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Abstract

Suicidality is exceedingly prevalent in pain patients. Although the pathophysiology of this link
remains unclear, it may be potentially related to the partial congruence of physical and emotional
pain systems. The latter system’s role in suicide is also conspicuous during setbacks and losses
sustained in the context of social attachments. Here we propose a model based on the neural
pathways mediating reward and anti-reward (i.e., allostatic adjustment to recurrent activation of
the reward circuitry); both are relevant etiologic factors in pain, suicide and social attachments. A
comprehensive literature search on neurobiology of pain and suicidality was performed. The
collected articles were critically reviewed and relevant data were extracted and summarized within
four key areas: (1) physical and emotional pain, (2) emotional pain and social attachments, (3)
pain-and suicide-related alterations of the reward and anti-reward circuits as compared to
addiction, which is the premier probe for dysfunction of these circuits and (4) mechanistically
informed treatments of co-occurring pain and suicidality. Pain-, stress- and analgesic drugs-
induced opponent and proponent states of the mesolimbic dopaminergic pathways may render
reward and anti-reward systems vulnerable to sensitization, cross-sensitization and aberrant
learning of contents and contexts associated with suicidal acts and behaviors. These findings
suggest that pain patients exhibit alterations in the brain circuits mediating reward (depressed
function) and anti-reward (sensitized function) that may affect their proclivity for suicide and
support pain and suicidality classification among other “reward deficiency syndromes” and a new
proposal for “enhanced anti-reward syndromes”. We suggest that interventions aimed at restoring
the balance between the reward and anti-reward networks in patients with chronic pain may help
decreasing their suicide risk.
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1. Background

1.1. Introduction

There is but one truly serious philosophical problem and that is suicide. Judging
whether life is or is not worth living amounts to answering the fundamental
question of philosophy.

Albert Camus. The Myth of Sisyphus (1942)

On October 21st 1805, the memorable day of the Battle of Trafalgar, Admiral Lord Horatio
Nelson wrote his will and emerged on the flagship deck in full uniform decorated with
military orders glittering in the warm sun that stood high in the clear skies of Spain. The
Admiral emphatically rebuffed comrades’ pleas for a less flashy attire, so to avoid being a
conspicuous target for the Napoleon’s fleet snipers. Unsurprisingly he was seriously
wounded shortly before the conclusion of the Battle, but rejected receipt of the medical care
immediately available on board of the flagship. Even though it may appear that Nelson was
seeking to die, we will probably never find out what exactly was going through his mind.
The hero’s glory was then at its zenith inevitably hinting to the only possible downward life
trajectory that may be henceforth perceived as bland and unfulfilling in comparison to the
fleeting triumph and exhilaration evoked by the grandiose victory. Nelson was also
exasperated by the hypocritical moral values of the British monarchy insultingly denying
societal recognition from his beloved lady and from their daughter. Furthermore, long-
lasting and excruciating phantom-like pain caused by an amateurish amputation of the right
arm performed a few years beforehand might have been yet another factor pushing Nelson to
the precipice.

The link between pain and suicide has indeed been consistently documented in numerous
epidemiological surveys (Fishbain, 1999; llgen et al., 2010; Ratcliffe et al., 2008; Tang and
Crane, 2006). This link remains rather specific even after accounting for negative affective
states (Blackburn-Munro and Blackburn-Munro, 2001; Edwards et al., 2006; Fishbain et al.,
1997) and for the perceived severity of pain symptoms (Edwards et al., 2006; Fisher et al.,
2001; Smith et al., 2004). For most people the act of suicide, defying instincts, fears and
societal taboos is incomprehensible and even mysterious. Suicidality could be attributed to a
constellation of developmental, environmental, social, psychological, psychiatric, medical,
molecular, genetic, demographic and vocational factors (Durkheim, 1952; Ernst et al., 2009;
Goldsmith, 2002; Van Orden et al., 2010). In the context of pain, low expectancy for
subjective well-being (Meulders et al., 2012; Takahashi, 2011), conditioned fear (De Peuter
et al., 2011) and avoidance behavior (Schrooten et al., 2012) are also considered among
contributing causes. Nonetheless, the mere fact that the incidence of people’s willingness to
part with the most precious possession they have, their life, remains by and large stable and
unremitting over years despite at times extraordinary interventions and tight monitoring
(Goldsmith, 2002) calls for further deepening of the insights into this enigmatic problem.

The current review will define interactions between pain and suicidality by examining the
role of neural pathways mediating reward and anti-reward viz., allostatic adjustment to
recurrent activation of the reward circuitry (Koob and Le Moal, 2005) that may have
important implications for the two conditions (Apkarian, 2010; Blum et al., 2008; Niikura et
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al., 2010). Owing to well-defined disruptions of reward/anti-reward function in addiction, it
serves as a comparison backdrop for understanding pain and suicidality. To that end, we
attempt to bring together the prevailing and complementary theories on the nature of
addiction. We will argue that addiction’s dimensional and interactive measures rather than a
categorical adherence to a single theoretical framework are essential for a comprehensive
clinical and scientific formulation of the complex biopsychosocial phenomena of pain and
suicidality.

In addition to general introduction of the main papers’ themes, as noted above, Section 1
provides epidemiological and clinical context of the discussed entities. Section 2 discusses
putative neurobiology of pain as it is involved in the sensory, emotional and reward/anti-
reward function. Section 3, the main portion of the paper, pertains to the role played by
reward and anti-reward systems in pain and in suicidality. Social attachment is used here to
illustrate normative reward/anti-reward function and to compare it to that in pain, in
suicidality and in addiction. In Section 4 specific evidence for testable hypotheses on
therapeutic and preventive interventions based on mechanistically-informed
psychopharmacological interventions is discussed. Section 5 presents final summary and
conclusions.

Death and mortality are arguably the most integral problems of human condition, faced by
any individual in the course of life and are inextricably linked to the questions dealing with
the meaning of life and with how death may impact such a meaning. These questions are
certainly far from ever been resolved. Also, because the awareness of life’s finality in
conjunction with the freedom to choose whether “to be or not to be” are exclusive attributes
of human nature, the present review does not draw heavily upon preclinical research. On the
other hand, since literature and poetry is purported to help us surmising universal truths from
individual examples (Aristotle, 1920), we selected several citations from countless volumes
of literary and philosophical work that are intended to place the discussed themes into
relevant scientific and humanistic contexts. This may inevitably generate an impression of
reductionism and oversimplification. We are aware that inquiry into the mind-body
conundrum, into philosophical meanings of life and death, into ethical aspects of voluntary
life termination as well as into the origins of human behavior and its neural correlates has
revealed substantial complexity (EIman, 2011), the discussion of which would go well
beyond the scope of this paper.

1.2. Search terms and methodology

English language literature search of reward/motivation function in pain, mechanisms of
normative hedonics and reward and their potential impairments in patients with suicidality
was undertaken using PubMed (http://www.ncbi.nlm.nih.gov/pubmed) from inception until
February 2013. Keywords used included pain plus reward, anti-reward, motivation, pleasure,
suicide, self-injury, anhedonia, emotional numbing, stress, addiction, substance use
disorders, dependence, striatum, nucleus accumbens (NAc), habenula, insula, prediction
error, delay discounting, interoception, dopamine, opponent, proponent and aberrant
learning. Each specific medication mentioned in the paper was combined with pain, suicide,
reward and motivation terms. Data on reward, pain mechanisms and suicide neurobiology
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were also drawn from recent seminal reviews of these topics (Apkarian et al., 2011; Gardner,
2011; Koob and Volkow, 2010; Ribeiro and Joiner, 2009; Selby et al., 2010). Additional
strategies included manual searches for relevant articles from the selected papers’ reference
lists as well as utilization of PubMed’s related articles function.

1.3. Epidemiological and clinical evidence on the link between pain and suicide

2. Pain

No one ever lacks a good reason for suicide.

Cesare Pavese. Journal entry. The Burning Brand:
Diaries 1935-1950 (1950)

Chronic pain is the most common problem encountered in primary care setting (Crook et al.,
1984) affecting about 100 million Americans and its annual cost to the American society is
estimated to be staggering $635 billion (Institute of Medicine, 2011) owing in part to the
heightened occurrence of the most ominous outcome, namely death or injury due to suicidal
acts. Indeed, about a third of pain patients contemplate or attempt suicide independent of
psychiatric and medical comorbidities (llgen et al., 2008) and exceeding 2—3 times the
prevalence in the general public (Edwards et al., 2006; llgen et al., 2008; Tang and Crane,
2006). The most comprehensive of the epidemiological studies, the University of Michigan
National Comorbidity Survey — Replication (Edwards et al., 2006; llgen et al., 2008; Tang
and Crane, 2006), accordingly reported an almost three-fold increased risk for suicidal
attempts (for all types of pain) in a non-clinical sample after controlling for psychiatric/
medical comorbidity and for demographic variables. The greatest increase (6.5 fold) was
observed in the context of severe headaches followed by non-arthritic chronic pain (6.2
fold); in other studies back pain heightened the risk for completed suicide nine times
(Penttinen, 1995) and generalized pain conditions as fibromyalgia and irritable bowel
syndrome increased the risk up to 4 fold (Calandre et al., 2011; Spiegel et al., 2007). These
figures likely underestimate the problem because about 20% of deaths (Carr et al., 2004;
Bohnert et al., 2013) are misclassified as accidental overdoses by pain killers or by other
unintentional causes (Cheatle, 2011; Rockett et al., 2010). Hence, in order to improve
diagnosis and treatment of suicidality in pain patients it is important to identify its objective
markers and their underlying neurobiology.

Presently, no clinical studies directly link pain neuropathology and suicidality. A cumulative
body of evidence suggests, however, that there is a considerable overlap between brain
circuitries that evolved in the service of physical and emotional pain and that predilection for
suicidal behavior is ingrained in the pain neuropathology owing to emotional alterations that
are similar to those driving suicidal behavior. The adaptation of these two ideas (discussed in
the sections below) lends strength to the hypothesis that pain and suicidality may be
potentially explained by recursive partly shared reward and anti-reward neural systems.

2.1. Neurobiology of pain

IlIness is the doctor to whom we pay most heed; to kindness, to knowledge, we
make promise only; pain we obey.
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Marcel Proust. Remembrance of Things Past (1922)

The neurobiology of pain has been reviewed in detail elsewhere (Costigan et al., 2009; von
Hehn et al., 2012) and some elements are briefly presented here. Acute painful sensation
signals real or perceived tissue damage from environmental hazards. Chronic pain usually
arises from neuropathic (damage to the peripheral or central nervous system e.g., diabetic
neuropathy and post-herpetic neuralgia), chronic inflammatory (e.g., osteoarthritis) or
idiosyncratic etiologies (e.g., fiboromyalgia). Conceptually albeit not always clinically
similar, chronic pain in cancer patients is also sometimes etiologically linked to direct tissue
damage attributable to malignant neoplasms and/or to surgical, chemotherapy or
radiotherapy treatments.

Etiology notwithstanding, chronic pain syndromes represent complex entities rooted in
genetic, biological and psychosocial factors. Fig. 1 provides a schematic overview of the
interface among sensory, reward, anti-reward, motivation, emotion, cognition and arousal
neural systems that govern pain-related mood and behavior. Information about noxious
stimuli from the skin, the internal organs and other tissues is detected by nociceptors and
propagated along primary afferent neurons to converge at the level of the dorsal root
ganglion, which is the origin of the spinothalamic tract. The lateral portions of the
spinothalamic tract relay sensory-discriminatory dimensions of nociception (e.g., intensity,
physical nature and topographic location) to the primary and secondary somatosensory
cortices via the ventral postero-lateral and medial thalamic nuclei (Rome and Rome, 2000).
The flow of painful stimuli is amplified or diminished at the level of the dorsal horn (Millan,
2002) by a system regulating pain signals through descending modulation from higher
centers prior to their interpretation by the cortical and subcortical areas. Specifically, the
periaqueductal gray matter (PAG) integrates nociceptive data arriving from the ascending
pain pathways with an extensive contribution from the superior cortical and subcortical
structures (e.g., cingulate gyrus, amygdala, NAc, habenula and hypothalamus) to regulate
the descending pain modulation system by the inferior brainstem nuclei including nucleus
tractus solitarius, parabrachial nucleus, locus coeruleus and raphe nuclei. Various
neurotransmitters are involved in the descending pain control including opiates, dopamine,
norepinephrine, cannabinoids and serotonin. Their action may be dependent on the type of
receptors activated. For instance, opioid p and & receptors are antinociceptive while x
receptors actually promote pain. This is also respectively reported for the 5-HT1B/D and
5HT3 serotonin receptors (Stahl, 1998).

Emotional-motivational aspects of pain (e.g., subjective unpleasantness prompting defensive
responses, salience and fear) are carried to the limbic structures (e.g., amygdala,
hypothalamus, striatum, insular cortex and anterior cingulate gyrus) by the medial
spinothalamic tract after synapsing at the medial thalamic (Lumley et al., 2011; Rome and
Rome, 2000) and/or brainstem nuclei (e.g., PAG, the locus coeruleus and the raphe nuclei).
Importantly, emotions evoked by painful stimuli is only part of a broad biopsychosocial
phenomenon (Lumley et al., 2011) that is comprised of complex interactions of interrelated
attentional, contextual, cognitive, endocrine and environmental factors, each of which
exhibits a unique role within the context of monitoring homeostasis as well as regulating
consciousness and mood (Dunphy and Verne, 2001; Price et al., 2006; Rome and Rome,
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2000). For that purpose, in addition to targeting sensory and limbic regions, ascending
spinothalamic tract neurons also project (Rome and Rome, 2000) to the reticular formation
nuclei (arousal), superior colliculus (motoric orientation), parabrachial nucleus and
hypothalamus (autonomic processes and neuroendocrine stress-like output).

And so, chronic pain may become a stand-alone neuropsychopathologic entity occurring at
the level of the spinal cord and involving supraspinal integrative circuits (Basbaum, 1999),
respectively manifested as spontaneous pain or in exaggerated responses to painful
(hyperalgesia) or normally nonpainful (allodynia) stimuli in combination with negative
affective states and an overwhelming drive to eliminate pain via behavioral or
pharmacologic means including compulsive seeking of opioid drugs driven by the desire to
ameliorate inadequately treated pain, that is sometimes described as a pseudoaddiction state
(Weissman and Haddox, 1989).

2.2. Emotional and physical pain: Are these two sides of the same coin?

Andrey Yefimitch lay and held his breath: he was expecting with horror to be struck
again. He felt as though someone had taken a sickle, thrust it into him, and turned it
round several times in his breast and bowels. He bit the pillow from pain and
clenched his teeth, and all at once through the chaos in his brain there flashed the
terrible unbearable thought that these people, who seemed now like black shadows
in the moonlight, had to endure such pain day by day for years.

Anton Chekhov. Ward 6 (1892)

The primary affective unpleasantness of pain engendered simultaneously with the noxious
sensory experience (Price, 1992) triggers secondary affective/cognitive processes in the
cingulate and parahippocampal gyri attributing meaning and regulating the primary affect
(Rome and Rome, 2000) as well as modifying it based on the environmental context and the
general emotional state of an individual regardless of pain i.e., pain-unrelated affect
(Gracely, 1992). Such a neuroanatomic representation may give an impression of
independent pathways for neurobiological and psychological pain processing (Melzack and
Wall, 1965, 1970), which may be a sweeping conclusion (Van Houdenhove and Luyten,
2005; Williamson et al., 2005) not entirely reflecting the intimate integration (Borsook et al.,
2013) of the pain and emotion systems. To begin with, somatosensory cortex provides a
massive input into the affective limbic pain areas (Friedman et al., 1986; Price et al., 2006)
and is also involved in a host of both pain-related (Kross et al., 2011; Moulton et al., 2005)
and unrelated (Bastiaansen et al., 2009; Rudrauf et al., 2009) emotions. Habenula, an
epithalamic nucleus with projections from the spinothalamic tract (Cliffer et al., 1991; Craig,
2003), is yet another brain region with integrated sensory, emotional and motivational
functions (Shelton et al., 2012a,b) that modulates pain intensity (Shelton et al., 2012a),
aversion (Hikosaka, 2010) and motor responses (Hikosaka, 2010). The tight integration of
sensory and emotional processing probably explains why stronger pain is associated with
greater self-reported pain unpleasantness (Rainville et al., 2005; Wiech and Tracey, 2009)
whereas elicitation of depressed vs. happy emotional states respectively enhances and
diminishes the sensation of pain (Connelly et al., 2007; Pinerua-Shuhaibar et al., 2011; Tang
et al., 2008).
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Although the precise nature of the blurred functional distinctions, echoed by the
interchanging use of the “pain” term in both physical and emotional contexts in at least 15
lay languages (Macdonald and Leary, 2005), is still a subject of an ongoing linguistic
(Luyten and Van Houdenhove, 2005; Williamson et al., 2005) and scientific (Eisenberger,
2012b; lannetti and Mouraux, 2011; Price et al., 2006) debate, it is a matter of consensus
that “pain-related emotions” and “emotional pain” connote anatomically overlapping and
potentially congruent entities (Eisenberger, 2012a,b; Kross et al., 2011; Meerwijk et al.,
2012). In more simple terms, pain experience of either physical and/or psychological
etiology is indeed hurtful on both levels. For instance, after receiving an announcement of
her young brother’s death, the heroine of War and Peacefelt “an electric shock” and that
“some fearful pain seemed to stab her to the heart.” At the same time, pain is a very
subjective experience that everybody understands its meaning but cries about it in the own
voice.

In a like manner that grief-related emotional pain activates brain regions associated with
physical pain including the PAG, insula and the anterior cingulate cortex (O’Connor et al.,
2008), physical pain in humans activates reward/anti-reward circuits e.g., NAc, ventral
tegmentum (VT), amygdala and habenula (Berridge, 2003; Borsook et al., 2007; Scott et al.,
2006). Furthermore, acute emotional or physical pain in patients with complicated grief and
chronic back pain robustly engages a central region of the reward circuit, namely the NAc,
during the respective exposure to reminders of the deceased (O’Connor et al., 2008) or to
thermal pain (Baliki et al., 2010). Another noteworthy analogy is that the same brain regions
(NAc and medial prefrontal cortex; PFC) engaged by prediction of reward are also involved
in a similar process with regard to prediction of pain (Atlas et al., 2010). From the
evolutionary perspective, critical for the survival of the organisms, the pain system is
embedded within extensive circuitry mediating emotions, reward/anti-reward and
motivation, representing a neural network indispensable for preservation of individuals and
species promoting behaviors necessary for survival (food, water and sex) and preventing
those that jeopardize wellbeing (pain and fear) through learning and conditioning and their
influence on decision making.

The interface between biopsychological factors governing pain-related affect is portrayed in
Fig. 2. Primary pain affect, that is initial or ongoing unpleasantness associated with painful
stimuli (Rome and Rome, 2000), is derived from interrelated factors involved in the
homeostatic monitoring of physical integrity as part of the system determining emotions and
conscious self (Price, 2000; Price et al., 2006). Thus, in addition to carrying the pain
sensation in isolation to the somatosensory cortex or insula (Fig. 1), ascending spinal tracts
also terminate in the amygdala (fear and emotion), cingulate (fear avoidance,
unpleasantness, interoception and motor orientation), insula (subjective experience and
interoception), reticular formation nuclei (arousal and vigilance), parabrachial nucleus and
hypothalamus (autonomic and neuroendocrine stress responses), habenula (aversion and
reduced motivation) to produce primary composite sensory/affective output (Isnard et al.,
2011; Price et al., 2006; Rome and Rome, 2000; Vogt, 2005). This output incorporates
contextual data in the form of environmental influences, memories, pain-unrelated emotions
(e.g., anxiety, catastrophizing), cognitive constructs, personality characteristics and
neuropsychopathology to generate the secondary pain affect that resets the primary affect via
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feedback mechanisms (Gracely, 1992; Price, 1992; Rome and Rome, 2000). The entire
system is subject to modulation (facilitation or inhibition) by the descending pain control
(Fig. 1) that affects the primary-, the secondary- and the pain-unrelated affects by screening
pain information at the spinal cord level.

The affects are further amplified through the long-term neuroplasticity process of
sensitization at the cortical and subcortical limbic structures (Rome and Rome, 2000). This
is an autonomous, self-sustaining feed-forward loop generated by a variety of intermittent
sensory (e.g., pain), pharmacological (e.g., opioid and stimulant agents), emotional (e.g.,
depression and fear) and behavioral (e.g., addictive and suicidal acts) stimuli and
characterized by conditionability, interchangeability as well as progressive intensification of
the duration and magnitude of the responses (Pierce and Kalivas, 1997; Weiss and Post,
1994).

2.3. Pain and pleasure continuum

Her tender feet felt as if cut with sharp knives, but she cared not for it; a sharper
pang had pierced through her heart. She knew this was the last evening she should
ever see the prince, for whom she had forsaken her kindred and her home; she had
given up her beautiful voice, and suffered unheard-of pain daily for him, while he
knew nothing of it.

Hans Christian Andersen. The Little Mermaid (1836)

A key theory in outlining interfacing sensory and emotional pain components or more
precisely the construct that integrates personally meaningful experiences with neuronal
activity in the pain pathways is the pain—pleasure continuum (Borsook et al., 2007). This
enthralling concept has permeated human cogitation for over 2000 years. Zeno of Citium
included pain (as a form of grief) and pleasure among the four basic human passions (in
addition to fear and desire) whereas pain and pleasure indifference was looked on as the
crucial prerequisite for spiritual tranquility (Seddon and Yonge, 2008). Spinoza upheld the
pain—pleasure continuum by designating them as opposite anchors of the perfection scale (de
Spinoza, 2005), followed by Nietzsche’s perception of holistic and indivisible nature of the
pain—pleasure amalgamation, that is to say, impossibility of gaining pleasure without
sustaining pain (Nietzsche and Kaufmann, 1974) along with Bentham’s attribution to pain
and pleasure the ultimate role in governing human cognitions and behaviors (Bentham,
1823). The latter idea, rooted in the ancient philosophical writings by Democritus,
Avristippus and Avristotle (Aristotle and Roberts, 2004; Elliot, 2006), is supported by Freud’s
structural model (Freud, 1917b, 2010) and by numerous other eminent scholars e.g., James
(1890), Thorndike (1911), Pavlov (1927), Skinner (1938) and Lewin (1935) linking avoiding
pain and seeking pleasure to opposing defense/avoidance vs. approach/motivational drives
shaping the behavior of humans and other species.

The Motivation-Decision pain theory equates perceived pain to the actual pain less the
simultaneous reward; the same logic defines perceived rewards by subtracting pain from the
entire reward experience (Fields, 2007b; Leknes and Tracey, 2008; Sadowski et al., 1984).
Such pain-reward tug of war is modulated by the contextual priority of the stimulus so
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subjective pain perception is diminished owing to the joint activity of the reward and of the
descending pain control systems favoring rewards that are salient from the evolutionary or
survival standpoints such as childbirth, for example (Fields, 2007b; Leknes and Tracey,
2008; Younger et al., 2010).

3. Reward and anti-reward system

3.1. The opponent process

There is no love which is not pain.
There is no love which does not bruise.

There is no love which does not wither.

Louis Aragon. There is no happy love (1946)

A great truth is a truth whose opposite is also a truth.
Thomas Mann. Essay on Freud (1929)

The valence-based approach/avoidance dichotomy does not seem to be universal, however,
as some painful (Nixon et al., 2008) and/or aversive (Sapolsky, 1998; Selye, 1976) stimuli
may be perceived as desirable (i.e., rewarding and reinforcing) across various species
(Goeders, 2002) as corroborated by: (a) stress-induced place preference (Shen et al., 2011)
and intracranial self-stimulation of the brain regions triggering aversive experiences (Cazala
et al., 1985) in rodents; (b) self-administration of mild electric shocks in non-human
primates (Barrett and Spealman, 1978; Malagodi et al., 1981); (c) a variety of stress-seeking
behaviors in humans, e.g., roller coasters, automobile racing, skydiving and horror movies
and (d) ‘traumatic bonding” also known as Stockholm Syndrome or sympathy developed by
victims toward the individuals causing their emotional and physical pain (Cantor and Price,
2007).

The Opponent-Process theory (Solomon and Corbit, 1973, 1974) addresses concomitant
aversive and rewarding experiences by postulating an existence of powerful neural systems
responsible for maintenance of hedonic equilibrium and for stabilization of emotional states
and motivational drives. In view of that, the hedonic tone is derived from two valuationally
opposite components arbitrarily termed “a” and “b” processes. The former refers to the
stimulus’ primary emotional and motivational qualities, be they aversive, appetitive, pleasant
or unpleasant; the latter is an antagonistic central nervous system’s response aimed at
minimizing the intensity of the initially evoked affect, arousal and drives. Although low and
sluggish at their onset, “b” processes dampen affective and motivational characteristics of
the active initial input and may later grow to define the intensity and valence of the overall
affective and motivational states (Solomon and Corbit, 1973, 1974). For example, initially
aversive qualities of nicotine (Sellings et al., 2008) or opioids (Coluzzi et al., 2012) rapidly
subside, giving raise to profoundly reinforcing experiences. Then again, cocaine-related
dysphoria emerges shortly (minutes) after the drug’s reportedly pleasant high and rush
effects (Yamamoto et al., 2007). Pain is likewise associated with the opponent loop evident
in pain-induced analgesia (Gear et al., 1999; Tambeli et al., 2012). Such (and other)
hedonically opposite of pain experiences, although overshadowed by the ongoing powerful
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pain stimuli, become conspicuous with pain termination in the form of pleasurable feeling,
joy and reward (Becerra and Borsook, 2008; Leknes et al., 2011). In sum, short-term
hedonic pain control apparatus is tightly regulated via antagonistic yin- and yang-type
negative feedback processes that may be adaptive from a phylogenetic perspective as they
improve coping mechanisms by reducing acute aversive effects of the primary challenge.

Neuroanatomy, neurophysiology, and neurochemistry of the opponent processes have been
at the outset investigated using drug addiction paradigms. While pain is obviously a
divergent neuropsychopathological entity, its comparison to addiction may be meaningful
because of several reasons other than the high prevalence of various addictions (e.g.,
nicotine, alcohol and opioid analgesics) among patients with pain (Brown et al., 1996;
Compton and Volkow, 2006; Dersh et al., 2002). Probably the most important is the neural
pathways mediating reward and anti-reward since acute pain (Boutelle et al., 1990; Scott et
al., 2006) and euphorogenic drugs (Hyman et al., 2006; Koob and Volkow, 2010) activate
dopamine transmission in the brain reward circuitry, including the NAc, whereas prolonged
periods of pain (Geha et al., 2008; Pais-Vieira et al., 2009; Wood et al., 2007) or of drug
consumption (Koob and Le Moal, 2001; Rossetti et al., 1992) produce the opposite anti-
reward effect (Kalivas and Volkow, 2005; Karoly and Lecci, 1997; Karoly and Ruehlman,
1996; Leite-Almeida et al., 2009). The dopaminergic system does not exist in isolation,
though; it is integrated with a complex network of interrelated opioidergic (MacDonald et
al., 2004), cannabinoid (EI Khoury et al., 2012), cholinergic (Leslie et al., 2012) and
GABAergic (Barrot et al., 2012) mechanisms that are not only involved in reward-related
behavior but are also targeted by analgesic therapy e.g., morphine, tetrahydrocannabinol
(Guindon and Hohmann, 2009), nicotine (Vincler, 2005) and benzodiazepines (Leslie et al.,
2012), all of which have analgesic properties. The following sections discuss neurobiology
of reward/anti-reward circuits and of addictive disorders along with their relevance for pain
and analgesia.

3.2. Opponent process and “the anti-reward brain”

Dark, profound it was, and cloudy, so that though | fixed my sight on the bottom |
did not discern anything there.

Dante Alighieri. The Divine Comedy - Inferno, Canto
IV (1321)

As discussed above, the opponent theory of motivation postulates maintenance of hedonic
homeostasis in the face of various neurochemical and emotional proponent perturbations
(Koob and Le Moal, 2008). Dopamine neurons in the ventral tegmental area and their
projections into the NAc are central to the brain’s reward system (Carlezon and Thomas,
2009) and constitute the putative “homeostat’ (c.f., Goldstein and McEwen, 2002)
comparing hedonic information with a pre-set point. As any homeostatic system (Cannon,
1929), reward is regulated by negative feedback. The common element of the rewarding
effects of natural rewards as well as drugs of abuse relates to increases in dopamine levels in
the NAc (Carlezon and Thomas, 2009) including but not limited to pleasure or “high”
(reward). The intervening variable of subjective pleasure is sensed in the medial PFC
(Berridge and Kringelbach, 2013; Goldstein and Volkow, 2002), which exerts top down

Prog Neurobiol. Author manuscript; available in PMC 2016 April 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Elman et al.

Page 11

control of dopaminergic activity in the NAc via the corticostriatal segment of the cortico-
striato-thalamocortical circuit (Bimpisidis et al., 2013; Volkow et al., 2011). Increase or
decreases in NAc’s dopamine concentrations prompt respective habituation (Di Chiara et al.,
2004) or sensitization (Tremblay et al., 2002) in the key effector systems (Goldstein, 1995)
consisting of (to name a few) pre- and post-synaptic dopamine receptors, presynaptic
dopamine transporters and enzymes involved in dopamine’s synthesis and metabolism; all
oppose and thereby balance abrupt reward changes (Fig. 3).

Recurrent dopaminergic trafficking consequent to eupohorogenic drugs consumption
eventually results in hypodopminergic state in the NAc and the medial PFC (i.e., within
system adaptation). The initially homeostatic adjustments to diminished resting state fonic
dopaminergic neurotransmission in the NAc and PFC set in motion robust augmentations of
phasic dopamine responses to drugs and via Pavlovian conditioning to drug-related cues
(Kalivas and Volkow, 2011; Volkow et al., 2011) and/or to interoceptive bodily states
(Verdejo-Garcia et al., 2012). Prefrontal activations caused by these cues profoundly
increase PFC’ glutamatergic output (Kalivas and Volkow, 2005) to already hypofunctional
NAc (Volkow et al., 2005), thus further decreasing its dopaminergic activity. This triggers
the drive to seek and consume drugs (i.e., craving) with secondary drug-induced phasic
dopaminergic bombardment (Grace, 2000) that eventually overpowers the homeostatic
restraint (Koob and Le Moal, 2001) and gives rise to the between system adaptation
recruiting central and basolateral amygdala nuclei, the bed nucleus of the stria terminalis, the
lateral tegmental noradrenergic nuclei of the brain stem, the hippocampus and the habenula
that in concert contribute to massive outpouring of stressogenic corticotropin-releasing
factor (CRF), norepinephrine and dynorphin manifested in negative affective states,
anhedonia and profound craving (Koob and Le Moal, 2001). The consequent adaptation in
the form allostatic “anti-reward” loop (Fig. 4) is metaphorically termed the “dark side of
addiction” (Koob and Le Moal, 2005) as it is unchecked by physiological negative feedback
mechanisms with drugs (and/or natural rewards) providing only transient symptomatic relief
while worsening neuroadaptations to the point of systematic collapse (Goldstein and
\Volkow, 2011) and subsequent end-stage outcomes of addictive disorders including suicide
(Darke and Ross, 2002).

Such positive feedback loops are relatively uncommon yet possible in clinical medicine
(Goldstein, 1995). A similar example is weight gain and insulin resistance that render
normal satiety signals ineffective leading to impairments in physiologic mechanisms
regulating food intake and shifting the set point for energy homeostasis towards the
development of overweight and obesity (EIman et al., 2006). This may be further worsened
by concurrent drug use that elicits stress-like responses countering insulin action (Rott et al.,
2008).

It is quite difficult to stop and reverse the developing vicious cycle (schematically illustrated
in Fig. 4) as attempted abstinence by restriction of the drug intake results in the opponent
hypodopaminergic condition triggering robust activation of drug relapse pathways (see
below) in the face of suppressed cognitive control; the magnitude of these responses exceeds
by far that during proponent stimulation by natural non-drug rewards.
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In some instances it might be possible to postulate specificity of the opponent and anti-
reward mechanisms. Their dissociability is supported by qualitatively different temporal and
neuroadaptaional characteristics summarized in Table 1. An alternative continuum
interpretation is that anti-reward is an exaggerated form of the opponent process. Compatible
with the latter assumption, a key element of anti-reward namely, craving, has been shown to
increase (incubate) over time even in the absence of recurrent drug exposure (Bedi et al.,
2011). Also, termination of conditioned cue-induced effects (related to emotions,
interoceptions and executive control) can evoke both opponent and anti-reward
symptomatology caused by the backward conditioning (i.e., linked to the conclusion of the
unconditioned stimulus) and evidenced in depression, anxiety, apathy and anhedonia
symptoms (O’Brien et al., 1977; Solomon and Corbit, 1973, 1974). The existing preclinical
and human data are far from conclusive on the dissociability score, and the theoretical
considerations are not unambiguous. For these reasons, when appropriate, “opponent” and
“anti-reward” are used as a combined term (i.e., “opponent/anti-reward”).

Proponent reward signals in the brain motivate actions that increase the probability that the
behavior will be performed and repeated in the future whereas negative reward signals
inhibit actions that are likely to result in fruitless pursuits or in aversive consequences
(Wickens, 2008). It is now recognized that dopamine neurons in addition to encoding for
reward per se also encode for motivational salience (McClure et al., 2003), for conditioned
learning of stimulus—reward association (Berridge, 2004; Gardner, 2011; Koob and Volkow,
2010) and for discrepancy between actual and anticipated reward (Monterosso et al., 2012;
Schultz, 2007; Schultz and Dickinson, 2000), that is to say, reward prediction error.

Prediction error is generated in response to a novel or unexpected reward whereas with
repeated exposure when the reward becomes expected, DA cells stop firing and instead
activate with increasingly distant and thus novel cues (Wise, 2002) predicting the reward.
Attribution of incentive salience to rewarding stimuli (McClure et al., 2003) ‘gated’ by the
NAc occurs in the ventromedial PFC (Montague et al., 2004). The same region integrates
other peripheral and environmental stimuli to exercise cognitive control over drives and
emotions (Goldstein and Volkow, 2002) and to perform (together with more lateral cortical
areas) contextual framing of timing i.e., discounting of reward valuation in proportion to its
delay (Ballard and Knutson, 2009). Additional regions also participate in the DA modulated
circuitry including the olfactory tubercle (Ikemoto, 2010), which is the extension of the
NAc’s shell and the hypothalamus interfacing between the motivational/emotional, motor
and homeostatic reward components (Elman et al., 2006).

Cortical processing of homeostatic states (i.e., interoception) is carried out by the insula
(\Verdejo-Garcia et al., 2012) in concert with the anterior cingulate cortex (expectancy,
cognitive appraisal and top down control) and the dorsolateral and ventromedial PFC
(emotional attribution). Interoception is reflected in the resting state spontaneous brain
activity that is helpfully assessed by the default-mode network (DMN) analytic technique.
The DMN is reciprocally interrelated with the salience system (Bonnelle et al., 2012;
Borsook et al., 2013). Of particular interest here is that the DMN insular connectivity
aberrations observed in patients with pain (Xue et al., 2012), addiction (\erdejo-Garcia et
al., 2012) and depression (Hamilton et al., 2011) may explain failure to restrain endogenous
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excitation as well as perceptions evoked by exogenous stimuli manifested in heightened
prediction errors and salience attributed to bodily and environmental stimuli so giving rise to
catastrophizing, craving and somatization.

Another key functional reciprocity is between dopamine neurons and neurons in the
habenula. The latter increase their firing when an expected reward does not materialize or to
predictors of no-reward (Ji and Shepard, 2007; Kimura et al., 2007) and decrease their firing
when an expected reward occurs (Hong and Hikosaka, 2008; Matsumoto and Hikosaka,
2009). The habenula (with the input from the limbic system and basal ganglia) provides
inhibitory tone to dopamine neurons through interpeduncular and the rostromedial tegmental
(i.e., respective medial and lateral habenular) nuclei (Lee and Goto, 2011) projections
resulting in decreased dopamine transmission in the PFC and in the NAc (Lecourtier et al.,
2008; Lee and Goto, 2011) clinically visible as decreased motivation and anhedonia (EIman
et al., 2009). Other major neurotransmitter systems contributing to aversive anti-reward
states (Hikosaka, 2010) including serotonin (Kalen et al., 1989; Nishikawa and Scatton,
1985), norepinephrine (Lecourtier and Kelly, 2007) and acetylcholine (Lecourtier and Kelly,
2007) are also regulated by the habenula via respective raphe nuclei, locus coeruleus and
nucleus of Meynert. And so, habenula is involved in the aversive anti-reward circuitry that
when sensitized (Hikosaka, 2010) may contribute to the transition from the controlled to
compulsive drug intake seen in addiction (Fig. 4). The involvement of the habenula as a
central node in the anti-reward network is therefore in accord with the theoretical model of
addiction postulating sensitized anti-reward responses mediated through enhanced
sensitivity of the amygdala and increased CRF signaling (Koob and Le Moal, 2008).

Notably, similar anti-reward responses contribute to anhedonia in depression, as
demonstrated in the preclinical model of learned helplessness, an animal model of
depression (Amat et al., 2001; Shumake and Gonzalez-Lima, 2003). Clinical studies alike
show evidence of structural changes in the habenula of depressed patients (Ranft et al.,
2010; Savitz et al., 2011) and in a patient with refractory depression deep brain stimulation
(DBS) of the habenula was associated with significant clinical improvement (Sartorius et al.,
2010). The interactions between the reward and anti-reward networks (central nodes in the
NAc and habenula respectively) is likely the reason to why DBS in the treatment of resistant
depression appears to be effective both when electrodes are placed in the NAc as well as
when placed in the habenula. Their interactions are also likely to be relevant to the
neurobiology of the co-morbidity between major depression and substance use disorders and
particularly nicotine dependence. This is because the habenula’s a5 nicotinic receptors
modulate aversive responses to nicotine (Fowler et al., 2011) and the a5 and a2 nicotine
receptors mediate nicotine withdrawal (Salas et al., 2009). Smoking may decrease the
activity of the habenula by desensitizing these receptors and therefore depressed patients
may use of nicotine as a mechanism of self-medication.

3.3. Reward and addiction are not homogenous entities

All kinds of beauty do not inspire love; there is a kind which only pleases the sight,
but does not captivate the affections.

Miguel de Cervantes Saavedra. Don Quixote (1615)
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The precise psychological nature of the mechanisms driving addictive disorders remains a
subject of complementary theories. According to the /ncentive Motivation theory brain
reward function is not a homogenous entity but can be rather dissected, using
neurochemical, neuroanatomical, and functional criteria, into core processes, namely ‘liking’
and ‘wanting’ (Berridge and Robinson, 2003). ‘Liking’ is conveyed to the frontotemporal
cortical structures (Berridge, 2003; Kelley, 2004) through p-opioid neurotransmission within
the scattered network of subcortical and brainstem nuclei (Kelley, 2004; Pecina et al., 2003;
Robinson and Berridge, 2003) including the NAc, VT, ventral pallidum, nucleus of the
solitary tract, parabrachial nucleus and the amygdala.

Drug-induced changes in the mesolimbic dopaminergic circuitry including dopamine
terminal fields (e.g., striatum, amygdala, and PFC) underlying the wanting but not liking
purposes is purportedly responsible for transforming regular wanting responses into
heightened incentive salience assigned to drugs or drug-related cues which is construed to be
an animal homolog of human craving (Robinson and Berridge, 2003). Such hypersensitive
state is further amplified through the Cross-Sensitization (Elman et al., 2012; George et al.,
2012; Robinson and Berridge, 2003) when prior exposure to one stimulus (e.g., drug)
increases subsequent response to itself (Basso et al., 1999; Self and Nestler, 1998) and to a
different stimulus (e.g., stress) and in the reversed order, enhancement of drug motivational
states e.g., craving following prior stress exposure (George et al., 2012). This anti-reward
loop is termed “spiraling distress cycle” (Goldstein and McEwen, 2002; Koob and Le Moal,
2001) whereby a trivial event (e.g., psychosacial stress) can mount escalating dopamine
releases in the striatum causing craving and further worsening symptoms of addiction.

Addictive drugs and behaviors introduce sustained and short-term up/down regulation in
gene expression together with long-term potentiation and depression of synaptic strength
with ensuing profound alterations in neuronal signaling evidenced in distorted learning and
memory formation (Gurden et al., 2000; Hyman et al., 2006). Learned association is a basic
tenant of the sensitization construct so that novel links are forged between emotions,
motivations and behaviors in order to be reenacted as an ensemble by a seemingly desecrate
stimulation (Rome and Rome, 2000; Weiss and Post, 1994). A closely related concept,
derived from primate work, is the Aberrant Learning theory suggesting that learning of new
rewards or expectancy of the old ones is encoded via interactions between tonic (baseline)
and phasic spikes in dopaminegic neurons; phasic firing predicts new rewards (Kalivas and
\Volkow, 2005; Schultz, 2001). Hence, neural adaptations to excessive dopaminergic
trafficking in response to drugs may lead to low signal-to-noise detection capability for
natural rewards along with overlearning of the motivational significance of cues that predict
delivery of drugs i.e., drugs are constantly perceived to be better than expected (Hyman,
2005; Hyman et al., 2006). Eventually addictive drugs establish habit-based valuation
system mediated mostly by the dorsal rather than ventral striatum and driving compulsive
behavioral patterns (Molkow et al., 2006) that are not goal-directed and therefore not
amenable to modulation by adverse outcomes (Rangel et al., 2008).

Notwithstanding the theoretical school of thought on psychological mechanisms underlying
addictions, the general consensus is that relapse to drug consumptions and/or to addictive
behaviors after some period of abstinence constitutes the key factor responsible for the
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chronic course of the illness (Sinha, 2011). A widely used behavioral probe of relapse is an
event when a laboratory animal reinitiates lever press responding after abstaining from drug
self-administration (Epstein et al., 2006). Three types of stimuli are known to induce
reinstatement i.e., low doses of drug itself, cues conditioned by drugs and stress (Gardner,
2011; Self and Nestler, 1998) and so relapse is usefully divided into subtypes based on the
provocation technique (Table 2). Separate inquiry into each subtype provides evidence for
the common obligatory circuitry, comprised of the glutamaterigic pathways extending from
the PFC to the NAc core (Kalivas and Volkow, 2005), in conjunction with different
neuroanatomic substrate engaged by cues vs. drugs or stress.

Since reward and craving produce similar drug seeking behaviors and consequent relapse,
increased dopamine neurotransmission in the same medial forebrain bundle connecting the
VT to the NAc has been assumed to subserve both phenomena (Gardner, 2011; Self and
Nestler, 1998), though, some evidence suggests an important role for other monoaminergic
systems besides dopamine (Rocha et al., 1998). Regions beyond the VT and Nac have been
implicated in the stress-induced relapse (Table 2). One pathway starts out with in the lateral
tegmentum noradrenergic cell bodies and terminates in the hypothalamus, NAc, amygdala
and the bed nucleus the stria terminalis (BNST). Another stress relapse pathway connects
the central nucleus of the amygdala with the BNST (Gardner, 2011; Moore and Bloom,
1979). Cue-induced relapse involves the ventral subiculum of the hippocampus, the
basolateral complex of the amygdala and the NAc (Gardner, 2011; Koob and Le Moal, 2008;
Vorel et al., 2001). Habenula’s role in addictive disorders (Lecca et al., 2011) is supported
by its involvement in drug aversion (Fowler et al., 2011) along with drug- (Brown et al.,
2010) and cue-induced (Madsen et al., 2012) relapse.

From the above evidence (Table 2) it is clear that addiction is not a unitary entity defined by
a single type motivation, emotion or neural mechanism. On the contrary, it is both
hierarchical and multidimensional, consisting of higher order reward and anti-reward factors
and lower order sensitization, cross-sensitization and aberrant learning dimensions, each of
which plays a specific role in relapse to drug use and seeking behavior. Modulation by the
reward vs. anti-reward states (Table 3) as well as by such clinical variables as comorbid
psychopathology, stress levels, expectancy states my produce a complex pattern of
interactions. Such conceptualization offers structured algorithms for diagnostic, preventive
and therapeutic pursuits in patients with addictive disorders. Clinical interviews and
psychometric assessments may define opponent/anti-reward neuroadaptational states, while
sensitization, cross-sensitization and aberrant learning could be demonstrated via
neuroimaging in conjunction with cognitive and biochemical challenges procedures (Elman
et al., 2005, 2009, 2012; Hopper et al., 2008).

Moreover, although it is hypothesized by some that addiction develops via negative
reinforcement mechanisms viz., the drug is used to ameliorate the unpleasantness of the
withdrawal state (Khantzian, 1997), the view presented here suggests an adaptation of this
idea in the form of a positive reinforcement hypothesis, explicitly, that opponent and anti-
reward processes clinically present as withdrawal and depressive symptomatologies enhance
drug use through amplification of its rewarding and reinforcing properties (Elman et al.,
2002). Drug use may even paradoxically produce a seemingly advantageous clinical action
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in individuals with reward deficits by sensitizing previously non- or under-responsive reward
circuitry not only to drugs, but via cross-sensitization processes to natural rewards including
social function (Berridge, 2007). The next section further emphasizes the heuristic value of
addiction neuroscience for understanding neurobiology of social attachments and how they
share the same brain structures and mechanisms with addictive drugs and pain.

3.4. Social attachment and addiction: Shared neurobiology and analogous

presentation

Masturbation is the primal addiction.

Sigmund Freud. Sexuality in the etiology of neurosis
(1898)

| joined the ring of players, while the rest of the crowd massed itself around me. At
this distance of time | cannot remember whether | ever gave a thought to Polina; |
seemed only to be conscious of a vague pleasure in seizing and raking in the
banknotes which kept massing themselves in a pile before me.

Fyodor Dostoyevsky. The Gambler (1867)

One of the most consistent findings in basic and clinical neuroscience of addiction is the
presence of neuroadaptations that are driving continuous drug intake and/or engagement in
behavioral addictions e.g., gambling (Elman et al., 2012, 2013) and overeating (Elman et al.,
2006). An important question that logically follows is whether addiction-like phenomena
necessarily develop secondary to brain dysfunction elicited by a drug or a behavior or they
are a reflection of the primary factors inherent in normal function. This question is supported
by the general notion that chemical and behavioral addictions usurp the same neural systems
involved in the fulfillment of the food, security and procreation needs that are vital for the
continued existence of individual and species (Hyman and Malenka, 2001).

“Unsociable species ... are doomed to decay” (Kropotkin, 1902) so historically human
beings were destined for demise from starvation and/or from acts of violence in the absence
of affiliation with one another. Accordingly group affiliation is an evolutionary need forming
the basis for the establishment of (extended) families, tribes, states, nations and religions.
This may be why we have evolved to be so compelled to seek social bonding and to
experience respective pleasure and grief upon its attainment and painful loss so that “the
simplest pattern, that in which a man was born, worked, married, had children, and died, was
likewise the most perfect” (Maugham, 1915). At the fundamental level people may be really
seeking human warmth, care and an ability to experience love for another soul, whereas
addiction, like masturbation (Freud, 1898), presents a seemingly similar but an ill-fated
pursuit of the longed emotions naturally evoked by genuine social connectedness (Zellner et
al., 2011).

Social attachment is certainly purported to be the “primary form of addiction” (Burkett and
Young, 2012; Insel, 2003; Zellner et al., 2011). Several lines of evidence support this sort of
conceptualization, including heightened incentive salience assigned to heterosexual beauty,
the term typically refers to a situation where the motivational targets that are ‘wanted’” more
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than could be explained by their hedonic properties, that is to say, ‘liking’, which may be
akin to the urges to seek drugs despite their diminished (or absent) hedonic qualities (Levy,
2008). In addition, euphoria of early encounters with the love object is indistinguishable
from drug-induced high. The same is true for tolerance, withdrawal, craving and giving up
important activities with regard to respective estrangement, separation persistent desire to be
with the loved one and loss of sense of time with realization of intimacy (Burkett and Young,
2012; Zellner et al., 2011).

Owing to understanding that addictive drugs tap the same neural mechanisms that are
evolutionary designated for mediation of social attachments (Insel, 2003), reward and
motivational systems, initially investigated in the context of drug addiction models, are now
becoming a premier probe for addressing fundamental issues pertinent to social
neuroscience. In fact, from a neuro-chemical/anatomical standpoints, motivation for pair
bonding (Gingrich et al., 2000; Hansen et al., 1993) and for maternal care (Curtis et al.,
2006), like euphorogenic drugs (Hernandez et al., 1987), induces dopamine release within
mesolimbic dopaminergic reward and motivational pathways. At the behavioral level, such
motivation can be demonstrated in preclinical models using the same procedures borrowed
from the addiction field namely, conditioned place preference (Mattson et al., 2001), operant
conditioning bar-pressing procedures (Wilsoncraft, 1968) and choice tasks (Mattson et al.,
2001). The association between social attachment and addiction is further supported by
extensive clinical literature on poor couple (Ghitza et al., 2007) and parental (Coyer, 2003;
Eiden et al., 2006) functioning in individuals afflicted with substance use disorders. Hence,
addiction entails taking over motivational and emotional systems by switching evolutionary
programmed and normatively sensitized incentive targets (e.g., sexual attractions and
maternal care) for the ones bearing absolutely no benefits for an individual. Emotional pain
inevitably accompanying losses and setbacks of social attachments (Shneidman, 1998) may
prompt suicide while an expression of a genuine compassionate concern even indirectly
through letters have been shown to reduce suicidal deaths in high risk population more so
than elaborate but less personable interventions (Motto, 1976; Motto and Bostrom, 2001).

3.5. Suicide can be an elusive for definition concept

I am reaching a conviction that the instinct of goal attainment is a part of human
nature and the awareness of this instinct and its correct practice is one of the tasks
of human life and conditions of human happiness.... So, | find, turning to the root
of things, that the suicide phenomenon presents itself in the form of a fall in the
goal attainment instinct.

Ivan Pavlov. About Suicides. Lecture at the Russian
Academy of Military Medicine (1913; translation IE)

He had never looked forward to the wisdom and other vaunted benefits of old age.
Would he be able to die young—and if possible free of all pain? A graceful death—
as a richly patterned kimono, thrown carelessly across a polished table, slides
unobtrusively down into the darkness of the floor beneath. A death marked by
elegance.

Yukio Mishima. Spring Snow (1969)
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As expressed so eloquently in the above quotations suicidality is comprised from
motivational and hedonic and even esthetic pieces. It may vary in the intensity from vague
wondering about the worthiness and meaning of the existence to self-inflicted damage of an
escalating degree of lethality to a “successfully” completed act defined as “all cases of death
resulting directly or indirectly from a positive or negative act of the victim himself, which he
knows will produce this result” (Durkheim, 1952). Suicidality tops the public agenda not
only as “physician-assisted suicide” but also in the form of ostensibly suicidal behaviors
such as reckless driving (while texting or using cell phone), unprotected sex, dangerous
sports and hobbies (e.g., car racing) that are becoming both integral and ubiquitous (though
not readily acknowledged as such) elements of social life, entertainment, business and
leisure activities. The answer to the question concerning the legitimacy of suicide and
whether it violates the basic laws of existence cannot be simple as is it comprised from
divergent emotional, rational and idiosyncratic considerations compounded by a
multifaceted mixture of scientific, religious and philosophical principles.

Although suicide is commonly understood to be not only an integral part but the utmost
menacing feature of mental illnesses with up to 90% of individuals who commit suicide
suffer from psychiatric disorders (Nock et al., 2010, 2013), it is an intricate condition with
symptoms that extend beyond psychopathology (Linehan, 2008). The mere valuation of the
suicidal act for itself encompasses the entire range from abominable to neutral and
admirable features (Table 4). An attempt for a rational examination of the suicide
phenomenon therefore faces a first major challenge: how to define and approach the
underlying mechanism. This elusive concept has been given nearly as many definitions as
there are treatises that have dealt with it.

A sociologist views suicide as a consequence of disintegration of either society in its entirety
or of an individual’s ties with the society (i.e., anomie). Altruistic suicide may conversely be
a reflection of overly cohesive society exerting an undue pressure on an individual
(Durkheim, 1952). A psychoanalyst formulates suicidal tendencies as a death instinct
(Freud, 1917b, 2010) that may be conceptualized as the opponent process to the libidinal
drive aimed to achieve pleasure. A physicist, on the other hand, may understand suicide as a
marginal confirmation (of course, not the ultimate proof) of the second law of
thermodynamics postulating that all closed (without supply of external energy) systems are
striving to increase their entropy, that is to say, the measure of chaos and disorganization
(Asimov, 1988) while living organisms are in stark contrast characterized by high level of
order and organization and only start obeying the fundamental law of physics with their
demise. Finally, a neurochemist’s view of suicide may entail low serotonin and
norepinephrine concentrations throughout the brain (Linehan, 2008).

The present review responds to this question by considering suicide from the
neuroanatomical standpoint since we adopted the neuroanatomical entity known as reward
and anti-reward brain circuitry. Although only one of many legitimate ways that suicide
might be to operationalized, this approach has several advantages. First, reward/anti-reward
circuitry is clearly defined by the extensive investigations of rodent and primate models.
Second, it rests on a firm clinical research foundation. Third, the relationship between
reward/anti-reward and suicide may be intuitively apparent. So, in humans healthy capacities
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for experiencing pleasure (reward circuitry) drive motivational behaviors that are crucial for
successful coping with life challenges whereas an enhanced sensitivity to negative stimuli
(anti-reward circuitry) promotes isolation and withdrawal that jeopardize adequate coping
strategies (Charney, 2004). In the form of reward, pleasure has evolved well beyond
gratification of immediate needs to support a variety of social behaviors, including
emotional attachments, community affiliation and patriotism while anti-reward is critical for
avoidance potentially harmful situations, including fear, pain and losses. Pleasure touches
almost every facet of life through enthusiasm, determination, affection, esthetic awareness,
altruism and self-fulfillment buffering anti-reward systems. Consequently, lives of people
with impaired hedonic capacity may be difficult particularly if they must cope with severe
pain, but without many of the rewards and supportive social network, to the point that
suicide may result (Blum et al., 2008). Hence, understanding the mechanisms underlying the
balance of reward/anti-reward functions along with their impact on motivation may lead to
therapeutic breakthroughs in the domain of suicide and pain. Note, that in this respect social
attachments strongly stimulate reward circuitry helping buffer anti-reward processes
associated with pain and depression.

3.6. Hierarchical and multidimensional addiction model’s utility for
suicidality

Suicide cannot happen by chance. Here is a giant mistake when we say that a strong
willpower has allowed ending a person’s life. This is undoubtedly not so. By and
large, a suicide victim does not display any willpower. Simply put, there is a
creation of such a physical state when self-destruction becomes a normal rather
than a random act. The nature in this case is working toward the same end. The
weakened and semi-paralyzed brain practically has no reaction to pain and
therefore fear of death and the instinct of life preservation are substantially
numbed.

Mikhail Zoshehenko. Youth Returned (1933; translation
IE)

What is hell? | maintain that it is the suffering of being unable to love.

Fyodor Dostoyevsky. The Brothers Karamazov (1880)

Untreated severe pain can naturally cause suicide because unbearable suffering in
combination with hopelessness obliterates the lust for living (Dees et al., 2011). As already
noted, in addition to considerable overlap with the physical pain (Eisenberger, 2012a; Mee et
al., 2006), its emotional counterpart or psychache (Schneidman, 1996), not only
accompanying the former but also arising consequentially to troubled social attachments
(Freud, 1917a; Insel, 2003), is another key component of suicidality (Reisch et al., 2010;
Shneidman, 1993; Troister and Holden, 2012). The socially-mediated psychache is captured
by the Interpersonal Psychological Suicide Theory of suicidality as “thwarted belongingness
and perceived burdensomeness” (Van Orden et al., 2010) and may be the main reason to why
people kill themselves when combined with the actual capability (not a mere desire) to
execute the suicidal act as such while overcoming the pain and fear inescapably innate to
such process (Selby et al., 2010). Alternatively or additionally, recent work also suggests
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that suicidality, pain and addiction share the “reward deficiency syndrome,” which is
comprised of a broad range of personality traits and mental disorders characterized by
hypofunctionality of the brain circuits mediating reward and motivation, clinically
noticeable as diminution of drive/motivation and of capacity to enjoy or to experience
pleasure (Blum et al., 2008; Comings and Blum, 2000). In parallel there is enhanced
sensitivity of anti-reward circuits that lead to dysphoria/depression prompting a novel
conceptualization of the “enhanced anti-reward syndrome”. Both a “reward deficit
syndrome” along with an “enhanced anti-reward syndrome” may be driving forces behind
suicidal acts.

Among psychiatric patients suicidality is most commonly diagnosed (Goldsmith, 2002;
Nock et al., 2010) when reward/anti-reward abnormalities are also implicated, including
major depression (Panksepp and Watt, 2011), bipolar disorder (Hasler et al., 2006), impulse
control disorders (Karim and Chaudhri, 2012), posttraumatic stress disorder (EIman et al.,
2009) and schizophrenia (Elman et al., 2006). Also, besides addiction being the most
common diagnosis in completed suicides (Yoshimasu et al., 2008), there are clinical features
of suicidality that are analogous to addiction and may thus point to reward/anti-reward
system dysfunction. The most notable of these are addiction-like phenomena, which are
encoded in the Diagnostic and Statistical Manual of Mental Disorders, 4th edition, Text
Revision (DSM-IV TR) diagnostic criteria, viz., tolerance, loss of control and social
impairments (Table 5). Without the presence of at least some of these addiction-like
characteristics, it may be nearly impossible to diagnose and prevent suicidality in psychiatric
patients and in mentally healthy people alike. Even though it may appear somewhat naive to
reduce the entire suicidal puzzle to a single brain abnormality, modern clinical neuroscience
research have documented a series of neuroadaptations in reward and anti-reward circuits
impinging upon the motivational circuitry that may underlie social impairments and
capability to engage in suicidal acts (Fig. 5).

Hypodopaminergic state in the striatum and PFC is an illustration of the gpponent/anti-
reward process consequential to excessive stress (EIman et al., 2009) and drug (Kalivas and
Volkow, 2005) exposure and it is likewise linked (Jollant et al., 2010) to suicidality as
demonstrated by convergent findings from postmortem neuropathology (Noga et al., 1997;
Sequeira et al., 2012), /n-vivo biochemical assays (Pitchot et al., 2001; Sher et al., 2006;
Traskman et al., 1981) as well as structural (Dombrovski et al., 2012; Vang et al., 2010;
Wagner et al., 2011) and functional (Amen et al., 2009; Desmyter et al., 2011; Reisch et al.,
2010; Willeumier et al., 2011) neuroimaging. Notably, self-injurious behaviors (not
necessarily bona fide suicidality) typically occur in illnesses characterized by low brain
dopamine content such as Lesch-Nyhan, Prader-Willi and Cornelia de Lange Syndromes
(reviewed in Devine, 2012). Clinical correlates of the dopaminergic striatal deficits in
suicidal patients could be evident in diminished hedonic capacity and low motivation for
social interactions (Fawcett et al., 1990; Guerra and Calhoun, 2011; Nordstrom et al., 1995).
What is more, the hypofunctional PFC (Jollant et al., 2008) involved in the inhibitory control
over suicidal acts corresponds to cognitive impairments (Keilp et al., 2012; Miranda et al.,
2012), reckless behavior (Gao et al., 2011; Nordstrom et al., 1996) combined with faulty
decision making (Dombrovski et al., 2011; Jollant et al., 2007; Takahashi, 2011), impulsivity
(Goldstein and Volkow, 2002) and defects in delayed discounting (Dombrovski et al., 2012),
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aggravated by co-occurring pain (Bender et al., 2011; Brafias-Garza et al., 2010) and/or
addiction (MacKillop et al., 2011).

At the same time, there are several instances that suicidal patients are actually sensitized
rather than hyposensitive to various stimuli evidenced in the between systems anti-reward
markers of enhanced CRF (Arato et al., 1989; Hiroi et al., 2001), norepinephrine (Chandley
and Ordway, 2012; Pandey and Dwivedi, 2007), dynorphin (Hurd et al., 1997) and glutamate
(Ernst et al., 2011; Nevin, 2012) activities further worsening anhedonia and other negative
affective states (c.f., Table 3). Another manifestation of sensitization may be related to death
as a motivational target. The capability for suicide is acquired via the irresistible drive to die
combined with the tolerance for the emotional and physical pain associated with such an
endeavor (Anestis et al., 2011a,b; Anestis and Joiner, 2011; Smith et al., 2010; Van Orden et
al., 2010). Incentive sensitization, reminiscent of the irresistible urge to consume drugs by
addicts in blatant disregard for the resultant pain and suffering, can be deduced from a
heightened ratio of the motivational value assigned to the target and the absolute value of its
hedonic qualities (Yamamoto et al., 2009). The increase in the frequency and lethality of
suicidal attempts as the condition advances is yet another expression of sensitization, noted
in a number of reports (Franklin et al., 2011; Joiner, 2002; Suominen et al., 2004; Van Orden
et al., 2008). Although a possibility of suicide-stress cross-sensitization (Pettit et al., 2004)
have received relatively less attention, it may be relevant that not only such life adversities as
childhood maltreatment and sexual and physical abuse (Perez-Fuentes et al., 2012; Rhodes
et al., 2012) but also a variety of stressful experiences e.g., combat exposure (Selby et al.,
2010), engagement in physical violence, sexual promiscuity and shoplifting (Van Orden et
al., 2008) impart a greater acquired suicidal capability.

Severe stress causes excessive release of dopamine in the mesolimbic pathways (Elman et
al., 2010a,b) leading to consequential salience attribution, that is, aberrant conditioned
learning (Mahan and Ressler, 2012). Similarly to pain and addiction that are two other
conditions associated with erratic supraphysiological dopamine surges in the limbic system
(Elman et al., 2011), aberrant salience in suicidality limits the behavioral repertoire and
creates habit- rather than value-based rigid motivational states (Miranda et al., 2012) fixated
on suicide-related content, in contravention to its devastating outcome and with diminution
of mesolimbic neurons’ ability to detect signals for normal salience (social rewards) and loss
of normal modulation of reinforcers’ values by non-suicidal contexts (Rangel et al., 2008).
Suicidal urges may be further enhanced owing to the hypofunctional PFC (including the
anterior cingulate) (Matthews et al., 2012) involved in the inhibitory control over obviously
inappropriate acts (including processing their inappropriateness) involved in taking one’s
own life (Dombrovski et al., 2012).

Given the reward/anti-reward and motivational abnormalities arising in suicidal people
without identifiable co-occurring brain disorders, a compelling a fortiori argument could be
that propensity for suicide is worsened by neuropathology afflicting the same factors
involved in reward/anti-reward and motivation regulation. Pain could be considered such a
condition and, as addiction, its association with reward/anti-reward deficits is supported by
the typical symptomatology of anhedonia (Marbach et al., 1983), reduced motivation
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(Karoly and Lecci, 1997; Karoly and Ruehlman, 1996), social isolation (Nguyen et al.,
2012) and apathy (Watson, 1982).

3.7. Suicidality and pain may be explained by shared neural systems

There are people who have an appetite for grief; pleasure is not strong enough and
they crave pain.

Ralph Waldo Emerson. The Tragic (1844)

Algophilia: a morbid pleasure in the pain either of oneself or of others.
Algolagnia: a perversion in which pleasure and especially sexual gratification is
obtained by inflicting or suffering pain.

Dictionary and Thesaurus. Merriam-Webster Online
(www.merriam-webster.com)

Presently, no clinical studies directly link suicidality and pain neuropathology. A cumulative
body of evidence suggests, however, that: a) pain neuropathology is characterized by reward/
anti-reward and motivational changes that are similar to long-term dependence on addictive
substances (see Tables 3 and 6 for comparison of these changes) but without the necessity of
prior drug exposure (Apkarian, 2010; Egli et al., 2012; Elman et al., 2011) and b) there is a
considerable overlap between brain circuitry that evolved for the maintenance of emotional
attachments and is impaired by addictive drugs and brain circuitry that is affected by chronic
pain conditions. The adaptation of these two ideas lends strength to the hypothesis that pain
and suicidal tendencies may be potentially explained by recursive partly shared neural
systems.

The first of the above-mentioned ideas is supported by neuroimaging research showing that
akin to euphorogenic drugs, acute pain (Karoly and Ruehlman, 1996; Leite-Almeida et al.,
2009; Scott et al., 2006) activate dopamine transmission in the brain reward circuitry
including the NAc, whereas prolonged periods of pain (Rodriguez-Raecke et al., 2009;
Schmidt-Wilcke et al., 2007; Wartolowska et al., 2012), like drug consumption (Fields,
2007a; Portenoy and Foley, 1986; Weissman and Haddox, 1989), change the dopaminergic
reward structures (Borsook et al., 2007) and create a dysfunctional neuroadaptational state
characterized by reward and motivational disturbances as well as by heightened incentive
salience attribution to pain and to pain-related stimuli in the face of impaired responsivity to
natural reinforcers and enhanced sensitivity to stress and negative emotional states (Ballard,
1974; Narita et al., 2004; Wang et al., 2011). In addition, extensive preclinical work
(Descalzi et al., 2009; Reissner and Kalivas, 2010) provides supportive evidence for distinct
roles for tonic vs. phasic dopaminergic firing (Bilder et al., 2004) and glutamatergic
signaling in clinical symptomatology, motivational states, and in the outcomes of pain and
addictive disorders (Jarcho et al., 2012; Reissner and Kalivas, 2010).

Decrease in cerebral metabolism and blood flow have been observed in both chronic pain
(Becker et al., 2012; Glass et al., 2011; Tagliazucchi et al., 2010; Tracey, 2007) and in
addictive disorders (Goldstein and Volkow, 2002; Volkow and Fowler, 2000) at baseline,
when challenged by cognitive tasks and when exposed to natural reinforcers. This
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hypofrontality phenomenon has been related to pain- (Jarcho et al., 2012) or drug-related
(Kalivas and Volkow, 2005) diminished dopaminergic tone with corresponding decrease in
the tonic glutamatergic activity (West et al., 2003). Against the background of this
diminished activity, acute pain (Kupers et al., 2011; Mathew, 2011; Ringel et al., 2008)
and/or stress (Elsenbruch et al., 2010; Stoeter et al., 2007) in chronic pain patients or
exposure to drugs (Volkow and Li, 2005) or drug-related cues (Childress et al., 1999;
Garavan et al., 2000) in drug addicts produce strong activations in the PFC. Involvement of
stress in this phenomenon is clinically manifested by a contribution to the “spiraling distress
cycle” (Koob and Le Moal, 1997) whereby stress and negative affective states producing via
cross-sensitization (Rome and Rome, 2000; Woolf and Thompson, 1991) additional
deterioration of pain problems (Alba-Delgado et al., 2012).

In consequence, pain disrupts the normal function of the structures involved in stress and
reward processing thereby reducing the ability to restrain suicidal urges and the impact of
painful stimuli. More studies are needed to uncover potential competitive, independent (i.e.,
additive) or synergistic nature of the pain and suicidality interactions. Synergism may be the
most notable type because sensitized stress responses in pain may confer greater
motivational salience to suicide-related cues, whereas suicidal attempts cause more stress
and additional worsening of pain symptoms. On the other hand, competition may also be
possible as at times intentional self-inflicted harm may provide a sense of relief and
reduction in tension (Gordon et al., 2010). Such likely interactions may be tested in
neuroimaging research by administration of corresponding stimuli to the same four groups
of subjects, viz., healthy, pain, suicide, and comorbid pain with suicide, in a 2x2 factorial
design, with the presence or absence of pain and suicidality as two independent factors. It is
a suggestion of this article that a better understanding of the brain correlates of pain-related
reward deficits, in addition to providing insights into the pathophysiology of both pain and
suicidality, will offer new leads for the development of heretofore purely empirical
therapeutic interventions aimed at enhancing reward and decreasing anti-reward reactivity
and at increasing activation of motivational system involved with healthy coping styles as
strategies for the prevention of suicidality in chronic pain patients.

4. Therapeutic considerations

But he who is joined with all the living has hope, for a living dog is better than a
dead lion. For the living know that they will die, but the dead know nothing, and
they have no more reward, for the memory of them is forgotten. Their love and
their hate and their envy have already perished, and forever they have no more
share in all that is done under the sun.

Ecclesiastes. The English Standard Version Bible (1971)

Suicide- and pain neuropsychopathologies are indisputably enormous entities with
biological, psychological and societal aspects modulating physical and emotional pain and
suffering. Still, some key specific symptoms are presumably derived from alterations in the
brain circuits that may not only be characterized by the hierarchical multidimensional model
outlined here but also treated in accordance with individualized formulations, based on
thorough clinical assessments combined with the application of methods from functional
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neuroimaging, psychopharmacology and cognitive psychology. This is because opponent,
anti-reward, proponent, sensitization, cross-sensitization and aberrant learning mechanisms
correspond to neuroanatomically-defined regions that may be targeted by therapeutic agents
remedying the relevant malfunction and both alleviating symptoms and improving general
processing of information by the brain. An expected variability in the magnitude of each
dimension impairment (or lack of thereof) could guide the dosing and type of appropriate
therapeutic agent(s).

Relatively little data are available regarding the effects of pharmacotherapeutic interventions
on suicidal behavior (Linehan, 2008; Perlis, 2011). Yet, practicing psychiatry without
adequate comprehension of suicide neurobiology and treatment may be paraphrased to John
Searle’s metaphor of “studying the stomach without studying digestion, or studying genetics
without studying the inheritance of traits” (Searle, 2000). Suicidality research in humans is
limited in part by a lack of animal model and laboratory-based formulation introducing
testable hypotheses and informing rigorously designed trials that can be controlled with
respect to the type and “amount” of the baseline neurobiological impairment underlying the
targeted problem. Be that as it may, suicidality remains the most critical problem within the
psychiatric discipline as well as a grave concern for the entire field of medicine and for
society at large.

The hallmark of the within system opponent/anti-reward neuroadaptations are anhedonia,
numbing, apathy and decreased motivation for normally pleasurable objects and goals,
linked to diminished mesolimbic dopaminergic neurotransmission (Gardner, 2011; Solomon
and Corbit, 1974), which may be targeted by psychopharmacological intervention (Gorelick
et al., 2004; Schroeder et al., 2013). Such approach may also secondarily address additional
symptoms caused by sensitization and learning mechanisms (Tables 3 and 6).

Inasmuch the within system opponent neuroadaptation mainly diminishes positive moods
and motivations, the between systems anti-reward process adds to that type of effects via
dynorphin on top of increasing negative affective states through the CRF and noradrenergic
action (Koob and Le Moal, 1997, 2001, 2008). These could be addressed by the respective
(but not yet approved) k and CRF antagonists (Bruijnzeel et al., 2010; Bruijnzeel et al.,
2012; Chartoff et al., 2012), which may also stabilize aberrant learning mechanisms since
elevations in stress hormones and neurotransmitters (e.g., cortisol) repeatedly paired with
stressful situations and consequent suicidality may become a conditioned stimulus and
independently elicit suicidal psychological state of mind c.f., cortisol-primed drug craving
(Elman et al., 2003).

Proponent mechanisms remain the most extensively investigated entity in both pain and
addiction. However, seemingly obvious analgesic therapy of the proponent pain process
could further deteriorate opponent/anti-reward processes and worsen pre-existing suicidality.
As a result, changes in the mesolimbic dopaminergic circuitry induced by opioids,
administered at the doses exceeding the homeostatic need for pain alleviation, may be
responsible for the amplification of “hyperkatifeia” or negative affective states and of
physical pain itself (Shurman et al., 2010). Hence is the significance of cognitive and
behavioral strategies (e.g., cognitive restructuring, stress management and systemic
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desensitization) alongside non-addictive alternatives to opioids with substantial analgesic
properties such as antidepressants, neuroleptics and anticonvulsant agents, which have been
related to clinical improvement in suicidal patient (Ahearn et al., 2012; Kirino and Gitoh,
2011; Yerevanian et al., 2007).

Since anti-reward type sensitization across humerous conditions is determined by similar
neurobiological adaptation notwithstanding the primary source, as it was demonstrated for
pain (Rome and Rome, 2000), addiction (Robinson and Berridge, 2003) and mood disorders
(Post, 1990), suicidality-related sensitization may also map onto the same circuits identified
for those syndromes (Pettit et al., 2006; Wingate et al., 2004). A way to test this idea is to
treat suicidal patients with pharmacological agents that mitigate sensitization. For example,
mood stabilizing anticonvulsants (carbamazepine and divalproex sodium) exhibit superior
efficacy for suicidality in bipolar disorder, which is the prototype psychiatric illness where
sensitization is implicated (Yerevanian et al., 2007) with about a quarter of patients prone to
commit suicide (Merikangas et al., 2011). Moreover, the gold standard non-anticonvulsant
mood stabilizer, lithium, also mitigates sensitization (Ago et al., 2012) and possesses unique
anti-suicidal properties not only in bipolar patients (Ahearn et al., 2012; Yerevanian et al.,
2007; but see Oquendo et al., 2011) but also in mood disorders overall (Cipriani et al., 2005)
and even in the general public (Ohgami et al., 2009). Remarkably, lithium has beneficial
features as an analgesic drug (Banafshe et al., 2012; Tfelt-Hansen and Jensen, 2012). This is
also the case for another exceptional anti-suicidal drug, clozapine, that likewise reduces pain
(Schreiber et al., 1999) and sensitization (Park et al., 2010) phenomena. Unfortunately such
advantageous therapeutic properties of clozapine are tarnished by unusually severe side
effects profile. Because chronic pain-induced activation of mesolimbic dopaminergic
pathways leads to sensitization of the excitatory (e.g., glutamatergic) neurotransmission
(Coderre et al., 1993; Mao et al., 2002) involved in self-injurious behavior (Muehlmann and
Devine, 2008) glutamate inhibition is an additional therapeutic strategy. Antiglutametergic
agents reduce self-injurious behavior in laboratory animals (Devine, 2012). Less direct
reduction of glutamatergic activity in humans by lamotrigine (Davanzo and King, 1996),
riluzole (Sasso et al., 2006) or topiramate (Smathers et al., 2003) also improves self-
injurious behavior (but see (Pugh et al., 2012) and provides effective pain relief (Hama and
Sagen, 2011; Johannessen Landmark, 2008; Webb and Kamali, 1998).

With regard to cross-sensitization, stress is a strong candidate for cross-reactivity with pain
(Gibson, 2012) and suicidality (Currier and Mann, 2008; Turecki et al., 2012; van
Heeringen, 2012). As discussed above, the neuroanatomic substrate for such an effect may
involve two closely linked and interacting networks, namely dopaminergic reward pathways
and extrahypothalamic norepinephrine/CRF system. Change in the mesolimbic
dopaminergic circuitry subsequently to suicidal behaviors may be responsible for
transforming regular motivational processes into heightened incentive salience assigned to
death and to ecologically valid cues resulting in irresistible urges, analogous to drug craving.
Involvement of pain and stress is clinically noticeable by their role in suicidality that is in all
likelihood mediated by: (a) stimulation of dopaminergic neurotransmission within the
reward and motivational circuitry and (b) by sensitized norepinephrine and consequent
extrahypothalamic CRF hypersecretion within the extended amygdala structures underlying
anxiety (Koob, 2009) and through the habenula that inhibits DA cell activity (Chandley and
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Ordway, 2012). Thus, negative affective states secondary to suicidality and/or environmental
stress produce additional deterioration of emotional and behavioral problems, leading via
negative reinforcement processes to suicidal attempts that may further impair
neurobiological systems and emotional states. Because mesolimbic dopaminergic and
extrahypothalamic norepinephrine/CRF systems are intimately linked, dopaminergic
antagonists block norepinephrine/CRF anxiogenic responses and vice versa (Saigusa et al.,
2012; Sommermeyer et al., 1995). Serious adverse effects of antidopaminergic agents may
render them less than an optimal choice for the maintenance of chronically suicidal patients.
On the other hand, given the role of noradrenergic mechanisms and decrease of the a, gene
expression in suicide victims (Fukutake et al., 2008; Sequeira et al., 2004), blockade of
adrenergic neurotransmission via a, adrenoceptors’ agonists or a1 adrenoceptors’
antagonists (e.g., clonidine, guanfacine or prazosin) could evolve as more tolerable
therapeutic alternative for these patients (Fig. 6). In this respect it is interesting that such
agents were tried with some success in addiction (Kleber, 2003), pain (Blaudszun et al.,
2012) and impaired impulse control conditions (Arnsten and Pliszka, 2011) that are quite
ubiquitous in suicide attempters (Keilp et al., 2012).

It is a matter of general agreement that associative learning mechanisms are inherent in
incentive sensitization (Hyman, 2005), but the aberrant learning theory emphasizes the
specific nature of the stimulus—cues interaction, which is not conceptualized as such by the
proponents of the former theory (Berridge, 2007; Robinson and Berridge, 2003). Apart from
such theoretical differences adrenergic agents may be helpful as well as they block
reconsolidation processes instrumental for the stimulus—cues memories formations
(Gamache et al., 2012) and have been tried with some degree of success in PTSD patients
(Jeffreys et al., 2012; Poundja et al., 2012). Due to their essential features e.g., persistent
relieving of stress (Blackburn-Munro and Blackburn-Munro, 2001), responding with
hopelessness (Beck et al., 1975, 1985; Joiner et al., 2001), catastrophizing (Quartana et al.,
2009) or horror (Haugh, 2005) and avoidance of pain-related situations (Asmundson and
Katz, 2009; Liedl and Knaevelsrud, 2008), chronic pain conditions may be viewed as a form
of PTSD (Gibson, 2012; Liedl et al., 2010) suggesting additional rationale for the use of
adrenergic antagonists. Evidently, various forms of psychotherapy is another critical
modality for reversing aberrant learning and for emotional reconditioning (Harned et al.,
2012; Jeffries and Davis, 2013).

5. Summary and conclusions

Any knowledge that doesn’t lead to new questions quickly dies out: it fails to
maintain the temperature required for sustaining life.

Wislawa Szymborska. Nobel Lecture (1996)

Suicide is a question occupying human mind since the dawn of history and its ethical,
philosophical, logical or even clinical legitimacy is certainly far from been addressed by the
present paper. A compilation of balanced views on this conundrum is presented in the
middle column of Table 4.
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Pain patients are vulnerable for the development of suicidality due to
neuropsychopathological alterations inherent in their illness. These alterations may be
worsened by excessive or inadequate opioid analgesics as demonstrated in previous clinical
studies and larger epidemiologic surveys (Elman, 2011; National Center for Health
Statistics, 2007). Currently there is no available consensus in the field on optimal therapeutic
strategies for the associated suicidality perhaps because little is known about the specific
mechanisms that lead to suicidality after initiation of a pain condition, or whether a target
pharmacologic approach might be able to specifically identify the underlying cause. In this
paper we have pointed to a potential system involved in pain, which may be targeted in the
clinical and in research on pain patients with co-occurring suicidality.

The coalescence of preclinical and clinical research suggests marked alterations of reward/
anti-reward and motivational functions. To further advance our understanding of this effect,
we have synthesized seemingly disparate themes of emotional pain, social attachments and
addiction with sensory and pain neuroscience into a clinically relevant theory and suggested
a series of testable hypotheses. In view of the high prevalence of suicidality among pain
patients, we anticipate that identification of effective treatments that specifically target the
underlying pathophysiologic defects will provide substantial clinical benefit to this at risk
population.

If confirmed in clinical studies, our insights could have important implications for the
primary and secondary prevention of suicidality in pain patients. If neurobiologic
vulnerability factors for suicidality could be identified, they might be used to screen patients
at risk for the development of such condition. Patients found to possess high vulnerability
for the development of suicidality owing to pain-related alterations in sensory or reward
function might be counseled to avoid excessive opioid consumption (primary prevention), or
targeted for early intervention even in the presence of mild suicidal ideation (secondary
prevention).

The proposed model of suicidality in pain conditions could also have treatment implications,
as it implies use of several classes of pharmacological agents including anticonvulsants,
lithium and adrenergic blockers. Clinical experience suggests that due to the rareness of
psychiatrists engaged in the care of patients with chronic pain (Elman et al., 2011)
psychological interventions and non-opioid analgesics utilization in pain patients is lower
than what could be expected from positive outcomes of clinical trials. We therefore believe
that this review will equip practitioners with the essential knowledge base for understanding
the rationale for non-opioid therapy and will sharpen their sensitivity to the unmet mental
health needs of the pain patients. Lastly, this model may also provide important leads for
recognition and treatment of suicidality in general public as well as in patients with other
disorders where reward/anti-reward and motivational functions are strongly implicated such
as depression, schizophrenia and PTSD.
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anterior cingulate gyrus
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basolateral complex of the amygdala
bed nucleus the striaterminalis
central nucleus of the amygdala
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deep brain stimulation

default-mode network

Diagnostic and Statistical Manual of Mental Disorders, 4th edition, Text
Revision

dorsal root ganglion
gamma-aminobutyricacid
habenula

hypothalamus

insula

locus coeruleus

nucleus accumbens
norepinephrine

raphe nuclei

periaqueductal gray matter
prefrontal cortex
posttraumatic stress disorder
reticular formation nuclei
primary somatosensory cortex
secondary somatosensory cortex

ventral tegmentum
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Fig. 1.
Schematic overview of the interface among sensory, reward, anti-reward, motivation,

emotions, cognition and arousal neural systems that govern pain-related mood and behavior.
Peripheral noxious stimuli are detected by nociceptors and propagated along primary
afferent neurons to converge at the level of the dorsal root ganglion (DRG), which is the
origin of the spinothalamic tract. The lateral portions of the spinothalamic tract relay
sensory-discriminatory dimensions of nociception to the primary (S1) and secondary (S,)
somatosensory cortices via the ventral postero-lateral and medial thalamic nuclei. The flow
of painful stimuli is amplified or diminished at the DRG level by the Pain Modulatory
System regulating pain signals flow prior to their interpretation by the cortical and
subcortical areas. Specifically, the periaqueductal gray matter (PAG) integrates nociceptive
data arriving from the ascending pain pathways with an extensive contribution from the
superior cortical and subcortical structures including anterior cingulate gyrus (ACC),
amygdala (AMY), nucleus accumbens (NAc), hypothalamus (HT) and Habenula (HB) to
regulate the descending pain modulation system by the inferior brainstem nuclei including
nucleus tractus solitarius, parabrachial nucleus, locus coeruleus (LC) and raphe nuclei (NR).
Habenula modulates pain intensity, aversion and motor responses and is part of an anti-
reward system that gets activated with exposure to a negative reinforcers (i.e., aversive
stimuli) in contrast to the NAc which is part of the reward system that gets activated by
positive reinforcers (i.e., reward). It receives projections from the spinothalamic tract, limbic
system and the basal ganglia while its efferents are projected to the brainstem pain
modulatory regions. Emotional-motivational aspects of pain are carried to the limbic
structures (e.g., AMY, HT, striatum, INS and ACC) by the medial spinothalamic tract after
synapsing at the medial thalamic and/or brainstem nuclei (e.g., PAG, LC and the NR). In
addition to targeting sensory and limbic regions, ascending spinothalamic tract neurons also
project to the reticular formation (RF) nuclei (arousal), superior colliculus (motoric
orientation), parabrachial nucleus and HT (autonomic processes and neuroendocrine stress-
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like output). For the clarity of presentation, the scheme was rendered out-of-scale and
simplified to reduce the numbers of the displayed links and structures to those of direct
relevance to the main themes of this review.
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Fig. 2.

In?erface between biopsychological factors governing pain-related affect. Primary pain affect
is derived from interrelated factors involved in the homeostatic monitoring of physical
integrity as part of the system determining emotions and conscious self. Thus, in addition to
carrying the pain sensation in isolation to the primary and secondary somatosensory cortex
(S and Sy), ascending spinal tracts also terminate in the habenula (HB), amygdala (AMY),
anterior cingulate cortex (ACC), insula (INS), reticular formation nuclei (RF), parabrachial
nucleus and hypothalamus (HT) to produce primary composite sensory/affective output.
This output incorporates contextual data in the form of environmental influences, memories,
pain-unrelated emotions, cognitive constructs, personality characteristics and
neuropsychopathology to generate the secondary pain affect that resets the primary affect via
feedback mechanisms.

Prog Neurobiol. Author manuscript; available in PMC 2016 April 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Elman et al.

Page 54
PFC
l Pleasure

Drug — DA —> NAc

l

Postsynaptic DA receptors
DA synthesis & release
Presynaptic DA transporters

Reward

|
prmmmmmmnn

Sensitization Habituation
~
- N
/ \
opponent

/
\\ //

— —

Homeostasis

Conditioning

Fig. 3.

Hc?meostatic function of reward circuitry. Prefrontal cortex exerts top down control for
bottom up dopamine (DA) signals coming from the nucleus accumbens (NAc) in response to
natural and pharmacological rewards. The integrated information is compared to the
regulated set point and in case of discrepancy is opposed via negative feedback loop by
regulating postsynaptic DA receptors, DA synthesis and release as well as presynaptic DA
transporters (among other mechanisms). Opponent processes clinically evident in depressive
symptomatology may enhance drug use or natural reward via amplification of their
rewarding and reinforcing properties i.e., sensitization. Backward conditioning further

enhances opponent processes by evoking withdrawal symptomatology. “~" sign represent
inhibition.
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Allostatic dysregulation of anti-reward. Interference with homeostatic functioning triggers
between system adaptation recruiting central and basolateral amygdala (BLA) nuclei, the
bed nucleus of the stria terminalis (BNST), the lateral tegmental noradrenergic nuclei of the
brain stem, the hippocampus and the habenula that in concert contribute to massive
outpouring of stressogenic CRF, norepinephrine and dynorphin manifested in negative
affective states, anhedonia and profound craving. This results in an unstable positive
feedback loop wherein anti-reward systems activation drives further drug consumption that
provides momentary relief but eventually increases aversiveness and craving and thus
contributes to progressive worsening of the clinical condition. “+” sign represent stimulation
and “~" inhibition.
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Fig. 5.

Sc%ematic overview of the neurobiological processes underlying manifestation of suicidal
behavior and of the potential sites where pain and treatment with opioid analgesics
predispose for suicidality. Hypodopaminergic state in the striatum and prefrontal cortex
(PFC) is an illustration of the opponent/anti-reward process consequential to excessive stress
and drug exposure and it is linked to suicidality. Clinical correlates of the dopaminergic
striatal deficits in suicidal patients could be evident in diminished hedonic capacity, low
motivation for social interactions and decrease in self-harm averseness, while the
hypofunctional PFC involved in the inhibitory control over suicidal behavior corresponds to
impulsive and reckless behavior combined with faulty decision making. At the same time,
between systems opponent/anti-reward sensitization e.g., enhanced CRF, norepinephrine,
dynorphin and glutamate activities further worsens anhedonia and other negative affective
states. Another manifestation of sensitization is related to death as a motivational target and
so the capability for suicide is acquired via the irresistible drive to die combined with the
tolerance for the emotional and physical pain. The increase in the frequency and lethality of
suicidal attempts as the condition advances is yet another expression of sensitization.
Suicide-stress cross-sensitization is evident in the strong link between life adversities,
physical abuse and a variety of stressful experiences with the acquired suicidal capability.
Aberrant salience in suicidality limits the behavioral repertoire and creates habit-based rigid
motivational states fixated on suicide-related content, in contravention to its devastating
outcome and with diminution of mesolimbic neurons’ ability to detect signals for normal
salience (social rewards) and loss of normal modulation of reinforcers’ values by non-
suicidal contexts. Suicidal urges may be further enhanced owing to a hypofunctional PFC
involved in the inhibitory control. Propensity for suicide could be worsened by pain and by
excessive opioid use as both are associated with reward/motivation deficits. Pain- or opioid
drug-induced effects in the mesolimbic dopaminergic circuitry are salient and motivate
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behavior, so persistent exposure to this type of stimuli dysregulates the system, increasing
the incentive salience assigned to pain- or to drug-related cues along with habit-based
learning and cross-sensitization.
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Fig. 6.
Blockade of adrenergic neurotransmission as a potential treatment option for patients with

pain and suicidality. Blockade of adrenergic neurotransmission via a, adrenoceptors’
agonists or a4 adrenoceptors’ antagonists (e.g., clonidine, guanfacine or prazosin) could be a
well-tolerated therapeutic option for patients with pain and suicidality as they improve
negative affective states and stabilize the sensitized motivational system.
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Characteristics of opponent and anti-reward processes.

Page 59

Characteristic Opponent Anti-reward
Conceptual frame Mind Brain
Compensatory mechanism  Homeostasis Allostasis

Stimulus

Effector system

Adaptation
Valence

Time frame

Not well-defined: there are states “which have little or no
opponent process” (Solomon and Corbit, 1974)

DA, opiates, cannabinoids and acetylcholine

Habituation and sensitization
Opposite to proponent; can be positive or negative

Reversible and time limited; phasic changes

Recurrent activation of reward circuitry

DA (within system); Glutamate, NE, CRF
and dynorphin (between system)

Stress sensitization and tolerance
Negative

Chronic; tonic changes
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Table 4

Examples of context-dependent perception of suicide.
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Theme

Negative

Neutral

Positive

Societal edict

Individual choice

‘Honorable escape’

Do you not know that your body Is a
temple of the Holy Spirit, who is in
you, whom you have received from
God? You are not your own. 1
Corinthians. Holy Bible, The New
International Version

If a person knowingly destroys
himself, we do not involve ourselves
with him for anything. We do not
mourn for him, we do not eulogize
him, but we do form a condolence
line and recite the blessing for
mourners and perform all other
practices which honor the living.
Mosheh Ben Maimon (Rambam or
Maimonides). circa 1170-1180,
Mishneh Torah, Hilchot Avel

You are certainly wrong to compare
suicide ... with great
accomplishments, since it cannot be
considered as anything but a
weakness. After all, it is easier to die
than to endure a harrowing life with
fortitude. Johann Wolfgang von
Goethe. 1787, The Sorrows of Young
Werther

It is for the same reason that suicide is
also immoral. Life in its entirety, and
the possibility of living until natural
death, have been given to man only on
the condition that he serve the life of
the Universe. But, having profited by
life so long as it was pleasant, he
refuses to serve the Universe as soon
as life becomes unpleasant: whereas,
in all probability, his service
commenced precisely when life began
to appear unpleasant. All work
appears at first unpleasant. Lev
Tolstoy. 1898, Letter on Suicide

Prog Neurobiol. Author manuscript; available in PMC 2016 April 11.

Self-punishment for gross violation
of organizational (e.g., mafia,
intelligence services) values,
taboos and proscriptions e.g.,
Socrates’ choice to die rather than
to violate the social contract with
the Athens’ citizens. Plato. 360
BCE, Phaedo

Above all, remember that the door
stands open. Epictetus. circa
55-135, Golden Sayings

Let us here endeavor to restore men
to their native liberty, by examining
all the common arguments against
suicide, and showing that that
action may be free from every
imputation of guilt or blame,
according to the sentiments of all
the ancient philosophers. David
Hume. 1783, Essays on Suicide

and the Immortality of the Soul

“Seven years and six months!”
Humpty Dumpty repeated
thoughttfully. “An uncomfortable
sort of age. Now if you’d asked my
advice, 1’d have said, “Leave off at
seven’ — but it’s too late now.”
Lewis Carroll. 1872, Through the
Looking-Glass and What Alice
Found There

Stoic and epicureans call for living
life as long as it brings happiness
and harmony and for parting from
life when such arrangement
becomes unattainable.

If suicide is allowed then
everything is allowed. If anything
is not allowed then suicide is not
allowed. This throws a light on the
nature of ethics, for suicide is, so to
speak, the elementary sin. <> It
may also be that in and of itself
suicide is not good or bad. Ludwig
Wittgenstein. 1961, Notebooks
1914-1916

Suicide is man’s greatest sin <> but
God alone can judge it, for only
God knows what and how much a

Ridding of elderly and disabled people
when community faces potential
extinction due to paucity of food and
other essential resources (e.g.,
Obasuteyama Mountain in Japan)

Abundant sources of ancient Greek
mythology posit that it is preferable for
a human being not to be born at all and
if the birth nonetheless occurs it is
preferable to return to the place where
we came from as soon as possible. The
happy person is the one that dies at the
peak of life regardless of age (see, for
example, conversation of Solon and
Croesus as recorded in Herodotus. 440
BC, The Histories)

Freezing the moment by choosing to
die at the peak of happiness is also
exemplified in the Goethe’s Faust who
loved what the devil bestowed upon
him to the point of wishing to turn that
moment to eternity (see also Nelson’s
vignette above)

7o kill myself, when 1 shall not want to
live — constitutes my most sacred right.
This right — the only genuine assurance
of freedom, is the solid basis of my
human dignity. Leonid Andreyev. 1912,
Suicide (translation IE)

The most voluntary death is the finest.
Life depends upon the pleasure of
other; death upon our own. Michel De
Montaigne. 1686, A Custom Of The
Isle Of Cea

If it were impossible to live, then one
would kill oneself; and consequently
one cannot speak of life as being
unbearable. The possibility of killing
himself has been given to man, and
therefore he may (he has the right to)
kill himself, and he continually uses
this right — when he kills himself in
auels, in war, by dissipation, wine,
tobacco, opium, etc. Lev Tolstoy. 1898,
Letter on Suicide

7o die~to sleep: No more, anad, by a
sleep to say we end The heart-ache and
the thousand natural shocks That flesh
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Theme

Negative

Neutral

Positive

Relief of emotional
and physical pain

Life is a foke because of all its
pleasures and pains do not touch a
person’s inner and better self. There
are those, however, who fail to realize
this, and they take life too seriously.
So when misfortune occurs, some live
a life full of vices and therefore seek
to abuse their inner and better selves.
Others show that by committing
suicide, they cannot take a joke:
Therefore as mauvais jouneur he does
not take the loss with composure, but
when bed cards are dealt to him he
peevishly and impatiently refuses to
go on playing, throws down the cards,
and breaks up the game. Arthur

man can bear. Fyodor
Dostoyevsky. 1875, The

Adolescent

There was a man that killed
himself, whom I very much
esteemed and loved and reckoned
one of the finest of people. The
reason for his suicide was hopeless
sickness. It is not for me to judge
him. When a man kills himself,
because he is facing torture and
fears being broken into betrayal,
then this essentially is not even
suicide. Nikolai Berdyaev.1931,
On Suicide

... the evil days come and the years
draw near of which you will say, “I
have no pleasure in them.”
Ecclesiastes. The English Standard

Schopenhauer. 1819, Manuscript
Remains

Version Bible

Is heir to, “tfs a consummation Devoutly
to be wished. William Shakespeare.
1601, Hamlet

The thought of suicide is a powerful
solace.: by means of it one gets through
many a bad night. (Friedrich Nietzsche.
1886, Beyond Good and Evil)

1 think that I did not shoot myself this
night only thanks to my firm decision to
do it in any case if not today then
tomorrow. lvan Bunin. 1952. The Life
of Arseniev (translation IE)

Every minute of [GULAG] camp life is
a poisoned minute. There is much there
that a person should not know; should
not see, and if he has seen it — it would
be better for him to die. Varlam
Shalamov. 1966, Kolyma Tales
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Table 5

Key clinical characteristics of addiction and suicidality.
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Substance
dependence (DSM-1V
TR criterion)

Suicidality (clinical characteristic)

Putative mechanism

Tolerance (increase in
amount and decrease in
effect)

Important social,
occupational, or
recreational activities
given up or reduced

Withdrawal symptoms;
substance taken to
relieve withdrawal

Use continues despite
knowledge of adverse
consequences (e.g.,
failure to fulfill role
obligation, use when
physically hazardous)

Substance taken in
larger amount and for
longer period than
intended

Much time spent to
obtain, use and recover

Persistent desire or
repeated unsuccessful
attempt to quit

While some die on the first attempt (Rudd et al., 1996), others show gradual
progression from non-suicidal self-injury to more painful, damaging and lethal
attempts (Franklin et al., 2011; Suominen et al., 2004; Van Orden et al., 2008)
Physical pain tolerance is a consistent and specific (Orbach et al., 1996, 1997)
clinical finding in suicidal patients (Bryan and Cukrowicz, 2011; Franklin et al.,
2011; Smith et al., 2010). The degree of pain insensitivity tends to parallel the
severity of suicidality (Berman, 2003) The number of past suicidal attempts
correlates with diminished fear of death and with self-harm averseness with
repeated attempts (\Van Orden et al., 2008)

Social isolation reflected in thwarted belongingness and perceived
burdensomeness are essential features of suicidal behavior (Kjolseth et al., 2010;
Van Orden et al., 2010)

Improvement in the affective state following deliberate self-injury (Gordon et al.,
2010; Van Orden et al., 2010)

Suicide may be perceived as rewarding and reinforcing by people who do not
realize the finality of death due to cognitive distortions (Morse, 1973)

Failed lethal suicidal attempt may be an exhilarating experience (c.f., active
avoidance of punishment in negative reinforcement). Such behavior may be
perpetuated via backward conditioning

Lack of deterrence by clearly aversive and detrimental outcomes (Smith et al.,
2010; Van Orden et al., 2010) i.e., habit-based actions

Loss of control (Schnyder et al., 1999) and impulsivity (Joiner et al., 2005) are
important determinants of suicidal behavior

Substantial amount of time spent is in suicide-related activities e.g., browsing
know how websites, trying a noose, choosing a gun, imagining the aftermath of
death, etc. (Van Orden et al., 2008, 2010)

More time spent in planning an attempt leads to greater loss of fear and
subsequently increased chances for a terminal outcome (Van Orden et al., 2010)

Suicidal ideations persist for at least a year from the initial assessment (Zhang et
al., 2011), which also appears to be the most vulnerable time for the second
attempt suicide (Kessler et al., 1999). Nonetheless, suicides continue to
accumulate up to 37 years after the index attempt (Suominen et al., 2004)

Opponent/anti-reward process

Proponent process
Aberrant learning

Drug or death become a
sensitized motivational target
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