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IN SEARCH OF ADDICTION IN THE BRAINS OF LABORATORY ANIMALS

There are currently two major competing models of addiction, the chronic brain disease model and the choice model. Though there are different versions of these two general models, the dispute has largely concentrated on the question of whether addiction is a chronic medical disease, such as, for instance, diabetes, but one that would affect the brain, versus a harmful pattern of goal-directed and voluntary choices. Here it will be explained through a paradigmatic example why this dispute is still open and why it will remain so in the foreseeable future. Briefly, it is argued that this is due to a problem of underdetermination by current findings, notably findings on remission from addiction. It is then explained why research on animal models has so far been of little help in bringing about a resolution to this problem. Paradoxically, this is because animals have little control and choice over their life in the laboratory. Everything is taken care of by the experimenters and other caregivers, thereby undermining some of the ground on which we can infer a brain dysfunction from an observed brain change or difference.

There is a long-standing and still ongoing dispute about what is addiction. Though there are many nuanced conceptions and models available, as this book testifies, the dispute has largely concentrated on the question of whether addiction is a chronic medical disease, such as, for instance, diabetes, but one that would affect the brain, versus a harmful pattern of goal-directed and voluntary choices [START_REF] Alexander | The globalisation of addiction: A study in poverty of the spirit[END_REF][START_REF] Baumeister | Uses of self-regulation to facilitate and restrain addictive behavior[END_REF][START_REF] Berridge | Is addiction a brain disease?[END_REF][START_REF] Field | Indeed, not really a brain disorder: Implications for reductionist accounts of addiction[END_REF][START_REF] Grifell | Is drug addiction a brain disease?[END_REF][START_REF] Hall | The brain disease model of addiction: Is it supported by the evidence and has it delivered on its promises[END_REF][START_REF] Heather | Is the concept of compulsion useful in the explanation or description of addictive behaviour and experience?[END_REF][START_REF] Heilig | Addiction as a brain disease revised: Why it still matters, and the need for consilience[END_REF][START_REF] Heyman | Addiction: a disorder of choice[END_REF][START_REF] Hogarth | Addiction is driven by excessive goal-directed drug choice under negative affect: Translational critique of habit and compulsion theory[END_REF][START_REF] Kendler | Decision making in the pathway from genes to psychiatric and substance use disorders[END_REF][START_REF] Leshner | Addiction is a brain disease, and it matters[END_REF][START_REF] Levy | Addiction is not a brain disease (and it matters)[END_REF][START_REF] Lewis | Brain change in addiction as learning, not disease[END_REF][START_REF] Mclellan | Drug dependence, a chronic medical illness: implications for treatment, insurance, and outcomes evaluation[END_REF][START_REF] Pickard | What Ww're not talking about when we talk about addiction[END_REF][START_REF] Volkow | Brain disease model of addiction: Why is it so controversial?[END_REF][START_REF] Wakefield | Addiction from the harmful dysfunction perspective: How there can be a mental disorder in a normal brain[END_REF]. A major difference between these two general modelswhich, for convenience, I will call hereafter the chronic brain disease model and the choice modelis whether addiction is caused by some underlying brain dysfunctions that would abolish the ability to make voluntary drug choices, or if it results from ordinary goal-directed choice processes [START_REF] Heather | Is the concept of compulsion useful in the explanation or description of addictive behaviour and experience?[END_REF][START_REF] Heilig | Addiction as a brain disease revised: Why it still matters, and the need for consilience[END_REF][START_REF] Heyman | Do addicts have free will? An empirical approach to a vexing question[END_REF][START_REF] Hogarth | Addiction is driven by excessive goal-directed drug choice under negative affect: Translational critique of habit and compulsion theory[END_REF][START_REF] Hyman | The neurobiology of addiction: Implications for voluntary control of behavior[END_REF][START_REF] Koob | Neurobiology of addiction: A neurocircuitry analysis[END_REF][START_REF] Pickard | Psychopathology and the ability to do otherwise[END_REF]. Importantly, the latter does not imply that drug users would decide at the outset to embark on a life of addiction, but that the choices they make progressively lead them, under certain circumstances, to develop addiction. As a researcher who exclusively works on animal models of addiction in a laboratory, I do not feel that I am in a good position to resolve this dispute or to side in favor of one specific model. I am currently unsure and increasingly insecure because this ongoing debate also raises fundamental issues that are exposing important limitations inherent to animal models of addiction. It is my aim in this chapter to discuss some of these limitations and to show how they may affect the relevance of animal research on addiction for the debate in question. (For other limitations of animal models of addiction, see [START_REF] Ahmed | Validation crisis in animal models of drug addiction: beyond non-disordered drug use toward drug addiction[END_REF][START_REF] Ahmed | A walk on the wild side" of addiction: The history and significance of animal models[END_REF][START_REF] Field | Are animal models of addiction useful?[END_REF][START_REF] Venniro | Improving translation of animal models of addiction and relapse by reverse translation[END_REF]. In my view, awareness of these limitations should contribute to a more balanced and constructive use of the findings from animal research by the two sides of the debate.

A growing dispute about the interpretation of remissions from addiction I will begin by discussing a set of epidemiological findings on remission from addiction that is increasingly a major focus of the dispute between the two competing models of addiction [START_REF] Calabria | Systematic review of prospective studies investigating "remission" from amphetamine, cannabis, cocaine or opioid dependence[END_REF][START_REF] Fleury | Remission from substance use disorders: A systematic review and meta-analysis[END_REF][START_REF] Heilig | Addiction as a brain disease revised: Why it still matters, and the need for consilience[END_REF][START_REF] Heyman | Addiction: a disorder of choice[END_REF]Heyman, 2013b;[START_REF] Kelly | How many recovery attempts does it take to successfully resolve an alcohol or drug problem? Estimates and correlates from a national study of recovering U.S. adults[END_REF][START_REF] Lopez-Quintero | Probability and predictors of remission from life-time nicotine, alcohol, cannabis or cocaine dependence: Results from the National Epidemiologic Survey on Alcohol and Related Conditions[END_REF][START_REF] Mackillop | Is addiction really a chronic relapsing disorder? Commentary on Kelly et al. "How many recovery attempts does it take to successfully resolve an alcohol or drug problem? Estimates and correlates from a national study of recovering U.S. adults[END_REF][START_REF] Peele | People control their addictions: No matter how much the "chronic" brain disease model of addiction indicates otherwise, we know that people can quit addictions -with special reference to harm reduction and mindfulness[END_REF]. As we will see shortly, the same findings have received divergent interpretations from the two models and it is not clear at present how this underdetermination will be resolved and if experimental research on animal models could help to bring about such resolution [START_REF] Ahmed | Validation crisis in animal models of drug addiction: beyond non-disordered drug use toward drug addiction[END_REF]. The findings on remission from addiction are now well-known, thanks in large part to the systematic analysis of Gene Heyman [START_REF] Heyman | Addiction: a disorder of choice[END_REF]Heyman, 2013b). I will only very briefly summarize them here.

There is nationwide epidemiological evidence, mainly from the US, that among people who at some point in their life meet the Diagnostic and Statistical Manual (DSM) criteria of addiction many eventually quit drugs, typically during their thirties, without professional and/or medical help and often after only few attempts. This phenomenon is called "spontaneous recovery" or "spontaneous remission", presumably because we are still largely ignorant of the factors and/or processes involved (Field et al., 2020). At least, no known precipitating factors have been identified in these nationwide surveys that could explain the observed individual cases of remission. This phenomenon is also sometimes called "maturing out" of addiction, suggesting, rather vaguely, that it could result from an underlying age-dependent maturational process that would unfold independently from external factors [START_REF] Searby | Maturing out, natural recovery, and dual diagnosis: What are the implications for older adult mental health services[END_REF][START_REF] Winick | Maturing out from narcotic addiction[END_REF]. Only a small proportion of individuals seem to never recover, at least within the limited temporal followup window of the surveys. Interestingly, this variation in remission from addiction (i.e., a majority of remitters versus a minority of non-remitters) resembles what was also found in a now famous "natural experiment" whose results were reported and analyzed by Lee Robins and her colleagues [START_REF] Robins | The sixth Thomas James Okey Memorial Lecture. Vietnam veterans' rapid recovery from heroin addiction: A fluke or normal expectation?[END_REF][START_REF] Robins | Drug use by U.S. Army enlisted men in Vietnam: A follow-up on their return home[END_REF]. Briefly, US soldiers who served in the Vietnam War during the 1970s were followed-up after returning home. Among those who used heroin in Vietnam on a chronic basis and often to the point of becoming physically dependent, the large majority stopped heroin use after their return [START_REF] Robins | The sixth Thomas James Okey Memorial Lecture. Vietnam veterans' rapid recovery from heroin addiction: A fluke or normal expectation?[END_REF]. Only a minority of individuals continued to use heroin after Vietnam. Though now dated, this unique "natural experiment" remains important because it shows that remission from addiction is not necessarily the result of a slow, "spontaneous" or maturational process, but can also apparently be provoked or precipitated by a change in environmental and life circumstances, here dictated by a governmental decree. Thus, among people who are considered at some point to have addiction, many, if not most, eventually recover without professional help, while fewer apparently do not. Not surprisingly, the high rate of spontaneous remission from addiction has been taken as evidence against the chronic brain disease model of addiction and in favor of the choice model of addiction [START_REF] Heather | Is the concept of compulsion useful in the explanation or description of addictive behaviour and experience?[END_REF][START_REF] Heyman | Addiction: a disorder of choice[END_REF]Heyman, 2013aHeyman, , 2013b[START_REF] Heyman | Do addicts have free will? An empirical approach to a vexing question[END_REF][START_REF] Pickard | Psychopathology and the ability to do otherwise[END_REF][START_REF] Pickard | What Ww're not talking about when we talk about addiction[END_REF]. If people with addiction can eventually quit drugs on their own and often after only a few attempts, then this seems to indicate that they were not suffering from a chronic relapsing brain disease in the first place. On the contrary, for proponents of the choice model of addiction, spontaneous remission would rather indicate that at some stage in their life, people with addiction come to the conclusion that the benefits of continued drug use are, on balance, no longer worth the costs and this motivates their decision to quit drugs to engage in other available activities that correspond more to adult life. However, advocates of the chronic brain disease model have begun to challenge this latter interpretation, mainly by questioning the addiction status and/or severity of those who recover [START_REF] Heilig | Addiction as a brain disease revised: Why it still matters, and the need for consilience[END_REF][START_REF] Mackillop | Is addiction really a chronic relapsing disorder? Commentary on Kelly et al. "How many recovery attempts does it take to successfully resolve an alcohol or drug problem? Estimates and correlates from a national study of recovering U.S. adults[END_REF]. Accordingly, the application of DSM criteria of addiction to non-clinical populations would not be sufficiently reliable and would be prone to a high rate of false positives. Put bluntly, remitters would not, in the first place, be true positive cases of addiction or would have only a non-severe form of addictionand this would be confirmed retrospectively precisely by the fact that they eventually undergo remission [START_REF] Heilig | Addiction as a brain disease revised: Why it still matters, and the need for consilience[END_REF][START_REF] Mackillop | Is addiction really a chronic relapsing disorder? Commentary on Kelly et al. "How many recovery attempts does it take to successfully resolve an alcohol or drug problem? Estimates and correlates from a national study of recovering U.S. adults[END_REF]. Only non-remitter individuals should be considered true positive cases of addiction and, thus, as having a chronic brain disease. Thus, if we were able to compare and contrast the brains of the non-remitters to the brains of the remitters, this would enable us to discover, if they exist, the brain dysfunctions that have long been hypothesized to underlie addiction.

The problem is that this type of brain comparative study has not been done yet in a systematic manner, so we don't know, at least for now, if the non-remitters indeed have a chronic brain disease and, if so, what it is like. More pragmatically, since spontaneous remission occurs at different ages in different individuals, it is not clear how long we should wait before determining that a given individual will not recover and, thus, represents a true positive case of addiction?

There are other methodological issues with this type of comparative study, but even if they were feasible and eventually conducted, it is not clear if they would enable us to unearth the much sought-after brain dysfunctions. For one thing, this would imply that we have resolved the general problem of reading a brain dysfunction from a mere brain differencewhich as far as I know still awaits a resolution (see also below)and also that we have found a way to intervene to specifically reverse it or neutralize it, all else being equal, to prove that it is indeed an underlying neurobiological cause and not merely a consequence of addictiona demonstration that is particularly hard to provide in humans [START_REF] Volkow | Neuroscience of addiction: Relevance to prevention and treatment[END_REF].

For another thing, there are plausible alternative explanations for non-remission cases that are consistent with the choice model of addiction. For instance, according to some accounts, for some non-remitters, drug use would be a significant part and perhaps even a core part of their personal identity (Pickard, 2020a). Quitting drug use would amount to giving up one's personal identity which is difficult, to say the least, particularly when there is no alternative desirable identity available. According to other accounts, some non-remitters would learn to use a specific drug as a mean to alleviate the suffering caused by some preexisting psychological conditions (e.g., selfmedication accounts) [START_REF] Khantzian | The self-medication hypothesis of substance use disorders: A reconsideration and recent applications[END_REF][START_REF] Pickard | The purpose in chronic addiction[END_REF]. For them, quitting drug use would amount to giving up an effective self-medication, something that is hard to do, particularly when no other effective way to cope with their condition is accessible. Finally, some non-remitters would continue drug use mainly because they are "trapped" in environments that are not favorable to remission from addiction [START_REF] Alexander | The globalisation of addiction: A study in poverty of the spirit[END_REF][START_REF] Faupel | Drug availability, life structure, and situational ethics of heroin addicts[END_REF][START_REF] Room | No level has primacy in what is called addiction: "Addiction is a social disease" would be just as tenable[END_REF][START_REF] Stonington | Structural iatrogenesis -A 43-year-old man with "opioid misuse[END_REF]. It is easy to forget this reality, but many individuals happen to find themselves in environments following historical, cultural, and social forces over which they have had little control and choice. For such people it takes a lot of effort, if only to begin to envision possible ways to change or leave their environment for an alternative that is more favorable to remission.

For instance, this may describe the situation of some homeless drug users or other sociallydisadvantaged, -discriminated and -stigmatized populations of drug users [START_REF] Bourgois | Reinterpreting ethnic patterns among white and African American men who inject heroin: a social science of medicine approach[END_REF][START_REF] Stonington | Structural iatrogenesis -A 43-year-old man with "opioid misuse[END_REF]. Since there are few alternative perspectives available to enable them to escape their situations for other meaningful pursuits, these individuals may not even consider or attempt to quit drug use. Thus, cases of non-remission potentially reflect a highly heterogeneous reality and this heterogeneity will considerably complicate the interpretation of any eventual brain difference that we may find, if any, between remitters and non-remitters [START_REF] Ahmed | Validation crisis in animal models of drug addiction: beyond non-disordered drug use toward drug addiction[END_REF][START_REF] Epstein | Let's agree to agree: A comment on Hogarth (2020), with a plea for not-socompeting theories of addiction[END_REF][START_REF] Pickard | What Ww're not talking about when we talk about addiction[END_REF].

To sum up, this short discussion reveals that the same variation in remission from addiction (i.e., a majority of remitters versus a minority of non-remitters) tends to be interpreted differently by the two competing models of addiction and it is not clear at present which type of evidence will enable us to conjure up this underdetermination. Can experimental research on animal models of remission from addiction help to bring about a resolution to this problem of underdetermination?

The short answer is: I doubt it can (see also, [START_REF] Ahmed | Validation crisis in animal models of drug addiction: beyond non-disordered drug use toward drug addiction[END_REF]).

Why there is no animal model of "spontaneous" remission-like behavior

It is important to realize at the outset that there is no documented case of "spontaneous remission" in laboratory animals self-administering drugs. This is revealing. As animals develop, grow and become adult in the laboratory, nothing really changes in their life and in their environment. As they quickly transition to adulthood, they do not face a new behavioral "role" or "occupation" that could incite them to quit drug use and in which they could durably engage after quitting. In addition, since everything or nearly everything important in their life and in their living environment is already taken care of by the experimenters and other laboratory caregivers, continued drug use is not associated with the type of cumulative negative, often harrowing, consequences that are thought to incite human drug users to quit drugs [START_REF] Ahmed | Imbalance between drug and non-drug reward availability: a major risk factor for addiction[END_REF][START_REF] Ahmed | A walk on the wild side" of addiction: The history and significance of animal models[END_REF]. Put bluntly, there is no "struggle for life" in the laboratory. There is no real or perceived danger of predation (except, of course, at the end of an experiment when experimental animals are killed); there is no need to forage for food and water; there is no competition for sexual mating and reproduction; there is no need to engage in parental care; there is no or very little risk of infections etc.. In addition, drugs are available in pure forms and in sterilized solutions, and cautions are taken to minimize the accidental risk of a lethal overdose during access to drugs for selfadministration (e.g., by controlling the unit dose available for self-administration and the minimum inter-injection interval, particularly early on when subjects have little experience with the drug effects). Thus, under standard laboratory conditions, nothing really important, biologically and psychologically, is really at stake in drug self-administration studies that could incite experimental animals to quit drug use "on their own"something that Bruce Alexander saw as a major limitation to laboratory research on animals many years ago [START_REF] Alexander | Effect of early and later colony housing on oral ingestion of morphine in rats[END_REF]. (For a discussion of his seminal insight in a historical context, see [START_REF] Ahmed | A walk on the wild side" of addiction: The history and significance of animal models[END_REF]). As we will see below, this laboratory animal condition also has important consequences for evaluating whether addiction-like behavior in animals is dysfunctional and, in turn, for interpreting whether a brain difference that is associated with this behavior corresponds to a brain dysfunction.

In addition and in a related vein, since nearly everything in laboratory drug self-administration studies is under experimental control and nearly nothing is up to animals, it may be difficult in the end to know whether animals can control and choose to quit drug use "on their own". To take a game metaphor, animals can play by the rules of the game dictated by the experimenters, but they cannot choose which game to play. For instance, experimental animals do not choose to find themselves in a specific operant setting (e.g., a Skinner box). They just happen to find themselves in that setting. If they happen to find themselves in a drug-only setting with no other options available than drug use, it is not up to them to leave it or change it for a different operant setting with a richer array of options. If the latter setting is critical for remission-like behavior, then it is not up to animals to decide to quit drug useprovided, of course, that they are psychologically able to make this type of decision between settings, which is at present uncertain [START_REF] Ahmed | Trying to make sense of rodents' drug choice behavior[END_REF][START_REF] Ahmed | A walk on the wild side" of addiction: The history and significance of animal models[END_REF]. All these preliminary considerations should be sufficient to understand why remission-like behavior does not occur "spontaneously" in the laboratory and why it has to be provoked or precipitated from outside. As will become clear below, remission-like experiments in laboratory animals are not unlike the "natural experiment" on remission from heroin addiction seen in US Vietnam veterans after they were returned home. One difference is that remission-like behavior in animals is provoked by an environmental intervention brought about by an experimental decree and not by a governmental decree. Since I have already described at length this research on remission-like behavior in animals elsewhere [START_REF] Ahmed | Imbalance between drug and non-drug reward availability: a major risk factor for addiction[END_REF][START_REF] Ahmed | Validation crisis in animal models of drug addiction: beyond non-disordered drug use toward drug addiction[END_REF][START_REF] Ahmed | Trying to make sense of rodents' drug choice behavior[END_REF][START_REF] Ahmed | A walk on the wild side" of addiction: The history and significance of animal models[END_REF], I will only briefly summarize its main findings below and then proceed to explain why they are of limited relevance for resolving the problem of underdetermination under discussion.

Animal models of "provoked" remission-like behavior

When animals, typically rats, are given access to a sufficiently large intravenous bolus dose of a drug for self-administration (e.g., cocaine) in an operant setting where they are left alone with no other meaningful or valuable behavioral options, most, if not all, individual animals learn to selfadminister the drug, though at different rates of acquisition and with different post-acquisition levels of drug intake [START_REF] Ahmed | The science of making drug-addicted animals[END_REF][START_REF] Vanderschuren | Animal models of the behavioral symptoms of substance use disorders[END_REF]. Under some drug access conditions (e.g., extended and/or intermittent drug access), most also develop escalation of drug intake and other behavioral signs that resemble, at least superficially, some DSM-like criteria (e.g., drug-induced reinstatement of drug seeking after extinction resembles drug-induced craving in humans) [START_REF] Ahmed | Escalation of drug use[END_REF][START_REF] Ahmed | The science of making drug-addicted animals[END_REF][START_REF] Vanderschuren | Animal models of the behavioral symptoms of substance use disorders[END_REF]. However, when the same animals are shifted to a choice setting where they also have concurrent access to a potent alternative nondrug reward (e.g., a concentrated sweet drink or an opportunity to interact with a social peer), most animals readily stop using the drug in favor of the nondrug alternative [START_REF] Ahmed | Imbalance between drug and non-drug reward availability: a major risk factor for addiction[END_REF][START_REF] Ahmed | Validation crisis in animal models of drug addiction: beyond non-disordered drug use toward drug addiction[END_REF][START_REF] Ahmed | Trying to make sense of rodents' drug choice behavior[END_REF][START_REF] Vanderschuren | Animal models of the behavioral symptoms of substance use disorders[END_REF]. Very few individual rats continue using the drug despite having access to and at the expense of a nondrug alternative that is preferred, all else being equal, by the majority of other rats [START_REF] Ahmed | Imbalance between drug and non-drug reward availability: a major risk factor for addiction[END_REF][START_REF] Ahmed | Validation crisis in animal models of drug addiction: beyond non-disordered drug use toward drug addiction[END_REF][START_REF] Ahmed | Trying to make sense of rodents' drug choice behavior[END_REF][START_REF] Ahmed | Neurobiology of addiction versus drug use driven by lack of choice[END_REF].

Similarly, when the same animals are shifted from a drug-only setting to a punishment setting where they are immediately punished when they are taking (or seeking to take) the drug (e.g., with a brief electrical footshock), most individuals stop taking the drug [START_REF] Chen | Rescuing cocaine-induced prefrontal cortex hypoactivity prevents compulsive cocaine seeking[END_REF][START_REF] Deroche-Gamonet | Evidence for addiction-like behavior in the rat[END_REF][START_REF] Pascoli | Sufficiency of mesolimbic dopamine neuron stimulation for the progression to addiction[END_REF]. However, some individual animals continue using the drug despite a punishment that causes the majority of other rats to stop drug use, all else being equal [START_REF] Chen | Rescuing cocaine-induced prefrontal cortex hypoactivity prevents compulsive cocaine seeking[END_REF][START_REF] Deroche-Gamonet | Evidence for addiction-like behavior in the rat[END_REF][START_REF] Pascoli | Stochastic synaptic plasticity underlying compulsion in a model of addiction[END_REF][START_REF] Pascoli | Sufficiency of mesolimbic dopamine neuron stimulation for the progression to addiction[END_REF][START_REF] Pelloux | Compulsive drug seeking by rats under punishment: effects of drug taking history[END_REF].

The parallelism between the variation in remission-like behavior seen in laboratory animals and the variation in "provoked remission" from heroin addiction seen in US Vietnam veterans after their return home should by now be obvious. However, the interpretation of the variation in provoked remission between individuals is less equivocal in laboratory animals. We know that the variation in remission-like behavior between animal remitters and non-remitters is observed following same environmental intervention and is thus only attributable to some preexisting individual differences. In contrast, in the case of US Vietnam veterans, one cannot exclude the possibility that the variation between remitters and non-remitters is also due, at least partly, to some environmental differences. For instance, it is possible that non-remitters did not recover because they found back home some of the environmental features of the Vietnam War environment (e.g., lack of alternative pursuits; drug availability) and not (uniquely) because of some preexisting individual differences from the majority of remitters [START_REF] Robins | The sixth Thomas James Okey Memorial Lecture. Vietnam veterans' rapid recovery from heroin addiction: A fluke or normal expectation?[END_REF]. In addition and perhaps more importantly, in laboratory animals, we know that remission-like behavior persists as long as remitter animals are maintained in the environmental setting that provoked it [START_REF] Ahmed | Validation crisis in animal models of drug addiction: beyond non-disordered drug use toward drug addiction[END_REF][START_REF] Ahmed | Trying to make sense of rodents' drug choice behavior[END_REF][START_REF] Venniro | Improving translation of animal models of addiction and relapse by reverse translation[END_REF]. Thus, if after a long period of remission-like behavior, remitter animals are shifted back to a drug-only setting, they will return to their pre-remission pattern of drug self-administration. Thus, in laboratory animals, we know that maintenance of remission-like behavior is strictly contingent on the environmental setting in which animal remitters happen to find themselves. Whether maintenance of remission from addiction is similarly contingent on the environmental setting in people is less clear [START_REF] Heyman | Addiction: a disorder of choice[END_REF][START_REF] Venniro | Improving translation of animal models of addiction and relapse by reverse translation[END_REF]. Regardless, it is precisely because the behavior of animal non-remitters is not contingent on the environmental setting, in comparison to the majority of animal remitters, that it is generally hypothesized to be caused by some underlying factors within their brains that would be absent in the brains of the latter [START_REF] Ahmed | Validation crisis in animal models of drug addiction: beyond non-disordered drug use toward drug addiction[END_REF][START_REF] Ahmed | Neurobiology of addiction versus drug use driven by lack of choice[END_REF]Guillem & Ahmed, 2018;Guillem et al., 2018;[START_REF] Pascoli | Stochastic synaptic plasticity underlying compulsion in a model of addiction[END_REF][START_REF] Pascoli | Sufficiency of mesolimbic dopamine neuron stimulation for the progression to addiction[END_REF]. Thus, it seems that the search in the brain for what distinguishes animals that show remission-like behavior from animals that do not could represent an invaluable complementary approach for discovering, if they exist, the much sought-after brain dysfunctions underlying addiction. As already suggested, identifying brain differences between individuals is not the hardest task, particularly in laboratory animals where a variety of sophisticated methods of investigation and intervention can be applied invasively at different levels of brain structure and activity (e.g., molecular, synaptic, neuronal and circuit levels) [START_REF] Ahmed | Cracking the molecular code of cocaine addiction[END_REF][START_REF] Koob | Neuroscience of addiction[END_REF][START_REF] Luscher | Consolidating the circuit model for addiction[END_REF][START_REF] Volkow | The brain on drugs: From reward to addiction[END_REF]. Briefly, it involves comparing and contrasting the brains of animal non-remitters with the brains of the majority of animal remitters and also with the brains of other relevant control groups. In addition, unlike people, laboratory animals are less variable genetically and also epigenetically, since they develop, grow and live in very stable and uniform environments [START_REF] Voelkl | The standardization fallacy[END_REF]. One should thus expect a relatively low level of interindividual heterogeneity or variability among animal non-remitters and also among animal remitters, thereby increasing the chance of identifying brain differences that are specifically related to the behavior of animal non-remitters. Next and when technically feasible, one can also study causality by resorting to specific interventions, neurobiological or otherwise, aimed at selectively canceling or neutralizing these brain differences and see if the latter play a necessary and sufficient role in the behavior of animal non-remitters. There are, thus, no unsurmountable obstacles, at least in principle, in the search for brain differences that are causally involved in the behavior of the latter individuals. In fact, few studies have recently begun to identify some differences in synaptic and neuronal activity in brain circuits that are hypothesized, broadly speaking, to play an important role in motivational control and choice processes, such as, for instance, the orbitofrontal cortex and its subcortical top-down projections to the mesolimbic dopamine neuronal circuit (Guillem & Ahmed, 2018;Guillem et al., 2018;[START_REF] Pascoli | Stochastic synaptic plasticity underlying compulsion in a model of addiction[END_REF][START_REF] Pascoli | Sufficiency of mesolimbic dopamine neuron stimulation for the progression to addiction[END_REF].

Why it is difficult to read a brain dysfunction from a mere brain difference

The trickier question, however, is whether these brain differences correspond to genuine brain dysfunctions, as postulated by the chronic brain disease model of addiction, as opposed to other non-disordered plastic brain processes. Addressing this question has proven difficult and not many researchers have tried to address it explicitly [START_REF] Berridge | Is addiction a brain disease?[END_REF][START_REF] Lewis | Brain change in addiction as learning, not disease[END_REF]Lewis, , 2019;;[START_REF] Wakefield | Addiction from the harmful dysfunction perspective: How there can be a mental disorder in a normal brain[END_REF]. This is mainly because we do not know how to define a brain function in purely neurobiological terms, without referring, one way or another, to the behavioral and/or psychological level. To take a crude example, no one really knows how to deduce the specific functions of a brain circuit just by looking at the patterns of neuronal activity of its constituent parts [START_REF] Bargmann | From the connectome to brain function[END_REF]. Typically, an attribution of functions to a specific brain circuit requires, at minimum, a reference to the behavior of the individual animal that owns the brain under study. Similarly, an attribution of dysfunctions to an observed brain difference is essentially based on the presumption that the behavior of the individual brain's owner is somehow dysfunctional. Apart perhaps from some exceptions (e.g., a neurodegenerative lesion), in most cases, the mere observation of a brain difference is not sufficient alone to conclude that it is a brain dysfunction [START_REF] Lewis | Addiction and the brain: Development, not disease[END_REF][START_REF] Lewis | Brain change in addiction as learning, not disease[END_REF]. Thus, everything seems in the end to hinge on the validity of the evaluation that a behavior is dysfunctional. In animal models of addiction, this evaluation is essentially based on the statistical atypicality of the behavior under study. Specifically, the behavior of animal non-remitters is considered to be dysfunctional mainly because it is different from the behavior of the majority of animal remitters [START_REF] Ahmed | Neurobiology of addiction versus drug use driven by lack of choice[END_REF][START_REF] Augier | A molecular mechanism for choosing alcohol over an alternative reward[END_REF][START_REF] Cantin | Cocaine is low on the value ladder of rats: possible evidence for resilience to addiction[END_REF][START_REF] Chen | Rescuing cocaine-induced prefrontal cortex hypoactivity prevents compulsive cocaine seeking[END_REF][START_REF] Deroche-Gamonet | Evidence for addiction-like behavior in the rat[END_REF][START_REF] Pascoli | Stochastic synaptic plasticity underlying compulsion in a model of addiction[END_REF][START_REF] Pascoli | Sufficiency of mesolimbic dopamine neuron stimulation for the progression to addiction[END_REF][START_REF] Pelloux | Compulsive drug seeking by rats under punishment: effects of drug taking history[END_REF]. There are several problems with this evaluation; below I will only briefly mention some of the most important.

A statistically atypical behavior is not necessarily dysfunctional. It may merely reflect some nondisordered individual idiosyncrasies [START_REF] Wakefield | The concept of mental disorder. On the boundary between biological facts and social values[END_REF]. For instance, it is possible that when shifted from a drug-only setting to a choice setting, animal non-remitters continue using the drug merely because they are not offered the right sort of nondrug options and not because they have some chronic dysfunctions in their brains. Had they been offered the right sort of nondrug options for them (e.g., a social reward instead of a sweet reward), perhaps they would have quitted drug use like the majority of animal remitters. This interpretation is consistent with some recent findings showing that all rats, even those with DSM-like addiction criteria, quit heroin or methamphetamine use when offered a social reward [START_REF] Venniro | Operant social reward decreases incubation of heroin craving in male and female rats[END_REF][START_REF] Venniro | Volitional social interaction prevents drug addiction in rat models[END_REF].

Similarly, it is possible that when shifted from a drug-only setting to a punishment setting, animal non-remitters continue using the drug merely because they are not punished with the right sort of punishment and not because they have some chronic dysfunctions in their brains. Had these individuals been punished with a different punishment, perhaps they would have stopped drug use like the majority of remitters. In support of this interpretation, previous research has shown that all animals (thus including non-remitters) stop drug use when the intensity of punishment is sufficiently high, though not necessarily much higher than that necessary to cause the majority of other rats to quit using drugs [START_REF] Datta | Compulsive sucrose-and cocaine-seeking behaviors in male and female Wistar rats[END_REF]Datta, Martini, & Sun, 2018;[START_REF] Farrell | Ventral pallidum is essential for cocaine relapse after voluntary abstinence in rats[END_REF][START_REF] Giuliano | Compulsive alcohol seeking results from a failure to disengage dorsolateral striatal control over behavior[END_REF][START_REF] Giuliano | Evidence for a long-lasting compulsive alcohol seeking phenotype in rats[END_REF][START_REF] Krasnova | Incubation of methamphetamine and palatable food craving after punishment-induced abstinence[END_REF][START_REF] Marchant | Role of ventral subiculum in context-induced relapse to alcohol seeking after punishment-imposed abstinence[END_REF][START_REF] Marchant | Role of corticostriatal circuits in context-induced reinstatement of drug seeking[END_REF][START_REF] Marchant | Context-induced relapse to alcohol seeking after punishment in a rat model[END_REF][START_REF] Marchant | A critical role of lateral hypothalamus in context-induced relapse to alcohol seeking after punishment-imposed abstinence[END_REF]Pelloux, Hoots, et al., 2018;Pelloux, Minier-Toribio, et al., 2018;[START_REF] Torres | Compulsive methamphetamine taking under punishment is associated with greater cueinduced drug seeking in rats[END_REF]. These considerations should be enough to show that the statistical atypicality of the behavior of animal non-remitters is currently open to alternative interpretations and should thus not be interpreted as direct evidence that it is dysfunctional, at least until more research is done. Thus, statistical atypicality alone is not sufficient for considering a behavior as dysfunctional (In fact, it is not even necessary, but I will ignore this problem here). What is exactly required to consider a statistically atypical behavior as dysfunctional is a difficult and controversial issue, however, and has so far largely been left untouched by researchers working on animal models of addiction [START_REF] Amoretti | A potential tension in DSM-5: The general definition of mental disorder versus some specific diagnostic criteria[END_REF][START_REF] Boorse | Health as a theoretical concept[END_REF][START_REF] Boorse | A second rebuttal on health[END_REF][START_REF] Wakefield | The concept of mental disorder. On the boundary between biological facts and social values[END_REF][START_REF] Wakefield | Addiction from the harmful dysfunction perspective: How there can be a mental disorder in a normal brain[END_REF] (see also, the contribution of Hanna Pickard, Chapter 29, this volume). As explained above, I anticipate that confronting this issue explicitly will turn out to be deeply problematic. This is mainly because nearly everything in the life and in the environment of laboratory animals used in addiction research is taken care of by the experimenters and other caregivers. As a result, it is difficult to know whether and in what way their drug use behavior is interfering with normal species-specific functioning, biological or otherwise. This problem clearly deserves more discussion than I can give it here. But it should be obvious that by controlling and taking care of everything on behalf of laboratory animals, we experimenters undermine some of the ground on which we determine whether their behavior is dysfunctional and, thus, our currently unique basis for interpreting associated brain differences as brain dysfunctions.

Conclusions

In conclusion, we saw that the same variation in remission from addiction (i.e., a majority of remitters versus a minority of non-remitters) tends to be interpreted differently by the chronic brain disease model and by the choice model of addiction. In my view, unless this problem of underdetermination is resolved, the debate will continue to rage between the two competing models. We also saw that experimental research on animal models of remission from addictionlike behavior has so far been of little help in bringing about a resolution to this problem.

Paradoxically, this is mainly because animals have little control and choice over their life in the laboratory. Everything is taken care of by the experimenters and other laboratory caregivers, thereby undermining the ground on which we can infer a brain dysfunction from an observed brain change or difference.
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