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 47 
Abstract 48 
 49 
The influence of micronutrients on dopamine systems is not well defined.  50 
Using mice, we show a potential role for reduced dietary vitamin D3 51 
(cholecalciferol) in promoting diet-induced obesity (DIO), food intake, and 52 
drug consumption while on a high fat diet.  To complement these deficiency 53 
studies, treatments with exogenous fully active vitamin D3 (calcitriol, 10 54 
µg/kg ip) were performed.   Non-deficient mice that were made leptin-55 
resistant with a high fat diet displayed reduced food intake and body weight 56 
after an acute treatment with exogenous calcitriol.  Dopamine neurons in the 57 
midbrain and their target neurons in the striatum were found to express 58 
vitamin D3 receptor protein.  Acute calcitriol treatment led to transcriptional 59 
changes of dopamine-related genes in these regions in naïve mice, enhanced 60 
amphetamine-induced dopamine release in both naïve mice and rats, and 61 
increased locomotor activity after acute amphetamine (2.5 mg/kg, ip.).  62 
Alternatively, mice that were chronically fed either the reduced D3 high fat or 63 
chow diets displayed less activity after acute amphetamine compared to their 64 
respective controls.  Finally, high fat deficient mice that were trained to orally 65 
consume liquid amphetamine (90 mg/L) displayed increased consumption, 66 
while non-deficient mice treated with calcitriol showed reduced consumption.  67 
Our findings suggest that reduced dietary D3 may be a contributing 68 
environmental factor enhancing DIO as well as drug intake while on a high fat 69 
diet.  Moreover, these data demonstrate that dopamine circuits are modulated 70 
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by D3 signaling, and may serve as direct or indirect targets for exogenous 71 
calcitriol.   72  73 
Significance  74  75 Obesity rates have risen in this country and low levels of circulating vitamin D3 76 correlate with high adiposity.  Recent evidence suggests effects of vitamin D3 on 77 dopamine circuits.  While altered dopamine signaling has been implicated in the 78 progression of obesity and consumption of drugs of abuse, a role for vitamin D3 in 79 these disease states has not been experimentally explored.  Using reduced dietary 80 D3, as well as treatment with the fully active form of D3, we demonstrate effects on 81 food and drug intake, as well as robust effects on dopamine circuits of the brain.  82 These data suggest dopamine circuits to be a novel therapeutic target for D3 83 treatment with implications for obesity, drug addiction and other dopamine-84 dependent behaviors.  85 
 86 
Introduction 87 
 88 Over the last two decades, obesity rates have increased dramatically in much of the 89 developed world.  While animal studies using single-gene mutations have 90 contributed to our understanding of signaling pathways and neuronal circuits 91 involved in feeding behavior and homeostasis, single-gene variants account for a 92 small percentage of the obese populace, as weight is also influenced by many 93 extrinsic factors (Speakman et al., 2008).  Intake of high-calorie diets increases 94 adiposity in animals, establishing an effective model for understanding the impact of 95 
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energy dense food, but research examining the causative roles of micronutrient 96 (non-caloric) deficiencies is incomplete.  Moreover, these high-calorie, nutritionally 97 complete rodent diets do not accurately model typical Western dietary choices, 98 which contain little to no amounts of dietary vitamin D3 (cholecalciferol) (Liebman 99 et al., 2003; Pereira et al., 2005; Jeffery et al., 2006; Keskitalo et al., 2008; Garcia et 100 al., 2009; Harnack et al., 2011; USDA, 2015).  Despite fortification of dairy products 101 with vitamin D3, the typical intake for adult men and women still fall below the 102 recommended daily allowance of 600 IU/day (as established by the Institute of 103 Medicine in 2010) (Calvo et al., 2004; Cashman and Kiely, 2016).  104  105 The increased prevalence of vitamin D3 deficiency in the United States is historically 106 concurrent with obesity rates (Mokdad et al., 2003; Ginde et al., 2009).  Regardless 107 of the source of cholecalciferol (sunlight, food, or supplementation), it must undergo 108 two hydroxylation events: the first to generate the intermediate metabolite 109 25(OH)D3 (calcidiol), and the second to yield 1α,25(OH)2D3 (calcitriol) the fully 110 active form.  Circulatory levels of the intermediate 25(OH)D3 are used to determine 111 adequacy (>20 ng/ml), and typically an inverse relationship between body mass 112 index (BMI) and levels of calcidiol is found in obese individuals (McGill et al., 2008; 113 Young et al., 2009).  While some studies have identified polymorphisms in vitamin 114 D3 signaling associated with obesity or fat mass (Gu et al., 2009; Vasilopoulos et al., 115 2013), the contribution of reduced dietary D3 on the development of obesity and 116 over-consumption has not been directly tested in DIO models (Foss, 2009; Garcia et 117 al., 2009; Ginde et al., 2009).    118 
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 119 The inability to regulate consumption despite adverse health consequences shares 120 similarities with drug addiction and involves similar neural pathways (Trinko et al., 121 2007; Dileone et al., 2012; Volkow et al., 2013).  Animal studies have demonstrated 122 that dopamine pathways respond to the consumption of palatable foods and 123 peripherally derived metabolic signals, and that manipulation of this circuit alters 124 intake (Fulton et al., 2006; Hommel et al., 2006; Johnson and Kenny, 2010; Vucetic 125 and Reyes, 2010).  Moreover, amphetamine-based diet-aids, as well as drugs of 126 abuse, also target these same circuits (Ersner, 1940; Volkow et al., 2013).  Vitamin 127 D3 receptor (VDR), which functions as a transcription factor upon activation by 128 calcitriol, is well studied in the context of bone metabolism and calcium 129 absorption/homeostasis (Nicolaysen, 1937; Carlsson, 1952; DeLuca, 1974; 130 McDonnell et al., 1989), but has only recently been studied for additional roles in the 131 nervous system.  The receptor is expressed in developing dopamine neurons (Cui et 132 al., 2013), and rodent studies suggest that repeated calcitriol treatments can protect 133 dopamine neurons against toxic doses of amphetamine, as well as enhance evoked 134 dopamine in the striatum (Cass et al., 2006; Cass et al., 2012).  Additional studies 135 demonstrate that calcitriol can augment dopamine after lesioning (Cass et al., 2014).  136 Here we provide evidence for dietary and exogenous vitamin D3 influencing 137 dopamine circuits, responses to drugs of abuse, intake of food and the development 138 of obesity. 139  140 
Materials and Methods 141 
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Animals and Diet Design 142 Animal experiments were performed in accordance with (Author University) and 143 IACUC animal care guidelines.  Dietary deficiency, microdialysis, gene expression, 144 and amphetamine behavioral experiments were performed in male C57BL/6J mice 145 between the ages of 8 and 10 weeks, purchased from Jackson Labs (Bar Harbor, 146 Maine).  The length of time on their diets is specified within the text for specific 147 experiments.  All high fat deficiency studies utilized the HF diet (formulated as 148 Purina TestDiet 5TLN) and HF-D (5TLN with reduced vitamin D3 targeting to ~11% 149 of normal levels) (Table 1).  The HF and HF-D diets were purchased from either 150 Purina Mill LabDiet (Richmond, Indiana) or Harlan Teklad (Madison, Wisconsin).   151 All chow deficiency studies utilized standard rodent chow (formulated as Purina 152 LabDiet Prolab RMH3000) and Ch-D (Prolab RMH3000 with reduced vitamin D3 153 targeted to ~7% of normal levels) (Table 1).  The Ch and Ch-D diets were purchased 154 from Purina Mill LabDiet (Richmond Indiana).  Levels of dietary D3 used in deficient 155 diets are high enough to prevent physiologically relevant changes in serum calcium, 156 serum phosphate, or parathyroid hormone (Anderson et al., 2007; Harnack et al., 157 2011; Mallya et al., 2016).  Animals (mice and rats, see Table 2) used in all treatment 158 studies were maintained on either standard rodent Chow (Purina LabDiet RMH 159 3000), the HF diet, or the HF-D diet (Table 1).  Immunofluorescent studies utilized 160 male D1R-Cre C57BL/6J strain EY262Gsat, and male D2R-Cre C57BL/6J strain 161 ER44Gsat transgenic mice.  Mice were either group- or single-housed, as specified in 162 the text, and maintained on a 12/12 hour light cycle throughout all experiments.  163 For fast-scan cyclic voltammetry experiments, young adult male Sprague Dawley 164 
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rats (275-400 g) were acquired from Charles River, Laboratories (Wilmington 165 Maryland), placed on ad libitum food and water, and housed 2 to 3 per cage on a 166 12/12 hour light/dark cycle (lights on at 7 am). 167  168 
Statistics 169 Microsoft Excel, IBM SPSS Statistics V19, or GraphPad Prism 6.0 were used to 170 calculate statistical tests.  All t-tests performed were two-tailed, unpaired.  When 171 applicable, ANOVAs were assessed and post-hoc analyses were conducted.  All error 172 bars shown in the graphs represent ±SEM.   173  174 
Drugs 175 Calcitriol (BML-DM200, Enzo Life Sciences, Farmingdale, New York) was solubilized 176 with 100% EtOH to 1 μg/μl and stored in aliquots at -80°C until used.  The dilution 177 vehicle for calcitriol injections consisted of 20% EtOH, 30% propylene glycol, and 178 50% H2O, and a working concentration of 4 ng/μl was used to minimize ethanol 179 delivery.   A single acute dose of 10 µg/kg is similar to treatments used by others 180 and has a low toxic effect (Pakkala et al., 1995; Cekic et al., 2011; Deluca et al., 2011; 181 Chow et al., 2013).  Leptin (498-OB-01M, R&D Systems, Minneapolis, Minnesota) 182 was reconstituted with sterile alkaline 1X-PBS (pH 8.2) and diluted to a 0.6 mg/ml 183 working solution for injections.  d-Amphetamine Sulfate (A-5880, Sigma-Aldrich, St. 184 Louis, Missouri) was dissolved in sterile saline or water and used immediately.  The 185 doses of amphetamine used represent the total composition (including the salt).  186 
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The dopamine transporter inhibitor GBR-12909 dihydrochloride (D052-25MG, 187 Sigma-Aldrich, St. Louis, Missouri) was dissolved in heated saline. 188  189 
Deficient Diet-Induced Obesity 190 Group-housed C57BL/6J male mice aged 8-10 weeks were placed on either the HF 191 or HF-D diets ad libitum.  Food intake and body weight were measured several times 192 weekly.  After Day 101, mice were single-housed and food intake and body weight 193 measurements were taken daily until Day 116.  Mice were sacrificed on day 164 of 194 their diets.   Single-housed C57BL/6J male mice aged 8-10 weeks were placed on 195 either the Ch or Ch-D diets ad libitum.  Food intake and body weight were measured 196 several times weekly until Day 101.  These mice were sacrificed on Day 127 of their 197 diets. 198  199 
Calcitriol HF Diet 200 Single-housed naïve adult male C57BL/6J mice were chronically exposed to HF diet 201 
ad libitum for 26 days.  On test day, HF diet was removed from the cages, and mice 202 were given two injections: 1) calcitriol (10 μg/kg body weight) or vehicle 6-7 hr 203 prior to the dark cycle, and 2) leptin (3 mg/kg body weight) or vehicle (PBS) just 204 prior to the dark cycle, at which time the HF diet was replaced for subsequent 205 measuring. 206 
 207 
 Calcitriol Conditioned Place Aversion 208 
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Naïve adult male C57BL/6J group-housed mice fed standard chow were used for 209 conditioned place aversion (CPA).  Med Associates place conditioning boxes 210 consisting of two chambers with retractable doors were used for CPA testing.  One 211 chamber had a wire mesh floor with vertical white and black stripes on the walls, 212 while the other chamber had a grid floor with diagonal marble and black stripes on 213 the walls.  These two chambers were separated by a gray neutral chamber.  Time 214 spent in each chamber was determined by photocell beam breaks and Med-PC IV 215 software.  Pre-exposure consisted of allowing the mice to freely explore all 216 chambers for 20 minutes.  Groups were determined by counterbalancing the pre-217 exposure bias towards a particular chamber.  Conditioning on days 1 and 3 218 consisted of treating the mice with vehicle or 10 µg/kg calcitriol and immediately 219 pairing the mice with a specific chamber for 4 hours.  Conditioning on days 2 and 4 220 consisted of treating with just vehicle and pairing the mice with the opposite 221 chamber for 4 hours.  On day 5, mice were tested by allowing them to freely explore 222 the boxes for 20 minutes.  The difference in time spent in the paired chamber (post 223 conditioning – pre-exposure) was used to evaluate CPA.     224 
 225 
25-Hydroxy Vitamin D3 EIA 226 Plasma or serum from mice was collected and stored at -80C.  EIA kit (AC-57F1 227 ImmunoDiagnostic Systems, Scottsdale, Arizona) was used per manufacturers 228 instructions, and data was analyzed and graphed using Excel and Prism.    229  230 
Serum Calcium Analysis 231 
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Serum from trunk blood was collected and stored at -80C.  QuantiChrom Calcium 232 Assay Kit (DICA-500 BioAssay Systems, Hayward, California) was used per 233 manufacturers instructions, and data was analyzed and graphed using Excel and 234 Prism. 235  236 
Immunofluorescence 237 D1R-Cre C57BL/6J and D2R-Cre C57BL/6J transgenic mice were intra-cardially 238 perfused using 4% paraformaldehyde.  Following 30% sucrose cryoprotection and 239 40 µm sectioning, immunofluorescence was performed as previously described (Cui 240 et al., 2013).  Briefly, sections were pretreated in 2% Triton X-100/1xPBS for 30 min 241 prior to blocking buffer (3% donkey serum, 0.3% Triton X-100, 1xPBS for at least 60 242 min).  Primary antibodies were diluted accordingly in blocking buffer and sections 243 were incubated overnight at room temp with gentle shaking: TH (MAB318 1:10,000, 244 EMD Millipore, Billerica, Maryland), VDR (SC-1009 N-20, 1:100 Santa Cruz 245 Biotechnology, Santa Cruz, California), and Cre (MAB3120 1:500, EMD Millipore, 246 Billeria, Maryland).  The VDR antibody chosen was previously shown to produce 247 nuclear staining and to generate a single band by western blot (Cui et al., 2013).  248 Secondary antibodies included donkey anti-rabbit (Alexa Fluor 555, 1:500, Life 249 Technologies, Carlsbad, California) and donkey anti-mouse (Alexa Fluor 488, 1:500, 250 Carlsbad, California). 251  252 
Calcitriol qPCR 253 
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Mice were injected with either vehicle or calcitriol (10 μg/kg body weight ip) and 254 then sacrificed by rapid decapitation 6-7 hr after injection.  Recovered brains were 255 chilled for 1 minute in artificial cerebral spinal fluid (aCSF (in mM); 124 NaCl, 4 KCl, 256 26 NaHCO3, 10 Glucose, 1.5 CaCl, 1.5 MgSO4, 1.25 KH2PO4, pH 7.4) on ice.  Coronal 257 sections were made using razorblades and a 1 mm brain block.  Using a light 258 microscope, sections submerged in chilled aCSF were identified based on the 259 Paxinos mouse brain atlas (Paxinos, 2004), and dissections were performed using 260 either a 15-gauge Hamilton syringe or stab dissector while submerged in aCSF.  The 261 following coordinates relative to Bregma were used:  accumbens (+1.54mm) and 262 midbrain (-3.08mm).  Dissections were immediately recovered, frozen on dry ice, 263 and stored at -80C for future processing.  Total RNA was extracted using Trizol 264 Reagent (Ambion/Life Technologies, Grand Island, New York) per manufacturers 265 instructions, and quantified by Nanodrop.  Following cDNA generation, samples 266 were assessed for changes in gene expression using either Taqman (Applied 267 Biosystems/Life Technologies, Grand Island, New York) or SybrGreen (Applied 268 Biosystems/Life Technologies, Grand Island, New York) based reporters.  Primer 269 pairs using SybrGreen were designed to cross intron-exon boundaries, and 270 underwent efficiency curves for validation prior to experimental use.  Analysis was 271 based on the 2-ΔΔCt method (Livak and Schmittgen, 2001) . TATA Box Binding 272 Protein (Tbp) primer pair was used as the loading control for all qPCR data.  273 Taqman gene assays included Tbp(Mm0044697_m1), Drd2 (Mm00438545_m1), and 274 
Th (Mm00447557_m1).  The following primers used SybrGreen: 275 
Gene   Sequence 276 
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Drd1  Forward: 5’-GAGCGTGGTCTCCCAGAT-3’   277 Reverse: 5’-TCACTTTTCGGGGATGCT-3’ 278 
Slc6a3  Forward: 5’-CTGGTGCTGGTCATTGTTCT-3’  279 Reverse: 5’-AGCAGGGCTGTGAGGACTAC-3’ 280 
Oprm1  Forward: 5’-CCATCATGGCCCTCTATTCT-3’ 281   Reverse: 5’-TGTTGGTGGCAGTCTTCATT-3’ 282 
Tbp  Forward: 5’-AAAGGGAGAATCATGGACCAGAACAA-3’   283   Reverse: 5’-TGGACTAAAGATGGGAATTCCAGGAG-3’ 284  285 
Locomotor Activity Assay 286 All mice were habituated to the locomotor chambers (Med Associates, St. Albans, 287 New York) for 90 min prior to d-amphetamine sulfate treatment (2.5 mg/kg).  For 288 the HF and HF-D deficiency study, testing occurred on day 166 of their diets, and 289 1hr into the habituation phase they received an injection of saline ip, and 30min 290 later received amphetamine.  For the Ch and Ch-D deficiency study, testing occurred 291 on day 163 of their diets, and 1hr into the habituation phase they received an 292 injection of saline ip, and 30min later received amphetamine.  For the calcitriol 293 treatment study, naïve mice chronically fed the Ch diet were pre-treated with either 294 vehicle or calcitriol (10 μg/kg) 6-7 hr prior to placement in locomotor boxes, and no 295 saline was delivered during their habituation.  After habituation, amphetamine (2.5 296 mg/kg) was administered (ip) to all mice, and locomotor activity was recorded in 297 10-minute bins. 298  299 
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Oral Amphetamine 300 Lickometer boxes (Med Associates) containing two separate but identical spigots 301 (labeled A and B) located on the same wall were used for training and testing.  Licks 302 on both spigots were electronically monitored in real-time using Med-PC IV 303 software and training sessions occurred every other day.  The night prior to all 304 training sessions, mice were water-deprived to induce drinking.  All training 305 sessions were conducted for 1hr during the light cycle with both spigots in place, 306 but with only one delivering a liquid.  The first training session involved only water 307 delivered by spigot B, while the subsequent 2 training sessions involved only d-308 amphetamine sulfate dissolved in tap water (90 mg/L, made fresh daily) in spigot A.  309 This dose is similar to those used by others for oral consumption (Kamens et al., 310 2005; Eastwood et al., 2014).  After each training session the mice were placed back 311 in their home cage with access to water and food.   After three training sessions, the 312 mice were tested over 18 hr starting at the dark cycle with both water and 313 amphetamine spigots loaded, as well as appropriate food pellets.  For the HF and 314 HF-D deficiency study, the same cohort of mice used for the locomotor 315 amphetamine study was used on day 200 of their diets.  For the calcitriol study, 6-7 316 hr prior to initiation of the test session, mice that had been maintained on the Ch 317 diet were injected with either vehicle or calcitriol (10 μg/kg). 318  319 
Microdialysis 320 Mice were anesthetized with an injection of a ketamine/xylazine (100/15 mg/kg 321 ip.) mix and a small incision was made into the lower lateral abdominal area into 322 



 

 14

which the tip of MicroRenathane tubing (Braintree Scientific Inc., Braintree, 323 Maryland) was inserted. A purse string was tightened around the tubing, which was 324 then tunneled subcutaneously to the dorsum via a small hole made into the 325 abdominal muscle. A small incision between the shoulder plates was then made on 326 the dorsum to allow for catheter exteriorization. Incisions were sutured and 327 thoroughly disinfected, and the exterior end of the catheter plugged. Immediately 328 after the above procedure, the mouse was placed on a stereotaxic apparatus (David 329 Kopf Instruments, Tujunga, California) under constant flow of ~1% isoflurane 330 anesthesia (1.5 L/min) and a small circular hole was drilled at AP=1.3mm, 331 ML=±1.3mm for implantation of a guide cannulae [DV=-0.5mm from brain surface] 332 for posterior insertion of a microdialysis probe into the dorsal striatal region (final 333 probe tip positions [DV=-2.5mm from brain surface]).  Microdialysis measurements 334 were performed as in our previous studies (Ren et al., 2010; Ferreira et al., 2012). 335 Specifically, during the experimental sessions, microdialysate samples from the 336 freely-moving mice were collected, separated and quantified by HPLC coupled to 337 electro-chemical detection methods (“HPLC-ECD”). Briefly, after recovery from 338 surgery, a microdialysis probe (2 mm CMA-7, cut off 6kDa, CMA Microdialysis, 339 Stockholm, Sweden) was inserted into the striatum through the guide cannula (the 340 corresponding CMA-7 model). After insertion, probes were connected to a syringe 341 pump and perfused at 1.3 µl/min with artificial CSF (Harvard Apparatus). After a 60 342 min washout period, dialysate samples were collected every 10 min and 343 immediately manually injected into an HTEC-500 HPLC unit (Eicom, Japan).  344 Analytes were then separated via an affinity column (PP-ODS, Eicom), and 345 
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compounds subjected to redox reactions within an electro-chemical detection unit 346 (amperometric DC mode, applied potential range from 0 to ~2000 mV, 1 mV steps). 347 Resulting chromatograms were analyzed using the software EPC-300 (Eicom, Japan), 348 and actual sample concentrations were computed based on peak areas obtained 349 from a 0.5 pg/µl dopamine standards (Sigma-Aldrich) and expressed as % changes 350 with respect to the mean dopamine concentration associated with baseline (i.e. 351 previous to vehicle or amphetamine infusions) samples. Locations of microdialysis 352 probes were confirmed histologically.  Calcitriol (10 μg/kg) or vehicle was delivered 353 via catheter approximately 6-7 hr prior to amphetamine (2.5 mg/kg).  After the 354 establishment of a stable baseline over 30 minutes, the mice were treated with 355 amphetamine. 356  357 
Fast-Scan Cyclic Voltammetry 358 Rats were pretreated with calcitriol (10 μg/kg) or vehicle 6 hr prior to surgery.  Rats 359 were anesthetized with urethane (1.5 mg/kg) and placed in a stereotaxic frame 360 (David Kopf Instruments, Tujunga, California). A bipolar, stainless-steel stimulating 361 electrode (Plastics One, Roanoke, Virginia) was placed into the VTA/SN (AP -5.2 mm, 362 ML 0.5-1.5 mm, DV 7.4-8.1 mm below dura according to Paxinos and Watson, 2007), 363 a Ag/AgCl reference electrode was placed into the contralateral cortex, and a 364 carbon-fiber microelectrode was implanted in the dorsal striatum (AP +1.2 mm, ML 365 -1.4 mm, DV from 4.0 to 5.0). During FSCV recording, body temperature was 366 maintained at 37°C by a heating pad (Harvard Apparatus, Holliston, Maryland).  367 
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T-650 carbon fibers (Thornel, Amoco Corp., Greenville, South Carolina) were 368 aspirated into a glass capillary and pulled with an electrode puller (Narishige 369 International, East Meadow, New York). The carbon fiber protruding from the 370 capillary was then cut under a light microscope to a length of 100 to 200µm. A 371 triangular waveform (-0.4 to +1.3 V and back to -0.4 V versus an Ag/AgCl reference 372 electrode) was applied at 400 V/s and repeated at 100 ms intervals. The triangular 373 waveform was low-pass filtered at 2 kHz.  Data were digitized and processed using 374 NI-6711 and NI-6251 PCI cards (National Instruments, Austin, Texas) and were 375 analyzed using Demon Voltammetry and Analysis Software (Wake Forest Baptist 376 Medical Center, Winston-Salem, North Carolina) or Tar Heel CV Software (The 377 University of North Carolina at Chapel Hill, Chapel Hill, North Carolina).  378 Background-subtracted cyclic voltammograms were obtained by digitally 379 subtracting stable background currents to resolve cyclic voltammograms associated 380 with the electrical stimulation event.  To evoke phasic dopamine release in the 381 dorsal striatum, electrical stimulation (300 µA, 60 pulses, 2 ms each phase at 60Hz) 382 was applied to the VTA.  Pulses delivered to the stimulating electrode were 383 computer generated with a 6711 PCI card (National Instruments, Austin, Texas) and 384 were optically isolated from the electrochemical system using a bi-phasic stimulus 385 isolator (NL 800A, Neurolog, Digitimer Ltd, Hertfordshire, United Kingdom).  Each 386 stimulation train was applied every 5 min to allow time for dopamine releasable 387 stores to return to their original levels. Baseline evoked phasic dopamine release 388 consisted of at least 3 stimulations over a period of 15 minutes prior to injecting 389 drug. Evoked phasic dopamine release recorded after ip. injection of either 390 
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amphetamine  (2.5 mg/kg)or GBR-12909 dihydrocholride (15 mg/kg) was 391 normalized to baseline for each animal. 392  393 
Results 394 
High Fat Diet with Reduced D3 Enhances Body Weight Gain and Food Intake.   395 To evaluate the effects of reduced dietary D3, a high fat diet was modified (HF-D) to 396 have only ~11% of the D3 levels present in control (HF) diet (Table 1).  Group-397 housed mice were fed either HF-D or HF diet ad libitum.  Over the first 50 days, no 398 difference in body weight between groups was observed; however over the 399 following 50 days, the HF-D group gained significantly more weight (*P=0.0005, t-400 test, t=4.239) (Figure 1A).  Binned data during this period revealed a persistent 401 increase in weight that was significant across 21 days (2-way ANOVA, 402 treatment*time [F(17, 306)= 8.397, *P<0.0001] Bonferroni’s post hoc) (Figure 1B).  403 Mice were then single-housed to measure food intake.  Over the next 16 days, the 404 groups maintained a significant difference in body weight (main effect of diet [F(1, 405 8)= 15.87, *P=0.004] Bonferroni’s post hoc), and a significant increase in food intake 406 for the HF-D group was observed (*P=0.0106, t-test, t=3.316) (Figure 1C, D).  To 407 verify the effect of dietary manipulation, plasma 25(OH)D3 was assessed at the end 408 of the experiment, and the expected reduction was found in the HF-D group 409 (*P<0.0001, t-test, t=16.10) (Figure 1E).  An additional cohort of mice was generated 410 and sacrificed on day 50.  Serum 25(OH)D3 was found to be significantly lower in 411 these HF-D mice compared to HF despite no change in body weight at this time 412 point, suggesting lower levels of D3 precede increases in body weight (*P<0.0001, t-413 
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test, t=12.64) (Figure 1F, G).  Serum calcium was found to be significantly reduced 414 (*P=0.0131, t-test, t=3.176) (Figure 1H).   415  416 
Standard Chow Diet with Reduced D3 Enhances Food Intake 417 To evaluate the effects of reduced dietary D3 on body weight and food intake with 418 standard chow, a chow diet  (Ch-D) was modified to have ~7% of the control (Ch) 419 diet (Table 1).  Single-housed mice were fed either Ch-D or Ch diets ad libitum.  No 420 differences in body weight were observed from days 0-50 or 50-101 (Figure 1K).  A 421 significant increase in food intake was observed however, for these time periods 422 (*P=0.0091, t-test, t=3.416 days 0-50, and *P=0.0069, t-test, t=3.606 days 50-101).    423 To verify the effect of dietary manipulation, plasma 25(OH)D3 was assessed at the 424 end of the experiment, and the expected reduction was found in the Ch-D group 425 (*P<0.0001, t-test, t=11.04) (Figure 1K).  An additional cohort of Ch and Ch-D fed 426 mice was generated and sacrificed on day 50.  Serum 25(OH)D3 was found to be 427 significantly lower in these Ch-D mice compared to HF despite no change in body 428 weight at this time point, suggesting lower levels of D3 precede increases in food 429 intake (*P<0.0001, t-test, t=14.85) (Figure 1L, M).  Serum calcium was found to be 430 unchanged between groups (Figure 1N).   431  432 
Calcitriol Reduces Body Weight and Food Intake in Obese Mice.   433 Diet-induced obesity in both humans and animals results in increased adiposity, as 434 well as the gradual failure of the anorexigenic hormone leptin to regulate intake and 435 metabolic homeostasis, a phenomenon known as leptin resistance (Van Heek et al., 436 
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1997).  To complement the dietary deficiency experiments, we assessed the 437 potential effects of exogenous calcitriol on reducing HF food intake after 438 establishing DIO in mice.  After being placed on the HF diet for 26 days, mice were 439 treated with vehicle or a single acute dose of calcitriol (10 µg/kg) 6-7 hr prior to the 440 dark cycle, or a single dose of leptin (3 mg/kg) just prior to the dark cycle.  The 26 441 days of HF diet generated leptin-resistant mice, demonstrated by the inability of 442 leptin to reduce either body weight or food intake (Figure 2A, B).  In contrast, acute 443 calcitriol caused a net reduction in body weight which rebounded by day 3 post-444 treatment (2-way ANOVA, treatment*time [F(6, 63)= 3.148, P<0.01] Tukey’s post 445 hoc) (Figure 2A), and a reduction in food intake (2-way ANOVA, treatment*time [F(6, 446 63)=3.200, *P<0.01] Tukey’s post hoc) (Figure 2B) over the first 24 hr.  These 447 results demonstrate that exogenous calcitriol may have therapeutic benefits in 448 affecting body weight and food intake under conditions of obesity and leptin-449 resistance.  To assess a potential calcaemic contribution to these effects, an 450 additional group of mice placed on the chronic HF diet were treated with exogenous 451 calcitriol (10 µg/kg) or vehicle and sacrificed 24 hr for serum collection.  Calcium 452 was found to be unchanged at this time point after treatment (Figure 2C).   Reduced 453 food intake and body weight following pharmacological treatments can be due to 454 indirect aversive effects by the treatments, however conditioned place aversion 455 tests can be performed to evaluate this effect.  Mice were conditioned with vehicle 456 or calcitriol (10 µg/kg) to a paired chamber over 4 days (4 hrs each day, every other 457 day), and then tested for changes in exploratory behavior.  No differences between 458 groups were observed for time spent in the paired chamber after conditioning, 459 
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suggesting that there is no aversive effect contributing to reduction of food intake 460 (Figure 2D).  A significant difference in body weight was observed in the CPA mice 461 as a result of treatment, demonstrating that calcitriol was effective (*P=0.0075, t-462 test, t=3.123) (Figure 2E).  463  464 
Dopamine Circuits Express VDR and Respond to Calcitriol.  465 To evaluate the expression of VDR in dopamine circuitry, we performed 466 immunofluorescence in mice.  We observed high colocalization of VDR with tyrosine 467 hydroxylase (TH), a marker for neurons in the ventral tegmental area and 468 substantia nigra that produce dopamine (Figure 3A), as well as expression in non-469 TH neurons, consistent with a recent study (Cui et al., 2013).  Using transgenic mice 470 to identify dopamine type 1 or type 2 receptors, we also found VDR to be highly co-471 localized with both cell types in the nucleus accumbens (Acb) (Figure 3B, C), as well 472 as the dorsal striatum (Figure 3D, E).  Virtually all (>95%) Cre-positive neurons 473 expressed VDR.  Since VDR functions as a transcription factor (McDonnell et al., 474 1989), we assessed gene expression changes in these regions.  Naïve mice were 475 injected with calcitriol 6-7 hr prior to sacrifice, dopamine-related brain regions 476 were dissected (Figure 4A-D), and genes of interest were analyzed by qPCR (n=5, 5 477 for all treatments and genes).  In the midbrain, we observed significant upregulation 478 of Th (*P=0.0067, t-test, t=3.626) and dopamine transporter (Slc6a3) (*P=0.0174, t-479 test, t=2.986), as well as a trend increase in Drd2 (P=0.0635) and no effect on mu 480 opioid receptor (Oprm1) (Figure 4E).  In the Acb, we found significant upregulation 481 of Drd2 (*P=0.0224, t-test, t=2.824), but no change in Drd1 or Oprm1 (Figure 4F), 482 
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while Drd2 was not changed in either the medial or lateral dorsal striatum (Figure 483 4G, H). 484  485 
Calcitriol Enhances Dopamine Release.  486 To measure neurochemical effects of acute D3 signaling on amphetamine-induced 487 dopamine release, microdialysis probes were surgically implanted in the striatum of 488 naïve mice.  Calcitriol or vehicle was administered 6-7 hr prior to amphetamine 489 treatment, and dialysate was collected and analyzed for dopamine in 10-minute bins.  490 Amphetamine (2.5 mg/kg) induced a robust dopamine increase in all animals, and 491 calcitriol treatment significantly enhanced this effect (2-way ANOVA, 492 treatment*time [F(15, 150)= 1.888, P=0.0285] Bonferroni’s post hoc) (Figure 5A).  493 To complement this, fast scan cyclic voltammetry was used to measure evoked, 494 phasic dopamine release in the striatum.  Rats were pretreated with calcitriol or 495 vehicle 6-7 hr prior to amphetamine.  After amphetamine treatment, midbrain 496 neurons were stimulated using a 60 Hz, 60 pulse train applied every five minutes.  497 Similar to what was seen in the mouse microdialysis experiment, rats injected with 498 calcitriol showed a potentiation of evoked dopamine response to amphetamine 499 (*main effect of treatment [F(1,7)= 5.746, P=0.0477]) (Figure 5B).  A separate group 500 of rats received the dopamine transporter (DAT) antagonist GBR-12909 501 dihydrochloride and showed an increase in evoked dopamine release, revealing that 502 the dopaminergic effects of DAT inhibition are also altered by vitamin D3 (2-way 503 ANOVA, treatment*time [F(11, 99)=4.510, *P<0.0001] Bonferroni’s post hoc) 504 
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(Figure 5C).  Representative traces for the voltammetry experiments are provided 505 (Figure 5D, E).   506  507 
Vitamin D3 Levels Alter Amphetamine-Induced Activity. 508 These molecular and neurochemical effects on dopamine systems would be 509 predicted to alter behavioral responses to drugs of abuse, such as amphetamine.  510 HF-D and HF mice were injected with amphetamine on day 166 of their diets and 511 assessed for changes in locomotor activity.  No difference was observed during the 512 habituation phase, however the HF-D deficient mice showed attenuated activity 513 after amphetamine treatment (red arrow) (*P=0.05, t-test, t=2.293) (Figure 6A, B).  514 This experiment was also conducted using Ch and Ch-D mice to avoid effects of body 515 weight changes.  Ch and Ch-D mice were injected with amphetamine on day 163 of 516 their diets and assessed for changes in locomotor activity.  Again no difference was 517 observed during the habituation phase, yet the Ch-D deficient mice displayed 518 attenuated activity after amphetamine treatment (red arrow) (*P=0.0345, t-test, 519 t=2.722) (Figure 6C, D).  To complement these deficiency studies, naïve mice were 520 pretreated with either calcitriol or vehicle 6-7 hr prior to amphetamine treatment.  521 Again, no difference in activity was observed during the habituation phase, however 522 calcitriol treatment enhanced the amphetamine-induced locomotor effects (red 523 arrow) (2-way ANOVA treatment*time [(F(11, 154)=2.831, *P=0.0021] Bonferroni’s 524 post-hoc) (Figure 6C), and cumulative activity over 2 hr after amphetamine 525 (*P=0.029, t-test, t=2.442) (Figure 6D).  This behavioral result is consistent with the 526 
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neurochemical analysis demonstrating increased dopamine signaling as a result of 527 calcitriol (Figure 5).   528  529 
Vitamin D3 Levels Alter Amphetamine Consumption. 530 Finally, to explore the potential effects of deficiency and treatment in the context of 531 drug intake, mice were trained over several daily sessions to orally consume 532 amphetamine (90 mg/L) or water, and individual licks were recorded.  On test day, 533 intake was monitored over 18 hr of ad libitum consumption of amphetamine and 534 water, and licks were binned every 2 hr.  The HF-D mice displayed increased 535 amphetamine licks (2-way ANOVA, *main effect of treatment [F(1,8)=6.326, 536 
P=0.0361] Bonferroni’s post-hoc) (Figure 7A).  Analysis of percent preference for 537 amphetamine (% = 100*(amphetamine licks / (amphetamine + water licks)) reveals 538 that both HF and HF-D mice displayed equal preference for the initial part of the test 539 session (Figure 7B).  Grouped analysis of percent preference found that while there 540 was no difference in preference for the first 8 hours, the HF-D mice maintained their 541 preference for the next 10 hours, while the HF control mice exhibited reduced 542 preference (2-way ANOVA, treatment*time [F(1,8)=18.28, P=0.0027]) (Figure 7C).  543 HF-D mice also had significantly more cumulative amphetamine licks over the 18 hr 544 test than the HF mice (*P=0.035, t-test, t=2.534) (Figure 7D).  No difference in total 545 licks (amphetamine plus water) was observed between groups, suggesting that this 546 effect was not an indirect result of an overall increase in liquid consumption (Figure 547 7E).  Complementary to the deficiency study, naïve mice trained in the same manner 548 were pretreated with calcitriol or vehicle 6-7 hr prior to testing.  Mice treated with 549 
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calcitriol displayed reduced amphetamine licks (2-way ANOVA treatment*time 550 [F(8,176)=11.57, *P=0.0127] Bonferroni’s post-hoc) (Figure 7F).  No difference in 551 percent amphetamine preference was observed for the first 2 hr bin, however 552 calcitriol enhanced the reduction in preference over the first 5 bins (2-way ANOVA, 553 treatment*time [F(4,88)=2.724, P=0.0344]) (Figure 7G).  Due to lack of activity 554 (sleeping) by mice in both groups towards the end of the test session, the statistical 555 analysis only included bins 1-5.  Grouped analysis for 0-8 and 8-18 hours revealed 556 significant reduction in preference in the calcitriol group (2-way ANOVA *main 557 effect of treatment [F(1,44)=7.243, P=0.01)] (Figure 7H).  Calcitriol treated mice had 558 significantly fewer cumulative amphetamine licks over the 18 hr test period 559 (*P=0.0423, t-test, t=2.155) (Figure 7I), and there was no difference in total licks 560 between groups (Figure 7J).   561  562 
Discussion 563 
The data presented here suggest a potential role for chronic dietary D3 deficiency, 564 specifically in the context of a high fat diet, in the development of obesity and 565 increased drug consumption.  Interestingly, the effects of deficiency on body weight 566 occur only with a high fat diet, suggesting an interaction that may be relevant to 567 obesity.  The acute effects of calcitriol treatment on reducing both body weight and 568 drug consumption suggest an influence of vitamin D3 signaling in behaviors 569 mediated by dopamine circuit function.  The increased intake and weight gain with 570 the chronic HF-D diet provides evidence that a reduction, as opposed to depletion, of 571 dietary D3 in animals ingesting a high fat diet promotes an enhanced obesity 572 
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phenotype.  This is in contrast to weight loss, reduced intake, and development of 573 rickets that occurs gradually under prolonged conditions of complete dietary 574 vitamin D3 depletion (Dodds and Cameron, 1943; Brommage and DeLuca, 1984).   575 Notably, reducing circulating 25(OH)D3 levels to ~70% does not change body 576 weight (data not shown), suggesting that our present diet (~50% reduction in 577 circulating levels) is just below the threshold for effects on feeding behavior and 578 weight.  The long half-life of vitamin D3 (Smith and Goodman, 1971) likely explains 579 the delayed and gradual body weight effects of the high fat dietary deficiency.  The 580 reduced 25(OH)D3 levels found in the 50 Day HF-D cohorts, despite the lack of 581 effects on body weights, is consistent with the deficiency preceding, and 582 contributing to, the enhanced obesity phenotype.  While a small yet significant 583 reduction in serum calcium was observed in the 50 Day HF-D cohort, there was no 584 difference in serum calcium between the Ch and Ch-D mice at day 50, despite having 585 a more pronounced reduction in 25(OH)D3.  These data contrast with previous 586 models that suggested that vitamin D3 reduction was secondary to increased 587 adiposity (Wortsman et al., 2000; Drincic et al., 2012), and is more consistent with 588 the a potential role for deficiency as a factor contributing to obesity in humans (Foss, 589 2009). 590  591 Despite the acceptance of a strong inverse relationship of 25(OH)D3 with BMI, most 592 clinical trials using cholecalciferol supplementation in obese individuals have 593 reported negative data for changes in BMI (Aguirre Castaneda et al., 2012; Belenchia 594 et al., 2013; Mason et al., 2014).  It is notable that, to our knowledge, there have been 595 
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no clinical studies evaluating the effect of exogenous calcitriol specifically on BMI in 596 obese patients.  In the present experiments, the use of calcitriol provides rapid 597 effects by bypassing the enzymatic steps needed for cholecalciferol conversion to 598 calcitriol, which could be compromised in states of obesity (Barchetta et al., 2012).  599 Moreover, the ability of acute calcitriol treatment to reduce food intake and body 600 weight after chronic HF diet, suggests that increased VDR signaling can have 601 anorexigenic effects under conditions where animals are resistant to leptin.  The 602 lack of effect on general activity during habituation, total liquid consumption, and 603 CPA data argue against general malaise or aversive effects contributing to reduced 604 food intake and body weight after treatment.  Recent studies demonstrating 605 attenuated body weight gain in rodents treated with chronic calcitriol throughout 606 their exposure to a HF diet (Yin et al., 2012; Alkharfy et al., 2013), complements the 607 data presented here.  Our studies expand on these findings to demonstrate 608 effectiveness after the development of DIO, as well as potential neural mechanisms 609 mediating acute calcitriol’s effects on both food intake and body weight. 610  611 Similar to effects on food intake, mice with reduced dietary vitamin D3 show 612 increased amphetamine consumption.  These chronic deficiency data are consistent 613 with proposed models of  “Reward Deficiency”, whereby reduced dopamine 614 signaling, in animals and humans, leads to compensatory consumption of palatable 615 foods or drugs (Koob and Le Moal, 1997; Wang et al., 2001; Blum et al., 2012).  The 616 attenuated locomotor response to acute amphetamine in both the HF-D and Ch-D 617 mice suggests a blunted dopaminergic response as a result of the deficiency.  Other 618 
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research using obesity-prone rats has demonstrated reduced evoked dopamine 619 release, while chronic intake of a high fat diet also leads to reduced dopamine 620 release in the nucleus accumbens, as well as reduced locomotor responses to acute 621 amphetamine (Geiger et al., 2008; Geiger et al., 2009).  Clearly, there are many 622 factors (e.g. genetics, diet, other experiences) that can influence the dopamine 623 system.  The deficiency data presented here suggests an additional contributing 624 non-caloric dietary factor leading to altered dopamine responses.  Moreover, the 625 effect of deficiency on body weight was only observed with high fat diet, suggesting 626 a unique interaction with vitamin D deficiency that is not observed with standard 627 chow diets.  The lack of change in body weight in the Ch and Ch-D mice is consistent 628 with previous studies utilizing standard chow diets (Dodds and Cameron, 1943; 629 Brommage and DeLuca, 1984; Lagishetty et al., 2010). 630  631 Behavioral data from acute calcitriol treatments complement the deficiency data.  632 Acute calcitriol treatments reduced amphetamine consumption while also 633 enhancing neurochemical and behavioral response to acute amphetamine.  This 634 “Reward Sufficiency” caused by a calcitriol-induced increase in dopamine response 635 may lead to higher sensitivity to drugs or palatable foods, thus potentially reducing 636 consumption.  While the deficiency and acute treatment studies generated opposing 637 phenotypes, it is important to understand the limits of interpretation.  These 638 deficiency studies were performed under chronic conditions, and the mechanism(s) 639 by which chronic dietary vitamin D3 deficiency contributes to the observed 640 phenotypes may be different than the mechanism(s) by which acute exogenous 641 
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treatment with calcitriol leads to the opposite effects.  Additionally, it should be 642 mentioned that increased sensitivity to drugs would be predicted to enhance intake 643 in some contexts, while reducing it in others (Kamens et al., 2005; Robinson and 644 Berridge, 2008; Vanderschuren and Pierce, 2010).  645  646 Other rodent research using vitamin D3 manipulations has shown similar effects on 647 dopamine (Cass et al., 2012), while development and adult deficiency studies have 648 yielded contrasting results (Kesby et al., 2010; Groves et al., 2013).  Experimental 649 design differences, such as the degree of dietary deficiency or treatment may 650 account for these results.  It is important to note that the amphetamine licking 651 experiments could reflect both effects of vitamin D3 signaling on taste responses as 652 well as dopamine circuit responses to amphetamine.  The decrease in amphetamine 653 preference to water in the vehicle treated non-deficient mice is consistent with 654 other studies evaluating amphetamine consumption over time (Kamens et al., 2005; 655 Eastwood et al., 2014).  Both HF and HF-D mice initially displayed an identical 656 preference for amphetamine, suggesting that taste responses are not likely 657 accounting for differences in intake.  The rapid decrease in preference by the 658 calcitriol treated mice supports the concept of increased dopamine sensitivity.  In 659 the context of HF and HF-D diets, it is notable that the HF-D mice displayed a higher 660 preference for amphetamine, later in the session, compared to HF controls, as well 661 as greater consumption.  For both studies, the differences that developed over time 662 are more likely due to the effects of the vitamin D3 manipulations on the dopamine 663 circuit response to amphetamine, either reducing sensitivity or enhancing it.   664 
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 665 The acute calcitriol-induced upregulation of the Th gene, a key enzyme in dopamine 666 synthesis, as well as Slc6a3, the dopamine transporter, suggests presynaptic effects 667 on dopamine production and reuptake, while the upregulation of Drd2 mRNA in Acb 668 illustrates potential postsynaptic effects on downstream dopamine signaling.  669 Amphetamine and GBR-12909 both increase synaptic dopamine partly by targeting 670 dopamine transporter (Sulzer et al., 1993; Tsukada et al., 2000).  Microdialysis and 671 FSCV experiments using these compounds verified that exogenous calcitriol 672 enhanced dopamine release, suggesting that the effect of acute calcitriol on 673 transcriptional regulation may underlie the physiological changes as well as 674 behavioral effects.  The generation of complementary data with microdialysis and 675 FSCV using two different rodent species highlights the potential conservation of this 676 effect on dopamine release.   677  678 The changes in Th after calcitriol treatment are consistent with research by others 679 (Cui et al., 2015).  However, these effects of calcitriol may be due to direct regulation 680 by local VDR activation, non-direct signaling pathways, or a combination or both.  681 Research by others have shown roles for vitamin D3 signaling in regulating genes 682 involved in other neurotransmitters, such as glutamate decarboxylase 67 and 683 tryptophan hydroxylase 2 (Jiang et al., 2014; Kaneko et al., 2015; Patrick and Ames, 684 2015), and therefore it is possible that these neurotransmitters could alter 685 dopamine-related gene expression and signaling.  Additional studies are necessary 686 
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to identify direct gene targets of calcitriol signaling most relevant to behavioral 687 responses.  688  689 In addition to expression on dopamine neurons of the midbrain, we observed VDR 690 in the neurons of the dorsal and ventral striatum suggesting multiple ways to 691 influence dopamine signaling.  In fact, since VDR is broadly expressed throughout 692 the brain (Stumpf and O'Brien, 1987; Eyles et al., 2005), it is possible that the 693 behavioral effects are mediated by multiple target regions, including feeding centers 694 such as the hypothalamus.  However, the differential effects of calcitriol on Drd2 695 expression between the accumbens and dorsal/lateral striatum regions suggest 696 regional differences of VDR target gene regulation.  The presence of VDR on these 697 neurons, acute effects of calcitriol on gene regulation and dopamine release, as well 698 as rapid effects on locomotor activity, are consistent with local VDR activation in the 699 midbrain neurons.  Additionally, we observed a significant increase in 700 amphetamine-induced locomotor activity as rapidly as 2hr after calcitriol treatment 701 (data not shown), which supports direct signaling contributing to these results.  702 Regardless, we cannot presently exclude possible indirect effects of vitamin D3 on 703 dopamine circuits.  Further research is required to investigate the underlying 704 mechanisms in both scenarios.  705  706 Previous studies have determined that the dopamine circuits regulating drug 707 seeking and other behaviors, such as feeding, can be influenced by caloric status 708 indirectly through metabolic hormones (Naleid et al., 2005; Fulton et al., 2006; 709 
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Hommel et al., 2006; Bruijnzeel et al., 2011; Mebel et al., 2012).  However, specific 710 roles for dietary micronutrient fluctuations in influencing the function of these 711 circuits in adult animals are not well described.  The research presented here 712 expands the potential factors influencing dopamine circuits to include the 713 micronutrient vitamin D3.  By reducing the amount of dietary vitamin D3 to 714 resemble levels in common dietary choices observed in obese people (Harnack et al., 715 2011), we have induced behavioral changes in mice that lead to increased intake 716 and body weight on high fat diet, as well as increased intake of amphetamine.  These 717 increases in consumption are similar to previous clinical observations that obese 718 individuals and drug addicts have similar changes in dopamine circuits (Volkow et 719 al., 2013).  It is possible that a chronic dietary D3 deficiency may be another 720 environmental factor that contributes to similar phenotypes via common and 721 relevant neural substrates.  The proposed mechanism of action via dopamine 722 circuits also indicates a potential therapeutic use of fully active analogs of vitamin 723 D3 in obesity and drug addiction.   724 725 
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Figure Legends 975 
Figure 1. Vitamin D3 levels modulate food intake (FI) and body weight (BW).  (A) 976 HF and HF-D mice exhibited no difference in net body weight between groups over 977 the first 50 days of diet exposure, but a significant increase for the HF-D mice was 978 observed for days 50-100  (n=10, 10).  (B) Binned change in body weight for HF and 979 HF-D groups from days 50-101 (n=10, 10).  (C) HF and HF-D mice maintained 980 significant differences in body weight throughout the transition from group-housed 981 to single-housed environment from days 101 to 116 (n=5, 5).  (D) Cumulative food 982 intake for HF and HF-D groups from days 101-116 (n=5, 5).  (E) Plasma levels of 983 25(OH)D3 from the HF and HF-D mice on day 165 of their diets  (n=5, 5) used in (C, 984 
D).  (F) A separate cohort of HF and HF-D mice (n=5, 5) was sacrificed on day 50 of 985 their diets, and serum analysis of 25(OH)D3 revealed a significant reduction, despite 986 no differences in body weight (G).  (H) These mice exhibited a small yet significant 987 reduction in serum calcium levels (n=5,5).  (I) Single-housed mice chronically 988 exposed to std. Ch or Ch-D diets had no significant difference in body weight 989 between groups over days 0-50 or 50-101 (n=5,5).  (J) These mice did however 990 exhibit increased food intake over both time periods (n=5,5).  (K) At the end of this 991 experiment on day 127, the Ch-D mice were found to have reduced plasma levels of 992 
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25(OH)D3.  (L) A separate cohort of group-housed Ch and Ch-D (n=5,5) was 993 sacrificed on day 50 and found to have significantly reduced serum 25(OH)D3 levels.  994 (M) These mice displayed no differences in body weight (n=5,5).  (N) Additionally, 995 no differences in serum calcium were detected (n=5,5).  996  997 
Figure 2. (A) After 26 days of chronic HF exposure, naïve mice were treated with 998 vehicle, calcitriol, or leptin, and displayed reduced net body weight in response only 999 to calcitriol for the first day after single acute treatment (n=8, 8, 8).  (B) Calcitriol 1000 treatment also reduced food intake for the first day after treatment in these mice 1001 (n=8, 8, 8).  (C) An additional chronic HF exposure cohort was generated to assess 1002 the effects of acute calcitriol treatment on serum calcium levels.  After 32 days of the 1003 HF diet, mice were treated acutely and sacrificed 24 hours later.  No changes in 1004 serum calcium levels were observed (n=8, 8).  (D) CPA was performed on a separate 1005 cohort of naïve mice to assess potential aversive effects of calcitriol that could 1006 contribute to altered feeding behavior.  After 4 days of alternating conditioning 1007 treatments to specific chambers, there was no difference between groups in the 1008 change of time spent in the paired chamber, yet a significant reduction in net body 1009 weight was observed (E) (n=8, 8).  All error bars indicate SEM. 1010  1011 
Figure 3.  VDR is expressed in dopamine-producing, as well as dopamine-receiving 1012 neurons. (A) Colocalization of TH (green) with VDR (purple) in subregions of the 1013 midbrain including the ventral tegmental area (VTA), and substantia nigra (Sn).  1014 White scale bars indicate a distance of 40µm.  (B, C) Colocalization of Cre 1015 
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recombinase (green) with VDR (purple) using the D1R-Cre and D2R-Cre transgenic 1016 mouse lines in the Acb, as well as the dorsal striatum(Str) (D, E). 1017 
 1018 
Figure 4.  Calcitriol treatment modulates gene expression differentially throughout 1019 dopamine circuitry.  (A-D) Mouse brain atlas diagrams (Paxinos, 2004) showing 1020 typical dissections for qPCR analysis (red areas).  (E-H) Naïve mice treated acutely 1021 with vehicle (-) or calcitriol (+) (n=5, 5) 6-7 hr prior to sacrifice revealed differential 1022 effects of calcitriol in the midbrain, accumbens, medial- and lateral- striatum (Str), 1023 as assessed by qPCR.  Dopamine receptor type 1 (Drd2), dopamine receptor type 2 1024 (Drd2), tyrosine hydroxylase (Th), mu opioid receptor (Oprm1).  All error bars 1025 indicate SEM. 1026  1027 
Figure 5.  Calcitriol pretreatment enhanced dopamine release in mice and rats in 1028 response to amphetamine or dopamine transporter inhibition.  All animals were 1029 pretreated with acute calcitriol or vehicle 6-7 hr prior to subsequent treatments.  1030 (A) Microdialysis measuring tonic dopamine release in naïve mice (n=6, 6) revealed 1031 the effects of calcitriol on amphetamine-induced dopamine release (red arrow 1032 indicates amphetamine treatment).  (B, C) FSCV experiments in rats revealed the 1033 effects of calcitriol on evoked dopamine release upon treatment with amphetamine 1034 (calcitriol n=5, vehicle n=4), or dopamine transporter inhibition (GBR) (calcitriol 1035 n=4, vehicle n=7).  (D, E) Representative traces for FSCV experiments.  All error bars 1036 indicate SEM. 1037  1038 
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Figure 6.  Vitamin D3 levels alter amphetamine-related behaviors in mice.  (A) 1039 Binned locomotor activity of HF and HF-D mice during habituation, saline injection 1040 (black arrow), and acute amphetamine (red arrow).  (B) HF and HF-D cumulative 1041 activity for 20 min after amphetamine (n=5, 5).   (C) Binned locomotor activity of Ch 1042 and Ch-D mice during habituation, saline injection (black arrow), and acute 1043 amphetamine (red arrow), and  (D) Ch and Ch-D cumulative activity for 2 hr after 1044 amphetamine (n=4, 4).  (E) Binned locomotor activity in naïve mice pretreated with 1045 vehicle or calcitriol (n=8, 8) 6-7 hr prior to acute amphetamine (red arrow).  (F) 1046 Cumulative activity of the pretreated mice over 2 hr after amphetamine.   1047  1048 
Figure 7. (A) Oral amphetamine licks for HF and HF-D groups shown in 2 hr bins 1049 across the 18 hr test period (n=5,5).  (B) HF and HF-D amphetamine preference 1050 shown in 2 hr bins across the 18 hr test period.  (C) HF and HF-D amphetamine 1051 preference scores grouped for 0-8 hr and 8-18 hr.  (D), (E) Cumulative 1052 amphetamine licks for the HF and HF-D mice over the 18 hr test period, as well as 1053 total licks (amphetamine + water).  (F) Oral amphetamine licks for naïve mice after 1054 single acute calcitriol or vehicle treatment (6-7 hr prior to testing) shown in 2 hr 1055 bins across the 18 hr test period (n=12,12).  (G) Amphetamine preference for the 1056 calcitriol and vehicle treated mice shown in 2 hr bins across the 18 hr test period.  1057 (H) Calcitriol and vehicle amphetamine preference scores grouped for 0-8 hr and 8-1058 18 hr.  (I), (J) Cumulative amphetamine licks over the 18 hr test period, as well as 1059 total licks (amphetamine + water).  All error bars indicate SEM. 1060 
 1061 
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Table 1: Caloric breakdown of the different diets used for these experiments, as 1062 well as dietary vitamin D3 modifications.  The range shown for the HF-D diet 1063 represents the values observed over multiple batches. 1064 
 1065 
 1066 
 1067 
 1068 

Table 2: Animal usage breakdown by cohort, experiment, species, diets, and days on 1069 the respective diets.  1070 
Cohort Experiment Species Diet(s) Days on Diet1 Chronic deficiency, body weight, FI Mouse, n=10,10 HF, HF-D 116 (1) Chronic deficiency, plasma 

Mouse, n=5,5 HF, HF-D 165 2 Chronic deficiency, body Weight, FI Mouse, n=5,5 Ch, Ch-D 127 3 Chronic deficiency, body weight, serum 
Mouse, n=5,5 HF, HF-D 50 4 Chronic deficiency, body weight, serum Mouse, n=5, 5 Ch, Ch-D 50 5 DIO, Acute calcitriol, leptin, body weight, FI Mouse, n=8,8 HF 30 6 Acute calcitriol, CPA Mouse, n=8,8 Std. Chow ~63 7 qPCR analysis Mouse, n=5,5 Std. Chow ~63 8 Microdialysis Mouse, n=6,6 Std. Chow ~63 9 FSCV Rat, n=9,11 Std. Chow n/a 10 Chronic deficiency, amph locomotor Mouse, n=5,5 HF, HF-D 166 (10) Chronic deficiency, amph licking Mouse, n=5,5 HF, HF-D 200 11 Chronic deficiency, amph locomotor Mouse, n=4,4 Ch, Ch-D 163 12 Acute calcitriol, amph locomotor Mouse, n=8,8 Std. Chow ~63 13 Acute calcitriol, amph licking Mouse, n=12,12 Std. Chow ~63 

  %kcal   Dietary D3 
 Fat Protein Carb kcal/g cholecalciferol (IU/g) 
HF 35 15 50 4.3 1.10 
HF-D 35 15 50 4.3 Range: 0.092-0.12 
Ch 14 26 60 3.2 2.40 
Ch-D 14 26 60 3.2 0.16 
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