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Abstract
Across centuries and civilizations opioids have been used to relieve pain. In our modern
societies, opioid-based analgesics remain one of the most efficient treatments for acute
pain. However, the long-term use of opioids can lead to the development of analgesic
tolerance, opioid-induced hyperalgesia, opioid use disorders, and overdose, which can
ultimately produce respiratory depressant effects with fatal consequences. In addition
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to the nociceptive sensory component of pain, negative affective states arising from
persistent pain represent a risk factor for developing an opioid use disorder. Several
studies have indicated that the increase in prescribed opioid analgesics since the
1990s represents the root of our current opioid epidemic. In this review, we will present
our current knowledge on the endogenous opioid system within the pain neuroaxis
and the plastic changes occurring in this system that may underlie the occurrence
of pain-induced negative affect leading to misuse and abuse of opioid medications.
Dissecting the allostatic neuronal changes occurring during pain is the most promising
avenue to uncover novel targets for the development of safer pain medications. We will
discuss this along with current and potential approaches to treat pain-induced negative
affective states that lead to drug misuse. Moreover, this chapter will provide a discussion
on potential avenues to reduce the abuse potential of new analgesic drugs and highlight a basis for future research and drug development based on recent advances in
this field.

1. Introduction: Pain and the opioid epidemic
In recent years, North America has faced an opioid epidemic. Over a
number of decades, opioid use disorder (OUD), including misuse and abuse
of both opioid analgesics and illegal opioid substances, has reached an
unprecedented prevalence. In 2018, in the United States, 128 cases of lethal
overdose attributed to an opioid (opioid medication, heroin and illegal
synthetic opioids) were reported daily. In addition, emergency departments
have been dealing with an insurgence of opioid-induced respiratory depression, as well as other opioid use related illnesses such as infectious diseases
(Dowell, Haegerich, & Chou, 2016; Volkow & McLellan, 2016). This
alarming growth in opioid use and misuse in the North American population correlates with a massive increase in opioid analgesic prescriptions.
Currently, more than 178 million Americans experience pain that persists
for weeks to years, where the prevalence of chronic pain is 11.2% of the
United States adult population (Nahin, 2015).
Since the 19th century following the isolation of morphine from crude
opium, many opioid formulations have been designed to engage our endogenous opioid system and provide efficient pain relief. The endogenous opioid system is critical in the modulation of pain signaling, but despite its
analgesic properties its engagement also has deleterious side effects such as
constipation, nausea, sedation, the development of tolerance, abuse potential, and the induction of respiratory depression. To this day, opioid medications remain the most efficient pain reliever for acute, inflammatory
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conditions, nerve-injured induced pain and other persistent conditions
(less than 16 weeks in duration from pain onset) (Dowell et al., 2016;
Furlan, Chaparro, Irvin, & Mailis-Gagnon, 2011). Recently, and as a result
of recommendations described by the Institute of Medicine in 2010 on pain
management (Institute of Medicine (US) Committee on Advancing Pain
Research, Care, and Education, 2011), pain was introduced as the “fifth vital
sign” requiring practitioners to provide an effective and sustained pain treatment (Lanser & Gesell, 2001). To provide efficient acute pain management,
in 1995 the U.S. Food and Drug Administration (FDA) approved the use of
an extended release formulation of oxycodone, Oxycontin®, which was
marketed as an opioid with less addictive profile, and potential than previous
opioid-based analgesics. The aggressive promotion of Oxycontin® for the
treatment of acute, moderate to severe pain relief together with the false
belief that opioid-based pain killers possess low abuse liability when used
for treating pain led to a vast increase in prescription use (Cochran et al.,
2016; Krashin, Murinova, & Sullivan, 2016). In the span of only 15 years,
from 1997 to 2012, opioid-based prescriptions rose from 91 million to 255
million units dispensed in the United States. During this period, the number
of reported opioid-related lethal overdoses, mainly from prescription opioids, increased exponentially (Dowell et al., 2016). As a consequence, the
medical community and federal governments imposed restrictions in the
number of opioid based therapy units dispensed from health care providers
(Von Korff, Kolodny, Deyo, & Chou, 2011). Following restrictions on opioid analgesic dispensing, along with the threat of litigation facing physicians,
and the decision by some general practitioners to stop prescribing opioids, a
rapid increase in heroin consumption and illicit opioids has been observed.
From 2010 to 2017, deaths from synthetic opioids such as fentanyl increased
nearly 10-fold, from 3007 (14.3% of opioid-related death) to 28,466 (59.8%)
(https://www.cdc.gov/nchs/data/databriefs/db329_tables-508.pdf). While
it is likely that the development of misuse and abuse behaviors often arises
from the diversion and recreational use of those opioids, it is been shown
that prescription opioid use triggers the development of OUDs in
21–29% of pain patients (Vowles et al., 2015).
To better understand the potential risk for opioid misuse in pain conditions, all aspects of the pain experience must be considered. Pain is comprised of many components including a sensory component (pain
intensity and location), an affective component (emotional reaction to the
pain) and cognitive component (evaluation of the pain). The intense emotional suffering often present in chronic pain patients correlates with the
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development of persistent disabilities in social, professional and self-care
activities (Elman, Borsook, & Volkow, 2013), as well as impairments or
disturbances in memory, cognition and attention, sleep, and reduced physical functioning (Dahan, van Velzen, & Niesters, 2014). The development
of chronic pain drives synaptic adaptations in brain structures where
nociceptive and pain-associated affective components are integrated, which
contributes to the development of negative affective states (Garland,
Froeliger, Zeidan, Partin, & Howard, 2013; Krashin et al., 2016; Massaly,
Morón, & Al-Hasani, 2016; Taylor, Becker, Schweinhardt, & Cahill,
2016). Importantly, persistent negative affective states can lead to
co-morbid psychiatric disease such as depression and represent a trigger
for the development of OUD as well as other drugs of abuse (Hogarth,
2020). Despite the sustained effort of the scientific community to identify
novel targets and develop innovative and non-addictive treatments for
the relief of chronic pain, this has yet to result in safer analgesics. Current
approaches for the development of non-addictive analgesics consist of
non-opioid drugs, biased opioid ligands devoid of addictive properties
and positive allosteric modulators and are further discussed later in this
chapter. Minimizing the occurrence of OUDs driven by prescription
opiates for chronic pain and the development of safer pain mediation
requires a better understanding of the neurocircuitry of pain and its interaction with opioid-based pain killers. It should be noted that multiple
non-pharmacological approaches are currently used to relieve pain and
improve quality of life of patients experiencing chronic pain such as cognitive, rehabilitation and physical therapies. Indeed, the integration of several
above mentioned approaches has shown high efficiency in chronic pain
relief and may help the medical community in decreasing chronic use of
opioid analgesics and prevent the development of OUD in pain patients
(Koele et al., 2014).
In this review, we will describe our current understanding of the pain
neurocircuitry and its interaction with the endogenous opioid system.
We will then discuss the impact of chronic and persistent pain on the
development of negative affective states, how this may impact opioid
misuse and abuse potential, the neurocircuitry mediating these conditions
and the role of endogenous opioid systems within them. Lastly, we provide
insight on the current and future directions for the development of
safer opioid-based analgesics devoid of abuse potential and chronic pain
treatment.
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2. Pain and the endogenous opioid system
As defined by the International Association for the Study of Pain
(IASP) pain is “an unpleasant sensory and emotional experience associated with
actual or potential tissue damage or described in term of such damage.” Acute pain
is necessary and protective. It serves as a warning signal allowing our bodies
to heal while avoiding further injury that may jeopardize our well-being and
survival. Pain, thus, primarily helps organisms, through the initiation of
defensive and avoidance mechanisms. Noxious stimuli and tissue damage
can activate a selective network of peripheral nociceptors projecting (further
detailed in the following section), via a spinal relay network, to central brain
regions such as cortex, amygdala, bilateral insula, thalamus, anterior cingulate and the prefrontal cortex (Coghill, McHaffie, & Yen, 2003). Within
these brain structures, the nociceptive experience acquires an emotional
valence which allows an organism to learn and avoid future similar
situations.
Despite this obvious protective role, the occurrence of long term adaptive cellular changes within the pain neuroaxis can ultimately lead to the
development of chronic pain. Chronic pain is defined as pain lasting at least
3 months, whether associated with an identifiable cause or not (for review
Dowell et al., 2016). Preclinical studies and brain imaging in patients
experiencing chronic pain reveal neuronal allostatic changes (the process
of achieving stability, or homeostasis, through physiological or behavioral
change) along pain transmission pathways such as nociceptors phenotype
alteration, transcriptome and translatome changes, adaptations in limbic circuits, and interactions between the nervous and immune systems which represent key factors in the development of these chronic states ( Ji,
Chamessian, & Zhang, 2016; Price et al., 2018). Correlated with those
allostatic adaptations, brain structure activity and connectivity are impacted
by the presence of chronic pain states (Apkarian, Baliki, & Farmer, 2013;
Price et al., 2018). Furthermore, chronic pain states and their negative affective consequences are exacerbated by stress exposure, emotional states, and
several other psychological factors (Denk, McMahon, & Tracey, 2014;
Garland, 2012). The interaction between long term plastic changes and psychiatric outcomes during chronic pain may explain, at least in part, the ineffectiveness of common therapies. Thus, it is important to understand how
pain is encoded and what alterations occur in nociceptive and limbic circuits
during chronic pain in order to develop novel and safer analgesics.
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Nociceptive sensation is first integrated by activation of peripheral
nociceptors projecting to several superficial layers of the spinal dorsal horn
as well as in the deeper layers associated with non-noxious sensations. There,
nociceptors can transmit the “pain signal” onto second-order dorsal horn
neurons that project to the thalamus and subsequently to the somatosensory
cortex. The networks from nociceptors to supraspinal centers is defined collectively as the ascending pain pathway which serves as a first-order integration of the pain experience, allowing protective behavior and avoidance
learning to prevent further damage (for detailed review Basbaum,
Bautista, Scherrer, & Julius, 2009). During pain processing, the activity
and efficiency of the spinal projection tracts that relay to different brain
structures can be modulated by the activity of local spinal circuits and descending circuits comprised in part by the periaqueductal gray (PAG) neurons projecting to the rostral ventral medulla (RVM) and the locus
coeruleus (LC). The RVM and LC send axons to the dorsal horn of the spinal cord to modulate transmission between primary nociceptors and secondorder ascending neurons (Basbaum et al., 2009; Heinricher, Tavares,
Leith, & Lumb, 2009; Julius & Basbaum, 2001). In addition, several other
cortical and subcortical structures play a critical role in pain modulation
through descending circuits. The prefrontal cortex (PFC), the anterior cingulate cortex (ACC), the hypothalamus, the insula, the mesolimbic pathway
and the amygdala are all involved in the integration of the aversive and emotional component of pain (Tracey & Mantyh, 2007).
Components of the endogenous opioid system are highly expressed CNS
sites important for pain processing/transmission, and endogenous opioid
signaling is crucial in the modulation of pain. Indeed, both endogenous
and exogenous opioid agonists possess potent analgesic properties by
inhibiting nociceptive transmission (Besson, 1999; Tracey, 2010). The opioid system is composed of four main receptors: the delta-opioid receptor
(DOR), the mu-opioid receptor (MOR) and the kappa-opioid receptor
(KOR) and the nociceptin (orphanin FQ) receptor (NOR). These receptors
are members of the superfamily of transmembrane G-protein coupled receptors (GPCRs). The MOR and DOR can be activated by the endogenous
opioid peptides enkephalins and endorphins, while dynorphin peptide is
the main endogenous agonist for the KOR. There are almost 30 peptides
that bind to opioid receptors in the central nervous system that are derived
from four peptide precursors (pre-prodynorphin, pre-proenkephalin, prepronociceptin, and prooopiomelanocortin).
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The role of opioid systems in modulating nociception has been investigated using preclinical models during, acute, inflammatory and chronic pain.
Until very recently, nociception was assessed using reflexive measures of
withdrawal latencies to noxious pressure, thermal, cold and touch stimuli.
The presence of hyperalgesia, characterized by an increased response to a
normally painful stimulus, and allodynia, defined as painful response to a
stimulus that is not normally noxious, represent the main measurable outcomes in animal pain models. To date, engagement of MOR signaling using
endogenous or synthetic agonists represent the most efficient analgesic in
reversing hyperalgesia and allodynia. Along these lines, most of the current
opioid analgesics derived from the papaver somniferum opium poppy (morphine, codeine), semi-synthetics based on the structure of thebaine from
the opium poppy (oxycodone, hydrocodone), and synthetics with no similarity in chemical structure with any of the poppy alkaloids (methadone,
fentanyl) target the MOR to alleviate pain. Interestingly, opioid analgesics
do not only modulate nociceptive and reflexive pain signals, but they also alleviate affective and emotional dimensions of pain (Garland et al., 2013).
Indeed, motivational pain assays such as conditioned place preference
(CPP), Real Time Place Paradigm (RTPP), sucrose preference test, progressive ratio schedule of reinforcement in self-administration approach helped
uncovering the role of MOR in the emotional component of pain experience
in preclinical models. However, activation of opioid receptors in the peripheral and central nervous systems causes numerous undesirable side effects
including vomiting, urinary retention, bradycardia, hypotension, sedation,
pruritis, and respiratory depression, which restrict their long-term use and
contribute to non-compliance (Arvidsson, Dado, et al., 1995; Arvidsson,
Riedl, et al., 1995; Basbaum et al., 2009; Cahill et al., 2014; Mansour,
Khachaturian, Lewis, Akil, & Watson, 1988; Zhu, Hsu, & Pintar, 1998).
A key goal of the opioid research field is to dissociate the mechanisms
underlying opioid analgesia from those responsible for adverse effects produced by MOR activation. At the cellular level, activation of MOR by
endogenous or exogenous agonists engages intracellular recruitment of
inhibitory guanosine-50 -triphosophate (GTP) binding proteins (Gi/o) and
signaling through the beta-arrestin pathway. Upon opioid receptor recruitment, the alpha and beta-gamma subunits of the G-coupled protein can activate intracellular kinases, such as c-Jun and ERK, and inwardly rectifying
potassium channels, respectively. Dissociated beta-gamma subunits can bind
and inhibit Ca2+ channels, decreasing presynaptic calcium currents and
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presynaptic neurotransmitter release (Rusin, Giovannucci, Stuenkel, &
Moises, 1997; Williams, Christie, & Manzoni, 2001). These signaling cascades subsequently lead to neuronal hyperpolarization and produce analgesia. In addition, activation of the beta-arrestin pathway is sufficient to
mediate MOR agonist-induced side effects such as tolerance, respiratory
depression and constipation (Bohn et al., 1999; Manglik et al., 2016;
Schmid et al., 2017). Thus, the development of G-protein signaling
biased-agonists for the MOR, engaging the G-protein pathway with little
or no beta-arrestin pathway signaling, have been a main objective to develop
safer opioid-based pain medications (Grim et al., 2020; Manglik et al., 2016;
Raehal, Walker, & Bohn, 2005). However, the lack of translational efficacy
and safety in the development of MOR biased-agonists in human studies
and recent preclinical evidence have challenged this model and demonstrated that tolerance and respiratory depression are still observed in
beta-2 arrestin knockout mice, suggesting that beta-arrestin pathway may
not be necessary for MOR agonist-induced side effects (Kliewer et al.,
2019, 2020). Future research will be necessary to further dissect the contribution of G-protein and beta-arrestin pathways to undesirable side effects of
MOR agonists.
As nociceptors express MOR peripherally and on their axon terminals
within the spinal cord, the development of peripherally restricted MOR
agonists, sparing centrally mediated side effects, such as abuse potential
and respiratory depression, represent another promising avenue for safer
analgesics. Several research groups have been working along those lines
on the development of such MOR agonists to provide analgesics that are
devoid of misuse potential and lethal side effects. Several studies have demonstrated that topical and subcutaneous administration of loperamide, a
peripherally restricted MOR agonist, or its analogs is sufficient to reverse
hyperalgesia induced by inflammatory pain (DeHaven-Hudkins et al.,
2002; DeHaven-Hudkins & Dolle, 2004; Vadivelu, Mitra, & Hines,
2011). Systemic and local administration of peripherally restricted MOR
agonists can also dose-dependently attenuate neuropathic pain-induced
hyperalgesia and allodynia (Chung et al., 2012; Guan et al., 2008; Obara
et al., 2009; Tiwari et al., 2016), and this analgesic effect is reversed when
drugs are co-administered with methyl-naltrexone, a peripherally acting
MOR antagonist (Guan et al., 2008). Interestingly, deletion of MOR in
nociceptors blocks morphine antinociceptive tolerance and morphineinduced hyperalgesia in uninjured and neuropathic pain conditions,
without altering acute morphine antinociception (Corder et al., 2017).
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Altogether, these studies establish that peripheral MOR engagement is sufficient but not necessary for opioid-induced changes in sensory nociception.
However, if peripherally restricted opioid receptor ligands were effective for
pain management, loperamide (Imodium®) would be more widely used, yet
there is no firm evidence of loperamide use for pain management. With the
objective of blunting centrally mediated reinforcing properties of MOR
agonists, a novel category of opioid agonists with actions restricted to the
inflammatory site has been recently developed (Spahn et al., 2017). After
tissue damage or lesion, the recruitment of inflammatory mediators at the
injury site creates a localized acidic milieu (Rodriguez-Gaztelumendi,
Spahn, Labuz, Machelska, & Stein, 2018), and a low pKa fentanyl derivate
was recently developed to selectively target low pH milieu (Spahn et al.,
2017). More specifically, the novel opioid agonist, ()-N-(3-fluoro-1phenethylpiperidine-4-yl)-N-phenyl propionamide (NFEPP), relieves
hyperalgesia and allodynia induced by inflammatory and neuropathic pain
without inducing commonly observed opioid-induced side effects such as
constipation, sedation, and abuse liability (Spahn et al., 2017). While further
studies are needed to assess the sufficiency of NFEPP for relief of ongoing
non-evoked pain and to assess analgesic tolerance during chronic use,
targeting opioids selectively in the inflammatory site represents a novel
promising strategy for pain treatment.
MORs are widely distributed throughout the brainstem, midbrain, and
forebrain structures where endogenous MOR peptides mediate analgesia.
Several studies have used locally targeted microinjections of MOR agonists
to uncover brain structures involved in analgesia and the negative affective
states arising as consequence of persistent pain. The descending pathway,
composed of ventrolateral (vl) PAG to RVM projections, represents a main
site of action for the MOR system to modulate nociceptive inputs. MORs
are widely expressed in the vlPAG and local infusions of MOR agonists into
this structure produces analgesia (Bobeck, McNeal, & Morgan, 2009;
Buntin-Mushock, Phillip, Moriyama, & Palmer, 2005; Jacquet & Lajtha,
1974). MOR signaling within the vlPAG is necessary for the development
of analgesic tolerance to long-term opioid treatment (Lane, Patel, &
Morgan, 2005). The RVM possesses different cell types characterized as
ON, OFF, or neutral cells. They differ in their analgesic or pro-nociceptive
properties and their response to opioid agonists (Basbaum & Fields, 1984;
Fang, Haws, Drasner, Williamson, & Fields, 1989). Briefly, MOR agonists
inhibit ON cells while they disinhibit OFF cells to produce antinociception
(Fang et al., 1989). The selective engagement of MOR in a cell type-specific
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fashion remains an unrealistic task for human chronic pain therapies, with
perhaps the exception of intrathecal (spinal) pumps for cancer pain treatment. Our current therapies mostly rely on chronic systemic (primarily oral)
administration of MOR agonists, which can lead to aberrant plastic events
and produce opioid-induced-hyperalgesia (OIH); a phenomenon that may
or may not be a consequence of opioid-induced physical withdrawal
(Hayhurst & Durieux, 2016). This particular issue represents a trigger for
the development of misuse behavior and relapse to opioid use to relieve
the symptoms of OIH, as well as the negative affective states associated with
pain and opioid withdrawal.
Opioids, at least in part, exert reinforcing properties by inhibiting GABA
release onto dopamine neurons in the ventral tegmental area (VTA) thus
leading to increased release of dopamine in various brain regions (Devine,
Leone, Pocock, & Wise, 1993; Giuliano, Robbins, Wille, Bullmore, &
Everitt, 2013; Le Merrer, Becker, Befort and Kieffer, 2009; Xiao & Ye,
2008). In the VTA, MORs are expressed on GABAergic interneurons
and GABAergic terminals arising from the rostromedial tegmental nucleus,
and activation of these MORs leads to inhibition of GABA release, thereby
removing their tonic inhibition, and increasing dopaminergic transmission
from the VTA to efferent structures, including the nucleus accumbens
(NAc) ( Johnson & North, 1992; Matsui, Jarvie, Robinson, Hentges, &
Williams, 2014; Siuda et al., 2015). Interestingly, dopamine is necessary
for opioid reward only when animals are opioid-dependent (Hnasko,
Sotak, & Palmiter, 2005; Laviolette, Gallegos, Henriksen, & van der
Kooy, 2004). Thus, the initial learning of opioid reward as expressed as a
conditioned place preference does not require dopamine. However, dopamine is critical for the reinforcing effects of opioids in operant paradigms and
changes in dopaminergic neuronal activity represent a basis for the misuse
and abuse potential of MOR agonists (Corre et al., 2018; Fields &
Margolis, 2015; Wise, 2006). The engagement of mesolimbic dopamine
is required for motivational learning and important in assigning salience
and valence to the stimuli. Interestingly, local activation of MOR in the
NAc core and shell can also increase dopamine release, suggesting both regulation of dopamine terminals by local striatal circuits in this target structure
(Hipólito et al., 2015), and a feedback mechanism for MOR signaling onto
D1 receptor-expressing medium spiny neurons in the NAc that project back
to the VTA (Cui et al., 2014). Stimulation of MORs in the NAc is associated
with reinforcement behaviors in rodents (Castro & Berridge, 2014). More
specifically, MOR engagement in NAc shell substructures can drive either
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rewarding (hot spot) or aversive effects (cold spot) suggesting that there is
further complexity in exactly how these receptors can regulate striatal function (Castro & Berridge, 2014). Overall, MOR engagement in the VTA and
“hotspot” sub-regions of the NAc shell drive opioid reinforcement.
In contrast to the analgesic and rewarding properties of acute activation
of the MOR system (Matsui et al., 2014; Siuda, Carr, Rominger, & Violin,
2017; Wade & Fairbanks, 2014; Wise & Koob, 2014), stimulation of the
KOR system leads to dysphoria, anhedonia, and aversive behaviors (AlHasani et al., 2015; Bruchas, Land, & Chavkin, 2010; Land et al., 2008,
2009; Leitl, Onvani, et al., 2014; Muschamp & Carlezon, 2013;
Shippenberg, Stein, Huber, Millan, & Herz, 1988). Because of these opposing actions, the MOR and the KOR are often referred as opponent systems.
However, stimulation of the KOR system by its endogenous opioid ligand
dynorphin (Chavkin, James, & Goldstein, 1982) can efficiently relieve itch
and injury-induced hyperalgesia (Cowan, Kehner, & Inan, 2015; Ho,
Mannes, Dubner, & Caudle, 1997; Kivell & Prisinzano, 2010; Sch€afer,
Brack, & Stein, 2000; Snyder et al., 2018; Vanderah, 2010). Indeed,
KOR agonists applied peripherally reduce nociception in several persistent
pain models such as formalin and inflammatory pain models (Antonijevic,
Mousa, Schafer, & Stein, 1995; Auh & Ro, 2012; Binder et al., 2001;
Cunha et al., 2012; Keı̈ta, Kayser, & Guilbaud, 1995; Obara et al., 2009;
Stein, Millan, Shippenberg, Peter, & Herz, 1989). In conditions of chronic
pain, a subset of dorsal horn interneurons was shown to increase dynorphin
expression (Boyle et al., 2017; Lai, Luo, Chen, & Porreca, 2008; Podvin,
Yaksh, & Hook, 2016; Xu et al., 2004), suggesting endogenous adaptations
within the KOR system. Peripherally restricted KOR agonists have also
demonstrated efficacy in persistent pain and incision models (a more acute
pain model) as well as the acetic writhing and itch models (Barber et al.,
1994; Binder & Walker, 1998; Caram-Salas et al., 2007; Inan & Cowan,
2004; Snyder et al., 2018; Vanderah et al., 2008, 2004). In addition, recruitment of KORs in several discrete brain structures, such as the dorsal raphe
nucleus (DRN) can produce antinociception (Land et al., 2009). While activation of KOR system may potentially represent a promising approach for
the treatment of pain, several potential limitations must be considered.
Indeed, as mentioned above, enhanced KOR signaling produces aversion,
impairs stress coping mechanisms, reduces the reinforcing properties of stimuli and promotes drug reinstatement (Bruchas & Chavkin, 2010; Crowley
et al., 2016; Lalanne, Ayranci, Kieffer, & Lutz, 2014; Land et al., 2008;
Leitl, Onvani, et al., 2014; Massaly et al., 2019; McCall et al., 2017;
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Shippenberg et al., 1988; Shippenberg, Zapata, & Chefer, 2007; Tejeda
et al., 2017; Van’t Veer & Carlezon, 2013). In addition, KOR signaling
is necessary for the development of heroin escalation (Schlosburg et al.,
2013) suggesting that engagement of this system may promote misuse and
abuse of opioids. Thus, KOR agonists possess limited potential as analgesics
due to their negative centrally mediated effects and their potential to increase
drug misuse and abuse (Chavkin & Koob, 2016; Schlosburg et al., 2013).
Several recent studies demonstrated that the central KOR system is
actively recruited by pain to drive negative affective states and that the
use of KOR antagonists may represent a potential avenue for the treatment
of pain-induced negative affective states (Liu et al., 2019; Massaly et al.,
2019; Narita et al., 2005; Nation et al., 2018; Navratilova et al., 2019;
Page et al., 2019; Phelps, Navratilova, Dickenson, Porreca, & Bannister,
2019). Within the NAc, a structure important for the integration of hedonic
value of both rewarding and aversive stimuli, the KOR system plays an
important role in mediating reward-seeking behaviors (Al-Hasani et al.,
2015; Castro & Berridge, 2014; Massaly et al., 2019). In addition, evidence
has demonstrated that both inflammatory and chronic pain can recruit KOR
signaling in the NAc to drive negative affective states and decrease the reinforcing properties of opioids (Liu et al., 2019; Massaly et al., 2019; Narita
et al., 2005). We propose that KOR antagonists may represent a functional
substrate to alleviate pain-induced negative states and improve patient wellbeing. In this way, the development of novel selective, potent and nonaddictive KOR antagonists to dampen the negative affect associated with
pain could (1) reduce the likelihood of co-morbid psychiatric disorders
and (2) avoid the drug misuse potential associated with most opioid analgesics (Hogarth, 2020). Along these lines, buprenorphine is usually administered to treat both pain conditions and OUDs. Buprenorphine is a partial
MOR agonist but possesses antagonistic properties at the KOR and
DOR. However, despite being considered a safer analgesic than morphine
and fentanyl (due to its ability to dampen KOR-induced negative affective
states), buprenorphine still retains misuse potential ( Jones et al., 2015).
Thus, the development of selective KOR antagonists may represent a safer
strategy for the development of pain treatments. KOR antagonists such as
norBNI and JDTic possess a delayed onset of action that ranges from hours
to days, but even minimally effective doses produce antagonist action that
can last several weeks. Therefore, the development of KOR antagonists
with a shorter “medication-like” duration of action is currently undergoing.
While a few short-acting KOR antagonists have been developed
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(Guerrero et al., 2019; Page et al., 2019), a thorough characterization of
these ligands for pain treatment and OUD, as well as their efficacy in a clinical setting still needs to be determined.
The DOR system represents another potential opioid target for the management of pain states. DORs are highly expressed in forebrain regions
(Mansour et al., 1988) and while DOR activation exhibits low analgesic
properties in acute pain models, activation of the DOR system provides substantial analgesia in chronic pain conditions (Cahill, Holdridge, &
Morinville, 2007; Pradhan, Befort, Nozaki, Gaveriaux-Ruff, & Kieffer,
2011). Peripheral application of DOR agonists promotes analgesia in animal
models of inflammatory pain (Gendron et al., 2006; Gendron, Mittal,
Beaudry, & Walwyn, 2015; Pradhan et al., 2009; Zhang & Bao, 2012)
and neuropathic pain (Zhang & Bao, 2012). Unlike opioid-based MOR
analgesics, DOR agonists possess fewer side effects (Bodnar, 2020;
Gaveriaux-Ruff & Kieffer, 2011; Gendron et al., 2015) and most importantly, exhibit no abuse potential (Negus, Gatch, Mello, Zhang, & Rice,
1998). In chronic pain states (i.e., neuropathic pain models or migraine),
DOR stimulation demonstrates high analgesic potential (Cahill,
Morinville, Hoffert, O’Donnell, & Beaudet, 2003; Fraser, Pradhan,
Clarke, & Wahlestedt, 2000; Gaveriaux-Ruff, Karchewski, Hever,
Matifas, & Kieffer, 2008; Gendron et al., 2006; Hurley & Hammond,
2000; Nadal, Baños, Kieffer, & Maldonado, 2006; Pradhan et al., 2009).
Further supporting the role of DORs as analgesics, genetic ablation of these
receptors enhances injury-induced hyperalgesia and allodynia (GaveriauxRuff et al., 2008; Nadal et al., 2006). Moreover, chronic use of DOR agonists does not induce physical dependence or withdrawal upon treatment
cessation (Brandt, Furness, Rice, Fischer, & Negus, 2001). The anxiolytic
properties of DOR activation also make it a promising target (similar to
KOR antagonism) for improving mood of chronic pain patients. It is well
known that negative mood states are not only predictors of opioid misuse,
but it also impacts the pain experience, such that co-morbid anxiety or
depression exaggerates pain intensity and negatively impacts quality of
life ( Jamison & Edwards, 2013; Martel, Dolman, Edwards, Jamison, &
Wasan, 2014). In addition, DOR agonists have great potential as a
therapeutic treatment for chronic migraine (Pradhan, Smith, Zyuzin, &
Charles, 2014). However, DOR agonists have been associated with convulsions, which has terminated many clinical development studies (Broom
et al., 2002a, 2002b; Chung et al., 2015, Comer et al., 1993; Danielsson
et al., 2006; Dykstra, Schoenbaum, Yarbrough, McNutt, & Chang, 1993;
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Jutkiewicz, Baladi, Folk, Rice, & Woods, 2006). These negative consequences are an important factor to consider for their use as analgesics
in vivo and in clinical settings, although there is evidence that noninternalizing ligands do not share this convulsive side effect (VicenteSanchez et al., 2018).
As mentioned above, DOR activation has little or no effect on
nociception in pain-naı̈ve and acute phasic pain, as compared to MOR activation (Gallantine & Meert, 2005). Yet, there is still interest in a combination of peripherally restricted agonists for both MOR and DOR as a
potential pain relief strategy (Bruce et al., 2019; G€
unther et al., 2018). In
addition to its analgesic properties, DOR signaling alters the development
of tolerance to the analgesic effects of MOR agonists. For example, tolerance
to the analgesic properties of MOR agonists is abolished in DOR knockout
animals or when combined with the use of DOR antagonists (Abdelhamid,
Sultana, Portoghese, & Takemori, 1991; Beaudry, Gendron, & Morón, 2015;
Váradi et al., 2016; Zhu et al., 1999). Furthermore, DOR antagonists decrease
the reinforcing properties of MOR agonist-based analgesics (Abdelhamid
et al., 1991; Billa, Xia, & Morón, 2010; Morón et al., 2010; Váradi et al.,
2016). Despite this promise, an argument has been made that since DOR
is required for hippocampal-dependent learning, ablation or antagonism of
DOR could impair associative learning that contributes to the analgesic
tolerance of morphine (Cahill & Ong, 2018).

3. Pain-induced alterations in opioid consumption
Pain and pleasure have opposite hedonic value, and thus can both
guide our motivational decisions and learning to either avoid or seek emotional experiences. From a behavioral standpoint, reinforcing stimuli such as
pleasant odors, music, palatable food and sexual behavior can decrease pain
sensitivity and negative affect (Leknes & Tracey, 2008). While pain generates aversive states that disrupt homeostatic balance, pain relief produces
negative reinforcement (King et al., 2009; Navratilova & Porreca, 2014).
Interestingly, clinical reports suggest that opioids produce significant reinforcement by the relief of pain-induced negative affect; for example, patients
with chronic pain have reported reduction in their experience of affective
aversive states following morphine use while the nociceptive pain sensation
was still present (Price, Von der Gruen, Miller, Rafii, & Price, 1985).
This provides further evidence that negative affect is an important part
of the pain experience and plays a major role in patients’ quality of life.
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The persistence of pain-induced negative affective states can trigger allostatic
changes in limbic and emotion-related brain structures (Baliki & Apkarian,
2015; Leknes & Tracey, 2008) which over time can lead to the development
of anxiety and/or major depression (Elman et al., 2013; Yalcin & Barrot,
2014). Additionally, pain itself can impair reward processing and the
patient’s ability to enjoy daily activities, characteristic of an anhedonic state
(Elman et al., 2013; Leknes & Tracey, 2008).
Preclinical evidence demonstrates that both acute and chronic pain
indeed impact reward-induced positive reinforcement (Cahill et al., 2013;
Elvemo, Landrø, Borchgrevink, & Håberg, 2015; Hipólito et al., 2015;
Leitl, Onvani, et al., 2014; Leknes & Tracey, 2008; Martin & Ewan,
2008; Navratilova & Porreca, 2014; Porreca & Navratilova, 2017; Taylor
et al., 2016). Given the fact that opioid-based analgesics possess positive reinforcing properties that can lead to OUD, it is critical to understand the role
of pain on the abuse potential of these medications.
Clinical studies have reported that a subset of patients with chronic pain
develop misuse and overuse patterns of opioid consumption (Passik,
Messina, Golsorkhi, & Xie, 2011). Thus, several preclinical behavioral paradigms have been developed to assess the impact of pain on the reinforcing
properties of opioids and the neuronal mechanisms underlying pain-induced
negative affect. Many models of pain and voluntary consumption of opioid
in animal models have been used to uncover those mechanisms.
Unfortunately, the plethora of models led to discrepancy and conflicting
results on the consequences of pain on opioid consumption. One of the first
reports on the interaction between pain and opioid consumption investigated the reinforcing properties of fentanyl in rats experiencing inflammatory pain (induced by Mycobacterium butyricum injection in the tail base) and
reported that ongoing inflammatory pain increases voluntary drinking of
fentanyl when compared to control animals (Colpaert, Meert, De
Witte, & Schmitt, 1982; Colpaert et al., 2001). These results have been replicated in rats by the same group (Colpaert et al., 2001) and others (Kupers &
Gybels, 1995). However, using a similar voluntary drinking operant task in,
another group reported that inflammatory, chemotherapy-induced and
neuropathic pain reduced motivation to seek and consume fentanyl in mice
(Wade et al., 2013). It should be noted that in the latter study conducted in
mice, the overall locomotor activity of pain animals tended to be lower than
controls, which may confound interpretation of the results. To this end, a
separate experiment in the same study showed that pain does not impact
reinforcing properties of natural rewards as compared to opioids
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(Wade et al., 2013). Since then, additional reports have demonstrated
that pain can impact the hedonic value of opioids, without changing food
seeking and consumption behaviors (Hipólito et al., 2015; Taylor
et al., 2015).
To further assess the potential rewarding properties of opioids under pain
conditions other approaches such as conditioned place preference (CPP) and
intravenous drug self-administration (IVSA) have been used. Conditioned
place preference consists of repeated pairing of a specific context with drug,
such that the animal associates the interoceptive cues of the drug with the
contextual cues. Using this model in adult rats, inflammatory pain has been
shown to lower the number of morphine-context conditioning sessions
necessary to elicit a preference for the drug context (Zhang et al., 2014),
as well as leftward shift in the dose response curve for morphine-induced
CPP for male rats in a model of neuropathic pain (Cahill et al., 2013) and
inflammatory pain (Sufka, 1994). However, many other reports demonstrate
that the rewarding properties of morphine are decreased in both adult rats
and mice experiencing inflammatory, neuropathic and, cancer pain
(Betourne et al., 2008; Narita et al., 2005; Niikura et al., 2008; Ozaki,
Narita, Iino, Miyoshi, & Suzuki, 2003; Ozaki et al., 2002; Taylor et al.,
2015). While CPP is a widely used model to assess rewarding properties
of stimuli, it has some limitations, especially when studying opioids in pain
conditions as central opioid actions in the brain or spinal cord that are important in mediating anti-hyperalgesia and analgesia (i.e., negative reinforcement). As mentioned above, the analgesic properties of opioids may be
sufficient to trigger preference for the drug-paired context, thus introducing
a confound between the negative reinforcement of pain relief and the
rewarding properties of the drug itself. Furthermore, CPP is dependent
on non-voluntary drug exposure and thus, despite its translational value,
possesses a limited face validity when compared to patients voluntarily consuming opioids to relieve the nociceptive and negative emotional aspects of
pain. In this regard, the operant intracranial self-stimulation (ICSS) model
can be used to integrate voluntary seeking of reinforcing stimulations during
pain conditions (Moerke & Negus, 2019). ICSS is an operant paradigm in
which animals press a lever triggering a contingent electrical stimulation.
This approach can be used to test abuse liability of drugs where electrical
stimuli are delivered in the medial forebrain bundle of the lateral hypothalamus or the VTA, driving excitatory inputs to the mesolimbic dopaminergic
neurons in the VTA and thus promoting DA release in nucleus accumbens
(Negus & Moerke, 2019).

Pain, negative affective states and opioid-based analgesics

47

Acute oxycodone or morphine administration increases the frequency of
responding for ICSS, whereas natural or naloxone precipitated opioid withdrawal suppressed ICSS responding (Altarifi & Negus, 2011; Wiebelhaus,
Walentiny, & Beardsley, 2016). Acute pain induced by intraperitoneal
administration of dilute acid did not alter medial forebrain bundle ICSS frequency (Miller, Altarifi, & Negus, 2015), nor altered medial forebrain bundle ICSS in male or female rats affected by chemotherapy-induced
(paclitaxel) neuropathic pain (Legakis & Negus, 2018). However, treatment
of the neuropathic pain induced by the chemotherapeutic drug showed that
as morphine tolerance developed to the anti-allodynic effects, reward
increased as evidenced by changes in ICSS frequency (Legakis & Negus,
2018). Although, morphine and cocaine produced similar effects on ICSS
responding in the medial forebrain bundle, but paraventricular nucleus of
the hypothalamus ICSS was facilitated to a greater extent by morphine than
cocaine, and the effects of either drug were unaltered in neuropathic pain
rats induced by spinal nerve ligation (Ewan & Martin, 2012).
Interestingly, VTA ICSS was not altered by the presence of neuropathic pain
in rats, but oxycodone, methadone, fentanyl and hydromorphine facilitation
of VTA ICSS in controls rats was absent in neuropathic pain rats (Ewan &
Martin, 2011). Although, post-surgical pain induced by paw incision initially decreased VTA ICSS for the first 2 days after injury (Ewan &
Martin, 2014). Taken together, a significant number of studies agree that
the occurrence of chronic pain does not alter ICSS stimulation frequency,
independent of the brain region of stimulation, however, it does alter the
responses to opioids.
Intravenous self-administration represents the gold standard model to
assess the reinforcing properties and abuse potential of drugs. This approach
allows assessment of drug-seeking and drug intake in an operant paradigm.
Self-titer, rate of drug intake and escalation of drug intake can be measured
during single sessions or across days and weeks (Tsibulsky & Norman, 2005),
allowing studies of opioid analgesic intake during the development and
maintenance of pain states. One study demonstrated that morphine consumption is not altered during the first 10 days of IVSA after pain induction
(1 mg kg1 per injection). Interestingly, after a period of withdrawal (assessed
up to 13 days after termination of morphine access), animals experiencing
neuropathic pain demonstrated significantly higher rates of morphineseeking and morphine consumption than control animals, when the amount
of morphine obtained per injection was lowered to 0.2 mg kg1 (Hou,
Cai, & Pan, 2015). In contrast and using the same IVSA approach, another

48

Nicolas Massaly et al.

group demonstrated that morphine self-administration was lower in animals
experiencing inflammatory pain (Lyness, Smith, Heavner, Iacono, &
Garvin, 1989). While these results again seem contradictory, it is important
to note that the in the study by Hou and collaborators, animals were trained
to self-administer morphine before the induction of pain, while the study by
Lyness and collaborators tested the acquisition of morphine selfadministration after pain induction. Importantly, it has been shown that heroin, morphine, methadone, fentanyl, and hydromorphone consumption
(using the IVSA procedure) is lower in rats with neuropathic pain induced
by sciatic nerve ligation (SNL) compared to sham animals (Martin, Kim,
Buechler, Porreca, & Eisenach, 2007). In this study, full pharmacological
characterization of the impact of pain on the reinforcing properties of opioids showed that while IVSA of low doses of each opioid (heroin, morphine,
methadone, fentanyl, and hydromorphone) compound was lower in pain
conditions, the reinforcing properties of higher doses were unaltered—with
pain animals consuming a total amount of opioid per self-administration session similar to that achieved by control animals (Martin et al., 2007). This
result is similar to another recent report showing that induction of inflammatory pain following initial heroin self-administration, decreased the number of low-dose heroin reinforcers consumed per self-administration session.
Interestingly, in this study by Hipólito and collaborators, IVSA of heroin was
significantly increased when rats were exposed to very high doses of the opioid (Hipólito et al., 2015). Together, these studies demonstrate that during
inflammatory and chronic pain states, the opioid dose-response relationship
for its reinforcing properties is shifted to the right (such as animals in pain
doubled the intake of a very high dose of heroin, whereas control animals
didn’t alter the intake of the same dose. Conversely, animals in pain significantly decreased the intake of the lower dose of heroin). While this can lead
to lower drug consumption for low-titer opioid analgesics in the short run
(acute and short opioid exposure to treat perioperative pain, for example), it
highlights an increased risk for the development of OUD in patients that
develop tolerance and are exposed to higher concentrations of opioid
analgesics.

4. Circuits underlying pain-induced negative affect
and OUD
There is an increased risk for the development of OUD in patients
with long-term persistent pain and opioid access, which is likely related
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to plastic changes occurring within the central nervous system that drive the
emergence of negative affective states (Garland et al., 2013; Martin & Ewan,
2008; Massaly et al., 2016). Clinical and preclinical studies have pinpointed
several brain structures involved in the affective dimension of pain: for
example, the ACC is highly involved in processing the affective and emotional components of pain (Becerra, Navratilova, Porreca, & Borsook, 2013;
Vogt, 2005). Functional Magnetic Resonance Imaging (fMRI) and Positron
Emission Tomography (PET) studies have revealed that the endogenous
MOR system is engaged in the ACC during persistent pain and affective
pain relief states (Borras et al., 2004; Zubieta et al., 2005). Early studies have
uncovered that pain unpleasantness rating in patients is tightly correlated
with the activity of the ACC (Rainville, Duncan, Price, Carrier, &
Bushnell, 1997). Additionally, preclinical studies confirmed that MOR
signaling within the ACC is necessary to alleviate ongoing pain in rodents
(Navratilova et al., 2015). In line with these results, microinfusions of MOR
agonists locally in the ACC reduce pain-induced negative affect without
altering the expression of mechanical allodynia (LaGraize, Borzan,
Peng, & Fuchs, 2006). Altogether, these findings point toward a major role
for the ACC in the integration and maintenance of negative affective states
induced by pain.
The mesolimbic pathway is a key brain circuit involved in the development of opioid addiction and, because of its alterations during chronic and
persistent pain states, it represents an ideal candidate for mechanistic studies
on pain and opioid misuse co-morbidities (Cui et al., 2014; Fields &
Margolis, 2015). The mesolimbic dopamine pathway is composed of dopaminergic projections from the VTA projecting to the striatum, including the
NAc (Morales & Margolis, 2017). The dopaminergic projections to the
NAc are involved in reward and aversion processing (Becerra & Borsook,
2008) and also mediates pain-induced negative affect. However, it should
be noted that dopaminergic neurons co-release other neurotransmitters such
as glutamate and GABA, also involved in integration of reward and aversion.
In addition, non-dopaminergic neurons originating from the VTA are also
involved in these processes (see Morales & Margolis, 2017 for extensive
review). It is well established that neuroplastic changes in mesolimbic circuitry, including molecular and cellular changes within the mesolimbic
dopamine system, lead to the genesis of negative affect (Koob & Le
Moal, 2001; Koob & Volkow, 2010, 2016; Wise & Koob, 2014). Both
natural rewards and drugs of abuse, including opioids, activate this
pathway and trigger accumbal dopamine release (Devine et al., 1993;
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Giuliano et al., 2013; Hipólito et al., 2015; Taylor et al., 2015). Interestingly,
those drug-induced dopaminergic responses are blunted in detoxified
abusers (Volkow & Morales, 2015; Volkow et al., 1997). Patients experiencing chronic pain show reduced NAc activity and alterations in reward
evaluation, decision making, and motivation tasks (Apkarian et al., 2004;
Verdejo-Garcı́a, López-Torrecillas, Calandre, Delgado-Rodrı́guez, &
Bechara, 2009; Walteros et al., 2011). Furthermore, the resolution of pain
is negatively associated with NAc activity in chronic pain patients (Baliki,
Geha., Fields, & Apkarian, 2010), suggesting a dysregulation of dopaminergic function during persistent pain states. As noted above, positive stimuli
and opioids cause release of dopamine in the NAc via inhibition of
GABA release onto VTA dopamine neurons. Thus, the observed decrease
in MOR function in GABAergic projections onto the VTA during pain
impairs opioid-induced disinhibition of dopaminergic neurons, which in
turn decreases opioid reinforcing properties (Hipólito et al., 2015;
Niikura, Narita, Butelman, Kreek, & Suzuki, 2010; Ozaki et al., 2002).
Similarly, a positive correlation has been observed between alterations in
opioid reinforcing properties during pain states and dopaminergic transmission within the NAc (Hipólito et al., 2015; Narita et al., 2005; Niikura et al.,
2008; Ozaki et al., 2002; Taylor et al., 2015). Furthermore, pain relief
produces MOR-dependent dopamine release within the NAc, further corroborating the interactions between opioid systems and dopaminedependent reinforcement processes (Navratilova et al., 2012). In addition
to MOR, KORs can also locally alter dopamine release within the NAc
(Muschamp & Carlezon, 2013; Nestler & Carlezon, 2006; Van’t Veer &
Carlezon, 2013). Recent work demonstrated that neuropathic pain recruits
KOR signaling in the NAc to reduce dopaminergic activity and induce negative affective states (Liu et al., 2019). Another laboratory demonstrated that
not only KOR recruitment but also dynorphin-containing neurons in the
NAc were sufficient and necessary to drive pain-induced depression of
motivational states (Massaly et al., 2019). These observations support the
notion that dynorphin acting on KORs in the NAc is responsible for
blunting morphine-induced dopamine release and for the development of
morphine CPP under inflammatory pain conditions (Narita et al., 2005).
Altogether, these studies demonstrate that KOR signaling represents a
potential target to prevent negative affective states induced by pain which
could ultimately reduce or mitigate the emergence of OUDs (Cahill
et al., 2014; Chavkin & Koob, 2016; Liu et al., 2019; Massaly et al.,
2019, 2016). It must also be noted that despite its high potential to treat these
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different disorders, former studies have demonstrated that subcutaneous
injection of the KOR antagonist, norBNI, does not reverse pain-induced
decrease in lever presses during ICSS procedure (Leitl, Potter, et al.,
2014; Leitl, Onvani, et al., 2014). This lack of effect may be explained by
the simultaneous analgesic and aversive properties of systemically administered KOR agonists that readily cross the blood-brain barrier. Indeed, if
KOR antagonists relieve negative affective centrally, their peripheral action
may blunt KOR-mediated endogenous analgesia and thus mask negative
affect relief, that should be reflected in altered ICSS responding. In addition,
KOR stimulation in discrete substructures of the NAc drive opposite
hedonic effects (Castro & Berridge, 2014). Overall, we posit that targeted
inhibition of KOR signaling in pain states represents a promising strategy
to dampen negative affective states and reduce the development of OUD
in patients using opioid-based analgesics (Cahill et al., 2014; Chavkin,
2011; Liu et al., 2019; Massaly et al., 2019, 2016).
In addition to the mesolimbic pathway, the amygdala is another brain
area that undergoes neuroplastic changes during persistent pain states and
in turn drives alterations in reinforcing and rewarding properties of opioids
(Carrasquillo & Gereau, 2007; Crock et al., 2012; Janak & Tye, 2015; Narita
et al., 2006). Both the central nucleus of the amygdala and the basolateral
amygdala (BLA) are key players in the integration of affect, mood, fear disorders as well as reinforcement (Pare & Duvarci, 2012; Veinante, Yalcin, &
Barrot, 2013). Recent studies have elegantly uncovered neuronal ensembles
in the amygdala that are necessary for the expression of the emotional component of noxious stimuli (Corder et al., 2019). This study holds promising
potential for future treatment of negative affective states that accompany
ongoing pain and thus decrease both the development of co-morbid psychiatric disorders and opioid drug misuse potential. This is especially interesting
as projections from the BLA to the NAc modulate dopamine-mediated neuronal responses to both stress and opioid reward salience (Lintas et al., 2011,
2012; Namburi et al., 2015; Stuber et al., 2011). Blocking MOR in the lateral amygdala using MOR antagonist beta-funaltrexamine reverses paininduced reductions in heroin intake in rats with neuropathic pain (Martin
et al., 2011). Further, inhibition of amygdala GABAergic neurons with
MOR agonists reduces foot-shock aversive conditioning reactions and disinhibits the descending brainstem pain modulation pathway (Han,
Soleiman, Soden, Zweifel, & Palmiter, 2015; Namburi et al., 2015;
Winters et al., 2017). These studies further implicate the amygdala as an
important regulation center for pain and negative affect. Other work has
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shown that inflammatory pain promotes KOR signaling in the amygdala to
drive negative affective states (Nation et al., 2018; Navratilova et al., 2019).
Hence, manipulating MOR and KOR signaling in the amygdala holds
promising therapeutic potential for the treatment of pain-induced negative
affect and anhedonia.

5. Development of safer analgesics approaches
for chronic pain
The pain research community aims to develop the Holy Grail of
analgesics—a drug with significant analgesic properties that is devoid of
abuse potential. Current pain treatments with opioid medications are mostly
limited by their abuse potential and the respiratory depression events that
may arise from misuse or overdose. There are several ongoing drug development projects funded by the NIH Heal Initiative to develop new pharmaceutical compounds devoid of those deleterious side effects. Several
research groups have been focusing on the development of MOR and
KOR biased agonists. This strategy leverages the fact that signal transduction
from opioid GPCRs through either G-protein or beta-arrestin may lead to
distinct behavioral outcomes. For example, mice lacking beta-arrestin protein do eexhibit an analgesic response to opioid treatment but not respiratory
depression, tolerance and opioid reinforcement (Bohn et al., 1999). This
finding prompted the design of MOR agonists biased toward G-protein signaling to produce efficient analgesics devoid of side effects (Gupta et al.,
2016; Kingwell, 2015; Manglik et al., 2016; White et al., 2014). While these
biased MOR compounds represent a promising approach for the improvement of pain treatment, recent evidence using beta-arrestin knockout mice
demonstrate that both morphine and fentanyl still retain respiratory depressant potential (Kliewer et al., 2020). This underscores the necessity for more
in-depth examination on the characterization of these biased compounds,
their mechanism of action and their full set of effects.
Another exciting strategy for pain treatment points toward the use of
opioid receptor heterodimers as drug targets to reach maximal analgesic efficiency. High-throughput screening approaches have identified many compounds that are being tested for their analgesic properties as well as their
safety profile, mostly as agonists of the MOR/DOR heterodimers (Bruce
et al., 2019; Fujita, Gomes, & Devi, 2014, 2015). The development of selective milieu MOR agonist has also been investigated: for example, as mentioned above, a fentanyl derivate with decreased pKA allows selective
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activity on MOR in a low pH milieu (Rodriguez-Gaztelumendi et al.,
2018; Spahn et al., 2017). The authors took advantage of the acidic nature
of the inflammatory milieu and demonstrate that NFEPP has higher efficiency at low pH and selectively reverses hyperalgesia and allodynia without
inducing commonly observed opioid side effects (Rosas, Huang, Roth, &
Dockendorff, 2019; Spahn et al., 2017). Lastly, the development of KOR
antagonists to decrease negative affective states induced by persistent pain
represents a potential promising avenue (Cahill et al., 2014; Chavkin,
2011; Liu et al., 2019; Massaly et al., 2019; Navratilova et al., 2019).
Improving the treatment of prolonged negative affective states may decrease
the incidence or severity of psychiatric co-morbidities associated with pain,
and may also reduce opioid abuse potential.
In addition to opioid pharmacology, chronic pain treatment still employs
a combination of nonsteroidal anti-inflammatory drugs (NSAIDs), antidepressants, anticonvulsants, local anesthetics, alpha-2 adrenoreceptors agonists, NMDA antagonists and more recently, in certain states,
cannabinoids (Derry, Derry, & Moore, 2013; Eilers, Philip, Bickler,
McKay, & Schumacher, 2001; Graff-Radford, Shaw, & Naliboff, 2000;
Loftus et al., 2010; Lunn, Hughes, & Wiffen, 2014; Moore, Derry,
Aldington, Cole, & Wiffen, 2015; Pirbudak, Sevinç, Maralcan, & Kiliç,
2014; Smith, Deshpande, Collins, Katz, & Losina, 2016; Wang et al.,
2015; Whiting et al., 2015; Wiffen et al., 2017). All these pharmacological
agents are routinely used to try and dampen the nociceptive and emotional
component of acute and chronic pain without the use of opioid-based analgesics. Some treatments such as ketamine and cannabinoids have been
shown to also decrease opioid intake during perioperative care (Boehnke,
Litinas, & Clauw, 2016; Cengiz et al., 2014; Cichewicz, 2004; Zakine
et al., 2008). However, despite their “safer” profiles and analgesic properties,
cannabinoids and NMDA antagonists (Ketamine) still retain misuse potential and need to be closely monitored by health care providers even if their
life-threatening potential remains lower than opioid-based analgesics.

6. Conclusions
The widespread use of opioid-based analgesics has been a major factor
in the emergence of the opioid epidemic. While the diversion of these pills
for recreational use by pain-free individuals may have contributed in this
process, one-fifth of chronic pain patients treated with opioid-based medications develop OUD. Even more than the sensory component of chronic
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pain conditions, the persistence of negative affective states associated with
chronic pain represents an important trigger for abuse potential in patients
treated with increasing doses of opioids over the long-term. Thus, the development of non-addictive pharmacological analgesics and nonpharmacological approaches is critical for the treatment of the emotional
component of pain. Decreasing the occurrence and persistence of negative
affect associated with chronic pain conditions would indeed dampen both
the development of co-morbid neuropsychiatric diseases and the abuse
potential of opioid-based analgesics. In parallel, the development of pain
treatments devoid of abuse potential will be necessary to reduce pain analgesics diversion and reduce the proportion of chronic pain patients with a
high risk of abuse that are exposed to opioid medications. Overall, these
efforts are necessary for optimizing and developing novel safe and effective
strategies for treating chronic pain.
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