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Abstract

Introduction: Obesity and binge eating disorder are associated with high levels of impulsivity, 

but the causal role of eating and palatable food in these associations is unclear. Studies in rodents 

show that a high-fat diet can increase one aspect of impulsivity (impulsive action); it is less clear, 

however, whether a dissociable aspect of impulsivity (impulsive choice) is similarly affected. 

Hence, the aim of this study was to ascertain whether chronic exposure to a high-fat diet would 

alter impulsive choice.

Methods: Male rats were maintained on either a high-fat or control chow diet for two weeks ad 
libitum. They then underwent equi-caloric food restriction for the duration of the experiment, with 

each group maintained on their respective diet. To measure impulsive choice, rats were trained on 

a delay discounting task (DDT) in which they made discrete choices between a lever that delivered 

a small food reward immediately and a lever that delivered a large food reward accompanied by 

systematically increasing delays. Upon reaching stable performance on the DDT, rats were given 

acute systemic injections of amphetamine prior to testing in the DDT to determine whether 

increased monoamine transmission affected impulsive choice differently in the two diet groups. 

Lastly, subjects were tested on a progressive ratio schedule of reinforcement to assess motivation 

for a sucrose reward.

Results: There was no significant effect of the high-fat diet on impulsive choice. Further, 

amphetamine decreased choice of the large, delayed reward (increased impulsive choice) to the 

same extent in both groups. Exposure to the high-fat diet did, however, increase motivation to 

obtain a sucrose reward.
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Conclusions: These experiments reveal that, under conditions that do not promote weight gain, 

a chronic high-fat diet does not affect impulsive choice in a delay discounting task. The data are 

surprising in light of findings showing that this same diet alters impulsive action, and highlight the 

necessity of further research to elucidate relationships between palatable food consumption and 

impulsivity.
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1. Introduction

In a time when over two-thirds of the American population are considered either overweight 

or obese [1], research examining how palatable food affects behavior and the brain has never 

been more important. With the notable exception of anorexia nervosa [2, 3], most food-

related disorders involve the misuse/overconsumption of palatable food. An abundance of 

evidence shows that palatable food shares similarities with addictive substances in that food 

can cause pathological brain changes similar to drugs of abuse [4, 5]. In addition, disordered 

eating shares genetic vulnerabilities with substance use disorder (SUD), including in genes 

related to impulse control and dopamine transmission [4]. This relationship is further 

supported by clinical observations that binge eating disorder (BED) is comorbid with SUD 

[6].

Among the behaviors overlapping between SUDs and food-related disorders, impulsivity is 

of particular importance due to its centrality in both psychiatric diseases. Impulsivity is a 

multifaceted trait that can be separated into impulsive action and impulsive choice. Whereas 

impulsive action involves the inability to withhold a prepotent motor response, impulsive 

choice refers to the inability to delay short-term gratification in favor of larger, but later 

rewards [7]. Although these two aspects of impulsivity are considered to be largely 

independent of one another, with distinct although overlapping neural substrates [8-12], 

there is some evidence that in clinical populations, such as those diagnosed with gambling 

disorder, these two facets of impulsivity not only correlate with the severity of the disorder, 

but also with one another [13-15]. Further, both facets of impulsivity contribute to the 

development of and persistence of SUDs, with impulsive action being associated more with 

development of substance dependence and impulsive choice promoting continued use and 

relapse [16]. A well-established finding in human subjects is that individuals with SUDs 

discount delayed rewards at a steeper rate than controls [i.e., display greater impulsive 

choice; 17, 18-20, but see 21, 22, 23 for more nuanced views of associations between 

mpulsive choice and adverse life conditions] and tend to show deficits in response inhibition 

[i.e., display greater impulsive action; 24, 25-27]. Moreover, in rodent models, cocaine 

exposure (either passively or self-administered) can both cause [28-32] and be predicted by 

greater impulsive choice [33-37]. Similar to SUDs, impulsive action predicts “food 

addiction” in obese individuals, as categorized by the Yale Food Addiction Scale 2.0 [38]. In 

addition, obese patients with BED have higher rates of impulsive action [39] and higher 

rates of impulsive choice [40] compared to obese patients without BED. Relatively less is 

known, however, about the relationship between impulsivity and palatable food independent 
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of the effects of binge eating or extreme weight gain. In particular, it is not clear whether 

heightened impulsivity is a consequence of chronic palatable food intake and/or a marker of 

vulnerability to food-related disorders.

Findings in rodent models have provided initial insight into understanding this relationship. 

For example, in one study assessing the relationship between individual differences in 

impulsive action and the motivation for and consumption of palatable food, rats exhibiting 

more impulsive action ate more palatable food, displayed greater motivation for palatable 

food, and showed heightened compulsive eating when compared to less impulsive rats [41]. 

This suggests that high levels of impulsivity may confer vulnerability to the development of 

pathological eating behavior. Other studies show that rats selectively bred for high levels of 

saccharine intake display greater impulsive choice [42] and that chronic exposure to a high-

fat diet increases impulsive action [43]. More recently, others have demonstrated that a diet 

high in either sugar or fat increases choice of smaller rewards delivered after short delays 

over larger rewards delivered after a long delay [44, 45], providing initial evidence that 

chronic exposure to palatable food can increase impulsive choice. The increase in impulsive 

choice in these studies, however, was accompanied by coincident increases in body weight 

in rats exposed to the high-fat diet; hence, it is not clear whether the chronic exposure to the 

high-fat diet itself caused the increase in impulsive choice or whether the behavioral changes 

were a result of body weight gain either in addition to or independent of diet exposure.

The objective of the current study was to therefore determine whether a diet high in fat, 

independent of weight gain, alters impulsive choice in a delay discounting task in which rats 

choose between a small, immediate food reward and a large reward that is preceded by 

systematically increasing delays. We hypothesized that chronic exposure to a high-fat diet 

would cause an increase in impulsive choice in a manner similar to drugs of abuse such as 

cocaine [46]. To test this hypothesis, we used the same diet manipulations employed by 

Adams et al. [43] that caused increases in impulsive action without significant weight gain to 

determine whether this diet would also increase impulsive choice.

2. Methods

2.1 Subjects

Sixteen adult male Long-Evans rats (270-300 g upon arrival; Charles River Laboratories, 

Raleigh, NC) were single housed and kept on a 12-h light/dark cycle (lights on at 7:00AM) 

with ad libitum access to water. One animal was excluded from the experiment due to failure 

to learn the delay discounting task, leaving final group sizes of n=7 rats in the high-fat diet 

group and n=8 rats in the control diet group. Animal procedures were conducted in 

accordance with the University of Florida’s Institutional Animal Care and Use Committee 

and guidelines set forth by the National Institutes of Health.

2.2 Diets and Food Administration

The diets and feeding procedures followed those used by Adams et al. (2015). The high-fat 

diet (HFD) was kept refrigerated at all times except when in use to prolong its integrity 

(Research Diets; D12492; 5.2 kcal/g; % of calories: 20% protein, 20% carbohydrates, 60% 
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fat). The control diet (CON) was kept at room temperature (Research Diets; D12450J; 3.8 

kcal/g; % of calories: 20% protein, 70% carbohydrates, 10% fat). The nutritional 

consistency of the CON diet was equivalent to that of the food reinforcers in the task. Both 

diets contained a small but equivalent amount of sucrose. For the free-feeding phase, rats 

were exposed to their respective diets ad libitum in their home cages for 14 days. Every day 

at 10:00AM, both the rats and the remaining food in the cages were weighed. Food intake 

was calculated by subtracting the current day’s food weight from the previous day’s food 

weight. After 14 days, rats were food restricted to 48 kcal/d of their respective diets (i.e., 

high-fat or control diet) to increase motivation for task performance (note that rats also 

received additional calories in the form of the reinforcers used in the behavioral tasks). Rats 

were always fed immediately after each behavioral test session.

2.3 Behavioral Apparatus

The delay discounting task was conducted in 8 standard operant chambers (30.5 cm x 25.4 

cm x 30.5 cm; Coulbourn Instruments), which were housed in sound-attenuating cabinets. 

Each chamber had two retractable levers located 11 cm above the floor. A food trough, 

through which food reinforcers were delivered, was located between the two levers and 2 cm 

from the floor. The reinforcers in the task consisted of 45 mg soy-free pellets (Test Diet, 

AIN-76A, 5TUL) with a nutritional consistency (3.44 kcal/g; % of calories: 20.6% protein, 

12.7% fat, 66.7% carbohydrates) distinct from that of the high-fat diet. The flooring 

consisted of stainless-steel rods with a catch pan underneath. The food trough was 

illuminated with a 1.12 W lamp and outfitted with a photobeam to detect nosepoke entries. 

Another 1.12 W house lamp was mounted on the rear of the cabinet, but was only 

illuminated during specific events that corresponded with food delivery. Locomotion was 

monitored using a sensor positioned on the ceiling of the operant chamber. This sensor 

contained an array of infrared (body heat) detectors, which were focused throughout the 

entire chamber. Movement was defined as a change of infrared energy on the detectors and 

measured in arbitrary units. Operant chambers were interfaced with computers running 

Graphic State 3.0 software (Coulbourn Instruments), which controlled task events and 

collected data. The chambers were cleaned with dilute chlorhexidine solution between 

successive rats.

The progressive ratio schedule of reinforcement was conducted in a different set of test 

chambers (Coulbourn Instruments) located in a separate room from that used for the delay 

discounting task. These chambers were identical in design to those used in the delay 

discounting task, except that instead of two retractable levers, there were two nosepokes, 

each equipped with green lights that illuminated their interiors. A liquid dipper was located 

in a trough between the nosepokes and was used to deliver sucrose rewards. Panels, floors, 

house lights, and software were otherwise identical to those used in the delay discounting 

task.

2.4 Behavioral Procedures

2.4.1 Overview of Experimental Design.—The timeline of experiments is presented 

in Figure 1. The free-feeding phase lasted 14 days, after which rats were food restricted but 

maintained on their respective high-fat or control diets. Rats were shaped to perform the 
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different components of the delay discounting task (10 days) and were then trained in a 

delay discounting task with a fixed delay block design [47]. In this task, rats chose between 

1 food pellet delivered immediately and 2 food pellets delivered after various delays 

(hereafter referred to as the 2:1 delay discounting task or DDT). After 35 days, rats reached 

performance stability (see Data Analyses for definition). Rats were then transitioned to a 

delay discounting task in which the reward magnitude increased from 2 vs. 1 food pellets to 

4 vs. 1 food pellets. Rats were trained in this delay discounting task (hereafter referred to as 

the 4:1 delay discounting task or DDT) for 18 days, at which point performance was stable. 

Rats then received acute systemic injections of amphetamine prior to testing in the 4:1 DDT 

across eight days, including washout test sessions. After the last washout day, rats were 

shaped and tested in a progressive ratio schedule of reinforcement task for six days.

2.4.2 Shaping for Delay Discounting.—Detailed shaping procedures for the delay 

discounting task have been previously described [31, 32, 48, 49]. Briefly, rats underwent one 

session of magazine training, in which a single food pellet (45 mg) was delivered every 100 

± 40 s over a 64 min session. This session allowed rats to learn the association between the 

food trough and food delivery and collection. In the next phase of shaping, rats were trained 

to press one of the levers (left or right, counterbalanced across conditions) for a single food 

pellet. Once rats reached 50 lever presses in a single 30 min session, they were trained on the 

opposite lever until they met the same criterion. Finally, rats learned to nosepoke upon food 

trough illumination to trigger extension of one of the levers. The order of lever extensions 

was pseudorandomly determined such that the same lever was never presented more than 

twice in consecutive trials. A lever press resulted in delivery of a single food pellet reward. 

Criterion for passing this final stage of shaping was 30 presses on each lever in a 60 min 

session.

2.4.3 Delay Discounting Task.—The delay discounting task (DDT) was conducted as 

previously described [31, 32, 48, 49]. Testing occurred between 0730 and 1000 (30 to 180 

min into the light phase). Sessions were 60 min in duration and consisted of five blocks, 

each of which contained twelve 60-s trials. At the start of each trial, the house and food 

trough light were illuminated, prompting the rats to nosepoke. If rats did not nosepoke in the 

trough within 10 s, the trial was scored as an omission. If rats nosepoked, both the house 

light and the trough light were extinguished and either one lever (forced choice trials) or 

both levers (free choice trials) were extended. If rats failed to lever press within 10 s of lever 

extension, the trial was scored as an omission. The two forced choice trials (one for each 

lever) always appeared at the start of each block and were used to remind the rats of the 

delay contingencies in effect for that block. A press on one lever resulted in immediate 

delivery of a small reward (a single food pellet), whereas a press on the other resulted in 

delivery of a large reward (2 or 4 pellets depending on the DDT version) after a delay 

period, the duration of which systematically increased across the five successive blocks (0, 

4, 8, 16, and 32 s). The forced choice trials were followed by 10 free choice trials, in which 

both levers were extended and rats were free to choose between them. Upon a lever press, 

the lever was retracted, the food trough light was illuminated, and food was delivered (either 

immediately or after the variable delays). The location (left vs. right) of the small and large 

reward levers was counterbalanced across groups, but the lever identities remained constant 
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for an individual rat across the entire experiment. During the 2:1 DDT, the large reward 

consisted of 2 pellets and the small reward consisted of 1 pellet. During the 4:1 DDT, the 

large reward was increased to 4 pellets while the small reward remained at 1 pellet.

2.4.4 Progressive Ratio Schedule of Reinforcement.—These sessions occurred at 

the same time of day as the delay discounting sessions described above (0730-1000). Rats 

were first shaped using a fixed ratio (FR) schedule of reinforcement, in which a nosepoke in 

the illuminated (active) port resulted in delivery of 40 μl of a 20% sucrose solution. Reward 

delivery was accompanied by a 10-s tone and illumination of the trough light. To advance to 

the progressive ratio (PR) reinforcement schedule, rats were required to nosepoke over 100 

times in two consecutive 30-min FR1 sessions. In the PR schedule of reinforcement, the 

number of nosepokes required for reward delivery increased in a geometric progression. 

This resulted in the sequence 1, 4, 10, 20, 35, 56, 84, 120, 165, etc. (N = r(r + 1)(r + 2)
6 , where 

N is the number of nosepokes required to earn a reward r and where r is the ordinal number 

of the reward; for example, for the second reward, r = 2; for the third reward, r = 3). The 

session ended when 20 min had elapsed since the last reward delivery. The reward, tone, and 

light presentation were the same as those presented in the FR sessions.

2.5 Amphetamine Administration

D-amphetamine sulfate (0.3, 1.0 and 1.5 mg/kg; National Institute on Drug Abuse Drug 

Supply Program) was dissolved in 0.9% saline vehicle and administered 15 min before the 

start of 4:1 DDT sessions. Amphetamine was administered via i.p. injection every other day 

using a randomized within-subjects Latin square design [50, 51] such that every rat received 

every dose of amphetamine (and vehicle) in a randomized, counterbalanced fashion.

2.6 Data Analysis

Raw data were compiled using Graphic State 3.0 software and processed with a custom 

macro for Microsoft Excel (Dr. Jonathan Lifshitz, University of Kentucky). After the data 

were extracted with the macro, they were analyzed in Statistical Package for the Social 

Sciences (SPSS) 22.0. For every repeated-measures ANOVA presented, Mauchly’s test of 

sphericity was used to test for violations in sphericity. If sphericity was violated, a Huynh-

Feldt correction was used to determine the p-value. All p-values less than or equal to 0.05 

were considered statistically significant.

2.6.1 Weights and Food Consumption—Rats’ weights were collected daily during 

the free-feeding phase and Mondays, Wednesdays and Fridays during behavioral testing. To 

determine whether weights differed between groups during these time periods, a two-factor 

repeated-measures ANOVA was used, with day as a within-subjects factor and diet group as 

a between-subjects factor.

Food consumption was also measured during the free-feeding phase. There were two 

different dependent variables that were analyzed: grams of food consumed per day and 

kCals consumed per day. Both dependent variables were analyzed using a two-factor 

repeated-measures ANOVA, with day as a within-subjects factor and diet group as a 

between-subjects factor.
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2.6.2 Delay Discounting—The two main dependent variables in the delay discounting 

task were the number of lever presses for the large reward in free choice trials in each delay 

block and the percentage of free choice trials in each delay block on which the rat chose the 

large, delayed reward. To determine whether rats reached stability in the DDT, a repeated-

measures ANOVA was used to analyze choice of the large, delayed reward across five 

consecutive test sessions. Stable performance was defined as the absence of both a main 

effect of day and an interaction between day and delay [52, 53].

A two-factor repeated-measures ANOVA was used to analyze DDT choice performance 

across training, with day and delay as the within-subjects factors and diet group (HFD vs. 

CON) as the between-subjects factor. Due to missing data (e.g., data were not properly 

recorded by the software for several consecutive days), two rats (n = 1, HFD; n = 1, CON) 

were excluded from the analysis of behavior during training in the 2:1 DDT. Stable 

performance in the task (averaged across the five days of stable performance) was also 

analyzed with a two-factor repeated-measures ANOVA. In this analysis, the within-subjects 

factor was delay and the between-subjects factor was diet group. As an additional index of 

choice performance, the area under the curve (AUC) was calculated for individual rats’ 

stable performance in each version of the DDT (2:1 and 4:1). The AUC was calculated using 

a trapezoidal method similar to that proposed by Myerson et al. (2001) and used in other 

studies employing a fixed delay block design [55-57]. Ancillary measures, such as latency to 

press the levers, trial omissions, and locomotor activity, were also analyzed. Latency to press 

the levers was defined as the time between the nosepoke to initiate a trial and a subsequent 

lever press (excluding omitted trials). Only latencies from forced choice trials were analyzed 

so as to minimize confounds of comparative reward values impacting latencies in free choice 

trials [58]. To analyze latencies, a three-factor repeated-measures ANOVA was used, with 

lever identity (small, immediate vs. large, delayed) and delay as within-subjects factors and 

diet group as a between-subjects factor. The percentage of omitted free choice trials was 

compared between diet groups using an unpaired t-test. Locomotor activity during the 

intertrial intervals (ITI) was averaged across the five blocks of trials and compared between 

diet groups using an unpaired t-test.

2.6.3 Amphetamine Administration—A three-factor repeated-measures ANOVA was 

used to analyze the effects of amphetamine on choice behavior, with delay and dose as 

within-subjects factors and diet group as a between-subjects factor. The percentage of 

omitted free choice trials was analyzed using a repeated-measures ANOVA, with dose as a 

within-subjects factor and diet group as a between-subjects factor. Locomotor activity and 

latency to press levers were analyzed in the same way as in the DDT (see section 2.6.2), but 

with dose as an additional within-subjects factor.

2.6.4 Progressive Ratio—A two-factor repeated-measures ANOVA was used to 

analyze number of nosepokes during the six days of PR testing, with diet group as the 

between-subjects factor and day as the within-subjects factor. The numbers of nosepokes in 

the active port were also averaged across the six days of PR testing and compared between 

diet groups with an unpaired samples t-test. The number of nosepokes was used to determine 

the ratio at which rats ceased nosepoking (breakpoint), which was then compared between 
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diet groups using an unpaired samples t-test. Finally, an identical analysis was conducted to 

determine whether there were differences in the number of rewards earned between the diet 

groups.

3. Results

3.1 Body weight and food consumption

3.1.1 Free-feeding phase—Before behavioral testing, subjects underwent 14 days of 

ad libitum exposure to their respective diets. Each day, subjects and the remaining food in 

the cage were weighed in order to calculate food consumption per day. A repeated-measures 

ANOVA revealed that both diet groups gained weight across the 14-day period [Figure 2A; 

day, F (13, 169) = 583.04, p < 0.001]. Although there was only a trend toward a main effect 

of diet group [F (1, 13) = 4.20, p = 0.06], there was a significant day X diet group interaction 

[F (13, 169) = 6.80, p < 0.001], such that the HFD group gained significantly more weight 

than the CON group across successive days. Food consumption was assessed using both the 

amount of food (in grams) consumed per day (Figure 2B) and kCal consumed per day 

(Figure 2C). For both variables, there was a main effect of day [grams consumed, F (13, 

169) = 6.09, p < 0.001; kCal consumed, F (13, 169) = 4.59, p < 0.001], indicating that food 

consumption fluctuated across the ad libitum period in both diet groups. In addition to a 

main effect of diet group on the amount of food consumed [F (1, 13) = 7.76, p = 0.015], 

there was also a significant diet group X day interaction [F (13, 169) = 10.34, p < 0.001], 

confirming that the HFD group consumed significantly less food by weight during the 14-

day period relative to the CON group. With respect to kCal consumed, there was a main 

effect of diet group [F (1, 13) = 15.14, p < 0.001] such that the HFD group consumed more 

kCals compared to the CON group. There was also a diet group X day interaction [F (13, 

169) = 8.99, p < 0.001], which seemed to be driven by changes in kCal intake in both diet 

groups: whereas rats in the HFD group decreased their kCal intake across the first half of the 

ad libitum feeding phase, the CON group increased their kCal intake across this same 

period. These diet-induced changes in kCals, as well as the overall differences in the effect 

of the diets on food consumption and kCal intake, are likely due to the different caloric 

densities of the diets (HFD = 5.2 kcals/g; control = 3.8 kcals/g), with the HFD rats 

consuming less of the calorically dense food and CON rats consuming more of the 

calorically sparse food.

3.1.2 Delay discounting—When subjects’ weights were analyzed across training and 

testing in the 2:1 DDT (Figure 3), there was a trend toward a main effect of diet group [F (1, 

13) = 3.72, p = 0.08] and a main effect of day [F (25, 325) = 8.34, p < 0.001] such that 

weights gradually increased across training in the task, although not differentially between 

diet groups [diet group X day interaction, F (25, 325) = 0.61, p = 0.93]. In the 4:1 DDT, 

there was a similar trend toward a main effect of diet group [F (1, 13) = 3.40, p = 0.09] and a 

main effect of day [F (17, 221) = 132.60, p < 0.01; this gradual increase in weight gain, 

however, did not differ between diet groups [F (17, 221) = 1.22, p = 0.25]. Food 

consumption was not recorded or analyzed as it was under experimenter control throughout 

all behavioral testing.
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3.1.3 Amphetamine administration—A two-factor repeated-measures ANOVA was 

used to analyze subjects’ weights during the regimen of amphetamine administration (Figure 

3D, E). In addition to a lack of a main effect of diet group [F (1, 13) = 1.76, p = 0.21], there 

was neither a main effect of dose [F (3, 39) = 0.87, p = 0.46] nor a dose X diet group 

interaction [F (3, 39) = 0.69, p = 0.56].

3.1.4 Progressive Ratio Schedule of Reinforcement—Weights were recorded on 

each day of PR testing (Figure 3F) and subjected to a two-factor repeated-measures 

ANOVA. This analysis revealed that there was an overall decrease in weight across PR 

testing [F (5, 60) = 70.12, p < 0.01], but that this reduction in weight did not differ between 

diet groups [diet group, F (1, 12) = 0.74, p = 0.41; day X diet group, F (5, 60) = 1.74, p= 

0.14].

3.2 2:1 Delay Discounting Task

Rats were trained on a 2:1 delay discounting task in which they chose between a small, 

immediate reward (1 food pellet) and a large, delayed reward (2 food pellets) until stable 

behavior emerged (35 days). There were no differences in performance in the task during 

training [large lever presses: diet group, F (1, 11) = 1.18, p = 0.30; day, F (34, 374) = 1.08, p 
= 0.36; diet group X day, F (34, 374) = 0.74, p = 0.86; day X delay X diet group, F (136, 

1496) = 0.99, p = 0.52; percent choice: diet group, F (1, 11) = 1.12, p = 0.32; day, F (34, 

374) = 1.10, p = 0.33; diet group X day, F (34, 374) = 0.74, p = 0.86; day X delay X diet 

group, F (136, 1496) = 1.00, p = 0.50]. The effects of diet on stable choice behavior (Figure 

4A) were analyzed using a two-factor repeated-measures ANOVA, which revealed a robust 

effect of delay such that rats decreased their choice of the large reward as delay durations 

increased [large lever presses: F (4, 52) = 59.02, p < 0.01; percent choice: F (4, 52) = 56.58, 

p < 0.01]. There was, however, neither a main effect of diet group [large lever presses: F (1, 

13) = 0.91, p = 0.36; percent choice: F (1, 13) = 0.928, p = 0.35] nor a diet group X delay 

interaction [large lever presses: F (4, 52) = 0.42, p = 0.80; percent choice: F (4, 52) = 0.55, p 
= 0.70]. Similarly, there was no main effect of diet group on AUC [t (13) = 1.17, p = 0.26; 

Figure 4C]. These results indicate that there were no effects of the high-fat diet on choice 

performance in the 2:1 delay discounting task.

Latency to press the levers during forced choice trials was analyzed using a repeated-

measures ANOVA. Although there was no main effect of lever identity [F (1, 13) = 0.62, p = 

0.44] or delay [F (4, 52) = 0.75, p = 0.56], there was a significant lever identity X delay 

interaction [F (4, 52) = 11.07, p < 0.001] such that as the delay increased, the latency to 

press the small, immediate reward lever decreased, but the latency to press the large, delayed 

reward lever increased [59, 60]. There were, however, no significant lever identity X diet 

group [F (1, 13) = 0.19, p = 0.67], delay X diet group [F (4, 52) = 0.67, p = 0.61] or lever 

identity X delay X diet group [F (4, 52) = 0.15, p = 0.30] interactions, indicating that this 

pattern of differential latencies on the two levers did not differ between diet groups.

There was no difference between diet groups in mean locomotor activity during ITIs (Table 

1; t (13) = −0.96, p = 0.35]. Finally, although there was unequal variance between the diet 

groups (Levene’s Test of Equality of Variances, p = 0.03) in the percentage of omissions 

Garman et al. Page 9

Physiol Behav. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



during free choice trials (Table 1), there was no difference between the diet groups [t (13) = 

1.02, p = 0.33].

3.3 4:1 Delay Discounting Task

Changes in reward magnitude alter behavior in both humans and rodents, especially 

behaviors involving risk taking or impulsivity [23, 61-65]. For example, amphetamine is 

ineffective in altering impulsive choice in a delay discounting task with a 3:1 reinforcer 

magnitude difference, but does increase impulsive choice when the difference in reward 

magnitudes is increased to 6:2 [64]. Given these data, it is possible that the reward 

magnitude difference in the 2:1 DDT was too small to observe effects of a high-fat diet on 

impulsive choice. Consequently, the same rats were trained in the delay discounting task 

with the reward magnitude ratio increased to 4:1. Similar to training in the 2:1 DDT, there 

were no group differences during training in the DDT [large lever presses: F (1, 13) = 0.27, p 
= 0.61; percent choice: F (1, 13) = 0.33, p = 0.58], although there was a significant increase 

in choice of the large, delayed reward in both groups across the training period [large lever 

presses: day, F (17, 221) = 7.76, p < 0.001; diet group X day, F (17, 221) = 0.79, p = 0.70; 

day X delay X diet group, F (68, 884) = 0.83, p = 0.84; percent choice: day, F (17, 221) = 

8.12, p < 0.001; diet group X day, F (17, 221) = 0.70, p = 0.80; day X delay X diet group, F 
(68, 884) = 0.84, p = 0.82]. After stable behavior emerged (18 days), the effects of diet on 

choice performance were analyzed using a repeated-measures ANOVA (Figure 4B). This 

analysis revealed that although there was a robust main effect of delay such that rats 

decreased their choice of the large reward as the delay to its delivery increased [large lever 

presses: F (4, 52) = 29.47, p < 0.01; percent choice: F (4, 52) = 31.50, p < 0.01], there was 

neither a main effect of diet group [large lever presses: F (1, 13) = 0.05, p = 0.82; percent 

choice: F (1, 13) < 0.01, p = 0.96] nor a diet group X delay interaction [large lever presses: F 
(4, 52) = 1.73, p = 0.16; percent choice: F (4, 52) = 1.7, p = 0.17]. Finally, there was no main 

effect of diet group on AUC [t (13) = 0.03, p = 0.98; Figure 4D]. Thus, similar to 

performance in the 2:1 DDT, there was no effect of the high-fat diet on choice of the large, 

delayed reward. Finally, to determine whether the increase in large reward magnitude in the 

DDT (i.e., switching from 2:1 to 4:1) differentially affected the diet groups, a three-factor 

repeated-measures ANOVA was used to compare choice performance in the 4:1 DDT to 

choice performance in the 2:1 DDT. Although there was a main effect of reward magnitude 

[4 vs. 2 pellets; large lever presses: F (1, 13) = 48.38, p < 0.01; percent choice: F (1, 13) = 

49.07, p < 0.01], there was no main effect of diet group [large lever presses: F (1, 13) = 0.72, 

p = 0.41; percent choice: F (1, 13) = 0.53, p = 0.48] nor were there diet group X reward 

magnitude [large lever presses: F ( 1, 13) = 0.50, p = 0.49; percent choice: F (1, 13) = 0.72, p 
= 0.41] or diet group X reward magnitude X delay [large lever presses: F (4, 52) = 1.53, p = 

0.21; percent choice: F (4, 52) = 1.52, p = 0.21] interactions. Hence, as expected, altering the 

magnitude of the large reward caused rats to increase their choice of the large, delayed 

reward; this manipulation did not discriminate between the diet groups, however, as rats in 

both diet groups exhibited an equivalent shift upwards in their choice of the large, delayed 

reward.

Analyses of latency to press the levers in the 4:1 DDT revealed a main effect of lever 

identity [F (1, 13) = 4.76, p = 0.05] such that latencies to press the small, immediate reward 
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lever were significantly shorter than latencies to press the large, delayed reward lever. 

Despite a main effect of delay [F (4, 52) = 2.70, p = 0.04] and a significant lever identity X 

delay interaction [F (4, 52) = 9.70, p < 0.001], there was no main effect of diet group [F (1, 

13) = 1.48, p = 0.25] and no significant lever identity X diet group [F (1, 13) = 0.74, p = 

0.41], delay X diet group [F (4, 52) = 1.10, p = 0.37] or lever identity X delay X diet group 

[F (4, 52) = 1.55, p = 0.20] interactions. Thus, similar to choice performance, the high-fat 

diet had no effect on lever press response latencies.

Similar to the 2:1 DDT, there was no difference between diet groups in locomotor activity 

during the 4:1 DDT [t (13) = −1.05, p = 0.31; Table 1]. Lastly, there were no differences in 

percentage of omissions between the diet groups [t (13) = 0.30, p = 0.77].

3.4 Effects of Amphetamine on Delay Discounting

Although the high-fat diet alone had no effect on impulsive choice, it may have had more 

subtle effects on monoamine signaling. Indeed, previous studies showed that rats maintained 

on a high-fat diet that did not affect baseline impulsive choice were nevertheless more 

sensitive to the effects on impulsive choice of dopaminergic manipulations, including 

administration of the D2 dopamine receptor antagonist haloperidol [66, 67]. There is also 

abundant evidence that maintenance on a high-fat diet decreases ventral striatal D2 

dopamine receptor expression and baseline levels of extracellular dopamine [43, 68, 69]. 

Hence, it is conceivable that, even if exposure to a high-fat diet has no effect on baseline 

impulsive choice, it may have still altered dopamine signaling such that the sensitivity of 

impulsive choice to monoaminergic manipulations is augmented. To begin to address this, 

rats received systemic injections of the indirect dopamine agonist amphetamine (0, 0.3, 1.0, 

1.5 mg/kg) prior to testing in the 4:1 DDT. Analysis of the percent choice of the large, 

delayed reward revealed a trend toward a main effect of dose [F (3, 9) = 3.16, p = 0.08], but 

no significant interactions [dose X diet group, F (3, 9) = 2.43, p = 0.13; dose X delay, F (12, 

36) = 0.82, p = 0.63; dose X diet group X delay, F (12, 36) = 1.59, p = 0.14]. Amphetamine, 

however, caused a significant increase in the percentage of omissions in the free choice trials 

to a similar extent in both diet groups [Table 1; dose, F (3, 39) = 12.33, p < 0.01; diet group, 

F (1, 13) = 0.78, p = 0.39; dose X diet group, F (3, 39) = 0.36, p = 0.78], rendering analyses 

of percent choice of the large reward difficult to interpret given the reduction in the number 

of subjects with sufficient data available for analysis (sample sizes for analysis were n = 2, 

HFD and n = 3, CON). Specifically, when compared to vehicle, the medium [t (14) = −3.39, 

p < 0.01] and high [t (14) = −4.84, p < 0.01] doses increased the percentage of omissions 

[low dose; t (14) = −0.73, p = 0.48].

The analyses of the number of large lever presses was more revealing as it allowed all 

subjects to be included (HFD, n=7; CON, n=8; Figure 5). These analyses revealed that 

amphetamine decreased the number of lever presses for the large, delayed reward [dose, F 
(3, 39) = 17.4, p < 0.01; dose X delay, F (12, 156) = 3.0, p < 0.01]. Post-hoc tests revealed 

that this effect was specific to the medium [dose, F (1, 13) = 10.80, p = 0.01; dose X delay, F 
(4, 52) = 2.68, p = 0.04] and high [dose, F (1, 13) = 35.80, p < 0.01; dose X delay, F (4, 52) 

= 21.90, p < 0.01] doses. Although there was a trend toward a main effect of diet group [F 
(1, 13) = 288.2, p = 0.06] such that the number of large reward lever presses was greater in 
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the CON group than the HFD group across all doses, there were no significant interactions 

between diet group and delay [F (4, 52) = 7.96, p = 0.42], dose and diet group [F (3, 39) = 

0.17, p = 0.92], or dose, diet group and delay [F (12, 56) = 1.10, p = 0.37], indicating that 

the medium and high doses of amphetamine decreased lever pressing for the large, delayed 

reward similarly in both diet groups.

Similar to the analysis of choice data, it was not possible to analyze latencies to press levers 

on forced choice trials due to the significant increase in omissions in the forced choice trials 

in both diet groups [dose, F (3, 39) = 16.88, p < 0.01; diet group, F (1, 13) = 0.74, p = 0.40; 

dose X diet group, F (3, 39) = 0.06, p = 0.97]. Because of the high percentage of omissions, 

data were missing for 14 of the 15 rats, which decreased the sample size and power needed 

for this analysis.

Finally, there was a main effect of amphetamine dose on locomotor activity [F (3, 36) = 

21.36, p < 0.001], but there was no main effect of diet group [F (1, 12) = 0.32, p = 0.58] nor 

a diet group X dose interaction [F (3, 36) = 0.94, p = 0.43]. Hence, locomotor activity 

increased in a dose-dependent manner to the same extent in both diet groups (Table 1).

3.5 Progressive Ratio Schedule of Reinforcement

Although there was no effect of the high-fat diet on choice behavior, it is possible that the 

high-fat diet could still affect motivation to obtain palatable rewards [70-72]. To evaluate this 

possibility, rats were tested on a progressive ratio schedule of reinforcement (PR) with a 

liquid sucrose reward. Initial inspection of the data revealed an outlier (any data point falling 

above the third quartile or below the first quartile by 1.5 interquartiles) in the HFD group, 

which was subsequently excluded from the analyses. A repeated-measures ANOVA revealed 

a main effect of day, indicating that nosepoking increased across the six days of PR testing 

[F (5, 60) = 3.41, p < 0.01]. This behavioral pattern did not differ between diet groups as 

there was no main effect of diet group [F (1, 12) = 1.15, p = 0.30] nor a diet group X day 

interaction [F (5, 60) = 1.38, p = 0.24]. Consistent with this, an unpaired t-test revealed that 

there was no difference in mean nosepokes between the diet groups [t (12) = 1.09, p = 0.31]. 

When breakpoints (the ratio at which the rat ceased nosepoking) were compared between the 

diet groups, however, the HFD group had a significantly greater breakpoint than the CON 

group [t (12) = 3.52, p < 0.01; Figure 6A). Similarly, the HFD group earned significantly 

more rewards than the CON group [t (12) = 3.18, p = 0.01; Figure 6B]. Hence, these data 

demonstrate that, despite an absence of effects on impulsive choice, exposure to a high-fat 

diet does cause an overall increase in motivation to work for palatable rewards.

4. Discussion

The objective of the current study was to determine whether consumption of a high-fat diet 

affects impulsive choice. Unlike its effects on impulsive action [43], exposure to a high-fat 

diet, administered in a way that controlled for excessive weight gain, did not alter impulsive 

choice. Furthermore, systemic amphetamine did not differentially alter delay discounting in 

rats consuming the high-fat diet. Exposure to the high-fat diet did, however, increase 

motivation to work for a sucrose reward. Despite this, the results do not replicate previous 

reports that a high-fat diet increases impulsive choice [44, 45].
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The finding that a high-fat diet had no effect on impulsive choice is surprising in light of 

evidence that the same diet, administered using identical procedures, increases impulsive 

action [43]. These discrepant findings suggest that the effects of chronic exposure to a high-

fat diet on impulsivity are specific to one aspect of impulsivity. This interpretation is not 

unreasonable given that impulsive action and impulsive choice are not correlated in healthy 

humans or rats [8] and have different, although overlapping neurobiological substrates [12, 

73]. This explanation is insufficient, however, in addressing why, when it has been 

demonstrated in other studies (those by Steele et al. [44, 45]), there was no effect of the 

high-fat diet on impulsive choice. Rather, the incongruency between findings of the current 

study and those of Steele et al. may be a result of procedural differences. One critical 

difference is the duration of ad libitum exposure to the high-fat diet. In the current study, rats 

were exposed to the high-fat diet ad libitum for only two weeks, whereas rats in the Steele et 

al. studies [44, 45] were exposed to their high-fat diet ad libitum for eight weeks before 

behavioral testing began. The rats in the current study were also exposed to their respective 

diets for a long period of time because they were maintained on these diets throughout 

behavioral testing, albeit at restricted quantities. The critical factor may therefore be the 

duration of exposure to a diet high in fat under ad libitum conditions rather than the overall 

duration of exposure itself. Recent work showing a similar absence of effects on impulsive 

choice after limited exposure (15 d) to a high-sugar diet supports this hypothesis [74]. A 

second difference is that, in contrast to the current study, maintenance on the high-fat diet 

continued to promote body weight gain throughout behavioral testing in the Steele et al. 

studies despite the fact that, similar to the current study, their food intake was restricted 

during behavioral testing. Hence, in addition to requiring a long-duration exposure to the 

high-fat diet, increased impulsive choice may only occur under conditions that encourage 

coincident weight gain. It is clear that future studies are warranted to determine the specific 

conditions that induce susceptibility to the effects of a high-fat diet on impulsivity.

Additional procedural differences that could explain the lack of effects of a high-fat diet on 

impulsive choice involve the way in which the food was administered. Compared with 

studies that have found effects of a high-fat diet on impulsivity [44, 45], there are two 

important distinctions in the food administration protocol used in the present study. First, the 

diet used here was specifically formulated to provide rats a diet with balanced nutrient 

content, and therefore avoided the possibility that any observed effects could be due to 

malnutrition. This differs from studies in which rats’ diets consisted of purely fatty 

substances [44, 45]. Second, the administration protocol used in the current study did not 

promote binge eating. In contrast to ad libitum access to food, short, infrequent access to 

palatable food, which promotes binge-eating behavior, sensitizes responses to drugs of abuse 

[71, 75, 76]. For example, rats that binge drink sucrose solution during short-access 

conditions display symptoms of withdrawal and craving during sugar abstinence; these 

effects are absent in rats who have access ad libitum [75]. Similarly, brief, infrequent access 

to fat enhances cocaine seeking and taking compared with an ad libitum diet of fat [77]. 

Given that binge eating results in behavioral effects similar to those resulting from repeated 

exposure to drugs of abuse [75] and that exposure to drugs of abuse itself increases 

impulsive choice [46, 78], it is possible that highly palatable food would more readily 

increase impulsive choice if it were administered in a manner that promotes binge-like 
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behavior. Indeed, there is clinical evidence that people with binge eating disorder exhibit 

heightened impulsivity [both impulsive action and choice; 79, 80]. Considered together, 

these data suggest that relationships between palatable food consumption, impulsive choice, 

and impulsive action may change depending on the parameters of food access.

Recent work showed that although maintenance on a high-fat diet did not change baseline 

impulsive choice, it did increase the sensitivity of impulsive choice to the D2 dopamine 

receptor antagonist haloperidol, in that only rats exposed to a high-fat diet exhibited 

haloperidol-induced increases in impulsive choice [66, 67]. Relatedly, long-term exposure to 

a high-fat diet causes reductions in ventral striatal expression of D2 dopamine receptor 

mRNA [81] and protein [43], as well as decreases in basal levels of extracellular dopamine 

[82, 83]. Based on this evidence, we hypothesized that, despite no baseline changes in 

impulsive choice, exposure to the high-fat diet might still have led to changes in dopamine 

signaling that result in differential sensitivity to dopaminergic manipulations. To evaluate 

this possibility, rats received acute systemic administration of amphetamine prior to testing 

in the 4:1 DDT. The results showed that amphetamine dose-dependently increased impulsive 

choice (reflected in reduced choice of the large, delayed reward), but that this effect did not 

differ between the two diet groups. Notably, amphetamine administration caused a 

significant increase in omitted free choice trials. On the surface, this lack of responding, 

particularly in the first block in which there is no delay to the large reward, may reflect a 

reduction in overall motivation rather than a change in discounting. This interpretation is less 

appealing, however, in light of previous work showing that decreased responding for large 

rewards in the 0 s block is driven by a reduction in sensitivity to reward magnitude 

differences (as opposed to other factors, including decreases in motivation) [53, 56, 84, 85]. 

Further, similar doses of amphetamine can actually increase motivation to obtain natural 

rewards in a PR task [86-88]. Hence, although this alternate explanation cannot be ruled out 

entirely, a more likely interpretation is that amphetamine reduced the sensitivity to detecting 

reward magnitude differences, leading to an overall decrease in responding.

The fact that amphetamine increased impulsive choice in the present study contrasts with 

several previous studies in which amphetamine decreased impulsive choice [64, 89-91]. The 

reasons for this difference are not clear, although some data suggest that the presence or 

absence of cues during delays [53] or the order in which delays are presented [55] can alter 

the effects of amphetamine on delay discounting. Nevertheless, the data show that systemic 

amphetamine decreased choice of the large, delayed reward irrespective of previous diet 

exposure. It remains unclear as to why, when previous work shows otherwise [66, 67], such 

a dopaminergic manipulation did not affect impulsive choice differently between diet 

groups. One possible explanation is that, similar to studies showing effects of a high-fat diet 

on impulsive choice [44, 45], the duration of exposure to the high-fat diet was substantially 

longer (three months) than that used in the current study. As discussed above, such 

differences across studies underscore the need for additional work to determine the specific 

conditions that contribute to diet-induced changes in impulsive choice.

Previous work suggests that exposure to a high-fat diet alters motivation for sucrose reward, 

although the direction of this alteration (increase or decrease) varies across studies [71, 72, 

92, 93]. In the current study, the high-fat diet had a significant impact on PR responding for 
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a liquid sucrose reward, increasing the breakpoint and the number of rewards earned. The 

discrepancy in findings across studies may be explained by differences in both diet content 

and duration of exposure. For instance, three weeks of ad libitum exposure to a high-fat 

(40% fat) diet had no effect on motivation for a sucrose reward, whereas six weeks of the 

same exposure suppressed motivation for this reward [70]. In the current study, although rats 

only had ad libitum access for two weeks, they were exposed to a 60% high-fat diet, 

suggesting that the greater fat content of the diet may be a critical factor in determining the 

impact of such diets on motivation to work for food. Irrespective of inconsistencies across 

studies, the increase in PR responding served as a positive control in the current study in that 

it provided evidence that, despite having no effect on choice behavior, exposure to the high-

fat diet did have a long-lasting impact on motivated behavior. The greater motivation to 

obtain sucrose rewards in the HFD group may also explain the lack of effects of the high-fat 

diet on impulsive choice: had a more palatable reinforcer (relative to the 45 mg pellets used 

in the current study) been used, it is conceivable that diet-induced differences in impulsive 

choice could have been detected.

Limitations

It is important to note several limitations of the current study, the first of which is the use of 

only male subjects. In the last several years, previous studies have provided evidence of sex 

differences in various forms of decision making, including risk-based decision making 

[94-96], although the consensus regarding sex differences in impulsive choice is less clear 

[42, 59, 97-100]. Of even more importance, however, is the fact that the prevalence of eating 

disorders, including binge eating disorder, is greater in females than males [101-103]. 

Hence, it is critical that future research in this area includes females, as they may be more 

sensitive to such diet manipulations than males, resulting in changes in impulsive choice that 

were otherwise absent in males. Another related limitation is the small sample size of each 

group, which could have accounted for the lack of effects of the high-fat diet on impulsive 

choice. Nonetheless, the fact that the high-fat diet had a significant impact on PR breakpoint 

indicates that the diet manipulation was sufficient to have an effect on behavior, and argues 

against the group sizes being too small to detect group differences.

The use of food restriction in experiments in the current study could also be considered a 

limitation. Caloric restriction by itself can enhance the hedonic value of palatable food (e.g., 

food deprivation enhances positive hedonic reactions, such as tongue protrusion and paw 

licking, to oral sucrose solutions in rats [104]). Hence, being in a state of chronic food 

restriction could unintentionally confound food-motivated behavioral tasks such as those 

used in the current study. This effect of caloric restriction, however, seems to be limited to 

palatable food rewards, with enhanced hedonic reactions only occurring in response to 

palatable tastants (as opposed to aversive tastants) [104]. Other work has shown that, in 

comparison to satiated rats, food-restricted rats prefer sweeter rewards than non-palatable 

reinforcers (e.g., water) [105]. Because the food reinforcers in the current study were high in 

neither sugar or fat and were not hedonically palatable, it is unlikely that food restriction 

caused an exaggerated motivational drive to seek the food reinforcers in the task. Food 

restriction can also impact body weight and energy expenditure, leading to decreases in 

weight and a conservation of energy [106, 107]. Conversely, however, free access to standard 
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low-fat rodent chow can lead to excess weight gain, fat deposition and potential metabolic 

dysfunction. Hence, a food-restricted diet such as that used in the current study (~85% of 

free feeding weight) is actually recommended for use with laboratory rodents to slow weight 

gain and fat deposition over time. Although half of the rats were fed a high-fat diet, the 

restricted conditions under which they were fed still offered those same health benefits.

Conclusion

In summary, the current study shows that exposure to a high-fat diet under conditions that do 

not promote weight gain does not affect impulsive choice in a delay discounting task, nor 

does it alter the effects of acute amphetamine on impulsive choice. Future experiments will 

investigate whether different exposure parameters reveal nuanced effects of a high-fat diet 

on impulsive choice. Longer durations of high-fat diet exposure, as employed by Steele et al. 

(2019), or feeding designs that promote binge eating, for example, may be critical factors in 

revealing effects of palatable food consumption on impulsive choice. Furthermore, under 

shorter durations of exposure, it is possible that different facets of impulsivity are more 

vulnerable to the impact of a high-fat diet: as shown by Adams et al. (2015), impulsive 

action is susceptible to the same high-fat diet regimen used here. Ultimately, identifying 

such factors will help elucidate the complex relationship between food and impulsivity, 

which will be necessary to create novel treatments to combat the growing obesity crisis.
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Highlights:

• Exposure to a high-fat diet does not alter impulsive choice.

• Amphetamine increases impulsive choice.

• Effects of amphetamine did not differ between diet groups.

• High-fat diet exposure increases motivation for sucrose.
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Figure 1: Experimental Timeline.
Overview of the experiments in chronological order.
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Figure 2. Body weight and food consumption during the free-feeding phase.
A. Rats exposed to the high-fat diet (HFD) gained significantly more weight than rats 

exposed to the control diet (CON). B. Rats exposed to the high-fat diet ate significantly less 

food than rats exposed to the control diet. C. Rats exposed to the high-fat diet consumed 

significantly more kCals than rats exposed to the control diet. Data are represented as the 

mean ± SEM.
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Figure 3. Body weights during each experimental phase.
A. There were no differences in body weight between rats that had been exposed to the high-

fat diet (HFD) and rats that had been exposed to a control (CON) diet during behavioral 

shaping. B. There were no significant differences in body weight between HFD and CON 

rats during testing in the 2:1 delay discounting task. C. There were no significant differences 

in body weight between HFD and CON rats during testing in the 4:1 delay discounting task. 

D. There were no differences in body weight across doses of amphetamine in either the 

CON rats or the E. HFD rats. F. There were no differences in body weight between CON 

and HFD rats during Progressive Ratio testing. Data are represented as the mean ± SEM.
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Figure 4: Effects of a high-fat diet on impulsive choice in a delay discounting task.
A. There were no differences between diet groups on the number of large lever presses in a 

delay discounting task in which rats chose between a small, immediate reward (1 pellet) and 

a large, delayed reward (2 pellets). B. There were no differences between diet groups on the 

number of large lever presses in a delay discounting task in which rats chose between a 

small, immediate reward (1 pellet) and a large, delayed reward (4 pellets). Data are 

represented as the mean ± SEM number of large lever presses during stable performance. C. 

There was no difference between diet groups in the area under the curve in the 2 vs. 1 delay 

discounting task. D. There was no difference between diet groups in the area under the curve 

in the 4 vs. 1 delay discounting task. Each circle represents the area under the curve for an 

individual subject. HFD, high-fat diet; CON, control diet.
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Figure 5: Effects of amphetamine in the 4:1 delay discounting task.
A. Systemic amphetamine decreased the number of lever presses for the large, delayed 

reward in the rats on the control diet (CON). B. Systemic amphetamine also decreased the 

number of lever presses for the large, delayed reward in rats on the high-fat diet (HFD). Data 

are represented as mean ± SEM number of large, delayed lever presses for each dose of 

amphetamine.
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Figure 6: Performance in a progressive ratio schedule of reinforcement.
A. On average, rats in the high-fat diet group (HFD) had a significantly higher breakpoint 

than rats in the control diet group (CON). B. Rats in the HFD group earned significantly 

more rewards than rats in the CON group during PR testing. Data represent mean breakpoint 

(A) or reward deliveries (B) ± SEM averaged across 6 days of testing.
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Table 1

Effects of high-fat diet and amphetamine on trial omissions and locomotor activity in the delay discounting 

task. Data presented as: mean (± standard error of the mean)

Experiment % Omitted Trials Locomotion (locomotor units/ITI)

2:1 Delay Discounting Task

 Control 1.15 (0.47) 20.55 (9.19)

 HFD 2.17 (0.89) 16.45 (6.91)

4:1 Delay Discounting Task

 Control 1.80 (1.41) 17.46 (7.34)

 HFD 1.31 (0.60) 13.78 (6.00)

Amphetamine on the 4:1 Delay Discounting Task

Vehicle

 Control 1.50 (0.98) 13.64 (1.58)

 HFD 5.14 (4.49) 9.81 (1.36)

0.3 mg/kg

 Control 5.00 (4.44) 16.43 (1.83)

 HFD 6.29 (3.16) 14.67 (1.08)

1.0 mg/kg

 Control 24.00 (10.19) 21.85 (2.01)

 HFD 32.57 (14.58) 20.43 (3.08)

1.5 mg/kg

 Control 39.25 (14.78) 18.84 (2.51)

 HFD 56.85 (12.64) 18.22 (2.65)
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