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Pattern of access determines influence of junk food diet on cue
sensitivity and palatability
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B. Ostlund®¢, Nigel T. Maidment?, and Niall P. Murphy?
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Semel Institute for Neuroscience and Human Behavior, University of California, Los Angeles,
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bDepartment of Psychology, University of California, Los Angeles, California, USA

¢Department of Anesthesiology and Perioperative Care, University of California, Irvine, California,
USA

Abstract

Aims—L.ike drug addiction, cues associated with palatable foods can trigger food-seeking, even
when sated. However, whether susceptibility to the motivating influence of food-related cues is a
predisposing factor in overeating or a consequence of poor diet is difficult to determine in humans.
Using a rodent model, we explored whether a highly palatable ‘junk food’ diet impacts responses
to reward-paired cues in a Pavlovian-to-instrumental transfer test, using sweetened condensed milk
(SCM) as the reward. The hedonic impact of SCM consumption was also assessed by analyzing
licking microstructure.

Methods—To probe the effects of pattern and duration of junk food exposure, we provided rats
with either regular chow ad libitum (controls) or chow p/us access to junk food for either 2 or 24 h
per day for 1, 3, or 6 weeks. We also examined how individual susceptibility to weight gain related
to these measures.

Results—Rats provided 24 h access to the junk food diet were insensitive to the motivational
effects of a SCM-paired cue when tested sated even though their hedonic experience upon reward
consumption was similar to controls. In contrast, rats provided restricted, 2 h access to junk food
exhibited a cue generalization phenotype under sated conditions, lever-pressing with increased
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vigor in response to both a SCM-paired cue, and a cue not previously paired with reward. Hedonic
response was also significantly higher in these animals relative to controls.

Conclusions—These data demonstrate that the pattern of junk food exposure differentially alters
the hedonic impact of palatable foods and susceptibility to the motivating influence of cues in the
environment to promote food-seeking actions when sated, which may be consequential for
understanding overeating and obesity.

Keywords
cafeteria diet; junk food; reward; incentive motivation; palatability; obesity

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 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
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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 addiction-like behaviors not
seen in rats with ad libitum sugar access or control rats [43,44]. These data indicate that
factors such as fowthe 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 /iking) [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.

Materials and 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
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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 maotivation,
we trained naive 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 (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 (V1) 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,
VI1-35s on Day 5, and V1-45 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. 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 (CS°). The CS° was presented in the same manner as the
CS* only no SCM was delivered. Approximately 2 h after this session, rats were given a
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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 withoutany 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 CS° 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 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.

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 | 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
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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 (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.

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
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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 A2,70) = 22.36, p < 0.001). Specifically, 6 week rats gained more
weight than 1 week (£49) = 5.89, p < 0.001) or 3 week (#53) = 4.20, p < 0.001) rats, and 3
week rats gained more weight than 1 week rats ({50) = 2.81, p < 0.01). There was also a
significant main effect of diet (AH2,70) = 3.52, p < 0.05), where Ad Libitum rats gained more
weight than Controls ({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).

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 CSP 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. CS°, 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 (A1,62) = 6.03, p < 0.05), and a
significant cue x diet interaction (A2,62) = 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* (21) =
5.54, p < 0.001), but not the CS° (as expected), and paired t-tests confirmed that responding
during the CS* was significantly higher from that during the CS° (21) = 4.43, p < 0.001).
Intermittent rats significantly increased their responding for both the CS* (£27) = 3.50, p <
0.01) and the CS° (#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 ({47) = 3.35, p < 0.01), but not more than Intermittent rats,
while Intermittent rats increased responding to the CS® more than Controls (448) = 2.48, p <
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0.05) and Ad Libitum rats (£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 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 CSP. 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 CS° 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 (A2,63) = 10.61, p <
0.001), a significant effect of weight gain (A(1,63) = 4.49, p < 0.05), and a significant diet x
weight gain interaction (A2,63) = 5.05, p < 0.01), but no effect of, or interaction with,
duration. Data, collapsed across duration, are shown in Fig. 4A. Follow-up comparisons
revealed that High Weight Gainers licked more than Low Weight Gainers within Controls
(420) = 2.79, p < 0.05) and Intermittent (4{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 (£39) = 2.35, p < 0.05), or High Weight Gainers ({13) =
2.18, p < 0.05). High weight gaining Intermittent rats also licked more than high weight
gaining Ad Libitum rats ({14) = 3.81, p < 0.01). Post-hoc comparisons on the simple main
effects revealed that Intermittent rats licked more than Controls (£48) = 2.98, p < 0.01) and
Ad Libitum rats (£53) = 3.21, p < 0.01), while High Weight Gainers licked more than Low
Weight Gainers (476) = 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 (A2,63) = 20.79, p < 0.01), a significant effect of weight gain
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(AH1,63) =15.31, p < 0.01) and a significant diet x weight gain interaction (A2,63) = 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 (£21) = 2.41, p < 0.05) and Intermittent rats (£25) = 3.69, p < 0.01), an effect that
was noticeably absent in the Ad Libitum group. Among Low Weight Gainers, Ad Libitum
(433) = 2.21, p < 0.05) and Intermittent ({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 ({14) = 3.57, p < 0.01). Post-hoc comparisons on the simple main effects
revealed that Intermittent rats had longer bouts than Controls (448) = 2.52, p < 0.05), while
High Weight Gainers had longer bouts than Low Weight Gainers (476) = 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 Intermittent 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 varied with both the schedule of
diet exposure and weight gain. Contrary to our initial hypothesis, animals provided ad
libitum access to junk food were 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, particularly when the weight gain factor is ignored (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.
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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 [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 morethan 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 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
dopamine 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
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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 dopamine 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 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 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 significantly more effort in an attempt to procure the reward. Their
indiscriminate lever pressing suggests an increased susceptibility to the excitatory effects of
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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 dopamine in the
NAc shell [95,96], alter the expression [97] and availability [76] of dopamine receptors, and
facilitate locomotor sensitization to a dopamine agonist [98,44,99] suggesting that such
dietary interventions may impact the dopaminergic systems involved in learning about and
responding to reward-paired cues [100-103]. Interestingly, dopamine 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 dopamine 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 CSP stimulus. Although the CS° was never directly paired with food 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 [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 CS° 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 CS°, 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 [110], and accelerated development of habitual
behavior [37]. Notably, sugar-binging 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
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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 causativerole 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 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 facilitation and
impairment of opioid signaling, 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].

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 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
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sated, and may also increase the hedonic impact of palatable food, which may be of
particular relevance to binge eating.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Fu

nding: This work was supported by the National Institutes of Health/National Institutes of Diabetes and

Digestive and Kidney Disorders (grant number #DK098709 to NT Maidment, NP Murphy and SB Ostlund).

References
1.

10

11.

12.

13.

Rolls BJ, Rolls ET, Rowe EA, Sweeney K. Sensory specific satiety in man. Physiol Behav. 1981;
27:137-142. [PubMed: 7267792]

. Hill JO, Peters JC, Flegal KM, Carrol MD, Kuczmaraki RJ, Johnson CL, Foreyt JP, Goodrick GK,

Troiano RP, Flegal KM, Lean MEJ, James WPT, Sclafani A, Salmon DM, Flatt JP, Rolls BJ,
Hammer VA, Westerterp-Plantenga MS, Stubbs RJ, Harbron CG, Murgatroyd PR, Prentice AM,
Bell EA, Ernst ND, Birch LL, Johnson SL, Andersen G, Peters JC, Schulte MC, Klem ML, Wing
RR, McGuire MT, Seagle HM, Hill JO. Environmental contributions to the obesity epidemic.
Science. 1998; 280:1371-4. [PubMed: 9603719]

. Fryar, CD., Carroll, MD., Ogden, CL. Prevalence of overweight, obesity, and extreme obesity

among adults: United States, Trends 1960-1962 through 2007-2008. 2014.

. Ogden CL, Carroll MD, Kit BK, Flegal KM. Prevalence of childhood and adult obesity in the

United States, 2011-2012. JAMA. 2014; 311:806-14. [PubMed: 24570244]

. Heymsfield SB, Harp JB, Reitman ML, Beetsch JW, Schoeller DA, Erondu N, Pietrobelli A. Why

do obese patients not lose more weight when treated with low-calorie diets? A mechanistic
perspective. Am J Clin Nutr. 2007; 85:346-54. [PubMed: 17284728]

. Johnson PM, Kenny PJ. Dopamine D2 receptors in addiction-like reward dysfunction and

compulsive eating in obese rats. Nat Neurosci. 2010; 13:635-41. [PubMed: 20348917]

. Avena NM, Rada P, Hoebel BG. Evidence for sugar addiction: Behavioral and neurochemical effects

of intermittent, excessive sugar intake. Neurosci Biobehav Rev. 2008; 32:20-39. [PubMed:
17617461]

. Gearhardt AN, Yokum S, Orr PT, Stice E, Corbin WR, Brownell KD. Neural correlates of food

addiction. Arch Gen Psychiatry. 2011; 68:808-16. [PubMed: 21464344]

. Gearhardt AN, Corbin WR, Brownell KD. Food addiction: an examination of the diagnostic criteria

for dependence. J Addict Med. 2009; 3:1-7. [PubMed: 21768996]

. Davis C, Carter JC. Compulsive overeating as an addiction disorder. A review of theory and
evidence. Appetite. 2009; 53:1-8. [PubMed: 19500625]

Colles SL, Dixon JB, O’Brien PE. Loss of control is central to psychological disturbance
associated with binge eating disorder. Obesity (Silver Spring). 2008; 16:608-14. [PubMed:
18239550]

Heatherton TF, Baumeister RF. Binge eating as escape from self-awareness. Psychol Bull. 1991;
110:86-108. [PubMed: 1891520]

Childress AR, Mozley PD, McElgin W, Fitzgerald J, Reivich M, O’Brien CP. Limbic Activation
During Cue-Induced Cocaine Craving. Am J Psychiatry. 1999; 156:11-18. [PubMed: 9892292]

14. Ehrman RN, Robbins SJ, Childress AR, O’Brien CP. Conditioned responses to cocaine-related

15.

stimuli in cocaine abuse patients. Psychopharmacology (Berl). 1992; 107:523-529. [PubMed:
1603895]

Stewart J, de Wit H, Eikelboom R. Role of unconditioned and conditioned drug effects in the self-
administration of opiates and stimulants. Psychol Rev. 1984; 91:251-258. [PubMed: 6571424]

Appetite. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kosheleff et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 15

Wallace B. Psychological and environmental determinants of relapse in crack cocaine smokers. J
Subst Abuse Treat. 1989; 6:95-106. [PubMed: 2746717]

\Volkow ND, Wang GJ, Baler RD. Reward, dopamine and the control of food intake: implications
for obesity. Trends Cogn Sci. 2011; 15:37-46. [PubMed: 21109477]

Chaudhri N, Sahuque LL, Schairer WW, Janak PH. Separable roles of the nucleus accumbens core
and shell in context- and cue-induced alcohol-seeking. Neuropsychopharmacology. 2010; 35:783—
91. [PubMed: 19924113]

Liu X, Caggiula AR, Yee SK, Nobuta H, Sved AF, Pechnick RN, Poland RE. Mecamylamine
attenuates cue-induced reinstatement of nicotine-seeking behavior in rats.
Neuropsychopharmacology. 2007; 32:710-8. [PubMed: 16794568]

LeBlanc KH, Ostlund SB, Maidment NT. Pavlovian-to-instrumental transfer in cocaine seeking
rats. Behav Neurosci. 2012; 126:681-9. [PubMed: 22866668]

Doherty J, Ogbomnwan Y, Williams B, Frantz K. Age-dependent morphine intake and cue-induced
reinstatement, but not escalation in intake, by adolescent and adult male rats. Pharmacol Biochem
Behav. 2009; 92:164-172. [PubMed: 19091300]

Robinson T, Berridge K. The neural basis of drug craving: an incentive-sensitization theory of
addiction. Brain Res Rev. 1993; 18:247-291. [PubMed: 8401595]

Robinson TE, Berridge KC. The psychology and neurobiology of addiction: an incentive-
sensitization view. Addiction. 2000; 95(Suppl 2):S91-117. [PubMed: 11002906]

Jansen A. A learning model of binge eating: Cue reactivity and cue exposure. Behav Res Ther.
1998; 36:257-272. [PubMed: 9642846]

Weingarten HP. Conditioned cues elicit feeding in sated rats: a role for learning in meal initiation.
Science. 1983; 220:431-3. [PubMed: 6836286]

Boggiano MM, Dorsey JR, Thomas JM, Murdaugh DL. The Pavlovian power of palatable food:
lessons for weight-loss adherence from a new rodent model of cue-induced overeating. Int J Obes
(Lond). 2009; 33:693-701. [PubMed: 19350040]

Petrovich GD, Ross CA, Gallagher M, Holland PC. Learned contextual cue potentiates eating in
rats. Physiol Behav. 2007; 90:362-7. [PubMed: 17078980]

Jansen, A., Havermans, RC., Nederkoorn, C. Cued Overeating. In: Preedy, VR.Watson, RR.,
Martin, CR., editors. Handbook of Behavior, Food and Nutrition. Springer New York; New York,
NY: 2011. p. 1431-1443.

Cornell CE, Rodin J, Weingarten H. Stimulus-induced eating when satiated. Physiol Behav. 1989;
45:695-704. [PubMed: 2780836]

Jansen A, Theunissen N, Slechten K, Nederkoorn C, Boon B, Mulkens S, Roefs A. Overweight
children overeat after exposure to food cues. Eat Behav. 2003; 4:197-209. [PubMed: 15000982]
Fedoroff IC, Polivy J, Herman CP. The Effect of Pre-exposure to Food Cues on the Eating
Behavior of Restrained and Unrestrained Eaters. Appetite. 1997; 28:33-47. [PubMed: 9134093]
Jansen A, van den Hout M. On being led into temptation: “Counterregulation” of dieters after
smelling a “preload”. Addict Behav. 1991; 16:247-253. [PubMed: 1776541]

Wardle J. Conditioning processes and cue exposure in the modification of excessive eating. Addict
Behav. 1990; 15:387-393. [PubMed: 2248111]

Jurdak N, Kanarek RB. Sucrose-induced obesity impairs novel object recognition learning in
young rats. Physiol Behav. 2009; 96:1-5. [PubMed: 18718844]

Kanoski SE, Davidson TL. Western diet consumption and cognitive impairment: Links to
hippocampal dysfunction and obesity. Physiol Behav. 2011; 103:59-68. [PubMed: 21167850]
Beilharz JE, Maniam J, Morris MJ. Short exposure to a diet rich in both fat and sugar or sugar
alone impairs place, but not object recognition memory in rats. Brain Behav Immun. 2014;
37:134-41. [PubMed: 24309633]

Furlong TM, Jayaweera HK, Balleine BW, Corbit LH. Binge-like consumption of a palatable food
accelerates habitual control of behavior and is dependent on activation of the dorsolateral striatum.
J Neurosci. 2014; 34:5012-22. [PubMed: 24695718]

Ahn S, Phillips AG. Repeated cycles of restricted food intake and binge feeding disrupt sensory-
specific satiety in the rat. Behav Brain Res. 2012; 231:279-285. [PubMed: 22366270]

Appetite. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kosheleff et al.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

Page 16

Tantot F, Parkes SL, Marchand AR, Boitard C, Naneix F, Layé S, Trifilieff P, Coutureau E, Ferreira
G. The effect of high-fat diet consumption on appetitive instrumental behavior in rats. Appetite.
2017; 108:203-211. [PubMed: 27713085]

Vendruscolo LF, Gueye AB, Vendruscolo JCM, Clemens KJ, Mormede P, Darnaudéry M, Cador
M. Reduced alcohol drinking in adult rats exposed to sucrose during adolescence.
Neuropharmacology. 2010; 59:388-394. [PubMed: 20600175]

Shin AC, Townsend RL, Patterson LM, Berthoud HR. “Liking” and “wanting” of sweet and oily
food stimuli as affected by high-fat diet-induced obesity, weight loss, leptin, and genetic
predisposition. Am J Physiol Regul Integr Comp Physiol. 2011; 301:R1267-80. [PubMed:
21849633]

Lesser EN, Arroyo-Ramirez A, Mi SJ, Robinson MJF. The impact of a junk-food diet during
development on “wanting” and “liking”. Behav Brain Res. 2017; 317:163-178. [PubMed:
27650100]

Buda-Levin A, Wojnicki FHEE, Corwin RL. Baclofen reduces fat intake under binge-type
conditions. Physiol Behav. 2005; 86:176—-84. [PubMed: 16140347]

Avena NM, Hoebel BG. A diet promoting sugar dependency causes behavioral cross-sensitization
to a low dose of amphetamine. Neuroscience. 2003; 122:17-20. [PubMed: 14596845]

Duca FA, Swartz TD, Covasa M. Effect of diet on preference and intake of sucrose in obese prone
and resistant rats. PLoS One. 2014; 9:e111232. [PubMed: 25329959]

Vendruscolo LF, Gueye AB, Darnaudéry M, Ahmed SH, Cador M. Sugar overconsumption during
adolescence selectively alters motivation and reward function in adult rats. PLoS One. 2010;
5:9296. [PubMed: 20174565]

\ollbrecht PJ, Mabrouk OS, Nelson AD, Kennedy RT, Ferrario CR. Pre-existing differences and
diet-induced alterations in striatal dopamine systems of obesity-prone rats. Obesity (Silver Spring).
2016

Robinson MJ, Burghardt PR, Patterson CM, Nobile CW, Akil H, Watson SJ, Berridge KC, Ferrario
CR. Individual Differences in Cue-Induced Motivation and Striatal Systems in Rats Susceptible to
Diet-Induced Obesity. Neuropsychopharmacology. 2015

Lindqgvist A, Mohapel P, Bouter B, Frielingsdorf H, Pizzo D, Brundin P, Erlanson-Albertsson C.
High-fat diet impairs hippocampal neurogenesis in male rats. Eur J Neurol. 2006; 13:1385-1388.
[PubMed: 17116226]

Martire SI, Maniam J, South T, Holmes N, Westbrook RF, Morris MJ. Extended exposure to a
palatable cafeteria diet alters gene expression in brain regions implicated in reward, and
withdrawal from this diet alters gene expression in brain regions associated with stress. Behav
Brain Res. 2014; 265:132-41. [PubMed: 24583192]

Molteni R, Barnard RJ, Ying Z, Roberts CK, Gomez-Pinilla F. A high-fat, refined sugar diet
reduces hippocampal brain-derived neurotrophic factor, neuronal plasticity, and learning.
Neuroscience. 2002; 112:803-14. [PubMed: 12088740]

Berridge KC, Robinson TE, Aldridge JW. Dissecting components of reward: “liking”, “wanting”,
and learning. Curr Opin Pharmacol. 2009; 9:65-73. [PubMed: 19162544]

Davis JD, Smith GP. Analysis of the microstructure of the rhythmic tongue movements of rats
ingesting maltose and sucrose solutions. Behav Neurosci. 1992; 106:217-228. [PubMed: 1554433]
Hsiao S, Fan RJ. Additivity of taste-specific effects of sucrose and quinine: microstructural
analysis of ingestive behavior in rats. Behav Neurosci. 1993; 107:317-26. [PubMed: 8484896]
Berridge KC, Robinson TE. Parsing reward. Trends Neurosci. 2003; 26:507-513. [PubMed:
12948663]

Ostlund SB, Balleine BW. On habits and addiction: An associative analysis of compulsive drug
seeking. Drug Discov Today Dis Model. 2008; 5:235-245.

Dickinson A, Balleine B. Motivational control of goal-directed action. Anim Learn Behav. 1994;
22:1-18.

Birch LL, McPhee L, Sullivan S, Johnson S. Conditioned meal initiation in young children.
Appetite. 1989; 13:105-13. [PubMed: 2802592]

Lowe MR, Butryn ML. Hedonic hunger: A new dimension of appetite? Physiol Behav. 2007;
91:432-439. [PubMed: 17531274]

Appetite. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kosheleff et al.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 17

Yeomans MR, Blundell JE, Leshem M. Palatability: response to nutritional need or need-free
stimulation of appetite? Br J Nutr. 2004; 92(Suppl 1):S3-14. [PubMed: 15384315]

Hetherington MM. Cues to overeat: psychological factors influencing overconsumption. Proc Nutr
Soc. 2007; 66:113-123. [PubMed: 17343777]

Ostlund SB, Kosheleff AR, Maidment NT. Differential Effects of Systemic Cholinergic Receptor
Blockade on Pavlovian Incentive Motivation and Goal-Directed Action Selection.
Neuropsychopharmacology. 2013; 39:1490-1497. [PubMed: 24370780]

LeBlanc KH, Maidment NT, Ostlund SB. Repeated cocaine exposure facilitates the expression of
incentive motivation and induces habitual control in rats. PLoS One. 2013; 8:e61355. [PubMed:
23646106]

Wyvell CL, Berridge KC. Incentive sensitization by previous amphetamine exposure: increased
cue-triggered “wanting” for sucrose reward. J Neurosci. 2001; 21:7831-40. [PubMed: 11567074]

Ostlund SB, Kosheleff AR, Maidment NT, Murphy NP. Decreased consumption of sweet fluids in
mu opioid receptor knockout mice: a microstructural analysis of licking behavior.
Psychopharmacology (Berl). 2013; 229:105-113. [PubMed: 23568577]

Levin JR, Serlin RC, Seaman MA. A controlled, powerful multiple-comparison strategy for several
situations. Psychol Bull. 1994; 115:153-159.

Lovibond PF. Appetitive pavlovian-instrumental interactions: Effects of inter-stimulus interval and
baseline reinforcement conditions. Q J Exp Psychol Sect B. 1981; 33:257-269. [PubMed:
7198814]

Campese V, McCue M, L&zaro-Mufioz G, Ledoux JE, Cain CK. Development of an aversive
Pavlovian-to-instrumental transfer task in rat. Front Behav Neurosci. 2013; 7:176. [PubMed:
24324417]

Davis JD. The Microstructure of Ingestive Behavior. Ann N 'Y Acad Sci. 1989; 575:106-121.
[PubMed: 2699182]

Higgs S, Cooper SJ. Effects of benzodiazepine receptor ligands on the ingestion of sucrose,
intralipid, and maltodextrin: an investigation using a microstructural analysis of licking behavior in
a brief contact test. Behav Neurosci. 1998; 112:447-57. [PubMed: 9588490]

Davis JF, Tracy AL, Schurdak JD, Tschép MH, Lipton JW, Clegg DJ, Benoit SC. Exposure to
elevated levels of dietary fat attenuates psychostimulant reward and mesolimbic dopamine
turnover in the rat. Behav Neurosci. 2008; 122:1257-63. [PubMed: 19045945]

Blaisdell AP, Lau YLM, Telminova E, Lim HC, Fan B, Fast CD, Garlick D, Pendergrass DC. Food
quality and motivation: a refined low-fat diet induces obesity and impairs performance on a
progressive ratio schedule of instrumental lever pressing in rats. Physiol Behav. 2014; 128:220-5.
[PubMed: 24548685]

Shin AC, Zheng H, Pistell PJ, Berthoud HR. Roux-en-Y gastric bypass surgery changes food
reward in rats. Int J Obes (Lond). 2011; 35:642-51. [PubMed: 20805826]

Bartoshuk LM, Duffy VB, Hayes JE, Moskowitz HR, Snyder DJ. Psychophysics of sweet and fat
perception in obesity: problems, solutions and new perspectives. Philos Trans R Soc Lond B Biol
Sci. 2006; 361:1137-48. [PubMed: 16815797]

Geiger BM, Haburcak M, Avena NM, Moyer MC, Hoebel BG, Pothos EN. Deficits of mesolimbic
dopamine neurotransmission in rat dietary obesity. Neuroscience. 2009; 159:1193-9. [PubMed:
19409204]

Colantuoni C, Schwenker J, McCarthy J, Rada P, Ladenheim B, Cadet JL, Schwartz GJ, Moran
TH, Hoebel BG. Excessive sugar intake alters binding to dopamine and mu-opioid receptors in the
brain. Neuroreport. 2001; 12:3549-52. [PubMed: 11733709]

de Weijer BA, van de Giessen E, van Amelsvoort TA, Boot E, Braak B, Janssen IM, van de Laar A,
Fliers E, Serlie MJ, Booij J. Lower striatal dopamine D2/3 receptor availability in obese compared
with non-obese subjects. EINMMI Res. 2011; 1:37. [PubMed: 22214469]

Volkow ND, Wang GJ, Telang F, Fowler JS, Thanos PK, Logan J, Alexoff D, Ding Y'S, Wong C,
Ma 'Y, Pradhan K. Low dopamine striatal D2 receptors are associated with prefrontal metabolism
in obese subjects: possible contributing factors. Neuroimage. 2008; 42:1537-43. [PubMed:
18598772]

Appetite. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kosheleff et al.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Page 18

Wang GJ, Volkow ND, Logan J, Pappas NR, Wong CT, Zhu W, Netusll N, Fowler JS. Brain
dopamine and obesity. Lancet. 2001; 357:354-357. [PubMed: 11210998]

Salamone JD, Mahan K, Rogers S. Ventrolateral striatal dopamine depletions impair feeding and
food handling in rats. Pharmacol Biochem Behav. 1993; 44:605-610. [PubMed: 8451265]

Ostlund SB, Leblanc KH, Kosheleff AR, Wassum KM, Maidment NT. Phasic mesolimbic
dopamine signaling encodes the facilitation of incentive motivation produced by repeated cocaine
exposure. Neuropsychopharmacology. 2014; 39:1-9.

Koob GF, Le Moal M. Drug addiction, dysregulation of reward, and allostasis.
Neuropsychopharmacology. 2001; 24:97-129. [PubMed: 11120394]

Simon GE, Von Korff M, Saunders K, Miglioretti DL, Crane PK, van Belle G, Kessler RC.
Association between obesity and psychiatric disorders in the US adult population. Arch Gen
Psychiatry. 2006; 63:824—30. [PubMed: 16818872]

American Psychiatric Association. Diagnostic and statistical manual of mental disorders. 5.
American Psychiatric Publishing; Arlington, VA: 2013.

Nestler EEJ, Carlezon WJWA.. The mesolimbic dopamine reward circuit in depression. Biol
Psychiatry. 2006; 59:1151-9. [PubMed: 16566899]

Berridge KC. Food reward: Brain substrates of wanting and liking. Neurosci Biobehav Rev. 1996;
20:1-25. [PubMed: 8622814]

Sharma S, Fulton S. Diet-induced obesity promotes depressive-like behaviour that is associated
with neural adaptations in brain reward circuitry. Int J Obes. 2012; 37:382-389.

Kendig MD, Boakes RA, Rooney KB, Corbit LH. Chronic restricted access to 10% sucrose
solution in adolescent and young adult rats impairs spatial memory and alters sensitivity to
outcome devaluation. Physiol Behav. 2013; 120:164—72. [PubMed: 23954407]

la Fleur SE, Vanderschuren LIMJ, Luijendijk MC, Kloeze BM, Tiesjema B, Adan RAH. A
reciprocal interaction between food-motivated behavior and diet-induced obesity. Int J Obes
(Lond). 2007; 31:1286-94. [PubMed: 17325683]

Reichelt AC, Morris MJ, Westbrook RF. Cafeteria diet impairs expression of sensory-specific
satiety and stimulus-outcome learning. Front Psychol. 2014; 5:852. [PubMed: 25221530]

Jurdak N, Lichtenstein AH, Kanarek RB. Diet-induced obesity and spatial cognition in young male
rats. Nutr Neurosci. 2008; 11:48-54. [PubMed: 18510803]

Warneke W, Klaus S, Fink H, Langley-Evans SC, Voigt JP. The impact of cafeteria diet feeding on
physiology and anxiety-related behaviour in male and female Sprague-Dawley rats of different
ages. Pharmacol Biochem Behav. 2014; 116:45-54. [PubMed: 24269545]

Sartorius N, Ustlin TB, Lecrubier Y, Wittchen HU. Depression comorbid with anxiety: results from
the WHO study on psychological disorders in primary health care. Br J Psychiatry Suppl.
1996:38-43. [PubMed: 8864147]

Harmer CJ, Phillips GD. Enhanced conditioned inhibition following repeated pretreatment with d-
amphetamine. Psychopharmacology (Berl). 1999; 142:120-31. [PubMed: 10102763]

Rada P, Avena NM, Hoebel BG. Daily bingeing on sugar repeatedly releases dopamine in the
accumbens shell. Neuroscience. 2005; 134:737-744. [PubMed: 15987666]

Avena NM, Rada P, Moise N, Hoebel BG. Sucrose sham feeding on a binge schedule releases
accumbens dopamine repeatedly and eliminates the acetylcholine satiety response. Neuroscience.
2006; 139:813-820. [PubMed: 16460879]

Spangler R, Wittkowski KM, Goddard NL, Avena NM, Hoebel BG, Leibowitz SF. Opiate-like
effects of sugar on gene expression in reward areas of the rat brain. Brain Res Mol Brain Res.
2004; 124:134-42. [PubMed: 15135221]

Foley KKA, Fudge MAM, Kavaliers M, Ossenkopp KPK. Quinpirole-induced behavioral
sensitization is enhanced by prior scheduled exposure to sucrose: A multi-variable examination of
locomotor activity. Behav Brain Res. 2006; 167:49-56. [PubMed: 16198008]

Gosnell BA. Sucrose intake enhances behavioral sensitization produced by cocaine. Brain Res.
2005; 1031:194-201. [PubMed: 15649444]

100. Corwin RL, Avena NM, Boggiano MM. Feeding and reward: Perspectives from three rat models

of binge eating. Physiol Behav. 2011; 104:87-97. [PubMed: 21549136]

Appetite. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kosheleff et al.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Page 19

Wise RA. Dopamine, learning and motivation. Nat Rev Neurosci. 2004; 5:483-94. [PubMed:
15152198]

Schultz W, Hollerman JR. Dopamine neurons report an error in the temporal prediction of
rewardduring learning. Nat Neurosci. 1998; 1:304-309. [PubMed: 10195164]

Flagel SB, Clark JJ, Robinson TE, Mayo L, Czuj A, Willuhn I, Akers CA, Clinton SM, Phillips
PEM, Akil H. A selective role for dopamine in stimulus-reward learning. Nature. 2011; 469:53—
7. [PubMed: 21150898]

Waelti P, Dickinson A, Schultz W. Dopamine responses comply with basic assumptions of formal
learning theory. Nature. 2001; 412:43-48. [PubMed: 11452299]

Day JJ, Roitman MF, Wightman RM, Carelli RM. Associative learning mediates dynamic shifts
in dopamine signaling in the nucleus accumbens. Nat Neurosci. 2007; 10:1020-8. [PubMed:
17603481]

Rescorla RA. Associative changes with a random CS-US relationship. Q J Exp Psychol Sect B.
2000; 53:325-340. [PubMed: 11131789]

Holland PC. Stimuli associated with the cancellation of food and its cues enhance eating but
display negative incentive value. Learn Behav. 2014; 42:365-82. [PubMed: 25209534]

Brignell C, Griffiths T, Bradley BP, Mogg K. Attentional and approach biases for pictorial food
cues. Influence of external eating. Appetite. 2009; 52:299-306. [PubMed: 19027808]

Avena NM, Long KA, Hoebel BG. Sugar-dependent rats show enhanced responding for sugar
after abstinence: evidence of a sugar deprivation effect. Physiol Behav. 2005; 84:359-62.
[PubMed: 15763572]

Colantuoni C, Rada P, McCarthy J, Patten C, Avena NM, Chadeayne A, Hoebel BG. Evidence
that intermittent, excessive sugar intake causes endogenous opioid dependence. Obes Res. 2002;
10:478-88. [PubMed: 12055324]

Schag K, Schnleber J, Teufel M, Zipfel S, Giel KE. Food-related impulsivity in obesity and binge
eating disorder--a systematic review. Obes Rev. 2013; 14:477-95. [PubMed: 23331770]

Rosval L, Steiger H, Bruce K, Israél M, Richardson J, Aubut M. Impulsivity in women with
eating disorders: problem of response inhibition, planning, or attention? Int J Eat Disord. 2006;
39:590-3. [PubMed: 16826575]

Nasser JA, Gluck ME, Geliebter A. Impulsivity and test meal intake in obese binge eating
women. Appetite. 2004; 43:303-7. [PubMed: 15527933]

Veldzquez-Sanchez C, Ferragud A, Moore CF, Everitt BJ, Sabino V, Cottone P. High trait
impulsivity predicts food addiction-like behavior in the rat. Neuropsychopharmacology. 2014;
39:2463-72. [PubMed: 24776685]

Belin D, Mar AC, Dalley JW, Robbins TW, Everitt BJ. High impulsivity predicts the switch to
compulsive cocaine-taking. Science. 2008; 320:1352-5. [PubMed: 18535246]

de Wit H. Impulsivity as a determinant and consequence of drug use: a review of underlying
processes. Addict Biol. 2009; 14:22-31. [PubMed: 18855805]

Marwitz SE, Woodie LN, Blythe SN. Western-style diet induces insulin insensitivity and
hyperactivity in adolescent male rats. Physiol Behav. 2015; 151:147-54. [PubMed: 26192711]

Wu T, Deng S, Li WG, Yu'Y, Li F, Mao M. Maternal obesity caused by overnutrition exposure
leads to reversal learning deficits and striatal disturbance in rats. PLoS One. 2013; 8:e78876.
[PubMed: 24223863]

Dawe S, Loxton NJ. The role of impulsivity in the development of substance use and eating
disorders. Neurosci Biobehav Rev. 2004; 28:343-351. [PubMed: 15225976]

Jentsch JD, Taylor JR. Impulsivity resulting from frontostriatal dysfunction in drug abuse:
implications for the control of behavior by reward-related stimuli. Psychopharmacology (Berl).
1999; 146:373-90. [PubMed: 10550488]

Wonderlich SA, Connolly KM, Stice E. Impulsivity as a risk factor for eating disorder behavior:
Assessment implications with adolescents. Int J Eat Disord. 2004; 36:172-182. [PubMed:
15282687]

Lardeux S, Kim JJ, Nicola SM. Intermittent access to sweet high-fat liquid induces increased
palatability and motivation to consume in a rat model of binge consumption. Physiol Behav.
2013; 114:21-31. [PubMed: 23499930]

Appetite. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kosheleff et al.

123.

124.

125.

126.

127.

Page 20

Gosnell BA, Levine AS. Reward systems and food intake: role of opioids. Int J Obes. 2009;
33:554-S58.

Mendez IA, Ostlund SB, Maidment NT, Murphy NP. Involvement of Endogenous Enkephalins
and B-Endorphin in Feeding and Diet-Induced Obesity. Neuropsychopharmacology. 2015;
40:2103-12. [PubMed: 25754760]

Davis CA, Levitan RD, Reid C, Carter JC, Kaplan AS, Patte KA, King N, Curtis C, Kennedy JL.
Dopamine for “wanting” and opioids for “liking”: a comparison of obese adults with and without
binge eating. Obesity (Silver Spring). 2009; 17:1220-5. [PubMed: 19282821]

Drewnowski A, Darmon N. The economics of obesity: dietary energy density and energy cost.
Am J Clin Nutr. 2005; 82:2655-273S. [PubMed: 16002835]

Bean MK, Stewart K, Olbrisch ME. Obesity in America: Implications for Clinical and Health
Psychologists. J Clin Psychol Med Settings. 2008; 15:214-224. [PubMed: 19104966]

Appetite. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kosheleff et al.

*kKk
60- *kKk
—
X
< 50-
% *%
O 40- I . |
wid
= T
o)
‘S 304 T 1
s
20—

Figure 1. Changes in Body Weight

1 1 1 1 1
Con. Int. AL Con. Int. AL Con. Int. AL

L qwk —JL— 3wks—/L 6 wks —!

Page 21

Increases in body weight, expressed as a percentage of individual starting weight. Con. =
Control group, Int. = Intermittent group,; AL = Ad Libitum group.
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Figure 2. Individual Differences in Weight Gain

Rats were split into low vs. high weight-gainers using 2 group k-means clustering.
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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; CS°
= neutral cue.
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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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Training and Testing Timeline.

Table 1

Phase Duration Procedure
Magazine Training 1d Noncontingent reward
Instrumental Training 10d Lever-press — Reward
Pavlovian Conditioning 10d CS* — Reward
Diet Exposure 7,21,0r42d Control, Intermittent or 24 h Ad Libitum exposure
Return to Food Restriction  3d 2 h chow per day
Instrumental Retraining 3d Lever-press — Reward
Pavlovian Re-Conditioning 1d A.M.: CS° — No reward
P.M.: CS+ — Reward
Instrumental Extinction 1d Press — No reward
PIT & Lick Test 1 1d Lever extended with CS* and CS° (both unrewarded)
Instrumental Retraining 3d Lever-press — Reward
Pavlovian Re-Conditioning 1d A.M.: CS° — No reward
P.M.: CS+ — Reward
Instrumental Extinction 1d Press — No reward
PIT & Lick Test 2 1d Lever extended with CS* and CS° (both unrewarded)
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