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Abstract

ADAR2 transgenic mice misexpressing the RNA editing enzyme ADAR2 (Adenosine Deaminase 

that act on RNA) show characteristics of overeating and experience adult onset obesity. 

Behavioral patterns and brain changes related to a possible addictive overeating in these transgenic 

mice were explored as transgenic mice display chronic hyperphagia. ADAR2 transgenic mice 

were assessed in their food preference and motivation to overeat in a competing reward 

environment with ad lib access to a running wheel and food. Metabolic activity of brain and 

peripheral tissue were assessed with [18F] fluorodeoxyglucose positron emission tomography 

(FDG-PET) and RNA expression of feeding related genes, ADAR2, dopamine and opiate 

receptors from the hypothalamus and striatum were examined. The results indicate that ADAR2 

transgenic mice exhibit, (1) a food preference for diets with higher fat content, (2) significantly 

increased food intake that is non-distractible in a competing reward environment, (3) significantly 

increased mRNA expressions of ADAR2, serotonin 2C receptor (5HT2CR), D1, D2, and mu 

opioid receptors and no change in CRH mRNAs and significantly reduced ADAR2 protein 

expression in the hypothalamus, (4) significantly increased D1 receptor and altered bioamines 

with no change in ADAR2, mu opioid and D2 receptor mRNA expression in the striatum, and (5) 

significantly greater glucose metabolism in the hypothalamus, brain stem, right hippocampus, left 

and right mid brain regions and suprascapular peripheral tissue than controls. These results 

suggest that highly motivated and goal-oriented overeating behaviors of ADAR2 transgenic mice 

are associated with altered feeding, reward-related mRNAs, and hyperactive brain mesolimbic 

region.
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INTRODUCTION

ADARs catalyze deamination of adenosine to inosine residues (A to I RNA editing) in 

numerous mammalian pre-mRNAs, including transcripts encoding glutamate-gated ion 

channels, a voltage-gated potassium channel, and 5HT2CR. ADAR2 transgenic mice 

misexpressing ADAR2 under the control cytomegalovirus (CMV) promoter, display 

affective disorder, and hyperphagia mediated morbid obesity (Singh et al., 2007, Singh et 

al., 2009). This study explores the possibility of a general increased motivation to engage in 

rewarding behaviors of ADAR2 transgenic mice as a mouse model of motivated behavior.

Feeding behavior is mediated by the hypothalamus through homeostatic measures. Using 

PET imaging, it has been found that hunger in obesity and overeating disorders of humans 

and mice is associated with hypermetabolism of the hypothalamus (Carnell et al., 2012, 

Iozzo et al., 2012). During the over-abundance of food intake, the hunger-mediated 

homeostatic response to eating can be overridden by reward processing signals induced by 

dopamine projections from the Ventral Tegmental Area (VTA) and the striatum of the 

mesolimbic pathway—areas that have been noted for their role in reward processing in 

previous studies. Reward motivation has saliently been shown to be mediated by dopamine, 

more specifically the “wanting”, or approach behaviors towards biologically relevant goals 

more so than the “liking”, or enjoyment aspect (Berridge, 1996, Davis et al., 2009). Opioids 

have been implicated more so in the “liking” or the hedonic aspect of reward processing and 

both neurotransmitter pathways work together in the perception of reward (Davis et al., 

2009).

Running and eating are sources of behavioral reinforcement that activate central brain areas, 

such as the hypothalamus, that project to the VTA and Nucleus Accumbens (NaAc), reward 

processing areas, suggesting that in mice running wheel activity and eating could be 

competing sources of reward (Aston-Jones et al., 2009, Aston-Jones et al., 2010, Brene et 

al., 2007, Klaus et al., 2009). Voluntary wheel running is rewarding for rodents as it 

interacts with other behavioral reinforcers and they show motivation to run when given ad 

lib access to a running wheel (Kanarek et al., 2009, Lett et al., 2000). Rodents will also 

press a lever to gain access to a running wheel, which bears similarities to electrical 

stimulation to reward processing areas of the brain (Belke, 1997, Collier & Hirsch, 1971, 

Iversen, 1993). Running wheel activity can decrease the number of times a mouse will lever 

press to administer cocaine intravenously. Wheel running can even decrease rodent’s 

motivation to obtain natural sources of reinforcement such as food when both are presented 

in an operant conditioning task (Belke, 1997, Iversen, 1993). These results suggest that 

wheel running and eating highly palatable food activate reward-processing centers in the 

brain and when presented together one could affect the frequency and/or indulgence over the 

other. Distraction from overeating in a competing reward environment was assessed in 

ADAR2 transgenic mice as food is rewarding even to the point of dependence addiction in 

several mouse models of obesity, bearing similarities to drug addiction (Iozzo et al., 2012, 

Spiegel et al., 2005, Volkow & Wise, 2005, Wang et al., 2004, Wang et al., 2009). In mice, 

overeating behavior is mediated by the decreased D2 and increased D1 receptors mRNA 

expression in the striatum (Fetissov et al., 2002, Richard & Berridge, 2011). Dopamine 

plays a role of “wanting” stimulus in the presence of highly palatable food (Pecina et al., 
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2003). This study examined the possibility of a general motivation on the part of ADAR2 

transgenic mice to engage in addictive behaviors rather than simply a motivation to overeat 

in a competing reward environment of running and feeding.

Materials and methods

Animal husbandry

Animals were housed in individual plastic cages with cellular bedding. Rodent chow 

(Harlan, 7013, Harlan Laboratories, Inc. Indianapolis, IN) and tap water were available ad 

lib for the duration of the experiments. All studies were in light phase and conducted on 

ADAR2 transgenic or control littermates that were maintained on a B6D2F1 hybrid 

background by backcrossing to either a male or a female B6D2F1 mouse (Singh et al., 

2007). The mouse colony room environment was maintained at a temperature of 22°C with a 

light: dark cycle of 12:12hr. All procedures were approved and conducted in accordance 

with the University of Iowa Institutional Animal Care and Use Committee (IACUC).

Genotyping

Using the RED Extract-N-Amp Blood PCR Kit (Sigma-Aldrich, St. Louis, MO, USA), 

DNA was isolated from 10 µl of whole blood (obtained from tail snips) of control and 

transgenic mice. For genotype screening, the transgene was amplified by polymerase chain 

reaction (PCR) from the genomic DNA (Singh et al., 2007).

Animals used in the study

Control littermates and ADAR2 transgenic mice misexpressing the active rat ADAR2 cDNA 

under the control of cytomegalovirus (CMV) promoter were used in this study (Singh et al., 

2007). ADAR2 transgenic mice misexpressing the active rat ADAR2 cDNA display 

enhanced endogenous behavioral despair in both sexes and altered RNA editing in the 

prefrontal cortex brain region (Singh et al., 2011, Singh et al., 2009).

Food preference in two-food choice

Food preference was tested by a two-food choice task option where either the option 1, rat 

chow (Harlan, 7013, (6.2% fat) Harlan Laboratories, Inc. Indianapolis, IN) vs. mouse chow 

(Harlan, 7004, (11.4% fat) Harlan Laboratories, Inc. Indianapolis, IN) or, the option 2, 

mouse chow (Harlan, 7004, Harlan Laboratories, Inc. Indianapolis, IN) vs. highly palatable 

fat diets (Harlan, TD08811, (21.2% fat) Harlan Laboratories, Inc. Indianapolis, IN) was 

provided ad lib in controlled food containers (RPI Corp, Mount. Mt. Prospect, IL, USA) that 

prevented any food spillage. 24hr food intake for each diet was monitored over 9 days in 

control (n=5) and ADAR2 transgenic mice (n=5). Option 1 was presented first with 2 days 

acclimation period to the diets to prevent neophobia to new diets before 24 hr food intake 

was monitored. After option 1 experiment was finished, then option 2 was presented and 

again a 2 days period was allowed for acclimatization to the diets before 24hr food intake 

was measured.
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Motivation tests in a competing reward environment

The objective of this experiment was to see if a competing reward environment would divert 

ADAR2 transgenic mice from overeating significantly more than controls. Age and weight-

matched at 5–6 wks of age control littermates and ADAR2 transgenic mice (n> 10), were 

provided ad lib food, water, and 24hr access to the running wheel for 5 days. Mice were 

maintained on standard rodent laboratory chow supplied ad lib (Harlan, 7004, Harlan 

Laboratories, Inc. Indianapolis, IN) in controlled food containers (RPI Corp. York, PAMT, 

Prospect, IL, USA) and food was measured every 24hr. Mice were given 24hr access to a 

running wheel and running wheel activity was monitored every 24hr by a magnet-mediated 

counter attached to the wheel (Model # CUB3L RedLion Inc. York, PA).

HPLC methods for biogenic amines

Tissue extraction, total protein isolation and bioamine determination was the same as 

previously reported (Singh et al., 2011). Briefly the whole hypothalamus and striatum region 

were homogenized, and spun in a micro centrifuge at 10,000 g for 20 min. The supernatant 

was removed and stored at −80°C. The pellet was saved for protein analysis. The 

supernatant was then thawed and spun for 20 min. Samples of the supernatant were then 

analyzed for biogenic monoamines by high-performance liquid chromatography (HPLC) 

method. Biogenic amines were determined by a specific HPLC assay. Using this HPLC 

solvent the following biogenic amines elute in the following order: norepinephrine, DOPAC, 

Dopamine, 5-HIAA, HVA, 5-HT and 3-MT. High-performance liquid chromatography 

control and data acquisition were managed by Enpower 2 software (Vanderbilt 

Neurogenomics Core Lab, Vanderbilt University). Total protein concentrations of 

hypothalamus and striatum extracts were determined using BCA Protein Assay Kit purchase 

from Pierce Chemical Company (Rockford, IL, USA).

Quantitative real-time PCR analysis of gene expression from hypothalamus and striatum 
of control and pre-obese ADAR2 transgenic mice

The cDNA was prepared from total RNA that was isolated using the mirVANA RNA kit 

(Life technology, Grand Island, NY). 1 µg of total RNA was used to generate cDNA using 

the ABI RT kit (Life technology, Grand Island, NY). The cDNA was used for quantitative 

PCR. Quantitative real-time PCR experiments were carried out in a Bio-Rad iCycler (Bio-

Rad Laboratories, Los Angeles, CA, USA) using the fluorogenic intercalating dye SYBR 

green and gene-specific primers of mouse or rat. For each gene of interest, ADARB1 

(ADAR2) (forward 5’ tcctgcagtgacaagatagca3’ and reverse 5’ggttccacgaaaatgctgag3’), 

OPRM1 (mu opioid receptor) (forward 5’tgttgaaaaaccctgcaaga3’ and reverse 

5’gccatcatcaggaagaaggtt3’), DRD1 (dopamine receptor 1) (forward 

5’tgtttgaaatgtttacaaggtgttc3’ and reverse 5’cagtcagcccttccttcagt3’), DRD2 (dopamine 

receptor 2) (forward 5’tgaacaggcggagaatgg3’ and reverse 5’ctggtgcttgacagcatctc3’), 

5HTR2C (5HT2CR-full length (5HT2CRl) (forward 5’-catcatgaagattgccatcgtt3’ and reverse 

5’cgcaggtagtattattcacgaacact3’) and 5HTR2C-truncated (5HT2CRs) (forward 

5’atcgctggaccggagtttc3’ and reverse 5’gggtcattgagcacgcagg3’) (Doe et al., 2009) and 

corticotropin-releasing hormone (CRH) (forward 5’catgttaggggcgctctc3’ and reverse 

5’aggaggcatcctgagagaagt3’) mouse-specific primers were used. Each 25-µl reaction 

Akubuiro et al. Page 4

Genes Brain Behav. Author manuscript; available in PMC 2015 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contained 2 mM MgCl2, 1× PCR buffer, 0.65 µM of each primer, 1.25 units of Taq 

Polymerase, 5 µl cDNA and 2.5 µl SYBR green PCR master mix. PCR parameters were; 

95°C for 60 seconds, followed by 35 cycles of 95°C for 20 seconds, 60°C for 20 seconds 

and 72°C for 20 seconds. Relative gene expression was normalized with GAPDH 

expression. The cycle of amplification threshold (CT) was assessed and the melting curve 

was used to verify the identity of the amplification products. The CT difference between the 

housekeeping GAPDH gene and the gene of interest for every sample (ΔΔCT) was 

determined (Livak & Schmittgen, 2001, Schmittgen & Livak, 2008).

ADAR2 protein expression in hypothalamus and striatum

Total protein was isolated from whole hypothalamus and striatum and western blotting was 

done on 20 µg protein as previously reported (Singh et al., 2011).

PET imaging

Animal Handling—Prior to imaging, all mice were fasted for 12 hours but with this time 

had free access to water. Before injection of [18F] fluorodeoxyglucose (FDG), mice were 

weighed and blood glucose levels were measured using a Freestyle glucometer (Abbott 

Labs, Abbott Park Il). Under anesthesia (Isoflurane at 4% for induction and 2% for 

maintenance) the fasted mice were injected via lateral tail vein with FDG (7.4MBq). A 0.2 

cc sterile saline subcutaneous (sc) injection was given to ensure adequate hydration. Once 

awake from anesthesia, the mice were returned to individual cages with access to water 

during the 60-minute tracer uptake period. For image acquisitions, the mice were held under 

Isoflurane anesthesia (2%). A multimodality chamber (M2M Imaging Corp, Cleveland OH) 

that allowed for the use of Isoflurane anesthesia and provided heating for maintaining body 

temperature, was used for positioning the animals during the scans.

Image acquisition methods—Following the 60-minute uptake period, a 15-minute list-

mode PET acquisition was acquired using an INVEON PET/CT/SPECT Multimodality 

Animal Imaging System (Siemens, Knoxville TN). In the same workflow, a CT scan was 

acquired for attenuation correction and anatomical correlation. The field-of view of this 

scanner allowed for imaging of the entire mouse in one bed position. PET images were 

reconstructed using OSEM3D/OP-MAP with scatter correction.

Image analysis methods—All image analysis was performed using the VIEW and 

FUSION tools of the PMOD Biomedical Image Quantification Software, version 3.3 

(PMOD, Inc., Zurich, Switzerland). Volumes-of-interest (VOIs) were drawn on the CT scan 

and transferred to the co-registered FDG PET scan. Four VOIs were defined: (1) brain (area 

within the skull), (2) brown fat (suprascapular region), (3) forelimb muscle and (4) hind 

limb muscle. Mean standardized uptake values (SUVs) were determined for each region. For 

statistical analyses, SUV values, uncorrected for the blood glucose were used, since the 

blood glucose levels did not vary significantly. For animals in which an acceptable fit to the 

mouse brain template were achieved, regional brain SUVs was determined for 19 separate 

template regions (Mirrione et al., 2007).
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Reluctance to eat novel food

Since rodents show reluctance to eat novel food, the objective of this experiment was to see 

if ADAR2 transgenic mice had uncontrollable hunger to the point of overcoming to the new 

diet. 24hr fasted control (n=6) and ADAR2 transgenic mice (n=7) were first presented with 

rat chow, 2hr food intake was monitored. After being allowed to feed for two days, they 

were then fasted for 24hr. A novel diet (Harlan 2018; Harlan 2018 (6.2% fat, Harlan 

Laboratories, Inc. Indianapolis, IN) was then presented, and 2hr food intake was monitored. 

Neither genotype had previously been exposed to the diet upon presentation to their home 

cage.

Statistical analysis

Two-food choice test—Linear mixed model for repeated measures was used to test the 

effect of genotype and diet on intake. The fixed effects in the model were genotype, diet, 

and time. The model also included all 2 factor and 3 factor interactions. This was then 

followed by tests of mean contrasts to compare between diets within each genotype and 

between genotypes at each diet, with p-values adjusted using Bonferroni’s method to 

account for the number of tests performed. For comparing between control and transgenic 

mice, the Students’-t test were used for data with normal distributions and the Wilcoxon 

rank-sum test was used for data that were not normally distributed. Unpaired Students’-t test 

was used to analyze food intake in novel food intake test.

Feeding related, dopamine and opioid receptor mRNA expression—For 

quantitative real-time PCR analysis, statistical analyses were performed on relative fold 

changes determined by the ΔΔCT method and Students’ unpaired t-test was used to evaluate 

the significant difference of ΔCT values between transgenic and control mice (n=8/

genotype) for hypothalamic tissue and the Mann Whitney U test was used for the analysis of 

striatum tissue (n=4/genotype).

ADAR2 protein expression in hypothalamus and striatum—ADAR2 protein 

expression was normalized to β-actin and an unpaired Students’ t-test was used.

PET image analysis of brain, hind limb muscle and suprascapular regions—
Wilcoxon rank-sum exact test was used to compare the brain (whole brain and template 

regions) region values between control and transgenic mice.

Results

Food preference in two-food choice tests

Option 1, mouse chow vs. rat chow diets—Mixed model analysis shows a significant 

genotype*diet interaction (p=0.0005; see Table 1), where ADAR2 transgenic mice have a 

significantly greater mean food intake of mouse chow diet compared to rat chow diet (3.55 g 

vs. 1.19 g; p=0.0006), while the statistical test is not able to detect a significant difference 

between mean intake of mouse chow diet and rat chow diet (p>0.99) in control mice (see 

Table 2). ADAR2 transgenic and control mice did not significantly differ in their intake of 

rat chow diet, with a mean difference of 0.53±0.36 grams (p=0.331), but this is not the case 
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for the mouse chow diet, with an average daily mouse diet intake of 3.55±0.35 grams by the 

ADAR2 transgenic mice compared to 1.72±0.31 grams for controls (p=0.001).

Option 2, highly palatable high fat diet vs. mouse chow diets—Mixed model 

analysis suggests a significant genotype*diet interaction (p=0.099; see Table 3). Averaged 

over the 9 days of intake, mean food intake of high fat diet is significantly higher than intake 

of mouse chow diet among the control mice (2.07g vs. 0.22g; p<0.0001) (see Table 2). The 

ADAR2 transgenic mice also have a higher mean food intake of highly palatable high fat 

diet than mouse chow diet, but this is statistically significant (1.98g vs. 1.13g; p=0.288). 

Comparison of intake between control and ADAR2 transgenic mice show no significant 

difference in food intake of high fat diet between the two groups (p>0.99). For the mouse 

chow diet, mean food intake of ADAR2 transgenic mice is 0.9±0.4 g more than the intake of 

the control mice, but with n=5 mice the statistical test is not able to detect a significant 

difference between ADAR2 transgenic and control mice (p=0.192).

Motivation test in a competing reward environment (Fig 1A &B)—Food intake 

without and with ad lib access to a running wheel, and the running wheel activity were 

measured every 24 hours for 5 days. The two-way ANOVA comparing food intake shows 

no significant genotype*running wheel interaction effect (p=0.253; Table 4), with the 

difference in food intake between ADAR2 transgenic mice and controls not significantly 

affected by the access to the running wheel. Without the running wheel, mean food intake of 

ADAR2 transgenic mice is significantly more than controls (3.4 g vs. 2.6 g; p<0.001). A 

similar difference is observed when there was access to the running wheel, with mean intake 

of 3.5±0.1 g for the ADAR2 transgenic mice compared to 2.4±0.2 g for the control mice 

(p<0.001) (Fig. 1A). There is no significant difference in running wheel activity between 

ADAR2 transgenic and control mice (p=0.448)(Fig. 1B). Thus, suggesting that ADAR2 

transgenic mice may not have been distracted from overeating.

Dopamine and mu opioid receptor mRNAs expression in whole hypothalamus 
and striatum (Fig. 2A & B)—Quantitative real time PCR analysis shows significantly 

increased ADAR2 (p<0.0001), both DRD1 (D1 receptor) (p<0.0005) and DRD2 (D2 

receptor) receptors (p<0.0001), OPRM1 (mu opioid receptor) (p<0.003) receptor mRNA 

expression in hypothalamus of ADAR2 transgenic mice when compared to control 

littermates (Fig. 2A, n=8/genotype). In striatum there is a significantly increased D1 receptor 

mRNA expression (p<0.0002) and no changes in ADAR2 (p=0.87), D2 receptor (p=0.691, 

n=4/genotype) and mu opioid receptor (p=0.85) mRNA expression in ADAR2 transgenic 

mice when compared to control littermates (Fig. 2B, n=4/genotype).

Expression of CRH and spliced variants of the 5HT2CR in hypothalamus of 
control and ADAR2 transgenic mice—CRH is linked to hypothalamic pituitary 

adrenal axis (HPA) and stress mediated feeding. ADAR2 transgenic mice display 

hyperactive HPA axis and affective disorder (Singh et al., 2009). The 5HT2CR has been 

implicated in feeding (Tecott et al., 1995). Splicing of the full-length 5HT2CR (5HT2CRl) 

containing the edited region and truncated 5HT2CR (5HT2CRs) lacking the edited region is 

influenced by editing (Flomen et al., 2004). We therefore examined if CRH and 5HT2CR 
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spliced isoforms expression were altered in the hypothalamus (Fig. 2A). We find both long 

(p<0.0001, n=8/genotype) and short forms (p<0.01, n=8/genotype) of spliced 5HT2CR 

isoforms are significantly increased while no change in CRH expression (p=0.35) is 

observed from the hypothalamus of ADAR2 transgenic mice.

ADAR2 mRNA and protein expression in whole hypothalamus and striatum 
(Fig. 2 A&B and 3A, B &C)—When compared to control littermates, ADAR2 mRNA is 

significantly increased (p<0.0001, n=8/genotype Fig. 2A) and protein expression is 

significantly reduced in hypothalamus (n=8/genotype, p<0.01 Fig. 3A&C) while no change 

in ADAR2 mRNA and protein expression is observed in the striatum of ADAR2 transgenic 

mice (Fig. 2B and 3B&C).

Bioamines in whole hypothalamus and striatum—In hypothalamus of ADAR2 

transgenic mice, the levels of norepinephrine, serotonin, dopamine and their metabolites did 

not differ significantly from their control littermates (Fig. 4A, N=8/genotype, p>0.05). 

However in the striatum (n=8/genotype Fig. 4B), bioamine levels of serotonin (p<0.0001) 

and norepinephrine (p<0.01) are significantly elevated and serotonin metabolites 5-HTIAA 

(p<0.001) are significantly increased and DOPAC levels significantly reduced (Fig. 4B, 

p<0.01). The turnover of serotonin and dopamine are significantly low in ADAR2 

transgenic mice when compared to controls (Fig. 4C, p<0.01).

PET image analysis of hyper-active hypothalamus, mesolimbic brain region 
and suprascapular region—Mean ±SEM body weights of control and transgenic mice 

differed significantly (control vs. transgenic 18.9±1.1g vs. 26.5±2.4g n=4 in each group, 

p<0.02) and yet mean ±SEM fasting glucose (mg/dl) did not differ significantly co vs. tr, 

was 64.50±12.11 vs. 56.50±4.193, n=4 p=0.55). The overall brain FDG uptake, a measure of 

glucose metabolism, did not statistically differ (p=0.09) between the ADAR2 transgenic 

mice and control littermates. However, based on mouse brain template regions, FDG 

standardized uptake values (SUVs) are significantly higher in the hypothalamus (p<0.029), 

mid brain, in both right and left hemispheres (p<0.029), and right hippocampus (p<0.029) 

when the two groups are compared (Table 6 and Fig. 5). Although both right and left 

striatum did not reach statistical significance, ADAR2 transgenic mice show a trend towards 

higher mean glucose uptake when compared to the control animals (p=0.057). All together, 

these exploratory results suggest that the brain limbic reward system is hyperactive in 

ADAR2 transgenic mice. Interestingly significantly higher FDG uptake is observed in 

brown fat regions (p<0.029) in ADAR2 transgenic mice when compared to control 

littermates (Table 5).

Reluctance to eat novel food—The graph shows mean ±SEM 2hr food intake of rat 

chow diet vs. novel food (Harlan 2018, 6.2% fat) (Fig. 6) in fasted control and ADAR2 

transgenic mice (n>6/genotype). Mean intake of rat chow is significantly more in ADAR2 

transgenic mice (p<0.01) when compared to controls. In contrast there is significantly 

decreased food intake of novel diet in both control and ADAR2 transgenic mice when 

compared rat chow intake (p<0.0001 and that is no significant difference in total intake of 

novel diet in ADAR2 transgenic mice.
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Discussion

The findings in ADAR2 transgenic mice are as follows: (1) ADAR2 transgenic mice prefer 

diets with higher fat content, (2) ADAR2 transgenic mice are highly motivated to overeat in 

a competing reward environment, (3) mRNA expressions of ADAR2, 5HT2CR spliced 

variants, D1, D2 and mu opioid receptors are significantly increased and CRH expression is 

unchanged in the hypothalamus of ADAR2 transgenic mice, (4) in the striatum, the D1 

receptor mRNA expression is significantly increased and bioamines are significantly altered, 

(5) significantly reduced ADAR2 protein expression in the hypothalamus, (6) exploratory 

PET imaging shows significantly higher FDG SUVs in hypothalamus, right hippocampus, 

right and left mid brain regions and a trend towards increased FDG SUVs in right and left 

striatum, (7) peripheral brown fat tissue is significantly hyperactive metabolically, and (8) 

significantly reduced food intake of novel diet in both control and transgenic mice. These 

findings suggest a dysfunctional reward system is associated with altered reward-related 

mRNAs that behaviorally manifests as a non-distractible goal-oriented overeating behavior 

in ADAR2 transgenic mice.

In the two-food choice test, ADAR2 transgenic mice when presented with a choice of low 

fat (rat chow) versus higher fat diet (mouse chow) showed a significant preference for the 

mouse diet, but when presented with mouse chow versus palatable high fat diet showed only 

a slight preference for the palatable high fat diet. However, option 2 experiments also 

showed that high fat diet is preferred by control over mouse chow. Thus, ADAR2 transgenic 

mice on average preferred high fat diets as evidenced by significantly increased intake of 

preferred high fat diets that is associated with significantly increased OPRM1 expression in 

the hypothalamus. Due to the reinforcing effect of wheel running, it is frequently used as a 

tool to investigate the rewarding properties of drugs of abuse (Iversen, 1993, Lett et al., 

2000, Werme et al., 1999). Running and exercise has been shown to activate same reward 

pathways as eating and drug use (Brene et al., 2007, Kanarek et al., 2009). Thus, running 

and food intake are competing reward behaviors. The hypothesis of a general motivation for 

rewarding activity by the introduction of a competing reward environment in ADAR2 

transgenic mice is not supported in this model. Despite no change in running wheel activity, 

the motivation to overeat is observed in ADAR2 transgenic mice in this competitive 

behavioral environment. Furthermore, the hypothesis of uncontrollable hunger leading to 

overeating in ADAR2 transgenic mice is also not supported as both fasted control and 

ADAR2 transgenic mice displayed neophobia for the novel food. Thus, hyperphagia in 

ADAR2 transgenic mice is reward-mediated and the goal-oriented behavior is towards food.

Dopamine and mu opioid receptors have been associated with “wanting” and “liking” 

aspects of either food or drug reward pathways (Simerly, 2006, Spiegel et al., 2005, Volkow 

& Wise, 2005, Wang et al., 2004). Therefore, we examined if receptor mRNA expression of 

both dopamine and opioid neurotransmitters were altered in the hypothalamus, a brain 

region implicated in feeding, and in the striatum, a brain region implicated in reward 

behavior (Davis et al., 2009). The D1 receptor in the striatum is implicated in goal or 

incentive behavior leading to overeating (Acquas et al., 1989, 1998, Richard & Berridge, 

2011) and D2 receptors at the caudal sites are associated with fear (Richard & Berridge, 

2011). D1 receptor mRNA expression in the striatum and hypothalamus of ADAR2 
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transgenic mice is significantly higher than controls. In animal models of obesity, the D2 

receptor is less active in the striatum (Wang et al., 2004). In our study we find no change in 

D2 mRNA expression in the striatum and yet significantly increased D2 receptor mRNA 

expression is observed in the hypothalamus of pre-obese ADAR2 transgenic mice. Thus, 

both D1 and D2 receptors in the hypothalamus may play a significant role in the overeating 

behavior of ADAR2 transgenic mice. The dopamine turnover was examined as an index of 

in vivo 5HT2CR function in the striatum since emerging evidence suggests that the 5HT2CR 

receptor attenuates DA release and 5HT2CR antagonists augment the action of dopamine 

release (Alex & Pehek, 2007, De Deurwaerdere et al., 2004, Filip & Cunningham, 2003, 

Navailles et al., 2004). However, 5HT2CR regulation of DA release is complex, as it 

involves direct and indirect pathways. Our study finds when compared to controls ADAR2 

transgenic mice have similar levels of bioamines in the hypothalamus while in striatum they 

are dysregulated and turnover of serotonin and dopamine are significantly lower. Thereby 

suggesting that serotonin, dopamine and norepinephrine neurotransmitters are involved in 

the dysfunctional striatum and that there are regional differences in the regulation of 

neurotransmitter levels in ADAR2 transgenic mice.

In ADAR2 transgenic mice, ADAR2 protein expression is significantly reduced in the 

hypothalamus while in the striatum it is unchanged. Autoediting of ADAR2 regulates 

ADAR2 overexpression (Feng et al., 2006, Rueter et al., 1999). Thus, autoediting in the 

hypothalamus may be involved in reducing ADAR2 protein expression leading to 

dysregulated editing and expressions of spliced 5HT2CR isoforms. One way ADAR2 could 

influence feeding behavior is by altering 5HT2CR editing. Altered 5HT2CR editing is 

associated with altered feeding and regulation of dopamine release (Kawahara et al., 2008, 

Morabito et al., 2010, Olaghere Da Silva et al., 2010, Schellekens et al., 2012a). Thus, 

5HT2CR editing in specific neuronal cells of the hypothalamus may be influencing feeding 

behavior of ADAR2 transgenic mice. Future directions are needed to examine the 5HT2CR 

RNA editing status in specific hypothalamic neuronal cells to understand ADAR2 

involvement in feeding as previously whole hypothalamus did not reveal significant 

5HT2CR editing changes in ADAR2 transgenic mice (Singh et al., 2007).

FDG PET imaging has been used to map glucose metabolism in the brain and body (Del 

Parigi et al., 2002, Hirvonen et al., 2011, Lee et al., 2010, Mizuma et al., 2010). The 

hypothalamus has direct influence on feeding behavior in both humans and animals (Iozzo et 

al., 2012). Functional magnetic resonance imaging studies show a relation of reward from 

food intake and anticipated food intake in obese subjects where a greater activation in the 

gustatory cortex and somatosensory regions are noted in comparison to lean subjects (Ng et 

al., 2011, Stice et al., 2008). Studies also show that these brain areas have various roles on 

feeding behavior of animals (Iozzo et al., 2012, Simerly, 2006, Wang et al., 2004, Wilcox et 

al., 2010). For example, stimulation of the anterioventral striatum provokes hyperphagia in 

satiated rats (Bakshi & Kelley, 1993) and lesions in the posterior dorsal amygdala of female 

rats induce hyperphagia and obesity (King et al., 1993). Hyperphagia is also noted when 

kainic acid is injected into the dorsal and ventral hippocampus of rats (Forloni et al., 1986). 

Using the FDG uptake method of analysis, in comparison to controls our PET imaging study 

shows significantly higher FDG SUVs in the hypothalamus, brain stem, midbrain, and right 
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hippocampus. Of the transgenic mice compared to controls, our findings suggest a higher 

glucose metabolism and hyperactive mesocoritcolimbic brain regions may be dysfunctional 

in ADAR2 transgenic mice.

Brown fat is easily visualized in PET imaging and brown fat metabolizes glucose at a high 

rate (Shammas et al., 2009). Significantly increased glucose uptake in the suprascapular 

region and no differences in forelimb and hind limb muscle FDG uptake in ADAR2 

transgenic mice suggest an increased brown fat thermogenesis or adrenergic activation 

(Hany et al., 2002, Muzik et al., 2012, Truong et al., 2004).

This study is of clinical importance as a hyperactive brain limbic reward system is observed 

in Prader Willi syndrome (PWS) patients who display overeating and obesity with high 

ghrelin (Holsen et al., 2006, Kim et al., 2006, Tauber et al., 2004). Ghrelin is a peripheral 

hormone that induces hyperphagia and activates both homeostatic and reward-related 

neurocircuits in the brain (Faulconbridge et al., 2003)(La Fleur et al., 2007, Naleid et al., 

2005, Perello & Zigman, 2012, Skibicka et al., 2012). Behaviorally, PWS is associated with 

extreme and insatiable hyperphagia (Cataletto et al., 2011)(Miller et al., 2011) and 

hyperphagic behavior is goal-oriented towards food that is widely associated with 

hypothalamic dysfunction (Iozzo et al., 2012, Zhang et al., 2012). Ghrelin also affects 

reward-based overeating and activates the D1 receptor that is associated with incentive 

behavior and excessive overeating (Jiang et al., 2006). Ghrelin is linked to emotion-

mediated food intake involving both D1 and D2 receptors in the striatum via the ghrelin 

receptor (Acquas et al., 1989, Overduin et al., 2012, Richard & Berridge, 2011). 

Furthermore, recent studies show that ghrelin receptor can promiscuously hetrodimerize 

with melanocortin3 receptor (MC3R), D1R, D2R and 5HT2CR that can alter ghrelin 

signaling in vitro and specifically heterodimerization with non-edited 5HT2CR can attenuate 

ghrelin signaling (Kern et al., 2012, Rediger et al., 2011, Schellekens et al., 2012b). Thus, 

dysregulated dopamine receptors and 5HT2CR in hypothalamus may be interacting with 

ghrelin receptor and altering feeding behavior of ADAR2 transgenic mice. Dysfunctional 

serotonin and dopamine systems are associated with PWS, including altered serotonin 

metabolism (Akefeldt et al., 1998, Akefeldt & Mansson, 1998, Zanella et al., 2008). Anxiety 

and compulsive behaviors are also associated with PWS (Zanella et al., 2008). Notably we 

find significant reduced serotonin and dopamine turnover in striatum of ADAR2 transgenic 

mice and these changes may be linked to their enhanced anxiety-like and depression-like 

behaviors (Singh et al., 2009). Thus, suggesting that ADAR2 transgenic mice mimic not 

only goal oriented food-taking behavior but also display hyperactive brain limbic reward 

system associated with altered serotonin metabolism like that observed in PWS.

Conclusion

We find ADAR2 transgenic mice display a preference for diets with high fat content and 

their overeating is non-distractible and goal-oriented towards food. The exploratory PET 

imaging finds higher glucose metabolism in the hypothalamus, right hippocampus and mid 

brain region and a trend towards higher metabolism in the striatum. Dysregualted ADAR2 

protein expression and altered 5HT2CR splice variants, dopamine and opioid receptor 

expression in the hypothalamus suggests ADAR2 plays an important role in feeding and 
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reward behaviors of ADAR2 transgenic mice. Dysfunctional reward circuitry is associated 

with significantly altered mu, D1 and D2 receptors mRNAs in hypothalamus and increased 

D1 receptor mRNA expression and altered bioamines in striatum of ADAR2 transgenic 

mice. Significant changes in serotonin and dopamine metabolites in the striatum further 

suggests a dysfunctional reward system involving both “liking” and “wanting” behaviors, 

which most likely contributes to the incentive overeating behavior of ADAR2 transgenic 

mice.
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Fig. 1. Motivation test in a competing reward environment
24hr food intake and running wheel activity were measured over 5 days to determine the 

general motivation behavior in ADAR2 transgenic mice (n>10/genotype). (A) The 

histogram represents mean ±SEM food intake in grams during 24hr in control and ADAR2 

transgenic mice and, (B) the histogram represents the mean ± SEM running wheel activity 

(total number of turns) in control and ADAR2 transgenic mice during 24hr over 5 days 

study period.
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Fig. 2. ADAR2, 5HT2CR, CRH, dopamine and mu receptor mRNA expression in hypothalamus 
and striatum of control and ADAR2 transgenic mice
Quantitative real time PCR analyses were done on total RNA using the Bio-Rad SYBR 

Green assays. (A) The histogram represents the relative mean ±SEM mRNA expression in 

hypothalamus of ADAR2 transgenic mice (tr) compared to controls (co) (n=8/genotype), (B) 

the histogram represents the relative mean ±SEM mRNA expression in striatum of ADAR2 

transgenic mice (tr) compared to controls (co) (n=4/genotype). ****=p<0.0001, 

***=p<0.0005, **=p<0.003 and *=p<0.01.
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Fig. 3. Western analysis of ADAR2 protein expression from whole hypothalamus and striatum 
(n=8/genotype)
(A and B) Pictures of representative gels of hypothalamic and striatum tissue, (C) Graph 

shows mean ±SEM normalized ADAR2/β actin protein expression. Hyp=hypothalamus, 

Str=Striatum, co=control, tr=transgenic and *=p<0.01.
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Fig. 4. Bioamine levels in whole hypothalamus
The histogram represents mean ±SEM bioamine levels in ng/mg protein (n=8/genotype, (A) 
hypothalamus and (B) striatum tissues of control and ADAR2 transgenic mice, and (C) 
bioamine turnover in striatum of control and ADAR2 transgenic mice. *=p<0.01, 

**=p<0.001 and ***=p<0.0001.
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Fig. 5. 18FDG PET Image showing hyperactive brain limbic regions of ADAR2 transgenic mouse 
when compared to control
A representative PET image of control and ADAR2 transgenic mice showing the heat 

map 18FDG glucose uptake in brain and whole body.
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Fig. 6. Reluctance to eat novel food in fasted control and ADAR2 transgenic mice (n>6/genotype)
Fasted mice were presented with novel diet that they had no prior experience with the novel 

food and 2hr food intake was monitored. The graph shows mean ±SEM 2hr food intake in 

normal rat chow diet vs. novel diet. Co=control, tr=transgenic *=p<0.01 and ***=p<0.0001.
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Table 1
Linear mixed model test of fixed effects for food preference test option 1

Linear mixed model analysis for repeated measures was used to test differences in food intake of rat chow and 

mouse diet between control and ADAR2 transgenic mice. The fixed effects in the model included genotype, 

diet, and time. The model also included all two-factor interactions and the three-factor interaction.

Effect Num DF Den DF F Value p-value

Genotype 1 24.5 4.80 0.0382

Diet 1 24.5 16.14 0.0005

Genotype*Diet 1 24.5 15.98 0.0005

Day 9 24.2 3.87 0.0038

Genotype*day 9 24.2 1.07 0.4167

Diet*Day 9 24.2 3.39 0.0079

Genotype*Diet*Day 9 24.2 0.73 0.6758
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Table 3
Linear mixed model test of fixed effects for food preference test option 2

Linear mixed model analysis for repeated measures was used to test differences in food intake of mouse chow 

and high fat diet between control and ADAR2 transgenic mice. The fixed effects in the model included 

genotype, diet, and time. The model also included all two-factor interactions and the three-factor interaction.

Effect Num DF Den DF F Value p-value

Genotype 1 9.26 2.24 0.1681

Diet 1 9.26 24.17 0.0008

Genotype*Diet 1 9.26 3.34 0.0999

Day 8 18.7 2.14 0.0833

Genotype*day 8 18.7 4.69 0.0028

Diet*Day 8 18.7 3.24 0.0171

Genotype*Diet*Day 8 18.7 1.56 0.2022
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Table 4
ANOVA for average food intake in motivation test

Two-way ANOVA was used to test differences in food intake with and without the running wheel between 

control and ADAR2 transgenic mice. The sources of variation that were tested included genotype and running 

wheel main effects and genotype*running wheel interaction effect.

Source DF Mean Square F Value p-value

Running wheel 1 0.0005 0.00 0.961

Genotype 1 10.3716 52.14 <0.0001

Wheel*Genotype 1 0.2677 1.35 0.253

Error 39 0.1989
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Table 6
18FDG uptake analysis from whole brain and brain regions of ADAR2 transgenic (TG) 
and control littermates (WT)

Wilcoxon rank-sum exact test was used to compare the brain region variables between control and transgenic 

mice (n=4/genotype, *p-value from Wilcoxon rank-sum exact test). Brain CT= Brain cortex, RSTR= Right 

striatum, LSTR= left striatum, CTX= cortex, RHIP= Right hippocampus, LHIP= Left hippocampus, THA= 

Thalamus, CB= Cerebellum, BFS=Basal forebrain septum, HYP= Hypothalamus, RAMY=Right amygdala, 

LAMY=Left amygdala, BS=Brain stem, CG=cingulated gyrus, SC=superior colliculi, OLF= olfactory bulb, 

RMID= right mid brain, LMID=Left mid brain, LIC=left inferior coleculi and RIC=Right inferior coleculi. 

TG=transgenic and WT=wild type control littermates.

Variable Genotype Mean Std
Dev

p-
value*

Brain CT TG 2.21 0.49
0.114

WT 1.67 0.20

RSTR TG 2.70 0.64
0.057

WT 1.96 0.27

LSTR TG 2.65 0.56
0.057

WT 1.96 0.27

CTX TG 2.35 0.43
0.200

WT 1.93 0.28

RHIP TG 2.43 0.55
0.029

WT 1.78 0.21

LHIP TG 2.43 0.57
0.114

WT 1.85 0.28

THA TG 2.57 0.49
0.114

WT 1.96 0.29

CB TG 2.54 0.57
0.200

WT 2.02 0.28

BFS TG 2.22 0.50
0.200

WT 1.71 0.29

HYP TG 2.25 0.56
0.029

WT 1.45 0.22

RAMY TG 2.09 0.53
0.200

WT 1.44 0.38

LAMY TG 2.10 0.56
0.114

WT 1.44 0.29

BS TG 2.52 0.55
0.029

WT 1.73 0.11

CG TG 2.47 0.57
0.200

WT 1.86 0.29
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Variable Genotype Mean Std
Dev

p-
value*

SC TG 2.45 0.50
0.200

WT 1.91 0.32

OLF TG 2.28 0.31
0.343

WT 1.93 0.24

RMID TG 2.54 0.64
0.029

WT 1.71 0.22

LMID TG 2.61 0.65
0.029

WT 1.84 0.23

RIC TG 2.30 0.49
0.200

WT 1.88 0.28

LIC TG 2.54 0.57
0.114

WT 1.93 0.24

*
p-value from Wilcoxon rank-sum exact test
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