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The epidemic of chronic, preventable diseases such as obesity and diabetes remain a serious 

health concern, driven largely by 1) changes in the global food supply as the consumption of 

nutritive foods decreases and that of highly refined and processed foods increases, and 2) a 

subsequent inability to limit food consumption appropriately. While obesity remains at the 

forefront of preventable diseases, recent evidence suggests that it is strongly associated with 

insulin resistance and type 2 diabetes, so much so that the phrase “diabesity” has been coined to 

emphasize their comorbidity. Growing evidence suggests that the foods we eat can have serious 

consequences not just in the periphery (e.g., weight gain), but can alter our neurochemistry and 

behavior as well.  
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The experiments presented here probe this issue in two parts. First, we examine whether a junk 

food diet can alter the use of external and internal cues to guide reward seeking behavior. To this 

end, we used general and outcome-specific Pavlovian-to-instrumental transfer (PIT) tests to 

probe incentive motivation and decision making, respectively, and a test of outcome devaluation 

to examine the sensitivity of reward seeking to a decrease in outcome value, after either 

intermittent or ad libitum junk food exposure. We found that intermittent junk food exposure 

disrupts general and outcome-specific PIT, promoting reward seeking in response to cues only 

loosely paired with reward and inconsistent with outcomes predicted by the cue. Ad libitum junk 

food exposure suppresses reward seeking during a general PIT test, and disrupts outcome-

specific PIT similarly to intermittent junk food exposure. Junk food exposure also disrupts the 

ability of internal, interoceptive cues about satiety state to adjust reward seeking in a test of 

outcome devaluation, irrespective of the pattern of junk food exposure. 

 

We also examined whether an insulin-disrupting high fructose diet would alter incentive 

motivation in a general PIT test. We used fast-scan cyclic voltammetry to examine dopamine 

signaling during the PIT test, and in anesthetized animals to further assess dopamine reuptake 

kinetics. We found that insulin resistant rats were behaviorally and neurochemically sensitive to 

both reward-paired and “neutral” cues, demonstrating increased reward seeking and phasic 

dopamine release in response to both types of cues. We also found that dopamine reuptake was 

prolonged in insulin resistant rats, and that treatment with the insulin receptor sensitizing drug 

pioglitazone normalized reuptake and incentive motivation.  
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Chapter 1 

 

General Introduction  
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While researchers have long studied the neurochemistry guiding our food choices, only recently 

has the reverse been explored: how might our food choices alter our neurochemistry, and, 

consequently, behavior? Indeed, contemporary Westernized diets have shifted from home made, 

whole food meals to pre-packaged, refined, and fast foods. These poor quality diets are typically 

high fat, high sugar, and are extremely palatable [1,2]. Like all natural and drug rewards, these 

foods have direct action on the mesolimbic dopamine system, promoting dopamine release in the 

nucleus accumbens (NAc). Such dopamine signaling rapidly encodes the motivational 

significance of events, and, with experience over time, dopamine signaling gradually shifts from 

reward delivery to the earliest reward predictor [3,4]. These predictors, or cues, signal reward 

availability, and can invigorate reward-seeking behavior, such as driving food-seeking and 

“relapse,” such as that seen in restricted (i.e., dieting) eaters. With repeated experience, 

neuroadaptations can alter how the mesolimbic dopamine system responds to rewards: it can 

become “sensitized” to environmental stimuli [5], or downregulated [6]. Whether palatable, 

westernized junk foods can facilitate food “addiction” remains unclear, and the neurochemical 

and behavioral consequences of these diets remain an active area of investigation. 

 

With the proliferation of cheap, poor quality, and refined Westernized diets, metabolic disorders 

have increased dramatically across the globe, ultimately resulting in increased morbidity and 

shorter lifespans as sufferers develop heart disease, ischemic strokes, and diabetes [7,8]. Insulin 

dysfunction, such as that implicated in type 2 diabetes, has also recently been incriminated in 

brain disorders, such as Alzheimer’s [9] and Parkinson’s [10,11] diseases, and more recently, a 

role for insulin has been revealed in regulating mesolimbic dopamine [11–14]. An anorexigenic 

peptide, insulin has long been known to act in the hypothalamus as a satiety signal to decrease 
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appetite and feeding [15,16], and recent evidence has shown that insulin can also act in other 

areas of the brain to influence feeding behavior in more subtle and complex ways. Specifically, 

insulin’s action on ventral tegmental area (VTA) dopamine neurons has been implicated in the 

regulation of non-homeostatic (i.e., not driven by caloric or metabolic necessity) and hedonic 

(i.e., pleasure-driven) feeding (reviewed in [17]). However, insulin’s interactions with the 

dopamine system, a strong mediator of reward-seeking behaviors, and its behavioral 

consequences remain unclear. In brief, it is possible that diet-induced dysfunctional insulin 

signaling at VTA dopamine neurons potentiates dopamine signaling in the ventral striatum, 

which may exacerbate maladaptive reward-seeking behavior, such as that seen in drug or food 

addiction.  

 

The Mesolimbic Dopamine System and Reward 

 

Dopamine neurons project from the VTA to the NAc 

Dopamine neurons in the VTA project to the NAc, where they mediate the reinforcing, incentive 

and motivational components of reward (reviewed in [18,19]). This mesolimbic dopamine 

system is thought to be the primary target of natural (e.g., sex, food) and pharmacological (e.g., 

cocaine, amphetamine) reinforcers. Upon food consumption or drug exposure, dopamine neurons 

in the VTA, projecting via the medial forebrain bundle to their terminals in the ventral striatum, 

increase dopamine signaling in the NAc. Behaviorally relevant stimuli (such as unpredicted 

rewards or reward-paired cues) can activate VTA dopamine neurons, thereby driving phasic 

dopamine release [20] over and above the sustained low “background” tonic dopamine signaling 

regulated by cortical prefrontal afferents (reviewed in [21]). Because the concentration of 
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dopamine released in the NAc is associated with the perceived value of the reward [22,23], novel 

or highly palatable foods are likely to elicit more dopamine than predictable or bland ones, while 

pharmacological drugs (e.g., cocaine, dopamine agonists) are likely to elicit artificially large 

concentrations of mesolimbic dopamine.  

 

Phasic dopamine release in the striatum provides very fast (on the order of milliseconds) and 

dramatic increases in dopamine concentration in the synaptic cleft [24] which quickly saturates 

postsynaptic D1 receptors [25]. The high-affinity dopamine transporter (DAT) quickly removes 

dopamine from the extracellular space back into the presynaptic neuron, terminating dopamine 

signaling. Drugs of abuse disrupt the homeostasis of the dopamine system by causing an increase 

in extracellular dopamine concentrations, and in the case of psychostimulants, by interfering with 

dopamine reuptake by blocking the DAT. Interestingly, increasing burst firing of dopamine 

neurons does not appear to considerably alter total (i.e., synaptic and extra-synaptic) dopamine 

concentrations in the NAc (as measured by microdialysis), presumably due to DAT’s high 

affinity for dopamine and quick reuptake action; if uptake is pharmacologically prohibited (i.e., 

via a DAT inhibitor), dopamine concentrations increase significantly [26]. 

 

Dopamine signaling mediates food reinforcement  

Mesolimbic dopamine has been strongly implicated in the motivation to work for food rewards. 

Early experiments found that ablating or decreasing function of dopamine neurons abolishes and 

decreases food seeking and consumption, respectively [27–34]. Conversely, food rewards 

increase extracellular NAc dopamine concentrations proportionally to the perceived incentive 

value (which can include quality and quantity) of the reward [23,35]. When lever pressing for 
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food reward, extracellular NAc dopamine concentrations (as measured by microdialysis) are 

higher when rats are tested hungry (i.e., when motivational state is upregulated) versus sated [36]. 

During a sated test, NAc shell dopamine levels were positively correlated with effort, where 

higher dopamine levels were associated with more vigorous lever pressing [36], again suggesting 

that reward valuation (as measured by lever pressing behavior) is strongly associated with 

dopamine concentrations. Research using in vivo fast-scan cyclic voltammetry (FSCV), in which 

fluctuating extracellular NAc dopamine can be tracked in real time during tests of reward-

seeking and incentive motivation, strengthened the finding that dopamine concentration is 

mediated by the perceived value of the reward, and subsequently guides reward-seeking 

behaviors [37–39]. Taken together, these data suggest that NAc dopamine is involved in 

encoding the motivational value of rewards, which can be altered by changes in motivational 

state (i.e., from sated to hungry).  

 

Mesolimbic Insulin Signaling 

 

CNS insulin impacts the dopamine system 

Recent work has confirmed a link between postingestive insulin signaling and the dopamine 

system. Insulin is made exclusively by pancreatic beta cells and excreted into circulation in 

response to elevated blood glucose (e.g., after eating a meal). It is transported into the brain via a 

saturable, receptor-mediated, active transport system [40–42], and, as a result, CNS insulin 

concentrations are highly correlated with those in the peripheral, circulating bloodstream [43]. In 

the CNS, insulin has a variety of roles beyond facilitating glucose uptake, including mediating 

feeding behavior, neurodevelopment, neurogenesis, neurotransmitter release, receptor trafficking 
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and neurotransmitter reuptake (reviewed in [44]). Insulin receptors are found extensively 

throughout the brain [45], including, importantly, on dopamine neurons in the VTA [12], where 

their activation subsequently activates PI3K, which is required for insulin to influence feeding 

[46], and Akt, which regulates dopamine signaling and homeostasis [47,48]. Further, a genetic 

variant of Akt has been associated with schizophrenia and methamphetamine abuse, disorders in 

which dopamine dysfunction is strongly implicated [49,50], and genetic manipulation of Akt 

phosphorylation in mice can also dysregulate dopamine activity [51], further highlighting a role 

for insulin in the dopamine system. 

 

Functional consequences of mesolimbic insulin signaling: implications for the DAT 

As discussed above, insulin receptors are heavily expressed throughout the brain, including on 

dopamine neurons in the VTA. However, the full functional significance of insulin receptor 

expression on dopamine neurons remains unclear. Studies report seemingly contradictory 

evidence that insulin can both potentiate firing of dopaminergic neurons [52,53], and depress 

excitatory VTA afferents [13,54], though this may be due to insulin’s differential effects on tonic 

versus burst firing, as well as regional differences (e.g., dorsal versus ventral striatum), and the 

involvement of mediating circuitry (i.e., cholinergic interneuron involvement [53]) [55]. 

 

A growing body of evidence has shown that activation of insulin receptors results in increased 

DAT expression and activity, thus increasing dopamine reuptake and clearance. Through 

activation of the PI3K and Akt signaling pathways, insulin exerts a positive influence on DAT 

function by facilitating its translocation to the synaptic membrane surface [14,48,54,56,57]. 

Tyrosine kinase inhibitors, which also block the receptors activated by insulin and insulin-like 
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growth factors, reduce dopamine clearance by redistributing DAT away from the cell membrane, 

thus decreasing DAT surface expression [58]. Inhibiting downstream components of the insulin 

signaling pathway, such as PI3K or Akt, also reduces DAT surface expression and dopamine 

clearance [48,59], as does feeding a high-fat diet (which impairs Akt) [57,60]. Chronic 

hyperinsulinemia, whether due to chronic i.c.v infusion [61] or in genetically modified rats 

predisposed to obesity and hyperinsulinemia (i.e., FA/FA Zucker rats) [61], increases DAT 

mRNA in the ventral midbrain. Further, insulin administered directly into the VTA can also 

reduce somatodendritic dopamine signaling, an effect that is abolished when insulin is co-

administered with a selective DAT inhibitor or in DAT KO mice [54]. This decrease in 

somatodendritic dopamine in the VTA is likely due to an increase in DAT trafficking to the 

membrane and expression, which allows increased dopamine reuptake into the cell, thus 

ultimately lowering dopamine concentrations [54]. Taken together, these data show that normal 

insulin function is important for reliable DAT-regulated dopamine clearance. 

 

Because insulin is released from the pancreas in response to feeding (i.e., caloric load) and is 

transported from the periphery to the brain, CNS insulin closely mirrors concentrations in the 

periphery [40–42]. Therefore, fasting is likely to produce both PNS and CNS hypoinsulinemia. 

In food-restriction models of hypoinsulinemia, DAT-mediated dopamine clearance and reuptake 

is severely reduced both in vitro [14] and in vivo [62], but is easily restored by adding insulin to 

the in vitro suspension [14] or returning rats to food access [62]. Streptozotocin administration is 

another common model of hypoinsulinemia and diabetes, as it destroys pancreatic beta cells, 

leading to a loss of insulin production. These models, too, show decreased dopamine clearance 

and reuptake in both in vivo chronoamperometry and in vitro striatal synaptosomal preparations 
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[63], which can be reversed by chronic amphetamine administration [63]. Insulin can also block 

an amphetamine-induced change in DAT expression [48]; because one of amphetamine’s 

primary effects is to redistribute DAT away from the plasma membrane [64,65], the use of 

chronic amphetamine in this experiment provides evidence that insulin’s actions on dopamine 

are likely to occur via the DAT (i.e., when DAT activity is blocked by amphetamine, insulin 

counters this effect, and increases DAT translocation to the membrane thus increasing dopamine 

reuptake). Williams et al. [66] confirmed these results, showing that streptozotocin (which 

eliminates insulin signaling) decreases striatal DAT cell-surface expression, significantly 

reducing amphetamine’s ability to reverse-transport dopamine from the cytosol into the 

extracellular space as a result of insulin-induced DAT downregulation, an effect that can be 

reversed with local insulin infusions into the striatum [66,67]. These data show that artificial 

manipulations of CNS insulin signaling, whether pharmacological or as a result of fasting, can 

have serious consequences for the mesolimbic dopamine system. How these manipulations 

subsequently influence compulsive reward seeking warrant further study. 

 

Dopamine and Behavior  

 

Dopamine responds to reward-paired cues 

Pavlovian conditioned stimuli influence behavior 

A key component of reward learning is the acquisition of Pavlovian conditioned associations 

between the primary rewards themselves (e.g., food, drugs) and relevant stimuli in the 

environment (i.e., a context or discrete cue). With repeated exposure, stimuli associated with 

reward (that occur predictively or simultaneously) become conditioned stimuli (CSs), capable of 
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signaling reward availability. The invigorating and motivating effects of CSs are frequently used 

in conjunction with instrumental processes in experimental paradigms to model maladaptive 

reward seeking behaviors. Importantly, contextual cues (e.g., the operant box) can also become 

CSs, capable of predicting reward, and invigorating or reinforcing behavior. In the context of 

addiction and compulsive reward-seeking, these cues can also trigger reward cravings [68,69], 

driving efforts to procure reward and resulting in relapse [70,71]. This process, whereby reward-

associated cues become motivational and capable of eliciting reward-seeking, is termed incentive 

motivation. 

 

While the precise neurocircuitry governing Pavlovian and instrumental processes in the context 

of compulsive reward seeking remain unclear, the contemporary incentive sensitization 

hypothesis states that, with repeated pairings, Pavlovian CSs (e.g., contexts, people, actions 

associated with reward) come to activate the same neural circuitry and neurochemistry as the 

primary reinforcer (e.g., food, drugs) [72,73]. This shared ability to facilitate mesolimbic 

dopamine transmission is what enables reward-paired cues to become rewarding, and capable of 

driving pathological reward-seeking such as that seen in addiction and compulsive overeating 

[74–76]. Reward-associated cues are then able to increase activity of VTA dopamine projections 

to the NAc, eventually increasing motivation and driving reward-seeking [77–79]. A large body 

of evidence has implicated the mesolimbic dopamine system as responsible for the transition of 

environmental stimuli into reward-associated conditioned stimuli through Pavlovian conditioning 

(reviewed in [80]).  

 

Pavlovian conditioned stimuli influence dopamine signaling  
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Seminal electrophysiology work by Schultz and colleagues in non-human primates demonstrated 

that midbrain dopamine neurons fire in response to primary rewards and conditioned reinforcers, 

and that dopamine activity is increased with unexpected reward delivery [3,81–83]. After 

repeated reward-cue pairings, dopamine signaling shifts temporally from the primary reward 

distally to the CS onset [84]. The magnitude of the CS-induced dopamine response may reflect 

the motivational properties of the stimulus, as larger dopamine neuron activation was negatively 

correlated with the animal’s reaction time to procure the reward [85].  

 

Instrumental responding for rewards can also elicit dopamine release in the NAc, for both drug 

rewards [86,87] and food [88,89]. Specifically, dopamine neurons in the VTA increase their 

firing rate as rats approach and press a lever previously associated with heroin delivery, only to 

decrease firing once heroin delivery began [90]. This “anticipatory” role for mesolimbic 

dopamine is likely to work for the earliest predictive cue, not just those immediately preceding 

reward delivery. While recording dopamine via FSCV, Wassum and colleagues [91] found, 

using an instrumental action sequence for food reward (lever 1 ! lever 2 ! food reward), that 

NAc dopamine is increased upon delivery of an unexpected reward, such as that during the initial 

acquisition of the task. As the action-outcome contingency is learned, this dopamine release 

shifts to the earliest actions (i.e., first the proximal, then distal lever press), and ceases to occur 

upon reward delivery. Finally, the amplitude of the dopamine signal predicts the latency to 

complete the action sequence, suggesting again (as above) that dopamine signaling likely also 

tracks the incentive value of the reward [91]. Taken together, these data suggest that mesolimbic 

dopamine tracks not just the incentive value of reward, but reward-paired stimuli that might 

facilitate optimized reward-seeking. 
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Dopamine influences behavior in response to Pavlovian conditioned stimuli  

Indeed, dopamine signaling in response to reward-paired cues and in anticipation of active 

reward-seeking strongly suggests dopaminergic mediation of cue-invigorated reward-seeking. 

VTA inactivation reduces instrumental responding for cues associated with cocaine [92] and 

food reward [34,93], while leaving consumption unaffected [34], and dramatically reduces firing 

in the NAc in response to Pavlovian CSs (while not affecting neural activity associated with 

operant responding and checking the food cup) [94]. Many CS-induced behavioral effects can be 

reduced or abolished by dopamine blockade or lesions in the VTA: administration of systemic 

dopamine antagonists reduces CS-induced locomotor activity [95,96], and blocks conditioned 

place preference for food, amphetamine and cocaine reward [97–99]. Further, local NAc 

dopamine blockade prevents the ability of a CS to maintain responding [94,100–102], and 

reduces Pavlovian conditioned goal approach to a food-paired cue [103]. Predictably, increasing 

mesolimbic dopamine neurotransmission tends to enhance the effects of CSs on behavior: 

systemic administration of D2 agonists [104,105] or amphetamine [105] potentiates instrumental 

responding for a conditioned reinforcer, as do local infusions of amphetamine into the NAc [106].  

 

Similar neuroadaptations underlie drug and food addiction 

The reward hypofunction hypothesis proposes that a deficiency in dopamine signaling underlies 

an individual’s susceptibility to drug and food addiction [6,107,108]. Imaging studies in humans 

show strong evidence of decreased DAT density and D2 receptor availability after chronic drug 

and alcohol use [109–111] (reviewed in [112]), and decreased D2 signaling in rodents [113] and 

monkeys [114] is associated with increased psychostimulant use. Similarly, overexpression of 
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D2 receptors reduced alcohol intake in rats [115]. Obese individuals (who some argue might be 

“food addicts” due to their compulsive eating) show parallel decreases in D2 receptor availability 

in VTA projection target areas such as the striatum, thought to reflect decreased availability, a 

decrease that negatively correlates with BMI [116,117]. Women who gained weight (versus 

those that didn’t) also show decreased activity in VTA target areas in response to palatable foods 

[118]. Likewise, rodents fed a palatable diet [6,119] or are genetically predisposed to obesity 

[120] also show decreased D2 receptor levels, thought to reflect decreased receptor availability. 

Using viral-mediated RNA interference, Johnson and Kenny [6] decreased D2 receptor signaling 

in the striatum and found that, after D2 receptor knockdown, rats decreased responding for 

rewarding brain stimulation almost immediately after starting a diet of various calorically dense, 

palatable foods. Johnson and Kenny suggest this is indicative of ‘reward hypofunctionality’ in 

rats with decreased striatal D2 receptor activity and a junk food diet, whereas in control rats such 

a diet would produce similar results, but only after several weeks of junk food exposure and the 

onset of obesity. While D2 receptor downregulation is the most notable effect after overeating, 

other deficits in dopamine transmission are also reported after junk food access and obesity. Rats 

genetically predisposed to obesity have lower basal and evoked dopamine concentrations in the 

NAc than those resistant to weight gain [121], and rats overfed on a high-fat [122] or cafeteria 

[123] diet show lower basal and evoked dopamine in the NAc compared to lab chow-only rats. 

Taken together, these data suggest drug and food addiction share many characteristics, though 

the full implications remain understudied. Given their neurochemical and behavioral similarities, 

it is possible that food and drug addiction may share similar risks and complications from a poor 

diet resulting in insulin dysregulation, and the ensuing disruptions to the mesolimbic dopamine 

signaling, resulting in a hypersensitivity to reward-paired cues. 
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Reward Wanting: Drug- and Food-Driven Changes in Incentive Sensitization  

 

Incentive sensitization promotes reward craving 

Perhaps one of the most difficult aspects of drug abuse or disordered, compulsive eating is the 

persistent cravings, which, in the case of drug abuse, can persist even after years of abstinence. 

Robinson and Berridge have proposed a theory of incentive sensitization [124,125], whereby 

drug ‘wanting’ and craving may be due to neuroadaptations hastened by repeated drug exposure. 

Their theory proposes that the most important change occurring as a result of repeated drug use 

is a pathological sensitization to drugs and their associated stimuli, whereby drug-paired CSs 

become hypersalient, excessively attractive, pathologically wanted, and capable of eliciting 

approach behavior and reward-seeking [124,125]. This sensitization is thought to bias attentional 

processes towards reward-associated stimuli, and drive the compulsive drug ‘wanting’ and 

craving associated with compulsive reward-seeking and addiction.  

 

Incentive sensitization engages a process of incentive salience, whereby neural representations of 

CSs are transformed from mere information into “an attractive and ‘wanted’ incentive that can 

‘grab attention’” [126, page 313]. Importantly, this process of incentive salience also engages 

motivational mechanisms, transforming CSs into objects of attraction that animals are willing to 

work for. Incentive motivation occurs when cues, having repeatedly been paired with reward, 

become imbued with incentive salience and capable of driving reward-seeking. This is thought to 

occur predominantly via the neural circuitry that mediates Pavlovian conditioned responding, 

which can manifest as either unconscious wanting or explicit, conscious craving, capable of 

lasting for years, even after long periods of abstinence. The incentive sensitization theory makes 
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it clear that addiction and compulsive reward seeking is more than just aberrant learning 

promoting strong stimulus-response (S-R) habits, which, by definition, do not engage 

motivational mechanisms - a necessary component of compulsive behavior [127]. Ultimately, 

CSs (i.e., reward-paired cues) imbued with incentive salience share three fundamental qualities 

(reviewed in [128]): 1) they become “wanted” and can elicit approach behavior (measured by 

sign-tracking or Pavlovian conditioned approach), 2) they can drive reward seeking for their 

unconditioned reinforcers (i.e., food, drug) as a result of cue-induced ‘wanting’, 3) they can 

become conditioned reinforcers, reinforcing instrumental behaviors.  

 

While initially described with drug abuse in mind, the incentive sensitization model of reward 

addiction may be well suited to food addiction models as well. Growing evidence from animal 

models suggests that, like drugs of abuse, poor diets (i.e., high-fat, high-sugar and refined foods) 

may have long-term consequences for behavior and cognition, making it difficult to determine 

whether a hypersensitivity to food-paired cues precedes maladaptive eating in humans, or 

emerges as a result of it. Indeed, poor quality diets have been shown to produce deficits in 

hippocampal-dependent learning and memory [129–131], promote a shift from goal-directed to 

habitual responding [132–134], and alter reward liking and craving [6,135–141]. While specific 

mechanisms are unclear, growing evidence supports a role for mesolimbic dopamine dysfunction 

[6,142,143], though the hippocampus may also be preferentially vulnerable to the deleterious 

effects of junk foods [144–146]. Importantly, food-paired cues also become highly salient, 

capable of producing strong physiological reactions (e.g., increased salivation) and cravings (i.e., 

cue-reactivity) [147]. Reward-paired cues are well known to potentiate non-homeostatic (i.e., 

hunger state-independent) feeding, in both rats [148–150] and humans [151,152], as well as 
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maladaptive overeating [153] in both obese and normal-weight restrained eaters (i.e., such as 

when dieting) [154,155, reviewed in ,156].  

 

Pavlovian-to-instrumental transfer is mediated by mesolimbic dopamine signaling 

Attempting to assess changes in the incentive salience of reward-paired cues and model cue-

induced relapse in the laboratory is best done with the Pavlovian-to-instrumental transfer (PIT) 

paradigm, which controls for alternative explanations for cue-induced behaviors, such as habitual 

stimulus-response reactions or conditioned ‘liking’ [127,157]. In this task, the subject is trained 

on an instrumental action (e.g., a lever press) to procure a reward (e.g., a food pellet). In a 

separate phase, the subject is conditioned to expect a reward during a cue (e.g., a tone). At test, 

the cue is presented, and the subject is given the opportunity to engage in the instrumental action. 

Increased instrumental reward seeking during the cue is interpreted as increased incentive 

motivation. The degree to which a reward paired cue can drive reward seeking is a well known 

component of drug relapse – people in drug recovery are advised to stay away from people, 

places or items associated with their drug use, as such items can induce cravings and provoke 

relapse. Food addiction also faces similar, but perhaps even more difficult, challenges: while 

drug addicts in recovery can alter their environment to stay away from drugs and drug-paired 

cues altogether, the food addict can not altogether eliminate all foods from their environment, 

and must instead avoid specific food triggers that spur excessive consumption or consumption of 

problematic items. 

 

Incentive motivation and the degree to which rewards can drive behavior are subject to the 

control of the mesolimbic dopamine system. Systemic administration of dopamine receptor 
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antagonists [158,159] abolish the PIT effect, as do lesions of the NAc [160] or inactivation of the 

VTA [93,161]. Specifically, inactivation of the NAc core attenuates cue-induced lever pressing 

for alcohol [162] or food [163,164], but had no effect on Pavlovian goal-approach to the food 

cup [163]. The role of the NAc shell with regards to PIT remains less clear, as conflicting studies 

have found both attenuation and no effect on PIT following dopamine antagonism [165] or 

lesioning [164], respectively, and NAc shell inactivation [163,166] and potentiation [157] have 

both increased PIT responding. These conflicting results may be due to differences in 

methodology or subtle anatomical differences (i.e., medial versus lateral shell; for discussion see 

[167]).  

 

Food seeking as a proxy for drug seeking 

Drugs of abuse that potentiate and sensitize mesolimbic dopamine signaling (such as 

psychostimulants) tend to potentiate PIT. Frequently, the effects of drugs on PIT are modeled in 

food-deprived animals using food reward, where it has been found that experimenter-delivered, 

non-contingent amphetamine [168] or cocaine [169] administration increases PIT for food 

rewards. Interestingly, in rats self-administering intravenous cocaine (rather than experimenter-

administered drug), PIT for food rewards was dramatically increased, compared to unsignaled, 

noncontingent intravenous cocaine or saline administration [170], suggesting the volition to take 

the drug may confer different neuroadaptations than noncontingent administration. The use of 

food rewards, however, is highly criticized for low construct validity if the question at issue is 

how drugs potentiate hypersensitivity to drug-paired cues. Therefore, models employing drug 

self-administration can be preferable during tests of incentive salience and motivation. While 

few studies showing this effect for drug rewards exist, LeBlanc et al. [171] did find, using a 
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seeking-taking action sequence, that rats will increase their reward seeking and taking (i.e., they 

will increase lever pressing on both components of the action sequence) upon presentation with a 

cocaine-paired cue. Other studies have found that intravenous cocaine self-administration will 

elicit sign-tracking, suggesting drug-paired cues can acquire incentive salience as a consequence 

of Pavlovian conditioning [172], and cocaine-sensitized rats will work for conditioned 

reinforcement of a previously cocaine-paired cue [173]. While these results support many 

similarities between food and drug reward studies, the molecular and chemical adaptations that 

occur uniquely after drug use (for reviews, see [174,175]) (and, importantly, drug self-

administration [176]) might be best-modeled using drug, not food, reward. However, PIT for 

drug rewards can be a finicky task, and is overwhelmingly more easily modeled using food 

rewards. Given the similarities drug and food rewards have on neurochemistry and reward-

seeking behavior, PIT for food rewards remains a well-established assay of incentive motivation. 

 

Specific Aims  

Our contemporary food environment is overwhelmed with a variety of refined, high-sucrose and 

high-fat foods, engineered to be highly palatable [1,2]. Such foods, when consumed in excess 

and combined with low levels of physical activity, are well known to alter insulin signaling, 

driving insulin insensitivity and ultimately resulting in type 2 diabetes [177–179] which may be 

consequential for dopamine signaling and reward seeking behaviors. Non-homeostatic food 

consumption is a ubiquitous problem [180–182], as food is readily available and overeating lacks 

the extreme stigma of drug overconsumption and abuse [183] (though obesity is not immune 

from its own stigma in many areas [184,185]).  
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Sufferers of eating disorders such as binge eating and compulsive overeating frequently consume 

beyond homeostatic need, well into satiety. Efforts at restraint can prove difficult, and such a 

tendency is implicated in the obesity epidemic [186]. Eating despite satiety may have several 

etiologies, including an increased susceptibility to the motivational effects of reward-paired cues, 

an inability to appropriately interpret and use interoceptive cues about hunger state, an inability 

to use the representation of an outcome to guide reward seeking appropriately. Whether junk 

foods can “sensitize” reward systems sufficiently to increase incentive motivation and disrupt 

adaptive reward seeking is unclear. In Aim 1 (Chapters 2 and 3), I will investigate whether a junk 

food diet can alter the use of external and internal cues to guide reward seeking behavior. 

 

Like in the periphery, CNS insulin receptors can become desensitized to insulin binding, 

becoming insulin insensitive and, eventually, resistant [187]. If DAT function is decreased as a 

result of neuronal insulin resistance, and phasic dopamine signaling is extended as a result of 

decreased reuptake, the simultaneous presentation of reward-paired cues may have a more 

profound impact on associative learning processes. As a result, reward-paired cues might more 

quickly become salient, motivating, and capable of eliciting reward-seeking. Insulin resistance 

may result in a hypersensitivity to reward-paired cues as a result of decreased DAT expression, 

increased dopamine signaling, and repeated exposure to environmental stimuli paired with the 

drug reward. In this way, our insulin-resistance-promoting Westernized food ecosystem may, in 

turn, invigorate the motivational capacity of food-paired cues to drive further aberrant and 

maladaptive reward seeking. In Aim 2 (Chapter 4), I will investigate whether diet-induced insulin 

resistance will increase dopamine sensitivity and incentive motivation for reward-paired cues.  
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Palatability 
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Introduction 

 

Non-homeostatic eating behavior is strongly motivated by the rewarding effects of palatability 

and variety in flavor and texture [1]. Overindulgence in such foods has been heavily implicated 

in the obesity epidemic sweeping developed nations [2], in which obesity rates have more than 

doubled in the last 30 years [3,4]. Importantly, for many overweight and obese individuals, 

efforts to control their body weight prove challenging, with craving and compulsive consumption 

being major culprits [5]. In some cases, compulsive overeating can become so extreme that it has 

been compared with drug addiction, as they share many characteristics such as escalating intake 

over time despite negative consequences, such as foot shock in rats [6,7] or negative health or 

social consequences in humans [8–12].  

 

A key component of maladaptive reward seeking is the acquisition of Pavlovian associations 

between the primary rewards themselves (e.g., food, drugs) and predictive stimuli in the 

environment (i.e., a context or discrete cue). With repeated pairings, such cues can come to 

trigger reward cravings [13,14] and drive efforts to procure reward [15–17]. This process, 

whereby reward-associated cues acquire motivational properties that allow them to become 

capable of eliciting reward seeking, is termed Pavlovian incentive motivation, frequently referred 

to in the literature as ‘wanting’. The motivational influence of drug-paired cues is well 

documented in the drug addiction literature, where drug-paired cues have been shown to 

potentiate drug seeking for alcohol [18], nicotine [19], cocaine [20], and morphine [21], and 

sensitivity to such cues is considered to underlie a vulnerability to craving, compulsive drug 

seeking and, consequently, addiction [22,23]. Importantly, food-paired cues also become highly 
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salient, capable of producing strong physiological reactions (e.g., increased salivation) and 

cravings [24]. Food-paired cues are well known to potentiate non-homeostatic (i.e., hunger state-

independent) feeding, in both rats [25–27] and humans [28,29], as well as maladaptive 

overeating [30] in both obese and normal-weight restrained eaters (i.e., such as when dieting) 

[31–33].  

 

Growing evidence from animal models suggests that, like drugs of abuse, poor diets (i.e., high-

fat, high-sugar and refined foods) may have long-term consequences for behavior and cognition, 

making it difficult to determine whether a hypersensitivity to food-paired cues precedes 

maladaptive eating in humans, or emerges as a result of it. Indeed, poor quality diets have been 

shown to produce deficits in hippocampal-dependent learning and memory [34–36], promote a 

shift from goal-directed to habitual responding [37–39], and alter reward liking and craving 

[6,40–46]. While specific mechanisms are unclear, growing evidence supports a role for 

mesolimbic dopamine dysfunction [6,47,48], though the hippocampus may also be preferentially 

vulnerable to the deleterious effects of junk foods [49–51]. As alluded to above, behavioral 

responses to reward can be dissociated into ‘wanting’ - attributing motivational salience to 

reward-related stimuli, and ‘liking’ – the hedonic pleasure experienced by consuming reward 

[52], and each has been shown to be impacted by such diets [6,40–46]. A recent study [48] 

supports a role for both pre-existing individual differences and junk-food-driven changes in 

reward seeking and liking: rats later identified as susceptible to junk-food-induced obesity show 

stronger pre-existing conditioned approach behavior than obesity-resistant rats, while junk food 

exposure, regardless of weight gain, dampened the hedonic impact of palatable foods. Other 

studies have shown that the pattern of consumption may also matter: sugar-binging rats display 
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addiction-like behaviors not seen in rats with ad libitum sugar access or control rats [43,44]. 

These data indicate that factors such as how the diet is consumed, in addition to individual 

predisposition to weight gain, must be considered when investigating diet-induced changes in 

behavior. 

 

Here, we investigated whether a junk food diet could alter reward seeking and liking. Because of 

the differences between continuous overconsumption and binge eating, we used both ad libitum 

(24 h) and restricted, intermittent (2 h) daily access to junk food. To probe these behavioral 

effects, we used the Pavlovian-to-instrumental transfer (PIT) paradigm (a test of cue-evoked 

incentive motivation, or wanting, for food) and microstructural analysis of licking behavior for a 

palatable solution (a measure of reward liking) [53,54]. PIT was employed because of the power 

of this approach to parse the incentive motivational impact of cues from their conditioned 

reinforcing effects [55–57]. Since cue-invigorated food-seeking and consumption when hungry 

may be considered adaptive, and we were specifically interested in maladaptive food-seeking 

behavior, i.e., eating in the absence of hunger, our focus was on tests conducted when rats were 

sated on home chow, although tests were also conducted under the more conventional hungry 

condition. Our focus on the sated condition was also based on reports that cues invigorate food 

consumption in humans in the sated state [29,58], and that this may contribute to overeating and 

obesity [59–61]. We also examined how diet-induced weight gain relates to cue-evoked  

reward ‘wanting’ and ‘liking’ by comparing across high- and low-weight-gainers. We 

hypothesized that the incentive motivational properties of reward-paired cues in the sated state 

would increase with junk food exposure, and that, based on the literature cited above, 

intermittent-fed rats would be particularly vulnerable to this effect.  
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Methods 

 

 Subjects and apparatus 

Adult (10 weeks old) male Sprague-Dawley 

rats (n = 79) were pair-housed for the duration 

of the experiment. Rats were food restricted to 

85% of their free-feeding body weight during 

initial behavioral training. All behavioral 

training and testing took place in sound- and 

light-attenuating operant chambers (Med 

Associates, VT) equipped with a retractable 

lever, a white noise generator, a clicker audio 

generator, a food cup capable of delivering 

liquids, and a contact lickometer system 

capable of recording licking behavior. All experimental procedures were approved by the UCLA 

Institutional Animal Care and Use Committee and were in accord with the National Research 

Council Guide for the Care and Use of Laboratory Animals. See Table 1 for a summary of the 

training and testing timeline described in detail below. 

 

Initial behavioral training 

To maximize detection of a facilitatory effect of junk food exposure on incentive motivation, we 

trained naïve rats using a sub-threshold PIT paradigm known to support minimal cue-evoked 

responding under normal home chow diet conditions [62–64]. A 50% sweetened condensed milk 

Phase Duration Procedure 

Magazine 
Training 1 d Noncontingent reward 

Instrumental 
Training 10 d Lever-press ! Reward 

Pavlovian 
Conditioning 10 d CS+ ! Reward 

Diet Exposure 7, 21,  
or 42 d 

Control, Intermittent or  
24 h Ad Libitum exposure 

Return to Food 
Restriction 3 d 2 h chow per day 

Instrumental 
Retraining 3 d Lever-press ! Reward 

Pavlovian Re-
Conditioning 1 d A.M.: CSo ! No reward  

P.M.: CS+ ! Reward 
Instrumental 
Extinction 1 d Press ! No reward 

PIT & Lick Test 1 1 d Lever extended with CS+  
and CSo (both unrewarded) 

Instrumental 
Retraining 3 d Lever-press ! Reward 

Pavlovian Re-
Conditioning 1 d A.M.: CSo ! No reward  

P.M.: CS+ ! Reward 
Instrumental 
Extinction 1 d Press ! No reward 

PIT & Lick Test 2 1 d Lever extended with CS+ 
and CSo (both unrewarded) 

Table 1. Experimental Timeline!
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(SCM) solution was used as a reward stimulus during all training phases. After 1 day of 

magazine training, rats underwent 10 days of instrumental training during which they learned to 

press a lever to receive a 0.1ml infusion of SCM (delivered over 2 sec). Daily instrumental 

training lasted for 30 minutes or until 30 reinforcements were earned. Lever pressing was 

continuously reinforced for the first session, and was then shifted to a variable interval (VI) 

schedule, which was increased every day beginning with VI-5s on Day 1, then progressing each 

day to VI-10s on Day 2, VI-15s on Day 3, VI-25s on Day 4, VI-35s on Day 5, and VI-45 s on 

Days 6-10. Rats were then given 10 days of Pavlovian conditioning with the lever withdrawn, 

during which time the SCM delivery was paired with the offset of a 30-sec auditory cue (click or 

white noise; CS+). Daily Pavlovian conditioning lasted for 10 cue presentations (trials) per 

session, each separated by a variable 2.5 min interval. Analysis of initial behavioral training data 

is presented in Supplementary Materials (Supplemental Fig. 1).  

 

Junk food diet 

Following initial training, rats were assigned to one of three diet groups: Control, Intermittent, or 

Ad Libitum, and one of three diet durations: 1, 3, or 6 weeks. During this time, all rats received 

unlimited access to chow and water, while the two treatment groups (Intermittent and Ad 

Libitum) also received access to two junk foods (one sweet, one savory) each day for either 2 h 

only (Intermittent) or for 24 h (Ad Libitum). The junk foods differed from day to day and 

consumption of each food type was measured daily along with body weight. Junk foods included 

cookies, chocolates, cheese, and hot dogs, among others (see Supplementary Materials for a full 

list). Animals were assigned to the various food exposure groups in a manner that ensured 

comparable levels of lever pressing across groups based on the initial behavioral training data. 
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Consumption patterns during this phase of the study are presented in Supplementary Materials 

(Supplemental Fig. 3).  

 

Behavioral retraining 

On the last day of the diet exposure phase, all food was removed and rats were given access to 

chow only for two hours a day for the remainder of the experiment. After three days of such food 

restriction, rats were briefly retrained, beginning with 3 days of instrumental retraining on a VI 

45s schedule, then 1 day of Pavlovian conditioning. On the Pavlovian re-conditioning day, rats 

were trained in two sessions. In the first session, rats were presented with a new auditory sound 

(click or white noise) not previously paired with SCM, which would serve as the control stimulus 

(CSo). The CSo was presented in the same manner as the CS+ only no SCM was delivered. 

Approximately 2 h after this session, rats were given a Pavlovian conditioning session identical 

to that in the initial behavioral training phase (i.e., with the CS+ and SCM deliveries). The 

following day, rats underwent 1 day of instrumental extinction, which involved 30 min of access 

to the lever without any SCM infusions, in order to suppress response rates. Analysis of 

behavioral retraining data is presented in Supplementary Materials (Supplemental Fig. 4).  

 

Pavlovian-to-instrumental transfer testing 

In the PIT test, rats were given continuous access to the lever but no rewards were delivered. The 

CS+ and CSo were presented non-contingently (i.e., cue onset and offsets occurred regardless of 

lever pressing) 4 times each for 30 sec at a time, in ABBA order, separated by 3.5-min intervals. 

As explained in the Introduction, we were specifically interested in how reward-paired cues 

might invigorate instrumental reward-seeking when sated, but since PIT tests are more 
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commonly conducted in a hungry state, we ran two PIT tests (one under conventional food-

deprived, hungry conditions, and one under sated conditions, order counterbalanced between 

diets and durations), separated by a day of rest (i.e., no behavioral training) and 5 days of 

behavioral retraining and extinction as outlined above. Immediately prior to each PIT test, rats 

were individually housed for 1 h in a new, clean homecage, where all rats had access to water, 

and rats undergoing their sated test also had ad libitum access to chow.  

 

Licking microstructure 

To quantify reward ‘liking’, immediately after each PIT test, rats were given an opportunity to 

lick, non-contingently, from a spout in the operant chamber delivering 50% SCM for 5 min in 

order to assess their licking microstructure. A contact lickometer (Med Associates, VT) was used 

to measure individual licking responses. The program timer controlling session length did not 

begin until each rat initiated licking, allowing a full 5 min of access from when the spout was 

first licked. All licks were recorded and parsed into bouts, defined as any continuous series of 

licks separated by less than 1 sec [65].  

 

Weight gain and abdominal adipose tissue measurement 

To determine the impact of junk food consumption on body composition, body weights were 

taken daily and abdominal white fat was collected and weighed following euthanasia by 

isoflurane overdose the day after the final PIT test.  

 

 

 



 

 41 

Data analysis 

Data were analyzed by ANOVA using SPSS (IBM, Armonk, NY). Effects were defined as 

statistically significant when p < 0.05, and significant interactions were further assessed via 

multiple pairwise comparisons using a logical extension of Fisher’s protected least significant 

difference procedure for controlling family-wise Type I error rates [66]. Outliers were detected 

using Extreme Studentized Deviate (criterion p < 0.01). All data are expressed as means ± 

standard error of the mean (SEM). As noted above, and in the Introduction, we were specifically 

interested in the capacity of cues to alter reward wanting and liking in the sated state. Therefore, 

sated PIT and licking data were analyzed, a priori, independently of those from the hungry state 

tests, and are presented in detail in the Results section. Brief descriptions of the results of the 

hungry tests are also provided in the Results, but readers are referred to the Supplementary 

Materials for a full description of the analyses of these hungry tests (see Supplementary Fig. 6 

and 7). 

 

Weight gain as a factor in PIT and licking analysis: As recent reports link individual 

susceptibility to obesity with cue-sensitivity [48] and striatal neuroadaptations [47], we divided 

rats into low and high ‘weight-gainers’ (irrespective of diet or duration) using 2-group K-means 

clustering [48] based on the percentage of weight gained during the experiment (weight gained / 

start weight). This weight-gain factor was included in PIT and lick analyses.  

 

PIT analysis: Because high baseline responding can obscure the expression of PIT by engaging 

ceiling effects [67,68], we employed a targeted analysis of pre-CS response rates to ensure 

homogenous baseline reward-seeking. Two outliers were removed on the basis of their pre-cue 
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(i.e., baseline) lever presses: one from the Controls, 3-week group, and one from the Ad Libitum, 

1-week group. These animals were also excluded from analyses of food cup entries. A univariate 

ANOVA confirmed that pre-cue, baseline response rates did not differ significantly between 

diets or durations, nor was there any interaction between these two factors (all F’s < 1.00, all p > 

0.05 ns; mean rate of lever pressing per 30 sec: 0.60 ± 0.07 SEM). Therefore, data are presented 

as elevation scores from baseline responding wherein the number of lever presses during the 30 

sec immediately preceding the cue period (i.e., pre-cue baseline responding) was subtracted from 

the total number of lever presses during the 30 sec cue period. Cue, diet, duration and weight-

gain effects were analyzed using repeated-measures analyses of variance (rmANOVA), with 

paired- and independent-sample post-hoc t-tests where appropriate. Time in the food cup was 

analyzed in the same manner.  

 

Lick analysis: Immediately after the PIT test, rats were given a 5-min SCM exposure test, during 

which all licks were recorded. When drinking palatable solutions, rodents take occasional pauses 

of varying lengths, resulting in distinct bouts of licking behavior [69]. The average bout length, 

in particular, is considered to reflect the experienced palatability/hedonic impact of the solution, 

especially during periods of short access, such that involvement of post-ingestive processes is 

precluded [65,70]. Thus, in addition to total number of licks, we also assessed the average bout 

length, where a bout is a series of licks in which each lick is separated by 1 second or less. One 

statistical outlier with significantly lower total licks (due to equipment malfunction) was 

removed from this analysis (Intermittent, 6-week group). As for PIT data, cue, diet, duration and 

weight-gain effects were analyzed using repeated-measures analyses of variance (rmANOVA), 

with paired- and independent-sample post-hoc t-tests where appropriate. 
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Results   

 

Weight gain and adipose tissue content   

Full details of these measures are provided in 

Supplementary Materials; only features potentially 

pertinent to interpretation of the results of the main 

focus of the study, namely effect of diet on cue-

induced food seeking and palatability, are described 

here for clarity. Multivariate ANOVAs showed no difference among the various diet and 

duration groups in starting weight (mean 299.68 g, ± 1.72 SEM), but significant differences were 

apparent in weight gained by the day of euthanasia as a 

percentage of starting weight (Fig. 1). As expected, rats 

exposed to all diets for longer periods prior to euthanasia 

gained more weight (main effect of duration F(2,70) = 

22.36, p < 0.001). Specifically, 6 week rats gained more 

weight than 1 week (t(49) = 5.89, p < 0.001) or 3 week 

(t(53) = 4.20, p < 0.001) rats, and 3 week rats gained more 

weight than 1 week rats (t(50) = 2.81, p < 0.01). There was 

also a significant main effect of diet (F(2,70) = 3.52, p < 

0.05), where Ad Libitum rats gained more weight than Controls (t(49) = 2.05, p < 0.05). There 

was no diet x duration interaction. Abdominal adipose tissue content, expressed as a percentage 

of total body weight, was significantly higher in Ad Libitum rats compared with the other two 

diet groups at 6 weeks (Supplementary Materials Fig. 2B). 
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Incorporation of weight gain as a factor in PIT and licking analyses: Using 2-group K-means 

clustering [48] based on the percentage of weight gained during the experiment (weight gained / 

start weight), we divided rats into low versus high “weight-gainers” (Fig. 2). A total of 20 High-

Weight-Gainers were identified (Control n = 4, Intermittent n = 5, Ad Libitum n = 11) and 59 

Low-Weight-Gainers (Control n = 19, Intermittent  = 23, Ad Libitum n = 17). Weight gain status 

(High vs. Low) was included as a factor in both PIT and licking microstructure analyses. 

 

Pavlovian-to-instrumental (PIT) testing  

To determine the impact of junk food exposure on sated cue-evoked reward seeking, we sated 

rats on home chow for 1 h (consumption data presented in Supplementary Materials Fig. 5), then 

presented the CS+ and CSo noncontingently, allowing rats the opportunity to lever press in the 

absence of any reward deliveries. 

 

An ANOVA of lever-press activity with factors: cue (CS+ vs. CSo, repeated measure), diet 

(Controls vs. Intermittent vs. Ad Libitum), duration (1 vs. 3 vs. 6 weeks), and weight gain (High 

vs. Low) revealed a significant main effect of cue (F(1,62) = 6.03, p < 0.05), and a significant 

cue x diet interaction (F(2,62) = 3.49, p < 0.05), but no main effect of, or interactions with, 

duration or weight gain. Further analyses were therefore conducted on data collapsed across 

duration and weight gain (Fig. 3A). One-sample t-tests (versus 0) revealed that Control rats 

significantly increased their responding during the CS+ (t(21) = 5.54, p < 0.001), but not the CSo 

(as expected), and paired t-tests confirmed that responding during the CS+ was significantly 

higher from that during the CSo (t(21) = 4.43, p < 0.001). Intermittent rats significantly increased 
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their responding for both the CS+ (t(27) = 3.50, p < 0.01) and the CSo (t(27) = 3.68, p < 0.01) to a 

similar degree, and a paired t-test showed no significant difference between the two cues, 

suggesting a nonspecific food-seeking effect of both cues. In contrast, Ad Libitum rats failed to 

significantly increase lever pressing in response to either cue and there was no significant 

difference between the cues. Independent samples t-tests revealed that Control rats increased 

their lever-pressing in response to the CS+ more than Ad Libitum rats (t(47) = 3.35, p < 0.01), 

but not more than Intermittent rats, while Intermittent rats increased responding to the CSo more 

than Controls (t(48) = 2.48, p < 0.05) and Ad Libitum rats (t(53) = 2.86, p < 0.01). In summary, 

intermittent junk food exposure potentiates food seeking even in response to a neutral cue, 

suggesting a generalization of CS+-enhanced reward-seeking to less predictive, but otherwise 

similar, stimuli, while Ad Libitum junk food exposure abolishes cue-invigorated reward-seeking.  

 

An ANOVA conducted on time in the food cup revealed no main effects or interactions. 

However, in order to permit comparison with lever-press data, food cup entry data were similarly 

collapsed across duration and weight gain (Fig. 3B). While this analysis revealed no significant 

effects of any factor, trends are apparent. Similar to lever pressing, cues elicited minimal food 

Figure 3. Pavlovian-to-Instrumental Transfer Test. (A) Increase in lever pressing from pre-cue (baseline) responding per 30 
sec, averaged across 4 30-s CS presentations. (B) Increase in time (in sec) spent in the food cup from baseline per 30 sec, 
averaged across 4 30-s CS presentations. CS+ = reward-paired cue; CSo = neutral cue. 
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cup approach in Ad Libitum rats. In contrast to lever pressing, however, Intermittent (and 

Control) rats appeared to selectively increase their time at the food cup in response to the CS+ 

versus the CSo. This suggests that Intermittent rats are not impaired in their ability to 

discriminate the cues. 

 

An identical analysis of lever pressing during the hungry test failed to reveal a statistically 

significant effect of cue, diet or diet duration, although trends similar to the statistically 

significant results of the sated test are apparent i.e. greater cue differentiation in controls than in 

the Intermittent and Ad Libitum groups and lower general responses to cues in the Ad Libitum 

group (Supplementary Materials Fig. 6A). There was a significant main effect of cue on cue-

invigorated food cup entries, with more time spent in the food cup during the CS+ versus the CSo 

across all groups, but again, no significant effects of diet or diet duration (Supplementary 

Materials Fig. 6B). Full statistical analyses are presented in Supplementary Materials. 

 

Lick analysis 

Immediately after the PIT test, rats were given a 5-min SCM exposure test, during which all licks 

were recorded. We conducted a multivariate (total licks and bout length) ANOVA with the 

factors diet (Controls vs. Intermittent vs. Ad Libitum), duration (1 vs. 3 vs. 6 weeks), and weight 

gain (High vs. Low). 

 

Total Licks: This analysis revealed a significant effect of diet (F(2,63) = 10.61, p < 0.001), a 

significant effect of weight gain (F(1,63) = 4.49, p < 0.05), and a significant diet x weight gain 

interaction (F(2,63) = 5.05, p < 0.01), but no effect of, or interaction with, duration. Data, 
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collapsed across duration, are shown in Fig. 4A. Follow-up comparisons revealed that High-

Weight Gainer licked more than Low-Weight Gainers within Controls (t(20) = 2.79, p < 0.05) 

and Intermittent (t(26) = 3.42, p < 0.01) groups, an effect that was noticeably absent in the Ad 

Libitum rats. Intermittent rats licked more than Controls whether they were Low-Weight Gainers 

(t(39) = 2.35, p < 0.05), or High-Weight Gainers (t(13) = 2.18, p < 0.05). High-weight gaining 

Intermittent rats also licked more than high-weight gaining Ad Libitum rats (t(14) = 3.81, p < 

0.01). Post-hoc comparisons on the simple main effects revealed that Intermittent rats licked 

more than Controls (t(48) = 2.98, p < 0.01) and Ad Libitum rats (t(53) = 3.21, p < 0.01), while 

High Weight Gainers licked more than Low Weight Gainers (t(76) = 1.75, p < 0.05). 

 

Bout Length: Bout length showed a similar pattern to total licks across groups. There was a 

significant effect of diet (F(2,63) = 20.79, p < 0.01), a significant effect of weight gain (F(1,63) 

= 15.31, p < 0.01) and a significant diet x weight gain interaction (F(2,63) = 18.02, p < 0.01). 

Again, there was no main effect of, or interaction with, duration, and data collapsed across this 

variable are presented in Figure 4B. Follow up comparisons revealed that bout length was longer 

in High Weight Gainers than Low Weight Gainers in both Control (t(21) = 2.41, p < 0.05) and 

Figure 4. Licking Microstructure Analysis. (A) Total number of licks and (B) bout length (in seconds) during a 5-min sated lick 
test for sweetened condensed milk immediately after the PIT test.  
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Intermittent rats (t(25) = 3.69, p < 0.01), an effect that was noticeably absent in the Ad Libitum 

group. Among Low Weight Gainers, Ad Libitum (t(33) = 2.21, p < 0.05) and Intermittent (t(33) 

= 2.16, p = 0.04) rats exhibited longer bouts than Controls. Among High Weight Gainers, 

Intermittent rats exhibited longer bouts than Ad Libitum rats (t(14) = 3.57, p < 0.01). Post-hoc 

comparisons on the simple main effects revealed that Intermittent rats had longer bouts than 

Controls (t(48) = 2.52, p < 0.05), while High Weight Gainers had longer bouts than Low Weight 

Gainers (t(76) = 2.49, p < 0.05).  

 

An identical analysis of licking microstructure during the hungry test failed to reveal any group 

differences in total licks (Supplementary Fig. 7A). There was, however, a significant main effect 

of diet on bout length, but follow-up tests narrowly (P = 0.07) failed to support evidence of 

longer bouts in Intermediate rats relative to controls (Supplementary Fig. 7B). Full statistical 

analyses are presented in Supplementary Materials. 

 
Discussion   

 

We probed how a junk food diet influences cue-evoked reward seeking and reward palatability, 

using the PIT test and licking microstructure analysis, respectively. Our focus was on the results 

of tests conducted under sated conditions because of their relevance to maladaptive food-seeking 

behavior i.e. over-eating. We found that junk food consumption resulted in the emergence of 

different patterns of behavior under sated conditions depending on the schedule of junk food 

exposure (intermittent versus ad libitum access). We also demonstrated that the hedonic impact 

of the SCM reward differs depending on both the schedule of diet exposure and weight gain. 

Contrary to our initial hypothesis, animals provided ad libitum access to junk food were 
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insensitive to the instrumental invigorating effect of SCM-paired cues observed in their chow-fed 

counterparts (Fig. 3A). Moreover, their Pavlovian conditioned approach to the food cup also 

appeared to be suppressed under sated conditions (Fig. 3B). This was apparent despite the fact 

that the hedonic impact of the reward was similar to chow-fed animals on the basis of lick-bout 

length measure (Fig. 4B). Animals with restricted daily access to junk food, on the other hand, 

pressed the lever more vigorously over baseline in response to the reward-paired cue, as 

predicted, but contrary to our initial hypothesis, this was also the case in the presence of the 

neutral cue, suggesting a generalization of the excitatory effects of the CS+ to other, similar 

stimuli (Fig. 3A) despite a trend towards a reward-paired-cue-specific food cup approach 

response (Fig. 3B). Interestingly, palatability responses were highest of all among high-weight-

gaining intermittent access rats (Fig. 4). While some similar trends were apparent under hungry 

conditions these generally failed to attain statistical significance, perhaps reflecting increased 

variability in responses associated with the heightened behavioral state. 

 

Ad libitum junk food exposure decreases responsiveness to reward-paired cues under sated 

conditions 

Rats provided ad libitum access to varied, highly palatable foods, in addition to regular chow, 

were generally not susceptible to the instrumental invigorating effects of reward-paired cues seen 

in their chow-fed counterparts, when sated (Fig. 3A). Notably, this was not explained by 

employment of the alternative strategy of checking the food cup (Fig. 3B), and is consistent with 

previous studies reporting deficits in reward processing in rodents chronically exposed to poor 

quality and junk food diets, as indicated by increased brain self-stimulation thresholds [6], 

decreased conditioned place preference for amphetamine [71], decreased ethanol consumption 
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[40], and decreased motivation for reward on a progressive ratio task [72]. Interestingly, 

decreased motivation for food on progressive ratio [46,72] or incentive runway [73] tasks is seen 

in several conditions associated with poor quality diets and obesity, such as after junk food 

exposure, with [46,72] or without [73] weight gain, and even in obesity-prone rats in the absence 

of obesity or junk food exposure [73]. The lack of a statistically significant main effect of weight 

gain on cue-induced food seeking, or an interaction of weight gain with diet on this measure in 

our study argues against a conclusion that the dietary effects we observed on cue-induced lever-

pressing were secondary to metabolic effects of weight gain alone, but rather supports a more 

direct effect of diet on the motivational influence of cues. However, since the ad libitum junk 

food-fed rats gained more body fat (statistically significant following 6 weeks of exposure) than 

control or intermittent junk food-fed rats, secondary metabolic effects remain a possible cause of 

the apparent motivational deficit in the Ad Libitum group.  

 

We found no evidence that ad libitum junk food-fed rats found SCM significantly less palatable 

than their chow-fed counterparts (Fig. 4). Indeed, low weight-gainers in this group ‘liked’ SCM 

more than their chow-fed counterparts. It is noteworthy, however, that high weight-gaining rats 

in this group trended towards lower palatability responses than their high weight-gaining chow-

fed counterparts (Fig. 4). Further, unlike chow-fed and intermittent junk food-fed animals, high 

weight-gaining rats among those exposed to an ad libitum junk food diet did not show evidence 

of elevated palatability responses relative to low-weight gainers fed the same diet (Fig. 4). Thus, 

while this diet tended to produce the highest weight gains (Fig. 1), this is likely not due to 

increased palatability of sweet/fatty food or to increased cue-precipitated incentive motivation. 

Collectively, these observations may be considered somewhat in agreement with studies 
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elsewhere suggesting that increases in palatability may not explain the development of obesity: 

that is, obese humans experience reduced sweetness [74], and obese [73] and obesity-prone [45] 

rats “like” low concentrations of sucrose and fat less than lean or obesity-resistant rats, 

respectively, an effect that can be normalized with weight loss (but not with acute food 

deprivation) [41].  

 

Growing evidence points to disruption of the dopamine system as a likely neuroadaptation 

mediating the reduction in incentive motivation observed in our ad libitum junk food-fed rats: 

chronic consumption of poor quality, junk food diets produces lower basal and evoked DA in the 

rat NAc [71,75], and downregulated D2 receptors (D2R) [6,76], similar to the decreased D2 

receptors reported in pathologically obese humans [77–79]. Diet-induced downregulation of the 

mesolimbic dopamine system may function as a satiety-signal by reducing the motivational 

impact of food-paired cues when sufficient food has already been consumed: striatal dopamine 

signaling is required to maintain feeding behavior [80] and to attribute salience to environmental 

cues associated with reward [81]. Conversely, it has also been reported that diet-induced D2R 

downregulation is also associated with compulsive-like feeding and increased reward seeking 

[6], possibly in an attempt to restore homeostasis to an underactive reward system, similar to the 

allostatic model of drug addiction [82].  

 

Interestingly, previous work has shown that cafeteria diet-induced obese rats displayed no 

increase in extracellular DA in response to standard lab chow (in contrast to controls), and only 

showed such increases in response to a cafeteria-diet “challenge” [75]. Such a finding may be 

pertinent to why our Ad Libitum group displayed little instrumental responding for a 50% SCM 
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solution – a food reward that supported cue-evoked food-seeking in the other diet groups, but 

that may hold little value for rats accustomed to a richer, more varied diet. The decreased 

incentive motivation seen in ad libitum-exposed rats may also reflect the emergence of a 

depression-like phenotype, as obesity is associated with increased risk of mood disorders, 

including depression [83], which is partly characterized by decreased interest or pleasure and 

changes in appetite [84]. The mesolimbic dopamine system has been implicated in the etiology 

of mood disorders [85], in addition to mediating appetitive behaviors such as food liking, 

craving, and seeking [80,86]. A high-fat diet can induce a depression-like phenotype in mice, 

indicated by increased behavioral despair [87]. Although the latter study employed a longer 

period of exposure (12 weeks) than used here, poor quality diets (i.e., high sucrose, high fat, junk 

foods, etc.) have been shown to effect changes in behavior within the timeframe of our study 

[37,88–91], including anxiety [92], which is highly comorbid with depression [93]. The brief 

withdrawal from the junk-food diet used in our experimental design may also have contributed to 

the expression of such a phenotype.  

 

Intermittent junk food access produces indiscriminate cue responsivity and increased reward 

palatability under sated conditions 

Emerging evidence suggests a strong role for the pattern of diet consumption (i.e., binge eating 

versus constant “grazing”) in the susceptibility to maladaptive eating, where restricted and binge 

eating are associated with addiction-like behaviors [43,44]. Like the relationship between drug-

paired cues and drug relapse, food-paired cues can potentiate non-homeostatic eating in 

intermittent-fed rats [26]. Here, we modeled restricted eating by using intermittent (2h/day) junk 

food exposure. We found that, unlike their ad libitum junk food access counterparts, these rats 



 

 53 

displayed significantly increased lever pressing in response to reward-paired cues, when sated. 

However, this invigoration was no greater than that observed in chow-fed animals. Rather, the 

distinguishing characteristic of the Intermittent group was their equal lever invigoration response 

to a neutral cue. While they did not discriminate between the two cues in terms of their lever 

pressing, there was a noticeable trend towards such a discrimination with respect to food cup 

entries during cue presentation, suggesting an intact ability to discern the two cues. It also 

suggests that they remained susceptible to the conditioned effects of the reward-paired cue even 

if this does not induce them to expend significant effort in an attempt to procure the reward. 

Their indiscriminate lever pressing suggests an increased susceptibility to the excitatory effects 

of environmental cues when sated, including generalizing to those that are similar to, but distinct 

from, those previously paired with reward.  

 

As alluded to above, sensitization of mesolimbic dopamine transmission is strongly implicated in 

the invigoration of reward seeking precipitated by reward-paired cues [64,81,94]. Intermittent 

sucrose access has been shown to repeatedly release DA in the NAc shell [95,96], alter the 

expression [97] and availability [76] of DA receptors, and facilitate locomotor sensitization to a 

DA agonist [44,98,99] suggesting that such dietary interventions may impact the dopaminergic 

systems involved in learning about and responding to reward-paired cues [100–103]. 

Interestingly, DA neurons will fire in response to familiar stimuli non-predictive of reward, but 

to a lesser degree than firing in response to cues predicting reward, suggesting DA neurons may 

support stimulus generalization [104,105]. This is notable because our intermittent-fed rats 

appeared to overgeneralize the excitatory response-invigorating effects of the CS+ to the 

seemingly neutral CSo stimulus. Although the CSo was never directly paired with food reward, it 
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may have acquired (or been attributed) latent motivational properties due to it perceptual 

similarity to the CS+, or through its second-order relationship with reward, in that it was 

presented in a context strongly associated with food reward. Regardless, it is not uncommon for 

“neutral” or ambiguous cues to acquire incentive motivational properties. For instance, previous 

studies have shown that cues that are presented in a random fashion with respect to food reward 

can still acquire the ability to stimulate food-seeking behavior [106]. Similarly, cues that signal 

the cancelation of food access acquire the ability to potentiate feeding [107], even though such a 

relationship might be expected to support inhibitory rather than excitatory learning. Although the 

CSo stimulus used in the current experiment did not elicit an overt motivational influence over 

reward seeking in the control (chow) condition, intermittent junk food exposure appeared to 

instigate or uncover this underlying motivational influence, either through over-attribution of 

incentive salience to the CSo, or through a nonspecific reduction in the motivational threshold for 

the elicitation of reward-seeking behavior. Interestingly, it has been shown that intermittent 

exposure to cocaine [63,81] or amphetamine [64] can also potentiate cue-triggered food-seeking 

behavior. Further research will be needed to determine how such effects relate to the 

motivational effects of junk food exposure, including whether they depend on a common set of 

neuroadaptations. Indeed, this hypergeneralization and hypersensitivity to reward-paired contexts 

and cues is a hallmark of both drug addiction and binge eating disorder [10,108], and growing 

evidence suggests remarkable parallels between drug addiction and food binging [10]. For 

instance, rats provided intermittent access to a sweet solution (thus enabling food binging) show 

similarities to rodents in drug-abuse paradigms, exhibiting escalating intake [76], increased 

motivation to obtain sucrose [109], naloxone- and food-deprivation-induced signs of withdrawal 
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[110], and accelerated development of habitual behavior [37]. Notably, sugar-bingeing rats show 

cross-sensitization with amphetamine, while rats with ad libitum sugar access do not [44].  

 

The intermittent-fed rats’ indiscriminant lever pressing may also be due to decreased response 

inhibition or increased impulsivity, both of which are strongly associated with binge eating [111–

113] and addiction [114–116] disorders. Recent reports indicate that rodents exhibit increased 

impulsivity after high-fat, high-sugar, and palatable diets [117], an effect that can be passed on to 

offspring as a result of an “unfavorable intrauterine nutritional environment” [118]. While trait 

impulsivity has been thought to play a causative role in these disorders [114,119], drug use is 

thought to also exacerbate impulsivity and disrupt response inhibition [120], creating a vicious 

cycle of impulsive drug seeking [116]. Given the behavioral and neurochemical similarities 

between drug addiction and binge eating disorder [121], it is possible that an impulsive 

phenotype may be both a product of intermittent palatable feeding, and a driving factor in 

humans with binge eating disorder.  

 

The second notable characteristic of the intermittent junk food access rats is the elevated 

palatability measure (lick bout length) (Fig. 4). In particular, rats that gained the most weight on 

the intermittent diet access appeared to ‘like’ the SCM more than respective control-fed or ad 

libitum-fed rats. (While the difference between High Weight Gainer Controls and High Weight 

Gainer Intermittent rats failed to reach significance with this measure (bouts: p = 0.096), the total 

licks comparison was significant.) Our results are consistent with previously reported evidence 

of increased reward ‘liking’ after 5 weeks of palatable-food binging [122]. Limited-access diets 

are known to potentiate not only dopamine [95,96] but also opioid activity [76], neurochemical 
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systems known to positively regulate motivation and reward-learning [101], and 

palatability/hedonia [86], respectively. Given overwhelming evidence that palatable food 

consumption can be induced and abolished by opioid agonists and antagonists, respectively 

[65,123,124], it is possible that intermittent junk food access upregulates opioid systems, 

potentiating reward ‘liking’. In fact, this effect is consistent with reports that binge eating in 

humans is associated with a “gain-of-function” mutation in the mu-opioid receptor gene, which 

is also associated with increased self-reported food liking [125]. 

 

Summary 

Access to a junk food diet produced profound alterations in cue-induced food seeking and food 

“liking” under sated conditions that varied with the pattern of access provided to the junk food. 

Rats provided ad libitum access were generally unresponsive to reward-paired cues when sated 

despite apparently ‘liking’ the SCM to a similar degree or, in the case of low weight-gainers, 

significantly more than chow-fed animals. The deficit in these animals was therefore primarily 

motivational rather than hedonic. Unsurprisingly, these animals tended to gain more weight than 

the other groups but neither motivational nor palatability differences could account for within-

group variability in weight gain. On the other hand, restricted junk food access induced 

development of a cue generalization phenotype in sated animals. In these animals, as in ad 

libitum chow-fed controls, within-group differences in weight gain could potentially be 

accounted for by the degree to which the SCM reward was “liked” upon consumption. The data 

underline the importance of the pattern of consumption as a factor impacting diet-behavior 

interactions and are particularly interesting in the context of research highlighting different 

subtypes of overeating and obesity. For some individuals, overeating is a steady, perhaps 
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habitual action characterized by frequent snacking, large portion sizes, and poor quality foods 

[126]. For others, it can be compulsive and driven, characterized by food binges and marked 

distress about overeating, as in the case of binge eating disorder [127]. Our data suggest that such 

intermittent junk food “binges” may cause cues that are only loosely associated with eating to 

take on motivational significance when sated, and may also increase the hedonic impact of 

palatable food, which may be of particular relevance to binge eating. 
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Supplementary Materials: Pattern of access determines influence of junk food diet on cue 

sensitivity and palatability. 

 

Methods 

 

Junk food diet composition 

The junk food diet consisted of Cheetos, mild cheddar cheese, white bread, hot dogs, plain potato chips, 

Ritz crackers, Reese’s peanut butter cups, plain strawberry Pop Tarts, sugar shredded wheat, Chips Ahoy 

cookies, Oreo cookies, and white chocolate.   

 

Results 

 

Initial behavioral training 

Instrumental training: A univariate ANOVA (diet x duration) performed on data from the last three days 

of instrumental training (averaged into one score) showed no pre-existing differences in response rates 

between anticipated treatment groups (mean press rate per min 15.305 ± 0.580 SEM; Fig. 1A).   

Figure 1.  Initial Behavioral Training.  (A) Lever presses per minute over the last three days of instrumental training (averaged) and 
(B) time in the food cup over the last three days of Pavlovian conditioning (averaged). All groups learned both tasks at an equal rate 
and to equal degree.  Con. = Control group; Int. = Intermittent group; AL = Ad Libitum group; CS+ = reward-paired cue. 
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Pavlovian conditioning: A univariate ANOVA (diet x duration) performed on the amount of time spent in 

the food cup before the cue (i.e., pre-CS period) over the last three days of Pavlovian conditioning 

revealed no significant differences between anticipated diet or duration groups (mean 1.538 sec ± 0.146  

SEM; Fig. 1B). An rmANOVA (diet x duration) comparing pre-CS+ versus CS+ responding revealed a 

significant effect of cue (F(1,70) = 24.72, p < 0.001), whereby rats increased their time in the food cup 

during the CS+ period (CS+ and 30 seconds immediately proceeding the CS+, divided by 2). There was no 

significant effect of diet or duration, or any interaction between these factors.  

 

Changes in body composition 

A multivariate ANOVA (diet x duration) was conducted for starting weight, final body weight, percent 

change in body weight (shown in the main paper) 

and abdominal adipose tissue content as a 

percentage of body weight. Diet and duration 

groups did not differ in their starting weights (all 

F’s < 1; mean 299.68 g, ± 1.72 SEM). 

 

Final body weights: There was a significant 

effect of duration on final body weights (Fig. 

2A). Unsurprisingly, rats exposed to all diets for 

longer periods prior to euthanasia weighed more 

at the end of the experiment than those exposed 

for shorter durations. Specifically, 6-week rats 

weighed more than 1 or 3 week rats. (See Table 

1 for detailed statistics.) 

 

Table 1.  Body Composition Analysis  
Diet x Duration 

Final Body Weights df F Sig. 
Diet   ns 
Duration 2 10.98 < 0.001 
Diet x Duration   ns 
Error 70   
    
Unpaired t-tests df t Sig. 

1 vs. 3 weeks   ns 
1 vs. 6 weeks 49 4.55 < 0.001 
3 vs. 6 weeks 53 3.09 < 0.03 

    

Abdominal White Fat (%)  df F Sig. 
Diet 2 17.34 < 0.001 
Duration 2 8.50 < 0.001 
Diet x Duration 4 5.42 < 0.01 
Error 70   
    
Unpaired t-tests df t Sig. 

1 vs. 3 weeks 50 2.92 < 0.01 
1 vs. 6 weeks 49 3.26 < 0.01 
3 vs. 6 weeks   ns 
    
Con. vs. Int.   ns 
Con. vs. AL 49 3.94 < 0.001 
Int. vs.  AL 54 4.08 < 0.001 
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 Abdominal adipose tissue: Despite no differences in final body weight across diet groups, there were 

main effects of diet and duration on abdominal white fat expressed as a percentage of body weight (Fig. 

2B), and an interaction between these factors. Ad Libitum rats had significantly more white fat than 

Control or Intermittent rats, and 3- and 6-week rats had more than 1-week exposure groups. Notably, 3- 

and 6-week Ad Libitum rats had more white fat than any other diet or duration group. (See Table 1 for 

detailed statistics.) 

  

Figure 2.  Changes in Body Composition.  (A) Final weights (g) at the end of the experiment, where 6-week rats (i.e., 
older rats) gained the most weight, regardless of diet group. (B) Percentage of abdominal white adipose tissue at the end 
of the experiment, showing that Ad Libitum rats gained more white fat than other groups, becoming more pronounced 
with increasing diet duration.  Con. = Control group; Int. = Intermittent group; AL = Ad Libitum group. 
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Figure 3. Junk Food Consumption Patterns.  Calories consumed from home chow, “Sweet” foods, or “Savory” foods 
during (A) the daily 2 h binge period, or (B) over 24 hrs (inclusive of the binge period.).  
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Consumption patterns 

 Food consumption per cage (2 rats per cage) was measured every day both before and after the 2 h binge 

period. Junk foods were classified as savory (e.g., hot dogs, cheese, crackers) or sweet (e.g., cookies, 

chocolates, Pop Tarts). Means and SEM are presented in Figure 3. 

 

 Behavioral retraining 

 Instrumental retraining: After junk food 

exposure, rats underwent 3 days of 

instrumental retraining. A univariate 

ANOVA (diet x duration) performed on 

lever pressing activity revealed main effects 

of diet and duration, but no interactions (See 

Table 2). Post-hoc comparisons revealed 

that Ad Libitum rats responded less than 

Control or Intermittent rats (Fig. 4A), and 

that 6-week rats lever-pressed significantly 

less than 1- or 3-week rats (Fig. 4B).  

 

Pavlovian retraining: Instrumental training was immediately followed by 1 day of Pavlovian retraining, 

which consisted of two sessions separated by approximately 2 h. During the first session a novel auditory 

cue (CSo) was presented in the exact same fashion as all CS+ sessions, except no rewards were delivered. 

The second session was a normal CS+ session, identical to all previous Pavlovian conditioning sessions. 

We compared the increase in conditioned responding (i.e., time in the food cup during the cue minus time 

before the cue) during the CS+ and CSo sessions. A rmANOVA (cue x diet x duration) revealed a 

significant main effect of cue, whereby rats spent more time in the food cup during the CS+ than during 

Table 2. Behavioral Retraining Analysis 
Diet x Duration 

Instrumental Retraining  df F Sig. 
Diet 2 4.69 < 0.05 
Duration 2 7.77 < 0.01 
Error 70   

    
Unpaired t-tests df t Sig. 

Con. vs. Int.   ns 
Con. vs. AL 49 2.29 < 0.05 
Int. vs. AL 54 2.58 < 0.05 

    
1 vs. 3 weeks   ns 
1 vs. 6 weeks 49 4.44 < 0.001 
3 vs. 6 weeks 53 2.25 < 0.05 

    
Pavlovian Retraining  
(Cue x Diet x Duration) df F Sig. 

Cue 1 556.28 < 0.001 
Error  70   

    

Instrumental Extinction  df F Sig. 
Diet 2 4.87 < 0.05 
Error 70   

    
Unpaired t-tests df t Sig. 

Con. vs. Int.   ns 
Con. vs. AL 49 2.67 < 0.05 
Int. vs. AL 49 3.00 < 0.01 
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the CSo presentations, but no significant main effects of, or interactions with, diet or duration (See Table 

2; Fig. 4C).  

 

Instrumental extinction: After Pavlovian retraining and before the PIT test, rats underwent 30 min of 

instrumental extinction, during which they had access to the lever, but no SCM was delivered. This 

served to lower response rates, facilitating detection of the PIT effect. A diet x duration ANOVA revealed 

a main effect of diet (Fig. 4D), but not duration, and no interaction between these factors (See Table 2). 

Post-hoc comparisons revealed that Ad Libitum rats exhibited lower response rates than Control and 

Intermittent rats. 

Figure 4.  Behavioral Retraining.  Behavioral retraining procedures occurring after junk food exposure and 
immediately prior to PIT testing. (A) and (B) Instrumental retraining.  (C) Pavlovian retraining. (D) Instrumental 
extinction. 
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Food consumed prior to the sated PIT test 

One hour prior to the PIT test, rats were singly-housed with ad libitum access to water. During this time, 

rats undergoing their “sated” PIT test were provided unrestricted access to lab chow. Order of sated 

versus hungry tests was counterbalanced across PIT tests. A univariate ANOVA (diet x duration) on chow 

consumed during this time resulted in a significant effect of 

diet (F(2,70) = 3.27, p < 0.05; Fig. 5), but no effect of 

duration and no interaction between these two factors. Post-

hoc t-tests revealed that Ad Libitum rats consumed 

significantly fewer grams of chow than Controls (t(49) = 

2.65, p < 0.02). 

 

Hungry Pavlovian-to-instrumental (PIT) testing  

To determine the impact of junk food exposure on cue-evoked reward seeking under routine, hungry, PIT 

conditions, we presented 18 h food-deprived rats with the CS+ and CSo, and recorded lever presses in the 

absence of reward deliveries. An ANOVA performed on lever-press activity with factors: cue, diet, 

duration, and weight gain (repeated measures for cue) revealed no significant effects for any of these 

factors. Results are presented here identically to the sated test for comparison (Fig. 6). An identical 

ANOVA performed on time spent in the food cup revealed a strong main effect of cue (F(1,62) = 8.95, p 

< 0.01), suggesting all rats learned the significance of the CS+, while there was no increase in food cup 

entries during the CSo. 

Controls Intermit. Ad Libitum
0

5

10

15

C
h

o
w

 C
o

n
s

u
m

e
d

 (g
) *

Figure 5.  Chow Consumption.  Chow 
consumed (g) during the chow access period 
immediately prior to the sated PIT test. 
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Hungry lick analysis 

Immediately after the PIT test, rats were administered a 5-min SCM exposure test, during which all licks 

were recorded. When drinking palatable solutions, rodents take occasional pauses of varying lengths, 

resulting in distinct bouts of licking behavior [5]. The average bout length is considered to reflect the 

experienced palatability/hedonic impact of the solution, particularly during periods of short access, such 

that involvement of post-ingestive processes is precluded [6,7]. Thus, in addition to total number of licks, 

we also assessed the average bout length, where a bout is a series of licks in which each lick is separated 

by no more than 1 second. We conducted a multivariate (total licks and bout length) ANOVA with the 

factors diet, duration, and weight gain, on data shown in Figure 7. This analysis revealed no significant 

factors or interactions for total licks, but did reveal a significant effect of diet on bout length (F(2,64) = 

3.16, p < 0.05). However, follow-up tests narrowly (P = 0.07) failed to support evidence of longer bouts 

in Intermediate rats relative to controls. These data are presented identically to the sated tests to facilitate 

comparison.  

Figure 6.  Hungry Pavlovian-to-Instrumental Transfer Test.  (A) Increase in lever pressing from pre-cue (baseline) responding 
per 30 sec. (B) Increase in time spent in the food cup from baseline per 30 sec. 
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Figure 7.  Hungry Licking Microstructure Analysis. (A) Total number of licks and (B) bout length (in seconds) during a 5-
min hungry lick test for sweetened condensed milk immediately after the PIT test. 
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Chapter 3 

 

Junk Food Exposure Disrupts Outcome Devaluation And Outcome-Specific Pavlovian-To-

Instrumental Transfer In Rats 
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Introduction   

 

The global obesity epidemic remains a serious health concern driven by changes in the global 

food supply – more cheap and processed foods are readily available in developed and developing 

countries than ever before [reviewed in 1]. Many of these contemporary “convenience” and pre-

packaged foods are not only extremely cheap to procure, they exploit our innate preferences for 

sugars, salts, and fats [2], potentiating cravings and continued consumption in vulnerable 

individuals, long past the point of satiety [3]. Given an environment promoting consumption of 

cheap, processed “junk” foods, the burden falls on individual responsibility to choose actions 

that limit intake of such foods. Recent studies examining the interoceptive cues (internal, innate 

physiological signals) regulating appetite have shown that overeating and obesity may result 

from either hypersensitivity to interoceptive hunger signals, or hyposensitivity to interoceptive 

satiety signals [4]. Consequently, food consumption may be initiated more readily, stopped more 

slowly, or both, resulting in caloric intake quickly overtaking actual caloric need.  

 

External cues, such as the acquisition of Pavlovian associations between food and predictive 

stimuli in the environment (i.e., a logo or jingle) can also drive food seeking and consumption. 

Importantly, action choice as a result of these drives depends on two forms of incentive learning: 

instrumental incentive learning, whereby outcome value as a result of an action is encoded, and 

Pavlovian incentive learning, whereby the excitatory effects of a stimulus become associated 

with specific sensory components of reward [reviewed in 5,6]. Via these mechanisms, specific 

Pavlovian cues can, with repeated cue-reward pairings, come to elicit the representation of the 

outcome, and subsequently drive specific instrumental actions. The logic behind advertisements 
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exploits this learning phenomenon: reminding consumers of a specific product should drive its 

acquisition, and not that of an alternate product. In the laboratory, the outcome-specific 

Pavlovian-to-instrumental transfer (osPIT) paradigm has been used to probe the selective 

motivational components of reward-paired stimuli. While common-place in rodent studies, it is 

increasingly being applied to human subjects. Using rewards such as chocolate milk, soda, and 

juice, Bray et al. [7] showed that Pavlovian cues associated with each reward would increase the 

specific response known to procure that reward (i.e., the cue predictive of juice increased the 

likelihood of performing the action known to produce juice). Sensitivity to such food-paired cues 

may be increased in obesity [8], possibly contributing to non-homeostatic, reward-driven 

overeating.  

 

Animal models have shown that poor diets (i.e., refined or high-sugar diets, etc.) may have 

consequences for behavior and cognition. A particularly interesting area of focus is whether a 

junk food diet, frequently the result of undisciplined consummatory behavior, might exacerbate 

the kind of poor decision making that leads to compulsive food seeking and craving, which may 

result in a harmful cycle of maladaptive overeating. Indeed, high fat diets have been shown to 

impair learning and memory [9–11], and palatable junk food diets have been found to increase 

impulsivity on a delay discounting task [12] and alter reward liking and craving [13–15], deficits 

that could potentially drive further consumption of junk foods. Other studies have shown that 

how the diet is consumed may also matter: sugar- and junk food-binging rats display addiction-

like behaviors not seen in rats with ad libitum sugar access or control rats [16,17]. A recent study 

from our lab (Chapter 2) demonstrated that rats intermittently (2 hrs / day) exposed to junk food 

displayed greater reward liking than controls or rats continuously exposed (24 hrs / day). Further, 
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these intermittently-fed rats also demonstrated increased cue sensitivity, where they engaged in 

reward-seeking in response to not just a reward-paired cue, but a “neutral” cue as well, 

suggesting a hypersensitivity to generalizing the motivational effect of reward-paired cues to 

stimuli only loosely paired with reward. Therefore, pattern of access must be considered when 

evaluating how junk food might impact behavior. 

 

An inability to make appropriate decisions about food consumption is a major factor in 

compulsive and non-homeostatic eating, i.e., we generally know which foods we should be 

eating (or whether we should be eating at all), but this is not always reflected in our actions. 

Interestingly, junk food diets have been shown to alter stimulus-outcome learning and incentive 

value [18], which could have downstream consequences for decision making about food choice. 

Here, we investigated whether a junk food diet could alter action selection guided by specific 

satiety and cues. We used a variety of junk foods (i.e., a cafeteria diet) to model contemporary 

food options, as food consumption and weight gain is enhanced when presented with a variety of 

flavors and textures (i.e., the “buffet effect”), versus just one food [19,20]. Because of the 

differences between continuous access and intermittent feeding [16,17], we used both ad libitum 

(24 h) and restricted, intermittent (1 h) daily access to junk food for 6 weeks. To probe whether a 

junk food diet impacts sensitivity to outcome value, we used selective satiety-based outcome 

devaluation, followed by an osPIT test to assess whether a junk food diet might impact the use of  

Pavlovian associative cues to guide instrumental actions. We hypothesized that intermittently-

exposed rats would demonstrate greater disruptions in reward-seeking behavior, indicated by 

indiscriminate and increased lever pressing on both tasks, while ad libitum exposure would 

produce only moderate disruptions in satiety- and cue-guided instrumental actions. 
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Methods 

 

Subjects and apparatus 

Adult (7 weeks old) male Sprague-Dawley rats (n = 24) were pair-housed for the duration of the 

experiment. Rats were food restricted to 85% of their free-feeding body weight during initial 

behavioral training. All behavioral training took place in sound- and light-attenuating operant 

chambers (Med Associates, East Fairfield, VT). Each chamber was equipped with two 

retractable levers, a white noise generator, a clicker audio generator, a pellet dispenser which 

delivered chocolate flavored pellets (Bio-Serv, Frenchtown, NJ) and an infusion pump which 

delivered a 2 sec infusion of 50% sweetened condensed milk solution (SCM)/H2O into a food 

cup. All experimental procedures were approved by the UCLA Institutional Animal Care and 

Use Committee and were in accord with the National Research Council Guide for the Care and 

Use of Laboratory Animals. The experimental timeline is summarized in Table 1, and described 

in detail below. 

 
Pavlovian conditioning 

Behavioral training was modified from protocols previously used in our lab [21,22]. Rats 

received 8 daily sessions of Pavlovian conditioning, where each of the two auditory cues was 

consistently paired with one of the outcomes. For half of the subjects, the clicker was paired with 

chocolate pellets, and the noise was paired with SCM, whereas the other half of the subjects 

received the opposite stimulus-outcome pairings. Each training session consisted of 8 total trials, 

during which each stimulus was presented 4 times. Each trial lasted 2 min, during which the 
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corresponding outcome was delivered on a random time (RT) 30 sec schedule. Each trial was 

separated by a variable 5-min intertrial interval (range = 4 – 6 min). 

 

Instrumental training 

Rats received 11 days of instrumental training, 

with two sessions conducted each day, separated 

by at least 20 min. In the first session, rats were 

trained that pressing either the left or right lever 

would result in either the pellet or SCM reward 

(counterbalanced), with the second session 

providing training with the other response-

outcome contingency. Each day, the session order was reversed. During the first two days of 

training, each lever-press response was continuously reinforced with the appropriate food 

outcome. The reinforcement schedule was then changed to random ratio 5 (RR-5) for days 3-4, 

RR-10 for days 5-6, RR-15 for days 7-8, and RR-20 for days 9-11.  

 

Junk food diet 

Following training, rats were assigned to one of three diet groups: Controls, Intermittent, or Ad 

Libitum. During this time, all rats had continuous access to chow and water in their home cages, 

while the two treatment groups (Intermittent and Ad Libitum) also received access to two junk 

foods (one sweet, one savory) each day for either 1 hr only (Intermittent group; modeling 

restricted or binge eating) or for 24 hrs (Ad Libitum group; modeling chronic overeating) [23–

25]. Each day, the junk foods were exchanged for different junk foods. Junk foods consisted of 

Phase Duration Procedure 

Pavlovian 
Conditioning 8 d CS1 ! Outcome1 

CS2 ! Outcome2 
Instrumental 
Training 11 d Response1 ! Outcome1 

Response2 ! Outcome2 
Diet 
Exposure 6 weeks Control, Intermittent or 

Ad libitum exposure 
Mild Food 
Restriction 3 d 14 hrs chow per day 

Outcome 
Devaluation  
Test 1 

1 d Sated on Outcome1 

Outcome 
Devaluation  
Test 2 

1 d Sated on Outcome2 

PIT Test 1 d 
Both levers extended, 
CS1 and CS2 present, no 
outcomes 

Table 1. Experimental Timeline 
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Hershey’s chocolates, Kit Kats, Chips Ahoy cookies, Oreo cookies, shelf-stable sugar-coated 

donuts, shelf-stable brownies, Ritz crackers, Cheetos, Doritos, bagels, hot dogs, and cheddar 

cheese. Diet exposure was continued for 6 weeks, after which point rats were maintained on 14 

hrs access to standard laboratory chow only (i.e., 10 hrs food deprivation) to maintain mild food 

deprivation for behavioral testing. Importantly, because our intent was to assess the impact of 

junk food exposure on the expression of food-seeking behavior, and not on learning about such 

actions, we conducted these tests in extinction (no reinforcement), without any further post-diet 

exposure retraining. 

 

Outcome devaluation testing 

After 3 days of mild food restriction, rats were given two sessions of outcome devaluation 

testing, 48 hrs apart (devaluing one outcome for test 1, and the other for test 2). Here, we 

evaluated how diet exposure influenced rats’ ability to adapt their choice between food-seeking 

actions after being selectively satiated on one of the two food rewards. Immediately preceding 

each test, rats were singly housed with water ad libitum, and given unrestricted access to either 

pellets or SCM for 1 hr. This sensory-specific satiety procedure is used to temporarily reduce the 

incentive value (i.e., devaluing) of the food, while leaving the incentive value of the alternate 

food unaffected. Immediately after this, rats were placed in the operant chambers for a 5-min 

choice extinction test during which both levers were extended, but no auditory cues were 

presented nor were any outcomes delivered. Forty-eight hours later, rats were given a second 

outcome devaluation test using the opposite outcome (i.e., if test 1 used pellets, test 2 used 

SCM). 
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Pavlovian-to-instrumental transfer testing 

Forty-eight hours after the second devaluation test, rats were given an osPIT test in order to 

assess the effects of junk food exposure on the outcome-specific influence of food-paired cues on 

food seeking behavior. Both levers were inserted into the chamber for the duration of the session. 

Lever presses and food cup entries were continuously recorded, but no outcomes were delivered. 

During the PIT test, each cue was presented non-contingently (i.e., cue onset and offset occur 

regardless of lever pressing) 4 times for 2 min at a time. A pseudorandom (ABBA) trial order 

was used, with trials separated by a fixed 5-min interval.  

 

Data analysis and statistics 

Data were analyzed using SPSS (IBM, Armonk, NY). Diet effects (Control vs. Intermittent vs. 

Ad Libitum) were analyzed using repeated-measures analyses of variance (rmANOVA), with 

paired- and independent-sample post-hoc t-tests where appropriate. Effects were defined as 

statistically significant when p < 0.05, and post-hoc comparisons were corrected using Holm’s 

sequential Bonferroni correction [26,27], e.g., in a family of 3 comparisons, at least one 

comparison must meet an alpha criterion of p ≤ 0.0167 (i.e., 0.05/3), while a second comparison 

must meet an alpha criterion p ≤ 0.025 (i.e., 0.05/2), while the last comparison must meet a 

criterion of p ≤ 0.05 (0.05/1), in order for each effect to be considered significant. Where results 

were dependent on three significant digits, (i.e., for Holm’s corrections), p values are expressed 

to the thousandths position, otherwise data are reported to the hundredths.  

 

All data were tested for violations of normality using the Shapiro-Wilk test (with diet as a 

factor). For the devaluation test, 3 out of 6 groups were not normally distributed (devalued 
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action: Ad Libitum group; valued action: Ad Libitum and Controls; all p’s < 0.05; all other 

groups: p’s > 0.05). Therefore, these data were analyzed and reported as the log transformation. 

To control for individual differences in attention away from the lever (which would most likely 

be directed towards the food cup) during the devaluation test, total food cup entries were 

included as a covariate in the analysis.  

 

A univariate ANOVA of pre-cue pressing during the osPIT test confirmed that diet groups did 

not differ on this measure (p = 0.42; mean rate of pre-cue lever pressing per 2 min: 3.49 ±�0.41 

SEM), thus data are presented as differences scores from baseline responding, i.e., the average 

number of pre-cue lever presses were subtracted from the average number of lever presses during 

the cue. All data are expressed as means ± standard error of the mean (SEM). 

 

Results 

 

Initial behavioral training 

Initial behavioral training occurred in two phases: Pavlovian conditioning and instrumental lever 

press training. Each phase was analyzed to ensure all rats learned the task and for potential pre-

existing differences between future diet group assignments.  

 

Pavlovian conditioning: A cue phase (pre-cue vs. cue) x diet rmANOVA of the last two days of 

Pavlovian conditioning (Fig. 1A) showed that rats learned to approach the food cup during the 

cue (main effect of cue phase: F(1,21) = 331.60, p < 0.001), where approach behavior increased 

during the cue period. There was no effect of future diet group assignment (all p’s > 0.30).  
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Instrumental training: To assess rats’ response rates and food cup approach behavior going into 

the diet exposure phase, the last two days of instrumental training were averaged and analyzed 

(Fig. 1B). A multivariate response (press and food cup entry) x diet ANOVA failed to show an 

effect of future group assignment on lever press rate (p = 0.17) or time in the food cup (p = 0.79).  

 

Food consumption during the consumption phase of the devaluation test 

An outcome (pellets vs. SCM) x diet rmANOVA on 

outcomes eaten during the consumption phase of the 

devaluation test (Fig. 2) revealed a significant effect of 

outcome (F1,21 = 945.10, p < 0.001), where rats 

consumed more 50% SCM solution than pellets, a 

significant effect of diet (F2,21 = 4.72, p = 0.02), and a 

significant outcome x diet interaction (F2,21 = 5.03, p = 

0.02). Holm-corrected independent samples t-tests 

revealed that Ad Libitum rats consumed fewer grams of the SCM solution than Intermittent rats 

(t14 = 2.78, p < 0.015) or Controls (t14 = 3.18, p = 0.007). Control rats did not differ from 

Intermittent rats on SCM consumption (p = 0.56). Diet groups did not differ on consumption of 

pellets: Controls versus Intermittent: p = 0.22; Controls versus Ad Libitum: p = 0.48, although 

Figure 2. Outcomes Consumed During the Sating 
Phase of the Devaluation Test. Ad Libitum rats 
consumed significantly fewer grams of SCM solution 
than Intermittent or Control rats. All rats consumed 
more grams of SCM solution than pellets.  
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Training. All rats learned to check the food 
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there was a trend for Ad Libitum rats to have consumed fewer grams than Intermittent rats (p = 

0.048), but this trend did not reach Holm-corrected criterion for significance. 

 

Outcome devaluation testing   

We used satiety-based outcome devaluation to assess 

whether diet exposure could alter instrumental reward-

seeking behavior based on expected outcome value. When 

successful at using expected outcome value to guide 

behavior, rats will press more on the non-devalued 

outcome lever versus the devalued outcome lever. Due to 

the effects of extinction on non-reinforced, sated 

instrumental actions over repeated tests, responding quickly decreases over time. Thus, we 

compared early (first half) versus late (second half) responding in an action (devalued vs. non-

devalued pressing) x diet x time (first vs. second half) rmANOVA, which revealed a strong 

effect of time (F1,16 = 18.02, p = 0.001), but failed to reveal any other significant effects (all p’s > 

0.10). Given this strong effect, we suspected extinction effects due to repeated and sated testing 

might have obscured any dietary influences, thus we targeted our analysis to the first half of each 

devaluation test (i.e., the first 2.5 min). A diet x action (devalued vs. non-devalued pressing) 

rmANOVA on the first half of the devaluation test (Fig. 3) failed to show a significant main 

effect of action (p = 0.15) or diet (p = 0.86), but did reveal a significant diet x action interaction 

(F2,17
 = 3.69, p < 0.05). Follow-up paired t-tests confirmed that Controls pressed more for the 

valued outcome than devalued outcome (t7 = 4.56, p = 0.004), while Intermittent (p = 0.35) and 

Ad Libitum (p = 0.28) rats did not differ in their rate of pressing (Fig. 3).  

Figure 3. Outcome Devaluation Testing. 
Both groups of junk food-fed rats (i.e., 
Intermittent and Ad Libitum) failed to adjust 
instrumental responding away from a 
devalued outcome during the first half of the 
devaluation test.  
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Outcome-specific Pavlovian-to-instrumental transfer testing 

After 1 day off, we conducted an osPIT test to 

assess whether diet exposure might alter rats’ 

ability to use reward-paired cues to invigorate 

reward-seeking actions based on shared outcome 

representation (i.e., does a cue predictive of 

pellets motivate pressing for pellets, i.e., “Same” 

pressing, or the SCM, i.e., “Different” pressing). 

A multivariate analysis for the effects of diet on 

total food cup entries and total lever pressing, 

failed to reveal any effect of diet on any measure (food cup entries: p = 0.87; total presses: p = 

0.42), suggesting all groups were equally responsive on both measures. 

 

An action (Same cue-lever pair vs. Different cue-lever pair) x diet rmANOVA (Fig. 4) revealed 

a significant action x diet interaction (F2,21 = 3.53, p < 0.05), and a trend for a significant main 

effect of action (F1,21 = 4.16, p = .054), but failed to reveal a main effect of diet (p = 0.81). Holm-

corrected paired t-tests revealed a significant difference for Same vs. Different pressing for only 

the Chow controls (t7 = 3.31, p = 0.013), and a trend towards such an effect in the Ad Libitum 

group (t7 = 2.68, p = 0.032), though this effect did not reach Holm-corrected significance of p ≤ 

0.025 (Intermittent group: p = 0.55). Independent-samples t-test between groups on Same and 

Different lever presses revealed no differences in the magnitude of lever pressing between 

groups (all p’s > 0.10), suggesting any dietary effects on responding were restricted to action 

selection, not general activity or willingness to lever press. 

Figure 4. Outcome-Specific Pavlovian-to-Instrumental 
Transfer Test. Control rats successfully used stimulus-
outcome and action-outcome associations to guide 
instrumental reward seeking, while both junk food-fed 
groups did not. Same = pressing for the lever associated with 
the same outcome predicted by the cue; Different = pressing 
for the lever associated with the outcome not predicted by 
the cue. 
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These results suggest that, in the Controls, instrumental reward seeking is sensitive to Pavlovian 

cues, which are successfully able to bias action selection in an outcome-specific manner, as 

expected. However, Intermittent junk food diet exposure, and, to a lesser extent, Ad libitum 

exposure, disrupted this effect, rendering rats’ instrumental actions insensitive to the specific 

motivational effects of Pavlovian cues.  

 

Weight change  

A univariate analysis of weight change as a percentage 

of initial body weights failed to reveal a difference 

among diet groups (p = 0.187; Fig. 5).  

 

Discussion  

 

We report disruptions in appropriate reward seeking after junk food exposure in a test of 

outcome devaluation using specific satiety and an osPIT test. Specifically, we found that 

intermittent and ad libitum junk food exposure altered rats’ initial ability to adjust instrumental 

responding in response to a diminution in expected outcome value (Fig. 3). Further, both junk 

food exposure groups were also impaired in using Pavlovian stimulus-outcome associations to 

guide instrumental actions (Fig. 4). In our control group, rats increased reward seeking only 

when a cue predicting that same reward was present, while actions for an alternate, non-paired 

reward were minimal. Both junk food groups failed to demonstrate this effect: they appeared to 

engage in indiscriminate reward-seeking inconsistent with prior stimulus-outcome and action-

Figure 5. Change in Body Weight. There 
was no significant difference in weight gain as 
a percentage of initial body weight between 
diet groups.  
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outcome learning. The osPIT effect in control rats was not due to greater learning, or pre-existing 

differences in instrumental or Pavlovian goal approach behavior, but to an intact ability to use 

previously-acquired stimulus- and action-outcome learning to guide reward seeking. These 

deficits occurred despite no change in baseline rates of instrumental behavior or conditioned 

food cup approach behavior at test. Interestingly, ad libitum-fed rats consumed fewer grams of 

SCM solution (compared to intermittent-fed or control rats; Fig. 2) during the consumption 

phase of the devaluation test, though this did not translate into behavioral differences when 

compared to intermittent-fed rats on our behavioral measures. These data suggest that junk food 

exposure impairs the capacity to make adaptive decisions based on internal need state and to use 

external cues to guide reward-seeking behavior. 

 

Junk food may promote impulsive actions 

Our two junk food-fed groups displayed similar decision-making deficits in tests of outcome 

devaluation and cue-guided action selection, despite differences in the pattern of junk food 

consumption (i.e., intermittent versus ad libitum exposure). Although pattern of access does 

appear to matter across a variety of measures [16,17,23,28,29], it is possible that some assays, 

such as those reported here, are less sensitive to these difference. For instance, it is possible that 

both groups of junk food-fed rats experienced changes in dopamine function that rendered them 

more impulsive, a key factor in poor decision making, promoting indiscriminate lever pressing 

on both tasks without regard for future consequences.  

 

Consistent with this hypothesis, recent evidence suggests that a junk food diet can increase 

impulsivity on a delay discounting task [12]. Further, reductions in mesostriatal D2 receptors are 
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well documented to occur after junk food exposure [12,30,31], and are associated with weight 

gain in both humans [32,33] and rats [34]. Interestingly, we found no difference in weight gain 

between our two junk food groups despite their different feeding patterns, suggesting that any 

effects of junk food on striatal D2 receptors would be due exclusively to junk food exposure, and 

would likely be similarly distributed between groups.  

 

Importantly, dopamine neurons in the ventral tegmental area (VTA) project not only to 

mesolimbic structures, but also to regions of the prefrontal cortex involved in decision making 

[35], thus any junk food or weight gain-driven changes to D2 receptor function or availability on 

VTA dopamine neurons may be consequential for mesocortical dopamine signaling, also. 

Further, reductions in striatal D2 receptors, such as those seen after prolonged junk food 

exposure and weight gain, are associated with decreased metabolism in cortical regions 

associated with decision making [36–39], increased impulsivity [40], and decreased inhibitory 

GABAergic receptor binding in the striatum [41] and the frontal cortex [40,42], consistent with 

downregulation of inhibitory mechanisms in these regions. It is therefore possible that our junk 

food-exposed rats experienced increased impulsivity on tasks that might be less sensitive to the 

differential effects of restricted versus extended junk food access, as a result of altered 

mesolimbic and mesocortical dopamine signaling. 

 

Junk food may disrupt memory retrieval  

The inability to appropriately use stimulus-outcome associations to guide reward-seeking 

behavior (Fig. 4) may also have emerged as a result of associative memory impairment. In 

associative conditioning paradigms, the ability of a reward-paired cue to elicit conditioned 
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responses depends on the strength of the stimulus-outcome association, or how well the cue 

elicits the representation of the outcome, and how well this representation drives conditioned 

responding. If the cue fails to elicit a robust representation of the outcome, conditioned and 

instrumental responses may be disrupted. Given the amount of time between training and testing 

during the 6 week junk food exposure phase, it is possible that the specific stimulus-outcome or 

action-outcome associations required for our tasks were poorly represented in the junk food 

groups. While high-fat and/or refined carbohydrate diets have been shown to impair cognitive 

performance on a variety of tasks [9–11], the hippocampus appears preferentially vulnerable to 

the deleterious effects of poor quality diets, with reports of decreased neurogenesis [43], BDNF 

mRNA [44,45], and deficits in hippocampal-dependent learning [46–49] and memory functions 

[46,50–52]. Interestingly, in obese human subjects, associative learning was impaired when 

using a food reward, but not with a  monetary reward [53,54], suggesting that our tasks, which 

required intact associations between a stimulus or action and a food outcome, might have been 

disproportionately difficult for our junk food rats. This may have manifested as an inability to 

correctly recall stimulus-outcome or action-outcome associations, therefore cue-evoked or choice 

instrumental responses in our osPIT and devaluation test, respectively, would appear 

indiscriminate.  

 

Junk food may promote habitual reward seeking  

Goal-directed and habitual reward seeking strategies differ in their sensitivity to action outcomes 

– goal-directed behavior is characterized by the ability to flexibly adapt responses to current 

needs and motivational states, while habitual behavior is insensitive to such changes [55]. When 

instrumental responding occurs using a goal-directed strategy, rats will avoid pressing for the 
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devalued reward, and instead engage in the lever associated with the valued outcome instead. If 

responding relies instead on a habitual strategy, rats may be more likely to engage 

indiscriminately with each lever. Because our junk food rats initially demonstrated 

indiscriminate lever pressing (Fig. 3), it is possible that junk food exposure may facilitate, but 

not drive, a shift towards habitual responding. Our results fit well with other reports of poor diets 

promoting a habitual strategy. For instance, restricted access (but not ad libitum access) 

promoted habitual responding during an outcome devaluation task using specific satiety [29,56]. 

In human subjects, obese men (who presumably are obese due to excess consumption of poor-

quality foods) are less sensitive to outcome devaluation than their lean counterparts [57], and 

obese participants habituate more slowly to a food stimulus, resulting in greater caloric intake, 

than their lean peers [58].  

 

Interestingly,  Tantot et al. [59] recently reported that a high-fat diet can compromise behavioral 

sensitivity to outcome devaluation when trained using a random interval schedule, but training 

with a random ratio could “rescue” a goal-directed strategy. Here, we used a random ratio 

schedule of reinforcement, which might explain why rats’ behavior appeared time sensitive (i.e., 

most abnormal early in the test, but normalizing by the end). Another recent study [60] found 

that simply offering standard lab chow in an intermittent pattern of exposure could promote a 

shift in responding from a goal-directed to habitual strategy, suggesting perhaps intermittently-

exposed junk food rats might be particularly vulnerable to the acquisition of a habitual strategy 

(though we report no difference between junk food groups here). 
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Figure 6. Potential Mechanism for Disrupted 
Action Selection. Disruptions in flavor-nutrient 
learning may result in an inability to use internal 
or external cues to guide action selection based 
on anticipated outcomes.  

Junk food may disrupt flavor-nutrient satiety learning: implications for devaluation and 

osPIT 

Our junk food rats may have also experienced a disruption in “flavor-nutrient satiety learning” 

(i.e., conditioned satiety), that may have contributed to their initial indiscriminate lever pressing 

during the devaluation test and altered stimulus-outcome or action-outcome associations in our 

osPIT test (Fig. 6). In the ancestral environment, the orosensory components of foods (i.e., 

tastes, flavors, textures) were essential factors guiding the selection of highly nutritive and 

calorically dense (and scarce) foods, for which preferences quickly develop. While these 

preferences are thought to be innate [61], postingestive, 

interoceptive and metabolic processes signaling the caloric 

and nutritive content of the consumed food, can, via 

Pavlovian conditioned associations, further strengthen the 

association between foods and their caloric or nutritive 

content, i.e., flavor-nutrient learning [62,63]. As a result, 

flavor nutrient learning can both promote increased food 

intake as a result of learned preferences (flavor-nutrient 

hedonic learning), and it can decrease food intake by 

promoting learned satiety responses (flavor-nutrient 

satiety learning), whereby animals learn associations 

between a food’s orosensory components and its caloric 

density as determined by postingestive metabolic 

consequences. Flavor-nutrient learning can result in cues 

associated with nutritive and caloric foods reliably 
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eliciting cephalic responses such as salivation and insulin secretion even before the food is 

consumed [64–66], and can appropriately restrain consumption of high-density foods due to the 

expected calories they provide [67,62]. Thus, via Pavlovian associative conditioning, the 

orosensory cues of specific foods can evoke neural and hormonal metabolic conditioned 

reactions capable of modulating energy utilization and behaviors (i.e., cessation of food 

consumption) [33,34].  

 

In the present environment, where foods are highly processed, refined and frequently altered 

(i.e., using non-nutritive sweeteners to be “low-sugar”, or removing fats to be “low-fat”), tastes, 

flavors, and textures are increasingly unreliable indicators of a food’s nutritive or caloric 

postingestive consequences. There is some evidence that components of the contemporary 

processed diet may contribute to a deficits in flavor-nutrient satiety learning [70–73] (conversely, 

[74,75]). Proponents of the flavor confusion hypothesis suggest this increasing inconsistency 

between a food’s orosensory components and its nutritive content (and thus postingestive 

metabolic effects) may disrupt Pavlovian associations and learning about the postingestive 

consequences of various foods, and inhibit flavor-nutrient satiety learning [67,62]. This 

dissociation may weaken a food’s ability to evoke appropriate physiological responses involved 

in signaling satiety and regulating food intake, which may lead to a decreased reliance on 

interoceptive cues to guide food choices [71,76–78]. Indeed, the consumption of highly refined, 

high carbohydrate, and artificial foods is associated with an inability to regulate later caloric 

intake, promoting overeating, and suggesting an inability to predict a food’s caloric content or a 

lack of reliance on interoceptive cues to appropriately guide behavior [reviewed in 35–37]. The 

variety of refined and processed foods our junk food rats experienced may have contributed to 
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modest deficits in flavor-nutrient satiety learning, where they initially failed to use interoceptive 

cues about specific satiety to adjust reward seeking appropriately.  

 

Further, in our training context, rats are given opportunities to learn that a specific cue predicts a 

specific food reward, which would have consistent post-prandial and metabolic consequences 

(i.e., auditory cue ! post-prandial and caloric effects conditioning). If contemporary 

Westernized diets disrupt associative learning between a food and it’s metabolic consequences, 

perhaps these rats failed to accurately maintain the anterograde association between a predictive 

auditory cue and the food outcome, as measured in our osPIT test. Because our diet manipulation 

occurred after training (and we did not employ any post-diet retraining), it is unlikely that any of 

the reported changes occurred as a result of deficits in encoding. Instead, it is more likely that 

exposure to each outcome during the devaluation testing phase may have allowed opportunities 

for new learning where each outcome was “newly” experienced in the context of disrupted 

flavor-nutrient learning. This may have manifested in our junk food rats as an ambiguity of the 

cue-outcome or action-outcome associations, where cue-driven lever pressing appears 

indiscriminate with respects to the cue-outcome and lever-outcome relationships. 

 

Junk food may disrupt the use of satiety as a negative feature stimulus 

A recent hypothesis suggests that satiety signals may exert inhibitory control over appetitive and 

consummatory behavior by acting as negative feature stimuli [46]. Appropriate energy regulation 

depends on increasing consummatory behaviors when in an energy deficit (and thus when 

interoceptive hunger signals would be prominent), and decreasing such behaviors when in a 

surplus (i.e., when satiety signals would dominate). When hungry, food intake is associated with 
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appetitive and rewarding postingestive effects (e.g., activation of the mesolimbic reward system), 

but such effects are minimized when sated [reviewed in 41]. In normal animals, energy 

regulation might then depend on the successful use of negative feature stimuli (i.e., satiety) to 

signal that food intake will not be followed by rewarding postingestive outcomes. In our junk 

food rats, initial indiscriminate responding may result as a failure to use satiety as a signal that 

the devalued outcome will not be rewarding. Rats with selective lesions of the hippocampus are 

impaired on tasks requiring the use of a learned negative features stimulus [81], as are rats fed on 

a Western diet (interestingly, hippocampal lesions or a Western diet do not impair learning tasks 

requiring a positive feature stimulus) [46]. Further, hippocampal lesions impair rats’ ability to 

use interoceptive cues about current satiety state to limit appetitive behavior [82]. These results 

are particularly interesting in light of evidence that the hippocampus appears preferentially 

vulnerable to the deleterious effects of poor quality diets [43–45,52]. 

 

Does the method of devaluation matter? 

Importantly, while a specific satiety manipulation holds more face validity for probing 

overeating (i.e., eating beyond interoceptive signals of satiety as a major contributor to obesity), 

many paradigms have also employed the use of the emetic agent lithium chloride (LiCl) as a 

method of devaluation. While not directly compared, Nelson & Killcross [83] report devaluation 

after specific satiety and LiCl pairing, with a greater overall effect of devaluation after LiCl 

pairing. In many diet-manipulation studies, it is possible that the aversion is simply not of 

sufficient magnitude to restore a goal-directed action strategy, and not that animals are incapable 

of it. While general eating beyond satiety may be a crucial component of maladaptive eating 

behavior, it would be interesting to know if junk food-exposed or obese animals are also less 
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sensitive to conditioned taste aversion – i.e., food poisoning – as well, a question beyond the 

scope of this paper. 

 

Summary 

 

What emerges as strange is that we found no statistical differences between rats exposed to junk 

food on an intermittent versus ad libitum schedule on either measure, despite differences 

between these two groups on SCM solution consumption immediately prior to the devaluation 

test (Fig. 2), and on behavior in other studies (i.e., intermittent exposure tends to produce a 

behavioral phenotype akin to addiction, while ad libitum, 24-hour exposure does not) 

[16,17,23,28,29]. This suggests that perhaps the causal factor for our reported deficits is access 

to junk food itself, as both patterns of exposure provide a complex sensory experience, engaging 

gustatory, olfactory and somatosensory systems to integrate taste, smell and texture. However, to 

our knowledge, there are few within-study comparisons between intermittent and ad libitum 

exposure, thus perhaps differences between patterns of consumption cited across the literature 

are actually due to other methodological differences, and direct comparisons between exposure 

patterns across studies should be approached with caution. Admittedly, it is possible that all junk 

food rats experienced a “binge” effect of sorts during daily food changes, when old foods were 

removed and fresh foods were administered, creating a pseudo-binge-like phenotype in even the 

ad libitum-exposed rats, minimizing expected differences between each group. Importantly, we 

hypothesize our results are due to either deficits in behavioral control (i.e., increased impulsivity) 

or in retrieval of stimulus-outcome or action-outcome associations, and not due to deficits in 
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encoding such relationships, as our junk food exposure occurred after initial training and 

immediately prior to any testing (without any retraining).  

 

Comparisons across the literature are fraught with difficulty due to the wide variety (in content 

and execution) of junk food diets: studies report a range of variety versus monodiet paradigms, 

high-fat versus high-carbohydrate food substances, highly refined foods versus simply fat- or 

sugar-enriched, binge or intermittent versus extended or ad libitum access, and duration of 

exposure (e.g., from 3 weeks [84] to 6 months [85]). Despite this, our results showing modest 

disruption in outcome devaluation and deficits in using outcome representations to guide reward 

seeking behavior after junk food exposure fit well with previous reports. What remains unclear is 

whether, in both tasks, junk food rats would have normalized their behavior had they been 

reinforced, which would have allowed rats to update their representation of the reward or action-

outcome association.  
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Motivation 
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Introduction 

 

Diet-induced insulin resistance is quickly becoming a worldwide health concern as diets 

“westernize”: i.e., the prevalence of dietary refined carbohydrates and simple sugars increases as the 

consumption of nutritive foods decreases [1,2]. Diet-induced insulin dysfunction, characterized by a 

slow progression from insulin insensitivity, to insulin resistance, to type 2 diabetes, typically 

develops over several years, resulting in heart disease, stroke, blindness, lower-limb amputations, and 

cognitive impairment [3,4], and is an important risk factor in dementia and Alzheimer’s disease [5]. 

While peripheral insulin signaling has been readily evaluated by simple blood tests for many years 

[6], neuronal insulin signaling has only recently come under investigation. Such diagnoses are more 

difficult to make, though imaging and post-mortem analyses of diabetics [7,8], and animal models of 

insulin resistance [9] have shown altered levels and activation of effectors in the brain insulin 

signaling pathway [10,11]. The specific contribution of neuronal insulin dysmetabolism to cognitive 

impairment remain unclear, though the widespread distribution of insulin receptors in the brain 

suggest possibly broad implications [12,13]. 

 

Insulin receptors, though widespread, are densely localized in the ventral midbrain [14]. A growing 

body of evidence shows neuronal insulin to be a significant modulator of the dopamine transporter 

(DAT): specifically, increasing insulin in the brain increases DAT mRNA [15] and facilitates DAT 

activity and translocation to the synaptic membrane, thereby promoting dopamine clearance [16–20]. 

Conversely, decreasing insulin levels via fasting or inducing diabetes reduces DAT expression and 

dopamine clearance [21–23]. Because extracellular dopamine is quickly and predominantly cleared 

by the DAT [24], altered DAT function has significant consequences for dopamine signaling, which 

is heavily implicated in reward seeking behavior [25,26].  
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Pleasant rewards (e.g., recreational drugs, enjoyable foods) stimulate dopamine release in the ventral 

striatum from neurons originating in the ventral tegmental area (VTA). Initially, dopamine release 

occurs as a result of the reward itself, but, with repeated pairings, shifts to the onset of earlier and 

earlier predictors, or “cues” [27,28]. Reward-paired cues (e.g., drug paraphernalia, food advertising) 

are key precipitators of reward seeking, as they frequently take on their own motivating properties. 

The incentive sensitization theory of addiction [29] proposes that this occurs as a result of rewards 

repeatedly engaging the mesolimbic dopamine system in the presence of such cues. Via interactions 

with the hippocampus [30], these repeated pairings “sensitize” the dopamine system to be 

increasingly attuned to these cues, and the neural system gradually comes to attribute excessive 

salience to them; i.e., these cues become attractive and “wanted.” The sensitization of incentive 

salience is believed to be responsible for the transformation of reward “wanting” into excessive 

cravings. As a result, these cues acquire their own motivational value and subsequently drive reward-

seeking behavior. Despite the popularity of this model, the molecular mechanisms underlying the 

proposed hyper-reactivity of dopamine transmission in response to reward-paired cues remain to be 

fully elucidated.  

 

Given the role of neuronal insulin as a modulator of the DAT, and the DAT’s role in terminating 

dopamine signaling, whether and how neuronal insulin signaling can influence cue-invigorated 

reward seeking is unclear. We hypothesize that chronic access to an insulin-disrupting diet capable of 

inducing insulin resistance will decrease insulin signaling in the ventral tegmental area, downregulate 

DAT function, and enhance the excitatory effects of reward-paired cues, increasing incentive 

motivation for food reward. Here, we investigated whether an insulin-disrupting diet would: 1) 

decrease insulin signaling in the ventral midbrain, 2) decrease DAT surface expression in the nucleus 

accumbens, 3) disrupt DAT-mediated reuptake, 4) disrupt incentive motivation for a food reward, 

and 5) alter dopamine release during a test of incentive motivation. To this end, we used the 
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Pavlovian-to-instrumental transfer (PIT) paradigm, which is uniquely able to measure the capacity of 

reward-paired cues to acquire motivational salience, thereby driving instrumental behaviors to 

procure reward [31,32]. By training rats with the reward-paired cue and instrumental response in 

separate phases of the experiment it is possible to prevent any direct association from forming 

between these two events. Consequently, any cue-triggered instrumental responding observed at test 

can be attributed to the motivational (response-invigorating) properties of that cue [31,32], making 

the PIT paradigm an ideal assay of cue-evoked incentive motivation. We also tested whether 

administration of the diabetes-treatment drug pioglitazone (PGZ) would normalize dopamine 

reuptake and behavior during a PIT test. 

 

Experiment 1. A high-fructose diet produces insulin resistance in the brain 

 

Methods 

 

Subjects 

Forty-eight male Sprague-Dawley rats approximately 10 weeks old, weighing approximately 360.08 

g ± 3.06 SEM at the start of the experiment, were housed in a climate-controlled vivarium with water 

provided ad libitum in the homecage throughout the experiment. Body weight and diet consumption 

were measured every other day. All procedures in this and subsequent experiments were approved by 

the UCLA IACUC.  

 

Diet 

Rats were divided into two diet groups: Fructose rats were fed a 60% fructose diet (TD. 89247; 

Envigo, Madison, WI) with water available ad libitum, and control rats were given the control diet 

(TD. 98394; Envigo), formulated to be otherwise nutritionally and calorically comparable to the 
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experimental fructose diet. Fructose was used due to it’s ubiquity within the modern Western diet 

and it’s ability to rapidly produce insulin resistance [33]. Within these diet groups, rats were divided 

into 3 diet exposure duration groups: 1, 3, and 6 week exposure durations. This dietary regimen was 

chosen as previous studies have shown this diet to be capable of rapidly producing insulin resistance 

in the periphery with minimal weight gain (which can present a substantial confound) [33–36], as 

well as for its content validity as a model of human insulin resistance resulting from chronic access to 

poor quality, diabetogenic foods [37,38] (versus other models such as streptozotocin-induced insulin 

dysfunction [39]). 

 

Biochemical analysis 

Trunk blood was collected for analysis of peripheral insulin resistance. At the end of diet exposure, 

rats were fasted overnight (~ 12 hrs) from all food, and euthanized in the morning. Rats were briefly 

anesthetized with isoflurane and decapitated. Trunk blood (400 µl) was immediately collected and 

mixed with 60 µl EDTA (10 mg/ml) for 1- and 3-week duration samples. The 6-week exposure group 

samples were mixed with 400 µl EDTA, thus precluding a direct comparison with the 1- and 3-week 

groups. Samples were centrifuged at 2000 rpm for 20 min at 4° C. Samples were analyzed by an 

outside chemistry service for peripheral glucose and triglyceride concentrations.  

 

Dissections 

Blunt dissections of the ventral midbrain were collected for analysis of neuronal insulin function. 

Immediately after decapitation, brains were quickly excised, cooled on dry ice, placed in a brain 

matrix placed on an inverted petri dish on wet ice, then cut with two blades at approximately 5.0 – 

6.0 mm posterior to bregma. This section was removed, placed flat on an inverted petri dish, and the 

ventral midbrain (VTA and substantia nigra) dissected by hand (to produce approximately 10-20 mg 

tissue), and stored at -80° C for future Western analysis.  
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Western analysis 

Brain tissue was homogenized in lysis buffer (137 mM NaCl, 20 mM Tris-HCl pH 8.0, 1% NP40, 

10% glycerol, 1 mM PMSF, 10 µg/ml aprotinin, 0.1 mM benzothonium, 0.5 mM sodium vanadate). 

After centrifugation at 12,500 g for 20 min, the supernatant was collected and immediately processed 

for total protein concentration determination according to the Micro BCA procedure (Pierce, 

Rockford, IL), using bovine serum albumin as standard. A total of 25 µg of protein from each sample 

was used. Protein samples were separated by electrophoresis on a 10% polyacrylamide gel and 

electrotransferred to a PVDF membrane. After 5% non-fat milk blocking, the membranes were 

incubated with a primary antibody overnight at 4° C, followed by a secondary antibody for 1 hr at 

room temperature. The following primary antibodies were used: phospho-insulin receptor (1:1000, 

Abcam, Cambridge, MA), phospho-IRS1 (1:1000, EMD Millipore, Billerica, MA), insulin receptor 

(1:1000, Santa Cruz Biotechnology Inc., Santa Cruz, CA), IRS1 (1:1000, EMD Millipore, Billerica, 

MA) and actin (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA). The secondary antibodies used 

were anti-goat or anti-rabbit IgGHRP (1:10,000, Santa Cruz Biotechnology Inc., Santa Cruz, CA). 

After rinsing with buffer (0.1% Tween-20 in PBS), the immunocomplexes were visualized by 

chemiluminescence using the Amersham ECL Plus Western Blotting Detection kit (GE Healthcare 

Bio-Sciences, Piscataway, NJ) according to the manufacturer’s instructions.  

 
 

Data analysis and statistics 

Data were analyzed by univariate and multivariate ANOVA where appropriate with SPSS (IBM, 

Armonk, NY). Independent samples t-tests were used after significant overall effects were detected. 

Effects were considered significant when p < 0.05. When post-hoc comparisons consisted of 3 or 

more comparisons per family, Holm’s sequential Bonferroni correction [40,41] was used to control 
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for Type I errors, e.g., in a family of 3 comparisons, at least one comparison must meet an alpha 

criterion of p ≤ 0.0167 (i.e., 0.05/3), while a second comparison must meet an alpha criterion p ≤ 

0.025 (i.e., 0.05/2), etc. The TyG Index was used to quantify insulin resistance, which compares 

triglyceride and glucose concentrations using the formula (Ln(glucose x triglycerides / 2)), and is a 

standard assay of insulin resistance [42–44]. Adiposity is expressed as the percentage of the final 

body weights, and body weights are expressed as the percentage change from their starting weights. 

All data, unless otherwise noted, are presented as means ± SEM. 

 

Results 

 

Neuronal insulin resistance 

We examined tissue from the ventral midbrain to assess neuronal insulin resistance. A multivariate 

ANOVA (diet x duration x protein) on the phosphorylation state of IRS-1 and Akt revealed a main 

effect of diet and duration for both proteins (Fig. 1). There was also a significant diet x duration 

interaction for IRS-1, and a trend toward a significant interaction for Akt. Post-hoc comparisons 

revealed that Fructose rats showed decreased Akt phosphorylation as quickly as 1 week after 

beginning diet exposure, and a significant difference emerged at 3 weeks for IRS-1. (See Table 1 for 

detailed statistics.) 

Figure 1. Markers of Insulin Resistance in the Ventral Midbrain. Proportion of phosphorylated IRS-1 (A) and Akt (B), 
effectors in the insulin signaling cascade. Insulin signaling is decreased in Fructose rats relative to Controls, suggesting 
increased insulin resistance. 

1 week 3 wks 6 wks
0.0

0.5

1.0

1.5

Weeks of Diet Exposure

P
ro

po
rt

io
n 

of
P

ho
sp

ho
ry

la
te

d 
IR

S
-1

Control
Fructose

#
#

*** ***

1 week 3 wks 6 wks
0.2

0.3

0.4

0.5

0.6

Weeks of Diet Exposure

P
ro

po
rt

io
n 

of
 

P
ho

sp
ho

ry
la

te
d 

A
kt

Controls
Fructose

***
***

***

A B



 112 

Peripheral insulin resistance 

We examined trunk blood to assess 

changes in peripheral insulin resistance. 

Plasma samples from the 6-week group 

were diluted with an overabundance of the 

anticoagulant EDTA (400 µl versus 60 µl 

for the 1- and 3-week groups, all samples 

mixed with 400 µl blood). As a result, all 

samples are corrected to their respective 

control group (i.e., 1-week Fructose 

samples are presented normalized to 1-

week Control samples).  

 

A univariate ANOVA on the TyG Index 

(Fig. 2A) revealed a main effect of diet (F1,49 = 6.06, p < 0.02), a main effect of duration (F2,49 = 5.51, 

p < 0.01), and a significant diet x duration interaction (F2,49 = 5.52, p < 0.01). Independent samples t-

tests failed to reveal a difference between Fructose and Controls after 1 week of exposure (p = 0.45), 

but did reveal diet differences after 3 weeks (t14 = 4.05, p < 0.01), and 6 weeks (t14 = 3.17, p < 0.01). 

Further comparisons across durations for Fructose rats revealed a significant difference between 1- 

and 3-week rats (t16 = 3.02, p = 0.008), where 3-week Fructose rats scored higher on the TyG Index 

than 1-week Fructose rats, indicating a greater degree of insulin resistance relative to their respective 

controls. Comparisons between 6-week Fructose rats and the 1- or 3-week Fructose rats were not 

conducted due to the differences in sample dilution. 

 

Table 1. Neuronal Insulin Resistance Analysis 
Diet x Duration x Protein 
IRS-1 df F Sig. 

Diet 1 43.21 < 0.001 
Duration 2 4.50 0.02 
Diet x Duration 2 8.63 < 0.01 
Error  42   

    
Akt df F Sig. 

Diet 1 157.37 < .001 
Duration 2 8.90 < 0.01 
Diet x Duration   ns 
Error  42   

    
Independent samples t-tests df t Sig. 
IRS-1     

Fructose vs. Controls    
1 week   ns 
3 weeks 14 3.57 0.003 
6 weeks 14 7.95 < 0.001 

    
Fructose    

1 vs. 3 weeks 14 3.38 0.005 
1 vs. 6 weeks 14 8.64 < 0.001 
3 vs. 6 weeks 14 4.45 0.001 
    

Akt    
Fructose vs. Controls    

1 week 14 5.26 < 0.001 
3 weeks 14 6.72 < 0.001 
6 weeks 14 10.53 < 0.001 

    
Fructose    
All comparisons ns    
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Body weight and abdominal adiposity 

A multivariate ANOVA on the percent of abdominal adipose tissue (weight of adipose tissue / final 

body weight; Fig. 2B) and the percentage change in body weight ((final weight – start weight)/ start 

weight; Fig. 2C) failed to reveal a main effect of diet (adiposity: p = 0.20; weights: p = 0.25), nor a 

diet x duration interaction (adiposity: p = 0.78; weights: p = 0.75), but did reveal a significant main 

effect of duration (adiposity: F2,49 = 10.94, p < 0.001; weights: F2,49 = 3.27, p < 0.05). Independent t-

tests on the percentage of abdominal white fat revealed no difference between 1- and 3-week groups 

(p = 0.95), but did reveal a difference between 3- and 6-week groups (t30 = 3.86, p = 0.001), and 1- 

and 6-week groups (t32 = 4.79, p < 0.001), where longer exposures had a greater percentage of 

abdominal adipose tissue. Independent t-tests on the change in body weight failed to reveal a 

difference (when corrected for multiple comparisons) between 1- and 3-week groups (t32 = 2.23, p = 

0.03), nor a difference between 3- and 6-week groups (p = 0.77), but did reveal a differences between 

1- and 6-week groups (t32 = 2.64, p = 0.013), where 6-week exposed rats, unsurprisingly, gained 

more weight than 3-week exposed rats.  

 

Figure 2. Peripheral Insulin Resistance and Body Weight. (A) The TyG Index of Insulin Resistance shows that after 3 
weeks of fructose exposure, rats were significantly more insulin resistant than Controls. *6 week samples were differentially 
diluted, thus preclude direct comparison with 3- and 1-week samples. (B) Abdominal adipose tissue as a percentage of the 
final body weights reveal that, while 6-week rats had more abdominal white fat, there were no differences between diet 
groups. (C) Changes in body weight as a percentage of starting weights suggest that 6-week rats gained more weight than 1-
week rats, but that diet had no impact on body weight. 
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Experiment 2. A high-fructose diet decreases membrane-associated DAT in the NAc 

 

Methods 

 

Subjects and diet 

Subjects were 20 male Sprague-Dawley rats, aged 6 weeks and weighing approximately 238.56 g ± 

1.53 SEM at the start of diet exposure. Diets were identical to those described above in Experiment 1 

(TD. 89247; 60% fructose and TD.98394 control diet, Envigo). Rats were maintained on their diets 

ad libitum for 5 weeks. After 5 weeks, rats were briefly anesthetized with isoflurane, decapitated, and 

brains rapidly removed, flash frozen in liquid nitrogen and stored at -80° C.  

 

Dissections 

At a cryostat, a 200 µm-thick slice was taken around the striatum (beginning approximately 1.60-

1.70 mm anterior to bregma), laid flat, and the nucleus accumbens dissected with a scalpel. Samples 

were again frozen at -80° C until subcellular fractionation. 

 

Subcellular fractionation 

Methods were based on the “Basic Protocol” outlined in Hallett et al. [45]. In brief, brains were 

homogenized for 12-15 sec in 500 µl ice-cold TEVP buffer (10mM Tris HCl, 5mM NaF, 1mM 

Na3VO4, 1mM EDTA, 1mM EGTA, pH adjusted to 7.4) + 320 mM sucrose. Samples were 

centrifuged at 800 g for 10 min at 4° C, producing a supernatant (S1) and pellet (P1; discarded). 

Supernatant (S1) was removed, placed in a new tube, and centrifuged at 9,200 g for 15 min at 4o C, 

producing a supernatant (S2) and pellet (P2; containing crude synaptosomal membranes). The 

supernatant (S2) was removed and placed in a specialty centrifuge tube (Beckman-Coulter, Brea, 

CA). Approximately 4.5 ml TEVP buffer + 35.6 mM sucrose buffer was added to the tube (until 
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full), and samples were centrifuged in an ultracentrifuge at 165,000 g for 2 hrs at 4o C, generating a 

supernatant (discarded) and pellet (P3; light membranes and recycling endosomes). The P3 pellet 

was rinsed in 50 µl TEVP, resuspended in 100 µl TEVP, vortexed for 5-10 sec to break up the pellet, 

and saved for polyacrylamide gel electrophoresis. The P2 pellet was rinsed in 50 µl TEVP + 35.6 

mM sucrose, resuspended in 100 µl TEVP + 35.6 mM sucrose, and vortexed 5-10 sec to break up the 

pellet. P2 fractions were kept on ice for 40 min to hypo-osmotically lyse the samples, then 

centrifuged at 25,000 g for 20 min at 4o C. The resulting supernatant was discarded; the pellet (LP1; 

synaptosomal membranes) was rinsed once in 50 µl TEVP, resuspended in 100 µl TEVP, vortexed 5-

10 sec, and stored at -80o C until polyacrylamide gel electrophoresis. Two samples were lost during 

processing (1 from each diet group). 

 

Gel electrophoresis & Western blotting 

Protein content was determined using the Bio-Rad DC Protein Assay kit (Bio-Rad, Hercules, CA). 

Sufficient sample for 13 µg protein were loaded into new sample tubes, along with 7.5 µl NuPAGE 

LDS 4X (lithium dodecyl sulfate) sample buffer (Invitrogen, Carlsbad, CA), 3 µl 1M dithiothreitol, 

and diluted with H2O for a total volume of 30 µl. Samples were briefly vortexed prior to heating at 

70o C for 10 min to denature proteins, then placed on ice for a minimum of 2 min prior to loading. 

Samples were loaded into Bio-Rad Mini Protein TGX 10% gels for separation by gel electrophoresis. 

Proteins were subsequently transferred to polyvinylidene fluoride membrane (PVDF) (Millipore, 

Burlington, MA). Nonspecific binding sites were blocked for 1 hr at room temperature in blocking 

buffer (5% nonfat dry milk in PBS). Blots were then incubated overnight at 35o C in primary 

antibody (1:2000 mouse monoclonal anti-α-tubulin [#05–829, Millipore], 1:2000 rabbit anti-DAT 

[#AB-2231, Millipore]. The next morning blots were rinsed in PBS + 0.1% tween-20 3 times, 10 min 

each, and left on a shaker at room temperature between rinses. Blots were incubated in secondary 

antibody (PBS, 0.1% tween-20, 2.5% milk, 1:10,000 each for Stabilized Peroxidase Conjugated Goat 
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Anti-Rabbit and Stabilized Peroxidase Conjugated Goat Anti-Mouse) for 1 hr at room temperature. 

After incubation, blots were rinsed 3 times as previously described. PageRuler Plus Prestained 

Protein Ladder (Thermo Fisher, Waltham, MA) was used for molecular weight estimation. Blots 

were cut at 35 and 130 kDa. Immunoblots were incubated in SuperSignal West Pico Stable Peroxide 

& Luminol/Enhancer (Thermo Fisher, Waltham, MA) for 5 min to permit chemiluminescent 

detection. Immunocomplexes were visualized using Bio-Rad ChemiDoc Touch Imagery.  

 

Data analysis and statistics 

Data were analyzed using GraphPad Prism (GraphPad Prism, La Jolla, CA). T-tests were used to 

compare Fructose rats versus Controls on body weights and DAT measures. Body weights are 

expressed as the percentage change in weight from their starting weight. DAT values were adjusted 

to internal tubulin controls, and relative density calculated with NIH ImageJ software (NIH, 

Rockville, MD). DAT values are expressed as the ratio of synaptosomal membrane DAT to 

synaptosomal membrane + endosomal DAT (i.e., synaptosomal DAT / (synaptosomal + endosomal 

DAT)), then normalized to control values.  

 

Results 

 

Body weight  

A t-test was conducted on the change in body weight ((final weight – start weight) / start weight; Fig. 

3A), which revealed a significant effect of diet (t16 = 2.90, p = 0.01), where Controls weighed more 

than Fructose rats. 
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DAT localization 

A t-test was conducted on the proportion of DAT at the neuronal membrane (versus internalized) 

(Fig. 3B), which revealed a significant effect of diet (t16 = 2.34, p = 0.03), with Fructose rats having a 

significantly lower proportion of membrane-bound DAT than Controls.  

 

 
Experiment 3. A high-fructose diet disrupts dopamine reuptake 
 

Methods 

 

Subjects and diet 

Subjects were 50 male Sprague-Dawley rats, aged 6 weeks and weighing approximately 200.29 g ± 

2.27 SEM at the start of diet exposure. Diets were identical to those previously described, with the 

addition of two new pioglitazone-fortified diets. Pioglitazone (PGZ) is a peroxisome proliferator-

activated receptor (PPAR) agonist that improves insulin sensitivity, and is a commonly used drug in 

the treatment of type 2 diabetes [46,47]. PGZ was ordered from Sigma-Aldrich (St. Louis, MO) and 

supplemented to the high-fructose and control diets by Envigo at a concentration of 200 ppm 

(approximately 10 mg/kg/day) [48,49], resulting in two additional groups: Fruc-PGZ and Con-PGZ. 

Rats were allowed ad libitum exposure to their diets for 5 weeks.  
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Carbon fiber electrode manufacture 

Carbon fiber recording electrodes were constructed in-house by inserting a single carbon fiber (grade 

34-700; Goodfellow Corp, Coraopolis, PA) into a glass tube (0.5 mm ID, 1.0 mm OD; AM Systems, 

Sequim, WA), and pulled to a fine tip around the fiber with a puller (Narishige, Tokyo, Japan). A 

silver wire was then coated in conductive silver epoxy (MG Chemicals, B.C. Canada) and inserted 

into the open end, and sealed with clear epoxy, leaving a short protruding end to allow connection to 

recording equipment. Prior to calibration, the exposed carbon fiber was trimmed to 100-200 µm. 

Electrodes were calibrated in a custom-made flow cell with 0.5, 1, and 5 µM dopamine standards in 

phosphate-buffered saline. Electrodes were soaked in 70% EtOH for 30-45 min prior to implantation.  

 

Fast scan cyclic voltammetry 

Fast scan cyclic voltammetry was used to identify changes in dopamine signaling in the NAc. After 5 

weeks of diet exposure, rats were anesthetized with isoflurane, placed in a stereotaxic frame, and 

surgically implanted with a carbon fiber recording electrode (targeted at the NAc core: AP: +1.8 mm, 

ML: +1.4 mm, DV: -7.0 mm), a bipolar stimulating electrode (AP: -5.1 mm, ML: +1.0 mm, DV: 

between -7.0 and -9.0 mm, optimized as described below; Plastics One, Roanoke, VA), and an 

Ag/AgCl reference electrode (Basi, West Lafayette, IN) in the contralateral hemisphere. Recording 

equipment, consisting of a computer with HDCV software (University of North Carolina), 

potentiostat and current amplifier (Keithley Instruments, Solon, OH), was used to apply a triangular 

waveform (scanning from -0.4 to +1.3 to -0.4) at 400 V/s, at an initial scan rate of 60 Hz for 15-20 

min (allowing the electrode to equilibrate), then 10 Hz for all recordings.  

 

Dopamine was electrically evoked using a stimulus isolator (made in-house) to deliver a series of 

biphasic, 2 ms, 60 Hz pulses. Stimulations were administered as a series of 2 sec pulse trains along a 

range of 100 – 500 µA. The stimulating electrode was initially lowered to -7.0 mm below dura, at 
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which point the position was slowly optimized by producing brief stimulations (200 µA for 2 sec; 5 

min apart), and lowering by 100-200 µm increments until a robust DA signal was identified. Once 

optimal placements were achieved, all stimulations were conducted at 5 min intervals. After a series 

of stimulations ranging from 100-500 µA at 2 sec durations, cocaine HCl (NIDA) dissolved in sterile 

saline was administered (10 mg/kg, i.p.), and, after 15 min, stimulations were repeated. 

 

After all stimulations were completed, rats were immediately decapitated, brains quickly excised and 

flash frozen in liquid nitrogen, and stored at -80° C. Carbon fiber electrodes were immediately 

soaked in 70% EtOH and post-calibrated as previously described when possible, and individual 

calibration factors were used to convert DA currents to dopamine concentration estimates.  

 

Data analysis and statistics 

Reuptake kinetics were analyzed using GraphPad Prism (GraphPad Prism, La Jolla, CA). We 

modeled reuptake kinetics of the DAT by fitting a plateau followed by one-phase decay model (Y = 

IF( X<X0, Y0, Plateau+(Y0-Plateau)*exp(-K*(X-X0)))) to the falling phase of the curve (peak until 3 

sec after stimulation) after subtracting from moment-of-stimulation baselines (thus all data are deltas 

from baseline). The one-phase decay model generates the time constant tau, which is a reliable and 

recommended measure of DA uptake [50]. Due to dramatic differences in amplitude between pre- 

and post-cocaine stimulations, pre- and post-cocaine stimulations were analyzed separately but 

otherwise identically. Because the rate of reuptake is dependent on the amplitude of the evoked 

signal, we employed a range of stimulation intensities (from 100-500 µA) in order to maximize the 

likelihood of finding similar peak amplitudes across all samples. Using the stimulation parameters 

that generated the most similar peak amplitudes, we further controlled for variation in peak amplitude 

by constraining the peak (Yo) to be shared across all groups, allowing us to isolate differences in 

decay. High individual variability precluded fitting the function directly to individual data points, 
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thus it was fit to group means, with no weighting. Goodness-of-fit was confirmed using R square (all 

groups�≥ 0.99), and normality of residuals assessed with D'Agostino & Pearson omnibus K2 

normality test (all groups passed) [51].  

 

To evaluate DAT-mediated reuptake kinetics, we used nonlinear curve fitting on pre- and post-

cocaine traces to generate the time constant tau, reported as means ± 99% confidence intervals. 

Confidence intervals describe the probability that the true value of interest is within a given range 

[52]. Values above or below the confidence interval’s upper and lower limit (respectively) are not 

excluded, but improbable, with the degree of improbability increasing proportionally to distance 

from the mean. Non-overlapping confidence intervals represent two significantly different samples, 

while overlapping confidence intervals are generally considered to represent samples that may not be 

significantly different [52]. 

 

We then conducted ANOVAs (diet x drug) for pre-cocaine peak amplitude, weight change, and food 

consumption. Analyses were deemed significant when p < 0.05. Where significant effects were 

identified, independent samples t-tests were performed [53,54]. All data, unless otherwise noted, are 

presented as means ± SEM. 

 

Results 

 

Dopamine signal decay  

As described above (in Data Analysis and Statistics), dopamine traces from the peak amplitude after 

stimulation to 3 sec after peak were fit to a non-linear model using a plateau followed by one phase 

decay exponential function. These data are descriptively shown in Fig. 4. 
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Tau: Quantifying rate of decay 

To evaluate DAT-mediated reuptake kinetics, we used nonlinear curve fitting on pre- and post-

cocaine traces to generate the time constant tau, reported as means ± 99% confidence intervals (Fig. 

5B and 5C). Prior to cocaine administration, Fructose rats demonstrated significantly slower 

Figure 4. Dopamine From 
Peak Amplitude After 
Stimulation to 3 sec After 
Peak.  

A & B. Dopamine 
concentration estimates (µM; 
normalized to the moment of 
stimulation), before (A) and 
after (B) 10 mg/kg (i.p.) 
cocaine (Means + SEM).  

C & D. Nonlinear curves 
representing the fitted decay 
model before (C) and after 
(D) i.p. cocaine. 
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dopamine reuptake than Controls or either pioglitazone-treated group, while Fruc-PGZ rats displayed 

the most rapid dopamine reuptake, with significantly smaller tau values than any other group (Fig. 

5A). After 10 mg/kg cocaine, Control rats displayed significantly slower dopamine reuptake than 

Fructose or Con-PGZ rats (Fig. 5B). 

 

These data suggest that Fructose rats displayed prolonged DAT-mediated dopamine reuptake, 

consistent with a disruption in DAT function or expression. Rats fed the same fructose diet 

supplemented with pioglitazone (group Fruc-PGZ) did not show this same deficit in dopamine 

reuptake, and displayed, unexpectedly, more efficient reuptake than Controls. Further, Controls were 

most affected by a cocaine challenge, displaying the most prolonged dopamine reuptake. Fructose 

and Con-PGZ rats displayed faster dopamine reuptake than Controls. 

 

Peak amplitude 

We evaluated peak amplitude after a 2 sec, 200 µA 

stimulation for changes in evoked dopamine release 

(Fig. 5C). An ANOVA on peak amplitude (diet x drug) 

failed to reveal a significant effect of diet (p = 0.89), 

drug (p = 0.71), nor an interaction between these 

factors (p = 0.86), suggesting any diet or drug effects 

were isolated to dopamine reuptake, not release. 

 

Changes in body weight 

We evaluated differences in weight change and food 

consumption (Fig. 6). An ANOVA (diet x drug) of the 

Figure 6. Changes in Body Weight and Food 
Consumption. (A) Rats on the control diets increased 
their body weight more than rats on the fructose diet. (B) 
There was no difference in average daily food 
consumption. (Means ± SEM)  
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weight gained (expressed as a percentage of initial weight; Fig. 6A) revealed a significant effect of 

diet (F1,50 = 4.73, p = 0.03), where Fructose rats gained less weight than Controls. There was no 

effect of drug (p = 0.45), and no diet x drug interaction (p = 0.98). An ANOVA (diet x drug; Fig. 6B) 

of average food consumed per day failed to reveal an effect of diet (p = 0.978), or drug (p = 0.159), 

but did suggest a (nonsignificant) trend towards an interaction between these factors (p = 0.070).  

 

Experiment 4. A high-fructose diet disrupts incentive motivation for food rewards 

 

Methods 

 

Subjects and apparatus 

Subjects were 40 male Sprague-Dawley rats approximately 8 weeks old, weighing approximately 

262.48 g ± 1.41 SEM at the start of the experiment. During pre-training, rats were food restricted to 

85% of their free-feeding body weight. Body weight and diet consumption were measured every 

other day. All behavioral training and testing occurred in identical sound- and light-attenuating 

operant chambers (Med Associates, St. Albans, VT). Each chamber was equipped with a house light, 

retractable lever, clicker, white noise generator, and food cup delivering food pellets (Bioserv, 

Flemington, NJ).  

 

Behavioral training 

Rats were given 10 days of instrumental training with the levers continuously extended, where each 

session lasted 30 min, or until 30 food pellets were earned. Reinforcement schedules were gradually 

shifted over days from continuous reinforcement (CRF; each press = 1 food pellet) to random-

interval (RI) 45 sec, where each press after 45 sec earned a food pellet (CRF = 3 days, RI 5 sec = 1 

day, RI 10 sec = 1 day, RI 20 sec = 1 day, RI 30 = 1 day, RI 45 sec = 3 days). After this, rats were 
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then given 8 days of Pavlovian conditioning. Each session consisted of the presentation of one of two 

auditory cues (CS+; either click or whitenoise, counterbalanced) for 2 min, during which they would 

receive food pellets delivered on a variable 30 sec interval schedule. Each session consisted of 10 

trials, and each trial was separated by a variable 3 min inter-trial interval (ITI). 

 

Diet 

Following Pavlovian training, rats were divided as in Experiment 3 into either: Control, Fructose, 

Control + pioglitazone (Con-PGZ), and Fructose + pioglitazone (Fruc-PGZ) and fed the assigned diet 

ad libitum for 4 weeks. Diets were identical to those described in Experiment 3. After the diet 

exposure phase, rats were returned to moderate food restriction, where they were given ad libitum 

access to their experimental diets for only 2 hrs per day. This protocol was used to ensure motivation 

to work for food. 

 

Retraining and PIT testing 

Rats were given two days of behavioral retraining, consisting of 1 day of instrumental retraining 

using a RI 45 sec schedule of reinforcement (identical to the last day of instrumental training) and 1 

day of Pavlovian conditioning. The Pavlovian conditioning retraining session was conducted in two 

sessions separated by approximately 2 hrs. The first session was identical to the regular initial 

Pavlovian conditioning sessions, except rats were presented with a novel auditory sound (CSo; click 

or whitenoise) not previously used, which would not be paired with any pellet delivery. The second 

session was identical to the initial conditioning sessions, i.e., the same CS+ stimulus was used and 

paired with reward. 

 

Rats were given one PIT test, conducted in extinction (i.e., no food pellets were delivered to avoid 

any new learning). The PIT test began with 15 minutes of instrumental extinction, in order to 
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suppress response rates, thereby facilitating detection of the PIT effect. After this, rats began the cued 

phase of the test, where rats were presented with each of the auditory cues (CS+ and CSo) 4 times, 

presented in an ABBA design. Cues were presented for a fixed 2 min duration, and separated by a 

fixed 6 min ITI. 

 

Biochemical analysis  

At the end of the experiment rats, rats were food deprived 8-10 hours, briefly anesthetized with 

isoflurane and decapitated. Brains were rapidly removed, flash frozen in liquid nitrogen and stored at 

-80° C for future analysis. Trunk blood was collected (400 µl) and mixed with 60 µl 10% EDTA and 

centrifuged at 2000 rpm for 20 min at 4° C. Samples were processed by an outside laboratory for 

glucose and triglyceride content. Data are normalized to Control values. 

 

Data analysis and statistics 

Data were analyzed with SPSS (IBM, Armonk, NY). Lever presses and food cup entries were 

converted to elevation scores, where baseline was considered the 1 min period immediately 

preceding the cue period. Because each cue was presented for 2 min, scores were halved to get a per 

minute average (to account for the use of a 1 min baseline). Scores were then converted to the ratio 

of responding during the CS+ versus the CSo (CS / (CS+ + CSo). Food cup entries were transformed 

identically. Differences in CS responding were analyzed via rmANOVA (cue x diet x drug), and total 

food cup entries were included as a covariate in the analysis of lever presses, and vice versa, to 

control for response competition. Effects were considered significant when p < 0.05. Independent 

and paired samples t-tests were performed for select a priori planned comparisons, using the Holm 

correction procedure for multiple comparisons [53,54]. All data are presented as means ± SEM. 
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Results 

 

PIT testing 

Lever pressing: To determine the impact of fructose and pioglitazone exposure on incentive 

motivation for a food reward, we examined lever-pressing during the PIT test. A rmANOVA (cue x 

diet x drug) on lever presses revealed a significant main effect of the cue (F1,35 = 7.01, p = 0.01), a 

significant cue x diet interaction (F1,35 = 5.37, p = 0.13), a significant 3-way interaction (F1,35 = 4.22, 

p = 0.047), but failed to reveal a significant cue x drug interaction (p = 0.23) (Fig. 7A). There were 

no significant main effects of diet or drug (all p’s > 0.25). Paired t-tests (CS+ versus CSo) revealed a 

significant increase in lever pressing in response to the CS+ versus the CSo in Controls (t9 = 5.46, p < 

0.001), Con-PGZ (t9 = 3.93, p = 0.003), and Fruc-PGZ (t9 = 6.40, p < 0.001), but not in Fructose rats 

(p = 0.34).  

 

Food cup entries: An identical analysis of food cup entries failed to reveal a significant effect of cue 

(p = 0.97), but did reveal a significant cue x diet interaction (F1,35 = 4.82, p = 0.04), a significant cue 

x drug interaction (F1,35 = 5.51, p = 0.03), but failed to reveal a three-way interaction (p = 0.33) (Fig. 

7B). Paired t-tests failed to reveal a significant increase in food cup entries in response to the CS+ 

Figure 7. Pavlovian-to-Instrumental Transfer Test. Lever presses (A) and food cup entries (B) during the CS+ and CSo, 
expressed as the ratio between CS+ and CSo responding. Fructose rats increased lever pressing in response to both cues. 
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versus the CSo in any group (Controls: p = 0.99; Fructose: p = 0.25; Con-PGZ: p = 0.06; Fruc-PGZ: p 

=  0.79), though there was a trend towards significance in the Con-PGZ group. 

 

Biochemical analysis  

To determine whether pioglitazone treatment would 

restore insulin sensitivity in fructose-exposed rats, we 

analyzed blood glucose and triglycerides using the 

TyG index of insulin resistance. A two-way ANOVA 

(diet x drug) of insulin resistance revealed significant 

main effects of diet (F1,36 = 22.89, p < 0.001) and drug (F1,36 = 7.52, p < 0.01), but no significant 

interaction (p = 0.169) (Fig. 8). We conducted a priori planned comparisons between Controls versus 

Fructose, Controls versus Fruc-PGZ, and Fructose versus Fruc-PGZ, therefore used Holm-corrected 

alpha levels for a family of three comparisons. These t-tests revealed that Fructose rats were more 

insulin resistant than Controls (t18 = 4.57, p < 0.001), while simultaneous treatment with pioglitazone 

reduced the severity of insulin resistance (t18 = 3.00, p < 0.01). However, simultaneous treatment of 

Fructose rats with pioglitazone was not sufficient to fully restore insulin levels to those seen in 

Controls (t18 = 2.20, p = 0.04). 

 

Experiment 5. A high-fructose diet increases dopamine release during a PIT test 

 

Methods 

 

All behavioral procedures in Exp. 4 were identical to those described in Exp. 3 with exceptions noted 

below.  
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Subjects and apparatus 

Subjects were male Sprague-Dawley rats (n = 29, controls = 14, fructose = 15) approximately 6 

weeks old, weighing approximately 194.82 g ± 1.77 SEM at the start of the experiment.  

 

Behavioral training 

Behavioral training was identical to Exp. 3, with the exception that Pavlovian conditioning was 

conducted first, followed by the instrumental training phase. Instrumental training was conducted in 

8 days, with CRF only on Day 1 before gradually increasing the response contingency each day until 

RI 45 sec, where they remained for the last three days, as in Experiment 4. 

 

Electrode fabrication 

Carbon fiber microelectrodes were manufactured and pre-calibrated in house. A single carbon fiber 

(grade 34-700; Goodfellow Corp, Coraopolis, PA) was inserted into a fused silica tubing (12 mm 

long, 90 µm wide; Polymicro Technologies). On one end of the electrode, the carbon fiber was pulled 

through Devcon two-component epoxy (ITW Performance Polymers, Glenview, IL), sealing one end 

of the silica tubing while leaving a short length of fiber protruding. Conductive silver epoxy (MG 

Chemicals, B.C. Canada) was used at the other end of the electrode to connect the carbon fiber to a 

connector pin to permit future recordings. After curing, this silver epoxy was sealed with Devcon 

two-component epoxy to insulate and secure the connections. Prior to calibration, the exposed carbon 

fiber was trimmed to 100-200 µm. Electrodes were calibrated in a custom-made flow cell with 0.25, 

0.5, 1, and 5 µm dopamine standards in phosphate-buffered saline.  

 

Reference electrodes were constructed by trimming a silver wire to 0.5 cm and securing it to a 

connector pin with conductive silver epoxy (MG Chemicals, B.C. Canada). After curing, the 

connection was insulated with Devcon two-component epoxy (ITW Performance Polymers, 
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Glenview, IL). Prior to surgery, reference electrodes were soaked in 6% bleach for 10-20 hrs. 

Immediately prior to surgery, reference electrodes were rinsed with water, dipped in 2% nafion 

solution, and allowed to dry before implantation. 

 

Diet and surgery 

After the last day of instrumental training, rats were divided into either Fructose or Control groups, 

and fed their assigned diet ad libitum for 4 weeks. The day after beginning the ad libitum phase, 

electrodes were surgically implanted to allow in-vivo dopamine monitoring. Rats were anesthetized 

with isoflurane (5% induction, 1.5-2.5% maintenance) and prepared for aseptic surgery, during 

which they were chronically implanted with a precalibrated carbon fiber microelectrode aimed at the 

nucleus accumbens core (AP: +1.8 mm, ML: +1.4 mm, relative to bregma, and 6.5 mm below 

dura) and an Ag/AgCl reference electrode in the contralateral cortex. Both electrodes were affixed to 

the skull with dental cement. Rats were singly housed following surgery. 

 

Behavioral retraining  

Following the diet exposure phase, rats were returned to moderate food restriction, where they were 

given 15 g of their respective diets per day. After 1 day of moderate food restriction, rats began 

behavioral retraining in operant boxes equipped with fast-scan cyclic voltammetry (FSCV) 

monitoring equipment, which ensured habituation to the final testing environment. Retraining 

consisted of 3 days of instrumental retraining using a RI 45 sec schedule of reinforcement (identical 

to the last day of instrumental training), where in the first session rats were untethered, but in all 

subsequent retraining and testing sessions rats were tethered to the voltammetric recording 

equipment. The Pavlovian conditioning sessions were conducted in two sessions in one day 

(separated by 2-3 hrs): session 1 consisted of a novel auditory sound (CSo; click or whitenoise) not 
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previously used, that would not be paired with any pellet delivery. Session 2 was conducted 

identically to initial CS+ conditioning sessions during initial conditioning.  

 

Dopamine detection with fast-scan cyclic voltammetry 

On the day of the PIT test, rats were tethered to FSCV recording equipment via an electrical swivel 

(Crist Instruments, Hagerstown, MD). A custom-made voltammetric potentiostat was used to apply a 

triangular waveform (−0.4 V to +1.3 V at 400 V/s; scan rate of 10 Hz) to the carbon fiber 

microelectrode through a head-mounted amplifier. Dopamine at the electrode surface undergoes 

oxidation and reduction reactions at approximately +0.65 V and −0.2 V, respectively. Using 

background subtraction, these changes in current reveal the distinct dopamine cyclic voltammogram 

signature that characterizes dopamine detection. Individual day-of-testing reference offsets were used 

to account for reference electrode degradation over time, and to bring the dopamine oxidation 

reaction to occur between +0.65 –  +0.75. Random, unpredicted delivery of 3 food pellets was used 

to confirm appropriate offsets and dopamine detection prior to beginning testing. If dopamine 

detection was unsuccessful or unclear, rats were returned to their homecages and retested 2-3 days 

later. Principal component regression analysis (Tar Heel CV software) of the voltammetric data was 

used to distinguish DA currents from those arising from other electroactive species. When dopamine 

was successfully detected in response to a pellet probe, behavioral testing was initiated after allowing 

the background current to stabilize (∼30–60 min).  

 

Pavlovian-to-instrumental transfer testing 

All PIT tests were conducted between 35 and 42 days post surgery. On test day, rats were tethered 

and the electrode allowed to equilibrate for 30-60 min. The reference electrode offset was adjusted 
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such that dopamine oxidation in response to a unsignaled pellet delivery occurred between +0.65 – 

+0.75. After this, rats were given one PIT test identical to that described in Experiment 4.  

 

Electrode placement verification 

After behavioral testing, rats were deeply anesthetized with isoflurane until unconscious. A custom-

made lesion maker was used to apply a 30-45 sec current to the working electrode in order to provide 

a lesion, facilitating electrode placement verification. Rats were subsequently decapitated, brains 

excised and placed in fixing solution (10% formalin, 30% sucrose), stored at 4° C until slicing at 50 

µm thickness. Slices were mounted on glass slides and stained with cresyl violet. Light microscopy 

was  used  to  examine  electrode  placement  in  the  nucleus  accumbens. 

 

Data analysis and statistics 

Behavioral analysis: Lever presses and food cup entries were analyzed with SPSS (IBM, Armonk, 

NY), as elevations ratios from the average baseline responding (CS / (pre-CS + CS), where baseline 

was considered the 1 min period immediately preceding the cue period. Because each cue was 

presented for 2 min, scores were halved to get a per-minute average (to account for the use of a 1 min 

baseline). Responding during the CS+ and CSo was analyzed via rmANOVA. Due to the extensive 

equilibration required on test day (30-60 min), responding when tethered extinguishes quickly, thus 

we analyzed only the first two presentations of each CS. All data, unless otherwise noted, are 

presented as means + SEM. 

 

Neurochemical analysis: To quantify changes in oxidation current over time, we used background 

subtraction from 1 sec before each cue presentation and 4 sec before each lever press. Chemometric 

analysis using Tar Heel CV software was used to isolate changes in current as a result of dopamine 

redox reactions from those resulting from other electroactive species. The training set used for 
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chemometric analysis included cycling voltammograms representing various intensities of in vivo 

dopamine, pH currents, and background drift. Peri-event (± 5 sec) current data were converted to 

dopamine concentration estimates using individual pre-implant calibration factors (average 

calibration factor: Controls, 33.17 nM/nA ± 4.49 SEM; Fructose, 31.38 nM/nA ± 4.27 SEM), and 

normalized to the moment of CS onset and 3 sec before lever presses. Because of the long time 

course involved in testing (i.e., 30-60 min of pre-test calibration, and a 1 hr test), subject engagement 

with the task was greater in the beginning of the PIT test. Therefore, we restricted our neurochemical 

analysis to the first two presentations of each CS (averaged). Dopamine traces were then plotted in 

GraphPad Prism, from which area under the curve (AUC) and maximum (peak) amplitude were 

calculated. AUC was calculated from the moment of CS onset to 4 sec post-onset, or 3 seconds 

before a lever press to 4 sec after a lever press. To identify meaningful increases in dopamine from 

random fluctuations, peaks defined by fewer than 4 adjacent points were ignored, as were peaks less 

than 5% of the distance from the minimum to maximum peak. 

AUC and peak dopamine concentration were calculated for 

each individual trace. For each of these two measures, each 

variable (CS onset and lever presses during each CS) was 

analyzed as an rmANOVA, and, if significant, followed by a 

priori CS+ versus CSo paired t-tests for each diet group.  

 

Results 

 

PIT testing 

To determine the impact of fructose exposure on incentive 

motivation for a food reward, we examined lever presses during 

Figure 9. Pavlovian-to-Instrumental 
Transfer Test. Lever presses (A) and food 
cup entries (B) during the CS+ and CSo, 
expressed as the elevation ratio from 
baseline. Fructose rats increased lever 
pressing in response to both cues. 
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the first four cue presentations of the PIT test (two trials each of the CS+ and CSo). A rmANOVA 

(cue x diet) on lever presses (Fig. 9A) revealed a significant main effect of the cue (F1,27 = 9.30, p < 

0.01), and a significant cue x diet interaction (F1,27 = 5.80, p = 0.02), but no significant effect of diet 

(p = 0.71). Paired t-tests revealed a significant increase in lever pressing for the CS+ versus the CSo 

only in Controls (t13 = 4.25, p < 0.01), but not in Fructose rats (p = 0.68). An identical analysis of 

food cup entries (Fig. 9B) revealed a significant main effect of cue (F1,27 = 38.92, p < 0.001), but no 

interaction with diet (p = 0.14), nor a main effect of diet (p = 0.58).  

 

Neurochemical analysis 

To determine the impact of fructose exposure on dopamine release in the nucleus accumbens, we 

plotted traces around CS onsets and lever presses during the CS+ and CSo (Fig. 10). We then 

examined area under the curve (AUC) and peak amplitude for these two variables (CS onsets and 

CS+

onset
5 sec-2 sec

5 nM

Controls

Fructose

CSo

onset
5 sec-2 sec

5 nM

Controls
Fructose

-0.40 V 1.30 V

0.25 nA

Controls
Fructose

-0.40 V 1.30 V

0.25 nA

Controls
Fructose

-0.40 V 1.30 V

0.25 nA

Controls
Fructose

-0.40 V 1.30 V

0.25 nA

Lever Press 
During CS+

5 sec-4 sec

5 nM

Controls

Fructose

Lever Press 
During CSo

5 sec-4 sec

5 nM

Figure 10. Dopamine 
Concentration Traces 
During a PIT Test. CS 
onset includes the first two 
presentations of each trial, 
averaged. Lever presses are 
the first two presses during 
each of the first two CS 
trials (averaged).  Means + 
SEM (shaded area). 
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lever presses during the CSs) during the first 

four cue presentations of the PIT test (two trials 

each of the CS+ and CSo). See Table 2 for 

statistics. 

 

CS onset: A (cue x diet) rmANOVA of AUC 

(Fig. 11A) revealed a significant effect of cue 

(F1, 27 = 7.85, p < 0.01), a significant interaction 

(F1, 27 = 4.67, p < 0.04), but failed to reveal an 

effect of diet (p = 0.50). A priori paired t-tests 

(CS+ versus CSo) for each diet group revealed a 

significant difference in Controls (t27 = 3.45, p < 

0.01), but not in Fructose rats (p = 0.65). An 

identical analysis for peak amplitude (Fig. 11B) 

revealed a significant effect of cue (F1, 27 = 8.06, 

p < 0.01), a significant interaction (F1, 27 = 4.70, 

p < 0.04), but failed to reveal an effect of diet (p 

= 0.36). A priori paired t-tests (CS+ versus CSo) for each diet group revealed a significant difference 

in Controls (t27 = 3.48, p < 0.01), but not in Fructose rats (p = 0.63). 

Table 2. Neurochemical Analysis   
CS Onset df F Sig. 
AUC (rmANOVA)    

Cue 27 7.85 < 0.01 
Diet   0.50 ns 
Cue x Diet 27 4.67 < 0.04 
    

Peak Amplitude (rmANOVA)    
Cue 27 8.06 < 0.01 
Diet   0.36 ns 
Cue x Diet 27 4.70 < 0.04 
    

Paired t-tests df t Sig. 
AUC    

Controls 27 3.45 0.0019 
Fructose   0.65 ns 

Peak Amplitude    
Controls 27 3.48 0.0017 
Fructose   0.63 ns 

    
Lever Presses During CSs df F Sig. 
AUC (rmANOVA)    

Cue 27 6.87 < 0.05 
Diet   0.31 ns 
Cue x Diet   0.55 ns 
    

Peak Amplitude (rmANOVA)    
Cue   0.26 ns 
Diet   0.38 ns 
Cue x Diet   0.68 ns 
    

Paired t-tests df t Sig. 
AUC    

Controls   0.03 ns 
Fructose   0.16 ns 

Peak Amplitude    
Controls   0.29 ns 
Fructose   0.60 ns 
    

Non-significant comparisons are italicized and presented 
for reader benefit. 
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Lever presses during each CS: Identical analyses were conducted for lever presses during the CSs. A 

(cue x diet) rmANOVA of AUC (Fig. 12A) revealed a significant effect of cue (F1, 27 = 6.87, p < 

0.05), but failed to reveal an effect of diet (p = 0.50) or interaction (p = 0.55). An identical analysis 

for peak amplitude (Fig. 12B) failed to reveal an effect of cue (p = 0.26), diet (p = 0.38), nor an 

interaction (p = 0.68).  

  

Placement verification 

Electrode placements were verified by light 

microscopy. Placements falling outside the nucleus 

accumbens resulted in removal from the experiment 

(n = 3) (Fig. 13). 

 
 
Discussion  
 

 We report that a high fructose diet can increase reward-seeking and potentiate phasic dopamine 

release in response to reward-paired and neutral environmental cues. Further, this diet also resulted in 

decreased insulin signaling in the ventral midbrain, decreased membrane-bound DAT in the nucleus 

accumbens, and prolonged dopamine signaling in the ventral striatum. Our results suggest that 

 
Bregma'+1.70'
mm'

 

Figure 13. Electrode Placements for Individual Rats. 
All placements are between +2.00 and +1.40 mm AP 
from bregma. Reprint from Paxinos & Watson [115].  
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disrupted insulin sensitivity may potentiate maladaptive reward-seeking behavior via dysregulation 

of the DAT. Notably, dopamine reuptake and reward seeking were normalized with simultaneous 

pioglitazone administration, further implicating insulin dysfunction in our reported deficits. 

Moreover, we report these changes in the absence of obesity, a frequent confound in studies 

examining the effects of diet on neurochemistry and behavior. 

 

A high-fructose diet drives indiscriminate salience attribution 

Previous reports that neuronal insulin is positively associated with DAT translocation to the 

membrane and function led to the prediction that neuronal insulin resistance would downregulate 

DAT activity, increase extracellular dopamine, and potentiate cue-invigorated reward-seeking as a 

result of increased dopamine sensitization during exposure to reward-paired cues. We initially 

expected greater magnitude of CS+-invigorated reward-seeking and phasic dopamine release in our 

fructose-exposed rats, but instead report such events in response to both reward-paired and otherwise 

“neutral” cues. Indeed, our fructose-exposed rats demonstrated increased behavioral and 

dopaminergic responsivity to “neutral” cues. Their indiscriminate lever pressing suggests an 

increased susceptibility to the excitatory and motivational effects of environmental cues, including 

generalizing to those that are similar to, but distinct from, those previously paired with reward. While 

the neutral cue was never explicitly paired with a reward, it was still presented in a similar 

environment: the CSo session occurred in identical operant boxes under the same handling 

procedures to the CS+. Importantly, in our last experiment, the fructose group checked the food cup 

more during the reward-paired cue than during the neutral cue, suggesting an intact capacity to 

distinguishing between the cues.  

 

Our fructose-exposed rats appeared to overgeneralize the excitatory response-invigorating effects of 

the CS+ to the seemingly neutral CSo stimulus. Although the CSo was never directly paired with 
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reward, it may have acquired (or been attributed) latent motivational properties due to it perceptual 

similarity to the CS+, or through its second-order relationship with reward, in that it was presented in 

a context strongly associated with food reward. Regardless, it is not uncommon for “neutral” or 

ambiguous cues to acquire incentive motivational properties. For instance, previous studies have 

shown that cues that are presented in a random fashion with respect to food reward can still acquire 

the ability to stimulate food-seeking behavior [56]. Similarly, cues that signal the cancelation of food 

access acquire the ability to potentiate feeding [57], even though such a relationship might be 

expected to support inhibitory rather than excitatory learning. Although the CSo stimulus used in the 

current experiment did not elicit an excessive motivational influence over reward seeking in our 

control rats, fructose exposure appeared to expose this underlying motivational influence, either 

through over-attribution of incentive salience to the CSo, or through a nonspecific reduction in the 

motivational threshold for the instigation of reward-seeking behavior.  

 

Dopamine sensitization drives incentive salience for “neutral” cues 

The maladaptive CSo-invigorated reward seeking seen in our fructose-exposed rats may result from 

sensitized mesolimbic dopamine transmission arising from increased dopamine signaling due to 

deficits in dopamine reuptake. The capacity of environmental cues to become meaningful, salient and 

“wanted” is thought to rely on sensitization of the mesolimbic dopamine region [26,58,59]. The 

theory of incentive motivation [29] has been championed primarily as an explanation for how 

psychostimulant drugs come to readily promote craving and relapse, an explanation which maps well 

onto “food addiction.” Psychostimulants and food rewards share the ability to promote striatal 

dopamine release, the repeated synaptic and extracellular presence of which is thought to expedite 

associative learning between drug effects and environmental cues (e.g., drug paraphernalia, the 

smells and sight of favorite foods). Over time, “incentive salience” is attributed to the mental 

representations of such cues associated with activation of the dopamine system, causing them to 
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become attractive and “wanted.” While our fructose-exposed rats did not have multiple experiences 

with the CSo over days (as they did with the CS+), one session after the development of insulin 

resistance may have been sufficient to cause the attribution of salience to a stimulus only loosely 

associated with reward (i.e., presented in a context known to provide food rewards). Conditions that 

support robust PIT effects, such as the optimal PIT paradigm employed here or psychostimulant 

sensitization [26], are associated with large dopamine release events time locked to salient events 

such as bouts of enthusiastic lever pressing and cue onsets [25,26]. That our fructose-exposed rats 

demonstrated this same effect in response to our neutral cue (Fig. 11A) indicates they may have 

attributed excessive salience and meaning to this stimulus. Interestingly, dopamine neurons will fire 

in response to stimuli known to the subject to explicitly not predict a reward, but to a lesser degree 

than firing in response to cues that do, suggesting dopamine neurons may support stimulus 

generalization [60–63]. Indeed, this is consistent with our in-vivo FSCV data suggesting fructose-

exposed rats may have generalized reward-paired representations of the CS+ to the CSo.  

 

As discussed above, striatal dopamine is thought to promote associative learning between rewards 

and the stimuli that predict them. In our fructose rats, increased mesolimbic dopamine transmission 

as a result of downregulated reuptake may have promoted associative learning about the distal events 

that predict food reward in the operant chamber. Recent evidence from in-vivo voltammetry suggests 

that, with learning, dopamine concentrations begin to rise increasingly early in an action-sequence 

task, backpropogating away from reward delivery to the most distal cue [64]. Our fructose-exposed 

rats may have experienced such an effect, associating the chamber itself, and any auditory cue 

therein, with reward. Our results in Figures 9A and 11A fit well with such data: while our fructose-

exposed rats do not show increased CS+-evoked dopamine and reward seeking above and beyond that 

of controls, the indiscriminant nature of these effects is consistent with a hyperactive associative 

learning system, attributing salience to cues in the environment only loosely paired with food. 
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Indeed, access to sucrose (of which fructose is a component), above and beyond “regular” foods, has 

been shown to activate the mesolimbic reward system: sucrose consumption will repeatedly release 

dopamine in the nucleus accumbens shell [65,66], alter the expression [67] and availability [68] of 

dopamine receptors, and facilitate behavioral and locomotor sensitization to a dopamine agonist [69–

71] (and vice versa [72]), effects thought to result from increases in extracellular dopamine in the 

nucleus accumbens [65,66,73]. A recent study also found that insulin, released in response to a 

caloric load such as sucrose, potentiates striatal dopamine release and can function independently as 

a reward signal [74]. This further supports our hypothesis that such dietary interventions may impact 

the dopaminergic systems involved in learning about and responding to reward-paired cues [75–78]. 

Importantly, dopamine sensitization as a result of repeated sucrose-induced dopamine release may 

occur acutely as a result of the tastant’s orosensory components, not due to post-ingestive, metabolic 

processes, as even sucrose sham feeding promotes dopamine release [66,79]. To our knowledge, 

these effects have not been tested using fructose (one of two saccharides in sucrose), but if the effects 

are due to the orosensory component of sweetness [66,79], we would anticipate similar results, as 

fructose has been shown to be similarly palatable [80], and both fructose and sucrose are capable of 

eliciting consummatory behavior based on their orosensory components alone, independent of their 

postingestive effects [81]. 

 

Insulin resistance alters DAT’s ability to promote dopamine reuptake 

We report fructose-induced disruptions in DAT-mediated reuptake, likely due to decreased DAT 

availability at the membrane. Extracellular dopamine transmission is terminated by rapid dopamine 

reuptake into presynaptic terminals by the DAT [82,83]. Indeed, the powerful reinforcing properties 

of psychostimulants come largely from their ability to block the DAT, thereby indirectly functioning 

as dopamine agonists [84,85]. Recently, insulin has been indicted as a positive regulator of the DAT, 
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increasing DAT mRNA [15,21], DAT’s presence at the membrane [16,19], and functional activity 

[17,86,87]. Conversely, decreasing insulin by fasting [21,22] downregulates DAT activity. Here, we 

show that our high-fructose diet not only induces neuronal insulin resistance in the ventral midbrain 

(Fig. 1), but also decreases the proportion of DAT at the synaptosomal membrane-associated fraction 

relative to that measured in the endosomal fraction (Fig. 3B). Our predicted downstream 

consequence is that reported in Figure 5A: a decrease in DAT’s functional effects, as evidenced by 

slower dopamine reuptake. While other mechanisms also contribute to extracellular dopamine 

clearance (i.e., enzyme degradation), the DAT is overwhelmingly the primary mechanism 

responsible for terminating dopamine signaling after phasic release events [82,83], such as those 

during reward seeking or the presentation of reward-paired cues. Insulin-resistance-driven 

internalization of the DAT thus appeared to result in slower reuptake in the ventral striatum, where 

dopamine signaling encodes the salience of reward paired cues and reward associated actions [26]. 

Further, administration of cocaine, a powerful DAT blocker, dramatically increased dopamine 

availability and delayed dopamine reuptake in control rats, but had a modest effect prolonging 

dopamine reuptake in fructose-exposed rats, suggesting decreased availability of DATs on which 

cocaine could act. This is consistent with reports that a high-fat diet can reduce the cocaine-

potentiating effects on dopamine [88], though whether or not this effect occurred as a result of insulin 

resistance was not tested. 

 

Notably, the simultaneous administration of the diabetes-treatment drug pioglitazone, an insulin 

receptor sensitizer [46], rescued this deficit, normalizing dopamine reuptake similar to that seen in 

controls, and partially restoring cocaine’s ability to potentiate and prolong extracellular dopamine 

transmission. Specifically, pioglitazone administration in the fructose-exposed rats appeared to 

initially prolong dopamine transmission after cocaine exposure, suggesting increased DAT 

availability on which cocaine could act, but with a rapid recovery of transporter function, i.e., DAT 
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appeared to be initially impaired, but dopamine levels quickly decreased to below those seen in 

controls. Interestingly, administration of pioglitazone alone (i.e., in the absence of the high-fructose 

diet) resulted in minimal changes to reuptake after cocaine, suggesting either decreased DAT 

availability altogether or, more likely, increased DAT availability and functionality after cocaine. It 

is possible that pioglitazone administration in the absence of insulin resistance upregulated DAT 

expression and function beyond normal homeostatic levels, thus “supercharging” reuptake capacity 

of the DAT.  

 

Pioglitazone is a PPARγ agonist in the family of thiazolidinediones, which are known to increase 

sensitivity of the insulin receptor and restore neuronal insulin signaling in the presence of insulin 

resistance [89]. Thiazolidinediones have been shown to interact with the nigrostriatal dopamine 

system, mitigating the cognitive impairments induced by MPTP models of Parkinson’s disease 

[90,91]. Importantly, insulin dysfunction is also implicated in Parkinson’s disease [92,93], offering 

further evidence for insulin-dopamine interaction, but also obfuscating whether thiazolidinediones 

act primarily via insulin or another mechanism. More generally, PPARγ agonists have been shown to 

block the expression of locomotor sensitization to methamphetamine [94], reduce reinstatement of 

alcohol-seeking [95] and decrease nicotine self-administration [96] in animal models. However, 

whether these reports or our effects of pioglitazone on dopamine reuptake occur primarily via 

insulin’s effect on DAT or an insulin-independent mechanism remains unclear, and is beyond the 

scope of the present studies.  

 

Fructose causes insulin resistance independent of weight gain 

Our fructose exposure produced quantifiable deficits in insulin signaling in as little as 3 weeks (Fig. 

1), consistent with other reports [33]. While diet-induced peripheral insulin resistance is well 

documented to occur as a result of diets high in either fat [97,98], carbohydrates [99] or both [100], 
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increasing attention has investigated such effects in the brain; indeed, neuronal insulin resistance has 

been shown after a high-fat [98] and high-fructose [9] diet, consistent with our data. Neuronal insulin 

resistance, a relatively novel subject of investigation, has been implicated in cognitive impairments 

[97], especially on hippocampal-dependent memory tasks [101], but, to our knowledge, these data 

are the first to report its effects on reward seeking. 

 

Diets capable of inducing insulin resistance frequently result in other metabolic changes, such as 

weight gain and obesity [102,103], factors associated with cognitive changes such as deficits in 

executive function [104], spatial learning [105] and memory [106]. Recent reports suggest that 

weight gain also impacts the dopamine system: weight gain is inversely related to striatal D2 receptor 

levels in rats [107] and availability in humans [108], a deficit rescued after weight loss from gastric 

bypass surgery [109]. An advantage of our model is the induction of insulin resistance in the absence 

of any weight gain, allowing us to isolate diet-induced insulin resistance as a driving factor. 

Importantly, recent work has demonstrated the development of type 2 diabetes in human populations 

to be largely a product of weight gain, as obesogenic diets can rapidly decrease insulin receptor 

sensitivity [74,110], resulting in the term “diabesity” to emphasize their comorbidity [102]. Given 

their interconnected nature, fully dissecting the effects of diet, obesity and insulin resistance on 

neurochemistry and behavior have proved difficult. Importantly, our fructose rats tended to gain 

significantly less weight than their control-fed counterparts (Fig. 3A & 6A), thus we cannot rule out 

other potential downstream consequences of inadequate weight gain, or their interactions with our 

measures. 

 

Importantly, the mechanisms of fructose-induced insulin resistance are thought to differ from that 

experienced in typical diet-induced type 2 diabetes: typically, over-consumption of refined, high-

carbohydrate diets induce repeated insulin release, eventually causing a downregulation of insulin 
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receptor sensitivity [111]. Because fructose is metabolized overwhelmingly by the liver, it has a 

minimal impact on acute peripheral insulin release, and instead increases lipogenesis and triglyceride 

synthesis [37]. It is through increased triglyceride synthesis and lipogenesis that fructose is thought to 

result in insulin resistance, though precise mechanisms are unclear. We hypothesize that our results 

would generalize to insulin resistance generated by other means, such as a Western diet or 

streptozotocin treatment (which destroys insulin-producing Beta cells of the pancreas), and are not 

isolated to fructose exposure alone. Further, the effects of dopamine sensitization as a result of the 

hedonic effects of fructose on the orosensory feeding system cannot be completely discounted, and 

may have independently played a role in sensitizing dopamine signaling. 

 

Summary 

In conclusion, our findings outline a potential mechanism for diet-induced insulin dysregulation in 

promoting maladaptive reward seeking. Such a mechanism would be consistent with many reports 

that obesity (a condition highly comorbid with insulin resistance) [88,112,113] and decreased insulin 

signaling [22,23] result in downregulated DAT-mediated reuptake. We report that insulin resistance 

appears to invigorate reward-seeking in response to environmental stimuli, which may contribute to a 

vicious cycle: insulin resistance might promote more reward seeking and taking (i.e., food 

consumption), which may further contribute to insulin resistance, and so on. Given preliminary 

evidence that PPARγ agonists can reduce drug seeking and self-administration in animal models 

[94,114], such drugs may be useful in reducing cue-driven overeating, even in the absence of type 2 

diabetes. 
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The global food supply is quickly shifting to a Westernized diet – cheap, processed foods are 

readily available in developed and developing countries more than ever before [reviewed in 1]. 

Heavily implicated in the global obesity epidemic, many of these contemporary “convenience” 

and pre-packaged foods are not only extremely cheap to procure, they exploit our innate 

preferences for sugars, salts, and fats [2] potentiating cravings and continued consumption in 

vulnerable individuals, long past the point of satiety [3]. Obesity is both a negative health 

outcome on its own, and a risk factor for other metabolic disorders [4] such as type 2 diabetes, 

whose comorbidity is highlighted by the term “diabesity” [5].  Disordered insulin signaling (such 

as that seen in type 2 diabetes) has been shown to impact the mesolimbic dopamine system [6,7], 

which is, in turn, implicated in maladaptive reward seeking [8]. 

 

The experiments described herein attempt to understand how poor quality diets can bias behavior 

towards maladaptive reward seeking. In Aim 1 (Chapters 2 and 3), we examined the behavioral 

consequences of a varied, palatable junk food diet on incentive motivation and decision-making. 

In Aim 2 (Chapter 4), we examined the behavioral and neurochemical consequences of diet-

induced insulin resistance.  

 

Junk Food Disrupts the Appropriate Use Of External Cues And Incentive Motivation 

 

The experiments in Chapter 2 explore how junk food might disrupt the use of external cues to 

guide reward seeking in the absence of homeostatic need (i.e., in the sated state), akin to the 

compulsive and maladaptive overeating common in our contemporary food environment. In 

these experiments, we used the PIT paradigm and licking microstructure analysis to examine 
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how junk food might alter reward wanting and liking. We found that junk food-exposed rats 

showed altered reward seeking and liking, and that the specific effect depends on the pattern of 

feeding (i.e., ad libitum versus intermittent). Specifically, we found that ad libitum junk food 

exposure resulted in decreased responsiveness to reward-paired cues, while intermittent junk 

food exposure potentiated reward seeking in response to cues only loosely paired with reward. 

Interestingly, in Chapter 3, these two feeding protocols did not differ in their effects on decision-

making tasks that required the use of external and interoceptive satiety cues to guide reward-

seeking, where both junk food groups showed an inability to 1) adjust responding away from a 

devalued outcome, and 2) use environmental cues to guide reward seeking. This suggests that 

perhaps decision-making and incentive motivation are differentially affected by junk food-

induced neuroadaptations.  

 

Behavioral parallels between drug and food addiction 

In these experiments, we see strong parallels to the drug addiction literature, as junk food is 

capable of increasing incentive motivation and disrupting decision-making, like many drugs of 

abuse [9–12]. Many argue that diet-induced obesity may be a product of “food addiction,” which 

they contend should be considered a brain disorder like drug addiction, and included as a 

diagnostic category in the DSM [13,14]. Certainly, the pleasure obtained from eating palatable 

foods can be a powerful force driving overconsumption. When given a choice, rats will choose a 

calorie-free sweet solution over a cocaine reward [15], suggesting the drive for food can be 

comparable to, if not greater than, that for drugs. Further, sated rats will subject themselves to 

such aversive stimuli as extreme cold or footshock in order to obtain palatable food items (i.e., 

chocolate, candies, etc.) even when given the option of regular lab chow without aversive 
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stimulation [16,17]. Thus, even when not hungry, rats appear very driven and motivated to 

procure palatable foods, even subjecting themselves to discomfort and pain. Drug addicts show 

great motivation to procure their drug of choice, even in the face of negative consequences (e.g., 

threat of job or family loss, etc.). Compulsive overeaters (resulting in obesity or not) also 

continue to eat despite expressed desires to limit consumption and knowledge of negative 

consequences such as negative health problems and social criticism [18]. Many obese overeaters 

are so unsuccessful at reducing their consumption they undergo invasive bariatric surgery in an 

attempt to control their weight [19], yet are often unable to limit eating despite subsequent 

decreased subjective ratings of hunger [20]. This suggests that maladaptive and compulsive 

overeating shares with drug addiction a loss of inhibitory control over behavior, along with 

habitual and compulsive consumption despite knowledge of the negative health and social 

consequences.  

 

Restricted access models drive addiction-like behaviors, while extended access models are 

associated with anhedonia 

Importantly, maladaptive overeating as a behavioral disorder is complex in its etiology and 

clinical presentation, with clear distinctions between binge eating disorder and general 

overeating that can lead to obesity [13,21]. For some individuals, overeating is a steady, perhaps 

habitual action characterized by frequent snacking and large portion sizes of poor quality foods 

[22]. For others, it can be compulsive and driven, characterized by food binges and marked 

distress about overeating, as in the case of binge eating disorder [23]. Animal models of food 

addiction have sought to address these differences by using restricted versus extended access to 

palatable foods, such as in our experiments in Chapters 2 and 3.  
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Animal models of binge feeding report the development of addiction-like behaviors: escalation 

of intake [24], resistance to foot-shock as punishment [17], increased motivation to work for the 

reward [25,26] and withdrawal-induced anxiety [27]. Sucrose binging, in particular, appears to 

promote neuroadaptations that support cross-sensitization with other drugs of abuse. For 

instance, binge, but not extended, sucrose access results in increased psychostimulant-induced 

hyperactivity [28,29] (and vice versa [30]) and increased alcohol consumption [31]. Sucrose-

binging rats also show naloxone-precipitated somatic signs of withdrawal such as teeth 

chattering, forepaw tremor, head shakes [32]. Abrupt cessation from regular, intermittent sucrose 

results in other signs of withdrawal such as decreased body temperature [33] and aggressive 

behavior [34].  

 

Conversely, rats with extended access to palatable foods may be anhedonic, as demonstrated by 

decreased conditioned place preference for amphetamine [35], decreased ethanol consumption 

[36], decreased motivation to work for food on a progressive ratio task [37], and decreased 

incentive motivation and food seeking (Chapter 2). In contrast, increased reward seeking on 

some tasks may indicate an attempt to compensate for downregulated baseline hedonic tone, not 

unlike the mechanism proposed by the hedonic allostasis hypothesis [38]. Indeed, rats with a 

history of extended access to intravenous cocaine self-administration appear anhedonic and 

demonstrate increased ICSS (intracranial self-stimulation) thresholds (thought to reflect an 

underactive reward system), the intensity of which is proportional to the amount of cocaine they 

had consumed [39,40]. Further, rats with extended heroin access show similar decreases in 

sensitivity to rewards (reflected by increased ICSS thresholds), while rats with restricted access 
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show increased sensitivity to rewards (i.e., lowered ICSS thresholds) [41]. Likewise, using a 

similar ad libitum feeding protocol to that reported in Chapters 2 and 3, Johnson and Kenny [42] 

found reward hypofunction (as measured by increased ICSS thresholds) in rats chronically 

exposed to a junk food diet, but not in those fed intermittently. Blum and colleagues coined the 

term “reward deficiency syndrome” to describe a pattern of impulsive, compulsive and 

addiction-like reward seeking behaviors, suggesting that compulsive reward-seeking (for either 

drugs or food) may be due to a deficiency in baseline activation of mesolimbic reward circuits 

(reviewed in [43]). By this hypothesis, overeating and drug taking may be means by which the 

reward system is stimulated to reach a threshold that, for other people, is considered normal.  

 

Taken together, these interpretations may initially appear contradictory, but likely represent 

differences in task, measured outcomes, and exposure timeline. Specifically, such results may 

reflect a complex, non-linear relationship between hedonia and reward seeking across time (Fig. 

1): initially, exposure to experiences that stimulate the reward system (e.g., feeding, initial drug 

use) will quickly (but temporarily) downregulate reward circuitry, as reward satiety mechanisms 

Figure 1. Effects of 
Chronic Reward 
Exposure. (A) With initial 
use, reward mechanisms 
are only temporarily 
downregulated. (B) With 
chronic reward exposure, 
reward mechanisms are 
persistently 
downregulated, resulting in 
decreased reward 
experience. As a result, 
behavioral compensations 
can manifest as either 
increased reward seeking 
in an attempt to normalize 
reward experience, or 
decreased reward seeking, 
as a result of reward 
hypofunction and 
anhedonia. 
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attempt to limit consumption (Fig. 1A). Such a mechanism makes intuitive sense: if you have 

just eaten, brain mechanisms supporting food seeking and craving should be downregulated in 

order to focus your attention elsewhere. Conversely, chronic, continued reward exposure (e.g., 

chronic overeating, potentially resulting in weight gain, or extended drug abuse; Fig. 1B) that 

persistently downregulates reward mechanisms may result in lasting neuroadaptations that 

reduce the hedonic response to rewards and the motivational impact of their predictors, in an 

effort to further limit consumption. This may, in turn, result in either increased reward seeking in 

an attempt to restore homeostasis to an altered, chronically downregulated reward system, or 

decreased reward seeking, due to anhedonia. It is possible that our ad libitum-fed rats from 

Chapter 2 fall somewhere along this continuum, experiencing prolonged downregulation of 

reward mechanisms, such as D2 receptor downregulation (discussed extensively below in 

Potential mechanisms driving junk food-induced neuroadaptations), and consequently reward 

hypofunction and anhedonia. Importantly, we found decreased reward liking suggestive of 

anhedonia only among ad libitum-fed rats that gained the most weight (Chapter 2, Figure 4), 

where they consistently had lower liking scores on both measures. This may also explain the 

decreased food (Chapter 2 supplement, Figure 5) and SCM (Chapter 3, Figure 2) consumption in 

ad libitum-exposed rats, where they consistently consumed less than other groups. Whether the 

conflicting reports of increased and decreased reward seeking after chronic reward exposure 

(Fig. 1B) occur sequentially along a timeline of exposure, or concurrently as a result of different 

measures across assays is unclear. 

 

Interestingly, our data from Chapter 3 failed to demonstrate significant differences at test 

between the intermittent and ad libitum access feeding paradigms, results that may appear to 
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contradict those from Chapter 2. While these results remain unclear, this discrepancy is likely 

due to the different task under investigation, i.e., incentive motivation was evaluated in Chapter 

2, versus decision-making in Chapter 3. These assays recruit from different brain regions: 

incentive motivation is overwhelmingly controlled by subcortical structures in mesolimbic 

regions [44], while decision-making is thought to be primarily regulated by cortical structures 

[45]. It is possible that pattern of access to junk food diets simply has differential, circuit-specific 

effects, and may not be as consequential on tasks recruiting from cortical structures, thus such 

potential differences warrant further inquiry. 

 

Potential mechanisms driving junk food-induced neuroadaptations 

While food and fluid intake is heavily regulated by survival needs and energy homeostasis, 

actual ingestive behavior is also influenced by both innate and learned food preferences and 

aversions. Animals have innate preferences for foods that signal efficient energy sources, such as 

high fat, high sugar, and high calorie foods. Similarly, they can learn to prefer foods, flavors, 

smells, and textures associated with these innate qualities, or those that become associated with 

positive postingestive effects, termed flavor-nutrient learning (discussed in detail in Chapter 3). 

The impact of junk foods on the brain may begin with sensory systems that project to regions 

mediating palatability and involved in learning about caloric and nutrient value. Food 

characteristics are processed by well-defined areas in the hind- and mid-brain, and synthesized 

with affective responses in subcortical and mesolimbic areas [46,47]. Affective food ‘liking’ 

responses as a result of sensory processing (i.e., the flavors, tastes, and textures) are heavily 

mediated by opioid signaling in subcortical mesolimbic areas [48,49], the intermittent or chronic 
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activation of which may result in hypersensitivity or apathy, respectively, to food-paired cues 

capable of driving reward-seeking. 

 

Palatable foods activate the mesolimbic dopamine system 

Activation of the rostral nucleus of the solitary tract as a result of a food’s orosensory qualities 

potentiates glutamatergic afferents to the parabrachial nucleus (PBN) [50,51]. The PBN projects 

sensory information directly to the ventral tegmental area (VTA), engaging the nucleus 

accumbens (NAc) and subsequent areas involved in processing reward value and associated 

stimuli (e.g., mPFC, central amygdala (CeA)) [52,53]. Further, activation of the PBN, a known 

enkephalin ‘hotspot’ [54], might then activate a second circuit, driving enkephalin-mediated 

signaling on mu opioid receptors in the CeA and decreasing CeA activity [55,56]. As a result, 

GABAergic projections from the CeA to the VTA would be disinhibited, removing the ‘brake’ 

on VTA activity. Removing inhibitory control from the VTA activates dopaminergic projections 

to the NAc. By these two circuits, palatable foods can quickly and effectively engage mesolimbic 

dopamine systems.  

 

Importantly, foods can induce NAc dopamine release independent of taste or flavor stimulation, 

relying instead on post-prandial and postingestive effects of different foods. Using knockout 

mice unable to taste sweetness, sucrose intake produced a significant increase in NAc dopamine, 

independent of taste [57]. Further, when tested with a non-caloric sucralose solution, wildtypes 

showed a larger dopamine increase vs. knockouts, but this difference disappeared when sucrose 

was used [57], i.e., caloric, sweet solutions evoked the same amount of dopamine release in 

wildtypes and knockout mice, but a non-caloric sweet solution evoked dopamine release only in 
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wildtypes that were able to taste the sweetness. This suggests that taste and palatability can 

induce mesolimbic dopamine activation, but are not required: dopamine signaling can occur 

simply in response to postingestive processes and nutrient availability, thereby signaling salient 

stimuli or reward (i.e., flavor-nutrient learning). Such postingestive signals might engage the 

mesolimbic dopamine system via insulin signaling [6], which is released in response to caloric 

availability [58].  

 

Like drugs of abuse, intermittent access to a variety of palatable foods promotes mesolimbic 

dopamine signaling, and may, with repetition, sensitize brain areas and circuitry associated with 

taste, food and reward. If such dopamine signaling were repeatedly paired with specific contexts 

and cues, these neural systems could become sensitized, pathologically amplifying the excitatory 

and motivational effects of these cues, and driving food seeking, consistent with the incentive 

sensitization hypothesis of addiction [59]. Interestingly, like drug addicts, obese individuals that 

report craving food more do not report an increase in food ‘liking’ compared to healthy-weight 

controls [60], suggesting a similar dissociation between areas modulating ‘wanting’ versus 

‘liking.’ Further, activation of the PBN’s enkephalinergic projections via palatable foods could 

result in an opioid-induced downregulation of satiety systems, via the dysregulation of oxytocin 

and melanocortin signaling in the hypothalamus [61] thereby further stimulating feeding. Thus, 

continuous intermittent exposure to junk foods, like that described in our rats in Chapters 2 and 

3, might sensitize mesolimbic circuitry and dopamine neuron firing, produce a vicious cycle of 

hypersensitivity to food-paired cues capable of driving compulsive food-seeking. 
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Indeed, intermittent sucrose access has been shown to repeatedly release dopamine in the NAc 

shell [62,63] and facilitate locomotor sensitization to a dopamine agonist [28,29,64], further 

suggesting that such dietary interventions may impact the dopaminergic systems involved in 

learning about and responding to reward-paired cues [65–68]. This ability to repeatedly 

potentiate mesolimbic dopamine release is a hallmark effect of all drugs of abuse, as foods 

typically invoke a large dopamine release event, which subsequently fades as the food loses its 

novelty [69]. Regular intermittent access, however, maintains this ability, stimulating dopamine 

release with each binge, an effect not seen after ad libitum access [62]. This repeated activation 

of the mesolimbic dopamine system may have played a role in the hypersensitivity to 

environmental cues seen in our intermittent-fed rats in Chapter 2. Interestingly, dopamine 

neurons will fire not just in response to reward-paired cues, but also in response to familiar 

stimuli non-predictive of reward, but to a lesser degree than firing in response to cues predicting 

reward [54,55], suggesting dopamine neurons may support stimulus generalization, consistent 

with the effects seen in our intermittent-exposed rats in Chapters 2 and 3.   

 

Junk food and weight gain are associated with downregulated D2 receptors 

While decreased D2 receptor availability has long been associated with prolonged and extensive 

drug abuse [70,71], a growing body of evidence has recently implicated junk foods, weight gain, 

and obesity in D2 receptor downregulation as well. Human brain imaging studies have reported 

blunted activation of the striatum associated with long-term weight gain, particularly in 

individuals with the Taq A1 allele, which is associated with decreased striatal D2 receptor 

expression [72]. Decreased striatal D2 receptors have also been shown in obese subjects [73], the 

extent of which is proportional to their BMI [74]. Not surprisingly, striatal D2 receptor binding is 
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also decreased in a genetic rat model of obesity [75], and after a junk food diet [76], especially in 

obesity-prone rats [77]. Further, D2 receptor availability is upregulated in individuals with 

anorexia nervosa (37), and after bariatric surgery-induced weight loss (38). In animal models, 

extended junk food exposure capable of inducing weight gain and associated with heightened 

cue-reactivity also downregulated D2 receptor mRNA [78]. In a particularly elegant experiment, 

Johnson and Kenny [42] demonstrated that artificial striatal D2 receptor knockdown almost 

instantaneously increased ICSS thresholds, accelerating the emergence of reward hypofunction 

in rats with extended junk food access, and that such reward hypofunction was positively 

correlated with junk food-induced weight gain. Importantly, diet-induced D2 receptor 

downregulation is also strongly associated with a poor quality diet, not just obesity: not all rats 

with D2 receptor downregulation fed palatable foods display weight gain. For instance, rats fed a 

glucose solution for 30 days did not gain more weight than their controls, but did show a 

decrease in D2 receptor availability [79]. While nearly all rats that do become obese (due to diet 

or genetic factors) show downregulated D2 receptor availability, not all rats that show D2 

receptor availability are obese. These data offer strong support for junk food- and weight gain-

induced changes in D2 receptor function as a likely mechanism for the anhedonia and apathy 

seen in our ad libitum-exposed rats in Chapter 2. 

 

Notably, to our knowledge all studies showing downregulated D2 receptors in the absence of 

obesity have used a single-food feeding model, in which one food is fed continuously for the 

duration of the experiment (i.e., one high-fat or high-sucrose food) [79,80]. Such satiety on one 

food may quickly desensitize reward systems, resulting in a decreased capacity to evoke 

dopamine as the food loses its novelty [69]. Researchers commonly use the term ‘palatable diet’ 
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when referring to a palatable food, but chronic access to the same food repeatedly is not likely to 

be palatable at all. This type of repeated, monotonous exposure is well know to quickly produce 

sensory specific satiety in humans and rats [81,82] which reflects a decrease in both ‘liking’ and 

‘wanting’ [83], and is strongly associated with decreased dopamine signaling in the NAc [84,85]. 

Thus, in these models, it is unclear whether a palatable, varied diet alone can promote these 

neuroadaptations, or whether the results are strictly a product of weight gain or monodiet 

feeding. What remains to be tested is whether a variety of palatable foods, with the potential to 

continuously engage sensory and reward circuitry (e.g., modeling the ‘thanksgiving effect’ 

whereby overeating is easier and food is more rewarding when variety is available), will also 

produce these changes in the absence of weight gain and obesity.  

 

Interestingly, when rats are given access to a high-fat diet and chow versus a high-fat diet only, 

only the rats with a choice showed decreased D2 receptor availability, which, again, was 

associated with significant weight gain [86]. This suggests that, while rats fed a poor quality diet 

with variety might develop downregulated D2 receptors, it is overwhelmingly more likely with 

the onset of obesity or if they were fed one type of food only (i.e., only high-fat, or only high-

sugar pellets). Thus, perhaps decreased D2 receptor availability occurs via two mechanisms: 1) 

the development of an obese phenotype, and 2) chronic mono-feeding of an otherwise palatable 

food. While many studies report decreased D2 receptor availability after ‘palatable’ single-

macronutrient feeding, perhaps this effect results from continuous palatable-food-satiety, not the 

food itself. Regardless, D2 receptor downregulation, whether due to obesity or chronic satiety on 

a single food may alter dopamine signaling sufficiently to further drive overeating, hastening 

insulin resistance and weight gain, resulting in reward hypofunction and further overeating. What 
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is lacking in the literature is evidence of D2 receptor downregulation after ‘cafeteria diet’ style 

junk food feeding in the absence of obesity. Indeed, while our extended access rats in Chapter 2 

tended to gain more weight than their intermittent-fed or chow counterparts, many maintained 

comparable weight to other groups (Chapter 2, Figure 2), yet all appeared to display a behavioral 

phenotype consistent with D2 receptor downregulation. 

 

Junk food-induced mesolimbic neuroadaptations may also disrupt impulse control 

As discussed above, our intermittent and ad libitum junk food-fed rats from Chapter 3 displayed 

similar deficits on assays of decision-making in an outcome devaluation test or cue-guided action 

selection. Both groups displayed an initial insensitivity to outcome devaluation, and an inability 

to adaptively use cues to guide instrumental behavior, similar to the indiscriminate lever pressing 

seen in our intermittently-fed junk food rats from Chapter 2. While one hypothesis for these 

disruptions is altered flavor-nutrient satiety learning (discussed extensively in Chapter 3), an 

alternate explanation may be an increase in impulsive behavior, a key factor in poor decision 

making, where both groups engaged in indiscriminate lever pressing without regard for the 

implications. Indeed, increased impulsivity has been reported after high-fat, high-sugar, and 

palatable diets [87], and can even be passed on to offspring as a result of an “unfavorable 

intrauterine nutritional environment” [88]. A recent study found that junk food-fed rats with 

extended access were more sensitive to D2 receptor antagonism, resulting in increased 

impulsivity at lower doses, suggesting overall D2 receptors downregulation [76]. VTA dopamine 

neurons also project to regions of the prefrontal cortex involved in decision making [89], thus 

any food or weight gain-driven changes to mesolimbic dopamine neurons may also be 

consequential for the mesocortical dopamine system. For instance, reductions in striatal D2 
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receptors are also associated with decreased metabolism in cortical regions associated with 

impulse control and decision making [71,90–92], increased impulsivity [93], and decreased 

GABAergic receptor binding in the striatum [94] and the frontal cortex [93,95].  Finally, 

downregulated D2 receptor-associated impulsivity has long been implicated in an inability to 

abstain from reward seeking in drug abuse [96,97] and compulsive eating [73] disorders, though 

the degree to which impulsivity precedes addiction-like behavior or arises as a result of it remain 

unclear. 

 

Because downregulated D2 receptor availability is most likely to occur after extended junk food 

access or weight gain, it’s less likely that our intermittent-fed rats experienced this particular 

effect to any significant degree (although Bello et al. [98] reports decreased striatal dopamine D2 

binding after intermittent sucrose access). However, binge eating disorder (modeled in our 

experiments by intermittent junk food access) is strongly associated with decreased response 

inhibition and increased impulsivity [99–101], the predisposition to make impulsive, risky 

decisions, and a decreased ability to use feedback appropriately [102]. While trait impulsivity is 

thought to play a causative role in these disorders [103,104], drug use has been shown to 

exacerbate impulsivity and disrupt response inhibition [105], creating a vicious cycle of 

impulsive drug seeking [106]. Given the behavioral and neurochemical similarities between drug 

addiction and binge eating disorder [107], it is possible that an impulsive phenotype may be both 

a product of intermittent palatable feeding, and a driving factor in humans with binge eating 

disorder. The neuromechanisms supporting increased impulsivity after intermittent junk food 

exposure remain unclear, though altered mesolimbic dopamine signaling remains a likely target. 
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A High-Fructose Diet Impairs Brain Insulin Signaling, Dopamine Reuptake, And Incentive 

Motivation 

 

The experiments in Chapter 4 explore how diet-induced insulin resistance might exacerbate 

incentive motivation via disruptions within the dopamine system. Here, we propose a 

mechanistic hypothesis that diet-induced insulin resistance might downregulate dopamine 

transporter (DAT) membrane expression, allowing for an increase in dopamine sensitization in 

response to reward-paired cues, thereby facilitating incentive motivation. We found that rats 

exposed to an insulin-dysregulating diet did not experience increased incentive motivation for a 

reward-paired cue above and beyond that of controls, but instead more frequently for 

environmental stimuli only loosely paired with reward. This insulin-dysregulating diet was also 

associated with potentiated phasic dopamine signaling in response to these “neutral” cues, and 

decreased DAT-mediated reuptake.  

 

Insulin resistance, dopamine signaling, and increased reward seeking: a vicious cycle 

As already discussed in detail, the Westernization of global diets and excessive food 

consumption are strongly implicated in the development of type 2 diabetes [108]. Diets high in 

refined carbohydrates and sugars are well known to induce insulin resistance in the periphery, 

which, given correlated levels of insulin in the peripheral and central nervous systems [109], are 

likely to produce insulin resistance in the brain, as well. Importantly, insulin resistance exists on 

a continuum from insulin insensitivity, to insulin resistance, to pre-diabetes, to the onset of type 

2 diabetes, such that a lack of a type 2 diabetes diagnosis does not rule out some degree of 

insulin signaling impairment. Alterations in insulin signaling have been repeatedly found to 
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impact the dopamine system, though the full significance of these effects remain poorly 

understood. If, consistent with out results from Chapter 4, insulin dysfunction potentiates 

associative learning between rewards and environmental stimuli, then such a consequence might 

further drive a susceptibility to the invigorating effects of reward-paired cues, and the 

consumption of highly palatable, yet poor quality foods, creating a vicious cycle.  

 

While we report these changes using a model of diet-induced insulin resistance, it is possible that 

the early effects of insulin dysregulation prior to a clinical type 2 diabetes diagnosis might 

already be impacting behavior. Indeed, many studies report impacts to insulin signaling, and 

subsequently, mesolimbic dopamine, after manipulations as subtle as fasting and feeding 

[110,111,98]. Importantly, the administration of the insulin-sensitizing drug pioglitazone 

appeared to normalize our reported changes in dopamine reuptake and behavior, and might prove 

useful in the treatment of compulsive eating disorders, even in the absence of a clinical diabetes 

diagnosis. Indeed, PPARγ agonists such as pioglitazone have been shown to reduce 

reinstatement of alcohol-seeking [112] and decrease nicotine self-administration [113] in animal 

models. To our knowledge, such drugs have not been tested in the context of food addiction. 

 

Drug users may be particularly vulnerable to altered insulin metabolism 

Given the similarities between drug and food addiction (described in detail above), it is not 

unreasonable to speculate how diet-induced insulin resistance might also potentiate drug-

seeking. Drug users have notoriously poor diets, diets that are strongly associated with metabolic 

syndrome and the development of insulin resistance. This includes insufficient calorie and 

nutrient consumption, and a preference for (and subsequent excessive consumption of) poor-
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quality snacks and sugars [114–120]. Further, psychostimulant users regularly experience 

periods of anorexia due to appetite-suppressing drug effects [121], which has been shown to 

decrease circulating insulin [122] and downregulate the DAT [110,123]. For these reasons, drug 

users may be particularly vulnerable to the insulin-dopamine interactions reported in Chapter 4. 

 

Further, a number of studies have shown that drug use (tobacco, alcohol, and illicit ‘hard’ drugs 

such as cocaine and methamphetamine) may negatively affect glucose and insulin metabolism. 

Emerging evidence suggests that regular illicit drug use is associated with decreased insulin 

sensitivity [124–127] and may hasten the onset of type 2 diabetes [128]. The pharmacokinetic 

effects of cocaine include increased corticotropin and cortisol concentrations [129,130], which 

increase blood glucose concentrations as well as inhibit pancreatic insulin secretion, activating 

glycogenolysis and gluconeogenesis. By these mechanisms, the net result is increased glucose 

production and decreased glucose clearance, which is a major characteristic of and risk factor for 

insulin resistance and type 2 diabetes [131]. Heroin, too, decreases insulin secretion, resulting in 

hyperglycemia [124], and heroin and methadone addicts appear to have reduced beta-cell 

response to glucose stimulation [124,132]. Limited evidence further incriminates tobacco 

smoking as increasing the risk of developing type 2 diabetes [128,133]. More generally, a history 

of illicit drug use accelerates the age of onset of type 2 diabetes by 6 years, and illicit drug use 

combined with heavy alcohol use was a remarkably strong predictor of early type 2 diabetes 

onset [128]. This effect was so strong the authors suggested perhaps screening patients for drug 

and alcohol misuse as potential risk factors for type 2 diabetes along with traditional factors such 

as family history and obesity [128].  
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Thus, drug use may confer a particular vulnerability to insulin dysregulation via promoting a 

lifestyle of poor diet choices, and via independent drug effects on insulin function. As a result, 

insulin signaling in the brains of many drug users may be sufficiently impaired to impact DAT 

function, despite the absence of a clinical type 2 diabetes diagnosis. If this is the case, our results 

in Chapter 4 may outline another dopamine-mediated mechanism by which drug abuse is 

maintained: by promoting a tendency to associate environmental stimuli with reward, insulin-

impaired drug users may be more susceptible to the invigorating effects of reward-paired cues, 

promoting reward seeking and relapse. 

 

Importantly, methodological complications suggest that research on the interactions of illicit 

drug use and insulin dysfunction in human populations may be incomplete. For instance, most 

research on this subject recruits from populations attending diabetes clinics and receiving 

diabetes monitoring and treatment. Drug users and addicts experience many of the same health 

problems that typify homeless and economically marginalized populations, and receive similarly 

poor access to health care [134–136]. Because illicit drug users are more likely to receive 

diabetes care sporadically from emergency healthcare settings (if at all), and not outpatient 

clinical settings where regular monitoring and maintenance may occur, the heaviest drug users 

(for whom insulin resistance and glycemic control may be the worst) are likely to be omitted 

from many studies [137]. Here, animal models may prove useful in filling these gaps; 

specifically, how and to what extent insulin dysfunction might enhance maladaptive drug 

seeking remains unclear. 
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While only a few studies have directly examined whether or how diabetes enhances a 

vulnerability to tobacco use via increasing dopamine signaling [138,139], to our knowledge none 

have been done for illicit drugs. Given our data from Chapter 4 and the epidemic increase in diet-

induced insulin dysregulation in Westernized societies, how illicit drug users may be particularly 

affected seems rather important, especially considering the cyclical nature of drug abuse, 

withdrawal, and relapse. Insulin dysregulation, even at sub-diabetes thresholds, may impart a 

vulnerability to compulsive drug-taking via its effects on the dopamine system, making 

withdrawal and long term abstinence even more difficult. Overall, the degree to which chronic 

drug users regularly suffer from deficits in insulin signaling, the extent to which drug use and 

diabetes are comorbid, and how insulin dysfunction may promote addition-like behaviors remain 

understudied.  

 

“Addiction transfer:” transference of compulsive reward seeking between drugs and foods 

may exacerbate insulin resistance, and drive compulsive reward seeking 

A further consideration is the phenomenon by which drug addicts [140,141] and tobacco users 

[142–144] in recovery or withdrawal quickly gain weight. It is well known that tobacco users 

gain approximately 6-8 lbs upon quitting smoking [144,145], a weight difference which, over the 

next 10 years, becomes greatly exacerbated in former smokers versus those who never smoked at 

all [146]. This “rebound hyperphagia” is a likely mechanism by which users in recovery attempt 

to stimulate the mesolimbic dopamine reward system that, with abstinence, is no longer being 

stimulated by drug use [140,147], akin to the mechanism proposed by the reward deficiency 

syndrome [43,148]. Since weight gain, obesity and the consumption of poor diets are strongly 

associated with the development of diabetes, it is possible that addicts in recovery are further 
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increasing their risk of becoming insulin resistant, which, via its effects on the dopamine system, 

may exacerbate reward seeking behavior, making abstinence even more difficult.  

 

Further, given the remarkable similarities in behavioral and neurochemical phenotypes for drug 

and food addiction, drug addicts in recovery may find themselves “transferring” their compulsive 

reward seeking to food. This may be a serious health concern given 1) the known comorbidity of 

drug addiction with other compulsive behaviors (such as pathological gambling [149] and 

hypersexual behavior [150]), 2) the behavioral and neurochemical similarities between drug and 

food addiction (discussed above), and 3) the weight gain experienced during recovery [140,141], 

which is strongly associated with insulin dysregulation [5]. Taken together, this suggests a 

predisposition for drug users to replace drug seeking with food seeking, which, when combined 

with increased insulin resistance, potentiates even further compulsive reward seeking and 

vulnerability to relapse or excessive food consumption. Further, a plethora of research 

demonstrates high comorbidity between drug use and eating disorders, particularly binge eating 

and bulimia [151–154], that can occur either concurrently or sequentially over the course of a 

lifetime [155]. While many researchers attribute this to a shared behavioral and genetic etiology 

(i.e., a high impulsivity phenotype or the Taq 1A allele genotype), the precise reason for the high 

comorbidity remains unclear. Thus, there is ample evidence to support a concern for 1) the 

transference of drug to food addiction, and 2) the development or exacerbation of insulin 

dysregulation during recovery, which may impair efforts at abstinence (discussed in [156]). 

 

Interestingly, addiction transfer may be a two-way street. In a follow-up on otherwise successful 

bariatric surgery patients, researchers have found that some patients developed new compulsive 
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disorders, such as alcoholism, gambling or compulsive shopping (reviewed in [43]). This occurs 

even though alcoholism and drug addiction are contraindications for bariatric surgery, strongly 

suggesting that the development of these compulsive behaviors occurred after the surgery, not 

concurrently with overeating [157]. The case of “trading” one addiction for another supports the 

hypothesis that a predisposition to compulsive reward-seeking is not drug specific, and that junk 

food, which is legal and readily available in all Westernized nations, may be just as powerful and 

rewarding. If genetic or trait predispositions (i.e., high trait impulsivity or the Taq 1A allele 

genotype) already support a bias for addictive and compulsive behaviors, diet-induced insulin 

resistance and its downstream effects may further hinder efforts at moderation. 

 

Conclusion 

The classification of compulsive overeating as an addiction disorder remains hotly debated, but 

undoubtedly food and drug addiction share remarkable similarities. Specifically, the 

overconsumption of food or drugs of abuse produce similar deficits in mesolimbic dopamine 

transmission and striatal D2 receptor expression, and the specific patterns of reward exposure 

(i.e., restricted versus extended) may differentially impact these effects. Behaviorally, junk food 

and drug overconsumption can result in compulsive reward seeking, a hypersensitivity to 

reward-paired cues, reward hyposensitivity and anhedonia, and impulsive and poor decision 

making. Obesity is frequently treated as a symptom of food addiction, and is subject to 

behavioral treatment (e.g., therapy) or medical interventions (e.g., bariatric surgeries) when 

attempting “recovery,” paralleling many treatment options used in drug addiction.  
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Importantly, the mechanisms by which diet might contribute to maladaptive drug or food seeking 

remain poorly understood. Growing evidence suggests that insulin resistance, obesity, and 

chronic junk food exposure might exacerbate compulsive reward seeking via several 

mechanisms (e.g., downregulated inhibitory control circuitry, sensitized dopamine and sensory 

systems, increased cue-induced dopamine transmission, downregulated DAT and D2 receptors). 

If these mechanisms can be identified and understood, novel behavioral or pharmacological 

targets for treating food or drug addiction might be developed.  
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