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Abstract

Endogenous activation of p-opioid receptors (MORS) provides relief from acute pain. Recent
studies have established that tissue inflammation produces latent pain sensitization (LS) that is
masked by spinal MOR signaling for months, even after complete recovery from injury and re-
establishment of normal pain thresholds. Disruption with MOR inverse agonists reinstates pain
and precipitates cellular, somatic and aversive signs of physical withdrawal; this phenomenon
requires N-methyl-D-aspartate receptor-mediated activation of calcium-sensitive adenylyl cyclase
type 1 (AC1). In this review, we present a new conceptual model of the transition from acute to
chronic pain, based on the delicate balance between LS and endogenous analgesia that develops
after painful tissue injury. First, injury activates pain pathways. Second, the spinal cord establishes
MOR constitutive activity (MORcpa) as it attempts to control pain. Third, over time, the body
becomes dependent on MORca, Which paradoxically sensitizes pain pathways. Stress or injury
escalates opposing inhibitory and excitatory influences on nociceptive processing as a pathological
consequence of increased endogenous opioid tone. Pain begets MORca begets pain vulnerability
in a vicious cycle. The final result is a silent insidious state characterized by the escalation of two
opposing excitatory and inhibitory influences on pain transmission: LS mediated by AC1 (which
maintains accelerator), and pain inhibition mediated by MORca (which maintains the brake). This
raises the prospect that opposing homeostatic interactions between MORca analgesia and latent
NMDAR-AC1-mediated pain sensitization create a lasting vulnerability to develop chronic pain.
Thus, chronic pain syndromes may result from a failure in constitutive signaling of spinal MORs
and a loss of endogenous analgesic control. An overarching long-term therapeutic goal of future
research is to alleviate chronic pain by either: a) facilitating endogenous opioid analgesia, thus
restricting LS within a state of remission; or b) extinguishing LS altogether.
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2. Introduction

Serious tissue injury causes the acute pain that we are all familiar with. For elusive reasons,
acute pain accelerates towards a state of incapacitating chronic pain in hundreds of millions
of people around the world. For example, back injuries lead to unrelenting, rampant low
back pain that destroys quality of life. Unfortunately, adequate therapeutic strategies to stop
chronic pain do not exist. Even the most powerful opiate pain killers such as morphine and
oxycodone produce severe adverse effects including cognitive impairment and respiratory
depression, as well as societal issues with drug diversion. Side effects aside, chronic pain
responds poorly to treatment, despite considerable efforts towards the development of
efficacious analgesic drugs. A fundamental but somewhat neglected long-term goal in the
field is to better understand the ability of the central nervous system (CNS) to intrinsically
inhibit the mechanisms that accelerate pain. In this chapter we discuss a relatively new
approach: to search for the mechanisms whereby mammals naturally recover from the pain
of inflammation. This chapter focuses on the endogenous opioid system. During injury,
opioid peptides are released at sites of pain modulation where they act at opioid receptors to
put the brakes on the transmission of pain signals to the brain. Indeed, soon after tissue
injury produces pain, compensatory analgesic systems involving (1, 8, and/or x opioid
receptors can be activated at multiple sites of pain modulation including the spinal cord and
brain, and might temper the intensity of acute postoperative pain in humans (Levine et al.,
1978). We describe recent data indicating that opioid receptors can acquire the potential to
oppose chronic pain via a constitutive, ligand-independent, activation mechanism. An
understanding of the body's own pain defenses within the CNS should provide valuable
insight into new strategies to prevent the transition from acute to chronic pain.

3. Opioid Receptors and Endogenous Analgesia

3.1. Opioid Receptors

Cutaneous noxious stimuli drive ascending pain transmission through the spinal release of
glutamate and peptide neurotransmitters from presynaptic terminals of primary sensory
neurons (Basbaum et al., 2009). Opioid receptors include the u (MOR), 6 (DOR), and x
(KOR) types. Each are widely distributed throughout the nervous system, including key sites
of pain modulation (Mansour et al., 1995, Erbs et al., 2014). In addition to expression in
brain, peripheral nerve endings and dorsal root ganglia (DRG), opioid receptors decorate the
central terminals of primary afferent neurons and second order neurons in the dorsal horn
(DH) of the spinal cord (Besse et al., 1990, Kohno et al., 1999, Spike et al., 2002, Marker et
al., 2005, Scherrer et al., 2009, Heinke et al., 2011). In specific, MORs and DORs produce
their antinociceptive effects in molecularly and functionally distinct populations of sensory
afferents terminating in the DH (Bardoni et al., 2014). This review will focus on the ability
of spinally-located MORs to exert long-lasting inhibition of spinal pain transmission that is
triggered by tissue injury.

Opioid receptor activation either by endogenous ligands or by exogenously administered
agonists elicits powerful spinal antinociception (Yaksh, 1987, Yaksh et al., 1988). MORs are
a vital presynaptic target, and their activation leads to reduction of neurotransmitter (e.g.
glutamate) release from the central terminals of primary afferent neurons (Jessell and
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Iversen, 1977, Duggan and North, 1983, Yaksh et al., 1988, Chang et al., 1989, Hori et al.,
1992, Suarez-Roca and Maixner, 1992, Glaum et al., 1994, Terman et al., 2001), ultimately
leading to inhibition of spinal excitatory pain transduction (Yoshimura and North, 1983).
MORs are also an important postsynaptic target, as they are found in a population of mostly
excitatory neurons in laminae | and Il, where they inhibit the firing of action potentials,
presumably leading to inhibition of nociceptive transmission to the brain (Willcockson et al.,
1984, Jeftinija, 1988, Schneider et al., 1998, Kohno et al., 1999, Aicher et al., 2000).

All opioid receptor subtypes are members of the heterotrimeric guanosine 5’-triphosphate—
binding protein (G protein)—coupled receptor (GPCR) superfamily, Class A rhodopsin
subfamily. Agonists dissociate Gajje Which then inhibits adenylyl cyclase-mediated
production of adenosine 3’,5’-cyclic monophosphate (CAMP), thus decreasing the opening
of voltage-gated Ca?* channels (VGCC) (Kohno et al., 1999, Kondo et al., 2005). The
dissociated Gag, subunits promote the opening of G protein-coupled inwardly-rectifying
potassium channels (GIRKS) to further hyperpolarize the neuron (Figure 1). This review
will primarily focus on opioidergic inhibition/regulation of spinal adenylyl cyclases,
specifically the calcium-sensitive adenylyl cyclase type 1.

3.2. Compensatory development of endogenous analgesia

Pain intensity and duration are regulated by numerous inhibitory systems, including spinally
secreted opioid peptides and subsequent activation of opioid receptors (Basbaum and Fields,
1984) (Ossipov et al., 2010). During noxious stimulation or after severe tissue injury, opioid
systems in the brain and spinal cord orchestrate an adaptive compensatory response to
inhibit pain in humans under several circumstances. For example, opioidergic analgesia
systems are thought to be activated when a patient undergoes surgery, when a soldier is
wounded in battle, or when a runner runs a marathon. Positron emission tomography studies
in humans indicate that sustained pain causes the release of endogenous substances acting at
MORs in the brain (Zubieta et al., 2001) (presumably to regulate the sensory and affective
components of the pain experience). In rodents, repetitive or sustained noxious stimuli
increase concentrations and/or release of opioid peptides (e.g. endorphins, enkephalins,
dynorphins and endomorphins) at sites of pain modulation within the rodent DH (Yaksh and
Elde, 1981, Basbaum and Fields, 1984, ladarola et al., 1986, Noguchi et al., 1992, Song and
Marvizon, 2003a, Ossipov et al., 2010), which can induce MOR activation (Tambeli et al.,
2009), though this has yet to be shown in human spinal cord. Synaptic mechanisms of
endogenous opioid inhibition in the DH include modulation of neuronal excitability and
fine-tuning of glutamatergic nociceptive transmission at both presynaptic (Hori et al., 1992,
Terman et al., 2001) and post-synaptic neurons (Willcockson et al., 1984, Jeftinija, 1988,
Aicher et al., 2000).

Numerous neuromodulatory systems other than the opioids promote endogenous analgesia
(Millan, 2002). For example, conditional knockdown of neuropeptide tyrosine (NPY) before
the initiation of inflammation extended the time course of mechanical and heat hyperalgesia
(Solway et al., 2011). Similarly, dual blockade of cannabinoid CB1 and CB2 receptor
signaling prevents the resolution of postoperative allodynia (Alkaitis et al., 2010). These
studies indicate that endogenous NPY and endocannabinoids hasten the resolution of
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inflammatory and neuropathic pain. Therefore it is likely that endogenous MOR constitutive
activity works in concert with numerous neuromodulatory systems to reduce nociception
and aid in the resolution of pain.

3.3.Endogenous mu opioid receptor analgesia in the dorsal horn

The above mentioned studies indicate that noxious stimulation recruits pain inhibitory
opioidergic systems. When the stimulus produces physical tissue or nerve injury, this
compensatory response can be quite long-lasting. Animal studies suggest that tissue injury
can increase opioid receptor density and opioid receptor intracellular signaling in the dorsal
horn, even after inflammatory hyperalgesia has subsided.

MOR expression in the superficial spinal cord progressively increases over days to weeks
during chronic inflammation states and is suggested to aid in the analgesic effectiveness of
exogenously applied opiate drugs (Ji et al., 1995, Goff et al., 1998, Mousa et al., 2002). This
can be long lasting: autoradiography studies demonstrate that opioid receptor density
remains elevated for almost 3 months in a complete Freund's adjuvant (CFA) model of
rheumatoid polyarthritis (Calza et al., 2000). We recently reported that injury-induced MOR
signaling does not necessarily dissipate over time, and can be maintained long enough to
oppose chronic pain. We reported that: 1) disruption of Ga, signaling with intrathecal
pertussis toxin precipitated mechanical hyperalgesia in CFA-21d but not sham mice; 2) the
antinociceptive effects (hotplate assay) of the MOR selective agonist DAMGO were
potentiated in the post-hyperalgesia state, 21 days after intraplantar injection of CFA; and 3)
DAMGO-stimulated GTPyS3® binding in lumbar spinal cord sections was increased (1Emax)
in CFA-21d mice compared to sham (Corder et al., 2013).

Augmentations in spinal MOR-G-protein coupling lasted for at least 3 weeks after the
injury, even though the initial bout of allodynia had resolved. This is consistent with other
studies showing that noxious stimulation can induce spinal MOR activation that outlasts the
pain stimulus that initiated it (Tambeli et al., 2009). Taken together, these findings
demonstrate that injury increases MOR-G-protein signal transduction in the DH that persists
after the resolution of inflammatory hyperalgesia. Studies utilizing opioid receptor
antagonists, discussed next, suggest that this long-lasting MOR signaling is poised to
mediate endogenous antinociception. The remainder of this review discusses the evidence
that this signaling can oppose the emergence and overt manifestations of chronic
hyperalgesia.

3.4. Opioid receptor antagonists increase pain intensity

By turning on opioid receptor systems, the body can temper acute postoperative pain,
allowing the soldier to escape from the battlefield and the marathon runner to finish the race.
This system is mimicked therapeutically when morphine is given to relieve various forms of
pain, such as postoperative pain. On the other hand, one can predict that interruption of the
opioid system would worsen the pain after surgery, traumatic injury, or pain during a
marathon. This prediction is likely to be true, as indicated by numerous studies showing that
opioid receptor antagonists can increase pain intensity. For example, animal studies of
ongoing or persistent inflammatory pain demonstrate that naloxone or naltrexone can
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increase mechanical and/or heat hypersensitivity (Millan et al., 1987, Herz and Millan, 1988,
Hurley and Hammond, 2000, 2001, Schepers et al., 2008a). Furthermore, as summarized in
Table 1, human studies demonstrate that naloxone enhances hyperalgesia in the acute pain
setting (Buchsbaum et al., 1977, Levine et al., 1979, Frid et al., 1981, Jungkunz et al., 1983,
Anderson et al., 2002). This literature suggest that endogenous opioid analgesia provides an
intrinsic braking mechanism that exerts inhibitory control of acute pain intensity soon after
tissue injury (Ossipov et al., 2010). But whether opioid receptor signaling is maintained for
sufficient duration to counter long-lasting nociceptive mechanisms remained a mystery long
after the initial demonstration of endogenous opioid inhibition of acute pain. Can the
endogenous opioid system persistently (or indefinitely) oppose persistent pain? This
question remained difficult to answer for several reasons. First, ethical issues confound
opioid receptor antagonist studies in humans — one can imagine the difficulty in recruiting
chronic pain patients who would submit to an intervention that would worsen their pain.
Second, most animal models of chronic pain were developed to produce maximal allodynia
and hyperalgesia, with the aim to evaluate the pain-reducing efficacy of pharmacological
and other interventions. As a result, a floor effect would interfere with the ability to evaluate
the ability of opioid receptor antagonist to further decrease nociceptive thresholds. To get
around this problem, a small number of studies have utilized tissue or nerve injury models
that produce either a relatively low incidence or a relatively low intensity of pain-like
behavior. For example, naloxone produces allodynia in rodents with nerve injury that had
initially failed to develop behavioral signs of neuropathic pain (Back et al., 2006). Also,
opioids can mask the early incidence of pancreatic cancer pain (Sevcik et al., 2006). Third,
endogenous opioid analgesia may mask the very existence of hyperalgesia, leading to the
false impression that pain sensitization either: 1. never developed after the injury (Back et
al., 2006, De Felice et al., 2011); or 2. completely resolved after an initial bout of pain-like
behavior. This third idea can readily be tested with the administration of opioid receptor
antagonists either during or after the apparent resolution of hyperalgesia (e.g. during the
post-hyperalgesia state). For example, following the resolution of hyperalgesia after partial
nerve ligation (Guan et al., 2010); or inflammation (Campillo et al., 2011, Corder et al.,
2013), naloxone reinstated hypersensitivity. The remainder of this chapter focusses on this
approach, which has helped us to understand in great detail the opposing mechanisms that
determine latent central sensitization, and will ultimately help in the search to find
interventions that prevent or alleviate chronic pain.

4. Spinal mechanisms of persistent pain

4.1. Central Sensitization

Chronic pain is determined by facilitatory mechanisms such as long-term potentiation of
synaptic strength in DH neurons (lkeda et al., 2006, Latremoliere and Woolf, 2009,
Ruscheweyh et al., 2011). Injury-induced spinal long-term potentiation may be a potential
mechanism of a larger phenomenon that develops after severe tissue injury, known as
central sensitization, which refers to an increased responsiveness of CNS nociceptive
neurons to normal or sub-threshold afferent input. Central sensitization is an NMDAR-
dependent phenomenon that is widely believed to contribute to chronic pain states
(Latremoliere and Woolf, 2009). Less appreciated, however, are data suggesting that central
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sensitization can persist in the absence of behavioral signs of hypersensitivity (Reichling and
Levine, 2009, Asiedu et al., 2011), in a silent form often referred to as “latent sensitization”
(LS).

4.2. Latent Sensitization

LS is important because it primes nociceptive systems such that, when inhibitory systems
fail, a pain episode ensues (Le Roy et al., 2011, Corder et al., 2013). Thus, LS is a form of
long-lasting pain vulnerability that develops after traumatic injury or stress, by which the
organism may demonstrate greater susceptibility to a potentiated pain response upon
subsequent injury or stressor (Aley et al., 2000, Rivat et al., 2002, Parada et al., 2003, Rivat
et al., 2007, Summer et al., 2007, Cabanero et al., 2009, Reichling and Levine, 2009, Le Roy
etal., 2011). For example, Price and colleagues recently reported that either intraplantar
injection of interleukin-6 or plantar paw incision produced a transient acute hypersensitivity
that was followed by a long-lasting sensitization of spinal nociceptive pathways (Asiedu et
al., 2011). And as described in further detail below, the lasting pain vulnerability promoted
by LS can be manifested with pharmacological blockade of pain inhibitory systems
(Campillo et al., 2011, Corder et al., 2013). For example, Figure 2 illustrates that
minimpump infusion of naltrexone (NTX) prevents the resolution of inflammatory pain.
These and the following data indicate that NTX unmasks LS in the spinal cord that persists
beyond the resolution of pain and inflammation, reflective of hyperalgesic priming at the
peripheral nervous system (Asiedu et al., 2011). In summary, LS represents a predisposition
to relapse that may explain the episodic nature and vulnerability to stress that accompanies
chronic pain syndromes in humans (Le Roy et al., 2011, Corder et al., 2013), and thus may
reflect a critical mechanism responsible for the transition from acute to chronic pain (Rivat
et al., 2007). However, LS has not been reported in humans (Pereira et al., 2013), and our
understanding of mechanisms of CNS synaptic plasticity in LS is limited to an involvement
of NMDAR. Although the cellular mechanisms underlying LS are now emerging (see below
and Corder et al), its synaptic basis remains poorly understood and so this is the focus of
intense ongoing investigations.

5. Opioid receptor-masked sensitization

5.1. Endogenous analgesia maintain LS in a state of remission

Until recently, the question as to whether opioid receptor activity persisted for long enough
periods to dampen chronic pain remained unanswered. As noted above, opioid receptor
density remained elevated for almost 3 months in a CFA model of rheumatoid polyarthritis,
long after pain scores had recovered to baseline (Calza et al., 2000).

As predicted by long-lasting increases in opioid receptor density and signaling, endogenous
opioid inhibition of acute nociception persists even after the initial signs of hyperalgesia
have subsided (Yu et al., 1994, Guan et al., 2010, Joseph and Levine, 2010, Campillo et al.,
2011). This is demonstrated by the ability of opioid receptor antagonists to precipitate
allodynia in the post-hyperalgesic state following tissue or nerve injury states (Yu et al.,
1994, Back et al., 2006, Sevcik et al., 2006, Guan et al., 2010, Campillo et al., 2011). In
other words, LS outlasts the duration of the injury, and can be revealed with opioid receptor
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antagonists or inverse agonists that “rekindle” or “reinstate” hyperalgesia (Cabanero et al.,
2009, Lian et al., 2010, Le Roy et al., 2011, Corder et al., 2013). For example, our
laboratory produced cutaneous inflammation of one paw of the mouse, and then allowed
pain behavior to naturally subside over several days to weeks. While the animals were in
this post-hyperalgesia state, we disrupted intrinsic opioid receptor activity with inverse
agonists. Based on the hypothesis that opioid receptors continue to suppress pain long after
an injury, we predicted that inverse agonism would reinstate pain-like behaviors. In addition
to pain-like behaviors, we honed in on the spinal cord with a battery of physiological,
biochemical, and molecular assays to determine effects on neurons that relay pain signals to
the brain. As predicted, we found that inverse agonists reinstated pain-like behaviors when
administered months after the induction of inflammation (Figure 3). This suggests that
endogenous opioid analgesia silently continues long after an injury has healed and thus
promotes the natural recovery of acute inflammatory pain. Thus, pain remission is
maintained in part by opioid receptor activity that masks the pronociceptive components of
LS.

5.2. Animal models of opioid receptor-masked sensitization

Multiple MOR inverse agonists ((NTX, naloxone, D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-
NH2 (CTOP), p-funaltrexamine (B-FNA)) reinstate hyperalgesia (Corder et al., 2013). These
findings are consistent across pain models [CFA, plantar incision (Campillo et al., 2011,
Corder et al., 2013), species [rats, mice], and multiple mouse strains [C57BI/6, CD1
(Campillo et al., 2011, Le Roy et al., 2011, Corder et al., 2013)], and behavioral endpoints
[mechanical hyperalgesia, thermal hyperalgesia conditioned place preference (CPP) measure
of affective pain (Corder et al.), heat hyperalgesia, nocifensive behavior, mouse grimace
scale of spontaneous pain (Corder et al., 2013)], and both sexes (Corder et al., 2013). Our
core pain reinstatement model has already been replicated in several laboratories including
C. Fairbanks (University of Minnesota), Z. Wang (University of Illinois), J. Mogil (McGill
University), and J. Marvizon (University of California, Los Angeles). Thus, opioid receptor-
masked LS is long-lasting, powerful, repeatable, and is likely relevant to a broad range of
chronic pain subjects.

5.3. Multiple opioid receptors can mask LS

All three opioid receptors, MOR, DOR and KOR have been extensively investigated as
potential therapeutic targets for disorders ranging from depression to severe pain (Lutz and
Kieffer, 2013). We focused on the MOR, because the p-selective inverse agonists CTOP and
B-FNA reinstated hyperalgesia and spinal pain transmission in CFA 21d mice (Corder et al.,
2013). These results do not, however, rule out DOR or KOR. Indeed, KORs might also
maintain LS in a state of remission (Schepers et al., 2008b, Campillo et al., 2011). For
example, the KOR-selective antagonist nor-binaltorphamine (norBNI) exacerbated CFA
mechanical hyperalgesia at the injured paw and unmasked hyperalgesia at the contralateral
paw. Also, norBNI reinstated mechanical hyperalgesia when injected weeks after plantar
incision performed under remifentanil analgesia (Campillo et al., 2011). Alternatively, DOR
may contribute to MOR or KOR function through heterodimerization (Gomes et al., 2000,
Law et al., 2005, Yoo et al., 2014), so future studies should evaluate the effect of DOR
antagonists as well.
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5.4. Multiple neurobiological systems can mask LS

By and large, most of what we know about intrinsic masking of LS comes from
interventions that disrupt endogenous opioid receptor systems. However, numerous receptor
systems besides MOR likely maintain LS in remission, LS is masked not only by opioid
receptor activity, but also by endocannabinoids (Alkaitis et al., 2010, Ji et al., 2011), alpha-2
adrenergic receptors (De Felice et al., 2011), and neuropeptide Y (NPY) receptor activity
(Solway et al., 2011). For example, our lab recently used conditional NPY knockout mice
and NPY Y1 and Y2 receptor antagonists to demonstrate that the endogenous NPY system
in the DH is involved in repressing the LS induced by inflammation or nerve damage
(Solway et al., 2011). So while this section focuses on opioid receptors, it should be kept in
mind that they might work in concert with endocannabinoid, resolvin, neuropeptide Y, or
other pain inhibitory systems to prevent the induction or hasten the resolution of chronic
pain.

5.5. Long-lasting endogenous analgesia requires a sensitized state

As indicated above, opioid mechanisms are thought to be recruited in response to intense,
sustained nociceptive signaling. On the other hand, in wild-type uninjured mice, transient
pain is not modulated by endogenous opioid tone, as opioid receptor antagonists such as
NTX, naloxone, CTOP and 3-FNA do not change thermal or mechanical thresholds (Grevert
and Goldstein, 1978, Kern et al., 2008, Corder et al., 2013). This is consistent with
observations in normal MOR knock-out mice that do not show changes in acute nociceptive
processing (Fuchs et al., 1999). Similar studies in normal human subjects also report no
modulation of pain perception upon opioid antagonist treatment, suggesting little to no
tonically active endogenous opioid signaling in the absence of tissue or nerve damage (El-
Sobky et al., 1976, Schoell et al., 2010). Even in the setting of acute ongoing nociception, as
is the case after the intraplantar injection of dilute formalin, naloxone has no effect (Taylor
etal., 1997).

5.6. LS develops bilaterally

Mechanical sensitivity develops not only on the side of the body that receives tissue injury,
but also on the contralateral side. This bilateral hyperalgesia is observed in numerous pain
models (inflammation (Chillingworth et al., 2006), nerve injuries (Seltzer et al., 1990, Kim
and Chung, 1992), formalin (Aloisi et al., 1993), arthritis (Rees et al., 1996), sciatic
inflammatory neuritis (Chacur et al., 2001), and muscle pain (Sluka et al., 2001, Ainsworth
et al., 2006). Persistent inflammation increases the effectiveness of exogenously applied
opioid agonists to inhibit contralateral nociceptive sensitivity in the rostroventral medulla
(Hurley and Hammond, 2000, 2001, Schepers et al., 2008a) and the spinal cord (Stanfa et
al., 1992, Stanfa and Dickenson, 1995). We now know that this extends to LS, because
opioid inverse agonists produce behavioral signs of pain and spinal neuron sensitization
(stimulus-evoked expression of phosphorylated extracellular signal-regulated kinase, pERK)
when delivered in the post-hyperalgesia state (Corder et al., 2013). Since connections
between the two sides of the spinal cord are sparse at best, bilateral hyperalgesia suggests
that the brain is involved in LS. Indeed, leading explanations for bilateral hyperalgesia
include top-down facilitation involving descending facilitatory fibers from the brainstem

Curr Top Behav Neurosci. Author manuscript; available in PMC 2015 June 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taylor and Corder

Page 9

(Koltzenburg et al., 1999, Tillu et al., 2008, Chai et al., 2012). Another possible mechanism
involves communication of reactive spinal astrocytes through gap-junction networks across
large distances (Hatashita et al., 2008, Gao and Ji, 2010b). However the lack of NTX-
induced pERK in microglia and astrocytes suggests that glia are not activated upon loss of
tonic MOR signaling (Corder et al., 2013).

Tissue injury produces long-lasting contralateral increases in MOR-G-protein coupling and
B-funaltrexamine-induced decreases in basal MOR-G-protein coupling (Corder et al., 2013).
Thus, MOR is intricately involved in the regulation of contralateral LS. The presence of
contralateral spinal MORca and neural sensitization illustrates the spread of LS to areas of
the CNS beyond those directly innervated by the injured tissue. If true, then loss of MORcp
antinociception (e.g. during stress) could lead to the emergence of rampant chronic pain
(Rivat et al., 2007, De Felice et al., 2011). Thus MORca might tonically repress wide-
spread hyperalgesia.

5.7. Latent sensitization develops across the pain neuraxis

LS is maintained within the periphery (Stein and Lang, 2009, Guan et al., 2010), local spinal
circuitry (Ruscheweyh et al., 2011) and by descending facilitatory signals from brainstem
nuclei (Porreca et al., 2002, De Felice et al., 2011). NTX is lipophilic and therefore readily
crosses the blood-brain barrier (BBB), antagonizing opioid receptors at supraspinal, spinal,
and peripheral sites. To address the site of action of endogenous opioid receptors,
investigators have: 1) evaluated local administration of low doses of NTX at the site of
injury, at the level of the spinal cord using the intrathecal route, or into the brain; 2) used
peripherally-restricted receptor antagonists; or 3) evaluated neuronal activation at CNS sites
of pain modulation.

5.7.1. Periphery—Peripheral mechanisms contribute to LS. For example, Levine and
colleagues describe a large body of literature describing a long-lasting latent
hyperresponsiveness within primary afferent nociceptors following local administration of
the proinflammatory cytokine prostaglandin E,, for which they have coined the term
“hyperalgesic primary” (Hucho and Levine, 2007, Reichling and Levine, 2009, Ferrari et al.,
2010, Joseph and Levine, 2010, Green et al., 2011). In a partial L5 spinal nerve ligation
model of neuropathic pain, Guan et al waited 7-8 wk for mechanical allodynia to subside,
and then injected either naloxone or naloxone methodide (a peripherally acting opioid
receptor antagonist) (Guan et al., 2010). Naloxone methiodide reinstated mechanical
allodynia, suggesting a contribution of peripheral opioid receptors to LS in the setting of
neuropathic pain. In an intraplantar CFA model of inflammatory pain, Stein and Lang
waited 4-6 days, and found that local injection of naloxone increased hyperalgesia (Stein
and Lang, 2009). In a similar model (using of lower amount of CFA), however, we reported
that naltrexone methobromide, another opioid receptor antagonist with a quaternary amine
that restricts BBB permeability, did not alter mechanical thresholds when injected 21 days
after inflammation. Indeed, we found that tissue edema gradually resolved within 77 d after
induction of inflammation (Corder et al., 2013). Beyond that time, we found that NTX
reinstated hyperalgesia, suggesting that endogenous opioid signalling persists beyond tissue
healing and the resolution of primary hyperalgesia. Thus, peripheral mechanisms may
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contribute to LS after nerve injury, but might be restricted to early timepoints after non-
neural tissue injury. This has prompted a focus on CNS sites of action (Corder et al., 2013).

5.7.2. Spinal cord dorsal horn—Opioids inhibit LTP in the DH (Terman et al., 2001,
Benrath et al., 2004), and so we targeted the spinal cord with intrathecal administration of
opioid receptor antagonists and inverse agonists. Either intrathecal NTX or NTX
methobromide robustly reinstated mechanical hyperalgesia (Corder et al., 2013). This
behavioral result was recapitulated with three molecular and neurophysiological markers of
spinal nociceptive neuron activation to further localize opioid signaling and LS to the
lumbar spinal cord: 1) Within the DH nociceptive circuitry, we visualized pERK. pERK is
implicated in the spinal transduction of nociceptive signals and serves as a marker of central
sensitization during pathological conditions (Ji et al., 1999, Ji et al., 2009). pERK is
typically observed following high-threshold (AS- or C-fiber) or noxious stimulation (Ji et al.,
1999), however, during the maintenance phase of chronic pain (> 2 days post CFA) a low-
threshold (AB-fiber) stimulation (Matsumoto et al., 2008) or light-touch (Gao and Ji, 2010a)
can induce spinal pERK expression, suggestive of injury-induced central sensitization (Ji et
al., 2003). We found that after pain resolution (21d), light-touch was unable to effectively
activate superficial DH neurons unless LS was disinhibited by NTX (Corder et al., 2013); 2)
Within spinal cord slices, we visualized intracellular Ca2* concentrations ([Ca%*];) in
populations of DH neurons using Fura-2 labeling and wide-field fluorescence microscopy
(Doolen et al., 2012). NTX administration to slices taken from post-hyperalgesia animals
precipitated 1 [Ca2*],, indicating that LS survives in spinal nociceptive neurons within our
slice preparation, and that opioid receptor activity tonically suppresses it (Corder et al.,
2013); 3) NTX produced cAMP superactivation in the DH of post-hyperalgesia mice
(Corder et al., 2013). Taken together, these data suggest that MOR actively represses signal
amplification, similar to spinal GABAergic signaling (Baba et al., 2003, Torsney and
MacDermott, 2006, Torsney, 2011). Our results reveal the presence of sensitized spinal
nociceptive neurons that outlast the resolution of hyperalgesia and remain under the control
of endogenous opioid receptor inhibitory mechanisms (Corder et al., 2013).

6. Mu Opioid Receptor Constitutive Activity (MORc,) inhibits LS

As alluded to above, spinal MORs become tonically active after injury and continue to
provide endogenous analgesia beyond wound healing (Corder et al., 2013). Receptor
mechanisms driving tonic MOR signaling may involve either continuous opioid agonist
stimulation or a unique, agonist-independent form of signaling termed constitutive activity
(Costa and Herz, 1989, Kenakin, 2001, Seifert and Wenzel-Seifert, 2002, Kenakin, 2004).
Using a multidisciplinary approach involving physiological, genetic, and biochemical
strategies, we recently demonstrated that the injury-induced tonic signaling state is
facilitated by acquisition of constitutive activity. This MOR constitutive activity, which we
term MORca, continues to quiet nociceptive cells in the spinal cord, even in the absence of
signals from opioid peptides. Here we review the concept of constitutive activity and inverse
agonism, and then describe the evidence supporting the development of MORc after
repeated drug administration or cutaneous inflammation.
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6.1. Classification of opioid receptor antagonists

Morphine exerts actions such as pain reduction by binding to the extracellular binding
domain of MORs, causing a conformational change in the receptor that then allows for G-
protein coupling and intracellular signal transduction. This positive efficacy of morphine
broadly classifies this ligand as an agonist. A simple two-state model expounds that the
receptor rests in an inactive conformation (Ri) and with the addition of an agonist (A), the
receptor becomes active (Ra) and subsequently binds to a G-protein (ARaG) (Figure 4A).
The actions of agonists can be blocked by addition of antagonists which prevent binding of
the agonist to the receptor. This can occur through competition for the binding pocket or at
an allosteric site. Regardless of mechanism, the definition of a true antagonist (i.e. a neutral
antagonist) describes its action in terms of blocking an agonist without effecting receptor
conformations that might alter signaling (i.e. antagonists do not have efficacy at a given
receptor for either the active or inactive state). Thus, a neutral antagonist will not exert
effects by itself, and so will not alter MORc4; rather, a neutral antagonist will block an
agonist-induced ARaG state (Figure 4B).

The term inverse agonist is used to describe ligands that display negative efficacy, a concept
that requires a 3-state model (Figure 4B). Negative efficacy is the idea that, upon binding to
its receptor, a ligand can repress the spontaneous activity of the receptor (RaG) and promote
the inactive state (Ri). Thus, inverse agonists characteristically reduce constitutive G-protein
coupling to receptors.

6.1.1. Naltrexone as an inverse agonist—A growing body of evidence indicates that
opioid receptor ligands like NTX and CTOP have inverse agonist properties that increase
following tissue injury (Corder et al., 2013) or chronic opioid exposure (Sadee et al., 2005).
As illustrated in Table 2, cells obtained from whole animal models of opioid dependence,
e.g. animals treated for several days with morphine, exhibit key characteristics of
constitutive opioid receptor activity upon challenge with NTX (Wang et al., 2001a, Wang et
al., 2004, Raehal et al., 2005, Sirohi et al., 2009, Lam et al., 2011, Navani et al., 2011).
These results seem to outweigh the more discrepant results obtained from studies in cell
culture lines treated in vitro with opioid receptor agonists for a decidedly shorter treatment
(overnight); these studies yield evidence both for (Sally et al., 2010) and against (Divin et
al., 2009) intrinsic activity of NTX.

6.1.2. 6@-naltrexol is a neutral antagonist—A large body of evidence indicates that
6p-naltrexol, a metabolite of NTX, exhibits key characteristics of a neutral antagonist when
administered to cells obtained from opioid-dependent animals, e.g. little or no intrinsic
activity (i.e. no effect) when administered by itself (Table 2). Furthermore, as expected for
an opioid receptor neutral antagonist, 6p-naltrexol blocks the effects of inverse agonists
(Wang et al., 1994, Bilsky et al., 1996, Kenakin, 2001, Wang et al., 2004, Raehal et al.,
2005, Wang et al., 2007, Sirohi et al., 2009, Sally et al., 2010, Lam et al., 2011, Navani et
al., 2011) (Table 2). As described in more detail below, recent data in models of LS
describes similar actions of 6B-naltrexol in vivo, when administered to the whole animal
(Corder et al., 2013).
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6.2. Proposed mechanisms of constitutive activity

As noted above, MOR signaling persists for several months after tissue damage. What
mechanisms might maintain tonic signal transduction? Receptor signaling is initiated by
either ligand binding or spontaneous acquisition of the active conformation. The former
scenario is susceptible to antagonists that outcompete for the receptor binding pocket, while
the latter case is blocked by inverse agonists with preferential affinity for the inactive state
of the receptor and, therefore, reverse basal responses attributed to constitutive activity
(Kenakin, 2007). The mechanisms that initiate and maintain constitutive signaling after
inflammation are unknown, but essential ideas come from the Extended Ternary Complex
model of GPCR signaling (Kenakin, 2004). GPCRs exist in equilibrium of spontaneous Ra
and Ri states, known as an allosteric constant. This constant represents a distinctive energy
barrier for a given GPCR in a specific cellular environment which dictates the formation of
spontaneous Ra states. Thus, lowering the allosteric constant (e.g. receptor point mutations,
removal of Na* ions, loss of negative regulatory, internalizing, desensitizing proteins)
increases the formation of Ra. In this paradigm, constitutive activity can be produced upon
lowering of the energy barrier to spontaneously form the active state of the receptor. While
the biophysical mechanisms of constitutive activity have yet to be fully understood,
approximately 30 different studies using site-directed point-mutations in the oprml gene
encoding MOR have found numerous amino acids that affect ligand binding, G-protein
coupling efficiency, and receptor phosphorylation and internalization; all of which increase
MORca (Chavkin et al., 2001). Importantly, genetic mutations are not necessary for
constitutive activity to occur. Liu and Prather demonstrated that prolonged exposure of
morphine can induce constitutive activity that persists after agonist washout (Liu and
Prather, 2001), suggesting that post-translational modifications to MOR or decreased
interactions with negative regulatory proteins may induce constitutive activity. This might
be achieved through post-translation modification of MOR (e.g. hyper-phosphorylation)
(Wang et al., 1994/#128) or a reduction in the association of the receptor with a negative
regulatory protein, such as B-arrestin2 (Lam et al., 2011/#119).

6.3. Repeated opiate administration increases MORcp in the brain

An intriguing hypothesis of drug addiction suggests that chronic opiates increase MOR
constitutive activity to preserve physical and psychological dependence (Wang et al., 1994,
Liu and Prather, 2001, Wang et al., 2004, Shoblock and Maidment, 2006, Meye et al., 2012),
which is enhanced by the action of endogenously released enkephalins in the brain
(Shoblock and Maidment, 2007). Similarly, prolonged administration of exogenous opioid
agonists, such as morphine or DAMGO, have been shown to cause an increase in the
number of constitutively active opioid receptors during the period of opioid dependence
(Wang et al., 2001a, Sadee et al., 2005, Walker and Sterious, 2005, Xu et al., 2007, Sally et
al., 2010). Constitutive activity is experimentally observable as increased basal GTPyS3®
binding, increased By OF the agonist-responsive high-affinity GTPyS® binding site and
suppressed forskolin-stimulated cCAMP accumulation. While constitutive activity is usually
difficult to detect outside of in vitro heterologous cell expression systems, as described
above (Costa and Herz, 1989, Liu and Prather, 2001, Wang et al., 2007), MORca has been
observed in tissue obtained from the striatum (Wang et al., 2004, Shoblock and Maidment,
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2006) and the ventral tegmental area (Meye et al., 2012) of morphine-dependent mice.
Inverse agonists decreased basal GTPyS3® binding, produced cAMP superactivation and
disinhibited GABAergic signaling, indicative of acquired state-dependent activity following
chronic receptor stimulation. Although it remains unclear whether MORc4 is important in
disease states other than drug addiction, these studies provided the framework for
experiments to determine whether MORc operates in the setting of LS and chronic pain.

6.4. Tissue injury establishes MORcp in the spinal cord

The above suggests that, if constitutive GPCR signaling is responsible for anti-hyperalgesia,
then an opioid inverse agonist should produce hyperalgesia. We recently provided two major
pieces of evidence indicating that injury establishes MORcx signaling in DH neurons, and
that MORc analgesia maintains LS in a state of pain remission (Corder et al., 2013). First,
GTPyS® binding studies are essential to prove CA, and p-FNA, a putative inverse agonist at
MOR (Liu et al., 2001), reduced constitutive GDP/GTPyS3® exchange in DH sections during
the pain remission phase of LS in CFA-injured mice (Figure 5A). Second, the MOR neutral
antagonist 6-B-naltrexol prevented reinstatement of pain and [CaZ*]; mobilization in spinal
slices (Corder et al., 2013) induced by the MOR inverse agonist NTX (Figure 5B). This is
consistent with the expected blockade of the effect of an inverse agonist by a neutral
antagonist. As noted above, a neutral antagonist is not expected to exert effects by itself and
so as predicted, 63-naltrexol failed to precipitate hyperalgesia or 1[Ca2*];. Thus, Corder et al
(Corder et al.) demonstrated in vivo acquisition of constitutive MOR signaling that naturally
develops after injury, without chronic drug dosing (Sadee et al., 2005) or genetic
manipulations (Chavkin et al., 2001).

One potential limitation of GDP/GTPyS3> exchange studies is the potential presence of trace
endogenous opioid peptides. If true, then NTX, CTOP, and B-FNA might have behaved as
antagonists to block the actions of opioid agonists. We concede the possibility of continual
opioid release in the ex vivo spinal cord slice preparation following dissection. However, all
spinal cord sections from injured and non-injured mice were treated identically. Therefore,
any residual opioid content (as well as other conditions) were identical between the sections
used for basal determinations or those incubated with or without $-funaltrexamine. We
believe that the extensive buffer washing and incubation protocols were sufficient to remove
any opioid peptides or other agonists from the extracellular space before incubation with
GTPyS% (Corder et al., 2013).

CA GPCRs are, like agonist-activated GPCRs, subject to internalization, phosphorylation,
desensitization and down-regulation (Leurs et al., 1998). Interestingly in DRG neurons, CA
MORs recycle more rapidly through a caveolin-mediated mechanism, as compared to
typical MORs which internalize through a clathrin-mediated mechanism (Walwyn et al.,
2007). Whether CFA produces lasting analgesia by increasing the recycling CA MORs in
DH, however, is difficult to determine because internalized CA MORs are too close to the
membrane to detect by standard confocal microscopy (Walwyn et al., 2007). An alternative
approach is to use flow cytometry to quantify surface receptor density.

The CA state of MOR is thought to depend on receptor modifications, including receptor
interactions with accessory proteins or phosphorylation at numerous sites on MOR (Sadee et
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al., 2005, Connor and Traynor, 2010, Mann et al., 2014), including constitutive
phosphorylation at S363 in vivo (llling et al., 2014). With the emergence of phosphosite-
specific MOR antibodies and other pharmacological tools (Mann et al., 2014), future studies
could determine whether CFA increases MOR phosphorylation or dephosphorylation that
then contributes to MORcA.

6.5. Ligand-dependent tonic activation of opioid receptors

Tissue injury produces long-lasting endogenous opioid inhibition of LS that is mediated by
ligand-independent MORc 4 signaling. MORc 4 is maintained for sufficient duration to
hasten the resolution of acute pain, oppose the development chronic pain, and/or temper the
severity of chronic pain (Corder, 2013). However, inverse agonists can block not only
MORcAa, but also MORs that are tonically activated by endogenous opioids. Thus, an
emerging controversy is unfolding regarding whether MOR operates alone or in concert
with tonically-activated MOR to generate long-lasting endogenous opioid analgesia after
injury that then masks LS. Regardless, either mechanism can promote pain recovery, but can
also lead to pathological consequences (i.e. dependence as discussed later) which can create
a lasting susceptibility to develop chronic pain.

In support of a ligand-dependent mechanism, noxious input or tissue injury produces rapid
increases in extracellular endogenous opioids within DH (Basbaum and Fields, 1984,
Noguchi et al., 1992, Song and Marvizon, 2003b, Trafton and Basbaum, 2004) including
enkephalins (Yaksh and Elde, 1981, ladarola et al., 1986, Cesselin et al., 1989) and
constitutive increases in prodynorphin products that lead to a modest tonic inhibition of heat
nociception or acute inflammatory pain (ladarola et al., 1988, Wang et al., 2001b, Campillo
etal., 2011). Ligand-dependent signaling is an important consideration, because so little is
known about the significance of tonically-activated MOR in models of chronic pain. Indeed,
plantar incision increases dynorphin levels in the spinal cord that might then tonically inhibit
pain (Campillo et al., 2011), and prodynorphin knockout mice exhibit exaggerated
hyperalgesia after intraplantar formalin. These data suggest that dynorphin-mediated
activation of kappa opioid receptors (KOR) contributes to a (modest) tonic pain inhibition
during LS (Wang et al., 2001b). The contribution of ligand-dependent tonic activation of
MOR to the silencing of LS, however, remains to be determined, for example with
measurements of opioid levels or interventions that disrupt opioid gene expression.

Evidence against a ligand-dependent mechanism is that 6B-naltrexol, acting as a neutral
antagonist, failed to precipitate hyperalgesia or 1[Ca2*]; when administered during the post-
hyperalgesia phase after inflammation (Corder et al., 2013). Moreover, blockade of NTX
inverse effects by 6B-naltrexol, in all our behavioral and molecular assays, clearly argues
that agonist-independent signaling is present in a population of spinal MORs. This is
consistent with the expected blockade of the effect of an inverse agonist by a neutral
antagonist.

Future studies with opioid peptide knockout mice or siRNA are needed to: 1) ascertain the
impact of endogenous opioids on LS; 2) determine whether the pain remission associated
with MOR activation is driven by endogenous opioid release; and 3) distinguish hypotheses
of MOR constitutive activity with tonic activation of MORs.
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7. Molecular mechanisms of latent sensitization

The following addresses the cellular signaling mechanisms by which long-lasting MOR
signaling contributes to the persistence of pathological nociceptive plasticity and LS.

7.1. NMDA receptor (NMDAR)

It is well established that both the induction and maintenance phases of central sensitization
require N-methyl-D-aspartate receptor (NMDAR)- and Ca2*-dependent mechanisms
(Latremoliere and Woolf, 2009). Several studies support the contribution of NMDAR to LS
as well. Indeed, either chronic environmental stress (Le Roy et al., 2011), injury (Rivat et
al., 2002, Rivat et al., 2007), or exposure to exogenous opioids have been suggested to
generate an adaptive sensitization of pronociceptive NMDAR pathways through an
unknown cellular mechanism. Similarly, as illustrated in Figure 6, we reported that
intrathecal NMDA-induced pain-like behaviors and TcAMP were potentiated in CFA-21d
mice, indicating that injury increases NMDAR sensitivity (Corder et al., 2013).
Furthermore, the NMDAR antagonist MK-801 attenuated NTX-induced reinstatement of
spinal pERK activation, glutamate-evoked 1[Ca?*]; and hyperalgesia (Corder et al., 2013),
indicating that NMDAR mechanisms play a critical role in mediating the manifestations of
LS that is masked by opioid receptor activity.

The induction phase of CFA-hyperalgesia (<24 hrs after injury) is dependent on spinal
NMDAR signaling, whereas the maintenance phase of hyperalgesia has NMDAR-
independent components [Corder et al, 2013]. We reported that NTX does not increase
hyperalgesia or glutamate-evoked spinal [Ca?* intracellular 24 hours after CFA, suggesting
that the endogenous opioidergic system does not impinge on the induction of CFA-
hyperalgesia. In contrast, continuous infusion of NTX over the first 14d after CFA
eliminated endogenous opioid analgesia, suggesting that the opioidergic system opposes the
maintenance of CFA-hyperalgesia. Taken together, our data suggest that the cellular
mechanisms of the induction and maintenance of LS in our model are different.

NMDARs form heteromers of GIuN1 (obligatory), GIUN2A-D, and GIUN3A-B subunits
(Paoletti et al., 2013), with GIuN1 and GIuN2A-B shown to be critical to central
sensitization and inflammatory hyperalgesia (Woolf and Costigan, 1999, Woolf and Salter,
2000, Guo et al., 2002, Abe et al., 2005, Gabra et al., 2007, Luo et al., 2008, Latremoliere
and Woolf, 2009). Future studies are needed to determine which of the key GIUN2 subunits
in DH are essential to LS.

7.2. NMDAR mediated Ca?* signaling

NMDAR-derived Ca2* flux is necessary for ERK activation (Krapivinsky et al., 2003, Lever
etal., 2003, Sindreu et al., 2007), specifically under pathological conditions or noxious
stimulation (Ji, 2004, Matsumoto et al., 2008). Furthermore, it has been demonstrated that
withdrawal from exogenous opioids results in synaptic LTP in spinal neurons and relies on
post-synaptic NMDAR Ca2* mobilization to mediate the hyperalgesia associated with
physical withdrawal (Drdla et al., 2009). We found that pre-treatment with intrathecal
MK-801 resulted not only in prevention of NTX-induced hyperalgesia but also in loss of
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bilateral increases in dorsal horn pERK levels (Corder et al., 2013). Together these results
reveal that loss of tonic MOR signaling initiates an NMDAR—Ca?*—pERK pathway to
generate the reinstatement of pain.

7.3. NMDAR-cAMP linkage

NMDAR-derived Ca2* increases are linked to cAMP signaling pathways (Chetkovich and
Sweatt, 1993, Wong et al., 1999) necessary for LTP initiation (Wang and Zhuo, 2002),
opiate physical dependence (Zachariou et al., 2008) and spinal synaptic facilitation (Wei et
al., 2006);(Wang et al., 2011). Consistent with previous studies in brain showing that the
Ca?* stimulated isoforms of adenylyl cyclase are activated by NMDARs (Chetkovich and
Sweatt, 1993), we reported and Figure 7 illustrates that pretreatment with intrathecal
MK-801 abolished the NTX-precipitated increases in CAMP (Corder et al., 2013).
Moreover, direct activation of spinal NMDARs with intrathecal NMDA increased
spontaneous nocifensive behaviors and spinal CAMP levels. Similarly, direct activation of
the spinal AC system with intrathecal forskolin produced enhanced spontaneous nocifensive
behaviors and intracellular cAMP. Thus, NMDAR signaling is directly linked to
downstream cAMP signaling during opioid receptor inverse agonism.

7.4. Adenylyl cyclase 1 (AC1)

Opioids produce their acute analgesic effects in part through inhibition of ACs. Of the 9
known isoforms, AC1 and AC8 are of particular interest, as they both couple NMDAR-
induced cytosolic Ca2* increases to CAMP signaling in the CNS (Wei et al., 2002). AC1 is
expressed in the post-synaptic density of CNS neurons (Xia et al., 1991, Conti et al., 2007),
in the brain and the superficial dorsal horn (Wei et al., 2002), and is subject to negative
regulation by Gai/o-coupled receptors in vivo (Nielsen et al., 1996). AC1 promotes
phosphorylation and trafficking of AMPA receptors via protein kinase A (PKA) and/or
protein kinase C zeta (PKM() (Lu et al., 2003, Li et al., 2010, Asiedu et al., 2011, Zhuo,
2012), phosphorylates NMDARs via PKA—Src kinase (Xu et al., 2008, Qiu et al., 2013)
and contributes to activity-dependent LTP in the spinal cord (Wang et al., 2011), and plays a
prominent role in chronic pain (Wei et al., 2002). For example, as illustrated in Figure 8,
our recent data suggest that prolonged endogenous-mediated MOR signaling drives the
upregulation of the spinal AC system in an manner that is analogous to opiate cellular
dependence, thereby promoting the maintenance of LS (Corder et al., 2013). Thus, MOR
blockade during the remission phase of LS with inverse agonists precipitates spinal cCAMP
overshoot (AC superactivation) and hyperalgesia (Corder et al., 2013). Furthermore, NTX
reinstatement of hyperalgesia was lost in AC17- mice (Corder et al., 2013)), and NB001, a
selective AC1 inhibitor (Wang et al., 2011), prevented NTX-induced reinstatement of
affective pain as well as hyperalgesia and cAMP overshoot (Corder et al., 2013)). Also,
pain-like behaviors and spinal cAMP elicited by the AC activator, forskolin, were
potentiated (Corder et al., 2013), suggesting AC supersensitivity silently strengthens during
the remission phase of LS. As illustrated schematically in Figure 9, these data indicate that
MORcA silences persistent AC1-mediated LS, and point to AC1 as a central component of
LS that can be unleashed by MOR blockade. Future studies are needed to determine whether
ACL1 and AC8 expression itself is upregulated, and then which of the key effectors for
cAMP, such as PKA or exchange proteins activated by cAMP (Epac), are essential to LS.
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Future studies are also needed to determine whether AC1 is a key pharmacological target for
new analgesic drugs such as NB0O1, an AC1 blocker originally developed by Min Zhuo
(Wang et al., 2011).

8. Cellular dependence on MORca

As detailed above, administration of NTX during the post-hyperalgesia period of the CFA
model activates not only spinal nociceptive transmission and pain, but AC1. Chronic opiate
exposure increases the expression of CaZ*-sensitive ACs (Nestler and Aghajanian, 1997,
Christie, 2008), particularly AC1 and AC8 (Lane-Ladd et al., 1997). During opioid
withdrawal or opioid receptor antagonism, this upregulated AC1 population is disinhibited,
producing a cAMP overshoot, or superactivation response {Zachariou, 2008 #4652;Mazei-
Robison, 2012 #4628;L.i, 2006 #4621.

8.1. Tissue injury triggers cellular dependence on MORcp

As noted above, during NTX-precipitated pain reinstatement, NMDAR-derived Ca?*
mobilization was potentiated, as was downstream activation of AC (reflected by enhanced
responsiveness to forskolin) and associated cAMP overshoot in the spinal cord (Corder et
al., 2013). This AC supersensitivity following disruption of MOR is remarkably similar to
that observed during withdrawal from opiate drugs. Further linking pain to withdrawal is the
enhanced pronociceptive synaptic strength (Lu et al., 2003, Xu et al., 2008) that is observed
following NMDAR-dependent spinal LTP at C-fiber synapses during withdrawal from
exogenous opiates (Drdla et al., 2009).Thus, we propose a novel mechanism that determines
the transition from acute to chronic pain: 1) Long-term MORcp inhibition of AC1-mediated
central sensitization drives a counter-adaptive, homeostatic increase in pronociceptive AC1
signaling cascades (Wei et al., 2002, Zhuo, 2012), thereby paradoxically promoting the
maintenance of LS; 2) Injury initiates a dependence to MORcp that tonically prevents
withdrawal hyperalgesia. Thus, anything that disrupts MORca will trigger the transition to
spinal cellular withdrawal (NMDA-mediated AC1 superactivation) and signs of chronic
pain.

8.2. Cellular opioid withdrawal may reflect de novo NMDAR-dependent LTP

Abrupt withdrawal from MORca by an inverse agonist and the associated pain
reinstatement could result from one of several mechanism: 1) disinhibition of tonically
active primary afferent terminals: 2) disinhibition of AC1 superactivation in dorsal horn
neurons; 3) potentiation of descending facilitatory signals from the brainstem; and/or 4)
induction of de novo spinal NMDAR-AC1-dependent withdrawal. For several reasons, we
favor the latter as a promising area of future investigation. First, exogenous opiate
withdrawal in the spinal cord initiates de novo NMDAR-dependent LTP {Drdla, 2009
#4604;Zhou, 2010 #5167}. Second, NMDAR signaling and post-synaptic spinal neuron
Ca?" rise are required in the induction, rather than maintenance, of spinal LTP and
hyperalgesia (Weyerbacher et al., 2010, Sandkuhler and Gruber-Schoffnegger, 2012). Third,
AC1 is activated by NMDAR-derived Ca?* and is necessary for LTP induction (Liauw et
al., 2005, Wei et al., 2006). Fourth, intrathecal NMDA increased pain behaviors and spinal
cAMP levels during the post-hyperalgesia state (Corder, 2013), which suggests that spinal
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NMDAR-adenylyl cyclase signaling pathways are not occluded (saturated). Fifth, spinal
NMDARs are not active prior to NTX-induced withdrawal, since intrathecal MK-801 alone
neither increased mechanical threshold, reduced basal spinal intracellular calcium levels,
decreased basal pERK expression, nor decreased basal cAMP levels when administered
during the post-hyperalgesia state (Corder, 2013).

9. Physical and psychological dependence on endogenous opioid receptor

activity

9.1. Endogenous opioid dependence

Humans and other mammals develop tolerance and physical dependence to exogenous
opiate drugs, which can be termed exogenous opiate dependence. An emerging literature is
suggesting that stress or dietary factors trigger the release of endorphins or enkephalins that
then induce physical manifestations of endogenous opioid dependence. Physical (somatic) or
psychological dependence can be revealed upon challenge with an opioid receptor
antagonist. In the rodent, somatic indices of opiate withdrawal are similar to those
encountered by an opiate drug addict experiencing withdrawal (Koob et al., 1992, Kest et
al., 2002). For example, following repeated stress for 10 days in rats, naloxone produces
whole body tremors (“wet-dog” shakes) (Morley and Levine, 1980). Also, following a
stressful chronic schedule of warm water swimming, naloxone precipitates not only body
tremors, but also piloerection and ptosis, suggesting that the body develops dependence to
stress-induced activation of opioid receptors (Christie and Chesher, 1982). Following
excessive ingestion of sugar, naloxone triggers teeth chattering, forepaw flutters, head
shaking, and anxiety, suggesting that endogenous dependence develops to sweet foods
(Colantuoni et al., 2002). Following the chronic delivery of RB101, an enkephalinase
inhibitor, naloxone produced forepaw tremor and decreased body weight, albeit to a mild
degree, suggesting the elevated levels of endogenous enkephalin initiates endogenous
dependence (Noble et al., 1994). Opioid blockade also elicits withdrawal signs in mice
following heavy exposure to UV light (Fell et al., 2014). This is consistent with anecdotal
evidence in humans that individuals who seek frequent UV light exposure develop
dependence to reinforcing opioids, as indicated by the finding that 50% of subjects (but 0%
of controls) exhibited withdrawal-like symptoms including nausea and jitteriness following
administration of 5-25 mg of naltrexone (Kaur et al., 2006). Whether the mechanism of this
endogenous opioid analgesia involves light-induced elevations of skin -endorphin, as
proposed (Fell et al., 2014), is uncertain and controversial. First, as expected for large
molecules, evidence for the ability of -endorphin to cross the blood-brain-barrier, and thus
reach the CNS, is sparse at best (Banks and Kastin, 1990). Second, the chronic UV light
conditions used by Fell et al (Fell et al., 2014) were sufficient to trigger signs of tissue injury
such as increases in local prostaglandin production. And as we describe next, tissue injury
triggers the development of a powerful and well-characterized endogenous opioid
dependence (Corder, 2013).

9.2. Tissue injury triggers physical dependence

When administered during the post-hyperalgesia period after inflammatory insult, NTX
produced numerous behaviors that reflected opioid withdrawal (Corder, 2013). This is the
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first set of experiments to describe a physical dependence to endogenous opioid activity in
the setting of persistent inflammation. Following NTX administration, mice exhibited
jumping behavior (analogous to panic attacks and involuntary movement of the legs and
arms observed in the addict when they stop taking opiate drugs), paw tremors, wet-dog
shakes, increased locomotion, and importantly, pain-like behaviors (Corder, 2013).

Endogenous opioid dependence persists long after tissue healing, and even increases with
the passing of months following the induction of inflammation (Corder et al., 2013). This
indicates that physical dependence is not maintained by injury, but rather results from
intensifying compensatory opioidergic neuroadaptations within the brain that could be either
ligand-dependent or ligand-independent.

9.3. Tissue injury triggers psychological dependence

Pain comprises not only somatic and sensory (hyperalgesia), but also affective
(aversiveness) components; the latter can be identified by changes in the rewarding property
of analgesics and associated motivational behavior. In a CPP paradigm (Sufka, 1994, King
et al., 2009), the negative reinforcing capacity of intrathecal lidocaine (motivation to seek
pain relief) demonstrates the presence of aversive pain 1d after inflammatory insult (He et
al., 2012). This aversive component, as was the case with the numerous escape and somato-
motor opioid withdrawal behaviors, was absent during the post-hyperalgesia period (21d
after inflammatory insult), but could be triggered by naloxone (Corder et al., 2013).

9.4. Cellular, physical, and psychological dependence contribute to LS

In summary, endogenous activation of MOR initiates a compensatory process that can lead
to a rebound effect when an antagonist / inverse agonist is given. This fits a common
definition of “dependence”, and dependence can indeed be transient. Overt evidence of
dependence may be masked by the normal agonist effect of endogenous MOR activity. Pain-
like behaviors following administration of inverse agonists reflect not only withdrawal from
cellular dependence on MORc in the spinal cord as described above, but also withdrawal
from physical and psychological dependence on tonic MOR activity in the brain.

10. Conceptual Model, Conclusions, and Clinical Significance

10.1. Conceptual model of the delicate balance between LS, dependence, and MORca

analgesia

Based on our results, we suggest that injury produces a dynamic relationship between the
systems that regulate analgesia and pain. As illustrated in Figure 10, injury first activates
pain pathways. Second, the spinal cord establishes MORc as it attempts to control pain.
Third, over time, the body becomes dependent on MORca, Which paradoxically sensitizes
pain pathways. Pain begets MORca begets pain vulnerability in a vicious cycle. The final
result is a silent insidious state characterized by the escalation of two opposing excitatory
and inhibitory influences on pain transmission: silent pain mediated by AC1 which keeps the
foot on the accelerator, and pain inhibition mediated by MORca (which keeps the foot on
the brake). Indeed, stress (Rivat et al., 2007) or injury (Rivat et al., 2002) escalates opposing
inhibitory and excitatory influences on nociceptive processing, as a pathological
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consequence of increased endogenous opioid tone. This raises the prospect that opposing
homeostatic interactions between MOR 4 analgesia and latent NMDAR-AC1-mediated
pain sensitization create a lasting vulnerability to develop chronic pain.

It is important to realize that the resolution of pain after an injury does not necessarily reflect
a pathology-free condition. Instead, opposing interactions between MOR¢a analgesia and
silent AC1-medicated pain create a lasting susceptibility to develop chronic pain. Indeed, a
few clinical chronic pain studies have suggested that a transient up-regulation of endogenous
opioid analgesia, followed by opioid dysfunction, is associated with the onset of chronic
pain (Bruehl et al., 2004, Bruehl et al., 2010). Using a motor vehicle analogy, the fact that
the “pain accelerator” (LS) and the “pain brake” (MORcp) are simultaneously pressed for
long periods of time has several implications for vehicles (e.g. patients) where the brake
pedal is stuck (e.g. severe trauma or major surgery). To keep the car moving, the accelerator
pedal is always on, and the car depends on a constant brake, or else it will speed out of
control (e.g. chronic pain). Future studies are needed to better understand the long-term
consequences of simultaneous pressing the accelerator and brake on pain. How can we
prevent the brake pads from wearing out? Or can we replace them when they do?

10.2. Chronic pain vulnerability

We conclude that tissue injury promotes two opposing processes at pain modulatory
synapses in DH: 1) tonic analgesic GPCR signaling such as MORcx that masks LS; and 2) a
pathological consequence of long-lasting tonic MORc4 signaling that involves the up-
regulation in expression and function of NMDA receptor subunits and intracellular cAMP
signaling. This drives a LS that persists in the post-hyperalgesia state and not only remains
under the inhibitory control of MORca but is also dependent on MORca Indeed, because
LS and MORca pathology spread beyond the injury site, a loss of MORca analgesia could
lead to the emergence of widespread, rampant chronic pain. This raises the prospect that the
opposing interactions between MORca and latent NMDAR-ACL sensitization create a
lasting susceptibility for the emergence of LS as a silent, insidious form of chronic pain. If
true, then anything that can disrupt MORc 4 inhibitory systems would unleash the pain of
endogenous opioid withdrawal, causing a pain episode to ensue. This has been modeled with
inverse agonist challenge to MORca, by which an ensuing reinstatement of pain reflects a
process of spinal cellular withdrawal and AC1 superactivation to enhance neuronal
excitability and pronociceptive synaptic strength. Indeed, we propose that a long-term goal
for future clinical studies is the development of a clinical test (e.g. naloxone challenge) for
pain vulnerability. If LS exists, then naloxone should reveal this risk factor for pain relapse
by reinstating secondary hyperalgesia.

10.3. Translational relevance of LS and MORcp

The latent predisposition to relapse may explain the episodic nature and vulnerability to
stressors that accompany chronic pain states in humans (Schweinhardt et al., 2008, Woolf,
2011). But does injury trigger LS and long-term opioid analgesia in humans? Superficial
cutaneous heat injury is a well-characterized and validated inflammatory model of human
peripheral nociceptor sensitization, primary hyperalgesia (PHA) and SHA. It has been used
extensively for pharmacodynamic research (Brennum et al., 2001, Werner et al., 2001, Dirks
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et al., 2002a, Dirks et al., 2002b, Werner et al., 2002a, Werner et al., 2002b, Dirks et al.,
2003, Ravn et al., 2012, Ravn et al., 2013). Sensitization is transient, reversible and
replicable (Werner et al., 2013). We recently reported that low dose naloxone (0.021 mg/kg,
i.v.), delivered following resolution of hyperalgesia after cutaneous heat injury, did not
reinstate heat hyperalgesia (Pereira et al., 2013). Rather than limited tissue injury of the
model or species differences, this negative result was likely due to insufficient blockade of
endogenous opioid receptors, as higher doses of naloxone have been used to demonstrate
reinstatement in humans (M.P. Pereira, J.B. Dahl, B.K. Taylor, M.U. Werner, unpublished
results).

10.4. A new approach to prevent the transition from acute to chronic pain

Based on the emerging fields of endogenous opioid receptor analgesia and LS in the setting
of injury, the overarching long-term therapeutic goal of future research is to alleviate
chronic pain by either: a) facilitating endogenous opioid analgesia, thus restricting LS within
a state of remission; or b) extinguishing LS altogether. If LS is responsible for priming
individuals to develop chronic pain, then clinically efficacious and novel treatments may
stem from preventing its formation. Specifically, targeting the upregulation and/or signaling
components of spinal AC1 may prove most beneficial. Treatments should be targeted to
knockdown (RNA. or other gene silencing technologies) or pharmacologically inhibit AC1
in order to erase persistent sensitization, while retaining the benefits of endogenous
constitutive opioid signaling.
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Figure 1. Opioidergic signaling

Opioid agonists bind to the extracellular binding pocket of opioid receptors to activate
intracellular inhibitory G-proteins (Gai/o—fy). Dissociated G-proteins can reduce neuronal
excitation and/or neurotransmitter release via inhibition of adenylyl cyclases (AC), voltage-
gated calcium channels (VGCC), and activation of inward-rectifying potassium channels
(GIRK). Red blunted lines indicate inhibition and blue arrows indicate activation.
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Figure 2. Minipump infusion of NTX increases the duration of mechanical hyperalgesia,
indicating that endogenous opioid receptor activity hastens the resolution of inflammatory pain

Changes in mechanical pain resolution after continual minipump infusion of saline or NTX
(10 mg / kg /d) for 14d in Sham and CFA mice (n =4 - 7 per group). * P < 0.05 compared to

CFA + saline group,
al, 2013.

@ P < 0.05 compared to Sham + NTX group. Adapted from Corder et
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Figure 3. NTX reinstates inflammatory pain even when administered 6 months after induction of
inflammation

After baseline (BL) measurement of von Frey threshold, mechanical hypersensitivity was
allowed to recover (red circles). Effect of repeated subcutaneous saline (open circles) or
NTX (3 mg /kg, blue circles) injections on mechanical thresholds at 21, 49, 77, and 105d
after CFA (n =5 - 7). Adapted from Corder et al, 2013.
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Figure 4. Constitutive activity and inverse agonism
(a) The Extended Ternary Complex model of GPCR signaling which predicts that

modulating the allosteric constant (red arrows) produces a spontaneously active receptor
(Ra). Ra can then bind to G-proteins (G) independent of agonist (A) facilitation (pink
arrows). (b) Effect of various ligands on GPCR activity.
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Figure 5. Spinal p-opioid receptors acquire constitutive activity (MORcp) after injury
(A) Dose-response effects of B-FNA intrathecal p-funaltrexamine (3-FNA) on basal

GTPyS3® binding in lumbar dorsal horns of Sham or CFA-21d mice; inset: group binding
Emax (n=7 - 9). (B) Effects of intrathecal administration of NTX (1 ug), 6p-naltrexol (10
ug), or co-administration of 6p-naltrexol+NTX in sham and post-hyperalgesia mice on
mechanical hyperalgesia. * P<0.05. Adapted from Corder et al, 2013.
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Figure 6. NMDAR are required for NTX-induced pain reinstatement and are sensitized during
the remission phase of latent pain sensitization

(A). Effect of intrathecal administration of the NMDAR antagonist, MK-801 (1 ug) on
NTX-precipitated mechanical hyperalgesia (n=5-10). (B) Effect of NMDA (i.t.; 3 pmol) on
spontaneous nocifensive behaviors (left) and paw flinches (right) over 15 min in Sham (n=5)
and CFA (n=5) mice. *p<0.05. Adapted from Corder et al, 2013.
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Figure 7. Endogenous opioid withdrawal initiates NMDAR-dependent AC superactivation
(A) Effect of intrathecal administration of NMDA (i.t.; 3 pmol) on cAMP levels in Sham

(n=5) and CFA (n=5) mice, indicating a latent up-regulation of an NMDAR-AC pathway
during the remission phase of LS. (B) Effect of intrathecal administration of MK-801 (3
pmol) pretreatment on NTX-induced cAMP overshoot, indicating that NMDAR signaling
contributes to AC superactivation during NTX-precipitated endogenous opioid withdrawal
(n=5 per group). *p<0.05. Adapted from Corder et al, 2013.
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Figure 8. Superactivation of spinal ACL1 faciltates pain reinstatement and cellular opioid
withdrawal

Effect of intrathecal administration of the AC1 antagonist, NB0O1 (1.5 ug), on NTX-
precipitated mechanical hyperalgesia (A) and spinal cCAMP content (D). Effect of the AC
activator, forskolin (intrathecal, 1.5 ug( on spontaneous nocifensive behaviors (B) and paw
flinches (C) over 15 min in sham and CFA mice, indicating AC1 superactivation during the
remission phase of LS. n=6-9. *p<0.05. Adapted from Corder et al, 2013.
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Figure 9. Cellular signaling pathways underlying opioid receptor-masked latent sensitization
Spinal cord MOR signaling, through inhibitory G, proteins, tonically represses AC1

production of cAMP, thereby reducing nociceptive signal transduction. Blockade of MOR
results in the disinhibition of AC1, allowing for NMDAR-derived, Ca2*-mediated activation
and downstream increases in signal transduction, neuron excitability, and ultimately, pain.
Adapted from Corder et al, 2013.
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Figure 10. Schematic summarizing the sequence of events that occur after injury, leading to a
dynamic relationship between the systems that regulate analgesia and pain

Under naive conditions nociceptive and opioidergic systems have little to no activity, resting
at a basal set point (homeostasis). Several changes occur following injury or strong
nociceptive input. First, Severe tissue injury triggers the development of an opioid receptor-
masked LS that is driven by NMDA NR2 subunit and AC1/Epacl-mediated signaling
(Green line). Second, a compensatory, counter-adaptation -- constitutively active p-opioid
receptor analgesia (Blue line, MOR¢p) -- enables the resolution of pain (red line) and thus
maintains LS in a state of remission. The intensity and degree of sensory information
transmitted through the nociceptive system returns to pre-injury levels while the opponent
processes are potentiated but functionally cancel out one another. Third, if this balance is
perturbed, e.g. upon inverse agonism of MORcp (dotted line), then blockade of tonic MOR
signaling produces a superactivation of the NMDAR—ACL1 pathways and LS can be
visualized as pain reinstatement. Thus, pain is only detectable when endogenous analgesia is
removed, leaving LS unchecked. Fourth, the body gradually becomes dependent on
MORca, Which paradoxically sensitizes pain pathways. Pain begets MORca begets pain in
a vicious cycle. As a result, the nociceptive system becomes dependent on the
counterbalancing signaling of tonic MOR. A recurring failure of MORcp (ie during stress)
may reflect the transition from acute pain to a chronic state of pain vulnerability.
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Representative human studies describing the effect of naloxone on experimental and postoperative pain.
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Overall these studies indicate that naloxone can increase pain, signifying the importance of endogenous opioid
analgesic activity after injury.

Nociceptive model Naloxone dose n  Painreport Reference

electric shock 0.8 mg 5 no change El-Sobsky et al. 1976
electric shock 2mg 21 1 pain Buchsbaumet al. 1977
electric shock plus cold water stressor 0.8 mg 32 1 pain Jungkunz et al. 1983
electric shock and thermal probe 20 mg 24 no change Sacher et al. 1988
Ischemia 2mg 52 1 pain Fridetal. 1981
ischemia 2mg 12 no change Posner and Burke 1985
post-operative pain 9mg 26 1 pain Levineet al. 1978
post-operative pain 0.4-10 mg 77 4 pain Levineet al. 1979
post-operative pain 4mg 6 no change Skjelbred and Lokken. 1983
post-operative pain 10 mg 89 1 pain Gracely et al. 1983
subcutaneous capsaicin 140 pg/kg 20 nochange Benedetti et al. 1999
topical capsaicin 100 pg/kg 12 4 pain Anderson et al. 2002
15t degree burn 21 pg/kg 22 nochange Werner et al. 2013
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In vivo studies in rodents subjected to chronic opioids or tissue injury which directly compare the ability of
naltrexone and 6B-naltrexol to exert intrinsic activity and precipitate physical withdrawal. All of these studies
consistently indicate that naltrexone and 6f3-naltrexol behave as an inverse agonist and a neutral antagonist,
respectively. Thus, both chronic opioids and tissue injury generate constitutive activity at CNS opioid

receptors.
In vivo mouse model Robust Physical withdrawal? | Effecton | Effect on cAMP Comment Reference
basal
GTPyS
binding
Naltrexone Morphine dependence Yes + 1 Wang et al
2001
Morphine dependence Yes 1 T Wang et al
2004
Morphine dependence Yes 1 Raehal et al
2005
Morphine dependence Yes Sirohi et al
2009
Morphine dependence Yes Navani et al
2011
Latent pain sensitization Yes 1 T Hyperalgesia, | Corder et al
neuron 2013
activation and
cAMP
6B-naltrexol Morphine dependence No Wang et al
2001
Morphine dependence No No effect No effect Wang et al
2004
Morphine dependence No No effect L NTX- Raehal et al
induced 2005
decrease in
basal GTPyS
binding
Morphine dependence No L NTX- Sirohi et al
induced 2009
physical
withdrawal
Morphine dependence No J NTX- Navani et al
induced 2011
physical
withdrawal
Latent pain sensitization J NTX- Corder et al
induced 2013
hyperalgesia,
neuron
activation, and
cAMP
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