-

nomena, be it chronic back pain (Vachon-Presseau et al., 2013),

migraine (Hedborg et al., 2011), or fibromyalgia (Van Houden-

hove and Luyten, 2006). Chronic pain may be viewed as a self-

amplifying stressor that contributes to the allostatic load

(described later) by impairing sleep and autonomic function, as

well as by promoting systemic inflammation (Borsook et al.,

2012). These may be worsened by ongoing psychosocial prob-

lems, including fear (De Peuter et al., 2011), catastrophizing

(Quartana et al., 2009), and depression (Fishbain et al., 1997),

on top of social, employment, or financial concerns. In
Neuron 89, January 6, 2016 ª2016 Elsevier Inc. 11

mailto:igor.elman@wright.edu
http://dx.doi.org/10.1016/j.neuron.2015.11.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2015.11.027&domain=pdf


Neuron

Perspective
consequence, stress denotes a broad entity that is addressed

here from cognitive, emotional, endocrine, psychopathological,

molecular, and neurobiological standpoints.

Outline
Addiction serves as a comparison framework for understanding

pain because of its distinctive disruptions of hedonic homeosta-

sis. This comparison is taken as a basis for the hypothesis on the

role of early-onset pain-induced neuroadaptations in the patho-

genesis of chronic pain syndromes. To that end, we integrate

prevailing and complementary theories on the nature of addic-

tion. We also argue that dimensional and interactive measures,

rather than a categorical adherence to a single theoretical frame-

work, are essential for a comprehensive clinical and scientific

formulation of the complex biopsychosocial pain phenomena.

Thus, in addition to a general introduction of the paper’s main

themes, we have provided the epidemiological and clinical

context of the discussed entities and defined the key terms.

The next section summarizes the current understanding of

neurobiology of pain as it is involved in sensory, emotional,

and reward function. The Reward and Addiction sections pertain

to the prevailing models of reward and addiction, respectively.

Homeostatic concepts are used here to illustrate normative he-

donic function and to compare it to the allostatic load underlying

chronic pain as discussed in the next section, which is the main

portion of the paper. In the Therapeutic Considerations section,

specific evidence for testable hypotheses on psychotherapeutic

and psychopharmacological interventions is deliberated. The

final section presents a summary and conclusions.

Pain Is a Complex Biopsychosocial Entity
Chronic Pain: Involvement of the CNS

Acute pain is essential for survival, because it calls for immediate

action by retreating from the harmful factor or by preventing mo-

tion to promote healing. Acute nociceptive pain, caused by the

activation of nociceptors, is a symptomof the underlyingmedical

condition that tends to parallel its severity and to end with the

disappearance of the primary cause (e.g., damaged and subse-

quently healed tissue).

This is not so for chronic pain, which per the current IASP defi-

nition lasts for more than 3 months and has no survival value

(Kehlet et al., 2006). The transition from acute to chronic pain

is not fully defined (Katz and Seltzer, 2009). It involves both spinal

cord and brain alterations at numerous levels that were recently

defined as the dynamic pain connectome (Kucyi and Davis,

2015). The symptoms may manifest in spontaneous pain or in

exaggerated responses to painful (hyperalgesia) and normally

non-painful (allodynia) stimuli, in combination with negative af-

fective and cognitive states and a persistent desire to eliminate

pain via behavioral or pharmacologic measures (Apkarian

et al., 2009). Chronic neuropathic pain is caused by damage to

the nervous system or by inadequately treated nociceptive

pain (Apkarian et al., 2009). The demarcation of nociceptive

and neuropathic types of painmay be blurred, however, because

both are associated with sensitization of the peripheral and/or

central neurons due to their recurring, forceful, and sustained

stimulation by reason of tissue damage with ensuing release of

toxic and inflammatory compounds. Whereas mixed pain condi-
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tions (both nociceptive and neuropathic) are quite common

(Blond et al., 2015), it is important to segregate them, because

the latter component does not respond well to conventional

analgesic therapy (Gilron et al., 2005), presumably due to alter-

ations of the CNS (Borsook et al., 2013).

Classification of Pain

In addition to the acute or chronic and nociceptive or neuro-

pathic dichotomization, pain can be characterized based on its

peripheral source, pathophysiology, nociceptive quality, loca-

tion, distribution, or intensity (Table 1). All of these characteriza-

tions share the aversive component and are modulated by

numerous factors, including genes, gender, cognitive interpreta-

tion, emotional or motivational context, neuropsychopathology,

concentrations of endorphins, and other hormones, as well as

cultural, social, and religious milieu (Institute of Medicine, 2011).

Hence, an attempt to understand pain faces an initial major

question: How should one define and operationalize this hack-

neyed concept that has been given nearly as many definitions

as there are treatises that have dealt with it? ‘‘Pain’’ may be

used to describe phenomena ranging from the emotional

consternation experienced by a rejected lover, i.e., psychache

(Shneidman, 1998), to biological changes occurring in a

wounded soldier pinned down by enemy fire. One meaningful

classification is linked to syndromes with and without obvious

medical etiology (Table 1), e.g., pain caused bymechanical, ther-

mal, chemical, ischemic, inflammatory, or oncogenic tissue

injury versus pain that is functional (i.e., biological function is

affected by emotional factors) or psychogenic (without identifi-

able biological factors).

Neurocircuitry of Pain

Biological pain domain comprises the neural sensory apparatus,

viz., nociceptors, afferent neurons (converging at the spinal

cord’s dorsal root ganglia) with their prolongation in afferent spi-

nal and brainstem pathways (e.g., the lateral spinothalamic tract)

and projections to the brain regions that include the thalamus,

nucleus accumbens (NAc), and amygdala (Figure 1). Before

interpretation by the primary and secondary somatosensory

cortices, nociceptive signals may be inhibited or amplified (Eip-

pert et al., 2009; Fields, 2004). This generates respective

placebo or nocebo effects at the dorsal horn level by way of

the descending modulation system that integrates internal

body and environmental information with pain-related affective

states and behaviors. Higher-level brain regions (e.g., the cingu-

late gyrus and insular cortex) are involved in themodulatory influ-

ences through connections to the brain stem nuclei, such as the

periaqueductal gray matter (PAG; Lau and Vaughan, 2014). The

same limbic structures, alongside the reticular formation nuclei

(arousal), superior colliculus (motoric orientation), parabrachial

nucleus, and hypothalamus (autonomic processes and neuroen-

docrine stress-like output), receive pain-related input from the

medial spinothalamic tract via the medial thalamic and brain

stem nuclei. They then mediate emotional, motivational, and

cognitive aspects, including subjective averseness, and prompt

defensive responses, salience, and fear. The prefrontal cortex

(PFC) is entrusted with the pain’s conscious appraisal, enhance-

ment, and suppression, as well as with planning, learning, and

contextualizing (Freund et al., 2007). Taken together, the preced-

ing characteristics indicate that biological, psychosocial, and



Table 1. Methods of Pain Classification

Etiology Characteristic Types

Obvious medical duration acute and chronic

continuous and episodic

pathophysiology nociceptive and neuropathic

physiological and pathological

cancer and non-cancer

source peripheral type of tissue (e.g., muscle, skeleton, blood vessels, or

peripheral nerves) or location (e.g., back, head, or

abdomen)

CNS immune, degenerative, or trauma (e.g., thalamic pain

syndrome)

type of injury mechanical, thermal, chemical, ischemic, inflammatory, oncogenic, etc.

nociceptive quality (type of fibers) burning, throbbing, or stabbing

distribution diffused, focused, or referred

intensity mild, moderate, severe, or excruciating

Unobvious medical functional reward or motivational aberrations as the primary etiology for impaired

biological function, e.g., headaches or cardiac ischemia due to blood

vessels constriction in the context of stress or other negative affective

states

psychogenic reward or motivational aberrations as the primary etiology for pain without

identifiable impaired biological function, e.g., fibromyalgia, irritable bowel

syndrome, vulvodynia, temporomandibular disorders, or somatic

symptom disorder with predominant pain
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behavioral manifestations of pain represent an inseparable and

overlapping continuum. This continuum affects pain at both

the spinal cord level, via nociceptive signal transduction, and

the level of the brain circuits mediating reward, motivation, and

cognition, via expectancy, interpretation, and emotional

coloring.

A link between ‘‘unpleasant sensory and emotional experi-

ence’’ (Merskey and Boduk, 1994) of pain and gloomy perspec-

tives forms the attitude of misery and suffering that is reinforced

by pain behavior (e.g., facial expressions, stereotypic actions,

and complaining). The assumed sick role with consequent sec-

ondary gains (e.g., attention, pity, and exemption from routine

chores) eventually evolves in susceptible individuals into preoc-

cupation and compulsive seeking of pain relief that inevitably

engulfs significant others, colleagues, andmembers of the treat-

ment team. Emotional pain is inherent in social setbacks and

losses stemming from dysfunctional communication styles.

Contrary to the schematic overview (Figure 2), in real life, it

may be difficult to specifically account for each of the displayed

components, because pain can be solely derived from emotional

or social sources in the absence of nociception that may not pro-

duce pain (Navratilova and Porreca, 2014). In the words of Wil-

liam Styron (1989): ‘‘the gray drizzle of horror induced by depres-

sion takes on the quality of physical pain. It is also stated in ‘‘a

forgotten poem.entitled ‘The Author’s Abstract of Melancholy’;

or, ‘A Dialogue between Pleasure and Pain.’ Here pain is melan-

choly’’ (Burton, 2001).

Chronic pain is not a unitary problem mediated by an isolated

mechanism or a neurotransmitter. On the contrary, this hierarchi-

cal, multidimensional entity, which is frequently devoid of recog-

nizable nociceptive input (Baliki et al., 2010), represents integra-
tion of higher-order emotional and motivational functions and,

derived from them, lower-order cognitive, behavioral, and social

manifestations. Each of these plays a specific role within an

extensive biopsychosocial system of chronic pain. It is therefore

useful to segregate this multidimensional system into domains

based on the underlying circuitry or function comparably to the

Research Domain Criteria (RDoC): explicitly, positive valence,

negative valence, cognition, social processing, and arousal

(Cuthbert, 2015). Addressing each domain separately (e.g.,

reward and hedonic homeostasis, as discussed in the sections

that follow) may provide a sound footing for understanding po-

tential interactions among domains and their roles in the pheno-

typic expression of pain.

Reward
Neurobiology of Reward

The neurobiology of reward has been reviewed in detail else-

where (Elman et al., 2006), but some elements are briefly pre-

sented here. Dopamine neurons in the ventral tegmental area

(VTA) and their projections into the NAc, along with the

striato-nigro-striatal circuit linking the NAc shell to the dorsal

striatum, constitute the critical element of the brain reward

and reinforcement circuitry. Dopamine level increase in the

NAc is a common element of natural reward, as well as of drugs

of abuse. The physiological and pathophysiological signifi-

cance of this occurrence remains a subject of complementary

hypotheses, including subjective pleasure or high (reward)

sought by drug users. Others include motivation, salience,

conditioned learning of stimulus-reward association (Gardner,

2011; Koob and Volkow, 2010), analgesia (Xie et al., 2014), de-

scending CNS modulation of nociceptive peripheral stimuli
Neuron 89, January 6, 2016 ª2016 Elsevier Inc. 13



Figure 1. Putative Model of the Integrated and Reciprocally Coordinated Pain and Analgesia Systems Determining Net Pain Perception
Peripheral noxious stimuli are detected by nociceptors and propagated along primary afferent neurons to converge at the level of the dorsal root ganglion
(DRG). The DRG is the origin of the spinothalamic tract relaying the nociceptive sensory information to the primary and secondary somatosensory cortices (S1,2)
via excitatory neurotransmission (e.g., glutamate and substance P). The flow of painful stimuli is diminished or amplified at the DRG level by the pain modulatory
system composed of the dynamically communicating cortico-limbic structures and brain stem nuclei. Nociceptive stimuli are interpreted at the level of the
cortico-limbic structures and, based on survival needs and other modulating variables, may activate the endogenous analgesia system, releasing opiates,
serotonin (5-hydroxytryptamine), GABA, or norepinephrine suppressing the DRG nociceptive signals. The periaqueductal gray matter (PAG) integrates noci-
ceptive data arriving from the ascending pain pathways—with an extensive contribution from the superior cortical and subcortical structures, including the
medial prefrontal cortex (mPFC), amygdala (AMY), thalamus (THAL), nucleus accumbens (NAc), hypothalamus (HT), insula (INS), and habenula (HB)—to
regulate the descending pain modulation system by the inferior brain stem nuclei, including the nucleus tractus solitarius, parabrachial nucleus, locus coeruleus
(LC), and raphe nuclei (RN). The HB modulates pain intensity, aversion, and motor responses and is part of the anti-reward system that becomes activated with
exposure to negative reinforcers (i.e., aversive stimuli). This is in contrast to the NAc, which is part of the reward system that becomes activated by positive
reinforcers (i.e., reward). The hedonic value attributed by the AMY to a particular event weakens or strengthens particular memories stored in the hippocampus
(HIPP).
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(Elman et al., 2013), and discrepancy between stimuli actual

and anticipated value, i.e., prediction error (Knutson and

Cooper, 2005).

The VTA to the NAc pathway’s activity is modulated by other

cortical and subcortical structures, including those involved in

pain, stress, emotions, mood, memory, and arousal (Hikosaka

et al., 2008). Thus, the medial prefrontal cortex (mPFC),

composed of the cingulate gyrus and orbitofrontal cortex, is

involved in the coding of prediction error. Other key mPFC func-

tions include integration of peripheral and environmental stimuli

for exercising cognitive control over drives and emotions (Gold-

stein and Volkow, 2002) and for performing (in conjunction with

more lateral cortical areas) contextual framing of time. This is

done by discounting reward valuation proportionally to the pre-

dicted postponement in its delivery (i.e., delay discounting; Knut-

son and Cooper, 2005). The amygdala is also involved in reward

(Janak and Tye, 2015) by processing both positive and negative
14 Neuron 89, January 6, 2016 ª2016 Elsevier Inc.
reinforcement, in conjunction with the associations among

arousing, sensory, and emotional stimuli properties (Janak and

Tye, 2015).

Opioid neurotransmission within the scattered network of

subcortical (e.g., NAc, VTA, ventral pallidum, and hypothala-

mus) and brain stem (e.g., PAG) nuclei is another fundamental

reward component (Leknes and Tracey, 2008). In addition to

facilitating dopamine release in the NAc, both endogenous

and exogenous opioids encode valence that is consciously in-

terpreted along the continuum of pleasure to aversion in the

mPFC (Berridge and Kringelbach, 2015). Such opioids’ actions

are determined by the type of receptors that are activated. The

m and d or k opioid receptors, respectively, facilitate or sup-

press dopamine release while mediating pleasurable and aver-

sive (e.g., dysphoria, irritability, and physical and emotional

pain) effects (Wise and Koob, 2014). Another key functional

reciprocity is between mesolimbic and habenula neurons



Figure 2. Typical Evolution of a Chronic Pain Syndrome
Tissue or nerve damage is detected by nociceptors. The flow of nociceptive information is amplified or diminished at the level of the spinal cord’s dorsal horn
(Eippert et al., 2009) by descending modulation from higher centers before interpretation as acute pain in the cortical and subcortical areas (Tracey, 2010). The
figure depicts the transition from tissue or nerve damage, detected by nociceptors, to dysregulation of homeostatic reward processes leading to impairments in
sensory, psychological, behavioral, and social functions.
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(Elman et al., 2013). The latter increase their firing when an ex-

pected reward does not materialize to predictors of reward and

decrease their firing when an expected reward does occur.

Thus, the habenula (with input from the limbic system struc-

tures and the basal ganglia) provides an inhibitory tone to the

mPFC and the NAc dopaminergic neurons through the interpe-

duncular and the rostromedial tegmental projections and turns

off reward function during conditions of stress and pain (Lee

and Goto, 2011). Other major neurotransmitter systems

contributing to aversive states, including serotonin (Kalén

et al., 1989), norepinephrine, and acetylcholine (Lecourtier

and Kelly, 2007), are regulated by the habenula via, respec-

tively, the raphe nuclei, locus coeruleus, and nucleus of Mey-

nert. Reward function is also inhibited by the g-aminobutyric

acid (GABA) neurons extending from the NAc back to the

VTA, the glutamatergic neurons extending from the mPFC

and stria terminalis to the VTA and from the hippocampus to

the NAc (Kalant, 2010), and the orexinergic pathways (Elman

et al., 2006).

Hedonic Homeostasis

The body caloric and water content balances are maintained via

tightly synchronized homeostatic processes. Therefore, a

compelling a fortiori argument could be that the reward or moti-
vation circuitry promoting behaviors necessary for survival,

including eating and drinking, is also subject to homeostatic con-

trol (Elman et al., 2006). The major interface among homeostatic,

motivational or emotional, and motor components is located

within the lateral hypothalamus (LH). This brain region is involved

in reinforcement and is interconnected with the major hypotha-

lamic nuclei, implicated in the metabolic sensing, and with the

brain stem nuclei, which mediate eating-related motor function

and autonomic activity (Elman et al., 2006). The LH is also

involved in pain through sensory mechanisms (Ezzatpanah

et al., 2015) and learning mechanisms (Berthoud and Münzberg,

2011). Reward homeostat (i.e., hedonostat), located within the

NAc, compares dopamine concentrations perturbed by propo-

nent stimuli’s primary emotional and motivational qualities—be

they aversive, appetitive, pleasant, or unpleasant—with a set

point for responding, as determined by integrated input from

the LH, PFC, amygdala, habenula, insula, and other regulators

(Figure 3). The negative feedback loop is closed. Deviations

from such a set point are buffered by the opponent (i.e., opposite

the original changes) hedonostat’s effectors that readjust dopa-

mine synthesis, its release, and signaling to the preperturbation

level, in conjunction with emotional or motivational states driving

approach or avoidance behaviors.
Neuron 89, January 6, 2016 ª2016 Elsevier Inc. 15



Figure 3. Schematic Overview of the Hedonostatic System of Emotions and Motivations
Anatomic and neurochemical regulators, i.e., the prefrontal cortex (PFC), exert top-down control for bottom-up dopamine (DA) signals coming from the medial
forebrain bundle connecting the ventral tegmental area to the nucleus accumbens (NAc) in response to natural and pharmacological reward. The integrated
information is compared to the regulated set point determined by the PFC, along with the amygdala, hypothalamus, habenula, and insula, and is modulated by
countless variables (stress, drugs, metabolism, social attachments, societal taboos and prohibitions, and neuropsychopathology). In a case of discrepancy, DA
changes are opposed via an opponent negative feedback loop by regulating within the DAergic system and between the system’s effectors; all contribute to
emotional or motivational states with resultant drives to seek pleasure and avoid aversion. Robust and sustained increases in DAergic trafficking induced by
addictive substances or pain override homeostatic feedback control to generate excess- and deficit-type allostatic neuroadaptations of reward or motivational
circuitry that is unchecked by physiological negative feedback mechanisms. Ach, acetylcholine; CCK, cholecystokinin; CRF, corticotropin-releasing factor; EPI,
epinephrine; GABA, g-aminobutyric acid; NE, norepinephrine.
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Addiction
Addiction Is an Allostatic State

The well-orchestrated homeostatic opponent machinery

(Figure 3) is infallible in the maintenance of reward equilibrium

and for the stabilization of emotional states and motivational

drives in the course of routine life events (Solomon and Corbit,

1974). However, robust and sustained increases in dopami-

nergic trafficking induced by addictive substances override

homeostatic feedback control to generate allostatic neuroadap-

tations of reward or motivational circuitry that is unchecked by

physiological negative feedback mechanisms (Figure 4).

Integration of Prevailing Theories on Addiction

Types of the interaction (i.e., competitive, additive, or synergis-

tic), along with the nature of the neuroadaptations (e.g., reward
16 Neuron 89, January 6, 2016 ª2016 Elsevier Inc.
deficiency, incentive sensitization, aberrant learning, or anti-

reward, as explained later) and modulating variables (e.g.,

stress, pain, metabolism, and preexisting neuropsychopathol-

ogy), determine the overall deficient or excessive (i.e., sensitized)

directionality of the reward or motivational dysfunction (Table 2).

Competition may be themost visible interaction, because addic-

tive substances initially activate dopaminergic neurotransmis-

sion but over time produce the opposite within system adapta-

tion. This is characterized by hypofunctionality of the brain

circuits mediating reward and motivation and clinically notice-

able as diminution of drives and capacity to experience pleasure

(Volkow et al., 2005), viz., reward deficiency syndrome (Blum

et al., 1996). In the reversed order, the deficient resting state in

tonic dopaminergic neurotransmission in the NAc and PFC



Figure 4. Schematic Overview Integrating
Incentive Sensitization, Aberrant Learning,
Impaired Inhibitory Control, Opponent and
Anti-reward Addiction Theories
The circumference represents the spiraling
distress cycle (Koob and Le Moal, 2001), whereby
addictive drug consumption produces allostatic
load in the form of reward deficiency and anti-
reward aversive emotional states, leading to
further drug consumption. This provides momen-
tary relief but eventually increases averseness and
craving, contributes to progressive worsening of
the clinical condition, and evolves to bona fide
addiction. + represents stimulation, and � repre-
sents inhibition. BLA, basolateral amygdala;
BNST, bed nucleus of the stria terminalis; CREB,
cAMP response element binding protein; CRF,
corticotropin-releasing factor; DA, dopamine; DS,
dorsal striatum; GLU, glutamate; LT, lateral
tegmentum; LTD, long-term depression; LTP,
long-term potentiation; mPFC, medial prefrontal
cortex; NE, norepinephrine; DFosB, truncated
splice variant of a protein encoded by the fosB
gene; VS, ventral striatum.
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sets in motion robust augmentation of phasic dopamine re-

sponses to drugs and, via conditioning, to drug-related cues

(Volkow et al., 2005). These cues are manifested in their sensi-

tized rewarding and reinforcing properties (Elman et al., 2002).

The mounting allostatic load may be added or synergized by

the anti-reward cross-sensitization process (Elman et al.,

2012). This is an autonomous, self-sustaining feedforward

loop, whereby prior exposure to one stimulus (e.g., drug) in-

creases subsequent response to itself and to a different stimulus

(e.g., another drug, stress, or pain). The causality could run in the

opposite direction so that a trivial stress instigates dopamine re-

leases, thus priming craving and further escalating the vicious

cycle of addiction. The involvement of sensitization in the patho-

physiology of addiction is a matter of consensus (e.g., drug-

induced locomotor effects). However, its varying roles and corre-

spondingly affected brain regions are defined by complementary
Neuron 8
and partially overlapping theories

addressing both within-system (dopami-

nergic) and between-system (i.e., anti-

reward) neuroadaptations.

The former type of neuroadaptation

encompasses incentive sensitization

and aberrant learning pertaining, respec-

tively, to sensitized motivational targets

(Berridge and Robinson, 2003) and to

overlearned motivational significance of

conditioned cues (Hyman, 2005).

According to incentive sensitization the-

ory derived from rodent data, drug-

induced changes in the mesolimbic

dopaminergic circuitry, including dopa-

mine terminal fields (e.g., the striatum,

amygdala, and PFC), are responsible for

assigning excessive motivational value

to a particular object relative to the

emotional experience that it evokes.
This is construed to be an animal homolog of human craving

(Berridge and Robinson, 2003).

A closely related learning theory, surmised primarily from pri-

mate work, postulates that learning of new reward or expectancy

of old ones is encoded via interactions between tonic (baseline)

and phasic spikes in dopaminergic neurons (Volkow et al., 2005;

Schultz, 2001). Reinforcement learning directs behavioral

choices en route for obtaining reward and avoiding punishments.

Both are mediated via a series of prediction errors generated by

the contrasted values of the experienced versus the expected

stimuli and are encoded as phasic dopaminergic spikes in the

striatum and midbrain neurons (Daniel and Pollmann, 2014; Sa-

mejima et al., 2005; Schultz et al., 1997). According to the princi-

ples of Bayesian probabilistic models (Rutledge et al., 2014),

unexpected outcomes elicit prediction errors, shaping behav-

ioral choices to become proportionally matched to the rates of
9, January 6, 2016 ª2016 Elsevier Inc. 17



Table 2. Key Characteristics of the Prevailing Addiction Theories

Theory Function

Mechanism Clinical

Features

Role in

Addiction Brain Regions TypeNeural Cellular

Opponent homeostasis antagonistic

response to the

stimulus’s primary

qualities (be they

aversive, appetitive,

pleasant, or

unpleasant)

adjustments in

postsynaptic DA

receptors, DA

synthesis and

release, and

presynaptic DA

transporters

low and sluggish at

the onset; later grows

to define the intensity

and valence of the

affective and

motivational states

if fails / allostatic

load / reward

deficiency,

sensitization, and

anti-reward

not well defined:

there are states that

‘‘have little or no

opponent process’’

(Solomon and Corbit,

1974)

NA within system

Inhibitory control executive (salience

attribution and

processing of

contingencies and

outcomes)

hypofrontality: Y

cerebral volume,

metabolism, and

blood flow at baseline

when challenged by

cognitive tasks or

exposed to natural

reinforcers (Garavan

et al., 2000)

diminished DAergic

tone with glutamate

receptor restructuring

and corresponding Y

tonic glutamatergic

activity (Lüscher and

Malenka, 2011;

Kalivas and Volkow,

2005)

Y rational brakes on

motivational drives

Y control of drug

urges and

consumption

VTA and DAergic

terminal fields

(striatum, amygdala,

and PFC)

deficit

Cognition and

decision making

impaired cognitive

components of

motivation and act-

outcome

representations

(Robinson and

Berridge, 2003)

Y planning, problem

solving, and cognitive

flexibility

impulsivity and

irrational choices

(Heyman, 2013; Bari

and Robbins, 2013)

Reward deficiency reward repeated artificial [

DA / dysfunctional

hypo-DAergic state

DA depletion-like

state and [ CREB

emotional numbing,

anhedonia, and Y

responsivity to

natural reinforcers

negative

reinforcement:

consumption of

addictive drugs

temporarily alleviates

anhedonia

positive

reinforcement:

reward deficiency

enhances drug use

via amplification of its

rewarding and

reinforcing effects

(Elman et al., 2002)

Incentive

sensitization

motivation Pavlovian valuation

system: value is

assigned to the drug,

but the motivation to

pursue is

disproportionally

higher than that

hypo-DAergic state

/ sensitization: up-

or downregulation in

gene expression,

potentiation and

depression of

synaptic strength,

excessive (relative

to the hedonic

valuation) motivation

to pursue and

to consume

drugs

craving excess

(Continued on next page)
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Table 2. Continued

Theory Function

Mechanism Clinical

Features

Role in

Addiction Brain Regions TypeNeural Cellular

value, i.e., wanting >

liking (Robinson and

Berridge, 2003;

Rangel et al., 2008)

alterations in

neuronal signaling,

and [ DFosB

cross-sensitization

with natural reward

and stress (Robinson

and Berridge, 2003)

Aberrant learning motor habit-valuation

system: value is

assigned to the

pursuit of the drug

(based on prior

hedonic

experiences), and

drug seeking is

disconnected from its

value, i.e., must do

versus must have

(Everitt, 2014)

disregard of natural

reinforcers and of

negative

consequences

compulsivity and

automatized drug use

that are unrelated to

the overriding goal

(Wise and Koob,

2014)

cortico-striato-

thalamo-cortical

circuit

Anti-reward emotional repeated artificial [

DA / [ dynorphin,

CRF, NE, and

glutamate

[ neuronal

excitability

aversive emotional

state, anhedonia, and

profound craving

negative

reinforcement:

consumption of

addictive drugs

temporarily alleviates

anhedonia and

distress

central and BLA,

BNST, lateral

tegmental NE nuclei,

hippocampus, and

habenula

between systems

Mesolimbic system: ventral tegmental area’s (VTA’s) projections to dopamine (DA) terminal fields (NAc, mPFC, amygdala, hippocampus, and insula). Nigrostriatal system: substantia nigra DAer-

gic projections to the caudate, putamen, and globus pallidus. BLA, basolateral amygdala; BNST, bed nucleus of the stria terminalis; CREB, cAMP response element binding protein; CRF, corti-

cotropin-releasing factor; DFosB, truncated splice variant of a protein encoded by the fosB gene; NA, not applicable; NE, norepinephrine; PFC, prefrontal cortex.
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reinforcement. When full matching is attained, the outcomes are

predicted and no additional prediction error with consequential

learning is occurring. As a consequence, in the context of

learned natural reward phasic dopaminergic releases, underly-

ing prediction errors are elicited by unexpected exposure to

conditioned cues but not by rewards themselves (Huys et al.,

2014).

The matching law (Herrnstein, 1997) posits that matched rates

of the reinforced behavior are moderated by competing predic-

tion errors and their correspondingly matched behavioral out-

comes (Fernandez and McDowell, 1995; Fields, 2007; Leknes

and Tracey, 2008). These outcomes are evoked by novel

rewarding or aversive (Mirenowicz and Schultz, 1996) extra-

neous stimuli, which may be excessive, as is the case for aber-

rant learning. Drugs of abuse generate supraphysiological pre-

diction errors that underlie enhanced learning of drug cues and

their motivational significance (Schultz, 2011). Failure of such

artificial prediction errors to become extinct even in the face of

omitted reward explicates unrealistic expectations so that drugs

are constantly expected to be better than they are actually expe-

rienced (Hyman et al., 2006). In due course, addictive drugs

establish a habit-based valuation system with a gradual shift of

prediction error mediation from the ventral to dorsal striatum.

The hedonic value is consequently assigned not to the drug

per se but to the actions inherent in obtaining and consuming

it, cf., incentive sensitization conceptualization of the diminished

hedonic drug’s value relative to its motivational significance. The

resultant habitual and compulsive behavioral patterns (Volkow

et al., 2006) are undeterred by adverse outcomes (Bray et al.,

2008) and so fit the definition of insanity attributed to Albert Ein-

stein: ‘‘doing the same thing over and over again and expecting

different results.’’

In some instances, it might be possible to suggest specificity

of the incentive sensitization and aberrant learning mechanisms.

Their difference is eloquently captured in must-do versus must-

have adages (Rangel et al., 2008; Everitt, 2014). The dissocia-

bility is also supported by the preceding qualitatively different

neuroanatomical and motivational characteristics. However, a

logical alternative interpretation is that aberrant habitual learning

(Thorn et al., 2010) represents an extreme end of the incentive

sensitization continuum. Learned association is a basic tenant

of the sensitization construct: novel memories are forged among

emotions, motivations, and behaviors so that they can be re-

enacted as a rigid ensemble by a seemingly discrete stimulation

(Rome and Rome, 2000;Weiss and Post, 1994). Compatible with

the latter assumption, key molecular elements of sensitization,

namely, the transiently elevated cyclic AMP (cAMP) response

element binding protein (CREB) and the long-standing transcrip-

tion factors of a truncated splice variant of a protein encoded by

the fosB gene (DFosB; Dong and Nestler, 2014), act at the incen-

tive-, habit-, and declarative-type learning and memory struc-

tures (Koob and Volkow, 2010) of the ventral striatum (where

the NAc is located), the dorsal striatum, and the hippocampus

(Larson et al., 2010; Kandel, 2012). In this role, they alter the plas-

ticity of the existing synapses (via long-term depression and

long-term potentiation, LTD and LTP, respectively) and bolster

the creation of new synapses (via neurotrophins, e.g., the

brain-derived neurotrophic factor). CREB and DFosB roles coin-
20 Neuron 89, January 6, 2016 ª2016 Elsevier Inc.
cide with additional theoretical formulations, including reward

deficiency and excess effects promoting both negative and pos-

itive reinforcement (Koob and Volkow, 2010; Dong and Nestler,

2014). Hence, incentive sensitization and aberrant learning are

not either-or situations with positive reinforcement and sensi-

tized goal-directed motivational states extant, even in the face

of co-occurring habitual and compulsive patterns of drug taking

accompanied by reward deficiency (Koob and Volkow, 2010;

Dong and Nestler, 2014).

Still, the habitual learning system may preponderate at

advanced stages of addictive disorders because it is enabled

by between-system adaptation in the form of cue-induced

mPFC’s phasic glutamatergic output to the already-hypofunc-

tional NAc (Kalivas and Volkow, 2005). The ensuing supple-

mental decrease in dopaminergic production, amid the devel-

oping reward deficiency state, is progressively worsened by

the release of the k opioid receptors’ agonist, dynorphin. This

is another type of between-system anti-reward neuroadaptation,

arising in conjunction with recruitment of the central amygdala

(CeA) and basolateral amygdala (BLA) nuclei, the bed nucleus

of the stria terminalis, the lateral tegmental noradrenergic nuclei

of the brain stem, the hippocampus, and the habenula. These

structures, in concert, contribute to massive outpouring of stres-

sogenic norepinephrine, corticotropin-releasing factor (CRF),

vasopressin, hypocretin, and substance P evident in stress-like

emotional states (i.e., hyperkatifeia), metaphorically termed

‘‘the dark side of addiction’’ (Koob, 2015; Koob and Le Moal,

2005).

It is difficult to reverse the ongoing spiraling distress cycle

(Goldstein and McEwen, 2002; Koob and Le Moal, 2001),

whereby addictive substances’ use via negative reinforcement

mechanisms provides only momentary relief of reward defi-

ciency and anti-reward symptomatology even as it amplifies

substances’ rewarding and reinforcing properties via positive

reinforcement mechanisms (Elman et al., 2002; Tremblay et al.,

2005). Both mechanisms, alongside incentive sensitization and

aberrant learning, lead to unrelenting deterioration in emotional

and behavioral problems and drive further consumption that

eventually transitions from excessive drugging and drinking to

bona fide addiction (Figure 4).

In sum, emotions and motivations are essential to adjusting to

ever-changing environmental demands. Hedonic homeostasis

buffers extreme fluctuations to assure continuous affective sta-

bility. Pathophysiological neuroadaptations engendered by

addictive substances override homeostatic control. This results

in both deficit- and excess-type alterations in reward or rein-

forcement and in stress systems underlying the multifaceted

syndrome of addiction.

Harnessing Addiction Neurobiology for Understanding
of Chronic Pain
Clinical and Neurobiological Similarities between

Chronic Pain and Addiction

Presently, no clinical studies directly link chronic pain and addic-

tion neurobiology. However, a cumulative body of evidence

(discussed later) suggests two ideas. First, there is substantial

overlap (Leknes and Tracey, 2008), but not identity (Schultz,

2013), between brain regions that are engaged by ongoing
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pain (Becerra et al., 2001; Scott et al., 2006), its onset (Baliki

et al., 2010; Becerra and Borsook, 2008), its offset (Becerra

and Borsook, 2008; De Felice et al., 2013), addictive drugs

(Koob and Volkow, 2010), and analgesic drugs (Petrovic et al.,

2002; Becerra et al., 2006). Second, proclivity for addictive

behavior is ingrained in pain neuropathology because of neural

changes that are comparable to long-term substance abuse

even in the absence of prior drug consumption. The adaptation

of these ideas lends strength to the subsequently discussed

proposition that pain and addiction may be explained by recur-

sive, partly shared neural systems.

Both types of stimuli are associated with massive dopami-

nergic surges in reward, motivation, and learning centers, albeit

not entirely on the same timescale (Schultz, 2007; Becerra et al.,

2013). By their chronic nature, this leads to pervasive effects

(e.g., aversion and distress) with consequent rigidly focused

motivational states, e.g., craving, or its pathophysiologic ana-

logs of irresistible urges to seek and consume analgesic drugs,

and catastrophizing (Elman et al., 2011). Moreover, placebo

and nocebo effects are enhanced and diminished, respectively,

by opioidergic and mesolimbic dopaminergic activity (Scott

et al., 2008; Tracey, 2010; Peciña and Zubieta, 2015). In this re-

gard, akin to behavioral and chemical addictions (Everitt, 2014),

pain chronicity lacking discernible nociceptive input (e.g., fibro-

myalgia or somatic symptom disorder with predominant pain)

may be attributable to evolutionary embedding within the neural

network. Such embedding is responsible for repetitious actions

essential for the existence of individuals and species via pursuit

of food, water, and sex, as well as via learning, decision making,

and harm avoidance.

A possible commonality area involves molecular and cellular

mechanisms underlying reward and memory processes and

relevant etiologic factors in both pain (Rahn et al., 2013; Mele-

medjian et al., 2014) and addiction (Dong and Nestler, 2014),

including LTP, LTD (Rome and Rome, 2000), and transcription

factors, e.g., CREB (Melemedjian et al., 2014) and DFosB

(Luis-Delgado et al., 2006). Illustrating these concepts are funda-

mental observations that pain releases endogenous opioids

(Bruehl et al., 2007) and, in mild-moderate intensity, may be

perceived as reinforcing (Spealman and Kelleher, 1979). This is

evidenced in the administration of mild electric shocks in non-

human primates (Galbicka and Platt, 1984; Malagodi et al.,

1981) and in repetitive acts of non-suicidal self-injury in clinical

populations (Osuch et al., 2014).

Such reinforcing qualities may improve coping mechanisms

and thus be adaptive from the phylogenetic standpoint. Accord-

ingly, induction of emotional or physical pain in patients with

complicated grief and back pain, via exposure to reminders of

the deceased (O’Connor et al., 2008) or thermal pain (Baliki

et al., 2010), engages the key reward and reinforcement struc-

ture, namely the NAc (Becerra et al., 2001), echoed in a poetic

realization: ‘‘Love? What is it? Most natural painkiller’’ (Bur-

roughs, 2000). Moreover, addicted patients consistently report

emotional and physical pain symptoms arising in the context of

drug or alcohol withdrawal (Shurman et al., 2010). Meanwhile,

activation of the classic pain structure, PAG, elicits drug with-

drawal-like symptomatology (Bozarth and Wise, 1984). Such

reciprocal pain-reward interactions are exemplified by the ef-
fects of opioid medicines that provide analgesia when given at

adequate doses but worsen pain (i.e., opioid-induced hyperalge-

sia; Lee et al., 2011) and create addiction when the dosing is

either too high or too lowwith regard to the severity of the treated

pain (Elman et al., 2011).

On the clinical level, among psychiatric patients, pain syn-

dromes are most commonly diagnosed when reward alterations

are also noted, including affective disorders (Nestler and Carle-

zon, 2006), stress-related disorders (Elman et al., 2009), and

psychotic disorders (Elman et al., 2006). Furthermore, clinical

features of pain syndromes analogous to the prototype psychiat-

ric illness in which reward is implicated, namely, addiction, point

to reward or motivation system dysfunction (Table 3). The most

notable of these are the phenomena encoded in the Diagnostic

and Statistical Manual of Mental Disorders, 5th edition (DSM-5;

APA, 2013), diagnostic criteria, viz., tolerance of repeated painful

stimuli (Sprenger et al., 2011; Grau et al., 2012) and the

rewarding effect of pain termination (Baliki et al., 2010), social im-

pairments (Cassidy et al., 2003; Elman et al., 2011), and with-

drawal-like anti-reward symptomatology (e.g., hyperkatifeia;

Shurman et al., 2010). It may be impossible to find a chronic

pain patient without the presence of at least one such addic-

tion-like characteristic.

Addiction-Informed Pain Models

The motivation-decision pain theory (Fields et al., 2007) on prior-

itizing neural choices based on homeostatic or survival values

equates perceived pain to induced pain less simultaneous

reward. Perceived reward is defined by subtraction of pain

from the entire reward experience (see Figure 1 for the depiction

of how reward may affect the pain relief system). In view of this

thesis, pain and reward may be conceptualized as opponent

processes (Becker et al., 2012). Individual differences in the

NAc’s responses to monetary reward expectation explained

the variance of painmodulation by way of placebo-induced anal-

gesia. Rewards that are olfactory (Villemure et al., 2012), gusta-

tory (Lewkowski et al., 2003), auditory (Roy et al., 2008), visual

(Meagher et al., 2001), and sexual (Forsberg et al., 1987) pro-

duced an analgesic effect that involves the ventral striatum (Vil-

lemure et al., 2012). However, pain usually eclipses its opponent

effect, namely, euphoria that only becomes noticeable with the

conclusion of the proponent painful condition. However, inter-

subject variability with respect to proponent-opponent pain in-

teractions may be considerable. Therefore, a sense of pleasure

derived from the experience of pain (i.e., algophilia) is also re-

ported, and it may be a component of self-injurious behaviors

typical of patients with borderline personality disorder (Sher

and Stanley, 2008). Other observations consistent with that the-

ory include cross-cultural variability in perceived childbirth pain

(Rassin et al., 2009), as well as offset of excruciating pain from

multiple daggers and hooks deeply penetrating the body (Ko-

sambi, 1967) or from self-flagellation with chains via exhilaration

derived from being a participant in a sacred ceremony.

From the neuroadaptational perspective (summarized in Ta-

ble 4), similar to addictive substances, acute pain activates

dopamine transmission in the brain reward circuitry, including

the NAc (Scott et al., 2006; Boutelle et al., 1990), mPFC, and

amygdala (Rouwette et al., 2012). In contrast, prolonged periods

of pain increase endogenous opioidergic transmission.
Neuron 89, January 6, 2016 ª2016 Elsevier Inc. 21



Table 3. Key Clinical Characteristics of Pain and Addiction

Substance Use Disorder: DSM-5 Criterion Pain: Clinical Characteristic Neuroadaptation: Putative

Tolerance (increase in amount and decrease in

effect of)

Tolerance of pain (Sprenger et al., 2011; May et al.,

2012; Zheng et al., 2014), e.g., in athletes (Tesarz et al.,

2012) or in victims of torture (Mumenthaler, 1976); of

analgesics (Pohl and Smith, 2012); and of the

rewarding effect pain termination (Baliki et al., 2010)

may be acquired following respective exposures.

opponent process

Giving up or reducing important social, occupational,

or recreational activities

Impaired social (Cassidy et al., 2003; Froud et al.,

2014), occupational (Parthan et al., 2006), and

recreational (Pickering et al., 2001) functions are

hallmarks of chronic pain syndromes.

reward deficiency

Craving or a strong desire or urge to use a substance Heightened incentive salience is attributed to pain and

pain-related stimuli (Downar et al., 2003; Elman et al.,

2011), somotivation to escape (the source of pain) or to

seek pain relief is akin to the monofocused state of

craving aimed at reducing the discomfort of withdrawal

(Koob and Volkow, 2010).

incentive sensitization

Taking a substance in a larger amount and for longer

period than intended

Compulsive seeking of opioid drugs is driven by the

desire to ameliorate inadequately treated pain, i.e.,

pseudoaddiction (Weissman and Haddox, 1989), or to

avoid a feared opioid withdrawal, i.e., therapeutic

dependence (Portenoy and Foley, 1986).

Persistent desire or repeated unsuccessful

attempt to quit

Reinforcing qualities of acute pain are evidenced in the

administration of mild electric shocks in non-human

primates (Galbicka and Platt, 1984; Barrett and

Spealman, 1978; Malagodi et al., 1981) and in

repetitive acts of non-suicidal self-injury in clinical

populations (Osuch et al., 2014).

Chronic spontaneous pain (without nociceptive input)

or exaggerated responses to painful (hyperalgesia) and

non-painful (allodynia) stimuli occur, in combination

with negative affective states and a persistent yet

unsuccessful drive to eliminate pain via behavioral or

pharmacologic measures (Apkarian et al., 2009;

Fishbain et al., 2015).

Withdrawal symptoms Pain patients exhibit withdrawal-like symptomatology,

e.g., heightened levels of stress and arousal (e.g.,

hyperkatifeia; Shurman et al., 2010); stress also plays a

key role in exacerbations of pain symptomatology

(Finan and Smith, 2013; Lauche et al., 2013).

anti-reward

Taking a substance to relieve withdrawal Pain may be inflicted to relieve negative affective

states (Wilkinson and Goodyer, 2011).

aberrant learning

Continued use despite knowledge of adverse

consequences

Pain relief is an exhilarating experience (Becerra and

Borsook, 2008; Becerra et al., 2013; Leknes et al.,

2011). Thus, non-suicidal self-injury (Osuch et al., 2014)

may be perpetuated via backward conditioning.

Accordingly, the Merriam-Webster Dictionary and

Thesaurus defines ‘‘algophilia’’ as a morbid pleasure in

thepain either of oneself or of others,while ‘‘algolagnia’’

is defined as perversion in which pleasure and

especially sexual gratification are obtained by inflicting

or suffering pain (Merriam-Webster Online, 2015).

Acute pain in the context of chronic pain may acquire

positive reinforcing qualities (Seymour et al., 2005;

Baliki et al., 2010).

Spending much time to obtain, use, and recover Catastrophizing or exaggerated prediction error

(Sullivan et al., 2001), i.e., discrepancy between actual

and anticipated pain (Elsenbruch et al., 2012), is a

typical feature of chronic pain.

(Continued on next page)
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Table 3. Continued

Substance Use Disorder: DSM-5 Criterion Pain: Clinical Characteristic Neuroadaptation: Putative

The diagnostic criterion of excessive time and energy

devoted to pain symptoms is encoded within the DSM-

5 axis I definition of somatic symptoms disorder with

predominant pain (APA, 2013).

DSM-5, Diagnostic and Statistical Manual of Mental Disorders, 5th edition.

Neuron

Perspective
Consequences are lowered brain opioid binding potential (Maar-

rawi et al., 2007; Harris et al., 2007) and a NAc and mPFC hypo-

dopaminergic state, accompanied by reduced motivation

toward normally pleasurable stimuli, i.e., reward deficiency (Mar-

bach et al., 1983).

Dopaminergic agents improve pain symptomatology (Miley

et al., 1978) and produce analgesia (Dennis and Melzack,

1983). In contrast, inactivation of mesolimbic dopaminergic re-

gions (the striatum, substantia nigra, and VTA), e.g., with Parkin-

son’s disease (Sophie and Ford, 2012), results in excessive pain

(Saadé et al., 1997). Hypofrontality or decrease in cerebral meta-

bolism and blood flow in the mPFC and more lateral areas have

been observed in pain patients (Khan et al., 2014). This is an

example of not only the opponent process but also the impair-

ment of inhibitory control, corresponding to impulsive and reck-

less behavior combinedwith faulty decision-making and learning

processes (Becker et al., 2011; Berger et al., 2014).

As discussed earlier, incentive sensitization theories integrate

neurobiological and psychological aspects of motivation by dis-

tinguishing coremotivational and emotional components of pain.

The former is defined by the extent to which pain and its relief are

unwanted or anticipated, e.g., nocebo pain (Tracey, 2010) or pla-

cebo analgesia (Wager et al., 2004), whereas the latter refers to

the subjective aversive pain experience (Becker et al., 2012).

Psychological aspects of such undesirability and subjective

valuation are mediated via distinct neurobiological pathways,

which play different roles within themotivational and reward sys-

tems. The mesolimbic dopaminergic pathways, defining the

motivational value of a particular object beyond the emotional

experience it evokes, are involved in the incentive salience of

pain (Baliki et al., 2010) and in the expectation of its relief, i.e.,

placebo analgesia (Eippert et al., 2009; Fields, 2004).

The tonic opponent hypodopaminergic state in the NAc and in

the PFC results from recurrent dopaminergic stimulation by

chronic pain. In the face of this, there is robust augmentation

of proponent phasic dopamine responses to pain and to pain-

related cues, i.e., incentive sensitization (cf., denervation hyper-

sensitivity; Jones and Vrbová, 1974). Such phasic dopaminergic

surges profoundly increase PFC’s glutamatergic output (Kalivas

et al., 2005) to hitherto hypoactive NAc (Taylor et al., 2015), thus

further decreasing its dopaminergic activity. Synaptic plasticity

induced by long-lasting and excessive release of dopamine by

pain in themotivational system, but not in the valuational system,

renders the former hypersensitive to pain and conditioned cues.

This occurs without corresponding increases in the sensory per-

ceptions (Becker et al., 2012) so that corticolimbic sensitization

(Rome and Rome, 2000), also known as centralization (Borsook

and Becerra, 2007), is theorized to play a key role in chronic pain
symptomatology. Together with poor inhibitory control from the

hypofunctional mPFC and aberrant learning produced by faulty

prediction errors (i.e., pain is expected to be worse than it actu-

ally is), this promotes catastrophizing.

Various types of addictive drugs, e.g., opioids, sedative hyp-

notics, alcohol (Egli et al., 2012), and nicotine (Umana et al.,

2013), that may provide pain relief can likewise become sensi-

tized motivational targets that capture greater attentional re-

sources and result in drug craving. This is clinically manifested

in the expenditure of greater behavioral effort relative to normal

reinforcers to seek and obtain drugs (Elman et al., 2011). The

effort is driven by the desire to ameliorate inadequately treated

pain (i.e., pseudoaddiction) or to avoid a feared opioid with-

drawal (i.e., therapeutic dependence). This is probably why

numerous epidemiologic surveys have documented that some

substance use disorders (e.g., of nicotine and alcohol) are partic-

ularly prevalent among patients with pain (Ditre et al., 2011; Ap-

karian et al., 2013). These patients may receive treatment with

opioid analgesics and develop tolerance and dependence on

those drugs (Compton and Volkow, 2006).

The opponent to pain effect is evident in pain-induced anal-

gesia (Gear et al., 1999; Tambeli et al., 2012). Such hedonically

opposite of pain experiences, although overshadowed by the

ongoing powerful pain stimuli, become conspicuous with pain

termination in the form of pleasurable feeling, joy, and reward

(Becerra and Borsook, 2008; Becerra et al., 2013; Leknes

et al., 2011). Thus, through the evasion of aversive stimuli (i.e.,

negative reinforcement) and through the opponent to pain re-

sponses (i.e., positive reinforcement), learning serves as the

fundamental determinant of pain-related behaviors (Navratilova

and Porreca, 2014). Pain paired with early bonding and attach-

ment (e.g., an outpouring of love and warmth on a hurting

baby; Kolb, 1982), affection from friends and family, and

compassion from strangers may be employed as a means of

communicating social needs and eliciting acceptance, pity, or

admiration. Learning new behaviors may thus occur when un-

conditioned stimulus (pain) triggers unconditioned responses

in the form of exemption from work and family responsibilities.

As a consequence, conditioned pain cues eventually come to

elicit a conditioned response, viz., absenteeism.

The pain-pleasure continuum is a key theory in outlining inter-

facing sensory and emotional pain components (Elman et al.,

2013) so that pain may be directly learned as a rewarding stim-

ulus. For instance, pain of physical punishment may be the

only sign of attention. Some pain may be an integral component

of many pleasurable activities, be it sexual intercourse or con-

sumption of a sizzling and spicy food. Conditioned cue-induced

effects can also evoke pain symptomatology through backward
Neuron 89, January 6, 2016 ª2016 Elsevier Inc. 23



Table 4. Applicability of the Prevailing Addiction Theories to Understanding of Pain

Neuroadaptation Mechanism Manifestation Role in Pain

Opponent process pain and reward as opponent

processes

exhilaration and euphoria with

discontinuation of pain

pain potentially becoming a

motivational target via backward

conditioning

Impaired inhibitory control prolonged periods of pain: Y DA

in NAc and mPFC

emotional numbing, anhedonia,

and Y responsivity to natural

reinforcers

Y control of drug urges and

consumption

Reward deficiency [ pain as reward buffers pain

according to motivation-

decision theory

[ in proponent phasic DA

responses to pain /

sensitization (cf., denervation

hypersensitivity)

Y placebo and [ nocebo effects

Incentive sensitization pain- and analgesic drug-

induced changes in the

mesolimbic DAergic circuitry

encompassingDA terminal fields

(e.g., striatum, amygdala, and

PFC)

pain and analgesia becoming

sensitized motivational targets

chronic pain devoid of

discernible nociceptive input

that is a centralization

phenomenon

pseudoaddiction, therapeutic

dependence, and

catastrophizing

stress-induced pain episodes

rigid motivational states

backward conditioning

Aberrant learning neural adaptations to excessive

DAergic trafficking in response

to pain and analgesic drugs /

up- or downregulation in gene

expression LTD and LTP, with

ensuing profound alterations in

neuronal signaling evidenced in

overlearning of the motivational

significance

overlearned motivational

significance of cues that predict

delivery of drugs, i.e.,

exaggerated PE

positive reinforcement qualities

of acute pain in the context of

chronic pain

ventral-to-dorsal striatum shift of

behavioral control

Anti-reward repeated artificial [ DA by pain:

[ NE, CRF, vasopressin,

hypocretin, and substance P

aversive emotional state and

anhedonia, as well as [ isolation

and social withdrawal

Y reward and [ pain

Y placebo and [ nocebo effects

CRF, corticotropin-releasing factor; DA, dopamine; LTD, long-term depression; LTP, long-term potentiation; mPFC, medial prefrontal cortex; NAc,

nucleus accumbens; NE, norepinephrine; PE, prediction error; PFC, prefrontal cortex.
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conditioning (Andreatta et al., 2013). That is, euphoria of pain

termination, particularly when combinedwith euphoria produced

by an opioid analgesic, constitutes an intense teaching signal re-

inforcing more pain and pain behavior. Conversely, after

repeated pairing, pain-related stress and negative affective

states can grow into a conditioned stimulus eliciting future pain-

ful episodes (Johnson and Greenwood-Van Meerveld, 2014; Li

et al., 2014).

The aberrant learning theory postulates that Pavlovian and

instrumental learning of new rewarding, aversive, or painful ex-

periences is encoded via interactions between tonic (baseline)

and phasic dopaminergic spikes in both ventral and dorsal

striata (Everitt, 2014; White, 1996). In a fashion comparable to

addictive drugs, pain and stress also produce abnormal magni-

tude and duration of dopamine elevations. This results in corre-
24 Neuron 89, January 6, 2016 ª2016 Elsevier Inc.
spondingly heightened prediction errors signals evading normal

learning and extinction mechanisms (Iordanova et al., 2006;

McHugh et al., 2014). The initially homeostatic adjustments to

diminished resting state tonic dopaminergic neurotransmission

following chronic pain exposure (Tracey, 2008; Wood et al.,

2007) set in motion up- or downregulation in gene expression,

LTD, and LTP. Corresponding alterations occur in neuronal

signaling with overlearning of the motivational significance of

cues that either predict painful episodes or are associated with

painful experience. These alterations are evidenced in irrationally

catastrophic expectations with consequent devising of non-

constructive coping strategies, e.g., drug seeking.

Such memory consolidation processes (Sandkühler and Lee,

2013) are pharmacologically modulated by psychostimulants

(Fofi et al., 2014) and by anti-reward stress hormones (Schwegler
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et al., 2010). In addition, ventral-to-dorsal striatum shift (Becerra

et al., 2001; Osuch et al., 2014) of behavioral control gradually

limits the behavioral repertoire to create habit-based, rather

than value-based, compulsive motivational states fixated on

pain-related content. This occurs with diminution of the meso-

limbic neurons’ ability to detect signals for normal salience

(e.g., social reward) and loss of normal modulation of the rein-

forcers’ values by pain-unrelated contexts (Rangel et al., 2008).

A similar example could be consolidation of traumatic mem-

ories in the BLA (Nader et al., 2000) and the CeA (Ciocchi

et al., 2010; Haubensak et al., 2010). Consolidation is mediated

by stress hormones (McGaugh, 2015) and subserving flash-

backs, intrusive recollections, and psychological or physiolog-

ical distress with exposure to the reminders of trauma (Pitman

and Delahanty, 2005). Thus, chronic pain may be regarded as

a variant of post-traumatic stress disorder (Gibson, 2012; Liedl

et al., 2010) due to persistent relieving of stress, responding

with hopelessness, catastrophizing (Quartana et al., 2009), or

horror (Haugh, 2005) and avoidance of pain-related situations

(Asmundson and Katz, 2009; Liedl et al., 2010). According to

the fear-avoidance model (Crombez et al., 2012; Vlaeyen and

Linton, 2000), pain, paired with emotional trauma and its recol-

lections, can become a conditioned stimulus that evokes fear,

anxiety, and catastrophizing responses. These, in turn, augment

subjective pain perception and its neural correlates (Crombez

et al., 1998; Ploghaus et al., 2001), setting in motion the mutual

maintenance cycle (Asmundson and Katz, 2009; Crombez

et al., 1998; Liedl et al., 2010).

The CeA’s laterocapsular division, dubbed the nociceptive

amygdala, is a part of the descending pain modulation system

(Figure 1). It determines pain-related affective states and behav-

iors by means of nociceptive input integration with the internal

body and environmental information (Neugebauer, 2015). Syn-

aptic plasticity engendered by chronic pain in the BLA and the

CeA is apparent in the sensitization of both sensory and

emotional pain constituents (Veinante et al., 2013). The BLA

sensitization brings about bottom-up mPFC inhibition, furthering

cognitive and inhibitory deficits and giving rise to a positive feed-

back situation. The mPFC’s failure to produce top-down amyg-

dala’s inhibition results in hyperalgesia, fear, anxiety, and

dysfunctional pain behaviors (Neugebauer, 2015; Veinante

et al., 2013).

Some pain behaviors (e.g., stooped posture and muscle ten-

sion) may provide temporary relief of pain but add severity to

long-term pain (Knost et al., 1999). In the context of chronic or

experimentally induced prolonged pain, acute pain could

become reinforcing; its termination under such circumstances

is processed by the mPFC (Seymour et al., 2005) and NAc (Baliki

et al., 2010) by evoking aversion prediction error as pain does in

healthy people (Becerra and Borsook, 2008; Baliki et al., 2010).

Lastly, anti-reward stress and other negative affective states

repeatedly paired with pain become conditioned stimulus for

future painful episodes (Johnson andGreenwood-VanMeerveld,

2014; Li et al., 2014).

Anti-reward stress symptomatology in chronic pain patients is

evident in their hypersensitive responses to conditioned stressful

stimuli (Marcinkiewcz et al., 2009;Miguez et al., 2014), i.e., stress

sensitization and cross-sensitization (Marvizon et al., 2015). Clin-
ically, pain patients exhibit heightened levels of stress and

arousal (Thieme et al., 2006). Stress also plays a key role in exac-

erbations of pain symptomatology (Finan and Smith, 2013;

Lauche et al., 2013; Marvizon et al., 2015), including sympathet-

ically maintained pain (Nickel et al., 2012) and nocebo effect

(Tracey, 2010). Furthermore, an exaggerated sympathoadrenal

tone is evidenced by frequent clinical findings in chronic pain pa-

tients of increased (1) heart rate (Chalaye et al., 2014), (2) norepi-

nephrine concentrations in samples obtained from plasma

(Buscher et al., 2010) and cerebrospinal fluid (Buvanendran

et al., 2012), and (3) skin conductance level (Bonnet and Nave-

teur, 2004). In addition, CRF receptor type 1 is implicated in

visceral hyperalgesia (Larauche et al., 2012), while heightened

CRF plasma concentration tends to parallel both sensory and af-

fective pain components (McLean et al., 2006). Thus, anti-

reward may fulfill a purpose in dissuading people from engage-

ment in hazardous situations by eliciting pain and fear (Henchoz

et al., 2013). However, the allostatic load generated by anti-

reward is clearly dysfunctional. It increases pain and promotes

isolation and social withdrawal that jeopardize adequate coping

and adjustment.

Therapeutic Considerations
Therapeutic approaches (summarized in Table 5) to chronic pain

patients are on a par with the complexities of their syndromes,

personalities, social milieus, and neurobiological diathesis and

makeups. There is no one-pill-fits-all strategy. The viewpoints

to follow highlight potential directions for systematic thinking

and for positing novel ideas and questions aimed at understand-

ing the course of chronic pain syndromes and what makes many

patients partially or completely resistant to conventional anal-

gesic modalities.

Reward Deficiency

Reward deficiency can be addressed via improved coping

mechanisms and/or by trying to correct the deficit state. The

former strategies may involve cognitive behavioral therapy,

fostering acceptance, social skills training, and mindfulness

meditation (Kabat-Zinn, 2005). While most other forms of psy-

chotherapy have traditionally targeted negative emotions, recent

data (Dunn, 2012) point to their utility for relieving reward defi-

ciency (e.g., anhedonia). Positive psychology focused on the

attainment of life’s joy and satisfaction (not on the cure of psy-

chopathology) may likewise be helpful (Duckworth et al., 2005).

Moreover, given considerable overlap of brain reward circuitry

that evolved for the maintenance of emotional attachments

and is impaired by chronic pain, remediation of emotional at-

tachments via interpersonal therapy (Luty et al., 1998) may

strongly stimulate reward circuitry, helping to buffer anti-reward

processes associated with pain and depression. Mesolimbic

dopaminergic structures, including the NAc, play a substantial

role not only in reward function but also in stress and anxiety (El-

man et al., 2009). This raises the possibility of a functional reci-

procity between heightened stress reactivity and emotional

numbing in pain patients. This is a testable hypothesis that could

be evaluated by measuring reward function before and after

stress-reducing psychotherapeutic interventions.

Several purportedly safe and non-addictive agents restore

dopaminergic function and thereby may normalize pathological
Neuron 89, January 6, 2016 ª2016 Elsevier Inc. 25



Table 5. Therapeutic Implications of the Prevailing Addiction Theories

Neuroadaptation Therapy

Non-pharmacological

Pharmacological

Type

Findings

Clinical Preclinical

Impaired inhibitory

control

alternative reinforcement NE reuptake blockade:

atomoxetine

Berigan (2004) Shen et al. (2013)

Reward deficiency CBT, expressive-

supportive,

interpersonal, positive

psychology, stress

management (Dunn,

2012; Duckworth et al.,

2005; Luty et al., 1998;

Elman et al., 2009)

DA receptors D2 or D3

agonists: lisuride,

bromocriptine,

pramipexole

Qiu et al. (2009) Brewer et al. (2014)

nutraceuticals: acetyl-L-

carnitine, DA precursors

plus inhibitors of the DA

degrading enzyme

catechol-O-methyl

transferase

Blum et al. (2010) Hoefer et al. (2006)

antidepressants:

fluoxetine, maprotiline,

bupropion

Mika et al. (2013); Walitt

et al. (2015)

Muscat et al. (1992),

Hajhashemi and Khanjani

(2014)

atypical antipsychotics:

clozapine, olanzapine,

risperidone

reviewed in Elman et al. (2006)

Incentive sensitization psychodynamically

informed therapy

anti-sensitization: lithium Tfelt-Hansen and Jensen

(2012)

Banafshe et al. (2012)

anti-craving:

acamprosate, disulfiram,

baclofen, ondansetron,

vigabatrin

Keppel Hesselink et al.

(2014); Laaksonen et al.

(2013); Moulin (2001)

Luszczki and Czuczwar

(2008)

Aberrant learning therapies integrated with

behavioral economics

and decision-making

theories

anti-compulsivity: SSRIs Leombruni et al. (2015) —

anti-reconsolidation:

blockade of zif268

protein synthesis

Théberge et al. (2010)

anti-adrenergics:

clonidine, lofexidine

Chang et al. (2015);

Giovannitti et al. (2015)

Bruijnzeel et al. (2010)

Anti-reward stress management,

muscle relaxation

techniques, cognitive

restructuring, systemic

desensitization

anti-glutamatergics: N-

acetyl-cysteine,

lamotrigine, riluzole,

topiramate

Truini et al. (2013); Hama

and Sagen (2011);

Johannessen Landmark

(2008); Webb and Kamali

(1998)

Gegelashvili and Bjerrum

(2014); Vuckovic et al.

(2015)

CRF and k-opioid

antagonists

Chen et al. (2010);

Chartoff et al. (2012);

Bruijnzeel et al. (2012)

diminution of heightened

stress and arousal:

antidepressants,

neuroleptics,

anticonvulsant agents

Elman et al. (2011, 2013);

Simons et al. (2014)

Zychowska et al. (2015);

Muscat et al. (1992);

Hajhashemi and Khanjani

(2014)

CBT, cognitive behavioral therapy; CRF, corticotropin-releasing factor; DA, dopamine; NE, norepinephrine; SSRIs, selective serotonin reuptake inhib-

itors.
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pain response (Blum et al., 2015) beyond direct dopamine recep-

tor agonism (Brewer et al., 2014; Kaleli et al., 2001). For example,

antidepressant drugs (fluoxetine, maprotiline, and bupropion;

Muscat et al., 1992); a dietary supplement, acetyl-L-carnitine

(Hoefer et al., 2006); and an investigational nutraceutical combi-

nation of dopamine precursors with inhibitors of the dopamine-
26 Neuron 89, January 6, 2016 ª2016 Elsevier Inc.
degrading enzyme catechol-O-methyl transferase may hold

promise for patients with reward deficiency (Blum et al., 2007).

In this respect, atypical antipsychotic drugs, which have been

suggested to correct reward deficiency symptoms of schizo-

phrenic patients (Green et al., 2008), were also shown to possess

analgesic or antinociceptive properties in both human and
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rodent models (Elman et al., 2006). It would be of interest to test

whether the preceding agents are able to reverse reward defi-

ciency symptoms in pain patients.

Impaired Inhibitory Control

The hypodopaminergic state in the mPFC is yet another deficit

state evident in poor cognitive control. It is a common clinical

impression that patients with addictions are undeterred by the

grave consequences of their irresistible urges to seek and

consume drugs. Such consequences include heightened risk

for death from overdose, increased morbidity, incarceration,

dwindled productivity and breakup of family and societal ties.

These impressions potentially explain limited success of nega-

tive reinforcement techniques in the treatment of addictions

and underscore the empirical value of the alternative reinforce-

ment methodologies, e.g., monetary reward for drug-free urine

(Volkow et al., 2004). Such motivational enhancement tech-

niques can be applied to chronic pain patients, fostering compli-

ance and active participation in pain treatment plans. Impulsivity

in pain patients (Berger et al., 2014) can be treated by blocking

norepinephrine reuptake (Berigan, 2004; Shen et al., 2013).

Anti-reward

Although numerous stress management techniques are report-

edly helpful for chronic pain, the NIH Technology Assessment

Panel (1996) assigned the highest score to the effectiveness of

muscle relaxation techniques. The anti-reward process could

be directly addressed by anti-adrenergic agents (Elman et al.,

2013), in conjunction with (not yet approved) k-opioid and CRF

antagonists (Bruijnzeel et al., 2012; Chartoff et al., 2012). Gluta-

mate inhibition is an additional therapeutic strategy, because

pain-induced activation of dopaminergic pathways leads to

sensitization of excitatory glutamatergic neurotransmission (Co-

derre, 1993). Accordingly, anti-glutamatergic agents reduce pain

in laboratory animals (Gegelashvili and Bjerrum, 2014; Vuckovic

et al., 2015). Less direct reduction of glutamatergic activity in hu-

mans by N-acetyl-cysteine (Truini et al., 2013), lamotrigine, rilu-

zole, or topiramate also provides effective pain relief (Hama

and Sagen, 2011; Johannessen Landmark, 2008; Webb and Ka-

mali, 1998).

Proponent mechanisms remain the most extensively investi-

gated entity in pharmacotherapy of pain. However, seemingly

obvious analgesic therapy could further deteriorate the anti-

reward processes. As a result, changes in the mesolimbic dopa-

minergic circuitry induced by opioids, administered at doses

exceeding the homeostatic need for pain alleviation, may be

responsible for the amplification of hyperkatifeia and pain (Elman

et al., 2011). Hence, cognitive and behavioral strategies (e.g.,

cognitive restructuring, stress management, and systemic

desensitization), alongside non-addictive alternatives to opioids

with substantial analgesic properties (e.g., antidepressants, neu-

roleptics, and anticonvulsant agents), have been related to clin-

ical improvement in pain patients (Elman et al., 2011; Simons

et al., 2014).

Incentive Sensitization

In addition to its sensitization and cross-sensitization with stress

(i.e., anti-reward), chronic pain (Marvizon et al., 2015) is a sensi-

tized motivational target, as evident in disproportionate (relative

to the sensory experience) motivational drives and compulsive

preoccupations. This is largely an unconscious process (Ber-
ridge and Kringelbach, 2015), so uncovering repressed material

while fostering insight and healthy defenses is the critical goal for

psychodynamically informed therapy.

Incentive sensitization involvement in the craving phenomena

(Gantchev, 1978) also argues for a combination of psychother-

apy with anti-cravingmedications (O’Brien, 2005). Thus, patients

with alcohol use disorder treated with acamprosate or disulfiram

reported improvement in pain symptoms (Laaksonen et al.,

2013). Other anti-craving medications, e.g., baclofen (Keppel

Hesselink et al., 2014), ondansetron (Moulin, 2001), and vigaba-

trin (Luszczki and Czuczwar, 2008), offer cautious optimism for

pain patients. Likewise, the non-anticonvulsant mood stabilizer,

lithium, mitigates sensitization (Ago et al., 2012) and has benefi-

cial features as an analgesic drug (Banafshe et al., 2012; Tfelt-

Hansen and Jensen, 2012).

Aberrant Learning

Evaluation of analgesic potency and probability determination

for analgesic effect, which are essential for patients’ decision

making and behavioral choices (Lin, 2013), may be empirically

evaluated by borrowing behavioral economics concepts. A rich

set of emotional, motivational, and cognitive processes are

applicable for planning a pain patient’s visit to the physician’s of-

fice, in weighing the prospects of pain relapse or deterioration,

and in evaluating the outcomes of ongoing therapy. Impairments

in the functioning of these mechanisms may determine whether

an individual ascertains control over pain or whether pain attains

control over an individual.

According to prospect theory (Tversky, 1979), outcomes are

subjectively evaluated according to distinct mental operations,

namely, editing, assignment of subjective values, and transfor-

mation of decision weights into probabilities. The editing opera-

tion readjusts a prospect of continued pain or successful

analgesia with respect to a tolerable amount of pain. Patients

may reformulate coping strategies in accordance with the

amount of pain they are capable of tolerating, thus altering the

prediction error and consequent matching. Pain up to the limit

of this new neutral state is not perceived as an aversive experi-

ence (Kahneman and Miller, 1986). Chronic pain-induced adap-

tations in the mesolimbic dopaminergic pathways render them

sensitized to pain and to the conditioned cues (i.e., incentive

sensitization). Therefore, the neutral point is shifted into what

was previously perceived as pain-free domain, resulting in exag-

gerated prediction errors and aberrant learning.

The result of the subjective valuation process is the distinct

slope for pain and analgesia function. The slope is steeper in

the pain versus analgesia domains, e.g., catastrophizing. Trans-

formation of decision weights to probabilities may also be a non-

linear function. Low probabilities may be overestimated, while

reasonable probabilities may be underestimated in comparison

to certain outcomes, e.g., pseudo-opioid resistance or self-re-

ported pain with adequate analgesia because of unwarranted

anxiety about an impending opioid dose reduction (Evers,

1997) or therapeutic dependence (Portenoy and Foley, 1986).

Pain occurs against a backdrop of expectancy for pain and anal-

gesia, which alters the value of the experienced pain. Current

theory predicts that states of analgesia expectancy should be

associated with diminished experience of pain and states of low-

ered expectancy should be associated with enhanced
Neuron 89, January 6, 2016 ª2016 Elsevier Inc. 27
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experience of pain. This normative relationship may be impaired

by chronic pain (Tamburin et al., 2014; Vase et al., 2015).

Thedelay discounting phenomenonbears remarkable parallels

toHerrnstein’smatching law (Dallery, 2012). It pertains todecision

making concerning the choice between the instantaneous pain

relief and a more delayed array of such deterring consequences

as addiction to pain killers, opioid-induced hyperalgesia, and co-

morbid mood or emotional disturbances (Elman et al., 2011; Lee

et al., 2011; Story et al., 2013). These parallels may also be appli-

cable to apparent preference for instant pain in the present over

lingering dread of forthcoming anguish (Story et al., 2013).

Existing non-pharmacological interventions for chronic pain

range from self-help and peer support to brief and motivational

interventions, as well as to more intensive therapy approaches.

None of the professionally delivered therapies seems to be supe-

rior, although cognitive-behavioral methods are most commonly

used (Monticone et al., 2015). Suboptimal efficacy of the existing

interventions is probably related to their generic nature, e.g.,

treating observable behavioral or cognitive patterns, improving

conscious control, and relaxation and awareness of physical

and emotional states. More specific therapeutic approaches

modeled on behavioral economics and other decision-making

theories may improve therapeutic outcomes.

There are well-established psychopharmacological strategies

for the management of pain-related compulsivity (Kroenke et al.,

2013; Proctor et al., 2013) via inhibition of serotonin reuptake

(Leombruni et al., 2015; but see Banzi et al., 2015). An additional

aberrant learning target is stable memory established by recur-

rent painful episodes and Pavlovian associations with environ-

mental cues (Hamlin et al., 2007; Price and Inyang, 2015).

Such memory traces, recalled into a labile state by conditioned

stimuli, can be prevented from reconsolidation by anti-adren-

ergic agents (Martin et al., 2006) and anti-glutamatergic agents

(Hama and Sagen, 2011; Johannessen Landmark, 2008; Webb

and Kamali, 1998). These agents have been successfully used

in pain patients, along with the blockade of protein (viz., zif268)

synthesis involved in reconsolidation (Théberge et al., 2010).

Synopsis and Conclusions
According to Hippocrates, pain alleviation is a divine act (viz., di-

vinum opus est sedare dolorem). As such, it may be rewarding

for both patients and their therapists. To generate new leads for

the discovery of improved preventive and therapeutic strategies,

clinicians and scientists are striving for formulation of coherent

principles that explain the gamut of pain phenomena. This review

compares the roles played by reward circuits in chronic pain and

addiction to indicate that some reward and motivational features

are shared yet other features may not generalize (Wiech and

Tracey, 2013). For instance, therearenoparallels in the substance

abuse literature for theacuteharmpreventionmotivation typical of

acute pain. Other differences include beneficial analgesic proper-

ties of opioid drugs and themutualmaintenance cycle of pain and

emotional trauma. More importantly, some addictive drugs (e.g.,

cocaine and alcohol)maycausediffusedbrain damage, e.g., sub-

arachnoid or parenchymal injury reflected in impaired brain func-

tions (Elman et al., 2008) that does not occur in pain patients.

The realization that pain and addiction may share a common

neurobiological foundation could have important mechanistic
28 Neuron 89, January 6, 2016 ª2016 Elsevier Inc.
and therapeutic implications. For instance, if the effects of pain

and addictive drugs tend to sensitize over time, then cross-

sensitization might transpire as well. If so, exposure to addictive

drugs (not just to opioids) could increase susceptibility to the

development of pain, and vice versa. Identifying cross-sensitiza-

tion mechanisms could help in understanding and preventing

relapse. Administration of a priming dose of an addictive drug

can reinstate addictive behaviors in laboratory animals and hu-

mans; this effect is apparent even when the priming drug used

is drawn from class different from that of the previously used

addictive substance. If the neural circuitry underlying this rein-

statement plays a role in both pain and addiction, then pain could

trigger relapse in abstinent patients with substance use disor-

ders; such cross-sensitization could be bi-directional. In sum,

a better understanding of pain’s neural basis and its relationship

to that of addiction could further support the conceptualization of

pain as a disorder of emotion, motivation, reward, and cognition.

The tremendous progress of basic pain research has shed

light on key mechanisms engaged in complex interactions at

the genetic, epigenetic, andmolecular levels. One possible inter-

pretation positing a unitary nosology is suggested by overlap-

ping changes in reward, motivation, emotion, and stress pro-

cessing in subcortical and cortical limbic structures for general

categories of painful disorders, e.g., fibromyalgia, irritable bowel

syndrome, migraine, and somatic symptom disorder with pre-

dominant pain (Landa et al., 2012; Schwedt et al., 2015). This

interpretation may, however, be analogous to Hans Selye’s

largely refuted speculation of stereotyped stress response to

any type of a challenge (Carter and Goldstein, 2015).

An alternative view is a specific pattern responses affecting

multiple brain networks and systems (Carter and Goldstein,

2015) and involving different types of limbic or other changes

so that pathophysiology of pain syndromes is derived from

diverse allostatic sources. Pain may be then considered an

intervening variable associating various stimuli and pathophysi-

ological changes with behavioral responses (Tolman, 1938).

Accordingly, tissue injuries and emotional setbacks are not

directly related to neuropsychopathological changes but are

rather undergo intervention by modulating variables (e.g., condi-

tions of the hedonostat), regulators, effectors, and predisposing

factors (e.g., foregoing neuropsychopathology and comorbid

addiction or medical illness). To be precise, while patterns of

pain symptomatology are critically dependent on the nature

and intensity of causative factors, their clinical manifestations

are determined by constitutional and lifestyle elements, available

coping resources, and history of prior exposure to the same or

similar stimuli, drugs, stress, etc.

The long-standing recognition of inseparable pain or reward

amalgamation supports clinical and scientific formulations on

the interface between the two systems. The prevailing theories

on reward and addiction are germane here, because they form

a basis for RDoC-like classification (Cuthbert, 2015). This allows

exploration of the dynamic states of interactions between pain

neuroadaptations, such as diametrically opposite diminished

and enhanced dopaminergic responsivity to salient stimuli that

are respectively predicted by reward deficiency and by incentive

sensitization and aberrant learning (Robinson and Berridge,

2003; Elman et al., 2009).
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Thus, pain neuroadaptations may be classified in terms of the

directionality and nature of dopaminergic alterations. Pain sensi-

tivity predominates when hypodopaminergia is circumscribed to

the nigrostriatal pathway, e.g., in Parkinson’s disease (Rana

et al., 2013). Pain becomes a sensitizedmotivational target in pa-

tients with generally low brain dopamine content, such as Lesch-

Nyhan, Prader-Willi, and Cornelia de Lange syndromes, as

evident in recurrent urges for self-inflicted pain (Devine, 2012).

Hyperfunctionality of the limbic dopaminergic system in schizo-

phrenia may manifest in pain insensitivity (Elman et al., 2006).

Dopaminergic alterations evoked by chronic pain are only part

of a constellation of allostatic adjustments. Secretion of anti-

reward sympathoadrenomedullary hypothalamic-pituitary-adre-

nal axis (e.g., CRF) hormones, along with dynorphin (Pacak et al.,

1998; LeBlanc et al., 2015), predominates alterations of other

stress- and metabolism-related neurohormones. Distress expe-

rienced by pain patients may be a combination of reward defi-

ciency worsened by anti-reward hormones. At the same time,

these hormones drive chronicity by sensitizing motivational cir-

cuits and by consolidating pain-related memories. For others,

this maymerely be a manifestation of a vicious cycle wherein hy-

perkatifeia due to opioid analgesic overuse increases pain. In this

case, the pain is driving additional opioid consumption and, in

consequence, amplifying the hyperkatifeia, etc. Simultaneous

assessments of reward and stress functions should disentangle

such mixed presentations. This would enable the elaboration of

central mechanisms and eventually the emergence of neuroa-

daptation patterns specific for different types of pain.

In clinical work with patients, one hears that, although at times

excruciating, acute pain may be exciting and even rewarding

(Franklin, 2010). This echoes the psychological concepts of

repetition compulsion and death drive (Freud, 1950) and the

notion that active avoidance of punishment is reinforcing. Pop

culture depicts addiction to pain and self-mutilation (Tolle,

2007). Many patients, despite their chronically depressed and

anxious states, despair of ever being able to regain the attention

and affection poured onto them when they were in pain and/or

the intense highs they felt during self-inflicted pain or upon

pain termination. The vulnerability of a substantial minority to

experience pain as acutely reinforcing and even addicting is a

yet unexplored area. These patients may perceive pain-free pe-

riods as bland, stressful, and unfulfilling and themselves as

numb. They may turn to addictive drugs and alcohol as a means

of overcoming this stress and numbing and recreating the seem-

ingly paradoxical highs they felt while in pain.

Identification of the pathophysiological basis for the reward

and stress abnormalities in chronic pain can suggest hypothe-

sis-driven clinical interventions. This is an important and timely

endeavor given that most pain syndromes are only partially

responsive to opioids, so innovative approaches are essential.

Identifying relative contributions of reward, motivation, and

anti-reward abnormalities in pain patients could be translated

into effective intervention strategies via identification of vulner-

able individuals and assessing treatment response in hypothe-

sis-driven clinical trials.

The proposed model is based on allostatic adjustment to

recurrent activation of the dopaminergic reward circuitry evoked

by pain and its conditioned cues. This model postulates mainte-
nance of hedonic homeostasis in the face of perturbations via

various effectors; all oppose and thereby initially balance abrupt

reward circuit changes. Acute pain is associated with excessive

dopaminergic activity. However, the function of the homeostatic

regulator, homeostat, and the effector systems may vary from

person to person (e.g., fewer dopamine receptors). Hence, it is

necessary in multidimensional clinical assessments to formulate

personalized therapeutic plans by matching clinical features to

underlying central mechanisms. Biopsychosocial vulnerability

factors could then be used to screen persons at risk. Those pos-

sessing high vulnerability due to prior reward deficiency and/or

reward or stress sensitization might be counseled to avoid

potentially addictive substances or targeted for early interven-

tion even in presence of mild pain problems.

In addition to describing amenable to laboratory testing and

modeling interactions among various aspects of reward, motiva-

tion, stress, and pain, this paper points to unresolved issues with

consequential directions for further scientific inquiry. First, the

principles regulating sensory, psychological, behavioral, and so-

cial components of chronic pain remain unclear. The same issue

pertains to the interactions among numerous effectors and the

hedonostat, including what triggers the initiation and determines

the progression pace of allostatic load buildup. The reasons

behind the evolution of a specific neuroadaptation are also not

elucidated; that is, we still do not know why some people are

prone to develop reward deficiency in response to pain of certain

intensity while others succumb to incentive sensitization, aber-

rant learning, or anti-reward types of neuroadaptation following

the same type of a stimulus. It would be also important to test

whether patients who are destined to develop a specific neuro-

adaptation in the context of chronic pain present an identifiable

pattern during acute pain challenge that may be mechanistically

linked to the eventual neuropsychopathology.

While pain medicine has evolved as a highly specialized disci-

pline requiring meticulous training, the ideas reviewed in this pa-

per suggest that pain transcends the boundaries of a single field.

It bonds multiple professionals entrusted with the alleviation of

patients’ suffering and with the promotion of their health. Other

fields, such as psychiatry, neurology, anesthesiology, neuroradi-

ology, neuropathology, psychology, behavioral economics, and

medical humanities, will be undoubtedly enriched by increased

efforts to include pain in their agendas and curricula. Such an

addition will provide a critical perspective for the advancement

of patient care, along with comprehensive clinical and scientific

thinking, training, and education.
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Becker, S., Kleinböhl, D., Baus, D., and Hölzl, R. (2011). Operant learning of
perceptual sensitization and habituation is impaired in fibromyalgia patients
with and without irritable bowel syndrome. Pain 152, 1408–1417.

Becker, S., Gandhi, W., and Schweinhardt, P. (2012). Cerebral interactions of
pain and reward and their relevance for chronic pain. Neurosci. Lett. 520,
182–187.

Berger, S.E., Baria, A.T., Baliki, M.N., Mansour, A., Herrmann, K.M., Torbey,
S., Huang, L., Parks, E.L., Schnizter, T.J., and Apkarian, A.V. (2014). Risky
monetary behavior in chronic back pain is associated with altered modular
connectivity of the nucleus accumbens. BMC Res. Notes 7, 739.

Berigan, T. (2004). The use of atomoxetine adjunctively in fibromyalgia syn-
drome. Can. J. Psychiatry 49, 499–500.

Berridge, K.C., and Kringelbach, M.L. (2015). Pleasure systems in the brain.
Neuron 86, 646–664.

Berridge, K.C., and Robinson, T.E. (2003). Parsing reward. Trends Neurosci.
26, 507–513.

Berthoud, H.R., and Münzberg, H. (2011). The lateral hypothalamus as inte-
grator of metabolic and environmental needs: from electrical self-stimulation
to opto-genetics. Physiol. Behav. 104, 29–39.

Blond, S., Mertens, P., David, R., Roulaud, M., and Rigoard, P. (2015). From
‘‘mechanical’’ to ‘‘neuropathic’’ back pain concept in FBSS patients. A sys-
30 Neuron 89, January 6, 2016 ª2016 Elsevier Inc.
tematic review based on factors leading to the chronification of pain (part C).
Neurochirurgie 61 (Suppl 1 ), 45–56.

Blum, K., Sheridan, P.J., Wood, R.C., Braverman, E.R., Chen, T.J., Cull, J.G.,
andComings, D.E. (1996). The D2 dopamine receptor gene as a determinant of
reward deficiency syndrome. J. R. Soc. Med. 89, 396–400.

Blum, K., Chen, T.J., Meshkin, B., Waite, R.L., Downs, B.W., Blum, S.H., Men-
gucci, J.F., Arcuri, V., Braverman, E.R., and Palomo, T. (2007). Manipulation of
catechol-O-methyl-transferase (COMT) activity to influence the attenuation of
substance seeking behavior, a subtype of reward deficiency syndrome (RDS),
is dependent upon gene polymorphisms: a hypothesis. Med. Hypotheses 69,
1054–1060.

Blum, K., Chen, T.J., Morse, S., Giordano, J., Chen, A.L., Thompson, J., Allen,
C., Smolen, A., Lubar, J., Stice, E., et al. (2010). Overcoming qEEG abnormal-
ities and reward gene deficits during protracted abstinence in male psychos-
timulant and polydrug abusers utilizing putative dopamine D2 agonist therapy:
part 2. Postgrad. Med. 122, 214–226.

Blum, K., Febo, M., Thanos, P.K., Baron, D., Fratantonio, J., and Gold, M.
(2015). Clinically combating reward deficiency syndrome (RDS) with dopamine
agonist therapy as a paradigm shift: dopamine for dinner? Mol. Neurobiol. 52,
1862–1869.

Bonnet, A., and Naveteur, J. (2004). Electrodermal activity in low back pain pa-
tients with and without co-morbid depression. Int. J. Psychophysiol. 53,
37–44.

Borsook, D., and Becerra, L. (2007). Phenotyping central nervous system cir-
cuitry in chronic pain using functional MRI: considerations and potential impli-
cations in the clinic. Curr. Pain Headache Rep. 11, 201–207.

Borsook, D., Maleki, N., Becerra, L., and McEwen, B. (2012). Understanding
migraine through the lens of maladaptive stress responses: a model disease
of allostatic load. Neuron 73, 219–234.

Borsook, D., Kussman, B.D., George, E., Becerra, L.R., and Burke, D.W.
(2013). Surgically induced neuropathic pain: understanding the perioperative
process. Ann. Surg. 257, 403–412.

Boutelle, M.G., Zetterström, T., Pei, Q., Svensson, L., and Fillenz, M. (1990).
In vivo neurochemical effects of tail pinch. J. Neurosci. Methods 34, 151–157.

Bozarth, M.A., and Wise, R.A. (1984). Anatomically distinct opiate receptor
fields mediate reward and physical dependence. Science 224, 516–517.

Bray, S., Rangel, A., Shimojo, S., Balleine, B., and O’Doherty, J.P. (2008). The
neural mechanisms underlying the influence of Pavlovian cues on human de-
cision making. J. Neurosci. 28, 5861–5866.

Brewer, K.L., Baran, C.A., Whitfield, B.R., Jensen, A.M., and Clemens, S.
(2014). Dopamine D3 receptor dysfunction prevents anti-nociceptive effects
of morphine in the spinal cord. Front. Neural Circuits 8, 62.

Bruehl, S., Chung, O.Y., Burns, J.W., and Diedrich, L. (2007). Trait anger
expressiveness and pain-induced beta-endorphin release: support for the
opioid dysfunction hypothesis. Pain 130, 208–215.

Bruijnzeel, A.W., Bishnoi, M., van Tuijl, I.A., Keijzers, K.F., Yavarovich, K.R.,
Pasek, T.M., Ford, J., Alexander, J.C., and Yamada, H. (2010). Effects of pra-
zosin, clonidine, and propranolol on the elevations in brain reward thresholds
and somatic signs associated with nicotine withdrawal in rats. Psychopharma-
cology (Berl.) 212, 485–499.

Bruijnzeel, A.W., Ford, J., Rogers, J.A., Scheick, S., Ji, Y., Bishnoi, M., and
Alexander, J.C. (2012). Blockade of CRF1 receptors in the central nucleus of
the amygdala attenuates the dysphoria associated with nicotine withdrawal
in rats. Pharmacol. Biochem. Behav. 101, 62–68.

Burroughs, W.S. (2000). LastWords: The Final Journals ofWilliam S Burroughs
(Grove Press).

Burton, R. (2001). The Anatomy of Melancholy (New York Review Books).

Buscher, H.C., van Goor, H., Sweep, C.G., Lenders, J.W., and Wilder-Smith,
O.H. (2010). Increased sympathetic activity in chronic pancreatitis patients is
associatedwith hyperalgesia. J. Pain Palliat. Care Pharmacother. 24, 362–366.

Buvanendran, A., Kroin, J.S., Della Valle, C.J., Moric, M., and Tuman, K.J.
(2012). Cerebrospinal fluid neurotransmitter changes during the perioperative

http://refhub.elsevier.com/S0896-6273(15)01033-8/sref2
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref2
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref3
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref3
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref3
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref4
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref4
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref5
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref5
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref5
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref6
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref6
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref6
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref7
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref7
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref7
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref8
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref8
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref8
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref8
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref9
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref9
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref9
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref9
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref10
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref10
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref11
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref11
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref11
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref12
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref12
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref13
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref13
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref14
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref14
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref14
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref14
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref15
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref15
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref15
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref16
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref16
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref16
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref17
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref17
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref17
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref18
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref18
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref18
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref18
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref19
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref19
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref20
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref20
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref21
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref21
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref22
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref22
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref22
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref23
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref23
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref23
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref23
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref23
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref23
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref23
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref23
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref23
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref24
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref24
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref24
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref25
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref25
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref25
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref25
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref25
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref25
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref26
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref26
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref26
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref26
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref26
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref26
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref27
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref27
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref27
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref27
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref28
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref28
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref28
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref29
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref29
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref29
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref30
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref30
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref30
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref31
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref31
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref31
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref32
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref32
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref33
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref33
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref34
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref34
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref34
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref35
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref35
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref35
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref36
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref36
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref36
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref37
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref37
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref37
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref37
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref37
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref38
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref38
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref38
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref38
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref39
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref39
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref40
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref41
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref41
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref41
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref42
http://refhub.elsevier.com/S0896-6273(15)01033-8/sref42


Neuron

Perspective
period in patients undergoing total knee replacement: a randomized trial.
Anesth. Analg. 114, 434–441.

Carter, J.R., andGoldstein, D.S. (2015). Sympathoneural and adrenomedullary
responses to mental stress. Compr. Physiol. 5, 119–146.

Cassidy, E.M., Tomkins, E., Hardiman, O., and O’Keane, V. (2003). Factors
associated with burden of primary headache in a specialty clinic. Headache
43, 638–644.

Chalaye, P., Lafrenaye, S., Goffaux, P., and Marchand, S. (2014). The role of
cardiovascular activity in fibromyalgia and conditioned pain modulation.
Pain 155, 1064–1069.

Chang, K.L., Fillingim, R., Hurley, R.W., and Schmidt, S. (2015). Chronic pain
management: pharmacotherapy for chronic pain. FP Essent. 432, 27–38.

Chartoff, E., Sawyer, A., Rachlin, A., Potter, D., Pliakas, A., and Carlezon, W.A.
(2012). Blockade of kappa opioid receptors attenuates the development of
depressive-like behaviors induced by cocaine withdrawal in rats. Neurophar-
macology 62, 167–176.

Chen, Q., Vera-Portocarrero, L.P., Ossipov, M.H., Vardanyan, M., Lai, J., and
Porreca, F. (2010). Attenuation of persistent experimental pancreatitis pain by
a bradykinin b2 receptor antagonist. Pancreas 39, 1220–1225.

Ciocchi, S., Herry, C., Grenier, F., Wolff, S.B., Letzkus, J.J., Vlachos, I., Ehrlich,
I., Sprengel, R., Deisseroth, K., Stadler, M.B., et al. (2010). Encoding of condi-
tioned fear in central amygdala inhibitory circuits. Nature 468, 277–282.

Coderre, T.J. (1993). The role of excitatory amino acid receptors and intracel-
lular messengers in persistent nociception after tissue injury in rats. Mol. Neu-
robiol. 7, 229–246.

Compton, W.M., and Volkow, N.D. (2006). Major increases in opioid analgesic
abuse in the United States: concerns and strategies. Drug Alcohol Depend. 81,
103–107.

Crombez, G., Eccleston, C., Baeyens, F., and Eelen, P. (1998). When somatic
information threatens, catastrophic thinking enhances attentional interference.
Pain 75, 187–198.

Crombez, G., Eccleston, C., Van Damme, S., Vlaeyen, J.W., and Karoly, P.
(2012). Fear-avoidance model of chronic pain: the next generation. Clin. J.
Pain 28, 475–483.

Cuthbert, B.N. (2015). Research Domain Criteria: toward future psychiatric no-
sologies. Dialogues Clin. Neurosci. 17, 89–97.

Dallery, A.K.J. (2012). Review of Heyman’s addiction: a disorder of choice.
J. Appl. Behav. Anal. 45, 229–240.

Daniel, R., and Pollmann, S. (2014). A universal role of the ventral striatum in
reward-based learning: evidence from human studies. Neurobiol. Learn.
Mem. 114, 90–100.

De Felice, M., Eyde, N., Dodick, D., Dussor, G.O., Ossipov, M.H., Fields, H.L.,
and Porreca, F. (2013). Capturing the aversive state of cephalic pain preclini-
cally. Ann. Neurol. 74, 257–265.

De Peuter, S., Van Diest, I., Vansteenwegen, D., Van den Bergh, O., and
Vlaeyen, J.W. (2011). Understanding fear of pain in chronic pain: interoceptive
fear conditioning as a novel approach. Eur. J. Pain 15, 889–894.

Dennis, S.G., and Melzack, R. (1983). Effects of cholinergic and dopaminergic
agents on pain and morphine analgesia measured by three pain tests. Exp.
Neurol. 81, 167–176.

Devine, D.P. (2012). Animal models of self-injurious behaviour: an overview.
Methods Mol. Biol. 829, 65–84.

Ditre, J.W., Brandon, T.H., Zale, E.L., and Meagher, M.M. (2011). Pain, nico-
tine, and smoking: research findings andmechanistic considerations. Psychol.
Bull. 137, 1065–1093.

Dong, Y., and Nestler, E.J. (2014). The neural rejuvenation hypothesis of
cocaine addiction. Trends Pharmacol. Sci. 35, 374–383.

Downar, J., Mikulis, D.J., and Davis, K.D. (2003). Neural correlates of the pro-
longed salience of painful stimulation. Neuroimage 20, 1540–1551.
Duckworth, A.L., Steen, T.A., and Seligman, M.E. (2005). Positive psychology
in clinical practice. Annu. Rev. Clin. Psychol. 1, 629–651.

Dunn, B.D. (2012). Helping depressed clients reconnect to positive emotion
experience: current insights and future directions. Clin. Psychol. Psychother.
19, 326–340.

Egli, M., Koob, G.F., and Edwards, S. (2012). Alcohol dependence as a chronic
pain disorder. Neurosci. Biobehav. Rev. 36, 2179–2192.

Eippert, F., Finsterbusch, J., Bingel, U., and Büchel, C. (2009). Direct evidence
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ual behavior induces naloxone-reversible hypoalgesia in male rats. Neurosci.
Lett. 81, 151–154.

Franklin, J.C. (2010). How pain can make you feel better. Sci. Am. http://www.
scientificamerican.com/article/how-pain-can-make-you-fee/.

Freburger, J.K., Holmes, G.M., Agans, R.P., Jackman, A.M., Darter, J.D., Wal-
lace, A.S., Castel, L.D., Kalsbeek, W.D., and Carey, T.S. (2009). The rising
prevalence of chronic low back pain. Arch. Intern. Med. 169, 251–258.

Freud, S. (1950). Beyond the Pleasure Principle (Pacific Publishing Studio).

Freund, W., Stuber, G., Wunderlich, A.P., and Schmitz, B. (2007). Cortical cor-
relates of perception and suppression of electrically induced pain. Somatos-
ens. Mot. Res. 24, 203–212.

Froud, R., Patterson, S., Eldridge, S., Seale, C., Pincus, T., Rajendran, D., Fos-
sum, C., and Underwood, M. (2014). A systematic review and meta-synthesis
of the impact of low back pain on people’s lives. BMC Musculoskelet. Disord.
15, 50.

Galbicka, G., and Platt, J.R. (1984). Interresponse-time punishment: a basis for
shock-maintained behavior. J. Exp. Anal. Behav. 41, 291–308.

Gantchev, G.N. (1978). Neuronal activity in the sensorimotor cortex of monkey
related to the preparation for performing movement. Act. Nerv. Super. (Praha)
20, 195–202.

Garavan, H., Pankiewicz, J., Bloom, A., Cho, J.K., Sperry, L., Ross, T.J., Sal-
meron, B.J., Risinger, R., Kelley, D., and Stein, E.A. (2000). Cue-induced
cocaine craving: neuroanatomical specificity for drug users and drug stimuli.
Am. J. Psychiatry 157, 1789–1798.

Gardner, E.L. (2011). Addiction and brain reward and antireward pathways.
Adv. Psychosom. Med. 30, 22–60.

Gaskin, D.J., and Richard, P. (2012). The economic costs of pain in the United
States. J. Pain 13, 715–724.

Gear, R.W., Aley, K.O., and Levine, J.D. (1999). Pain-induced analgesia medi-
ated by mesolimbic reward circuits. J. Neurosci. 19, 7175–7181.

Gegelashvili, G., and Bjerrum, O.J. (2014). High-affinity glutamate transporters
in chronic pain: an emerging therapeutic target. J. Neurochem. 131, 712–730.

Gibson, C.A. (2012). Review of posttraumatic stress disorder and chronic pain:
the path to integrated care. J. Rehabil. Res. Dev. 49, 753–776.

Gilron, I., Bailey, J.M., Tu, D., Holden, R.R., Weaver, D.F., and Houlden, R.L.
(2005). Morphine, gabapentin, or their combination for neuropathic pain.
N. Engl. J. Med. 352, 1324–1334.

Giovannitti, J.A., Jr., Thoms, S.M., and Crawford, J.J. (2015). Alpha-2 adren-
ergic receptor agonists: a review of current clinical applications. Anesth.
Prog. 62, 31–39.

Goldstein, D.S., and McEwen, B. (2002). Allostasis, homeostats, and the na-
ture of stress. Stress 5, 55–58.

Goldstein, R.Z., and Volkow, N.D. (2002). Drug addiction and its underlying
neurobiological basis: neuroimaging evidence for the involvement of the fron-
tal cortex. Am. J. Psychiatry 159, 1642–1652.

Grau, J.W., Huie, J.R., Garraway, S.M., Hook, M.A., Crown, E.D., Baumbauer,
K.M., Lee, K.H., Hoy, K.C., and Ferguson, A.R. (2012). Impact of behavioral
control on the processing of nociceptive stimulation. Front. Physiol. 3, 262.

Green, A.I., Noordsy, D.L., Brunette, M.F., and O’Keefe, C. (2008). Substance
abuse and schizophrenia: pharmacotherapeutic intervention. J. Subst. Abuse
Treat. 34, 61–71.

Hajhashemi, V., and Khanjani, P. (2014). Analgesic and anti-inflammatory ac-
tivities of bupropion in animal models. Res. Pharm. Sci. 9, 251–257.
32 Neuron 89, January 6, 2016 ª2016 Elsevier Inc.
Hama, A., and Sagen, J. (2011). Antinociceptive effect of riluzole in rats with
neuropathic spinal cord injury pain. J. Neurotrauma 28, 127–134.

Hamlin, A.S., McNally, G.P., and Osborne, P.B. (2007). Induction of c-Fos and
zif268 in the nociceptive amygdala parallel abstinence hyperalgesia in rats
briefly exposed to morphine. Neuropharmacology 53, 330–343.

Harris, R.E., Clauw, D.J., Scott, D.J., McLean, S.A., Gracely, R.H., and Zu-
bieta, J.K. (2007). Decreased central mu-opioid receptor availability in fibro-
myalgia. J. Neurosci. 27, 10000–10006.

Haubensak, W., Kunwar, P.S., Cai, H., Ciocchi, S., Wall, N.R., Ponnusamy, R.,
Biag, J., Dong, H.W., Deisseroth, K., Callaway, E.M., et al. (2010). Genetic
dissection of an amygdala microcircuit that gates conditioned fear. Nature
468, 270–276.

Haugh, R. (2005). Hospitals and clinicians confront a new imperative: pain
management. Hosp. Health Netw. 79, 51–52, 54–56, 2.

Hedborg, K., Anderberg, U.M., and Muhr, C. (2011). Stress in migraine: per-
sonality-dependent vulnerability, life events, and gender are of significance.
Ups. J. Med. Sci. 116, 187–199.

Henchoz, Y., Tétreau, C., Abboud, J., Piché, M., and Descarreaux, M. (2013).
Effects of noxious stimulation and pain expectations on neuromuscular control
of the spine in patients with chronic low back pain. Spine J. 13, 1263–1272.

Herrnstein, R.J. (1997). The matching law: papers in psychology and eco-
nomics. McDowell Psychol Bull 139, 1000–1028.

Heyman, G.M. (2013). Addiction and choice: theory and new data. Front. Psy-
chiatry 4, 31.

Hikosaka, O., Bromberg-Martin, E., Hong, S., and Matsumoto, M. (2008). New
insights on the subcortical representation of reward. Curr. Opin. Neurobiol. 18,
203–208.

Hoefer, M.E., Voskanian, S.J., Koob, G.F., and Pulvirenti, L. (2006). Effects of
terguride, ropinirole, and acetyl-L-carnitine on methamphetamine withdrawal
in the rat. Pharmacol. Biochem. Behav. 83, 403–409.

Huys, Q.J., Tobler, P.N., Hasler, G., and Flagel, S.B. (2014). The role of
learning-related dopamine signals in addiction vulnerability. Prog. Brain Res.
211, 31–77.

Hyman, S.E. (2005). Addiction: a disease of learning and memory. Am. J. Psy-
chiatry 162, 1414–1422.

Hyman, S.E., Malenka, R.C., and Nestler, E.J. (2006). Neural mechanisms of
addiction: the role of reward-related learning and memory. Annu. Rev. Neuro-
sci. 29, 565–598.

Iordanova, M.D., McNally, G.P., and Westbrook, R.F. (2006). Opioid receptors
in the nucleus accumbens regulate attentional learning in the blocking para-
digm. J. Neurosci. 26, 4036–4045.

Janak, P.H., and Tye, K.M. (2015). From circuits to behaviour in the amygdala.
Nature 517, 284–292.

Johannessen Landmark, C. (2008). Antiepileptic drugs in non-epilepsy disor-
ders: relations betweenmechanisms of action and clinical efficacy. CNSDrugs
22, 27–47.

Johnson, A.C., andGreenwood-VanMeerveld, B. (2014). Stress-induced pain:
a target for the development of novel therapeutics. J. Pharmacol. Exp. Ther.
351, 327–335.
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