@° PLOS | ONE

Check for
updates

G OPEN ACCESS

Citation: Cook JB, Hendrickson LM, Garwood GM,
Toungate KM, Nania CV, Morikawa H (2017) Junk
food diet-induced obesity increases D2 receptor
autoinhibition in the ventral tegmental area and
reduces ethanol drinking. PLoS ONE 12(8):
€0183685. https://doi.org/10.1371/journal.
pone.0183685

Editor: James Edgar McCutcheon, University of
Leicester, UNITED KINGDOM

Received: May 24, 2017
Accepted: August 9, 2017
Published: August 31, 2017

Copyright: © 2017 Cook et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: This work was supported by RO1
AA015521 (HM), F32AA021640 (LMH), and T32-
AA007471 (University of Texas at Austin, Division
of Pharmacology and Toxicology, College of

Pharmacy). These grants were or are funded by the

National Institute on Alcohol Abuse and
Alcoholism. https://www.niaaa.nih.gov/. The

RESEARCH ARTICLE

Junk food diet-induced obesity increases D2
receptor autoinhibition in the ventral
tegmental area and reduces ethanol drinking

Jason B. Cook'?*#, Linzy M. Hendrickson'3, Grant M. Garwood?, Kelsey M. Toungate?,
Christina V. Nania', Hitoshi Morikawa'®

1 Waggoner Center for Alcohol and Addiction Research, The University of Texas at Austin, Austin, Texas,
United States of America, 2 Division of Pharmacology and Toxicology, College of Pharmacy, The University
of Texas at Austin, Austin, Texas, United States of America, 3 Department of Neuroscience The University of
Texas at Austin, Austin, Texas, United States of America

a Current address: In Vivo Neurobiology Laboratory, Neurobiology Branch, National Institute of
Environmental Health Sciences, National Institutes of Health, Research Triangle Park, North Carolina, United
States of America

* jason.cook@nih.gov

Abstract

Similar to drugs of abuse, the hedonic value of food is mediated, at least in part, by the
mesostriatal dopamine (DA) system. Prolonged intake of either high calorie diets or drugs of
abuse both lead to a blunting of the DA system. Most studies have focused on DAergic alter-
ations in the striatum, but little is known about the effects of high calorie diets on ventral teg-
mental area (VTA) DA neurons. Since high calorie diets produce addictive-like DAergic
adaptations, it is possible these diets may increase addiction susceptibility. However, high
calorie diets consistently reduce psychostimulant intake and conditioned place preference
in rodents. In contrast, high calorie diets can increase or decrease ethanol drinking, but it is
not known how a junk food diet (cafeteria diet) affects ethanol drinking. In the current study,
we administered a cafeteria diet consisting of bacon, potato chips, cheesecake, cookies,
breakfast cereals, marshmallows, and chocolate candies to male Wistar rats for 3—4 weeks,
producing an obese phenotype. Prior cafeteria diet feeding reduced homecage ethanol
drinking over 2 weeks of testing, and transiently reduced sucrose and chow intake. Impor-
tantly, cafeteria diet had no effect on ethanol metabolism rate or blood ethanol concentra-
tions following 2g/kg ethanol administration. In midbrain slices, we showed that cafeteria
diet feeding enhances DA D2 receptor (D2R) autoinhibition in VTA DA neurons. These
results show that junk food diet-induced obesity reduces ethanol drinking, and suggest that
increased D2R autoinhibition in the VTA may contribute to deficits in DAergic signaling and
reward hypofunction observed with obesity.
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Introduction

The reinforcing properties of addictive drugs and palatable foods are mediated, in part, by the
mesostriatal dopamine (DA) system [1]. Moreover, extended exposure to drugs of abuse,
including ethanol, or energy dense palatable foods produce similar DAergic neuroadaptations.
For example, chronic exposure to ethanol and other drugs of abuse reduces D2 receptors
(D2Rs) and basal DA levels in the striatum [2-4], which is also observed with energy dense
food consumption [5-7]. Obese humans also have reduced D2R expression in the striatum [8]
and reduced striatal activation in response to palatable food [9]. Therefore, since neuroadapta-
tions following energy dense food or chronic drug exposure are similar, overconsumption of
energy dense foods may increase drug addiction susceptibility. Interestingly, rodent studies
have shown that high fat or sugar consumption reduces psychostimulant intake and condi-
tioned place preference [10-13]. In contrast, prior high fat or sugar/carbohydrate consump-
tion can increase [14, 15] or decrease [16, 17] ethanol drinking in rodents. However, it is not
known how consumption of junk food items regularly consumed by humans affects ethanol
drinking.

In the US approximately 35% of adults and 17% of children and adolescents are obese [18].
The rising prevalence of obesity has been associated with increased accessibility to “junk
foods” high in fat, sugar, and other carbohydrates [19], and the consumption of these diets is
especially prominent during adolescence [20-22]. In an attempt to model this type of energy
dense diet contributing to obesity, investigators have given rats access to junk food items,
termed a cafeteria diet [5, 6, 23]. Cafeteria diet feeding has been shown to reduce D2Rs and
basal DA levels in the striatum, reduce sensitivity of reward circuitry using intracranial self-
stimulation, and produce compulsive-like food consumption [5, 6]. However, it is not known
if cafeteria diet feeding alters electrophysiological properties of DA neurons in the ventral teg-
mental area (VTA) or influences ethanol drinking.

Somatodendritic DA release activates D2Rs on the somata and dendrites of DA neurons
resulting in autoinhibition in vivo [24, 25] and in vitro [26, 27] by activation of G protein-gated
inwardly rectifying potassium channels (GIRK) via Gy/, signaling. Thus, D2R activation of
GIRK results in hyperpolarization and reduced neuronal excitability [28]. In VTA DA neu-
rons, repeated administration of ethanol or acute cocaine administration increases D2R-medi-
ated autoinhibition [29, 30]. Furthermore, following repeated ethanol administration in mice,
the increase in D2R autoinhibition was associated with increased homecage ethanol drinking
[29]. Although it is clear high calorie diets produce addictive-like DAergic adaptations in the
striatum, the effects of high calorie diets on D2R autoinhibition in VTA DA neurons has not
been characterized.

In the current study, we investigated the effects of cafeteria diet on homecage ethanol or
sucrose drinking, VTA DA neuron basal firing frequency, and D2R-mediated autoinhibition
of VTA DA neurons. Cafeteria diet feeding during adolescence resulted in an obese-like phe-
notype and a long-lasting reduction in ethanol drinking using a 2 hr drinking in the dark
(DID) ethanol presentation that produces moderate ethanol intake. Importantly, cafeteria diet
feeding had no effect on blood ethanol concentrations (BECs) or ethanol metabolism rate fol-
lowing a 2 g/kg intraperitoneal (i.p.) ethanol injection. Furthermore, cafeteria diet feeding
increased D2R-mediated autoinhibition of VTA DA neurons.

Methods and materials

SubjectsMale Wistar rats were obtained from Harlan laboratories (Indianapolis, IN) at 3 weeks
old. Rats were single housed in Plexiglass cages, which on one side of the cage had a Plexiglass
platform measuring 7” x 4” x 1.25” secured to the floor for cafeteria diet placement. All rats
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had standard laboratory chow available ad libitum and water was available at all times except
during ethanol or sucrose drinking sessions. The vivarium was maintained on a reverse 12 hr
light-dark cycle (light onset at 0100 hr), constant temperature of 22 + 2°C, and 65% relative
humidity. Animal care and handling procedures followed National Institutes of Health Guide-
lines under The University of Texas at Austin Institutional Animal Care and Use Committee
approved protocols.

Cafeteria diet feeding

Once per day (1 hr into the dark cycle) a cafeteria diet consisting of high calorie junk food
items including cheesecake (Atlanta Cheesecake Company, Kennesaw, GA), bacon (H-E-B,
San Antonio, TX), cookies (Chips Ahoy/Oreo, Nabisco, East Hanover, NJ; sugar wafer, Vista,
Sheare’s Foods, Massillon, OH), potato chips (Lays Classic/Ruffles, Frito Lay, Plano, TX) high
sugar breakfast cereals (CoCo Puff, General Mills, Minneapolis, MN; Froot Loops, Kellog, Bat-
tle Creek, MI), marshmallows (Kraft, Northfield, IL), or chocolate candies (M&M, MARS,
McLean, VA) was provided to the cafeteria diet group. Four of the cafeteria diet food items
were administered per day and variety of diet was maintained by alternating food items daily.
The chow only group received only laboratory chow (LabDiet,Prolab RMH 1800, St. Louis,
MO), which was also available to the cafeteria diet group ad libitum. Macronutrient content
(based on calories provided) of the chow only diet consisted of 14% fat, 65% carbohydrate, and
21% protein, and on average the cafeteria diet consisted of 42% fat, 52% carbohydrate, and 6%
protein. Cafeteria diet was administered for 3 weeks for caloric intake and D2R outward cur-
rent experiments (starting at approximately 3-4 weeks old) and for 4 weeks for all other exper-
iments (starting at approximately 5 weeks old). For caloric intake measurements, cafeteria diet
and chow only food was weighed daily and caloric intake was calculated using macronutrient
information provided from the manufacturer.

Homecage ethanol or sucrose drinking

One week after habituation, rats were given 2 hr/day limited access to an ethanol (10% v/v) or
sucrose (5% w/v) solution to assess baseline drinking. During all ethanol or sucrose drinking
sessions the homecage water bottle was replaced with a bottle containing the ethanol or
sucrose solution at 1 hr into the dark cycle. Following baseline ethanol or sucrose drinking

(7 days), rats were randomly assigned to the cafeteria diet or chow only group. Next, rats were
fed cafeteria diet or chow only for 4 weeks. Twenty-four hours after the last cafeteria diet
administration, rats began daily ethanol or sucrose drinking sessions.

Blood ethanol concentration (BEC)

Following 4 weeks of cafeteria diet or chow only feeding, rats were administered ethanol
(2g/kg, 15% v/v in saline, i.p.) 24 hr following the last cafeteria diet administration. Whole
blood samples (10 pL) were collected via tail snip at 30, 60, and 120 min following ethanol
injection and added to glass gas chromatography (GC) vials containing 90 pL of 5M sodium
chloride. Sample ethanol concentrations were analyzed on the same day as blood collection
with GC using a Bruker 430-GC (Bruker Corporation, Fremont, CA) equipped with a flame
ionization detector and Combi PAL autosampler. Briefly, each sample was warmed to 65°C for
3 min before the solid-phase microextraction fiber (SPME; 75 um CAR/PDMS, fused silica;
Supelco) absorbed the ethanol vapor for 3 min. The SPME fiber then desorbed the sample into
the GC injection port for 1 min at 220°C. Helium (8.5 mL/min flow rate) was used as the car-
rier gas and an HP Innowax capillary column (30 m x 0.53 mm x 1 pum film thickness; Agilent
Technologies, Santa Clara, CA) was used for separation. External ethanol standards (25, 50,
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100, 200, 400, and 600 mg/dL) were analyzed to calculate a standard curve. Chromatograms
were analyzed using CompassCDS Workstation software (Bruker Corporation, Fremont, CA),
and the peak heights for ethanol (~2 min retention time) were used to construct a standard
curve and interpolate sample ethanol concentrations.

Electrophysiology

Rats were anesthetized with isoflurane and the brain was removed and dissected in cold cut-
ting solution containing (in mM) 205 sucrose, 2.5 KCl, 1.25 NaH,PO,, 7.5 MgCl,, 0.5 CaCl,,
10 glucose, and 25 NaHCOj, saturated with 95% O,, and 5% CO, (~300mOsm/kg). Horizontal
midbrain slices (200 um) were sectioned on a vibratome and allowed to recover for 1 hr in arti-
ficial cerebrospinal fluid (aCSF) at 34°C. Recordings were performed in the lateral VTA 50-
150 pm from the medial border of the medial terminal nucleus of the accessory optic tract.
During recording, slices were perfused with oxygenated, warmed (34°C) aCSF (in mM) 126
NaCl, 2.5 KCl, 1.2 NaH,PO,, 1.2 MgCl,, 2.4 CaCl,, 11 glucose, 21.4 NaHCOj. Cell-attached
loose-patch recordings (~20 MQ seal) were performed with pipettes containing 150mM NaClL
Whole-cell recordings were performed with pipettes containing an intracellular solution con-
sisting of (in mM) 115 K-methylsulfate or K-gluconate, 20 KCI, 1.5 MgCl,, 10 HEPES, 0.025
EGTA, 2 Mg-ATP, 0.2 Na,-GTP, and 10 Na,-phosphocreatine (pH 7.2-7.3, ~285 mOsm kg™").
Putative DA neurons were identified by their spontaneous low frequency pacemaker firing
(1-5 Hz) and broad action potentials (> 1.2 ms) in cell-attached configuration, and large I,
(>200 pA) in response to a 1.5 sec voltage step from -62mV to -112 mV in whole-cell voltage-
clamp mode. Voltage-clamp recordings were made at a holding potential of -62mV, corrected
for a liquid junction potential of -7 mV. Whole-cell recordings were discarded if series resis-
tance increased above 20 MQ or input resistance dropped below 200 MQ. Data was filtered at
1-5 kHz and digitized at 2-10 kHz.

Data analysis

Data are expressed as mean £SEM. Statistical significance was determined by Student’s t-test
or two-way ANOVA followed by Bonferroni post hoc test.

Results

Cafeteria diet access results in high caloric intake and an obese-like
phenotype

Caloric intake for the cafeteria diet and chow only groups as well as the source of calories for
the cafeteria diet group were assessed over 3 weeks. The cafeteria diet group consumed more
calories than the chow only group over the 3 weeks of feeding (interaction: F, 62 = 22.43,

p < 0.0001; diet: F(; 62y = 17.41, p < 0.001; time F(, 65y = 254.7, p < 0.0001; Fig 1A). The cafete-
ria diet group consumed significantly more calories from cafeteria diet food items than from
chow pellets throughout the 3 weeks of feeding (interaction: F(, ;) = 57.22, p < 0.0001; diet:
F(1,72=117.2, p < 0.0001; time F, 75, = 110.5, p < 0.0001; Fig 1B). Calories derived from
chow pellets was significantly greater for the chow only group during the 3 week assessment
(interaction: F(, ) = 28.80, p < 0.0001; diet: F; ¢ = 196.3, p < 0.0001; time F, 2 = 150.0,
p < 0.0001; Fig 1C). Ultimately, the cafeteria diet group displayed a greater degree of weight
gain over the 3 weeks of feeding (interaction: F, 65 = 8.188, p < 0.001; diet: F; 55y = 10.62,

p < 0.005; time F, 65y = 18.48, p < 0.0001; Fig 1D). Four weeks of cafeteria diet feeding
resulted in an obese-like phenotype with body weights significantly heavier than the chow
only group (interaction: F,7 5376) = 44.48, p < 0.0001; diet: F(; »376) = 14.89, p < 0.001; time
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Fig 1. Cafeteria diet access results in elevated caloric intake and an obese-like phenotype. Caloric intake and the source of calories
were assessed over 3 weeks. (A) Rats with daily access to cafeteria diet consumed significantly more calories over the 3 weeks of feeding
than the chow only group (n = 14-19/group). (B) The cafeteria diet group consumed significantly more calories from cafeteria diet food items
than from chow pellets (n = 19). (C) The chow only group consumed more calories from chow pellets than the cafeteria diet group (n = 14-19/
group). (D) Cafeteria diet access resulted in increased weight gain over the 3 weeks of feeding (n = 14-19/group). (E) Four weeks of
cafeteria diet feeding significantly increased body weight, compared to chow only fed controls (main effect of diet, p < 0.001, two-way
ANOVA, n = 44-46/group). (F) Throughout the 4 weeks of cafeteria diet access, the cafeteria diet group consumes significantly less chow
than the chow only group (main effect of diet, p < 0.0001, two-way ANOVA, n = 10-11/group). * p < 0.05, ** p <0.01, *** p < 0.001,
Bonferroni post hoc test.

https://doi.org/10.1371/journal.pone.0183685.9001

F(27.2376) = 2634, p < 0.0001; Fig 1E). Furthermore, in a different group of animals we showed
that the cafeteria diet group eats very little chow during the 4 weeks of cafeteria diet feeding
compared to controls (interaction: F(,7 456) = 3.039, p < 0.0001; diet: F(; 436) = 601.7,

p < 0.0001; time F(,; 456) = 8.097, p < 0.0001; Fig 1F). These results show that cafeteria diet
access resulted in overeating highly palatable junk foods and the subsequent loss of homeo-

static energy balance.

Prior cafeteria diet feeding reduced homecage ethanol drinking with no

effect on ethanol metabolism rate or BECs

To determine the effects of prior cafeteria diet feeding on ethanol drinking we used a DID 2hr
limited access homecage ethanol (one bottle, 10% v/v) drinking procedure that produces
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Fig 2. Prior cafeteria diet feeding reduces ethanol drinking with no effect on ethanol metabolism rate or BECs. (A) Mean baseline
ethanol drinking (g/kg) over the 7 days prior to cafeteria diet feeding was similar between groups (p = 0.7480, Student’s t-test, n = 6-7/group).
(B) Prior cafeteria diet feeding (4 weeks) reduced the total volume of ethanol (10%, v/v, 2hr/day) consumed during the 2 weeks of testing
(main effect of diet, p < 0.05, two-way ANOVA, n = 6-7/group), (C) with no effect on total water consumption (n = 6-7/group). (D) There was
no difference in the slopes of BECs (30—120 min following a 2g/kg administration, i.p.) between groups (p = 0.6535, linear regression, n = 4-
5/group). BECs were similar between groups at 30, 60, and 120 min post-ethanol administration. BEC, blood ethanol concentration; i.p.,
intraperitoneal.

https://doi.org/10.1371/journal.pone.0183685.g002

moderate levels of ethanol intake. Baseline ethanol drinking (g/kg) averaged over the 7 days
prior to cafeteria diet access was similar between groups (t(;1) = 0.3295, p = 0.7480; Fig 2A).
However, following 4 weeks of cafeteria diet feeding, the total volume of ethanol consumed
was reduced during the 2 weeks of testing (diet: F(; 143) = 5.635, p < 0.05; time F(y3, 143y =
3.638, p < 0.0001; Fig 2B). The magnitude of the reduction in ethanol drinking was larger
when ethanol intake was plotted in g/kg since body weights for the cafeteria diet and chow
only groups are markedly different. Ethanol intake in g/kg averaged over the 2 weeks of testing
was 0.67 £ 0.11 g/kg for the chow only group and 0.25 + 0.06 g/kg for the cafeteria diet group.
Water consumption over 2 weeks of testing was not different between groups (diet: F; 143, =
0.1280, p = 0.7273; Fig 2C).

Since cafeteria diet feeding may change metabolic processes, including ethanol metabolism,
we administered ethanol (2g/kg, i.p.) and measured BECs at 30, 60, and 120 min post-injection
following cafeteria diet or chow only feeding. Using linear regression to compare BEC slopes
(30-120 min post-injection) between groups, cafeteria diet feeding had no effect on ethanol
metabolism rate (p = 0.6535; Fig 2D). Furthermore, there was no difference in BECs between
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groups (diet: F(; 14y = 2.056). Therefore, changes in ethanol metabolism rate or ethanol absorp-
tion into the bloodstream cannot explain reduced ethanol drinking following cafeteria diet
feeding.

Prior cafeteria diet feeding transiently altered homecage sucrose
drinking and chow intake

To determine if cafeteria diet alters consumption of other reinforcing solutions we tested the
effects of prior cafeteria diet feeding on homecage sucrose drinking. Using a similar DID 2hr
limited access sucrose (one bottle, 5% w/v) drinking procedure, baseline sucrose drinking
(mL/kg) was similar between groups (t29) = 0.4600, p = 0.6489; Fig 3A). Prior cafeteria diet
feeding transiently reduced sucrose drinking (diet x time interaction: F(;3 377, = 2.520,

p < 0.005; Fig 3B). Although there was a significant diet x time interaction, post hoc analysis
did not reach significance at any timepoint. However, based on the data (Fig 3B), the interac-
tion between diet group and time can be explained by a transient reduction in sucrose drink-
ing following cafeteria diet feeding. By the second week of testing, however, sucrose drinking
was similar to the chow only group. Water consumption over 2 weeks of testing was not
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Fig 3. Prior cafeteria diet feeding transiently reduced sucrose drinking and chow intake. (A) Mean baseline sucrose drinking (mL/kg)
over the 7 days prior to cafeteria diet feeding was similar between groups (p = 0.6489, Student’s t-test, n = 15-16/group). (B) Prior cafeteria
diet feeding (4 weeks) transiently altered sucrose (5%, w/v, 2hr/day) consumption (diet x time interaction, p < 0.005, two-way ANOVA,

n = 15-16/group). (C) There was no difference in water consumption between groups (n = 15-16/group). (D) Prior cafeteria diet feeding
transiently reduced chow intake (n = 10/group). *** p <0.001, Bonferroni post hoc test.

https://doi.org/10.1371/journal.pone.0183685.g003
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Fig 4. Cafeteria diet feeding had no effect on basal tonic pacemaker firing frequency of VTA DA neurons. (A) Basal tonic firing
frequency of VTA DA neurons was similar between groups (p = 0.4681, Student’s t-test, n = 36-38/group). (B) Representative traces of VTA
DA neuron firing following 4 weeks of chow only (blue) or cafeteria diet (red) feeding. DA, dopamine; VTA; ventral tegmental area.
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different between groups (diet: F; 3,7y = 1.176, p = 0.2870; Fig 3C). Similar to a previous study
[31], cafeteria diet feeding transiently reduced chow intake (interaction: F(s 119y = 12.46,

p < 0.0001; diet: F(1,110) = 15.46, p < 0.005; time F g 110y = 10.97, p < 0.0001; Fig 3D) for 2 days
following cafeteria diet feeding (Bonferroni posthoc test, p < 0.001; Fig 3D). Therefore, cafete-
ria diet exposure produces a long-lasting reduction in ethanol drinking and transient reduc-
tions in sucrose drinking and chow intake.

Cafeteria diet increases D2R autoinhibition in VTA DA neurons

Brain slice electrophysiology was used to examine the effects of cafeteria diet on basal firing
frequency and D2R-mediated autoinhibition of VT'A DA neurons. Cafeteria diet feeding had
no effect on basal tonic pacemaker firing frequency of VT A DA neurons () = 0.7294,

p = 0.4681; Fig 4A and 4B). Next, we tested the effects of cafeteria diet on D2R-mediated out-
ward currents using the D2R agonist quinpirole. Cafeteria diet feeding increased the mean
peak amplitude of quinpirole-mediated (100nM) inhibitory outward currents (t:o) = 3.167,

p < 0.005; Fig 5A) compared to controls. Furthermore, cafeteria diet increased the inhibitory
effects of 10nM quinpirole on firing frequency of VT A DA neurons during 10 min of quinpir-
ole administration (interaction: F(; 513y = 5.425, p < 0.0001; diet: F; 513y = 16.40, p < 0.0005;
time F(y9,513) = 39.24, p < 0.0001; Fig 5B), and percent inhibition of firing frequency produced
by quinpirole (.7 = 3.824, p < 0.001; Fig 5C). At a higher concentration of quinpirole
(30nM) there was no difference in the inhibition of firing frequency during 10 min of quinpir-
ole administration (diet: F(; 304y = 0.1049, p = 0.7502; Fig 5D) or percent inhibition of firing
between groups (t(;6) = 0.05265, p = 0.9587; Fig 5E). Therefore, cafeteria diet exposure
increased quinpirole-mediated (100nM) outward currents and increased the sensitivity of
quinpirole-mediated inhibition of firing frequency.

Discussion

The goal of the current study was to examine the effects of cafeteria diet feeding on homecage
ethanol drinking and VT A DA neuron physiology. Prior cafeteria diet feeding reduced ethanol
drinking during 2 weeks of testing, but had no effect on ethanol metabolism rate or BECs fol-
lowing a 2g/kg (i.p.) ethanol administration. It has been well documented that high calorie
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Fig 5. Cafeteria diet feeding increases D2R-mediated autoinhibition of VTA DA neurons. (A) Cafeteria diet increased the mean peak
amplitude of quinpirole-mediated (100 nM) inhibitory outward GIRK currents compared to chow only controls. Quinpirole was bath applied
for 10 min and sulpiride (1 uM) rapidly reversed the quinpirole-mediated current. Examples of quinpirole-mediated outward currents (Vy, =
-62 mV) for chow only (blue) or cafeteria diet fed (red) rats (n = 16-25/group). (B) Cafeteria diet feeding increased the inhibitory effects of 10
nM quinpirole on VTA DA neuron firing frequency over 10 min of quinpirole bath application (main effect of diet, p < 0.0005, two-way
ANOVA, n = 13-16/group) and (C) quinpirole-mediated percent inhibition of firing frequency (p < 0.001, Student’s t-test). Representative
traces of DA neuron firing frequency during baseline or 10 nM quinpirole application following chow only (blue) or cafeteria diet (red) feeding.
(D-E) Inhibition of DA neuron firing frequency by 30 nM quinpirole was similar between groups (n = 9/group). Following 10 min of 30 nM
quinpirole bath application, sulpiride (1 uM) was applied to the bath to rapidly reversed quinpirole-mediated inhibition of firing frequency.
Representative traces of DA neuron firing frequency during baseline or 30 nM quinpirole application following chow only (blue) or cafeteria
diet (red) feeding. *** p <0.001, Student’s t-test. DA, dopamine; D2R, dopamine D2 receptor; GIRK, G protein-gated inwardly rectifying
potassium channels; VTA; ventral tegmental area.

https://doi.org/10.1371/journal.pone.0183685.9005
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diets and diet-induced obesity lead to blunted DAergic signaling in the striatum, which has
been postulated to contribute to deficits in reward [32-34]. However, the effects of diet-
induced obesity on midbrain DA neurons have not been characterized. Here, we show that
extended access to cafeteria diet increases D2R autoinhibition in VTA DA neurons, with no
effect on basal tonic pacemaker firing frequency in the slice. It is not clear if increased D2R
autoinhibition following cafeteria diet contributes to reduced ethanol drinking, however,
increased DA neuron autoinhibition may contribute to reward hypofunction observed with
obesity.

Effects of cafeteria diet on ethanol drinking

Prior cafeteria diet feeding led to a prolonged reduction in homecage ethanol drinking. Total
volume of ethanol consumed was reduced for 2 weeks following cafeteria diet exposure. Fur-
thermore, cafeteria diet feeding had no effect on BECs or ethanol metabolism rate following
2g/kg ethanol administration. Therefore, reduced ethanol drinking cannot be explained by
diet or body weight-induced changes in ethanol metabolism rate or ethanol absorption into
the bloodstream. In contrast to ethanol drinking, sucrose drinking and chow intake were tran-
siently reduced. Ultimately, prior cafeteria diet exposure produced a longer lasting reduction
in ethanol intake, compared to natural reward intake.

It remains unclear how diet composition affects ethanol drinking in rodents. Therefore, in
the current study, rats were fed a diet consisting of junk food items regularly consumed by
humans. The current results are in agreement with a recent study showing that high fat diet-
induced obesity or high fat diet-fed non-obese mice show reduced preference for ethanol [16].
Also, a high carbohydrate-low protein diet has been shown to reduce ethanol drinking in rats
[17], however, ethanol intake was measured during diet exposure. Therefore, ethanol drinking
may have been reduced based on caloric need instead of a reduction in the reinforcing proper-
ties of ethanol. In contrast, prior intermittent sucrose consumption (21 days) or a high fat diet
(7 days) have been shown to increase homecage ethanol drinking [14, 15]. Both of these studies
used 12 hr presentation of 4-5 increasing concentrations of ethanol (1,2,4,7, or 9%) for 4 days
each, which is very different from the 2 hr access to 10% ethanol used in the present study. Dis-
crepancies in the effects of high calorie diets on ethanol drinking could be due to differences in
the nutrient content of the diet, duration and timing of the diet exposure, the ethanol drinking
paradigm used, or strain/species specific effects.

Effects of cafeteria diet on D2R autoinhibition

Cafeteria diet feeding increases D2R autoinhibition, which is also observed following repeated
ethanol administration. Our lab has previously shown that repeated administration of ethanol
in mice increases the potency of D2R-mediated outward currents in the VTA, and reduces a
Ca®" dependent desensitization of these currents [29]. In that study, repeated ethanol exposure
increased the inhibitory effects of quinpirole on firing frequency at both 10 nM and 30 nM
concentrations. However, cafeteria diet exposure increased the inhibitory effect of quinpirole
on firing frequency only at the 10 nM concentration (Fig 5B and 5C). Although we did not
determine if the potency/efficacy of quinpirole was altered by cafeteria diet, these results sug-
gest that cafeteria diet increased the sensitivity of quinpirole to inhibit DA neuron firing.
Acute cocaine administration (20 mg/kg) has also been shown to increase D2R-mediated out-
ward currents in the substantia nigra pars compacta of mice [30]. In contrast, methamphet-
amine self-administration has been shown to reduce D2R-mediated currents in the VTA,
which was also Ca** dependent [35]. Therefore, in contrast to neuroadaptations in the stria-
tum where exposure to drugs of abuse or high calorie diets generally reduce D2R expression,
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specific drugs of abuse have divergent effects on D2R/GIRK-mediated currents. It should be
noted that food restriction increases drug intake [36], including ethanol [37], and decreases
D2R autoinhibition [38]. Since cafeteria diet exposure increases D2R autoinhibition and
reduces ethanol intake, it will be important to determine the relationship between food intake,
changes in D2R autoinhibition, and ethanol drinking. To our knowledge, there is only one
other study that examined the effects of diet-induced obesity on D2R autoinhibition. In that
study, high fat diet-induced obesity did not alter the inhibitory effects of a single dose of quin-
pirole (3-100 nM) on VT A DA neuron firing rate in mice [39]. However, stepwise application
of quinpirole (3, 10, 30, and 100 nM) resulted in reduced inhibitory effects of quinpirole on fir-
ing, leading the authors to suggest that obese mice displayed accelerated D2R desensitization
compared to control lean mice. It is not clear what underlies these discrepancies in the effects
of cafeteria diet in rats versus high fat diet in mice on D2R autoinhibition. Further studies are
warranted to determine the effects of energy dense diets and diet-induced obesity on VTA DA
neurons and D2R autoinhibition.

It is not clear whether reduced ethanol drinking or the electrophysiological results were
influenced by increased body weight in the current study. However, high calorie diets can
dampen the DA system [13] and reduce ethanol drinking [16] in the absence of obesity.
Increased adiposity is associated with changes in leptin, insulin, and ghrelin, all of which can
modulate activity of the DA system [40-42]. Therefore, we cannot rule out that changes in
homeostatic feeding mechanisms may have influenced the results. We also cannot rule out the
possibility that cafeteria diet feeding may have altered circadian patterns of ingestive behavior
since ethanol and sucrose drinking was only measured during a 2 hr access period.

The current study differs from previous studies [5, 6] that have examined the effects of cafe-
teria diet on the DA system by providing cafeteria diet feeding during adolescence instead of
adulthood. Taken together, the data suggests that both adolescent and adult cafeteria diet feed-
ing produce neuroadaptations that dampen the DA system and contribute to reward hypo-
function. Although it is not known how cafeteria diet feeding during adulthood affects D2R
autoinhibition, administration of drugs of abuse can increase D2R autoinhibition when
administered during adolescence [29] or during adulthood [30].

Significance of increased D2R autoinhibition and a hypodopaminergic
state following cafeteria diet on ethanol drinking and consummatory
behavior

In vivo, increased D2R autoinhibition may reduce basal DA neuron firing frequency, thus,
dampening the DA system and contributing to a hypodopaminergic state. In the current study
and a previous study from our lab [29], we did not detect basal DAergic tone in the slice as sul-
piride fails to alter DA neuron firing frequency. However, in vivo the activity of DA neurons is
continuously influenced by local DA and D2R autoinhibition. Therefore, increased D2R auto-
inhibition following cafeteria diet should lead to reduced basal firing rate of DA neurons in the
intact animal, and contribute to a hypodopaminergic state thought to drive excessive food
intake [19]. Similarly, extensive evidence from preclinical and human studies has led to the
hypothesis that a hypodopaminergic state contributes to compulsive ethanol intake and relapse
[43, 44]. The current results add to the growing literature suggesting cafeteria diet feeding
produces addictive-like DAergic changes consistent with a hypodopaminergic state [5, 6].
Although a hypodopaminergic state has long been hypothesized to contribute to excessive
ethanol drinking, cafeteria diet-induced hypodopaminergia does not translate into increased
ethanol drinking. Previous work in our lab showed that repeated ethanol administration
increased D2R autoinhibition, which was associated with increased homecage ethanol
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drinking in mice [29]. In that study, we concluded that increased D2R autoinhibition follow-
ing repeated ethanol administration contributed to the hypodopaminergic state commonly
observed with chronic ethanol exposure. Taken together, it seems plausible that expression of
a hypodopaminergic state produced by chronic consumption of energy dense junk food leads
to excessive/compulsive consummatory behavior that is reinforcer specific. Indeed, overcon-
sumption of energy dense foods do not typically translate into excessive consumption of drugs
of abuse, but instead, typically reduce drug intake. Previous evidence and the current results
support this since extended access to cafeteria diet produces compulsive-like intake of palat-
able food [6], but reduces ethanol and sucrose drinking as we show here. Furthermore, chow
intake was also transiently reduced following cafeteria diet feeding. Moreover, a high fat diet
or sugar administration have been shown to reduce psychostimulant intake and conditioned
place preference in rats [10-13]. Several large epidemiological studies also show that human
obesity is generally not associated with alcohol or substance use disorders [45-48]. In contrast,
there are limited studies providing evidence that previous high fat diet or sucrose administra-
tion increases ethanol drinking in rats [14, 15] or that obesity is associated with alcohol use dis-
orders in humans [49]. Chronic ethanol administration may also produce reinforcer specific
effects on drug consumption. For example, prior chronic ethanol exposure increases ethanol
self-administration [50], but has no effect on cocaine self-administration [51], even though
chronic administration of ethanol or cocaine both produce similar adaptations in the DA sys-
tem. Furthermore, in terms of how a hypodopaminergic state affects ethanol drinking and
relapse, a recent study examined changes in the DA system throughout the addiction cycle in
rats and humans, and showed that abstinence is characterized by early hypodopaminergia fol-
lowed by hyperdopaminergia during protracted abstinence, both of which may contribute to
relapse vulnerability [52]. Therefore, deviations in DAergic signaling are associated with etha-
nol consumption and alcohol use disorders, but the precise relationship between DA signaling
and ethanol drinking or relapse remains unclear.

Significance of increased D2R autoinhibition in diet-induced obesity

Increased D2R autoinhibition may contribute to deficits in striatal DA transmission and
reward hypofunction observed with diet-induced obesity. Obesity is associated with deficits in
reward as well as motivational and emotional impairments often attributed in part to reduced
DA signaling in the striatum [32, 33, 53]. Cafeteria diet feeding has been shown to reduce
basal DA levels as well as levels of the DA metabolites 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) in the NAc [5]. Moreover, another study showed
that obesity prone rats displayed 50% less basal DA in the NAc compared to controls [54].
These two studies provide evidence that cafeteria diet fed and obesity prone rats have presyn-
aptic deficits in DA release using coronal NAc slice preparations. For example, obesity prone
rats had reductions in the DA biosynthetic enzyme tyrosine hydroxylase and vesicular mono-
amine transporter 2 (VMAT?2) that may reduce DA synthesis and release [54]. However, an
overlooked aspect in the field is the involvement of physiological processes in the VTA where
many of these DA neurons originate. The current results suggest that increased D2R autoinhi-
bition may contribute to DAergic deficits observed with diet-induced obesity. Therefore,
studies examining presynaptic mesolimbic mechanisms in the NAc and VT A may provide
insight into neurobiological mechanisms contributing to obesity.

Conclusions

Reduced DA transmission in the striatum of obese humans and rats have been well docu-
mented [6, 8, 19]. The present study suggests that increased D2R autoinhibition in the VTA
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may also contribute to diet-induced DA signaling deficits and reward hypofunction observed
with obesity. Although high calorie diets and drugs of abuse produce similar changes in the
mesolimbic DA system, we show that cafeteria diet feeding reduces ethanol drinking in rats.
Overall, it appears that cafeteria diet-induced addictive-like changes in the DA system may
specifically drive cafeteria diet consumption [6], while withdrawal from cafeteria diet results in
prolonged suppression of ethanol drinking and transiently suppresses consumption of natural
rewards (i.e., sucrose and chow pellets). These findings add to the growing literature showing
that diet-induced obesity and drug addiction produce similar neuroadaptations in reward cir-
cuitry. Further investigation into midbrain DAergic adaptations following excessive energy
dense food or drug intake may lead to important insights into the mechanisms contributing to
these major public health problems.
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