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Abstract

Pain is a complex experience with far-reaching organismal influences ranging from biological
factors to those that are psychological and social. Such influences can serve as pain-related risk
factors that represent susceptibilities to opioid use disorder. This review evaluates various pain-
related risk factors to form a consensus on those that facilitate opioid abuse. Epidemiological
findings represent a high degree of co-occurrence between chronic pain and opioid use disorder
that is, in part, driven by an increase in the availability of opioid analgesics and the diversion of
their use in a non-medical context. Brain imaging studies in individuals with chronic pain that use/
abuse opioids suggest abuse-related mechanisms that are rooted within mesocorticolimbic
processing. Preclinical studies suggest that pain states have a limited impact on increasing the
rewarding effects of opioids. Indeed, many findings indicate a reduction in the rewarding and
reinforcing effects of opioids during pain states. An increase in opioid use may be facilitated by an
increase in the availability of opioids and a decrease in access to non-opioid reinforcers that
require mobility or social interaction. Moreover, chronic pain and substance abuse conditions are
known to impair cognitive function, resulting in deficits in attention and decision making that may
promote opioid abuse. A better understanding of pain-related risk factors can improve our
knowledge in the development of OUD in persons with pain conditions and can help identify
appropriate treatment strategies.
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1. Introduction

Factors that contribute to the formation of substance use disorders can range from biological
variables to those that are social and environmental. Certain qualities of these factors
constitute vulnerabilities that facilitate substance use and abuse. The impact of these
vulnerabilities may be direct, such as ontogenetic effects that lead to an enhanced propensity
to acquire nicotine and alcohol use during adolescence (Garofoli, 2020; Lees et al., 2020;
O’Dell, 2011). Other factors may be indirect, such as metabolic disorders that consist of
variables like hypoinsulinemia, which can prime a neurobiological landscape that is
favorable for substance abuse (Kénner et al., 2011; O’Dell and Nazarian, 2016; Owens et al.,
2005; Zheng et al., 2013). Likewise, pain serves as a significant contributing factor to
substance use disorders (SUD), most notably opioid use disorder (OUD). This view is
highlighted by the current opioid epidemic in the United States, which was enabled by
liberal prescribing practices of health care providers to individuals seeking treatments for
various pain conditions as well as inadequate regulatory controls, particularly within some
individual states. Such prescribing practices increased opioid availability not only for licit
pain management but also for illicit diversion for use in non-medical contexts. A major
commonality amongst those suffering from OUD is the present or prior experience with
acute or chronic pain. Therefore, pain can be viewed as an indirect vulnerability that allows
the convergence of biological, psychological, and social constructs that result in the
facilitation of opioid abuse and the formation of OUD. This article provides a brief overview
of several variables that may mediate the effects of pain on vulnerability to OUD.
Considerations are given to epidemiology and imaging studies that set the groundwork for
understanding the inception of the opioid epidemic and the role of pain. These sections are
followed by an examination of clinical and preclinical studies that explore the impact of pain
on opioid reward and reinforcement, on access to both opioid and non-opioid reinforcers,
and on cognitive processes that influence vulnerability to OUD. The review concludes with a
consideration of interventions that may be useful in reducing OUD among pain patients. The
goal of this review is to demonstrate and consider the multifactorial nature of the role of pain
in OUD and encourage further discussion and engagement in better understanding their
combined consequences.

2. Epidemiology, imaging and genetic studies in patients with chronic
pain and OUD

2.1 Epidemiology

There are several reviews of epidemiological studies that demonstrate the existence of
significant pain in a large percentage of patients that present for the treatment of OUD.
Likewise, a significant percentage of patients being treated for chronic non-malignant pain
display OUD as well (Juurlink and Dhalla, 2012; Kaye et al., 2017a, 2017b).
Epidemiological studies from people presenting for OUD treatment report that
approximately 60% of OUD patients seeking treatment report chronic pain, defined
generally as moderate to severe pain that has been present for 3 months or longer, compared
to an estimated prevalence of 20% of adults in the general population of the United States
(Cicero et al., 2008; Dahlhamer et al., 2018). Chronic pain is the most prevalent and

Neuropharmacology. Author manuscript; available in PMC 2022 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nazarian et al.

Page 3

consistent comorbidity in this population and was listed as the reason for the initial use of an
opioid in 80% of the patients (Cicero et al., 2008). Other significant psychological
comorbidities found with OUD in patients presenting for treatment include depression
(72%), anxiety (55%), and bipolar disorder (28%). It is clear that the presence of chronic
pain is a risk factor for OUD, and that the presence of OUD is a risk factor for chronic pain.
What is less clear are the underlying mechanisms or additional comorbidities that are
potentially responsible for this association.

Access to strong opioids is now considered one significant factor in promoting OUD in
patients with significant pain, particularly chronic non-malignant pain (Volkow et al., 2018).
The recent surge of OUD can be traced to the liberalization of opioid prescribing practices
beginning in the early 1990’s. Several seminal papers from the late 1980’s to 1990 suggested
that chronic non-malignant pain could be effectively managed in a modest subset of these
patients, provided that effectiveness, side effects, and aberrant behaviors indicative of OUD
were monitored closely (Portenoy, 1996; Rosenblum et al., 2008). Two respected societies
published a position statement calling for chronic opioid therapy to be considered for the
treatment of chronic pain, and the Joint Commission on Health Care called for pain to be
considered the “5t" vital sign”, requiring assessment in all patients and offer of treatment if
found to be significant (Chisholm-Burns et al., 2019; Chou et al., 2009; Kolodny et al.,
2015; Medicine and Society, 1997). The result was a clear correlation between access to
large quantities of opioids and an increase in OUD, emergency room visits for life-
threatening adverse effects, and deaths from overdose (Cicero et al., 2005). Analyzing the
dramatic change in the demographics of OUD across these decades is also informative on
how drug access strongly influences epidemiological data (Cicero et al., 2015, 2014, 2005).
These data show that in the 1960°s, OUD was mostly characterized as a predominantly male
phenomenon with heroin as the primary drug of choice. However, with increased access to
opioids through legitimate medical practice, OUD became a predominantly gender-neutral
phenomenon driven largely by misuse or abuse of hydrocodone and oxycodone, as well as
some other commonly prescribed drugs. A majority of patients presenting for treatment for
OUD now list pain treatment as the main reason for initiating opioid use and a drug other
than heroin as the original opioid taken. This is in stark contrast to the earlier decades,
during which pharmaceutical opioids were not as readily available. Determining the role of
pain per se in the neurobiology of OUD in humans is therefore confounded by increased
access, a known factor for OUD in general.

Another factor that can influence the ability to directly identify the presence of chronic pain
as a risk factor for OUD is that some of the same comorbidities serve as risk factors for each
separate disorder (Brooner et al., 1997; Cicero et al., 2008; Wiech and Tracey, 2009). These
include previous trauma, either physical or psychological, particularly during adolescence
(Geisser et al., 1996; Gibson, 2012; Gupta, 2013; Martin et al., 2010; O’Donnell et al., 2009;
Pagé et al., 2018; Roth et al., 2008). General anxiety disorder is a risk factor for both chronic
pain and OUD, irrespective of their co-occurrence (Kleiman et al., 2011). The same is also
true for depression, as patients with pre-existing clinical depression are 5 times more likely
to develop fibromyalgia and 6 times more likely to develop chronic pain after injury as those
without depression (Caputi et al., 2019; Miller and Cano, 2009; Williams et al., 2004).
Depression is also found to be present in patients presenting with OUD at comparable
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increased rates of occurrence compared to the general population, regardless of the presence
of pain (Adan et al., 2017; Davis et al., 2008). Given the co-occurrence of psychiatric
disorders with chronic pain or OUD, the role that chronic pain has as a separate risk factor
for OUD is unclear (Wiech and Tracey, 2009). This may seem inconsequential from a
statistical or epidemiological perspective; however, from a neurobiological or mechanistic
point of view, these data suggest alternative hypotheses that may only be resolved in a
controlled laboratory setting.

Other significant comorbidities that are present between chronic pain patients and those with
OUD are the use, misuse, or abuse of other common drugs of abuse. These include alcohol,
tobacco, and cannabis primarily. Alcohol and tobacco use are high in the general population,
but disproportionally so in both chronic pain patients and those with OUD (Ditre et al.,
2011; Martel et al., 2018; McHugh et al., 2020; Robins et al., 2019; Witkiewitz and Vowles,
2018). Cannabis use and misuse is likewise relatively high in patients with chronic pain
(Martel et al., 2018). Past or current use of all three of these substances is a significant risk
factor for both the development of chronic pain and OUD. Whether these data represent
coincident but not causative factors, separate unrelated factors, or mechanistic
neurobiological factors with distinct mechanisms that relate to increased risk of pain and
OUD remain to be elucidated.

2.2. Imaging and genetic studies

Beyond the statistical analysis of epidemiological data, other studies that suggest similarities
in the neurobiology of chronic pain and OUD are imaging and genetic studies. Human
imaging studies in chronic pain patients and those suffering from OUD identify several
overlapping brain regions that suggest potential common neurobiological mechanisms.
Regions of the frontal cortex, including the anterior cingulate and medial prefrontal cortex,
display reduced activity and ultrastructural changes indicative of decreased activity and
connectivity changes in both chronic pain patients and those with OUD (McConnell et al.,
2020; Wollman et al., 2017). These data suggest that diminished frontal cortical activity
induced by chronic pain may be one factor that predisposes such patients to OUD, and
likewise may explain the increased occurrence of chronic pain in OUD patients. While these
regions are typically associated with effects on cognition and executive function, they also
influence limbic regions such as the amygdala and the nucleus accumbens (NAc), which are
critical components of the reward system. There are relatively fewer studies on genetic and
epigenetic changes that occur across both chronic pain and OUD patients; however, some
similar changes have been shown to exist with respect to mu-opioid receptor (MOR) splice
variants (Barbierato et al., 2015; Crist et al., 2018; Pecifia et al., 2015). Genes associated
with both alcohol use disorder and chronic pain include SHT7 serotonergic receptors, alpha
1a adrenergic receptors, and many others comprising catecholaminergic systems and stress
and immune modulators (Yeung et al., 2017). The potential role of these alterations beyond
simple correlation will be a topic for research in future controlled laboratory animal studies.
A unifying hypothesis has been put forth that pain chronification leads to both a decrease in
activation of limbic reward circuitry induced by natural rewards, as well as pain-related
increased activity in brain regions and mechanisms that counter activation of reward systems
by activating mechanisms associated with stress and depression, so-called “anti-reward”
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mechanisms (Borsook et al., 2016; EIman and Borsook, 2016). Such hypotheses and precise
mechanisms are likely best studied in preclinical animal models with appropriate pain
manipulations and behavioral outcomes.

2.3. Summary

The epidemiological data and limited controlled studies indicate clearly that the incidence of
chronic pain is high in people presenting with OUD, and vice versa, compared to the general
population. Despite several confounding variables, data are available from imaging and
genetic studies that suggest potential mechanisms. Evaluating causative mechanisms will
likely involve appropriate laboratory animal studies reverse engineered to reflect the clinical
data as closely as possible. The status of this effort is described in the following sections.

3. Examination of opioid reward and reinforcement in the presence of pain

One possible mechanism for pain-related increase in OUD risk is a pain-related increase in
the reinforcing and rewarding effects of MOR agonists that maintain opioid-taking behavior.
This possibility has been extensively studies in preclinical procedures of drug self-
administration, intracranial self-stimulation, and place conditioning that are used to examine
drug reinforcement and reward.

3.1.1. Drug self-administration—Self-administration is widely considered the gold
standard for evaluation of both the abuse potential of drugs across many pharmacological
classes as well as mechanisms related to this abuse potential (Ator and Griffiths, 2003;
Henningfield et al., 1991). As the name suggests, self-administration procedures involve
voluntary drug consumption by the subject under study. This is typically achieved by
making intravenous (1V) infusions contingent upon behavioral responses, and reinforcement
is evidenced by a greater rate of behavior maintained by drug infusions than by vehicle
infusions or no infusion. Implantation of a chronic indwelling venous catheter is required,
and several procedures are described for implantation and maintenance of 1V catheters in
rodents and nonhuman primates (Howell and Fantegrossi, 2009; Weeks, 1962). Voluntary
oral consumption has also been documented in rodents and nonhuman primates, principally
for ethanol but also for opioids in several studies (Meisch, 2001). Opioids and
psychostimulants reliably maintain robust behavior in these models, while the reinforcing
effects of alcohol and nicotine are typically modest in comparison (Goodwin et al., 2015).
Hallucinogens and cannabinoids are difficult to study using these methods and do not
generally maintain robust behavior in most nonhuman species (John et al., 2017; Justinova et
al., 2005). A myriad of factors influence behavior in drug self-administration studies,
including but not limited to the reinforcement schedule, dose, route of administration, and
species. Comprehensive reviews are provided in the literature, and even a cursory summary
of these studies is beyond the scope of this article (Miiller, 2018; Panlilio and Goldberg,
2007). For the purpose of this review, pain manipulations as modulating stimuli for drug
self-administration have been largely limited to the study of IV opioid self-administration in
rodents, and this will serve as the focus for this section.
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The primary outcome measure for drug self-administration studies is generally the rate of
behavior maintained by contingent drug presentation, typically lever presses or nose-poke
responses. It is important to understand how drug dose affects response rates under different
schedules of reinforcement to make accurate and logical conclusions from these experiments
(Sizemore and Martin, 2000). For simple fixed-ratio (FR) schedules, in which a fixed
number of responses is required for each injection, an inverted U-shaped dose-effect curve is
typical for opioids, but can be difficult to achieve for other drugs, psychostimulants in
particular (Figure 1) (Sizemore et al., 1997; Sizemore and Martin, 2000). On the ascending
limb of the dose-response curve low doses of drug maintain low rates of behavior, and the
response rate increases with increasing drug dose until the maximum rate is achieved. On
the descending limb, further increases in drug dose result in decreases in response rate. The
descending limb is hypothesized to result from increases in rate-decreasing drug effects (e.g.
sedation) with increasing dose, as well as satiety of the reinforcing stimulus in concert with
pharmacokinetics and increased duration of effect as the dose is increased. To properly
evaluate changes in reinforcement under FR schedules, it is important to know where the
dose or doses under study fall on the inverted U-shaped dose-effect curve (Figure 2)
(Calabrese, 2008).

Other schedules of reinforcement that have been commonly used include progressive-ratio
(PR) and food-drug choice (FDC). For PR schedules, the number of responses required for
delivery of the contingent drug infusion increases with subsequent infusions according to a
predetermined array, which is generally logarithmic (Richardson and Roberts, 1996). The
primary outcome measure is the highest ratio completed, typically defined by limiting the
maximal time interval allowed between responses within a given ratio (Figure 1).
Psychostimulants maintain robust responding under PR schedules, whereas opioids are often
less effective, and both drug classes usually generate a monotonically increasing dose-
response curve (Rowlett, 2000; Stafford et al., 1998). For FDC schedules, responses on two
separate manipulanda are reinforced by either delivery of drug infusions or food (Banks and
Negus, 2017; Negus and Banks, 2018). The subject is free to choose between drug and food,
and the available drug dose can be manipulated within daily sessions or across days (Figure
1). The primary outcome measure is the percentage of trials for each component in which
the subject chooses drug infusions, and the dose-effect curve is typically monotonically
increasing with respect to drug dose. These different schedules of reinforcement add value to
the evaluation of reward mechanisms for drugs, including opioids; however, effects of pain
manipulations on self-administration of drugs including opioids have been largely
documented with FR schedules.

3.1.2. Opioid self-administration—Opioid self-administration typically has been
studied using IV delivery and relatively simple schedules of reinforcement, such as FR.
More recently others have used PR schedules with the ultrafast acting opioid remifentanil
(Panlilio and Schindler, 2000), and FDC studies have been documented in both rats and
nonhuman primates (Townsend et al., 2019). Initial studies with opioids in self-
administration models primarily examined lever pressing maintained by morphine infusions
in rats and nonhuman primates made physically dependent through a schedule of increasing
doses of noncontingent infusions or injections (Thompson and Schuster, 1964). Later studies

Neuropharmacology. Author manuscript; available in PMC 2022 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nazarian et al.

Page 7

demonstrated that morphine and heroin would maintain robust behavior in non-dependent
subjects. The dose-effect curves for numerous MOR agonists demonstrate that the rate of
behavior coincides with drug potency and efficacy to activate MORs (Martin et al., 2007).
Escalation of intake over several orders of magnitude occurs with continuous access to
heroin self-administration and is consistent with the development of tolerance and physical
dependence (Sim-Selley et al., 2000). Even relatively modest escalation of heroin intake (3—
4 fold) through self-administration is also associated with the development of mechanical
hypersensitivity, suggesting that some nociception may be present under these conditions
(Edwards et al., 2012). Numerous other reviews summarize the findings of this large
literature (Gerak et al., 2020).

3.1.3. Effects of pain manipulations on opioid self-administration—While
numerous factors determine the behavioral effects and the nature of the dose-response curve
of MOR agonists in self-administration models, most of these variables have not been
manipulated or assessed in studies that specifically examine the effects of pain
manipulations on reinforcement. Some of the earliest studies that examined how pain
models influence opioid self-administration focused on inflammatory pain in arthritic rats
induced by the administration of Complete Freund’s Adjuvant (CFA). One study found that
arthritic rats self-administered IV morphine at a lower rate than control animals, an effect
that was reversed by indomethacin, suggesting that inflammatory pain reduces the
reinforcing effects of opioids (Lyness et al., 1989). Conversely, oral intake of fentanyl was
shown to increase with the development of CFA-induced arthritis in rats, and intake mirrored
the arthritic process (Colpaert et al., 2001, 1982). Additionally, CFA-induced arthritis
attenuated low dose heroin self-administration under both FR and PR schedules of
reinforcement in rats, whereas high-dose heroin self-administration approximately doubled
under the FR schedule but did not change under the PR schedule (Hipdlito et al., 2015). In
rats with L5/L6 peripheral injury, the effect of neuropathic pain on opioid intake was found
to be dependent on the opioid studied and dose, with the dose-effect curves being shifted
downward and to the right to varying degrees (Martin et al., 2007). The dose-effect curves
for morphine, fentanyl, and hydromorphone were shifted substantially downward, with self-
administration being maintained only at the highest doses that maintain the behavior in
uninjured rats. Heroin and methadone maintained self-administration in nerve-injured rats
over a broader range of doses on the descending limb of the dose-effect curve, but not at
doses on the ascending limb. The rate of drug intake of all opioids and at all doses was
consistent with modeled titration of reduction in mechanical allodynia in rats with nerve
injury, suggesting that drug intake was motivated to some extent by alleviation of
hypersensitivity. Moreover, intrathecal clonidine reduced heroin intake through self-
administration selectively in nerve-injured rats, while adenosine did not. It is noteworthy that
in humans with neuropathic pain, intrathecal clonidine and adenosine both reduce allodynia
but only clonidine reduces spontaneous pain (Eisenach et al., 2003, 1995). These data
collectively suggest that neuropathy and putative neuropathic pain diminish opioid
reinforcement, such that higher doses will be required to maintain self-administration and
the effect is dependent upon the relative intrinsic efficacy of the agonist, as the major
metabolite of heroin, 6-monoacetylmorphine, and methadone have greater intrinsic efficacy
at the MOR than morphine, fentanyl or hydromorphone (Selley et al., 2001, 1998). The
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sparing effect of intrathecal clonidine but not adenosine suggests that spontaneous pain
rather than mechanical allodynia has a major role in the titration of opioid effect through
self-administration. It is also noteworthy that intrathecal clonidine will maintain self-
administration in rats with L5/L6 nerve ligation, but not in uninjured animals (Martin et al.,
2006). These data predict that the presence of pain would result in a preference for higher
doses of opioids, and opioids of greater efficacy including heroin. Further, it suggests that
successful treatment of chronic pain, such as with intrathecal clonidine, will decrease the
propensity to self-administer high doses of heroin or other opioids.

Several studies have addressed the neurobiological changes that occur in the brain following
pain manipulations, including changes in classical reward circuitry and in cortical regions
including the cingulate cortex and amygdala. These changes are thought to influence opioid
reinforcement mechanisms in the presence of chronic pain. MORs are particularly dense in
the amygdala, a brain region that integrates noxious peripheral input with the limbic system
(Herkenham and Pert, 1982; Sim et al., 1995). Irreversible inhibition of MORs in the central
amygdala with the alkylating antagonist beta-funaltrexamine increases the rate of intake for
self-administered heroin in nerve-injured but not normal rats, an effect that persists for up to
2 weeks after beta-funaltrexamine treatment (Martin et al., 2011). This suggests that
integration of peripheral nociceptive input with the limbic system through the amygdala is
important for self-regulation of opioid intake, likely by reducing the influence on
downstream limbic targets by direct action on MORs in this region. Other studies have
indicated that MOR coupling to G-proteins in the ventral tegmental area (VTA) is reduced in
the presence of pain in mice, suggesting another possible mechanism by which pain may
shift the dose-response curve for opioid reinforcement (Ozaki et al., 2002). Elevation of
dopamine in the NAc during heroin self-administration is attenuated in rats with CFA-
induced arthritis, further implicating altered limbic system function in the presence of pain
as a mechanism for diminished opioid reinforcement (Hipdlito et al., 2015). Increased
dynorphin release and an upregulation in kappa opioid receptor activation within the NAc
has also been shown with CFA-induced arthritis in rats, and is responsible at least in part for
induction of negative affect (Massaly et al., 2019). It has been suggested that the
fundamental neurobiology of opioid reinforcement differs depending on the presence or
absence of pain, with some potential overlap in negative reinforcing mechanisms between
pain and physical dependence/withdrawal (Shurman et al., 2010). The studies cited above
suggest several potential sites and mechanisms by which pain may modify opioid
reinforcement in animal models. There is a need to examine the interactions between pain
and opioid reinforcement and underlying mechanisms in other pain and self-administration
models, including more sophisticated models such as FDC procedures.

3.1.4 Summary—The effects of pain manipulations on opioid self-administration
suggest that inflammatory or neuropathic pain models decrease the reinforcing effects of
opioids. This is evidenced by shifts in the dose-effect curve downward and/or to the right, or
by decreased self-administration of lower but not higher doses when the full dose-effect
curve was not determined. Potential sites of altered reinforcement mechanisms include the
classical dopaminergic pathways from the VTA to the NAc as well as the amygdala. The
growing body of literature for neurobiological effects of acute and chronic pain as well as
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novel behavioral assessments of pain behavior, including novel drug self-administration
paradigms, should provide a future framework for evaluating the effects of pain
manipulations on opioid self-administration and potential mechanisms.

Intracranial Self-Stimulation

Like drug self-administration procedures, intracranial self-stimulation (ICSS) is another
family of operant behavioral procedures that has proven useful for examining the abuse
potential of drugs (Carlezon Jr. and Chartoff, 2007; Kornetsky and Esposito, 1979; Negus
and Miller, 2014; Wise, 1996). In ICSS procedures, subjects are equipped with a chronic
indwelling microelectrode targeting a brain-reward area and trained to emit an operant
response such as pressing a lever to receive pulses of electrical brain stimulation (Figure
3A). In one common variant of ICSS, the frequency of electrical stimulation can then be
systematically manipulated during daily sessions from low to high levels that maintain low
to high rates of responding (Figure 3B) (Negus and Miller, 2014). This type of “frequency-
rate” curve can then serve as a behavioral baseline to examine the effects of drugs, pain
states, or their combination. As one example of effects produced by an abused drug on ICSS
frequency-rate curves, Figure 3B shows the effects of increasing doses of amphetamine
(Bauer et al., 2013). Amphetamine, which promotes the release of dopamine from
dopaminergic neurons such as those projecting from the VTA to the NAc, is a known drug of
abuse, and it produces effects in the frequency-rate procedure that are typical of drugs with
abuse liability: a dose-dependent leftward shift in the frequency-rate curve and increase in
low ICSS rates maintained by low brain-stimulation frequencies. This pattern of drug effects
is often referred to as “facilitation,” and ICSS facilitation is characteristic of abused drugs
(Negus and Miller, 2014). Conversely, drugs with low abuse potential [e.g. the serotonin-
selective releaser fenfluramine;(Bauer et al., 2013)] fail to facilitate ICSS up to doses that
produce motor impairment.

3.2.1. Effects of opioids on ICSS—Under some conditions [e.g. in Fisher-344 rats;
(Ewan and Martin, 2012, 2011a, 2011b)], morphine and other MOR agonists produce ICSS
facilitation in opioid-naive subjects. However, MOR agonists often produce a different
profile of effects that is strongly influenced by the history of opioid exposure (Negus and
Moerke, 2019; Reid, 1987). Specifically, morphine and other MOR agonists often fail to
produce ICSS facilitation in opioid-naive subjects and instead produce primarily only ICSS
depression. However, repeated daily treatment with morphine can produce tolerance to ICSS
depression and the emergence of ICSS facilitation that becomes more pronounced and
occurs earlier in the time course of drug effects as opioid exposure increases (Altarifi et al.,
2013; Legakis and Negus, 2018; Miller et al., 2015). For example, Figures 3C and D show
data from male Sprague-Dawley rats with electrodes implanted in the medial forebrain
bundle and compares the effects of morphine before and after treatment with 3.2 mg/kg/day
subcutaneous (SC) morphine for seven days. Before repeated daily treatment, morphine
primarily depressed ICSS (Figure 3C); however, following daily treatment, a dose of
morphine that depressed ICSS in opioid-naive animals (3.2 mg/kg, SC) produced facilitation
and the leftward shift in the frequency-rate curve typical for drugs of abuse (Figure 3D).
These data provide evidence that increases in opioid exposure can increase opioid reward.
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3.2.2. Effects of pain manipulations on ICSS—ICSS can also be used to examine
the behavioral effects of various pain-related manipulations. Clinically relevant pain states
often involve depression of behavior and mood, and preclinical assays have been developed
in rodents to assess the expression and treatment of pain-related depression of unconditioned
behaviors, such as feeding (Kwilasz and Negus, 2012), wheel running (Kandasamy et al.,
2016; Stevenson et al., 2011), and nesting (Negus et al., 2015). Positively reinforced operant
behaviors such as ICSS, are also sensitive to depression by some pain manipulations. For
example, intraperitoneal (IP) injection of dilute lactic acid can serve as an acute visceral pain
stimulus to produce significant, transient (<1 hr) rightward shifts in ICSS frequency-rate
curves (Altarifi et al., 2015; Altarifi and Negus, 2015; Brust et al., 2016; Negus et al., 2010;
Pereira Do Carmo et al., 2009). This type of rightward and downward shift in ICSS
frequency-rate curves may reflect a combination of pain-related anhedonia (i.e., decreased
sensitivity to normally reinforcing stimuli) and/or motor impairment. Moreover, this pain-
related depression of ICSS is associated with depression of mesolimbic dopamine release, a
neurochemical correlate of anhedonia, and motor impairment (Leitl et al., 2014). Pain-
related depression of both ICSS and mesolimbic dopamine release can be blocked by
clinically effective analgesics (Leitl et al., 2014).

Relative to the transient ICSS depression produced by IP acid injection, inflammatory pain
manipulations such as intraplantar (IPL) injection of CFA and surgical paw incision can
produce more sustained ICSS depression for periods of hours (for CFA) to days (for paw
incision) (Ewan and Martin, 2014; Leitl et al., 2014; Leitl and Negus, 2016). However,
neuropathic pain manipulations generally have little effect on ICSS. For example, L5/L6
spinal nerve ligation (SNL) is a model of neuropathic pain that can produce sustained
hypersensitivity of hind paw-withdrawal responses to tactile stimuli for weeks to months,
but SNL did not depress ICSS in rats (Ewan and Martin, 2014, 2012, 2011a). Similarly, IPL
formalin injection and repeated IP paclitaxel treatment are widely-used models of
chemically induced neuropathic pain sufficient to produce mechanical hypersensitivity in
rats for weeks to months, but these treatments also failed to reliably depress ICSS (Legakis
et al., 2018; Legakis and Negus, 2018; Selley et al., 2020).

3.2.3. Interactions Between Pain Manipulations and Opioids on ICSS—Several
studies have examined interactions between putative pain states and opioid effects on ICSS,
and in general, these studies have found that pain states either do not alter or decrease
opioid-induced ICSS facilitation. No studies have found that pain states increase opioid
reward in ICSS procedures. As a result, these ICSS studies suggest that pain states do not
increase opioid reward, and may decrease it.

An important variable in studies of pain-opioid interactions is the temporal relationship
between exposure to pain and opioid stimuli. Opioid reward can be examined during and/or
after a pain manipulation and compared either to opioid reward in separate subjects not
exposed to the pain manipulation (a between-subjects comparison) or to opioid reward in the
same subjects determined before the pain manipulation (a within-subjects comparison).
Clinical exposure to opioids often occurs in the context of treatment for an acute pain
episode (e.g. post-surgical pain) in patients who are initially opioid naive, and as a result,
one clinical concern is the degree to which initial exposure to opioids for pain relief might
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alter later vulnerability to opioid reward when the pain state has resolved. With this in mind,
one advantage of ICSS as compared to drug self-administration procedures for examining
abuse-related effects of opioids is that the expression of opioid reward can be monitored
during the earliest stages of opioid exposure in opioid-naive subjects with or without pain
states. For example, one study evaluated effects produced by daily treatment of male
Sprague-Dawley rats with morphine during and after repeated treatment with either IP saline
or IP lactic acid as an acute visceral noxious stimulus (Miller et al., 2015). Repeated
morphine administration resulted in the emergence of abuse-related ICSS facilitation
regardless of whether it was given during and after repeated daily injection of IP acid or acid
vehicle; thus, pairing daily morphine with a daily acute pain stimulus failed to protect
against the emergence of morphine-induced ICSS facilitation. A related study compared the
effects of repeated daily administration of morphine on ICSS in rats treated previously with
either saline or paclitaxel in a model of chemotherapy-induced neuropathic pain (Legakis
and Negus, 2018). Once again, repeated morphine injections in the vehicle-treated rats
resulted in the emergence of abuse-related ICSS facilitation. The paclitaxel treatment
regimen (4 total injections of 2.0 mg/kg IP administered every other day for 7 days) was
sufficient to produce mechanical hypersensitivity for several weeks (assessed using von Frey
filaments to determine threshold mechanical force to elicit paw withdrawal), and this
mechanical hypersensitivity was alleviated by daily morphine injections; however, the
paclitaxel-induced pain state did not alter baseline ICSS and did not protect against the
emergence of morphine-induced ICSS facilitation during repeated morphine treatment.
Thus, once again, a putative pain state failed to prevent the emergence of morphine-induced
ICSS facilitation.

In contrast to the results described above, which used models of acute pain and
chemotherapy-induced neuropathic pain in Sprague-Dawley rats, a different pattern of
results has been described in studies using the SNL model of neuropathic pain in male
Fischer 344 rats (Ewan and Martin, 2011a, 2011b). In these studies, morphine and other
MOR agonists produced dose-dependent ICSS facilitation in opioid-naive subjects. As with
the paclitaxel model of neuropathy described above, subsequent nerve ligation produced
sustained mechanical hypersensitivity without altering baseline ICSS responding. However,
this SNL model of neuropathy blocked morphine-induced ICSS facilitation, and it attenuated
ICSS facilitation produced by the other MOR agonists heroin, methadone, fentanyl, and
hydromorphone. Given the acute administration regimen of the MOR agonists, this study did
not evaluate the degree to which the SNL model of neuropathic pain might attenuate the
trajectory of increased MOR agonist reward with repeated MOR agonist treatment.
Nonetheless, these findings suggest a pain-related attenuation of morphine reward.

3.2.4. Summary—MOR agonists produce rewarding effects in ICSS procedures, and
these rewarding effects can increase in magnitude with repeated opioid exposure. Pain
models either do not alter or decrease the rewarding effects of opioids in ICSS procedures.
To date, no ICSS studies have suggested that pain states increase opioid reward.
Additionally, ICSS studies suggest that repeated opioid exposure can increase the expression
of opioid reward regardless of whether that exposure occurs in the context of a pain state or
not.
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3.3. Place Conditioning

Place conditioning is a classical conditioning procedure that involves the pairing of an
unconditioned stimulus with a conditioned stimulus to produce a learned conditioned
response (Bardo and Bevins, 2000; Tzschentke, 2007, 1998). These procedures typically
rely on experimental chambers that consist of at least two separate but equally sized
compartments distinguished by different environmental stimuli (e.g. different wall colors
and floor textures). The experimental design consists of three phases. During the first phase
(pre-conditioning baseline), a door separating the compartments is open, subjects are
allowed to explore the entire chamber for a specified period of time (e.g. 15 min), and
baseline preference for the two chambers is determined. During the second phase
(conditioning), the door separating the compartment is closed, and subjects are confined on
some occasions to one compartment after treatment with a specified dose of test drug and on
other occasions to the other compartment after treatment with vehicle. During this phase, the
drug serves as the unconditioned stimulus, and the environmental stimuli of the drug-paired
compartment serve as a constellation of stimuli that may become associated with drug
effects and come to function as a conditioned stimulus. During the third phase (post-
conditioning test), the door separating the compartments is again opened, and subjects can
again explore the entire chamber as during Phase 1. If preference increases for the drug-
paired compartment, then the drug is considered to produce a conditioned place preference
(CPP) as a conditioned response, and this CPP is interpreted as a rewarding effect predictive
of abuse potential. Alternatively, low abuse potential is predicted if a drug does not alter
preference or produces a conditioned place aversion (CPA, a decrease in preference for the
drug-paired compartment).

3.3.1. Effects of Opioids on Place Conditioning—MOR agonists generally produce
dose-dependent CPP in the absence of a pain state. As one example, Shippenberg et al.
(1988) evaluated the place-conditioning effects of morphine (0.3-5.0 mg/kg, SC) in male
Sprague Dawley rats. Each dose was tested in a different group of rats, and morphine doses
of 3.0 and 5.0 mg/kg produced CPP, whereas lower doses of 0.3 and 1.0 mg/kg did not. One
important variable in place-conditioning procedures is the number of conditioning sessions,
and opioid potency tends to decrease as the number of conditioning sessions decreases. For
example, in the Shippenberg et al. 1988 study cited above, morphine- and vehicle-
conditioning sessions alternated daily for six days such that there were three conditioning
sessions with morphine and three with saline before testing on the seventh day. For
comparison, Nazarian and colleagues (Armendariz and Nazarian, 2018; Harton et al., 2017)
established morphine CPP in male (and female) Sprague Dawley rats using only one
morphine and one vehicle conditioning session on sequential days; however, morphine CPP
was observed only at 8 mg/kg SC and not at lower doses of 1 or 4 mg/kg.

3.3.2. Effects of pain manipulations on place conditioning—Pain manipulations
have been evaluated in two ways using place conditioning procedures. First, relatively
rapidly acting and transient pain states lasting on the order of minutes to hours can be used
as unconditioned stimuli that are paired with one compartment of the place-conditioning
chamber to produce a CPA. For example, Bagdas et al. (Bagdas et al., 2016) tested a range
of IP lactic acid concentrations as a transient noxious stimulus to produce a CPA in mice.
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For these studies, mice received a specified concentration of IP acid for a single conditioning
session in the acid-paired compartment and IP vehicle for a single conditioning session in
the other compartment. Testing revealed an acid concentration-dependent CPA.

More sustained pain states produced by many inflammatory and neuropathic pain models
are not amenable to CPA experimental designs because the slow onset and long duration of
the pain state (days to weeks) exceeds the length of a typical conditioning session (minutes
to hours). As a result, it is challenging to effectively pair a chronic pain state as an
unconditioned stimulus with the environmental stimuli of a single compartment during a
conditioning session. Instead, place conditioning studies with chronic pain models use a
different experimental design that will be described in more detail below.

3.3.3. Interactions between pain manipulations and opioids on place
conditioning—The key issue for this review is whether pain states modify opioid-induced
CPP. Relatively transient pain models either do not alter or decrease morphine potency to
produce CPP. For example, 10 mg/kg SC morphine was the minimum dose to produce CPP
in adult male ICR mice using a single-conditioning session, and co-administration of IP acid
as an acute noxious stimulus did not alter this morphine-induced CPP (Bagdas et al., 2016).
Similarly, 10 mg/kg morphine IP produced a CPP in male Sprague-Dawley rats, and IPL
carrageenan as a transient inflammatory stimulus did not affect this CPP, although it may
have attenuated CPP produced by lower morphine doses (van der Kam et al., 2008). In
neither study did the pain model increase morphine CPP.

In studies with more chronic pain models, a pain manipulation or its control is implemented
before any conditioning, and the putative pain state is presumed to be present throughout
conditioning and testing. Under these conditions, the pain state does not become associated
with either chamber; rather, the goal is to pair drug as the unconditioned stimulus with one
of the two chambers and evaluate the degree to which a putative pain state modifies drug-
induced place conditioning (Negus, 2019). Drug-induced CPP under these conditions is
interpreted as a summation of both (1) any positive rewarding effects the drug may produce
independent of the pain state (as indicated by CPP in a separate group of controls without
the pain manipulation) and (2) negative rewarding effects associated with relief of the
underlying pain state. Opioid effects under these conditions have been inconsistent. Most
studies have found either no change or a decrease in MOR agonist CPP in the context of
various chronic pain models (Armendariz and Nazarian, 2018; Betourne et al., 2008;
Neelakantan et al., 2016; Niikura et al., 2008; Ozaki et al., 2002; Petraschka et al., 2007;
Shippenberg et al., 1988; Sufka, 1994; Suzuki et al., 1996). However, some studies have
reported enhancement in either the potency or magnitude of opioid CPP (Armendariz and
Nazarian, 2018; Cahill et al., 2013; Navratilova et al., 2015; Nwaneshiudu et al., 2020;
Woller et al., 2012; Zhang et al., 2014). As one example of the varied effects of chronic pain
models on opioid CPP, Armendariz and Nazarian (2018) determined morphine CPP dose-
effect curves in male and female Sprague Dawley rats beginning 1 day or 7 days after IPL
CFA or IPL vehicle. In studies beginning one day after IPL CFA, morphine potency to
produce CPP was not changed in males and was decreased in females relative to effects in
rats treated with IPL vehicle; however, in studies beginning 7 days after IPL CFA, morphine
potency to produce CPP was increased in both sexes. This contrasts with results from an
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earlier study that found no change in the morphine CPP dose-effect curve in male Sprague
Dawley rats when conditioning began seven days after IPL CFA (Shippenberg et al., 1988).
The critical factors that influence pain-model effects on opioid-induced CPP remain to be
determined.

3.3.4. Summary—MOR agonists produce rewarding effects in place-conditioning
procedures, consistent with their abuse potential. Relatively transient pain models either do
not alter or decrease opioid reward in these procedures. The effects of more chronic pain
states have been inconsistent; no changes, decreases, and increases in morphine CPP have
been observed in the context of different chronic pain models, and no clear factors have been
identified that determine which type of effect is observed.

4. Opioid availability, substance abuse, and pain

Given the weak evidence for pain-related increases in opioid reinforcement and reward,
other factors warrant consideration as mediators of the relatively high rates of OUD in pain
patients. One obvious potential mediator of higher opioid use by pain patients is higher
access to and use of opioids due to medical prescriptions. The distribution of opioid
analgesics is regulated by agencies such as the Drug Enforcement Administration in the
United States, and licit use requires a prescription. Opioid prescription rates rose steadily in
the United States during the early 2000s and peaked in 2012 at approximately 255 million
total prescriptions (81.3 prescriptions per 100 persons) before declining by 2018 to
approximately 168 million prescriptions (51.4 per 100 persons) (Centers for Disease Control
and Prevention; https://www.cdc.gov/drugoverdose/maps/rxrate-maps.html). From the
perspective of the pain patient, opioid prescriptions increase opioid availability, provide
explicit guidance on opioid use, and specify the occasions for opioid consumption. Of
course, pain treatment is the legitimate clinical rationale for this opioid use; however, given
that opioid analgesics produce reinforcing effects regardless of clinical intent, any opioid use
initially reinforced by adherence to clinical instructions also provides opportunities for the
user to experience reinforcement by opioid effects on brain reward systems. Ultimately,
drug-taking behavior may come to be maintained by opioid reinforcement independent of
clinical instructions or therapeutic rationale.

An additional complication is that, while opioid reinforcement does not appear to be
increased by pain states, it can be increased by even modest periods of opioid exposure. In
opioid-naive animals or humans, the reinforcing effects of opioids that increase the
probability of drug-taking behavior may be countered and constrained by other opioid
effects (e.g. sedation or negative subjective effects) that decrease the probability of drug-
taking behavior. However, tolerance can develop relatively quickly to these opposing effects
to allow increased impact of opioid reinforcement and reward. One example of preclinical
evidence for this phenomenon was described above in the section on ICSS (Legakis and
Negus, 2018; Miller et al., 2015). In opioid naive rats, MOR agonists like morphine often
fail to produce abuse-related ICSS facilitation interpreted as reward, and instead produce
dose-dependent ICSS depression suggestive of sedation and/or aversive effects. However,
repeated daily treatment for as few as six days can produce tolerance to the ICSS rate-
decreasing effects of opioids and increase expression of ICSS facilitation. Moreover, this
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trajectory of increased ICSS facilitation over time with repeated daily opioid exposure is not
altered by the presence of a pain state. Repeated opioid exposure can also promote
escalation of opioid self-administration (Deneau et al., 1969; Walker et al., 2003; Zernig et
al., 2007), enhance expression of opioid-induced CPP (Lett, 1989), and increase reward-
related opioid effects on mesolimbic dopamine signaling (Lefevre et al., 2020). Moreover,
high levels of opioid consumption can produce physical dependence and introduce opioid
withdrawal as a negative reinforcer that further supports continuing opioid use (Negus and
Banks, 2018; Shurman et al., 2010). Taken together, these findings suggest the prescription
of opioid analgesics to treat pain may promote opioid use not only providing opportunities
for opioid reinforcement, but also by producing a pattern of opioid exposure that enhances
subsequent opioid reinforcement.

5. Reduced access to non-opioid reinforcers/rewards

Human behavior occurs in environments that contain not only opioids, but also other types
of reinforcers such as food, social interaction, and money. Individuals allocate their behavior
between the acquisition of opioid and non-opioid reinforcers, and OUD is defined in part by
excessive behavioral allocation to opioid use at the expense of more adaptive behaviors
maintained by non-drug reinforcers (Banks and Negus, 2017). Both laboratory-animal and
human studies have shown convincingly that drug-taking behaviors can be reduced by the
introduction of alternative non-opioid reinforcers, or reciprocally, be enhanced by the
removal of alternative reinforcers (Banks and Negus, 2012; Carroll, 1993; Higgins, 1997).
These findings suggest another plausible mechanism by which pain states could enhance
opioid use and increase vulnerability to OUD. Specifically, a common sign of clinically
relevant pain is functional impairment, such that pain patients may have difficulty walking,
working inside or outside the home, or engaging in other normal activities maintained by
non-opioid reinforcers (Dworkin et al., 2005; Jensen et al., 2007). Consistent with this
clinical observation, preclinical studies have also reported that some experimental pain states
can decrease operant responding maintained by a range of nondrug reinforcers including
food (Cone et al., 2018; Martin et al., 2004), electrical brain stimulation (as described for
ICSS studies in Section 3.2.2 above), and escape from aversive light (Pahng et al., 2017).
Preclinical pain models can also decrease many types of unconditioned behaviors including
wheel running, exploration of an open field, nesting/burrowing, and feeding (Negus, 2019;
Tappe-Theodor et al., 2019). This pain-related functional impairment can reduce access to
alternative reinforcers and thereby reduce the degree to which behaviors maintained by these
alternatives can compete with opioid-taking behaviors. Moreover, if functional impairment
occurs in tandem with an opioid prescription that increases opioid availability, then
behavioral allocation may be further biased toward opioid consumption. One example of this
phenomenon could be the relatively high risk of opioid use and misuse by young men
engaged in competitive sports, for whom injury may simultaneously decrease their ability to
participate in a favored activity while also increasing opioid availability by triggering an
opioid prescription (Cottler et al., 2011; Veliz et al., 2014).

Choice procedures in either the animal or human laboratory offer one strategy to examine
the impact of pain states on behavioral allocation between opioid vs. non-opioid reinforcers.
In these procedures, subjects are trained to choose between an opioid dose or a non-opioid
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reinforcer such as food (in laboratory animals) or money (in humans), and the effect of
experimental manipulations on drug-vs.-nondrug choice can be examined (Banks and
Negus, 2012; Jones and Comer, 2013). It is well-established that choice of opioids or other
drugs increases when either (a) access to the drug is enhanced (e.g. when large doses are
available or the cost of the drug is low) or (b) when access to the alternative non-drug
reinforcer is reduced (e.g. by reducing magnitude of the alternative or increasing the cost to
obtain it). Opioid choice also increases when opioid-dependent subjects are in a state of
withdrawal (Negus and Banks, 2018; Townsend et al., 2019). The impact of a pain state on
opioid choice has been examined in one human-laboratory study, which compared the
effects of an experimental pain manipulation and a control manipulation (hand immersion in
ice water or body-temperature water, respectively) on oxycodone vs. money choice in two
groups of subjects: one group that abused prescription opioids, and a second group that had
used prescription opioids medically but did not abuse them (Comer et al., 2010). Relative to
the control manipulation, the pain manipulation increased opioid choice and reduced money
choice in the non-abusers, whereas the abusers choose the opioid under both conditions.
These findings support the potential of pain to reduce behavior maintained by a non-opioid
reinforcer and produce a reciprocal increase in opioid choice. Studies to examine effects of
pain manipulations on opioid-vs.-food choice in rats are underway (unpublished
observations, Reiner DJ, Townsend EA, Menendez JO, Applebey SV, Banks ML, Shaham Y,
and Negus SS).

6. Cognitive deficits at the intersection of pain and opioid abuse

Impairments in cognitive function represent a cluster of features that are common among
individuals suffering from chronic pain conditions, as well as those with OUD. Although a
direct causal link in cognitive issues between pain and OUD is difficult to draw, numerous
studies have examined impaired cognition in chronic pain patients or people with OUD.
Examining cognitive deficits as an intersection between pain and substance abuse is critical
due to the role of cognitive dysfunction in compulsive drug-taking and the negative impact
of cognitive deficits on substance abuse treatment outcomes and dropout rates (Aharonovich
et al., 2006, 2003; Severtson et al., 2010; Walvoort et al., 2012; Yiicel and Lubman, 2007).
The section below presents a brief examination of clinical and preclinical findings regarding
the impact of pain and opioids on cognitive function and the potential cross-section between
these two related conditions. This section will also consider preclinical models that can help
bridge the gap in understanding the effects and consequences of impaired cognition on pain
and opioid abuse. It is noteworthy that findings in the literature demonstrate evidence for
deficits in many aspects of cognitive function in people with chronic pain, and those with
OUD, which are considered in other reviews (Huysmans et al., 2020; Moriarty et al., 2011,
Moriarty and Finn, 2014; Pask et al., 2020). This section will provide an overview of the
impact of chronic pain and OUDs on deficits in attention, cognitive flexibility, and decision
making, three cognitive functions that are closely linked to substance use and abuse.

6.1. Cognitive deficits in chronic pain patients

People with chronic pain conditions such as musculoskeletal pain, neuropathic pain, or
fibromyalgia often complain of cognitive impairments, including impairments in attention,
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cognitive flexibility, and decision making (Moriarty et al., 2011; Moriarty and Finn, 2014).
Chronic pain patients seem to be particularly deficient in complex cognitive tasks such as
attentional switching, attentional interference, dual-task performance (i.e., multi-tasking),
and decision-making tasks (Dick et al., 2002; Moore et al., 2017, 2012; Moriarty et al.,
2011). Attention is an essential part of cognitive functioning that can impact other cognitive
processes, including executive function (Antshel et al., 2010; Genova et al., 2013; Strauss et
al., 2006). Thus, examining attentional deficits and their association with painful conditions
can play a critical role in better understanding the impact of chronic pain conditions on
cognitive function. In a hallmark study, Eccleston (1995) showed that patients experiencing
high-intensity musculoskeletal pain (primarily low back and limb pain) had notable deficits
in attentionally demanding tasks as compared to those with low intensity or no pain
(Eccleston, 1995). High-intensity pain patients also had deficits in switching attention from
one task to another, indicative of deficiencies in attentional demands and attentional
switching. Similar findings have since been reported in patients with neuropathic pain or
fibromyalgia (Landrg et al., 2013; Lee et al., 2010). Experimentally induced pain studies in
healthy volunteers have also demonstrated that application of a thermal pain stimulus
lowered performance on attention span and attentional switching tasks (Keogh et al., 2013;
Moore et al., 2017). Optimal performance on many attention tasks requires high cognitive
load, which is limited in patients with chronic pain conditions. Indeed, cognitive deficits are,
at least in part, due to the redirection of cognitive processes to attend to pain at the expense
of other cognitive demands (Eccleston and Crombez, 1999; Grisart and Van der Linden,
2001; Keogh et al., 2013). Aside from attentional tasks, pain-associated cognitive deficits
have been reported in executive processing, such as cognitive flexibility and decision
making. People with fibromyalgia, lower back, or osteoarthritis pain perform poorly in tasks
of cognitive flexibly such as the Wisconsin Card Sorting Task and the Trail Making Test
(Karp et al., 2006; Verdejo-Garcia et al., 2009; Weiner et al., 2006). Patients with chronic
back pain or complex regional pain syndrome also exhibit deficits in executive function by
showing an increase in emotional decision making in the lowa Gambling Task (Apkarian et
al., 2004; Verdejo-Garcia et al., 2009; Walteros et al., 2011). Impaired decision making is
also reflected in measures of impulsivity, where patients with chronic pain exhibit an
increase in impulsive choice in a Delay Discounting Task (DDT). In this model, chronic pain
patients chose to receive an immediate reward of lesser value rather than receiving a larger
reward after a period of delay (Tompkins et al., 2016).

6.2. Cognitive deficits in rodent pain models

Rodents with inflammatory or neuropathic pain manipulations exhibit cognitive deficits that
are similar to those observed in humans. Impairments in attention have been found in rats
experiencing various types of pain manipulations. More recent studies have expanded on
these findings by demonstrating that rats with incisional, inflammatory, or neuropathic pain
manipulations have deficits in visuospatial attention as measured in the 5-Choice Serial
Reaction Time Task (5-CSRTT) (Boada et al., 2020; Higgins et al., 2015; Moazen et al.,
2020; Pais-Vieira et al., 2009; Ririe et al., 2018). The 5-CSRTT is an operant conditioning
model that requires rats to correctly select one of five apertures to nose-poke upon the brief
presentation of a light cue to receive a food reward. The animal is required to be attentive to
the light cue presentation in order to select the correct aperture. Incorrect selection of the
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aperture is interpreted as a measure of inattention. Martin and colleagues (2017) used the 5-
CSRTT to demonstrate increasingly impaired attention as a function of increasing pain
intensity (Martin et al., 2017). Rats administered IP lactic acid, an acute noxious stimulus of
high intensity, required increasingly higher light cue duration to optimally perform as acid
concentrations increased. These attentional deficits were reversed by morphine treatment.
Similar findings were reported in the visual-signal detection task, another measure of
attention, where rats given IP lactic acid exhibited a decrease in response accuracy,
indicative of inattention (Freitas et al., 2015). Interestingly, in the same study, rats receiving
IPL formalin or CFA, models of inflammatory pain with lower spontaneous pain intensities
at the time points tested, had higher response accuracies. These findings are consistent with
human experimental pain studies and chronic pain patients that pain stimuli of high intensity
produce more cognitive deficits than those of lower intensity, suggesting that higher
intensity stimuli may require greater cognitive load at the expense of attentional task
performance. Other executive processing tasks related to decision making are also negatively
impacted by painful manipulations. For example, in an operant gambling task adapted from
the lowa Gambling Task, rats with kaolin-carrageenan or CFA inflammatory pain
manipulations often made decisions considered as more risky, resulting in either large but
infrequent rewards or punishment, interpreted as an enhancement in emotional decision
making (Ji et al., 2010; Pais-Vieira et al., 2009).

Cogpnitive flexibility and impulsivity are constructs that have also received recent attention in
preclinical studies. Rodents with inflammatory or neuropathic pain manipulations display a
decrease in cognitive flexibility and an increase in impulsivity. Findings suggest that rats
with SNL exhibit a less profitable behavioral strategy in an operant variable-ratio
probabilistic task and were resistant to improving their strategy to a more advantageous
method, indicative of impaired cognitive flexibility (Cowen et al., 2018). A study in mice
with spared nerve injury to model neuropathic pain showed reduced cognitive flexibility
using a rule-shifting task, in which rules and cues for determining which arm of a maze
contains a food reward are switched. Mice with a neuropathic pain manipulation required
nearly twice as many trials to acquire the new rules to reach the food reward (Shiers et al.,
2020). Lastly, changes in impulsivity have recently been reported in rats using a DDT. In the
preclinical model of the DDT, rats must choose to press one of two levers, one that will
deliver a small but immediate food reward, while the other lever will deliver a larger food
reward after a delay. The selection of an immediate but small reward over a larger reward
after a delay is interpreted as an impulsive choice. Rats with IPL CFA treatment exhibited an
increase in impulsivity, which was gradually worsened over two weeks after CFA treatment
(Saputra et al., 2019). The enhanced impulsivity was blocked by morphine administration.

6.3. Cognitive deficits in opioid abuse

Changes in cognitive function can promote compulsive drug taking and difficulty in
discontinuing drug use, leading to relapse that is often trigged by drug-associated cues.
Demonstration of preexisting cognitive deficits and their direct impact on the development
of substance use disorders is primarily found when studying impulsivity. The present
consensus is based on preclinical studies showing that trait impulsivity is predictive of
increased acquisition of self-administration of drugs such as alcohol, cocaine, or
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methylphenidate (Cervantes et al., 2013; Dalley et al., 2007; Marusich and Bardo, 2009;
Poulos et al., 1995). Clinical studies have demonstrated strong associations between
impulsivity and substance abuse disorders, a topic that is thoroughly discussed in this special
issue by Verdejo-Garcia and Albein-Urios (Verdejo-Garcia and Albein-Urios, 2021). There
is currently a knowledge gap in the predictive effects of impulsivity or other cognitive
deficits on the development of OUD. There is greater evidence demonstrating the impact of
opioids on cognitive deficits; in fact, cognitive deficits have been extensively reported in
people with OUD.

The reported decisions, behaviors, and consequences in people with OUD are a result of
aberrant learning and lack of inhibitory control, especially in vulnerable individuals (Everitt
etal., 1999; Hyman, 2005; Jentsch and Taylor, 1999; Torregrossa et al., 2011). People with
OUD have difficulty switching attentional demands, as demonstrated by having an
attentional bias towards cues associated with or predictive of an opioid drug, using the
Stroop task (Franken et al., 2000; Marissen et al., 2006; Nejati et al., 2011; Wang et al.,
2014). Moreover, people with OUD have deficits in behavioral inhibition, problem-solving,
and planning, all of which are essential aspects of cognitive flexibility and decision making.
For example, heroin addicts perform poorly on the Tower of London test of planning
(Davydov and Polunina, 2004; Ornstein et al., 2000). Similar deficits in planning and
problem solving have been reported in opioid-dependent individuals on methadone or
buprenorphine therapy, as well as individuals that are opioid abstinent (Ersche et al., 2006).
Other studies have demonstrated deficits in cognitive flexibility in people with OUD. Both
opioid dependent individuals on methadone maintenance and former opioid dependent
individuals that are presently opioid abstinent performed poorly on the Wisconsin Card
Sorting and the Trail Making Tasks (Faustino et al., 2019; Lyvers and Yakimoff, 2003; Saroj
et al., 2020). Likewise, numerous studies have demonstrated deficits in decision making in
individuals with OUD. For example, short- and long-term abstinent heroin addicts
performed poorly on the lowa Gambling Task and a DDT (Bickel and Marsch, 2001; Kirby
et al., 1999; Kirby and Petry, 2004; Li et al., 2013). Heroin addicts and opioid-dependent
individuals on methadone maintenance therapy exhibited higher motor impulsivity in a Go/
NoGo task and made more risky decisions in the Cambridge Gambling Task (Baldacchino et
al., 2015; Lee and Pau, 2002).

6.4. Cognitive deficits in pain patients using opioids

Chronic pain and opioids are both known to impair cognitive function. Therefore, it becomes
imperative to determine whether opioid analgesics exacerbate or relieve cognitive deficits in
chronic pain patients. Findings are mixed with some studies showing that cognitive deficits
are improved upon opioid treatment in chronic pain patients, while others show no change or
worsening of cognitive deficits. In a clinical study, chronic pain patients were treated with
long- or short-acting opioids, and their cognitive flexibility and attention were assessed
(Haythornthwaite et al., 1998). Opioid treatment overall did not affect cognitive flexibility,
while it improved attention, suggesting the opioid effects on cognition are likely due to the
relief of pain. In another study, lower back pain patients were treated with oxycodone or
transdermal fentanyl and showed an improvement in their cognitive flexibility as measured
by the Trail Making Test (Jamison et al., 2003). By using a DDT, Morasco and colleagues
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(2019) examined decision making and impulsivity in musculoskeletal pain patients treated
with low or high doses of morphine or control. The authors found that morphine dose was
inversely related to impulsivity, with the high-dose morphine group showing improvement in
impulsivity and decision making (Morasco et al., 2019).

Contrary to the studies cited above, other studies have found no improvement in cognitive
flexibility in chronic pain patients given long-term morphine therapy (Tassain et al., 2003).
Furthermore, detrimental effects of opioids on cognitive function in chronic pain patients
have also been reported. Opioid therapy worsened cognitive flexibility in a group of pain
patients with mixed pain etiologies (Kurita et al., 2012). The differences in findings are
likely due to study parameters, study design, specific population examined, cognitive
assessment methods, and the lack of healthy control group to determine baseline cognitive
function. To address these issues, Kurita and colleagues (2015) performed a controlled study
to examine cognitive deficits in healthy volunteers that underwent three experiments (Kurita
et al., 2015). In the first experiment, healthy volunteers were exposed to an experimental
ischemic-pain manipulation (pneumatic tourniquet cuff). In the second experiment, the
volunteers were given remifentanil treatment, and in the third experiment, they were exposed
to the cuff and remifentanil. The study found that cuffing or remifentanil alone reduced
cognitive function, such as attention and cognitive flexibility. The combination of pain and
remifentanil further magnified the cognitive impairment, suggesting that pain and opioid
treatment seemed to have additive effects on cognitive impairment. These findings further
complicate the understanding of the degree to which chronic pain might influence the
contribution of cognitive impairment to opioid abuse. To shed light, a recent study utilized a
DDT to demonstrate that chronic pain patients considered at high risk of opioid misuse
discount future vs. immediate rewards and favor immediate short-term pain relief vs.
delayed long-term pain relief (Tompkins et al., 2016). Greater desire to avoid immediate
pain can lead a person to use opioids more frequently. This view is further supported by
findings showing that negative emotional states enhance impulsivity, which can be a
predictor of substance use and dependence (Verdejo-Garcia et al., 2007).

6.5. Summary

At present, the impact of chronic pain and opioids on cognitive function is not fully
understood. Clinical and human experimental studies suggest that pain may produce
numerous cognitive deficits. Likewise, people with OUD at different stages (active use,
methadone or buprenorphine maintenance therapy, or opioid abstinence) have deficits in
cognitive function. These findings are further corroborated by preclinical studies in rodents
showing that pain manipulations modeling inflammatory or neuropathic pain result in
cognitive deficits. When considering the combination of chronic pain and chronic opioid use
together in human studies, the findings are mixed and inconclusive. Such inconsistencies are
in part due to the limited number of studies and methodological differences that make it
difficult to reach a consensus, although, more consistent findings are found in preclinical
models. Thus, a greater understanding of the interaction of pain and opioids on cognitive
function may be achieved using preclinical rodent models of cognitive function, pain
models, and opioid system modulations to generate testable hypotheses for later translational
testing in humans.
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7. Conclusions and future directions

Pain is a risk factor for OUD, and this review has considered four possible mediators of
pain-related increases in OUD prevalence: (1) increased reinforcing effects of opioids, (2)
increased access and exposure to opioids, (3) decreased access to alternative non-opioid
reinforcers, and (4) cognitive impairment. The results are summarized in Figure 4.
Prevailing evidence argues against a role for increased opioid reinforcement. The potential
impact of pain states on opioid reward and reinforcement has been extensively evaluated in
preclinical studies using procedures of drug self-administration, ICSS, and place
conditioning, and this body of literature indicates that experimental pain states in laboratory
animals usually either do not alter or decrease metrics of opioid reinforcement and reward.
However, pain states can produce both an increase in access and exposure to opioids and a
decrease in access to non-opioid alternative reinforcers, and together, these two effects can
promote a maladaptive transition in behavioral allocation toward opioid use and away from
behaviors reinforced by healthy alternatives. Moreover, pain states can produce cognitive
impairments, such as inattention and impulsivity, that further enhance the risk of poor
decisions, including the decision to use drugs of abuse. Overall, our review suggests that
pain-related increases in OUD prevalence result primarily from increased access and
exposure to opioids, decreased access to non-opioid alternative reinforcers, and cognitive
impairments that hinder adaptive decision-making.

Additional preclinical and clinical research would be helpful to further clarify the root
causes of pain-related risk for OUD, but evidence summarized in this review is consistent
with at least three steps that could be taken to mitigate OUD risk in pain patients. First and
most obviously, OUD risk in pain patients can be reduced by using non-opioid treatments
when possible and minimizing opioid use for pain treatment when opioids are considered
necessary. Opioid use can be minimized not only by limiting the doses and duration of
treatment (Dowell et al., 2016), but also by using safer low-efficacy opioids like
buprenorphine (Cowan et al., 1977; Khanna and Pillarisetti, 2015), abuse-deterrent opioid
formulations (Litman et al., 2018), or intrathecal methods of opioid delivery that minimize
drug distribution to brain reward areas (Bolash and Mekhail, 2014; Deer et al., 2017).
Second, these steps to reduce access and exposure to opioids in pain patients can be
complemented by steps to mitigate the impact of lost access to alternative non-opioid
reinforcers. For example, the introduction of virtual reality and video games can provide
non-opioid reinforcement for children in pain (Das et al., 2005; Gates et al., 2020; Scapin et
al., 2018; Trost et al., 2015), and one recent study found that access to video games
decreased both subjective pain scores and opioid use by children with chemotherapy-
induced pain (Alonso Puig et al., 2020). Lastly, OUD risk in pain patients may be mitigated
by strategies to protect against pain-related cognitive and functional impairment. Methods to
improve functioning in chronic pain patients include both cognitive-training approaches
such as cognitive behavioral therapy, cognitive functional therapy, and episodic future
thinking therapy (Craft et al., 2020; Urits et al., 2019), as well as pharmacotherapeutic
options such as psychostimulants.
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Highlights

. Pain-related risk factors can help explain increased vulnerability to opioid
abuse

. Pain does not appear to directly increase opioid reinforcement or reward

. Pain increases access to opioids and decreases access to non-opioid
reinforcers

. Pain-induced cognitive deficits may also increase risk of opioid abuse

. Understanding these factors can guide development of risk-mitigation

strategies
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Figure 1. Dose-effect curves from FR (fixed ratio), PR (progressive ratio), and FDC (food-drug
choice) drug self-administration procedures.

Examples of typical dose-effect curves obtained from drug self-administration procedures
using the indicated schedules of reinforcement are shown. Bitonic, inverted U-shaped dose-
effect curves are typical of FR schedules, with response rates increasing with increasing
dose to a maximal rate at lower doses. Increasing dose further typically leads to decreases in
response rate, thought to occur as a result of both rate decreasing effects of higher doses as
well as pharmacokinetics. Under the PR schedule, the number of ratios completed (and
consequently number of drug infusions) is typically a monotonic function of dose, with
decreases in ratios completed after reaching the maximum occurring only at very high doses.
Under the FDC schedule, dose-effect curves are also typically a monotonic function of dose,
with percentage of trials resulting in drug choice over food increasing with drug dose.
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Figure 2. Evaluation of changes in drug reinforcement using FR schedules and effects on dose-
effect curves. Figure 2. Overlapping response rates with shifts in dose-effect curves for FR
schedules.

Examples of parallel or downward shifts in dose-effect curves are shown for FR schedules of
reinforcement. Parallel shifts typically occur in the presence of competitive antagonists or
manipulations that mimic competitive antagonism (orange curve). Downward shifts typically
occur with non-competitive antagonists or manipulations that mimic such compounds (green
curve). As can be seen, response rates at given doses of the self-administered drug can
overlap depending on the nature of the shift. Note response rates at select doses on the
control curve (blue) that are not different than that with competitive antagonism (orange) as
well as with non-competitive antagonism (green). Likewise, response rates can be similar at
select doses with competitive and non-competitive antagonism (orange, green).

Neuropharmacology. Author manuscript; available in PMC 2022 March 15.

10000



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nazarian et al.

ICSS Rate
(%MCR)

Page 39

(A) ICSS Chamber (B) Amphetamine
125+
100+
D
58
n=
‘ 8 2 50+ </ Veh
s° % - 254 1F 0.1
- -O- 032
18 19 20 21 22
Brain-Stimulation Frequency (Log Hz)
(C) Morphine Before (D) 3.2 Morphine After
Repeated Treatment Repeated Treatment
125+ 125+ _
=== Baseline e Baseline
1009 | SZ 1.0 Morphine o 90| {3 3.2Morphine
754 | {} 3.2 Morphine § g 75+
ol < 10 Morphine §§: i
25+ B 25+
0= 0~
i L ! 1 1 + L | L] 1 1 I Ll 1 ] 1] T T T L] L ] L]
1.8 19 20 21 22 1.8 1.9 2.0 21 2.2
Brain-Stimulation Frequency (Log Hz) Brain Stimulation Frequency (Log Hz)

Figure 3. Overview of intracranial self-stimulation (ICSS).
ICSS procedures are one class of preclinical procedures for assessment of rewarding drug

effects. Panel A shows a rat in an operant conditioning chamber pressing a lever for
electrical brain stimulation. Stimulation is delivered via a microelectrode that is implanted in
a brain-reward area such as the medial forebrain bundle and attached by a cable to an ICSS
stimulator located above the chamber. Panel B shows representative data collected using a
“frequency-rate” ICSS procedure, in which brain-stimulation frequency is varied during
daily behavioral sessions, and rates of responding are monitored during the availability of
each frequency. Under baseline conditions, increasing brain-stimulation frequencies
maintain increasing response rates, and drugs with abuse liability (e.g. amphetamine, in this
case, N=6) typically produce leftward shifts in ICSS frequency-rate curves across some
range of doses. Panel C shows that morphine failed to facilitate ICSS in 20 drug-naive male
Sprague-Dawley rats, and instead produced only dose-dependent ICSS depression. These
rats were subsequently divided into three groups that received repeated daily treatment with
saline (N=6), 1.0 mg/kg/day morphine (N=7), or 3.2 mg/kg/day morphine (N=7). Panel D
shows that repeated treatment with 3.2 mg/kg/day morphine produced tolerance to ICSS
depression and the emergence of abuse-related ICSS facilitation produced by a test dose of
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3.2 mg/kg morphine. This was not observed in the other two groups. These results provide
one source of evidence to suggest that pain states do not protect against this emergence of
abuse-related ICSS facilitation during repeated morphine (see text). For each panel, the
abscissa shows brain-stimulation frequency in log Hz, and the ordinate shows ICSS rate
expressed as a percent of the Maximum Control Rate (%MCR), a normalized measure of
reinforcement rate. All data show mean + SEM, doses are in mg/kg, and filled points
indicate significantly different from Vehicle (\eh) or Baseline (p<0.05). Data adapted from
Bauer et al. 2013 and Miller et al. 2015.
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Figure 4. Pain-related risk factors and their contribution to opioid use and abuse.
Pain is a risk factor for OUD, and this review has considered four possible mediators of

pain-related increases in OUD prevalence: (1) increased reinforcing effects of opioids, (2)
increased access and exposure to opioids, (3) decreased access to alternative non-opioid
reinforcers, and (4) cognitive impairment. The size of the arrows in the figure indicate the
apparent contribution of the associated risk factor for OUD. (1) Pain does not appear to
increase opioid reinforcement or reward, suggesting little role for this as a mediator. (2) Pain
can trigger opioid prescriptions that increase opioid availability and exposure and do
increase risk of OUD. (3) Pain also leads to reduced access to non-opioid reinforcers and
rewarding experiences, including fewer social interactions and limited mobility. Loss of non-
opioid reinforcers can lead to allocation of behavior away from the lost reinforcers and
toward opioid use. (4) Lastly, pain can impair cognition and executive processing functions
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such as attention and decision making. Pain-induced cognitive deficits can lead pain patients
to have poor judgement and further promote choice to use and abuse opioids.
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	Examination of opioid reward and reinforcement in the presence of pain
	3.1.1. Drug self-administration—Self-administration is widely considered the gold standard for evaluation of both the abuse potential of drugs across many pharmacological classes as well as mechanisms related to this abuse potential (Ator and Griffiths, 2003; Henningfield et al., 1991). As the name suggests, self-administration procedures involve voluntary drug consumption by the subject under study. This is typically achieved by making intravenous (IV) infusions contingent upon behavioral responses, and reinforcement is evidenced by a greater rate of behavior maintained by drug infusions than by vehicle infusions or no infusion. Implantation of a chronic indwelling venous catheter is required, and several procedures are described for implantation and maintenance of IV catheters in rodents and nonhuman primates (Howell and Fantegrossi, 2009; Weeks, 1962). Voluntary oral consumption has also been documented in rodents and nonhuman primates, principally for ethanol but also for opioids in several studies (Meisch, 2001). Opioids and psychostimulants reliably maintain robust behavior in these models, while the reinforcing effects of alcohol and nicotine are typically modest in comparison (Goodwin et al., 2015). Hallucinogens and cannabinoids are difficult to study using these methods and do not generally maintain robust behavior in most nonhuman species (John et al., 2017; Justinova et al., 2005). A myriad of factors influence behavior in drug self-administration studies, including but not limited to the reinforcement schedule, dose, route of administration, and species. Comprehensive reviews are provided in the literature, and even a cursory summary of these studies is beyond the scope of this article (Müller, 2018; Panlilio and Goldberg, 2007). For the purpose of this review, pain manipulations as modulating stimuli for drug self-administration have been largely limited to the study of IV opioid self-administration in rodents, and this will serve as the focus for this section.The primary outcome measure for drug self-administration studies is generally the rate of behavior maintained by contingent drug presentation, typically lever presses or nose-poke responses. It is important to understand how drug dose affects response rates under different schedules of reinforcement to make accurate and logical conclusions from these experiments (Sizemore and Martin, 2000). For simple fixed-ratio (FR) schedules, in which a fixed number of responses is required for each injection, an inverted U-shaped dose-effect curve is typical for opioids, but can be difficult to achieve for other drugs, psychostimulants in particular (Figure 1) (Sizemore et al., 1997; Sizemore and Martin, 2000). On the ascending limb of the dose-response curve low doses of drug maintain low rates of behavior, and the response rate increases with increasing drug dose until the maximum rate is achieved. On the descending limb, further increases in drug dose result in decreases in response rate. The descending limb is hypothesized to result from increases in rate-decreasing drug effects (e.g. sedation) with increasing dose, as well as satiety of the reinforcing stimulus in concert with pharmacokinetics and increased duration of effect as the dose is increased. To properly evaluate changes in reinforcement under FR schedules, it is important to know where the dose or doses under study fall on the inverted U-shaped dose-effect curve (Figure 2) (Calabrese, 2008).Other schedules of reinforcement that have been commonly used include progressive-ratio (PR) and food-drug choice (FDC). For PR schedules, the number of responses required for delivery of the contingent drug infusion increases with subsequent infusions according to a predetermined array, which is generally logarithmic (Richardson and Roberts, 1996). The primary outcome measure is the highest ratio completed, typically defined by limiting the maximal time interval allowed between responses within a given ratio (Figure 1). Psychostimulants maintain robust responding under PR schedules, whereas opioids are often less effective, and both drug classes usually generate a monotonically increasing dose-response curve (Rowlett, 2000; Stafford et al., 1998). For FDC schedules, responses on two separate manipulanda are reinforced by either delivery of drug infusions or food (Banks and Negus, 2017; Negus and Banks, 2018). The subject is free to choose between drug and food, and the available drug dose can be manipulated within daily sessions or across days (Figure 1). The primary outcome measure is the percentage of trials for each component in which the subject chooses drug infusions, and the dose-effect curve is typically monotonically increasing with respect to drug dose. These different schedules of reinforcement add value to the evaluation of reward mechanisms for drugs, including opioids; however, effects of pain manipulations on self-administration of drugs including opioids have been largely documented with FR schedules.3.1.2. Opioid self-administration—Opioid self-administration typically has been studied using IV delivery and relatively simple schedules of reinforcement, such as FR. More recently others have used PR schedules with the ultrafast acting opioid remifentanil (Panlilio and Schindler, 2000), and FDC studies have been documented in both rats and nonhuman primates (Townsend et al., 2019). Initial studies with opioids in self-administration models primarily examined lever pressing maintained by morphine infusions in rats and nonhuman primates made physically dependent through a schedule of increasing doses of noncontingent infusions or injections (Thompson and Schuster, 1964). Later studies demonstrated that morphine and heroin would maintain robust behavior in non-dependent subjects. The dose-effect curves for numerous MOR agonists demonstrate that the rate of behavior coincides with drug potency and efficacy to activate MORs (Martin et al., 2007). Escalation of intake over several orders of magnitude occurs with continuous access to heroin self-administration and is consistent with the development of tolerance and physical dependence (Sim-Selley et al., 2000). Even relatively modest escalation of heroin intake (3–4 fold) through self-administration is also associated with the development of mechanical hypersensitivity, suggesting that some nociception may be present under these conditions (Edwards et al., 2012). Numerous other reviews summarize the findings of this large literature (Gerak et al., 2020).3.1.3. Effects of pain manipulations on opioid self-administration—While numerous factors determine the behavioral effects and the nature of the dose-response curve of MOR agonists in self-administration models, most of these variables have not been manipulated or assessed in studies that specifically examine the effects of pain manipulations on reinforcement. Some of the earliest studies that examined how pain models influence opioid self-administration focused on inflammatory pain in arthritic rats induced by the administration of Complete Freund’s Adjuvant (CFA). One study found that arthritic rats self-administered IV morphine at a lower rate than control animals, an effect that was reversed by indomethacin, suggesting that inflammatory pain reduces the reinforcing effects of opioids (Lyness et al., 1989). Conversely, oral intake of fentanyl was shown to increase with the development of CFA-induced arthritis in rats, and intake mirrored the arthritic process (Colpaert et al., 2001, 1982). Additionally, CFA-induced arthritis attenuated low dose heroin self-administration under both FR and PR schedules of reinforcement in rats, whereas high-dose heroin self-administration approximately doubled under the FR schedule but did not change under the PR schedule (Hipólito et al., 2015). In rats with L5/L6 peripheral injury, the effect of neuropathic pain on opioid intake was found to be dependent on the opioid studied and dose, with the dose-effect curves being shifted downward and to the right to varying degrees (Martin et al., 2007). The dose-effect curves for morphine, fentanyl, and hydromorphone were shifted substantially downward, with self-administration being maintained only at the highest doses that maintain the behavior in uninjured rats. Heroin and methadone maintained self-administration in nerve-injured rats over a broader range of doses on the descending limb of the dose-effect curve, but not at doses on the ascending limb. The rate of drug intake of all opioids and at all doses was consistent with modeled titration of reduction in mechanical allodynia in rats with nerve injury, suggesting that drug intake was motivated to some extent by alleviation of hypersensitivity. Moreover, intrathecal clonidine reduced heroin intake through self-administration selectively in nerve-injured rats, while adenosine did not. It is noteworthy that in humans with neuropathic pain, intrathecal clonidine and adenosine both reduce allodynia but only clonidine reduces spontaneous pain (Eisenach et al., 2003, 1995). These data collectively suggest that neuropathy and putative neuropathic pain diminish opioid reinforcement, such that higher doses will be required to maintain self-administration and the effect is dependent upon the relative intrinsic efficacy of the agonist, as the major metabolite of heroin, 6-monoacetylmorphine, and methadone have greater intrinsic efficacy at the MOR than morphine, fentanyl or hydromorphone (Selley et al., 2001, 1998). The sparing effect of intrathecal clonidine but not adenosine suggests that spontaneous pain rather than mechanical allodynia has a major role in the titration of opioid effect through self-administration. It is also noteworthy that intrathecal clonidine will maintain self-administration in rats with L5/L6 nerve ligation, but not in uninjured animals (Martin et al., 2006). These data predict that the presence of pain would result in a preference for higher doses of opioids, and opioids of greater efficacy including heroin. Further, it suggests that successful treatment of chronic pain, such as with intrathecal clonidine, will decrease the propensity to self-administer high doses of heroin or other opioids.Several studies have addressed the neurobiological changes that occur in the brain following pain manipulations, including changes in classical reward circuitry and in cortical regions including the cingulate cortex and amygdala. These changes are thought to influence opioid reinforcement mechanisms in the presence of chronic pain. MORs are particularly dense in the amygdala, a brain region that integrates noxious peripheral input with the limbic system (Herkenham and Pert, 1982; Sim et al., 1995). Irreversible inhibition of MORs in the central amygdala with the alkylating antagonist beta-funaltrexamine increases the rate of intake for self-administered heroin in nerve-injured but not normal rats, an effect that persists for up to 2 weeks after beta-funaltrexamine treatment (Martin et al., 2011). This suggests that integration of peripheral nociceptive input with the limbic system through the amygdala is important for self-regulation of opioid intake, likely by reducing the influence on downstream limbic targets by direct action on MORs in this region. Other studies have indicated that MOR coupling to G-proteins in the ventral tegmental area (VTA) is reduced in the presence of pain in mice, suggesting another possible mechanism by which pain may shift the dose-response curve for opioid reinforcement (Ozaki et al., 2002). Elevation of dopamine in the NAc during heroin self-administration is attenuated in rats with CFA-induced arthritis, further implicating altered limbic system function in the presence of pain as a mechanism for diminished opioid reinforcement (Hipólito et al., 2015). Increased dynorphin release and an upregulation in kappa opioid receptor activation within the NAc has also been shown with CFA-induced arthritis in rats, and is responsible at least in part for induction of negative affect (Massaly et al., 2019). It has been suggested that the fundamental neurobiology of opioid reinforcement differs depending on the presence or absence of pain, with some potential overlap in negative reinforcing mechanisms between pain and physical dependence/withdrawal (Shurman et al., 2010). The studies cited above suggest several potential sites and mechanisms by which pain may modify opioid reinforcement in animal models. There is a need to examine the interactions between pain and opioid reinforcement and underlying mechanisms in other pain and self-administration models, including more sophisticated models such as FDC procedures.3.1.4 Summary—The effects of pain manipulations on opioid self-administration suggest that inflammatory or neuropathic pain models decrease the reinforcing effects of opioids. This is evidenced by shifts in the dose-effect curve downward and/or to the right, or by decreased self-administration of lower but not higher doses when the full dose-effect curve was not determined. Potential sites of altered reinforcement mechanisms include the classical dopaminergic pathways from the VTA to the NAc as well as the amygdala. The growing body of literature for neurobiological effects of acute and chronic pain as well as novel behavioral assessments of pain behavior, including novel drug self-administration paradigms, should provide a future framework for evaluating the effects of pain manipulations on opioid self-administration and potential mechanisms.
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