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Although natural opiates have been used for centuries, and semi-synthetic, and synthetic opiates
have been used and abused for decades, these last few years have witnessed an incredible increase in
opioid abuse and deaths due to overdose. With this opioid crisis has come an increase in research
into the mechanisms of analgesia, abuse, and addiction, interaction with other drugs, anatomical
and imaging studies, as well as ethical discussions of opioid use and abuse. This Research Topic,
Current Topics in Opioid Research, presents 7 minireviews, 2 hypotheses/perspectives, and 16
original research articles, from 13 different countries, and has articles that span the field of opioid
research, gives insight into ongoing topics, and provides a basis for further study and potential
reduction in severity of the opioid crisis.

HYPOTHESIS AND THEORY/PERSPECTIVE ARTICLES

Drug Addiction: From Neuroscience to Ethics by Farisco et al. presents a novel hypothesis concerning
drug addiction. The authors suggest that in addition to well-described neuronal/neurochemical
factors contributing to addictive dynamics, the socioeconomic status also plays a causal role in drug
addiction through epigenetic processes that require additional reward in the brain. This provides a
strong base for a sociopolitical form of responsibility for preventing and managing the addiction
crisis. For this reason, the authors consider addiction to be a social disorder in addition to a medical
and mental disorder.

The Clinical Concept of Opioid Addiction Since 1877: Still Wanting After All These Years by
Schiitz et al. proposes a comprehensive theory of addiction that uses life and social sciences, dynamic
and complex systems theory, and philosophical-phenomenological approaches to understand the
full complexity of addiction while integrating neurobiological, psychological, and sociocultural
aspects. According to this theory, addiction can be viewed as a habit, induced by a network of
mental, behavioral, and social processes, which not only shape the addict’s perceptions and actions,
but also cause one to self-maintain.

REWARD/ADDICTION

In Management of Opioid Addiction With Opioid Substitution Treatments: Beyond Methadone
and Buprenorphine, Noble and Marie discuss drug therapies for addiction treatment. They
discuss the benefits and detriments of the two mu opioid agonists, with a brief discussion of drug
characteristics leading to these properties. They also discuss the use of the opioid antagonist
naltrexone and potential leads toward next-generation medications, including the use of biased
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agonists, nociception/orphanin (NOP) receptor agonists, or
potentially enkephalin degradation inhibitors.

In Enkephalin as a Pivotal Player in Neuroadaptations Related
to Psychostimulant Addiction Mongi-Bragato et al. address
changes in enkephalin levels in the mesocorticolimbic reward
circuitry due to administration of psychostimulants. The authors
discuss how these changes affect signaling of mu and delta opioid
receptors and the importance of receptor activation with respect
to cocaine- and amphetamine-induced behavioral sensitization,
conditioned place preference (CPP), and self-administration.

Previously, Li et al. had demonstrated that activation of
Trx-1, an important redox regulating protein, could protect
mice from the rewarding effects of morphine. In Overexpression
of Thioredoxin-1 Blocks Morphine-Induced Conditioned
Place Preference Through Regulating the Interaction of
y-Aminobutyric Acid and Dopamine Systems, these authors
demonstrate that morphine-induced CPP was blocked in Trx-1
overexpressing transgenic mice. Furthermore, Trx-1 expression
was induced by morphine in the ventral tegmental area (VTA)
and nucleus accumbens (NAc) in wild-type (WT) mice. The
level of dopamine, expression of tyrosine hydroxylase (TH), and
D1 dopamine receptor as well as levels of GABA and GABA;
receptors were altered by chronic morphine. Therefore, Trx-1
may play a role in blocking CPP induced by morphine through
regulating the expressions of D1, TH, and GABAj, receptors in
the VTA and NAc.

Two papers described effects on drug abuse models subsequent
to activation of NOP receptors, the fourth member of the opioid
receptor family. In NOP receptor agonist Ro 64-6198 decreases
escalation of cocaine self-administration in rats genetically
selected for alcohol preference, Li et al. examine the effect of NOP
receptor agonist Ro 64-6198 on alcohol self-administration in
Marchigian Sardinian alcohol-preferring (msP) rats that have an
upregulated NOP receptor system and in Wistar control rats. Ro
64-6198 was better able to attenuate cocaine self-administration
in msP than in Wistar rats.

In The Nociceptin Receptor (NOP) Agonist AT-312 Blocks
Acquisition of Morphine- and Cocaine-Induced Conditioned
Place Preference in Mice, Zaveri et al. discuss the actions of
AT-312, a selective NOP agonist, on morphine and cocaine
CPP. AT-312 blocked acquisition of both morphine and cocaine
as well as locomotor stimulation in WT but not NOP receptor
knockout (KO) mice. These results demonstrate that NOP
agonists may have a potential as pharmacotherapy for opioid and
psychostimulant addiction or for treating polydrug addiction.

Three papers focused on the relationship between opiates
and alcohol abuse. In Binge-Like Exposure to Ethanol Enhances
Morphine’s Anti-nociception in B6 Mice, Chang et al. hypothesize
that binge drinking potentiates onset and progression of opioid use
disorder (OUD). To examine this, the authors examined and found
an increase in inflammatory cytokines and mu receptor mRNA in
the striatum after binge ethanol drinking. This corresponded with
an increase in potency of morphine at 3 mg/kg in the hotplate test.
Such effect might initiate the onset and progression of OUDs.

Granholm et al. described the effects of ethanol exposure
on the level of opioid peptides in Episodic Ethanol Exposure
in Adolescent Rats Causes Residual Alterations in Endogenous

Opioid Peptides. To mimic binge drinking in adolescents, the
authors administered ethanol to rats 3 days per week from weeks
4 to 9. Beta-endorphin, dynorphin B, and Met-enkephalin-
Arg®Phe’ (MEAP) were then analyzed 2 h and 3 weeks after the
final ethanol administration. Changes were observed for each
peptide in selected brain regions. These alterations in opioid
networks after adolescent ethanol exposure could explain, in
part, the increased risk for high ethanol consumption later in life.

In Critical Role for Gi/o-Protein Activity in the Dorsal
Striatum in the Reduction of Voluntary Alcohol Intake in C57Bl/6
Mice, Robins et al. explore the hypothesis that dorsal striatal
Gi/o-protein activation is sufficient to reduce voluntary alcohol
intake. The authors examined this hypothesis in two ways. In one
set of experiments, they expressed the inhibitory, Gi/o-coupled,
M4 DREADD in the dorsal striatum. In these animals, receptor
activation with CNO reduced consumption of 10% ethanol
in a two-bottle choice paradigm. In other experiments, delta
opioid receptor activation with the Gi/o-biased agonist TAN-
67 reduced alcohol consumption in WT and (-arrestin-2 KO
animals, while activation with the P-arrestin-2-biased agonist
SNCB80 increased alcohol intake in WT but decreased intake in
B-arrestin-2 KO animals. These results suggest that activation
of Gi/o-coupled receptors in the striatum, with biased agonists,
could be a mechanism for treating alcohol use disorder.

In CB1 Agonism Alters Addiction-Related Behaviors in Mice
Lacking Mu or Delta Opioid Receptors, Roeckel et al. investigate
the interaction between opioid and cannabinoid CB1 receptors
with respect to pain, withdrawal, anxiety, and depression using
the selective CB1 agonist ACEA, as well as mu and delta opioid
receptor KO mice. The authors demonstrated that ACEA had
no antinociceptive activity of its own in the warmwater tail
withdrawal test. Naloxone was able to precipitate withdrawal
from chronic ACEA in mice of all genotypes. Anxiety-like
behavior was independent of genotype and ACEA treatment,
but a pro-depressive effect of ACEA was absent in mu KO mice.
These studies indicate an interaction between opioid and CB1
receptors in withdrawal and depression.

Butelman et al. examine opioid-dependent patients to
determine if other drug use was a predictor of ultimate opioid
dependence. In Non-medical Cannabis Self-Exposure as a
Dimensional Predictor of Opioid Dependence Diagnosis:
A Propensity Score Matched Analysis, the authors used an
outpatient observational study to examine age of onset of
heaviest use of cannabis, cocaine, and alcohol and how that
correlated with the onset of opioid dependence. They concluded
that the maximal self-exposure to cannabis and cocaine, but not
to alcohol, was greater in volunteers with opioid dependence and
that increasing self-exposure to cannabis and cocaine, but not
alcohol, was a positive predictor of opioid dependence.

PAIN

Pain Therapy Guided by Purpose and Perspective in Light of the
Opioid Epidemic, by Severino et al., discusses the history behind
the current opioid epidemic then goes on to review potential
methods for treatment of pain without off-target effects. To
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this end, the authors discuss the potential for ligand bias and
bifunctional opioid agonists as potential methods of reducing
side effects and also outline how the pharmacokinetic profile of
opioids contribute to their potential for addiction and abuse.

In The Contribution of the Descending Pain Modulatory
Pathway in Opioid Tolerance, Lueptow et al. review mechanisms
that underlie opioid tolerance development, concentrating
on the descending periaqueductal gray matter (PAG)-rostral
ventromedial medulla (RVM)-spinal cord pain pathway. The
authors describe how tolerance in the PAG is mediated by mu
receptor uncoupling from downstream G-protein mediated
signaling. Other experiments describe the relationship between
tolerance development and glial activation; particularly, the role
of TLR4 in that relationship is also discussed.

In Cutting-Edge Search for Safer Opioid Pain Relief:
Retrospective Review of Salvinorin A and Its Analogs, Zjawiony
et al. review the development of salvinorin A analogs from the
perspective of a medicinal chemist. Salvinorin A, a natural
product purified from Salvia divinorum, is a selective and high-
affinity kappa agonist. Salvia is currently used as a recreational
drug, since it alters consciousness but, like kappa drugs, is often
dysphoric. Nevertheless, it has been used as a template for drug
discovery leading to the production of many kappa and mu
selective agonists. In particular, many analogs appear to have
ligand bias, which might be useful in developing drugs with lower
abuse potential.

In Advances in Achieving Opioid Analgesia Without Side
Effects, Machelska and Celik review emerging opioid-based
strategies to develop effective analgesics with reduced side effect
profile. The novel concepts discussed include biased agonism,
peripherally active compounds, heteromeric compounds, receptor
splice variants, and use of endogenous opioids by inhibiting
degradation or enhancing production. Compounds in clinical
trials and undergoing preclinical studies are identified.

Zhang et al. examined the involvement of NOP receptors on a
post-traumatic stress disorder (PTSD) model in male and female
rats in Sex Differences in Nociceptin/Orphanin FQ Peptide
Receptor-Mediated Pain and Anxiety Symptoms in a Preclinical
Model of Post-traumatic Stress. Interestingly, male NOP receptor
KO rats did not develop single prolonged stress-induced allodynia
and thermal hypersensitivity, while female NOP receptor KO
rats exhibited tactile allodynia and thermal hypersensitivity to
the same extent as WT rats. These experiments demonstrate the
distinct role that the NOP receptor system plays in males and
females after exposure to sustained stress.

Stotzner et al., in Mu-Opioid Receptor Agonist Induces Kir3
Currents in Mouse Peripheral Sensory Neurons—Effects of
Nerve Injury explore the activity of mu receptors in the dorsal
root ganglia (DRG) to examine the potential of peripherally
active mu agonists as analgesics with greatly reduced side
effects. Receptor activity was determined by measuring activity
of the G protein-coupled inwardly rectifying potassium
channels, Kir3 in the DRG of naive and chronic pain (chronic
constriction injury CCI) mice. The authors determined that
the mu agonist DAMGO could activate Kir3 currents and the
percentage of mu-containing DRG neurons was equivalent in
naive and CCI mice.

PAIN/NOVEL LIGANDS

In In Vitro and in Vivo Pharmacological Activities of 14-O-
Phenylpropyloxymorphone, a Potent Mixed Mu/Delta/Kappa-
Opioid Receptor Agonist With Reduced Constipation in Mice,
Lattanzi et al. discuss in vitro and in vivo properties of this novel
compound (POMO). POMO is a 14-O-phenylpropyl-substituted
analog of the mu opioid agonist 14-O-methyloxymorphone
(14-OMO). POMO has subnanomolar affinity at mu, delta, and
kappa receptors and is a full agonist at mu and delta. Importantly,
it is a very potent analgesic, with an ED; of 0.7 nmol/kg, 9,000
times more potent than morphine. Despite the extremely potent
antinociceptive activity, it has reduced inhibition of gut transport,
suggesting a greater therapeutic window.

Kumar et al. performed a structure-activity relationship
study of oxymorphinone analogs in Synthesis, Biological
Evaluation, and SAR Studies of 14p-phenylacetyl Substituted
17-cyclopropylmethyl-7,8-dihydronoroxymorphinones
Derivatives: Ligands With Mixed NOP and Opioid Receptor
Profile. Affinity and in vitro efficacy were determined at mu, delta,
kappa, and NOP receptors. All compounds were partial agonists
at each receptor, and structure activity relationship results were
consistent with molecular modeling predictions that a binding
site within the NOP receptor could be accessed by an appropriate
14p side chain. This resulted in compounds with much higher
affinity at NOP receptors than the parent compound naltrexone.

MU RECEPTOR

Heteromerization Modulates mu Opioid Receptor Functional
Properties in vivo by Ugur et al. reviews the evidence for
heteromers of the mu receptor and discusses how heteromers
affect mu opioid receptor signaling, trafficking, and subsequent
behavioral responses. The authors describe how selective
targeting of heteromers to modulate mu opioid receptor activity
has attracted significant interest as a method for developing novel
innovative therapeutics.

In Microglia Express Mu Opioid Receptor: Insights From
Transcriptomics and Fluorescent Reporter Mice, Maduna et al.
examine microglia for the presence of the mu receptor. The
reasoning behind these experiments was the observation that
microglia appear to mediate certain adverse effects of opiates
including analgesic tolerance and opioid-induced hyperalgesia.
Using transcriptomic databases from both mice and humans, as
well as imaging of newly created Cx3cr1l-eGFP-MOR-mCherry
mice, the mu receptor was found in the vast majority of mouse
and human microglia datasets. Furthermore, mu receptors could
be found in roughly 40% of microglia in both brain and spinal
cord. These results are consistent with functional studies showing
the actions of mu receptor agonists on microglia.

In Oxycodone Self-Administration Induces Alterations in
Expression of Integrin, Semaphorin and Ephrin Genes in the
Mouse Striatum, Yuferov et al. examined the effect of chronic
oxycodone treatment on molecules that affect axon guidance
including integrin, semaphorin, and ephrin gene families. It was
the author’s hypothesis that opioid-induced changes in axon-target
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connections and synaptogenesis may be implicated in the behaviors
associated with opiate addiction. Chronic oxycodone caused either
an increase or decrease in the majority of the 38 known genes in
these gene families. The relationship between expression of these
genes and specific behaviors is under investigation.

MU RECEPTOR IMAGING

In Deformation-based Morphometry MRI Reveals Brain
Structural Modifications in Living Mu Opioid Receptor
Knockout Mice, Nasseef et al. used a structural magnetic
resonance imaging (MRI) approach to determine whether
volumetric alterations also occur in mu opioid receptor KO mice.
The authors measured deformation-based morphometry (DBM)
for each voxel in subjects from mu KO and control groups. They
found volumetric changes, both contractions and expansions in
various brain regions, mainly in mu receptor-enriched regions
and across reward/aversion centers. Some volumetric changes
were in regions that showed functional connectivity changes
identified in a previous resting-state functional MRI study,
suggesting a possible function-structure relationship in mu
KO-related brain alternations. These functional and structural
MRI studies disclose whole-brain level mechanisms that likely
drive mu-controlled behaviors.

Sasaki et al. demonstrated changes in tissue volume in
the PAG using RMI voxel-based morphometry. In Larger
Numbers of Glial and Neuronal Cells in the Periaqueductal
Gray Matter of p-Opioid Receptor Knockout Mice, these

authors used immunohistochemistry to measure numbers of
microglia, astrocytes, and neurons in four subregions of the
PAG. They found larger numbers of each of these cell types
in mu KO compared with WT mice, suggesting that these
alterations might account for the hyperalgesic state in mu
KO mice.
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NOP Receptor Agonist Ro 64-6198
Decreases Escalation of Cocaine
Self-Administration in Rats
Genetically Selected for Alcohol
Preference

Hongwu Li"?*, Giulia Scuppa?’, Qianwei Shen?', Alessio Masi?, Cinzia Nasuti?,
Nazzareno Cannella? and Roberto Ciccocioppo%*

" College of Chemical Engineering, Changchun University of Technology, Changchun, China, 2 Pharmacology Unit, School of
Pharmacy, University of Camerino, Camerino, ltaly

Cocaine dependence is a psychiatric condition for which effective medications are still
lacking. Published data indicate that an increase in nociceptin/orphanin FQ (N/OFQ)
transmission by NOP receptor activation attenuates cocaine-induced place conditioning
and the locomotor sensitization effects of cocaine. This suggests that the activation
of the N/OFQ receptor (NOP) may attenuate the motivation for psychostimulants. To
further explore this possibility, we investigated the effect of the potent and selective
NOP receptor agonist Ro 64-6198 on cocaine intake under 1h short access (ShA)
and 6h long access (LgA) operant self-administration conditions in rats. We used
Marchigian Sardinian alcohol-preferring (msP) rats and Wistar control rats. msP rats
were used because we recently found that this rat line, originally selected for excessive
alcohol drinking and preference, exhibits a greater propensity to escalate cocaine
self-administration following LgA training. msP rats are also characterized by innate
overexpression of the N/OFQ-NOP system compared with Wistar rats. Wistar and msP
rats both exhibited an increase in cocaine self-administration under LgA conditions,
with a higher trend toward escalation in msP rats. In Wistar rats, the intraperitoneal
administration of Ro 64-6198 (0. 1 and 3 mg/kg) significantly decreased ShA cocaine
self-administration. In Wistar rats that underwent LgA cocaine self-administration
training, Ro 64-6198 induced no significant effect either during the first hour of
self-administration or after the entire 6 h session. In msP rats, Ro 64-6198 significantly
reduced cocaine self-administration both under ShA conditions and in the first hour
of the LgA session. At the end of the 6h session, the effect of Ro 64-6198 was no
longer observed in msP rats. The highest dose of Ro 64-6198 (3 mg/kg) did not affect
saccharin self-administration in msP rats but reduced saccharin self-administration in
Wistar rats. Altogether, these data suggest that NOP receptor activation attenuates
cocaine self-administration, and this effect tends to be more pronounced in a rat line with
innately higher NOP receptor expression and that more robustly escalates cocaine intake.

Keywords: abuse, addiction, psychostimulants, drug-seeking, opioids
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INTRODUCTION

Cocaine is the most commonly abusedillicit psychostimulant,
and its use is linked to serious physical, psychiatric,
socioeconomic, and legal problems (1). Effective medications for
the treatment of cocaine addiction are lacking. The development
of medications that can control cocaine intake and seeking
would represent a significant medical breakthrough.

Cocaine is often co-abused with alcohol. Cocaine dependence
and alcohol dependence share several genetic traits, indicating
that common predisposing factors may exist (2-4). We recently
found that Marchigian Sardinian alcohol-preferring (msP) rats,
which are genetically selected for excessive alcohol drinking and
preference, also exhibit neurophysiological and pharmacological
traits that confer a predisposition to psychostimulant abuse
(5). We recently found that msP rats exhibited alterations of
functional magnetic resonance imaging activity and an increase
in nucleus accumbens dopamine release in response to an
amphetamine challenge compared with Wistar rats. msP rats
also exhibited a higher propensity to escalate cocaine intake
under extended access (6 h/day) self-administration conditions
(5). Compared with heterogeneous stock Wistars rats (i.e.,
the rat strain from which msP rats originate), the msP line
appears to present an addiction-prone phenotype. msP rats are
also characterized by inherited neurophysiological adaptations
of several neurotransmitter systems that may contribute to
their vulnerable phenotype (6-8). One such system consists of
nociceptin/orphanin-FQ (N/OFQ) peptide and its NOP receptor,
known for being structurally similar to dynorphin A and kappa
opioid, respectively (9, 10). The activation of NOP receptors has
been shown to attenuate the motivation for various drugs of
abuse (11-18).

Intracranial N/OFQ administration inhibited
psychostimulant-induced  conditioned  place  preference
and locomotor sensitization in rats (19, 20). NOP receptor
knockout mice exhibited higher cocaine-induced conditioned
place preference compared with their wildtype counterparts
(21). Additionally, NOP knockout mice showed increased
psychomotor sensitization to cocaine (22) and N/OFQ
abolished cocaine-induced psychomotor sensitization in
wildtype but not NOP knockout mice (23). Importantly,
intracerebroventricular N/OFQ administration did not induce
conditioned place preference or aversion, suggesting that
NOP receptor agonists do not have motivational properties
per se (24, 25). Although data on the effect of NOP receptor
activation on cocaine-related behaviors have been published,
direct evidence of an effect of NOP receptor agonists on
cocaine self-administration are limited to buprenorphine and
cebranopadol, two molecules that simultaneously activate
NOP and p opioid receptors (16-18). The present study
investigated the effect of the potent and selective NOP
receptor agonist Ro 646198 on cocaine intake in rats that
were exposed to a daily 1h short access (ShA) or 6h long
access (LgA) operant self-administration sessions. The study
was performed in heterogeneous Wistar and msP rats. msP
rats exhibit overexpression of the N/OFQ system and a greater
propensity to escalate cocaine self-administration. msP rats

also exhibit high sensitivity to NOP receptor agonists, and a
history of dependence enhances NOP expression. Therefore,
we predicted that Ro 64-6198 would be more effective in rats
that were exposed to LgA cocaine self-administration and that
msP rats would be more sensitive to Ro 646198 than Wistar
rats (8, 26).

MATERIALS AND METHODS

Animals

The experiments were conducted with male Wistar rats (Charles
River, Calco, Italy) and msP rats (bred at the School of Pharmacy,
University of Camerino, Italy). The rats weighed 200-250¢g at
the beginning of the study. They were housed in pairs in a
room under a reverse 12 h/12h light/dark cycle (lights off at
9:00a.m.) with constant temperature (20-22°C) and humidity
(45-55%). Food and water were provided ad libitum. The animals
were treated in accordance with the guidelines of the European
Community Council Directive for Care and Use of Laboratory
Animals. The experimental procedures were approved by the
Italian Ministry of Health (authorization no. 414/2016-PR).

Drugs

Cocaine hydrochloride (Sigma, St. Louis, MO, USA) was
dissolved in sterile saline. Saccharin (Sigma, Italy) was dissolved
in tap water. The NOP receptor agonist Ro 64-6198 was dissolved
in 10% dimethylsulfoxide, 10% Tween-80, and 80% water. Doses
timing and route of administration of Ro 64-6198 were chosen
based on earlier NOP binding studies indicating that an acute
IP injection of 3.2 mg/kg of Ro 64-6198 induced maximal NOP
receptor occupancy after 30 min. Good receptor occupancy was
maintained for approximately 3 h (27).

Catheter Implantation

The rats were anesthetized by an intramuscular injection of
100-150 pl of a solution that contained tiletamine chlorhydrate
(58.17 mg/ml) and zolazepam chlorhydrate (57.5 mg/ml).
For intravenous surgery, incisions were made to expose the
right jugular vein. A catheter that was constructed from
micro-renathane tubing (inner diameter = 0.020 inches, outer
diameter = 0.037 inches) was subcutaneously positioned between
the vein and back. After insertion into the vein, the proximal end
of the catheter was anchored to the muscles that underlie the vein
with surgical silk. The distal end of the catheter was attached to a
stainless-steel cannula that was bent at a 90° angle. The cannula
was inserted into a support that consisted of dental cement on
the back of the animals and was covered with a plastic cap.
Immediately after surgery, the rats were treated intramuscularly
with 200 pl of enrofloxacin (50 mg/ml, Baytril, Germany).

The rats were allowed to recover for 1 week before self-
administration training. Catheters patency was confirmed by
an intravenous injection of 150 pl of sodium pentothal (25
mg/ml, Intervet, Italy). Before each self-administration session,
the catheters were flushed with 100 pl of heparinized saline (20
UI/ml) that contained 0.5 mg/ml enrofloxacin.
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Self-Administration Apparatus

The self-administration stations consisted of operant
conditioning chambers (Med Associates, USA) that were
enclosed sound-attenuating, ventilated environmental
cubicles. Each chamber was equipped with two retractable levers
that were located in the front panel of the chamber. Cocaine was
delivered intravenously through a plastic tube that was connected
to an infusion pump. Saccharin was delivered in a receptacle
that was connected to the infusion pump and located between
the two levers. Responses on the right (active) lever activated the
infusion pump, and responses on the left (inactive) lever were
recorded but did not have any programmed consequences. In
both the cocaine and saccharin sessions, activation of the pump
resulted in the delivery of 0.1 ml of fluid. A computer controlled
the delivery of cocaine solution and recorded the behavioral data.

in

General Cocaine

Self-Administration Procedure

Wistar and msP rats were initially trained to self-administer
cocaine (0.25 mg/infusion) under a fixed-ratio 1 (FR1) schedule
of reinforcement for 1 h/day for 5 days. Afterward, the
reinforcement contingency was switched to an FR5 schedule,
and the rats of each line were split into two subgroups: self-
administration in a 1h short-access (ShA) session and self-
administration in a 6 h long access (LgA) session. The LgA and
ShA sessions under an FR5 schedule continued for 23 days, after
which the effect of Ro 64-6198 on cocaine self-administration
was tested.

Effect of Ro 64-6198 on Cocaine

Self-Administration in Wistar Rats

Starting from the 24th FR5 session, we tested the effect of
Ro 64-6198 and its vehicle on cocaine self-administration in
Wistar rats that were trained under ShA (n = 10) and LgA
(n = 10) conditions. Using a within-subjects counterbalanced
design, 30 min before the session, the rats received Ro 64-6198
(1.0 and 3.0 mg/kg, i.p.) or its vehicle. The tests were repeated
every third day. On the first intervening day, the rats remained in
their home cage. On the second intervening day, they underwent
a baseline cocaine self-administration session. The number of
infusions was recorded after the first hour of self-administration
and also at 6 h in the LgA group.

Effect of Ro 64-6198 on Cocaine

Self-Administration in msP Rats

Similar to Wistar rats, starting from the 24th FR5 session, we
tested the effect of Ro 64-6198 (1.0 and 3.0 mg/kg, i.p.) and
its vehicle on cocaine self-administration in msP rats that were
trained under ShA (n =9) and LgA (n = 9) conditions. The tests
were performed using a within-subjects counterbalanced design
at intervals of 3 days. The number of infusions was recorded
after the first hour of self-administration and also at 6h in the
LgA group.

Effect of Ro 64-6198 on Saccharin

Self-Administration in Wistar and msP Rats
Two additional groups of Wistar (n = 9) and msP (n = 9) rats
were trained in daily 1h saccharin self-administration sessions
under an FR1 schedule of reinforcement. When the rats reached
a stable baseline of saccharin intake, we tested the effect of Ro
64-6198 (1.0 and 3.0 mg/kg, i.p.) and its vehicle on saccharin
self-administration. Thirty minutes before the sessions, the rats
received Ro 64-6198 (1.0 and 3.0 mg/kg, i.p.) and its vehicle in
a counterbalanced Latin-square design. The tests were repeated
every third day.

Statistical Analyses

The number of infusions that were received by ShA rats was
compared with the number of infusions that were received by
LgA rats during the first hour of the daily sessions using two-way
repeated-measures analysis of variance (ANOVA), with session
length (ShA vs. LgA) as the between-subjects factor and time
(days) as the repeated measure. The escalation of cocaine self-
administration was analyzed using one-way ANOVA, with time
as the repeated measure. The effect of Ro 64-6198 on cocaine
and saccharin self-administration was analyzed using one-way
ANOVA, with dose as the within-subjects factor. Wistar and
msP rats were analyzed separately. Significant main effects in the
ANOVA were followed by the Newman-Keuls post hoc test for
escalation and Dunnett’s post hoc test for Ro 64-6198. Values of
p < 0.05 were considered statistically significant.

RESULTS

Escalation of Cocaine Self-Administration

in Wistar and msP Rats

One LgA Wistar rat and one ShA Wistar rat became sick during
training; therefore, only n = 9 LgA Wistar rats and n = 9 ShA
Wistar rats were considered for the analyses. The escalation of
cocaine intake reflects an increase in the number of infusions
that are obtained daily over time. Escalation occurs during LgA
sessions and usually is measured by analyzing the number of
rewards that are earned during the first hour of intake in the LgA
session compared with the ShA session (28).

In Wistar rats, the ANOVA indicated no effect of session
length [F(; 16y = 1.5, p > 0.05] but a significant effect of time
[F(22,352) = 6.5, p < 0.0001] and a significant session length
x time interaction [F(3 350) = 1.7, p < 0.05]. The two groups
differed in intake on the first day under the FR5 schedule but
earned a similar number of infusions during the remainder
of training (Figure 1A). LgA Wistar rats exhibited an increase
in lever pressing over time [F(g 176y = 8.1, p < 0.01], with a
progressive increase in the total number of daily (6h) cocaine
infusions that were earned (Figure 1B).

In msP rats, ANOVA was used to compare the number
of infusions that were received in the ShA group and LgA
group during the first hour of the session. The ANOVA
indicated significant main effects of session length [F(; ;) = 40.9,
p < 0.0001] and time [F( 353 = 24.7, p < 0.0001] and a
significant session length x time interaction [F(y; 35 = 2.4,
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FIGURE 1 | Escalation of cocaine self-administration (CSA) in Wistar and msP rats. (A) The number of cocaine infusions that were received by Wistar rats in the first
hour of ShA and LgA sessions was similar throughout training, with the exception of the first day. (B) The number of infusions that were received by Wistar rats during
the entire 6 LgA session increased over time. (C) The number of infusions that were received by msP rats during the first hour of the daily LgA sessions increased
over training and was higher than ShA-trained msP rats beginning in the fifth session. (D) The number of infusions that were received by LgA-trained msP rats
increased over training during the entire 6 h session. The data are expressed as mean + SEM. ° p < 0.05, °° p < 0.01, °°°° p < 0.001, compared with ShA.

p < 0.001]. The post hoc analysis indicated that LgA rats
exhibited an increase in the number of infusions over time
and differed significantly from ShA rats starting from the fifth
session (Figure 1C). LgA msP rats exhibited an increase in lever
pressing over time [F(s 176) = 8.9, p < 0.001], with a progressive
increase in the total number of daily (6 h) cocaine infusions that
were earned (Figure 1D).

When the escalation ratio, calculated as a difference between
the average infusions of the last 3 minus the first 3 LgA
sessions, of msP and Wistar rats was compared, results indicated
a significant difference between the two rat lines [t;¢ = 2.9,
p < 0.05]. Escalation ratio was 39.3 & 6.6 in msPs and 19.2 £+
3.3 in Wistars.

Effect of Ro 64-6198 on Cocaine and
Saccharin Self-Administration in

Wistar Rats

We next tested the effect of Ro 64-6198 on cocaine self-

administration in Wistar rats. One additional LgA Wistar rat
was excluded from the analysis because of the loss of catheter

patency. Ro 64-6198 significantly decreased the number of
infusions that were received by ShA Wistar rats [F(; gy = 16.5,
p < 0.01]. Dunnett’s post hoc test revealed that 3.0 mg/kg but
not 1.0 mg/kg Ro 64-6198 significantly decreased the number
of infusions compared with vehicle (p < 0.01; Figure 2A).
Under LgA conditions, the ANOVA indicated no effect of
treatment either during the first hour [F, 7, = 2.8, p >
0.05] or during the entire 6h session [F(; 7 = 2.0, p > 0.05;
Figures 2B,C]. The ANOVA of the effect of Ro 64-6198 on
saccharin self-administration indicated a main effect of treatment
[F2,8y = 27.7, p < 0.001]. Dunnett’s post hoc test showed
that 3 mg/kg Ro 64-6198 significantly decreased saccharin self-
administration (p < 0.01; Figure 2D).

Effect of Ro 64-6198 on Cocaine and

Saccharin Self-Administration in msP Rats
In msP rats, Ro 64-6198 significantly decreased cocaine self-
administration both in the ShA condition [F(,5 = 15.3,
p < 0.001; Figure 3A] and in the first hour of the LgA condition
[F(2,8y = 11.6, p < 0.01; Figure 3B]. Dunnett’s post hoc test
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FIGURE 2 | Effect of Ro 64-6198 on cocaine and saccharin intake in Wistar rats. (A) Ro 64-6198 at a dose of 3.0 mg/kg decreased the number of infusions that were
received by ShA rats. (B,C) Ro 64-6198 did not affect cocaine self-administration in LgA-trained rats either during the first hour of the session (B) or during the entire
6h session (C). (D) Ro 64-6198 at a dose of 3.0 mg/kg decreased saccharin self-administration. The data are expressed as mean + SEM. **p < 0.01, compared with
Ro 64-6198 vehicle (0.0 mg/kg).

revealed a significant effect of 3.0 mg/kg Ro 64-6198 (p < 0.01).
The ANOVA of the effect of Ro 64-6198 at 6 h in the LgA group
revealed no effect of treatment [F(; g) = 0.3, p > 0.05; Figure 3C].
The ANOVA indicated no effect of Ro 64-6198 on saccharin
self-administration [F(, ) = 2.0, p > 0.05; Figure 3D].

DISCUSSION

The present study found that cocaine intake was similar in
Wistar and msP rats under ShA self-administration conditions,
but Wistar rats received a slightly higher number of infusions.
When the rats were exposed to LgA self-administration, msP
rats exhibited greater escalation of cocaine intake. These results
replicate our recent study, in which we found that msP
rats exhibited greater escalation of cocaine self-administration
compared with Wistar rats. Additionally, in response to an
amphetamine challenge, msP rats exhibited greater locomotor
stimulation, greater activation of mesolimbic circuitry, and
higher extracellular levels of dopamine in the nucleus accumbens
compared with Wistar rats (5). The msP rat line was originally
selected for excessive alcohol drinking and preference. However,

unknown is why they are also hypersensitive to psychostimulants.
One possibility is that some of the genetic traits that confer
greater vulnerability to psychostimulants also result in an
increase in alcohol intake (i.e., common genetic factors may
be responsible for increases in both alcohol consumption and
the vulnerability to psychostimulants). In humans, cocaine and
alcohol are often co-abused, and common genetic traits that
confer vulnerability to their use have begun to emerge (2-4).
Previous studies showed that Sardinian alcohol-preferring
rats, from which msP rats were derived, are characterized by
the lower expression of dopamine D; and D, receptors in the
striatum (29, 30). Under basal condition, these two rat lines may
present a hypodopaminergic state that motivates them to take
higher amounts of alcohol and cocaine. Theserat lines™ ability
to increase mesolimbic dopamine levels may help counteract
such a deficiency in dopamine. Clinical studies have shown
that human addicts have relatively low levels of dopamine
receptors in the ventral striatum (31-34). Similar to msP rats,
human addicts also present an increase in striatal activation,
revealed by functional magnetic resonance imaging, in response
to drug-related stimuli (5, 35-37). One possibility is that msP
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FIGURE 3 | Effect of Ro 64-6198 on cocaine and saccharin intake in msP rats. (A) Ro 64-6198 at a dose of 3.0 mg/kg decreased the number of infusions that were
received in the ShA session. (B,C) Ro 64-6198 at a dose of 3.0 mg/kg decreased the number of infusions that were received by LgA rats during the first hour of the
session (B) but not during the entire 6 h session (C). (D) Ro 64-6198 did not affect saccharin self-administration. The data are expressed as mean + SEM. *p < 0.05,
**p < 0.01, compared with Ro 64-6198 vehicle (0.0 mg/kg).

rats may represent an animal model that mimics conditions
that are associated with advanced stages of the addiction
cycle, reflected by their greater tendency to escalate drug use.
Another neurochemical alteration that has been detected in
msP rats is overexpression of the N/OFQ system in various
mesolimbic structures (8). The activation of NOP receptors
following the administration of N/OFQ in the ventral tegmental
area attenuated dopamine release in the nucleus accumbens
(38). The intracerebroventricular administration of N/OFQ
suppressed the morphine-induced increase in extracellular
dopamine levels in the nucleus accumbens (39). Moreover,
N/OFQ administration in the nucleus accumbens attenuated
the ability of cocaine to enhance local extracellular dopamine
levels (40). These data suggest that greater activity of the
N/OFQ system may further contribute to the reduction of
the basal tone of the dopamine system, thus contributing to
the motivation to consume drugs of abuse. This possibility
is indirectly supported by a previous study, in which NOP
receptor knockout rats self-administered less cocaine, alcohol,
and heroin compared with wildtype controls (41). Refuting
this hypothesis, however, is evidence that the pharmacological
activation of NOP receptors attenuates the motivation for

several drugs of abuse, including cocaine and amphetamine
(19, 20, 42-45). To clarify the role of the N/OFQ system
in the modulation of drug abuse-related behaviors, we tested
the effect of the selective and potent NOP receptor agonist
Ro 64-6198 on cocaine self-administration in both Wistar
and msP rats. As expected, Ro 64-6198 reduced ShA cocaine
self-administration in both Wistar and msP rats. Under LgA
conditions, the effect of Ro 64-6198 was significant only in msP
rats. Moreover, the half-life of Ro 64-6198 in rodents is relatively
long (5.5h), and the significant effect of Ro 64-6198 that was
observed in the first hour of the LgA session was not observed
at6 h (27).

In Wistar rats, 3 mg/kg Ro 64-6198 significantly decreased
saccharin self-administration. This effect was not observed in
msP rats. This may suggest that the effect of Ro 64-6198 on
self-administration is secondary to the nonspecific inhibition
of locomotor activity. However, this possibility is unlikely.
Although Ro 64-6198 reduced saccharin self-administration in
Wistar rats, it did not affect saccharin self-administration in
msP rats. Previous studies reported that Ro 64-6198 doses up
to 3 mg/kg exert specific effects that are not linked to motor
impairment (46, 47).
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Previous studies also showed that NOP receptor activation by
Ro 64-6198 reduced the motivation for alcohol and morphine.
Therefore, the lower motivation to pursue a reward may
also extend to natural reinforcers (48-50). This hypothesis is
supported by previous findings, in which the stimulation of
N/OFQ transmission in NOP receptor knockout mice suppressed
both basal and drug-induced increases in the hedonic state (51).

The activation of NOP receptors leads to rapid and prolonged
receptor desensitization (52, 53). For example, after treatment
with Ro 64-6198, NOP receptors rapidly internalized, and
N/OFQ-mediated transmission remained impaired for at least
30 min (27). Based on these findings, one hypothesis is that the
effect on cocaine self-administration may be mediated by NOP
receptor desensitization rather than NOP receptor activation.
This may explain why Ro 64-6198 was slightly more effective
in msP rats than in Wistar rats because of msP rats’ innate
overexpression of NOP receptors that may be more sensitive to
desensitization. This receptor desensitization hypothesis could
also explain why the effect of Ro 64-6198 is relatively short
(1h), notwithstanding its relatively long half-life of 5.5h. After
1h, the desensitized NOP receptors may progressively become
available again. Finally, the receptor desensitization hypothesis
may reconcile recent findings that NOP-deficient rats exhibited
lower motivation for cocaine and self-administered less cocaine
(41) and may explain why, similar to agonist, NOP antagonists
could reduce drug self-administration (54, 55).

Consistent with the desensitization hypothesis, it is tempting
to hypothesize that chronic treatment with Ro 64-6198 would
have led to a more pronounced effect, possibly leading to
reduction of cocaine intake also in Wistar rats. Earlier studies,
however, have shown that chronic (25 days) and acute treatment
with Ro64-6198 produced comparable reduction of NOP binding
levels due to receptor internalization (27). Based on this
observation we speculate that our treatment condition was
sufficient to detect an effect of Ro 64-6198. To further asses this

conclusion future studies will have to investigate the effect of
chronic drug treatment on cocaine self-administration. Another
potential limitation is that the present study was limited to
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Over the years, pain has contributed to low life quality, poor health, and economic
loss. Opioids are very effective analgesic drugs for treating mild, moderate, or severe
pain. Therapeutic application of opioids has been limited by short and long-term side
effects. These side effects and opioid-overuse crisis has intensified interest in the search
for new molecular targets and drugs. The present review focuses on salvinorin A
and its analogs with the aim of exploring their structural and pharmacological profiles
as clues for the development of safer analgesics. Ethnopharmacological reports and
growing preclinical data have demonstrated the antinociceptive effect of salvinorin A
and some of its analogs. The pharmacology of analogs modified at C-2 dominates
the literature when compared to the ones from other positions. The distinctive binding
affinity of these analogs seems to correlate with their chemical structure and in vivo
antinociceptive effects. The high susceptibility of salvinorin A to chemical modification
makes it an important pharmacological tool for cellular probing and developing analogs
with promising analgesic effects. Additional research is still needed to draw reliable
conclusions on the therapeutic potential of salvinorin A and its analogs.

Keywords: analgesic, opioid receptors, salvinorin A, side effects, analogs

INTRODUCTION

Pain management is a challenging medical issue that requires a wide range of expertise and
innovative ideas (1). Medicinal chemistry as well as extensive analysis of opioid receptors have
increased the possibility of developing novel analgesics that are devoid of detrimental actions (2-6).
Pain as an unpleasant sensory and emotional experience has been managed by different classes of
drugs such as non-steroidal anti-inflammatory drugs, glucocorticoids, sodium channels inhibitors
(local anesthetics), anti-epileptic drugs, tricyclic antidepressants, and opiates (2).
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Opioid medications that mimic endogenous opioid peptides
(dynorphins, endorphins, and enkephalins) typically bind to
subtypes of opioid receptors (kappa-KOP, mu-MOP, and/or
delta-DOP) to suppress pain (7). In addition, the activation of
nociceptin/orphanin FQ peptide receptor (the fourth members
of the opioid family of G protein-coupled receptors) by
its endogenous peptide nociceptin/orphanin FQ (N/OFQ)
modulates stress, reward and pain circuitry in several brain areas
(8-11). A schematic representation of the pain and opioid sites
of action, as shown in Figure 1, identifies important structures
and pain modulatory circuits (12). The detailed account of signal
transduction through opioid receptors, as illustrated by Figure 2,
has been widely reported (13-17).

The KOP ligands are important research tools and promising
molecules for safer treatment of pain (18). The antagonists
or partial agonists of KOP could prevent relapse to drug
dependence (19-23). The blockade of KOP on dopamine
terminals could disinhibit dopamine release in the nucleus
accumbens and prevent drug withdrawal-induced dysphoria
(24). This receptor remains an important cellular mediator of
stress, reward, abuse, emotion, perception (25, 26), sedation
(27), hypothermia (28), depression (29, 30), hallucination (31),
conditioned place aversion, and locomotion impairment (32).
Despite the possibility of undesirable KOP-mediated effects
(33, 34), evidence has shown that this receptor subtype is
an alternative molecular target for the development of safer
analgesics (35).

Recently, Che et al. (3) conducted research on the active-
state crystal structure of the KOP complex with a high-affinity
agonist to provide molecular details of KOP and overcome
the therapeutic limitations of its agonist. In this study, the
authors identified residues that are critical for KOP activation
and illuminate key molecular determinants of subtype selectivity
and signaling bias. The affinity and specificity of drugs to
KOP are fundamental to the array of inducible-biological effects
(Table 1). The development of drugs that clearly separate pain
relief from unwanted side effects has remained challenging
and elusive.

Natural products are important sources of new drugs
(36). Several active principles from medicinal plants have
been used for pain relief (37). The main active principle of
Salvia divinorum (38), salvinorin A, had been suggested as
a useful research tool toward the development of analgesic
drugs (39). Salvinorin A has a distinctive mode of action and
pharmacology. Unlike psilocybin and lysergic acid diethylamide
(alkaloidal hallucinogens which interact with specific serotonin
receptor subtypes), the hallucinogenic effect of salvinorin A has
been associated with its potent and selective KOP agonism.
Salvinorin A shows no significant binding to over 50 other
pharmacologically important receptors, transporter proteins and
ion channels (40). As a non-nitrogenous KOP agonist (40),
this compound differs from typical alkaloid opioid agonists.
Recently, the potent antinociceptive effect of salvinorin A was
reported in the neuropathic pain model (41). Over the years,
medicinal chemists have synthesized several hundred analogs of
this compound including herkinorin, kurkinorin, P-37, PR-38,
methoxymethyl- and ethoxymethyl ether of salvinorin B, and

pB-tetrahydropyranyl ether of salvinorin B (4, 6, 42). Previous
preclinical reports on salvinorin A and its analogs have revealed
their promising antinociceptive effects (41, 43, 44). Hence, this
review explored the structural and pharmacological profiles of
salvinorin A and its analogs toward the development of new
analgesic drugs.

SALVINORIN A AND ITS ANALOGS:
STRUCTURE-ACTIVITY RELATIONSHIP

Salvinorin A
The unique biological effects of salvinorin A (Figure 3A)
have motivated many scientists to seek correlations
between its chemical structure and pharmacological
activity (4, 6, 42).

Following the determination of the salvinorin A structure
through A single-crystal x-ray analysis [(38, 45), molecular
modeling studies were performed to determine the interaction of
this compound with KOP (40). Initially, the salvinorin A crystal
structure (45) was docked by superimposition of its aromatic
centroids and the carbonyl atoms with those of bound U69593
(known KOP agonist which shares structural similarity such
as an aromatic ring and ester carbonyl groups separated by a
short bond with salvinorin A). As a hydrogen bond acceptor,
the carbonyl functionality supports the proposed role of Y139
and its interaction with the lactone carbonyl of salvinorin A
(40, 46).

Previous study showed the list of residues that could form
the salvinorin A-binding site of the KOP (40). The KOP models
could accommodate the furan oxygen and 4-methoxycarbonyl
functionality but not the 2-acetoxy group (40). The key residues
in KOP that are responsible for the high binding affinity and
efficacy of salvinorin A as well as important contacts between this
compound and KOP have been identified through mutagenesis
studies (6, 47). Potent and eflicacious interactions of this
compound with KOP are due to novel binding modes within
a common three-dimensional space for binding and activating
KOP (47).

Additional studies correlated the structure and activities of
salvinorin A with the potential binding site on KOP. For
instance, a change to the furan ring resulted in analogs that
are more sterically demanding than a one-for-one aryl ring
replacement (6). Sterically hindered environment of C-1 carbonyl
of salvinorin A is not essential for activity as it is incapable
of forming specific donor/acceptor contacts with residues in
the receptor model, (48). In contrary, the 2-acetoxy group of
salvinorin A which makes specific donor/acceptor contacts in
the model is required for activity (45). Meanwhile, the lack
of consensus binding model makes generalization of structure-
activity relationships a challenge (6).

According to Yan (47), salvinorin A uses its flexible
functional groups at C-2, C-4 and C-12 to optimize KOP
interactions and stabilize itself in the binding site. Moreso,
this compound also takes advantage of the conformational
changes induced by G protein-coupling to facilitate
active state stabilization and activation of downstream
signaling events.
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FIGURE 1 | Neural circuits of pain and opioid site of action. Cortex and spinal cord communication modulate pain perception and offer targets for opioid drugs.
Neural projections from peripheral tissue transmit nociceptive inputs through primary afferent fibers (1) to the spinal dorsal horn (SDH) before reaching the thalamus
(2). Neural projections from thalamus target cortical sites (centers of pain processing, cognition, perceptions and integration) and amygdala (“emotional site”). The
amygdala receives nociceptive inputs from the thalamus and cortex. The descending pain control system is mediated through projections from structures such as
amygdala and hypothalamus to the periaqueductal gray matter (PAG) which in turn communicates with the rostral ventromedial medulla (RVM). The neural
components within RVM [the nucleus raphe magnus (NRM) and nucleus reticularis paragigantocellularis (NRPG)] project to the spinal or medullary dorsal horns to
directly or indirectly enhance or attenuate nociceptive transmission. The 5-hydroxytryptamine (5-HT) and enkephalin-containing neurons in the NRM project to the
substantia gelatinosa of the dorsal horn and exert an inhibitory influence on transmission. Opioids sites of action include dorsal horn and peripheral terminals of
nociceptive afferent neurons where opioids inhibit transmission. Opioids stimulate PAG and NRPG (blue asterisk), which in turn project to the rostroventral medulla.
The locus coeruleus (LC) which receives inputs from the PAG releases noradrenalin to the dorsal horn, which in turn inhibits nociceptive transmission. Areas labeled
2-4 in red color and 5-8 in green color represent ascending and descending tracts, respectively.
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Salvinorin A, a neo-clerodane diterpenoid with seven
stereogenic centers and three different types of ester
functionalities, is a challenging substrate for chemical
modifications because minor modifications can result in a
complete loss or increase in pharmacological activity. For
example, a product of hydrolysis of the C2 acetoxy side chain
(salvinorin B) is totally devoid of activity, but other changes
to this position actually demonstrate the highest KOP binding
affinities (4, 6). Structural modifications of salvinorin A at the C1,
C4, C12, and the C17-positions have been mostly associated with
a reduction in KOP binding affinity (4, 6, 49). Over the years,
the carbonate, carbamate, ester, ether, amine, amide, sulfonic
ester, sulfonamide, thioester, halide, and other groups have been
introduced to the salvinorin A molecule with a wide variety of
outcomes (6, 50).

Furthermore, potential interactions of salvinorin A with
other receptors have been either hypothesized or demonstrated
preclinically by some researchers. Previous study showed that
salvinorin A allosterically modulates MOP binding (51). The
in vitro testing which showed the binding affinity of salvinorin
A (EC50 values of 89nM) against the D2 High receptor and
blockade by 10 WM S-sulpiride (an antagonist of DRD2) has

resulted into the discussion of partial agonism of salvinorin A at
D2 receptor (52). Moreso, computational studies have predicted
CB1, CB2, or DRD2 as a potential targets of salvinorin A (53). In
an in vivo test, the attenuation of neuropathic pain by Salvinorin
A was blocked by CB1 and KOP antagonists (41). The inhibition
of the effects of salvinorin A on colonic motility by antagonists
of OPRK, CB1 and CB2 in vitro and largely by antagonists
of OPRK in vivo (54) suggests mechanistic complexity in
the activity of salvinorin A as against widely acclaimed
KOP selectivity.

ANALOGS FROM THE MODIFICATION OF
SALVINORIN A AT C-2

Herkinorin

Analogs with bulky alkyl esters at C-2 resulted in a loss in
affinity for KOP (55), but the replacement of the alkyl with
aryl esters at C-2 results in a lower affinity and potency for
KOP; and an increase in affinity for MOP (56). Herkinorin
(Figure 3B) is the first example of salvinorin A derivative with Ki
at MOP (12 = 1.0 nM) while still retaining lower affinity at KOP
(90 & 2.0 nM).
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FIGURE 2 | Hypothetical representation of signal transduction and trafficking of mu [] and kappa [k] opioid receptor. Converging downstream pathways are activated
by salvinorin A and its analogs with selective action and varying affinity on their respective opioid receptor subtypes. Arrows, activation; T lines, blockade of function;
By, G protein B-y subunit; CAMP, cyclic adenosine monophosphate; ERK, extracellular signal-regulated kinase; JNK, c-jun N-terminal kinase; MAPK,
mitogen-activated protein kinases; GRK-3, G protein-receptor kinase 3; P, phosphorylation; C — , cyclization of adenosine triphosphate (ATP) into cyclic adenosine

Methoxymethyl and Ethoxymethyl Ether of

Salvinorin B

These compounds have an alkoxyalkyl ether bond, which
replaced acetoxy group at C-2. The alkoxy methyl ether
substituents improved KOP affinity and potency. The
methoxymethyl ether of salvinorin B (Figure 3G) has higher
binding affinity to KOP (Ki = 0.60 £+ 0.1nM) and potency
(ECso = 0.40 £ 0.04nM) than salvinorin A. The putative
synergistic binding interactions of the additional oxygen in
the substituent have been associated with the higher affinity
and potency (57, 58). The ethoxymethyl ether of salvinorin B
(Figure 3F) also displayed a higher KOP binding affinity (Ki =
0.32nM) and potency (EC50 = 0.14 nM) than other salvinorin A
analogs (4, 59).

Methyl Salvinorin B-2-O-Malonate and

2-0O-Cinnamoylsalvinorin B

Previous studies have shown the synthesis and biological
activities of Michael acceptor-type of salvinorin A analogs,
such as methyl salvinorin B-2-O-malonate (PR-37) and 2-O-
cinnamoylsalvinorin B (PR-38) (42, 54, 60). The addition of
a second H-binding acceptor leads to the development of a
malonate analog (PR-37) (Figure 3D) that displayed a 3-fold
improvement in KOP affinity (Ki = 2.0 £ 0.9 nM) (42). However,
other malonic ester substitutions with different carbonyl spacings
reduced biological activity (6). The replacement of the acetate
substituent with the spirolactone group caused a restriction in
bond rotation and a decrease in potency (61). The analog with
cinnamic ester functionality (PR-38) (Figure 3E) displayed not
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only KOP affinity (Ki = 9.6 & 2.0 nM) but also MOP (Ki =52 +
9.0 nM) with 5.4 MOP/KOP selectivity (42).

Herkamide

Tidgewell (62) showed a lower KOP affinity as a result of
bioisosteric exchange of the 2-acetoxy subunit of salvinorin A (Ki
= 1.9 £ 0.2) with acetamide (Ki = 30 £ 2.0 nM). Although the

TABLE 1 | Varying degree of opioid receptor involvement in some
pharmacological effect.

Effects MOP DOP KOP
Analgesia +++ + 4
Sedation ++ - ++
Respiratory depression +++ ++ —
Constipation ++ ++ +
Euphoria +++ - _
Dysphoria - - 4+
Depressive behavior - - 4+
Hallucination + - +++
Physical dependence +++ - +

MOR, mu-opioid receptor; DOFR, delta-opioid receptor; KOF, kappa-opioid receptor; =+,
more or less; -, no effect; +, low effect; ++, intermediate effect; + + +, high.

introduction of a phenyl ring in the herkamide analog (Figure 3I)
decreased KOP affinity, an increase in affinity for MOP - Ki =
3.1 £ 0.4 as compared to herkinorin Ki = 12 £+ 1.0nM was
reported. In addition, herkamide MOP selectivity (KOP/MOP
= 0.0004) was shown to be higher than that of herkinorin
(KOP/MOP = 0.13).

Kurkinorin

The introduction of a double bond between C-2 and C-3 in
herkinorin resulted in the new analog kurkinorin (Figure 3C). In
vitro functional assay revealed that kurkinorin was more selective
for MOP (>8,000-fold selectivity over KOP) than morphine (66-
fold selectivity over KOP) and herkinorin (4.25-fold selectivity
over KOP). Moreover, kurkinorin has similar potency when
compared to MOP agonist such as DAMGO in forskolin-induced
cAMP accumulation assays (63).

p-Tetrahydropyranyl Ether of Salvinorin B

The relative flexibility of the acetoxy (C-2) subunit and potential
adoption of different conformations when interacting with
KOP has been hypothesized and studied in B-tetrahydropyranyl
ether of salvinorin B (Figure 3H). Prevatt-Smith et al. (59)
applied the concept of conformational restriction toward the

Methoxymethyl ether Sal B
G

FIGURE 3 | The structures of salvinorin A (A) and its analogs (B-1).

B-tetrahydropyran Sal B
H

Herkamide
I
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development of ligands as tools to elucidate KOP affinity
and potency. The new analog f-tetrahydropyranyl ether of
salvinorin B showed slightly higher KOP affinity (Ki = 6.21
+ 0.4) than salvinorin A (Ki 7.40 £ 0.4). This result
showed that the rotational restriction strategy as proposed
by Prevatt-Smith et al. (59) only led to small changes in
binding values.

ANALOGS FROM THE MODIFICATION OF
SALVINORIN A AT C-4

Unlike the modification of salvinorin A at C-2, the structural
modifications at the C-4 present challenges because selective
hydrolysis of methyl ester requires a more drastic condition that
often leads to C-8 epimerization (6). Hence, additional efforts
are often needed toward the separation of diastereoisomers. This
seems to be part of the reason why analogs from C-4 position are
fewer than that of C-2. A total loss of KOP binding affinity (Ki
> 1000 nM) was reported for methyl, propyl and methoxymethyl
esters at C-4 (57, 64).

The loss of KOP binding affinity in the long-chain ester
has been associated with the fact that the pocket where the
methyl ester fits is small and delimited by Trp287 and Tyr320
amino acids residues (65). Reduction of ester to alcohol has
also led to an 87-fold decrease in KOP binding affinity as
compared to salvinorin A (58). Consistent with these data,
other studies have shown 33-fold and 385-fold losses in KOP
affinity (64, 66). Some esters with modified regiochemistry with
the exception of cyclopropyl ester showed a 17-fold loss of
affinity (64).

The replacement of methyl ester at C-4 with amides or amines
resulted in a 535-fold loss or a total loss (Ki > 10,000 nM) of KOP
binding affinity, respectively (66). With the exception of alanine,
the introduction of amino acid at C-4 resulted in a total loss of
affinity (57, 64). Some substitutions with functional groups, such
as carboxylic acid and aldehyde, have also resulted in total loss of
KOP binding affinity (64).

ANALOGS FROM THE MODIFICATION OF
SALVINORIN A AT C-12

The study of the analogs with substitutions at C-12 (the furan
ring of salvinorin A) has attracted attention as a result of
their metabolic stability (67). Although the interaction between
furan and KOP is not well-established, the removal of this
ring in salvinorin A resulted in total loss of activity while
its hydrogenation resulted in a 7-fold loss (Ki = 14 + 1.0
vs. 1.9 £+ 0.2) in KOP binding affinity (68). Perhaps the
possibility of hydrogen bonding, hydrophobic interactions or
even m-7 stacking type is essential for a receptor’s recognition.
(69), the regiochemical modification of the furan resulted
in a 2-fold decrease in potency (ECsop = 12.2 + 4.4nM)
without significant change in efficacy (Emax = 97 £ 2%) when
compared to salvinorin A (vs. EC5p = 6.11 &£ 0.04nM and vs.
Emax = 97 =+ 8%).

DISCUSSION ON ANTINOCICEPTIVE
EFFECT OF SALVINORIN A AND ITS
ANALOGS

Medicinal chemists have consistently modified salvinorin A
structures to produce a wide range of analogs (4, 6). These efforts
have helped to further understanding of salvinorin A chemistry
and pharmacology as well as developing new compounds with
potential therapeutic values (70). Since the identification of
salvinorin A by Biicheler et al. (71), scientists have shown
interests in its analgesic potential. Recently, the effectiveness
of salvinorin A in a rodent model of pain showed that this
compound could be beneficial for neuropathic pain relief (41).
Salvinorin A is lipophilic, and it is mainly absorbed through
the respiratory tract and to a lesser extent by the oral mucosa
(72). Following the isolation and characterization of salvinorin
A in vitro (receptor binding and functional assays) and in
vivo, chemical modification of this compound led to changes in
pharmacological parameters including stability, bioavailability,
binding affinity, potency, functional activities, and selectivity
(6, 73, 74). Hence, the activities of salvinorin A and its analogs
offer clues toward the development of safer analgesics.

The pharmacological characterization of salvinorin A has been
widely published (75). Salvinorin A was reported as a selective
agonist of KOP through a competitive radioligand binding
affinity assay (40). This pharmacological profile was subsequently
replicated and confirmed by the findings of Chavkin and co-
collaborators (76). As an important pharmacological target,
the KOP has been implicated in the antinociceptive effect of
salvinorin A (28, 77-79). Consistent with these reports, the
potent antineuropathic pain of salvinorin A was blocked by
the administration of a KOP antagonist (41). In addition to its
selectivity to KOP, salvinorin A has a very high KOP potency.
For instance, doses as low as 200 micrograms of this compound
produce hallucination (31).

The pharmacology of salvinorin A is considered unique as
a result of its structure and binding to the KOP (5). Despite
being a potent activator of KOP-mediated G protein signaling,
receptor internalization by salvinorin A is still poorly known (79).
The internalization of receptor and B-arrestin recruitment are
two cellular events that often accompany G protein activation
(5). These cellular events have been linked to the underlying
mechanism of unwanted side effects (80, 81). Hence, specific
functional groups or structural features of salvinorin A that
are critical to KOP interaction could be explored to repurpose
analogs with only antinociceptive effect.

As highlighted above, binding affinity parameter has
consistently been used for preclinical screening and as a basis for
structural activity relationship studies. However, varying values
of binding affinity data of salvinorin A and its analogs from
different laboratories have raised questions about their reliability.
Inconsistent data or lack of replicability of binding data could
have resulted from the use of different radioligands to measure
binding constants for the same analog (6).

Nature provides important chemical and pharmacological
clues through the hydrolysis of salvinorin A at C-2 position
that leads to salvinorin B and eliminates KOP activity (4,
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48, 76). In this manner, the C-2 position represents a critical
pharmacophore for salvinorin A and KOP interaction (57, 66,
76). In addition, the therapeutic potential of salvinorin A is
limited as a result of its fast hydrolysis at the C-2 position
by esterases (76, 82). Previous study which showed loss of the
antinociceptive activity of salvinorin A after 20 min of intrathecal
injection confirmed its short duration of action (77).

Medicinal chemists have advanced understanding of
salvinorin A through its analogs (4, 6, 42). As mentioned
earlier in this review, the aromatic substitution through
the introduction of a phenyl group at C-2 as in herkinorin
reduced KOP and increased MOP binding affinity (56). The
structural change and selective activation of opioid receptors
seem to be important clues to the antinociceptive effect of this
compound. However, there is no data to exclude the possible
hallucinations and physical dependence that are often associated
with KOP and MOP agonists, respectively. Selective activation
of opioid receptor-mediated beneficial pathways over deleterious
signaling pathways offers an alternative therapeutic opportunity
(3, 83, 84). According to some authors, the selective activation
of Gi/o protein-mediated pathways over arrestin-mediated
signaling could be a clue to designing safer drugs (85-87).

Some experimental data on salvinorin A analogs have shown
preferential activation of G protein, B-arrestin recruitment
among other molecular targets. Previous data showed that
herkinorin promoted phosphorylation of MAP kinases ERK1/2
independent from p-arrestin-2 signaling and without promoting
MOP recruitment of B-arrestin-2 (88). The B-arrestin-2 knockout
mice with opioid treatment exhibited reduced opioid tolerance,
improved the antinociceptive effect devoid of respiratory
depression and constipation (89-91). Some authors have
associated opioid dependence with the internalization of G
protein—coupled receptors (80, 81, 92). The fact that herkinorin
did not promote MOP internalization makes its potential
application as an analgesic far more interesting.

Kurkinorin, which is considered to be extremely selective
to MOP, showed a complete pharmacological change from
salvinorin A which is known for a very high KOP binding affinity
(63, 76). Moreover, kurkinorin also has greater selectivity for
MOP than herkinorin. However, kurkinorin was found to recruit
p-arrestin 2 (EC50 > 140 nM) with an efficacy of 96% and a
bias factor of 0.57 when compared to DAMGO (63). Although
these data suggest that kurkinorin may produce a morphine-like
antinociceptive effect, chemical changes in the structure of these
compounds provide important information on the molecular
features that are necessary for molecular recognition of a ligand
by opioid receptors. Hence, additional modification could be
sufficient to prevent potential undesirable activity of kurkinorin
without compromising antinociceptive property.

Animal models of abdominal pain and pruritus have also
been explored to further the study on some salvinorin A analogs
and their potential antinociceptive effect (43, 93). The aromatic
analogs such as PR-37 and PR-38, which displayed lower affinity
for KOP, blocked nociceptive responses. The intraperitoneal
administration of PR-38 (10 mg/kg) and salvinorin A (3 mg/kg)
elicited a significant decrease in pain-related behaviors. The
higher dose of this analog suggests that salvinorin A is more

potent than PR-38. In 2015, Salaga et al. showed attenuation of
compound 48/80-induced itch responses in mice by PR-37 and
PR-38 (93). The antiscratch activity of PR-37 was blocked by the
selective nor-binaltorphimine (KOP antagonist), and that of PR-
38 by B-funaltrexamine (selective MOP antagonist). In this study,
both PR-37 and PR-38 induced antiscratch activity at the same
doses of 10 and 20 mg/kg.

Pharmacological evaluation of B-tetrahydropyranyl ether
of salvinorin B has provided effective insight into the
antinociceptive activity of this analog and salvinorin A. The non-
linear regression analysis of hot water tail-withdrawal latency
revealed B-tetrahydropyranyl ether of salvinorin B to be more
potent (EDsyp 1.4 mg/kg) than salvinorin A (ED5p 2.1 mg/kg)
(44). In addition, salvinorin A and f-tetrahydropyranyl ether of
salvinorin B reduced both phase 1 nociceptive pain and phase
2 inflammatory pain in formalin test. The B-tetrahydropyranyl
ether of salvinorin B produced a longer duration of action in
the tail-withdrawal assay when compared to the salvinorin
A. An increased duration of action has been attributed to the
substitutions of tetrahydropyran group at C-2 position (44).

CLINICAL AND
ETHNOPHARMACOLOGICAL
CONSIDERATIONS OF SALVINORIN A AND
ITS ANALOGS

Currently, except for the ethnopharmacological reports, there
is a dearth of clinical data to support the analgesic property
of S. divinorum and salvinorin A (94). Salvinorin A has a
long history of use as an entheogen by the shamans/healers
of the Mazatec people (95). The ingestion of this plant species
induces a short-lived inebriant state with intense, bizarre feelings
of depersonalization (71, 96). At low infusion doses, the
plant leaves have been used to treat headache, rheumatism,
anemia, constipation, anuria, and diarrhea (97, 98). These
pharmacological effects among others have been attributed to
salvinorin A (99).

Headache is a daily painful experience that affects individuals
of all ages (100, 101). Medicinal plant application to ameliorate
unpleasant sensory and emotional experience that is associated
with a headache is a common practice. The analgesic effect of S.
divinorum leaf through infusion, chewing and swallowing could
be attributed to its salvinorin A content. One kilogram of dried
leaves or eight kilograms of fresh leaves of S. divinorum delivers
about 1.5 g of salvinorin A when smoked, vaporized and inhaled
(31, 99).

In addition to the antiheadache property of salvinorin A, its
potential role in the antirheumatoid activity of S. divinorum leaf
preparation further supports the antinociceptive property. The
origins of rheumatoid arthritis (RA) remains controversial, and
its origins in the New or Old World are subjects of several
scientific works (102). However, several studies have shown
higher prevalence of RA among the natives and women between
the ages of 35 and 50 (103, 104). The treatment of RA among
the Mazatec peoples is expected given its high incidence. The
reports of the use of S. divinorum for RA treatment are plausible,
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in view of the potent antinociceptive effect of salvinorin A against
chronic and neuropathic pain (41).

The effect of S. divinorum infusion against anemia,
constipation, anuria, and diarrhea could provide additional
therapeutic benefits not only from its main isolate but also from
some of salvinorin A analogs (105, 106). Gastrointestinal tract
discomfort, constipation and diarrhea are among the therapeutic
limitations of some analgesic medications including NSAIDs
and opioids (107).

ADDICTIVE PROPERTIES: COMPARISON
OF OPIOIDS WITH SALVINORIN A AND
ITS ANALOGS

Salvinorin A as a selective KOP agonist does not elicit an
addictive effect. This property has stimulated research into
its semi-synthetic analogs as therapeutic agents (108). The
activation of KOP produces anti-addictive effects by regulating
dopamine levels in the brain (106). Unlike salvinorin A,
there is dearth of scientific data on the addictive or anti-
addictive tendency of its analogs. This may be connected
with the fact that most of these compounds were not studied
in vivo. However, based on the neurobiology of addiction,
analogs with high affinity for MOP including kurkinorin,
herkamide, and herkinorin need to be evaluated for addictive
property and compared with the available drugs being used
to manage pain. In addition, the potential addictive property
of analogs with high KOP affinity including methoxymethyl
ether of salvinorin B, B-tetrahydropyranyl ether of salvinorin
B, and ethoxymethyl ether of salvinorin B needs to be
evaluated since KOP often promote aversion, withdrawal and
abstinence (109). There are possibilities of analog such as
2-O-cinnamoylsalvinorin B with moderate dual MOP/KOP
agonism to retain analgesic effect without addiction. However,
biased activation of different signaling pathways that are
associated with KOP is key to non-addictive, addictive, or anti-
addictive effect (106). According to (109), both MOP and KOP
contribute to specific aspects of addiction by triggering its onset
and progression.

The reports on the side effects of salvinorin A such as
locomotor decreases aversion, anhedonia, memory impairment,
depressant-like behaviors, hallucinations among others (73,
106, 110) may have negatively reduced its therapeutic values.
In the previous report, the intraperitoneal administration of
salvinorin A significantly lowered dopamine levels in the
caudate putamen to elicit conditioned place aversion in rodents
(32). Salvinorin A-induced potentiation of dopamine re-uptake
transporter function has been reported as a plausible mechanism
of the decreases in dopamine levels (106). The neurobiology
of salvinorin A induced memory impairment and other side
effects is still unclear. Although there are no established structural
activity relationships in respect of these side effects, the analogs

of salvinorin A still hold promise for the future development of
analgesic drugs without addictive and other side effects. Hence,
robust preclinical studies and clinical trials will ultimately reveal
the therapeutic potential of these analogs.

FINAL CONSIDERATIONS AND
CONCLUSIONS

Salvinorin A was the first non-nitrogenous opioid receptor
agonist. Non-nitrogenous nature of this compound can be
attributed to its unique biological activities. According to
Cunningham et al. (4), non-nitrogenous or non-alkaloids are
promising scaffolds for new drug development. Despite the
reports on the opioid receptor mediated antinociceptive effect
of salvinorin A, its instability, short duration of action and side
effects remains sources of concern. Systematical modification has
increased understanding of the important role of substitutions
at different positions of the salvinorin A scaffold and increased
the possibility of developing safer analgesic drugs. Currently,
the data on the binding affinity of salvinorin A analogs are yet
to be correlated with possible low side effects and therapeutic
advantage over existing drugs. As ligands can bind well without
stabilizing the receptor’s active conformation, lower or higher
binding affinity is not synonymous with efficacy and potency.

Renewed focus on molecular targets seems to be promising
because the activation of KOP or MOP could selectively affect
B-arrestin or G-protein signaling. As the arrestin signaling
pathway is responsible for many adverse effects of opioids, biased
agonism for the G-protein pathway could retain analgesic effects
with a reduced side effect. Hence, additional research efforts
are still needed toward: (i) the modification of salvinorin A,
(ii) comprehensive study of opioid receptors and associated
molecular targets, (iii) extensive in vivo assays of salvinorin A
analogs, iv. optimization of structural and pharmacological clues
to develop safer analgesics.

On a final note, it is clear that FDA approval of salvinorin
A as an analgesic constitutes an uphill task, however, the body
of work reviewed here shows that some analogs of salvinorin A
could translate to valuable drugs for the management of pain.
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Binge-Like Exposure to Ethanol
Enhances Morphine’s
Anti-nociception in B6 Mice

Sulie L. Chang #*, Wenfei Huang "2, Haijun Han' and llker K. Sariyer?

" Institute of Neurolmmune Pharmacology, South Orange, NJ, United States, ? Department of Biological Sciences, Seton Hall
University, South Orange, NJ, United States, ° Department of Neuroscience, Temple University School of Medicine,
Philadelphia, PA, United States

Elevation of the blood ethanol concentration (BEC) to > 80 mg/dL (17.4 mM) after binge
drinking enhances inflammation in brain and neuroimmune signaling pathways. Morphine
abuse is frequently linked to excessive drinking. Morphine exerts its actions mainly
via the seven transmembrane G-protein-coupled mu opioid receptors (MORs). Opioid
use disorders (OUDs) include combination of opioids with alcohol, leading to opioid
overdose-related deaths. We hypothesized that binge drinking potentiates onset and
progression of OUD. Using C57BL/6J (B6) mice, we first characterized time-dependent
inflammatory gene expression change as molecular markers using gRT-PCR within 24 h
after binge-like exposure to high-dose, high-concentration ethanol (EtOH). The mice were
given one injection of EtOH (5 g/kg, 42% v/v, i.g.) and sacrificed at 2.5h, 5h, 7.5h,
or 24 h later. Inflammatory cytokines interleukin (IL)-1p, IL-6, and IL-18 were elevated
in both the striatum (STr) and the nucleus accumbens (NAc) of the mice. We then
investigated the expression profile of MOR in the STr at 2min, 5h, or 24 h after the first
EtOH injection and at 24 h and 48 h after the third injection. This binge-like exposure to
EtOH upregulated MOR expression in the STr and NAc, an effect that could enhance
morphine’s anti-nociception. Therefore, we examined the impact of binge-like exposure
to EtOH on morphine’s anti-nociception at the behavioral level. The mice were treated
with or without 3-d binge-like exposure to EtOH, and the anti-nociceptive changes were
evaluated using the hot-plate test 24 h after the final (3rd) EtOH injection with or without a
cumulative subcutaneous dose (0, 0.1, 0.3, 1.0, and 3.0 mg/kg) of morphine at intervals
of 30 min. The response curve of the mice given EtOH was shifted to the left, showing
enhanced latency to response to morphine up to 3 mg/kg. Furthermore, co-treatment
with the MOR antagonist naltrexone blocked morphine’s anti-nociception in animals
given either EtOH or saline. This confirms that MOR is involved in binge-like exposure
to EtOH-induced changes in morphine’s anti-nociception. Our results suggest that EtOH
enhanced latency to analgesic response to morphine, and such effect might initiate the
onset and progression of OUDs.

Keywords: morphine, mu opioid receptors, high-dose ethanol, anti-nociception, striatum, nucleus accumbens
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INTRODUCTION

Alcohol (EtOH) is the most widely used addictive substance in
the world. The effects of alcohol drinking depend on the volume
consumed, the concentration by volume, and the drinking
pattern (1-4). Alcohol drinking patterns refers to different
frequencies and amounts of alcohol intake, such as casual
drinking, binge drinking, continuous drinking, frequent heavy
drinking, and episodic drinking. National Institute on Alcohol
Abuse and Alcoholism (NIAAA) has defined “binge drinking” as
drinking enough EtOH in a short time to elevate the blood EtOH
concentration (BEC) to > 80 mg/dL (5); that is, 17.4 mM. Binge
drinking, particularly of hard liquor (> 40% alcohol by volume
[ABV]), is a popular activity among adolescents (6). Hard liquor
was involved in 43.8% of the binge drinking reported by subjects
aged 13 to 20 yrs, with vodka being the most popular beverage
(7). Epidemiologic studies indicate that adolescence is a risky
period for initiation of EtOH use, and early onset is associated
with a greater risk of late dependence or alcoholism (8-12).
Alcohol consumption by adolescents also can lead to other
addictive behaviors, including abuse of various other substances
such as opioids, as well as neurocognitive deficits and social
impairment. These pathological conditions may lead to direct
and indirect changes in the neuromaturational course extending
into adulthood (8-11). Not only chronic EtOH consumption, but
also sporadic consumption, such as excessive weekend drinking,
can provoke cognitive-deficit neuropsychological effects in young
adults (13).

Binge drinking is observed in individuals with alcohol
use disorders (AUDs). Chronic/repeated alcohol use alters
nociception, including changes in pain sensation (14). Moreover,
binge drinking induces gut leakage causing elevation of the
blood endotoxin concentration (15, 16). This systemic endotoxin
activity can trigger activation of inflammatory cytokines and
has global effects on various cell types in different organs (17,
18). Numerous investigators have shown that binge drinking in
humans and binge-like exposure to EtOH in animals encourages
production of inflammatory molecules such as interleukin
(IL)-1a, IL-6, IL-1B, and IL-18, as well as elevated activity
of neuroimmune signaling pathways via various direct and
indirect mechanisms (19, 20). Dysregulated continual synthesis
of IL-6 has a pathological effect on chronic inflammation
and autoimmunity (21). IL-1f is induced by pro-inflammatory
signaling through Toll-like receptors (TLRs) or by cytokines,
such as tumor necrosis factor (TNF)-a, IL-1f itself, and the
inflammasome (22).

Morphine is a powerful, highly addictive opioid drug that
exerts its analgesic action mainly via mu opioid receptors
(MORs) (23). The MORs are also the principal site for morphine’s
induction of behavioral reward (24, 25), locomotion (26),
analgesia (27), tolerance (28), and physical dependence (29).
Naltrexone is a long-lasting competitive opioid antagonist that
has high affinity for MORs (30, 31). Oral naltrexone has been
used for many years to treat opioid dependence and has been
approved since 1994 by the U.S. Food and Drug Administration
to treat AUDs. Tail flick latency and hot-plate analgesia tests
are common assays using rodent models to examine morphine’s

anti-nociception (32). MORs are involved in the interaction of
morphine and EtOH, which induces neuroinflammation (33, 34).

We have reported that treatment with the pro-inflammatory
cytokine IL-1f significantly increases MOR expression in
endothelial cells (35) and in human U87 MG cells (36). In another
in vitro study, we reported that the upregulation of MOR induced
by lipopolysaccharide (LPS) stimulation in macrophage-like
TPA-HL-60 cells and conditioned medium from LPS-stimulated
TPA-HL-60 cells increases MOR expression in SH-SY5Y cells,
a neuronal cell model, through actions mediated by TNF-
a and granulocyte-macrophage colony-stimulating factor (37).
The LPS-challenged HIV-1 transgenic (HIV-1Tg) rat model with
neuroinflammation demonstrates an increase in MOR expression
and is more sensitive to morphine’s effect in the conditioned place
preference test (38, 39).

Taken together, considering the above-mentioned studies
showing that (1) binge-like exposure to EtOH induces
inflammation and inflammatory cytokines (19, 20) and (2)
inflammatory cytokines mediate expression of MOR (35-37)
and change morphine actions (38, 39), we hypothesized that
binge-like exposure to EtOH increases expression of MOR
and changes morphine-induced anti-nociception by inducing
elevation of inflammatory molecules in the brain. In the present
study, adolescent C57BL/6] mice were given binge-like exposure
to high-dose, high-concentration EtOH for 3d by intragastric
(i.g.) injection to mimic underage binge alcohol drinking, such
as over a weekend (40). The blood EtOH concentration (BEC)
after single and repeated EtOH administration was measured.
Time-dependent gene expression change was investigated using
qRT-PCR as molecular markers to evaluate the response to this
binge-like exposure to EtOH. The nucleus accumbens (NAc)
plays an important role in processing rewarding and reinforcing
stimuli including drug addiction; the striatum (STr) is part of the
brain’s reward circuit and a key region responsible for voluntary
motor control (41). Therefore, we studied expression of the
pro-inflammatory cytokine genes 1115, 116, and I/18, as well as the
MOR gene Oprm]l, in the NAc and STr. Finally, hot-plate tests
were employed to evaluate the behavioral effect of binge-like
exposure to EtOH on morphine’s anti-nociception. The opioid
antagonist naltrexone was used to confirm morphine’s action
on MOR. Our results suggest that neuroinflammation induced
by binge-like exposure to EtOH contributes to elevation of
morphine’s anti-nociception response. Such a change might be
one of the fundamental mechanisms underlying encouragement
of OUDs by binge-like EtOH exposure.

MATERIALS AND METHODS

Animals

C57BL/6] mice (3-4 wks old) were purchased from the Jackson
Laboratory (Bar Harbor, ME). They were housed with four
animals per ventilated plastic cage (Animal Care Systems
Inc., Centennial, CO) and maintained in a temperature- and
humidity-controlled environment. They were kept on a 12-h
light/dark cycle and fed a standard rodent diet. The experimental
protocol was approved by the Institutional Animal Care and Use
Committee (IACUC) at Seton Hall University, South Orange, NJ.
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TABLE 1 | EtOH administration and determination of blood EtOH concentration.

TABLE 2 | EtOH administration timeline for Oprm1 response.

Treatment Day1 Day2 Day3 Treatment Day 1 Day 2 Day 3 Day 4 Day 5
Water Blood collection EtOH EtOH;
EtOH 2min Blood collection 2min after injection 2min sacrifice 2min
EtOH1d5h Blood collection 5 h after injection after injection
Repeated EtOH 2 d 5h EtOH  Blood collection 5 h after injection EOH 5h Eto'._'.’
sacrifice 5h

Repeated EFOH3d 5h EtOH EtOH  Blood collection 5 h after injection after injection
As vehicle control, water injections (not shown) were given. EtOH EtOH Sacrifice

24h

Repeated EtOH EtOH EtOH Sacrifice

. . EtOH

EtOH Treatment and BEC Determination 24h
The mice were allowed at least one week to adapt to the facility.  Repeated  EtOH EtOH EtOH Sacrifice
To minimize the non-specific stress response to i.g. injection  EtOH

48h

of EtOH, the adolescent mice (at ~ 5 wks) were given 2-day
conditioning by intragastric (i.g.) injection of water. The first
group of mice was then given one dose of 5 g/kg/d of 42%
v/v EtOH as a bolus via i.g. injection. Tail vein blood was
collected by tail clipping prior to and at 10 min, 20 min, 1h,
2h, 4h, 6h, and 8h after treatment. A second group of mice
was designated to receive the same dose of EtOH for 1, 2, or 3
d; and blood was collected 5h after the last injection (Table 1).
Plasma was obtained by centrifugation of whole blood at 10,000
rpm for 10min at 4°C and stored at —80°C until analysis.
The EtOH concentration was determined using an Ethanol
Assay Kit (Biovision, Milpitas, CA) following the manufacturer’s
instructions. The BEC data were analyzed using Student’s
I-test.

EtOH Treatment and Tissue Collection

After 2-day conditioning, the B6 mice were designated to receive
5 g/kg 42% v/v EtOH as a bolus one time and sacrificed at 2 min,
2.5h, 5h, 7.5h, or 24h after treatment, after which the brains
were microdissected. The STr and NAc were stored at —80°C
until analysis. A second batch of B6 mice received the same dose
of EtOH for 1 or 3 days (Table 2). These mice were sacrificed 5h
after the last injection. By adapting the EtOH treatment regimen
as reported previously (42), we conducted preliminary studies
using animals receiving water or EtOH for 2 min. Other than
the BEC reading, there are no significant differences between
the readings of various assessments on the animals sacrificed
immediately (2 min) after receiving EtOH (EtOH for 2 min) and
those of the animals receiving water. For example, in the STr,
ACt of 111b was 8.77 & 0.22 in the water group and 8.51£0.58
in the EtOH for 2min group, with a fold change of 1.20 £
0.38 (p = 0.38); and in the NAc, ACt of IlIb was 9.11 £
0.52 in the water group and 9.42+0.53 in the EtOH for 2 min
group, with a fold change of 1.74 & 0.91 (p = 0.10). The above
data were reproduced in two additional experiments. For the
time course study of gene expression changes, it is necessary to
include 2-min EtOH group that was used as control for data
analysis. In line with JACUC and NIH guideline to minimize
use of the animals, no water group was included in the study for
Oprm1 daily expression following binge-like exposure to EtOH.
As reported previously (42), we have used 2-min EtOH as control
throughout this research project. Brains were microdissected,

As vehicle control, water injections (not shown) were given.

and the STr and NAc were collected and stored at —80°C until
use.

RNA Isolation and cDNA Preparation

Total RNA was extracted from the STr and NAc using the
RNeasy Mini Kit (Qiagen, Germantown, MD), followed by
RNase-free DNase (Qiagen) digestion to remove contaminating
DNA. The RNA quality and quantity were determined using
an ND1000 Nanodrop spectrophotometer (Thermo Scientific,
Waltham, MA) and verified by gel electrophoresis. An equal
amount of RNA (400 ng) from each sample was converted to
cDNA using the RT? First-Strand Kit (Qiagen) according to the
manufacturer’s instructions.

qRT-PCR Analysis

Gene expression was quantified using RT?> SYBR ROX qPCR
Master Mix (Qiagen) as described previously (38, 40, 43). Real-
time polymerase chain reaction (PCR) was performed with the
ABI Prism 7900HT Fast Detection System (Applied Biosystems,
Foster, CA). The thermocycler parameters were 95°C for 10 min
followed by 40 cycles at 95°C for 15s and 60°C for 1 min. ROX
was used as the passive reference. Expressions of all genes were
normalized to expression of B-actin (Actb) and splicing factor,
arginine/serine-rich 4 (Sfrs4). The relative expression of each
gene was compared with expression of that gene in the mice
given EtOH for 2 min and calculated using the AACT method
(44). The primer sequences for II1b, Il6, Oprm1, Actb, and Sfrs4
are listed in Table 3. The Il18 primers were purchased from
Qiagen (Cat No. PPM03112B). Data were analyzed using one-
way ANOVA followed by Dunnett’s post-tests in GraphPad Prism
5 software (GraphPad Software Inc., La Jolla, CA).

EtOH Treatment and Hot-Plate Tests

Male 5-week-old B6 mice were designated to receive either
5 g/kg 42% v/v EtOH or water (control) daily for 3 days.
Morphine sulfate (Sigma, St. Louis, MO) was freshly prepared
prior to use by dissolving it in 0.9% sterile saline. A 1.0-
mg/mL morphine solution was serially diluted to create
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TABLE 3 | PCR array primer sequences.

Gene symbol Primer Sequence 5’3’

Oprm1 Forward CCAGGGAACATCAGCGACTG
Reverse GTTGCCATCAACGTGGGAC

b Forward AATGCCACCTTTTGACAGTGATG
Reverse GGAAGGTCCACGGGAAAGAC

16 Forward CCCCAATTTCCAATGCTCTCC
Reverse GGATGGTCTTGGTCCTTAGCC

Actb Forward GGCACCACACCTTCTACAATG
Reverse GGGGTGTTGAAGGTCTCAAAC

Sfrs4 Forward GATCTGAAGAACGGGTATGGCT
Reverse ACACAGGTCTTTGCCGTTCA

TABLE 4 | EtOH administration and hot-plate test timeline.

Treatment Day 1—Day 3 Day 4

Water alone Daily water injections Hot-plate tests

Cumulative doses of morphine
(s.c.) and hot-plate tests

Water + morphine Daily water injections

EtOH alone Daily EtOH injections Hot-plate tests

EtOH + morphine Daily EtOH injections Cumulative doses of morphine

(s.c.) and hot-plate tests

doses of 0.1, 0.3, 1.0, or 3.0 mg/kg. A saline solution with
no morphine was the control for morphine treatment. In
our preliminary studies, the animals were given cumulative
doses of morphine of 0.1, 0.3, 1.0, 3.0, and 10 mg/kg to
select the morphine doses to be used. On subcutaneously
(s.c.) treatment with morphine at 10 mg/kg, both control
and experimental animals presented abnormal behaviors
that were beyond measurement using the hot-plate test.
Therefore, we chose morphine doses of 0.1, 0.3, 1.0, and 3.0
mg/kg.

As shown in Table4, on the day after Day 3 of binge-
like exposure to high-dose, high-concentration EtOH, the mice
were injected subcutaneously (s.c.) with a cumulative dose of
morphine as noted above at intervals of 30 min and placed
on the hot plate of the IITC Test Analgesia Meter (Woodland
Hills, CA) that was set at 55°C. The latency was recorded
according to hind-paw lick or jumping on the meter. A
maximum 120-s cutoff was set to avoid tissue damage. The
latency (s) was plotted against morphine doses (45). By adhering
to the JACUC and NIH guideline, the minimum number
of animals needed to obtain statistical power was discovered
and used.

In a parallel experiment, naltrexone (1 mg/kg) was
administrated s.c. 5min prior to morphine injection. Hot-
plate test results were analyzed using two-way repeated measures
ANOVA, followed by Bonferroni post-tests in GraphPad Prism 5
software (GraphPad Software Inc., La Jolla, CA) (46).

140
—e—5 g/kg 42% v/v EtOH

Syl
A OO ©® O N
o O 09O O O

-
~NN

Blood Ethanol Concentration (mM)

o

100 200 300 400 500
Time (min)

FIGURE 1 | Time course of blood EtOH concentration. Three B6 mice were
given EtOH (5 g/kg, 42% Vv/v, i.g.). The BEC was measured prior to (O min) and
at 10min, 20min, 1h, 2h, 4h, 6h, and 8 h later and normalized by subtracting
background (0 min BEC) and plotted against time.

RESULTS

Time Course of Blood EtOH Concentration
of Mice Given Single Binge-Like Exposure

to High-Dose, High-Concentration EtOH
The BEC of adolescent C57BL/6] (B6) mice was measured prior
to and at 10 min, 20 min, 1h, 2h, 4h, 6h, and 8h after EtOH
administration. Striking elevation of the BEC to approximately
100 mM was observed at 20 min, and it reached a peak of 108.4 &
18.8 mM at 1 h. The BEC then declined gradually. After a single
binge-like exposure, the time required for the animal’s BEC to
reach < 17.4 mM was close to 8 h (Figure 1) .

Blood EtOH Concentration of Mice Given
Repeated Binge-Like Exposure to

High-Dose, High-Concentration EtOH

The BEC of the adolescent B6 mice treated with 1 d, 2d, or
3 d of high-dose. high-concentration EtOH was determined.
At 2min after EtOH treatment, the BEC had already risen to
20.25 £ 2.89mM. The BEC at 5h after the 1st, 2nd, and 3rd
EtOH injection were compared with that of the mice given
water and at 2 min after EtOH injection (Figure 2A). At 5 h after
EtOH administration, the BEC was significantly higher than at
2min and the basal BEC of the mice given water. There was
no significant difference in the BEC at 5h after repeated EtOH
administration on different days.

Figure 2B shows that at 24 h after the 3rd EtOH delivery,
the BEC had returned to the basal concentration. There was no
significant difference in the BEC of these mice compared with
that of the mice given water.

Elevated Inflammatory Molecule
Expression After Single Binge-Like
Exposure to High-Dose,
High-Concentration EtOH

To explore the time-dependent response of the inflammatory
genes, the gene expression change in both the STr and the NAc at
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FIGURE 2 | Blood EtOH concentration after repeated EtOH administration (5 g/kg/d; 42% v/v; i.g.). (A) Concentrations at 5 h after 1st, 2nd, and 3rd administration.
(B) 24 h after 3 d of administration, BEC was back to basal concentration. Statistical analysis was performed using student’s t tests. *p < 0.05, **p < 0.01,

5h

2min, 2.5h, 5h, 7.5 h, and 24 h after binge-like exposure to EtOH
was determined. The qRT-PCR revealed that proinflammatory
genes 1118 (Fy 15y = 9.66, p < 0.001) and Il1b [F4 14 = 3.21,
p < 0.05] showed significant changes in the STr within 24h
following EtOH exposure (Figures 3A,B). Expression of II1b
(p < 0.05) and Il18 (p < 0.01) increased significantly at 5h
after EtOH treatment; 1118 expression remained high until 24h
(p < 0.01). Within the time course of 24 h, anti-inflammatory II6
showed a significant change in STr [F(4,14) = 3.26, p < 0.05]; Il6
increased at 7.5 h but fell after 24 h in STr (Figure 3C).

Figures 3D-F shows a late response in expression of
inflammatory genes 1118 [F 14y = 11.10, p < 0.001] and Il1b
[F414) = 585, p < 0.01] in the NAc. At 7.5h after binge-
like exposure to high-dose, high-concentration EtOH, pro-
inflammatory Il1b (p < 0.01) and I/18 expression (p < 0.001)
was significantly elevated at 7.5h. Meanwhile, the extent of
anti-inflammatory 16 decreased [F(414 = 0.81, p > 0.05].
After 24 h, the extent of 1l1b, 1118, and 1l6 expression did not
show a significant difference from that in the 2-min control

group.

Repeated Binge-Like Exposure to
High-Dose, High-Concentration EtOH
Induced Upregulation of MOR Expression

Our previous in vitro studies showed that MOR expression is
induced by pro-inflammatory cytokines (36, 37), and therefore,
we examined the time course of mRNA expression of the MOR
gene Oprml in the STr and NAc of brains of binge-like EtOH-
treated B6 mice at 2 min, 5h, or 24 h after the first EtOH infusion
and at 24 and 48 h after the third infusion. In the STr, expression
of Oprm1I had increased significantly by 5h after the first EtOH
delivery and then gradually declined [F4q) = 4.25, p < 0.05];
at 5h after EtOH injection, OprmI expression was significantly
higher than that at 2min (p < 0.05) (Figure 4A). Figure 4B
shows a similar trend for Oprml in the NAc [F(49) = 1.95,
p > 0.05] (Figure 4B).

Binge-Like Exposure to High-Dose,
High-Concentration EtOH Alters
Morphine’s Anti-nociception

To test the behavioral consequences of the gene expression
change induced by binge-like exposure to high-dose,
high-concentration EtOH, hot-plate tests were performed
to evaluate morphine’s anti-nociception effect. 24 h after the 3rd
d EtOH injection, the mice were injected s.c. with a cumulative
dose (0, 0.1, 0.3, 1.0, or 3.0 mg/kg) of morphine at intervals of
30 min and then placed on a 55°C hot plate. As shown in the
insert in Figure 5A, hot plate latency of the mice given either
water or EtOH alone didn’t change with no morphine injections.
Of the mice given water, the latencies were 10.68 + 3.52s and
10.89 £ 2.79s prior to and after injections, respectively; of
the animals given EtOH, the latency readings were 10.93 =+
3.22s and 10.88 =+ 4.04s, respectively. Morphine produced
dose-dependent anti-nociception both in animals given water
and in those receiving EtOH. In comparison with the animals
given water (blue curve), the animals receiving EtOH showed a
greater response to morphine; the response curve was shifted to
the left [F4120) = 5.73, p < 0.001] (Figure 5A). The latency to
analgesic response was significantly enhanced in EtOH-treated
animals at 3 mg/kg dose of morphine (p < 0.001). The response
latency induced by morphine was ablated by naltrexone in
animals treated with EtOH [F47, = 42.78, p < 0.001] or
water [Fygs) = 13.20, p < 0.001], and no difference was
observed between animals given EtOH and those with water
[F(4,55) = 0.87, p > 0.05] (Figure 5B).

DISCUSSION

“Binge drinking” is repeated EtOH intake causing a BEC > 80
mg/dL (17.4 mM) (5). The peak BEC of binge drinkers, from
18 to 50 years old or older, has been reported to be as high as
470 mg/dL (that is equal to 102mM) (47). In addition to the
well-characterized liver toxicity, binge drinking can cause various
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FIGURE 3 | Inflammation-related gene expression change in striatum (A-C) and nucleus accumbens (D-F) within 24 h in response to binge-like EtOH administration
(42% v/v, 5 g/kg, i.g.). Data are expressed as mean + SE. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post-tests, compared with
control 2-min EtOH group: *p < 0.05, **p < 0.01, **p < 0.001; n = 4.
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FIGURE 4 | Time-dependent expression change of MOR gene, Oprm1, in striatum (A) and nucleus accumbens (B) in response to binge-like EtOH administration
(42% v/v, 5 g/kg/d, i.g.). Data are presented as mean + SD. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post-tests compared
with control 2-min EtOH group: "o < 0.05; n = 4.

neurologic disorders (48). Morphine use/abuse frequently is  epidemic of drugabuse and addiction, EtOH addiction, and binge
linked to drinking, especially excessive drinking. Combining  drinking has emerged (50).

opioids with other substances, including EtOH, increases opioid Alcohol research investigators have commonly used rodent
overdose deaths (49). During the last decade, an intertwined  models to mimic human alcohol consumption, particularly
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FIGURE 5 | Hot-plate analgesia test in response to morphine in 5-week-old
B6 mice given 3-d binge-like EtOH treatment. (A) Ethanol-treated mice (n = 4)
showed elevated response to morphine; morphine response curve was shifted
to the left. (Insert) the animals given both water and EtOH didn’t show change
in latency without morphine injections (n = 4). (B) The response latency shift
was completely ablated by opioid receptor antagonist naltrexone (1 mg/kg;
s.c.) (n = 3). Statistical analysis was performed using two-way repeated
measures ANOVA followed by Bonferroni post-tests. *p < 0.05, ***p < 0.001.

specific drinking patterns such as binge drinking (40, 51, 52). The
high dose of EtOH we chose to administer (5 g/kg; 42% v/v) is
equivalent to the alcohol by volume (ABV) of the hard liquors,
such as vodka. By adapting the high dose of EtOH used in many
rodent studies, the specified dose of EtOH was used in our study.
The dose of 5 g/kg is well-established as a binge-drinking model
in mice (40, 52). To differentiate binge drinking in humans from
the model in mice, we have used the term “binge-like exposure
to EtOH.” Figure 1 shows that a BEC higher than 17.4 mM
was detected in mice after one treatment (i.g.) with EtOH (5
g/kg). The elevation of BEC above 17.4 mM was detected within
2min (Figures 1, 2A), and the reading reached its peak, 108.4

=+ 18.8 mM, at 1 h. The peak declined gradually over 7-8 h. The
instant rise of BEC to the NIAAA-defined binge concentration
(174mM) and the prolonged high concentration of alcohol
could exert significant systemic effects, including intoxication,
overburden of the liver for alcohol metabolism, and early and
transient pro-inflammatory states (53-56).

Underage drinking, including binge drinking over the
weekend, is common (7). To mimic the underage common
drinking pattern, we chose 3-d high-dose, high-concentration
EtOH dose. After each of the three binge-like EtOH treatments,
the instant elevation of the BEC to > 17.4mM and the
long duration of the elevated BEC followed by a reduction
to below 17.4mM on Day 1 were also observed on Day 2
and Day 3 (Figure 2A). At the 5h point, the BEC was 35-
40mM on all 3 days (Figure 2A). The 3-d binge-like exposure
to EtOH therefore gave the animals the BEC > 17.4mM for
~ 24h in total. We previously reported that this 3-d high-
dose, high-concentration EtOH binge-like regimen induces a
stress response in the hippocampus of adolescent rats, and the
downstream effects of the EtOH-induced stress response in the
hippocampus appear to be involved in reduction of the spleen
size (40).

In addition, there was a significantly higher plasma
endotoxin concentration (200 EU/mL) in the animals
given 3-d binge-like exposure to EtOH (40). Other
studies have found that binge drinking in human subjects,
as well as binge-like exposure to EtOH in rodents,
induces gut leakage that elevates the blood endotoxin
concentration (15, 16), which leads to production of
inflammatory molecules, as well as greater activity of
neuroimmune signaling pathways (19, 20). As noted
previously, binge-like exposure to high-dose, high-
concentration EtOH can trigger a severe immune response
that persists even after EtOH has been metabolized
(Figures 1, 2) (57).

After administration of EtOH, this volatile compound
distributes into the cytosol of all cells. Thus, in addition to
the hippocampus in which the 3-d binge-like exposure to
EtOH induces stress responses (40), this EtOH regimen is
expected to affect other brain areas, including those responsible
for changes in pain sensation, as it was previously reported
that binge EtOH consumption increases inflammatory pain
responses and mechanical and cold sensitivity (14). We focused
on the STr and the NAc areas. The STr is part of the brain’s
reward circuit and a key region responsible for voluntary
motor control (41, 58). The STr projects to the basal ganglia,
a neuronal circuit necessary for voluntary movement control,
and exerts neuronal activity related to movement, rewards, and
the conjunction of movement and reward (41, 59). The MOR
is highly expressed in the STr (60, 61). The NAc plays an
important role in the generation of motivated behaviors (62)
and facilitates reward seeking by integrating neurotransmitter-
mediated reinforcement signals with environmental stimuli
(63, 64).

Figure 3 shows the mRNA time courses of the expression
of 1l1b, 1118, and Il6 genes in both the STr and the NAc after
one binge-like exposure to high-dose, high-concentration EtOH.
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The initial elevation of the expression these three genes in the
STr appeared between 5 and 7.5h, whereas only I/18 remained
significantly elevated at 24 h. However, in the NAc, the significant
elevation of the products of these 3 genes was detected only
at 7.5h, and the elevation did not last to 24h. The elevation
time point and differential duration appeared to be brain-region
dependent and suggest that EtOH-mediated effects are more
intense in the STr than in the NAc because the STr projects to
the NAc (65, 66).

Previous studies have demonstrated that expression of
Oprml is stimulated by various pro-inflammatory cytokines,
including IL-1f (35-37). Figure4 shows that in the STr,
significant upregulation of Oprml was observed at 5h after
binge-like exposure to EtOH. On the other hand, there was
only a trend to elevation of Oprml in the NAc. Although
Oprml mRNA elevation disappeared by the 24-h time point,
protein level of the mu opioid receptors might stay elevated;
confirmation of this idea is needed. Following binge-like
exposure to EtOH, inflammatory cytokines and Oprml mRNA
levels both change in the brain areas. However, the concurrent
elevation of these genes might imply, but not confirm, the
direct correlation between expression of inflammatory cytokines
and Oprml induced by high-dose, high-concentration EtOH.
Our qPCR data showed that binge-like exposure to EtOH
caused both neuroinflammation and upregulation of MOR
in various brain areas. Further studies are on the way to
examine the causal correlation between expression elevation
of inflammatory cytokines and Oprml following binge-like
exposure to EtOH.

Elevation of Oprml implies increased expression and
activity of MOR. Anti-nociception associated with morphine
use would be the behavioral outcome of this elevation.
Figure 5A shows morphine anti-nociception in adolescent
C57BL/6] mice as determined by hot-plate analgesia tests
at 24h after 3-d binge-like EtOH treatment. There was
an increase in morphine-induced anti-nociception after the
EtOH treatment (Figure 5). Co-treatment with naltrexone, the
selective MOR antagonist, abolished anti-nociception of the
cumulative dosage of morphine in the mice given either binge-
like exposure to EtOH or saline. This suggests that MOR is
involved in morphine’s anti-nociception elevation by binge-
like exposure to EtOH. This also confirms that the 3-d EtOH
at a high dose (5 g/kg) and high concentration (42% v/v)
contributed to elevation of neuroinflammation and expression
of MOR.

As noted previously, morphine abuse is frequently linked
to excessive drinking. A cross-tolerance could take place
between EtOH intake and treatment with morphine that is
the high-affinity agonist for MOR. Le et al reported that
in adult male rats, chronic EtOH consumption decreases
the response to treatment with morphine (67). He et al
reported that repeated EtOH intake by self-administration (5-
6 g/kg/24h) decreases the anti-nociception of MOR agonists.
Inhibition of MOR endocytosis is a possible mechanism
underlying the cross-tolerance interaction between EtOH and
MOR agonists (68). Shah et al reported that chronic EtOH
consumption, but not a single injection that resulted in a BEC

of approximately 15 mg/dL, decreases the analgesic potency of
opioids in mice. However, the investigators were not sure of
the mechanism underlying the interaction between EtOH and
opioids, including morphine (69). In examining the alleviation
of CRFI1 receptor antagonism related to heroin and EtOH
dependence, Edwards et al suggested that understanding the
relations between chronic exposure to addictive substances
such as EtOH and pain-related states such as nociception
could reveal the mechanisms underlying the transition to
addiction to various substances of abuse (70). Other than
the study reported by Shah et al, all these studies suggested
how treatment with EtOH changed the activity of MOR
and MOR-mediated morphine-induced anti-nociception. Taking
these data together with the studies showing that inflammatory
cytokines mediate expression of MOR (35-37) and change
morphine actions (38, 39), we have reconciled two of our
previous studies in light of our current study to address how
inflammation induced by various exogenous challenges such as
binge drinking might change the subject’s response to morphine’s
anti-nociception.

In one of our previous studies, we used HIV-1 transgenic
(HIV-1Tg) rats, mimicking people living with HIV/AIDS
and receiving combination antiretroviral therapy (cART),
to demonstrate that the persistent presence of HIV-1
proteins elevates inflammation in the brain that possibly
correlates with upregulation of MOR expression and the
enhancement of morphine’s anti-nociception (71, 72). In
another study, using F344 rats, we showed that repeated
treatment with LPS elevates inflammation in the brain and
enhances the sensitivity to morphine’s anti-nociception
and morphine-induced conditioned place preference (73).
With binge-like exposure to high-dose, high-concentration
EtOH in adolescent mice, with the persistent presence
of HIV proteins in the HIV-1Tg rats (71, 72), and with
repeated treatment with LPS there was enhancement of
morphines anti-nociception secondary to upregulation of
MOR expression that might be the outcome of elevation
of inflammation in the brain. Taken together, our three
studies appear to confirm that systemic inflammation
attributable to the persistence of viral proteins, repeated
treatment with LPS, or binge-like exposure to EtOH leading
to elevation of plasma endotoxin, enhanced the rewarding
effects of morphine, both physiologically and behaviorally,
thereby increasing the potential for morphine abuse and
addiction.

In summary, our research indicated that binge-like
exposure to high-dose, high-concentration EtOH- enhanced
morphine anti-nociception might be mediated via elevation
of neuroinflammation. Because morphine is highly addictive,
alteration of the animals’ response to its use in the course of
systemic inflammation could cause the onset and progression
of OUDs in the course of inflammation following binge-like
exposure to EtOH. As a result of the current study, mega-
analysis using bioinformatics tools to link neuroinflammation
parameters, expression of MOR, and determinants of nociception
will be conducted to extend the findings of our current
study.
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