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Summary 
Opioids are a mainstay of acute pain management but can have many adverse effects, including 

problematic long term use. Opioid tolerance (increased dose needed for analgesia) and opioid-

induced hyperalgesia (paradoxical increase in pain with opioid administration) can both contribute 

to poorly controlled pain and dose-escalation. Hyperalgesia is particularly problematic as further 

opioid prescribing is largely futile. The mechanisms of opioid tolerance and hyperalgesia are 

complex, involving mu opioid receptor signalling pathways that offer opportunities for novel 

analgesic alternatives. The intracellular scaffold protein, beta-arrestin 2, is implicated in tolerance, 

hyperalgesia and other opioid side effects. Recent development of agonists biased against 

recruitment of beta-arrestin 2 could provide analgesic efficacy with fewer side effects. Alternative 

approaches include inhibition of peripheral mu opioid receptors and blockade of downstream 

signalling mechanisms, such as the non-receptor tyrosine kinase, Src, or N-methyl-D-aspartate 

receptors. In light of their detrimental effects, it is prudent to use multimodal analgesic regimens to 

reduce reliance on opioids during the perioperative period. This review focusses on clinical and 

mechanism-based understanding of tolerance and OIH, and discusses current and future strategies 

for pain management. Word count: 181 
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The evolution of opioid analgesia 

Humans have used opioid alkaloids in resin harvested from the poppy, Papaver somniferum, for 

thousands of years to suppress pain and for their hedonic effects. Merck began extracting morphine 

in the 1930’s and the first synthetic opioid analgesics appeared soon after. Despite having disparate 

structures, all these opioids bind to mu opioid receptors. Mu receptors are class A (rhodopsin family) 

G protein coupled receptors (GPCRs). They are essential for the analgesic actions of opioids, being 

expressed at key locations within the pain pathway (1). Their activation suppresses both the 

reflexive and affective components of pain. However, the respiratory centres in the brain stem, the 

gut and the chemotrigger zone, also contain mu receptors, activation of which gives rise to 

respiratory depression, constipation and nausea (2) . Opioid analgesics have additional detrimental 

effects including tolerance (increasing doses are required to maintain analgesia), dependence 

(physical and/ or psychological), hyperalgesia (a paradoxical increased sensitivity to pain) (figure 1) 

and addiction (inability to control continued use, despite harm or negative consequences) (1, 3). 

Repeated or prolonged administration of opioids increases the likelihood of these detrimental 

effects and leads to withdrawal when treatment stops. At the cellular level, the adaptive changes 

participating in opioid tolerance lead to dependence and withdrawal upon cessation of opioid 

exposure (4). By contrast, at the systems level, there are distinct processes required for the 

acquisition of analgesic tolerance and dependence (as evidence by antagonist precipitated 

withdrawal), despite overlap in the mechanisms required for their expression (5). 

Given the adverse effects associated with opioid use it is logical to look for alternative approaches to 

treat severe pain. While there are other targets within the pain pathway for the future development 

of drugs, including the delta and kappa opioid receptors (6), mu agonists are a tough act to follow. 

Despite considerable investment, no new drugs have usurped them as the preeminent analgesics for 

treating severe pain, particularly in the acute setting. This is perhaps not surprising considering the 

strategic location of mu receptors and the role of the endogenous opioid system in regulating pain 

sensitivity (1). 
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Opioid analgesia in the 21st century 

Chronic pain, including persistent post-surgical pain (as reviewed in Glare et al Lancet 1(7)),  affects 

at least 20% and perhaps up to 50% of the population, (8). It is a major public health problem, being 

the leading cause of global disability (9). As a long term condition it needs to be properly managed to 

maximise function and quality of life. A focus on supported self-management and increase in activity 

levels may be a more useful approach for patients and healthcare professionals. Despite this, many 

patients with chronic pain are prescribed an opioid. Opioids are now one of the most commonly 

prescribed medications in the US, with similar, although less marked, trends in other countries 

including the UK (10) (11). While pain reduction by pharmacological means may be advantageous, 

there is limited evidence for long term benefit of opioids, with evidence of harm, particularly at 

higher doses (12). 

 

There have been unintended consequences of a liberal prescribing policy, particularly in the US, 

where long term harms from prescription opioids have become much more apparent, including 

addiction, misuse and increased mortality (13). (14).” While opioid use in chronic pain may appear to 

be distinct from the perioperative setting, prolonged opioid exposure creates additional challenges 

when trying to manage acute pain (15, 16) (17). Furthermore, we need to consider what role surgery 

and postoperative opioid prescribing play in initiating long term opioid use (table 2)(18), as covered 

in detail elsewhere in this series(19). 

The use of synthetic (e.g. fentanyl, remifentanil) or natural (e.g. morphine) opioids during the 

perioperative period provides a component of balanced anaesthesia and analgesia. Timely opioid 

administration during surgery reduces the dose of general anaesthetic needed, enabling faster 

recovery (20), while on-demand patient-controlled postoperative opioid analgesia improves comfort 

and patient satisfaction (21). However, the use of perioperative opioids may predispose to long term 

opioid use. In the USA, opioid prescribing for minor surgery, has increased: up to 75% of patients are 
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prescribed opioids at hospital discharge, with the risk of misuse increasing by 44% for each week and 

repeat prescription after discharge (16, 22). Cooperation between surgeons and anaesthetists 

working with primary care physicians is needed to reduce postoperative opioid use, and ensure early 

identification and management of adverse effects or problematic use(15) (23).  However, linkage of 

perioperative anaesthesia and analgesia to long term outcomes such as opioid prescribing, using 

routinely collected heath care data, is currently limited.  

This review will focus on the use of opioids in the perioperative setting, particularly on clinical and 

mechanism-based understanding of tolerance and OIH. By improving understanding of the 

underlying mechanisms, it may be possible to develop strategies to identify and better manage 

postoperative and post-injury pain in order to improve efficacy and safety of opioid use, and to 

minimise long term harms.  

The opioid signalling system 

Before exploring mechanisms of tolerance and OIH, it is important to consider the intricacies of 

opioid signalling. Components of the system can be found in ancient species, including jawless fish, 

evidence that this endogenous pain control mechanism has evolved over hundreds of millions of 

years (24). Three genes encode endogenous opioid peptides (25), most of which have some activity 

at each of the three main opioid receptor subtypes (mu, kappa and delta) with some subtype 

preferences. 

Opioid analgesics activate mu receptors leading to inhibition of adenylyl cyclase and high threshold 

voltage activated Ca2+ channels (VACCs) and activation of inwardly rectifying K+ channels (1). 

Inhibition occurs through G-proteins, which upon activation dissociate into component Gαi/o and βɣ 

subunits (figure 2).(26). The result is decreased neuronal excitability, with reduced excitatory 

neurotransmitter release in pain pathways (27, 28). By contrast, activation of mu receptors in the 

brain’s reward circuitry, , inhibits inhibitory neurotransmission in the ventral tegmental area, 

reducing the frequency of GABAergic inhibitory postsynaptic events, thereby disinhibiting 
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dopaminergic neurones and increasing dopamine release into the striatum and prefrontal cortex 

(table 1) (29, 30). Enhanced dopamine release causes D2 receptor-dependent reinforcement (31). 

However, morphine also has reinforcing effects in mice engineered to lack dopamine, an observation 

that implicates alternative mechanisms(32).      

Consequences of prolonged opioid exposure 

The mu receptor has several serine, tyrosine and threonine sites of phosphorylation, mostly in its C-

terminus, which interfaces with the G protein (1, 26). 

Opioid receptor activation can lead to phosphorylation by GPCR kinases (GRKs), MAPK, JNK, PKA, 

PKC, Src and Ca2+/calmodulin dependent kinase II (CAMKII) (Zhang et al., 2017). Furthermore, 

inhibition of several of these kinases reduces tolerance and/or hyperalgesia (see Panel) (1, 33-36). 

Mu receptor phosphorylation by GRKs, of which there are seven forms, leads to β-arrestin2 

recruitment, receptor endocytosis and additional kinase-driven signalling events (figure 2). After 

endocytosis receptors are either degraded or recycled back to the cell membrane. Decreased mu 

receptor expression at the cell membrane may contribute to tolerance. Indeed, mice lacking 50% of 

their mu receptors exhibit more rapid and profound morphine tolerance than wild type mice (30). In 

humans, the endogenous opioid system contributes to pain sensitivity (37) and a loss of mu 

receptors, caused by prolonged exposure to opioid analgesics, might also heighten sensitivity to pain 

leading to OIH. Indeed, tolerance caused by endogenous opioids has been implicated in the 

hypersensitivity of patients with fibromyalgia (38). However, morphine, which causes tolerance and 

OIH, has little effect on mu receptor endocytosis even with prolonged exposure (39). By contrast, 

the selective peptide agonist DAMGO, produces marked receptor endocytosis with little tolerance 

and therefore the relationship between endocytosis and tolerance is complex. Endocytosis may in 

fact be required to reverse desensitisation, a rapid form of tolerance observed at the cellular level 

(40). 
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Opioid Tolerance 

Tolerance to the effects of opioids occurs, with an increased dose required for the same amount of 

analgesia (figure 1), but this can vary dependent on both pharmacokinetic and pharmacodynamic 

factors (41).  Furthermore, the extents and rates of the development of tolerance differ for different 

opioid effects. Differences in tolerance to respiratory depression and analgesia may be explained by 

their differing molecular mechanisms (42). Tolerance to the analgesic effect is problematic, whereas 

tolerance to unwanted side effects, such as respiratory depression and sedation, can be useful to 

enable dose increases when required, to improve analgesia. This may be unpredictable, with a 

narrow therapeutic window between desired effects (usually analgesia) and undesirable respiratory 

or gastrointestinal effects (43). Acute tolerance may be hard to distinguish from other opioid related 

effects, such as OIH (table 3). Key features to assess include the response to additional opioid: with 

tolerance, an increased opioid dose should be effective, although very high doses may be required 

(figure 1); similarly, a reduction in opioid dose would be expected to produce increased pain (but not 

hyperalgesia). Additionally, in patients with tolerance, but lacking OIH, apart from around the 

immediate injury site, there should be no signs of reduced pain thresholds/hyperalgesia (44). 

How does chronic opioid use affect pain sensitivity 

Patients presenting for surgery, who are on long term opioids, are likely to have aberrant 

somatosensory responses to painful stimuli. In a large population-based study, opioid use was 

associated with increased pain sensitivity compared to patients taking non-opioid analgesics. This 

may reflect OIH (figure 1), or a pre-existing reduction in endogenous pain inhibition, increasing the 

likelihood of long term opioid use (45). Non-opioid perioperative analgesia may be most beneficial in 

these patients.   

In patients receiving long term opioids, dose-reduction or cessation can reduce pain sensitivity, with 

many patients reporting improvements in pain, and few experiencing worsening of their pain (46, 

47). A recent clinical trial of opioid use for chronic musculoskeletal pain found that patients on long 
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term opioids had no improvement in function, worse pain, and more adverse events than those 

receiving non-opioid analgesics (48). The risk of developing chronic post-surgical pain, in addition to 

OIH and tolerance, must also be considered, with a role for transitional pain clinics to ensure correct 

opioid management (see Glare et al (7)) 

Interestingly, in some chronic pain states there is evidence that dysfunction in the endogenous 

opioid systems may lead to development of hyperalgesia, with a potential site for this within the 

brainstem (38, 49). The implications for acute management of patients on chronic opioid therapy is 

that, regardless of whether increases in pain sensitivity are due to a pre-existing vulnerability, or a 

consequence of opioid therapy, care must be taken in managing these patients to avoid further 

opioid-related complications such as OIH.  

Identifying Hyperalgesia in Patients 

While there is extensive preclinical evidence of OIH, with changes in the underlying neurobiology 

leading to a pro-nociceptive state (table 1), as well as human volunteer studies, there is still debate 

about the clinical manifestations of OIH. This may be at least partly due to some studies failing to 

make an adequate distinction between increased pain severity and hyperalgesia. Many studies have 

used only pain scores and postoperative opioid consumption as surrogate markers of OIH, which do 

not take into account other potential causes such as inadequate analgesia, changing underlying 

disease pathology, or acute tolerance. To make a clinical diagnosis of OIH, a distinction needs to be 

made between high pain scores, and altered sensory processing with allodynia and/ or hyperalgesia 

(50). There may be some merit in the use of techniques such as quantitative sensory testing (QST), to 

assess patient responses to defined physical stimuli (thermal, mechanical), aiming to move towards 

a more consistent approach to diagnosing OIH (44). Even with QST, the demonstration of 

hyperalgesia around the surgical site is not necessarily diagnostic of OIH, as the tissue response to 

surgical trauma, with release of inflammatory mediators can cause peripheral and central 

sensitization may be manifested as hyperalgesia. If there is more widespread hyperalgesia, then 
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there is an increased likelihood of OIH (51). Another potential differentiating feature is if pain 

worsens with further opioid dosing, rather than displaying the expected dose–response relationship 

for analgesia (figure 1). Clinical criteria for diagnosing OIH using these features have been suggested 

(52). The lack of a specific test adds to diagnostic uncertainty, coupled with some overlap in 

symptoms between OIH, tolerance, acute opioid withdrawal and acute neuropathic pain, all of which 

may occur in the perioperative setting (table 3). This uncertainty is compounded by the observation 

that neuropathic pain often responds poorly to opioids(53). 

Clinical evidence for OIH 

Identification and management of OIH is important, as untreated, it may increase the risk of 

developing persistent post-surgical pain (7) . As outlined in table 3, care is needed to ensure that OIH 

is recognised and appropriately treated. There is however continued debate as to whether OIH is a 

significant clinical entity (54). 

Outside the acute surgical setting, a systematic review identified 8 studies with evidence of OIH, but 

the approach to diagnosis was inconsistent and with limited assessment of impact (55). Small studies 

using QST in a range of chronic pain conditions indicate that opioid use does contribute to 

hyperalgesia, although this may be enhanced by other factors such as low mood. Sex differences 

may also occur, with opioid prescribed males showing increased hyperalgesia with fentanyl 

compared to females, and both showing reduced pressure pain thresholds, compared to healthy 

controls (56-58). Increased thermal sensitivity has also been shown in patients on long term opioids, 

even after adjusting for a variety of other factors (59). This action may be a consequence of 

recruitment and sequestration of beta-arrestin 2 following mu receptor activation, which has been 

shown in mice to sensitise TRPV1 channels to thermal activation (60). 

A more recent comprehensive systematic review of OIH after surgery identified 27 studies with 

~1500 patients. Higher doses of intraoperative opioid were associated with an increase in 

postoperative pain scores, and higher 24 hour morphine consumption. This association was seen 
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mainly with remifentanil (61). There were similar findings in a subsequent systematic review of acute 

OIH and tolerance (62). A large study using the PAIN OUT database (see http://pain-out.med.uni-

jena.de/) found an association between worse pain-related outcomes and intraoperative use of 

remifentanil (63). More recent studies have strengthened this finding, with younger patients 

seeming to be at higher risk (64). The cause of the apparent higher risk of OIH with remifentanil 

compared to other opioids is unclear, but may be related to the fast onset/ offset of its action.   

Can we prevent OIH? 

Following the premise that prevention is better than cure, strategies to minimise perioperative 

opioids and utilise alternative analgesia should be considered, aiming for opioid-free or low dosing 

regimens, as outlined in see table 4 and figure 3) (65). Anaesthetic technique should be considered:  

intravenous anaesthesia with propofol may have a lower risk of OIH when compared to anaesthesia 

with a volatile agent. Addition of (51, 66) nitrous oxide may reduce the incidence of hyperalgesia 

(67, 68). (69)  

If intravenous opioid infusion is being considered as part of the anaesthetic regimen, then avoiding 

higher infusion rates of remifentanil may reduce risk of OIH. Dose rates of more than 0.2 µg/kg/min 

may increase risk of OIH, and for doses of more than 0.25 µg/kg/min, acute tolerance may be 

problematic (70). Consideration of a gradual tapering of remifentanil at the end of surgery may also 

reduce OIH, possibly by reducing withdrawal induced long term potentiation at the first central 

synapse in the spinal cord(71, 72) (73). Other suggested strategies to reduce this problem include 

limiting the dose of remifentanil, or specifically targeting putative mechanisms using novel 

approaches (74). 

Current options for treating tolerance and OIH  

Acute tolerance makes postoperative pain control challenging. Poor pain control and high opioid 

requirements after surgery are associated with persistent postsurgical pain (7). If OIH is suspected in 
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the immediate postoperative period it is important to address this as soon as possible. Untreated 

OIH makes perioperative management more difficult, with potential delay in hospital discharge.  

Early assessment and diagnosis is important in order to effectively direct treatment. While there is 

significant overlap in the approach to tolerance and OIH, one of the key differences is that OIH may 

require opioid dose reduction. A reasonable first step therefore is to assess the response to an 

increased opioid dose: if analgesia improves, then tolerance is more likely; if analgesia worsens, then 

OIH should be suspected, and other features sought.  

Use of multimodal analgesia with low or no opioid component: Current strategies have not been 

extensively explored with clinical studies, regarding the impact on OIH and tolerance, but include the 

use of many of the agents outlined in table 4. These include simple analgesics such as paracetamol 

and NSAIDs, dexmedetomidine, NMDA receptor antagonists (e.g. ketamine), and opioid dose 

reduction (74-77).  Opioid free multimodal analgesia may be a laudable aim, but the number of 

patients presenting for surgery who are not opioid naïve will pose a challenge. A small RCT has 

shown it is possible to significantly reduce opioid consumption in such patients by using intravenous 

ketamine (78). Furthermore a Cochrane review found that ketamine may reduce the risk of 

persistent post-surgical pain, although the majority of studies were small, with possible 

overestimation of treatment effect (79). Use of more than one type of non-opioid analgesic may 

have most impact on opioid consumption, although there are a limited number of studies assessing 

combination analgesia. Use of at least two non-opioid approaches may reduce adverse effects, such 

as respiratory depression, gastrointestinal dysfunction, as well as reducing opioid requirements (80, 

81). 

Consideration of non-pharmacological strategies: whilst not the focus of this review, there is some 

evidence that use of psychosocial techniques, such as relaxation, behavioural instruction and patient 

education can be beneficial in reducing post-operative pain(82, 83). The development of Enhanced 

Recovery After Surgery (ERAS) protocols using a multimodal approach to minimize impact of the 

11



surgical episode does incorporate optimising analgesia, but also uses early mobilization and other 

techniques which may indirectly improve pain outcomes (84). 

Future approaches to managing OIH and tolerance 

There are several overlapping pathways implicated in the opioid induced tolerance and hyperalgesia 

(Panel), many of which have recently been extensively reviewed (1, 33-35). These pathways have 

been implicated in enhanced pronociceptive systems (e.g. TRPV1, NMDA receptors and microglia) 

and diminish antinociceptive systems (e.g. beta-arrestin 2). Any of these pathways may provide 

targets for adjunct agents that improve opioid analgesia or their recruitment may be avoidable by 

agonists biased against their activation. We will focus here on recently emerging targets affecting 

the endogenous opioid system, which may offer opportunities for developing new approaches to 

improved analgesia.    

Arrestins, opioid side effects, tolerance and OIH 

There are four arrestins, two acting on rhodopsin within the visual system and two preferentially 

interacting with other GPCRs including beta-adrenergic and opioid receptors, (arrestins 2 and 3); 

commonly referred to as beta-arrestin1 and 2 (85). Receptor phosphorylation via GRK enables 

recruitment of beta-arrestin2, an event that precedes endocytosis and blocks G protein interactions 

(figure 2) (1). Mice lacking beta-arrestin 2 exhibit hypoalgesia and a striking resistance to morphine 

tolerance, respiratory depression and constipation (30, 86-88). Intrathecal beta-arrestin 2 reduction 

also attenuates morphine tolerance in rats, indicating that this effect is not a consequence of 

compensatory mechanisms in arrestin-deficient mice (89). This approach also reduced withdrawal 

symptoms in rats chronically administered morphine. This suggests that morphine analgesic 

tolerance and dependence involves beta-arrestin 2. In addition, beta-arrestin 2 also facilitates the 

development of pain sensitivity in mice by facilitating TRPV1 activation (60). 
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Biased agonism 

There is increasing evidence that some “biased” GPCR agonists preferentially activate either G 

protein-mediated signalling or recruitment of beta-arrestins (67, 68). (87, 90). 

The demonstration in rodents of a role for beta-arrestin 2 in the side effects and other complications 

of opioids led to a search for biased mu receptor agonists. The first, herkinorin, activates G proteins 

with negligible recruitment of β-arrestin 2. It is analgesic with markedly decreased tolerance 

compared to morphine (91). Herkinorin also exhibits less constipation and respiratory depression 

(92). Two more biased agonists, TRV130 and PZM21 (93) also appear to cause less respiratory 

depression and constipation than morphine; however, respiratory effects and tolerance were 

observed for PZM21 in a recent study (Hill et al., BJP 2018). TRV130 causes less tolerance than 

morphine when administered repeatedly to rodents and was analgesic when administered 

intravenously to treat acute pain, in a phase 2 clinical studies (91). However, there have been no 

studies in chronic pain, which would be helpful for identifying beneficial properties relating to 

tolerance and OIH.  

Targeted modulation of signals that trigger hyperalgesia and tolerance 

An alternative to developing agonists biased against beta-arrestin 2 is to inhibit signalling 

components to minimise the side effects, tolerance and OIH of available opioids (figure 2). However, 

beta-arrestin 2 provides a scaffolding role and is not a signalling molecule in its own right and is 

unlikely to be a fruitful pharmacological target. Instead, molecules upstream or downstream of beta-

arrestin 2 recruitment may prove more suitable targets.  

The use of naloxone, to antagonise the mu receptor, provides  prolonged oxycodone analgesia and 

reduces constipation, effects that appear to be mediated through inhibition of peripheral mu 

receptors (94) (95). There may be value in exploring the use of naloxone or methylnaltrexone, a 

peripherally restricted mu receptor antagonist, in combination with opioid agonists to reduce 

tolerance and hyperalgesia (figure 1). Methylnaltrexone inhibits morphine tolerance and OIH in mice 
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by antagonising mu receptors specifically on TRPV1 expressing primary afferent nociceptive 

neurones (95). It remains to be seen whether naloxone or methylnaltrexone will be effective in 

clinical studies of morphine tolerance and hyperalgesia.  

Although most evidence suggests not, antagonism of peripheral mu receptors may compromise 

opioid analgesia (95). An alternative is to inhibit downstream targets such as c-Src, a member of the 

Src family of non-receptor tyrosine kinases (SFKs). SFKs participate in cell proliferation and 

differentiation and are widely expressed throughout the nervous system, where they regulate 

sensory function (96). SFKs can be activated by GPCRs, via Gα and Gβγ subunits (97) and are involved 

in activation of intracellular signalling processes through formation of complexes with β-arrestin 2 

(figure 1). Src participates in opioid receptor phosphorylation, endocytosis, tolerance, and 

withdrawal (36) (30, 98, 99).  

Dasatinib, a Src inhibitor used clinically to treat leukaemia (100), not only attenuates tolerance in 

mice, but, when administered before morphine, also rapidly restores analgesia diminished during 

the preceding days (30). Unlike deletion of β-arrestin2, which enhances morphine reinforcement in 

mice, Src inhibitors appear to have no such effect. However, similar to the reduced expression of 

beta-arrestin 2, Src inhibition diminishes opioid withdrawal in rats (36) (Zhang et al., 2017). 

Additional work is needed to establish whether Src participates in other opioid side effects such as 

constipation and respiratory depression. Src has also recently been implicated in the role of 

microglia in morphine analgesic tolerance (see Panel)(101). 

While Src inhibitors are not anti-nociceptive in acute pain (30), they reduce hyperalgesia in rodent 

models of OIH, neuropathic, inflammatory and bone cancer pain (102-104). Hyperalgesia is 

associated with Src-mediated phosphorylation and up-regulation of NMDA receptors, which leads to 

enhanced excitatory transmission in spinal neurones (105). Several parallels can be drawn between 

hyperalgesia and morphine tolerance (see Panel), including a common requirement for Src and 

NMDA receptor activity (106) (figure 2). The ability of Src inhibitors to reduce hyperalgesia and 
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reverse tolerance, thereby restoring analgesia, makes them promising candidates as adjuncts to 

opioid analgesics. Future clinical studies will be required to establish whether Src inhibitors mitigate 

the detrimental effects of prolonged opioid exposure. 

Inhibitors of the mammalian target of rapamycin (mTOR) are additional examples of anticancer 

medications that show preclinical promise as adjuncts to reduce tolerance and OIH (figure 2)(107). 

mTOR, which governs most protein translation, becomes activated in rat spinal dorsal horn neurones 

after repeated intrathecal morphine injections. Its inhibition reduces morphine tolerance and the 

associated OIH.  

Where are we now? 

While opioids are good analgesics, there are risks associated with their use. In the acute setting the 

challenges include: 

1. Postoperative pain management of patients who are on chronic opioids. Issues to be 

addressed include opioid tolerance, increased risk of acute withdrawal, and OIH.  

2. Minimising the risk of the acute surgical episode leading to prolonged opioid use, due to 

tolerance, OIH and/ or prolonged prescribing for other reasons.  

The approach to both of these may be similar, aiming for optimal perioperative analgesia, using 

techniques and agents to minimise opioid use (see figure 3). The optimum combination is likely to 

vary depending on the type of surgery, and a range of patient factors (co-morbidities, pre-existing 

pain/ analgesics; genetics, psychosocial issues). It is also important to ensure that there are systems 

in place after discharge, so that any increase in opioid use for acute pain management has a clear 

tapering plan.  Modification of discharge analgesic prescribing should be considered with the 

minimum effective dose of opioid, for the shortest possible duration. Patient education around the 

risks of prolonged opioid use would be prudent. Early identification of any problematic or prolonged 

use, with access to appropriate support in opioid reduction when needed, should always be 

considered.  
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Agenda for the future 

It is clear that there are a number of research gaps that must be addressed in order to improve the 

current situation. This may improve not only peri-operative patient management, but also 

contribute to addressing the wider societal problems with chronic opioid use. We have highlighted a 

number of specific research gaps that relate to the focus of this review: 

1. Develop novel analgesic targets: Improved mechanistic understanding of OIH/ tolerance to 

direct development of novel analgesics using the endogenous opioid systems. There is some 

progress in this area in the preclinical field, as outlined earlier in this review, but translation 

to the clinical setting is required.  

2. Understanding the impact of peri-operative analgesia (and anaesthesia) on long term health 

(and social care) outcomes, such as persistent opioid use (and persistent pain): Analysis of 

large population based data may be required. Options include the use of routinely collected 

health and social care data (at national and potentially international level), to link acute 

hospital and community based care episodes and advance our understanding of the impact 

of perioperative management on long term health outcomes. Approaches to ensure that 

these data are robust and accurate need to be considered. Other alternatives include 

developing research resources by national and international collaboration (such as the UK 

Biobank project).  Both of these approaches are likely to require collaboration between 

policy makers, clinicians and academics.  

3. Understanding (and modifying) risk factors to opioid use at an individual level: Use of a 

precision medicine approach to identify high risk individuals and evaluate targeted, 

individualised strategies. This may involve testing the use of complex interventions, rather 

than a single approach.  

Nevertheless, for managing pain in the acute setting, opioids are often the best currently available 

analgesics. This is perhaps not surprising, given the key role that endogenous opioids play in pain 
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processing at all levels. Better understanding of the impact of opioids, at neurobiological, clinical and 

societal levels is required to improve future patient care.  

 

Table 1: Opioid effects with acute and chronic exposure. Some key processes contributing to 

analgesia and the detrimental effects of opioids (1, 33). 

Opioid paradigm Behavioural effect Possible mechanisms 

Acute administration Analgesia 
Nausea 
Respiratory depression 
Constipation 
Reward  
Rapid tolerance & OIH 

↓Excitatory transmission in pain pathway 
Chemoreceptor trigger zones 
Brain stem nuclei 
Inhibition of myenteric neurons with ↓ACh 
↓Inhibitory transmission in VTA and ↑DA 
See Panel 

Chronic administration Tolerance, dependence & OIH 
Constipation 

See Panel 
Inhibition of myenteric neurons with ↓ACh 

End of treatment Withdrawal ↑Glutamate, ↑NA, ↑CRF, ↓DA, ↓5-HT 

OIH, opioid-induced hyperalgesia,  ACh, acetylcholine, VTA, ventral tegmental area, DA dopamine, 

GRK, G protein receptor kinase, β-arr2, beta-arrestin 2, cAMP, cyclic adenosine monophosphate, 

CREB, cAMP response element binding protein, NMDAR, N-methyl-D-aspartate receptor, NA, nor 

adrenaline, CRF, corticotrophin-releasing factor, 5-HT, 5-hydroxytryptamine  
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Table 2: Opioid use in the acute setting 

Clinical issues Factors to consider 

Acute presentation of patient on regular 
opioid prescription: i.e. not opioid naïve 

 Pain control difficult 

 Likely to have pre-existing tolerance: 
o  higher doses needed to achieve 

analgesia 

 may have OIH: 
o need for reduced opioid dose/ 

alternative strategies 

Opioid naïve patient treated with short 
acting perioperative opioid as part of the 
anaesthetic regimen 

 Acute tolerance 

 Development of OIH 

 If rapid cessation: Acute opioid withdrawal 

Opioids prescribed to allow early discharge   Increased prescribing of opioids for longer 
post-operative period leading to sustained 
use  

 Dependence (physical and/ or 
psychological) 

 Increased potential for drug diversion if 
opioids not used by patient for whom 
prescribed 
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Table 3: Differential diagnosis of inadequate post-operative pain control. COWS = clinical opioid 

withdrawal scale(108) 

Clinical 
Syndrome 

Clinical features Suggested management approach References 

OIH  Hyperalgesia in 
response to opioid 
administration, or 
increased opioid dose;  

 may not be at site of 
pre-existing pain/ injury; 

 descriptors used may be 
neuropathic in nature 

Reduce opioid dose; 
Use adjuvants targeting 
mechanisms (eg reduce NMDA 
receptor activity via agents such as 
ketamine); 
Mixed evidence for opioid rotation 
(mainly long term use) 

(54, 109, 
110) 
 
 
 

Tolerance  Increased opioid dose 
required to achieve the 
same level of analgesia; 

 Despite no change in 
underlying cause of 
pain;  

 Can occur in both acute 
and chronic settings 

Increase opioid dose; 
Rotate opioid;  
Use adjuvants targeting 
mechanisms 

(41) 

Acute 
Neuropathic 
pain 

 Signs and symptoms 
compatible with 
neuropathic pain; 

 Known injury/ damage 
to the peripheral or 
central nervous system; 

 Defined area affected 

Consider use of screening tools for 
non-specialists; Use specific anti-
neuropathic medication e.g. 
gabapentinoids, ketamine 
(although evidence is inconclusive 
for acute pain) 

(77, 79, 111) 

Acute Opioid 
Withdrawal 

 An increase in local and/ 
or widespread pain;  

 Often associated with 
anxiety and distress, 
gastro-intestinal upset; 
autonomic dysfunction  

Assess using COWS scale; Reduce 
rate or size of opioid reduction;  
Symptomatic relief of withdrawal 
symptoms 

(46, 108, 
112) 
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Table 4: Some suggested analgesic approaches for multimodal analgesia to reduce opioid use.  

Agents/ technique Postulated 
mechanisms of 
analgesia 

Comments; references 

Simple analgesics 

Paracetamol Possibly central 
inhibition of COX-
mediated prostaglandin 
production 

High quality evidence for 
analgesic benefit of intravenous 
paracetamol and limited opioid 
sparing effects  (21, 113) 

NSAIDs Inhibition of COX 
enzymes to reduce  
inflammatory 
cytokines/ chemokines 

Potential issues with renal 
dysfunction, GI irritation(114) 

Anti-neuropathic agents and nonstandard analgesics 

Gabapentin; pregabalin Inhibition of 
presynaptic Ca2+  

Unclear as to optimum dose and 
timing/ duration(115) 

Ketamine, Magnesium NMDAR inhibition Unlikely to be sufficient in 
isolation; (77, 116) 

Dexmedetomidine, clonidine α2 adrenergic agonist Sedative; postural hypotension 
(65) 

Steroids Reduce inflammatory 
response to surgery 

Consider impact on immune 
function; (117) 

Intravenous lidocaine Na+ channel blockade (118) Low to moderate quality 
evidence of reduced pain, but 
variable reports of effects on 
opioid use.  

Invasive techniques 

Nerve Blocks with local anaesthetic Blockade of action 
potentials: 
Na+ channel blockade 

Extent depends on type of LA 
used, dose, volume, route etc 
Single shot or catheter/ infusion 
based techniques/ PCEA. (119) 

NMDAR, N-methyl-D-aspartate receptor, COX, cyclooxygenase, LA, local anaesthetic, PCEA, patient-

controlled epidural analgesia. 
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Panel: Cellular mechanisms implicated in tolerance and hyperalgesia 

Mu opioid signalling  

 ↑cAMP / PKA 

 PKC 

 JNK  

 β-arr2* 

 Src* 

 

Transcriptional mechanisms 

 

 CREB 

 mTORC1 

 

Pronociceptive ion channels 

 

 NMDA receptors 

 TRPV1 

Microglia 

 TLR4 

 P2X4 / P2X7 

 Src 

 BDNF 

 

  

21



 

Author Contributions: 

LC: Review design, literature search, writing and revising drafts and final approval of manuscript.  

TH: Review design, literature search, writing and revising drafts and final approval of manuscript.  

FB: Review design, literature search, writing and revising drafts and final approval of manuscript. 

 

Funding Source: No specific funding was received for this manuscript 

 

Conflict of Interest: None of the authors have any conflict of interest 

References 

1. Williams JT, Ingram SL, Henderson G, Chavkin C, von Zastrow M, Schulz S, et al. Regulation of 
mu-opioid receptors: desensitization, phosphorylation, internalization, and tolerance. Pharmacol 
Rev. 2013;65(1):223-54. 
2. Imam MZ KA, Ghassabian S,  Smith MT. Progress in understanding mechanisms of opioid-
induced gastrointestinal adverse effects and respiratory depression. Neuropharmacology. 
2018;131:238-55. 
3. (ICD) ICoD. ICD-11 for Mortality and Morbidity Statistics https://icd.who.int/browse11/l-
m/en2018 [11:[ 
4. Terwilliger RZ, Beitner-Johnson D, Sevarino KA, Crain SM, Nestler EJ. A general role for 
adaptations in G-proteins and the cyclic AMP system in mediating the chronic actions of morphine 
and cocaine on neuronal function. Brain Res. 1991;548(1-2):100-10. 
5. Aley KO, Levine JD. Different mechanisms mediate development and expression of tolerance 
and dependence for peripheral mu-opioid antinociception in rat. Journal of Neuroscience. 
1997;17(20):8018-23. 
6. McDougall JJ. Peripheral analgesia: Hitting pain where it hurts. [Review]. Biochimica et 
Biophysica Acta. 2011;1812:459-67. 
7. Glare P, Aubrey K, P.S. M. Transition from acute to chronic pain after surgery Lancet in press. 
8. Van Hecke O, Torrance N, Smith BH. Chronic pain epidemiology and its clinical relevance. 
[Review]. British Journal of Anaesthesia. 2013;111:13-8. 
9. GBD 2015 Disease and Injury Incidence and Prevalence Collaborators . Global, regional, and 
national incidence, prevalence, and years lived with disability for 310 diseases and injuries, 1990-
2015: a systematic analysis for the Global Burden of Disease Study 2015. Lancet. 2016;399 
(10053):1545-602. 
10. Torrance N., Mansoor R., Wang H., Gilbert S., Macfarlane G. J., Serpell M., et al. Association 
of opioid prescribing practices with chronic pain and benzodiazepine co-prescription: a primary care 
data linkage study. Br J Anaesth. 2018;120(6):1345-55. 
11. Berterame S, Erthal J, Thomas J, Fellner S, Vosse B, Clare P, et al. Use of and barriers to 
access to opioid analgesics: a worldwide, regional, and national study. Lancet. 2016;387 
(10028):1644-56. 
12. Els C, Jackson TD, Hagtvedt R, Kunyk D, Sonnenberg B, Lappi VG, et al. High-dose opioids for 
chronic non-cancer pain: an overview of Cochrane Reviews. Cochrane Database of Systematic 
Reviews. 2017(10) CD012299. doi: 10.1002/14651858.. 

22



13. Fischer B, Keates A, Buhringer G, Reimer J, Rehm J. Non-medical use of prescription opioids 
and prescription opioid-related harms: why so markedly higher in North America compared to the 
rest of the world? Addiction. 2014;109(2):177-81. 
14. Chou R, Turner JA, E.B. D, Hansen RN, SullivanS.D., Blazina I, et al. The Effectiveness and 
Risks of Long-Term Opioid Therapy for Chronic Pain: A Systematic Review for a National Institutes of 
Health Pathways to Prevention Workshop. Annals of Internal Medicine. 2015;162(4):276-86. 
15. Clarke H, Soneji N, Ko DT, Yun L, Wijeysundera DN. Rates and risk factors for prolonged 
opioid use after major surgery: population based cohort study. BMJ : British Medical Journal. 
2014;348:g1251. 
16. Wunsch H, Wijeysundera DN, Passarella MA, Neuman MD. Opioids prescribed after low-risk 
surgical procedures in the united states, 2004-2012. JAMA. 2016;315(15):1654-7. 
17. Ward EN, Quaye AN, Wilens TE. Opioid Use Disorders: Perioperative Management of a 
Special Population. Anesthesia & Analgesia. 2018;127(2):539-47. 
18. Yaster M, Benzon HT, Anderson TA. “Houston, We Have a Problem!”: The Role of the 
Anesthesiologist in the Current Opioid Epidemic. Anesthesia & Analgesia. 2017;125(5):1429-31. 
19. Neuman MD, Bateman BT, Wunsch H. Inappropriate opioid prescribing after surgery. Lancet. 
in press. 
20. Lang E, Kapila A, Shlugman D, Hoke JF, Sebel PS, Glass PS. Reduction of isoflurane minimal 
alveolar concentration by remifentanil. Anesthesiology. 1996;85(4):721-8. 
21. McNicol ED, Ferguson MC, Hudcova J. Patient controlled opioid analgesia versus non-patient 
controlled opioid analgesia for postoperative pain. Cochrane Database Syst Rev. 2015(6):CD003348. 
22. Brat GA, Agniel D, Beam A, Yorkgitis B, Bicket M, Homer M, et al. Postsurgical prescriptions 
for opioid naive patients and association with overdose and misuse: retrospective cohort study. Bmj. 
2018;360:j5790. 
23. Hah JM, Bateman BT, Ratliff J, Curtin C, Sun E. Chronic Opioid Use after Surgery: Implications 
for Perioperative Management in the Face of the Opioid Epidemic. Anesthesia and Analgesia. 
2017;125(5):1733-40. 
24. McClendon J, Lecaude S, Dores AR, Dores RM. Evolution of the opioid/ORL-1 receptor gene 
family. Ann N Y Acad Sci. 2010;1200:85-94. 
25. Trigo JM, Martin-Garcia E, Berrendero F, Robledo P, Maldonado R. The endogenous opioid 
system: a common substrate in drug addiction. Drug Alcohol Depend. 2010;108(3):183-94. 
26. Koehl A, Hu H, Maeda S, Zhang Y, Qu Q, Paggi JM, et al. Structure of the micro-opioid 
receptor-Gi protein complex. Nature. 2018;558(7711):547-52. 
27. Heinke B, Gingl E, Sandkuhler J. Multiple targets of mu-opioid receptor-mediated 
presynaptic inhibition at primary afferent Adelta- and C-fibers. The Journal of Neuroscience. 
2011;31(4):1313-22. 
28. Lee MC, Wanigasekera V, Tracey I. Imaging opioid analgesia in the human brain and its 
potential relevance for understanding opioid use in chronic pain. Neuropharmacology. 2014;84:123-
30. 
29. Fields HL, Margolis EB. Understanding opioid reward. Trends Neurosci. 2015;38(4):217-25. 
30. Bull FA, Baptista-Hon DT, Sneddon C, Wright L, Walwyn W, Hales TG. Src Kinase Inhibition 
Attenuates Morphine Tolerance without Affecting Reinforcement or Psychomotor Stimulation. 
Anesthesiology. 2017;127(5):878-89. 
31. Maldonado R, Saiardi A, Valverde O, Samad TA, Roques BP, Borrelli E. Absence of opiate 
rewarding effects in mice lacking dopamine D2 receptors. Nature. 1997;388(6642):586-9. 
32. Hnasko TS, Sotak BN, Palmiter RD. Morphine reward in dopamine-deficient mice. Nature. 
2005;438(7069):854-7. 
33. Roeckel LA, Le Coz GM, Gaveriaux-Ruff C, Simonin F. Opioid-induced hyperalgesia: Cellular 
and molecular mechanisms. Neuroscience. 2016;338:160-82. 
34. Cahill CM, Taylor AM. Neuroinflammation-a co-occurring phenomenon linking chronic pain 
and opioid dependence. Current Opinion in Behavioral Sciences. 2017;13:171-7. 

23



35. Varrassi G, Fusco M, Skaper SD, Battelli D, Zis P, Coaccioli S, et al. A Pharmacological 
Rationale to Reduce the Incidence of Opioid Induced Tolerance and Hyperalgesia: A Review. Pain 
Ther. 2018;7(1):59-75. 
36. Zhang L, Kibaly C, Wang YJ, Xu C, Song KY, McGarrah PW, et al. Src-dependent 
phosphorylation of μ-opioid receptor at Tyr(336) modulates opiate withdrawal. EMBO molecular 
medicine. 2017;9(11):1521-36. 
37. Eippert F, Bingel U, Schoell ED, Yacubian J, Klinger R, Lorenz J, et al. Activation of the 
opioidergic descending pain control system underlies placebo analgesia. Neuron. 2009;63:533-43. 
38. Schrepf A, Harper DE, Harte SE, Wang H, Ichesco E, Hampson JP, et al. Endogenous 
opioidergic dysregulation of pain in fibromyalgia: A PET and fMRI study. Pain. 2016;157(10):2217-25. 
39. Tan M, Walwyn WM, Evans CJ, Xie CW. p38 MAPK and beta-arrestin 2 mediate functional 
interactions between endogenous micro-opioid and alpha2A-adrenergic receptors in neurons. J Biol 
Chem. 2009;284(10):6270-81. 
40. Finn AK, Whistler JL. Endocytosis of the mu opioid receptor reduces tolerance and a cellular 
hallmark of opiate withdrawal. Neuron. 2001;32(5):829-39. 
41. Dumas EO, Pollack GM. Opioid tolerance development: a 
pharmacokinetic/pharmacodynamic perspective. AAPS J. 2008;10(4):537-51. 
42. Hill R, Lyndon A, Withey S, Roberts J, Kershaw Y, MacLachlan J, et al. Ethanol Reversal of 
Tolerance to the Respiratory Depressant Effects of Morphine. Neuropsychopharmacology. 
2016;41(3):762-73. 
43. Hayhurst CJ, Durieux ME. Differential Opioid Tolerance and Opioid-induced Hyperalgesia: A 
Clinical Reality. Anesthesiology. 2016;124(2):483-8. 
44. Mao J. Clinical diagnosis of opioid-induced hyperalgesia. Regional Anesthesia and Pain 
Medicine. 2015;40(6):663-4. 
45. Samuelsen PJ, Nielsen CS, Wilsgaard T, Stubhaug A, Svendsen K, Eggen AE. Pain sensitivity 
and analgesic use among 10,486 adults: The Tromso study. BMC Pharmacology and Toxicology. 
2017;18(1):45. 
46. Belkin M, Reinheimer HS, Levy J, Johnson B. Ameliorative response to detoxification, 
psychotherapy, and medical management in patients maintained on opioids for pain. American 
Journal on Addictions. 2017;26(7):738-43. 
47. Cunningham JL, Evans MM, King SM, Gehin JM, Loukianova LL. Opioid Tapering in 
Fibromyalgia Patients: Experience from an Interdisciplinary Pain Rehabilitation Program. Pain Med. 
2016;17(9):1676-85. 
48. Krebs EE, Gravely A, Nugent S, Jensen AC, DeRonne B, Goldsmith ES, et al. Effect of Opioid vs 
Nonopioid Medications on Pain-Related Function in Patients With Chronic Back Pain or Hip or Knee 
Osteoarthritis Pain: The SPACE Randomized Clinical Trial. JAMA. 2018;319(9):872-82. 
49. Lee MC, Zambreanu L, Menon DK, Tracey I. Identifying brain activity specifically related to 
the maintenance and perceptual consequence of central sensitization in humans. Journal of 
Neuroscience. 2008;28:11642-9. 
50. Bantel C, Shah S, Nagy I. Painful to describe, painful to diagnose: opioid-induced 
hyperalgesia. British Journal of Anaesthesia. 2015;114(5):850-1. 
51. Malik OS, Kaye AD, Urman RD. Perioperative Hyperalgesia and Associated Clinical Factors. 
Current Pain and Headache Reports. 2017;21(1):4. 
52. Eisenberg E, Suzan E, Pud D. Opioid-induced hyperalgesia (OIH): a real clinical problem or 
just an experimental phenomenon? J Pain Symptom Manage. 2015;49(3):632-6. 
53. Cooper TE, Chen J, Wiffen PJ, Derry S, Carr DB, Aldington D, et al. Morphine for chronic 
neuropathic pain in adults. Cochrane Database of Systematic Reviews. 2017(5) CD011669. doi: 
10.1002/14651858.. 
54. Weber L, Yeomans DC, Tzabazis A. Opioid-induced hyperalgesia in clinical anesthesia 
practice: what has remained from theoretical concepts and experimental studies? Current Opinion in 
Anaesthesiology. 2017;30(4):458-65. 

24



55. Yang DZ, Sin B, Beckhusen J, Xia D, Khaimova R, Iliev I. Opioid-Induced Hyperalgesia in the 
Nonsurgical Setting: A Systematic Review. Am J Ther. 2018. 
56. Edwards RR, Dolman AJ, Michna E, Katz JN, Nedeljkovic SS, Janfaza D, et al. Changes in pain 
sensitivity and pain modulation during oral opioid treatment: The impact of negative affect. Pain 
Medicine (United States). 2016;17(10):1882-91. 
57. Wasserman RA, Brummett CM, Goesling J, Tsodikov A, Hassett AL. Characteristics of chronic 
pain patients who take opioids and persistently report high pain intensity. Regional Anesthesia & 
Pain Medicine. 2014;39:13-7. 
58. Wasserman RA, Hassett AL, Harte SE, Goesling J, Malinoff HL, Berland DW, et al. Pressure 
pain sensitivity in patients with suspected opioid-induced hyperalgesia. Regional Anesthesia and 
Pain Medicine. 2015;40(6):687-93. 
59. Hooten WM, Lamer TJ, Twyner C. Opioid-induced hyperalgesia in community-dwelling adults 
with chronic pain. Pain. 2015;156(6):1145-52. 
60. Rowan MP, Bierbower SM, Eskander MA, Szteyn K, Por ED, Gomez R, et al. Activation of mu 
opioid receptors sensitizes transient receptor potential vanilloid type 1 (TRPV1) via beta-arrestin-2-
mediated cross-talk. PLoS One. 2014;9(4):e93688. 
61. Fletcher D, Martinez V. Opioid-induced hyperalgesia in patients following surgery. A 
systematic review and meta-analysis. British Journal of Anaesthesia. 2014. 
62. Kim SH, Stoicea N, Soghomonyan S, Bergese SD. Remifentanil-acute opioid tolerance and 
opioid-induced hyperalgesia: a systematic review. Am J Ther. 2015;22(3):e62-74. 
63. Sanfilippo F, Conticello C, Santonocito C, Minardi C, Palermo F, Bernardini R, et al. 
Remifentanil and worse patient-reported outcomes regarding postoperative pain management after 
thyroidectomy. Journal of Clinical Anesthesia. 2016;31:27-33. 
64. de Hoogd S, Ahlers SJGM, van Dongen EPA, van de Garde EMW, Daeter EJ, Dahan A, et al. 
Randomized Controlled Trial on the Influence of Intraoperative Remifentanil versus Fentanyl on 
Acute and Chronic Pain after Cardiac Surgery. Pain Practice. 2018;18(4):443-51. 
65. Cata JP, Bugada D, De Andres J. Opioid-less perioperative care. Minerva Anestesiologica. 
2017;83(3):315-20. 
66. De Hoogd S, Ahlers SJGM, Van Dongen EPA, Van De Garde EMW, Hamilton-Ter Brake TAT, 
Dahan A, et al. Is intraoperative remifentanil associated with acute or chronic postoperative pain 
after prolonged surgery? An update of the literature. Clinical Journal of Pain. 2016;32(8):726-35. 
67. Singler B, Troster A, Manering N, Schuttler J, Koppert W. Modulation of remifentanil-induced 
postinfusion hyperalgesia by propofol. Anesth Analg. 2007;104(6):1397-403, table of contents. 
68. Richebe P, Rivat C, Creton C, Laulin JP, Maurette P, Lemaire M, et al. Nitrous oxide revisited: 
evidence for potent antihyperalgesic properties. Anesthesiology. 2005;103:845-54. 
69. Sun EC, Bateman BT, Memtsoudis SG, Neuman MD, Mariano ER, Baker LC. Lack of 
Association between the Use of Nerve Blockade and the Risk of Postoperative Chronic Opioid Use 
among Patients Undergoing Total Knee Arthroplasty: Evidence from the Marketscan Database. 
Anesthesia and Analgesia. 2017;125(3):999-1007. 
70. Yu EH, Tran DH, Lam SW, Irwin MG. Remifentanil tolerance and hyperalgesia: short-term 
gain, long-term pain? Anaesthesia. 2016;71(11):1347-62. 
71. Ruscheweyh R, Wilder-Smith O, Drdla R, Liu XG, Sandkuhler J. Long-term potentiation in 
spinal nociceptive pathways as a novel target for pain therapy. [Review]. Molecular Pain. 2011;7:20. 
72. Comelon M, Raeder J, Stubhaug A, Nielsen CS, Draegni T, Lenz H. Gradual withdrawal of 
remifentanil infusion may prevent opioid-induced hyperalgesia. Br J Anaesth. 2016;116(4):524-30. 
73. Han SS, Do SH, Kim TH, Choi WJ, Yun JS, Ryu JH. Stepwise tapering of remifentanil at the end 
of surgery decreased postoperative pain and the need of rescue analgesics after thyroidectomy. 
BMC Anesthesiology. 2015:1-6. 
74. Santonocito C, Noto A, Crimi C, Sanfilippo F. Remifentanil-induced postoperative 
hyperalgesia: current perspectives on mechanisms and therapeutic strategies. Local and regional 
anesthesia. 2018;11:15-23. 

25



75. Belgrade M, Hall S. Dexmedetomidine infusion for the management of opioid-induced 
hyperalgesia. Pain Medicine. 2010;11:1819-26. 
76. Mercieri M, Palmisani S, De Blasi RA, D'Andrilli A, Naccarato A, Silvestri B, et al. Low-dose 
buprenorphine infusion to prevent postoperative hyperalgesia in patients undergoing major lung 
surgery and remifentanil infusion: A double-blind, randomized, active-controlled trial. British Journal 
of Anaesthesia. 2017;119(4):792-802. 
77. Laskowski K, Stirling A, McKay WP, Lim HJ. A systematic review of intravenous ketamine for 
postoperative analgesia. Can J Anaesth. 2011;58(10):911-23. 
78. Loftus RW, Yeager MP, Clark JA, Brown JR, Abdu WA, Sengupta DK, et al. Intraoperative 
ketamine reduces perioperative opiate consumption in opiate-dependent patients with chronic back 
pain undergoing back surgery. Anesthesiology. 2010;113:639-46. 
79. Chaparro LE, Smith SA, Moore RA, Wiffen PJ, Gilron I. Pharmacotherapy for the prevention 
of chronic pain after surgery in adults. Cochrane Database of Systematic Reviews. 2013;7:CD008307. 
80. Martinez V, Beloeil H, Marret E, Fletcher D, Ravaud P, Trinquart L. Non-opioid analgesics in 
adults after major surgery: systematic review with network meta-analysis of randomized trials. Br J 
Anaesth. 2017;118(1):22-31. 
81. Memtsoudis SG, Poeran J, Zubizarreta N, Cozowicz C, Morwald EE, Mariano ER, et al. 
Association of Multimodal Pain Management Strategies with Perioperative Outcomes and Resource 
Utilization: A Population-based Study. Anesthesiology. 2018;128(5):891-902. 
82. Powell R, Scott NW, Manyande A, Bruce J, Vogele C, Byrne-Davis LM, et al. Psychological 
preparation and postoperative outcomes for adults undergoing surgery under general anaesthesia. 
Cochrane Database Syst Rev. 2016(5):Cd008646. 
83. Szeverenyi C, Kekecs Z, Johnson A, Elkins G, Csernatony Z, Varga K. The Use of Adjunct 
Psychosocial Interventions Can Decrease Postoperative Pain and Improve the Quality of Clinical Care 
in Orthopedic Surgery: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. J 
Pain. 2018;19(11):1231-52. 
84. Ljungqvist O, Scott M, Fearon KC. Enhanced recovery after surgery: A review. JAMA Surgery. 
2017;152(3):292-8. 
85. Smith JS, Rajagopal S. The beta-Arrestins: Multifunctional Regulators of G Protein-coupled 
Receptors. J Biol Chem. 2016;291(17):8969-77. 
86. Bohn LM, Lefkowitz RJ, Gainetdinov RR, Peppel K, Caron MG, Lin FT. Enhanced morphine 
analgesia in mice lacking beta-arrestin 2. Science. 1999;286(5449):2495-8. 
87. Raehal KM, Bohn LM, Raehal KM, Bohn LM. The role of beta-arrestin2 in the severity of 
antinociceptive tolerance and physical dependence induced by different opioid pain therapeutics. 
Neuropharmacology. 2011;60:58-65. 
88. Lam H, Maga M, Pradhan A, Evans CJ, Maidment NT, Hales TG, et al. Analgesic tone 
conferred by constitutively active mu opioid receptors in mice lacking beta-arrestin 2. Mol Pain. 
2011;7:24. 
89. Yang CH, Huang HW, Chen KH, Chen YS, Sheen-Chen SM, Lin CR. Antinociceptive 
potentiation and attenuation of tolerance by intrathecal beta-arrestin 2 small interfering RNA in rats. 
Br J Anaesth. 2011;107(5):774-81. 
90. Reiter E, Ahn S, Shukla AK, Lefkowitz RJ. Molecular mechanism of beta-arrestin-biased 
agonism at seven-transmembrane receptors. Annu Rev Pharmacol Toxicol. 2012;52:179-97. 
91. Madariaga-Mazon A, Marmolejo-Valencia AF, Li Y, Toll L, Houghten RA, Martinez-Mayorga K. 
Mu-Opioid receptor biased ligands: A safer and painless discovery of analgesics? Drug Discov Today. 
2017;22(11):1719-29. 
92. Raehal KM, Walker JK, Bohn LM. Morphine side effects in beta-arrestin 2 knockout mice. J 
Pharmacol Exp Ther. 2005;314(3):1195-201. 
93. Manglik A, Lin H, Aryal DK, McCorvy JD, Dengler D, Corder G, et al. Structure-based discovery 
of opioid analgesics with reduced side effects. Nature. 2016;537(7619):185-90. 

26



94. Poelaert J, Koopmans-Klein G, Dioh A, Louis F, Gorissen M, Loge D, et al. Treatment with 
prolonged-release oxycodone/naloxone improves pain relief and opioid-induced constipation 
compared with prolonged-release oxycodone in patients with chronic severe pain and laxative-
refractory constipation. Clin Ther. 2015;37(4):784-92. 
95. Corder G, Tawfik VL, Wang D, Sypek EI, Low SA, Dickinson JR, et al. Loss of mu opioid 
receptor signaling in nociceptors, but not microglia, abrogates morphine tolerance without 
disrupting analgesia. Nat Med. 2017;23(2):164-73. 
96. Salter MW, Kalia LV. Src kinases: a hub for NMDA receptor regulation. Nat Rev Neurosci. 
2004;5(4):317-28. 
97. Luttrell DK, Luttrell LM. Not so strange bedfellows: G-protein-coupled receptors and Src 
family kinases. Oncogene. 2004;23(48):7969-78. 
98. Walwyn W, Evans CJ, Hales TG. Beta-arrestin2 and c-Src regulate the constitutive activity and 
recycling of mu opioid receptors in dorsal root ganglion neurons. The Journal of neuroscience : the 
official journal of the Society for Neuroscience. 2007;27(19):5092-104. 
99. Dang VC, Chieng BC, Christie MJ. Prolonged stimulation of mu-opioid receptors produces 
beta-arrestin-2-mediated heterologous desensitization of alpha(2)-adrenoceptor function in locus 
ceruleus neurons. Mol Pharmacol. 2012;82(3):473-80. 
100. Porkka K, Koskenvesa P, Lundan T, Rimpilainen J, Mustjoki S, Smykla R, et al. Dasatinib 
crosses the blood-brain barrier and is an efficient therapy for central nervous system Philadelphia 
chromosome-positive leukemia. Blood. 2008;112(4):1005-12. 
101. Leduc-Pessah H, Weilinger NL, Fan CY, Burma NE, Thompson RJ, Trang T. Site-Specific 
Regulation of P2X7 Receptor Function in Microglia Gates Morphine Analgesic Tolerance. The Journal 
of neuroscience : the official journal of the Society for Neuroscience. 2017;37(42):10154-72. 
102. Liu XJ, Gingrich JR, Vargas-Caballero M, Dong YN, Sengar A, Beggs S, et al. Treatment of 
inflammatory and neuropathic pain by uncoupling Src from the NMDA receptor complex. Nat Med. 
2008;14(12):1325-32. 
103. De Felice M, Lambert D, Holen I, Escott KJ, Andrew D. Effects of Src-kinase inhibition in 
cancer-induced bone pain. Mol Pain. 2016;12. 
104. Araldi D, Khomula EV, Ferrari LF, Levine JD. Fentanyl Induces Rapid Onset Hyperalgesic 
Priming: Type I at Peripheral and Type II at Central Nociceptor Terminals. The Journal of 
neuroscience : the official journal of the Society for Neuroscience. 2018;38(9):2226-45. 
105. Guo W, Zou S, Guan Y, Ikeda T, Tal M, Dubner R, et al. Tyrosine phosphorylation of the NR2B 
subunit of the NMDA receptor in the spinal cord during the development and maintenance of 
inflammatory hyperalgesia. The Journal of neuroscience : the official journal of the Society for 
Neuroscience. 2002;22(14):6208-17. 
106. Trujillo KA. The neurobiology of opiate tolerance, dependence and sensitization: 
mechanisms of NMDA receptor-dependent synaptic plasticity. Neurotoxicity Research. 2002;4:373-
91. 
107. Xu JT, Zhao JY, Zhao X, Ligons D, Tiwari V, Atianjoh FE, et al. Opioid receptor-triggered spinal 
mTORC1 activation contributes to morphine tolerance and hyperalgesia. The Journal of clinical 
investigation. 2014;124(2):592-603. 
108. DR W, W L. The Clinical Opiate Withdrawal Scale (COWS). Journal of Psychoactive Drugs. 
2003;65(2):253-9. 
109. Arout CA, Edens E, Petrakis IL, Sofuoglu M. Targeting Opioid-Induced Hyperalgesia in Clinical 
Treatment: Neurobiological Considerations. CNS Drugs. 2015;29(6):465-86. 
110. Fine PG, Portenoy RK. Establishing "best practices" for opioid rotation: conclusions of an 
expert panel. J Pain Symptom Manage. 2009;38(3):418-25. 
111. Haanpaa M, Attal N, Backonja M, Baron R, Bennett M, Bouhassira D, et al. NeuPSIG 
guidelines on neuropathic pain assessment. Pain. 2011;152:14-27. 
112. Vadivelu N, Mitra S, Kai AM, Kodumudi G, Gritsenko K. Review of perioperative pain 
management of opioid-dependent patients. Journal of Opioid Management. 2016;12(4):289-301. 

27



113. Dahl JB, Nielsen RV, Wetterslev J, Nikolajsen L, Hamunen K, Kontinen VK, et al. Post-
operative analgesic effects of paracetamol, NSAIDs, glucocorticoids, gabapentinoids and their
combinations: a topical review. Acta Anaesthesiol Scand. 2014;58(10):1165-81.
114. Khan JS, Margarido C, Devereaux PJ, Clarke H, McLellan A, Choi S. Preoperative celecoxib in
noncardiac surgery: A systematic review and meta-analysis of randomised controlled trials. Eur J
Anaesthesiol. 2016;33(3):204-14.
115. Arumugam S, Lau CS, Chamberlain RS. Use of preoperative gabapentin significantly reduces
postoperative opioid consumption: a meta-analysis. J Pain Res. 2016;9:631-40.
116. Bujalska-Zadrozny M, Tatarkiewicz J, Kulik K, Filip M, Naruszewicz M. Magnesium enhances
opioid-induced analgesia - What we have learnt in the past decades? European Journal of
Pharmaceutical Sciences. 2017;99:113-27.
117. Mohammad HR, Hamilton TW, Strickland L, Trivella M, Murray D, Pandit H. Perioperative
adjuvant corticosteroids for postoperative analgesia in knee arthroplasty. Acta Orthop.
2018;89(1):71-6.
118. Kranke P, Jokinen J, Pace NL, Schnabel A, Hollmann MW, Hahnenkamp K, et al. Continuous
intravenous perioperative lidocaine infusion for postoperative pain and recovery. Cochrane
Database Syst Rev. 2015(7):CD009642.
119. Rivat C, Bollag L, Richebe P. Mechanisms of regional anaesthesia protection against

hyperalgesia and pain chronicization. Curr Opin Anaesthesiol. 2013;26(5):621-5.

28




