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Although pain is a widely known phenomenon and an important clinical symptom that occurs in numerous diseases, its mechanisms are still barely understood. Owing to the scarce information concerning its pathophysiology, particularly what is involved in the transition from an acute state to a chronic condition, pain treatment is frequently unsatisfactory, therefore contributing to the amplification of the chronic pain burden. In fact, pain is an extremely complex experience that demands the recruitment of an intricate set of central nervous system components. This includes cortical and subcortical areas involved in interpretation of the general characteristics of noxious stimuli. It also comprises neural circuits that process the motivational-affective dimension of pain. Hence, the reward circuitry represents a vital element for pain experience and modulation. This review article focuses on the interpretation of the extensive data available connecting the major components of the reward circuitry to pain suffering, including the nucleus accumbens, ventral tegmental area, and the medial prefrontal cortex; with especial attention dedicated to the evaluation of neuroplastic changes affecting these structures found in chronic pain syndromes, such as migraine, trigeminal neuropathic pain, chronic back pain, and fibromyalgia.
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THE CHRONIC PAIN BURDEN

Pain is an experience that has been exhaustively investigated since the most remote civilizations. It is widely known as a clinical symptom shared by many pathological conditions. Pain is also the main factor that precipitates subjects to seek medical care (Fishman et al., 2010). When acute, nociceptive pain is driven by a primary medical condition, and directs the attention to a potential harmful stressor that must be opposed (Elman and Borsook, 2016).

Beyond nociception, pain is an uncreditable complicated phenomenon that comprises sensory/discriminative, affective/motivational and cognitive/evaluative dimensions (Melzack and Casey, 1968). Moreover, it often progresses from an acute benign stage to a chronic, debilitating, and in some instances, unbearable status. In this context, chronic post-surgical pain is extremely relevant, since its occurrence cannot be predicted by the kind of surgical procedure performed (Lavand’homme, 2017). Furthermore, it has been estimated that this type of condition occurs in 1 of every 10 surgical procedures and it becomes an unbearable condition in 1 of every 100 surgeries (Breivik and Stubhaug, 2008). Conversely, other chronic pain conditions may unexpectedly evolve from an initial injury, without a history of surgery (e.g., complex regional syndrome) or initiate as the chief complaint (e.g., trigeminal neuralgia) (Mao, 2017). Chronic pain syndrome is a health issue that afflicts a large fraction of the population (Elliott et al., 2002; Patel et al., 2012). It represents an immense burden for the individuals affected, and produces considerable socio-economic impact due to the high costs with health care systems, absenteeism and reduced productivity (Patel et al., 2012).

Epidemiological studies have estimated that currently, roughly 100 million Americans experience pain, leading to a cost of approximately 600 billion dollars every year (Nahin, 2015). On the other hand, chronic pain is present in approximately 25% of the general population or 25 millions of Americans, being portrayed as an epidemic urgent medical condition of our modern society (O’Connor, 2009; Nahin, 2015). Noteworthy, acute and chronic pain should not be differentiated merely based on an arbitrary chronological cut-off point. Another important fact that must be highlighted is that chronic pain is a collective term rather than a nosological entity, considering that heterogeneous symptomatic profiles can differentiate nociceptive (e.g., osteoarthritis and low back pain) from neuropathic pains (e.g., trigeminal and post-herpetic neuralgias).

CHRONIC PAINS PATHOPHYSIOLOGY: AN UNSOLVED PUZZLE

Notwithstanding the efforts and the advances in the route to delineate the biological factors that ultimately lead to chronic pain, the cascade of events that result in pain chronification are yet considered part of an enigmatic puzzle. The still scarce information regarding this whole process probably helps to understand the struggle reported by clinicians in the chronic pain management (Kheshti et al., 2016). Chronic pain is a phenomenon with multifactorial, highly complex and usually poorly understood etiologies. It is also characterized by marked individual differences (Cohen and Mao, 2014). Therefore, proper pain management should include multimodal and customized therapies (Sarzi-Puttini et al., 2012). Chronic pain can be an initial complaint but it in some cases it evolves from an acute condition. When this is the case, expectations are inheritably affected, resulting in additional suffering (Mao, 2017). The development of side effects, tolerance or dependence, especially with opioid analgesics can prevent the long-term use of several drugs used for chronic pain management, an aspect that must also be considered (Trang et al., 2015). Physicians and all other health care providers must be fully prepared to deal with these challenges, with the purpose of providing appropriate pain control (Breivik et al., 2013; Johnson et al., 2013).

The lack of specific biomarkers and inconclusive results of diagnostic exams are additional challenges in the diagnosis and treatment of most the chronic pain conditions (Mao, 2012). Another crucial aspect that must be considered is that chronic pain and neuropsychiatric conditions are significantly comorbid (Tasmuth et al., 1996; Jess et al., 1998; Linton, 2000; Dominick et al., 2012). The results of a clinical study indicates that pain, especially when affecting multiple locations is a risk factor for depressive and anxiety disorders (Gerrits et al., 2014). Anxiety and depression could play a role in the persistence of chronic pain and therefore influence the efficacy of chronic pain management (Currie and Wang, 2005; Dahan et al., 2014). Pain also produces negative impacts on sleep, social and work functioning with a direct effect on the quality of life. Not surprisingly, chronic pain patients are hospitalized much more often than the general population (Collett, 2011).

The pathophysiology underlying chronic pain have been extensively studied in the past few years and distinct mechanisms, ranging from maladaptative neuroplastic alterations (Apkarian et al., 2004; DaSilva et al., 2007a,b, 2008), central and peripheral sensitization (Ultenius et al., 2006; Smith et al., 2008; Basbaum et al., 2009) and epigenetics (Imai et al., 2011; Zhang et al., 2011; Buchheit et al., 2012; Tajerian et al., 2013; Descalzi et al., 2015) have been suggested. More recently, the role of glial cells, especially microglia, has been acknowledged (Ohara et al., 2009; Takeda et al., 2011; Katagiri et al., 2012; Ji et al., 2013; Tenorio et al., 2013; Cahill and Taylor, 2017). While the mechanisms underlying chronic pain have been at least partially identified, much less is known about the circuits responsible for the transition from acute to chronic pain. Besides, the individual susceptibility to the development of chronic pain is still poorly comprehended. In this scenario, it has been hypothesized that a differential engagement of reward neural circuits might play a significant role (Cahill et al., 2014; Baliki and Apkarian, 2015; Borsook et al., 2016; Mitsi and Zachariou, 2016).

PAIN NEUROANATOMY

The broad network of nervous system structures related pain, which has been recently incorporated in the pain connectome (Kucyi and Davis, 2015), is embodied by a set of both cortical and subcortical brain regions. In this system, a prominent contribution might be attributed to the primary and secondary somatosensory cortex (S1 and S2, respectively), which along with the insula, encode the basic aspects of the noxious stimuli (e.g., pain intensity, quality, location, and duration); and to the prefrontal cortex (PFC), that cooperating with the anterior cingulate cortex (ACC), amygdala, insula, VTA, NAc, lateral and medial habenula (MHb and lHb) processes the affective features of pain. Nonetheless, those structures also act on more specific functions. ACC seems to be associated with unpleasantness sensations and fear avoidance while the amygdala is a region classically linked to fear. Among the structures described, those related to the mesolimbic system (e.g., VTA and NAc) and particularly the VTA projections and dopaminergic neurotransmissions in the NAc have been largely associated with reward/motivation (Figure 1). Nevertheless, the reward circuitry is not restricted to these areas. Instead, a natural reward is additionally processed by other brain regions, including the PFC and the ACC (Navratilova et al., 2015). More specifically, it has been described that the integration of the evasiveness driven by pain occurs partially in the rostral ACC (Tracey and Mantyh, 2007; Becerra et al., 2013). Functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) studies have demonstrated functional activity (Wanigasekera et al., 2012) and dopaminergic activation (Scott et al., 2006) induced by noxious stimuli in some of those areas (e.g., NAc and VTA). Furthermore, the dopaminergic (D2 receptor) activation induced by noxious stimulus was positively correlated with individual variations in the ratings of both sensory and affective dimensions of the pain experience (Scott et al., 2006). Anatomical and functional reorganization of the reward circuitry structures have been reported with chronic pain (Apkarian et al., 2011).
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FIGURE 1. Corticolimbic circuits and the main components of the reward circuitry are illustrated. Red lines: the nucleus accumbens (NAc) receives afferent nociceptive information mainly via connections with the anterior cingulate cortex (ACC), amygdala (Amy), thalamus, and parabrachial nucleus (PB). Possible direct connections from the spinal cord to the NAc (red dotted line) are also shown. Blue lines: corticostriatal projections arising from the prefrontal cortex (PFC) and ACC. The connections between the Amy, thalamus and ventral tegmental area (VTA) and the NAc are also represented by blue lines. The descending pathway from the NAc to the spinal cord, that putatively regulates nociceptive information, probably through the rostral ventromedial medulla (RVM), is represented by a gold dotted line. Adapted by permission from Macmillan Publishers Ltd: Nature Neuroscience (Navratilova and Porreca, 2014), copyright 2014.



Other important brain areas for pain are the hypothalamus and parabrachial nucleus, functionally connected to the autonomous nervous system; the thalamus, which relays ascending nociceptive pathways to the somatosensory cortex; the cerebellum and the anatomical components of the reticular formation, such as the periaqueductal gray (PAG), the rostral ventromedial medulla (RVM) and the locus coeruleus (LC) (Willis and Westlund, 1997; Ossipov et al., 2010, 2014; Lamm et al., 2011; Benarroch, 2016).

The axis (PAG-RVM-spinal dorsal horn) is interpreted as the central structure in the descending pain modulatory system (Mason, 2005). It is broadly accepted that both PAG and RVM stimulation produce antinociceptive effects through descending serotonergic neurons, therefore acting at through serotonin (5-HT) receptors (Aimone et al., 1987). More important, the analgesic effects of several opioids, antidepressants, and non-steroidal anti-inflammatory drugs greatly depend on the integrity of all these structures (Ossipov et al., 2014). Additionally, the participation of endocannabinoid receptors CB1 has also been suggested (Dogrul et al., 2012). The functions of the major pain-related brain structures discussed in this manuscript are summarized in the Table 1.

TABLE 1. An overview of the main brain structures related to pain discussed in this article.
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PAIN AND MENTAL COMORBIDITIES

It is well-known that chronic pain is comorbid with depression (Mayor, 2016). In addition, anxiety disorders, schizophrenia and bipolar disorder, are also comorbid with pain (Nicholson and Verma, 2004). For example, a recent study has revealed that chronic back pain (CBP) is related to higher odds of stress, anxiety, psychosis, sleep disturbances and depression. Interestingly, the predictive value of the catastrophizing pre-surgical scores to the development of chronic post-surgical pain has also confirmed in patients that undertaken spine surgeries (Havakeshian and Mannion, 2013). In fact, it has been advocated that the psychosocial and functional consequences of chronic pain determine the pain experience and should be contemplated in chronic pain classifications (Turk et al., 2016). Noteworthy, the risk of suicide is considerably high among chronic pain patients (Juurlink et al., 2004; Hassett et al., 2014). It has been admitted that the proclivity for suicide observed in such patients, may be influenced by changes in reward and anti-reward circuitries (Elman et al., 2013).

Taken collectively, these data sustain the concept of the reward circuitry participation in chronic pain and related comorbidities. In addition, the reward circuitry is probably involved in the transition from acute to chronic pain, which might occur through a functional rearrangement of its main components (L’vov et al., 1989). Furthermore, comorbidity exists between persistent pain and diseases that are accompanied by altered dopaminergic function such as major depression, drug addiction (Jarcho et al., 2012) and Parkinson’s disease (PD) (Skogar and Lokk, 2016; Young Blood et al., 2016). In those conditions, chronic pain correlates to structural and functional changes in pain-related areas, such as PFC, cingulate cortex (CC), and insula. In addition, a study that assessed pain in PD on and off levodopa, reported higher pain ratings measured by a visual analog scale (VAS) during the off period (Nebe and Ebersbach, 2009).

Altered dopamine function has been reported in major depression (Laasonen-Balk et al., 1999; Corrigan et al., 2000). However, the specific mechanism that explain this relationship are not fully understood. Data from photon emission computerized tomography (SPECT) evaluating the uptake of a high-affinity dopamine transporter specific radioligand in the basal ganglia of depressed patients and healthy controls, suggested that the primary dysfunction of the dopaminergic system in depression is related to the up-regulation of dopamine transporter density, causing a more effective re-uptake of dopamine into the presynaptic neurons, thus resulting in a lower concentration of dopamine in the synaptic gap and a consequent decrease in the dopaminergic neurotransmission (Laasonen-Balk et al., 1999). Also, supporting the presence of the link between dopamine dysfunction and depression, pramipexole, a D2 receptor agonist improved depressive symptoms in patients with major depression, when administrated at doses of 1 mg per day and even more pronouncedly when administrated at doses of 5 mg per day (Corrigan et al., 2000). Another possible mechanism that could explain the association between depression and dopamine dysfunction, involves psychological stress, which is considered a general but basic symptom of depression. In effect, stress activates dopamine neurons in the ventral tegmental area (VTA) and results in a tonic dopamine release in the nucleus accumbens (NAc) (Horvitz, 2002). Stress also stimulates the function of the cAMP response element binding (CREB) in the NAc (Barrot et al., 2002) and its activity is mediated by dopamine receptors (Yan et al., 1999; Dudman et al., 2003). Such information supports the connection between depression and dopamine function (Finan and Smith, 2013). Moreover, hyperalgesia can be caused by chronic stress, possibly due to changes in the NAc dopaminergic function (Quintero et al., 2000; Wood, 2004), leading to the hypothesis that the changes found in the VTA dopaminergic neurotransmission induced by prolonged stress exposure, would be related to allostatic adaptations to chronic pain, which in turn would trigger and/or contribute to maintain anxiety and depression (Massaly et al., 2016). Substantiating the presence of overlapping mechanisms related to chronic pain and depression or other psychiatric disorders that involve an altered dopaminergic function, a recent PET study, found differences in the availability of dopamine D2/D3 receptors in the striatal regions (e.g., caudate nucleus, putamen, and NAc) of fibromyalgia patients with and without depression (Ledermann et al., 2016).

AN OVERVIEW OF THE REWARD SYSTEM ELEMENTS

Among the pain-related brain structures previously discussed, the NAc, the PFC and the VTA are the classical components of the brain reward circuitry (Goeders and Smith, 1983). Completing the reward/motivational circuitry are other important areas, including the ACC and the lateral orbitofrontal cortex (OFC) (Navratilova et al., 2015). These structures are illustrated in the Figure 1 and their functions are summarized in the Table 1. In this circuitry, dopamine midbrain neurons, especially those connecting the VTA to the NAc and the NAc shell to the striatum (striato-nigro-striatal pathway) are considered the key elements (Elman and Borsook, 2016). Not surprisingly, dysfunction of the VTA-NAc mesolimbic pathway has been associated with depression (Russo and Nestler, 2013; Su et al., 2016) and neuropathic pain (Ozaki et al., 2002; Taylor et al., 2015). Remarkably, previous studies have evidenced a dual behavior of those dopaminergic neurons, since a phasic burst occurs in response to an unexpected reward while a phasic firing inhibition occurs when an expected reward is not received (Fields et al., 2007; Schultz, 2007).

Another important feature of the reward circuitry is that valence and salience of environmental stimuli are handled by distinct subgroups of midbrain neurons. In this regard, most of those neurons encode valence, increasing their firing in response to rewarding and decreasing their firing in response to aversive stimuli. Conversely, a second class of neurons react to both aversive and rewarding stimuli and therefore encode salience (Schultz, 2013).

Moreover, the prominent dopaminergic projections, mostly deriving from the VTA, have opposite actions in the NAc medium spiny neurons, depending on the targeted dopamine receptor and the associated pathway. When acting at the direct pathway, via the interaction with D1 receptors, dopamine stimulates medium spiny neurons and promotes positive affect. On the contrary, when acting at the indirect pathway, via D2 receptors, dopamine inhibits medium spiny neurons and a negative affect evolves (Gerfen and Surmeier, 2011).

The activity of the VTA-NAc circuit is modulated by the signals related to different types of neuromodulators [e.g., glutamate, γ-aminobutyric acid (GABA), serotonin, dopamine, and orexin]. Such signals originate in both cortical and subcortical structures that participate in mood, memory, emotions, stress and pain, such as the amygdala, the medial PFC and the Hb (Hikosaka et al., 2008). Some of the regulatory pathways are: the excitatory orexinergic projections from the hypothalamus (mainly lateral hypothalamus) to the VTA; the excitatory glutamatergic projections from the hippocampus to the NAc and from mPFC and stria terminalis to the VTA and the inhibitory GABAergic neurons extending from the NAc to the VTA (Kalant, 2010).

Although anatomically small, the Hb (the latin term for “little rein”), is another chief element of the reward circuitry. The Hb controls the dopamine levels in the striatum. Furthermore, the connections between the Hb and raphe nuclei are especially important since the serotonergic system plays a role in both depression and pain (Stamford, 1995; Gao et al., 2008). In animal models, lesions in the LHb produces a reduction in depressive-like behaviors by elevating the levels of serotonin in the dorsal raphe nucleus (Yang et al., 2008), which strongly suggests the participation of the LHb in the control of pain-related depression (Li et al., 2017). Supporting this notion, an increase in the LHb activity along with a reduced activity in the dorsal raphe nucleus has been found in an experimental model of neuropathic pain. This model has also resulted in pain and depressive-like behaviors, which have been reversed by LHb lesions (Li et al., 2017).

Interestingly, while the LHb modulates serotonin and norepinephrine releases, the acetylcholine neurotransmission is under the MHb regulation (Velasquez et al., 2014). The effects of electrical stimulation of the habenula have been examined and the results indicates that this procedure results in analgesia in the formalin test (Cohen and Melzack, 1986). Moreover, such effect is reversed by a direct injection of naloxone into the habenula (Wagner et al., 1977). From a clinical/neurosurgical perspective, bilateral stimulation of the LHb afferent bundles (e.g., stria medullaris thalami) has been also successfully applied to treat major depression in a patient that had been refractory to conventional therapies for 9 years (Sartorius et al., 2010). Nonetheless, the effects bilateral stimulation of LHb on pain, especially in cases of patients with significant psychopathology, must be further explored in depth. Remarkably, the presence of specialized projections helps to explain the opposite functions of the LHb and the laterodorsal tegmentum. While the LHb neurons synapse on the VTA dopaminergic neurons that project to the mPFC and to the rostromedial tegmental nucleus, the laterodorsal tegmentum neurons synapse on VTA dopaminergic neurons that project to the NAc lateral shell (Lammel et al., 2012). Consequently, activation of VTA neurons from the LHb projections results in aversion. On the other hand, activation of VTA inputs from the laterodorsal tegmentum produces reward (Lammel et al., 2012).

Opioid neurotransmission is an additional reward system constituent and it is directly associated with the reward experience caused by pain relief (Navratilova et al., 2015). It is composed by a diffuse network that encompasses the PAG, the NAc and the VTA though not restricted to them. Opioids act through interaction with a super-family of G-protein-coupled receptors, namely μ, κ and δ, expressed both in the central nervous system (CNS) as well as in the peripheral nervous system (PNS) (Trang et al., 2015). The activation of μ-opioid receptors facilitate dopamine release and mediates pleasure, while the activation of κ-opioid receptors mediate aversion (e.g., irritability, dysphoria, and pain) (Wise and Koob, 2014). An interaction between the opioidergic systems has been documented, where enhanced function of κ-opoid neurotransmission in the NAc suppressed the effects of μ-opioid receptor agonist morphine (e.g., reward and facilitation of the dopaminergic neurotransmission in mesolimbic neurons), in a model of inflammatory pain induced by formalin injection (Narita et al., 2005). According to the authors, those results would highly support the use of morphine for inflammatory pain. ACC is another important region to the opioidergic system, since it contains neurons that express high levels of opioid neuropeptides and opioid receptors (Vogt, 2005). Painful stimulus promotes release of endogenous opioids in the ACC which is negatively correlated with pain affective scores (Zubieta et al., 2001). Such findings suggest that the ACC opioid components are related to the affective instead of the sensory dimension of pain (Lee et al., 2014; Navratilova et al., 2015).

PLASTIC CHANGES IN THE REWARD SYSTEM RELATED TO CHRONIC PAIN

During the course of a transient noxious stimulus, its onset is aversive, acting as a punisher, while its offset represents a potential reward, thus differentiating an early (aversive) and a late (appetitive) element (Baliki et al., 2010). In sum, pain is considered a punisher, whereas its relive proportionate a negative reinforcement. In fact, the introduction of a noxious stimulus, prompts a decision, which involves an estimation of the anticipated pain associated with a prediction of costs and utility, prior to a proper behavioral response, in the light of other competing goals (Baliki et al., 2010). Fear of pain is one of the most witnessed phenomenon in chronic pain patients. It produces a selective attention, resulting in a hypervigilance to potential painful stimuli. Ultimately, this common chronic pain feature translates the aforementioned concepts to the clinical setting (Keogh et al., 2001).

Evidence from fMRI Studies

There is mounting scientific evidence showing the occurrence of a reward circuitry plasticity in different chronic pain syndromes, with an especial attention to the process that guides the transition from acute or episodic pain, to chronic pain. In this regard, NAc has emerged as a crucial structure. One research study revealed that the transition from a subacute to a chronic state of low back pain at 1-year follow-up, can be predicted by an increased connectivity between the ventromedial PFC and the NAc (Baliki et al., 2012). Compatibly, in a groundbreaking neuroimaging study exploring the CNS effects of acute thermal stimuli, Baliki et al. (2010) found that the NAc activity permitted a differentiation, at very high accuracy, between CBP patients and healthy controls, with deactivation in patients and phasic activation in healthy subjects during the offset of the painful stimulus. Furthermore, those changes were correlated to the oscillations in the functional connectivity between the NAc and other brain regions. In CBP patients NAc activity was positively correlated to the MagINS namely the part of the insula that is related to the magnitude of thermal pain perception in healthy subjects (Baliki et al., 2009), but not to the PFC activity, an association that was inverted in CBP patients (Baliki et al., 2010). That study provided novel and promising information regarding the fundamental role of the NAc to the development of chronic pain, particularly CBP. Although the methodology of that study did not focus on the clinical evaluation of the CBP patients enrolled, the results obtained are supported by the clinical features observed in studies involving CBP patients. It has also been supported that the increased activity that takes place in NAc associated with pain relief (e.g., offset of a thermal stimulus in healthy subjects) (Becerra and Borsook, 2008; Baliki et al., 2010) or relief from expected pain (Leknes et al., 2011), reflects the reward prediction error, which has been classically linked to the mesolimbic dopaminergic neurons (Navratilova et al., 2015). In other words, phasic activity of the midbrain dopaminergic neurons would signal an incongruity between actual and predicted reward (Colombo, 2014).

Chronic back pain is a condition highly associated with anxiety and depression (Nicholas et al., 2011). Corroborating these clinical observations, a concise psychiatric evaluation, conducted through the CBP Brief Scale for Psychiatric problems in Orthopedic Patients (BS-POP), a simple instrument that measures the presence of psychiatric problems and the quality of life in orthopedic patients (Yoshida et al., 2011), showed a reduction in the NAc activity of subjects that exhibited higher BS-POP scores (Kaneko et al., 2016). The same individuals had increased pain and decreased quality of life. Furthermore, the results of experimental chronic pain models suggest that these changes could be driven by variations in the dopaminergic, opioidergic, and/or glutamatergic signaling within the NAc (Goffer et al., 2013; Terzi et al., 2014). Therefore, the NAc activity might be an indicator of motivational/emotional abnormalities in CBP patients and possibly a reliable predictor of the treatment success. For instance, a dysfunctional NAc might predict negative results for surgical interventions in CBP patients (Kaneko et al., 2016). However, this hypothesis lacks confirmation. Furthermore, the specific mechanisms involved (opioidergic, serotonergic, dopaminergic, glutamatergic) must be dissected.

Changes in the reward circuitry, including gray matter atrophy in the PFC, insula and NAc have also been shown in CRPS (complex regional pain syndrome), another painful disorder characterized by a challenging diagnosis, clinical management and still unclear pathophysiology (Geha et al., 2008). Similar findings have also been found in neurodegenerative disorders that comorbid with pain, such as PD and multiple sclerosis (MS), which can serve as models to study the impact of reward circuitry plasticity in chronic pain (Polli et al., 2016; Seixas et al., 2016).

Among the non-motor symptoms in PD, pain has a high prevalence (Broen et al., 2012). Conversely, it is usually a neglected and undertreated symptom. Accordingly, there is limited scientific evidence regarding the mechanisms of pain in PD (Zis et al., 2015). It has been revealed that in PD, chronic pain correlates to structural and functional changes in pain-related areas, such as the DLPFC, CC, and insula. Strikingly, the same study found a disconnection between the NAc and the left hippocampus in the cohort analyzed (Polli et al., 2016). Considering the eminent role of the NAc in chronic (Baliki et al., 2010) and neuropathic pain (DosSantos et al., 2012b; Chang et al., 2014) and the relevance of its intrinsic connections with the hippocampus (Kahn and Shohamy, 2013), such results might indicate that a neuropathic mechanism might underlie the chronic pain of PD patients (Polli et al., 2016).

Neuropathic pain, with a high risk of chronification is also a recurrent symptom in MS, a demyelinating condition well-known for its deleterious effects in the somatosensory system (Osterberg et al., 2005). Nevertheless, structural and functional changes in areas linked to reward processing, especially motivation, have been shown in MS patients with chronic pain. The areas exhibiting differential activation pattern and/or cortical thickness were the caudate nucleus, the NAc and the temporal lobe (Seixas et al., 2016). Although interesting, these finds must be taken cautiously and the relationship between chronic pain in MS and altered reward circuitry functioning must be further explored in depth, considering that an impaired decision-making, related to the evaluation of reward/punishment and possibly reflecting a compromised emotional reactivity but not dependent on pain, has been found in MS (Kleeberg et al., 2004).

Evidence from PET Studies

Using PET, with the selective radioligand [11C]carfentanil, our group demonstrated activation of the the μ-opioid neurotransmission (represented by a decreased availability of μ-opioid receptors), in vivo, precisely in the NAc of trigeminal neuropathic pain patients (DosSantos et al., 2012b) (Figure 2). Similar changes in the reward circuitry had been observed before in episodic migraine patients, during the course of spontaneous migraine headache attacks (DaSilva et al., 2014). However, in that case, instead of the NAc, the μ-opioid activation, represented by a decreased availability of μ-opioid receptors was found in the mPFC (Figure 3), suggesting the possible contribution of this area to the migraine pathophysiology (Zhang et al., 2016). The results of the two aforementioned studies also denote that specific regions within the reward system could be active by different chronic pain syndromes, though many other limbic regions that not the PFC (e.g., insula and amygdala) have been related to migraine (Stankewitz and May, 2011). Furthermore, a previous study with fibromyalgia patients described a significant correlation between the changes in the striatum μ-neurotransmission and the affective pain dimension, assessed through the McGill pain questionnaire. An important difference is that in the fibromyalgia study, changes were widespread through pain-related structures, including areas that play a significant role in the emotional aspects of pain, such as the CC and the amygdala (Harris et al., 2007).
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FIGURE 2. Reduced μ-opioid receptor binding potential (μOR BPND) in Trigeminal Neuropathic Pain. Decreased μOR BPND in the left NAc in axial (A), sagittal (B), and coronal (C) planes (T = 3.2) (DosSantos et al., 2012b).
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FIGURE 3. Migraine severity and ictal μ-opioid activation. (Left) Pain intensity and location in each migraine patient evaluated. (Center) 3D image representing the average rating of both the pain intensity and the pain location. (Right) Decreased μOR BPND in the mPFC during the migraine ictal phase as compared to the interictal phase (DaSilva et al., 2014).



It is very likely that the dysregulated opioidergic neurotransmission described might impact the effects of analgesic opioid drugs in trigeminal neuropathic pain, fibromyalgia, migraine, and other painful syndromes. In addition, there is evidence that inflammatory pain can lead to a desensitization of μ-opioid receptors in the VTA, which turns increases heroin self-administration (Hipólito et al., 2015). Such findings clearly indicate that a loss of μ-opioid receptor function in the mesolimbic dopamine pathway may decisively participate in the escalation of opioid doses that may ultimately lead to opioid abuse. The presence of a compartment specificity (e.g., cell body and nerve terminals) in the VTA μ-opioid receptor desensitization has also been revealed (Hipólito et al., 2015). However, the significance of those findings must be further explored.

The functional evaluation of the opioidergic system in vivo has also helped to elucidate the mechanisms of pain relief generated by novel methods of non-invasive neuromodulation. Illustrating this aspect, in a previous study, we were able to demonstrate activation of μ-neurotransmission, possibly reflecting an increase in the endogenous opioid release in the ACC, NAc and insula, during anodal transcranial direct current stimulation (tDCS) of the motor cortex contralateral to the painful side, in a patient with post-herpetic neuralgia (DosSantos et al., 2012a) (Figure 4). Thus, it is possible that ingrained neuroplastic changes in the reward circuitry could be reverted by neuromodulatory techniques.
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FIGURE 4. Reduced μOR BPND related to transcranial direct current stimulation (tDCS). (Upper) μOR BPND during the baseline. (Lower) μOR BPND during anodal motor cortex tDCS in the ACC, NAc, and insula (DosSantos et al., 2012a).



Regarding the evaluation of the dopaminergic system in painful syndromes, a significant increase in the BPND of the D2/D3 dopamine receptors selective radioligand [11C] raclopride has been found within the striatum of migraine patients during both the spontaneous headache attack and during allodynia induced by a sustained thermal pain threshold challenge, when compared to the non-headache (interictal) period (DaSilva et al., 2017). A decreased dopamine release (e.g., change in the [11C] raclopride BPND from baseline to the activated state) and thus lower D2/D3 receptor activation has also been reported in the ventral striatum of chronic non-neuropathic back pain patients, when compared to controls, during a pain challenge (Martikainen et al., 2015). Those results, contribute to sustain the concept that an altered dopaminergic function within the reward circuitry plays an important role in the pathophysiology of different painful conditions, including migraine and back pain. Indeed, altered striatal dopaminergic neurotransmission had been previously found in PET studies involving patients with other painful disorders, such as atypical facial pain (Hagelberg et al., 2003a) and burning mouth syndrome (Hagelberg et al., 2003b).

MOLECULAR TARGETS AT THE REWARD CIRCUITRY FOR PAIN RELIEF

As previously discussed, reward circuitry components participate in depression and chronic pain mechanisms. Hence, they are potential targets for analgesics and antidepressant drugs. However, the specific molecular targets for chronic pain treatment within this circuitry remain partially unexplored. Early experimental studies have revealed that the dopamine release in the NAc induced by rewarding drugs, such as morphine and cocaine, can be suppressed by neuropathic pain (Ozaki et al., 2002; Taylor et al., 2015). Moreover, it has been reported that the pain relief produced by an intrathecal injection of pregabalin in a model of spinal nerve ligation is accompanied by increase in the levels of NAc dopamine, and effect detected during the early but not during the late phase of the experimentally induced neuropathic pain (Kato et al., 2016). Conversely, intra-accumbal infusions of D1- (SCH-23390) and D2-like (Sulpiride) dopamine receptors antagonists reduces stress-induced analgesia in a dose-dependent manner, in the early and late phases of an experimental model of persistent inflammatory pain, though with more pronounced effects found throughout the late phase (Faramarzi et al., 2016).

Recent studies have found changes in the reward circuitry related to abusive use of anabolic androgenic steroids (AASs). In a previous study, chronic use of nandrolone resulted in anhedonic behavior alongside changes in the noradrenergic, dopaminergic, and serotonergic neurotransmissions within the NAc of rats (Zotti et al., 2013). In another study, nandrolone induced conditioned place preference (CPP) which was accompanied by a decreased expression of D1 dopamine receptors in the NAc of adult mice (Martínez-Rivera et al., 2015). Furthermore, chronic pretreatment of with nandrolone has been proved to increase the reward related to low-dose morphine, which could contribute to an increased susceptibility to opioid dependence (Huang et al., 2016). Such findings indicate a possible relationship between AAS abuse and opioid abuse.

There is also data indicating the prominent participation of the glutamatergic neurotransmission in the reward circuitry. It has been largely recognized that glutamatergic neurotransmission in the NAc is associated with pain regulation (Ghalandari-Shamami et al., 2011). For instance, there is growing evidence that the antinociceptive response driven by cannabinoids within the basolateral amygdala is mediated by the NAc N-methyl-D-aspartate (NMDA) receptors (Ghalandari-Shamami et al., 2011). The involvement of the NAc glutamatergic signaling in the mechanisms of chronic neuropathic pain is also supported by the increase in the GluA1 subunit, without a concomitant rise in the GluA2 subunit levels of AMPA receptors both in the core and the shell of the NAc, found in an experimental model of neuropathic pain (Xu et al., 2015). In fact, AMPA represents the chief excitatory post-synaptic glutamate receptor. It is composed by four subunits (GluA1–4), which in turn are crucial to its function. Particularly in the NAc, GluA1, and GluA2 are the predominant subunits. The selective increase in the GluA1 subunit, results in the formation of GluA2-lacking AMPA receptors. Furthermore, the transmission through those receptors decrease the depressive symptoms related to pain (Goffer et al., 2013). Interestingly, the levels of GluA1 subunits was not altered in an experimental model of acute post-incisional pain. On the other hand, an increase in the levels of GluA1 with concurrent formation of GluA2-lacking AMPA receptors was observed in a model of persistent but reversible inflammatory pain as well as in a model of chronic neuropathic pain. Nevertheless, while GluA1 levels remained high in the chronic neuropathic pain model, they returned to the baseline levels as the pain resolved in the animal model of inflammatory pain (Su et al., 2015). In the same study, a significant decrease in the depressive symptoms associate with pain was obtained when blocking GluA2-lacking AMPA receptors in the persistent but not in the acute pain model. Therefore, it might be possible that the changes that occur in the GluA1 subunit of AMPA receptors in the NAc represent an adaptive mechanism to reduce depressive symptoms of chronic pain conditions (Su et al., 2015).

AMPAkines are drugs that enhance glutamate transmission (Lynch, 2006). They also have a high affinity for NAc AMPA receptors, which make such receptors excellent targets for those drugs, particularly to the purpose of pain control (Montgomery et al., 2009). As a matter of fact, it has been demonstrated that AMPAkines produce a relieve in both sensory and affective dimensions of persistent pain (Le et al., 2014). In addition, they improve post-operative pain, an effect mediated by NAc AMPA receptors (Su et al., 2016). According to the results of a previous study, the infusion of the AMPAkine CX546 directly into the NAC reduces sensory hypersensitivity and depression-like behaviors related to acute post-operative incisional pain as well as persistent post-operative pain, while the infusion of the highly specific AMPA receptor antagonist NBQX into the NAc, inhibits the antinociceptive effects of the CX546 (Su et al., 2016). More recently, the orexinergic system and particularly the orexin-2 receptors (OX2rs) located in the NAc, has also been raised as potential molecular targets for persistent inflammatory pain management (Yazdi et al., 2016).

Pain is an intricate multifaceted phenomenon, rather than only clinical symptom. Moreover, it requires especial attention, especially when evolving to a chronic state. Chronic pain afflicts a considerable proportion of the general population worldwide and can be considered one of the most challenging clinical conditions. Notwithstanding, the progress obtained in pain research throughout the last decades, many of its basic mechanisms are still obscure, including the development of chronic state from an acute condition. In this regard, the current scientific literature points to a pivotal participation of the reward/motivational circuitry in this process. Dissecting and unveiling the contribution of the reward circuitry to pain perception and modulation will enhance the understanding of chronic pain pathophysiology and perhaps allow the development of more efficient therapies for such debilitating conditions.

AUTHOR CONTRIBUTIONS

MFD, BSM, and AFD drafted, reviewed, and approved the manuscript.

ACKNOWLEDGMENT

The authors gratefully acknowledge Janice Gonçalves Subilhaga, M.D., for her contribution with the illustrations.

REFERENCES

Aimone, L. D., Jones, S. L., and Gebhart, G. F. (1987). Stimulation-produced descending inhibition from the periaqueductal gray and nucleus raphe magnus in the rat: mediation by spinal monoamines but not opioids. Pain 31, 123–136. doi: 10.1016/0304-3959(87)90012-1

Apkarian, A. V., Bushnell, M. C., Treede, R. D., and Zubieta, J. K. (2005). Human brain mechanisms of pain perception and regulation in health and disease. Eur. J. Pain 9, 463–484. doi: 10.1016/j.ejpain.2004.11.001

Apkarian, A. V., Hashmi, J. A., and Baliki, M. N. (2011). Pain and the brain: specificity and plasticity of the brain in clinical chronic pain. Pain 152, S49–S64. doi: 10.1016/j.pain.2010.11.010

Apkarian, A. V., Sosa, Y., Sonty, S., Levy, R. M., Harden, R. N., Parrish, T. B., et al. (2004). Chronic back pain is associated with decreased prefrontal and thalamic gray matter density. J. Neurosci. 24, 10410–10415. doi: 10.1523/JNEUROSCI.2541-04.2004

Baliki, M. N., and Apkarian, A. V. (2015). Nociception, pain, negative moods, and behavior selection. Neuron 87, 474–491. doi: 10.1016/j.neuron.2015.06.005

Baliki, M. N., Geha, P. Y., and Apkarian, A. V. (2009). Parsing pain perception between nociceptive representation and magnitude estimation. J. Neurophysiol. 101, 875–887. doi: 10.1152/jn.91100.2008

Baliki, M. N., Geha, P. Y., Fields, H. L., and Apkarian, A. V. (2010). Predicting value of pain and analgesia: nucleus accumbens response to noxious stimuli changes in the presence of chronic pain. Neuron 66, 149–160. doi: 10.1016/j.neuron.2010.03.002

Baliki, M. N., Petre, B., Torbey, S., Herrmann, K. M., Huang, L., Schnitzer, T. J., et al. (2012). Corticostriatal functional connectivity predicts transition to chronic back pain. Nat. Neurosci. 15, 1117–1119. doi: 10.1038/nn.3153

Barrot, M., Olivier, J. D., Perrotti, L. I., Dileone, R. J., Berton, O., Eisch, A. J., et al. (2002). CREB activity in the nucleus accumbens shell controls gating of behavioral responses to emotional stimuli. Proc. Natl. Acad. Sci. U.S.A. 99, 11435–11440. doi: 10.1073/pnas.172091899

Basbaum, A. I., Bautista, D. M., Scherrer, G., and Julius, D. (2009). Cellular and molecular mechanisms of pain. Cell 139, 267–284. doi: 10.1016/j.cell.2009.09.028

Becerra, L., and Borsook, D. (2008). Signal valence in the nucleus accumbens to pain onset and offset. Eur. J. Pain 12, 866–869. doi: 10.1016/j.ejpain.2007.12.007

Becerra, L., Navratilova, E., Porreca, F., and Borsook, D. (2013). Analogous responses in the nucleus accumbens and cingulate cortex to pain onset (aversion) and offset (relief) in rats and humans. J. Neurophysiol. 110, 1221–1226. doi: 10.1152/jn.00284.2013

Benarroch, E. E. (2016). Involvement of the nucleus accumbens and dopamine system in chronic pain. Neurology 87, 1720–1726. doi: 10.1212/WNL.0000000000003243

Borsook, D., Linnman, C., Faria, V., Strassman, A. M., Becerra, L., and Elman, I. (2016). Reward deficiency and anti-reward in pain chronification. Neurosci. Biobehav. Rev. 68, 282–297. doi: 10.1016/j.neubiorev.2016.05.033

Breivik, H., Eisenberg, E., and O’brien, T. (2013). The individual and societal burden of chronic pain in Europe: the case for strategic prioritisation and action to improve knowledge and availability of appropriate care. BMC Public Health 13:1229. doi: 10.1186/1471-2458-13-1229

Breivik, H., and Stubhaug, A. (2008). Management of acute postoperative pain: still a long way to go! Pain 137, 233–234. doi: 10.1016/j.pain.2008.04.014

Broen, M. P., Braaksma, M. M., Patijn, J., and Weber, W. E. (2012). Prevalence of pain in Parkinson’s disease: a systematic review using the modified QUADAS tool. Mov. Disord. 27, 480–484. doi: 10.1002/mds.24054

Brooks, J. C., Zambreanu, L., Godinez, A., Craig, A. D., and Tracey, I. (2005). Somatotopic organisation of the human insula to painful heat studied with high resolution functional imaging. Neuroimage 27, 201–209. doi: 10.1016/j.neuroimage.2005.03.041

Buchheit, T., Van De Ven, T., and Shaw, A. (2012). Epigenetics and the transition from acute to chronic pain. Pain. Med. 13, 1474–1490. doi: 10.1111/j.1526-4637.2012.01488.x

Cahill, C. M., Cook, C., and Pickens, S. (2014). Migraine and reward system-or is it aversive? Curr. Pain Headache Rep. 18:410. doi: 10.1007/s11916-014-0410-y

Cahill, C. M., and Taylor, A. M. (2017). Neuroinflammation-a co-occurring phenomenon linking chronic pain and opioid dependence. Curr. Opin. Behav. Sci. 13, 171–177. doi: 10.1016/j.cobeha.2016.12.003

Chang, P. C., Pollema-Mays, S. L., Centeno, M. V., Procissi, D., Contini, M., Baria, A. T., et al. (2014). Role of nucleus accumbens in neuropathic pain: linked multi-scale evidence in the rat transitioning to neuropathic pain. Pain 155, 1128–1139. doi: 10.1016/j.pain.2014.02.019

Cohen, S. P., and Mao, J. (2014). Neuropathic pain: mechanisms and their clinical implications. BMJ 348:f7656. doi: 10.1136/bmj.f7656

Cohen, S. R., and Melzack, R. (1986). Habenular stimulation produces analgesia in the formalin test. Neurosci. Lett. 70, 165–169. doi: 10.1016/0304-3940(86)90457-X

Collett, B. (2011). The burden of chronic pain. Curr. Med. Res. Opin. 27, 2065–2066. doi: 10.1185/03007995.2011.619428

Colombo, M. (2014). Deep and beautiful. The reward prediction error hypothesis of dopamine. Stud. Hist. Philos. Biol. Biomed. Sci. 45, 57–67. doi: 10.1016/j.shpsc.2013.10.006

Corrigan, M. H., Denahan, A. Q., Wright, C. E., Ragual, R. J., and Evans, D. L. (2000). Comparison of pramipexole, fluoxetine, and placebo in patients with major depression. Depress. Anxiety 11, 58–65. doi: 10.1002/(SICI)1520-6394(2000)11:2<58::AID-DA2>3.0.CO;2-H

Currie, S. R., and Wang, J. (2005). More data on major depression as an antecedent risk factor for first onset of chronic back pain. Psychol. Med. 35, 1275–1282. doi: 10.1017/S0033291705004952

Dahan, A., Van Velzen, M., and Niesters, M. (2014). Comorbidities and the complexities of chronic pain. Anesthesiology 121, 675–677. doi: 10.1097/ALN.0000000000000402

DaSilva, A. F., Becerra, L., Pendse, G., Chizh, B., Tully, S., and Borsook, D. (2008). Colocalized structural and functional changes in the cortex of patients with trigeminal neuropathic pain. PLOS ONE 3:e3396. doi: 10.1371/journal.pone.0003396

DaSilva, A. F., Granziera, C., Tuch, D., Snyder, J., Vincent, M., and Hadjikhani, N. (2007a). Interictal alterations of the trigeminal somatosensory pathway and periaqueductal gray matter in migraine. Neuroreport 18, 301–305. doi: 10.1212/01.wnl.0000291618.32247.2d

DaSilva, A. F., Granziera, C., Snyder, J., and Hadjikhani, N. (2007b). Thickening in the somatosensory cortex of patients with migraine. Neurology 69, 1990–1995. doi: 10.1212/01.wnl.0000291618.32247.2d

DaSilva, A. F., Nascimento, T. D., DosSantos, M. F., Lucas, S., Van Holsbeeck, H., Deboer, M., et al. (2014). Association of μ-opioid activation in the prefrontal cortex with spontaneous migraine attacks - brief report I. Ann. Clin. Transl. Neurol. 1, 439–444. doi: 10.1002/acn3.65

DaSilva, A. F., Nascimento, T. D., Jassar, H., Heffernan, J., Toback, R. L., Lucas, S., et al. (2017). Dopamine D2/D3 imbalance during migraine attack and allodynia in vivo. Neurology 88, 1634–1641. doi: 10.1212/WNL.0000000000003861

Descalzi, G., Ikegami, D., Ushijima, T., Nestler, E. J., Zachariou, V., and Narita, M. (2015). Epigenetic mechanisms of chronic pain. Trends Neurosci. 38, 237–246. doi: 10.1016/j.tins.2015.02.001

Dogrul, A., Seyrek, M., Yalcin, B., and Ulugol, A. (2012). Involvement of descending serotonergic and noradrenergic pathways in CB1 receptor-mediated antinociception. Prog. Neuropsychopharmacol. Biol. Psychiatry 38, 97–105. doi: 10.1016/j.pnpbp.2012.01.007

Dominick, C. H., Blyth, F. M., and Nicholas, M. K. (2012). Unpacking the burden: understanding the relationships between chronic pain and comorbidity in the general population. Pain 153, 293–304. doi: 10.1016/j.pain.2011.09.018

DosSantos, M. F., Love, T. M., Martikainen, I. K., Nascimento, T. D., Fregni, F., Cummiford, C., et al. (2012a). Immediate effects of tDCS on the μ-opioid system of a chronic pain patient. Front. Psychiatry 3:93. doi: 10.3389/fpsyt.2012.00093

DosSantos, M. F., Martikainen, I. K., Nascimento, T. D., Love, T. M., Deboer, M. D., Maslowski, E. C., et al. (2012b). Reduced basal ganglia μ-opioid receptor availability in trigeminal neuropathic pain: a pilot study. Mol. Pain 8:74. doi: 10.1186/1744-8069-8-74

Dudman, J. T., Eaton, M. E., Rajadhyaksha, A., Macías, W., Taher, M., Barczak, A., et al. (2003). Dopamine D1 receptors mediate CREB phosphorylation via phosphorylation of the NMDA receptor at Ser897-NR1. J. Neurochem. 87, 922–934. doi: 10.1046/j.1471-4159.2003.02067.x

Elliott, A. M., Smith, B. H., Hannaford, P. C., Smith, W. C., and Chambers, W. A. (2002). The course of chronic pain in the community: results of a 4-year follow-up study. Pain 99, 299–307. doi: 10.1016/S0304-3959(02)00138-0

Elman, I., and Borsook, D. (2016). Common brain mechanisms of chronic pain and addiction. Neuron 89, 11–36. doi: 10.1016/j.neuron.2015.11.027

Elman, I., Borsook, D., and Volkow, N. D. (2013). Pain and suicidality: insights from reward and addiction neuroscience. Prog. Neurobiol. 109, 1–27. doi: 10.1016/j.pneurobio.2013.06.003

Faramarzi, G., Zendehdel, M., and Haghparast, A. (2016). D1- and D2-like dopamine receptors within the nucleus accumbens contribute to stress-induced analgesia in formalin-related pain behaviours in rats. Eur. J. Pain 20, 1423–1432. doi: 10.1002/ejp.865

Fields, H. L., Hjelmstad, G. O., Margolis, E. B., and Nicola, S. M. (2007). Ventral tegmental area neurons in learned appetitive behavior and positive reinforcement. Annu. Rev. Neurosci. 30, 289–316. doi: 10.1146/annurev.neuro.30.051606.094341

Finan, P. H., and Smith, M. T. (2013). The comorbidity of insomnia, chronic pain, and depression: dopamine as a putative mechanism. Sleep Med. Rev. 17, 173–183. doi: 10.1016/j.smrv.2012.03.003

Fishman, S., Ballantyne, J., Rathmell, J. P., and Bonica, J. J. (2010). Bonica’s Management of Pain. Baltimore, MD: Lippincott, Williams & Wilkins.

Gao, H. Q., Zhu, H. Y., Zhang, Y. Q., and Wang, L. X. (2008). Reduction of cerebrospinal fluid and plasma serotonin in patients with post-stroke depression: a preliminary report. Clin. Invest. Med. 31, E351–E356. doi: 10.25011/cim.v31i6.4921

Geha, P. Y., Baliki, M. N., Harden, R. N., Bauer, W. R., Parrish, T. B., and Apkarian, A. V. (2008). The brain in chronic CRPS pain: abnormal gray-white matter interactions in emotional and autonomic regions. Neuron 60, 570–581. doi: 10.1016/j.neuron.2008.08.022

Gerfen, C. R., and Surmeier, D. J. (2011). Modulation of striatal projection systems by dopamine. Annu. Rev. Neurosci. 34, 441–466. doi: 10.1146/annurev-neuro-061010-113641

Gerrits, M. M., Van Oppen, P., Van Marwijk, H. W., Penninx, B. W., and Van Der Horst, H. E. (2014). Pain and the onset of depressive and anxiety disorders. Pain 155, 53–59. doi: 10.1016/j.pain.2013.09.005

Ghalandari-Shamami, M., Hassanpour-Ezatti, M., and Haghparast, A. (2011). Intra-accumbal NMDA but not AMPA/kainate receptor antagonist attenuates WIN55,212-2 cannabinoid receptor agonist-induced antinociception in the basolateral amygdala in a rat model of acute pain. Pharmacol. Biochem. Behav. 100, 213–219. doi: 10.1016/j.pbb.2011.08.027

Goeders, N. E., and Smith, J. E. (1983). Cortical dopaminergic involvement in cocaine reinforcement. Science 221, 773–775. doi: 10.1126/science.6879176

Goffer, Y., Xu, D., Eberle, S. E., D’amour, J., Lee, M., Tukey, D., et al. (2013). Calcium-permeable AMPA receptors in the nucleus accumbens regulate depression-like behaviors in the chronic neuropathic pain state. J. Neurosci. 33, 19034–19044. doi: 10.1523/JNEUROSCI.2454-13.2013

Hagelberg, N., Forssell, H., Aalto, S., Rinne, J. O., Scheinin, H., Taiminen, T., et al. (2003a). Altered dopamine D2 receptor binding in atypical facial pain. Pain 106, 43–48.

Hagelberg, N., Forssell, H., Rinne, J. O., Scheinin, H., Taiminen, T., Aalto, S., et al. (2003b). Striatal dopamine D1 and D2 receptors in burning mouth syndrome. Pain 101, 149–154.

Harris, R., Clauw, D., Scott, D., Mclean, S., Gracely, R., and Zubieta, J. (2007). Decreased central mu-opioid receptor availability in fibromyalgia. J. Neurosci. 27, 10000–10006. doi: 10.1523/JNEUROSCI.2849-07.2007

Hassett, A. L., Aquino, J. K., and Ilgen, M. A. (2014). The risk of suicide mortality in chronic pain patients. Curr. Pain Headache Rep. 18, 436. doi: 10.1007/s11916-014-0436-1

Havakeshian, S., and Mannion, A. F. (2013). Negative beliefs and psychological disturbance in spine surgery patients: a cause or consequence of a poor treatment outcome? Eur. Spine J. 22, 2827–2835. doi: 10.1007/s00586-013-2822-5

Hikosaka, O., Bromberg-Martin, E., Hong, S., and Matsumoto, M. (2008). New insights on the subcortical representation of reward. Curr. Opin. Neurobiol. 18, 203–208. doi: 10.1016/j.conb.2008.07.002

Hipólito, L., Wilson-Poe, A., Campos-Jurado, Y., Zhong, E., Gonzalez-Romero, J., Virag, L., et al. (2015). Inflammatory pain promotes increased opioid self-administration: role of dysregulated ventral tegmental area μ opioid receptors. J. Neurosci. 35, 12217–12231. doi: 10.1523/JNEUROSCI.1053-15.2015

Horvitz, J. C. (2002). Dopamine gating of glutamatergic sensorimotor and incentive motivational input signals to the striatum. Behav. Brain Res. 137, 65–74. doi: 10.1016/S0166-4328(02)00285-1

Huang, E. Y., Chen, Y. H., Huang, T. Y., Chen, Y. J., and Chow, L. H. (2016). Chronic administration of nandrolone increases susceptibility to morphine dependence without correlation with LVV-hemorphin 7 in rats. Neuropeptides 59, 63–69. doi: 10.1016/j.npep.2016.05.005

Imai, S., Saeki, M., Yanase, M., Horiuchi, H., Abe, M., Narita, M., et al. (2011). Change in microRNAs associated with neuronal adaptive responses in the nucleus accumbens under neuropathic pain. J. Neurosci. 31, 15294–15299. doi: 10.1523/JNEUROSCI.0921-11.2011

Jarcho, J. M., Mayer, E. A., Jiang, Z. K., Feier, N. A., and London, E. D. (2012). Pain, affective symptoms, and cognitive deficits in patients with cerebral dopamine dysfunction. Pain 153, 744–754. doi: 10.1016/j.pain.2012.01.002

Jess, P., Jess, T., Beck, H., and Bech, P. (1998). Neuroticism in relation to recovery and persisting pain after laparoscopic cholecystectomy. Scand. J. Gastroenterol. 33, 550–553. doi: 10.1080/00365529850172151

Ji, R. R., Berta, T., and Nedergaard, M. (2013). Glia and pain: is chronic pain a gliopathy? Pain 154, S10–S28. doi: 10.1016/j.pain.2013.06.022

Johnson, M., Collett, B., and Castro-Lopes, J. M. (2013). The challenges of pain management in primary care: a pan-European survey. J. Pain Res. 6, 393–401. doi: 10.2147/JPR.S41883

Juurlink, D. N., Herrmann, N., Szalai, J. P., Kopp, A., and Redelmeier, D. A. (2004). Medical illness and the risk of suicide in the elderly. Arch. Intern. Med. 164, 1179–1184. doi: 10.1001/archinte.164.11.1179

Kahn, I., and Shohamy, D. (2013). Intrinsic connectivity between the hippocampus, nucleus accumbens, and ventral tegmental area in humans. Hippocampus 23, 187–192. doi: 10.1002/hipo.22077

Kalant, H. (2010). What neurobiology cannot tell us about addiction. Addiction 105, 780–789. doi: 10.1111/j.1360-0443.2009.02739.x

Kaneko, H., Zhang, S., Sekiguchi, M., Nikaido, T., Makita, K., Kurata, J., et al. (2016). Dysfunction of nucleus accumbens is associated with psychiatric problems in patients with chronic low back pain - a functional magnetic resonance imaging study. Spine 42, 844–853. doi: 10.1097/BRS.0000000000001930

Katagiri, A., Shinoda, M., Honda, K., Toyofuku, A., Sessle, B. J., and Iwata, K. (2012). Satellite glial cell P2Y12 receptor in the trigeminal ganglion is involved in lingual neuropathic pain mechanisms in rats. Mol. Pain 8:23. doi: 10.1186/1744-8069-8-23

Kato, T., Ide, S., and Minami, M. (2016). Pain relief induces dopamine release in the rat nucleus accumbens during the early but not late phase of neuropathic pain. Neurosci. Lett. 629, 73–78. doi: 10.1016/j.neulet.2016.06.060

Keogh, E., Ellery, D., Hunt, C., and Hannent, I. (2001). Selective attentional bias for pain-related stimuli amongst pain fearful individuals. Pain 91, 91–100. doi: 10.1016/S0304-3959(00)00422-X

Kheshti, R., Namazi, S., Mehrabi, M., and Firouzabadi, D. (2016). Health care workers’ knowledge, attitude, and practice about chronic pain management, Shiraz, Iran. Anesth. Pain Med. 6:e37270. doi: 10.5812/aapm.37270

Kleeberg, J., Bruggimann, L., Annoni, J. M., Van Melle, G., Bogousslavsky, J., and Schluep, M. (2004). Altered decision-making in multiple sclerosis: a sign of impaired emotional reactivity? Ann. Neurol. 56, 787–795. doi: 10.1002/ana.20277

Kucyi, A., and Davis, K. D. (2015). The dynamic pain connectome. Trends Neurosci. 38, 86–95. doi: 10.1016/j.tins.2014.11.006

Laasonen-Balk, T., Kuikka, J., Viinamäki, H., Husso-Saastamoinen, M., Lehtonen, J., and Tiihonen, J. (1999). Striatal dopamine transporter density in major depression. Psychopharmacology 144, 282–285. doi: 10.1007/s002130051005

Lamm, C., Decety, J., and Singer, T. (2011). Meta-analytic evidence for common and distinct neural networks associated with directly experienced pain and empathy for pain. Neuroimage 54, 2492–2502. doi: 10.1016/j.neuroimage.2010.10.014

Lammel, S., Lim, B. K., Ran, C., Huang, K. W., Betley, M. J., Tye, K. M., et al. (2012). Input-specific control of reward and aversion in the ventral tegmental area. Nature 491, 212–217. doi: 10.1038/nature11527

Lavand’homme, P. (2017). Transition from acute to chronic pain after surgery. Pain 158 (Suppl. 1), S50–S54. doi: 10.1097/j.pain.0000000000000809

Le, A. M., Lee, M., Su, C., Zou, A., and Wang, J. (2014). AMPAkines have novel analgesic properties in rat models of persistent neuropathic and inflammatory pain. Anesthesiology 121, 1080–1090. doi: 10.1097/ALN.0000000000000351

Ledermann, K., Jenewein, J., Sprott, H., Hasler, G., Schnyder, U., Warnock, G., et al. (2016). Relation of dopamine receptor 2 binding to pain perception in female fibromyalgia patients with and without depression–A [11C] raclopride PET-study. Eur. Neuropsychopharmacol. 26, 320–330. doi: 10.1016/j.euroneuro.2015.12.007

Lee, M. C., Wanigasekera, V., and Tracey, I. (2014). Imaging opioid analgesia in the human brain and its potential relevance for understanding opioid use in chronic pain. Neuropharmacology 84, 123–130. doi: 10.1016/j.neuropharm.2013.06.035

Lee, Y. A., and Goto, Y. (2011). Neurodevelopmental disruption of cortico-striatal function caused by degeneration of habenula neurons. PLOS ONE 6:e19450. doi: 10.1371/journal.pone.0019450

Leknes, S., Lee, M., Berna, C., Andersson, J., and Tracey, I. (2011). Relief as a reward: hedonic and neural responses to safety from pain. PLOS ONE 6:e17870. doi: 10.1371/journal.pone.0017870

Li, Y., Wang, Y., Xuan, C., Piao, L., Li, J., and Zhao, H. (2017). Role of the lateral habenula in pain-associated depression. Front. Behav. Neurosci. 11:31. doi: 10.3389/fnbeh.2017.00031

Linton, S. J. (2000). A review of psychological risk factors in back and neck pain. Spine 25, 1148–1156. doi: 10.1097/00007632-200005010-00017

L’vov, K. M., Koroshko, A. V., Kalichava, G. S., Smirnova, N. B., and Ziangirova, G. G. (1989). [Relative size of collagen body-peptides of the human cornea in the normal state and in keratoconus]. Biofizika 34, 478–480.

Lynch, G. (2006). Glutamate-based therapeutic approaches: ampakines. Curr. Opin. Pharmacol. 6, 82–88. doi: 10.1016/j.coph.2005.09.005

Mao, J. (2012). Current challenges in translational pain research. Trends Pharmacol. Sci. 33, 568–573. doi: 10.1016/j.tips.2012.08.001

Mao, J. (2017). Challenges of managing chronic pain. BMJ 356:j741. doi: 10.1136/bmj.j741

Martikainen, I. K., Nuechterlein, E. B., Peciña, M., Love, T. M., Cummiford, C. M., Green, C. R., et al. (2015). Chronic back pain is associated with alterations in dopamine neurotransmission in the ventral striatum. J. Neurosci. 35, 9957–9965. doi: 10.1523/JNEUROSCI.4605-14.2015

Martínez-Rivera, F. J., Natal-Albelo, E. J., Martínez, N. A., Orozco-Vega, R. A., Muñiz-Seda, O. A., and Barreto-Estrada, J. L. (2015). The effect of the anabolic steroid, nandrolone, in conditioned place preference and D1 dopamine receptor expression in adolescent and adult mice. Behav. Process. 113, 81–85. doi: 10.1016/j.beproc.2015.01.008

Mason, P. (2005). Ventromedial medulla: pain modulation and beyond. J. Comp. Neurol. 493, 2–8. doi: 10.1002/cne.20751

Massaly, N., Morón, J. A., and Al-Hasani, R. (2016). A trigger for opioid misuse: chronic pain and stress dysregulate the mesolimbic pathway and kappa opioid system. Front. Neurosci. 10:480. doi: 10.3389/fnins.2016.00480

Mayor, S. (2016). Community programme reduces depression in patients with chronic pain, study shows. BMJ 353:i3352. doi: 10.1136/bmj.i3352

Melzack, R., and Casey, K. L. (1968). “Sensory, motivational, and central control determinants of pain: a new conceptual model,” in The Skin Senses, ed. D. Kenshalo (Springfield, IL: Charles C Thomas), 423–439.

Mitsi, V., and Zachariou, V. (2016). Modulation of pain, nociception, and analgesia by the brain reward center. Neuroscience 338, 81–92. doi: 10.1016/j.neuroscience.2016.05.017

Montgomery, K. E., Kessler, M., and Arai, A. C. (2009). Modulation of agonist binding to AMPA receptors by 1-(1,4-benzodioxan-6-ylcarbonyl)piperidine (CX546): differential effects across brain regions and GluA1-4/transmembrane AMPA receptor regulatory protein combinations. J. Pharmacol. Exp. Ther. 331, 965–974. doi: 10.1124/jpet.109.158014

Nahin, R. L. (2015). Estimates of pain prevalence and severity in adults: United States, 2012. J. Pain 16, 769–780. doi: 10.1016/j.jpain.2015.05.002

Narita, M., Kishimoto, Y., Ise, Y., Yajima, Y., Misawa, K., and Suzuki, T. (2005). Direct evidence for the involvement of the mesolimbic kappa-opioid system in the morphine-induced rewarding effect under an inflammatory pain-like state. Neuropsychopharmacology 30, 111–118. doi: 10.1038/sj.npp.1300527

Navratilova, E., Atcherley, C. W., and Porreca, F. (2015). Brain circuits encoding reward from pain relief. Trends Neurosci. 38, 741–750. doi: 10.1016/j.tins.2015.09.003

Navratilova, E., and Porreca, F. (2014). Reward and motivation in pain and pain relief. Nat. Neurosci. 17, 1304–1312. doi: 10.1038/nn.3811

Nebe, A., and Ebersbach, G. (2009). Pain intensity on and off levodopa in patients with Parkinson’s disease. Mov. Disord. 24, 1233–1237. doi: 10.1002/mds.22546

Neugebauer, V. (2015). Amygdala pain mechanisms. Handb. Exp. Pharmacol. 227, 261–284. doi: 10.1007/978-3-662-46450-2_13

Neugebauer, V., Li, W., Bird, G. C., and Han, J. S. (2004). The amygdala and persistent pain. Neuroscientist 10, 221–234. doi: 10.1177/1073858403261077

Nicholas, M. K., Linton, S. J., Watson, P. J., Main, C. J., and “Decade of the Flags” Working Group. (2011). Early identification and management of psychological risk factors (“yellow flags”) in patients with low back pain: a reappraisal. Phys. Ther. 91, 737–753. doi: 10.2522/ptj.20100224

Nicholson, B., and Verma, S. (2004). Comorbidities in chronic neuropathic pain. Pain Med. 5(Suppl. 1), S9–S27. doi: 10.1111/j.1526-4637.2004.04019.x

O’Connor, A. B. (2009). Neuropathic pain: quality-of-life impact, costs and cost effectiveness of therapy. Pharmacoeconomics 27, 95–112. doi: 10.2165/00019053-200927020-00002

Ohara, P. T., Vit, J. P., Bhargava, A., Romero, M., Sundberg, C., Charles, A. C., et al. (2009). Gliopathic pain: when satellite glial cells go bad. Neuroscientist 15, 450–463. doi: 10.1177/1073858409336094

Ossipov, M. H., Dussor, G. O., and Porreca, F. (2010). Central modulation of pain. J. Clin. Invest. 120, 3779–3787. doi: 10.1172/JCI43766

Ossipov, M. H., Morimura, K., and Porreca, F. (2014). Descending pain modulation and chronification of pain. Curr. Opin. Support Palliat Care 8, 143–151. doi: 10.1097/SPC.0000000000000055

Osterberg, A., Boivie, J., and Thuomas, K. A. (2005). Central pain in multiple sclerosis–prevalence and clinical characteristics. Eur. J. Pain 9, 531–542. doi: 10.1016/j.ejpain.2004.11.005

Ozaki, S., Narita, M., Iino, M., Sugita, J., Matsumura, Y., and Suzuki, T. (2002). Suppression of the morphine-induced rewarding effect in the rat with neuropathic pain: implication of the reduction in mu-opioid receptor functions in the ventral tegmental area. J. Neurochem. 82, 1192–1198. doi: 10.1046/j.1471-4159.2002.01071.x

Patel, A. S., Farquharson, R., Carroll, D., Moore, A., Phillips, C. J., Taylor, R. S., et al. (2012). The impact and burden of chronic pain in the workplace: a qualitative systematic review. Pain Pract. 12, 578–589. doi: 10.1111/j.1533-2500.2012.00547.x

Peyron, R., Laurent, B., and García-Larrea, L. (2000). Functional imaging of brain responses to pain. A review and meta-analysis. Neurophysiol. Clin. 30, 263–288. doi: 10.1016/S0987-7053(00)00227-6

Polli, A., Weis, L., Biundo, R., Thacker, M., Turolla, A., Koutsikos, K., et al. (2016). Anatomical and functional correlates of persistent pain in parkinson’s disease. Mov. Disord. 31, 1854–1864. doi: 10.1002/mds.26826

Quintero, L., Moreno, M., Avila, C., Arcaya, J., Maixner, W., and Suarez-Roca, H. (2000). Long-lasting delayed hyperalgesia after subchronic swim stress. Pharmacol. Biochem. Behav. 67, 449–458. doi: 10.1016/S0091-3057(00)00374-9

Russo, S. J., and Nestler, E. J. (2013). The brain reward circuitry in mood disorders. Nat. Rev. Neurosci. 14, 609–625. doi: 10.1038/nrn3381

Sartorius, A., Kiening, K. L., Kirsch, P., Von Gall, C. C., Haberkorn, U., Unterberg, A. W., et al. (2010). Remission of major depression under deep brain stimulation of the lateral habenula in a therapy-refractory patient. Biol. Psychiatry 67, e9–e11. doi: 10.1016/j.biopsych.2009.08.027

Sarzi-Puttini, P., Vellucci, R., Zuccaro, S. M., Cherubino, P., Labianca, R., and Fornasari, D. (2012). The appropriate treatment of chronic pain. Clin. Drug Investig. 32 (Suppl. 1), 21–33. doi: 10.2165/11630050-000000000-00000

Schultz, W. (2007). Multiple dopamine functions at different time courses. Annu. Rev. Neurosci. 30, 259–288. doi: 10.1146/annurev.neuro.28.061604.135722

Schultz, W. (2013). Updating dopamine reward signals. Curr. Opin. Neurobiol. 23, 229–238. doi: 10.1016/j.conb.2012.11.012

Schweinhardt, P., Glynn, C., Brooks, J., Mcquay, H., Jack, T., Chessell, I., et al. (2006). An fMRI study of cerebral processing of brush-evoked allodynia in neuropathic pain patients. Neuroimage 32, 256–265. doi: 10.1016/j.neuroimage.2006.03.024

Scott, D. J., Heitzeg, M. M., Koeppe, R. A., Stohler, C. S., and Zubieta, J. K. (2006). Variations in the human pain stress experience mediated by ventral and dorsal basal ganglia dopamine activity. J. Neurosci. 26, 10789–10795. doi: 10.1523/JNEUROSCI.2577-06.2006

Seixas, D., Palace, J., and Tracey, I. (2016). Chronic pain disrupts the reward circuitry in multiple sclerosis. Eur. J. Neurosci. 44, 1928–1934. doi: 10.1111/ejn.13272

Seminowicz, D. A., and Moayedi, M. (2017). The dorsolateral prefrontal cortex in acute and chronic pain. J. Pain 18, 1027–1035. doi: 10.1016/j.jpain.2017.03.008

Simons, L. E., Moulton, E. A., Linnman, C., Carpino, E., Becerra, L., and Borsook, D. (2014). The human amygdala and pain: evidence from neuroimaging. Hum. Brain Mapp. 35, 527–538. doi: 10.1002/hbm.22199

Skogar, O., and Lokk, J. (2016). Pain management in patients with Parkinson’s disease: challenges and solutions. J. Multidiscip. Healthc. 9, 469–479. doi: 10.2147/JMDH.S105857

Smith, B. W., Tooley, E. M., Montague, E. Q., Robinson, A. E., Cosper, C. J., and Mullins, P. G. (2008). Habituation and sensitization to heat and cold pain in women with fibromyalgia and healthy controls. Pain 140, 420–428. doi: 10.1016/j.pain.2008.09.018

Stamford, J. A. (1995). Descending control of pain. Br. J. Anaesth. 75, 217–227. doi: 10.1093/bja/75.2.217

Stankewitz, A., and May, A. (2011). Increased limbic and brainstem activity during migraine attacks following olfactory stimulation. Neurology 77, 476–482. doi: 10.1212/WNL.0b013e318227e4a8

Su, C., D’amour, J., Lee, M., Lin, H. Y., Manders, T., Xu, D., et al. (2015). Persistent pain alters AMPA receptor subunit levels in the nucleus accumbens. Mol. Brain 8, 46. doi: 10.1186/s13041-015-0140-z

Su, C., Lin, H. Y., Yang, R., Xu, D., Lee, M., Pawlak, N., et al. (2016). AMPAkines target the nucleus accumbens to relieve postoperative pain. Anesthesiology 125, 1030–1043. doi: 10.1097/ALN.0000000000001336

Tajerian, M., Alvarado, S., Millecamps, M., Vachon, P., Crosby, C., Bushnell, M. C., et al. (2013). Peripheral nerve injury is associated with chronic, reversible changes in global DNA methylation in the mouse prefrontal cortex. PLOS ONE 8:e55259. doi: 10.1371/journal.pone.0055259

Takeda, M., Takahashi, M., Nasu, M., and Matsumoto, S. (2011). Peripheral inflammation suppresses inward rectifying potassium currents of satellite glial cells in the trigeminal ganglia. Pain 152, 2147–2156. doi: 10.1016/j.pain.2011.05.023

Tasmuth, T., Estlanderb, A. M., and Kalso, E. (1996). Effect of present pain and mood on the memory of past postoperative pain in women treated surgically for breast cancer. Pain 68, 343–347. doi: 10.1016/S0304-3959(96)03219-8

Taylor, A. M., Castonguay, A., Taylor, A. J., Murphy, N. P., Ghogha, A., Cook, C., et al. (2015). Microglia disrupt mesolimbic reward circuitry in chronic pain. J. Neurosci. 35, 8442–8450. doi: 10.1523/JNEUROSCI.4036-14.2015

Tenorio, G., Kulkarni, A., and Kerr, B. J. (2013). Resident glial cell activation in response to perispinal inflammation leads to acute changes in nociceptive sensitivity: implications for the generation of neuropathic pain. Pain 154, 71–81. doi: 10.1016/j.pain.2012.09.008

Terzi, D., Gaspari, S., Manouras, L., Descalzi, G., Mitsi, V., and Zachariou, V. (2014). RGS9-2 modulates sensory and mood related symptoms of neuropathic pain. Neurobiol. Learn. Mem. 115, 43–48. doi: 10.1016/j.nlm.2014.08.005

Tracey, I., and Mantyh, P. W. (2007). The cerebral signature for pain perception and its modulation. Neuron 55, 377–391. doi: 10.1016/j.neuron.2007.07.012

Trang, T., Al-Hasani, R., Salvemini, D., Salter, M. W., Gutstein, H., and Cahill, C. M. (2015). Pain and poppies: the good, the bad, and the ugly of opioid analgesics. J. Neurosci. 35, 13879–13888. doi: 10.1523/JNEUROSCI.2711-15.2015

Turk, D. C., Fillingim, R. B., Ohrbach, R., and Patel, K. V. (2016). Assessment of psychosocial and functional impact of chronic pain. J. Pain 17, T21–T49. doi: 10.1016/j.jpain.2016.02.006

Ultenius, C., Linderoth, B., Meyerson, B. A., and Wallin, J. (2006). Spinal NMDA receptor phosphorylation correlates with the presence of neuropathic signs following peripheral nerve injury in the rat. Neurosci. Lett. 399, 85–90. doi: 10.1016/j.neulet.2006.01.018

Velasquez, K. M., Molfese, D. L., and Salas, R. (2014). The role of the habenula in drug addiction. Front. Hum. Neurosci. 8:174. doi: 10.3389/fnhum.2014.00174

Vogt, B. A. (2005). Pain and emotion interactions in subregions of the cingulate gyrus. Nat. Rev. Neurosci. 6, 533–544. doi: 10.1038/nrn1704

Vogt, B. A., Derbyshire, S., and Jones, A. K. P. (1996). Pain processing in four regions of human cingulate cortex localized with co-registered PET and MR imaging. Eur. J. Neurosci. 8, 1461–1473. doi: 10.1111/j.1460-9568.1996.tb01608.x

Wagner, V., Wagnerová, M., Kríz, J., Wokounová, D., and Slesingerová, B. (1977). Levels of alpha 1-antitrypsin in children from areas with different air pollution. Int. Arch. Occup. Environ. Health 40, 77–82. doi: 10.1007/BF00435519

Wanigasekera, V., Lee, M. C., Rogers, R., Kong, Y., Leknes, S., Andersson, J., et al. (2012). Baseline reward circuitry activity and trait reward responsiveness predict expression of opioid analgesia in healthy subjects. Proc. Natl. Acad. Sci. U.S.A. 109, 17705–17710. doi: 10.1073/pnas.1120201109

Willis, W. D., and Westlund, K. N. (1997). Neuroanatomy of the pain system and of the pathways that modulate pain. J. Clin. Neurophysiol. 14, 2–31. doi: 10.1097/00004691-199701000-00002

Wise, R. A., and Koob, G. F. (2014). The development and maintenance of drug addiction. Neuropsychopharmacology 39, 254–262. doi: 10.1038/npp.2013.261

Wood, P. B. (2004). Stress and dopamine: implications for the pathophysiology of chronic widespread pain. Med. Hypotheses 62, 420–424. doi: 10.1016/j.mehy.2003.10.013

Xu, D., Su, C., Lin, H. Y., Manders, T., and Wang, J. (2015). Persistent neuropathic pain increases synaptic GluA1 subunit levels in core and shell subregions of the nucleus accumbens. Neurosci. Lett. 609, 176–181. doi: 10.1016/j.neulet.2015.10.030

Yan, Z., Feng, J., Fienberg, A. A., and Greengard, P. (1999). D(2) dopamine receptors induce mitogen-activated protein kinase and cAMP response element-binding protein phosphorylation in neurons. Proc. Natl. Acad. Sci. U.S.A. 96, 11607–11612. doi: 10.1073/pnas.96.20.11607

Yang, L. M., Hu, B., Xia, Y. H., Zhang, B. L., and Zhao, H. (2008). Lateral habenula lesions improve the behavioral response in depressed rats via increasing the serotonin level in dorsal raphe nucleus. Behav. Brain Res. 188, 84–90. doi: 10.1016/j.bbr.2007.10.022

Yazdi, F., Jahangirvand, M., Ezzatpanah, S., and Haghparast, A. (2016). Role of orexin-2 receptors in the nucleus accumbens in antinociception induced by carbachol stimulation of the lateral hypothalamus in formalin test. Behav. Pharmacol. 27, 431–438. doi: 10.1097/FBP.0000000000000216

Yoshida, K., Sekiguchi, M., Otani, K., Mashiko, H., Shiota, H., Wakita, T., et al. (2011). A validation study of the brief scale for psychiatric problems in orthopaedic patients (BS-POP) for patients with chronic low back pain (verification of reliability, validity, and reproducibility). J. Orthop. Sci. 16, 7–13. doi: 10.1007/s00776-010-0012-4

Young Blood, M. R., Ferro, M. M., Munhoz, R. P., Teive, H. A., and Camargo, C. H. (2016). Classification and characteristics of pain associated with Parkinson’s disease. Parkinsons Dis. 2016:6067132. doi: 10.1155/2016/6067132

Zhang, Q., Wu, Q., Zhang, J., He, L., Huang, J., Huang, H., et al. (2016). Discriminative analysis of migraine without aura: using functional and structural MRI with a multi-feature classification approach. PLOS ONE 11:e0163875. doi: 10.1371/journal.pone.0163875

Zhang, Z., Cai, Y. Q., Zou, F., Bie, B., and Pan, Z. Z. (2011). Epigenetic suppression of GAD65 expression mediates persistent pain. Nat. Med. 17, 1448–1455. doi: 10.1038/nm.2442

Zis, P., Martinez-Martin, P., Sauerbier, A., Rizos, A., Sharma, J. C., Worth, P. F., et al. (2015). Non-motor symptoms burden in treated and untreated early Parkinson’s disease patients: argument for non-motor subtypes. Eur. J. Neurol. 22, 1145–1150. doi: 10.1111/ene.12733

Zotti, M., Tucci, P., Colaianna, M., Morgese, M. G., Mhillaj, E., Schiavone, S., et al. (2013). Chronic nandrolone administration induces dysfunction of the reward pathway in rats. Steroids 79, 7–13. doi: 10.1016/j.steroids.2013.10.005

Zubieta, J. K., Smith, Y. R., Bueller, J. A., Xu, Y., Kilbourn, M. R., Jewett, D. M., et al. (2001). Regional mu opioid receptor regulation of sensory and affective dimensions of pain. Science 293, 311–315. doi: 10.1126/science.1060952

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 DosSantos, Moura and DaSilva. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers

in Pharmacology

Reward Circuitry Plasticity in Pain
Perception and Modulation





OPS/images/fphar-08-00790-t001.jpg
Brain region

Amygdala

Anterior cingulate cortex (ACC)

Habenula (Hb)

Insula

Nucleus accumbens (NAc)

Prefrontal cortex (PFC)

Primary (1) and secondary (S2)
somatosensory cortex

Reticular formation

Thalamus

Function in pain

Related to the affective-motivational dimension of pain (Neugebauer et al., 2004) as well as the modulation of
nociceptive stimuli (Neugebauer, 2015). Clinical pain produces peaks of activation in the laterobasal amygdala while
experimental pain is often associated with an increased signal within its superfcial region (Simons et al., 2014).
Important for cognitive and affective reactions to pain (Tracey and Mantyh, 2007; Becerra et al., 2013). Increased
regional blood flow driven by pain has been mostly reported in the mid-cingulate and perigenual regions (Peyron et al.,
2000). It has been suggested that the activity of the perigenual ACC would be linked to the affective reaction triggered
by pain unpleasantness, while the mid-cingulate part would be related to the cognitive features (motor inhibition and
response selection) of pain (Vogt et al., 1996). However, the differential pain-related activation of these two areas of the
ACC has been discussed (Peyron et al., 2000).

Important component of the reward circuitry. This small subcortical structure regulates anxiety, pain and stress and
inhibits reward under such conditions (Sartorius et al., 2010; Elman and Borsook, 2016). It promotes an inhibitory
regulation to the NAG dopaminergic neurons and to the mPFC neurons (Lee and Goto, 2011). Therefore, it regulates the
dopamine levels in striatum. Hb also modulates the release of other neurotransmitters related to aversive behaviors
through its connections to the brainstem and basal forebrain related structures (e.g.. norepinephrine-locus coeruleus;
raphe nuclei-serotonin; acetylcholine-nucleus basalis of Meynert) (Eiman and Borsook, 2016)

Insula activation has been consistently found in fMRI pain studies (Apkarian et al., 2005). A somatotopic representation
of painful thermal stimuli has been demonstrated in the dorsal posterior insula (Brooks et al., 2008). In addition, rostral
anterior insula activation has been connected to clinical pain while caudal anterior insula activity has been associated
with experimental pain (Schweinhardt et al., 2006).

A prominent component of the reward circiitry. A decrease in the blood oxygenated level dependent (BOLD) signal at
the onset (aversive) and an increase at the offset (rewarding) of painful heat stimulus has been found in the NAG of
healthy subjects (Becerra and Borsook, 2008). NAC activity in response to the offset of painful stimuii allowed the
differentiation between chronic low back pain and healthy subjects at very high accuracy (Balii et al., 2010).

Involved in the cognitive-attentional aspects of pain (Peyron et al., 2000). Dorsolateral prefrontal (DLPFC) has been
implicated in both pain suppression and detection (Seminowicz and Moayed, 2017). Structural changes in the DLPFC
has been demonstrated in chronic pain (Apkarian et al., 2004).

Encode the basic aspects of noxious stimuli (e.g., pain intensity, quality, location, and duration) (Peyron et al., 2000)

Supraspinal control of the nociceptive transmission at the level of the laminae I, Il and V/ of the dorsal horn of the spinal
cord. Its main components are the periaqueductal gray (PAG), the rostral ventromedial medulla (RVM), and the locus
coeruleus (LO). Such regions integrate the descending pain modulatory system (Ossipov et al., 2014).

Primarily related to the sensory-discriminative aspects of pain. Bilateral activation during painful stimulus possibly
reflects its involvement in attentional networks (Peyron et al., 2000).
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