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Appendix 1: Does the Repeated Administration of Opioid Drugs Produce Psychomotor Sensitization?

Many of the early studies that formed the initial foundation for the Incentive-Sensitization Theory of Addiction (IST) characterized the progressive increase in the psychomotor activating effects of psychomotor stimulant drugs (e.g., locomotor hyperactivity, stereotyped behavior) produced by their repeated intermittent administration, i.e., psychomotor sensitization. However, studies on psychomotor sensitization do not directly address changes in motivated behavior (incentive sensitization) so, for the aficionados, a review of the opioid literature on this topic is included in this Appendix, rather than the body of the paper. 

There was an historical focus on psychomotor effects for several good reasons. These effects were known to be mediated by mesolimbic and mesostriatal dopamine systems, they were relatively easy to quantify, and it was thought that there was considerable overlap in the neural systems that mediate the psychomotor activating and rewarding effects of most potentially addictive drugs (e.g., Wise and Bozarth 1987). There is a wealth of evidence that psychomotor stimulant drugs, such as amphetamine and cocaine, induce psychomotor sensitization (e.g., for reviews see Kalivas and Stewart 1991; Robinson and Becker 1986; Robinson and Berridge 1993; 2025). Here we ask whether opioid drugs have similar effects.

Experimenter-administered systemic injections. When given systemically low doses of morphine produce primarily locomotor hyperactivity, often referred to as “excitatory effects”, but higher doses produce a biphasic effect on motor activity – an initial depression in motor activity followed by locomotor hyperactivity (e.g., Babbini and Davis 1972; Schnur et al. 1983b). Therefore, when relatively high doses of morphine were used most studies on psychomotor sensitization focused on the later “excitatory phase”, when locomotor hyperactivity predominates. There are situations in which morphine produces primarily psychomotor activating effects more akin to that seen with drugs like amphetamine or cocaine, for example, in some strains of mice (e.g., Acevedo-Canabal et al. 2023; Kuribara and Tadokoro 1989) or following intra-ventral tegmental area (VTA) injections (e.g., Joyce and Iversen 1979; Marinelli et al. 1994). There are many reports that repeated systemic treatment with morphine induces psychomotor sensitization, as measured by an increase in locomotor activity in rats (Babbini and Davis 1972; Bajic et al. 2015; Bartoletti et al. 1985; Bartoletti et al. 1983; Bulin et al. 2018; Carlezon et al. 1999; Grecksch et al. 2006; Jeziorski et al. 1994; Johnson and Glick 1993; Johnson and Napier 2000; Leite Junior et al. 2023; Leite Junior et al. 2019; Melchiorri et al. 1992; Mickiewicz et al. 2009; Ojanen et al. 2003; Rothwell et al. 2010; Sills and Fletcher 1997; Vanderschuren et al. 1999b; Vezina and Stewart 1989), mice (Cordonnier et al. 2007; Frances et al. 2000; Guegan et al. 2016; Hamor et al. 2023; Jezova et al. 2004; Kaplan et al. 2011; Kuribara 1995; 1997; Le Marec et al. 2011; Madison et al. 2020; Martin et al. 2000; Masukawa et al. 2020), or hamsters (Schnur 1985; Schnur et al. 1983a), and we are aware of one such study in rhesus monkeys (Chen et al. 2007). In most studies on morphine-induced psychomotor sensitization locomotor activity was quantified, but sensitization of morphine-induced stereotyped behavior (mostly oral behaviors such as chewing or biting) has also been reported (Fiserova et al. 1999; Grappi et al. 2011; Livezey et al. 1995; Pollock and Kornetsky 1996; Vigano et al. 2003), as has sensitization of rotational behavior in rats with a unilateral 6-hydroxydopamine lesion (Badiani et al. 2000; Volpicelli et al. 1999). 

As with psychomotor stimulant drugs (Robinson 1984; Robinson et al. 1982), a single injection of morphine is sufficient to produce psychomotor sensitization (Liu et al. 2012; Vanderschuren et al. 2001; Wei et al. 2016a; Wei et al. 2016b), although repeated intermittent opioid administration is most effective (Le Marec et al. 2011; Vanderschuren et al. 1997), and the intermittent experience of withdrawal has similar effects (Lefevre et al. 2020; Rothwell et al. 2010; Marie et al 2019 for review). Chronic (continuous) administration of morphine is thought to not produce psychomotor sensitization (e.g., Kunko et al. 1998), unless animals are challenged long after the discontinuation of treatment (Khallouk-Bousselmame and Costentin 1994; Le Marec et al. 2011; Pollock and Kornetsky 1996). However, others have reported locomotor sensitization during chronic morphine administration (Melchiorri et al. 1992) and Trujillo et al. (2004) reported that the continuous administration of either morphine or fentanyl produces a progressive increase in locomotor activity.

Once induced, psychomotor sensitization to morphine is very long-lasting, persisting for many months after the cessation of drug treatment (Babbini et al. 1975; Bartoletti et al. 1983; Powell and Holtzman 2001), as is the case with psychomotor stimulant drugs (e.g., Paulson et al. 1991). In the vast majority of studies on opioid-induced psychomotor sensitization morphine was used, but similar effects have been described using heroin (Kvello et al. 2020; Morrison et al. 2011; Ranaldi et al. 2009; Seip-Cammack et al. 2013; Zhu et al. 2016), oxycodone (Liu et al. 2005; Midani et al. 2025; Niikura et al. 2013), fentanyl (Du et al. 2024; Gaulden et al. 2021; Trujillo et al. 2004) or 6-acetylmorphine (Kvello et al. 2020). The locomotor sensitization produced by oxycodone is reported to be highly dependent on sex and phase of the light cycle in mice (English and Briand 2025). Lastly, as with psychostimulant drugs, psychomotor sensitization to opioids is most robust when the drug is administered in a relatively novel environment (Coelho et al. 2025; Paolone et al. 2007; Trombin et al. 2018).

Cross-sensitization. Psychomotor cross-sensitization occurs for psychostimulant drugs, for example, between amphetamine and cocaine, and vice versa, and this occurs with opioids as well. For example, animals sensitized to morphine are also later hypersensitive to fentanyl (Bartoletti et al. 1987) or methadone (Bartoletti et al. 1985; Taracha et al. 2009), as well as a delta receptor agonist (Melchiorri et al. 1992), and mice sensitized to methadone are later hypersensitive to morphine (Allouche et al. 2013). The literature on cross-sensitization between opioids and psychostimulant drugs is somewhat mixed. Studies in which locomotor activity was quantified found that animals pretreated with morphine show cross-sensitization to amphetamine (Cunningham et al. 1997; Kuribara and Tadokoro 1989; Vanderschuren et al. 1999a; Vezina et al. 1989) and cocaine (Smith et al. 2009; Velazquez et al. 2010). Leri et al. (2003) found that after protracted withdrawal from continuous heroin treatment rats showed cross-sensitization to the psychomotor activating effects of cocaine, and a “history of heroin exposure also enhanced the subsequent voluntary self-administration of cocaine”. One study in which rotational behavior was quantified failed to find cross-sensitization from morphine to either amphetamine or cocaine (Volpicelli et al. 1999). Cross sensitization from amphetamine to morphine was reported in some strains of mice, but not others (Kuribara & Tadokoro 1989), although Vanderschuren et al. (1999) did not find this in rats. However, McDaid et al. (2005) found that past exposure to cocaine increased (sensitized) the subsequent psychomotor response to morphine. Finally, reciprocal psychomotor cross-sensitization between morphine and delta 9-THC has been reported (Cadoni et al. 2001), and prior stress facilitates the locomotor activating effects produced by a subsequent injection of morphine (Leyton and Stewart 1990).

Experimenter-administered intra-cerebral injections. One line of evidence suggesting an interaction between opioids, mesolimbic dopamine and locomotor sensitization comes from studies involving local injections of opioids into the VTA, where dopamine cells that give rise to mesolimbic projections are found (Kalivas et al. 1988). It has long been known that intra-VTA injections of enkephalin or endorphin analogues produce locomotor hyperactivity, which is blocked by naloxone (Broekkamp et al. 1979; Joyce et al. 1981; Kalivas et al. 1983; Kelley et al. 1980; Stinus et al. 1980) and by the systemic (Joyce et al. 1981) or intra-NAc injection (Kalivas et al 1983) of a dopamine antagonist, as well as by 6-OHDA lesions of mesolimbic dopamine projections (Kelley et al 1980; Stinus et al 1980). A unilateral injection of morphine is also reported to induce contralateral rotational behavior, which is blocked by pimozide (Holmes and Wise 1985). These acute effects have also been associated with an increase in dopamine metabolism (Kalivas et al 1983). When enkephalin analogues were injected repeatedly into the VTA there was a progressive increase (sensitization) in their locomotor activating effects and cross-sensitization to amphetamine (Kalivas 1985; Kalivas et al. 1985). Locomotor sensitization was accompanied by increased dopamine metabolism in the nucleus accumbens (NAc) and striatum produced by a challenge injection (Kalivas 1985). 

Injection of an enkephalin analogue into the NAc also produces acute locomotor hyperactivity, following an initial period of motor depression as often seen with high doses of systemic morphine, and this was blocked by naloxone (Havemann et al. 1983). An intra-NAc injection of morphine is also reported to produce locomotor hyperactivity, which is blocked by naloxone but not the dopamine antagonist, haloperidol (Pert and Sivit 1977). Similarly, Kalivas et al (1983) reported that the hyperactivity produced by NAc injection of an enkephalin analogue was not blocked by a dopamine antagonist into the NAc or by a 6-OHDA lesion, unlike with intra-VTA treatment. They argued, therefore, opioid-induced locomotor hyperactivity can be produced both dopamine-dependent (VTA) and dopamine-independent (NAc) means (also see Remmers et al. 2025).

As with enkephalins, the administration of mu opioid receptor agonist drugs, such as morphine, directly into the VTA, produces locomotor hyperactivity, and with repeated treatments results in locomotor sensitization (Joyce and Iversen 1979; Vezina et al. 1987; Vezina and Stewart 1984; 1989). Interestingly, the local injection of morphine into the NAc also produces locomotor hyperactivity, which is not blocked by a DA antagonist, and no sensitization results with repeated administration (Vezina et al 1987). Similar results were seen in a study of cross-sensitization between amphetamine and morphine. Vezina and Stewart (1990) reported that the local injection of amphetamine into the VTA produced locomotor sensitization to a subsequent systemic injection of morphine, whereas the local injection of amphetamine into the NAc did not produce cross-sensitization to systemic morphine. These studies suggest that an action of amphetamine or morphine in the VTA (but not NAc) is necessary to induce sensitization, but as in the case of amphetamine, an action on the NAc is sufficient for its expression (Paulson and Robinson 1991).

Opioid self-administration. There are a number of studies reporting that the self-administration of psychomotor stimulant drugs induces psychomotor sensitization (Robinson & Berridge 2025 for review) but we are aware of only three studies using an opioid. Marinelli et al. (1998) reported that over 10 days of heroin self-administration rats showed a large and progressive increase in heroin-induced locomotor activity (sensitization), while the amount of drug intake remained constant. Marinelli et al (1998) assessed the locomotor activating effects of heroin during self-administration sessions, but De Vries et al (1998) examined the locomotor response to a heroin challenge 3 weeks after the cessation of heroin self-administration training. They reported that, relative to a saline control group, rats with a history of heroin self-administration showed an enhanced locomotor response to a heroin challenge (De Vries et al. 1998; De Vries et al. 1999). Finally, Lecca et al. (2007) compared rats self-administering heroin with yoked controls. Both groups showed behavioral sensitization, but this was greater in the yoked control group. Zhang and Kong (2017) also reported that locomotor activity increased over 14 days of morphine self-administration, but drug intake also increased over this time. However, a priming injection of morphine during a reinstatement test produced locomotor hyperactivity, suggestive of sensitization.

Neural and pharmacological manipulations. Several different pharmacological and other neural manipulations are reported to alter the development and/or expression of psychomotor sensitization produced by the systemic administration of opioids. As would be expected, systemic co-treatment of naloxone along with morphine prevents the development of locomotor sensitization (Kalivas and Duffy 1987; Kuribara 1995), as does the intra-VTA injection of naltrexone methobromide (Kalivas & Duffy 1987). Powell and Holtzman (2001) reported that systemic naltrexone completely prevented the expression of locomotor sensitization to a low dose challenge injection of morphine (3.0 mg/kg), but when given during the pretreatment phase, when much higher doses of morphine were administered (10-20 mg/kg), the response to the low challenge dose was only slightly diminished. 

Given the well-known hypothesis that the psychomotor stimulant effects of opioids are due, at least in part, to their action on mu opioid receptors on cells in the VTA that result in the disinhibition of dopamine neurons (e.g., Joyce and Iversen 1979), a number of researchers looked at the effects of dopamine receptor antagonists on the psychomotor sensitization produced by opioids. There appears to be a consensus that the antagonism of dopamine D2 receptors prevents the development of locomotor sensitization produced by either intra-VTA (Joyce & Iversen 1979; Vezina & Stewart 1984; Vezina & Stewart 1989) or systemic morphine (Kuribara 1995), as does pretreatment with a low dose of apomorphine thought to reduce dopamine activity (Leite Junior et al. 2023; also see Rivera Quiles et al. 2025). Locomotor sensitization is also not seen in dopamine D3 knockout mice (Li et al. 2010; also see Lv et al. 2019) and in mice is attenuated by treatment with a dopamine D2/D3 partial agonist (Nickols et al. 2023) or a dopamine D3 antagonist (Lv et al 2019). The effects of dopamine D1 antagonists are more mixed. Kuribara (1995) reported that a D1 antagonist prevented locomotor sensitization produced by systemic morphine, but Livezey et al. (1995) reported a D1 antagonist did not prevent the sensitization of oral stereotyped behaviors. Vezina and Stewart (1989) reported that a D1 antagonist was ineffective in reducing locomotor sensitization produced by intra-VTA morphine. Finally, Johnson and Napier (2000) reported that repeated treatment with morphine into the ventral pallidum was sufficient to induce locomotor sensitization, and the sensitization produced by systemic morphine was prevented by intra-pallidal naloxone, but not a D1 antagonist.

Glutamate neurotransmission is known to be important for the psychomotor sensitization induced by psychomotor stimulant drugs, so it is not surprising this has also been implicated in the sensitization produced by opioids as well. Both AMPA and NMDA receptor antagonists are reported to prevent the development of psychomotor sensitization produced by systemic morphine (Carlezon et al. 1999; Jeziorski et al. 1994; Livezey et al. 1995; Mendez and Trujillo 2008), or methadone or buprenorphine (Mendez & Trujillo 2008). In addition, the locomotor sensitization produced by systemic morphine is decreased by a nicotine antagonist (expression blocked and development attenuated) (Bajic et al. 2015) or a CB1 receptor antagonist (Marinho et al. 2023), is not evident in CB-1 receptor knockout mice (Guegan et al. 2016) or Neuroligin-3 knockout mice (Brandner et al. 2023), and this latter effect is associated with a decrease in morphine-induced activity in dopamine neurons. Finally, Sills and Fletcher (1997) reported morphine-induced locomotor sensitization was prevented by a 5-HT agonist.

In summary:

1. Repeated treatment with systemic opioids induces persistent psychomotor sensitization.

2. The psychomotor sensitization produced by systemic opioids is blocked by treatment with dopamine D2 or D3 antagonists, or a 6-OHDA lesion. The effects of D1 antagonists are mixed.

3. There is cross-sensitization between different opioids and evidence of cross-sensitization from morphine to amphetamine, but little evidence for the reverse, i.e., from amphetamine to morphine.

4. The injection of opioids into the VTA produces locomotor hyperactivity and psychomotor sensitization, which is blocked by D2 antagonism.

5. The self-administration of heroin induces psychomotor sensitization, although there are very few studies on this topic.

6. AMPA or NMDA receptor antagonism prevents opioid-induced psychomotor sensitization.

We conclude that opioid-induced psychomotor sensitization has very similar characteristics to that produced by psychomotor stimulant drugs, including persistence and dependence on dopamine.

Appendix 2: Features of Incentive Salience - Conditioned Reinforcement, Sign-Tracking, and Conditioned Motivation (Reinstatement)

Cues that have been associated with a reward (i.e., Pavlovian conditioned stimuli or CSs) and have been attributed with incentive salience, acquire the ability to act as incentive stimuli. Incentive stimuli have at least three fundamental properties, that in the case of drug-associated cues, Milton and Everitt (2010) have described as “three routes to relapse”. (1) When the cues are absent, individuals may work to get them, that is, they act as instrumental conditioned reinforcers. (2) When the cues are present, they attract attention and can elicit approach behavior towards them (they produce sign-tracking), sometimes accompanied by consummatory behaviors toward the cues. (3) Cues can evoke urges to obtain and consume their associated unconditioned reward, such as drugs, often measured by cue-induced relapse or in Pavlovian-Instrumental Transfer [PIT] studies (Berridge and Robinson 2003; Cardinal et al. 2002; Milton and Everitt 2010). It is well established that cues associated with psychomotor stimulant drugs such as cocaine or methamphetamine can acquire all three properties of an incentive stimulus (Flagel and Robinson 2017; Robinson and Berridge 2025; Robinson et al. 2018). Here we ask whether cues associated with opioid drugs are similarly attributed with incentive salience and thus potentially motivate drug-seeking and drug-taking behavior.

Instrumental conditioned reinforcement. When otherwise absent, reward cues may be desired and sought out, acting as instrumental conditioned reinforcers – that is, animals will work to obtain just the cue itself. This property of an incentive stimulus can maintain drug-seeking behavior, for example, when access to drug itself is delayed, thus contributing to relapse (Milton & Everitt 2010). Cues associated with the administration of opioid drugs, including morphine, heroin, oxycodone or remifentanil have all been reported to serve as effective instrumental conditioned reinforcers that rodents will work to obtain (Alderson et al. 2000; Bertz et al. 2016; Bertz and Woods 2013; Crowder et al. 1972; Crummy et al. 2020; Goldberg and Tang 1977; Grella et al. 2011; Robertson et al 2025; Woods and Schuster 1968; Yager et al. 2015). Both cues that are learned as discriminative stimuli signaling drug availability during instrumental drug self-administration, and pure Pavlovian CSs that reliably predict drug delivery, become sought after and serve as conditioned reinforcers. Further, opioid drug cues retain this incentive status long after initial training (Di Ciano and Everitt 2004; Robertson and Jutkiewicz 2020).

Approach (sign-tracking) in non-human animals. Sign-tracking refers to attention capture and approach towards the conditioned stimulus itself when encountered, and sometimes consummatory engagement with that cue (Robinson et al. 2018). Cues that elicit sign-tracking function as “motivational magnets” (Berridge and Robinson 2003) and may contribute to relapse by bringing an individual into proximity to places where drugs may be procured. A considerable literature documents sign-tracking to cues associated with cocaine, and especially individual variation in the extent to which cocaine cues evoke sign-tracking (Flagel and Robinson 2017; Robinson et al. 2018). The literature on sign-tracking towards opioid cues is relatively small, but several studies suggest that some rats do indeed approach a cue associated with heroin (Madsen and Ahmed 2015; Peters and De Vries 2014) or remifentanil (Yager et al. 2015). In addition, although not part of their formal study, which was on cocaine, Reilly et al.(2016) reported that during self-administration sessions rhesus monkeys mouthed (contact with their face) a lighted disk associated with alfentanil injections on 100% of trials. 

There is considerable individual variation in the extent to which cues associated with a reward produce a sign tracking response (Robinson et al 2018). When a food cue is used, approximately 1/3 of a rat population are primarily sign trackers, 1/3 instead develop a goal-tracking conditioned response (approach to the place of impending food delivery) and the remaining third are intermediates, vacillating between sign-tracking and goal-tracking (e.g., Flagel & Robinson 2017). Thus, sign-trackers preferentially attribute incentive salience to a food cue, and the same individuals are also mostly likely to approach a cue associated with cocaine. Yager et al (2015) asked if there is similar individual variation in sign-tracking vs goal-tracking evoked by a cue associated with the short-acting opioid, remifentanil. The answer was yes, with a similar pattern: food-cue sign-trackers also show robust sign-tracking to a remifentanil cue, whereas food-cue goal-trackers did not. In addition, the opioid cue was an effective conditioned reinforcer in sign-trackers, but not goal-trackers, indicating these two expressions of cue incentive salience cluster together. Furthermore, as with food or cocaine cues (Saunders and Robinson 2013; Saunders et al. 2013), the expression of sign-tracking to an opioid cue was dopamine-dependent, as it was dose-dependently decreased by pretreatment with the dopamine antagonist, flupenthixol, whereas the expression of goal-tracking was not suppressed by dopamine antagonism (Yager et al 2015). 

As discussed in the body of this paper, sign-tracking in non-human animals is thought to be analogous to the attentional bias towards reward cues observed in humans. There is very little research specifically on the neural basis of the attentional bias to opioid cues in humans, with only provisional evidence that dopamine may be required (Franken et al. 2004; for review Luijten et al. 2014). However, as mentioned above, in rats, sign-tracking (but not goal-tracking) to an opioid cue is dopamine-dependent (Yager at al 2015), and cues associated with both drug and a natural reward produce a greater increase in firing of VTA dopamine neurons in rats previously exposed to remifentanil than controls (Lehmann et al. 2025). Thus, as with cues associated with food or cocaine, opioid cues acquire this property of an incentive stimulus in a dopamine-dependent manner.

Conditioned motivation - reinstatement in non-human animals. Another signature feature of a reward cue that is attributed with incentive salience is that its presentation can evoke a temporary surge of increased ‘wanting’ to consume its unconditioned reward (Berridge and Robinson 2003). This feature of an incentive stimulus is often studied in animals using Pavlovian-Instrumental Transfer (PIT) procedures that measure cue-triggered ‘wanting’ to obtain a related reward, such as a palatable food. In drug studies, however, cue-triggered ‘wanting’ is more commonly studied using cue-triggered reinstatement of drug-seeking behavior, after the self-administration response has been extinguished by a number of nonrewarded trials. However, the way such studies are often (but not always) conducted does not allow one to determine whether cue-induced reinstatement is truly due to evoking a conditioned motivational state. This is because in many cue-induced reinstatement studies the cue is presented after the animal emits an action, rather than before. In such cases it is not possible to dissociate whether an increase in seeking behavior is maintained by the conditioned reinforcing properties of the cue (see above), or because it generates a conditioned surge in motivation to obtain the drug, or a combination of both (Epstein et al. 2006). The better test of whether a cue evokes a conditioned motivational state that spurs one to action would be to present the cue non-contingently and assess if this evokes an increase in seeking actions, similarly to a PIT procedure. Nevertheless, with this caveat, the literature on cue-induced reinstatement of opioid-seeking is discussed next. 

The preclinical literature on relapse to opioid-seeking has been reviewed relatively recently  (Reiner et al. 2019; also see Ma et al. 2024; Negishi et al. 2024; Nicolas et al. 2022; Shaham et al. 1996; Shalev et al. 2002) and so we will summarize the conclusions from these reviews and only highlight a few especially relevant experimental studies. Reiner et al (2019) review the many different procedures that have been used to study the reinstatement of opioid seeking. Based on their review the following points seem to be well supported. (1) Discrete cues are effective in reinstating opioid-seeking. (2) Many different neurotransmitter systems have been implicated, including dopamine systems (e.g., Ettenberg et al. 1996; Shaham and Stewart 1996). (3) A glutamate projection from the prelimbic region of anterior cingulate cortex to NAc core is necessary (LaLumiere and Kalivas 2008). Interestingly, “the extinction of heroin seeking does not involve the same infralimbic mechanisms that are critical for the extinction of cocaine seeking” (McGregor et al 2025).

As mentioned above, in most reinstatement studies discrete cues are presented contingently. One reason for this is that the non-contingent presentation of cues is known to produce a relatively small effect, but this is amplified when it is made contingent (e. g., Alderson et al. 2000; de Wit and Stewart 1981; Grimm et al. 2000). However, at least a couple of studies report that the non-contingent presentation of an opioid cue does trigger reinstatement of opioid-seeking actions. Using a conflict model, in which abstinence is obtained by requiring animals to cross an electrified floor to gain access to drug, rather than extinction, both Peck et al (2013) and Ewing et al (2021) report that the non-contingent presentation of a heroin cue is sufficient to reinstate responding, even in the continued presence of the electrified floor (Ewing et al. 2021; Peck et al. 2013). Zumbusch et al. (2023) used a similar procedure, but with the opioid remifentanil, and found some animals reinstated to a non-contingent cue, but others did not. This variation may be related to whether animals are sign-trackers or goal-trackers, reflecting individual differences in whether incentive salience is attributed to the reward cue, as has been seen with a cocaine cue (Saunders and Robinson 2010). Thus, these studies suggest that an opioid cue can acquire the ability to trigger surges in motivation to obtain the opioid drug (Stewart et al. 1984). 

In summary, there is considerable evidence that opioid-associated cues can acquire all three signature features of a stimulus that has been attributed with incentive salience – an incentive stimulus - and thus contribute to the “three routes to relapse” proposed by Milton and Everitt (2010). 

Appendix 3: Is Conscious Craving Needed for Relapse?  

In the body of this paper we discuss whether opioid cues can evoke subjective craving in people with opioid use disorder, and whether this can contribute to relapse. We conclude that they do (e.g., Li et al. 2015; Marhe et al. 2013; Saraiya et al. 2021; Vafaie and Kober 2022). However, it is also important to note that ‘wanting’ for morphine has been reported to occur in the absence of the drug having any measurable subjective effects. For example, when opioid users were allowed to self-administer various doses of morphine, they not surprisingly self-administered moderate or larger doses that produced desired subjective effects. But importantly, they also worked for a very low dose that they said was placebo because it did not produce any subjective effects, although they did not work for placebo (Lamb et al. 1991). This has been reported for cocaine as well (Fischman and Foltin 1992; see Robinson and Berridge 2025 for discussion). Interestingly, McKendrick et al. (2025) report that in people “who have little to no history of prior opioid experience” … “a meaningful number of individuals [30%] … were experiencing an array of opioid agonist responses of which they had no subjective awareness”. We have suggested, therefore, that although, “subjective craving plays a prominent role in addiction … it is not always necessary to motivate drug-seeking” (Robinson & Berridge 2025). Incentive salience has the capacity to work implicitly to influence behavior under some conditions, even in the absence of heightened subjective craving feelings. The role of implicit motivational processes may be more important in mediating relapse than often thought and deserve more attention (also see Preller et al. 2013). 
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