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Abstract

Efforts to stem the global rise in obesity have been minimally effective, perhaps in part because
our understanding of the psychological and behavioral drivers of obesity is limited. It is well
established that stimuli that are paired with palatable foods can powerfully influence food-seeking
and feeding behaviors. However, how consumption of sugary, fatty “junk-foods” affects these
motivational responses to food cues is poorly understood. Here, we determined the effects of
short- and long-term “junk-food” consumption on the expression of cue potentiated feeding and
conditioned food cup approach to Pavlovian conditioned stimuli (CS). Further, to determine the
degree to which effects of “junk-food” were selective to Pavlovian motivational processes, we
varied the predictive validity of the CS by including training groups conditioned with unique CS-
US contingencies ranging from —1.0 to +1.0. “Junk-food” did not enhance cue potentiated feeding
in any group, but expression of this potentiation effect varied with the CS-US contingency
independent of diet. In contrast, “junk-food” consistently enhanced conditioned approach to the
food cup; this effect was dependent on the previously established CS-US contingency. That is,
consumption of “junk-food” following training enhanced approach to the food cup only in
response to CSs with previously positive CS-US contingencies. This was accompanied by reduced
motivation for the US itself. Together these data show that “junk-food” consumption selectively
enhances incentive motivational responses to previously established food CSs, without altering cue
potentiated feeding induced by these same CSs, and in the absence of enhanced motivation for
food itself.
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1. Introduction

World-wide obesity rates have steadily increased over the past half century (W.H.O, 2017).
Efforts to stem the tide of this trend have been minimally effective, perhaps in part because
our understanding of the psychological and behavioral drivers of obesity is limited (Chan &
Woo, 2010). One potentially important psychological contributor to the development of
obesity is the influence that Pavlovian conditioned stimuli (CSs) exert on craving, food-
seeking, and consummatory behaviors (Dagher, 2009; Berridge et a/., 2010; Chan & Woo,
2010). For example, repeated pairings of an initially neutral CS with an unconditioned
stimulus (US) food reward, results in the acquisition of an association between the CS and
the food US (CS-US association). Once these associations are established, mere presentation
of the CS elicits conditioned reflexes and behavioral responses appropriate to the nature of
the initial US (Pavlov, 1927). Conditioned reflexes manifest as physiological changes, such
as increased salivation, whereas conditioned responses manifest as changes in appetitive
behaviors, such as increased approach toward the site of expected US delivery. In addition to
acquiring predictive significance, CSs can also acquire strong motivational valence across
conditioning. The motivational influence of CSs can trigger enhanced ‘cravings’, promote
instrumental food-seeking behaviors (Pavlovian-to-instrumental transfer), and ultimately
increase the amount of food consumed (Weingarten, 1983; Birch et a/., 1989; Rogers & Hill,
1989; Pandit ef al., 2012; Blechert et al., 2016).

Enhanced cue-triggered motivation for food has been implicated as a factor in the
development of human obesity (Dagher, 2009; Berridge et al., 2010). For example, in
humans the scent and sight of foods elicit increases in heart rate, blood pressure, skin
conductance, salivation, and subjective ratings of craving and hunger. These responses occur
in healthy weight individuals, but are enhanced in obese subjects and those identified as
binge eaters (Nederkoorn et al., 2000; Udo et al., 2014; Wolz et al., 2017). Similarly,
presentation of food CSs increases food consumption in healthy weight individuals, an effect
that is also enhanced in obese subjects (Birch et al., 1989; Wolz et al., 2017). Furthermore,
several brain imaging studies in healthy, overweight, and obese subjects have found that
food cues elicit activations in corticolimbic regions, and that the magnitude of these effects
is enhanced in overweight and obese populations (Rothemund et al., 2007; Stoeckel et al.,
2008; Bruce et al., 2010; Yokum et al., 2014). Although basal differences in neurobehavioral
responsivity to food cues likely contribute to weight gain (Demos et al., 2012; Murdaugh et
al., 2012; Yokum et al., 2014; Robinson et al., 2015; Derman & Ferrario, 2018), determining
how consumption of sugary, fatty foods may impact these motivational responses to food
cues is critical for understanding the mechanisms driving food-seeking and over-eating.

While diet composition has an obvious and direct influence on fat accumulation and
metabolism, diets high in fats and sugars also have wide-ranging effects on the function of
corticolimbic regions that may render individuals more susceptible to the motivational
influence of food cues (Counotte et al., 2014; Robinson ef al., 2015; Liu et al., 2016; Brown
et al., 2017). However, only a few preclinical studies have examined how sugar- and fat-rich
diets affect motivational responses to Pavlovian cues. One such study found that obesity
resulting from consumption of a sugary, fatty “junk-food” diet enhanced willingness to work
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for a previously learned food CS (i.e., conditioned reinforcement; Robinson et a/., 2015).
Similarly, another recent study found that consumption of a 60% high-fat diet enhanced
instrumental responding in the ‘incubation of craving” model in outbred rats (Dingess et al.,
2017). Together these data suggest that consumption of obesogenic diets may enhance
conditioned motivational responses to food CSs. However, whether these effects are related
to the predictive validity of a given CS and how these diet manipulations may affect different
aspects of cue-triggered motivation are poorly understood. Therefore here, we determined
the effects of both, short- and-long term “junk-food” consumption on the expression of
conditioned approach and cue potentiated feeding.

Cue potentiated feeding is a well-established procedure that tests the ability of a learned
food-predictive CS to spur on food intake in the face of selective satiation (Weingarten,
1983; Reppucci & Petrovich, 2012). Additionally, the nature of this testing procedure also
provides information about conditioned approach to the site of US delivery. Thus, here were
assessed the impact of “junk-food” consumption of cue-induced consummatory and
conditioned appetitive responses. Furthermore, in order to determine whether effects of
“junk-food” were specific to Pavlovian motivational processes, we systematically varied the
predictive validity of the CS across distinct training groups by varying the CS-US
contingencies between groups. If “junk-food” consumption imparts a change in behavior
that is specific to Pavlovian motivation, then effects of “junk-food” should be found in
response to CSs with positive predictive validity, but not to CSs with neutral or negative
predictive validity.

While the precise neurobiological underpinnings of conditioned approach and cue
potentiated feeding are not fully understood, they have been shown to depend upon
corticolimbic circuitry and on dopaminergic and glutamatergic transmission in these regions
(Petrovich et al., 2007; Blaiss & Janak, 2009; McDannald et a/., 2013; Cole et al., 2015;
Keefer & Petrovich, 2017). Given that consumption of sugar- and fat-rich diets enhance
function within these circuits (Baladi et al., 2015; Peng et al., 2015; Robinson et al., 2015;
Ferrario et al., 2016; Oginsky et al., 2016), we predicted that “junk-food” consumption
would enhance conditioned approach and cue potentiated feeding. Moreover, if this diet
manipulation selectively affects Pavlovian motivational processes, then we would expect
behavioral differences would manifest only in groups trained with a strong positively
predictive CS-US relationship.

2. General Materials and Methods

2.1. Subjects

Adult male Sprague Dawley rats (total N=139) purchased from Harlan Laboratories (now
Envigo) were used. Rats were pair housed and maintained on a reverse light-dark schedule
(12/12), where all behavioral experiments were performed during the dark phase. Rats were
70 days old at the start of each experiment. All procedures were approved by The University
of Michigan Institutional Animal Care and Use Committee. Additional details for all
procedures and housing can be found at: https://sites.google.com/a/umich.edu/ferrario-lab-
public-protocols/.
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2.2. Pavlovian Conditioning

Prior to training, rats (Experiment 1, n=80; Experiment 2, n=59) were food restricted to 85—
90% of their free-feeding bodyweight and maintained at this weight for the duration of
training. All training and testing was conducted in standard Med Associate operant
chambers. After reaching their target weight range, rats underwent 2 food cup training
sessions (1/day) in which 20 food pellets (US; 45mg Bioserv #F0021; 0.75 protein, 0.5 fat,
2.36 carbohydrate kCal/g) were delivered into the food cup on a variable time (VT) schedule
of 60 seconds (range, 30"-90"). Next, rats underwent Pavlovian conditioning in 8 daily
sessions. Here we describe the general procedure and followed by specific details about the
relationship between CS-US presentations for Experiment 1 and 2 in section 3.1 and 3.2,
respectively. Each session consisted of four presentations of a 2-minute noise conditioned
stimulus (CS) with an average inter-trial-interval (ITI) of 5 minutes (range 3’-7’). Each
session lasted ~28 minutes and rats received a total of 16 pellet deliveries per session. Food
cup entries during the CS and ITI periods were recorded throughout each session.

2.3. Junk-Food Diet

After initial Pavlovian conditioning, rats were placed on ad lib chow (Test Diet, 5001; 4.5%
fat, 23% protein, 48.7% carbohydrates; 4 kcal/g) for 1 day, and then assigned to chow
(Chow) or “Junk-Food” (JF) groups counterbalanced by weight and behavior during
Pavlovian training. The “JF” diet is a mash consisting of Chips Ahoy! chocolate chip
cookies (260g), Frito Lays potato chips (80g), Jif peanut butter (260g), Nestle Nesquik
chocolate powder (260g), Test Diet, 5001 (400g) and water (355ml; 19.6% fat, 14% protein,
58% carbohydrates; 4.5 kcal/g). Bodyweights and food intake (per cage) were monitored for
the remainder of the experiment.

2.4. Cue Potentiated Feeding and Conditioned Approach Testing

Testing for cue potentiated feeding was adapted from existing procedures (Galarce et al.,
2007; Cole et al., 2015). Rats were given free access to the same Bioserv food US used in
initial training for one hour prior to testing. Next, rats were placed in the operant boxes and
food intake was recorded during two distinct 5 minute phases of testing: baseline (BL) and
CS presentation (CS test). In each of these phases, a pre-weighed portion (~2-2.5g) of
pellets was placed directly into the food cup without obscuring the infrared beam used to
detect food cup entries. During the BL test, there were no CS presentations and rats were
free to eat from the food cup during the 5 minute period. The rats were then briefly removed
from the chamber, the remaining pellets were collected, and a fresh pre-weighed portion of
pellets was placed in the food cup (~2-2.5g). Rats were then returned to the chamber for the
CS test (5 minutes). During this test, rats were given two 90 second CS presentations, the
first occurred 30 seconds into testing, and the 2nd occurred 60 seconds after the first
presentation; an additional 30 seconds of post-CS responding was recorded after the final CS
presentation. Our testing procedure was adapted from Galarce et al (2007) which used a 5
minute test with 2 CS presentations. However, here we shortened the duration of CS to 90
seconds in order to enhance our ability to observe conditioned approach, while maintaining
a 5 min total testing time. After testing, rats were then returned to their home cage and the
pellets remaining in the food cup were collected and weighed. Consumption was determined
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by measuring the difference in weight of the pellets remaining from pellets provided during
each phase of testing. In addition, food cup entries were measured throughout.

2.5. Extinction and Reinstatement Test

During testing borderline effects of JF consumption were found in the Zero Contingency and
50% Positive Contingency groups, which led us to probe this effect further using an
extinction/reinstatement protocol. Here, rats underwent 4 days of extinction training; this
was identical to their original Pavlovian conditioning, except no USs were delivered. Next,
they were tested for reinstatement of conditioned approach to the food cup. In this test, rats
received one CS-US pairing at the start of the session (reinstatement of CS-US association),
followed by 4 presentations of the CS alone. Food cup entries were recorded throughout
extinction and reinstatement testing.

2.6. Progressive Ratio Testing

Testing under progressive ratio conditions was used to determine whether JF consumption
altered motivation for the US. Rats were trained on a Fixed Ratio-1 (FR1) to press an active
lever to earn the same Bioserv pellet US from Pavlovian conditioning (3, 20-min sessions; 1
session/day). Following FR1 training, rats were tested on a progressive ratio (PR) schedule
in which the ratio of lever presses required to earn a pellet was progressively increased using
the following formula: response ratio [=5e(US delivery x 0.2)]-5 (a5 jn Richardson & Roberts,
1995). The PR test sessions closed after either 30 minutes passed without any active lever
response or the total session length reached 3 hours. Lever presses, food cup entries, and the
final ratio achieved (i.e., breakpoint) were recorded.

2.7. Statistics

Statistical analyses were performed using Graphpad Prism (Version 7.0c¢) and included:
unpaired and paired t-tests, and one-way and two-way RM ANOVAs. Sidak’s and Dennett’s
multiple comparisons were used for post-hoc and planned comparisons.

3. Design of individual experiments

3.1. Experiment 1. Effects of Limited Junk-Food Consumption

In Experiment 1, four separate groups of rats were trained, each with a distinct CS-US
contingency. The purpose here was to determine whether subsequent consumption of a JF
diet resulted in effects specific to the initial predictive nature of the CS, or general effects
that were not unique to prior learning. Therefore, during Pavlovian conditioning we
systematically varied the predictive validity of CS [p(US|CS)-p(US|ITI)] between groups
from 100% negative to 100% positive. Specifically, in the 100% Negative Contingency
group (n=18), the predictive validity of the CS was set to —1.0, thus US deliveries occurred
only during the ITI and never during the CS. In the Zero Contingency group (n=20), the
predictive validity of the CS was set to 0.0, where US deliveries occurred with equal
probability during both the CS and the ITI period. In the 50% Positive Contingency group
(n=20), the predictive validity of the CS was set to +0.5, with US deliveries occurring on
half the CS trials and never during the ITI. Finally, for the 100% Positive Contingency group
(n=42), the predictive validity of the CS was set to +1.0, such that USs were delivered
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during every CS trial and never during the ITI. In each of these training groups US deliveries
were presented on a VT schedule within the appropriate delivery windows. (See Rescorla,
1968 for discussion of the effects of CS-US contingency on conditioned responding.)
Following Pavlovian conditioning, half the rats in each training contingency group were
given free access to chow or JF in their home cage (as described above, section 2.3) for 14
days before testing. During this period, food intake and bodyweight were recorded at least
three times per week.

During testing, we found trends for increases in conditioned approach in JF vs. Chow treated
rats in the Zero Contingency and 50% Positive Contingency trained groups, which led us to
further probe this effect using an extinction reinstatement protocol in these groups as
described above (section 3.4). In addition, potential effects of JF on motivation for the US
were evaluated in these same rats using progressive ratio testing (section 3.5).

3.2. Experiment 2: Effects of Prolonged Junk-food Consumption and Junk-food

Deprivation

For Experiment 2, two groups of rats underwent Pavlovian training: a 100% Negative
Contingency group (n=18) and a 100% Positive Contingency group (n=41) as described
above (section 3.1). Briefly, the 100% Negative contingency group only received pellets
during the ITI and the 100% Positive Contingency group only received pellets in the
presence of the CS. We then assigned rats to one of three diet manipulation groups: Ad lib
chow (Chow; 100% negative n=6, 100% Positive n=10), continuous junk-food (JF; 100%
negative n=6, 100% Positive n=16) and junk-food deprivation (JF-Dep; 100% negative n=6,
100% Positive n=16) groups. Rats in the continuous JF group (JF) were given ad lib access
to junk-food in their home cage for a total of 45 days. Rats in the JF Deprivation group (JF-
Dep) received ad lib access to junk-food in the home cage for 30 days before junk-food was
removed and replaced by free access to lab chow for 14 additional days. Importantly, groups
were counterbalanced for performance during initial acquisition and weight. In addition, JF
and JF-Dep groups were counterbalanced for food intake and weight gain across the first 30
days of diet access. Forty-five days following the final day of Pavlovian conditioning session
and the start of diet exposure, rats were tested for cue potentiated feeding and conditioned
approach as described above (section 2.4). Thus, for rats in the JD-Dep group, testing
occurred 14 days after their last day on the junk-food diet.

4. Results Experiment 1: Effects of CS-US contingency and 14 days of junk-

food exposure

4.1. Pavlovian Conditioning

For Experiment 1, 80 male Sprague Dawley rats were food restricted and then trained. The
average weight prior to food restriction was 297.2g + 2.01g. Fig 1 shows the rate of food cup
entries during Pavlovian conditioning. (Note that food cup responses were taken across the
entire session and include responding in the presence of the US). In the 100% Negative
Contingency group (n=18), food cup entries during the ITI increased across sessions relative
to entries during the CS— (Fig 1A: two-way RM ANOVA; main effect of phase,
F(1,17)=13.91, p<0.01; main effect of session, F(7 119)=7.26, p<0.01; phase by session
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interaction F(7 119)=4.31, p<0.01), consistent with pellet delivery during the ITI period. In
the Zero Contingency group (n=20), food cup entries were slightly, though significantly
greater during CSO presentations than during the ITI, and the magnitude of this effect was
fairly stable across training (Fig 1B: two-way RM ANOVA; main effect of phase,
F(1,19/=120.5, p<0.01; main effect of session, F(7 133)=7.26, p<0.01; phase by session
interaction, F(7 133y=4.8, p<0.01). In the 50% Positive contingency group (n=20) the rate of
food cup entries during CS+ presentation increased significantly across sessions compared
to the ITI (Fig 1C: two-way RM ANOVA; main effect of phase, F(1,19)=399.9, p<0.01; main
effect of session, F7,133)=22.15, p<0.01; phase by session interaction, F(7 133)=38.8,
p<0.01). Likewise in the 100% Positive contingency group (n=42) food cup entries during
the CS+ relative to entries during the ITI increased significantly across training (Fig 1D:
two-way RM ANOVA; main effect of phase, F1 41)=582.1, p<0.01; main effect of session,
F(7,287)=12.15, p<0.01; phase by session interaction, F(7 133)=63.7, p<0.01). Although
measured in the presence of US deliveries, the progressive increases in the magnitude of
responding during the CS period are consistent with the development of conditioned
approach to the CS+ in the Positive Contingency groups. In addition to these within-subject
assessments, we also compared the rate of food cup entries during the ITI and CS across all
the training groups. As expected, the rate of food cup entries during CS presentations varied
significantly by training contingency (Fig 1E: two-way RM ANOVA; main effect of group,
F(3,96)=108.4, p<0.01; main effect of session, F(7 672)=16.28, p<0.01). Specifically, the rate
of responding during the CS period was greatest in the 100% Positive Contingency group,
whereas the rate in the 50% Positive Contingency group was greater than in the Zero and
100% Negative Contingency groups, and lastly the rate in the Zero Contingency group was
greater than in the 100% Negative Contingency group. These group effects became more
pronounced across sessions (Fig 1E: two-way RM ANOVA,; group x session interaction,
F(21‘672):16.75, p<0.01).

The result above, include responding that occurred in the presence of the US, and thus are
not a direct measure of conditioned approach per se. Therefore, we also evaluated the
latency to approach the food cup following CS onset during the last 4 sessions of Pavlovian
training. As expected, the latency to enter the food cup following CS onset was significantly
greater in the 100% Negative Contingency group relative to all other groups, but did not
differ between the remaining groups (Supplemental Fig 1: two-way RM ANOVA; main
effect of group, F(3 95)=44.46, p<0.01; main effect of session, F(3 »gg)=4.14, p<0.01 ;
significant group by session interaction, Fg 2gg)=4.06, p<0.01).

4.2. Post-Training Junk-food Consumption

Following training, rats were relieved from food restriction and split into Chow and JF
treatment group matched for weight and behavior during conditioning (for behavioral
counterbalancing see Supplemental Fig 2A-D: two-way RM ANOVA,; no effects of future
diet treatment Chow vs. JF groups: 100% Negative Contingency: p=0.44; Zero Contingency:
p=0.49; 50% Positive Contingency: p=0.75; 100% Positive Contingency: p=0.24). Food
intake for both Chow and JF groups began relatively high, but then dropped over time
(Supplemental Fig 2E: two-way RM ANOVA; main effect of day, F(13 394)=53.54, p<0.01).
This is likely due to a refeeding effect following chronic food restriction during training. In
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addition, the JF group consumed significantly more calories compared to Chow group across
all days (Supplemental Fig 2E: two-way RM ANOVA; main effect of diet, F(; 35=45.63,
p<0.01; significant day by group interaction, F(13 494)=6.45, p<0.01).

4.3. Effects of CS-US Contingency and Junk-food on Cue Potentiated Feeding and
Conditioned Approach

After 14 days on their respective diets, rats were selectively satiated on the US from training
(Bioserv pellets) for one hour and then tested for cue potentiated feeding and conditioned
approach in the operant chambers. To evaluate the effect of CS presentations on pellet
consumption we calculated the proportion of pellets consumed during the CS test relative to
the baseline period (CS test /[baseline + CS test]). Cue potentiated feeding differed by
training contingency, but did not differ between diet treatment groups (Supplemental Fig 3C:
two-way ANOVA; main effect of training, F(3 71)=2.91, p=0.04; no effect of diet, p=.53; no
diet by training interaction, p=0.60). Therefore, we collapsed across Chow and JF groups
and determined the relationship between initial CS-US contingency and cue potentiated
feeding. We found that only the 50% Positive Contingency group exhibited significantly
increased pellet consumption in the presence of the CS compared to the 100% Negative
Contingency group (Fig 2A: one-way ANOVA; main effect of training, F(3 74)=2.71, p=0.05;
Dennett’s, (74)=2.43, p=0.05). Comparisons here were made back to the 100% Negative
Contingency, rather than the Zero Contingency group, because rats trained in the Zero
Contingency groups acquired low levels of conditioned approach (see Fig 1B and 2C).

We next determined whether food cup entries during CS presentation varied as a function of
previous training contingency and JF consumption. JF consumption significantly increased
conditioned approach relative to Chow groups in rats initially trained with a 50% or 100%
Positive CS-US contingency. Specifically, in the 100% Negative Contingency groups, the
rate of food cup entries did not differ between the ITI and the CS, nor was there an effect of
diet on this behavior (Fig 2B: two-way RM ANOVA; no effect of phase, p=0.23; no effect of
diet, p=0.91; no phase by diet interaction, p=0.20). We also performed planned comparisons
between the CS and ITI response rates for each diet treatment alone and neither treatment
group showed greater responding during the CS vs. ITI (Fig 2B: Sidak’s, ITI vs. CS, Chow:
p=0.99; JF: p=0.17). In the Zero Contingency groups overall rates of food cup entries did not
differ by diet, however the rate of food cup entries was slightly higher during CS
presentations than during the ITI (Fig 2C: two-way RM ANOVA, no effect of diet, p=0.39;
main effect of phase, F(1,18)=13.2, p<0.01; no phase by diet interaction, p=0.61). However,
additional planned comparisons of responding during the ITI vs. CS in each treatment group
revealed that this effect was driven primarily by the behavior of the JF treatment group (Fig
2C: Sidak’s, ITI vs. CS, Chow: p=0.12; JF: t(18)=3.28, p<0.01). Overall, conditioned
approach behavior was not dramatically different between JF and Chow treatment groups
that previously received 100% Negative or Zero Contingency Pavlovian training.

Behavior differed dramatically in the Positive Contingency groups. Specifically, the 50%
Positive Contingency groups showed clear conditioned approach, making significantly more
food cup entries during the CS vs. ITI phase of testing (Fig 2D: two-way RM ANOVA; main
effect of phase, F(1 18=43.4, p<0.01). In addition, there was a modest effect of diet, such
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that responding in the JF treated group was elevated compared to the Chow group (Fig 2D:
main effect of diet, F(1 18)=3.99, p=0.06; no phase by diet interaction, p=0.30). Similarly, the
100% Positive Contingency groups also showed strong conditioned approach (Fig 2E: two-
way RM ANOVA; main effect of phase, F(1,26)=40.77, p<0.01). Furthermore, this effect was
strongly enhanced in JF vs. Chow groups (Fig 2E: two-way RM ANOVA; main effect of
diet, F(1,26)=19.64, p<0.01; significant phase by diet interaction, F(1 26)=5.08, p=0.03). Post
hoc analysis of the phase by diet interaction revealed that JF selectively increased entries in
the presence of the CS, whereas ITI rates did not differ (Fig 2E: Sidak’s, Chow vs. JF, ITI:
p=0.25; CS: t(52)=4.72, p<0.01). A summary of the relationship between training and diet
treatment on conditioned approach is shown in Fig 2F. This illustrates the progressive
increase of conditioned approach behavior as a function of CS-US contingency in both
groups. In addition, JF treated rats exhibit stronger rates of responding and this effect is most
pronounced with the fully predictive CS (Fig 2F: two-way RM ANOVA; main effect of diet,
F(1,72=6.28, p=0.01; main effect of CS-US contingency, F(3 72)=6.20, p<0.01; no diet by
CS-US interaction p=0.50). Importantly, bodyweights did not differ between Chow and JF
groups prior to initial training or on the day of testing, although bodyweights did increase
across time, consistent with normal growth (Fig 2G: two-way RM ANOVA,; no effect of diet
treatment group, p=0.48; main effect of time, F(; 76)=2096, p<0.01; no diet by time
interaction, p=0.52). Thus, effects of JF on conditioned approach described above occurred
in the absence of any significant weight differences between Chow and JF groups. In
summary, cue potentiated feeding varied by initial Pavlovian training contingencies, but was
not strongly affected by diet. In contrast, there was a positive relationship between the
expression of conditioned approach and the strength of initial CS-US relationships which
was enhanced by JF consumption only in those rats that had received 50% or 100% Positive
Contingency training.

4.4, Effects of Junk-food on Extinction and Reinstatement Testing

After the testing described above, the same rats from the Zero and 50% Positive
Contingency groups then underwent 4 sessions of extinction training followed by
reinstatement testing in order to further probe the trends toward an effect of JF on
conditioned approach outside of the cue potentiated feeding testing procedure. As expected,
in the Zero Contingency groups, food cup entries during the CS and during the ITI were
relatively low and were reduced even further by extinction training (Fig 3A: two-way RM
ANOVA; Chow group, main effect of session, F(3 1)=14.88, p<0.01; main effect of phase,
F(,7)=45.7, p<0.01; no session by phase interaction, p=0.12; JF group, main effect session,
F(3,33=14.05, p<0.01; main effect of phase, F(1,11)=10.53, p<0.01; no session by phase
interaction, p=0.10). In addition, behavior between Chow and JF groups was similar across
extinction training (Fig 3A: two-way RM ANOVA; ITI: no effect of diet, p=0.55; no diet by
session interaction, p=0.67; CS: no effect of diet, p=0.12; no diet by session interaction,
p=0.71). In addition, planned comparisons between CS and ITI responding, revealed that by
the final session CS responding was not different than ITI for both groups (Sidak’s, 1T vs.
CS, Chow group: p=0.21; JF group: p=0.72).

In the 50% Positive Contingency groups responding to the CS dropped significantly over the
four sessions of extinction, and again there were no differences between Chow and JF
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treatment groups (Fig 3B: two-way RM ANOVA; Chow group, main effect of session,
F(3,27)=37.46, p<0.01; main effect of phase, F(1 9)=37.62, p<0.01; significant phase by
session interaction, F(3 >7)=10.04, p<0.01; JF group, main effect of session, F(3 »7)=20.69,
p<0.01; main effect of phase, F(1,9)=171.1, p<0.01; significant phase by session interaction,
F3,27)=8.11, p<0.01; Fig 3B: two-way RM ANOVA, ITI, no effect of diet, p=0.70; no diet
by session interaction, p=0.36; CS, p=0.68; no diet by session interaction, p=0.77).
Importantly, conditioned approach behavior did not fully extinguish in the 50% Positive
Contingency groups (Fig 3B: Sidak’s, ITI vs. CS, Chow group: t(27)=5.43, p<0.01; JF group:
t(27)=3.75, p<0.01). This was deliberate, as we chose to implement limited extinction
training, so as not to completely abolish the CS-US association (see Delamater et al., 2017
for discussion).

Twenty-four hours after the last extinction session, rats were brought back to the operant
boxes and given one paired presentation of the CS and US at the start of test session
followed by 4 presentations of the CS alone. As expected, in the Zero Contingency group
one CS-US pairing was not sufficient to enhance food cup entries during the CS relative to
the ITI, nor did behavior differ between diet treatment groups, although ITI responding did
increase following extinction training (Fig 3C: two-way RM ANOVA; main effect of phase,
F3,54=4.42, p=0.01; no effect of diet, p=0.87; no phase by diet interaction, p=0.87). In the
50% Positive Contingency groups, one CS-US pairing was not sufficient to increase
conditioned approach behavior above levels reached on the final day of extinction (i.e., to
induce reinstatement; Fig 3D: two-way RM ANOVA; main effect of phase, F(3 54)=19.44,
p<0.01; no effect of diet, p=0.19; diet by phase interaction, F(3 54)=2.38, p=0.08). However,
planned comparisons examining responding during the ITI vs. CS revealed that during
testing conditioned approach was absent in the Chow group, but was maintained in the JF
group (Fig 3D: Reinstatement Test: Sidak’s CS vs. ITI; Chow Group: p=0.24; JF Group:
t(54)=4.28, p<0.01). Thus, although we did not observe a true reinstatement effect in either
group, JF experienced rats nonetheless maintained conditioned approach during the
reinstatement test, whereas the Chow group did not. This is consistent with conditioned
approach behavior during the cue potentiated feeding test and suggests that JF not only
enhances the magnitude, but may also enhance the persistence of conditioned approach.

4.5. Effects of Junk-food on Instrumental Responding for the US

Data above show that JF consumption enhances conditioned responding to food cues, but we
had not examined the effect of this diet on motivation for the US itself. Therefore, rats from
the 50% Positive Contingency groups were used to examine instrumental responding for the
US. Across three sessions of FR1 training, Chow and JF groups increased their rates of
active lever responding while decreasing their inactive lever responding (Fig 4A: three-way
RM ANOVA; main effect of lever, F(1 108)=153.9, p<0.01; no effect of session, p=0.14;
session by lever interaction, F(3 108)=6.28, p<0.01). Active lever responding in the Chow
group was modestly elevated by the end of training compared to the JF group (Fig 4A: three-
way RM ANOVA; main effect of diet, F(; 108)=3.43, p=0.07; main effect of lever,
F(1,108)=153.90, p<0.01; lever by diet interaction, F(; 108y=3.73, p=0.06; no session by diet
interaction, p=0.48; no session x lever x diet interaction, p=0.54). Next, rats were shifted to
a progressive ratio schedule to determine if JF treatment altered the willingness to work for
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US deliveries. The Chow group achieved significantly higher breakpoints across three
sessions compared to the JF group (Fig 4B: two-way RM ANOVA; main effect of diet,
F(1,18=12.17, p<0.01; no effect of session, p=0.21; no diet x session interaction, p=0.79). In
concordance with this result, total active lever responses were greater in the Chow group
than in the JF group (Fig 4C: three-way RM ANOVA; main effect of diet, F(1 108=27.17,
p<0.01; main effect of lever, F(1 108)=87.26, p<0.01; no effect of session, p=0.48; diet by
lever interaction, F(1,108)=15.57, p<0.01; no diet by session interaction, p=0.81; no session
by lever interaction, p=0.45; no session x lever x diet interaction, p=0.97). Moreover,
planned comparisons between active v inactive lever responding revealed that, repeated
progressive ratio testing in the JF group resulted in a loss of preferential active lever
responding on the third test, whereas in the Chow group active lever responding remained
significantly higher than inactive responding throughout testing (Fig 4C: Sidak’s, active vs.
inactive, JF group: p>0.10; Chow group: t(10g)=4.87, p<0.01). Thus, although incentive
motivational responses to the CS were enhanced by JF consumption, the willingness to work
for the US itself was reduced. This result is consistent with well-established behavioral and
neural dissociations between preparatory and consummatory aspects of feeding (see also
discussion, section 6).

5. Results Experiment 2: Effects of prolonged junk-food exposure, with and

without junk-food deprivation

The purpose of this experiment was to determine whether prolonging the JF consumption
period, with and without a JF deprivation period, would produce enhancements in cue
potentiated feeding and/or conditioned approach.

5.1. Pavlovian Conditioning

Rats were trained either in the 100% Negative Contingency (n=18) or the 100% Positive
Contingency (n=42) using the same procedure as in Experiment 1 above (average
bodyweight: 340g + 2.53g). As expected, in the 100% Negative Contingency group food cup
entries were slightly higher during ITI than during the CS— (Fig 5A: two-way RM ANOVA,;
100% Negative Contingency group, main effect of phase, F(1,17)=41.07, p<0.01; main effect
of session, F(7,119)=2.24, p=0.04; no phase by session interaction, p=0.13); whereas in the
100% Positive Contingency group, food cup entries were greater during the CS+ than during
the ITI, with this difference increasing across conditioning sessions (Fig 5B: two-way RM
ANOVA; 100% Positive Contingency group, main effect of phase, F(; 41)=821.9, p<0.01;
main effect of session, F(7,287)=19.7, p<0.01; phase by session interaction, F(7,287)=75.51,
p<0.01).

5.2. Post-Training Junk-food Consumption and Deprivation

Following initial training, rats were relieved from food restriction and assigned to either
Chow (n=15), JF (n=22) or JF-Dep (n=22) diet treatment groups, counterbalanced for
behavior during Pavlovian conditioning and weight. (For behavioral counterbalancing of
these diet treatment groups see Supplemental Fig 5: two-way RM ANOVA; no effects of
future diet treatment 100% Negative Contingency group: p=0.23; 100% Positive
Contingency group: p=0.73). Bodyweights in the Chow, JF Dep, and JF groups did not differ
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at any point throughout study (Fig 6A: two-way RM ANOVA; no effect of diet, p=0.44; no
diet by time interaction, p=0.96). Despite the lack of differences in body weight, daily kCal
consumption differed between treatment groups. Specifically, during the first 4 weeks of
treatment, caloric intake per cage was significantly higher in the JF and JD-Dep groups
relative to the Chow group, and consumption was similar between JF and JF-Dep groups
(Fig 6B: two-way RM ANOVA; main effect of diet treatment, Fg 162)=192.9, p<0.01; main
effect of time, F(2 27)=11.09, p<0.01; diet by time interaction F 12 162)=21.31, p<0.01). When
rats in the JF-Dep group were put back on a chow only diet, caloric intake dropped
dramatically in the first week and was significantly lower in the JD-Dep group compared to
both Chow and JF groups (Fig 6B, Week 6: Sidak’s: JF-Dep vs. JF, t(189)=9.97, p<0.01; JF-
Dep vs. Chow, t(189)=2.86, p<0.01). Examination of daily consumption during the JF-
deprivation window is shown in Fig 6C. The reduction in caloric intake in the JF-Dep group
was immediately apparent after the removal from JF diet and persisted for 4 days (Fig 6C:
two-way RM ANOVA; main effect of diet treatment, F(; ,7)=27.72, p<0.01; diet by time
interaction F(3p 432)=24.06, p<0.01). After this time, caloric intake between the Chow and
JF-Dep groups did not differ (Fig 6C: Day 5, Sidak’s: JF-Dep vs, p<0.31).

5.3. Effects of Prolonged Junk-Food, With and Without Junk-Food Deprivation, on Cue
Potentiated Feeding and Conditioned Approach

Chow, JF and JF-Dep groups were then tested for cue potentiated feeding and conditioned
approach as described above. Briefly, rats were selectively sated on Bioserv pellets for one
hour followed by baseline (BL) and CS presentation (CS test) in the operant chambers.
Again, we did not find any effect of diet on cue potentiated feeding (Fig 7A: two-way
ANOVA,; no effect of diet, p=0.72; no diet by training interaction, p=0.78). However, in this
cohort tested 45 days after the final Pavlovian conditioning session, presentation of the CS
significantly increased food intake in the 100% Positive Contingency groups (Fig 7A: main
effect of training, F(; 54y=4.00, p=0.05).

Food cup entries during testing are shown in Fig 7. Consistent with results from Experiment
1, in the Negative Contingency groups, the rate of food cup entries did not differ between the
ITI and the CS, nor was there any effects of diet on this behavior (Fig 7B: two-way RM
ANOVA,; no effect of phase, p=0.12; no effect of diet, p=0.43; no diet by phase interaction,
p=0.37). In contrast, in the 100% Positive Contingency groups all groups entered the food
cup more during the CS relative to the ITI and this effect interacted with diet (Fig 7C: two-
way RM ANOVA; main effect of phase F(; 39y=120.9, p<0.01; no effect of diet, p=0.31;
phase by diet interaction, F( 39)=3.81, p=0.03). Moreover, post-hoc analysis revealed that
food cup entries during the CS were significantly greater in the JF group compared to the
Chow group, with no differences in ITI responding (Fig 7C: Sidak’s, Chow vs. JF, CS:
t(78)=2.60, p=0.02; ITI: p=1.00). Fig 7D depicts the number of food cup entries above the
ITI (i.e., CS-ITI) elicited by the CS in all groups. This illustrates that responding is not
altered by diet in the Negative contingency groups, but that JF consumption enhanced
conditioned approach in the Positive Contingency groups, even after a period of JF
deprivation (Two-tailed t-test: Chow vs. JF-Dep : t(24=1.96, p=0.06).
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In sum, in rats tested 45 days after initial training (Exp. 2), a food CS with 100% predictive
validity elicited cue potentiated feeding, whereas this potentiation effect was absent when
testing was conducted 14 days after initial training (Exp. 1). Furthermore, results from
Experiment 2 replicated JF induced enhancements in conditioned approach observed in
Experiment 1. Additionally, the inclusion of the JF-Dep group extended these findings by
demonstrating that enhancements in incentive motivation persisted after JF consumption has
ceased.

6. Discussion

6.1. Overview

In the current study, we determined how limited and prolonged JF consumption alter cue
potentiated feeding and conditioned approach in response to a previously established food
paired CS. In addition, to establish the degree to which these behaviors and JF effects are
influenced by the predictive validity of the CS, we included groups trained with distinct CS-
US contingencies ranging from —1.0 to +1.0. We found that both cue potentiated feeding and
conditioned approach varied as a function of CS-US contingency, with greater potentiation
of feeding and conditioned approach induced by CSs that are more predictive of US
delivery. Moreover, we found that both limited (14 day) and prolonged (45 day) JF
consumption enhanced conditioned approach, but not cue potentiated feeding. Furthermore,
this effect of JF on behavior was dependent on the previously established CS-US
contingency. That is, consumption of JF following training enhanced approach to the food
cup only in response to CSs with previously positive CS-US contingencies. This selective
effect of JF on incentive motivation was further supported by maintenance of conditioned
responding in the JF vs. Chow group following extinction and reinstatement testing.
Interestingly, these JF induced increases in incentive motivational responses to the CS
occurred alongside reduced motivation for the US itself assessed by progressive ratio testing.
Together, these data show that JF consumption in the absence of overt obesity selectively
enhances incentive motivational responses to previously established food CSs, without
dramatically altering consumption induced by these same CSs. In addition, they extend our
understanding of how CS-US contingency influences cue potentiated feeding.

6.2. Effects JF consumption and CS-US contingency on cue potentiated feeding

During initial Pavlovian conditioning, we varied the CS-US contingency from —1.0 to +1.0.
We then formed Chow and JF groups counterbalanced by weight and initial performance
during conditioning. Rats were tested for cue potentiated feeding and conditioned approach
after either 14 (Exp. 1) or 45 (Exp. 2) days of free access to chow or JF, or 30 days of JF
followed by 14 days of JF-deprivation (Exp. 2). We did not find any effect of JF on cue
potentiated feeding, either when JF was given continuously for 14 or 45 days, or following
JF-deprivation. The lack of an effect of JF cannot be explained by differences in the amount
of food consumed during selective satiation, as JF and Chow groups ate similar amounts
during this period (Supplemental Fig 3A). Moreover, pellet consumption during the 5
minute baseline period, which served as the comparison for determining the cue potentiated
feeding effect, was similar between all groups (Supplemental Fig 3B). Thus, the data
indicate that all rats ate to a level of similar satiety prior to CS presentation.
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To our knowledge this is the first study to examine the effect of CS-US contingency (i.e., the
predictive validity of the CS) on cue potentiated feeding. We found that cue potentiated
feeding varied as a function of CS-US contingency, with greater potentiation of feeding
induced by CSs that are more predictive of US delivery. These data are important because
they establish that increased consumption in response to CS presentation is not an all or
none phenomenon, but is related to the nature of the relationship between the CS and US. In
addition, in rats tested 45 days after initial training (Exp. 2), a food CS with 100% predictive
validity elicited cue potentiated feeding, whereas this potentiation effect was absent when
testing was conducted 14 days after initial training (Exp. 1). Although speculative, this
suggests that the expression of cue potentiated feeding may increase as a function of time
since initial Pavlovian training. This phenomenon is reminiscent of ‘incubation of craving’
effects reported for both food and drug reinforcers, in which “cue-triggered reward-seeking”
intensifies as a function of time since the last instrumental self-administration session (Lu et
al., 2004). However, additional studies directly examining the effect of time off on cue
potentiated feeding are needed, as comparisons between day 14 and 45 testing are limited
here as these were conducted in completely separate experiments.

The absence of a cue potentiation of feeding effect in the 100% Positive Contingency groups
found in Experiment 1 was unexpected. However, it is worth noting that although there is a
significant amount of variation in the procedures used to study cue potentiated feeding, most
have implemented a within-subjects design that inherently incorporates discrimination
learning (e.g., Holland et al., 2002; Galarce et al., 2007). Thus, in previous studies the same
rats were trained and tested with a CS+ and a CS-, rather than the between-subjects design
used here. Therefore, it is possible that conditioning using a within-subject CS+/CS-
discrimination, rather than the between subjects approach used here, may have better
engaged sensory specific learning about the CS+ which in turn may have enhanced the
consummatory drive acquired by the CS+ (for discussion of enhanced discrimination
learning see Delamater, 1998; Delamater, 2012). This raises interesting questions about the
impact of initial learning on the expression of cue potentiated feeding that should be
addressed in future.

In Experiment 1, the 50%, but not 100% predictive CS resulted in modest cue potentiated
feeding effect (Fig 2A, Supplemental Fig 3C). This may have been due to the amplification
of incentive salience induced by uncertainty of the partially predictive CS. Indeed,
uncertainty enhances specific aspects of incentive salience of Pavlovian conditioned stimuli
(Boakes, 1977; Anselme et al., 2013). While the process mediating the attribution of
incentive motivational properties to CSs may be distinct from the mechanism driving cue
potentiated feeding, it is possible that they share a common sensitivity to uncertainty. That is
to say, uncertainty may also enhance the degree to which a CS is imbued with
consummatory drive in a manner that is similar to its effects on incentive motivation. When
considering the role of uncertainty in consummatory behaviors, such as foraging uncertainty
has been consistently shown to potentiate feeding behaviors (Forkman, 1993; Anselme et al.,
2017). Thus, uncertainty inherent in the 50% Positive Contingency training conditions may
have amplified the cue potentiated feeding effect by sensitizing the consummatory drive of
the CS.
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6.3. Effects of JF consumption and CS-US contingency on conditioned approach

In addition to examining cue potentiated feeding, we also determined how JF and the CS-US
contingency affected conditioned approach to the food cup during this same test session
(food cup entries during the CS vs. the ITI). In two separate sets of experiments we found
that JF consumption enhanced conditioned approach. Specifically, when JF was given
continuously for 14 days the magnitude of conditioned approach was significantly increased
relative to Chow groups (Fig 1F). In addition, this effect of JF scaled according to previously
established CS-US contingencies such that CSs with stronger predicative validity elicited a
greater magnitude of conditioned approach in JF groups (Fig 1B-E). Thus, JF did not simply
enhance general responding to CSs; rather JF consumption selectively increased incentive
motivation for CSs tightly linked to US delivery. That is, the relative predictive value of a
given CS interacted with JF consumption to impact the magnitude of subsequent cue-
triggered motivational responses. This suggests that JF consumption may result in
amplification of the incentive value of CSs that are more consistently paired with palatable
food. Of course, whether the enhancing effect of JF is limited to food CSs that predict
palatable foods or may extend to all food CSs generally is an outstanding question that will
need further investigation.

6.4. Dissociable effects of JF on conditioned approach vs. cue potentiated feeding

One intriguing aspect of the current results is that although JF amplified conditioned
approach in all groups trained on a positive contingency (Exp 1 and 2), CS+ presentation did
not enhance cue potentiated feeding in JF vs. Chow treated rats. In the testing procedure, the
food pellets are present inside the food cup throughout testing. Thus, although rats in the JF
groups were entering the food cup more frequently in response to the CS+ than rats in the
Chow groups, this failed to translate into enhanced consumption. While direct comparisons
between conditioned approach and cue potentiated feeding have not been conducted, lesion
studies have demonstrated that cue potentiated feeding requires an intact central nucleus of
the amygdala, whereas conditioned approach relies on the function of the basolateral
amygdala (Parkinson et al., 2000c; Holland et a/., 2002; Holland & Gallagher, 2003). Thus,
the dissociable effects of JF on conditioned approach vs. cue potentiated feeding may
suggest differential effects of JF on the function of these sub-regions.

Another interesting feature of the data presented here is that rates of instrumental responding
and break points for the US itself were reduced in JF vs. Chow groups (Fig 4). Thus, in the
same rats the food pellet US itself was less desired while motivational responses to the CS+
were enhanced by JF. It is tempting to speculate that this dissociation of JF effects on
appetitive and consummatory behavior may be similar to established dissociations between
“wanting” and “liking” following psychostimulant-induced sensitization (Castro et al., 2015;
Robinson et al., 2016). However, it is important to note that we did not explicitly measure
hedonic responses to food consumption here, and changes in the willingness to work for the
US do not necessarily reflect changes in “liking” (Pecina et al., 2003). However, using the
same junk-food diet used here, we previously found that that prolonged “junk-food”
consumption (30 days) diminished positive orofacial hedonic responses to liquid sucrose
regardless of obesity, but enhanced incentive motivation (Robinson et al., 2015). Thus, the
reduced break points alongside enhanced conditioned approach following junk-food
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consumption found here are consistent with this previous result. Though speculative, this is
also consistent with results in obese humans, where hedonic and neural responses to food
itself are blunted while motivational and neural responses to food cues are enhanced (see
Small, 2009 for review).

Following conditioned approach and cue potentiated feeding measures, the Zero
Contingency and 50% Positive Contingency groups were tested for reinstatement following
extinction training. Rats were given 4 days of extinction training followed by one CS-US
pairing. Approach to the food cup during CS presentation and the ITI was then determined
in the absence of food (i.e., reinstatement testing). Although neither group showed a true
reinstatement effect, rats in the JF group continued to exhibit robust conditioned approach
during testing, whereas conditioned approach was absent in the Chow group (Fig 3D). Taken
with data above, this provides further support for the idea that JF consumption amplifies the
incentive motivational properties of CSs, even when the CS-US association has been
undermined by extinction training (Delamater et al., 2017).

6.5. Effects of JF vs. JF-Deprivation

In Experiment 2, we included a group that was given 30 days of continuous access to JF and
then underwent 14 days of JF deprivation before testing (i.e., JF replaced with ad lib chow).
The purpose of including this group was to determine how long-lasting the impacts of JF
consumption were. Conditioned approach to in the 100% Positive Contingency groups was
greater in the JF-Dep group compared to the Chow group (Fig 7A). Furthermore, the
magnitude of approach was similar between JF-Dep and JF groups. Thus, prolonged JF
consumption had long-lasting effects on incentive motivation, even withstanding a 14 day
deprivation period. This is an important observation because it shows that once the incentive
motivational properties of a CS have been amplified by JF consumption, voluntary
reductions in caloric intake (Fig 6C) and elimination of palatable food consumption are
insufficient to reverse this process. This finding may have important clinical relevance, as an
individual’s diet history may be an important factor to consider when establishing treatment
plans for weight loss. Of course, it is also possible that longer JF deprivation may be able to
reverse this effect; this will be determined in future studies.

6.6. Relationship between junk-food effects and obesity

In the current study, rats given JF did not differ significantly in weight from Chow groups.
This is not surprising given that the diet used is relatively low in fat content (~20%), and that
diet exposure was relatively limited (45 days at maximum), compared to regimens usually
used to induce obesity or metabolic dysfunction (typically 40-60% fat for 6-8 weeks). In
addition, the distribution of weight was similar between Chow and JF groups (Fig 2G and
6A). Although we did not measure adiposity directly, these data suggest that JF induced
increases in incentive motivation may not require profound weight gain or metabolic
dysregulation. Indeed, this is consistent with the development of obesity, as over-
consumption necessarily precedes weight gain. Of course, these effects may be further
potentiated in the obese state, and/or in individuals that are susceptible to weight gain (see
Ferrario, 2017 for discussion). Consistent with a role of individual susceptibility, we recently
found that obesity-prone rats show stronger Pavlovian-to-instrumental transfer (PIT) than

Physiol Behav. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Derman and Ferrario

Page 17

obesity-resistant rats prior to obesity (Derman & Ferrario, 2018); that is, they are more
sensitive to the incentive mativational impact of a food CS. Thus, it will be worthwhile in
future to determine how effects of JF described here may interact with individual difference
in susceptibility to obesity.

6.7. Additional considerations and conclusions

The JF diet used here contains several different kinds of fats and sugars, as well as salt.
Thus, we do not know which component or combination of components may be more
important in the observed behavioral effects. However, given the current food environment
and wide range of dietary fats, sugars, etc. consumed by people, we think this diet
manipulation should provide results that are generalizable across species. Of course,
understanding how, for example, one particular type of fat affects similar behaviors would
also be informative in future.

In regard to underlying neural mechanisms, there is a limited understanding of the neural
substrates of conditioned approach behavior. However, this behavior relies on activity within
mesolimbic systems, as well as on the integrity of the central nucleus of the amygdala
(Parkinson et al., 2000a; Parkinson et al., 2000b; Parkinson et al., 2000c; Cardinal et al.,
2002). Furthermore, activity within these circuits can be profoundly altered by consumption
of sugary, fatty, diets. For example, consumption of the same JF diet used here enhances
acute amphetamine-induced locomotor activity compared to chow fed controls, regardless of
degree of weight gain (Robinson et al., 2015). Psychostimulant induced locomotion is a
well-established, though general, indicator of mesolimbic reactivity (Robinson et al., 1985;
Vezina, 2004), and locomotor sensitization induced by repeated psychostimulant exposure
enhances incentive motivational response to food CS (Taylor & Horger, 1999; Wyvell &
Berridge, 2000; 2001). Thus, increases in amphetamine-induced locomotor activity
following JF consumption are consistent with enhanced responsivity of mesolimbic circuits.
This is also consistent with effects of both sugar, and high fat on responsivity to direct acting
dopamine receptor agonists (e.g., McGuire et al., 2011), increases in dopamine uptake
(Fordahl & Jones, 2017), and enhanced striatal excitatory transmission (Tukey et al., 2013;
Oginsky et al., 2016; Dingess et al., 2017).

In sum, the data presented above add to our understanding of the psychological and
behavioral alterations induced by consumption of sugary, fatty diets, and expand on previous
studies examining the processes underlying cue potentiated feeding. The persistent and
selective enhancement of incentive motivation in the face of reduced motivation for food
itself by JF suggest that interventions to prevent weight gain must include targeting
neurobehavioral responses to food CSs, as well as food itself.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Post-training junk-food consumption enhances conditioned food cup
approach.

. This effect is limited to rats that were trained with positive CS-US
contingencies.

. Junk-food consumption does not alter cue potentiated feeding.

. Training with a partially vs. fully predictive CS produces stronger cue
potentiated feeding.
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Figure 1.
Pavlovian Conditioning, Experiment 1: Average food cup entries during the ITI and CS

presentations across conditioning sessions are shown for each contingency group (xSEM).
A) 100% Negative Contingency: pellets given during ITI, but never during CS presentations
(CS-). By the end of conditioning, entrances into the food cup were greater during the ITI
than CS period. B) Zero Contingency: pellets given with equal probability during the IT1 and
the CS period (CS0). Food cup entries were higher during the CSO throughout conditioning.
C) 50% Positive Contingency: pellets given on 50% of the CS presentations (CS+) and never
during the ITI. The rate of entries during the CS increased across sessions. D) 100% Positive
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Contingency: pellets given with every CS presentation (CS+) and never during the ITI. The
rate of entries during the CS increased across sessions, while entries during the ITI
decreased. E) Average food cup entries during the CS across conditioning sessions for each
contingency group (£SEM). The rate of responding systematically increases as the
predictive validity of the CS increases. * = post-hoc comparisons, ITI vs. CS period, p<0.05.
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A. Previous CS-US contingency influences
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Figure 2.

Test for Cue Potentiated Feeding and Conditioned Approach: A) Average proportion of
pellet consumption during CS presentations (+SEM). No effects of JF were found, so data
are collapsed across JF and Chow groups (see Supplemental Fig 3 for Chow vs. JF
comparisons). Modest cue potentiated feeding was found only in the 50% Positive
Contingency group (+0.5) compared to the 100% Negative Contingency group (-1.0). B-E)
Average rate of food cup entries (xSEM) during the ITI and CS periods. B) In the Negative
Contingency groups, rates of food cup entries were similar during the 1Tl and CS- period,
and there was no effect of JF. C) In the Zero Contingency groups, CSO presentation resulted
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in modest increases in food cup entries relative to the ITI in the JF but not Chow group. D)
In the 50% Positive Contingency groups, the CS+ elicited conditioned approach in both JF
and Chow groups, with significantly greater rates of food cup entries during the CS vs. ITI.
In addition, responding was modestly enhanced in the JF vs. Chow group. E) In the 100%
Positive Contingency groups, the CS+ elicited conditioned approach in both groups, and this
effect was enhanced in the JF vs. Chow group. F) Summary of conditioned approach in
chow and JF groups across CS-US contingency. Conditioned approach varied as a function
of CS-US contingency in both groups and JF consumption enhanced conditioned approach
to the 100% Positive CS+. G) Average body weight (+SEM) for Chow and JF groups.
Weight did not differ between groups either prior to initial conditioning, nor at the time of
testing. All rats gained significant weight between pre-training and testing. * = planned
comparisons, CS vs. ITI, p<0.05; # = main effect of diet, p<0.05; $ = main effect of training;
** = main effect of time, p<0.05.
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Figure 3.

Extinction Training and Reinstatement Testing. A) Average rate of food cup entries (+tSEM)
during the ITI and CSO0 period during extinction training for Zero Contingency groups. Both
Chow (open symbols) and JF (closed symbols) groups decreased responding across the four
extinction sessions. In the Chow group, differential responding during the CSO vs. ITI
persisted slightly longer than the JF group, but by the fourth session there were no
differences in the rate of responding during the CS and ITI. B) Average rate of food cup
entries (+SEM) during the ITI and CS+ period during extinction training for 50% Positive
Contingency groups. Chow and JF groups significantly reduced the rate of food cup entries
during CS+ presentations across extinction. The degree of extinction achieved by the fourth
session was similar between Chow and JF groups. C) Average rate of food cup entries
(xSEM) during the final extinction session and during reinstatement testing (i.e., following
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one CS-US pairing) in the Zero Contingency groups. Conditioned approach was not
observed during reinstatement testing in either the Chow or JF groups with prior zero
contingency training. D) Average rate of food cup entries (+SEM) during the final extinction
session and during reinstatement testing in the 50% Partial Contingency groups. One CS-US
pairing did not fully reinstate responding in either Chow or JF groups, although conditioned
approach was absent in the Chow group, but maintained in the JF group during reinstatement
testing. * = planned comparisons, CS vs. ITI, p<0.05
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C. Progressive Ratio Testing
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Instrumental Training and Progressive Ratio Testing. A) Average active and inactive lever
presses (£SEM) during FR1 training. Both groups preferentially responded on the active vs.
inactive lever, and behavior was similar between Chow and JF groups. B) Average break
point (xSEM). The final ratio completed (i.e., break point) was significantly higher in the
Chow vs. JF group. C) Average total active and inactive lever presses (+SEM) during
progressive ratio testing. In concordance with the breakpoints, active lever pressing was
significantly higher in the Chow vs. JF group. Moreover, the Chow group preferentially
engaged the active lever across testing, whereas the JF group lost preference for the active
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lever by the third test. * = main effect of diet, p<0.05; # = planned comparisons, active vs.
inactive levers, p<0.05.
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B. 100% Positive Contingency
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Pavlovian Conditioning, Experiment 2: Average food cup entries during the ITI and CS
presentations across conditioning sessions are shown for each contingency group (xSEM).
A) 100% Negative Contingency: By the end of training, the rates of food cup entries during
the ITI were modestly, though significantly higher than during the CS-. B) 100% Positive
Contingency: The rate of food cup entries was greater during CS+ vs. ITI presentations, and
this difference increased significantly across sessions. * = post-hoc comparisons, ITI vs. CS,

p<0.05.
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B. Daily caloric intake of JF is
greater than Chow.

400~
O Chow
© JF-Dep
* e JF
300+
200+
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Body Weight and Caloric Intake Across Time. A) Average weight (= SEM) prior to and after
lifting food restriction. Bodyweights did not differ between the groups at any point in the
experiment. B) Average daily caloric intake per cage per week (+ SEM) across the ad lib
feeding period. Food intake started off high and dropped across time in all the groups. This
is likely due to a refeeding effect in response to the previous food-restriction period. In
addition, caloric intake of JF was greater than that of Chow. JF was available ad lib during
weeks 1-5 for both JF and JF-Dep groups. On week 6, JF was removed and replaced by lab
chow for rats in the JF-Dep group. Caloric intake of the JF-Dep dropped significantly below
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both Chow and JF groups in the week following JF deprivation. Chow intake in the JF-Dep
then rose to levels comparable to the Chow group the following week. C) Average daily
caloric intake per cage per day (x SEM). In the JF-Dep group, as soon as JF was replaced by
chow (day 0), daily caloric intake dropped dramatically to below that of both JF and Chow
groups. This self-imposed suppression of feeding slowly abated over time and returned to
levels similar to the Chow group by day 5 of JF deprivation. * = post-hoc comparisons, JF
vs. Chow, p<0.05; # = post-hoc comparisons, JF-Dep vs. Chow, p<0.05.

Physiol Behav. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Derman and Ferrario Page 34

Avg Pellets Consumed

Avg Food Cup Entries

A. Cue potentiated feeding is not B. 100% Negative Contingency C. 100% Positive Contingency
enhanced by JF consumption.
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D. A history of JF consumption
enhances conditioned approach.
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Figure 7.
Test for Cue Potentiated Feeding and Conditioned Approach, Experiment 2. A) Average

proportion of pellet consumption during CS presentation (xSEM). In this cohort, rats in the
100% Positive Contingency groups showed cue potentiated feeding compared to 100%
Negative Contingency groups. There was no significant effect of diet on this behavior. B-D)
Average rate of food cup entries (xSEM) during the ITI and CS presentations. B). There
were no effects of CS or diet manipulation on conditioned approach in the 100% Negative
Contingency groups. C) All groups with prior 100% Positive Contingency conditioning
showed conditioned approach, with significantly greater magnitude of food cup entries
during the CS+ vs. ITI. In addition, the rate of CS+ evoked food cup entries was
significantly greater in the JF vs. Chow group. In the JF-Deprivation group, this effect of JF
was modest, but not completely absent. D) Summary of conditioned approach in Chow, JF-
Dep and JF groups across CS-US contingency (CS-ITI). In the 100% Negative contingency
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trained groups, CS evoked increases in the rate of food-cup entries did not differ across diet
treatment groups (=1.0). In the 100% Positive Contingency trained groups (+1.0), JF
enhanced conditioned responding, and this effect of JF was reduced, but not completely
absent in the JF-Deprivation group. * = main effect of diet, p<0.05; $ = main effect of phase,
CS vs. ITI; # = post-hoc comparisons of CS+, Chow vs. JF, p<0.05.
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