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Abstract: 1	

As obesity rates continue to climb, the notion that overconsumption reflects an underlying ‘food 2	

addiction’ (FA) has become increasingly influential. One theory is that sugar acts as an addictive agent, eliciting 3	

neurobiological changes similar to those seen in drug addiction. In this paper, we review the evidence 4	

supporting sugar addiction. We begin by considering the addictiveness of highly processed foods, particularly 5	

those with high sugar content. We then investigate the addictive potential of sugar by contrasting evidence from 6	

the animal and human neuroscience literature on drug and sugar addiction. Limitations of prominent self-report 7	

measures of FA are also discussed. We conclude that there is little evidence to support sugar addiction in 8	

humans, and findings from the animal literature suggest that addiction-like behaviours, such as bingeing, occur 9	

only in the context of intermittent access to sugar. These behaviours likely arise from intermittent access to 10	

sweet tasting or highly palatable foods, not the neurochemical effects of sugar. Given the lack of evidence, we 11	

argue against a premature incorporation of sugar addiction into the scientific literature and public policy 12	

recommendations. 13	

Key words: Sugar addiction, obesity, binge eating, animal neuroscience, drug addiction  14	
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1. Introduction  1	

Between 1980 and 2013, the proportion of overweight (Body Mass Index (BMI) ≥ 25 kg/m2) and obese 2	

(BMI ≥ 30 kg/m2) adults rose from 28.8% to 36.9% worldwide, with similar trends appearing in children and 3	

adolescents [1]. The accompanying costs of health consequences and absenteeism associated with excess 4	

weight, estimated to range from $3.38 to 6.38 billion annually in the U.S alone, makes obesity a pressing public 5	

health problem [2]. The scale and impact of the obesity pandemic are incontrovertible. The gravity of the 6	

situation demands extreme care and careful scrutiny of existing evidence rather than premature application of 7	

questionable concepts. In this spirit, we wish to evaluate sugar addiction because such a concept could have 8	

remarkable consequences in terms of public policy and health advice if generally accepted. 9	

The food addiction (FA) model asserts that excessive consumption of palatable foods may be understood 10	

within the same neurobiological framework as drug addiction. The model of addiction here is that 11	

operationalized in the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) and one that is widely 12	

accepted in the neuroscientific literature. It is characterised by loss of control of drug consumption, increased 13	

motivation to consume and a persistence of drug taking despite negative consequences, and the neurobiology of 14	

these behaviours has been extensively studied (see [3, 4]). Individuals who develop FA are thought to display 15	

symptoms analogous to those of drug abuse, including loss of control, withdrawal, and cravings for ‘problem 16	

foods’ [5]. Theron Randolph first used the term ‘food addiction’ in 1956 [6] to describe addictive-like 17	

consumption of various foods, such as corn, milk, eggs, and potatoes. However, aspects of the FA model have 18	

changed since this original description (see [7]), and there is an emerging view that highly processed foods, rich 19	

in sugar and fat, are most likely to be addictive. FA researchers argue that examining obesity through the lens of 20	

addiction will open new avenues for prevention, treatment and public health policy [8, 9] though this, like many 21	

other aspects of the model, has been questioned [10, 11].  22	

Sugar addiction represents a specific case of the FA model in which the addictive substance is the specific 23	

nutrient sugar. In this Perspective article, we consider the state of the evidence in support of sugar addiction in 24	

humans and provide a critical review of the preclinical neuroscience research that has identified sugar addiction 25	

in rodent models. This is important because few studies have specifically examined sugar addiction in humans, 26	

and the bulk of supporting evidence comes from animal work. However, there is a methodological challenge in 27	

translating this work because humans rarely consume sugar in isolation. In order to assess the existing evidence, 28	

we must first consider if sugar could be an addictive agent, examining specifically the animal neuroscientific 29	

evidence suggested to support this. As the animal neuroscience of sugar addiction draws strong parallels to drug 30	
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addiction, we review the sugar and drug addiction neuroscience side by side. We go on to consider the human 1	

model of FA to determine if and how it could be applied to sugar.  2	

2.  Characterising  (potentially) addictive foods 3	

A general view is that FA is similar to substance addictions, rather than non-substance behavioural 4	

addictions outlined in the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5; for a 5	

different perspective, see [12]), in that certain ‘addictive agents’ within food produce neurochemical effects in 6	

the brain similar to drugs of abuse. The Yale Food Addiction Scale (YFAS [13] and recently the YFAS 2.0 7	

[14]), which is now the widely accepted measurement tool for studying FA, enquires about addiction-like eating 8	

behaviours with respect to ‘certain foods.’ These scales do not specify nutrients of interest, yet this is only 9	

reasonable as we usually consume food with multiple nutrients. Even foods that may be predominantly 10	

composed of a single nutrient (e.g. sugar-sweetened beverages) have flavour(s) and other non-nutritive 11	

elements. However, examining the addictive potential of different foods may provide an indication as to 12	

whether any particular nutrient(s) are critical in determining addictive potential.  13	

 Evidence from rodent models supports high-fat [15], high-sugar [16] and, most strongly, combinations 14	

of high-fat and high-sugar [17] foods as candidates for FA. In humans, the FA construct extrapolates this view, 15	

surmising that highly processed, hyperpalatable foods are the ones that have addictive potential [18]. Lack of 16	

knowledge surrounding what might constitute an addictive food poses a substantial challenge, and, to our 17	

knowledge, only two studies have examined the addictive potential of various foods.  18	

Schulte and colleagues [5] suggest that certain highly-processed foods share pharmacokinetic properties 19	

(inasmuch as the term can be used for food), such as high potency and rapid absorption rate, with drugs of 20	

abuse. The authors report that such processed foods are strongly associated with self-reported addictive eating as 21	

measured by the YFAS. Their findings also demonstrate that fat content and glycaemic load (GL, grams of 22	

carbohydrate per serving) predict ratings of problematic foods, where processed foods high in fat and/or GL are 23	

self-reported as more problematic. In this study, highly processed foods were defined as those high in fat and 24	

refined carbohydrates (high GL) that may also contain low levels of fibre, protein, and water content. Schulte et 25	

al. argue that processing of raw foods increases the foods’ ‘potency’, or the absorption of the potential 26	

‘addictive agents’ (e.g., fat, sugar, salt) into the bloodstream, as indexed by spikes in blood glucose levels 27	

following consumption [5].   28	

Fowler et al. hypothesised that individuals who developed substance use disorders post bariatric surgery 29	

would be more likely to have had problems with foods that would cause high postprandial glucose levels [19]. 30	
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For this, they used foods listed in the YFAS and categorised them based on published glycaemic indices (GI), 1	

fat and sugar content. Findings indicated increased likelihood of post-operative substance use amongst patients 2	

who endorsed high-GI and high-sugar, low-fat (but not high-sugar alone) foods as the most problematic [19]. 3	

Thus, the authors concluded that these patients might have experienced ‘addiction transfer’ resulting from 4	

previously undiagnosed FA. These findings should be interpreted in the light of several limitations. Apart from 5	

the retrospective recall of ‘problem foods’, only two foods (candy and soda pop) were classified as high-sugar 6	

low-fat. Furthermore, analyses of the relationship between problem foods and substance use onset failed to 7	

control for current or previous psychiatric morbidity, success of surgery or current quality of life. Moreover, we 8	

would suggest caution in arguing that such foods are addictive based on the contentious concept of addiction 9	

transfer [20].  10	

To describe the difference between foods such as cupcakes and bananas primarily as being one of degree of 11	

processing is perhaps a rather narrow view, and a strong case can be made for these foods having other 12	

important differences relevant to overconsumption and obesity (e.g., energy density). Even leaving this aside, 13	

there are several important concerns about both of these studies. First, the potentially addictive foods have been 14	

taken from the ‘problem foods’ list of the YFAS. The scale quantifies FA symptoms with respect to these 15	

problem foods, based on the assumption that they are likely to be addictive. Both of the aforementioned studies 16	

rely on this assumption and take the evidence that individuals have reported FA symptoms with respect to these 17	

foods on the YFAS in several studies, as further supporting the assumption. Second, these findings rely entirely 18	

upon participants’ perceptions of difficulties surrounding the foods items, which are then linked (by way of 19	

mechanistic explanation not empirical evidence) via GL or GI to postprandial glucose and insulin. That is, no 20	

direct evidence indicates that these foods are problematic for these individuals because they lead to higher 21	

postprandial glucose. Although individual postprandial glucose response (PPGR) has low intrapersonal 22	

variability, there can be high interpersonal variability in PPGR following the consumption of identical meals 23	

[21, 22]. For example, Zeevi et al. [21] found that PPGRs for cookies and bananas varied significantly across 24	

participants, suggesting that some individuals may be high glucose responders to ‘good’ foods and low 25	

responders to ‘bad’ foods. It is also important to note that there are several high GI foods such as breakfast 26	

cereals and baked potatoes that are not included in the list of YFAS problem foods.  This suggests that the 27	

potential explanatory power of high GI as a determinant of addictive potential would lessen considerably if we 28	

looked beyond the list of problem foods. Given the host of metabolic, endocrine, and physiological factors that 29	
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affect glucose regulation, it is important to consider the physiological response to foods as an interaction 1	

between the nutrient content of the food and the individual.  2	

Third, and most importantly, the proposed model of why high GI/GL foods may be potentially addictive 3	

lacks a mechanistic link between higher postprandial levels of glucose and addictive potential. Schulte et al. 4	

draw upon a seemingly superficial similarity between the addictive potential of drugs, based on their dose and 5	

speed of absorption, to explain why processed foods are likely to be addictive. Proponents of FA draw parallels 6	

between the processing of grapes to wine, poppies to opium and the coca leaf to cocaine, which demonstrate the 7	

transition from naturally occurring substances/food to drugs of abuse and increasing potency via processing. 8	

Yet, this formulation of highly processed foods only captures the pharmacokinetic aspects of drugs of abuse, 9	

overlooking the critical pharmacodynamic effects. The coca leaf for instance has a pharmacodynamic effect, 10	

which can be enhanced by increasing the dose of the active ingredient through processing.  For sugar or other 11	

foods, studies show that moderate increases in blood glucose following oral glucose ingestion can enhance 12	

cognitive performance in a variety of tasks, including semantic memory retrieval [23], reaction time tasks [24], 13	

and even driving performance [25]. Few functional MRI studies have examined the effect of blood glucose on 14	

brain function as it relates specifically to hedonic eating behaviours; however, Sun et al. [26] report that neither 15	

fasting nor postprandial blood glucose affected the blood-oxygen dependent (BOLD) response to milkshake 16	

taste cues in several brain regions (e.g., amygdala, pallidum, insula) that have been implicated in drug cue 17	

studies. In men, increased postprandial blood glucose levels have been associated with increased resting state 18	

brain activity in regions associated with reward processing [27]. Given the tight physiological control over the 19	

stability of glucose supply to the brain, it is perhaps not unexpected that changes in systemic glucose would not 20	

have large effects on brain function. In short, the notion of increased dosage having increased potency and 21	

thereby increased addictive potential is questionable when it comes to sugar. 22	

2.1 Is sugar a potentially addictive substance?  23	

 The FA literature considers sugar (and other refined carbohydrates) to be a key facet of processed 24	

foods with high addictive potential, contributing to their GL (dose) and their rapid rate of absorption. Within 25	

this context, discussion of sugar has centred on its palatability or hedonic value; however, unlike substances of 26	

abuse, sugar has both hedonic and caloric value, and these two aspects broadly map onto ingestive and post-27	

ingestive effects of its consumption, respectively. Moreover, these aspects are distinct and dissociable in terms 28	

of their neural processing as demonstrated in two elegant sets of experiments. Domingos et al. [28] showed that 29	

melanin-concentrating hormone expressing (MCH) neurons located within the lateral hypothalamus respond to 30	
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extracellular glucose levels and project to dopaminergic (DA) neurons in the striatum and midbrain regions. The 1	

animals show a preference for sucrose over the non-nutritive sweetener, sucralose, and the glucose-sensing 2	

ability of these neurons is critical in determining this, as transgenic mice lacking MCH neurons do not show this 3	

preference [28]. MCH neurons encode the rewarding nutrient properties of sucrose by increasing striatal DA 4	

release independently of gustatory input. Optogenetic stimulation of MCH neurons during consumption of 5	

sucralose leads to striatal DA efflux and preference for sucralose over sucrose [28].  6	

Recently, Tellez et al. [29] expanded upon this work by examining DA transmission in the striatum in 7	

response to oral sucralose intake versus intra-gastric glucose or sucralose administration. Using microdialysis, 8	

the authors reported changes in DA release in the ventral and dorsal striatum, where regional DA release 9	

selectively encoded the pleasurable and nutritional value of the sweet foods. Sucralose consumption was linked 10	

to enhanced DA efflux in the ventral striatum (VS), which was no longer observed following devaluation of the 11	

sweetener with a bitter additive. Conversely, intra-gastric infusion of glucose, but not sucralose, elicited DA 12	

release in the dorsal striatum DS. Thus, the VS and DS appear to encapsulate functionally distinct responses to 13	

palatable and nutritive signalling, and the authors went on to delineate the role of D1 and D2 striatal DA 14	

neurons in palatability and nutrient preferences. Dopaminergic signalling excites D1 neurons while inhibiting 15	

their D2 counterparts, and this interaction modulates the control of goal-directed actions, including overeating 16	

[30]. Optogenetic stimulation of D1 neurons within the DS and substantia nigra terminals increases 17	

consumption of a bitter sucrose solution, which supports the dorsal basal ganglia pathway as a circuit that is 18	

selectively responsive to the nutrient properties of sugar reward [29]. It should be noted, however, that the role 19	

of MCH, D1, and D2 neurons has yet to be explored in animal models of sugar addiction, so whether the 20	

aforementioned neural circuits reflect processes underlying addictive-like sugar consumption remains unknown. 21	

  This experimental work allows us to consider that addictive-like properties of sugar may occur via 22	

three neural mechanisms: one related to palatability and the reinforcing effects of sweet taste, another related to 23	

caloric value and post-ingestive effects and a third arising from a combination of the two effects. Put simply, the 24	

critical ‘addictive’ quality of sugar may be restricted to its sweetness, nutritional value, or some combination of 25	

the two. Of course, only the third possibility would support sugar as addictive, particularly within Schulte et 26	

al.’s model where highly processed foods with added sugar would be very sweet, energy dense and rapidly 27	

absorbed and therefore potentially have a characteristic profile of ingestive and post-ingestive effects. 28	

Nonetheless, as humans often consume sugar in combination with other nutrients, differences between highly 29	

processed foods with high and low addictive potential would need to be characterised. Indeed, Zeevi et al. [21] 30	
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demonstrated that the same foods can have very different post-ingestive profiles in different individuals. This 1	

may be a critical factor, and one aspect of individual vulnerability to a potentially addictive food. These are 2	

theoretical considerations as thus far there little work in humans has examined them directly. The animal 3	

literature does, however, offer some experimental evidence of parallels between sugar and drugs. We consider 4	

this in the next section, beginning with a brief overview of the neurobiological characteristics of drug addiction.  5	

3. Animal models of drug addiction  6	

Prevailing models of drug addiction emphasize changes in reward-based learning and memory processes as 7	

core mechanisms involved in the transition from voluntary drug use to chronic abuse. Initially, goal-directed 8	

drug use releases DA within the mesolimbic system which reinforces ‘drug taking’ behaviour by increasing the 9	

salience of, and subsequent motivation toward, drug-related cues [31]. Drug taking increases DA in the nucleus 10	

accumbens (NAcc) shell, yet this response becomes blunted over time in a manner that differs from habituation 11	

[32]. Instead, drug-related cues produce an anticipatory DA release in the dorsal striatum (DS), resulting in 12	

strong drug cravings [33]. This has been framed as an increased anticipatory reward with an attenuated 13	

consummatory reward. Activation in the dorsal striatum and basolateral amygdala drives ‘drug seeking’ 14	

behaviour, and, as this behaviour becomes increasingly elicited by drug-related cues, it is ultimately 15	

consolidated as a stimulus-response (S-R) habit [34]. This transition from goal-directed to habitual drug taking 16	

has been studied extensively (see [3, 35]) in rodent models of addiction to cocaine, heroin and alcohol and 17	

strongly resembles the compulsive drug use in humans.  These compulsive behaviours arise from functional 18	

impairment in the prefrontal cortex (increased drug salience, compulsivity), as well as the dorsolateral and 19	

inferior cortices (compromised executive control) [36]. 20	

The onset of drug addiction has been associated with decreased availability of DA D2 receptors in both 21	

humans and non-human primates [37, 38]. These findings relate low DA receptor availability to increased trait 22	

vulnerability to drug abuse; however, it has been argued that chronic drug use reduces the number of DA D2 23	

receptors, thus resulting in a “hypodopaminergic” system [39]. While it is likely that aberrant DA D2 receptor 24	

numbers reflect both cause (trait vulnerability to) and consequence of prolonged drug use, reduced DA D2 25	

receptor availability has been closely tied to withdrawal symptoms and the development of drug tolerance, in 26	

which drug consumption no longer elicits a positive effect but rather mitigates a negative state [40, 41]. 27	

Together with afferent input from the amygdala, these neuronal changes in the striatum (i.e., reduced DA D2 28	

receptors) perpetuate drug use to avoid dysphoria and withdrawal, comprising what Koob and Le Moal [42] 29	

have termed the ‘dark side’ of addiction.  30	



	 9	

Accordingly, in sugar addiction, one could expect to see a similar behavioural and neurobiological 1	

syndrome. Voluntary consumption of sugar under goal-directed control would increase DA release in the 2	

mesolimbic system, enhancing the salience of and motivation for sugar. Over time, sugar seeking and 3	

consumption would become habitual and compulsive with an accompanying shift from ventral to dorsal striatal 4	

control, as well as changes in prefrontal cortical control of these behaviours. These neural adaptations would 5	

serve to perpetuate sugar seeking that may also be driven by the need to avoid withdrawal symptoms. In line 6	

with research of chronic drug use, DA D2 receptor levels may represent a vulnerability marker and also result as 7	

a consequence of excessive sugar intake over time, regardless of BMI status or obesity.  8	

4. Comparison of drug addiction and sugar addiction 9	

Critical to these studies are the experimental designs used to model addiction-like behaviours in rodents. 10	

We believe that a working knowledge of these paradigms and their limitations is necessary to critically examine 11	

the literature on animal models of drug and sugar addiction. Thus, this section will provide an overview of 12	

common paradigms, and we will compare different aspects of drug and sugar addiction within this context. 13	

Comparisons have been drawn between sugar and a variety of illicit drugs, but, for the purpose of this 14	

Perspective article, we have chosen to focus on the neurobiological effects of cocaine, a stimulant that ‘hijacks’ 15	

the dopaminergic system, and heroin, an opiate that acts upon both dopaminergic and endogenous opioid 16	

systems. It is important to point out at the outset that sugar addiction literature is not as extensive as that of drug 17	

addiction literature and therefore not all aspects of addiction have been examined with respect to sugar.  18	

4.1. General overview of experimental models 19	

Drugs:  20	

Rodent models of addiction traditionally frame the drug of choice as a positive reinforcer, which becomes 21	

associated with a pleasurable outcome. A drug is thought to function as a positive reinforcer if the animal’s 22	

response to the agent exceeds the response to a control e.g. saline solution. Typically, animals are trained to self-23	

administer the drug for a short daily session of 1 to 3 hours [43] for 10 to 30 days [44]. For example, rodents 24	

may be trained to self-administer intravenous (IV) cocaine via a lever press or nose poke using a low ratio-25	

requirement where each lever press prompts drug delivery (a fixed ratio 1 (FR1) delivery). Drugs can be 26	

administered orally or intravenously, though it is often preferred to use the route most analogous to drug use in 27	

humans while taking into consideration taste effects. Thus, implanted catheters are usually used for IV infusion 28	

of cocaine and heroin but some studies allow access to an oral cocaine-sucrose solution [45, 46]. It should be 29	

noted that, because many protocols train rodents to self-administer drugs of abuse prior to testing, this approach 30	
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is insufficient to quantify vulnerability to drug addiction. As such, the use of drug-naïve animals has become 1	

increasingly commonplace. 2	

To model the transition to compulsive ‘drug seeking,’ the rodents are moved to progressive ratio (PR) tasks, 3	

in which they must systematically work harder (i.e. increase the number of lever presses for a single infusion). 4	

Motivation is further measured by “breakpoints,” or the ratio at which the animal is no longer willing to work 5	

for the reward, and it can be augmented by periods of drug abstinence. To examine the degree to which the 6	

animal will work for the drug despite negative consequences—a key feature of drug dependence—the 7	

conditioned stimuli (e.g. lever press) or outcomes are paired with aversive outcomes, such as an electric 8	

footshock or nauseating chemical additive.  Following extensive drug self-administration, rodents display 9	

withdrawal symptoms in response to forced abstinence, as well as dopamine (e.g., sulpiride) and opioid (e.g., 10	

naloxone) antagonists. However, drug-seeking can be extinguished throughout periods of forced deprivation by 11	

replacing the cocaine or heroin infusion with saline (for a complete review, see [47]).  12	

In human addiction habitual drug-seeking and taking behaviour, even following sustained abstinence, is 13	

often elicited by environmental cues, acute stress, or drug exposure. Second-order reinforcement schedules 14	

represent one method by which cue-elicited reinstatement of drug-seeking can be studied in animals [48]. The 15	

drug infusion is paired with an additional conditioned stimulus (e.g., illuminate light, tone) following which 16	

exposure to the conditioned stimulus has been shown to reinstate cocaine-seeking behaviour [49] and morphine 17	

administration [50] following abstinence. More recently, the conditioned place preference (CPP) paradigm has 18	

become a widely used design, in which rodents associate distinct environments with drug and saline infusions. 19	

Following abstinence, re-exposure to these environments, along with drug priming, leads to the reinstatement of 20	

habitual cocaine and heroin seeking behaviour [51], thus modelling the circumstances under which humans 21	

often experience drug relapse.  22	

Sugar: 23	

Although sugar (e.g., sucrose, saccharin, glucose) reinforcement has been widely used as a natural 24	

reward control within drug addiction studies, Hoebel, Avena and colleagues [16] have demonstrated that, under 25	

certain conditions, rats can develop addiction-like behaviours with respect to sugar. After over a decade of sugar 26	

addiction research, Hoebel and colleagues [52] claim to, ‘[…] still use the same basic technique to obtain clear 27	

signs of food dependency by imposing a feeding schedule that repeatedly induces sugar bingeing after a period 28	

of fasting.’  In brief, this technique deprives rodents of food for 12 hours (or in some instances, 16 hours [53]) 29	

and permits free access to food for the subsequent 12 hours, during which the rats may consume either chow or 30	
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a sugar solution. Sugar is offered as either a 25% glucose solution or a 10% sucrose solution; the latter simulates 1	

a soft drink. For intermittent sugar access, the 12 hour period of food availability begins 4 hours into the dark 2	

cycle so as to increase rodents’ appetite and therefore the likelihood of consuming a novel food[52]. An 3	

important difference between the animals included in these experiments is that, unlike the drug models, which 4	

increasingly use drug-naïve animals, these animals have usually had previous access to sucrose and are selected 5	

for sucrose-preference (e.g., [54]). This raises the possibility of these animals having a vulnerability to 6	

developing this addiction-like syndrome. Rodents kept on this schedule for 3 to 4 weeks begin to develop signs 7	

of addiction, which we review below (see [55] for additional review). It is important to emphasise these 8	

addiction like behaviours are only seen with sugar with intermittent access regimes and not with ad libitum 9	

access. 10	

4.2. Bingeing 11	

Drugs: 12	

Following initial self-administration training, increased access (e.g., 6 hours/day) to cocaine and heroin has 13	

been associated with enhanced, binge-like consumption [56–58]. Rodents with extended access to a low-dose 14	

cocaine infusion develop a binge-like pattern of consumption that increases rapidly at the outset, plateaus and 15	

becomes highly-variable after 24 hours, where increased time between binges may serve to counteract the 16	

drug’s toxic effects [59]. Interestingly, binge-like self-administration of heroin may be moderated by satiety as 17	

food-restricted rodents self-administer the most heroin at the start of the session, but fed rodents self-administer 18	

heroin at a low, stable level throughout the session [58]. The reinforcing effects of both cocaine and heroin are 19	

dose-dependent, and moderate doses have been shown to elicit reinforcing effects without leading to drug 20	

dependence [60]. 21	

Acute IV administration of cocaine preferentially increases extracellular DA in the NAcc shell when 22	

compared to the NAcc core [61] and this is associated with the acute reinforcing effects of cocaine. Heroin, too, 23	

increases DA release in both the ventral tegmental area (VTA) and the NAcc shell; however, this begins with 24	

the activation of mu-opioid receptors (MOR), which triggers a neurochemical cascade that leads to increased 25	

mesolimbic DA release [62, 63]. Mesolimbic DA release elicits hyperactivity and euphoric effects following 26	

cocaine and heroin infusion, respectively. These effects can be inhibited (as evidenced by reduced self-27	

administration) by lesions to the ventral pallidum, as well as D1 receptor blockade in the central nucleus of the 28	

amygdala, in cocaine-conditioned animals [64, 65]. As heroin has high-affinity for MOR and delta-opioid 29	

receptors (DOR), administration of selective MOR and DA agonists has been shown to result in heroin 30	
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reinforcement that is extinguished following chemical lesioning of DA neurons or microinjections of opioid 1	

receptor antagonists within the VTA [66]. 2	

Sugar: 3	

Binge-like sugar consumption has been observed in rodents under both 24-hour and intermittent 4	

reinforcement schedules, where animals self-administer sugar on an FR1 protocol. Colantuoni et al. [67] 5	

reported that food-deprived rats increased sugar intake within the first hour of access to food, and similar 6	

bingeing patterns occur when rats receive 12-hour access to both sugar and chow [52]. With the same 7	

intermittent reinforcement schedule, sham-fed rodents consume more sucrose than real-feeding controls [68], 8	

although differences are non-significant with repeated consumption. Interestingly, rodents with ad libitum 9	

access to sugar solution consume the food throughout the light phase (or inactive cycle), and total sugar intake 10	

does not differ between rodents with 12-hour versus 24-hour access [16]. Moreover, rats fed daily intermittent 11	

sugar and chow offset sugar consumption by decreasing chow consumption, thus regulating caloric intake and 12	

preventing weight gain [69, 70]. Because rodents with ad libitum sugar access offset caloric intake and meal 13	

size throughout the testing period, Avena et al. [16] concluded that such experimental conditions cannot elicit 14	

sugar dependence. As such, it appears that the intermittent access is critical to the development of binging, as 15	

animals provided ad libitum access to sucrose fail to develop addictive behaviours.  With respect to obesity, it is 16	

worth emphasising that rats on both intermittent and ad libitum access schedules offset chow intake to 17	

compensate for their sucrose intake and to maintain weight stability.  18	

These behavioural data highlight noteworthy differences between sugar and drug bingeing. An 19	

immediately apparent distinction arises from temporal discrepancies related to forced deprivation of sugar 20	

versus drugs of abuse. Despite limited evidence of food restriction increasing vulnerability to chronic cocaine 21	

use [71], rodents increase both cocaine and heroin intake under normal feeding conditions, or those which 22	

maintain rodents at 85% body weight (e.g., [72]). Under such conditions, it is possible to delineate the 23	

reinforcing effects of drugs of abuse versus non-drug rewards; however, these processes become conflated when 24	

sugar is only presented following food restriction. As similar findings are seen in sham-fed rats, it suggests that 25	

sugar bingeing results from the reinforcing effects of a preferred flavour, rather than post-ingestive effects of 26	

sucrose [55]. Under ad libitum conditions, rats dramatically increase cocaine intake initially, and, although 27	

bingeing becomes variable, rats continue to binge throughout the 72-hour period [59]. Minimal restriction of 28	

cocaine self-administration has led to bingeing patterns that converge with an inherent circadian rhythm, as 29	

rodents repeatedly refused to self-administer cocaine during the light phase [73]. Yet, binge-like consumption of 30	
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sugar appears to follow a distinct consummatory pattern with binges occurring early in the food available 1	

period, which likely arises from both homeostatic regulation of feeding behaviour and the presence of palatable 2	

food.    3	

The neurobiology of sucrose reinforcement has largely focused on dopaminergic effects in the NAcc 4	

shell and core. Intermittent sucrose consumption persistently increases extracellular DA in the NAcc shell and 5	

core in response to sugar in both sham [68] and normal feeding [16, 53] schedules. This effect does not appear 6	

in either control or ad libitum sugar access animals, and as with most foods, the DA response to sugar quickly 7	

habituates [74, 75]. Thus, a drug-like DA response to sugar is only observed in the intermittent binging 8	

paradigm, suggesting a critical role of the paradigm. Corwin has raised the possibility that this paradigm 9	

promotes a form of eating under uncertainty because food availability is unpredictable [76, 77].  10	

Infusion of a selective mu-opioid agonist into the NAcc has led to increased consumption of sweet 11	

foods (e.g., chocolate) with identical nutrient profiles, suggesting that increased mu-opioid receptor binding 12	

underpins flavour rather than sucrose preference [78]. Additionally, MOR agonism in the NAcc has enhanced 13	

saccharin intake [79]. Infusion of naltrexone (an opioid antagonist with high MOR affinity) directly into the 14	

NAcc decreased consumption of the preferred flavour, yet systemic injection decreased consumption of both 15	

foods equally. These findings, along with those of Tellez et al. demonstrating distinct neural mechanisms for 16	

sweetness and caloric content, support the role of rewarding effects of sweet taste in this intermittent access 17	

paradigm. Benton [55] and DiLeone et al. [80] have previously argued, the post-ingestive properties of glucose 18	

appear to have little effect on initial consolidation of its rewarding properties. Moreover, neurobiological 19	

changes in the striatum have yet to be reported in the absence of the intermittent sugar binging (i.e., with ad 20	

libitum access to sugar) [67]. In summary, the dopaminergic changes that resemble addiction only occur with 21	

sugar consumption under the intermittent access regime and, without these conditions, the dopaminergic 22	

response to sugar resembles that to other natural rewards. Conversely, cocaine and opiate drugs cause 23	

neurobiological changes within the NAcc and VS that lead to and perpetuate addiction, including changes in D2 24	

DA receptor levels [3] and MOR density and expression [81] following chronic cocaine and opiate 25	

administration, respectively. 26	

4.3. Motivation and substance seeking  27	

Drugs:  28	

 Following initial self-administration training, rodents show increased motivation for cocaine self-29	

administration as evidenced by high breakpoints within PR schedules. Breakpoints may be manipulated by 30	
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several experimental parameters, including the unit injection dose and restricted access to cocaine. For example, 1	

rats that were allowed access to cocaine 4 times/hour in a 24 hour period during initial self-administration 2	

showed higher breakpoints after 7 days of abstinence when compared to rats that were initially allowed 72-hour 3	

access [82]. Roberts et al. [56] assert that a progressive increase in daily breakpoints is not only dose-dependent, 4	

but also moderated by the speed of the injection. For example, in rodents with a history of cocaine use, animals 5	

that received 3.0 mg/kg doses had significantly higher breakpoints than those that received 1.5 mg/kg doses 6	

[83]. Over several days of testing, speed of initial cocaine infusion significantly altered breakpoints, with higher 7	

breakpoints observed in rodents receiving cocaine infusions over 5 seconds versus those receiving slower 8	

infusions (e.g., 25 or 50 seconds) [84].  9	

Unlike cocaine seeking, the emergence of heroin-seeking behaviour is closely tied to the onset of acute 10	

withdrawal symptoms, which result in increased consumption by way of negative reinforcement (i.e., avoidance 11	

of a dysphoric state). Acute opiate exposure increases pain sensitivity, which worsens with chronic use, and 12	

sensitization of nociceptive systems may be related to the development of drug dependence via negative 13	

reinforcement [58, 85]. Both forced deprivation and opioid antagonists produce a withdrawal syndrome 14	

characterised by teeth-chattering, paw tremors, and erratic activity [81].  15	

Cocaine abstinence increases motivation in rodents initially trained on PR but not FR schedules, 16	

suggesting that the establishment of cocaine as a positive reinforcer powerfully enhances drug seeking after 17	

abstinence [86]. Moreover, Vanderschuren & Everitt [72] demonstrated that presentation of an aversive 18	

footshock does not suppress cocaine-seeking in rodents with a prolonged cocaine self-administration history. 19	

Importantly, the authors assessed drug-seeking behaviour within a heterogeneous seeking-taking chain schedule, 20	

in which seeking and taking cocaine are distinct acts with separate levers. Additionally, pairing both cocaine-21	

sucrose and lemon-sucrose solutions with an aversive lithium chloride injection has been shown to only devalue 22	

the lemon-sucrose solution as rodents maintained the same level of drug-seeking for the cocaine solution [46]. 23	

 Changes in the limbic, cortical, and ventral striatal circuitry mediate the development of drug seeking 24	

behaviour [35]. Lesioning of either dopaminergic circuitry in the basolateral amygdala or glutamatergic circuitry 25	

in the NAcc core alters cocaine seeking [87]. In contrast, lesioning of medial PFC subregions enhances cocaine 26	

seeking [88], likely by way of diminished executive control, as this region projects to the posterior dorsomedial 27	

striatum (pDMS) and reciprocally to the basolateral amygdala [35]. The DA D2 system appears central to the 28	

development of enhanced motivation for morphine. Mice lacking D2 DA receptors equally pursue morphine and 29	

saline infusions on FR or PR schedules [89]; however, rodents with increased proenkephalin gene expression in 30	
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the NAcc and DS demonstrate significantly higher breakpoints for morphine infusion than wild-type animals 1	

[90]. Thus, converging neurobiological evidence identifies both dopaminergic and opioid systems in the 2	

maintenance of opiate seeking. Over time, these neurobiological changes lead to the loss of control over drug 3	

seeking and intake, resulting in the hallmark feature of addiction—habitual drug seeking. 4	

Sugar: 5	

Enhanced motivation and sugar seeking is often achieved by forced deprivation, which has increased 6	

the number of lever presses for self-administration of sucrose solution [16]. However, these findings do not 7	

directly represent rodents’ motivation for a sugar reward but rather the number of unsuccessful lever presses 8	

executed under an FR1 schedule (i.e., the lever presses in between sugar receipt). Receipt of sugar reward was 9	

not dependent upon the number of additional presses between reinforcement. A more recent study has 10	

incorporated differential reinforcement schedules, which systematically increase the time intervals between 11	

sucrose reinforcements to quantify impulsive responding for sucrose solutions [91]; however, the findings failed 12	

to demonstrate increased lever pressing across sucrose-reinforced sessions as compared to control (i.e., water) 13	

sessions. As such, motivation for sucrose appears to be less robust than that for either cocaine or heroin, though 14	

expectedly infusion of a selective mu-opioid agonist significantly increases break points for sugar pellets in a 15	

progressive ratio schedule [92].  16	

Some research has quantified motivation for sucrose by direct comparison with other drug-seeking 17	

behaviours. In one study, some rodents preferred self-administration of saccharin over cocaine and paid a 18	

greater ‘price’ for saccharin than for cocaine by adhering to FR2, FR4, and FR8 reinforcement schedules [54]. 19	

Although this resembles early PR schedules in which rodents linearly increased lever presses for subsequent 20	

infusions, standard PR schedules for drug reinforcement now require rats to increase lever presses exponentially 21	

from one infusion to the next [56]. Thus, direct comparison of these findings to those from PR schedules of 22	

cocaine and heroin reinforcement overestimates the degree to which saccharin increases motivation. Rodents 23	

bred for high-saccharin selectivity increased cocaine consumption following reinstatement of drug-seeking 24	

behaviour, yet the effect(s) of sweet-preference on vulnerability to drug addiction remain poorly understood 25	

[93]. For example, preference for Oreo cookies has predicted greater break points on a PR schedule for IV 26	

cocaine infusion, yet, rodents that preferred rice cakes demonstrated equivalent self-administration, tolerance, 27	

and reinstatement of cocaine-seeking behaviour [94].  28	

4.3. Habitual use and withdrawal: 29	

Drugs: 30	
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Rodents with extended cocaine self-administration training preferentially return to environments in which 1	

cocaine was administered, even following periods of abstinence (see [95, 96]). Exposure to the conditioned 2	

stimulus (i.e., a light previously paired with lever pressing) has been shown to reinstate cocaine-seeking 3	

behaviour [49] and morphine administration [50] following abstinence. A combination of drug priming, or drug 4	

injections following abstinence, and the CPP paradigm restores habitual cocaine and heroin [51] seeking 5	

behaviour, thus modelling the circumstances under which humans often experience drug relapse. 6	

Whereas the acute reinforcing effects of cocaine are associated with increased extracellular DA in the VS 7	

and NAcc shell, cocaine seeking has been related to enhanced DA in the DS independent of the NAcc [97]. 8	

Blockade of DA receptors in the anterior dorsolateral striatum, but not the pDMS or NAcc, decreases drug 9	

seeking [98]. Jedynak and colleagues [99] further demonstrated that prolonged stimulant use alters synaptic 10	

connectivity in DS neurons by increasing dendritic spine density in the dorsolateral subregion and decreasing 11	

spine density in the dorsomedial subregion. The authors assert that such restructuring of synaptic connectivity in 12	

the DS underlies the emergence of S-R habits following chronic stimulant use as the dorsolateral striatum gains 13	

control of these behaviours. As discussed above, in the case of heroin, the opponent processes model describes 14	

the persistence of drug use as negatively reinforced by the dysphoria of withdrawal symptoms [100]. 15	

Sugar: 16	

Although compulsive sugar-seeking behaviour following extended consumption has yet to be studied 17	

explicitly, converging evidence suggests that animals develop CPP in response to food rewards. After abstaining 18	

from sugar, food-deprived rodents prefer the environments in which 12% and 20% sucrose solutions were 19	

consumed [101, 102], and similar findings were reported with high-sucrose food rewards [103]. Administration 20	

of naltrexone dose-dependently disrupts CPP for sucrose, yet the opioid antagonist does not affect the 21	

development of CPP [104]. The competitive opioid antagonist naloxone precipitates withdrawal symptoms in 22	

sugar-bingeing rats, which resemble those of opiate withdrawal (e.g., anxiety, teeth chattering, forepaw tremor, 23	

head shakes) and share a similar neural profile with decreased DA and increased acetylcholine in NAcc [67]. 24	

Furthermore, Avena et al. [105] report increased anxiety in fasted rodents (36 hours) that were previously 25	

maintained on an extended intermittent reinforcement schedule with 10% sucrose solution. A similar withdrawal 26	

syndrome has been observed following 8 days of an intermittent access to saccharin [52]. It has also been 27	

demonstrated that rats on the intermittent access schedule show reduced D2 DA receptor binding in the DS [67]. 28	

4.4.  A shared neurobiology? 29	
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 An oft-repeated observation asserts that food and drug consumption share a common neurobiology 1	

[106]. This is true in so far as drugs are understood to ‘hijack’ a neural system that primarily processes natural 2	

rewards like foods; however, certain important differences remain. First is the matter of the anatomical 3	

localisation of the neural circuits involved in these consummatory behaviours. Carelli et al. [107] have 4	

demonstrated that different populations of neurons in the NAcc respond to cocaine and natural rewards. Second, 5	

the dopaminergic response to sugar (and other foods) rapidly habituates, and it is attenuated by predictive cues 6	

such as smells; however, the DA response to cocaine does not habituate and is enhanced by predictive cues [32]. 7	

Third, when cue pairing to the delivery of either sugar or cocaine is established, the cue results in a 8	

dopaminergic surge. Importantly, in the case of sucrose, the DA level rapidly returns to baseline and does not 9	

rise again with lever pressing or consumption of sucrose [108] whereas, in cocaine, the surge does not return to 10	

baseline but further increases after lever pressing and cocaine delivery [109]. Fourth, Pavlovian stimuli 11	

conditioned to food release DA in the NAcc core whereas those conditioned to drugs of abuse release DA in the 12	

shell [110][55].  13	

4.5. Summary of the animal neuroscience: 14	

 Clearly, addiction-like behaviours can be elicited by sucrose but there are two important caveats to bear 15	

in mind. First, as evidenced by the studies using sucrose in sham-fed animals, and those that used real feeding 16	

with saccharin, it seems that these behaviours occur in response to the palatability of sweet tastants, not the 17	

caloric content. Both these findings raise another important question. Are there any pharmacodynamic effects of 18	

sucrose that are important to the development of this addiction syndrome, in the way that pharmacodynamic 19	

effects of drugs are critical to the development of the neuroadaptive changes of addiction? Second, these 20	

behaviours are only engendered in a specific intermittent access regime, which seems critical to their 21	

development, as these behaviours are not seen in animals given ad libitum access to sugar. Moreover, within 22	

this regime, test animals have been pre-selected for sucrose preference. This practice has become largely 23	

obsolete in animal models of drug addiction where drug-naïve animals are preferable. By excluding sucrose-24	

naïve animals, the prevalence of addictive-like sucrose consumption remains unknown as opposed to cocaine or 25	

heroin addiction, where it has been estimated that between 5% and 24% of individuals who use drugs go on to 26	

develop drug addiction [111–113]. Clearly, the combination of sweet taste and intermittent access can trigger a 27	

state that strongly resembles addiction in several aspects, including a cross-sensitisation effect to amphetamine 28	

and alcohol [69, 114] that seems to be mediated by mu-opioid receptor binding. 29	
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However, even in the intermittent access model, there remain several key deficiencies in the case for a 1	

sugar addiction. To date, increased motivation for sucrose has been poorly modelled because few studies have 2	

implemented progressive ratio schedules to measure the rodents’ willingness to work for sugar. Rodents with 3	

extended access to sugar remain susceptible to devaluation procedures, such as the addition of a nausea-4	

inducing agent, whereas cocaine- or heroin-addicted animals continue to pursue the drug despite negative 5	

consequences. The extent of habitual responding to sugar remains understudied, and the effect of CPP on 6	

reinstatement of sucrose seeking has yet to be characterised. In contrast, the presentation of conditioned stimuli 7	

reliably reinstates drug-seeking behaviours in animals with historic cocaine or heroin use, and the reinstatement 8	

of habitual drug-seeking in response to environmental cues represents a hallmark feature of addiction. Taken 9	

together, addictive-like consumption of sugar diverges from drug addiction on both neurobiological and 10	

behavioural levels, suggesting a need for great caution in drawing parallels between sugar and drug addiction.  11	

5. Sugar addiction in humans 12	

There has been little empirical work examining sugar addiction in humans. Given this, we consider how 13	

sugar addiction, as a specific form of FA, might be conceptualised in humans, and we summarize experimental 14	

challenges in evaluating it, beginning with a brief overview of FA. 15	

5.1. The behavioural phenotype of food addiction: the YFAS and YFAS 2.0 16	

The current FA phenotype was first operationalized in the 25-item Yale Food Addiction Scale (YFAS; 17	

[13]). Both the FA model and the YFAS conceptualised FA in terms of a translation of DSM-IV substance 18	

dependence [115] to food. Criteria include: persistent eating despite negative consequences, persistent desire for 19	

food and unsuccessful attempts to cut down and impairment of functioning because of overeating. The criteria 20	

are defined with respect to ‘certain foods,’ and the YFAS provides 21 examples from 5 food categories: sweets 21	

(e.g. ice cream), starches (French fries), salty snacks (pretzels), fatty foods (pizzas) and sugary drinks. The 22	

YFAS can provide a ‘diagnosis’ of FA if at least three criteria are endorsed along with clinical impairment, or a 23	

‘symptom count’ to indicate severity of symptomology (scores range from 0 to 7). It has become a popular and 24	

widely used self-report measure of this construct to the extent that it is used to both define and measure FA, 25	

though its validity and utility have been questioned [10, 11]. 26	

The YFAS has recently been updated [14] based on DSM-5 criteria for substance-related and addictive 27	

disorders in the YFAS 2.0. The key difference is that, in updating criteria according to DSM-5, which 28	

incorporates both abuse and dependence, the threshold for diagnosing FA has been reduced. As such, 29	

individuals experiencing clinically significant impairment may be diagnosed with mild (2 – 3 symptoms), 30	
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moderate (4 – 5 symptoms), or severe (6 or more symptoms) FA. Preliminary validation of the YFAS 2.0 1	

estimates that 15.8% of individuals meet criteria for FA, and 11.9% of the sample met the threshold for severe 2	

FA. As with the YFAS, overweight and obese individuals endorsed more FA symptoms than their lean 3	

counterparts, and the prevalence rate of severe FA was highest in the obese weight class [14]. Although the 4	

authors report improved internal consistency and convergent validity in the YFAS 2.0, previously-expressed 5	

concerns (see [11, 116]) regarding the inclusion of withdrawal symptoms and tolerance and how they might 6	

relate to foods remain. With respect to these, the main concern is not that their presence is critical in FA; rather, 7	

their inclusion in the scale is undermined by the fact that they are not adequately defined and may therefore 8	

mean different things to different respondents. Moreover, withdrawal is frequently endorsed by participants in 9	

several YFAS studies, and from the development study of the YFAS 2.0, there seems to be strong concordance 10	

between the withdrawal items in the YFAS and the YFAS 2.0 [14]. It is important, therefore that they are 11	

characterized clearly and rigorously. Given the lack of precise definition, it is difficult to determine conclusively 12	

that endorsement of this item reflects withdrawal symptoms to a particular nutrient or food. Indeed, if a 13	

withdrawal syndrome could be rigorously characterised, it would offer important clues as to the nature and 14	

mechanism of action of the addictive substance. However, here it is important to acknowledge the difficulty 15	

posed by the lack of a clearly defined addictive agent or food. 16	

5.2 Does food addiction represent a distinct phenotype? 17	

FA has several shared features and high levels of co-morbidity with binge eating disorder (BED) [10, 117], 18	

which raises the question: could it be that YFAS is indirectly measuring a syndrome already well described as 19	

opposed to defining a distinct syndrome? BED is characterised by the consumption of objectively large portions 20	

of food with loss of control over eating, which is often done in isolation and followed by feelings of guilt and 21	

disgust. It is associated with weight gain, but a significant proportion of people with BED are not obese. Patients 22	

with BED have been proposed to be the strongest candidates for FA [118], and some researchers have proposed 23	

that FA represents an atypical subtype of BED based on a growing body of literature that has identified shared 24	

genetic vulnerabilities to drug abuse and binge eating. Others have suggested that individuals with BED exhibit 25	

poor impulse control and emotion regulation, as well as aberrant reward processing, which may increase FA 26	

liability [119]. Davis et al. [120] found that BED was associated with the A118 polymorphism of the mu-opioid 27	

receptor gene (OPRM1) and the Taq1A A1 polymorphism of the dopamine D2 receptor gene (DRD2), both risk 28	

factors for substance use disorder. This same group also identified a dopaminergic multilocus genetic profile 29	

that is uniquely associated with FA when controlling for binge eating behaviours [121]. These data suggest a 30	
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similarity between FA and substance addictions, but require further exploration in well-powered studies with the 1	

appropriate diagnostic groups is necessary.  2	

 Long and colleagues recently carried out the first systematic review of the YFAS literature [117]. They 3	

examined 40 published articles to address important outstanding questions about FA, including its relationship 4	

with BMI and eating disorder pathology and whether FA represents a distinct phenotype of disordered eating. 5	

The authors found a high co-occurrence of FA with BED and bulimia nervosa. An estimated 47.2% to 56.8% of 6	

people with BED meet criteria for a FA “diagnosis” [117], and these prevalence rates seem excessive for a 7	

diagnostic subgroup. Binge-eating frequency correlated with YFAS scores in both overweight and healthy 8	

weight groups, but the relationship with BMI was less clear-cut.  Some studies report non-significant differences 9	

in BMI across YFAS-diagnosed “food addicts” and their healthy counterparts [122] while others indicate no 10	

correlation between BMI and YFAS score [123, 124]. While the prevalence rates of FA are consistently greater 11	

in overweight and obese groups (15.2% to 56.8%), whether FA accounts for enough unique variance in obesity 12	

to be considered an explanatory mechanism for this condition remains unclear. Furthermore, the highest 13	

prevalence rates of FA have been reported in individuals with bulimia nervosa (83.6%) [125, 126]. This finding 14	

should be interpreted cautiously as the numbers of individuals with diagnosed bulimia nervosa in these studies 15	

is small. Nevertheless, as these individuals often maintain a healthy BMI, it remains plausible that FA 16	

prevalence could be dissociable from BMI, particularly amongst those who have distorted thoughts related to 17	

food consumption. In summary, the findings of Long et al. [117] provide evidence of significant heterogeneity 18	

in the behavioural correlates of FA and suggest poor discriminant validity of the YFAS.   19	

5.3. Defining a sugar addiction in humans  20	

Defining sugar addiction in humans remains challenging. First, as we have discussed earlier, little 21	

evidence supports sugar as an addictive substance, and the animal neuroscience literature suggests sweetness or 22	

palatability to be critical elements of addictive-like eating. That is, sweet foods rather than sugar per se might be 23	

the ‘substance’ of interest. Even so, there remain important questions about how sweetness or sugar content 24	

relates to addictive potential and whether sugar is necessary. Second, current measurement of FA is 25	

insufficiently precise and, given a commonplace behaviour like consumption of sweet food, it will be critical to 26	

define a profile of consumption that separates normal from disordered intake. The YFAS attempts to do this by 27	

using severity criteria for individual items and a necessary overall impairment criterion for diagnosis [13]. 28	

Although preliminary, examination of dietary profiles associated with problematic eating in young adults has 29	

shown that consumption of energy-dense, nutrient-poor foods (e.g., candy, take out meals) is positively 30	
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correlated with FA score and BMI [127]. Interestingly, dietary intake of carbohydrates or sugar was not 1	

significantly associated with FA diagnoses or scores, suggesting a limited role of sugar in putative addictive-like 2	

eating in humans. Third, whether FA represents a distinct phenotype remains unclear, and the high degree of 3	

diagnostic overlap with BED is a particular difficulty. Distinguishing individuals with BED who preferentially 4	

binge on sweet foods from those with a sugar (or sweet food) addiction will be a challenging yet critical step 5	

toward a more refined FA phenotype.  6	

 An alternative approach would be to consider whether aspects of sugar or sweet food consumption 7	

share a similarity with addiction-like behaviours, such as cravings (for a review, see [55]). The general 8	

population often reports food cravings, particularly for palatable foods like chocolate. However, these cravings 9	

differ from drug cravings in terms of their intensity, their reported frequency and/or their duration. Food 10	

cravings are relatively short-lived and subside with fasting as opposed to drug cravings, which persist and do 11	

not lessen in intensity with abstinence [55, 128]. Rogers and Smit [128] have proposed an alternative 12	

formulation: seeing food cravings in terms of ambivalent attitudes to particular foods. Thus, for some people, 13	

chocolate is a highly desirable food but one that should be eaten with restraint. Attempts to restrain intake make 14	

chocolate more salient and preoccupying, and this is experienced as a craving and hence, perhaps, likened to an 15	

addiction. In part, this alternative approach asks if there is an addictive aspect to normal eating (of sweet foods), 16	

and this is highly debatable.  17	

6. Conclusions  18	

In this perspective article, we have reviewed the current state of the evidence for sugar addiction. Most 19	

of the evidence is limited the animal neuroscience literature, and it is far from convincing. Importantly, several 20	

key elements of drug addiction have not been evaluated in sugar addiction models, such as the transition to 21	

compulsive drug taking and dose-dependent effects on addiction liability. There remains a paucity of human 22	

evidence in this area, and we did not consider the literature encompassing the behavioural and neural effects of 23	

sweet or palatable food consumption as this would be far too indirect to the question of sugar addiction. There is 24	

the problem of the dearth of data on pure sugar consumption as we rarely consume sugar in isolation, and the 25	

ecological validity of studies examining pure sugar consumption in humans would be limited.  26	

In terms of future directions, we suggest two areas of potential interest. The first is to examine whether 27	

sweet foods with high GI/GL might cause a food addiction in humans. We have discussed the significant 28	

methodological and conceptual limitations of the human FA model and its measurement instruments, the YFAS 29	

and the YFAS 2.0, which will need to be considered in such explorations. The second is to examine the 30	
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relevance of the intermittent sugar access schedule used in animal models to the development of eating disorders 1	

(and perhaps even a form of FA) in humans.  2	

In summary, the science of sugar addiction at present is not compelling. Nevertheless, sugar addiction 3	

remains a very popular and powerful idea, but as this special issue illustrates, it is by no means alone in this 4	

regard when it comes to misconceptions about sugar. Even the most perfunctory internet search reveals how 5	

much emotive and explanatory power the term ‘sugar addiction’ has when used in its lay sense for individuals 6	

personally, as well as in the context of major public debates such as those over the sugar tax or campaigns such 7	

as Action on Sugar in the UK. Although the concept as we discuss it here is far more rigorous, the lay 8	

interpretation raises the question of whether sugar addiction is a useful (if not valid) concept to help tackle 9	

obesity and/or change the food environment? From a policy perspective, it is unlikely that sugar could be 10	

excluded from individuals’ diets given its presence in numerous food items, and any analogies suggested based 11	

on the regulation of illicit drugs would be specious. Given the multitude of interacting factors that increase 12	

one’s risk for eating disorders and obesity, we argue that support of sugar addiction as a primary causal 13	

mechanism of weight gain represents an extremely narrow view that fails to capture the complexity of these 14	

conditions, and one that may hamper more coordinated and appropriate responses. Furthermore, while there is a 15	

pressing need to address these important concerns, we argue that it is dangerous to draw strong conclusions 16	

about the validity of sugar addiction based on the current evidence. There are many strong arguments for cutting 17	

down the consumption of sugar and reformulating food products accordingly, yet these arguments will all stand 18	

or fall according to the scientific case that supports them.  19	

 20	

  21	



	 23	

Compliance with Ethical Standards: This article does not contain any studies with human participants or 1	

animals performed by any of the authors. The authors have no conflicts of interest to declare. This article 2	

belongs to a supplemental, e-only issue that has been financially supported by Rippe Health. No financial 3	

sponsorship was provided to the authors or the research included in this article.   4	



	 24	

References: 1	
 2	
1.  Ng M, Fleming T, Robinson M, Thomson B (2014) Global, regional, and national prevalence of 3	

overweight and obesity in children and adults during 1980–2013: a systematic analysis for the Global 4	
Burden of. Lancet 384:766–781 5	

2.  Trogdon J, Finkelstein E, Hylands T, et al (2008) Indirect costs of obesity: a review of the current 6	
literature. Obes Rev 9:489–500 7	

3.  Everitt BJ, Robbins TW (2005) Neural systems of reinforcement for drug addiction: from actions to 8	
habits to compulsion. Nat Neurosci 8:1481–1489. doi: 10.1038/nn1579 9	

4.  Koob GF (2006) The neurobiology of addiction: a neuroadaptational view relevant for diagnosis. 10	
Addiction 101 Suppl :23–30. doi: 10.1111/j.1360-0443.2006.01586.x 11	

5.  Schulte E, Avena N, Gearhardt A (2015) Which Foods May Be Addictive? The Roles of Processing, Fat 12	
Content, and Glycemic Load. PLoS One 10:e0117959 13	

6.  Randolph T (1956) The descriptive features of food addiction; addictive eating and drinking. Q J Stud 14	
Alcohol 17:198–224 15	

7.  Meule A (2015) Back by Popular Demand: A Narrative Review on the History of Food Addiction 16	
Research. Yale J Biol Med 88:295–302 17	

8.  Gearhardt A, Roberts M, Ashe M (2013) If sugar is addictive…what does it mean for the law? J Law 18	
Med Ethics 41 Suppl 1:46–49. doi: 10.1111/jlme.12038 19	

9.  Gearhardt AN, Grilo CM, DiLeone RJ, et al (2011) Can food be addictive? Public health and policy 20	
implications. Addiction 106:1208–1212. doi: 10.1111/j.1360-0443.2010.03301.x 21	

10.  Ziauddeen H, Farooqi I, Fletcher P (2012) Obesity and the brain: how convincing is the addiction 22	
model? Nat Rev Neurosci 1:279–286 23	

11.  Ziauddeen H, Fletcher PC (2013) Is food addiction a valid and useful concept? Obes Rev 14:19–28. doi: 24	
10.1111/j.1467-789X.2012.01046.x 25	

12.  Hebebrand J, Albayrak Ö, Adan R, et al (2014) “Eating addiction”, rather than “food addiction”, better 26	
captures addictive-like eating behavior. Neurosci Biobehav Rev 47:295–306. doi: 27	
10.1016/j.neubiorev.2014.08.016 28	

13.  Gearhardt A, Corbin W, Brownell K (2009) Preliminary validation of the Yale food addiction scale. 29	
Appetite 52:430–436 30	

14.  Gearhardt AN, Corbin WR, Brownell KD (2016) Development of the Yale Food Addiction Scale 31	
Version 2.0. Psychol Addict Behav 30:113–121 32	

15.  Bocarsly ME, Berner LA, Hoebel BG, Avena NM (2011) Rats that binge eat fat-rich food do not show 33	
somatic signs or anxiety associated with opiate-like withdrawal: implications for nutrient-specific food 34	
addiction behaviors. Physiol Behav 104:865–872. doi: 10.1016/j.physbeh.2011.05.018 35	

16.  Avena NM, Rada P, Hoebel BG (2008) Evidence for sugar addiction: behavioral and neurochemical 36	
effects of intermittent, excessive sugar intake. Neurosci Biobehav Rev 32:20–39. doi: 37	
10.1016/j.neubiorev.2007.04.019 38	

17.  Johnson PM, Kenny PJ (2010) Dopamine D2 receptors in addiction-like reward dysfunction and 39	
compulsive eating in obese rats. Nat Neurosci 13:635–641. doi: 10.1038/nn.2519 40	

18.  Gearhardt A, Davis C, Kuschner R, Brownell K (2011) The addiction potential of hyperpalatable foods. 41	
Curr Drug Abuse Rev 4:140–145 42	

19.  Fowler L, Ivezaj V, Saules KK (2014) Problematic intake of high-sugar/low-fat and high glycemic 43	
index foods by bariatric patients is associated with development of post-surgical new onset substance 44	
use disorders. Eat Behav 15:505–508. doi: 10.1016/j.eatbeh.2014.06.009 45	

20.  Steffen KJ, Engel SG, Wonderlich JA, et al (2015) Alcohol and Other Addictive Disorders Following 46	
Bariatric Surgery: Prevalence, Risk Factors and Possible Etiologies. Eur Eat Disord Rev 23:442–450. 47	
doi: 10.1002/erv.2399 48	

21.  Zeevi D, Korem T, Zmora N, et al (2015) Personalized Nutrition by Prediction of Glycemic Responses. 49	
Cell 163:1079–1094. doi: 10.1016/j.cell.2015.11.001 50	

22.  Sonnenburg E, Sonnenburg J (2015) Nutrition: A personal forecast. Nature 528:484–486 51	
23.  Donohoe R, Benton D (1999) Cognitive functioning is susceptible to the level of blood glucose. 52	

Psychopharmacology (Berl) 145:378–385 53	
24.  Benton D, Owens D, Parker P (1994) Blood glucose influences memory and attention in young adults. 54	

Neuropsychologia 32:595–607 55	
25.  Keul J, Huber G, Lehmann M, et al (1982) Einfluss von Dextrose auf Fahrleistung, 56	

Konzentrationsfaehigkeit, Kreislauf und Stoffwechsel im Kraftfahrzeug-Simulator. Doppelblindstudie 57	
im cross-over-. Aktuelle Ernaehrungsmedizin  58	

26.  Sun X, Veldhuizen M, Wray A, et al (2014) The neural signature of satiation is associated with ghrelin 59	
response and triglyceride metabolism. Physiol Behav 136:63–73 60	



	 25	

27.  Lennerz B, Alsop D, Holsen L, et al (2013) Effects of dietary glycemic index on brain regions related to 1	
reward and craving in men. Am J Clin Nutr 98:641–647 2	

28.  Domingos AI, Sordillo A, Dietrich MO, et al (2013) Hypothalamic melanin concentrating hormone 3	
neurons communicate the nutrient value of sugar. Elife 2:e01462. doi: 10.7554/eLife.01462 4	

29.  Tellez LA, Han W, Zhang X, et al (2016) Separate circuitries encode the hedonic and nutritional values 5	
of sugar. Nat Neurosci. 19:465-740. doi: 10.1038/nn.4224 6	

30.  Johnson P, Kenny P (2010) Dopamine D2 receptors in addiction-like reward dysfunction and 7	
compulsive eating in obese rats. Nat. Neurosci. 13:635-641  8	

31.  Everitt BJ, Belin D, Economidou D, et al (2008) Review. Neural mechanisms underlying the 9	
vulnerability to develop compulsive drug-seeking habits and addiction. Philos Trans R Soc Lond B Biol 10	
Sci 363:3125–3135. doi: 10.1098/rstb.2008.0089 11	

32.  Di Chiara G (2005) Dopamine in disturbances of food and drug motivated behavior: a case of 12	
homology? Physiol Behav 86:9–10. doi: 10.1016/j.physbeh.2005.06.020 13	

33.  Robinson TE, Berridge KC (2008) Review. The incentive sensitization theory of addiction: some 14	
current issues. Philos Trans R Soc Lond B Biol Sci 363:3137–3146. doi: 10.1098/rstb.2008.0093 15	

34.  Everitt BJ, Dickinson A, Robbins TW (2001) The neuropsychological basis of addictive behaviour. 16	
Brain Res Rev 36:129–138. doi: 10.1016/S0165-0173(01)00088-1 17	

35.  Everitt BJ (2014) Neural and psychological mechanisms underlying compulsive drug seeking habits and 18	
drug memories--indications for novel treatments of addiction. Eur J Neurosci 40:2163–2182. doi: 19	
10.1111/ejn.12644 20	

36.  Koob GF, Volkow ND (2010) Neurocircuitry of addiction. Neuropsychopharmacology 35:217–238. 21	
doi: 10.1038/npp.2009.110 22	

37.  Volkow ND, Chang L, Wang G-J, et al (2001) Low Level of Brain Dopamine D2 Receptors in 23	
Methamphetamine Abusers:  Association With Metabolism in the Orbitofrontal Cortex. Am. J. 24	
Psychiatry 158:2015-2021 25	

38.  Nader MA, Morgan D, Gage HD, et al (2006) PET imaging of dopamine D2 receptors during chronic 26	
cocaine self-administration in monkeys. Nat Neurosci 9:1050–1056. doi: 10.1038/nn1737 27	

39.  Volkow ND (2000) Addiction, a Disease of Compulsion and Drive: Involvement of the Orbitofrontal 28	
Cortex. Cereb Cortex 10:318–325. doi: 10.1093/cercor/10.3.318 29	

40.  Koob GF (1996) Drug Addiction: The Yin and Yang of Hedonic Homeostasis. Neuron 16:893–896. doi: 30	
10.1016/S0896-6273(00)80109-9 31	

41.  Nader MA, Daunais JB, Moore T, et al (2002) Effects of cocaine self-administration on striatal 32	
dopamine systems in rhesus monkeys: initial and chronic exposure. Neuropsychopharmacology 27:35–33	
46. doi: 10.1016/S0893-133X(01)00427-4 34	

42.  Koob GF, Le Moal M (2005) Plasticity of reward neurocircuitry and the “dark side” of drug addiction. 35	
Nat Neurosci 8:1442–1444. doi: 10.1038/nn1105-1442 36	

43.  Lynch WJ, Nicholson KL, Dance ME, et al (2010) Animal models of substance abuse and addiction: 37	
implications for science, animal welfare, and society. Comp Med 60:177–188 38	

44.  Deroche-Gamonet V (2004) Evidence for Addiction-like Behavior in the Rat. Science (80- ) 305:1014–39	
1017. doi: 10.1126/science.1099020 40	

45.  Thanos PK, Michaelides M, Benveniste H, et al (2007) Effects of chronic oral methylphenidate on 41	
cocaine self-administration and striatal dopamine D2 receptors in rodents. Pharmacol Biochem Behav 42	
87:426–433. doi: 10.1016/j.pbb.2007.05.020 43	

46.  Miles FJ, Everitt BJ, Dickinson A (2003) Oral cocaine seeking by rats: Action or habit? Behav Neurosci 44	
117:927–938. doi: 10.1037/0735-7044.117.5.927 45	

47.  Shalev U, Grimm JW, Shaham Y (2002) Neurobiology of Relapse to Heroin and Cocaine Seeking: A 46	
Review. Pharmacol Rev 54:1–42 47	

48.  Everitt BJ, Robbins TW (2000) Second-order schedules of drug reinforcement in rats and monkeys: 48	
measurement of reinforcing efficacy and drug-seeking behaviour. Psychopharmacology (Berl) 153:17–49	
30. doi: 10.1007/s002130000566 50	

49.  Fuchs RA, Tran-Nguyen LTL, Specio SE, et al (1998) Predictive validity of the extinction/reinstatement 51	
model of drug craving. Psychopharmacology (Berl) 135:151–160. doi: 10.1007/s002130050496 52	

50.  Davis WM, Smith SG, Khalsa JH (1975) Noradrenergic role in the self-administration of morphine or 53	
amphetamine. Pharmacol Biochem Behav 3:477–484. doi: 10.1016/0091-3057(75)90059-3 54	

51.  Parker LA, Mcdonald R V (2000) Reinstatement of Both a Conditioned Place Preference and a 55	
Conditioned Place Aversion with Drug Primes. Pharmacol Biochem Behav 66:559–561. doi: 56	
10.1016/S0091-3057(00)00222-7 57	

52.  Hoebel BG, Avena NM, Bocarsly ME, Rada P (2009) Natural addiction: a behavioral and circuit model 58	
based on sugar addiction in rats. J Addict Med 3:33–41. doi: 10.1097/ADM.0b013e31819aa621 59	

53.  Avena NM, Rada P, Hoebel BG (2008) Underweight rats have enhanced dopamine release and blunted 60	



	 26	

acetylcholine response in the nucleus accumbens while bingeing on sucrose. Neuroscience 156:865–1	
871. doi: 10.1016/j.neuroscience.2008.08.017 2	

54.  Lenoir M, Serre F, Cantin L, Ahmed SH (2007) Intense sweetness surpasses cocaine reward. PLoS One 3	
2:e698. doi: 10.1371/journal.pone.0000698 4	

55.  Benton D (2010) The plausibility of sugar addiction and its role in obesity and eating disorders. Clin 5	
Nutr 29:288–303. doi: 10.1016/j.clnu.2009.12.001 6	

56.  Roberts DCS, Morgan D, Liu Y (2007) How to make a rat addicted to cocaine. Prog 7	
Neuropsychopharmacol Biol Psychiatry 31:1614–1624. doi: 10.1016/j.pnpbp.2007.08.028 8	

57.  Ahmed SH, Walker JR, Koob GF (2000) Persistent increase in the motivation to take heroin in rats with 9	
a history of drug escalation. Neuropsychopharmacology 22:413–421. doi: 10.1016/S0893-10	
133X(99)00133-5 11	

58.  Park PE, Schlosburg JE, Vendruscolo LF, et al (2015) Chronic CRF1 receptor blockade reduces heroin 12	
intake escalation and dependence-induced hyperalgesia. Addict Biol 20:275–284. doi: 13	
10.1111/adb.12120 14	

59.  Tornatzky W, Miczek KA (2000) Cocaine self-administration “binges”: transition from behavioral and 15	
autonomic regulation toward homeostatic dysregulation in rats. Psychopharmacology (Berl) 148:289–16	
298 17	

60.  Dai S, Corrigall WA, Coen KM, Kalant H (1989) Heroin self-administration by rats: influence of dose 18	
and physical dependence. Pharmacol Biochem Behav 32:1009–1015 19	

61.  Pontieri FE, Tanda G, Di Chiara G (1995) Intravenous cocaine, morphine, and amphetamine 20	
preferentially increase extracellular dopamine in the “shell” as compared with the “core” of the rat 21	
nucleus accumbens. Proc Natl Acad Sci 92:12304–12308. doi: 10.1073/pnas.92.26.12304 22	

62.  Maher CE, Martin TJ, Childers SR (2005) Mechanisms of mu opioid receptor/G-protein desensitization 23	
in brain by chronic heroin administration. Life Sci 77:1140–1154. doi: 10.1016/j.lfs.2005.03.004 24	

63.  MacDonald AF, Billington CJ, Levine AS (2004) Alterations in food intake by opioid and dopamine 25	
signaling pathways between the ventral tegmental area and the shell of the nucleus accumbens. Brain 26	
Res 1018:78–85. doi: 10.1016/j.brainres.2004.05.043 27	

64.  Hubner CB, Koob GF (1990) The ventral pallidum plays a role in mediating cocaine and heroin self-28	
administration in the rat. Brain Res 508:20–29. doi: 10.1016/0006-8993(90)91112-T 29	

65.  Barak Caine S, Heinrichs SC, Coffin VL, Koob GF (1995) Effects of the dopamine D-1 antagonist SCH 30	
23390 microinjected into the accumbens, amygdala or striatum on cocaine self-administration in the rat. 31	
Brain Res 692:47–56. doi: 10.1016/0006-8993(95)00598-K 32	

66.  Xi Z-X, Stein EA (1999) Baclofen Inhibits Heroin Self-Administration Behavior and Mesolimbic 33	
Dopamine Release. J Pharmacol Exp Ther 290:1369–1374 34	

67.  Colantuoni C, Schwenker J, McCarthy J (2001) Excessive sugar intake alters binding to dopamine and 35	
mu-opioid receptors in the brain. Neuroreport 12:3549–3552 36	

68.  Avena NM, Rada P, Moise N, Hoebel BG (2006) Sucrose sham feeding on a binge schedule releases 37	
accumbens dopamine repeatedly and eliminates the acetylcholine satiety response. Neuroscience 38	
139:813–820. doi: 10.1016/j.neuroscience.2005.12.037 39	

69.  Avena NM, Hoebel BG (2003) A diet promoting sugar dependency causes behavioral cross-40	
sensitization to a low dose of amphetamine. Neuroscience 122:17–20 41	

70.  Colantuoni C, Rada P, McCarthy J, et al (2002) Evidence that intermittent, excessive sugar intake 42	
causes endogenous opioid dependence. Obes Res 10:478–488. doi: 10.1038/oby.2002.66 43	

71.  Specker SM, Lac ST, Carroll ME (1994) Food deprivation history and cocaine self-administration: an 44	
animal model of binge eating. Pharmacol Biochem Behav 48:1025–1029. doi: 10.1016/0091-45	
3057(94)90215-1 46	

72.  Vanderschuren LJMJ, Everitt BJ (2004) Drug seeking becomes compulsive after prolonged cocaine 47	
self-administration. Science 305:1017–1019. doi: 10.1126/science.1098975 48	

73.  Roberts DC., Brebner K, Vincler M, Lynch WJ (2002) Patterns of cocaine self-administration in rats 49	
produced by various access conditions under a discrete trials procedure. Drug Alcohol Depend 67:291–50	
299. doi: 10.1016/S0376-8716(02)00083-2 51	

74.  Rada P, Avena NM, Hoebel BG (2005) Daily bingeing on sugar repeatedly releases dopamine in the 52	
accumbens shell. Neuroscience 134:737–744. doi: 10.1016/j.neuroscience.2005.04.043 53	

75.  Avena NM, Long KA, Hoebel BG (2005) Sugar-dependent rats show enhanced responding for sugar 54	
after abstinence: evidence of a sugar deprivation effect. Physiol Behav 84:359–362. doi: 55	
10.1016/j.physbeh.2004.12.016 56	

76.  Corwin RLW (2011) The Face of Uncertainty Eats. Curr Drug Abuse Rev 4:174–181(8) 57	
77.  Corwin RLW, Babbs RK (2012) Rodent Models of Binge Eating: Are They Models of Addiction? 58	

ILAR J 53:23–34. doi: 10.1093/ilar.53.1.23 59	
78.  Woolley JD, Lee BS, Fields HL (2006) Nucleus accumbens opioids regulate flavor-based preferences in 60	



	 27	

food consumption. Neuroscience 143:309–317. doi: 10.1016/j.neuroscience.2006.06.067 1	
79.  Zhang M, Kelley AE (2002) Intake of saccharin, salt, and ethanol solutions is increased by infusion of a 2	

mu opioid agonist into the nucleus accumbens. Psychopharmacology (Berl) 159:415–423. doi: 3	
10.1007/s00213-001-0932-y 4	

80.  Dileone RJ, Taylor JR, Picciotto MR (2012) The drive to eat: comparisons and distinctions between 5	
mechanisms of food reward and drug addiction. Nat Neurosci 15:1330–1335. doi: 10.1038/nn.3202.The 6	

81.  Seip-Cammack KM, Reed B, Zhang Y, et al (2013) Tolerance and sensitization to chronic escalating 7	
dose heroin following extended withdrawal in Fischer rats: possible role of mu-opioid receptors. 8	
Psychopharmacology (Berl) 225:127–140. doi: 10.1007/s00213-012-2801-2 9	

82.  Morgan D, Brebner K, Lynch WJ, Roberts DCS (2002) Increases in the reinforcing efficacy of cocaine 10	
after particular histories of reinforcement. Behav Pharmacol 13:389–396. doi: 10.1097/00008877-11	
200209000-00012 12	

83.  Liu Y, Roberts DCS, Morgan D (2005) Effects of extended-access self-administration and deprivation 13	
on breakpoints maintained by cocaine in rats. Psychopharmacology (Berl) 179:644–651. doi: 14	
10.1007/s00213-004-2089-y 15	

84.  Liu Y, Roberts DCS, Morgan D (2005) Sensitization of the reinforcing effects of self-administered 16	
cocaine in rats: effects of dose and intravenous injection speed. Eur J Neurosci 22:195–200. doi: 17	
10.1111/j.1460-9568.2005.04195.x 18	

85.  Laulin J-P, Larcher A, Celerier E, et al (1998) Long-lasting increased pain sensitivity in rat following 19	
exposure to heroin for the first time. Eur J Neurosci 10:782–785. doi: 10.1046/j.1460-20	
9568.1998.00083.x 21	

86.  Morgan D, Smith MA, Roberts DCS (2005) Binge self-administration and deprivation produces 22	
sensitization to the reinforcing effects of cocaine in rats. Psychopharmacology (Berl) 178:309–316. doi: 23	
10.1007/s00213-004-1992-6 24	

87.  Ito R, Robbins TW, Everitt BJ (2004) Differential control over cocaine-seeking behavior by nucleus 25	
accumbens core and shell. Nat Neurosci 7:389–397. doi: 10.1038/nn1217 26	

88.  Weissenborn R, Robbins TW, Everitt BJ (1997) Effects of medial prefrontal or anterior cingulate cortex 27	
lesions on responding for cocaine under fixed-ratio and second-order schedules of reinforcement in rats. 28	
Psychopharmacology (Berl) 134:242–257 29	

89.  Elmer GI, Pieper JO, Rubinstein M, et al (2002) Failure of intravenous morphine to serve as an effective 30	
instrumental reinforcer in dopamine D2 receptor knock-out mice. J Neurosci 22:RC224. doi: 20026412 31	

90.  Martı́n S, Manzanares J, Corchero J, et al (1999) Differential basal proenkephalin gene expression in 32	
dorsal striatum and nucleus accumbens, and vulnerability to morphine self-administration in Fischer 344 33	
and Lewis rats. Brain Res 821:350–355. doi: 10.1016/S0006-8993(99)01122-1 34	

91.  Mangabeira V, Garcia-Mijares M, Silva MTA (2015) Sugar withdrawal and differential reinforcement 35	
of low rate (DRL) performance in rats. Physiol Behav 139:468–473. doi: 36	
10.1016/j.physbeh.2014.09.017 37	

92.  Zhang M, Balmadrid C, Kelley AE (2003) Nucleus accumbens opioid, GABaergic, and dopaminergic 38	
modulation of palatable food motivation: contrasting effects revealed by a progressive ratio study in the 39	
rat. Behav Neurosci 117:202–211 40	

93.  Perry JL, Morgan AD, Anker JJ, et al (2006) Escalation of i.v. cocaine self-administration and 41	
reinstatement of cocaine-seeking behavior in rats bred for high and low saccharin intake. 42	
Psychopharmacology (Berl) 186:235–245. doi: 10.1007/s00213-006-0371-x 43	

94.  Levy A, Salamon A, Tucci M, et al (2013) Co-sensitivity to the incentive properties of palatable food 44	
and cocaine in rats; implications for co-morbid addictions. Addict Biol 18:763–773. doi: 45	
10.1111/j.1369-1600.2011.00433.x 46	

95.  Mueller D, Stewart J (2000) Cocaine-induced conditioned place preference: reinstatement by priming 47	
injections of cocaine after extinction. Behav Brain Res 115:39–47. doi: 10.1016/S0166-4328(00)00239-48	
4 49	

96.  Sora I, Hall FS, Andrews AM, et al (2001) Molecular mechanisms of cocaine reward: combined 50	
dopamine and serotonin transporter knockouts eliminate cocaine place preference. Proc Natl Acad Sci U 51	
S A 98:5300–5305. doi: 10.1073/pnas.091039298 52	

97.  Ito R, Dalley JW, Howes SR, et al (2000) Dissociation in Conditioned Dopamine Release in the 53	
Nucleus Accumbens Core and Shell in Response to Cocaine Cues and during Cocaine-Seeking 54	
Behavior in Rats. J Neurosci 20:7489–7495 55	

98.  Vanderschuren LJMJ, Di Ciano P, Everitt BJ (2005) Involvement of the dorsal striatum in cue-56	
controlled cocaine seeking. J Neurosci 25:8665–8670. doi: 10.1523/JNEUROSCI.0925-05.2005 57	

99.  Jedynak JP, Uslaner JM, Esteban JA, Robinson TE (2007) Methamphetamine-induced structural 58	
plasticity in the dorsal striatum. Eur J Neurosci 25:847–853. doi: 10.1111/j.1460-9568.2007.05316.x 59	

100.  Koob GF, Stinus L, Moal M Le, Bloom FE (1989) Opponent process theory of motivation: 60	



	 28	

Neurobiological evidence from studies of opiate dependence. Neurosci Biobehav Rev 13:135–140. doi: 1	
10.1016/S0149-7634(89)80022-3 2	

101.  Alderson HL, Jenkins TA, Kozak R, et al (2001) The effects of excitotoxic lesions of the 3	
pedunculopontine tegmental nucleus on conditioned place preference to 4%, 12% and 20% sucrose 4	
solutions. Brain Res Bull 56:599–605. doi: 10.1016/S0361-9230(01)00733-X 5	

102.  Kawasaki H, Yamada A, Fuse R, Fushiki T (2011) Intake of dried bonito broth flavored with dextrin 6	
solution induced conditioned place preference in mice. Biosci Biotechnol Biochem 75:2288–2292. doi: 7	
10.1271/bbb.110388 8	

103.  Velázquez-Sánchez C, Santos JW, Smith KL, et al (2015) Seeking behavior, place conditioning, and 9	
resistance to conditioned suppression of feeding in rats intermittently exposed to palatable food. Behav 10	
Neurosci 129:219–224. doi: 10.1037/bne0000042 11	

104.  Delamater AR, Sclafani A, Bodnar RJ (2000) Pharmacology of Sucrose-Reinforced Place-Preference 12	
Conditioning. Pharmacol Biochem Behav 65:697–704. doi: 10.1016/S0091-3057(99)00251-8 13	

105.  Avena NM, Bocarsly ME, Rada P, et al (2008) After daily bingeing on a sucrose solution, food 14	
deprivation induces anxiety and accumbens dopamine/acetylcholine imbalance. Physiol Behav 94:309–15	
315. doi: 10.1016/j.physbeh.2008.01.008 16	

106.  Volkow N, Wise R (2005) How can drug addiction help us understand obesity? Nat. Neurosci.  17	
107.  Carelli RM, Wondolowski J (2003) Selective Encoding of Cocaine versus Natural Rewards by Nucleus 18	

Accumbens Neurons Is Not Related to Chronic Drug Exposure. J Neurosci 23:11214–11223 19	
108.  Roitman MF (2004) Dopamine Operates as a Subsecond Modulator of Food Seeking. J Neurosci 20	

24:1265–1271. doi: 10.1523/JNEUROSCI.3823-03.2004 21	
109.  Phillips PEM, Stuber GD, Heien MLA V., et al (2003) Subsecond dopamine release promotes cocaine 22	

seeking. Nature 422:614–618. doi: 10.1038/nature01476 23	
110.  Di Chiara G, Bassareo V (2007) Reward system and addiction: what dopamine does and doesn’t do. 24	

Curr Opin Pharmacol 7:69–76. doi: 10.1016/j.coph.2006.11.003 25	
111.  Wagner FA, Anthony JC (2002) From first drug use to drug dependence; developmental periods of risk 26	

for dependence upon marijuana, cocaine, and alcohol. Neuropsychopharmacology 26:479–488. doi: 27	
10.1016/S0893-133X(01)00367-0 28	

112.  Anthony JC, Warner LA, Kessler RC (1994) Comparative epidemiology of dependence on tobacco, 29	
alcohol, controlled substances, and inhalants: Basic findings from the National Comorbidity Survey. 30	
Exp Clin Psychopharmacol 2:244–268 31	

113.  Warner LA, Kessler RC, Hughes M, et al (1995) Prevalence and Correlates of Drug Use and 32	
Dependence in the United States. Arch Gen Psychiatry 52:219–229. doi: 33	
10.1001/archpsyc.1995.03950150051010 34	

114.  Avena NM, Carrillo CA, Needham L, et al (2004) Sugar-dependent rats show enhanced intake of 35	
unsweetened ethanol. Alcohol 34:203–209 36	

115.  (2000) Diagnostic and statistical manual-text revision (DSM-IV-TRim, 2000) 37	
116.  Ziauddeen H, Alonso-Alonso M, Hill JO, et al (2015) Obesity and the neurocognitive basis of food 38	

reward and the control of intake. Adv Nutr 6:474–486. doi: 10.3945/an.115.008268 39	
117.  Long, CG, Blundell, JE & Finlayson G (2015) A Systematic Review of the Application And Correlates 40	

of YFAS-Diagnosed “Food Addiction” in Humans: Are Eating-Related “Addictions”a Cause for 41	
Concern or Empty Concepts? Obes Facts 8:386–401 42	

118.  Davis C, Carter JC (2009) Compulsive overeating as an addiction disorder. A review of theory and 43	
evidence. Appetite 53:1–8. doi: 10.1016/j.appet.2009.05.018 44	

119.  Schulte EM, Grilo CM, Gearhardt AN (2016) Shared and unique mechanisms underlying binge eating 45	
disorder and addictive disorders. Clin Psychol Rev 44:125–139. doi: 10.1016/j.cpr.2016.02.001 46	

120.  Davis C, Levitan R, Reid C, et al (2009) Dopamine for “wanting” and opioids for “liking”: a 47	
comparison of obese adults with and without binge eating. Obesity 17:1220–1225 48	

121.  Davis C, Loxton NJ, Levitan RD, et al (2013) “Food addiction” and its association with a dopaminergic 49	
multilocus genetic profile. Physiol Behav 118:63–69. doi: 10.1016/j.physbeh.2013.05.014 50	

122.  Meule A, Kübler A (2012) Food cravings in food addiction: the distinct role of positive reinforcement. 51	
Eat Behav 31:252–255 52	

123.  Gearhardt A, Yokum S (2011) Neural correlates of food addiction. Arch Gen Psychiatry 68:808–16. 53	
124.  Eichen D, Lent M, Goldbacher E, Foster G (2013) Exploration of “food addiction” in overweight and 54	

obese treatment-seeking adults. Appetite 67:22–24 55	
125.  Gearhardt AN, Boswell RG, White MA (2014) The association of “food addiction” with disordered 56	

eating and body mass index. Eat Behav 15:427–433. doi: 10.1016/j.eatbeh.2014.05.001 57	
126.  Meule A, von Rezori V, Blechert J (2014) Food addiction and bulimia nervosa. Eur Eat Disord Rev 58	

22:331–337. doi: 10.1002/erv.2306 59	
127.  Pursey KM, Collins CE, Stanwell P, Burrows TL (2015) Foods and dietary profiles associated with 60	



	 29	

“food addiction” in young adults. Addict Behav Reports 2:41–48. doi: 10.1016/j.abrep.2015.05.007 1	
128.  Rogers PJ, Smit HJ (2000) Food Craving and Food “Addiction.” Pharmacol Biochem Behav 66:3–14. 2	

doi: 10.1016/S0091-3057(00)00197-0 3	
 4	

 5	

 6	
 7	
 8	
 9	


