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Abstract

BACKGROUND: Persistent use of prescription opioids beyond the period of surgical recovery is
a large part of a public health problem linked to the current opioid crisis in the U.S. However, few
studies have been conducted to examine if morphine reward is influenced by acute pain and injury.

METHODS: In a mouse model of incisional injury and minor trauma, animals underwent
conditioning, extinction and drug primed reinstatement with morphine, to examine the rewarding
properties of morphine in the presence of acute incisional injury and drug induced relapse,
respectively. In addition, we sought to determine whether these behaviors were influenced by
kappa opioid receptor signaling, and measured expression of prodynorphin mRNA in the nucleus
accumbens and medial prefrontal cortex after conditioning and prior to reinstatement with
morphine and incisional injury.

RESULTS: In the presence of incisional injury, we observed enhancement of morphine reward
with morphine conditioned place preference but attenuated morphine primed reinstatement to
reward. This adaptation was not present in animals conditioned 12 days after incisional injury
when nociceptive sensitization had resolved, however they showed enhancement of morphine
primed reinstatement. Prodynorphin expression was greatly enhanced in the nucleus accumbens
and medial prefrontal cortex of mice with incisional injury and morphine conditioning, and
remained elevated up to drug-primed reinstatement. These changes were not observed in mice
conditioned 12 days after incisional injury. Further, kappa opioid receptor (KOR) blockade with
nor-binaltorphimine (norBNI) prior to reinstatement reversed the attenuation induced by injury.

CONCLUSIONS: These findings suggest enhancement of morphine reward as a result of
incisional injury, but paradoxically a protective adaptation with incisional injury from drug
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induced relapse resulting from KOR activation in the reward circuitry. Remote injury conferred no
such protection, and appeared to enhance reinstatement.
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INTRODUCTION

It is estimated that about 10% of surgical patients use prescribed opioids longer than 90 days
after major or minor surgery . Persistent opioid use becomes harmful for the patient
because it may impede functional recovery, lead to opioid induced hyperalgesia and support
the development of opioid use disorder 24, Moreover, the concurrence of pain and opioid
use disorder is common °. Despite the importance of these issues, few studies have been
conducted studying the interaction of injury, pain and opioid reward. For example, while the
presence of inflammatory pain was observed to enhance morphine reward 8, neuropathic
pain attenuated morphine reward 7. Therefore, it remains inconclusive whether the presence
of pain can modulate opioid reward, particularly in models of surgical pain.

Akin to natural rewarding stimuli, most drugs of abuse are understood to exert their action
by increasing dopamine release in the nucleus accumbens, a vital brain substrate of the
reward circuity, 8. Interestingly, similar effects in the nucleus accumbens induced by pain
have also been characterized. Relief of acute pain also increases dopamine release in the
nucleus accumbens °. Conversely, the presence of chronic pain causes modification in the
reward circuitry such that behavioral effects of natural rewarding stimuli is diminished 910,
In addition, the medial prefrontal cortex directly influences activity of the nucleus
accumbens, and is also thought to have a crucial role in drug relapsell. This region also is
thought to undergo anatomical and functional remodeling in the presence of chronic pain.12
However the functional role of the medial prefrontal cortex pertaining to drug relapse and
injury remains poorly characterized.

The dynorphin-kappa opioid receptor (KOR) system may be involved in opioid-pain
interactions affecting reward. Dynorphin is the selective neuropeptide that binds to and acts
on KOR 1314 The expression of dynorphin and KOR is differentially distributed in the
brain, especially co-expressed in the reward circuity especially the medial prefrontal cortex
and the nucleus accumbens!®16, Functionally, KOR activation and blockade has been shown
to modulate drug reward, and reinforcement!”. Besides its role in drug reward, dynorphin-
KOR signaling also has a facilitatory role in pain transmission within the CNS 1819, and
pain enhances prodynorphin expression through epigenetic mechanisms 18:20.21 Therefore,
dynorphin-KOR signaling, known to be involved in both pain and reward, may serve as a
common molecular mediator affecting injury and morphine reward.

The purpose of the study was to identify possible interplay between incisional injury and
morphine reward using the conditioned place preference paradigm, extinction and drug
primed reinstatement. We also sought to elucidate possible neuroadaptations in dynorphin
and KOR signaling in the nucleus accumbens and medial prefrontal cortex associated with
this behavioral phenotype.
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MATERIALS AND METHODS
Study Design

Animals

An overview of the study design for the behavioral and molecular studies is illustrated in a
flowchart (Figure 1a,b) and timeline (Figure 1c,d). The flowchart also highlights the sample
size changes in each experimental phase, with larger sizes observed in the initial preference
testing than in the terminal assays (Figure 1a, b).

All experimental protocols were reviewed and approved by the Veterans Affairs Palo Alto
healthcare system Institutional Animal Care and Use committee prior to initiating these
studies. All protocols were performed in concordance with the guidelines for the study of
pain in awake animals as established by the International Association for the Study of Pain.
Male C57BL/6J mice aged 10-12 weeks were obtained from Jackson Laboratory (Bar
Harbor, ME). Mice were housed four per cage and maintained on a 12hr light-dark cycle and
ambient temperature of 22°C with ad lib access to food and water. Assignment to treatment
groups was done in random fashion.

Drug Administration

Morphine sulfate was obtained from Sigma Chemical (St. Louis, MO) and dissolved in a
sterile 0.9% saline solution. Saline or morphine (5mg/kg) was injected subcutaneously (s.c.)
in a volume of 2mL/kg. Nor-binaltorphimine (norBNI), a selective KOR antagonist, was
purchased from Sigma Chemical (St. Louis, MO) and dissolved in 0.9% saline. 10mg/kg s.c.
of norBNI was then administered prior to drug- primed reinstatement in one study. The
doses of morphine and norBNI selected for our studies were based on our pilot studies
showing robust and reproducible conditioned place preference and reinstatement, as well as
on prior publications 22.

Hindpaw incisional injury model

The hind paw incision model was performed as described in prior published studies 23-25,
Briefly, mice were induced under anesthesia with 5% isoflurane and maintained at 2%
isoflurane that was delivered through a nose cone. After aseptic preparation with povidone
and alcohol, a 5mm longitudinal incision was made with a No. 11 scalpel on the
superolateral aspect of the plantar surface of the right hind paw. The incision was made deep
enough to expose the plantaris muscle and flexor tendons to the hind paw. The plantaris
muscle was incised longitudinally, and after controlling bleeding, a 6-0 silk suture was
placed to close the incision. Afterwards, triple antibiotic ointment containing bacitracin,
neomycin and polymyxin was placed on the closed incision to minimize infection. The mice
were monitored briefly for complete recovery after anesthesia and placed back in their home
cages.

Behavioral testing

Nociceptive testing for mechanical allodynia- Mechanical nociceptive thresholds were
assessed using von Frey filaments according to a modified “up-down” algorithm described
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by Chaplan et. al 26 and as used in previous studies 21:23:25, Mice were placed on elevated
wire mesh platforms in clear cylindrical plastic enclosures that were 10cm in diameter and
30cm high. After 20mins of acclimation, fibers of increasing stiffness with initial bending
force of 0.2g were applied to the plantar surface of the hindpaw adjacent to the incision, left
for 3-5secs with enough force to bend the fiber up to 50% of its initial length. Withdrawal of
the hind paw and/or licking of the paw was scored as a response. If no response was elicited,
the next stiffer fiber was used in the same manner. If a response was obtained the next less
stiff fiber was used. Testing was concluded when four fibers were used after the first one
provoking a response, which allowed for estimation of the withdrawal threshold using a
curve-fitting algorithm described by Poree. et. al 7.

Conditioned place preference- Morphine conditioned place preference (CPP) was conducted
using an unbiased, counterbalanced design in a three-chamber apparatus (MED associates
Inc., St. Albans VVT). The apparatus consisted of three compartments; two outer
compartments with different visual, and tactile cues for contextual conditioning and a central
neutral compartment. The apparatus was equipped with photosensors and camera with
automatic data collection to a computer. Before conditioning, the mice were placed in the
apparatus with free access to all three chambers for 20mins and the time spent in each
chamber was recorded. Mice that spent >80% of total time in one chamber were excluded
from the study during this pretest day. For three days with two conditioning session per day.
During a conditioning day, mice were given saline in the morning and placed in their
designated conditioned chamber for 30mins. 4hours later they were given morphine in the
afternoon and confined to their designed conditioned chamber for 40mins in an unbiased,
counterbalanced fashion. This was repeated for a total of three days with 6 conditioning
sessions. After conditioning, in the posttest day, the mice were placed in the middle chamber
and allowed free access to all three chambers for 20mins, and time spent in the chambers
were recorded. Preference scoring was determined by subtracting the time spent in the
morphine paired chamber from time spent in the saline paired chamber. Prior pilot studies
conducted demonstrated this protocol to produced robust, reproducible morphine CPP.

Extinction- Animals that have established morphine induced place preference underwent
active extinction sessions. They were placed in the three-chamber apparatus and allowed free
access to all chambers for 30mins. Time spent in each chamber was recorded during the first
20mins during this session. 2 sessions per day were conducted. Animals were judged to have
demonstrated extinction if their preference score was <50sec. Afterwards the animal’s
extinction sessions were terminated.

Drug-primed reinstatement of morphine conditioned place preference- Animals that had
established morphine induced place preference and subsequent extinction of place
preference, underwent morphine priming induced reinstatement in the following fashion.
Animals were injected with morphine (5mg/kg), and 5mins later they were placed in the
three-chamber apparatus and allowed free access to all chambers for 20mins. Time spent in
each chamber was recorded and the preference scores were determined.
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RNA isolation and real time quantitative PCR

Mice were euthanized by CO, asphyxiation and brain tissues of nucleus accumbens and
medial prefrontal were rapidly dissected on wet ice. Tissue samples were quickly frozen on
dry ice and stored at —80° C until read for analysis. For real-time quantitative PCR, total
RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA) according to
manufacture instructions. The purity and concentration were determined using
spectrophotometry. The total RNA sample were reversed transcribed into cDNA using a
First strand cDNA synthesis kit (Invitrogen, Carlsbad, CA). Real time PCR was performed
in an ABI prism 7900HT system (Applied Biosystems, Foster City, CA). All PCR
experiments were performed using the SYSBR green | master kit (Applied Biosystem). The
primer sets for prodynorphin were CCATCCCAGAATCCAGAGAA (Forward) and
CCAGGGTAGGGTGCATAAGA (Reverse) as previously described 24. The prodynorphin
primers were purchased from SABiosciences (SABiosciences, Valencia, CA). As negative
controls, RNA samples of beta actin, GADPH were also run as an internal control. Relative
fold of gene expression of samples was determined by the delta-delta CT method as
previously described 24, and treatment groups were normalized to the control group.

Statistical analysis

RESULTS

Data on behavioral and molecular studies are presented as means + SD. Behavioral data
related to morphine conditioning were analyzed by one-way ANOVA with Sidak’s post hoc
tests. Data on von Frey testing were analyzed by two-way repeated measures ANOVA with
Tukey’s multiple comparison testing. Molecular data were analyzed by one-way ANOVA
with Dunnett’s post hoc tests. Statistical significance was determined at the alpha level of
0.05 and a power level of 0.8. (Prism 7 GraphPad software, La Jolla, CA). Group sizes were
determined based on pilot studies and power analyses for at least 6 animals per group was
needed in most behavioral tests. However, due to the variability in behavioral responses,
sample size reduction between preference testing and drug primed reinstatement was
expected in treatment groups (Figure 1a,b). This manuscript adheres to the EQUATOR
guidelines as appropriate.

Development of mechanical allodynia to incisional injury

Animals with hindpaw incision showed decreased mechanical thresholds compared to sham
group (Figure 2). There was a significant interaction with incision versus sham groups that
was time dependent with effects lasting up to 4 days administration (time x injury F(21,140
=5.61; p<0.0001). However, there was no significant effect of treatment with morphine
administration on mechanical thresholds suggesting a lack of opioid-induced hyperalgesia.

Enhancement of morphine conditioned place preference in the presence of incisional
injury and attenuation of drug-primed reinstatement in injured animals conditioned with

morphine.

Animals conditioned with morphine spent more time in the drug paired side as compared to
saline controls demonstrating conditioned place preference (Figure 3A),
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t(25)=2.74;p=0.0112, n=9, n=18 respectively). Additionally, animals conditioned with
morphine that also had hindpaw incision showed conditioned place preference to the drug
paired side compared to animals conditioned with saline (n=16, n=7 respectively), and it was
significantly higher than animals without injury (Figure 3A), F(3,40)= 8.63; p<0.001;
t(32)=2.06; p=0.0477). Animals in treatment groups that showed conditioned place
preference to morphine underwent extinction and were re-exposed to morphine (Sham n=10;
Incision n=12). While animals without injury reinstated preference to the drug-paired side
after re-exposure to morphine (Figure 3b), animals with injury showed an attenuated
response (t(20)=2.76; p=0.0121) to drug primed reinstatement.

Enhancement of drug primed reinstatement in animals recovered from prior incisional

injury.

Twelve days after hindpaw incision, animals underwent conditioned place preference with
either saline or morphine (sham saline n=5; sham morphine n=16, incision morphine n=18).
There were no differences between time spent in the drug-paired side in all morphine
treatment groups in this study (Figure 4), (F(2,39)= 4.08; p=0.0247; Post hoc test incision
morphine x sham morphine t (32)= 0.329; p=0.744). Animals that showed conditioned place
preference to morphine underwent extinction and were re-exposed to morphine. While
animals without injury (sham n=9) reinstated preference to the drug-paired side after re-
exposure to morphine (Figure 4b), animals recovered from prior injury (incision n=8)
showed an enhanced response to reinstatement of place preference (t (15)=2.30; p=0.0361).

Elevated expression of prodynorphin mRNA in the nucleus accumbens and medial
prefrontal cortex induced by incisional injury during expression of conditioned place
preference, and remains persistent prior to reinstatement

Brain tissues from the nucleus accumbens and medial prefrontal cortex were taken from
injured animals previously conditioned with morphine and other treatment groups (n=6/
group). The relative ratios of dynorphin mRNA were elevated after morphine conditioning
and even higher in the presence of incisional injury (Figure 5a) in tissues from the nucleus
accumbens. In the medial prefrontal cortex, elevated levels of dynorphin mRNA were
present with morphine conditioning and incisional injury (Figure 5a). Persistent changes in
dynorphin mRNA were observed when brain tissues were extracted prior to drug-primed
reinstatement testing (Figure 5b; n=12/group).

No differences in dynorphin mRNA expression in the nucleus accumbens or medial
prefrontal cortex after recovery from incisional injury prior to drug-primed reinstatement

Brain tissues from the nucleus accumbens and medial prefrontal cortex were taken from
animals well recovered from injury and previously conditioned with morphine and other
treatment groups. The relative ratios of dynorphin mRNA were similar in all treatment
groups (Figure 6) in tissues from the nucleus accumbens and the medial prefrontal cortex.
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KOR blockade reversed attenuated drug-primed re-instatement in injured animals
conditioned with morphine.

Injured animals that showed conditioned place preference to morphine and re-exposed to
morphine. While injured animals (n=6) showed a trend towards an attenuated response by
spending less time in the drug-paired side after re-exposure to morphine (Figure 7), animals
with injury that were administered norBNI (n=6) prior to reinstatement showed preference to
the drug paired side (Figure 7; (F (3,39)= 2.99; p=0.0544).

DISCUSSION

There is concern that exposure to prescription opioids during the perioperative period and
after recovery presents a potential pathway towards opioid use disorders. Our present study
demonstrates that the presence of incisional injury enhances morphine reward but
paradoxically attenuates subsequent morphine primed reinstatement suggesting a protective
adaptation from drug primed reinstatement and relapse. This protective adaptation appears to
involve persistent over-expression of prodynorphin and KOR activation localized to the
nucleus accumbens and medial prefrontal cortex. However, a remote history of injury
confers no such protection from drug primed reinstatement. It enhances drug-primed
reinstatement, which appears to be independent of modulation in the dynorphin- KOR
system in the nucleus accumbens and medial prefrontal cortex.

We observed the enhancement of morphine reward in the presence of incisional injury,
which is thought to be a clinically relevant model of minor trauma 28. Other pain models
have also demonstrated similar enhancement of morphine reward including inflammatory
pain 29 and osteoarthritis3. The initial enhancement of morphine-induced place preference
may be due to pain relief, morphine reward or a combination of both 2931, On the contrary
in a chronic neuropathic pain model, sciatic nerve injury, there is attenuation of morphine
reward 7. Collectively, these studies suggest a modulatory effect of injury on morphine
reward that is dependent on the type of pain elicited and perhaps the duration of pain.

The attenuation of drug primed reinstatement as a result of incisional injury and the
enhancement of drug primed reinstatement by remote injury are novel findings that will
require additional mechanistic evaluation. Drug primed reinstatement is a well described
behavioral model used to study relapse to reward and/or drug seeking behaviors 32. Our
findings suggest a decreased propensity to relapse to morphine reward that is dependent on
whether the drug was initially administered during or outside of injury. Our findings also
suggest that a remote history of injury confers increased propensity to drug primed relapse,
which highlights other unidentified factors that may influence drug relapse. Some known
factors impacting reinstatement include stress, environmental cues associated with initial use
and psychological distress 11. These factors may interact with injury in modulating
reinstatement, but this possibility remains to be examined in a systematic fashion. It should
be recognized that we administered morphine to injured animals for three days after injury,
and it is possible that the protective effect of injury wanes if opioids were to continue to be
administered.
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The observed enhancement of morphine reward with incisional injury could perhaps be
explained by the presence of opioid induced hyperalgesia (OIH) if this form of hyperalgesia
were to result from morphine administration during the conditioning process. In theory, OIH
presenting during conditioning might strengthen place preference due to increased relief
from this pain sensitized state. Specifically, incision-induced pain might be exacerbated by
the effects of OIH as we have shown in previous studies?924, We have established that OIH
can prolong incision-related mechanical and thermal pain sensitization in mice for several
days, although the severity of OIH is related to the dose and duration of opioid
administration 2325, In the present experiments, the morphine administration protocol was
not of sufficient intensity to cause measurable OIH. However, in a clinical setting where
patients had more substantial opioid use histories, the temporary relief of OIH by opioid
administration might help drive more opioid consumption.

Our findings demonstrated a greatly increased prodynorphin expression in the nucleus
accumbens and prefrontal cortex with incisional injury, changes that were not present with
remote injury prior to reinstatement. This suggests a temporal element of KOR activation in
these neural substrates resulting from injury. To assess if the activation of KOR had
functional consequences with drug-primed reinstatement, KOR blockade with norBNI was
used to observe behavior change drug primed reinstatement behavior after injury. The
administration of systemic KOR antagonist resulted in reversal and enhancement of drug-
primed reinstatement, which would have been attenuated with injury. Of note, norBNI, while
a well-studied long acting kappa antagonist, its selectivity for KOR in certain in vivo assays
has been questioned33. Therefore it is not possible to completely rule out other effects
mediated by systemic norBNI that are independent of KOR.

Available compounds such as buprenorphine and dezocine, two drugs with mixed partial mu
receptor agonist and KOR antagonist activity with clinical utility, can be further examined
for their potential role in opioid reward, dependence and reinstatement behaviors34. Studies
are shown so far both dezocine and buprenorphine administered after extinction of morphine
CPP attenuates morphine primed reinstatement, and administration of dezocine attenuates
morphine withdrawal scores, suggesting that both effects are mediated independent of KOR
involvement34. Our findings suggest that with the use of these compounds, the protective
adaptation from drug relapse as a result of KOR activation from injury may be lost, which
can lead up to intriguing investigations in the future for their potential positive or negative
therapeutic values on opioid reward and addictive behaviors.

The role of KOR signaling within the reward circuitry is known to influence reinstatement to
drug reward and drug seeking behaviors, in particular stress induced drug relapse 173536,
Indeed, in studies on forced stress reinstatement with drug reward, KOR blockade attenuates
while KOR activation enhances forced stress induced reinstatement to drug seeking and
reward 1735, In the case of drug primed reinstatement using a different drug, the influence of
KOR also appears to be a stress-mediated mechanism. In this study, both stress thru HPA
axis activation and elevated prodynorphin expression in the nucleus accumbens and
amygdala were involved in drug-primed reinstatement to heroin seeking by yohimbine.
Furthermore, the drug-primed reinstatement was attenuated KOR blockade 37.
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In our study, KOR blockade resulted in reversal and enhancement of drug-primed
reinstatement with injury, which has not been previously described. This suggests the factors
and/or neural substrates mediating drug-primed reinstatement versus stress-induced
reinstatement may be distinct. The differences can perhaps be explained by discrete systems
in the reward circuitry mediating drug primed reinstatement and stress induced reinstatement
respectively 38, Future investigations can focus on other triggers of reinstatement to drug
reward such as stress in the presence of injury, and can examine if KOR signaling is
similarly involved as with prior studies.

Studies have reported possible risk factors associated with continued persistent use of
prescription opioids beyond surgical recovery to include co-morbid psychological distress
such as depression, anxiety, pain catastrophizing, and presence of opioid use prior to surgery
39.40 From our study, we speculate that another factor may include whether there was a
history of remote trauma/ surgery prior to the use of prescription opioids, but not if patients
were only administered opioids at the time of surgery or trauma. However, determining the
circumstances in which the patients receives the prescription opioids and identifying what
are prominent risk factors becomes complicated. For instance, some patients that have had
trauma and injuries requiring surgery may also have a preexisting history of substance
abuse31:32 which they would be already at risk for continued use if prescribed opioids. Still,
it seems reasonable to suggest that opioid administration be limited to the acute
postoperative period where the drugs are not only most needed but also safest to use with
respect to vulnerability for developing an opioid use disorder. Although our studies have
only helped initiate the study of the interaction of opioid use and surgical injury, the
importance of generating more comprehensive work in this field is crucial.
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Refer to Web version on PubMed Central for supplementary material.
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KEY POINTS SUMMARY:

. Question: In an animal model, does the presence and history of minor injury
affect morphine reward and relapse to reward?

. Findings: The presence of minor injury enhances morphine reward but
attenuates relapse to morphine reward.

. Meaning: The use of opioids in a state of acute injury, although initially more
rewarding, may confer a neuroadaptive protection against drug relapse.
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Figure 1:
Mechanical allodynia with acute incisional injury and morphine administration.
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Figure 2:

Morphine induced conditioned place preference with acute incisional injury (A) and

subsequent morphine primed reinstatement (B).
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Figure 3:

Morphine induced conditioned place preference after remote prior incisional injury (A) and
subsequent morphine primed reinstatement (B).
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Figure 4:

Increased prodynorphin expression with incisional injury and conditioning with morphine
remains persistently elevated prior to reinstatement.
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Prodynorphin expression with conditioning with morphine in the presence of prior remote

incisional injury.
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Figure 6:
Kappa opioid receptor blockade with systemic administration of norBNI (10mg/kg s.c.)

reverses attenuated responses to morphine primed reinstatement from incisional injury.
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