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Emergent harms presented by the co-use of opioids and methamphetamine highlight
the broader public health challenge of preventing and treating opioid and stimulant co-
use. Development of effective therapeutics requires an understanding of the physiological
mechanisms that may be driving co-use patterns, specifically the underlying neurobiology
of co-use and how they may facilitate (or be leveraged to prevent) continued use
patterns. This narrative review summarizes largely preclinical data that demonstrate
clinically-meaningful relationships between the dopamine and opioid systems with direct
implications for opioid and stimulant co-use. Synthesized conclusions of this body
of research include evidence that changes in the dopamine system occur only once
physical dependence to opioids develops, that the chronicity of opioid exposure is
associated with the severity of changes, and that withdrawal leaves the organism in a
state of substantive dopamine deficit that persists long after the somatic or observed
signs of opioid withdrawal appear to have resolved. Evidence also suggests that
dopamine supersensitivity develops soon after opioid abstinence and results in increased
response to dopamine agonists that increases in magnitude as the abstinence period
continues and is evident several weeks into protracted withdrawal. Mechanistically, this
supersensitivity appears to be mediated by changes in the sensitivity, not quantity,
of dopamine D2 receptors. Here we propose a neural circuit mechanism unique
to withdrawal from opioid use with implications for increased stimulant sensitivity in
previously stimulant-naive or inexperienced populations. These hypothesized effects
collectively delineate a mechanism by which stimulants would be uniquely reinforcing
to persons with opioid physical dependence, would contribute to the acute opioid
withdrawal syndrome, and could manifest subjectively as craving and/or motivation to
use that could prompt opioid relapse during acute and protracted withdrawal. Preclinical
research is needed to directly test these hypothesized mechanisms. Human laboratory
and clinical trial research is needed to explore these clinical predictions and to advance
the goal of developing treatments for opioid-stimulant co-use and/or opioid relapse
prevention and withdrawal remediation.
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INTRODUCTION

Historically, there have been periods of time in which the
co-use of opioids and stimulants has been highly prevalent
and of significant public health concern. The frequency of
opioid-stimulant co-use has tended to wax and wane over
the years and in the past decade the primary public health
concern has focused on exclusive opioid use. However, now,
amidst the ongoing opioid epidemic, this opioid-stimulant
polysubstance use trend has reemerged. Deemed a “Fourth
Wave” or “Twin Epidemic,” epidemiological evidence now
emphasizes a renewed and rapidly increasing public health harm
of concurrent stimulant use, particularly methamphetamine use,
among people who use opioids (1, 2). National and regional
treatment admission data report stark increases in recent
methamphetamine use among people entering treatment for
opioid use disorder (OUD) (3-5), representing an approximate
5-fold increase in methamphetamine use among primary heroin
treatment admissions from 2008 to 2017 (3). Such trends are
also evident in national prevalence data (6-8). Data from
the nationally representative National Survey on Drug Use
and Health (NSDUH), for instance, show that past month
methamphetamine use increased five-fold from 9% in 2015
to 44% in 2019 among people who also used heroin in the
past month (6). Related surges in methamphetamine-involved
overdoses in combination with opioids have been observed
(9-13) with greater increases in non-cocaine psychostimulant
overdoses in states with a greater prevalence of opioid use
disorder (OUD) (12). This concomitant use of opioids and
methamphetamine is worrisome beyond this noted overdose risk
given other associations with psychiatric comorbidity, infectious
disease transmission, and healthcare utilization (6, 14, 15).
Moreover, although treatments for opioids and opioid overdose
exist, no such treatments are available for stimulants, suggesting
that the population of persons with co-use may face significant
challenges to recovery.

These emergent concerns underscore broader challenges
presented by opioid and dopamine agonist (“stimulant”) co-
use. While recent public health emphasis has been placed
on opioids and methamphetamine, the practice of opioid-
stimulant co-use dates back decades with trends observed
across diverse subgroups and geographic regions. The co-use
of opioids and cocaine, for example, was extensively described
throughout the 1980s, 90s, and 00’ in the United States
[e.g., (16, 17)] and more globally [e.g., (18, 19)]. Reports
of simultaneous (i.e., “speedballs”) or concurrent co-use of
opioids and cocaine motivated intense preclinical and clinical
investigation into novel treatments (20). Despite these efforts,
opioid and stimulant co-use remains a challenging treatment
phenomenon with no FDA approved medication for co-use and
weak to negative evidence for those pharmacotherapies that have
been tested [e.g., (21)]. Development of effective therapeutics
requires an understanding of the mechanisms driving co-use,
specifically the underlying neurobiology of co-use and how these
neurobiological mechanisms may facilitate (or be leveraged to
prevent) continued use patterns.

Goal of This Review

The purpose of this review is to synthesize data collected
primarily from preclinical studies dating back to the 1950’
that demonstrate clear relationships between the dopamine and
opioid systems with direct implications for opioid and stimulant
co-use. These data outline a hypothetical but mechanistically-
based premise for why opioid and stimulant co-use occurs.
Notably, this hypothesis pertains specifically to the onset of
stimulant use in persons who have opioid physical dependence.
This is not meant to suggest that persons who are co-using
these substances were naive to stimulants prior to using
opioids, rather the following conversation focuses on the large
proportion of persons whose most recent use period was not
characterized by concurrent initiation of opioids and stimulants
together but rather is characterized by a new stimulant use
episode that begins after opioid physical dependence has
developed. This is a relatively common pattern that has been
evident for several decades, most notably in persons who are
receiving methadone for opioid use disorder treatment (22—
25), for which numerous interventions have been evaluated
to address new stimulant use (21, 26-29). In effect, this
review is proposing a novel mechanistic hypothesis that the
development of opioid physical dependence changes underlying
neurobehavioral mechanisms in such a way that the experience
of stimulants is uniquely different from that prior to opioid
dependence development.

This hypothesis also has implications for the treatment of
OUD, particularly relapse to opioids, and we have therefore
outlined a putative and testable underlying neurobiological
mechanism we hypothesize may function as a barrier to the
development of effective opioids use disorder treatments. The
data reviewed here are primarily drawn from preclinical animal
studies; this hypothesis has not been prospectively examined
in human subjects. Thus, the limited human laboratory,
clinical, and qualitative studies available in this area are also
reviewed to provide corroborating preliminary evidence for
these mechanistic predictions in support of more focused
prospective research.

Specifically, we propose a novel mechanism involving
enhanced dopamine D2 receptor-mediated activity of the
striatal-ventral mesencephalon-thalamic circuit, which we
propose occurs as a function of chronic opioid exposure and
results in organisms that are being withdrawn from opioids
having a unique dopaminergic experience. We suspect these
conformational changes may cause dopamine agonists to
take on enhanced reinforcing properties during states of
acute or protracted opioid withdrawal, including stimulants
that are introduced after opioid physical dependence has
been developed. This review is meant to present a novel yet
testable hypothesis that has not yet been examined in human
subjects and which has the potential to yield insights that
could contribute meaningfully to collective efforts to address
opioid and stimulant co-use. Thus, this review concludes
with directions for future work to address the sustained
morbidity and mortality presented by the co-use of opioids
and stimulants.
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BRIEF OVERVIEW OF OPIOID AND
DOPAMINE NEUROBIOLOGY

Prior reviews have discussed the relationship between opioid
and dopamine neurobiology and its relevance for opioid use
and OUD [see contemporary and classic reviews in (30, 31)],
so these concepts are reviewed here only briefly to support
interpretation of the summarized results. The opioid system
is regarded as the natural analgesia system and is distributed
throughout the central and peripheral nervous systems. Opioids,
such as morphine, oxycodone, and heroin, function as agonists
that bind to the opioid mu, kappa, and delta (as well as ORL-1 and
nociception/orphanin) receptors. The strength of conventional
opioid effects (e.g., analgesia, euphoria) are primarily related
to the strength of activity the opioid confers on the mu
opioid receptor. The dopamine system is widely regarded as
the primary reward and motivation system that is responsible
for producing euphoria and for reinforcing repeated drug use
behavior. Dopamine neurons are highly concentrated in the
midbrain, which is characterized by projections from the ventral
tegmental area (VTA) to the nucleus accumbens in the striatum
(i.e., the mesolimbic system) or to the prefrontal cortex (i.e., the
mesocortical system). The degree to which this system is activated
corresponds generally to the degree of reward experienced.
Additional and important nuances also exist with regard to the
dopamine receptor system, which are categorized into D1 and D2
families. D1 family receptors (D1 and D5 receptor subtypes) are
Gs-coupled receptors that generally produce excitatory signals;
D2 family receptors (D2, D3, and D4 receptor subtypes) are
Gi-coupled receptors that generally produce inhibitory signals.
Moreover, when D2 family receptors are found presynaptically
they often function as autoreceptors that regulate (e.g., inhibit)
dopamine release and firing (32). The nucleus accumbens
contains both D1 and D2 receptor families of receptors.
Although opioids exert their primary effects via agonism
of the mu opioid receptor, these drugs also exert indirect
effects on the mesocorticolimbic dopamine system (33-35). Mu
opioid receptors within the VTA are located on GABAergic
interneurons, which reside within the VTA (33-35). Under drug
naive conditions, these GABAergic cells provide inhibitory tone
on dopamine neurons, which project to the nucleus accumbens.
Within the nucleus accumbens, dopamine provides modulatory
tone on GABAergic medium spiny neurons (MSNs), which
express either D1 or D2 receptors. In preclinical studies, MSNs
within the nucleus accumbens are critical in driving use of drugs,
including opioids. Importantly, this has been shown to be driven
by D1-expressing and not D2-expressing MSNs, as most of these
cells express either D1 or D2 and have been heavily studied
for their opposing roles in substance use (36). Thus, the recent
literature regarding D1 versus D2 supports an important role
of Dl-expressing MSNs in regulating stimulant use, whereas
D2-expressing MSNs are involved in negative regulation of
these behaviors (36-39). As well, there is a large body of
literature outlining the output structures of these differential
cell populations [e.g., (40-42)]. Although emerging evidence
suggests that reinstatement to heroin-associated cues induces

synaptic adaptations at D1-expressing MSNs within the nucleus
accumbens (43), it is not clear if the outcome measure of
matrix metalloproteinase activity surrounding D1 or D2 synapses
captures differences in sensitivity of these different dopamine
receptor subtypes to subsequent dopamine agonism.

It is important to note that a large number of preclinical
studies examining the impacts of D1 vs. D2 pathways on
psychostimulant or opioid-related behaviors have generally
studied this in animals under protracted withdrawal from these
drugs and there may be adaptations specific to drug taking
vs. withdrawal. When opioids are present (either systemically
administered or locally applied in vitro), prior studies show
an inhibition of the firing rate of VTA GABA neurons (44,
45), and the canonical pathway would indicate that this then
reduces GABAergic inhibition of accumbotegmental dopamine
cells (ie., cells that project from the VTA to the nucleus
accumbens), ultimately leading to an increase in dopamine
signaling within the nucleus accumbens (44) and, subsequently,
an increase of dopamine receptor activation on nucleus
accumbens MSNs. It is thought that this neural mechanism
contributes to the classic euphoric response produced by opioid
drugs. However, one cardinal study showed that selective ablation
of dopamine terminals in the nucleus accumbens induced long-
lasting reductions in cocaine but not heroin self-administration
(46), suggesting that other neurotransmitter systems beyond
dopamine signaling are involved in the reinforcing effects
of opioids.

In contrast to opioids, stimulant drugs produce their euphoric
and reinforcing response by directly activating dopaminergic
signaling within the reward pathway. Specifically, they are able
to prolong the duration of time that dopamine can exert an
effect on receptors by either preventing it from being recycled
back into the neuron (e.g., cocaine) and/or by releasing large
quantities of dopamine into the synapse (e.g., amphetamine
or methamphetamine) (47). Another relatively recent piece of
the circuit puzzle regarding stimulants and opioids involves
the rostromedial tegmental nucleus (RMTg) or the “tail of the
VTA” (tVTA), which project dense inhibitory tone to midbrain
dopamine neurons. Importantly, the RMTg projects GABAergic
tone into the VTA, and are generally thought to provide a
“break” on motivated behavior (48). Bringing this newly charted
neural circuit into focus with psychostimulant and opioid use,
recent studies have found that the RMTg plays a critical role
in aversive responses to cocaine (49), and acute withdrawal
from cocaine increases cell firing within the RMTg (50). The
RMTg also appears to be a critical mechanism in opioid-
induced VTA dopamine disinhibition. As the canonical pathway,
described above, typically considered GABAergic interneurons
as the primary source of dopamine cell inhibition, one recent
study showed that morphine induced a significant inhibition
of inhibitory post-synaptic currents (IPSCs) evoked from the
RMTg, whereas IPSCs evoked from VTA interneurons were
almost insensitive to morphine (51). Taken together, these results
support that the GABAergic projection from the RMTg is a
critical, and perhaps dominant, neural circuit responsible for
opioid disinhibition of dopamine neurons within the VTA.
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However, no study to date has examined this more recent
circuit in the context of opioid and stimulant co-use. Figure 1
summarizes these neural circuits involved in opioid use as well as
illustrates opioid-induced dopamine disinhibition in the VTA.

CHANGES IN THE DOPAMINE SYSTEM
FOLLOWING CHRONIC OPIOID
EXPOSURE MAY BE RESPONSIBLE FOR
OPIOID-STIMULANT CO-USE AND
STIMULANT INITIATION

Dopamine Is Meaningfully Involved With
Opioid Effects and Opioid Withdrawal

Evidence that the dopamine system has meaningful interactions
with the opioid system or expression of opioid effects have been
reported as far back as 1954 (52). However, the manner through
which this happens is nuanced. This is evident in a series of
studies that revealed opioid agonists produce biphasic effects in
animal models whereby low doses of opioids engender stimulant-
like behavior, and the expected sedative-like effects of opioids are
not elicited until higher doses are administered. In addition, in
these studies tolerance to the depressant-like effects of opioids
was observed to develop quickly over time, coincident with
development of opioid physical dependence, whereas tolerance
to the stimulant-like effects was not observed to develop at the
same rate. In fact, continuous exposure to opioids was found
to increase the emission of stimulant-like behaviors over time.
These effects were firmly related to opioid activation because
the stimulant-like behaviors produced by opioids can be blocked
through administration of the opioid antagonist naloxone,
demonstrating a causal relationship with opioid administration
and opioid-receptor activity in the expression of behavior. The
opioid-induced stimulation observed was only surmounted once
large doses of opioids were administered in a repeated fashion
(53-56), see also (57). The simulating effects of opioids have also
been reported by human subjects, though this has only been
examined in a small number of largely non-empirical studies
(described below). The mesolimbic dopamine system appears to
be a major contributor to the manifestation of opioid-induced
stimulating effects (54, 58-60), and a convergence of data has
also reliably implicated the dopamine system in the expression
of some opioid withdrawal symptoms [see (61) for review], an
effect that is especially profound with regard to thermoregulatory
behavior (62).

As outlined above, it is well-established that exposure to
opioids increases dopamine release in the striatum, and this
is often hypothesized to be the mechanistic basis by which
opioid-seeking behavior develops. However, there has been less
discussion paid to the role dopamine may play during states
of acute or prolonged opioid abstinence in animals that have
developed opioid physical dependence. Several studies have
revealed that when animals are made physically dependent on
opioids and undergo withdrawal that is either spontaneous in
nature (e.g., discontinuation of opioid agonists) or precipitated
by administration of an opioid antagonist (e.g., naloxone,
naltrexone), dopamine levels in the striatum decrease. This is
evident through multiple different assays, including microdialysis

quantification of extracellular dopamine levels (63-67), analysis
of striatal brain tissue (68, 69), morphological examination
of dopamine-containing neurons (70), in situ hybridization
quantification of striatal adenylate cyclase levels (71), and 6-
hydroxydopamine (6-OHDA) lesioning assays (72). The decrease
observed in dopamine signaling during a state of abstinence is
not simply a function of having been recently exposed to an
opioid agonist because such changes do not occur during periods
of acute opioid agonist exposure and the level of dopamine
depletion that occurs has been correlated with the somatic
expression of withdrawal (63, 66, 67). Moreover, the decrease
in dopamine observed in animals that have opioid physical
dependence and are put into a state of opioid abstinence is
substantial, ranging from 25 to 35% of the level observed in
control animals (67, 73). We know of only one human study
that has examined this effect. That study used positron emission
tomography (PET) to compare dopamine release in persons with
OUD during a state of naloxone-precipitated withdrawal vs. a
state of satiety. The study found that withdrawal was associated
with a rapid and significant release of dopamine in the striatum
and that the degree to which subjects reported the withdrawal
to be aversive correlated with the strength of the dopamine
release (74).

Conformational changes in dopamine signaling are also
evident via electrophysiological assays. For instance, neuronal
recordings of spontaneous meso-accumbens dopaminergic
activity have revealed that rats that are made physically-
dependent on morphine and then withdrawn exhibit reduced
dopamine firing rates relative to control animals, and that
both gross and burst firing rates continue to be low when
measured 24-h after the final morphine exposure. The same
effect was observed when opioid withdrawal was precipitated
with a naloxone injection. The reduction in neuronal firing
rates could also be reversed by intravenous administration of
morphine, which was found to restore dopamine firing rates
to the levels observed in control animals (75). Importantly,
these changes in firing patterns only became evident when
animals underwent a long period of abstinence (24h); no
such differences were observed when the animal was tested
after 2h of abstinence (75). The fact that this effect is
easily reversed through provision of an opioid demonstrates
a causal relationship between a state of abstinence and
change in dopamine firing patterns. Another study that
used microdialysis to examine postsynaptic dopamine levels
found a similar effect. In that study, rats that underwent
spontaneous withdrawal from opioids for 1 day evidenced
levels of striatal dopamine that were 80% lower than control
animals, and a dose of morphine was found to decrease this
gap in a dose-dependent manner but did not fully restore
the levels to those observed in control animals. In contrast,
rats that were spontaneously withdrawn from opioids and left
untreated continued to demonstrate lower striatal dopamine
levels than controls for up to 3 days (the longest time
frame examined in this study) (63). A follow-up microdialysis
examination of mesolimbic dopamine levels in rats withdrawn
from opioids found that extracellular dopamine levels were
decreased in animals as far out as 7 days after the final opioid
administration (76).
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FIGURE 1 | Neural circuitry and dopamine disinhibition by opioid use. Neural circuitry involved in opioid use includes cortical, striatal, thalamic, mesencephalon, and
brainstem structures. Dopamine cell bodies residing within the VTA receive GABAergic innervation from both GABAergic interneurons and projection neurons from the
RMTg. GABA activates GABA-A receptors located on dopamine neurons, thus providing inhibition of dopamine neuronal activity. Through these terminals, dopamine
excitability is maintained in homeostasis within an opioid-naive system. When opioids are present, these compounds act as agonists at inhibitory (Gi/o) . opioid
receptors, which exerts inhibitory tone on GABAergic terminals synapsing onto dopamine cells. The net result is an enhancement of phasic dopamine release into
terminal structures, including the NA. PFC, prefrontal cortex; HIPP, hippocampus; NA, nucleus accumbens, VTA; ventral tegmental nucleus; RMTg, rostromedial
tegmental nucleus; LC, locus coeruleus; AMG, amygdala; DRN, dorsal raphe nucleus; 5-HT, serotonin.

Changes in the Dopamine System Remain
Evident Long After the Somatic Signs of
Opioid Withdrawal Have Remitted

Changes in dopamine signaling have been observed to persist
for several days after the somatic signs of withdrawal appeared

to have remitted, suggesting that the animals are continuing to
experience an altered dopaminergic state even when overt signs
of withdrawal are not apparent. This has been demonstrated with
microdialysis, which revealed that animals that were withdrawn
from opioids showed reduced rates of striatal dopamine levels
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even after the signs of withdrawal remitted (63). A second study
reported that rats withdrawn from opioids showed observable
somatic signs of withdrawal until around day 3 of abstinence, yet
the electrophysiological reduction observed in their dopamine
firing rates were pronounced up to day 7 and only showed signs
of full resolution around day 14 of abstinence. When morphine
was administered to those animals on day 14, their striatal
dopamine levels surged well-beyond the levels observed in the
control animals, suggesting they had entered a state of dopamine
supersensitivity (77).

The D2 Family of Receptors May Be
Responsible for Enduring Changes in the
Dopamine System Once Opioid Physical

Dependence Is Established

Growing evidence has implicated the D2 family of receptors
in the altered dopaminergic state that is produced by chronic
opioid exposure. For instance, in situ hybridization of D1
and D2 receptor mRNA in rats that were made physically
dependent on morphine showed that chronic opioid exposure
increased only D2 receptor mRNA levels. These changes were
specifically observed in the nucleus accumbens and striatum,
which increased by as much as 27% relative to controls; no effect
was observed with D1 receptors (78). Data from genetically-
modified mice provide additional insight into this process by
suggesting that the involvement of the D2 receptor becomes
relevant only once physical dependence is developed. In this
study, mice that were genetically engineered to be D2 (+/+)
or D2 (-/-) were both able to develop morphine physical
dependence and shows signs of withdrawal following naloxone
administration. However, although D2 (4/+) mice showed
conditioned place aversion to environments in which naloxone
was administered, the D2 (-/-) mice showed no such aversion.
Comparisons to opioid naive mice further suggested that the
D2 receptor was crucial for maintaining opioid motivation but
only once the animal developed opioid physical dependence and
was in a state of withdrawal, and that D2 was not implicated in
behavior when the animal was opioid naive and/or developing
opioid-use behaviors (79).

Limited research has empirically examined this concept
in humans. One study used a combined positron emission
tomography (PET) imaging and drug administration study in
adults who did (n = 16) and did not (n = 16) have a history
of heroin use. Data revealed that adults who had used heroin
showed reduced D2 family receptor availability and presynaptic
dopamine release. However, neither of those outcomes were
significantly related to their subsequent choice to self-administer
a low or high dose of heroin (measured using a progressive
ratio task), relative to healthy controls (80). Another study
evaluated D2 receptor availability with and without naloxone
administration using PET imaging in people with current DSM-
IV opioid dependence and ongoing heroin use (n = 11)
and controls without this opioid use history (n = 11) (81).
Persons with opioid dependence showed decreased D2 receptor
availability in the striatum compared to controls at presentation
to the study. Precipitation of acute withdrawal using the opioid

antagonist naloxone was not found to further decrease D2
receptor availability relative to control subjects, though a post-
hoc analysis did suggest that persons with opioid dependence
who received higher naloxone doses (0.02 mg/kg; N = 7)
demonstrated greater reductions in D2 relative to persons who
received a lower naloxone dose (0.01 mg/kg; N = 2).

The D2 Family of Receptors May Become
Supersensitive Once Opioid Physical

Dependence Develops

The evidence described above identifies a potential role for
the D2 receptor family in the expression of opioid effects and
introduces the notion that receptor quantity is not necessarily
the only mechanism through which this occurs. This notion
is supported by an abundance of data from animal studies
that suggest chronic exposure to opioids leads to functional
adaptations in the dopamine system that sensitizes the system
to D2 agonists rather than changes in the quantity of receptors.
This supersensitivity may, in turn, increase drug seeking by
potentiating behavioral responses to D2-like activation or,
theoretically, increase the reinforcing effects of D2 agonists.
Consistent with changes observed over time in levels of striatal
dopamine, supersensitivity also appears to last well-beyond the
somatic resolution of withdrawal symptoms, suggesting they are
enduring conformational changes.

For instance, doses of the D2 agonist quinpirole that are
so low they produce no effect in control rats were shown to
increase behaviors that resemble opioid withdrawal as well as
stimulant-induced stereotypies in rats that were made dependent
and then withdrawn from opioids. Moreover, quinpirole in
that study was also shown to increase the rate of dopamine
metabolism, an effect that was more pronounced at 48 than 24 h
(82). Another study that administered the D2 receptor agonists
propylnorapomorphine and quinpirole found they selectively
increased locomotor activity in rats only once they had developed
opioid physical dependence and were in a state of naltrexone-
precipitated or spontaneous withdrawal; those effects were not
observed when morphine was acutely administered to non-
dependent animals or when the probe was a D1 receptor agonist
(83). A comparison of the dopamine agonists apomorphine
and dopamine to acetylcholine and prostaglandin E found
that rats undergoing naloxone-precipitated withdrawal exhibited
increased jumping behavior when apomorphine or dopamine
were administered but showed no effect to the other substances;
changes in jumping were also not evidence in animals that were
not physically dependent on opioids or in animals that were
physically dependent but not in a state of withdrawal (84).

Examination with the D2 receptor agonist bromocriptine
has revealed similar outcomes. In rats trained to respond for
cocaine and heroin, bromocriptine was found to be more potent
in reinstating responding for heroin than it was for cocaine,
evidenced by its ability to reinstate heroin responding at lower
dose ranges than for cocaine. Bromocriptine also revealed a time
x dose interaction in which larger doses engendered substantially
more responding when administered at later vs. earlier time
points; this effect was only observed in the heroin-trained animals
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and the cocaine-trained animals showed no such effect (85).
An examination of dopamine sensitivity and receptor quantity
provides further evidence that these effects are not a byproduct
of D2 receptor upregulation. Specifically, administration of the
D2-probe [3H] spiroperdiol in rats that were chronically exposed
to opioids revealed no differences in the number of D2-receptor
binding sites, regardless of whether the rats were receiving opioid
agonists, in a state of withdrawal, or were opioid-naive control
animals. In contrast, administration of the selective D2 agonist
bromocriptine to animals that had opioid physical dependence
increased their locomotor and stereotypic responses relative to
control animals (86). Finally, a comparison of morphine and
amphetamine in dogs found that initial doses of morphine
increased locomotive behavior but did not produce the same
type of stereotypies observed following amphetamine exposure;
however, after repeated small doses of morphine stereotypies
emerged, suggesting a supersensitivity had developed in response
to repeated opioid agonist administration (87).

This effect has been rarely studied in humans and it is
difficult to know whether the decreased D2 levels reported
by the PET studies above reflect acute changes in D2 as a
function of chronic opioid exposure (which would suggest it is
the mechanism through which opioids may influence stimulant
co-use) or whether reduced D2 levels precede the acquisition
of opioid misuse. This latter point is supported by several
studies that have implicated reduced D2 receptor density as
a predictor of the strength of the reinforcing effects of drugs
that exert dopaminergic activity (88-90). We know of only
one study that examined dopamine supersensitivity in persons
as a function of opioid exposure. That study conducted a
venotest wherein small test doses of serotonin and dopamine
were administered to men (n = 7) who had opioid physical
dependence to measure changes in their smooth muscle response
using orthodromic incanulization. When tested 3-12h after
their last opioid exposure, exposure to small challenge doses of
serotonin and dopamine resulted in 100 and 1,000-fold changes
in venous pressure, respectively. In contrast, norepinephrine had
no effect. The participant with the most proximal exposure to
heroin (3h prior) showed the strongest response to dopamine,
a 1,000-fold change. Naloxone administration reversed the
direction of effects and decreased levels by 100 and 1,000-fold,
and re-administration of morphine was able to restabilize levels
(demonstrating causal relationships) (91). These data support the
preclinical data presented and indicate that supersensitivity may
at least play a role in the human experience.

Supersensitivity of the Dopamine System
Continues to Intensify as the Opioid
Withdrawal Syndrome Transitions From

Acute to Protracted

Several studies that have examined the time course of dopamine
supersensitivity have found that mild supersensitivity is evident
almost immediately after the last opioid exposure in physically
dependent animals and that supersensitivity continues to
increase in strength over time, such that sensitivity peaks several
days after the final opioid exposure. For instance, during a period

of spontaneous opioid withdrawal, rats trained to nose-poke for
heroin that received the D2 receptor family agonist quinpirole
emitted a sensitized locomotor response around day 4 of
withdrawal (with effects resolving by 21-days) (92). This outcome
was also observed in rats that were withdrawn from morphine
and followed over an 8-week protracted withdrawal period.
These animals exhibited relatively low rates of lever pressing in
response to morphine during the protracted withdrawal period
but increased responding for the D2 agonist apomorphine.
Moreover, the ability of apomorphine to elicit responding
increased during the protracted period relative to when rats
were physically dependent on opioids (93). Microdialysis studies
have also found that although extracellular dopamine levels are
increased by 35% in response to a morphine dose in animals
that have been withdrawn from opioids for 2 days, administering
morphine on days 3 and 5 of opioid abstinence increased
dopamine levels by as much as 160% and this potentiation of
dopamine release only began to resolve by day 7 of abstinence
(the final day evaluated in this study) (76).

Another method for evaluating dopamine supersensitivity is
through unilateral lesioning of dopamine neurons either through
electrolysis or administration of the 6-OHDA dopamine-
neurotoxin. In animals that have received a unilateral striatal
lesion, dopaminergic agonism and antagonism produces
ipsilateral and contralateral turning behaviors, respectively
(94). Evidence suggests that rats with 6-OHDA lesions will
elicit ipsilateral turning behavior in response to opioid agonists
but not antagonists and that this behavior can be blocked by
naloxone; these data support the notion that opioids confer
dopaminergic effects and suggest this assay is useful for detecting
opioid-induced changes in behavior (72, 95, 96). Consistent with
the aforementioned evidence, 6-OHDA-related turning behavior
is not evident when a single acute opioid dose is examined;
it only emerges following chronic opioid exposure and then
increases in frequency as opioid tolerance develops (96). In
addition, once animals have developed a physical dependence
on opioids, naloxone administration produces contralateral
(e.g., antagonistic) turning behavior (72) which can be reversed
by provision of the stimulant D2 agonists apomorphine and
d-amphetamine (95). Co-administration of apomorphine and
morphine in non-tolerant rats has also been found to increase
ipsilateral (e.g., agonist) circling behaviors in an additive
manner, signifying a dopamine agonist effect. Moreover, once
an animal that has developed opioid physical dependence has
been withdrawn from opioids, morphine will no longer elicit a
turning response; however, apomorphine will continue to elicit
the ipsilateral (e.g., agonist) turning response in animals during
a period of withdrawal, and the intensity of the turning behavior
has been found to increase as a function of time since last opioid
exposure (96).

Finally, a series of behavioral assays provide additional
evidence that the D2 receptor family becomes sensitized with
extended opioid exposure. One study found that rats that
were withdrawn from opioids exhibited excessive locomotor
behavior on a rotometer during the withdrawal period that
did not decrease to normal rates for 2-months (97). This
effect has also been examined using aggression as a behavior
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metric of dopaminergic activity and supersensitivity. One
such study found that rats that received d-amphetamine
while undergoing spontaneous opioid withdrawal exhibited
pronounced enhancement of aggression that was evident
immediately and increased in severity when d-amphetamine
was administered at various points during the 70-h post-
withdrawal observation period (98). A second study that
withdrew rats from morphine and followed them for a 30-
day period found that aggressive behaviors that were observed
during opioid withdrawal could be blocked entirely by lesioning
the nigrostriatal bundle (demonstrating a causal effect of the
dopamine system in this behavior) and restored in lesioned
animals through administration of the D2 receptor agonist
apomorphine. Moreover, the dopamine turnover rate in the rats
undergoing withdrawal, a measure of dopamine sensitivity, was
also not found to differ between control and opioid-dependent
animals prior to withdrawal but was significantly reduced in
animals that had been withdrawn from opioids at a 30-days
observation (99).

WHAT HUMAN EVIDENCE DO WE HAVE?

The preponderance of evidence for hypotheses concerning
dopamine supersensitivity has been generated in preclinical
studies; only a limited number of human studies are able to
contribute to this discussion and none of them were prospectively
designed to evaluate these specific hypotheses. Thus, the data
presented below, comprised of correlational, retrospective, or
secondary analyses, should be considered as preliminary evidence
to support more focused research. Nevertheless, we present them
here to provide some evidence that the dopamine system is both
integral to opioid-based effects and becomes disrupted following
extended opioid exposure and/or abstinence in humans.

Evidence That Opioids Produce

Stimulating Effects in Humans

Only a few studies have examined the role of the dopamine
system in the opioid physical dependence syndrome in humans.
However, these studies do provide some preliminary evidence
that corroborate the reviewed preclinical data by suggesting
that supersensitivity to dopaminergic effects can be observed
in humans following chronic opioid exposure as well as
during periods of opioid abstinence. Two companion studies
retrospectively assessed the experience of opioids in populations
of individuals who were exposed to opioids for pain management
and either did or did not continue on to develop opioid misuse
or OUD. The first found that the initial subjective experience of
opioids in persons who developed misuse behaviors (n = 20)
was remembered as producing more opioid and stimulant-like
effects, as determined by Addiction Research Center Inventory
(ARCI) ratings, than was experienced by persons who did not
continue on to develop misuse behaviors (n = 20) (100). A
subsequent retrospective study by this group replicated the
same ratings on the ARCI in a larger sample, and also found
that persons who ultimately developed OUD (n = 39) were
more likely to remember their first experience as producing

effects consistent with increased dopaminergic activity, including
feeling happy and experiencing greater activation than did
persons who did not develop OUD (n = 40) (101). This effect has
also been reported in laboratory studies. The first was a within-
subject laboratory study that administered ascending doses of
d-amphetamine and hydromorphone to individuals who had
a history of opioid and stimulant co-use (# = 5) who then
rated their subjective experience on the ARCI The two highest
doses of d-amphetamine administered (15 mg, 30 mg) produced
scores on the morphine scale of the ARCI that exceeded the
level produced by highest dose of hydromorphone (12 mg); in
addition, 8 and 12mg of hydromorphone produced a rating
on the amphetamine scale consistent with 15 and 30 mg of d-
amphetamine (102). The second was a within-subject human
laboratory study that administered cocaine, hydromorphone,
and cocaine/hydromorphone to persons with a history of
cocaine and opioid use (n = 8). This study reported that
cocaine (20, 40 mg) produced higher ratings on the morphine
ARCI scale than did hydromorphone (1.5 mg, 3.0 mg) and that
hydromorphone 3.0 mg produced higher ratings than cocaine
on the ARCI amphetamine scale (103). Collectively these data
provide evidence that opioids can produce a stimulating effect
in humans, consistent with the preclinical work cited in the
section above.

Evidence That Individuals With Opioid
Physical Dependence Experience Positive

Effects From Stimulants

The limited number of studies that have investigated the
experience of stimulants in persons who have opioid dependence
collectively suggest stimulants confer unique effects in that
population. Several of these studies have been conducted in
the context of the emergent twin epidemic of opioids and
methamphetamine co-use and present qualitative descriptions
of rationales for this co-use from people with lived experience.
The first collected semi-structured interviews from people in
Appalachian Kentucky who had a history of non-medical
opioid and methamphetamine use (104). That study identified
key person-level motives to use that include: (1) suppressing
withdrawal and craving for opioids, (2) achieving an attractive
or desirable high, and (3) addressing underlying mental or
physical health needs. These motives are not selective to this
population; similar themes have been consistently observed
across demographically and geographically diverse groups of
people such as people who inject drugs or use opioids in rural
Oregon (105) and those entering treatment across admission sites
in the United States (4) and more globally (106).

Additional studies provide more concrete evidence that the
dopamine system is activated during opioid withdrawal in
humans. The first was a human laboratory study that evaluated
naloxone-precipitated opioid withdrawal in persons with opioid
physical dependence that did (n = 19) or did not (n = 33) also
report using cocaine (107). Withdrawal severity was observed
to be lower in patients who had concurrent cocaine use relative
to those who had exclusive opioid use across the full-time
course examined. An accompanying preclinical experiment in
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that paper reported that acute cocaine (20 mg/kg) was also able
to reduce the severity of naloxone-precipitated withdrawal in
rats. However, these data contrast with a survey study wherein
people (n = 89) who had opioid physical dependence indicated
that stimulating drugs (cocaine, amphetamine, nicotine, caffeine)
were perceived as being less useful than depressants (e.g.,
benzodiazepines and alcohol) or cannabis at treating their opioid
withdrawal. The majority of those patients felt that cocaine
(62% of patients) and amphetamine (62%) increased the severity
of the withdrawal syndrome, the highest for all drugs queried
(108). This conflicting evidence may relate to the period when
these stimulant drugs are administered (e.g., early or preempting
withdrawal vs. during peak withdrawal period), duration of
opioid use, or the stimulant dose administered; more systematic
work is needed to evaluate these possibilities.

A third study used data from a 24-week randomized clinical
trial comparing participants (n = 125) who were randomly
assigned to varying doses of methadone (35 or 65mg) or
buprenorphine (2 or 6mg buprenorphine) and found that
subjects who received low doses of methadone or buprenorphine
reported lower withdrawal in weeks wherein they had co-
occurring cocaine use vs. weeks where they did not have co-
occurring cocaine use (109). In contrast, patients who received
high doses of buprenorphine reported higher withdrawal in
weeks with co-occurring cocaine use. A dual model was proposed
in which high maintenance doses of opioid drugs may result
in a sensitivity to stimulant-induced withdrawal expression, a
hypothesis consistent with some of the preclinical literature
reviewed above, whereas low dose maintenance may result in
a context where stimulant drugs alleviate low-level persistent
withdrawal symptoms.

Evidence of Dopamine Supersensitivity in
Humans With Opioid Physical Dependence

The small number of studies that have evaluated outcomes
related to dopamine supersensitivity in persons with OUD can
provide some evidence of this effect. Here we conceptualize
reports of a desirable subjective high following stimulant
administration to be suggestive of an increased sensitivity to
the effects of dopaminergic compounds following a period
of chronic opioid exposure and during acute (and possibly
prolonged) abstinence. The first was a double-blind study that
compared the subjective effects of intravenous cocaine (0, 12.5,
25, and 50 mg) in patients receiving methadone treatment (50
mg/day) to persons who had a history of non-medical opioid
use without any current opioid physical dependence. In that
study cocaine was observed to produce greater positive subjective
effects (e.g., good effect, like drug) for participants maintained on
methadone compared to those who did not have opioid physical
dependence (110). A second double-blind, human laboratory
study administered varying doses of intravenous cocaine (0, 8,
16, 32, and 48 mg/70 kg) to patients maintained on methadone.
Patients maintained on the highest dose range of methadone (90-
100 mg) showed greater ratings of positive subjective effects to
acute cocaine administration compared to those maintained on
lower dose ranges, although these findings were limited by the

small sample (n = 16) and lack of randomization to methadone
dose (111). In contrast to these studies however, a third study
reported no effect of buprenorphine maintenance on subjective
effects produced by intravenous cocaine (30 mg) using a within-
subject pre (before maintenance) post (after maintenance) design
(112). It is possible that differences in the intrinsic efficacy
between methadone and buprenorphine contributed to this
discrepancy or that participants had already achieved high levels
of opioid exposure resulting in a ceiling effect.

HYPOTHESIZED NEURAL CIRCUIT OF
DOPAMINE D2 HYPERSENSITIVITY
DURING OPIOID WITHDRAWAL

Above, we described in detail preclinical and clinical data which
suggests that D2 receptor hypersensitivity occurs specifically
following opioid dependence and during states of acute or
protracted opioid withdrawal, and that this change deviates from
what is understood about stimulants alone and appears unique
to stimulants in the context of opioid physical dependence. It is
critical to understand how neural circuit changes due to chronic
opioid use may differ from those that have been defined following
use of chronic use of stimulants, which may also explain the
emergence of psychomotor stimulant use among persons with
OUD without premorbid chronic stimulant use. Preclinically,
several studies have shown that withdrawal from cocaine induces
a Dl-driven mechanism, which drives cocaine seeking via
disinhibition of the dopaminergic ventral mesencephalon, which
in turn disinhibits the thalamus (113). Previously, it was thought
that D1- and D2-expressing MSNs uniquely define the “direct”
and “indirect” pathways projecting out of the striatum, originally
from the dorsal striatum (114) and then later applied to the
ventral striatum in the context of reward learning and cocaine
use [e.g., (37, 115)]. However, more recent evidence suggests
this dichotomy is inaccurate (36) as both D1- and D2-expressing
MSNs project to the striatomesencephalic pathway and the
striatopallidal pathway (116). Notably, in some of this work, none
of the D2 MSNs identified appeared to project to the ventral
mesencephalon (116). Moreover, another study found neurons
projecting from the nucleus accumbens to dopamine neurons
within the VTA that were inhibited by dopamine acting on D2
receptors (51). Collectively, these data indicate it is possible for a
subpopulation of D2-expressing MSNs to project directly from
the nucleus accumbens to the VTA. Despite the desegregation
of D1 and D2 from the “direct” and “indirect” pathways, it has
been repeatedly shown that D1-expressing MSNs are critical in
driving cocaine seeking behavior (117-119), with a potential
impairment in D2 inputs to the ventral pallidum to promote
D1-driven cocaine seeking (120).

We now propose a novel neural circuit mechanism through
these pathways, one that is uniquely consequential to chronic
opioid use and withdrawal. It should be noted that the
entirety of this circuit is based on hypotheses derived from
neuroanatomical literature, and each of the steps within the
proposed pathway need to be empirically tested. Although
stimulants may strengthen D1 innervation of terminal fields,
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we hypothesize that it is through strengthening of D2s that
opioid withdrawal enhances the reinforcing effects of dopamine
agonists, as well as alter other behaviors such as locomotor
activity as described above. This hypothesis is supported by the
fact that D1 agonists do not appear to have enhanced locomotor
activity or show greater reinforcing efficacy following withdrawal
from opioid use as well-one study finding that D2 receptors
can suppress lateral inhibition from indirect MSNs to direct
MSNs, which enhances the D1 output pathway in cocaine’s
stimulant actions [although, this suppression was specific to
the collateral transmission, and did not impact transmission to
the ventral pallidum; (121)]. This study specifically examined
mechanisms relevant to cocaine, and it is not clear if collateral
transmission would be enhanced or decreased following opioid
use. Thus, in our hypothesized circuit (Figure2), we have
grayed the D1 projections from the nucleus accumbens to
the ventral mesencephalon and the ventral pallidum. However,
we acknowledge that this pathway may play a critical role in
dopamine disinhibition in output structures, and thus we have
included dopamine input from the ventral mesencephalon into
the ventral pallidum and thalamus. Here we will systematically
describe a potential novel circuit which we derived both from
the relevant opioid and cocaine literature, and from a large body
of neuroanatomical literature that has defined neurocircuitry
in detail.

In Figure 2, we show a complex multi-step circuit, beginning
in the nucleus accumbens (there are numerous glutamatergic
projections into the nucleus accumbens as well, which we
acknowledge may play a role in modulating nucleus accumbens
circuit activity but are not included here). We propose that D2
receptors expressed on accumbens MSNs (122) originating in
the nucleus accumbens and projecting to the ventral pallidum
show enhanced functional activity (1). Given that D2 receptors
are G;j/, coupled inhibitory receptors (123, 124), they function as
autoreceptors (32) and their activation would reduce GABAergic
tone into terminal regions. Thus, hypersensitivity of D2 receptors
located on accumbens MSNs would result in inhibition of
GABAergic MSNs (2) projecting to the ventral pallidum (3) (113,
116). Importantly, it has been previously shown that inhibition
of ventral striatal terminals into the ventral pallidum via
upregulation of D2 receptors in the nucleus accumbens enhances
motivation (125), thus supporting this potential mechanism in
the proposed circuit. Importantly, ventral striatal projections
from the nucleus accumbens to the ventral pallidum include cells
the express mRNA of both glutamate decarboxylase [GAD; a
rate-limiting enzyme that catalyzes the conversion of glutamate
to GABA and is thus used as a marker for GABA-containing cells;
(126)], and the peptide enkephalin (127, 128), which comprise
46% of projecting neurons (129). Although it is unclear if there
are enkephalin-containing neurons that do not co-express D2,
there are studies showing that a third neuronal subtype exists
which contain both D1 and D2 mRNA (130, 131), and which
express D1-D2 heteromers (132, 133). Although unknown, it is
possible that D2 hyperactivity through this subset of neurons
disinhibits enkephalin input into the ventral pallidum. This is
premised on prior data showing that enkephalin indirectly exerts
excitatory tone on hippocampal pyramidal cells via blockade of

spontaneous and evoked inhibitory potentials, and inhibitory
pathways are depressed by enkephalin (134). Thus, the ventral
pallidum may be disinhibited by cells projecting from the nucleus
accumbens via enkephalin (4). It is also possible that D1/D2
co-expressing MSNs comprise a third subpopulation of cells,
which project GABAergically to the ventral mesencephalon (51).
These neurons may play a critical role in opioid withdrawal and
enhancement of dopamine sensitivity following chronic opioid
use, because it has been previously shown that disinhibition
of dopamine neurons induced by chronic opioid use involves
multiple GABA inputs, and these pathways are selectively
sensitive to p opioid receptor agonists (51).

The next step in this circuit involves ventral pallidum
projections to the mediodorsal thalamic nucleus, which is a
primary terminal region of the ventral pallidum (135). Although
this early study unsuccessfully determined the neurotransmitter
system(s) of the ventral pallidum-mediodorsal thalamic nucleus
projection, later studies determined that this projection contains
both GABAergic (GAD-positive; 53%) and cholinergic (ChAT-
positive; ~16%) neurotransmitters (136, 137). Importantly, one
prior study showed that both feeding and d-amphetamine
administration enhanced extracellular acetylcholine in the medial
thalamus, identifying a possible role of acetylcholine in this
region in reward (138). Thus, although a much smaller
proportion of cells as compared to GABA, it is possible that
activation of the ventral pallidum may enhance cholinergic
input into the mediodorsal thalamic nucleus, thus driving drug
use during opioid withdrawal (5). Next, we describe potential
dopaminergic modulation of the thalamus in our hypothesized
circuit. Given that the ventral pallidum sends GABAergic
projections to the dopaminergic mesencephalon (128, 139), we
hypothesize that this may be disinhibited as a consequence of
chronic opioid use, leading to enhanced dopaminergic tone into
output structures of the mesencephalon including a loop back
to the ventral pallidum and also to the thalamus, as it has
been previously shown that dopaminergic neurons of the ventral
mesencephalon project bilaterally to the thalamus (140). As well,
it is possible that D1-MSNs do not send strong GABAergic tone
into the ventral mesencephalon after chronic opioid use, given
that D1 receptors do not appear to be involved in hypersensitivity
to dopamine agonists.

The net result may be enhanced dopaminergic signaling
due to dopamine agonists during withdrawal from chronic
opioids. It has been previously established that the ventral
pallidum receives dopaminergic innervation from the ventral
mesencephalon (141). Because the mesencephalon contains a
mix of A9 and A10 midbrain dopamine neuron subtypes (142,
143), we hypothesize that this group of midbrain structures
projects dopaminergically into the thalamus (6) and enhances
its activity following opioid use (7). We also hypothesize that
this projection, along with the accumbens-pallidal-thalamic
projection [steps 1-5], plays a potential role in driving enhanced
sensitivity to dopamine agonists during opioid withdrawal (8).
Recently, there has been an interest in the role of thalamic
nuclei in addiction (144), and thus we hypothesize that this is a
critical output structure involved in opioid withdrawal-induced
enhancement of dopamine agonists.
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FIGURE 2 | Hypothesized Neural Circuit of D2 Hypersensitivity in Opioid Withdrawal. We hypothesize that D2 receptor activity is during withdrawal from chronic
opioid use (1), which leads to decreased activity of GABAergic MSNs within the NA (2). This leads to a reduction in GABAergic inhibitory tone from the NA to the VP
(). Through the direct projection to the VP, disinhibition of the VP from reduced NA-derived GABAergic innervation leads to enhanced excitability of cells residing in
the VP. It is also possible that MSNs co-expressing D1 and D2 receptors project from the NA to the VM, and play a critical role in enhancing dopaminergic signaling
from the VM to output structures. As well, enhanced enkephalin activity may enhance neuronal excitability within the VP (4). This excitation leads to enhanced
acetylcholine release into the MD (5), which may enhance reward. Through the direct GABAergic projection from the VP to the mesencephalon, there is less inhibitory
tone and consequently, enhanced dopaminergic activity in cells residing in the VM and projecting back to the VP or to the MD (6). The net result of these neural
adaptations is enhanced excitability of thalamic nuclei including the MD (7), and, consequently, enhanced use of dopamine agonists during opioid withdrawal (8). NA,
nucleus accumbens; VP, ventral pallidum; VM, ventral mesencephalon; MD, mediodorsal thalamic nucleus; D2, dopamine receptor D2; D1, dopamine receptor D1;
MSN, medium spiny neuron.

HOW CAN THESE DATA INFORM uncertain. Moreover, differences in how opioid withdrawal is
TRANSLATIONAL RESEARCH expressed, as well as its normal time course, between animals and
humans makes it challenging to directly translate the preclinical
Collectively, these data suggest that following chronic exposure  evidence to the human clinical condition. Nevertheless, a
to an opioid and development of opioid physical dependence,  few noteworthy conclusions from this review can be made,
the dopamine system appears to operate in a typical manner  each of which point toward critical translational steps for
when an opioid agonist is concurrently present. However, the  future research with broader implications for the stimulant-
absence of an opioid agonist causes a disruption of dopaminergic ~ opioid co-use epidemic as well as opioid relapse (see also
signaling that is evident very shortly after the final opioid  Table 1):
exposure occurs, and that disruption grows in severity and
intensity as the acute withdrawal period extends into the
protracted withdrawal period. Studies that examined long-term
changes in functioning suggest that alterations in dopaminergic
signaling may not resolve for several weeks. Although some )
data have been collected in human laboratory and clinical
settings that may inform this hypothesis, the specific degree ~ (3) Changes in dopamine levels and signaling persist long
to which dopamine supersensitivity intensity occurs and the after the somatic or observed signs of opioid withdrawal
time course over which it develops and resolves in humans is appear to have resolved (thus, organisms that appear to have

(1) Changes in the dopamine system occur only once physical
dependence to the opioid develops and the chronicity of
opioid exposure is associated with the magnitude of changes.
Opioid withdrawal leaves the organism in a state of
substantive dopamine deficit.
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TABLE 1 | Notable conclusions, clinical implications, and future research directions.

Notable conclusions

1 Changes in the dopamine system occur only once physical dependence to the opioid develops and the chronicity of opioid exposure is

associated with the magnitude of changes

Opioid withdrawal leaves the organism in a state of substantive dopamine deficit

Changes in dopamine levels and signaling persist long after the somatic or observed signs of opioid withdrawal appear to have resolved
(thus, organisms that appear to have resolved the acute withdrawal syndrome may be continuing to function in a dysregulated state,
suggesting continued sensitivity to acute withdrawal consequences)

Once physical dependence occurs, a state of dopamine supersensitivity develops very soon after abstinence from opioids begins

Supersensitivity to drugs that function as dopamine agonists (including low doses of opioids and otherwise subthreshold doses of
dopamine agonists) increases as the abstinence period continues and is evident several weeks into the protracted withdrawal period

6
Clinical implications

Changes appear to be driven by conformational changes in the sensitivity but not quantity of the D2-family of receptors

1 Stimulant-opioid co-use may confer euphoric effects that are greater than what is produced by either drug alone or what may be
experienced by persons who do not have opioid physical dependence

Stimulants may partially remediate symptoms of opioid acute withdrawal, thus reinforcing stimulant-opioid co-use

Opioid acute and protracted withdrawal may be characterized by a hypo-dopaminergic state during which an individual may experience
an enhanced motivation to restore dopamine function that can manifest as craving and/or opioid relapse

Future research directions

1 Evaluate presence and time course of dopamine supersensitivity in humans with opioid physical dependence during periods of opioid

maintenance and withdrawal

opioid relapse prevention/craving remediation

Evaluate new and/or repurposed D2 agonists or antagonists for stimulant-opioid co-use treatment, opioid withdrawal remediation, and/or

resolved the acute withdrawal syndrome may be continuing
to function in a dysregulated state, suggesting continued
sensitivity to acute withdrawal consequences).

Once physical dependence occurs, a state of dopamine
supersensitivity develops very soon after abstinence from
opioids begins.

Supersensitivity to drugs that function as dopamine agonists
(including low doses of opioids and otherwise subthreshold
doses of dopamine agonists) increases as the abstinence
period continues and is evident several weeks into the
protracted withdrawal period.

Changes appear to be driven by conformational changes in
the sensitivity but not quantity of the D2-family of receptors.

(4)

€))

(6)

Implications for Increased Reinforcing

Effects of Stimulants
Stimulant-Opioid Co-use for Euphoric Effects
Supersensitivity of the dopamine system that develops following
chronic opioid exposure would presumably increase the
reinforcing effects of dopaminergic agonists (such as cocaine and
methamphetamine) beyond what might be experienced in people
who are using opioids but have not yet developed opioid physical
dependence and at levels that could possibly be greater than what
is experienced in non-tolerant, opioid-naive individuals. If true,
this hypothesis would suggest that exposure to a stimulant during
a state of opioid physical dependence would produce a unique
and robust reinforcing effect, which theoretically could increase
the likelihood the drugs would be co-used.

Preclinical evidence already partly supports this suggestion.
One experiment evaluating cocaine and the opioid agonist
remifentanil in rodents showed increased sensitivity to cocaine

(i.e., increased hedonic setpoints and reduced sensitivity to
increasing response cost) among animals that had a greater
prior exposure to the opioid remifentanil (145). This effect was
not reciprocal; prior exposure to cocaine was not associated
with later remifentanil use motivation. These data suggest that
exposure to opioids prior to cocaine administration increased
cocaine reinforcement in a manner that was directionally and
pharmacologically-specific. Another study found that among
non-human primates, motivation to use cocaine was higher
during periods of morphine withdrawal and that this period of
increased use extended four-to-five weeks after chronic opioid
exposure ended (146). The human laboratory data reviewed
above similarly partly support this notion, for example, with
greater subjective effects of intravenous cocaine observed among
those with a history of opioid physical dependence (110).
Systematic and controlled studies to this end are needed.

Stimulant Use for Opioid Withdrawal Remediation

Another pathway through which co-use could be reinforced
is by remediation of the acute opioid withdrawal syndrome.
The daily pattern of opioid use is generally characterized
by frequent administration of a short-acting opioid several
times a day. Functionally, this means that during the inter-
dose interval an individual will start moving into a state of
acute opioid withdrawal several times throughout the day. The
data reviewed here suggest acute withdrawal is associated with
both a dopamine depletion and development of dopamine
receptor supersensitivity that can emerge following even a short
period of opioid abstinence and whose magnitude is at least
somewhat related to the chronicity of prior opioid exposure.
Thus, exposure to a dopamine agonist during a period of
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transition into acute withdrawal could theoretically produce a
reinforcing effect that is enhanced relative to its administration
in a non-opioid dependent state, and which might engender
additional co-use behavior. Although these effects have not been
systematically evaluated in humans, the data reviewed here reveal
a putative mechanism through which dopaminergic agonists
could produce extra-stimulating effects and some evidence for
mitigation of this withdrawal syndrome that might strongly
maintain co-use behavior. However, evidence also suggest a
possibility for precipitation of opioid withdrawal-like symptoms
following stimulant administration among a subset of patients.
These findings emphasize the need for parametric evaluation
of factors that impact the precipitation vs. alleviation of opioid
withdrawal by stimulants drugs to include history of use, timing
of administration, and type of dopamine agonist.

Implications for Opioid Relapse

In clinical practice, the period of time after an individual is
fully withdrawn from opioids is characterized by excessively
high rates of opioid relapse, particularly during the first 30
days. Relapse during this period is also extremely dangerous; the
lack of opioid tolerance following withdrawal raises the risk of
fatality due to overdose to a level higher than at any other point
during a person’s opioid use history. It is recognized that people
who have been withdrawn from opioids experience a protracted
withdrawal syndrome, and while the actual composition of that
syndrome has not been sensitively characterized it is generally
believed to consist of persistent mood disruptions, craving, and
sleep disturbance. The clinical importance of the protracted
withdrawal symptoms is often overshadowed by the more visible
and better characterized acute withdrawal syndrome, around
which most of our opioid-related treatments are organized.

The data reviewed here provide evidence that the resolution
of observable and/or somatic withdrawal symptoms does not
reflect a resolution of the acute withdrawal syndrome and
that the organism is likely still in a state of dopamine deficit
even once overt signs of physical withdrawal symptoms have
abetted. Dopamine deficits have themselves been independently
associated with mood impairments, suggesting this state could
be responsible for some of the mood-related symptoms
generally characterized as protracted withdrawal. Moreover, the
fact that dopamine signaling is not only dysregulated, but
may become super-sensitized during the immediate protracted
period, provides a putative mechanism through which the
excessively high rates of relapse to opioids in early abstinence
may occur. Specifically, the collective data reviewed suggest that
during a state of dopamine supersensitivity, exposure to a drug
that produces a stimulating effect (a low dose of an opioid or of
a stimulant) may produce a more robust and reinforcing effect
than it would have produced during a state of opioid satiety
(prior to withdrawal). Data further suggest that this effect will
become stronger over time before eventually stabilizing several
weeks later. Although hypothetical, this supersensitivity could
manifest to the individual as a general “urge” or “craving” to
use a substance, particularly something that they have previously
associated with the restoration of dopamine levels (147). This is
supported by evidence that craving for opioids also increases in
severity following withdrawal from opioids (148), a phenomenon

referred to in the preclinical field as “incubation of craving” (149).
It is therefore plausible that the dopamine deficit and resultant
supersensitivity that is present following opioid withdrawal could
be driving increases in opioid-related craving. In a state of
dopamine deficit and supersensitivity, exposure to even low doses
of opioid or stimulant could theoretically produce a reinforcing
effect that is higher than what had been recently experienced and
precipitate a relapse to regular opioid use.

COMPETING HYPOTHESES

The collective data reviewed here support a novel and testable
hypothesis that (if true) would advance our understanding of
why stimulant and opioid co-use occurs, as well as inform risk
for opioid relapse during periods of acute abstinence. As this
hypothesis remains untested, it is important to acknowledge
competing hypotheses that may also explain these same
behaviors. One example is the Reward Deficiency Syndrome
(RDS), which hypothesizes that chronic opioid exposure
produces a hypodopaminergic state that leads to compulsive drug
seeking [see (150-152) for review of RDS]. The reward deficiency
syndrome posits that genetically-mediated (e.g., trait) differences
between individuals underlie differential dopamine function and
subsequent drug use behavior. Our hypothesis posits that the
same individual could move in and out of a state of dopamine
supersensitivity as their opioid physical dependence changes over
time (e.g., state-based differences). It is therefore possible that
these two theories could be operating in parallel. However, it
is also possible for these theories to be competing with each
other, and some of the data reviewed here support both potential
theories. For instance, the clinical PET imaging data reviewed
do not strongly support our current hypothesis, though they
were also not designed to examine D2 supersensitivity and were
conducted with small and selective samples (e.g., predominately
male); thus, the degree to which they support or refute this theory
is uncertain. We also did not uncover any preclinical studies that
examined receptor function in the context we described, namely
a period of acute abstinence from opioids in animals that had
established opioid physical dependence. It is also possible that
the effects we describe are driven by neuroadaptations in other
non-dopamine substrates or circuits. The vast majority of studies
reviewed in support of this hypothesis were conducted several
decades ago and reported outcome measures that do not reflect
current techniques or a contemporary understanding of neural
architecture and function, so these questions remain untested.

CONCLUSIONS AND CALL FOR FUTURE
RESEARCH

Collectively, this existing evidence base outlines putative
mechanisms to understand how conformational changes to the
dopamine system in persons with opioid physical dependence
may contribute meaningfully to opioid-stimulant co-use as
well as opioid-relapse behavior. This hypothesis is based
almost exclusively on animal research models, which are
highly rigorous but challenging to translate to the human
condition. More research is needed in human models to examine
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dopamine supersensitivity following development of opioid
physical dependence. These data also provide potential pathways
for medication development. A variety of D2 receptor family
medications exist on the market for other indications that
could be repurposed as treatments for new onset stimulant
use in persons with opioid use disorder and/or opioid
relapse prevention or opioid withdrawal remediation. This may
include a dopamine agonist replacement approach using D2
agonists such as bromocriptine, pergolide, lisuride, ropinirole,
risperidone, and prampipexole or D2 partial agonists aripiprazole
and brexpiprazole. Additional work may also focus on D2
receptor antagonism using medications such as buspirone,
metoclopramide, tiapride, or raclopride. It is acknowledged
that several prior attempts to utilize agonist replacement or
D2-specific treatments for stimulant use disorder have been
ineffective, and that several of these medications are also
recognized as producing somewhat low or minimal effects for
their indicated conditions (153, 154). However, since the data
presented here indicate these medications may exert more potent
effects in persons with opioid physical dependence than the
general population and that these effects may be especially

relevant during withdrawal from opioids, these approaches
should not be ruled out on the basis of those prior studies. These
data suggest that the population of people who have developed
opioid physical dependence will likely have a unique response
to dopaminergic medications. Importantly, the fact that these
FDA-approved medications are largely unscheduled means that,
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