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Abstract
OBJECTIVE—A rat model of diet-induced obesity (DIO) was used to determine dopamine
transporter (DAT) function, impulsivity and motivation as neurobehavioral outcomes and
predictors of obesity.

DESIGN—To evaluate neurobehavioral alterations following the development of DIO induced by
an 8-week high-fat diet (HF) exposure, striatal D2-receptor density, DAT function and expression,
extracellular dopamine concentrations, impulsivity, and motivation for high- and low-fat
reinforcers were determined. To determine predictors of DIO, neurobehavioral antecedents
including impulsivity, motivation for high-fat reinforcers, DAT function and extracellular
dopamine were evaluated before the 8-week HF exposure.

METHODS—Striatal D2-receptor density was determined by in vitro kinetic analysis of
[3H]raclopride binding. DAT function was determined using in vitro kinetic analysis of
[3H]dopamine uptake, methamphetamine-evoked [3H]dopamine overflow and no-net flux in vivo
microdialysis. DAT cell-surface expression was determined using biotinylation and western
blotting. Impulsivity and food-motivated behavior were determined using a delay discounting task
and progressive ratio schedule, respectively.

RESULTS—Relative to obesity-resistant (OR) rats, obesity-prone (OP) rats exhibited 18%
greater body weight following an 8-week HF-diet exposure, 42% lower striatal D2-receptor
density, 30% lower total DAT expression, 40% lower in vitro and in vivo DAT function, 45%
greater extracellular dopamine and twofold greater methamphetamine-evoked [3H]dopamine
overflow. OP rats exhibited higher motivation for food, and surprisingly, were less impulsive
relative to OR rats. Impulsivity, in vivo DAT function and extracellular dopamine concentration
did not predict DIO. Importantly, motivation for high-fat reinforcers predicted the development of
DIO.
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CONCLUSION—Human studies are limited by their ability to determine if impulsivity,
motivation and DAT function are causes or consequences of DIO. The current animal model
shows that motivation for high-fat food, but not impulsive behavior, predicts the development of
obesity, whereas decreases in striatal DAT function are exhibited only after the development of
obesity.
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INTRODUCTION
Obesity is associated with excessive overeating and preference for palatable, high-fat
foods.1,2 Increased impulsivity, a multifaceted behavioral construct involving urgent actions,
lack of premeditation and perseverance, and increased sensation-seeking behaviors, plays a
role in obesity.3–6 In the context of obesity, lack of perseverance refers to an inability to
control thoughts about food and body shape.5 High impulsivity may underlie the inability to
resist excessive eating. Increased sensitivity to palatable-food reward drives overeating only
when accompanied by insufficient inhibitory control.6 Thus, cognitive and motivational
facets of impulsivity are linked to obesity.

Ingestion of palatable foods activates brain reward circuits, leading to dopamine release in
nucleus accumbens (NAc) and striatum.7,8 NAc dopamine mediates primary reward and
incentive motivation for food reinforcers.9 A shift in control from NAc to striatal dopamine
pathways occurs coincident with development of habitual behaviors.10,11 Inhibition of
dopamine synthesis by tyrosine hydroxylase gene inactivation results in reduced preference
for palatable foods.12 Gene rescue in NAc and/or striatum restores preference, whereas only
striatal rescue restores consumption.12 Striatal involvement in food motivation is supported
by findings that rats over-expressing delta Fos B exhibit high progressive ratio (PR)
breakpoints.13 Following extended access to high-fat food, obese rats exhibit increased brain
stimulation reward thresholds, increased resistance to aversive stimuli-induced disruption of
food consumption and decreased D2 receptors.14 In obese humans, both striatal D2-receptor
density and neuronal activity are decreased compared with non-obese individuals.15,16 Thus,
dysregulated striatal function may underlie excessive food intake in obesity.

Extracellular dopamine is regulated by dopamine transporters (DAT) and vesicular
monoamine transporters-2 (VMAT2), translocating dopamine across plasmalemma and
synaptic vesicular membrane, respectively.17 DAT-deficient mice exhibit increased
extracellular dopamine and greater food intake compared with wild-type mice.18 Genetic-
linkage analysis reveals human DAT gene polymorphisms with a greater frequency of short
alleles associated with decreased DAT expression and binge eating.19 Thus, DAT plays a
prominent role in regulating binge eating.

Little information is available to indicate if alterations in dopamine, impulsivity and
motivation precede or are a consequence of diet-induced obesity (DIO). Decreased striatal
D2 receptors in obesity15 may be compensatory to decreased DAT function and increased
extracellular dopamine. Evaluation of predictors of DIO is difficult in humans, but
controlled animal models can provide insight.20 In the current study, striatal dopaminergic
function, impulsivity and food-motivated behavior were evaluated as neurobehavioral
outcomes and predictors of DIO.
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MATERIALS AND METHODS
Animals

Outbred male Sprague Dawley rats (350–400 g; Charles River Laboratories, Wilmington,
MA, USA) were housed individually in solid-bottom cages with bedding and received
standard rat chow and water ad libitum. Rats were maintained on standard chow during
acclimatization and neurobehavioral predictor assessment. Experimental procedures were
approved by the University of Kentucky Institutional Animal Care and Use Committee.

DIO model
A naturalistic DIO model employing outbred rats, characterized as exhibiting hyperphagia,
increased visceral, epididymal and retroperitoneal adiposity, increased plasma angiotensin
peptides levels, cholesterol and triglycerides, and defective leptin- and insulin-signaling, was
used to mimic human obesity.20–25 For evaluation of DIO outcomes, 30–32 rats were used
to generate the DIO model (obesity-prone (OP), obesity-resistant (OR) and low-fat diet (LF)
groups) for each assay. Rats were fed for 8 weeks with either a moderately high-fat diet (HF;
n =24; D12266B, 31.8% kcal fat; total density =4.41 kcal g −1) or a LF diet (n =6–8;
D12489B, 10.6% kcal fat; total density =3.9 kcal g −1; Research Diets, New Brunswick, NJ,
USA). Food intake was determined daily; body weight three times weekly. Cage bedding
was scanned for food spillage. Following an 8-week HF-diet exposure, rats were segregated
into OP and OR groups based on bodyweight gain (top and bottom third, respectively; n =
6–8 per group).20,22 Energy intake was calculated by multiplying daily food intake (g) by
total kcal per g for each respective diet.

For evaluation of predictors of DIO, assays were conducted in rats fed standard chow (n
=22), then HF-diet for 8 weeks, and segregated into OP and OR groups (n = 6 rats per
group) as described; correlations between neurobehavioral measures and body weight were
determined. For evaluation of outcomes of DIO, LF groups served as control to determine if
alterations were due to diet or obesity. An LF group was not included in the predictor study,
because consumption of LF-diet does not result in DIO.

Experimental design, DIO outcomes
Study-1: Striatal D2-receptor density (Bmax) and affinity (Kd) were evaluated in vitro using
[3H]raclopride saturation analysis. Between-subject differences in kinetic parameters were
determined in OP, OR and LF (n = 6 per group). Treatment was a between-subject factor
and [3H]raclopride concentration a within-subject factor. The brains were from rats
previously used in Study -6 and Study-7.

Study-2: Maximal velocity (Vmax) and affinity (Km) of [3H]dopamine uptake by striatal
VMAT2 into vesicular preparations were evaluated in vitro using saturation analysis.
Between-subject differences in kinetic parameters were determined in OP, OR and LF (n = 6
per group). Treatment was a between-subject factor and [3H]dopamine concentration a
within-subject factor. Rats had no prior experimental manipulations.

Study-3: Vmax and Km of [3H]dopamine uptake by striatal DAT into synaptosomal
preparations were evaluated in vitro using saturation analysis. Between-subject differences
in kinetic parameters were determined in OP, OR and LF (n =6–8 rats per group). Treatment
was a between-subject factor and [3H]dopamine concentration a within-subject factor. Rats
had no prior experimental manipulations.

Study-4: Methamphetamine-induced reverse transport of DAT in super-fused striatal slices
was determined in vitro in OP, OR and LF (n = 6–8 rats per group). Treatment was a
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between-subject factor, and methampheta-mine concentration and time within-subject
factors. Rats had no prior experimental manipulations.

Study-5: Striatal DAT protein in total, intracellular and cell-surface fractions was
determined in vitro using biotinylation and western blot assay in OP, OR and LF (n =8 rats
per group). Treatment was a between-subject factor, and individual fractions were within-
subject factors. Rats had no prior experimental manipulations.

Study-6: Striatal dopamine uptake (extraction fraction) and extracellular dopamine
concentration were evaluated in vivo using no-net flux microdialysis in OP, OR and LF (n =
8 rats per group). Treatment was a between-subject factor and dopamine concentration a
within-subject factor. Rats were used subsequently in Study-1 and Study-7.

Study-7: Impulsivity was evaluated using delay discounting in OP, OR and LF (n = 6–8 per
group). Treatment was a between-subject factor and session a within-subject factor. Rats
were used previously in Study-6.

Study-8: Motivation for food reinforcement was evaluated using PR reinforcement in OP,
OR and LF (n = 8 rats per group). Treatment was a between-subject factor and session a
within-subject factor. Rats had no prior experimental manipulations.

Experimental design, DIO predictors
Study-9: Impulsivity was determined using delay discounting. Session was a within-subject
factor. Experimentally naive rats (n = 22) were employed. Subsequently, this group was
used in Study-10.

Study-10: Motivation for food reinforcement was determined using a PR schedule. Session
was a within-subject factor. Subsequently, this group was used in Study-11.

Study-11: Striatal DAT function and extracellular dopamine concentration in vivo were
determined using no-net flux microdialysis. Dopamine concentration was a within-subject
factor. Rats were used previously in Study-9 and Study-10.

Assays—Detailed methods are provided in Supplementary Materials.

Striatal D2-receptor density was determined using saturation analysis of [3H]raclopride
binding.26 In vitro striatal VMAT2 and DAT function were assessed using saturation
analysis of [3H]dopamine uptake into vesicles27 and synaptosomes,28 respectively. To
evaluate methamphetamine-induced DAT reverse transport, methamphetamine-evoked
[3H]dopamine overflow was determined using superfused striatal slices.17,29 DAT cell-
surface expression was determined using biotinylation and western blotting.30 β-Actin and
PP2A, control proteins monitoring protein loading within each fraction (total, non-
biotinylated and biotinylated), determined biotinylation efficiency.30

In vivo striatal DAT function and extracellular dopamine concentrations were evaluated
using no-net flux microdialysis.31 Microdialysis probes were implanted stereotaxically in
striatum (stereotaxic coordinates; AP =1.2 mm anterior to bregma, ML = 2.8 mm lateral to
midline and DV =4 mm ventral to dura). Probes were perfused with artificial cerebrospinal
fluid containing 5–20 nM dopamine (dopaminein). Microdialysates were analyzed by high
performance liquid chromatography with electrochemical detection.
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Behavioral procedures determining impulsivity and food motivation were carried out during
the light cycle in operant chambers (MED Associates, St Albans, VT, USA). To facilitate
lever responding during evaluation of behavioral outcomes of DIO, rats received their daily
food allowance (50 g) in the home cage during a 3-h period after each operant session; OP
and OR groups received HF-diet; LF group received LF-diet. Impulsivity was evaluated
using delay discounting.32 Rats were trained for 28 consecutive sessions during which
responses on one lever delivered one sucrose pellet immediately, whereas responses on the
other delivered three pellets after an adjusted delay.32 Responses on the lever delivering
three pellets increased the delay(s) for the subsequent large reinforcer.

Food motivation was determined in OP and OR rats receiving HF-reinforcers, and in LF rats
receiving LF-reinforcers using a fixed ratio (FR) schedule, followed by three PR sessions (3-
h duration). Subsequently, three PR sessions employed the alternative reinforcer. Both
levers were extended; however, only active lever responses were reinforced. Following
delivery of each reinforcer, response ratio for subsequent reinforcer delivery was increased
according to [5e(response number ×0.2)] − 5, and specific response requirements were: 1, 2, 4, 6,
9, 12, 15, 20, 25, 32, 40, 50, 62.33 Last ratio completed defined PR breakpoint.

To evaluate impulsivity and motivation as predictors of DIO, rats were trained on delay
discounting for sucrose reinforcers for 28 consecutive sessions, followed by 6 daily PR
sessions (3-h) for HF-reinforcers. Immediately following each session, rats received their
home-cage food allowance (15 g standard chow, provided overnight). Following behavioral
experiments, striatal DAT function and extracellular dopamine were evaluated as predictors
of DIO using no-net flux microdialysis.

Data analysis
Details of the data analysis are provided in Supplementary Materials.

RESULTS
Development of DIO

For DIO-outcomes studies, mean body weight and mean energy intake for OP, OR and LF
groups were not different between assays. Body weight and energy intake data for each
group were collapsed across all assays. Analysis of body-weight gain during 8-week HF- or
LF-diet revealed a group × time interaction (F14,1043 = 32.66, P<0.0001; Figure 1a). At 8
weeks, OP group exhibited 18% and 11% greater body weight than OR and LF groups,
respectively. Mean daily energy intake across 8 weeks was 14% greater in OP compared
with OR groups (119±2 and 102±2 kcal per day, respectively). For the predictor study,
analysis of body-weight data revealed a group × time interaction (F 7,70 = 16.83, P<0.0001;
Figure 1c). At 8 weeks, the OP group exhibited 20% greater body weight than the OR group.
OP group exhibited 17% greater mean daily energy intake across the 8-week period
compared with the OR group (Figure 1d).

Effects of DIO
Striatal D2-receptor density—OP group exhibited 42% lower Bmax compared with OR
group (F2,13 = 6.08, P<0.01; Figure 2). No between-group differences in Kd were found
(Supplementary Figure 1).

In vitro striatal DAT function and cellular expression—Striatal VMAT2 function
was not different between groups (Supplementary Table 1). Vmax for [3H]dopamine uptake
at DAT was 40% lower in OP compared with OR groups (F2,35 = 6.285, P<0.01; Figure 3a),

Narayanaswami et al. Page 5

Int J Obes (Lond). Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



but not different from LF. No between-group differences in Km were found (Supplementary
Figure 2b).

No group differences in basal [3H]dopamine outflow before methamphetamine were
detected. Across time, superfusate [3H]dopamine increased following methamphetamine
addition, peaked 10–15 min after methamphetamine addition, and over time declined
towards basal, despite continued methamphetamine presence (Supplementary Figure 3).
Analysis of methamphetamine-evoked total [3H]dopamine overflow revealed a group ×
concentration interaction (F8,75 = 6.45, P<0.0001; Figure 3b). At 10 and 30 μM
methamphetamine, total [3H]dopamine overflow was greater in OP compared with OR
groups, and greater in LF compared with the OP group.

Western blot analysis revealed DAT and β-actin immunoreactive bands located at ~75 and
42 kDa, respectively (Figure 3c). β-Actin levels were not different between groups, within
fraction. PP2A immunoreactive bands located at ~34 kDa were not detected in biotinylated
fraction, indicating efficient surface biotinylation. Total striatal DAT levels were 30% and
48% higher in OR compared with OP and LF groups, respectively (F2,17 = 6.143, P<0.05;
Figure 3d). No between-group differences in non-biotinylated and biotinylated fractions
(F2,17 = 0.586 and F2,17 = 3.035 and, ps>0.05, respectively) were found (Supplementary
Figure 4).

In vivo striatal DAT function and extracellular dopamine—Striatal extraction
fraction for the OP group was 40% lower than for OR and LF groups (F2,16 = 5.313, P<0.05;
Figure 4b). Striatal extracellular dopamine in OP was 45% greater than in OR group (F2,16 =
4.767, P<0.05; Figure 4c), but not different from LF group.

Impulsivity and motivation for food reinforcement—Level of caloric restriction (58
and 54%) imposed by the 3-h access to daily food allowance was not different between OP
and OR groups, respectively (data not depicted).

Mean adjusted delay for each group varied by <5 s across the last five sessions (median =
10.5 s). OP group exhibited 30% greater delay compared with OR group (F2,14 = 4.219,
P<0.05; Figure 5a).

During FR training, number of reinforcers earned was not different between groups across
incremental FR increases (Figure 5b), and number of active lever responses, but not inactive
responses, increased correspondingly (Supplementary Figure 5). Analysis of the number of
reinforcers earned revealed a group × FR interaction (F8,84 = 2.751, P<0.05). At FR-10,
number of reinforcers earned by OP and OR groups was lower than that for LF group
(P<0.05). PR breakpoint for HF- and LF-reinforcement was greater for OP than for OR
groups (F2,22 = 3.655 and F2,18 = 4.639, ps<0.05, respectively; Figure 5c).

Neurobehavioral predictors of DIO
All rats received identical treatment, standard chow ad libitum for 1 week during
acclimatization, 15 g standard chow after each daily operant session, and HF-diet ad libitum
for 8 weeks. Level of caloric restriction during behavioral assays was not different in rats
subsequently designated as OP and OR groups.

No correlation (Pearson r = 0.227, P = 0.35) was found between mean adjusted delay and
%body-weight gain after the 8-week HF-diet exposure (Supplementary Figure 6a). There
were no differences (P>0.05) between groups subsequently designated as OP and OR for
mean adjusted delay (10.9±2.75 and 5.9±1.64 s, respectively). A positive correlation
between PR breakpoint for HF reinforcers and %body-weight gain was found (Pearson r =
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0.51, P<0.05; Figure 6). Mean PR breakpoint for HF reinforcers across the six sessions was
greater in OP compared with OR groups (P<0.01; Figure 6, inset). Extraction fraction and
extracellular dopamine did not correlate with %body-weight gain (Pearson r = 0.275 and
−0.291; P-values>0.05; Supplementary Figures 6b and c, respectively). No differences
(P>0.05) were found between groups subsequently designated as OP and OR, for either
dopamine extraction fraction (0.94±0.14 and 0.86±0.22, respectively) or extracellular
dopamine concentration (7.7±1.64 and 11.3±1.92 nM, respectively).

DISCUSSION
The current study provides novel findings that motivation to obtain HF-food predicts the
development of obesity in an outbred animal model of DIO, whereas impulsivity does not
predict DIO. Increased motivation for HF-food persisted following the development of DIO,
consistent with observations that orosensory properties and post-ingestive effects of HF-
diets engender overeating.34,35 Pre-existing dopamine reward deficiency has been suggested
to contribute to compensatory overeating of carbohydrates leading to human obesity.36 In
the current model, striatal D2-receptor density was decreased, similar to human obesity.15

Striatal DAT function and extracellular dopamine did not predict DIO, whereas DAT
function and expression decreased and extracellular dopamine increased once DIO was
established (Figure 4d). Thus, a deficiency in striatal DAT function is an outcome of DIO,
but does not underlie obesity resulting from consumption of an HF diet.

Primary food reward is mediated by NAc dopamine.9 Following ingestion of an HF diet for
12 weeks, NAc dopamine turnover in rats with free-access (obese) or restricted-access (non-
obese) was decreased compared with rats with free-access to standard chow,37 supporting
alterations in dopamine release, uptake and/or metabolism. In contrast, extracellular NAc
dopamine was decreased in inbred adult obese rats compared with OR rats fed standard
chow;38 however, contributions of functionally distinct NAc core and shell were not
evaluated. In another study, dopamine release from NAc shell, striatum and medial
prefrontal cortex slices was decreased in obese inbred rats compared with OR inbred rats.38

Decreased expression of mRNA for VMAT2, tyrosine hydroxylase, DAT and D2 was found
in cultured VTA neurons from OP inbred compared with OR inbred rats.38 Collectively,
deficient NAc dopamine function contributes to decreased primary food reward and obesity.
While decreased mesolimbic dopamine function is suggested to promote compensatory
hyperphagia leading to obesity, the current research focused on striatal dopaminergic
mechanisms.

A shift in underlying dopaminergic control from NAc to dorsal striatum coincides with
development of habitual behaviors.11,39,40 A decrease in dorsal-striatal D2 receptors was
found herein using an outbred-DIO model, consistent with the results from obese humans.15

Decreased D2-receptor density may precede the development of obesity or result from pre-
existing decreases in DAT function and/or increased extracellular dopamine associated with
repeated food reward. Herein, decreased DAT function and increased extracellular
dopamine was found only after DIO was established. Since clearance of extracellular
dopamine is primarily regulated by DAT localized at the cell surface,41 one explanation for
the decreased DAT function is decreased cell-surface DAT expression. Thus, the effect of
methamphetamine was anticipated to be decreased as a result of diminished cell-surface
DAT expression. Surprisingly, methamphetamine-induced DAT reverse transport was
increased in OP relative to OR groups. In contrast, dopamine uptake was decreased in OP
compared with OR groups. Thus, obesity may differentially alter the bidirectional DAT
function, dopamine uptake and reverse transport, by modulating distinct signaling
mechanisms.

Narayanaswami et al. Page 7

Int J Obes (Lond). Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Decreased DAT function in OP relative to the OR group could be explained by decreased
D2 autoreceptor function, since D2 autoreceptors regulate DAT function.42 Alternatively,
decreased DAT function in the OP group may be explained by activation of protein kinase C
(PKC), shown previously to decrease dopamine uptake at hDAT expressed in Xenopus
oocytes.43 With respect to DAT reverse transport, PKC activation increases amphetamine-
induced dopamine reverse transport in rat striatal slices and DAT-transfected HEK-293
cells.44–46 Thus, PKC activation may underlie the increased methamphetamine-induced
reverse transport of DAT herein. Furthermore, PKC phosphorylation of DAT occurs to a
greater extent in lipid-raft membrane compartments, compared with non-raft.47 Thus, DAT
partitioning between lipid-raft and non-raft compartments may underlie decreases in
dopamine uptake and increases in methamphetamine-induced reverse transport in obesity.

Another potential underlying mechanism for altered DAT function in OP and OR rats was
altered DAT cellular localization. Previous studies showed reduced striatal DAT density in
rats fed the HF-diet for 20 days compared with chow-fed controls.48 Current work extends
previous findings by showing decreased total striatal DAT protein in OP compared with the
OR group, consistent with decreased striatal dopamine uptake in OP compared with OR
group. However, no differences in cell-surface or intracellular DAT expression were
observed, suggesting that regulation of DAT function in DIO is trafficking-independent.
Alternative mechanisms underlying decreased striatal DAT function/expression in the OP
group may include differential partitioning of DAT into lipid-raft and non-raft membrane
domains and differential regulation of DAT turnover.

Obesity and drug addiction are hypothesized to share common underlying neurobehavioral
mechanisms.49 Personality traits including high sensation seeking and impulsivity
predispose and are affected by drug addiction.50 Herein, impulsivity measured using delay
discounting was decreased following development of DIO in male rats. Current findings
contrast with increased impulsivity observed in obese women,4 possibly due to different
species, sex or reinforcers employed. Delay discounting, which measures only one facet of
impulsivity, was employed in both studies. Reward-based motivational processes may have
overcome impulsive choice in the animal model, but not in the human study. Although OP
and OR rats did not differ in acquisition of FR responding for HF-reinforcers, PR breakpoint
was greater in OP than the OR group, indicating greater food motivation in OP. Further, PR
breakpoint was higher in the OP group regardless of employment of HF or LF reinforcer.
Thus, caloric density was not a factor in food motivation. A high level of motivation for
either reinforcer in the OP group suggests development of compulsivity.51

Controversy exists regarding effects of obesity on food motivation across studies using
different animal models. In contrast to the current results, PR breakpoint for HF-reinforcers
did not differ between DIO-prone Osborne-Mendel and DIO-resistant S5B/PI inbred rats fed
standard chow in the home-cage.52 Similarly, no differences in PR breakpoint for sucrose
pellets were found between outbred Sprague Dawley rats with 12-week free-access (obese)
or restricted-access (non-obese) to HF-diet in the home-cage.37 However, both groups
receiving HF-diet in the home-cage had decreased PR breakpoint for sucrose pellets
compared with another group with free-access to standard-chow in the home-cage,
suggesting that the value of the sucrose reward was decreased following long-term access to
HF-diet. Decreased PR breakpoint for sucrose reinforcement was found in Sprague Dawley
rats selectively inbred for obesity compared with obesity resistance; all rats being fed
standard chow in the home-cage.37 Discrepancies between previous results and the current
study showing an increase in PR breakpoint for HF-reinforcers in the OP group may be due
to differences in animal models of obesity, reinforcer-type (sucrose vs HF, different satiety
mechanisms), and/or home-cage diet. However, it is unlikely that the HF-diet is responsible
for increased PR breakpoint in OP rats, because PR breakpoint for HF- or LF-reinforcers
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was not different between OR and LF rats, fed HF- and LF-diets, respectively, in the home-
cage. Thus, differences in food motivation may be due to obesity rather than diet per se.

Consistent with the current results, CCK-1 receptor-deficient OLETF rats and leptin-
receptor deficient Zucker rats fed standard chow in the home-cage exhibited increased PR
breakpoints for sucrose reinforcers compared with lean controls.53,54 Similarly, outbred
Wistar rats fed a HF/high-sugar home-cage diet demonstrated increased PR breakpoint for
sucrose reinforcers compared with chow-fed rats.55 The current study extends these findings
showing increased motivation for HF-reinforcers in the OP group, and, that pre-existing
increased motivation for HF-reinforcers predicts obesity. While preference for high fat was
not determined in the current study, previous studies show increased choice for fat compared
with carbohydrate and protein in inbred OP (Osborne-Mendel) compared with OR (S5B/PI)
rats.56 Similar increases in fat preference may underlie increased motivation for HF-
reinforcers in the OP group, herein.

An important contribution of the current research is the evaluation of impulsivity,
motivation and DAT function as predictors of DIO. Using delay discounting, impulsivity
has been shown previously to predict psychostimulant intake.32 In contrast, impulsivity,
measured using delay discounting, did not predict DIO, suggesting that distinct mechanisms
underlie predisposition for obesity and drug addiction. Importantly, increased motivation for
HF-reinforcers predicted DIO.

In the current study, striatal DAT function and extracellular dopamine concentration did not
predict obesity that developed following an 8-week HF-diet, leading to large body-weight
differences (150 g). Decreased extracellular dopamine in NAc-shell has been reported to
predict obesity,57 and excessive food intake was interpreted as compensatory for low basal
dopamine in NAc-shell. However, these results were obtained only after 5 days of HF-diet,
between-group body-weight differences were only 20 g, and lower dopamine levels may
have resulted from transient exposure to HF-diet per se. In contrast, in the current study,
striatal dopamine did not predict obesity evaluated before HF-diet exposure. That is,
individual differences in dopamine before HF-diet exposure did not correlate with long-term
body-weight gain. Further studies evaluating NAc dopamine as a predictor of obesity are
needed.

In both current in vitro and in vivo studies, outcomes of DIO included decreased striatal
DAT function and increased extra-cellular dopamine. Obesity, not diet per se, decreased
DAT function, since OP and OR groups received the same HF diet. Also, between-group
differences in caloric intake may have contributed to observed differences in DAT function.
Despite ad libitum access to HF-diet, resistance of OR phenotype to develop obesity may be
due to compensatory increases in DAT function and decreased extracellular dopamine.
Thus, decreases in striatal DAT function as an obesity outcome, rather than as a predictor,
may be important for maintenance of obesity.

In the outcome study, comparisons of results from OP and OR groups to the LF group varied
depending on outcome measure. Caloric intake was not different between OP and LF groups
and between OR and LF groups. Further, there were no differences between OP and LF
groups on in vitro dopamine uptake, DAT expression and extracellular dopamine
concentration, and no differences between OR and LF groups on impulsivity and food
motivation. Thus, caloric intake may have contributed to comparisons between groups fed
HF and LF diets. Also, despite exposure to the same HF diet, neither OP nor OR groups
were different from the LF group (fed LF diet), suggesting that these outcomes are not
altered by diet per se, but by obesity. A different pattern emerged upon comparison of OP
and OR groups to the LF group for methamphetamine-induced DAT reverse transport, with
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decreased effect in OP vs LF and OR vs OP group. Thus, an outcome of prolonged exposure
to HF-diet per se may be downregulation of signaling mechanisms modulating
methamphetamine–DAT interactions. Since the OP group exhibited greater effects of
methamphetamine compared with the OR group, obesity may have mitigated effects of the
HF-diet on this outcome. Thus, both development of obesity and effects of diet per se
contribute to differential between-group effects of methamphetamine.

In contrast to the pattern of effect for methamphetamine, the OP group exhibited lower DAT
function in vivo compared with the LF group; however, the OR group was not different from
the LF group, indicating that diet per se does not affect this outcome measure. The OP group
exhibited decreased DAT function in vivo compared with the OR group, which was not
dependent on diet, since both OP and OR groups had the HF-diet. Thus, obesity alone
appears to contribute to differences in in vivo DAT function. Importantly, the LF group is
comprised of an unknown distribution of both OP and OR phenotypes. Based on sampling
distribution, the pattern of response might vary across experiments. Thus, cross-experiment
direct statistical comparisons to the LF group are inappropriate and were not conducted.

Given the interaction between homeostatic and reward systems, sustained stimulation of
dopamine reward circuits by adiposity hormones may underlie increased food-motivated
behavior following DIO. Leptin inhibits dopamine neuronal firing rate and decreases
extracellular NAc dopamine,58,59 whereas insulin increases DAT mRNA.60 Furthermore,
leptin and insulin (icv) decrease sucrose self-administration and reverse HF-food-
conditioned place preference.61,62 Also, knockdown of midbrain leptin receptors increases
PR responding for sucrose reinforcers.63 Importantly, OP rats exhibit defective central
leptin- and insulin-signaling relative to OR rats.23,25 Taken together, DIO and increased
food intake may lead to increased adiposity hormones stimulation of the reward circuitry,
including decreased striatal DAT function and increased extracellular dopamine.

Overall, current results demonstrate that as a predictor, motivation for HF-reinforcers was
greater in rats which subsequently became obese following 8-week HF-diet exposure,
compared with those not developing obesity when exposed to the same diet for the same
period. Once DIO developed, greater food motivation persisted in the OP compared with the
OR group, indicating that food motivation is linked to both initiation and maintenance of
obesity. In contrast, impulsivity, DAT function and extracellular striatal dopamine did not
predict DIO upon HF-diet exposure. Once DIO was established, impulsivity decreased,
DAT function decreased and extracellular striatal dopamine increased in the OP relative to
OR group. Although the impact of obesity on dopamine function was expected, decreased
impulsivity was an unanticipated outcome. Importantly, obesity results in decreased striatal
DAT function, which may underlie maintenance of compulsive food intake associated with
obesity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Development of DIO. Outcome studies: (a) The OP group exhibited greater body weight
compared with OR and LF groups; *P<0.001, OP vs OR and LF. (b) The OP group
exhibited greater mean daily energy intake compared with the OR group; #P<0.001, OP vs
OR. Food intake was determined daily, and the amount of food intake was multiplied by
caloric density of the respective diet to obtain the daily energy intake. The daily energy
intake was averaged across the 7 days of the week. Thus, each symbol in panels b and d
represents the mean daily energy intake across the 7 days of the respective week. (a, b) Data
were pooled from groups employed in studies 1–8 and expressed as mean±s.e.m. (s.e.m.
smaller than symbol size); n = 48–52 rats per group. The number of rats employed for
different assays was VMAT2 function, n = 6 per group; DAT uptake, n = 12–14 per group
(two separate series of DAT uptake assays); METH-induced DAT reverse transport, n = 6–8
per group; DAT cellular localization, n = 8 per group; striatal DAT function and
extracellular dopamine concentration, n = 8 per group; motivation for food reinforcement, n
= 8 per group. Predictor study: (c) The OP group exhibited greater body weight and (d)
greater energy intake compared with the OR group. Data are expressed as mean±s.e.m.; n =
6 rats per group; *P<0.05, OP vs OR.
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Figure 2.
[3H]Raclopride binding to striatal membranes from OP, OR and LF groups. Saturation
curves for specific [3H]raclopride binding to striatal D2 receptors (a). Bmax for the OP group
was lower than for the OR group (b). Specific [3H]raclopride binding and Bmax are
expressed as mean±s.e.m. pmol g −1 protein; n = 4–5 rats per group; *P<0.05, OP vs OR.
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Figure 3.
Effect of DIO on striatal DAT function and expression in vitro. Vmax of striatal
[3H]dopamine (DA) uptake at DAT was lower in the OP group compared with the OR group
(a). Data are expressed as mean±s.e.m. pmol per min per mg protein; n = 10–13 rats per
group; *P<0.05, OR vs OP and LF. DIO increased methamphetamine-evoked striatal
[3H]DA overflow (expressed as mean±s.e.m.; b); n = 5–7 rats per group; *P<0.01, OP vs
OR and LF. Representative immunoblot showing DIO associated decrease in total striatal
DAT expression (c). Mean total DAT immunoreactivity expressed as mean±s.e.m. from LF,
OP and OR (d); n = 6 rats per group; *P<0.05, OR vs OP and LF.
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Figure 4.
Effect of DIO on striatal DAT function and extracellular dopamine in vivo. DIO results in
decreased slope of the linear regression line from the no-net flux microdialysis plot (a),
decreased extraction fraction (b) and increased extracellular DA (c). Data are expressed as
nM (mean± s.e.m.) for DAin – DAout and extracellular DA; n = 5–6 rats per group; *P<0.05,
OP vs OR and LF; #P<0.05, OP vs OR. Schematic of DIO effects observed on striatal DA
function (d). Striatal D2-receptor density and DAT function were decreased and
extracellular DA concentration increased in the OP group compared with the OR group.
Cell-surface DAT expression and VMAT2 function were not different between OP and OR
groups. Filled dots represent DA.
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Figure 5.
Effect of DIO on impulsivity and motivation for food reinforcement. OP rats exhibited a
greater mean adjusted delay (decreased impulsivity) compared with OR rats (a). During the
FR-10 schedule, number of reinforcers earned was lower in OP and OR rats compared with
LF rats (b). OP rats exhibited a higher PR breakpoint compared with OR rats for both HF-
and LF-reinforcers (c). Data are expressed as mean±s.e.m.; n = 5–8 rats per group; *P<0.05,
OP vs OR; #P<0.001, OP and OR vs LF.
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Figure 6.
Neurobehavioral predictors of DIO. A positive correlation between motivation for HF-
reinforcers and %body-weight gain was found. The OP group exhibited greater PR
breakpoint compared with the OR group (inset). Data points represent individual rats; for
inset, data are mean±s.e.m.; n = 6 rats per group; *P<0.01, OP vs OR.
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