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Abstract

Obesity is a significant problem in the United States, with roughly one third of adults having a
body mass index (BMI) over thirty. Recent evidence from human studies suggests that pre-
existing differences in the function of mesolimbic circuits that mediate motivational processes
may promote obesity and hamper weight loss. However, few preclinical studies have examined
pre-existing neurobehavioral differences related to the function of mesolimbic systems in models
of individual susceptibility to obesity. Here, we used selectively bred obesity-prone and obesity-
resistant rats to examine 1) the effect of a novel “junk-food” diet on the development of obesity
and metabolic dysfunction, 2) over-consumption of “junk-food” in a free access procedure, 3)
motivation for food using instrumental procedures, and 4) cocaine-induced locomotor activity as
an index of general mesolimbic function. As expected, eating a sugary, fatty, “junk-food” diet
exacerbated weight gain and increased fasted insulin levels only in obesity-prone rats. In addition,
obesity-prone rats continued to over-consume junk-food during discrete access testing, even when
this same food was freely available in the home cage. Furthermore, when asked to press a lever to
obtain food in an instrumental task, rates of responding were enhanced in obesity-prone versus
obesity-resistant rats. Finally, obesity-prone rats showed a stronger locomotor response to 15
mg/kg cocaine compared to obesity-resistant rats prior to any diet manipulation. This enhanced
sensitivity to this dose of cocaine is indicative of basal differences in the function of mesolimbic
circuits in obesity-prone rats. We speculate that pre-existing differences in motivational systems
may contribute to over-consumption and enhanced motivation in susceptible individuals.
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1. Introduction

Obesity is the leading cause of type 2 diabetes, and increases the risk of developing
cardiovascular disease and some cancers (Luchsinger and Gustafson, 2009, Farag and
Gaballa, 2011, Ogden et al., 2014). While metabolic dysfunction and deregulation of
hypothalamic circuits that regulate hunger and satiety play critical roles (Levin and Routh,
1996, Williams, 2012, Keen-Rhinehart et al., 2013), numerous studies have highlighted the
importance of neural circuits that mediate reward and motivation in over-consumption of
calorie-dense, palatable foods (Rothemund et al., 2007, Volkow et al., 2008, Johnson and
Kenny, 2010, Volkow et al., 2011, Dagher, 2012, Stice et al., 2012). These motivational
circuits include convergent dopamine inputs from the ventral tegmental area (VTA) and
glutamatergic inputs from the prefrontal cortex and amygdala to GABAergic medium spiny
neurons in striatal regions including the nucleus accumbens (NAc) and dorsal striatum (DS).

In humans, activation of striatal regions in response to stimuli associated with food (food
cues) is enhanced in obese individuals (Rothemund et al., 2007, Stoeckel et al., 2008), even
before the onset of obesity (Stice et al., 2010, Demos et al., 2012, Murdaugh et al., 2012).
Thus, it has been proposed that enhanced striatal reactivity to food-cues may hamper weight
loss and promote weight gain in susceptible people (Kramer et al., 1989, Jeffery et al., 2000,
Carnell and Wardle, 2008, Stice et al., 2012, Burger and Stice, 2014). Furthermore, PET
studies have found lower striatal Do-dopamine receptor binding in obese individuals (Wang
et al., 2001), and genetic variation in Do-dopamine receptor and dopamine transporter alleles
has been linked to obesity in humans (Stice et al., 2008, Stice and Dagher, 2010, Carpenter
et al., 2013), though see also (Steele et al., 2010). These data suggest that basal differences
in mesolimbic circuits, and striatal function in particular, may contribute to over-eating in
people (Vucetic and Reyes, 2010, Stice et al., 2012, Albuquerque et al., 2015). However,
very few studies have examined basal differences in motivation and mesolimbic function in
models that capture individual susceptibility to obesity.

Here, we used selectively bred obesity-prone and obesity-resistant rats to examine basal
differences in motivation for food using instrumental procedures, and sensitivity to cocaine-
induced locomotion as a read out of mesolimbic function. It is well established that the
locomotor activating effects of stimulant drugs like amphetamine and cocaine rely in large
part on striatal activation, particularly of dopaminergic projections from the VTA to the
NAc (Robinson and Becker, 1986, Vezina, 2004), as well as glutamatergic and peptidergic
transmission within the striatum (Wolf, 1998, Rebec, 2006, Hubert et al., 2008, Erreger et
al., 2012). Thus, differences in sensitivity to the locomotor activating effects of cocaine are
indicative of alterations in striatal and mesolimbic function (Meyer et al., 2009, Vezina and
Leyton, 2009). Although previous studies have examined the effects of high fat/high sugar
diets on mesolimbic systems, no previous studies have examined basal differences in
cocaine-induced locomotor activity in obesity-susceptible populations.

The selectively bred rats used here were originally developed by Barry Levin and colleagues
(originally referred to as DIO and DR respectively; Levin et al., 1997). Previous work has
shown that basal insulin and leptin levels are disrupted in these obesity-prone rats prior to
metabolic dysfunction and overt obesity (Levin and Dunn-Meynell, 2002). These peripheral
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metabolic signals can directly and indirectly affect the firing of VTA neurons, and modulate
dopamine- and glutamate-mediated transmission (Perry et al., 2010, Bruijnzeel et al., 2011).
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In addition, previous work has shown that basal and evoked DA release from brain slices is
lower in the NAc shell of female obesity-prone rats prior to diet manipulation (Geiger et al.,
2008). However, no studies have examined basal differences in the motivation to obtain
food or sensitivity to the locomotor activating effects of cocaine prior to diet manipulation.
Examination of basal differences are important because studies in people suggest that
differences in the function of striatal circuits may drive the development of obesity (Jansen,
1998, Jansen et al., 2008, Stoeckel et al., 2008, Dagher, 2009, Tetley et al., 2009, Stice et al.,
2010, Demos et al., 2012, Vainik et al., 2013, Burger and Stice, 2014)

2. Methods
2.1. Subjects

Twelve obesity-prone (OP) and obesity-resistant (OR) non-sibling breeding pairs were
purchased from Taconic Laboratories (Hudson, NY). These rat lines were originally
established through selective breeding of Sprague Dawley rats (Levin et al., 1997) and are
being maintained by the University of Michigan Breeding Core using an outbred rotational
system within closed populations. For all studies, male rats were 70 days old at the start of
experiments and were pair-housed on a reverse 12-hour light/dark cycle. All rats had free
access to food and water throughout and all measures were made in age-matched rats.
Procedures were approved by The University of Michigan Committee on the Use and Care
of Animals.

2.2. “Junk-food”

The “junk-food” diet is composed of a mash of: Ruffles original potato chips (40g), Chips
Ahoy original chocolate chip cookies (130g), Jiff creamy peanut butter (130g), Nesquik
powdered chocolate flavoring (130g), powdered Lab Diet 5001 (200 g) and water (180 ml),
giving a diet composed of 19.6% fat, 14% protein, and 58% carbohydrates (4.5 kcal/g).
Ingredients were combined in a food processor. These foods contain a rich mix of sugars,
salt, and fats, and were chosen as representatives of “junk foods” implicated in human
obesity. Diet composition was based on previous studies establishing individual differences
in susceptibility to weight gain due to over consumption (Levin et al., 1989, Levin et al.,
1997) and was closely matched to kcal/g of standard lab chow (Lab Diet 5001: 4 kcal/g;
4.5% fat, 23% protein, 48.7% carbohydrates; % of caloric content).

2.3. Confirmation of phenotypic differences between obesity-prone and obesity-resistant

rats

2.3.1. Weight Gain, Home Cage Food Intake, and Body Composition—
Selectively bred obesity-prone and obesity-resistant rats were given free access to either
standard lab chow or the junk-food mash described above (OP-Junk-food N=6, OR-Junk-
food N=8; OP-Chow N=6, OR-Chow N=6) and were weighed once per week for 4 weeks.
After this initial 4-week period, daily home cage consumption was measured in the chow-
fed groups (4 consecutive days). Next, these same chow-fed rats were given free access to
both junk-food and chow in their home cages and consumption of each diet was measured
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for an additional 4 days. Body composition measures were made in the chow-fed rats prior
to junk-food diet exposure (late adulthood, ~120 days old) and in a separate cohort of chow-
fed rats during early adulthood (~70 days old; OP N=10, OR N=12). Body composition (fat,
lean, and free fluid mass) was measured using an NMR-based analyzer (Minispec LF90II,
Bruker Optics) by the University of Michigan Animal Phenotyping Core. Conscious rats
were placed in an oblong measuring tube during the 2-minute scan.

2.3.2. Home Cage Locomotor Activity and Body Temperature—Home cage
locomotor activity and body temperature changes were observed over 48 hours. Locomotor
activity was measured via radio transmitter telemetry devices (model ER-4000 E-Mitter,
Mini Mitter Co., Bend, OR) placed within the abdominal cavity (OP N=6 OR N=6, ~ 90
days old). Animals were housed in a standard 12:12 light:dark cycle. Rats were anesthetized
with ketamine (90 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), the abdomen was cleaned with
betadine and alcohol, and then a 1-2 cm rostral-caudal incision was made in the skin and
underlying musculature to expose the peritoneal cavity. The telemeter was placed inside the
peritoneal cavity and the incision closed with absorbable Ethicon Vicryl 5-0 coated suture
(muscle) and non-absorbable Ethicon Nylon 5-0 suture (skin). Rats were allowed to recover
for 6-8 days before making measurements. The telemeter transmitted activity and
temperature data to a receiver (model ER-4000 Receiver, Mini Mitter Co.) placed directly
under the home cage of each rat. Locomotor and body temperature data were collected every
5 minutes over 48 hours and were processed in 1 hour bins using Vital View software (Mini
Mitter Co.).

2.3.3. Fasted Plasma Insulin Levels—Fasted (16 hrs) plasma insulin levels were
determined after free access to either chow or junk-food in the home cage for 4 weeks (OP-
Junk-food N=6, OR-Junk-food N=6; OP-Chow N=4, OR-Chow N=4). Blood samples were
collected via tail nick into tubes containing EDTA (1.6 mg/mL, Sarstedt), and plasma was
then isolated by centrifugation (1000 x G, 4°C, 10 min) and stored (—20°C) for subsequent
analysis. Plasma insulin levels were determined by double-antibody radicimmunoassay
using an 1251-Human insulin tracer (Linco Research, St. Charles, MO), a rat insulin
standard (Novo Nordisk, Plainsboro, NJ), a guinea pig anti-rat insulin first antibody (Linco
Research), and a sheep anti-guinea pig gamma globulin-PEG second antibody (Michigan
Diabetes Research Core). The limit of sensitivity for this assay was 1 pU/ml. Inter-assay and
intra-assay variability were 11.2% and 3.2%, respectively, at 30.5 pU/ml.

2.4. Over-consumption and instrumental responding for food

2.4.1. Discrete Junk-food Consumption Outside the Home Cage—Above we
measured daily home cage food consumption. Here, using another cohort of rats, discrete
junk-food consumption outside the home cage was measured prior to, and during home-cage
junk-food diet exposure using a within subjects design (OP N=9, OR N=8). Two days prior
to the first consumption test rats were given 5 grams of junk-food in their home cages to
familiarize them with this new food. Rats were then habituated to the test chamber (20 min/
day, 3 days) prior to testing. On each discrete consumption test day, 15 grams of junk-food
was placed in a crock in the corner of the testing chamber (operant box, Med Associates; St
Albans City, VT) and rats were allowed to eat freely for 20 minutes. The amount consumed
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was determined by weighing the remaining junk-food, including any spillage. Testing was
conducted ~ 3 hours after the onset of the dark cycle. Rats were weighed prior to each test
and daily home cage food intake was measured throughout the experiment.

2.4.2. Instrumental Responding for Food—Instrumental training and progressive
ratio testing were used to evaluate motivation for food in adult obesity-prone and obesity-
resistant rats (OP N=20, OR N=20). Rats were 65 days old at the start of training. First, rats
were exposed to food pellets (Bioserv dustless precision pellet, cat. # F0021, 45 mg, 25
pellets) in their home cage and then on a random interval in the food cup of a standard
operant box (Med Associates). Next, rats underwent instrumental training in which pressing
one lever (active) resulted in the delivery of one food pellet, the illumination of the lever-
light, and a tone (3 sec, 4.7 kHz, ~ 60 dB). Pressing on a second, inactive lever earned
nothing, but was recorded. Active and inactive levers were counterbalanced for left/right
position relative to the food cup. Rats were trained in three sessions in which each response
on the active lever resulted in delivery of a food pellet (fixed ratio 1, FR1, 30 min/session)
followed by three sessions in which three responses on the active lever were required to
receive one food pellet (fixed ratio 3, FR3, 30 min/session) before progressive ratio (PR)
testing (3 sessions). During PR testing the number of lever presses required to obtain each
subsequent food pellet was gradually increased (5e(delivery# x 0.2)_5- adapted from
(Richardson and Roberts, 1996, Naleid et al., 2008). The PR session ended automatically
when rats did not meet the next ratio requirement within 30 minutes (i.e., breakpoint). Home
cage food intake was measured for 2 days prior to training and body weight was recorded
twice per week.

2.5 Assessment of General Mesolimbic Function Prior to Obesity

Cocaine-Induced Locomotor Activity—The acute locomotor response to cocaine was
assessed in a separate cohort of rats without diet manipulation (70 days old, OP N=5, OR
N=5). Cocaine HCL was provided by the NIDA drug supply program. Locomotor activity
was evaluated in testing chambers (41 x 25.4 x 20.3 cm) equipped with an array of photocell
beams. Rats were placed in locomotor chambers for a 45-minute habituation period prior to
receiving an injection of saline (1 mL/kg, i.p.), followed 1 hour later by a cocaine injection
(15 mg/kg, i.p.). Animals were returned to their home cage after an additional hour.
Locomotor activity was recorded throughout all testing. In addition, rats were observed for
rearing and stereotyped movements of the head and forelimbs. This is important because
these behaviors can interfere with locomotor activity measures (see also Ferrario et al., 2005
for discussion).

2.6. Statistical Analysis

Two-tailed t-tests were used for comparisons between two groups unless otherwise stated.
For comparison of three or more groups one-way or two-way repeated measures ANOVAs
were used, followed by Sidak’s post-hoc multiple comparisons test when appropriate.
Statistical analyses were conducted in Prism 6 (GraphPad, San Diego, CA).
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3.1 Phenotypic differences between obesity-prone and obesity-resistant rats

3.1.1. Spontaneous and junk-food diet-induced differences in weight gain and
fat mass in obesity-prone rats—As expected, obesity-prone rats were significantly
heavier than obesity-resistant rats prior to any diet manipulation (OP N=12, OR N=14; Fig.
1A inset; tyg = 3.38, p < 0.005), and gained ~25% more weight than obesity-resistant rats
even while eating standard lab chow (OP-Chow N=6, OR-Chow N=6; Fig. 1A, left panel,
two-way RM ANOVA group x time interaction: F4, 49) = 12.90, p < 0.0001; Post-hoc: p <
0.01 week 2, p < 0.0001 weeks 3 and 4). This weight gain difference was exacerbated in
obesity-prone rats given free home cage access to junk-food, with obesity-prone rats gaining
~50% more than obesity-resistant rats given the same junk-food (OP-Junk-food N=6, OR-
Junk-food N=8; Fig. 1A, right panel; two-way RM ANOVA group x time interaction;

F(s, 48) = 8.74 p < 0.0001; Post-hoc: p < 0.05 week 3, p < 0.001 week 4). Consistent with the
obesity-resistant phenotype, weight gain trajectories of obesity-resistant rats given junk-food
did not differ from their chow-fed counterparts (OR-Junk-food N=8, OR-Chow N=6; Fig.
1B, left panel; two-way RM ANOVA: n.s.). In contrast, free access to junk-food in obesity-
prone rats resulted in a dramatically increased rate of weight gain compared to obesity-prone
rats on chow (OP-Junk-food N=6, OP-Chow N=6; Fig. 1B, right panel; two-way RM
ANOVA group x time interaction: F4, 40) = 4.25, p < 0.01; Post-hoc: p < 0.05 week 4).

Consistent with weight gain differences, home cage food intake was greater in obesity-prone
versus obesity-resistant rats when either chow or a choice between chow and junk-food diet
was available (Fig. 1C; two-way RM ANOVA main effect of strain: F(y 4) = 14.56, p <
0.05), though food intake did increase in both groups when a choice between the two diets
was given (Fig. 1C; two-way RM ANOVA main effect of food type F(; 4) = 154.1, p <
0.001). Importantly, both groups showed similar preference for junk-food over chow when
given a free choice between both in the home cage (Fig. 1D; two-way ANOVA main effect
of chow versus junk-food consumed: F(y, 4y = 3281, p < 0.0001), though obesity-prone rats
still ate more overall (Fig. 1D; two-way ANOVA main effect of group: F(y, 4y = 12.72, p <
0.04). These free choice data suggest that differences in consumption are likely due to
differences in hunger and/or satiety, and not sensory perception, as both groups showed a
similar preference for junk-food.

Body composition in chow-fed rats show that fat and lean mass were similar in obesity-
prone and obesity-resistant rats during early adulthood (70 days old), a time when weight
differences were absent (Fig. 2A). However, in late adulthood (120 days old) weight and fat
mass were significantly elevated in obesity-prone versus obesity-resistant rats (Fig. 2;B
weight: t1g = 6.25, p < 0.0001 ~25% greater in OP; fat mass: t;o = 4.76, p < 0.001, ~ 2-fold
higher in OP). In addition, while fat mass was increased, lean mass was also lower in
obesity-prone versus obesity-resistant rats (Fig. 2B; t1g = 4.84, p < 0.001, OP % lean mass =
69.36 + 1.01%; OR % lean mass = 75.48 + 0.08%).

3.1.2. Home cage activity is elevated in obesity-prone rats—Home cage

locomotor activity across the 48 hour recording period was elevated in obesity-prone
compared to obesity-resistant rats (Fig. 3A; two-way RM ANOVA: group x time
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interaction: F(47, 470) = 1.466, p < 0.05). Differences were most pronounced during the first
six hours of the dark cycle in the first 24 hour period (Fig. 3A; two-way RM ANOVA,
group x time interaction: Fs s0) = 3.16, p < 0.02; post tests: p < 0.05 at 7 PM). A similar
trend was observed during the second 24 hour period, however this did not reach statistical
significance. In addition, body temperature across the 48 hour recording period tended to be
higher in obesity-prone versus obesity-resistant rats, although this difference did not reach
statistical significance (Fig. 3B; two-way RM ANOVA, main effect of group: F(q, 109) = 4.29,
p = 0.065).

3.1.3. Junk-food produces metabolic dysfunction only in obesity-prone rats—
Fasted insulin levels were used to evaluate potential metabolic dysregulation in age-matched
obesity-prone and obesity-resistant rats given free access to chow or junk-food diets. Weight
did not differ in chow-fed obesity-prone and obesity-resistant rats, though fasted insulin
levels tended to be slightly higher in obesity-prone rats (Fig 4). In addition, consistent with
food intake data in Figure 1, free access to junk-food in the home cage produced a
significant increases in weight of obesity-prone, but not obesity-resistant rats (Fig. 4A; one-
way ANOVA, F(3, 16) = 6.78, p < 0.005; Post-hoc: OR-Junk-food versus OP-Junk-food, t16
= 3.48, p < 0.05; OR-Junk-food versus OR-Chow, n.s.). Junk-food induced weight gain was
accompanied by elevations in fasted insulin levels only in obesity-prone rats (Fig. 4B; one-
way ANOVA F3 16) = 3.42, p < 0.05; Post-hoc: OP-Junk-food versus OR-Junk-food, t16 =
2.63, p < 0.05). These data are consistent with the development of metabolic dysregulation
in obesity-prone, but not obesity-resistant, rats given free access to junk-food.

3.2. Over-eating of junk-food and motivation for food in obesity-prone rats

3.2.1. Obesity-prone rats over-consume junk-food during discrete access
testing—Home cage food consumption and discrete junk-food consumption outside the
home cage (20 minutes free access) were measured before and while rats had free access to
junk-food in their home cage. When rats had free access to chow in their home cages,
consumption of junk-food during the 20 min discrete access test was similar between groups
(Fig. 5B light bars; OP = 4.43 £ 0.37 g, OR = 6.27 £ 0.83 g). In addition, chow intake in the
home cage did not differ between groups (Fig. 5A). This may be due to age differences
between rats used here (~70 days old) and those used in experiments related to Figure 1 (~85
days old) where home cage chow intake was greater in obesity-prone rats. Rats were then
given free access to junk-food in their home cage for four weeks and consumption of junk-
food during a second 20 min discrete access test was determined. Although home cage
access to junk-food generally decreased junk-food consumption outside the home cage (Fig.
5B; two-way RM ANOVA, main effect of home cage diet F(; 30) = 72.26, p < 0.0001),
obesity-prone rats still ate significantly more junk-food during discrete testing than obesity-
resistant rats (Fig. 5B: OP = 2.37 £ 0.55 g, OR = 0.73 = 0.30 g; OP-Junk-food vs. OR-Junk-
food, t15 = 2.23, p < 0.05). Thus, in obesity-prone rats free access to junk-food in the home
cage did not dampen the motivation to over-consume junk-food as dramatically as in
obesity-resistant rats.

3.2.2. Mild enhancement of instrumental responding for food in obesity-prone
rats prior to obesity—Fixed ratio and progressive ratio testing in an instrumental task
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were used to evaluate the willingness of obesity-prone and obesity-resistant rats to lever
press for a food reward (Fig. 6). Body weight at the start of training was greater in obesity-
prone rats (Fig 6A, inset: OP = 388.1 £ 9.7 g, OR = 346.2 £ 6.5 g; t35 = 3.50, p < 0.01).
Both groups readily learned to lever press for food during the first training session (Fig. 6A:
active versus inactive responding OR: two-way RM ANOVA main effect of lever F(; 17) =
15.5, p < 0.01; active versus inactive responding OP: two-way RM ANOVA main effect of
lever F(1,19) = 18.8, p < 0.001), though one obesity-prone rat required an additional FR1
session, and two obesity-resistant rats failed to acquire (i.e., discriminate active from
inactive lever responding) and were therefore removed from the study (OP N = 20; OR N =1
8). In addition, responding on the active lever was significantly greater in obesity-prone rats
even during the first training session (Fig 6A: two-way RM ANOVA, active responses X
time interaction: F(s 180y = 3.72, p < 0.01). This enhanced active lever responding was
maintained across additional FR1 training (Fig. 6B; two-way RM ANOVA, Main effect of
group: F(q, 3g) = 5.83, p < 0.05; Post-hoc: p < 0.05 sessions 2 and 3). In addition, besity-
prone rats also received more pellets (data not shown; two-way RM ANOVA, main effect of
group: F(q, 3) = 5.19, p < 0.05) and made slightly more food cup entries (data not shown;
two-way RM ANOVA, group X session interaction: F,, 72y = 3.15, p = 0.049; main effect of
group: F(1, 36) = 3.55, p = 0.067). A similar pattern of responding was seen when the
required number of active lever responses to earn one pellet was increased to 3 (FR3; Fig.
6C; two-way RM ANOVA, main effect of group: F(; 36) = 3.07, p = 0.089). Willingness to
work for food was determined during three PR sessions. Log transformation was performed
on breakpoint values to ensure homogeneity of variance for statistical analysis. Consistent
with elevated responding during fixed ratio testing, breakpoints were slightly higher in
obesity-prone rats, though this did not reach statistical significance (Fig. 6D; one-tailed t
test, t3g = 1.41, p = 0.08).

3.3. Cocaine-induced locomotion

Obesity-prone rats are more sensitive to the locomotor-activating effects of
cocaine—The acute response to a single injection of cocaine (15 mg/kg, i.p.) was used to
evaluate general mesolimbic function in obesity-prone and obesity-resistant rats (average
weight at time of testing, OP =411 + 8.3 g, OR =365 + 10.3 g; tg = 3.51, p <0.01). Cocaine
resulted in a significantly stronger locomotor response in obesity-prone versus obesity-
resistant rats (Fig. 7; two-way RM ANOVA, group x time interaction: F(sg 464) = 2.60, p <
0.0001). Locomotor activity during habituation and after saline injection were similar
between groups, and no rearing or stereotyped head or forelimb movements were observed
after cocaine injection (PJV). Importantly, the response to cocaine was greater than the
response to saline in obesity-resistant rats (Fig. 7B; two-way RM ANOVA, OR-saline
versus OR-cocaine: Fy, gy = 5.37, p < 0.05). Thus, although cocaine increased locomotor
activity in both groups, obesity-prone rats were more sensitive to this effect than obesity-
resistant rats.

4. Discussion

Recent studies in people suggest that pre-existing differences in striatal function may
promote obesity and hamper weight loss (Stoeckel et al., 2008, Dagher, 2009, Tetley et al.,
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2009, Stice et al., 2010, Demos et al., 2012, Vainik et al., 2013, Burger and Stice, 2014).
However, few studies have examined basal differences in mesolimbic or striatal function in
models that capture individual susceptibility to obesity (Geiger et al., 2008, VValenza et al.,
2015). Here, we first verified obesity-related phenotypes in selectively bred obesity-prone
and obesity-resistant rat lines maintained in-house. We then examined basal motivation for,
and over-consumption of food, and used cocaine-induced locomotor activity as an index of
basal differences in mesolimbic and striatal function.

Consistent with previous results, obesity-prone rats gained significantly more weight than
their obesity-resistant counterparts when given free access to standard lab chow (Fig. 1;
Levin et al., 1997). However, obesity-prone rats in the current study appear to be slightly
heavier than those previously characterized (372 £ 7 g at ~ 75 days old in Levin et al., 1997
compared to 405 + 13 at ~ 70 days old here). The naturally occurring divergence in weight
gain began during early adulthood (~70 to 80 days old) and, similar to findings described by
Levin and colleagues, was due at least in part to greater food intake in obesity-prone rats
(Fig. 1), though see also (Fig. 5). NMR imaging confirmed that greater body weight in
obesity-prone rats was accompanied by an increase in fat mass and concomitant decrease in
lean mass (Fig. 2). A previous study of these rats found greater fat mass in young adult rats
(2.5 months; Levin, 1997). In contrast, we did not find differences in fat mass until late
adulthood (~120 days). This difference may be due to a number of factors including the
techniques used to quantify fat mass (NMR here and lipid extraction previously). In
addition, we found that obesity-prone rats were more active at the onset of the dark cycle in
the home cage than obesity resistant rats (Fig. 3A), while spontaneous locomotor activity in
a novel environment outside the home cage did not differ between groups (Fig. 7A). These
results differ somewhat from previous reports of lower home cage activity in obesity-prone
rats (Levin and Dunn-Meynell, 2004). Again, measured used (wheel-running previously and
telemeters here) may contribute to this difference.

When given free-access to junk-food in their home cages, obesity-resistant rats remained on
the same weight gain trajectory as their chow-fed counterparts. In contrast, obesity-prone
rats given junk-food gained substantially more weight than all other groups (Fig. 1B). These
data demonstrate that free-access to junk-food leads to additional weight gain only in
obesity-prone rats, and are consistent with previous reports using high energy diet comprised
of corn oil and vanilla flavored Ensure (Levin et al., 1997). Furthermore, although food
consumption was generally greater in obesity-prone rats, both groups showed a similar
preference for junk-food over standard lab chow (Fig. 1D). These data suggest that greater
junk-food consumption in obesity-prone rats is not due to differences in sensory perception
or hedonic reactivity. Consistent with this interpretation, hedonic responses to sucrose in
outbred rats identified as susceptible or resistant to weight gain using this same junk-food
diet were similar prior to junk-food exposure (Robinson et al., 2015). In addition, basal
intracranial self-stimulation thresholds are similar between obesity-prone and obesity-
resistant rats (Valenza et al., 2015). Together, these data suggest that basal hedonic
responses to positively reinforcing stimuli do not differ in obesity-prone vs obesity-resistant
rats. Finally, as expected, junk-food induced weight gain in obesity-prone rats was
accompanied by elevated fasted insulin levels, an indication of metabolic dysfunction (Eckel
et al., 2010). Thus, overall obesity-prone and obesity-resistant phenotypes are maintained in
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our colony and junk-food diet produced obesity and metabolic dysregulation only in obesity-
prone rats.

One key aspect of human obesity is continued consumption of palatable, fatty foods in the
absence of explicit energy demand (i.e., hedonic consumption). To examine over-
consumption, we used a discrete junk-food consumption test in which freely feeding rats
were given access to junk-food during two 20-minute sessions outside the home cage. When
rats had free access to standard chow in the home cage, obesity-prone and obesity-resistant
rats ate equivalent amounts of junk-food relative to their body weights during the discrete
test. Thus, when junk-food was not readily available, consumption during the discrete test
outside the home cage was balanced in relation to potential energy demand. When rats were
given free access to junk-food in the home cage, junk-food intake during discrete testing
generally decreased in both groups. However, discrete junk-food consumption was
significantly greater in obesity-prone versus obesity-resistant rats, even when differences in
body weight were taken into consideration. Thus, obesity-prone rats over-consumed junk-
food during discrete access outside the home cage, even when the same junk-food was freely
available in the home cage (Fig. 5B). In contrast, obesity-resistant rats appear to better
regulate their consumption in the face of over-abundance, eating very little junk-food during
the discrete consumption test conducted while junk-food was also freely available in the
home cage. Interestingly, this difference seems to be induced by exposure to junk-food
(and/or associated weight gain and metabolic dysregulation), as discrete junk-food
consumption prior to diet manipulation was similar in obesity-prone and obesity-resistant
rats. When rats were given the opportunity to lever press for food, rates of responding were
higher in obesity-prone rats when work requirements were relatively low (FR1 and FR3),
while break points during progressive ratio testing were only slightly elevated. To our
knowledge, no other studies have examined instrumental responding for food in obesity-
prone and resistant rats. Taken together with the discrete consumption data discussed above,
our results suggest that motivation for food rewards, even in the face of over-abundance, is
greater in obesity-prone rats, although obesity-prone rats are not completely incapable of
adjusting their behavior to work demands (progressive ratio testing) and food availability.

Striatal function is altered in obese people, and can be modulated by hypothalamic inputs
and peripheral metabolic signals (Wang et al., 2001, Rothemund et al., 2007, Castellanos et
al., 2009, Burger and Stice, 2012). One well accepted way to assess general mesolimbic and
striatal function is to measure the locomotor activating effects of stimulant drugs like
cocaine (Smith, 1965, Post and Rose, 1976, Delfs et al., 1990). Cocaine blocks the reuptake
of dopamine from the synapse via the dopamine transporter (DAT) and thereby enhances
postsynaptic activation of dopamine receptors in target regions of the VTA. This increase in
dopamine, and particularly activation of dopamine receptors in the NAc, in turn elicits an
increase in cocaine-induced locomotor activity. In the current study, we found that without
diet manipulation obesity-prone rats showed a stronger locomotor response than obesity-
resistant rats to a single cocaine exposure (15 mg/kg). This is consistent with our recent
observation that the dose-response function for cocaine-induced locomotion is shifted to the
left in obesity-prone versus resistant rats (Oginsky et al., submitted). That is, obesity-prone
rats were sensitized compared to obesity-resistant rats prior to any diet manipulation.
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Importantly, the concentration of cocaine in the brain was similar between groups
(unpublished observation, PJV). Although it has been suggested that reduced dopamine
levels may produce a reward deficit and thereby promote obesity (Geiger et al., 2008, Geiger
et al., 2009), the enhanced sensitivity to the locomotor-activating effects of cocaine at the
dose tested here is instead consistent with an overall hyper-responsivity of mesolimbic
circuits and/or striatal reactivity in obesity-prone rats prior to diet manipulation. The
stronger response to cocaine (15 mg/kg) found here is consistent with a greater change in
NAC shell dopamine in obese rats after amphetamine injection (1.5 mg/kg). Specifically,
although basal and amphetamine-induced concentrations of dopamine were lower in the
NAC shell in obese rats (Geiger et al., 2009; Fig 2B; peak DA concentration post
amphetamine: ~0.1 pmol/25 pl in controls, and ~ 0.05 pmol/25 pl in obese rats), the
magnitude of this increase relative to baseline was substantially greater in obese rats (Geiger
et al., 2009; Fig 2C; ~500% increase in controls, and ~1500% increase in obese rats).
Locomotor activity was not measured in the study by Geiger et al. (2009), and obesity-prone
and resistant sub-populations were not examined. However, it may be the case that the
greater relative change from baseline in obese rats may be sufficient to elicit a stronger
locomotor response, even if the absolute concentration of dopamine is reduced. This
possibility deserves further study.

Cocaine induced locomotor activity relies heavily on activation of medium spiny neurons
within the NAc and dopamine mediated transmission. Thus, the enhanced locomotor
response in obesity-prone rats could be due to differences in extracellular dopamine and/or
differences in striatal post-synaptic dopamine receptor-mediated transmission. Using in vivo
microdialysis with high temporal resolution (3 min/sample) we have found that basal
dopamine and cocaine-evoked increases in extracellular dopamine in the NAc core and
ventral portion of the dorsal striatum do not differ between obesity-prone and obesity-
resistant rats (Vollbrecht et al., inrevision). In addition, previous work in ex vivo slices has
shown that basal and evoked DA release in the NAc shell and dorsal striatum are lower in
obesity-prone compared to obesity-resistant rats prior to diet manipulation (Geiger et al.,
2008). Although we did not measure dopamine in the current study, the data described
above suggest that enhanced cocaine-induced locomotion found here is not likely mediated
by enhanced extracellular striatal dopamine levels.

Regarding dopamine receptor function, we recently found that obesity-prone rats are more
sensitive to the D,-receptor mediated effects of quinpirole (Vollbrecht et al., in revision) and
activation of D,-receptors mediates locomotor activity (Millan et al., 2004). Thus, although
dopamine receptors were not measured here, we speculate that this change in D,-receptor
function may result in a shift in the balance of D1 vs D, receptor mediated transmission that
contributes to enhanced locomotor responsivity to cocaine (Kravitz and Kreitzer, 2012,
Dreher et al., 1989, Plaznik et al., 1989), although direct tests of this hypothesis are needed.
Only two previous studies have examined basal differences in dopamine receptors in
obesity-susceptible populations prior to diet manipulation (Geiger et al., 2008; Valenza et
al., 2015). Geiger et al. (2008) found lower D, auto receptor mRNA in VTA cell cultures
made from obesity-prone vs. obesity-resistant rats, whereas Valenza et al. (2015) found
greater D, auto receptor mRNA expression in the VTA in obesity-prone rats. In addition,
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while D1 and D, mRNA expression in the NAc did not differ (though trends towards
increased D, mRNA were found), both D1 and D, mRNA expression in the dorsal striatum
were greater in obesity-prone rats. The elevation in Do mRNA in dorsal striatum (Valenza et
al., 2015) is consistent with our observation that cocaine induced a stronger locomotor
response in obesity-prone rats at the dose tested. Of course, MRNA measures cannot be used
to determine receptor expression or function directly, and caution must be used when
relating differences in mMRNA expression to effects of systemic drug administration.
Nevertheless, our data show that obesity-prone rats are more sensitive to locomotion

induced by 15 mg/kg of cocaine, and previously observed differences in dopamine mMRNA
are consistent with this results. Furthermore, it is worthwhile to note that differences in the
results between studies described above could be due to sex and/or to the vendor through
which obesity-prone and obesity-resistant rats were obtained (females from Charles River in
Geiger et al., 2008; males from Taconic in Valenza et al., 2015, and current results obtained
from offspring of breeders obtained from Taconic). Finally, stimulant-induced locomotor
activity is regulated by several other transmitters (e.g., glutamate, GLP-1 and CART; Wolf
1998; Rebec 2006; Erreger et al., 2012; Hubert et al., 2008). Thus, alterations in systems that
modulate dopamine transmission may also contribute to enhance sensitivity to cocaine-
induced locomotion found here.

Numerous studies have shown that neuroadaptations accompanying locomotor sensitization
enhance the motivational properties of food and stimuli associated with food (i.e., food cues;
e.g., Wyvell and Berridge, 2000, 2001). Thus, the current data are consistent with recent
work showing that obesity susceptible rats are hyper-responsive to the motivational
properties of food cues prior to the development of obesity, and support the idea that basal
differences in striatal function may contribute to the development obesity in susceptible
populations (Robinson et al., 2015). Interestingly, fMRI studies in people find that while
striatal activation in response to food cues is enhanced in susceptible individuals prior to the
development of obesity (Stoeckel et al., 2008, Dagher, 2009, Tetley et al., 2009, Stice et al.,
2010, Demos et al., 2012, Vainik et al., 2013, Burger and Stice, 2014), striatal activations in
response to the consumption of food itself is reduced after obesity develops (Stice et al.,
2008, Cosgrove et al., 2015). These data suggest that responsivity of striatal systems may be
dynamically and differentially influenced by food cues versus food consumption.
Furthermore, these neurobehavioral responses likely differ prior to vs. after the development
of obesity in susceptible people (see also (Small, 2009 for review).

Studies examining the effects of diet-induced obesity on mesolimbic function have found
evidence for locomotor cross-sensitization between consumption of high-fat diets or sucrose
and stimulant drugs (Volkow et al., 2002, Baladi et al., 2012a), though no change or
reductions in amphetamine induced locomotion (i.e., cross-tolerance), consistent with
reduced dopamine function, have also been reported (Davis et al., 2008, Hryhorczuk et al.,
2015). In addition, examination of the effects of high-sugar/high-fat diets on striatal D,
receptor mRNA expression and D5 receptor function in outbred rats have produced mixed
results, with both increases and decreases found (Huang et al., 2006, South and Huang,
2008, Johnson and Kenny, 2010), Robinson et al., 2015, Baladi et al., 2012b). Although a
number of factors may contribute, it is possible that interactions between predisposition and
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consumption of sugary, fatty foods may result in different alterations in mesolimbic function
in susceptible versus resistant individuals and thus account for the opposing results found in
the literature. In addition, it’s important to note that diet-induced reductions in D, receptor
mRNA and protein expression and function have been found in the absence of obesity
(Robinson et al., 2015; Hryhorczuk et al., 2015; Baladi et al., 2012a). Although results are
varied, it is clear that diet-induced obesity as well as consumption of sugary, fatty foods
produce dramatic alterations in the function of mesolimbic circuits that govern motivational
processes.

In summary, data presented above show that instrumental responding for food is increased
in obesity-prone versus resistant rats, and obesity-prone rats over-consume junk-food even
in the face of over-abundance of the same food in their home cages. Furthermore, without
diet manipulation obesity-prone rats were more sensitive to the locomotor activating effects
of cocaine compared to obesity-resistant rats, at the dose tested. This sensitized response is
indicative of enhanced responsivity of mesolimbic systems and is consistent with studies in
humans suggesting that pre-existing differences in striatal motivational systems may
contribute to obesity and hamper weight loss (Stice and Dagher, 2010, Berthoud et al., 2011,
Volkow et al., 2011, Demos et al., 2012, Murdaugh et al., 2012). We speculate that pre-
existing hyper-sensitivity of mesolimbic systems may facilitate neuroadaptations induced by
eating sugary, fatty foods, and thereby further enhance responsivity to food cues in
susceptible individuals (Robinson et al., 2015) and hamper the control of food intake (Wang
et al., 2002, Johnson and Kenny, 2010, de Jong et al., 2013). Further studies using models
that differentiate pre-existing from diet and/or obesity induced plasticity in motivational
systems will continue to add to our understanding of how interactions between these factors
contribute to the development and persistence of obesity.
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Highlights

e Obesity-prone rats show enhanced motivation for food prior to metabolic
dysfunction and without diet manipulation.

»  Obesity-prone rats are hyper-responsive to cocaine prior to the onset of obesity.

e Obesity-prone rats over-consume “junk-foods” in a novel testing environment,
even in the face of over-abundance of this same food in the home cage.
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Figure 1.
Only obesity-prone rats gain substantial weight when given free access to junk-food, but

both groups prefer junk-food over chow. A) Average weight (inset) and weight gain (
SEM) between obesity-prone (OP) and obesity-resistant (OR) rats given free home cage
access to either standard lab chow (left) or junk-food (right) diet. Obesity-prone rats were
heavier at the start of the experiment (inset: # p < 0.01) and consistently gained more weight
than obesity-resistant rats. B) Average weight gain (x SEM) within groups. Eating junk-food
versus chow produced substantial weight gain in obesity-prone rats, but did not alter weight
gain trajectories of obesity-resistant rats. C) Average total home cage consumption (+ SEM)
in rats given free access to chow or a free choice between chow and junk-food in their home
cages. Obesity-prone rats consumed more food than obesity-resistant rats. D) Average
consumption (x SEM) of each food type when given a free access to both chow and junk-
food in the home cage. Both groups preferred junk-food to chow when given a choice
between the two. These data suggest that lower junk-food consumption in obesity-resistant
rats is not due to a reduced preference for junk-food.
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A. Early Adulthood
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Figure 2. Weight gain is accompanied by increased fat mass in obesity-prone rats
Average (£ SEM) weight, fat mass, and lean body mass during early adulthood (A; 70 days

old) and late adulthood (B; 120 days old) in obesity-prone and obesity-resistant rats given
free access to chow. During early adulthood groups do not differ significantly in weight, fat
mass, or lean mass (A). During late adulthood, spontaneous weight gain in obesity-prone
rats is accompanied by increased fat mass and reduced lean mass (B; * p < 0.05).
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A. Home Cage Activity
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Figure 3. Locomotor activity during the dark cycle is enhanced in obesity-prone rats
Home cage activity and body temperature across a 48 hour period were measured via

implanted telemeter. Black bars indicate the dark phase of the light/dark cycle. A) Average
(x SEM) home cage activity counts. Activity was generally greater in obesity-prone versus
resistant rats immediately following dark onset (* p < 0.05). B) Average (+ SEM) body
temperature. Obesity-prone rats tended to have elevated body temperatures relative to
obesity-resistant rats, though this did not reach statistical significance.
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B. Fasted Plasma Insulin Levels
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Figure 4. Junk-food induced obesity is accompanied by elevated fasted insulin levels only in

obesity-prone rats

A) Average weight (= SEM) of obesity-prone and obesity-resistant rats after 4 weeks of free

access to standard lab chow or junk-food in the home cage. As expected, junk-food

produced a significant increase in weight only in obesity-prone rats. B) Average fasted
plasma insulin levels (+ SEM). After 4 weeks of eating junk-food, fasted insulin levels were

significantly elevated in obesity-prone versus obesity-resistant rats (* p < 0.05).
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A. Home Cage Food Consumption B. Junk-Food Consumption During

Discrete Testing Outside Home Cage
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Figure 5. Obesity-prone rats over-consume junk-food, even in the face of over-abundance
A) Average daily home-cage food consumption (x SEM). Boxes show the type of food

available. Arrows indicate discrete junk-food consumption tests conducted outside the home
cage (20 min/test). Chow intake was similar between groups, and obesity-prone rats tended
to eat more junk-food than obesity-resistant rats. In addition, both obesity-prone and
obesity-resistant rats dramatically reduce their home cage food intake when returned to
standard lab chow, and took nearly two weeks to resume pre-junk-food diet levels of chow
intake. B) Average (+ SEM) junk-food consumed relative to total body weight during
discrete (20 min) testing outside the home cage. When only standard lab chow was available
in the home cage, discrete junk-food consumption was similar between groups (light bars).
However, after 4 weeks of free access to junk-food in the home cages, obesity-prone rats
still consumed significantly more junk-food puring discrete testing than obesity-resistant
rats, even when differences in body weight were taken into account (dark bars, * p < 0.05).
Thus, although access to junk-food in the home cage decreased discrete consumption in
general, obesity-prone rats over-consumed junk-food, despite having continual free access to
the same food in their home cages.

Physiol Behav. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Vollbrecht et al.

-#- OP Active
-o- OR Active
-0- OR Inactive
-0 OP Inactive

A. Training Session 1

254

ol it
S ¥ o

Avg # of Responses
[3,}

5 1015202530

Time (min)

Avg # of Responses

2004

1504

1004

a
o
1

o
L

*

1

B.FR1 C.FR3
5004
* 8 400+
g
2300+
Q
4
5 2004
*
£ 1004
<
| Qee—C—0 0L p—ti—-aq
2 3 1 2 3
Session Session

Breakpoint (Log 10)

Figure 6. Instrumental responding for food is increased in obesity-prone rats
A) Average number of responses (+ SEM) on the active (pellet) and inactive (no pellet)

levers during the first training session. Both obesity-prone and obesity-resistant rats readily
acquired the lever pressing task, showing strong discrimination between the active versus
the inactive lever. In addition, the magnitude of active lever repsonding was greater in
obesity-prone versus obesity-resistant rats (* p < 0.05). B) Average number of responses (+
SEM) during three FR1 sessions. The magnitude of active lever presses was greater
throughout FR1 testing in obesity-prone versus obesity-resistant rats (B, * p < 0.05). C)
Average number of responses (+ SEM) during three FR3 sessions. D) Average breakpoint (+
SEM) across three progressive ratio test sessions was slightly elevated in obesity-prone rats,
but did not reach significance (p=0.08).
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B. Cocaine-Induced Locomotion
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Figure 7. Obesity-prone rats are more sensitive to the acute locomotor-activating effects of

cocaine than obesity-resistant rats

A) Average locomotor activity (+ SEM) during habituation did not differ between groups.
B) Average locomotor activity (= SEM) in response to saline and acute cocaine
administration (15 mg/kg i.p). The response to saline did not differ between groups. Cocaine
produced a stronger locomotor response in obesity-prone versus obesity-resistant rats (* p <
0.05). This enhanced cocaine-induced locomotion is indicative of enhanced responsivity of
mesolimbic circuits in obesity-prone versus obesity-resistant rats.
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