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Abstract 

 
In this paper we reviewed translational studies concerned with environmental 

influences on the rewarding effects of heroin versus cocaine in humans with 

substance use disorder in rodent models of drug use and abuse.  These studies show 

that both experienced utility (‘liking’) and decision utility (‘wanting’) of heroin and 

cocaine shift in opposite directions as a function of the setting in which these drugs 

were used.  Rats and humans prefer using heroin at home but cocaine outside the 

home.  These findings appear to challenge prevailing theories of drug reward, which 

focus on the notion of shared substrate of action for drug of abuse, and in particular 

on their shared ability to facilitate dopaminergic transmission.  Thus, in the second 

part of the paper we verified whether our findings could be accounted for by available 

computational models of reward.  To account for our findings, a model must include a 

component that could mediate the substance-specific influence of setting on drug 

reward.  It appears of the extant models none is fully compatible with the results of 

our studies.  We hope that this paper will serve as stimulus to design computational 

models more attuned to the complex mechanisms responsible for the rewarding 

effects of drugs in real world contexts.  
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Introduction 

It is well known that under certain conditions, some individuals eagerly self-

administer drugs such as heroin and cocaine.  The rewarding effects of these drugs 

differ from those of natural stimuli because drugs can act on the relevant circuitry of 

the brain without first stimulating one of the five major senses and in the absence of 

specialized homeostatic mechanisms regulating their intake.  In the past five decades 

a vast body of work has clarified in great detail the molecular targets of most abused 

substances but the exact mechanisms responsible for their rewarding effects are still 

not clear from both a neurobiological and conceptual point of view.  The nature of 

some the obstacles that make this aim difficult to achieve will become clear in the 

remaining of this paper.  For the moment we list three issues that might sound 

surprising to some readers.  First, the neurobiological mechanisms responsible for the 

euphoriant effects of drugs (‘drug pleasure’) are poorly understood.  For example, 

there is considerable evidence indicating that the mesolimbic dopaminergic system 

does not mediate pleasure or ‘drug pleasure’ (for reviews, see Robinson and Berridge 

1993; Berridge 2012; Berridge and O’Doherty 2014), but it is less appreciated that it 

even may not play a necessary role in the reinforcing effects of drug such as opioids 

and alcohol (see Badiani et al. 2011; Nutt et al. 2015), or even in drug reward in 

general (see Ikemoto 2010).  Second, the behavioral and neurobiological effects of 

drugs are powerfully modulated by the circumstances surrounding drug use (e.g., 

Zinberg et al. 1980; Stewart et al. 1984; Stewart and Badiani 1993; Badiani et al. 

1995a, 1998, 1999; Kendler et al. 2003; Paolone et al. 2004; Badiani and Robinson 

2004; Robinson and Kolb 2004; Badiani 2013).  Third, despite the explosion of 

research in artificial intelligence and computational modeling, our understanding of 

the neural algorithms regulating motivated behavior in the real world is still extremely 

rudimentary.  This is particularly true of drug-taking behavior, as relatively little work 

has focused on the rewarding effects of drugs from a computational point of view.   

 In this paper we will first review translational studies showing that the setting 

of drug use can influence in opposite directions the rewarding effects of opioids (e.g., 

heroin) versus psychostimulants (e.g., cocaine) in rats and humans.  The findings 

from these studies challenge the still prevailing unitary notion of drug reward that 

focus on the shared ability of drugs to activate dopaminergic transmission (e.g.: Wise 

1980; Di Chiara and Imperato 1988; Robinson and Berridge 1993; Nestler 2001, 
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2004; Hyman et al. 2006; Koob and Volkow, 2010; Berridge 2012; Covey et al. 2014; 

Keiflin and Janak 2015; Volkow and Morales 2015; Volkow et al. 2017; Berridge and 

Robinson 2016; Keramati et al. 2017).  This notion is so entrenched that, despite 

robust evidence to the contrary (see Badiani et al. 2011, 2018; Nutt et al. 2015), it is 

portrayed as a fact even in policy making documents (Surgeon General’s Report on 

the consequences of alcohol and drug abuse on health 2016; 

https://addiction.surgeongeneral.gov/).  The aim of this paper is therefore to verify 

whether our findings could be accounted for by available computational models of 

drug reward. 

 

Defining ‘drug reward’: experienced utility versus decision utility 

The reported reasons for using drugs change from drug to drug, from individual to 

individual, from situation to situation (e.g., see Gossop and Connell 1975; Harford 

1978).  Unsurprisingly, the drug effect that has attracted most research interest is 

represented by the intense pleasure produced by drug such as heroin or cocaine (at 

least in some individuals).  However, drugs produce a myriad of other effects that can 

lead an individual to use one or more of them (see, for example, Müller and 

Schumann 2011).  Although only in a minority of cases the pattern of use becomes 

compulsive, leading to a diagnosis of substance use disorder (SUD), drugs such as 

heroin, cocaine, and alcohol are commonly referred to as addictive drugs.  

Unfortunately, this tends to produce a confusion between the mechanisms responsible 

for the rewarding effects of drugs and the mechanisms responsible for the loss of 

control over their use, that is, drug addiction.  In the present paper we are concerned 

with the former rather than with latter. 

Another source of confusion is represented by the term ‘reward’.  This term is 

used by some to indicate the “recompense given after a particular response which 

reinforces learning or behaviour” (Oxford English Dictionary 2010).  According to 

this meaning, ‘reward’ is synonymous with ‘reinforcer’, which is a purely operational 

term that does not require making assumptions about underlying psychological 

processes.  Others use the term reward to indicate the positive hedonic effect of 

rewarding stimuli (e.g., Redish et al. 2008).  Still others indicate with the term 

‘reward’ the entire set of hypothetical psychological construct(s) responsible for the 
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reinforcing effects (e.g., Berridge et al. 2003; Berridge 2012)1.  In the present paper 

we use reward according to the last meaning, which coincides with the notion of 

utility (Kahneman et al. 1997, 1999). 

Furthermore, we adopted here the distinction, proposed independently by 

Berridge and colleagues (Robinson & Berridge 1993; Berridge et al. 2009) and by 

Kahneman and colleagues (Kahneman et al. 1997, 1999), between two main 

components of reward2.  Berridge and colleagues, building on Bindra’s model of 

motivation (Bindra 1976), distinguished liking (pleasure/displeasure) from wanting 

(incentive salience).  Kanheman and colleagues, building on Bentham’s economic 

theory of utility (1780, 1823), distinguished experienced utility (a psychological 

construct indicating the hedonic experience) and decision utility (a computational 

quantity inferred from observed choices, such as purchasing a good).  The concepts of 

experienced utility and decision utility appear to be germane to those of liking and 

wanting, as acknowledged by Berridge and colleagues (Zhang et al. 2009; Berridge 

and O’Doherty 2014).  However, Berridge’s liking and wanting indicate core 

motivational processes, whereas Kanheman’s experienced and decision utility are 

much broader concepts, including both emotional and cognitive processing (see 

Berridge & O’Doherty 2014, p. 341-342). 

Both Berridge’s and Kahneman’s theoretical frameworks center on the notion 

that the two components of reward/utility are mediated by independent processes, and 

both stipulate that it is conceptually wrong to automatically infer one from the other, 

as they are dissociable.  Some researchers have dismissed the concepts of experienced 

utility based on the assumption that subjective hedonic experience cannot be observed 

or measured and that “choices provide all necessary information about the utility of 

outcomes because rational agents who wish to do so will optimize their hedonic 

experience” (Kahneman et al. 1997, page 375).  At present this simplification is 

endorsed by a minority of scholars and the basic distinction between experienced 

utility and decision utility has been adopted by most researchers in the field.  Yet, it is 

still often the case that, even in scholarly papers, affect is more or less surreptitiously 

inferred from action or vice versa (for a discussion of this issue see Berridge 2003, 

page 115).  As discussed below, experienced utility can be estimated via “objective 

                                                 
1 Many authors shift more or less surreptitiously from one meaning to another, sometimes within the 

same paper. 
2 It is beyond the scope of this review to provide a critical analysis of these theories. 
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responses (including affective behavioral reactions, physiological autonomic, and 

brain limbic reactions) as well as in humans at least, subjective feelings reported as 

pleasure” (Berridge and O’Doherty 2014, page 336). 

The following sections summarize the findings of experiments aimed at 

measuring the experienced utility and the decision utility of heroin versus cocaine in 

different settings in rats and humans.  By necessity, the experimental procedures used 

to assess experienced drug utility in rats and humans were complementary rather than 

identical.  Whenever possible, a within-subject design was used, to ensure that the 

differences observed in the utility of heroin versus cocaine were not due to individual 

variability in the response to the two drugs. 

 

Experienced utility of heroin versus cocaine in rats and humans 

The simplest form of experienced utility is represented by instant utility, (“a measure 

of hedonic and affective experience, which can be derived from immediate reports of 

current subjective experience or from physiological indices”, Kahneman et al. 1997, 

page 376).  However, in most cases the hedonic experience has a temporal dimension 

and might change quantitatively and/or qualitatively over time, which makes it 

appropriate to consider the experienced utility of Temporally Extended Outcome 

(TEOs).  The term TEO is a self-explanatory, indicating the overall utility of a series 

of stimuli distributed over time that are perceived as part of the same outcome; so that 

“when an evaluative summary of a temporally extended outcome is required, a 

representative moment that stands for the entire outcome is selected or constructed; 

the temporally extended outcome is then assigned the value of its representative 

moment” (Kahneman 2000, p. 2).  Indeed, the experienced utility of TEOs can be 

measured as total utility, calculated from the temporal profile of instant utility or, 

more frequently, as remembered utility, which encompasses the overall hedonic 

experience3, and determines “whether a situation experienced in the past should now 

be approached or avoided” (Kahneman et al. 1997, page 380). 

 

Instant utility of heroin versus cocaine in rats 

                                                 
3 Of course, in principle there is no conceptual reason to limit the notion of remembered utility (both in 

the sense of stored information and of retrospective report) to TEOs, as it might equally apply to 

outcomes with minimal temporal extension (that is, to instant utility). 
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Rats emit ultrasonic vocalizations (USVs) in the range of 50 kHz in response to 

rewarding stimuli, such as intra- and hetero-specific play (Knutson et al. 1998; 

Burgdorf and Panksepp 2001; Mällo et al. 2007; Panksepp and Burgdorf 2000; 2003; 

Schwarting et al. 2007; Wöhr et al. 2009), sex (McGinnis and Vakulenko 2003; White 

et al. 1990; Bialy et al. 2000), food (Burgdorf et al. 2000), electrical stimulation of the 

medial forebrain bundle (Burgdorf et al. 2000), and addictive drugs (Ahrens et al. 

2009; Knutson et al. 1999; Natusch and Schwarting 2010; Wintink and Brudzynski 

2001; Wright et al. 2010; Barker et al. 2010; Maier et al. 2010).  Based on this 

evidence it has been proposed that 50 kHz USVs reflect positive affective states in the 

rat (Knutson et al. 2002).  Therefore, in the study described below (Avvisati et al. 

2016) we quantified the instant utility of heroin versus cocaine in rats by measuring 

the emission of 50 kHz USVs after intravenous self-administration of either drug.   

We first trained two groups of male Sprague-Dawley rats to self-administer 

heroin and cocaine (on alternate days for two weeks) either at home or outside the 

home.  The rats tested at home were individually housed in standard two-lever self-

administration chambers, where they remained for the entire duration of the 

experiment. The other rats were individually housed in standard transparent plastic 

cages and were transferred to the self-administration chambers immediately before 

the start of each testing session.  Notice that throughout the experiments, the rats were 

individually housed and tested in the same dedicated testing room (thus, there was no 

transport from one room to another and no disruption of social context or circadian 

rhythmicity) with ad libitum access to food and water (except during the test 

sessions).  Thus, although the self-administration environment was physically 

identical for the two groups, one group experienced the drugs at home and the other 

group outside the home. 

On the last two sessions of drug-self-administration (sessions 13 and 14), 

USVs were recorded.  The same was done on two subsequent sessions (sessions 15 

and 16) during which the rats self-administered saline solution.  The number of 

vocalizations emitted during sessions 15 and 16 provided a baseline measure 

incorporating both spontaneous vocalization and conditioned vocalization in response 

to heroin- versus cocaine-paired cues (i.e., cue lights, pump noise, vehicle infusion).  

We reasoned that a net increase in 50-kHz USVs after each drug infusion (calculated 

by subtracting the vocalization induced by saline self-administration; see Figure 1 for 

details) would be largely dependent on a positive affective state produced by the drug.  
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Indeed, we found that the instant utility of heroin and cocaine varied as a function of 

the context of self-administration but in opposite directions.  Rats that had self-

administered the drugs in their home environment emitted more vocalizations after 

heroin than after cocaine (see Figure 1).  The opposite was observed in rats that had 

self-administered the same drugs in a distinct non-home environment (that is, outside 

the home).  These rats emitted more vocalization after cocaine than after heroin.   

In summary, these data appear to suggest that the instant utility of heroin is 

greatest at home whereas the instant utility of cocaine is greatest outside the home.  

Nevertheless, it is not possible to exclude that USVs reflected positive motivational 

states instead of affective states, as they were emitted both before and after the 

infusion.  However, at least in the case of heroin the increase in USVs (relative to 

saline) was greater after than before the infusion, suggesting that it was related to the 

effects of the drug.   

 

Remembered utility of heroin versus cocaine in humans 

We recently completed a study (De Pirro et al. 2018), in which we quantified the 

experienced utility of cocaine versus heroin use in female and male individuals with 

substance use disorder (SUD).  The participants were recruited among the clients of a 

public substance misuse service affiliated to the International Red Cross Red Crescent 

(Villa Maraini Foundation, Rome, Italy) and all of them had a long history (about 15 

years on average) of both heroin and cocaine misuse and no major psychiatric co-

morbidity.   

As we could not record instant utility in real-world settings, we quantified 

instead the remembered utility of the TEO of drug use.  As pointed out by Kahneman 

and colleagues (Kahneman et al. 1997, 1999) and by Berridge and colleagues 

(Berridge and O’Doherty 2014; Berridge and Kringelbach 2013), retrospective reports 

of remembered utility might not provide a veridical recall of actual past pleasures, as 

they might represent active mnemonic reconstructions susceptible of distortion.  More 

reliably, remembered utility can be measured by quantifying “affective behavioral 

reactions, physiological reactions, and brain limbic reactions” (Berridge and 

O’Doherty 2014, page 336), during the recollection of past drug experiences. 

Thus, in our study we used an emotional task based on the Circumplex Model 

of Affect (Russel 1980), which posits that all affective states arise from the interaction 

of two core neurobiological processes: arousal (along high-low energy continuum) 
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and valence (along a pleasure-displeasure continuum).  Accordingly, the graphic task 

represented a two-dimensional space with arousal on the vertical dimension and 

valence on the horizontal dimension (Figure 2, top panels).  Emoticons and colors 

were added to increase the evocative power of the diagram (Nathanson et al. 2016; 

Kaye et al. 2017).  The participants were asked to select the quadrant of the diagram 

that best corresponded to the affective state experienced under the influence of heroin 

or cocaine.  By virtue of being fast, user-friendly, and intuitive (and dispensing 

altogether with verbal descriptions), the task minimized the risk of cognitive 

distortions in the recollection of affective states (e.g., Kahneman et al. 1997, 1999; 

Robinson and Clore 2002; Gorlin et al. 2019) and in particular the framing effects 

deriving from the participants’ negative feelings towards their own addiction (Dearing 

et al. 2005; Luoma et al. 2012, 2013). 

The experienced utility of heroin and cocaine in humans varied as a function 

of context and also in this case in opposite directions.  The remembered utility of 

heroin was in fact much greater at home than outside the home, whereas the 

remembered utility of cocaine was greater outside the home than at home (see Figure 

2, middle and bottom panels).  To the extent that the remembered utility of heroin and 

cocaine reflects the total utility of TEO, this pattern appears to be the same as that 

seen in rats. 

Additional evidence that the remembered utility of heroin and cocaine is 

influenced in opposite directions by the setting of use is provided by a functional 

Magnetic Resonance Imaging (fMRI) study in which individuals with SUD were 

asked to re-evoke the hedonic experience of using heroin versus cocaine at home or 

outside the home (De Pirro et al. 2018).  In addition to the expected changes in blood-

oxygenation-level dependent (BOLD) signal in regions that have been previously 

implicated in the retrieval of memories (angular gyrus; Bonicci et al. 2016; Kuhl and 

Chun 2014; Ritcher et al. 2016) and in mental imagery (precuneus; Fletcher et al. 

1995; Ritcher et al. 2016), we found a double dissociation, as a function of substance 

and setting, in the pattern of activation of regions implicated in brain reward (PFCx 

and the striatum; Goldstein and Volkow 2002, 2011; Cox et al. 2009; Volkow et al. 

2012; Leyton and Vezina 2013) and the in contextualization of emotional processing 

(cerebellum; Schmahmann 1996, 2004; Schmahmann and Sherman 1998; 

Scheuerecker et al. 2007; Stoodley 2012; Adamaszek et al. 2014, 2017; Van 
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Overwalle et al. 2015), that is in the fronto-striato-cerebellar circuit (Hoshi et al. 

2005; Bostan et al. 2010, 2018). 

Another interesting finding of the study by De Pirro and colleagues (2018) is 

that the remembered utility of neither heroin nor cocaine was ever entirely positive.  

Actually, in certain settings cocaine produced a mainly unpleasant affective state in 

almost two-thirds of users, consistent with previous reports of cocaine-induced 

aversive states in both rodents and humans (Geist and Ettenberg, 1997; Ettenberg et 

al. 1999; Knackstedt et al. 2002; Anthony et al. 1989; Geracioti and Post 1991; 

Breiter et al. 1997).  Thus, the fact that a drug is willingly used (indicating decision 

utility) does not necessarily imply that its experienced utility is positive. 

 

Decision utility of heroin versus cocaine in rats and humans 

Decision utility is “inferred from choices, either by direct comparisons of similar 

objects or by indirect methods, such as elicited willingness to pay” (Kahneman et al. 

1997, p. 376-377).  In all our experiments, drug intake required “willingness to pay”: 

in terms of workload in rats (except for the non-contingent administration of drug 

‘primings’), in terms of money, or some type of barter, in humans.  In some 

experiments, there was a “direct comparison” between “similar objects”, that is, 

between heroin and cocaine.  In all experiments, the decision utility of heroin and/or 

cocaine was assessed in one of two settings. 

 

Decision utility in rats 

A series of experiments (Caprioli et al. 2007a, 2008, 2009; Celentano et al. 2009; 

Montanari et al. 2015; Avvisati et al. 2016; De Luca et al. 2019) were conducted in 

male Sprague-Dawley rats to assess the decision utility of heroin versus cocaine (or 

amphetamine).  Also in these experiments the rats were tested either at home or 

outside the home.  Decision utility was assessed using different procedures. 

1) Between-subject procedures were used to assess the rats’ willingness to pay 

for heroin or cocaine, as function of setting.  In some experiments (Caprioli et al. 

2007a, 2008), the rats were given the choice between a lever that triggered a drug 

infusion and a control lever that triggered an infusion of vehicle and the work 

necessary to obtain the drug was increased progressively across sessions and within 

session, using a break-point procedure.  The rats’ decision to self-administer heroin or 
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cocaine was influenced in an opposite manner by the setting.  Rats tested at home 

self-administered more heroin at home than rats tested outside the home.  In contrast, 

the rats took more cocaine (and amphetamine) outside the home than at home.  

Furthermore, the rats worked harder for heroin at home than outside the home, and for 

cocaine (or amphetamine) outside the home than at home. 

2) Within-subject procedures were used to compare the rats’ willingness to 

pay for heroin versus cocaine, as function of setting.  In these experiments (Caprioli et 

al. 2009; Celentano et al. 2009; Montanari et al. 2015; Avvisati et al. 2016) the rats 

were trained to press on alternate days for heroin and cocaine.  One lever was paired 

with heroin and the other with cocaine (in a counterbalanced fashion) and the work 

necessary to obtain each drug was increased progressively across sessions.  Also in 

this case the rats’ decision was a function of context, which influenced in an opposite 

manner heroin versus cocaine intake, and of workload.  The ratio of cocaine to heroin 

infusions was greater outside the home than at home (indirectly indicating a 

preference) and become progressively larger with the increase in workload. 

3) Within-subject choice procedures were used in some studies to assess the 

rats’ preference for heroin or for cocaine.  To the best of our knowledge, these are the 

first and only studies to have directly compared the rewarding effects of heroin and 

cocaine.  In one of these studies (Caprioli et al. 2009), the rats were first trained to 

self-administer heroin and cocaine on alternate days, as previously described.  The 

rats were then given the opportunity to choose between heroin and cocaine within the 

same session for several sessions.  At the end of the choice sessions, the rats were 

classified, using a straightforward bootstrapping procedure (Wilson 1927; Newcombe 

1988), as cocaine-preferring, heroin-preferring, or non-preferring.  The preference for 

one drug or the other was influenced in opposite directions by the context.  At home, 

the rats tended to prefer heroin to cocaine; outside the home, the rats tended to prefer 

cocaine to heroin.  Strikingly, the same double-dissociation in decision-making was 

observed when we used an experimental design (see Figure 3) in which rats were 

trained to receive the same drug (heroin for some, cocaine for other rats, Figure 3A-C 

and 4) when pressing on either lever (De Luca et al. 2019).  The rats were then 

offered the choice between heroin and cocaine, as described above (Figure 3D).  Also 

in this case, the rats tested at home tended to prefer heroin to cocaine whereas the rats 

tested outside the home tended to prefer cocaine to heroin (Figure 5).  In summary, 
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drug preference appears to be influenced to a much greater extent by the context of 

drug use than by the history of drug use.  

4) We also quantified the decision utility of heroin-seeking and cocaine-

seeking after a period of abstinence from the drug (Montanari et al. 2015).  The rats 

were first trained to self-administer heroin and cocaine on alternate days (Figure 6A-

C) and then underwent an extinction procedure (Fig. 6D), during which lever pressing 

did not result in drug infusion even in the presence of drug-paired cues (e.g., lever 

extension, cue lights, infusion of vehicle).  The rats were then tested in a 

reinstatement procedure (Figure 6E), developed to model relapse into drug-seeking 

after a period of abstinence (de Wit et al. 1981; Shaham et al. 2003).  The ability of a 

single, non-contingent intravenous drug infusion (drug priming) to precipitate drug-

seeking was assessed by comparing lever pressing during the reinstatement session to 

lever pressing under extinction conditions.  Heroin-priming precipitated heroin-

seeking in rats tested at home but not in rats tested outside the home, whereas the 

opposite was observed for cocaine: cocaine-priming precipitated cocaine-seeking 

outside the home but not at home (Figure 7). 

5) It is important to notice that rats were able to update the decision utility of a 

given lever when one drug was substituted for another.  When rats that had worked 

more vigorously for heroin at home than outside the home were shifted to 

amphetamine self-administration (after a period of washout) the opposite pattern was 

observed, as they took more amphetamine outside the home than at home (Caprioli et 

al. 2008). 

In summary, all procedures indicated that the decision utility of heroin is much 

greater at home than outside the home, whereas the decision utility of cocaine-seeking 

is much greater outside the home that at home.  That is, the context exerted opposite 

modulatory influence on the decision utility of heroin versus cocaine. 

 

Decision utility in humans 

The participants in these experiments were female and male clients of Villa Maraini 

with a long history of both heroin and cocaine misuse (Caprioli et al. 2009; Badiani 

and Spagnolo 2013).  The participants were asked to report on the preferred setting of 

heroin versus cocaine use.  The majority of participants reported to use heroin mainly 

at home but cocaine mainly outside the home.  That is, setting preferences for heroin 

were opposite to those for cocaine.  It should be noticed that setting preferences were 
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not the result of practical constraints, as identical patterns were observed in 

individuals using the same route of administration (intravenous injection, insufflation, 

or inhalation) for both drugs (Badiani and Spagnolo 2013).  It is also important to 

point out that in most cases cocaine and heroin co-abusers prefer to use the two drugs 

independently (e.g., Leri et al. 2004; Badiani and Spagnolo 2013).  Badiani and 

Spagnolo (2013) found that only 11% of a population of drug users (also recruited 

among the clients of Villa Maraini) used ‘speedball’ (a slang term indicating the use 

of the two drugs at the same time or in close temporal sequence) at one time or 

another. 

 

Why does the context influence in opposite directions the experienced 

utility and decision utility of heroin versus cocaine? 

The findings summarized above were initially a source of surprise to us, as they were 

at odds with the results of previous work concerned with drug-induced psychomotor 

sensitization, which is thought to reflect the sensitization of mesolimbic dopaminergic 

transmission (Robinson and Berridge 1993).  Indeed, these earlier studies had shown 

that the magnitude of psychomotor sensitization to both psychostimulants (cocaine 

and amphetamine) and opioids (morphine and heroin) is increased when these drugs 

are administered outside the home relative to when they are administered at home 

(Badiani et al. 1995a, 1995b, 1995c, 1997, 2000; Browman et al. 1998a, b; Crombag 

et al. 1996, 2000; Fraioli et al. 1999; Ostrander et al. 2003; Paolone et al. 2003, 2007).  

The fact that the modulatory influence of environment on psychomotor sensitization 

did not vary as a function of drug class was fully consistent with theoretical models 

centered on the notion that dopaminergic transmission represents the shared substrate 

of action for addictive drugs (e.g., Wise and Bozarth 1987; Robinson and Berridge 

1993; Nestler 2004; Covey et al. 2014; Volkow et al. 2017).  The ability of context to 

influence in opposite directions both experienced and decision utility of heroin versus 

cocaine not only indicates a fundamental dissociation between drug-induced 

psychomotor sensitization and drug utility, but also calls for a theoretical model that 

dispenses with unitary notions of drug reward. 

We have proposed that any such model must consider: 1) the complexity of 

central and peripheral actions of drugs, independent of their euphorigenic effects, and 

2) the fact that drug effects do not develop in a psychophysiological vacuum.  In 



 14 

particular, we have proposed an emotional appraisal model of drug reward, according 

to which the setting of drug use provides an ‘ecological backdrop’ against which the 

central and peripheral effects of drugs are appraised (Badiani 2013).  This idea builds 

on Bindra’s emphasis on stimulus configurations as the critical motivational drivers of 

behaviour (e.g., “Movements are instigated not by target stimulus features alone but 

by target stimulus features embedded in proper background stimulus contexts”; 

Bindra 1976, p. 59-60).  We have extended the notion of background to include drug 

effects different from the rewarding effects (the target stimulus features). 

The central idea of our model is that under certain conditions there is 

mismatch between some of the effects of the drug and background information.  

Cocaine, for example, produces a state of arousal by activating central noradrenergic 

transmission and increases heart and respiratory rate by activating the sympathetic 

nervous system (Billman 1995; Sofuoglu and Sewell 2009; Maceira et al. 2014).  In 

contrast, heroin depresses the central nervous system and produces para-

sympathomimetic effects, including bradycardia (Haddad and Lasala 1987; Thornhill 

et al. 1989; Nilsson et al. 2016).  Although these ‘non-euphoriant’ effects of drugs are 

usually neglected by theoretical frameworks of drug reward, it is obvious that they 

represent a set of interoceptive stimuli that overlap in time not only with ‘drug 

euphoria’ but also with incoming environmental stimuli.  This gives rise to the 

possibility of a mismatch between interoceptive and exteroceptive information.  When 

cocaine is taken at home, for example, interoceptive information signals a state of 

arousal whereas exteroceptive information signals a quiet, safe environment: hence a 

mismatch (henceforth, this term will be used exclusively to indicate 

interoceptive/exteroceptive mismatch).  A mismatch might also occur when heroin is 

taken outside the home, given that the interoceptive information signaling a state of 

sedation and relaxation conflicts with exteroceptive information signaling exciting, 

potentially dangerous contexts.  We have proposed that in the presence of such 

mismatches, the experienced utility (both instant and remembered utility) of drugs 

would be reduced, relative to conditions in which there was no such a mismatch 

(Badiani et al. 2013).  The change in remembered utility would be reflected in a 

parallel change in decision utility. 

Interestingly, in the study by Badiani and Spagnolo (2013), the rationale 

provided by the small subset of participants using heroin in combination with (or 

more often after) cocaine was to minimize the anxiogenic effect of cocaine.  
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Consistent with our hypothesis, this occurred more frequently at home (where the 

anxiogenic effect would be more unpleasant): speedball was used at home in 59.1% 

of cases, outside the home in 31.8% of cases (in 9.1% of cases there was no 

preference for one setting or the other). 

The results of studies with other classes of drugs having sedative effects, such 

as alcohol, or activating effects, such as ketamine, is consistent with our hypothesis.  

Most heavy drinkers (Nyaronga et al. 2009) and rats (Testa et al. 2011) prefer in fact 

drinking at home rather than outside the home.  In contrast, both humans (De Luca et 

al. 2012) and rats (De Luca et al. 2011) prefer using ketamine (which has 

sympathomimetic effects; Bevan et al. 1997) outside the home rather than at home.   

In the next section we will discuss in what way a mismatch might affect the 

rewarding effects of heroin and cocaine.   

 

Implications for computational neuroscience 

Can available computational models of drug reward4 account for the findings 

reviewed here?  A necessary premise for any answer to this question is that 

computational models of drug reward must be kept distinct from computational 

models of drug addiction (e.g., Redish et al. 2008; Keiflin and Janak 2015), which 

deal with the loss of control over drug use.  It is also important to distinguish 

computational models of drug reward from computational models of reward-related 

learning.  As noted by Berridge and colleagues (2008), “Current computational 

models predict reward based solely on learning.  Real motivation involves that but 

also more.”  Given the definition of reward provided in the early sections of this 

paper, we are interested in models that include “explicit representation or cognitive 

model of the UCS and their place in the world” (Berridge 2012, p. 1127). 

Clearly, all models of drug reward based on the notion that the experienced 

utility and/or the decision utility of all addictive drugs depend on unitary mechanisms 

of action cannot explain the findings reviewed here.  For example, models that posits 

that the rewarding effects all substances of abuse depend entirely on the facilitation of 

dopamine transmission (e.g., Keiflin and Janak 2015) can hardly explain why heroin 

and cocaine should be appraised so differently by rats and humans. 

                                                 
4 Notice that models of reward are relevant to drug reward only to the extent that they can account for 

the specific mechanisms of action of drugs. 
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Finally, to account for our findings, a model must include a component that 

could mediate the substance-specific influence of setting on drug reward.  To the best 

of our knowledge there are only two models that, with some tweaking, might 

accommodate for this last requirement. 

The first of these models is that originally proposed by Berridge and Robinson 

(Robinson and Berridge 1993).  A formal computational version of (the incentive 

salience component of) this model was later proposed by Zhang, Berridge, and 

colleagues (Zhang et al. 2009; Dayan and Berridge 2014).  As the researchers who 

proposed this model were based at the University of Michigan, this model will be 

referred to as the Michigan model (see Figure 8).  More recently, Keramati and 

colleagues (Keramati and Gutkin 2014) proposed a computational model of 

Homeostatically Regulated Reinforcement Learning (HRRL), which, according to the 

authors represents a “normative generalization” of the Zhang’s equation (Keramati et 

al. 2017, p. 149).  However, the HRRL model is based on the notion of drive 

reduction that the Michigan model emphatically rejects (Berridge 2004).  While the 

Michigan model clearly predicts that the ‘value’ of a UCS depends on its hedonic 

effect ( remembered utility), the Keramati/Gutkin’s model posits that it reduces a 

pre-existing homeostatic ‘need’.  In the case of the early encounters with a drug it is 

not clear what exactly that need might be.  Thus, we will not consider this model 

further. 

The main feature of the Michigan model is that it includes separate processing 

systems for incentive salience attributor‘wanting’ (i.e., ‘pure’ decision utility5) and 

for a pleasure integrator‘liking’ (i.e., experienced utility). Zhang, Berridge and 

colleagues (Zhang et al. 2009) proposed a computational version of the incentive 

salience attributor.  Zhang’s equation includes r, a learned cache value of the 

experienced utility (that is, remembered utility) of unconditioned, or unconditional, 

stimuli (UCSs)6, which becomes associated with the stimulus features of the UCS and 

                                                 
5 Which is a prepotent psychological process much more relevant to the compulsive nature of drug 

taking than higher order cognitive forms of decision making (wanting in the ordinary sense of the 

word, according to Berridge and O’Doherty 2014, page 341). 
6 Notice that Ivan Pavlov coined the term “conditioned reflexes to distinguish them from the inborn or 

unconditioned reflexes”, which are “already completed at birth” (Pavlov 1927, page 25).  That is, an 

UCS should be able to trigger a response before previous learning, as opposed to CSs.  However, as 

pointed out by Hilgard and Marquis (1940), very soon the term UCS came to be used operationally to 

indicate “a stimulus that, at the outset of an experiment [emphasis by the Authors], evokes a regular 

and measurable response”.  Hilgard and Marquis, went on “mentioning specifically that the 

unconditioned response is not necessarily an unlearned or reflex response to the UCS.  In many cases, 



 17 

of conditioned, or conditional, stimuli (CSs), through a process of incentive learning.  

On subsequent encounters, UCS/CS will directly activate the incentive salience 

attributor eliciting ‘wanting’.  It must be stressed that although the authors of the 

Michigan model have placed particular emphasis on post-learning components of 

Pavlovian motivation, from a formal point of view the model does not distinguish 

between CSs and UCSs if not for the ability of the latter to directly access the 

pleasure integrator.  

The gain of the incentive salience attributor (as well as of the ‘pleasure 

integrator’) can be raised or decreased by dynamic fluctuations in neurobiological 

states that are relevant to the motivational value of a given UCS/CS (e.g., 

physiological drives, such as hyper-/de-hydration or hunger/satiety, or 

pharmacological manipulations that impinge directly onto the machinery of the two 

processing systems).  These modulatory influences, which do not require new 

learning, are represented by the gating parameter κ, which serves a purely 

computational function, as it mediates incoming information of the most disparate 

nature.  The final decision utility of the UCS/CS is represented by Ṽ.  The decision 

utility of a stimulus S at time t is: Ṽ(St) = rt  κ + V(St+1), where  is a temporal 

discount factor.  Hence, in the case of heroin or heroin cues (H) at time t, Ṽ(Ht) = rt  

κ + V(Ht+1). 

The most ‘robust’ component of the Michigan model is the incentive salience 

attributor.  Its core neurobiological substrate is represented by the mesolimbic 

dopaminergic system and related circuitry.  This system, beside encoding the learned 

motivational salience of UCS/CS, represents a direct target for drugs that modulate 

dopaminergic transmission (Berridge 2012).  Indeed, it has been proposed that all 

addictive drugs can directly elicit wanting, by activating dopaminergic transmission, 

in the absence of pleasure, that is, with little or no experienced utility (Robinson and 

Berridge 1993).  Furthermore, by repeatedly activating dopaminergic transmission, 

                                                 
such as salivation to food placed in the mouth, it is; but in other cases, such as salivation at sight of 

smell and food in the distance, which Pavlov also used as UCS, it is not.”  Thus, a distinction must be 

made between Pavlov’s original definition of UCSs (which have ‘inborn’ ability to evoke a response) 

and the operational definition of UCS in the context of conditioning procedures (including Pavlov’s).  

Theorists interested in explaining real world phenomena are concerned with the notion of UCS and CS 

encapsulated by Pavlov’s original definition.  Thus, in the context of the Michigan model a true UCS 

must have hardwired intrinsic ability to impinge on the pleasure integrator and/or on the incentive 

salience attributor.  In considering the latter possibility, Berridge noted that “it is possible to imagine 

inserting a UCS value such as, say, Ut value (Ut for unconditioned UCS attractive features) as level of 

innate attractiveness in place of the learned cache rt value” (Berridge 2012, page 1271). 
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addictive drugs can sensitize this system and amplify the response of the incentive 

salience attributor to drugs and drug-paired cues. 

In contrast, the exact nature of the ‘pleasure integrator’ of the Michigan model 

is more nebulous.  Work done by Berridge and colleagues suggests that orosensory 

pleasure elicited by sweet tastes is processed by a distributed system including a 

number of interconnected ‘hedonic hotpots’ (for a review, see Berridge 2012).  To 

best of our knowledge there is no evidence that the same network of ‘hedonic 

hotspots’ is also responsible for the computation of the hedonic effects of drugs (and 

in particular of psychostimulant drugs) in rats.  It is fair to say the existence of a 

‘common neurobiological currency’ of experienced utility is mostly predicated on 

correlational data from heterogeneous neuroimaging studies in humans (for a review 

see Berridge and Kringelbach 2013), the interpretation of which is to say the least 

problematic, owing not only to the intrinsic limitations of imaging techniques but also 

to the reliance on the response to cues instead than on actual hedonic experiences. 

Other features of the ‘pleasure integrator’ are less than clear.  It is not clear, 

for example, what type of drug effects are processed by the integrator to compute 

overall experienced utility.  Does the ‘pleasure integrator’ compute only the instant 

utility of rapid surges of drug concentration in the brain, such as the intense, orgasmic 

euphoria produced by intravenous injections of heroin or cocaine or the ‘buzz’ 

produced by a puff of tobacco smoking?  Or does it also compute the experienced 

utility of the TEO of drug use, which depends on a number of neurobiological 

processes independent of euphoria?  For instance, are the feeling of contentment 

(well-being) and the sedative, benumbing, anxiolytic, and analgesic effects of heroin 

(Jaffe et al. 1997) processed by the same ‘pleasure integrator’ responsible for the 

immediate euphorigenic effect?  Is it possible that distinct integrators process discrete 

types of heroin utility (e.g., euphoria, contentment, sedation, benumbment, anxiolysis, 

analgesia), which are then compounded into a common neurobiological currency of 

remembered experienced utility?  And finally, how many ‘pleasure integrators’ there 

are?  Is there a single ‘pleasure integrator’ for all addictive drugs or there are many?  

Notice that although these issues remain to be addressed, they do not challenge the 

fundamental structure of the Michigan model.  Thus, to simplify the discussion in the 

following paragraphs we will provisionally assume that a single integrator computes 

all drug effects relevant to the hedonic experience.  It is beyond of the scope of this 

paper to consider alternative possibilities. 
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Finally, from a conceptual point of view the Michigan model can easily 

accommodate the existence of distinct ‘κ spaces’ qualitatively unique to the 

appropriate UCS, each able to modulate in a specific manner only the response to its 

own UCS and related CSs.  Thus, it would be reasonable to assume the existence of 

distinct κ spaces for heroin and cocaine.  The Zhang’s equation, however, does not 

offer a formal computational version of these multiple κ spaces and the authors 

acknowledge this limitation of the model (Zhang et al. 2009, p. 12). 

Does the Michigan model agree with the results of the rat’s studies reviewed 

in the previous sections and with our working hypothesis?  The following analysis 

make two working assumptions.  First, we will assume the in a virtual landscape 

without κ space(s), the cache values for the doses of heroin (25 µg/kg) and cocaine 

(400 µg/kg) used in our comparative experiments (Caprioli et al. 2009; Celentano et 

al. 2009; Avvisati et al. 2016; De Luca et al. 2019) are the same.  This assumption 

seems reasonable not only because these doses were selected on the basis of dose-

effect curves (Caprioli et al. 2007a, 2008) but because, as shown in Figure 5, when 

the groups at home and outside the home are collapsed, approximately the same 

proportion of rats choose heroin and cocaine (36%. and 43%, respectively).  The 

second working assumption is that there are distinct κ spaces for heroin and cocaine.  

We will first consider experienced utility and then decision utility.   

 

Parameter κ and experienced utility 

Although the Zhang’s equation is concerned exclusively with the attribution of 

incentive salience, it is clear that the Michigan model can easily predict greater utility 

of heroin at home than outside the home and vice versa for cocaine (see Figure 2 in 

Robinson and Berridge 1993 and Figure 1 in Berridge 2012).  It is sufficient to 

postulate that interoceptive and exteroceptive information impinge onto the integrator 

via the parameter κ.  The κ value for heroin (κH), for example, would take different 

values depending on whether a mismatch is absent (κH,no-mismatch=1) or present 

(κH,mismatch<1).  It follows that the ‘pleasure integrator’ will yield greater liking for 

heroin at home then outside the home, and greater liking for cocaine outside the home 

then at home.  These differences in experienced utility will translate, into parallel 

differences in the remembered utility (r) of heroin versus cocaine cues.  We have seen 

in a previous section that the activity of a fronto-striato-cerebellar network mirror the 

changes in the remembered utility of heroin versus cocaine, as a function of setting, in 
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drug users (De Pirro et al. 2018).  It is too early to speculate whether this network 

might serve as a ‘pleasure integrator’ or simply encode the parameter κ. 

 

Parameter κ and decision utility 

As stated above, the differences in the experienced utility of heroin and cocaine as a 

function of setting will translate in differences in the cache value r of the respective 

UCS/CS leading to difference in V.  These differences will be further magnified at the 

level of decision utility owing again to parameter κ.  Indeed, the incentive salience 

attributor will yield V=1 when κno-mismatch=1, and V<1 when κmismatch<1.  This would 

explain why the rats self-administered and worked harder for heroin at home than 

outside the home and vice versa for cocaine during the acquisition of drug self-

administration (Caprioli et al. 2007a, 2007; De Luca et al. 2019; see Figure 4). 

In contrast, in the choice sessions illustrated in Figures 3D and 5, the rats were 

confronted with a completely new situation relative to the acquisition phase.  During 

the acquisition phase (3A-C) the rats received the same drug (heroin or cocaine) by 

pressing on alternate sessions on the left or the right lever (De Luca et al. 2019).  

Clearly, by the end of training the decision utility of the two levers was identical.  

During the choice session both levers were made available simultaneously, but one 

was paired with heroin and the other with cocaine.  Depending on the setting the rats 

tended to prefer heroin to cocaine (at home) or cocaine to heroin (outside the home), 

indicating a shift in the decision utility of the two levers.   

One obvious possibility is that the change in experienced utility leads to a re-

evaluation of the CS (lever+cues) and a new r value, which implies new learning.  

Alternatively, can the Zhang’s equation account for the change in decision utility for 

the two levers, independent of new learning?  Apparently yes, if, as already discussed, 

there are no intrinsic qualitative or quantitative differences in the experienced utility 

of a single dose of heroin or cocaine7.  For example, during training with cocaine 

outside the home, κC,no-mismatch=1 and V=1 for both levers.  When, during the choice 

phase the rat (purely by chance) complete the task on the lever that now triggers an 

infusion of heroin, the equation will yield V<1 because of κH,mismatch<1, whereas the 

decision utility of the cocaine-paired lever remains the same (V=1).  Thus, rats outside 

                                                 
7 If the experienced utility of heroin and cocaine differ qualitatively from each other, it would be 

difficult to assume that this new information will not lead, again via incentive learning, to a re-

evaluation of the learned utility of the relevant CS. 
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the home will tend to choose cocaine over heroin.  The opposite will occur in rats 

trained with cocaine at home.  In this case, during training κmismatch<1 and V<1 for 

both levers but during the choice phase the decision utility of the lever paired with 

heroin will increase (κH,no-mismatch=1 and V=1).  Thus, rats at home will tend to prefer 

heroin over cocaine.  In summary, in the words of Zhang and colleagues (Zhang et al. 

2009, page 5), it appears that “specific κ’s determine what to ‘want’." 

Finally, we will consider the ability of the Zhang’s equation to account for the 

opposite modulatory influence of setting on the ‘priming’ effect of heroin versus 

cocaine after an extinction phase, during which the rats were repeatedly given access 

to the CS (cue lights, lever extension, vehicle infusion) but not to the UCS (the drug).  

Berridge and colleagues (Robinson and Berridge 1993; Berridge 2012) have proposed 

that operant conditioned behavior, requires ’re-boosting’ of ‘wanting’, which serves 

as “an incremental mechanism of incentive salience maintenance” occurring at each 

CS–UCS rewarded trial.  In the absence of the UCS, ‘de-boosting’ of incentive 

salience occurs, leading to a progressive decrement in responding (but never to its 

complete disappearance).  However, responding might resume under extinction 

conditions – that is, during unrewarded trials – if a small ‘priming’ dose of the drug is 

administered at the start of the session (Robinson and Berridge 1993; Berridge 2012).  

The priming effects of drug is included in the parameter κ, thus representing a special 

case of what has been discussed in the previous paragraphs: κno-mismatch=1 and V=1 for 

heroin priming at home and cocaine priming outside the home versus κmismatch<1 and 

V<1 for heroin priming outside the home and cocaine priming at home. 

 

Dopamine and incentive salience attribution 

As discussed in the previous sections, from a purely conceptual point of view, the 

Michigan model seems robust enough to handle the substance-specificity of 

environmental influences on both experienced utility and decision utility.  However, 

some difficulties arise when the neurobiological nature of the Michigan model is 

considered.  We will focus here first on parameter κ and then on the role of the 

mesolimbic dopaminergic system as the core mechanism of incentive salience 

attribution. 

 

Parameter κ and dopamine 
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Although Zhang, Berridge and colleagues (Zhang et al. 2009; Berridge 2012; 

Berridge and O’Doherty 2014) have made it sufficiently clear that the parameter κ is a 

purely computational device, it remains to be explained what type of neurobiological 

mechanisms are responsible for gating the activity of the incentive salience attributor.  

It is possible to distinguish proximal and distal components of parameter κ.  The 

Michigan model clearly posits that the proximal mechanism is represented by 

fluctuations of dopamine levels.  The distal mechanisms must necessarily change 

depending on the nature of the relevant brain state.  Berridge (2012), for example, has 

discussed in detail the neurobiological mechanisms responsible for the modulatory 

influences of natural appetites and satiety on the response to orosensory stimuli.  

Here, we are concerned only with the mechanisms implicated in the effect of heroin 

versus cocaine primings and of interoceptive/exteroceptive mismatches. 

In the case of drug priming we are dealing with the simplest version of 

parameter κ, as in this case there are no distal mechanisms: drugs simply plug into the 

incentive salience attributor by activating dopaminergic transmission.  Indeed, the 

Michigan model attributes the ability of drug primings to re-boost the incentive 

salience attributor to the activation of dopaminergic transmission (Robinson and 

Berridge 1993; Berridge 2012).  It is commonly assumed that all substances of abuse 

increase dopaminergic transmission (e.g., Di Chiara and Imperato 1988; Covey et al. 

2014), albeit via different mechanisms of action.  Cocaine induces dopamine overflow 

in the terminal regions of mesotelencephalic dopaminergic system by blocking the 

dopamine-reuptake transporter (for reviews, see Johanson and Fischman 1989; 

Kuczenski and Segal 1994).  Heroin is thought to increase dopaminergic 

concentrations in the same regions indirectly by binding mu-opioid receptors (MOR) 

in the ventral tegmental area and substantia nigra, hence disinhibiting dopamine-

releasing neurons (Gysling and Wang 1983; Matthews and German 1984; Johnson 

and North 1992), and by increasing the amplitude of phasic relative to tonic dopamine 

signals (Britt and McGehee 2008).  Microdialysis experiments have consistently 

shown that non-contingent administration of cocaine or, to a lesser extent, of heroin 

increase extracellular dopamine concentrations over a time scale of several minutes 

(e.g., Henby et al.1995; Marinelli et al. 1998; Pattison et al. 2011, 2012; Gottås et al. 

2014).  Less clear-cut are the microdialysis data concerning the changes in dopamine 

concentrations during self-administration.  In the case of heroin, for example, some 
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studies reported modest increases in dopamine (e.g., Wise et al. 1995) others did not 

(Henby et al. 1995). 

Most relevant to understand the direct effects of self-administered drugs on 

dopamine transmission are the studies using voltammetric methodology, which 

monitor dopaminergic activity on a second or subsecond scale.  These studies have 

shown that in rats self-administering cocaine or heroin, the dopamine signal decreases 

sharply immediately after the delivery of either drug, but not after a sham vehicle 

infusion (Gratton and Wise 1994; Kiyatkin 1995; Gratton 1996; Stuber et al. 2005; 

Cameron et al. 2014).  A similar decrease is produced by single passive infusions of 

similar doses of heroin or cocaine, like in the case of the priming injections used in 

our experiments (see Fig. 5).  Electrophysiology studies supports the findings from 

voltammetry experiments.  Kiyaktin and Rebec (1997), for example, monitored the 

activity of presumed dopamine neurons in the ventral tegmental area during heroin 

self-administration and found “a transient inhibition of DA activity correlated with 

heroin reward” followed by DA activation during “heroin-seeking behavior”.  The 

finding of the studies cited above are not seriously challenged by the claims of 

increased dopamine activity produced by cocaine self-administration (e.g., Phillips et 

al. 2003; Aragona et al. 2009; Willuhun 2011).  In these studies, the infusion (over a 

period 3-6 s) is paired with exposure to conditioned stimuli with much longer duration 

(20 s).  This makes it impossible to distinguish the relative contribution of UCS 

versus CS (see, Rescorla 1967).  Furthermore, the increase in dopamine begins almost 

immediately after exposure to the UCS/CS and lasts only few seconds, which is not 

compatible with the pharmacodynamics of drug actions in the CNS, whereas is 

perfectly in sync with the physiology of cue reactivity.  In summary, the immediate 

effect of addictive drugs on dopaminergic activity does not appear to be consistent 

with the notion that the modulatory influence of parameter κ is necessarily mediated 

by an increase in dopaminergic transmission. 

The possible neurobiological mechanisms responsible for the blunting 

influence of mismatch on decision utility of heroin and cocaine are much more 

complex and have been the object of a detailed discussion in an earlier paper (Badiani 

2103).  Briefly, we proposed that the Basolateral Amygdala (BLA), which play a 

central role in the emotional appraisal of interoceptive and exteroceptive stimuli 

(including central and peripheral drug effects, such as changes in heart rate and 

respiratory rate), is crucially positioned to detect eventual affective mismatches (Sah 
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et al. 2003; McGaugh 2004; Murray 2007; Salzman and Fusi 2010; Tamietto and de 

Gelder 2010; Critchley and Harrison 2013).  The BLA can then transfer this 

information to the brain regions that directly control goal-directed behavior, such as 

the striatal complex and prefrontal cortex (Murray 2007).  Studies using in situ 

hybridization of c-fos mRNA as an index of neuronal activation in the rat brain lend 

some support to this hypothesis (Day et al. 2001).  Cocaine and amphetamine produce 

in fact much greater activation of the BLA when administered outside the home (no 

mismatch) than when administered at home (mismatch).  A similar pattern was 

observed in the dorsal striatum and in the nucleus accumbens (Badiani et al. 1998; 

Uslaner et al. 2001a; Ostrander et al. 2003; Hope et al. 2006).  In contrast, the setting 

appears to modulate in a very different, sometimes opposite manner the effects of 

opioids, such as morphine and heroin (Ferguson et al. 2004; Paolone et al. 2007; 

Celentano et al. 2009).  Particularly relevant here is finding that, within the striatum, 

cocaine and amphetamine increase the activity of the D2+/enkephalin+ medium spiny 

neurons (MSNs) to a much greater extent when administered outside the home than 

when administered at home (Badiani et al. 1999; Uslaner et al. 2001b), whereas the 

opposite occurs with morphine (Ferguson et al. 2004).  In turn D2+/enkephalin+ 

MSNs indirectly disinhibit the subthalamic nucleus, which has been implicated in 

reward and decision-making (Zenon et al. 2016; Pelloux et al. 2018).  These data 

provide a tentative set of distal mechanism responsible for the opposite influence of 

setting on the decision utility opioids versus psychostimulant drugs.  Even in this case 

there is some reason to doubt that the proximal mechanism is represented by 

dopaminergic transmission.  Microdialysis experiments, conducted in parallel with the 

in situ hybridization experiments reviewed above, have shown virtually no difference 

in amphetamine-induced dopamine overflow in the nucleus accumbens core and shell, 

and other sub-regions of the striatal complex of rats tested at home versus rats tested 

outside the home (Badiani et al. 1998, 2000).  Taken together these findings seem to 

suggest that at least some of the inputs included in parameter κ might modulate 

decision utility downstream from dopamine transmission. 

 

Decision utility ‘wanting’ and dopamine 

The voltammetry studies cited in the previous section have shown that the dopamine 

signal progressively increases at the presentation of the CS marking the onset of each 

trial of cocaine (Gratton and Wise 1994; Gratton 1996) or heroin (Kiyatkin 1995) 
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availability.  This and other evidence support the notion that dopamine encodes either 

a prediction error signal or the incentive salience properties of drug-paired cues (e.g., 

Schultz et al. 1993; Montague et al. 1996; Berridge 2007; Flagel et al. 2011; for a 

broader discussion of the role of dopamine in learning and motivation see Berke 

2018).  Yet, it is not clear to what extent this contributes to the decision utility of 

drugs.  Comparative studies have shown that while the reinforcing effects of cocaine 

are greatly reduced by lesions of the dopaminergic system, by dopamine receptor 

antagonists, or by RNA-interference of dopamine D1 receptors, this is not the case for 

heroin (Ettenberg et al. 1982; Pettit et al. 1984; Gerrits et al. 1994; Gerrits and Van 

Ree 1996; Pisanu et al. 2015).  Thus, even though, as mentioned previously, non-

contingent administrations of heroin can produce negligible to modest increases in 

dopamine concentrations in the nucleus accumbens, as measured via microdialysis, it 

is unlikely that this contributes in a significant manner to its decision utility.  In this 

respect, it is remarkable that the reinforcing effects of opioid receptor agonists do not 

correlate at all with their ability to increase dopaminergic concentrations, as measured 

by microdialysis.  The reinforcing effect of 6-acetylmorphine (an active metabolite of 

heroin), for example, are comparable to that of heroin (Avvisati et al. 2018) even 

though the former induces much greater and faster dopamine increases than the latter 

(Gottås et al. 2014).  Even more striking is the fact that the selective kappa-opioid 

agonist RU 51599 has greater reinforcing effect than heroin (at low but not at high 

workload) even though it greatly decreases dopamine concentrations in the nucleus 

accumbens (Marinelli et al. 1998).   

 

Conclusions 

We have reviewed here a series of translational studies demonstrating that the 

experienced utility and decision utility of heroin and cocaine are modulated in 

opposite direction by the circumstances of drug use.  This confirms the importance of 

settings in modulating drug reward (see Zinberg et al. 1980; Crombag and Shaham 

2002; Caprioli et al. 2007b; Ahmed et al. 2018) and challenge prevailing unitary 

theories of drug reward and drug addiction (Badiani et al. 2011, 2013, 2018).  Of 

course, the differences between the rewarding effects of heroin and cocaine (not to 

mention other addictive drugs) go well beyond those observed under the influence of 
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environmental context (for reviews see Caprioli et al. 2007b; Redish et al. 2008; 

Ikemoto 2010; Badiani et al. 2011, 2018; Peters et al. 2013; Nutt et al. 2015). 

Most important, our findings, and much of the evidence concerning the role of 

dopamine in heroin reward (Ettenberg et al. 1982; Pettit et al. 1984; Gerrits et al. 

1994; Gerrits and Van Ree 1996; Pisanu et al. 2015), appear to challenge the notion 

that mesolimbic dopamine transmission encodes the final decision utility of all 

addictive drugs, which underpins most model of drug reward (e.g., Wise 1980; Wise 

and Bozarth 1987; Nestler 2001, 2004; Sulzer 2011; Covey et al. 2014; Keiflin and 

Janak 2015; Volkow and Morales 2015).  Thus, our findings have implications for the 

development of robust, context sensitive, computational models of drug reward. 

It appears that none of the extant models is fully compatible with the results 

discussed above.  However, we have shown that with some tweaking the architecture 

of the Michigan model (Robinson and Berridge 1993; Berridge 2012) and its 

computational version (Zhang et al. 2009; Dayan and Berridge 2015) can 

accommodate most of our findings, except for the critical role that this model 

attributes to dopamine.  In this respect, however, it is worth noticing that in the 

graphic representations of the Michigan model no specific neurobiological label is 

attached to its components, including the incentive salience attributor (e.g., Figure 2 

in Robinson and Berridge 1993, and Figure 1 in Berridge 2012; but see Figure 1 in 

Berridge and Robinson 2016).  More explicitly, in the original formulation of their 

model Robinson and Berridge (1993) stated (note 4, page 275): “Regardless, we want 

to emphasize that the Incentive-Sensitization Theory of Addiction does not require 

that the sole or even primary site of drug-induced neuroadaptations responsible for 

craving specifically be on dopamine neurons.  If it is not, then our assignment of 

sensitization of incentive salience to dopamine would be incorrect.  Nevertheless, the 

concept that drug craving develops because of sensitization of incentive salience 

could still be fundamentally correct, but it would be mediated by another, as yet 

unidentified neural substrate.”  It is fair to say, however, that in their papers Robinson 

and Berridge place such an emphasis on the central role of the dopaminergic system 

(e.g., “Berridge’s Incentive Salience Theory: Dopamine as Pure Decision Utility” in 

Berridge and O’Doherty 2014, page 341) that it becomes difficult to separate 

dopamine from the incentive salience attributor.  Similar considerations can be made 

for the role of dopamine in mediating the influence of parameter κ on the incentive 

salience attributor (see Zhang et al. 2009; Berridge 2012). 
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Whether the Michigan model can be further developed to overcome these 

apparent limitations (as well as the limitations already acknowledged by the Authors; 

see Zhang et al. 2009; Berridge 2012) is a matter for future research.  In any case, we 

hope that this paper will serve as stimulus to design computational models more 

attuned to the complex mechanisms responsible for the rewarding effects of drugs in 

real world contexts. 
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Figure captions 

 

Fig. 1. In this within-subject experiment, rats were trained to self-administer heroin 

(25 µg/kg per infusion) and cocaine (400 µg/kg per infusion), on alternate sessions, 

either at home or outside the home (see text for details).  The training lasted for 14 

sessions.  On sessions 15 and 16 the rats self-administered saline by pressing on the 

heroin-paired lever on one day and on the cocaine-paired lever on the other day.  

Ultrasonic vocalizations (USVs) in the range of 50-kHz were recorded on sessions 

13-16.  The graph shows the mean net number of 50-kHz USVs emitted 10 s before 

and 40 s after each of the first ten infusions of heroin and cocaine.  This was done by 

subtracting the number of USVs emitted before and saline self-administration from 

the number of USVs emitted before and after the corresponding drug infusion.  For 

example, the number of vocalizations produced before and after the first infusion of 

saline when the rats pressed on the heroin-paired lever (on sessions 15 or 16) was 

subtracted from the corresponding values for the first infusion of heroin (on sessions 

13 or 14), and so no (for more details see Avvisati et al. 2016, Figures 7 and 8).  Rats 

tested at home emitted more 50-kHz USVs before and after heroin than before and 

after cocaine.  The opposite was observed in rats tested outside the home.  Data from 

Avvisati et al. 2016. 

 

Fig. 2. In this within-subject experiment, we assessed the affective state induced by 

heroin and cocaine as reported by individuals with addiction to both drugs.  Top-left, 

graphic representation of the Circumplex Model of Affect (Russell, 1980).  Top-right, 

bidimensional representation of affective states used developed based on the 

Circumplex Model of Affect (on the eft) by removing the labels indicating different 

levels for each dimension and by adding emoticons.  The middle and bottom pies 

charts indicate the subjective appraisal of the emotional valence of drug experience as 

a function of drug and setting.  Each pie charts represent the proportion of participants 

reporting the affective states after heroin or cocaine use, either at home or outside the 

home (see text for details).  The McNemar’s test indicated significant shifts in valence 

as a function of the setting of drug use. A small proportion of participants reported 

two affective states (hatched lines) or more (gray).  Data redrawn from De Pirro et al. 

2018. 
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Fig. 3. Experimental design of a within-subject study concerned with heroin versus 

cocaine choice in rats.  The rats were first trained to self-administer heroin (25 µg/kg 

per infusion) and cocaine (400 µg/kg per infusion), on alternate sessions, either at 

home or outside the home.  The training lasted for 12 sessions (see Figure 4 for 

results).  The rats were then given the opportunity to choose between heroin and 

cocaine for 7 consecutive sessions.  At the end of the choice sessions, the rats were 

classified as cocaine-preferring, heroin-preferring, or non-preferring (see Figure 5 for 

results). Modified from De Luca et al. 2019.    

 

Fig. 4. Rats were tested as described in Figure 3A-C.  Mean (±SEM) number of 

infusions during the training phase for the heroin- and cocaine-trained groups, as a 

function of setting, time-out (TO) period, maximum number of infusions, and fixed 

ratio (FR). Single and double asterisks indicate significant effect setting (p < 0.05 and 

p < 0.01, respectively).  Consistent with previous findings (Caprioli 2007a, 2008) and 

despite the constraints in the maximum number of infusions, rats at home self-

administered more heroin than rats outside the home whereas rats outside the home 

self-administered more cocaine than rats at home. Modified from De Luca et al. 2019. 

 

Fig. 5. Rats were tested as described in Figure 3D.  Drug preferences in individual 

rats (calculated using bootstrapping analysis), as a function of setting and drug history 

(see text for details).  The preference for one drug or the other was influenced in 

opposite directions by the context.  At home, 57.7% rats preferred heroin to cocaine 

whereas only 23.1% preferred cocaine to heroin.  Outside the home, 60% rats 

preferred cocaine to heroin whereas only 16.7% preferred heroin to cocaine.  Some 

rats (19.2% at home and 23.3% outside the home) did not exhibit a significant 

preference for either drug. Modified from De Luca et al. 2019.   

 

Fig. 6. Experimental design aimed at quantifying the decision utility of heroin-seeking 

and cocaine-seeking after a period of abstinence from the drug (Montanari et al. 

2015).  The rats were first trained to self-administer heroin and cocaine on alternate 

days (A-C) and then underwent an extinction procedure (D), during which lever 

pressing did not result in drug infusion even in the presence of drug-paired cues (e.g., 

lever extension, cue lights, infusion of vehicle).  The rats were then tested in a 

reinstatement procedure (E), developed to model relapse into drug-seeking after a 
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period of abstinence.  The ability of a single, non-contingent intravenous drug 

infusion (drug priming) to precipitate drug-seeking was assessed by comparing lever 

pressing during the reinstatement session to lever pressing under extinction conditions 

(for results, see Figure 7). 

 

Fig. 7 Mean (±SEM) number of lever presses during the first hour of the last 

extinction session (white bars) versus the reinstatement session (black bars) for rats 

tested at home versus rats outside the home (see Fig. 6).  At the beginning of the 

reinstatement session, independent groups of rats (N values are indicated by the 

numbers within the white bars) received a noncontingent intravenous (i.v.) infusions 

of one of three doses of cocaine (top panels) or heroin (bottom panels). Significant 

(##p≤0.01 and ####p≤0.0001) main effect of priming.  Data from Montanari et al. 

2015. 

 

Fig. 8. Schematic representation of the Michigan model (Robinson and Berridge 

1993; Berridge 2012).  Not all features of the model are reproduced here (e.g., re-

boosting).  The computational version of the incentive salience component of the 

model (Zhang et al. 2009) calculates the decision utility of a stimulus S at time t with 

the formula: Ṽ(St) = rt  κ + V(St+1), where  is a temporal discount factor.  See text 

for details. 

  



 31 

References 

 

Adamaszek M, D’Agata F, Ferrucci R, Habas C, Keulen S, Kirkby KC, Leggio M, 

Mariën P, Molinari M, Moulton E, Orsi L, Van Overwalle F, Papadelis C, Priori A, 

Sacchetti B, Schutter DJ, Styliadis C, Verhoeven J (2017) Consensus Paper: 

Cerebellum and Emotion. Cerebellum 16:552–576. 

Adamaszek M, D’Agata F, Kirkby KC, Trenner MU, Sehm B, Steele CJ, Berneiser J, 

Strecker K (2014) Impairment of emotional facial expression and prosody 

discrimination due to ischemic cerebellar lesions. Cerebellum 13:338–345. 

Ahrens AM, Ma ST, Maier EY, Duvauchelle CL, Schallert T (2009) Repeated 

intravenous amphetamine exposure: rapid and persistent sensitization of 50-kHz 

ultrasonic trill calls in rats. Behav Brain Res 197:205-9 

Anthony JC, Tien AY, Petronis KR (1989) Epidemiologic evidence on cocaine use and 

panic attacks. Am J Epidemiol 129:543–549. 

Aragona BJ, Day JJ, Roitman MF, Cleaveland NA, Wightman RM, Carelli RM (2009) 

Regional specificity in the real-time development of phasic dopamine transmission 

patterns during acquisition of a cue-cocaine association in rats. Eur J Neurosci 

30(10):1889-1899 

Avvisati R, Bogen IL, Andersen JM, Vindenes V, Mørland J, Badiani A, Boix F (2018) 

The active heroin metabolite 6-acetylmorphine has robust reinforcing effects as 

assessed by self-administration in the rat. Neuropharmacology. 2018 Dec 19. pii: 

S0028-3908(18)30411-8. doi: 10.1016/j.neuropharm.2018.12.023. 

Avvisati R, Contu L, Stendardo W, Michetti C, Montanari M, Scattoni ML, Aldo 

Badiani A (2016) Ultrasonic Vocalization in Rats Self-Administering Heroin and 

Cocaine in Different Settings: Evidence of Substance-Specific Interactions between 

Drug and Setting. Psychopharmacology 233:1501–1511 

Badiani A (2013) Substance-Specific Environmental Influences on Drug Use and Drug 

Preference in Animals and Humans. Current Opinion in Neurobiology 23 (4):588–596 

Badiani A, Anagnostaras SG, Robinson TE (1995a) The development of sensitization 

to the psychomotor stimulant effects of amphetamine is enhanced in a novel 

environment. Psychopharmacology (Berl) 117(4), 443-452 

Badiani A, Browman K E, Robinson TE (1995b) Influence of novel versus home 

environments on sensitization to the psychomotor stimulant effects of cocaine and 

amphetamine. Brain Res, 674(2):291-298 

Badiani A, Morano MI, Akil H, Robinson TE (1995c) Circulating adrenal hormones 

are not necessary for the development of sensitization to the psychomotor activating  

effects of amphetamine. Brain Res 673(1):13-24 

Badiani A, Belin D, Epstein D, Calu D, Shaham Y (2011) Opiate versus 

psychostimulant addiction: the difference do matter. Nature Reviews Neuroscience 

12:685–700 

Badiani A, Berridge KC, Heilig M, Nutt DJ, Robinson TE (2018) Addiction research 

and theory: a commentary on the Surgeon General's Report on alcohol, drugs, and 

health. Addict Biol 23(1):3-5 

Badiani A, Camp DM, Robinson TE (1997) Enduring enhancement of amphetamine 



 32 

sensitization by drug-associated environmental stimuli. J Pharmacol Exp Ther 

282(2):787-794 

Badiani A, Oates M M, Robinson TE (2000) Modulation of morphine sensitization in 

the rat by contextual stimuli. Psychopharmacology (Berl), 151(2-3), 273-282 

Badiani A, Oates MM, Day HEW, Watson SJ, Akil H, Robinson TE (1998) 

Amphetamine-induced behavior, dopamine release and cfos mRNA expression: 

modulation by environmental novelty. J Neurosci 18:10579–10593 

Badiani A, Oates MM, Day HEW, Watson SJ, Akil H, Robinson TE (1999) 

Environmental modulation of amphetamine-induced c-fos expression in D1 versus D2 

striatal neurons. Behav Brain Res 103:203–209 

Badiani A, Robinson TE (2004) Drug-induced neurobehavioral plasticity: the role of 

environmental context. Behav Pharmacol 15(5-6):327-339 

Badiani A, Spagnolo PA (2013) Role of Environmental Factors in Cocaine Addiction. 

Current Pharmaceutical Design 19(40):6996–7008 

Barker DJ, Root DH, Ma S, Jha S, Megehee L, Pawlak AP, West MO (2010) Dose-

dependent differences in short ultrasonic vocalizations emitted by rats during cocaine 

self-administration. Psychopharmacology (Berl) 211:435-42 

Bentham J (1823) An Introduction to the Principles of Morals and Legislation, 2nd edn. 

Pickering, London (1st edn printed in 1780) 

Berke JD (2018) What does dopamine mean? Nat Neurosci 21(6):787-793 

Berridge KC (2003) Pleasures of the brain. Brain Cogn 52(1):106-28 

Berridge KC (2004) Motivation concepts in behavioral neuroscience. Physiol Behav 

81(2):179-209. 

Berridge KC (2007) The debate over dopamine's role in reward: the case for incentive 

salience. Psychopharmacology (Berl) 191(3):391-431 

Berridge KC, Zhang J, Aldridge JW (2008) Computing motivation: Incentive salience 

boosts of drug or appetite states. Behav Brain Sci 31(4):440-441 

Berridge KC, Robinson TE, Aldridge JW (2009) Dissecting components of reward: 

'liking', 'wanting', and learning. Curr Opin Pharmacol 9(1):65-73 

Berridge KC (2012) From prediction error to incentive salience: mesolimbic 

computation of reward motivation. Eur J Neurosci 35(7):1124-43 

Berridge KC, O’Doherty JP (2014) Decision Making and the Brain. In: Glimcher PW, 

Fehr E (eds) Neuroeconomics: Decision Making and the Brain 2nd edn. Academic 

Press, pages 335-351 

Berridge KC, Kringelbach ML (2013) Neuroscience of affect: brain mechanisms of 

pleasure and displeasure. Curr Opin Neurobiol 23:294–303 

Berridge KC, Robinson TE (2016) Liking, wanting, and the incentive-sensitization 

theory of addiction. Am Psychol 71(8):670-679 

Bevan RK, Rose MA, Duggan KA (1997) Evidence for direct interaction of ketamine 

with alpha 1- and beta 2-adrenoceptors. Clin Exp Pharmacol Physiol 24(12):923-926 

Bialy M, Rydz M, Kaczmarek L (2000) Precontact 50-kHz vocalizations in male rats 

during acquisition of sexual experience. Behav Neurosci 114:983-90 

Billman GE (1995) Cocaine: A Review of Its Toxic Actions on Cardiac Function. 



 33 

Critical Reviews in Toxicology 25(2):113–132 

Bindra D 1976 A theory of intelligent behavior. Oxford, England: Wiley-Interscience. 

Bonnici HM, Richter FR, Yazar Y, Simons JS (2016) Multimodal Feature Integration 

in the Angular Gyrus during Episodic and Semantic Retrieval. J Neurosci 36:5462–

5471 

Bostan AC, Strick PL (2018) The basal ganglia and the cerebellum: nodes in an 

integrated network. Nat Rev Neurosci 19(6):338-350 

Bostan AC, Dum RP, Strick PL (2010) The basal ganglia communicate with the 

cerebellum. Proc Natl Acad Sci USA 107(18):8452-8456 

Breiter HC, Gollub RL, Weisskoff RM, Kennedy DN, Makris N, Berke JD, Goodman 

JM, Kantor HL, Gastfriend DR, Riorden JP, Mathew RT, Rosen BR, Hyman SE (1997) 

Acute effects of cocaine on human brain activity and emotion. Neuron 19:591–611 

Britt JP, McGehee DS (2008) Presynaptic opioid and nicotinic receptor modulation of 

dopamine overflow in the nucleus accumbens. J Neurosci 28:1672–1681. 

Browman KE, Badiani A, Robinson TE (1998a) The influence of environment on the 

induction of sensitization to the psychomotor activating effects of intravenous cocaine 

in rats is dose-dependent. Psychopharmacology (Berl) 137(1):90-98 

Browman KE, Badiani A, Robinson TE (1998b) Modulatory effect of environmental 

stimuli on the susceptibility to amphetamine sensitization: a dose-effect study in rats.  

J Pharmacol Exp Ther 287(3):1007-1014 

Burgdorf J, Knutson B, Panksepp J (2000) Anticipation of rewarding electrical brain 

stimulation evokes ultrasonic vocalization in rats. Behav Neurosci 114:320–7 

Burgdorf J, Panksepp J (2001) Tickling induces reward in adolescent rats. Physiol 

Behav 72:167-73 

Cameron CM, Wightman RM, Carelli RM (2014) Dynamics of rapid dopamine release 

in the nucleus accumbens during goal-directed behaviors for cocaine versus natural 

rewards. Neuropharmacology 86:319-28 

Caprioli D, Celentano M, Dubla A, Lucantonio F, Nencini P, Badiani A (2009) 

Ambience and drug choice: cocaine- and heroin-taking as a function of environmental 

context in humans and rats. Biol Psychiatry 65:893–899 

Caprioli D, Celentano M, Paolone G, Badiani A (2007b) Modeling the role of 

environment in addiction. Prog Neuropsychopharmacol Biol Psychiatry 31:1639–1653 

Caprioli D, Celentano M, Paolone G, Lucantonio F, Bari A, Nencini P, Badiani A 

(2008) Opposite environmental regulation of heroin and amphetamine self-

administration in the rat. Psychopharmacology (Berl) 198(3):395-404 

Caprioli D, Paolone G, Celentano M, Testa A, Nencini P, Badiani A (2007a) 

Environmental modulation of cocaine self-administration in the rat. 

Psychopharmacology (Berl) 192:397-406 

Celentano M et al. (2009) Drug context differently regulates cocaine versus heroin self-

administration and cocaine- versus heroin-induced Fos mRNA expression in the rat. 

Psychopharmacology 204:349–360 

Covey DP, Roitman MF, Garris PA (2014) Illicit dopamine transients: reconciling 

actions of abused drugs. Trends Neurosci 37(4):200-210 



 34 

Cox SML, Benkelfat C, Dagher A, Delaney JS, Durand F, McKenzie SA, Kolivakis T, 

Casey KF, Leyton M (2009) Striatal Dopamine Responses to Intranasal Cocaine Self-

Administration in Humans. Biol Psychiatry 65:846–850 

Critchley HD, Harrison NA (2013) Visceral influences on brain and behavior. Neuron 

77:624-638 

Crombag HS, Badiani A, Robinson TE (1996): Signalled versus unsignalled 

intravenous amphetamine: large differences in the acute psychomotor response and 

sensitization. Brain Res, 722(1-2), 227-231 

Crombag HS, Badiani A, Maren S, Robinson TE (2000) The role of contextual versus 

discrete drug-associated cues in promoting the induction of psychomotor sensitization 

to intravenous amphetamine. Behav Brain Res 116(1):1-22 

Crombag HS, Shaham Y (2002) Renewal of drug seeking by contextual cues after 

prolonged extinction in rats. Behav Neurosci 116:169–173 

Day HE, Badiani A, Uslaner JM, Oates MM, Vittoz NM, Robinson TE, Watson SJ Jr, 

Akil H (2001) Environmental novelty differentially affects c-fos mRNA expression 

induced by amphetamine or cocaine in subregions of the bed nucleus of the stria 

terminalis and amygdala. J Neurosci 21(2):732-40 

Dayan P, Berridge KC (2014) Model-based and model-free Pavlovian reward learning: 

revaluation, revision, and revelation. Cogn Affect Behav Neurosci 14(2):473-92. 

De Luca MT, Badiani A (2011) Ketamine self-administration in the rat: evidence for a 

critical role of setting. Psychopharmacology (Berl) 214:549–56 

De Luca MT, Meringolo M, Spagnolo PA, Badiani A (2012) The role of setting for 

ketamine abuse: clinical and preclinical evidence. Rev Neurosci 23:769–780 

De Luca MT, Montanari C, Meringolo M, Contu L, Celentano M, Badiani A (2019) 

Heroin  versus cocaine: opposite choice as a function of context but not of drug history  

in the rat. Psychopharmacology (Berl) 236(2):787-798 

De Pirro S, Galati G, Pizzamiglio L, Badiani A (2018) The Affective and Neural 

Correlates of Heroin versus Cocaine Use in Addiction Are Influenced by 

Environmental Setting But in Opposite Directions. J Neurosci 38(22):5182-5195 

de Wit H, Stewart J (1981) Reinstatement of cocaine-reinforced responding in the rat. 

Psychopharmacology (Berl) 75:134–143 

Dearing RL, Stuewig J, Tangney JP (2005) On the importance of distinguishing shame 

from guilt: relations to problematic alcohol and drug use. Addict Behav 30:1392–1404 

Di Chiara G, Imperato A (1988) Drugs abused by humans preferentially increase 

synaptic dopamine concentrations in the mesolimbic system of freely moving rats. 

Proc. Natl Acad. Sci. USA 85:5274–5278 

Ettenberg A, Pettit HO, Bloom FE, Koob GF (1982) Heroin and cocaine intravenous 

self-administration in rats: mediation by separate neural systems. Psychopharmacology 

(Berl) 78:204–209 

Ettenberg A, Raven MA, Danluck DA, Necessary BD (1999) Evidence for opponent-

process actions of intravenous cocaine. Pharmacol Biochem Behav 64:507–512 

Ferguson SM, Thomas MJ, Robinson TE (2004) Morphine-induced c-fos mRNA 

expression in striatofugal circuits: modulation by dose, environmental context, and 

drug history. Neuropsychopharmacology 29:1664–1674 



 35 

Flagel SB, Clark JJ, Robinson TE, Mayo L, Czuj A, Willuhn I, Akers CA, Clinton SM, 

Phillips PE, Akil H (2011) A selective role for dopamine in stimulus-reward learning. 

Nature 469(7328):53-57 

Fletcher PC, Frith CD, Baker SC, Shallice T, Frackowiak RS, Dolan RJ (1995) The 

mind’s eye--precuneus activation in memory-related imagery. Neuroimage 2:195–200 

Fraioli S, Crombag HS, Badiani A, Robinson TE (1999) Susceptibility to 

amphetamine-induced locomotor sensitization is modulated by environmental stimuli. 

Neuropsychopharmacology 20(6):533-541 

Geist TD, Ettenberg A (1997) Concurrent positive and negative goalbox events produce 

runway behaviors comparable to those of cocaine-reinforced rats. Pharmacol Biochem 

Behav 57:145–150 

Geracioti TD Jr, Post RM (1991) Onset of panic disorder associated with rare use of 

cocaine. Biol Psychiatry 29:403–406 

Gerrits MA, Ramsey NF, Wolterink G, van Ree JM (1994) Lack of evidence for an 

involvement of nucleus accumbens dopamine D1 receptors in the initiation of heroin 

self-administration in the rat. Psychopharmacology (Berl) 114(3):486-94. 

Gerrits MA, Van Ree JM (1996) Effect of nucleus accumbens dopamine depletion on 

motivational aspects involved in initiation of cocaine and heroin self-administration in 

rats. Brain Res 713:114–124 

Goldstein RZ, Volkow ND (2002) Drug addiction and its underlying neurobiological 

basis: neuroimaging evidence for the involvement of the frontal cortex. Am J 

Psychiatry 159:1642–1652 

Goldstein RZ, Volkow ND (2011) Dysfunction of the prefrontal cortex in addiction: 

neuroimaging findings and clinical implications. Nat Rev Neurosci 12(11):652-669 

Gorlin EI, Werntz AJ, Fua KC, Lambert AE, Namaky N, Teachman BA (2019) 

Remembering or knowing how we felt: Depression and anxiety symptoms predict 

retrieval processes during emotional self-report. Emotion 19(3):465-479 

Gossop MR, Connell PH (1975) Attitudes of oral and intravenous multiple drug users 

toward drugs of abuse. Int J Addict 10(3):453–466 

Gottås A, Boix F, Øiestad EL, Vindenes V, Mørland J (2014) Role of 6-

monoacetylmorphine in the acute release of striatal dopamine induced by intravenous 

heroin. Int J Neuropsychopharmacol 17(9):1357-1365 

Gratton A (1996) In Vivo Analysis of the Role of Dopamine in Stimulant and Opiate 

Self-Administration. J Psychiatry Neurosci 21:264-279 

Gratton A, Wise RA (1994) Drug- and Behavior-associated Changes in Dopamine-

related Electrochemical Signals during Intravenous Cocaine Self-Administration in 

Rats. J Neurosci 14(7):4130-4146 

Gysling K, Wang RY (1983) Morphine-induced activation of A10 dopamine neurons 

in the rat. Brain Res 277:119–127 

Haddad GG, Lasala PA (1987) Effect of parasympathetic blockade on ventilatory and 

cardiac depression induced by opioids. Respir Physiol 67:101–114 

Harford RJ (1978) Drug preferences of multiple drug abusers. J Consult Clin Psychol 

46(5):908–912 

Hemby SE, Martin TJ, Co C, Dworkin SI, Smith JE (1995) The effects of intravenous 



 36 

heroin administration on extracellular nucleus accumbens dopamine concentrations  as 

determined by in vivo microdialysis. J Pharmacol Exp Ther 273(2):591-598 

Hope B, Kosofsky B, Hyman SE, Nestler EJ (1992) Regulation of immediate early gene 

expression and AP-1 binding in the rat nucleus accumbens by chronic cocaine. Proc 

Natl Acad Sci USA 89(13):5764-5768 

Hoshi E, Tremblay L, Féger J, Carras PL, Strick PL (2005) The cerebellum 

communicates with the basal ganglia. Nat Neurosci 8:1491–1493 

Hyman SE, Malenka RC, Nestler EJ (2006) Neural mechanisms of addiction: the role 

of  reward-related learning and memory. Annu Rev Neurosci 29:565-598 

Ikemoto S (2010) Brain reward circuitry beyond the mesolimbic dopamine system: a 

neurobiological theory. Neurosci Biobehav Rev 35(2):129-150 

Jaffe JH, Knapp CM, Ciraulo DA (1997) Opiates: Clinical aspects. In: Lowinson JH, 

Ruiz P, Millman RRB, Langrood JG(eds.) Substance abuse: A comprehensive 

textbook. Williams and Wilkins, Philadelphia 

Johanson CE, Fischman MW (1989) The pharmacology of cocaine related to its abuse. 

Pharmacol Rev 41:3-52 

Johnson SW, North RA (1992) Opioids excite dopamine neurons by hyperpolarization 

of local interneurons. J Neurosci 12:483–488 

Kahneman D (1999) Assessments of individual well-being: a bottom-up approach. In: 

Kahneman D, Diener E, Schwartz N (eds.) Well-Being: The Foundations of Hedonic 

Psychology. Russel Sage Foundation, New York 

Kahneman D, Wakker PP, Sarin R (1997) Back to Bentham? Explorations of 

experienced utility. Q J Econ 112:375-405 

Kahneman (2000) Evaluation by Moments: Past and Future. In: Kahneman D, Tversky 

A (eds.) Choices, Values, and Frames. Cambridge University Press, Cambridge.  

Kaye LK, Malone SA, Wall HJ (2017) Emojis: Insights, Affordances, and 

Possibilities for Psychological Science. Trends Cogn Sci 21:66–68 

Keiflin R, Janak PH (2015) Dopamine prediction errors in reward learning and 

addiction: from theory to neural circuitry. Neuron 88:247-263. 

Kendler KS, Jacobson KC, Prescott CA, Neale MC (2003) Specificity of genetic and 

environmental risk factors for use and abuse/dependence of cannabis, cocaine, 

hallucinogens, sedatives, stimulants, and opiates in male twins. Am J Psychiatry 

160:687-695 

Keramati M, Ahmed SH, Gutkin BS (2017) Misdeed of the need: towards 

computational accounts of transition to addiction. Curr Opin Neurobiol 46:142-153. 

Keramati M, Gutkin B (2014) Homeostatic reinforcement learning for integrating 

reward collection and physiological stability. Elife. 2014 Dec 2;3. doi: 2014 Dec 2;3. 

doi:10.7554/eLife.04811. P 

Kiyatkin E (1995) Functional Significance of Mesolimbic Dopamine. Neurosci 

Biobehav Rev 19:573-598 

Kiyatkin EA, Rebec GV (1997) Activity of presumed dopamine neurons in the ventral 

tegmental area during heroin self-administration. Neuroreport 8(11):2581-2585 



 37 

Knackstedt LA, Samimi MM, Ettenberg A (2002) Evidence for opponent-process 

actions of intravenous cocaine and cocaethylene. Pharmacol Biochem Behav 72:931–

936 

Knutson B, Burgdorf J, Panksepp J (1998) Anticipation of play elicits high-frequency 

ultrasonic vocalizations in young rats. J Comp Psychol (Washington, D.C.: 1983) 

112:65-73 

Knutson B, Burgdorf J, Panksepp J (1999) High-frequency ultrasonic vocalizations 

index conditioned pharmacological reward in rats. Physiol Behav 66:639-43 

Knutson B, Burgdorf J, Panksepp J (2002) Ultrasonic vocalizations as indices of 

affective states in rats. Psychol Bull 128:961-977 

Koob GF, Volkow ND (2010) Neurocircuitry of addiction. Neuropsychopharmacology 

35(1):217-38. 

Kuczenski R, Segal DS, Weinberger SB, Browne RG (1982)  Evidence that a 

behavioral augmentation following repeated amphetamine administration does not 

involve peripheral mechanisms. Pharmacol Biochem Behav 17:547–553 

Kuhl BA, Chun MM (2014) Successful remembering elicits event-specific activity 

patterns in lateral parietal cortex. J Neurosci 34:8051–8060 

Leri F, Stewart J, Tremblay A, Bruneau J (1994) Heroin and cocaine co-use in a group 

of injection drug users in Montréal. J Psychiatry Neurosci 29(1):40-47 

Leyton M, Vezina P (2013) Striatal ups and downs: their roles in vulnerability to 

addictions in humans. Neurosci Biobehav Rev 37:1999–2014. 

Luoma JB, Kohlenberg BS, Hayes SC, Fletcher L (2012) Slow and steady wins the 

race: a randomized clinical trial of acceptance and commitment therapy targeting shame 

in substance use disorders. J Consult Clin Psychol 80:43–53 

Luoma JB, Nobles RH, Drake CE, Hayes SC, O’Hair A, Fletcher L, Kohlenberg BS 

(2013) Self-Stigma in Substance Abuse: Development of a New Measure. J 

Psychopathol Behav Assess 35:223–234 

Maceira AM, Ripoll C, Cosin-Sales J, Igual B, Gavilan M, Salazar J, Belloch V, Pennell 

DJ (2014) Long term effects of cocaine on the heart assessed by cardiovascular 

magnetic resonance at 3T. J Cardiovasc Magn Reson 23;16:26 

Maier EY, Ma ST, Ahrens A, Schallert TJ, Duvauchelle CL (2010) Assessment of 

ultrasonic vocalizations during drug self-administration in rats. J Vis Exp 2010 Jul 

22;(41). pii: 2041. doi: 10.3791/2041 

Mällo T, Matrov D, Herm L, Kõiv K, Eller M, Rinken A, Harro J (2007) Tickling-

induced 50-kHz ultrasonic vocalization is individually stable and predicts behaviour in 

tests of anxiety and depression in rats. Behav Brain Res 184:57-71 

Marinelli M, Barrot M, Simon H, Oberlander C, Dekeyne A, Le Moal M, Piazza PV 

(1998) Pharmacological stimuli decreasing nucleus accumbens dopamine can act as 

positive reinforcers but have a low addictive potential. Eur J Neurosci 10(10):3269-

3275 

Matthews RT, German  DC (1984) Electrophysiological evidence for excitation of rat 

ventral tegmental area dopamine neurons by morphine. Neuroscience 11:617-625  

McGinnis MY, Vakulenko M (2003) Characterization of 50-kHz ultrasonic 

vocalizations in male and female rats. Physiol Behav 80:81-8 



 38 

McGaugh JL (2004) The amygdala modulates the consolidation of memories of 

emotionally arousing experiences. Annu Rev Neurosci 27:1-28 

Montague PR, Dayan P, Sejnowski TJ (1996) A framework for mesencephalic 

dopamine systems based on predictive Hebbian learning. J Neurosci 16:1936–1947 

Montanari C, Stendardo E, De Luca MT, et al (2015) Differential vulnerability to 

relapse into heroin versus cocaine-seeking as a function of setting. 

Psychopharmacology (Berl) 232:2415–2424 

Müller CP, Schumann G (2011) Drugs as instruments: a new framework for non-

addictive psychoactive drug use. Behav Brain Sci 34(6):293-310. 

Murray EA (2007) The amygdala, reward and emotion. Trends Cogn Sci 11:489-497 

Nathanson L, Rivers SE, Flynn LM, Brackett MA (2016) Creating Emotionally 

Intelligent Schools With RULER. Emot Rev 8:305–310 

Natusch C, Schwarting RKW (2010) Using bedding in a test environment critically 

affects 50-kHz ultrasonic vocalizations in laboratory rats. Pharmacol Biochem Behav 

96:251-9 

Nestler EJ (2001) Molecular basis of long-term plasticity underlying addiction. Nature 

Rev Neurosci 2:119-128 

Nestler, E. J. (2004) Historical review: molecular and cellular mechanisms of opiate 

and cocaine addiction. Trends Pharmacol Sci, 25:210-218 

Newcombe RG (1988) Two-sided confidence intervals for the single proportion: 

comparison of seven methods. Stat Med 17:857–872 

Nilsson M, Poulsen JL, Brock C, Sandberg TH, Gram M, Frøkjær JB, Krogh K, Drewes 

AM (2016) Opioid-induced bowel dysfunction in healthy volunteers assessed with 

questionnaires and MRI. Eur J Gastroenterol Hepatol 28:514-524 

Nutt DJ, Lingford-Hughes A, Erritzoe D, Stokes PR (2015) The dopamine theory of 

addiction: 40 years of highs and lows. Nat Rev Neurosci 16(5):305-312 

Nyaronga D, Greenfield TK, McDaniel PA (2009) Drinking context and drinking 

problems among black, white, and hispanic men and women in the 1984, 1995, and 

2005 U.S. National Alcohol Surveys. J Stud Alcohol Drug 70:16–26 

Ostrander MM, Badiani A, Day HE, Norton CS, Watson SJ, Akil H, Robinson TE 

(2003) Environmental context and drug history modulate amphetamine-induced c-fos 

mRNA expression in the basal ganglia, central extended amygdala, and associated 

limbic forebrain. Neuroscience 120:551-571 

Panksepp J, Burgdorf J (2000) 50-kHz chirping (laughter?) in response to conditioned 

and unconditioned tickle-induced reward in rats: effects of social housing and genetic 

variables. Behav Brain Res 115:25-38 

Panksepp J, Burgdorf J (2003) "Laughing" rats and the evolutionary antecedents of 

human joy? Physiol Behav 79:533-47 

Paolone G, Burdino R, Badiani A (2003) Dissociation in the modulatory effects of 

environmental novelty on the locomotor, analgesic, and eating response to acute and 

repeated morphine in the rat. Psychopharmacology (Berl) 166(2):146-155 

Paolone G, Conversi D, Caprioli D, Bianco P D, Nencini P, Cabib S, Badiani A (2007) 

Modulatory effect of environmental context and drug history on heroin- induced 

psychomotor activity and fos protein expression in the rat brain. 



 39 

Neuropsychopharmacology 32(12):2611-2623 

Paolone G, Palopoli M, Marrone MC, Nencini P, Badiani A (2004) Environmental 

modulation of the interoceptive effects of amphetamine in the rat. Behav Brain Res 

152:149–155 

Pattison LP, McIntosh S, Budygin EA, Hemby SE (2012) Differential regulation of 

accumbal dopamine transmission in rats following cocaine, heroin and speedball self-

administration. J Neurochem 122(1):138-146 

Pattison LP, Bonin KD, Hemby SE, Budygin EA (2011) Speedball induced changes in 

electrically stimulated dopamine overflow in rat nucleus accumbens. 

Neuropharmacology 60(2-3):312-317 

Pelloux Y, Degoulet M, Tiran-Cappello A, Cohen C, Lardeux S, George O, Koob GF, 

Ahmed SH, Baunez C (2018) Subthalamic nucleus high frequency stimulation prevents 

and reverses escalated cocaine use. Mol Psychiatry 23:2266–2276 

Peters J, Pattij T, De Vries TJ (2013) Targeting cocaine versus heroin memories: 

divergent roles within ventromedial prefrontal cortex. Trends Pharmacol Sci 

34(12):689-695 

Pettit HO, Ettenberg A, Bloom FE, Koob GF (1984) Destruction of dopamine in the 

nucleus accumbens selectively attenuates cocaine but not heroin selfadministration in 

rats. Psychopharmacology (Berl) 84:167-173 

Phillips PE, Stuber GD, Heien ML, Wightman RM, Carelli RM (2003) Subsecond 

dopamine release promotes cocaine seeking. Nature 422(6932):614-618 

Pisanu A, Lecca D, Valentini V, Bahi A, Dreyer JL, Cacciapaglia F, Scifo A, Piras G, 

Cadoni C, Di Chiara G (2015) Impairment of acquisition of intravenous cocaine self-

administration by RNA-interference of dopamine D1-receptors in the nucleus 

accumbens shell. Neuropharmacology 89:398-411 

Redish AD, Jensen S, Johnson A (2008) A unified framework for addiction: 

vulnerabilities in the decision process. Behav Brain Sci 31(4):415-437 

Rescorla RA (1967) Pavlovian Conditioning and Its Proper Control Procedures. 

Psychological Review 74(1):71–80. 

Richter FR, Cooper RA, Bays PM, Simons JS (2016) Distinct neural mechanisms 

underlie the success, precision, and vividness of episodic memory. Elife 5 Available at: 

http://dx.doi.org/10.7554/eLife.18260 

Robinson MD, Clore GL (2002) Belief and feeling: Evidence for an accessibility model 

of emotional self-report. Psychol Bull 128(6):934-960 

Robinson T, Berridge KC (1993) The neural basis of drug craving: an incentive-

sensitization theory of addiction. Brain Res Brain Res Rev 18(3):247-291 

Robinson TE, Kolb B (2004) Structural plasticity associated with exposure to drugs of 

abuse. Neuropharmacology 47:33-46 

Russell JA (1980) A circumplex model of affect. J Pers Soc Psychol 39:1161–1178 

Sah P, Faber ES, Lopez De Armentia M, Power J (2003) The amygdaloid complex: 

anatomy and physiology. Physiol Rev 83:803-834 

Salzman CD, Fusi S (2010) Emotion, cognition, and mental state representation in 

amygdala and prefrontal cortex. Annu Rev Neurosci 33:173-202 

http://dx.doi.org/10.7554/eLife.18260


 40 

Scheuerecker J, Frodl T, Koutsouleris N, Zetzsche T, Wiesmann M, Kleemann AM, 

Brückmann H, Schmitt G, Möller H-J, Meisenzahl EM (2007) Cerebral differences in 

explicit and implicit emotional processing--an fMRI study. Neuropsychobiology 

56:32–39 

Schmahmann JD (1996) From movement to thought: anatomic substrates of the 

cerebellar contribution to cognitive processing. Hum Brain Mapp 4:174–198 

Schmahmann JD (2004) Disorders of the cerebellum: ataxia, dysmetria of thought, and 

the cerebellar cognitive affective syndrome. J Neuropsychiatry Clin Neurosci 16:367–

378 

Schmahmann JD, Sherman JC (1998) The cerebellar cognitive affective syndrome. 

Brain 121(4):561–579 

Schultz W, Apicella P, Ljungberg T (1993) Responses of monkey dopamine neurons 

to reward and conditioned stimuli during successive steps of learning a delayed 

response task. J Neurosci 13:900–913. 

Schwarting RKW, Jegan N, Wöhr M (2007) Situational factors, conditions and 

individual variables which can determine ultrasonic vocalizations in male adult Wistar 

rats. Behav Brain Res 182:208-22 

Shaham Y, Shalev U, Lu L, DeWit H, Stewart J (2003) The reinstatement model of 

drug relapse: history, methodology and major findings. Psychopharmacology (Berl) 

168:3–20 

Sofuoglu M, and Sewell RA (2009) Norepinephrine and Stimulant Addiction. 

Addiction Biology 14(2):119-129 

Stewart J, Badiani A (1993) Tolerance and sensitization to the behavioral effects of 

drugs. Behav Pharmacol 4:289–312 

Stewart J, de Wit H, Eikelboom R (1984) Role of unconditioned and conditioned drug 

effects in the self-administration of opiates and stimulants. Psychol Rev 91:251–268 

Stoodley CJ (2012) The cerebellum and cognition: evidence from functional imaging 

studies. Cerebellum 11:352–365 

Stuber GD, Roitman MF, Phillips PE, Carelli RM, Wightman RM. Rapid dopamine 

signaling in the nucleus accumbens during contingent and noncontingent cocaine 

administration. Neuropsychopharmacology. 2005 May;30(5):853-863 

Sulzer D (2011) How addictive drugs disrupt presynaptic dopamine neurotransmission. 

Neuron 69(4):628-649 

Tamietto M, de Gelder B (2010) Neural bases of the non-conscious perception of 

emotional signals. Nat Rev Neurosci 11:697-709 

Testa A, Nencini P, Badiani A (2011) The role of setting in the oral self-administration 

of alcohol in the rat. Psychopharmacology (Berl) 215:749-760 

Thornhill JA, Townsend C, Gregor L (1989) Intravenous Morphine Infusion (IMF) to 

Drug-Naive, Conscious Rats Evokes Bradycardic, Hypotensive Effects, but Pressor 

Actions Are Elicited after IMF to Rats Previously given Morphine. Canadian J Physiol 

Pharmacol 67(3):213-222 

Uslaner J, Badiani A, Day HE, Watson SJ, Akil H, Robinson TE (2001a) 

Environmental context modulates the ability of cocaine and amphetamine to induce c-

fos mRNA expression in the neocortex, caudate nucleus, and nucleus accumbens. Brain 



 41 

Res 920:106-116 

Uslaner J, Badiani A, Norton CS, Day HE, Watson SJ, Akil H, Robinson TE (2001b) 

Amphetamine and cocaine induce different patterns of c-fos mRNA expression in the 

striatum and subthalamic nucleus depending on environmental context. Eur J Neurosci 

13:1977-1983 

Van Overwalle F, Baetens K, Mariën P, Vandekerckhove M (2015) Cerebellar areas 

dedicated to social cognition? A comparison of meta-analytic and connectivity results. 

Soc Neurosci 10:337–344 

Volkow ND, Morales M (1995) The Brain on Drugs: From Reward to Addiction. Cell 

162(4):712-725 

Volkow ND, Wise RA, Baler R (2017) The dopamine motive system: implications for 

drug and food addiction. Nat Rev Neurosci 18(12):741-752 

White NR, Cagiano R, Moises AU, Barfield RJ (1990) Changes in mating vocalizations 

over the ejaculatory series in rats (Rattus norvegicus). J Comp Psychol 104:255-62 

Willuhn I, Burgeno LM, Groblewski PA, Phillips PE (2011) Excessive cocaine use 

results from decreased phasic dopamine signaling in the striatum. Nat Neurosci 

17(5):704-709 

Wilson EB (1927) Probable inference, the law of succession, and statistical inference. 

J Am Stat Assoc 22:209–212 

Wintink AJ, Brudzynski SM (2001) The related roles of dopamine and glutamate in the 

initiation of 50-kHz ultrasonic calls in adult rats. Pharmacol Biochem Behav 70:317-

23 

Wise RA (1980) Action of drugs of abuse on brain reward systems. Pharmacol Biochem 

Behav 13(Suppl 1):213-23. 

Wise RA, Bozarth MA (1987) A psychomotor stimulant theory of addiction. Psychol 

Rev 94(4):469-492 

Wise RA, Leone P, Rivest R, Leeb K (1995) Elevations of nucleus accumbens 

dopamine and DOPAC levels during intravenous heroin self-administration. Synapse 

21(2):140-148 

Wöhr M, Kehl M, Borta A, Schänzer A, Schwarting RKW, Höglinger GU (2009) New 

insights into the relationship of neurogenesis and affect: tickling induces hippocampal 

cell proliferation in rats emitting appetitive 50-kHz ultrasonic vocalizations. 

Neuroscience 163:1024-30 

Wright JM, Gourdon JC, Clarke PBS (2010) Identification of multiple call categories 

within the rich repertoire of adult rat 50-kHz ultrasonic vocalizations: effects of 

amphetamine and social context. Psychopharmacology (Berl) 211:1-13 

Zénon A, Duclos Y, Carron R, Witjas T, Baunez C, Régis J, Azulay JP, Brown P, 

Eusebio A (2016) The human subthalamic nucleus encodes the subjective value of 

reward and the cost of effort during decision-making. Brain 139(6):1830-1843 

Zhang J, Berridge KC, Tindell AJ, Smith KS, Aldridge JW (2009) A neural 

computational model of incentive salience. PLoS Comput Biol 5(7):e1000437 

Zinberg NE (1984) Drug, Set, and Setting The Basis for Controlled Intoxicant Use. 

Yale University Press, New Haven, Connecticut 

  



 42 

Fig. 1 
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Fig. 2 

 

 

EXPERIENCED UTILITY OF HEROIN VERSUS COCAINE 

AS A FUNCTION OF SETTING IN HUMANS 
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Figure 3 
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Figure 4 

 

 

DECISION UTILITY OF HEROIN VERSUS COCAINE 

AS A FUNCTION OF SETTING IN RATS (LEARNING) 
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Figure 5 

 

 

DECISION UTILITY OF HEROIN VERSUS COCAINE 

AS A FUNCTION OF SETTING IN RATS (DRUG CHOICE) 
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Figure 7 

 

 

DECISION UTILITY OF HEROIN VERSUS COCAINE 

AS A FUNCTION OF SETTING IN RATS (DRUG PRIMING) 
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