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Abstract

Mechanisms of opioid tolerance have focused on adaptive modifications within cells containing 

opioid receptors, defined here as cellular allostasis, emphasizing regulation of the opioid receptor 

signalosome. We review additional regulatory and opponent processes involved in behavioral 

tolerance, and include mechanistic differences both between agonists (agonist bias), and between 

μ- and δ-opioid receptors. In a process we will refer to as pass-forward allostasis, cells modified 

directly by opioid drugs impute allostatic changes to downstream circuitry. Because of the broad 

distribution of opioid systems, every brain cell may be touched by pass-forward allostasis in the 

opioid-dependent/tolerant state. We will implicate neurons and microglia as interactive 

contributors to the cumulative allostatic processes creating analgesic and hedonic tolerance to 

opioid drugs.

What is Tolerance?

Tolerance (see Glossary) is defined as a reduction in effect following prolonged drug 

administration that results in a loss of drug potency indicated by a pharmacological shift to 

the right in the dose–response curve. The development and extent of tolerance are dependent 

on the drug interactions with the opioid receptor(s), dose, and frequency of administration. 

There are many mechanisms that can contribute to opioid tolerance at a behavioral level, 

including upregulation of drug metabolism (metabolic tolerance), desensitization of receptor 

signaling, and downregulation of receptors, as well as the initiation of compensatory/

opponent processes. Analgesic tolerance is not always noteworthy, and many physicians 

argue that analgesic tolerance can simply be overcome by increasing the opioid therapeutic 

dose to maintain patient satisfaction or by implementing opioid rotation. However, this is not 

always feasible because other pharmacological effects, such as constipation, can limit patient 
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compliance/satisfaction – opioid-induced gut motility exhibits minimal tolerance compared 

to other effects such as sedation and nausea. Moreover, the management of opioid-tolerant 

patients during acute episodes of care is also a challenge among healthcare providers 

because these patients have a significantly longer length of hospital stay and a greater 30 day 

readmission rate, after adjusting for risk assessment including risk of mortality (APR-DRG 3 

M model) and comorbid conditions [1]. Furthermore, increasing the dose of opioids can 

precipitate or exacerbate opioid-induced hyperalgesia, which in turn contributes to 

behavioral analgesic-tolerance and may be misdiagnosed as disease progression-induced 

pain. In addiction medicine, tolerance is a key component of dependence and addiction 

liability. The USA FDA defines tolerance as 60 mg morphine-equivalent daily, and 

prescriptions of over 100 mg morphine-equivalent daily are often subject to scrutiny for 

opioid abuse [2]. Importantly, tolerance to opioid-induced respiratory depression may be 

seen as beneficial for pain patients, but can cause an increase mortality when opioid addicts 

take the same dose of opioid in a different environment/context [3] or relapse following a 

period of abstinence. For this latter population, tolerance has abated during this drug-free 

period, and relapse with a pre-abstinence opioid dose triggers life-threatening consequences. 

Another reason tolerance is central in addiction medicine is that treating pain in opioid 

addicts is exceedingly challenging, where methadone-maintained patients are often 

refractory to the analgesic effects of opioid therapies as a result of excessive tolerance [4]. In 

this review we will consider behavioral tolerance mechanisms to include drug-induced 

adaptations or allostatic changes at the cellular, circuitry, and system levels that require 

increased opioid drug to achieve the same effect. We argue that opioids generate opponent 

processes not only in nociceptive circuits but also in circuits modulating mood, and these 

contribute to the genesis of an addicted state via tolerance to the hedonic aspects of drug 

taking. The purpose of this review is to take a neurobiological journey, beginning with 

agonist-dependent regulation of the opioid receptor signalosome mediating allostatic 

changes within cells expressing opioid receptors, and which leads to pass-forward allostasis 
– thereby modifying circuits and networks to create behavioral tolerance.

Opioid drugs such as morphine and fentanyl activate opioid receptors, a family of G protein-

coupled receptors that primarily signal through heterotrimeric G protein Gi/o subunits. On 

agonist binding, opioid receptors activate a signalosome to inhibit adenylate cyclase and 

calcium channels, while activating potassium channels and several kinase cascades such as 

extracellular signal-regulated kinase (ERK1/2), c-Jun N-terminal kinases (JNKs), and AKT/

protein kinase B. The hallmark outcome of acute opioid agonist treatment is that neurons 

containing opioid receptors are less excitable, thereby influencing circuit dynamics. There 

are four members of the opioid receptor family in vertebrates (μ, δ, κ and nociceptin/

orphanin FQ), and activation of all four can produce analgesia, whereas substance abuse is 

primarily associated with activation of μ-opioid receptors (MOPs) [5]. Because of their 

differential cellular and regional distributions, agonists to the different opioid receptors elicit 

disparate pharmacological effects. The MOPs mediate the canonical effects of clinically 

used opioids, namely analgesia, euphoria, respiratory depression, and constipation. 

Activation of the δ-opioid receptor (DOP) also produces analgesia in chronic pain states, 

and agonists are being developed by industry for the treatment of anxiety and migraine [6,7]. 

κ-Opioid receptor (KOP) agonists elicit anxiogenic and dysphoric effects, and are notable 
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for exhibiting opposing effects to MOP agonists on emotional regulation [8]. Industry 

development of KOP antagonists is being vigorously pursued for their ability to alleviate 

negative affect in addiction and substance-abuse disorders, whereas there is much interest in 

developing a peripherally acting KOP agonist for pain relief [9,10]. The nociceptin/orphanin 

FQ receptor (NOP) is the most abundant member of the opioid receptor family in brain and 

affects opioid analgesia, tolerance development, and reward via modulating MOP effects 

[11]. In addition to different receptor types, different drugs acting at the same receptor can 

cause different conformational changes, resulting in the coupling of the receptor to different 

intracellular signaling cascades that produce distinct pharmacological effects. This 

phenomenon, referred to as biased agonism, is well known to occur for various opioid 

receptor types (for review see Pradhan et al. [12,13]).

Cellular Allostasis and the Opioid Receptor Signalosome (MOP and DOP)

Mechanisms of opioid receptor desensitization and resensitization have been thoroughly 

reviewed for different agonists at the MOP [13]. The ability of different agonists to induce 

receptor internalization has been shown to affect divergent downstream regulatory processes 

contributing to the activity of the opioid receptor signalosome and cellular tolerance (Figure 

1). Many other processes contribute to cellular allostasis. MOP signaling initiates a cascade 

of cellular adaptations involving perturbation of kinase pathways and protein complexes (as 

reviewed in depth [14]). In turn, these perturbations mediate changes in transcriptome and 

proteome profiles, as well as morphological changes, for instance in spine remodeling [15]. 

Cellular allostasis from continued opioid treatment is substantial, although not all 

adaptations triggered by MOP activation will contribute to tolerance. One well-studied 

opponent system that undoubtedly contributes to cellular tolerance is adenylate cyclase 

supersensitivity. Both DOP and MOP agonists inhibit adenylate cyclase, thereby decreasing 

cellular cAMP levels. Sustained agonist stimulation is accompanied by compensatory 

upregulation of both basal and stimulated cAMP levels. Mechanisms that account for this 

adaptation include regulation of the levels of different adenylate cyclase isoforms and 

protein kinase A (PKA) [16]. In addition, a noncanonical pathway involving a switch from 

the classical Gi/Go-coupled signaling to one involving Src has been proposed. This leads to 

Raf1 recruitment and phosphorylation of specific cyclase isoforms to increase cAMP levels 

[17]. Many cellular adaptations occur as a result of protracted signaling via opioid receptors, 

modifying not only the signalosome but also the transcriptome and proteome to affect the 

structural integrity, connectivity, and activity of opioid receptor-containing neurons [16].

The Complex Role of Arrestins in Behavioral Tolerance to Opioids

Following the initial report that mutant mice lacking arrestin 3 (β-arrestin 2) exhibit 

attenuated tolerance to morphine [18], there is now a plethora of studies demonstrating the 

involvement of arrestins in opioid receptor desensitization and tolerance. Both high- and 

low-internalizing MOP and DOP agonists induce analgesic tolerance [19–22], albeit via 

different mechanisms. Moreover, MOP receptor agonists, independently of their 

internalization efficacy, exhibit comparable symptoms of physical withdrawal [20]. That 

behavioral tolerance and withdrawal are comparable between arrestin and internalization-

biased agonists suggests that MOP agonists regardless of mechanisms of cellular tolerance 
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trigger overlapping allostatic circuitry regulating behavior. There are several explanations for 

the modulation of tolerance by arrestins. At face value, the classical mechanism would be 

that arrestin binding, as the name would imply, blocks G-protein signaling and promotes 

clathrin-mediated endocytosis. However, attenuated signaling or cellular tolerance is the sum 

of multiple processes including: receptor desensitization, receptor resensitization, receptor 

internalization (recycling or downregulation), de novo receptor synthesis, and Golgi 

stability, as well as receptor trafficking to the cell membrane (externalization). Modification 

by arrestins at any juncture in the receptor signalosome regulatory machinery could 

influence cellular and behavioral opioid tolerance. Opioid agonists can differentially recruit 

arrestin-dependent signaling cascades to regulate opioid tolerance in a ligand- and tissue-

biased manner. For example, morphine analgesic tolerance is attenuated in the absence of 

arrestin 3, whereas that of fentanyl is not, despite both agonists being able to recruit arrestin 

3 (Figure 1). Arrestin 3 in the colon appears to be necessary for tolerance to the MOP 

agonist DAMGO, but not fentanyl or etorphine, despite all three agonists effectively 

inducing MOP internalization [23]. It was also found that JNK2 can regulate MOP 

tolerance, and recruitment of this molecule can be arrestin-dependent or -independent, 

depending on the MOP agonist used [24].

As illustrated in Table 1 and Figure 1, arrestin isoforms are a major modifier of DOP 

tolerance. Furthermore, arrestins are key to ligand bias of DOP agonists to trigger different 

intracellular signaling cascades and functional outcomes [25]. In its resting state DOP 

appears to form a complex with arrestin 3, and high-internalizing DOP agonists 

preferentially recruit arrestin 2 (β-arrestin 1), resulting in DOP desensitization and acute 

behavioral tolerance. Thus, knockout of arrestin 2 results in dramatically increased potency 

and decreased acute behavioral tolerance to high-internalizing DOP agonists, such as SNC80 

[19,26] (Figure 1). By contrast, low-internalizing DOP agonists preferentially recruit arrestin 

3 and show no phenotype in the arrestin 2 knockout mice. In the arrestin 3 knockout, there is 

no phenotype for high-internalizing agonists. However, for low-internalizing agonists, such 

as ARM390 and JNJ20788560, arrestin 3 facilitates the rate of receptor resensitization. 

Hence, in complete contrast to the MOP, knockout of arrestin 3 resulted in increased 

tolerance to low-internalizing DOP agonists and reduced the rates of DOP resensitization 

[19]. These data for MOP and DOP reveal a role of arrestins in regulating receptor 

resensitization, although they are traditionally considered for their role in mediating 

desensitization (Figure 1). The mechanisms of desensitization and resensitization by low-

internalizing opioid agonists are currently unknown, although kinase/phosphatase activity is 

a likely component and PKC and JNK isoforms are implicated for MOP [24,27]. We 

speculate that arrestin 3-containing complexes attenuate the recruitment of relevant 

phosphatases for MOP resensitization, but facilitate the recruitment of relevant phosphatases 

for DOP resensitization.

As a part of multifaceted protein complexes, the arrestins play important roles in opioid 

receptor signaling independently of ligand-induced receptor desensitization, resensitization, 

and internalization. For example, both arrestin 2 and 3 control the cytoskeletal protein actin 

by binding to cofilin and its inactivating kinase, Lim domain kinase, and activating the 

phosphatases slingshot or chronophin [28–30]. Relevant to DOP and nociceptin/orphanin FQ 

receptor function is that arrestin 2 acts as a chaperone controlling the rate of ligand-
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dependent export of these opioid receptors to the cell membrane [27]. Furthermore, a c-Src/

arrestin 3 complex regulates MOP to promote ligand-independent or constitutively active 

MOP signaling [31]. In this complex, arrestin constrains c-Src activity by keeping this 

tyrosine kinase in an inactive state. Together these interactions demonstrate that the arrestins 

regulate opioid receptor function as part of catalytically active scaffolding complexes.

Given that arrestins are key components of opioid receptor signaling and trafficking, they are 

well situated to contribute to the changes that initiate cellular allostasis, and subsequent 

pass-forward system-wide allostasis. Because of the arrestin-dependent processes involved 

in MOP signaling and tolerance there has been a drive to develop drugs that activate MOP 

without recruiting either arrestin 2 or 3. Such drugs would be anticipated to have increased 

analgesia (possibly either promoting recycling or inducing constitutive activity) and reduced 

respiratory depression [32]. However, on the negative side, arrestin deletion increased 

constipation, a major issue with opioid drugs. Recently, clinical trials have begun for 

TRV130, a MOP agonist that elicits very low arrestin recruitment. There are some promising 

results with this drug. TRV130 has increased analgesic potency compared with morphine 

(1.5 mg TRV130 given intravenously had an equivalent analgesic effect to 10 mg morphine). 

At some timepoints, the ratio of respiratory depression to analgesic efficacy is less than 

morphine, implying better safety (therapeutic index) profile [33]. However, the 

pharmacokinetic differences confound therapeutic advantage over morphine because 

TRV130 appears to have a shorter duration of action in both respiratory depression and 

analgesia. This is clearly an area of agonist bias drug development that could have positive 

outcome, although at this point it is unclear if MOP agonists that do not recruit arrestins at 

all will elicit increased gut immobility and/or altered addiction liability. The assessment of 

such drugs in self-administration paradigms and relapse models will provide valuable insight 

for whether biased ligands produce less addictive-like behaviors compared to current opioid 

therapeutics.

Opponent Processes Contribute to a Tolerant State

Behavioral opioid tolerance is most often studied in the context of analgesia and cellular 

signaling mechanisms, as reviewed above. However, opponent processes are also evident at a 

circuit-level in the regulation of mood and affect. In this section we will focus on how 

chronic opioid exposure causes adaptations of the mesocorticolimbic circuitry as a result of 

the development of opponent processes in the striatum and ventral tegmental area (VTA). 

The striatum is an important hub of the opioid reward pathway and receives dense 

dopaminergic innervation from the midbrain (such as the VTA), as well as excitatory input 

from the basolateral amygdala, prefrontal cortex, ventral hippocampus, and paraventricular 

thalamic nucleus that drive opioid reward-seeking behaviors [34–36]. The striatum also has 

high intrinsic expression and projection input of endogenous opioids, and expresses opioid 

receptors in various cell types including dopamine D1 receptor (prodynorphin)- and D2 

receptor (proenkephalin)-expressing striatal medium spiny projection neurons (Figure 2). 

Importantly, the VTA and striatum undergo synaptic adaptations that initiate opponent 

processes in response to chronic opioid use, with implications for substance abuse and 

comorbid affective disorders.
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Allostatic Processes in the VTA

Dopamine release from VTA dopaminergic neurons reinforces natural rewarding behavior 

and attributes motivational salience to otherwise neutral environmental stimuli or 

unanticipated salient stimuli [34,37,38]. Dopaminergic neurons from the VTA exhibit a rich 

and complex organization, with widespread projections to forebrain targets [39–43]. The 

rewarding effects of morphine are mediated via activation of MOP because mice lacking this 

receptor do not express conditioned place preference and do not self-administer opioid drugs 

[44]. MOP in the VTA elicits rewarding effects via disinhibition of GABAergic neurons to 

stimulate dopamine release [45]. Disinhibition of VTA dopaminergic neurons is primarily 

driven by effects of MOP on GABA input from the rostral tegmental nucleus (RMTg), 

rather than from VTA GABAergic interneurons or GABA input from the nucleus 
accumbens (NAc) [46]. However, expression of MOP on D1/prodynorphin medium spiny 

projection neurons is sufficient to produce opioid reward [47]. Following chronic morphine, 

MOP desensitization on VTA input from the RMTg, rather than from NAc or VTA 

GABAergic interneurons, is responsible for the loss of MOP-induced disinhibition of 

dopamine neurons [46]. Interestingly, opioid reward in naïve animals (non-opioid 

dependent) does not rely on dopamine [48,49], whereas dopamine signaling is required for 

expression of reward in opioid-dependent animals, as evidenced by systemic blockade using 

a non-specific dopamine antagonist [50–53]. It should be emphasized that opioid-induced 

reward is dependent on dopamine in opioid-dependent states, despite chronic morphine 

causing hypofunction of the dopaminergic mesolimbic circuitry [54,55]. This dopaminergic 

hypofunction is thought to contribute to the negative affect associated with opioid 

dependence, possibly a result of increased KOP function.

KOPs are present on dopaminergic terminals in the NAc and inhibit dopamine release 

(Figure 2). They are activated by the endogenous release of neuropeptides derived from 

prodynorphin, and produce behavioral phenotypes indicative of negative emotional states 

such as place aversion and depressive-like affective behaviors [56]. The prominent 

neuromodulatory effect of KOP on the dopaminergic system is now the subject of clinical 

development, with the goal of removing opioid-induced protracted abstinence syndrome 

characterized by negative affect that can drive relapse. There is convincing evidence that 

KOP in the NAc and extended amygdala drive stress-induced dysphoria and vulnerability to 

drug relapse. Indeed, elimination of KOP in amygdala neurons projecting to the bed nucleus 

of the stria terminalis [57] or within dopamine neurons [58] produced an anxiolytic 

phenotype. This suggests that KOP expression can contribute to negative affect, and 

identifies a novel treatment strategy for mood disorders such as anxiety and depression. In 

addition, KOPs in the VTA also drive aversive behavior because conditional knockout of 

KOP from dopaminergic neurons blocked KOP agonist-induced place aversion [59]. Further 

research is necessary to identify the circuitry important for the genesis of a protracted 

abstinence syndrome following chronic opioid treatment and determine whether KOP 

modulation can eliminate this negative affect [60].

Brain-derived neurotrophic factor (BDNF) is a key modulator of VTA dopamine neuronal 

activity in opioid-dependent animals [61–63], and impacts on VTA neuronal activity by 

shifting the GABAA receptor reversal potential in VTA GABAergic interneurons [64]. 
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Evidence from other systems have shown that BDNF decreases the GABAA receptor 

reversal potential via downregulation of the K+/Cl− cotransporter KCC2 [65–68], which 

depletes the Cl− electrochemical gradient, effectively reducing GABAA-mediated 

hyperpolarization ([69] for review). Because GABAergic, but not dopaminergic, neurons 

express KCC2 [70], this population is particularly affected by the BDNF-driven 

hyperexcitability in opioid dependence. We hypothesize that this increased excitability of 

GABAergic neurons impairs the ability of opioid agonists to inhibit GABAergic neurons. 

Although neurons release BDNF, we have proposed that activated microglia are the source 

of BDNF during abstinence following prolonged morphine administration (Box 1). 

Interestingly, BDNF injections reverse changes in VTA dopamine soma size that are 

observed following chronic opioids, and suggests multifaceted effects of BDNF on allostatic 

processes triggered by chronic opioids [71].

Allostatic Processes in Striatal Cells, Signaling, and Circuits

Similarly to other drugs of abuse, chronic morphine induces extensive and region-specific 

synaptic plasticity within the striatum. Glutamate homeostasis is affected by changes in 

glutamate release and reuptake, and in the composition, number, and role of ionotropic and 

metabotropic receptors ([72] for review). At the level of the synapse, a 10 day period of 

withdrawal from chronic non-contingent (i.e., experimenter-delivered) morphine increased 

synaptic strength, as assessed by the ratio of AMPA:NMDA currents in the NAc shell 

[73,74]. Conversely, 14 days of withdrawal from contingent (i.e., subject-initiated) heroin 

impaired long-term potentiation (LTP) and long-term depression (LTD) in the NAc core 

[75]. These differences could be region-specific or a result of experimenter- versus self-

administered drug delivery. Opioid-induced synaptic plasticity is closely related to changes 

in dendritic spine density that show similar regional and drug-regimen effects. For example, 

spine density in the orbitofrontal cortex showed a greater increase following self-

administered than experimenter-delivered morphine. In this same study, both contingent and 

non-contingent opioid administration decreased spine density in the NAc shell [76]. Heroin 

self-administration has also been shown to reduce spine density in the NAc core, but this 

recovered following heroin reinstatement and was accompanied by increased GluN2B 

NMDARs. Interestingly, blocking these receptors prevented heroin-seeking behaviors [77]. 

Although experimenter-delivered morphine also increased GluN2B-NMDARs, the effect of 

this opiate differed from that of heroin, and resulted in an increased spine density in the 

same region [78]. Together these findings suggest that the effect of opioids on spine 

morphology parallels changes in synaptic plasticity and possibly GluN2B NMDARs. These 

alterations in glutamatergic input will undoubtedly affect signaling within the striatum and 

striatal output. Indeed, striatal neurons show increased intrinsic excitability [74], which 

would induce neuron-specific adaptations in regions such as the pallidum that receive striatal 

input. However, it is important to note that the role of drug-seeking versus drug exposure per 
se and region-specificity must be considered when identifying opioid-induced allostatic 

changes in circuitry.

Studies of immediate-early gene expression further demonstrate how administration of 

morphine not only affects MOP-expressing cells but also the circuits that interact with these 

neurons. Thus, the effect of morphine can spread across the striatum and associated regions. 
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A single morphine injection initially activates neurons in the dorsomedial striatum and NAc 

shell, but after 4 h activity is observed across the dorsal striatum and neocortex [79]. 

Colabeling with markers of D1 and D2 medium spiny neurons (MSNs) shows that a single 

morphine injection increases c-Fos expression in D1 MSNs within the NAc, whereas 

naloxone precipitated withdrawal activates c-Fos in D2 MSNs [80]. Optogenetic 

experiments further define the role of these neuronal subtypes, with D1, but not D2, MSNs 

mediating tolerance and reward [81,82]. Transcriptional and proteomic profiles outline 

morphine-induced changes in phosphorylation cascades, energy status, and cell morphology 

[83,84]. It is unclear if the cellular adaptations observed in the striatum are restricted to 

opioid receptor-expressing cells or are a result of pass-forward allostasis (Box 2).

Opioid-Mediated Aversion Circuitry

The negative affect and ‘anti-reward’ that is created by an opioid-dependent state is now 

recognized as a driving contributor to drug-seeking behaviors [85–87], and the 

neurocircuitry of the learned association between drug-induced relief of these aversive states 

may be particularly important for opioid substance-abuse disorder. Repeated or chronic use 

of opioids induces adaptive or allostatic changes that modify neuronal circuitry and create an 

altered normality – the ‘drug-dependent’ state [88]. The striatum, and in particular the shell 

of the NAc, is often associated with reward-processing in the acute and subsequently opioid-

dependent, or reward-deficient, aspects of drug addiction. However, there are several 

projections to the striatum that have been implicated in aversive responses during 

withdrawal, revealing opponent processes developed during chronic drug treatments. Striatal 

expression of dynorphin and corticotropin-releasing factor (CRF), the prototypical stress-

associated signaling molecules, are increased by morphine withdrawal [89], and inhibition 

of either system reverses chronic drug-seeking behavior [89,90]. The modulatory role of 

dynorphin and KOPs in the VTA–NAc pathway has been discussed in the section on 

allosteric modulation of the VTA. The recruitment of the central and basolateral amygdala, 

the bed nucleus of the stria terminalis, the hippocampus, and the hypothalamus have all been 

implicated in producing an anti-reward state, with direct or indirect consequences on the 

functioning of NAc circuitry. Noradrenergic inputs from the caudal medulla into the bed 

nucleus of the stria terminalis are also crucial for opioid withdrawal-induced aversion [91].

Figure 2 outlines how chronic or prolonged exposure to opioids modifies inputs to the NAc 

that contribute to negative affect and the anti-reward state. Several different areas of the 

brain are involved in mediating aversion associated with opioid withdrawal. For example, 

withdrawal-induced aversion has been shown to involve a thalamic–NAc pathway from the 

paraventricular nucleus to D2-expressing MSNs of the NAc [92]. In this study, chronic 

morphine increased the excitatory input to NAc D2 MSNs via insertion of GluA1-containing 

AMPA receptors. Inhibition of this activity reversed the somatic symptoms of morphine 

withdrawal, and naloxone precipitated withdrawal place aversion. The contribution of 

glutamatergic inputs to the NAc is also evidenced by the ability of microinjections of a 

GluA1 antagonist in the NAc shell to inhibit naloxone conditioned place aversion [93]. 

Inputs from the basolateral amygdala to the NAc appear to control opioid reward by 

activating D1 MSNs in the opioid-naïve state, followed by D2 MSNs in the opioid-

dependent state [94]. These basolateral amygdala inputs to the NAc are modulated by 
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cannabinoid 1 (CB1) receptors which can modulate the activity of either fast-spiking 

interneurons or MSNs within the NAc shell to potentiate reward or induce aversion [95,96]. 

Another glutamatergic innervation to the NAc that plays a role in opioid withdrawal and 

aversion are those form the infralimbic cortex. Activating the infralimbic cortex projections 

to the NAc shell blocks morphine reinstatement and reverses the effects of morphine 

abstinence [97]. There is also evidence that glutamatergic projections from the VTA to the 

NAc may drive aversion by activating parvalbumin GABAergic interneurons, which in turn 

inhibit MSNs [98]. However, the role of this projection in opioid aversion has also not been 

defined. The lateral habenula, an important site of aversion, reduces striatal DA levels by 

inhibiting VTA dopamine neurons via projections to GABAergic neurons in the RMTg [99–

101]. While this lateral habenula circuitry is an important component of the negative 

prediction error and negative affect [43], the role of this pathway in the negative affect 

following chronic opioids is unknown. Within the striatum, optogenetic activation of dorsal 

or ventral KOP-expressing neurons has recently been shown to drive reward or aversion, 

respectively, suggesting that, similarly to MOPs and DOPs, KOPs show specific hedonic 

hotspots in the NAc shell [102,103]. Finally, orexin neurons from the lateral region of the 

hypothalamus that project to the NAc, implicated in the brain stress system, block both the 

somatic physical symptoms and increased corticosterone levels associated with opioid 

withdrawal [104].

Network and fMRI analyses have also identified widespread changes during opioid 

withdrawal. Adaptations in local field potentials in regions including the basolateral 

amygdala, NAc, and prefrontal cortex reach a new allostatic set-point 2 days following 

continuous morphine treatment. This widespread allostatic state was disrupted by opioid 

receptor blockade and precipitation of withdrawal [105]. Studies in humans show that 

withdrawal from chronic morphine alters fMRI signals in many of the limbic nuclei 

associated with reward, including the striatum [106]. Together, this research implicates the 

extended amygdala and striatum as playing a central role in the allostatic changes 

contributing to affective opponent processes that may drive addictive behaviors.

Concluding Remarks and Future Directions

Tolerance to opioids per se is not a reliable predictor of abuse liability but presents a 

challenge for treating both acute and chronic pain, and becomes a liability for addicts that 

relapse. Opioid tolerance is also a predictor of significantly longer length of hospital stay 

and readmission rates. Tolerance often masks opioid-induced hyperalgesia and contributes to 

the development of affective disorders such as anxiety and depression, where the emergence 

of anxiety during withdrawal can be triggered from a single acute opioid exposure [107], but 

is most prominent following protracted abstinence. Opponent processes in the 

mesocorticolimbic circuitry, especially the striatum and the VTA, contribute to the neuro-

adaptations that lead to comorbid conditions including affective disorders. In this review we 

have taken a holistic view of opioid tolerance, beginning with adaptations of the opioid 

receptor signalosome leading on to cellular allostasis and progressing to pass-forward 

system-wide allostasis resulting in opponent processes that counter opioid behaviors. We 

highlight biased agonism as a promising avenue for developing novel therapeutics that evade 

selective allostasis involved in some of the negative sequelae of acute and chronic opioid 
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use. Furthermore, microglia are identified as a mediator of the development of opponent 

processes (negative affect and hyperalgesia) that contribute to behavioral tolerance. Future 

research will determine if biased agonism or blockade of neuroinflammation will have 

clinical relevance in the treatment of pain or opioid addiction (see Outstanding Questions).
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Glossary

Allostasis
adaptive modifications of the nervous system following chronic opioid use that create a new 

stable state dependent on presence of the drug.

Brain-derived neurotrophic factor (BDNF)
factor released from neurons and/or microglia that has been shown to contribute to neuronal 

plasticity during development and pathology, including chronic opioid exposure.

Long-term depression (LTD)
an activity-dependent decrease in the strength (or efficacy) of a neuronal synapse that can 

last for hours or longer.

Long-term potentiation (LTP)
the persistent strengthening of synapses between neurons that can last hours or longer.

Mesocorticolimbic circuit
the major dopaminergic pathway originating from the midbrain and projecting to the 

striatum and prefrontal cortical structures. It is primarily involved in mediating motivation, 

and adaptations in this circuit are often observed in addicted states.

Nucleus accumbens (NAc)
region of the striatum composed of heterogeneous cell populations that are a major target of 

dopamine projections from the VTA.

δ-Opioid receptor (DOP)
member of the opioid receptor family associated with agonist-induced antidepressant and 

anxiolytic effects.

κ-Opioid receptor (KOP)
member of the opioid receptor family, noted for its agonist-induced dysphoria and opposite 

effects to both MOP and DOP activation with regards to affect.

μ-Opioid receptor (MOP)
member of the opioid receptor family eliciting the hallmark effects of opioid drugs, 

including euphoria, analgesia, and respiratory depression.
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Rostral tegmental nucleus (RMTg)
region immediately rostral to the ventral tegmental area rich in GABAergic neurons that 

project to the VTA to control dopaminergic output; highly implicated in opioid control of 

VTA dopaminergic function.

Striatum
forebrain region involved in movement and both goal-directed and habit behaviors. Receives 

dense glutamatergic and dopaminergic inputs from several brain areas including the 

amygdala, frontal cortex, and VTA, and projects to the basal ganglia and midbrain nuclei.

Tolerance
reduction in drug effect following prolonged administration resulting in a loss of drug 

potency indicated by a pharmacological shift to the right in the dose–response curve.

Ventral tegmental area (VTA)
component of the mesolimbic reward system that is rich in dopamine projection neurons to 

the striatum and frontal cortical areas.

Withdrawal
the manifestation of allostatic processes developed during drug dependence that emerge 

following drug cessation.
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Box 1

Neuroinflammation and Opioid Tolerance

Chronic exposure to opioids has been shown to activate microglia and astrocytes in the 

spinal cord ([115] for review). BDNF levels are increased in the spinal cord 24 h after 

morphine abstinence, and the increase can be blocked by in vivo treatment with 

microglial inhibitors [65]. Inhibition of glia, and of many of the downstream signaling 

components (including chemokines, cytokines, fractalkine, nitric oxide, and connexin 43) 

is effective at restoring morphine analgesic efficacy after chronic administration [116–

120]. While initial reports have implicated activated astrocytes and microglia in the 

development of behavioral tolerance and opioid-induced hyperalgesia, careful analysis of 

spinal behavioral effects of opioids identified that microglia contribute specifically to the 

development of the opioid-induced hyperalgesic component of behavioral tolerance, but 

not to drug analgesic potency [65]. This study identified a P2X4–BDNF signaling 

pathway from microglia to neurons that resulted in a shift in inhibitory potential in the 

GABAA-expressing nociceptive specific lamina I spinal cord neurons. Importantly, 

targeted genetic deletion of BDNF from microglia was sufficient to abrogate the 

development of morphine-induced hyperalgesia. Thus, opponent processes can also be 

initiated by non-neuronal mechanisms and contribute to analgesic behavioral tolerance. 

Microglial activation following chronic morphine treatment has also been reported in 

several brain regions, including the VTA, NAc, frontal cortex, and periaqueductal grey 

[63,121–123]. While initial studies implicated activated microglia as modulators of 

centrally mediated acute morphine actions [124], subsequent studies emphasized 

modulation only in opioid-dependent states [63,125]. Blocking glial activation in opioid-

dependent states restores mesolimbic dopamine function, alleviates withdrawal, and 

prevents the relapse of drug-seeking behavior after prolonged drug abstinence 

[63,121,123,126,127]. Given that microglial inhibitors also reverse the modulation of 

KCC2 in brain, neuroinflammation appears to be a key process in generating opioid-

induced allostatic changes. In Figure I we propose a model whereby microglia are 

activated during opioid withdrawal and shift the electrochemical gradient of VTA 

GABAergic neurons via a BDNF–KCC2 mechanism. This leads to an increased 

inhibitory tone on dopaminergic neurons, resulting in blunted VTA-dependent reward 

behaviors [63].
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Figure I. 
Neuroimmune Contributions to Opioid Withdrawal.
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Box 2

Pass-Forward Allostasis

It would difficult to envisage that allostatic mechanisms accompanying opioid tolerance 

would be restricted to neurons containing opioid receptors, given the extensive 

perturbation of circuits and systems following opioid drug treatment. In the case of VTA 

dopaminergic cells, major changes in morphology and excitability occur after chronic 

morphine administration, despite these neurons not expressing MOPs [71]. Changes in 

dopaminergic neurons are likely initiated by altered GABAergic inhibitory function 

within the VTA or RMTg, which in turn are modulated by neuroinflammation (Box 1). 

Unclear at this juncture is whether opioid drugs directly activate microglia or if the 

activation occurs as a result of MOP-regulated circuitry during withdrawal. Evidence for 

pass-forward allostasis can also be observed in patterns of kinase activation following 

opioid treatment. Morphine activates ERK1/2 in many areas of the nervous system, 

which, as described earlier in the review, is involved in opioid tolerance in several 

different systems. Interestingly, in many different areas of the cortex (anterior cingulate 

and somatosensory), opioid-induced activation of ERK1/2 is prominent only in cells 

adjacent to MOP-expressing cells [128]. The inference is that modifications in neuronal 

populations not containing opioid receptors can have perhaps greater allostatic changes 

than opioid receptor-containing neurons initiating opioid behaviors.
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Trends

Behavioral tolerance to opioids results from many interacting processes including 

desensitization, resensitization, and cellular and pass-forward allostasis.

Opioid-biased agonism presents new pharmacological approaches to avoid detrimental 

side effects and negate aspects of opioid tolerance and dependence.

Negative affect is an opponent process that creates behavioral tolerance to the rewarding 

effects of opioid drugs, and constitutes a likely driver of relapse following drug cessation.

Microglia activation following chronic opioids is a potential therapeutic target 

contributing to behavioral tolerance and dependence mechanisms.
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Outstanding Questions

Are different populations of dopamine neurons activated following chronic versus acute 

opioid treatment?

Do KOPs preferentially modulate excitatory or dopaminergic input to the ventral striatum 

during chronic opioid exposure or during abstinence?

Will biased agonism identify novel treatment strategies to obviate the allostatic changes 

within opioid receptor-containing cells and mitigate the pass-forward allostasis that 

modifies circuits and networks, perhaps targeting specific arrestin-dependent signaling 

pathways?

What is the significance of pass-forward allostasis in neurons not containing opioid 

receptors for the generation of behavioral tolerance and opponent processes?

What is the mechanism by which opioids activate microglia, and can co-therapeutics be 

developed to effectively block activation induced by opioid treatment paradigms?

Cahill et al. Page 22

Trends Pharmacol Sci. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Differences in Opioid Receptor Regulation by Low- and High-Internalizing Agonists
The cartoon depicts the DOP (δ-opioid receptor) and MOP (μ-opioid receptor) (receptors in 

red have lost membrane signaling ability) after activation by a high-internalizing agonist; 

fentanyl (for MOP), or SNC80 (for DOP), and a low-internalizing agonist, morphine (for 

MOP), or ARM390 (for DOP). Red arrows represent processes that downregulate opioid 

receptors (lysosomal degradation of agonist-internalized receptors or lysosome-targeted 

misfolded receptors following de novo synthesis). Green arrows represent mechanisms of 

resensitization or enhancement of receptor activity. Several membrane-permeable DOP 

agonists and antagonists act as chaperones for DOP resulting in increased levels of surface 

receptors [108]. Externalization of vesicle-stored receptors can be enabled by a ROCK/

LIMK mechanism, which is held in check by arrestins (Ar). High-internalizing agonists of 

DOP and MOP recruit G protein receptor kinases (GRKs), arrestins 2 or 3, and other 

receptor-associated proteins or RAPs (Ras-related proteins) (left side of the figure) to 

promote internalization as well as arrestin-dependent and vesicle-mediated signaling [109]. 

Once internalized the receptors are targeted either to lysosomes or recycled back to the cell 

surface in a resensitized, dephosphorylated (−PO4) state. MOPs effectively recycle back to 

the membrane (robust green arrow) whereas DOPs are predominantly targeted to lysosomes 

for degradation (robust red arrow)[110] although, unlike many other receptors, this appears 

not to require receptor ubiquitination [111]. By contrast, activation by low-internalizing 

agonists of MOP and DOP only weakly recruits arrestin 3, and desensitization is reported to 

be dependent upon other kinases such as JNK and PKC (+PO4). Resensitization of DOP and 

MOPs, presumably by dephosphorylation, following low-internalizing agonist 

desensitization is differentially regulated by arrestin 3. In the case of MOP, arrestin 3 (Ar3 in 
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red) attenuates resensitization [112] whereas for DOP arrestin 3 (Ar3 in green) facilitates 

resensitization [19].
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Figure 2. Schematic Cartoon of How Inputs to the Nucleus Accumbens (NAc) Are Modified by 
Chronic Opioids and their Contribution to Negative Affect
This cartoon depicts sites of neuronal allostasis in the NAc, potentially contributing to 

negative affect following chronic opioid treatments. Dopamine neurons from the ventral 

tegmental area (VTA) project onto two types of GABAergic medium spiny neurons (MSNs) 

defined by the ability of dopamine to inhibit or excite these neurons within the NAc. 

Excitatory MSNs are characterized by expression of dopamine D1 receptors, GABA, 

dynorphin, and substance P, whereas inhibitory MSNs are characterized by the expression of 

dopamine D2, GABA, enkephalin, and adenosine A2a receptors. The NAc also receives 

excitatory (glutamatergic) input from the basolateral amygdala, ventral hippocampus, and 

prefrontal cortex that drives drug reinforcement, whereas input from the paraventricular 

nucleus of the thalamus can drive reward or aversion associated with withdrawal [78,101]. 

Chronic morphine is known to increase or decrease long-term potentiation (LTP) and long-

term depression (LTD) of some of these glutamatergic inputs, and this may depend on the 

method of morphine administration (contingent versus non-contingent) [75]. Other inputs 

originate from the dorsal raphe nucleus, hypothalamus, and GABAergic projection neurons 

from the VTA. κ-Opioid receptors (KOPs) are expressed on the axon terminals of dopamine 

neurons, where they can inhibit dopamine release. Chronic opioid treatment increases the 

expression of KOPs and likely contributes to dopamine hypofunction in this circuitry. 

Dynorphin, the endogenous agonist at KOP, is released by excitatory MSNs; however, 

projection neurons from the amygdala and hypothalamus are also sources of striatal 

dynorphin. KOPs are also present on the axon terminals of these dynorphin projection 

neurons. δ-Opioid receptors (DOPs) and μ-opioid receptors (MOPs) are expressed on 

cholinergic interneurons and are involved in modulating reward and motivation, but it is 
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unknown to what extent they contribute to opioid tolerance and opponent processes. MOPs 

are also present on both excitatory, D1, and inhibitory, D2, MSNs, and activation of these 

receptors on excitatory D1 neurons is sufficient to drive reward-like behavior [39]. By 

contrast, DOPs appear to be expressed in D2-, but not D1-, enriched MSNs [114]. Synaptic 

insertion of GluA2-lacking AMPA receptors in D2 MSNs is implicated in mediating the 

aversion as a result of activation of the paraventricular-accumbens circuitry during 

withdrawal [78]. Abbreviations: α2a, A2a cholinergic receptor; DA, dopamine; D1/2R, 

dopamine receptor 1/2; DYN, dynorphin; ENK, enkephalin; GLUT, glutamate; 5HT, 

serotonin; PFC, prefrontal cortex; PVT, paraventricular thalamic nucleus; SP, substance P; V 

Hippocampus, ventral hippocampus.

Cahill et al. Page 26

Trends Pharmacol Sci. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cahill et al. Page 27

Table 1

The Effects of Arrestin Deletion on Ligand-Induced MOP and DOP Desensitization, Resensitization, and 

Tolerance

MOP DOP

High-Internalizing Low-Internalizing High-Internalizing Low-Internalizing

Arrestin 2
(β-arrestin 1)
deletion

No reported effects
on desensitization,
resensitization, or
tolerance

No observed effect
on tolerance, or
reported effects on
desensitization or
resensitization

High desensitization [26]
High externalization [26]
High efficacy and
potency [19,26]
Reduced acute
tolerance [19]

No effect on
efficacy/potency,
or acute
tolerance [19]

Arrestin 3
(β-arrestin 2)
deletion

No observed effects
on tolerance or
desensitization, but
resensitization was
affected
[20,31,112,113]

Low desensitization
[27]
High resensitization
[112]
Decreased tolerance
[18,113]

No effect on
desensitization or
acute tolerance [19]

Low resensitization [19]
Increased tolerance [19]

a
Agonists used. DOP, high-internalizing, SNC80; low-internalizing, ARM390, JNJ20788560; MOP, high-internalizing, fentanyl, DAMGO; low-

internalizing, morphine. Note that tolerance mechanisms and thus arrestin dependence may differ with measured behaviors, and the table above 
should not be generalized to behaviors not assessed in the referenced papers.
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