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Abstract
Chronic intake of high fat diet is known to alter brain neurotransmitter systems that participate in
the central regulation of food intake. Dopamine (DA) system changes in response to high fat diet
have been observed in the hypothalamus, important in the homeostatic control of food intake, as
well as within the central reward circuitry (ventral tegmental area (VTA), nucleus accumbens
(NAc) and prefrontal cortex (PFC)), critical for coding the rewarding properties of palatable food
and important in hedonically-driven feeding behavior. Using a mouse model of diet-induced
obesity (DIO), significant alterations in expression in dopamine-related genes were documented in
adult animals, and the general pattern of gene expression changes was opposite within the
hypothalamus versus the reward circuitry (increased versus decreased, respectively). Differential
DNA methylation was identified within the promoter regions of tyrosine hydroxylase (TH) and
dopamine transporter (DAT) and the pattern of this response was consistent with the pattern of
gene expression. Behaviors consistent with increased hypothalamic DA and decreased reward
circuitry DA were observed. These data identify differential DNA methylation as an epigenetic
mechanism linking chronic intake of high fat diet with altered dopamine-related gene expression,
and this response varies by brain region and DNA sequence.
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Introduction
Increased intake of palatable, energy dense foods is a critical variable that drives weight gain
and increases the risk for obesity. Central nervous system (CNS) circuitry that governs food
intake includes both hypothalamic structures, as well as the central reward circuitry (ventral
tegmental area (VTA), nucleus accumbens (NAc) and prefrontal cortex (PFC), and these
different brain regions participate in homeostatic and hedonically driven feeding,
respectively(Berthoud & Morrison 2008, Lutter & Nestler 2009, Vucetic & Reyes 2010).
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Chronic consumption of high fat or high sugar diets and the resultant obesity are known to
change gene expression and function within both hypothalamic (Briggs et al. 2010) and
reward-related circuitry (Johnson & Kenny 2010). Food intake patterns can become
dysregulated in obesity, leading to an overall increase in food intake. Additionally, there is
support in the literature for the idea that obese individuals (Stice et al. 2008) and obese
animals (Stice et al. 2008, Cottone et al. 2009, Johnson & Kenny 2010, Davis et al. 2008)
demonstrate decreased responding within the central reward system, which may further
contribute to increased consumption of palatable foods, as animals/people seek to mitigate
the negative state of diminished reward system function (Johnson & Kenny 2010, Koob & le
Moal 2008) by consuming foods that are rewarding.

Dopamine plays a critical role in the regulation of food intake. DA action in the
hypothalamus plays a role in promoting food intake (Meguid et al. 2000), and DA activity in
the reward circuitry is associated with the rewarding aspects of food (Volkow et al. 2010)
(e.g., fat (Rada et al. 2010) or sucrose (Rada et al. 2005) ingestion result in dopamine
release in NAc). Importantly, dopamine dysfunction has been identified in both obese
individuals and animals. In the hypothalamus, chronic intake of high fat diet leads to altered
dopamine expression and function within the hypothalamus (Lee et al. 2010a, Li et al. 2009,
Huang et al. 2005). Further, it has been shown that this altered DA function is a direct
response to the increased fat consumption per se, as opposed to the resultant obesity (Li et
al. 2009). Additionally, dopamine dysfunction has been noted within the mesocorticolimbic
circuitry. Decreased dopamine D2 receptor expression and function in obese rats (Wang et
al. 2001, Johnson & Kenny 2010, Stice et al. 2008), and obese humans (Wang et al. 2001,
Johnson & Kenny 2010, Stice et al. 2008), decreased extracellular dopamine in the striatum
in DIO rats (Geiger et al. 2009) and decreased D1 receptor expression in the NAc of obesity
prone rats on a high fat diet (Alsiö et al. 2010) all support the idea of decreased dopamine
activity in the reward circuitry in obesity.

Little to nothing is known about the mechanisms that drive gene expression changes in the
CNS in response to diet and/or obesity. Epigenetic gene regulation, including DNA
methylation, and histone modifications, represent a pathway through which organisms can
rapidly adapt to environmental challenges. The dopaminergic system has been shown to be
vulnerable to prenatal and early postnatal alterations in maternal diet (Teegarden et al. 2009,
Marichich et al. 1979, Palmer et al. 2008, Chen et al. 1997) and we have demonstrated the
DNA methylation plays an important role in driving some of these changes (Vucetic et al.
2010a, Vucetic et al. 2010b). The prenatal period is known to be a critical period in brain
development, but whether epigenetic modifications during the postnatal period may play a
role in driving changes in dopaminergic gene expression has not been addressed and is one
focus of the present studies.

MATERIALS AND METHODS
Animals and experimental model

C57BL/6J females were bred to DBA/2J males (The Jackson Laboratory, Bar Harbor, ME).
At weaning, half the pups were placed on a high fat diet (Test Diet, Richmond, IN #58G9;
18.5% protein, 60% fat and 20.5% carbohydrate), and half continued on the control diet
(#5755; 18.5% protein, 12% fat and 69.5% carbohydrate). Body weights were recorded
weekly, and male mice (n=5-9/group) were used in all experiments. All procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) of the University
of Pennsylvania.
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Genomic DNA and Total RNA isolation from brain
Animals were euthanized with an overdose of carbon dioxide, followed by cervical
dislocation, a method consistent with the recommendations of the Panel on Euthanasia of the
American Veterinary Medical Association. After the animals were killed, brains were
rapidly removed and placed in RNAlater (Ambion, Austin, TX) for four hours before
dissections. Brain dissections were performed as previously described (Vucetic et al. 2010a,
Reyes et al. 2003, Cleck et al. 2008). Genomic DNA (gDNA) and total RNA were isolated
simultaneously using AllPrep DNA/RNA Mini Kit (Qiagen).

Gene expression analysis by quantitative Real-Time PCR
For each individual sample, 500 ng of total RNA was used in reverse transcription using
High Capacity Reverse Transcription Kit (ABI, Foster City, CA). Expression of target genes
was determined by quantitative RT-PCR using gene-specific TaqMan probes with TaqMan
Gene Expression Master Mix (ABI) on the ABI7900HT Real-Time PCR Cycler. Probes
used for RT-PCR are listed in supplemental material. The relative amount of each transcript
was determined using delta Ct values as previously described (Pfaffl 2001). Changes in gene
expression were calculated against endogenous, unchanged GAPDH standard.

Methylated DNA Immunoprecipitation (MeDIP) Assay
MeDIP assay was performed as described (Weber et al. 2005). Methylated DNA was
immunoprecipitated using 10 μg of mouse monoclonal 5-methylcytidine antibody
(Eurogentec) or mouse pre-immune serum. Enrichment in the MeDIP fraction was
determined by quantitative RT-PCR using ChIP-qPCR Assay Master Mix (SuperArray) on
the ABI7900HT Real-Time PCR Cycler. For all genes examined, primers were obtained
from Superarray (ChIP-qPCR Assays (−01) kb tile, SuperArray) for the amplification of
genomic regions spanning the CpG sites located approximately 300-500 bp upstream of the
transcription start sites (see Supplemental Material for primer sequences). MeDIP results
were expressed as fold enrichment of immunoprecipitated DNA for each specific site. To
calculate differential occupancy fold change (% enrichment), the MeDIP DNA fractions’ Ct
values were normalized to the Input DNA fraction Ct value (see Supplemental Material).
Finally, the normalized level of DNA methylation at a particular site was expressed as
relative to control group set to 1.

Metabolic measurements
Animals (n=4/group) were tested in the Comprehensive Lab Animal Monitoring System
(CLAMS, Columbus Instruments, Columbus, OH), which monitors food and water intake,
indirect calorimetry, and x-axis activity. Animals had unrestricted access to powdered chow
through a feeder located in the middle of the cage floor. At least one week prior to testing,
animals were housed in the CLAMS overnight to acclimate to powdered food and a novel
cage. While in the CLAMS cages, animals had ad libitum access to powdered diet and
water. Food intake was normalized to body weight. For weeks 8-20, animals were placed in
the cages one hour prior to lights out and were removed 20 hrs later. Data from the 12 hr
dark period and 6 hr light period was analyzed and reported. Food intake response to HF
diet. A separate cohort of animals (n=6-8/group) were tested at 14 months of age. For this
experiment, animals were run in the CLAMS for 4 nights and data from the four 12 hr dark
periods were averaged and analyzed. All mice in this experiment were tested twice in the
cages, once with access to the control diet and once with access to the high fat diet. The
order of presentation was counterbalanced.
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Statistical analyses
Data, presented as means ± s.e.m., were analyzed using Prism 4 (GraphPad) and Excel tools
for statistical analysis. Two-way ANOVA (group × time) was used to analyze the CLAMS
data, while Student’s t-test was used to analyze differences in gene expression between DIO
and control animals. A Bonferroni correction was applied for comparison across multiple
brain regions (TH and DAT: α=.05/2 brain regions= .025; all other genes: α =.05/4 brain
regions=.0125). Otherwise, a p-value of 0.05 or lower was considered significant.

Results
Mice had continuous access to control diet (control) or 60% high fat diet (diet-induced
obese, DIO) from weaning (at 3 weeks of age) until the time of sacrifice at 20 weeks. Two-
way ANOVA for body weight revealed a significant interaction (F(2,12)=19.4, p<.002)
between diet and time and a main effect for diet, (F(1,12)=14.6, p<.009), with HF fed
animals gaining significantly more weight over time, as would be predicted (Supplemental
Figure 1).

At 20 weeks of age, dopamine-related gene expression was examined within the
hypothalamus and reward circuitry. We focused our initial analysis on two genes important
to dopamine function that are expressed within both the hypothalamus and the VTA;
tyrosine hydroxylase (TH, the rate limiting enzyme in DA synthesis) and dopamine
transporter, (DAT, critical for clearing DA from the synapse). In the hypothalamus, both TH
and DAT mRNA were significantly increased approximately 3 fold (t(12)=2.2, p=.024,
t(12)=3.1, p=.005, respectively), while in the VTA, expression of TH and DAT mRNA was
significantly repressed (t(15)=2.5, p=.011, t(13)=2.6, p=.011, respectively) (Fig 1). Dopamine
dysfunction, particularly hypofunction, has been reported in both obese humans and in
animal models of obesity, therefore, mRNA expression for additional dopamine-related
genes was examined within hypothalamus and the reward circuitry (VTA, NAc and PFC).
Levels of D1, D2, DARPP-32 and COMT did not differ in the hypothalamus, however
within the reward circuitry, a general decrease in dopaminergic gene expression was
observed (Fig 2). The D1 receptor was decreased in areas that receive significant DA
innervation, NAc and PFC (t(10)=8.6, p<.0001, t(12)=4.1, p=.0007, respectively), while D2
levels remained unchanged in these regions. Both receptor subtypes (D1 and D2) were
significantly downregulated in the VTA (t(5)=6.9, p=.0005, t(4)=5.9, p=.002, respectively).
Further, DARPP-32, which signals downstream of both receptor subtypes, was decreased in
all three areas of the reward circuitry, however the difference was only statistically reliable
in the PFC (t(11)=3.7, p=.002, VTA and NAc demonstrated a nonsignificant trend (p=.04 and
p=.02, respectively, n.s. after Bonferroni correction). COMT, which degrades DA, was not
altered in any brain region examined.

In an effort to determine whether chronic HF diet could alter DNA methylation patterns,
DNA methylation was interrogated within the promoter region of specific target genes using
the MeDIP assay. For both TH (Fig 3A, left) and DAT (Fig 3B, left) promoter methylation
was significantly decreased in the hypothalamic samples (p<.05). Interestingly, the opposite
pattern was observed in the VTA, such that there was a significant increase in DNA
methylation within the promoter regions of both TH and DAT (Fig 3A, B, right, p<.05 and
p<.01, respectively). Levels of methylation within the GAPDH promoter did not differ (data
not shown). The direction of the changes in gene expression are consistent with what would
be predicted based on the observed patterns of change in DNA methylation (e.g., increased
methylation with transcriptional repression).

To evaluate, feeding and related metabolic and reward behaviors, the pattern of food intake
was evaluated in control and DIO mice in metabolic chambers. Food intake, as well as
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locomotor activity and metabolic rate (oxygen consumption) were evaluated every 3 weeks
from 8-20 weeks of age, while on their respective diets (controls on control diet, DIO
animals on high fat diet, n=4/group). During the 12hr dark period, DIO animals consumed
significantly more calories than control animals (main effect group; F(1,24)=85.8, p=.0001,
Fig 4A). This pattern persisted into the light period as well, with DIO animals eating
significantly more calories than controls (main effect group; F(1,24)=55.9, p=.0003). When
food intake was measured solely by grams consumed rather than kcal consumed, the
identical pattern was observed (data not shown). An analysis of meal patterns revealed that
DIO animals ate significantly more meals in both the dark and the light (DARK: F(1, 24)=
10.1, p<.02; LIGHT: F(1,24)=7.5, p=.03, Figure 4B), and meal size was significantly
increased during the dark period (F(1, 24)= 5.78, p<.05, Figure 4C). DIO animals tended to
be less active during the dark, however, this difference was not statistically reliable (p=.08,
Supplemental Figure 1), and activity patterns did not differ during the light. With regard to
metabolic rate, there was a significant group × time interaction (F(4,24)= 3.8, p=.0156),
such that the significant effect of change over time (F(4,24)=10.5, p<.0001) differed
between the two groups, while the decrease in metabolic rate over time (F(4,24)=17.8, p<.
0001) during the light period was not different between the groups (Supplemental Figure 1).

We have previously reported that these DIO animals have a reduced preference for sucrose,
(Vucetic et al. 2011). To test whether alterations in response to rewarding stimuli would be
observed in other contexts, a separate cohort of mice was tested at late middle age (14
months). In this experiment, 12 hr overnight food intake was evaluated in control and DIO
animals two times, once fed the control diet and once fed the HF diet. Normal weight
animals ate significantly more food when given access to the HF diet, increasing their intake
47% when given HF diet. In contrast, DIO animals did not increase their intake when fed the
HF diet (t(12)=2.3, p<.05).

Discussion
In the present manuscript, we have demonstrated that chronic consumption of a high fat diet
in mice is associated with significant changes in dopaminergic gene expression and that the
pattern of this change differs depending on the brain region (hypothalamic versus reward-
related circuitry). Importantly, differential DNA methylation within the promoter regions of
TH and DAT differ in a pattern consistent with the observed gene expression changes. It
was particularly striking that genes expressed in different brain regions (but with
presumably identical promoter sequences) were differentially methylated. These data
indicate that differential DNA methylation (hypo- or hyper-promoter methylation) in
response to chronic HF diet is not a response that occurs broadly, affecting genes similarly
across different brain regions. Rather, changes in DNA methylation within the promoter
regions of specific genes must be secondary to some other aspect unique to the circuitry, for
example, the pattern of neuronal activation in response to the HF diet or a hormonal/
endocrine stimulus secondary to the HF diet consumption.

Importantly, we observed behavioral responses that are consistent with the gene expression
changes. Increased dopamine within the hypothalamus in known to promote food intake. In
the DIO mice, we observed increased food intake (both as kcal/bw and as grams/bw) and
increased meal number, in both the dark and light periods, as well as increased meal size in
the dark. It has been shown that increased food intake, particularly within the light period of
nocturnal animals like mice, is a primary contributor to increased weight gain (Arble et al.
2009). We also observed a decreased preference for sucrose (reported previously (Vucetic et
al. 2011)) and a lack of increase in food consumption when presented with the HF diet, a
response that was observed in the normal weight controls. These behaviors are consistent
with the gene expression findings that demonstrate an overall decrease in dopaminergic gene
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expression within the central reward circuitry. Collectively, these behaviors have the
potential to promote obesity in two distinct ways; (1) through an increase in food intake and
(2) by increasing the drive for palatable food, as the animal with a blunted response to
palatable foods may seek and/or consume these food relatively more than a normal animal in
order to reach the same rewarding response.

Dopamine dysregulation in obesity has been documented in other animal models. In a model
similar to the present experiments, mice were fed a 35% HF diet from age 3-15 weeks, and
gene expression in the hypothalamus was investigated (Lee et al. 2010a). Paralleling the
present findings, these authors reported upregulation of TH and DAT, with no change in D1
or D2 receptor expression. Another group focused specifically on the ventromedial
hypothalamus (as opposed to total hypothalamus) and found decreased TH expression rather
than increased (Li et al. 2009), however in that study the HF diet administration started
much later (at 12 weeks of age) and was maintained for a shorter length of time (8 weeks as
opposed to 17+ weeks), highlighting two key variables that affect how high fat diet can
affect dopamine function, the developmental timeperiod and length of administration of the
high fat diet. Highlighting this point is the finding that 4 weeks of HF diet administration
(relatively short exposure) to 12 week old animals (relatively older animals) was ineffective
in altering gene expression levels of TH, DAT, D1 or D2 within hypothalamus (de Leeuw
van Weenen et al. 2009).

Dopamine dysregulation within reward circuitry has been observed as well, and most
findings report a decreased level of gene/protein expression and/or function of the dopamine
system within the reward circuitry. D2 downregulation has been documented in response to
chronic high fat diet and obesity (Johnson & Kenny 2010), coupled with a decrease in brain
reward threshold that persisted for 14 days after the removal of the HF diet. In a recent
notable publication, rats were fed a high fat/high sucrose diet for 5 weeks beginning at 8
weeks of age, and were classified as obesity prone or resistant depending on weight gain
(Alsiö et al. 2010). Obesity prone rats showed a decrease in D1 receptor in the NAc (similar
to our findings). This decrease persisted after 18 days of withdrawal from the palatable diet.
The decrease in D1 expression was linked to the consumption of the palatable diet, rather
than weight gain per se, because a group that was pair fed restricted amounts of the palatable
diet (consumed the diet but did not gain weight) also showed a decrease in D1 expression. A
convergent finding comes from rats fed a restricted amount of HF diet that showed reduced
DA turnover in the NAc in response to HF diet consumption in the absence of significant
weight gain (Davis et al. 2008). In mice, DAT binding in the NAc was decreased after 20
days on HF diet, and persisted for at least 7 days after removal of the high fat diet (South &
Huang 2008). Examination of obesity prone and obesity resistant rats consuming a control
diet and therefore not different in weight found that obesity prone rats showed decreased
levels of dopamine in the NAc, suggesting that the reduction in dopamine did not require the
animal to be obese (Rada et al. 2010). However, these rats had been fed a HF diet for 5 days
to classify them as obesity prone or resistant, so the dopamine dysfunction may have been
linked to a differential response to the HF diet. Additionally, basal and amphetamine-
induced dopamine release in striatum are reduced in obese rats fed a chronic high fat diet
(Geiger et al. 2009). Importantly, similar phenomenon have also been observed in humans,
as obese women when compared to normal weight women show reduced activation in the
caudate in response to consumption of a palatable solution (Stice et al. 2008).

An important consideration in all of these reports is the relative importance of the
consumption of the HF diet versus the resultant obesity. In our study (and others (Johnson &
Kenny 2010, Geiger et al. 2009)), it is not possible to distinguish which of these stimuli may
drive the changes in dopamine related gene expression. However, in other studies described
above ((Alsiö et al. 2010, Davis et al. 2008, Rada et al. 2010)) dopaminergic changes are
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observed in animals fed a HF diet in the absence of obesity, suggesting that consumption of
the HF diet, rather than the obesity and associated physiological changes, is sufficient to
alter dopamine system function.

Given that there is support that these changes in dopamine-related gene expression persist
after the removal of the diet (detailed in previous paragraph (Alsiö et al. 2010, South &
Huang 2008, Johnson & Kenny 2010)), we examined whether epigenetic modifications may
contribute to changes in gene expression. DNA methylation in particular may represent an
epigenetic modification that is relatively stable over time. We focused our detailed analyses
on TH and DAT, given the opposite pattern of responses that was observed in the reward
circuitry and the hypothalamus. As predicted, we found that DNA methylation levels in the
promoter regions of TH and DAT, paralleled the gene expression changes (increased
methylation related to decreased expression). These data identify differential DNA
methylation as a mechanistic link between consumption of high fat diet and/or obesity and
the resultant changes in dopamine-related gene expression. Differential DNA methylation in
the brain in response to diverse early life challenges has been reported (Coupé et al. 2010,
Murgatroyd et al. 2009, Vucetic et al. 2010a, Vucetic et al. 2010b, Weaver et al. 2004,
Plagemann et al. 2009, Niculescu & Lupu 2009, Niculescu et al. 2006), however, similar
findings in the postnatal brain are more limited. BDNF and Fkbp5 are differentially
methylated during memory consolidation (Lubin et al. 2008) and in response to chronic
corticosterone exposure (Lee et al. 2010b), respectively. In DIO mice, hypomethylation of
melanocortin 4 receptor has been reported in whole brain (Widiker et al. 2010), while we
have recently reported differential DNA metylation within the μ-opioid receptor promoter in
reward circuitry regions. Given reports of the persistence of dopaminergic gene alteration in
the absence of the high fat diet (Alsiö et al. 2010, South & Huang 2008, Johnson & Kenny
2010), the question of whether differential DNA methylation will persist with removal of the
diet or normalization of body weight and whether DNA methylation is responsible for
persistent changes in gene expression represents important next steps in this line of
investigation.

The obesity epidemic affects the majority of Americans, and it is clear that a better
understanding of how chronic intake of high fat diet affects the development and function of
the CNS is critical. The present data have extended the literature supporting dopaminergic
dysfunction in obesity by assessing a number of dopaminergic related genes across
numerous brain regions and importantly identifying epigenetic mechanisms linking chronic
high fat diet intake to these alterations. Behavioral modifications, including controlling
overall food intake and choosing healthier food options, are a key to initiating and
maintaining weight loss. Yet for the majority of obese patients, these behavioral
modifications are at a minimum extremely difficult or worse yet, impossible to initiate and
maintain. A better understanding of the CNS adaptations that occur during the development
of obesity will prove critical in designing both better behavioral and pharmacological
therapeutics for obesity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Long-term exposure to high-fat (HF) diet alters TH and DAT mRNA expression
Gene expression was measured in the hypothalamus (HYP; left) and ventral tegmental area
(VTA; right) of control (white bars) and diet-induced obese (DIO) mice (black bars) using
quantitative real time PCR. TH and DAT mRNA were significantly increased in the HYP,
while TH and DAT mRNA were significantly decreased in the VTA. *p<.025, **p<.005
(n=7-9/group)
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Figure 2. Long-term exposure to high-fat (HF) diet affects dopamine-related gene expression in
the reward circuitry
Dopamine-related gene expression (D1, D2, DARPP-32, COMT) was measured in the
hypothalamus (HYP) and regions of the central reward circuitry (VTA, NAc and PFC) of
control and diet-induced obese (DIO) mice using quantitative real time PCR. These genes
were unchanged in the HYP, but D1, D2 and DARPP-32 levels were reduced in the reward-
related regions in DIO animals and the effect varied by region. COMT levels were not
altered in any region studied. *p<.025, **p<.005 (n=7/group in HYP, PFC, NAc; n=4/group
in VTA)
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Figure 3. DNA methylation status of TH and DAT promoters in DIO mice
Genomic DNA was isolated from dissected HYP and VTA of control (white bars) and obese
(DIO) mice (black bars), sheared by sonication and immunoprecipitated with 5-
methylcytosine antibody. The enrichment of DNA methylation relative to input genomic
DNA in the promoter region of TH or DAT was quantified by qPCR. DIO mice displayed
decreased methylation of TH and DAT within the HYP. The opposite effect was observed in
the VTA, with both promoters showing significantly more methylation. GAPDH
methylation was not altered in DIO mice (data not shown). Values are mean ± s.e.m. *p
<0.05, **p< 0.01, n=6/group, Two-tailed t-test.
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Figure 4. Food intake analysis of DIO mice
(a) Food intake, (b) meal number, and (c) meal size were evaluated in control (white bars)
and DIO mice (black bars) (n=4/group). DIO mice were hyperphagic, with a significant
increase in food intake, meal number and meal size during the dark period (LEFT). Food
intake and meal number were significantly elevated during the light period as well (RIGHT).
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Figure 5. DIO mice show decreased intake of a rewarding food
Food intake was measured two separate times during the dark period in control and DIO
mice, once when fed the control diet and once when fed the HF diet (counterbalanced order).
Control mice increased their food intake when presented with the palatable HF diet, while
DIO mice failed to show this response.
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