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Abstract
The influence of micronutrients on dopamine systems is not well defined. Using mice, we show a potential role
for reduced dietary vitamin D3 (cholecalciferol) in promoting diet-induced obesity (DIO), food intake, and drug
consumption while on a high fat diet. To complement these deficiency studies, treatments with exogenous fully
active vitamin D3 (calcitriol, 10 �g/kg, i.p.) were performed. Nondeficient mice that were made leptin resistant with
a high fat diet displayed reduced food intake and body weight after an acute treatment with exogenous calcitriol.
Dopamine neurons in the midbrain and their target neurons in the striatum were found to express vitamin D3
receptor protein. Acute calcitriol treatment led to transcriptional changes of dopamine-related genes in these
regions in naive mice, enhanced amphetamine-induced dopamine release in both naive mice and rats, and
increased locomotor activity after acute amphetamine treatment (2.5 mg/kg, i.p.). Alternatively, mice that were
chronically fed either the reduced D3 high fat or chow diets displayed less activity after acute amphetamine
treatment compared with their respective controls. Finally, high fat deficient mice that were trained to orally
consume liquid amphetamine (90 mg/L) displayed increased consumption, while nondeficient mice treated with
calcitriol showed reduced consumption. Our findings suggest that reduced dietary D3 may be a contributing
environmental factor enhancing DIO as well as drug intake while eating a high fat diet. Moreover, these data
demonstrate that dopamine circuits are modulated by D3 signaling, and may serve as direct or indirect targets for
exogenous calcitriol.
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Significance Statement

Obesity rates have risen in this country, and low levels of circulating vitamin D3 correlate with high adiposity.
Recent evidence suggests effects of vitamin D3 on dopamine circuits. While altered dopamine signaling has
been implicated in the progression of obesity and the consumption of drugs of abuse, a role for vitamin D3
in these disease states has not been experimentally explored. Using reduced dietary D3, as well as
treatment with the fully active form of D3, we demonstrate the effects on food and drug intake, as well as
robust effects on dopamine circuits of the brain. These data suggest dopamine circuits to be a novel
therapeutic target for D3 treatment with implications for obesity, drug addiction, and other dopamine-
dependent behaviors.
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Introduction
Over the last 2 decades, obesity rates have increased

dramatically in much of the developed world. While animal
studies using single-gene mutations have contributed to
our understanding of signaling pathways and neuronal
circuits involved in feeding behavior and homeostasis,
single-gene variants account for a small percentage of the
obese populace, as weight is also influenced by many
extrinsic factors (Speakman et al., 2008). Intake of high-
calorie diets increases adiposity in animals, establishing
an effective model for understanding the impact of
energy-dense food, but research examining the causative
roles of micronutrient (noncaloric) deficiencies is incom-
plete. Moreover, these high-calorie, nutritionally complete
rodent diets do not accurately model typical Western
dietary choices, which contain little to no amounts of
dietary vitamin D3 (cholecalciferol; Liebman et al., 2003;
Pereira et al., 2005; Jeffery et al., 2006; Keskitalo et al.,
2008; García et al., 2009; Harnack et al., 2011; U.S.
Department of Agriculture, 2015). Despite fortification of
dairy products with vitamin D3, the typical intake for adult
men and women still falls below the Institute of Medicine’s
recommended daily allowance of 600 IU/d Calvo et al.,
2004; Cashman and Kiely, 2016).

The increased prevalence of vitamin D3 deficiency in
the United States is historically concurrent with obesity
rates (Mokdad et al., 2003; Ginde et al., 2009). Regardless
of the source of cholecalciferol (sunlight, food, or supple-
mentation), it must undergo the following two hydroxyla-
tion events: the first to generate the intermediate
metabolite 25(OH)D3 (calcidiol); and the second to yield
1�,25(OH)2D3 (calcitriol), the fully active form. Circulatory
levels of the intermediate 25(OH)D3 are used to determine
adequacy (�20 ng/ml), and typically an inverse relation-
ship between body mass index (BMI) and levels of cal-
cidiol is found in obese individuals (McGill et al., 2008;
Young et al., 2009). While some studies have identified
polymorphisms in vitamin D3 signaling associated with
obesity or fat mass (Gu et al., 2009; Vasilopoulos et al.,
2013), the contribution of reduced dietary D3 on the de-
velopment of obesity and overconsumption has not been

directly tested in diet-induced obesity (DIO) models (Foss,
2009; García et al., 2009; Ginde et al., 2009).

The inability to regulate consumption despite adverse
health consequences shares similarities with drug addic-
tion and involves similar neural pathways (Trinko et al.,
2007; Dileone et al., 2012; Volkow et al., 2013). Animal
studies have demonstrated that dopamine pathways re-
spond to the consumption of palatable foods and periph-
erally derived metabolic signals, and that manipulation of
this circuit alters intake (Fulton et al., 2006; Hommel et al.,
2006; Johnson and Kenny, 2010; Vucetic and Reyes,
2010). Moreover, amphetamine-based diet aids, as well
as drugs of abuse, also target these same circuits (Ersner,
1940; Volkow et al., 2013). Vitamin D3 receptor (VDR),
which functions as a transcription factor upon activation
by calcitriol, is well studied in the context of bone metab-
olism and calcium absorption/homeostasis (Nicolaysen,
1937; Carlsson, 1952; DeLuca, 1974; McDonnell et al.,
1989), but has only recently been studied for additional
roles in the nervous system. The receptor is expressed in
developing dopamine neurons (Cui et al., 2013), and ro-
dent studies suggest that repeated calcitriol treatments
can protect dopamine neurons against toxic doses of
amphetamine, as well as enhance evoked dopamine in
the striatum (Cass et al., 2006, 2012). Additional studies
demonstrate that calcitriol can augment dopamine after
lesioning (Cass et al., 2014). Here we provide evidence for
dietary and exogenous vitamin D3 influencing dopamine
circuits, responses to drugs of abuse, intake of food, and
the development of obesity.

Materials and Methods
Animals and diet design

Animal experiments were performed in accordance with
the Yale University School of Medicine Institutional Animal
Care and Use Committee animal care guidelines. Dietary
deficiency, microdialysis, gene expression, and amphet-
amine behavioral experiments were performed in male
C57BL/6J mice between the ages of 8 and 10 weeks,
purchased from The Jackson Laboratory. The length of
time on their diets is specified within the text for specific
experiments. All high fat (HF) deficiency studies used the
HF diet (formulated as TestDiet 5TLN, Purina Mills) and
HF-D (5TLN with reduced vitamin D3 targeting to �11%
of normal levels; Table 1). The HF and HF-D diets were
purchased from either Purina Mills LabDiet) or Harlan
Teklad. All chow deficiency studies used standard rodent
chow (Ch) (formulated as Prolab RMH3000, Purina Mills
LabDiet) and Ch-D (Prolab RMH3000 with reduced vita-
min D3 targeted to �7% of normal levels; Table 1). The Ch
and Ch-D diets were purchased from Purina Mills LabDiet.
Levels of dietary D3 used in deficient diets are high
enough to prevent physiologically relevant changes in
levels of serum calcium, serum phosphate, or parathyroid
hormone (Anderson et al., 2007; Harnack et al., 2011;
Mallya et al., 2016). Animals (for mice and rats, see
Table 2) used in all treatment studies were maintained on
either standard rodent Ch (RMH 3000, Purina Mills Lab-
Diet), the HF diet, or the HF-D diet (Table 1). Immunoflu-
orescent studies used male D1R-Cre C57BL/6J strain
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EY262Gsat, and male D2R-Cre C57BL/6J strain
ER44Gsat transgenic mice. Mice were either group or
single-housed, as specified in the text, and maintained on
a 12 h light/dark cycle throughout all experiments. For
fast-scan cyclic voltammetry experiments, young adult
male Sprague Dawley rats (275-400 g) were acquired from
Charles River Laboratories, placed on ad libitum food and
water, and housed two to three per cage on a 12 h
light/dark cycle (lights on at 7:00 A.M.).

Statistics
Microsoft Excel, IBM SPSS Statistics V19, or GraphPad

Prism 6.0 were used to calculate statistical tests. All t
tests performed were two-tailed, unpaired. When appli-
cable, ANOVAs were assessed and post hoc analyses
were conducted. All error bars shown in the graphs rep-
resent �SEM.

Drugs
Calcitriol (BML-DM200, Enzo Life Sciences) was solu-

bilized with 100% EtOH to 1 �g/�l and stored in aliquots
at �80°C until used. The dilution vehicle for calcitriol
injections consisted of 20% EtOH, 30% propylene glycol,
and 50% H2O, and a working concentration of 4 ng/�l
was used to minimize ethanol delivery. A single acute
dose of 10 �g/kg is similar to treatments used by others
and has a low toxic effect (Pakkala et al., 1995; Cekic
et al., 2011; Deluca et al., 2011; Chow et al., 2013). Leptin
(498-OB-01M, R&D Systems) was reconstituted with ster-
ile alkaline 1� PBS, pH 8.2, and diluted to a 0.6 mg/ml
working solution for injections. D-Amphetamine sulfate
(A-5880, Sigma-Aldrich) was dissolved in sterile saline

solution or water and was used immediately. The doses of
amphetamine used represent the total composition (in-
cluding the salt). The dopamine transporter inhibitor GBR-
12909 dihydrochloride (D052-25MG, Sigma-Aldrich) was
dissolved in heated saline solution.

Deficient diet-induced obesity
Group-housed C57BL/6J male mice 8-10 weeks of age

were placed on either the HF or HF-D diets ad libitum.
Food intake and body weight were measured several
times weekly. After Day 101, mice were single housed,
and food intake and body weight measurements were
taken daily until day 116. Mice were killed on day 164 of
their diets. Single-housed C57BL/6J male mice 8-10
weeks of age were placed on either the Ch or Ch-D diets
ad libitum. Food intake and body weight were measured
several times weekly until day 101. These mice were killed
on day 127 of their diets.

Calcitriol HF diet
Single-housed naive adult male C57BL/6J mice were

exposed chronically to the HF diet ad libitum for 26 d. On
test day, the HF diet was removed from the cages, and
mice were given the following two injections: (1) calcitriol
(10 �g/kg body weight) or vehicle 6-7 h prior to the dark
cycle; and (2) leptin (3 mg/kg body weight) or vehicle
(PBS) just prior to the dark cycle, at which time the HF diet
was replaced for subsequent measuring.

Calcitriol-conditioned place aversion
Naive adult male C57BL/6J group-housed mice fed

standard chow were used for conditioned place aversion

Table 1: Caloric breakdown of the different diets used for these experiments, as well as dietary vitamin D3 modifications

Diet
Fat
(% kcal)

Protein
(% kcal)

Carbohydrate
(% kcal)

Combined
(kcal/g)

Dietary D3
(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

The range shown for the HF-D diet represents the values observed over multiple batches.

Table 2: Animal usage breakdown by cohort, experiment, species, diets, and days on the respective diets

Cohort Experiment Species Diets Diet length (d)
1 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

amph, Amphetamine; FI, food intake; Std, standard.
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(CPA). Med Associates place conditioning boxes consist-
ing of two chambers with retractable doors were used for
CPA testing. One chamber had a wire mesh floor with
vertical white and black stripes on the walls, while the
other chamber had a grid floor with diagonal marble and
black stripes on the walls. These two chambers were
separated by a gray neutral chamber. Time spent in each
chamber was determined by photocell beam breaks and
Med-PC IV software. Pre-exposure consisted of allowing
the mice to freely explore all chambers for 20 min. Groups
were determined by counterbalancing the pre-exposure
bias toward a particular chamber. Conditioning on days 1
and 3 consisted of treating the mice with vehicle or 10
�g/kg calcitriol and immediately pairing the mice with a
specific chamber for 4 h. Conditioning on days 2 and 4
consisted of treating with just vehicle and pairing the mice
with the opposite chamber for 4 h. On day 5, mice were
tested by allowing them to freely explore the boxes for 20
min. The difference in time spent in the paired chamber
(postconditioning � pre-exposure) was used to evaluate
CPA.

25-Hydroxy vitamin D3 EIA
Plasma or serum from mice was collected and stored at

�80°C. EIA kit (AC-57F1 ImmunoDiagnostic Systems)
was used per manufacturer instructions, and data were
analyzed and graphed using Excel and Prism.

Serum calcium analysis
Serum from trunk blood was collected and stored at

�80°C. QuantiChrom Calcium Assay Kit (DICA-500, Bio-
Assay Systems) was used per manufacturer instructions,
and data were analyzed and graphed using Excel and
Prism.

Immunofluorescence
D1R-Cre C57BL/6J and D2R-Cre C57BL/6J transgenic

mice were intracardially perfused using 4% paraformal-
dehyde. Following 30% sucrose cryoprotection and 40
�m sectioning, immunofluorescence was performed as
previously described (Cui et al., 2013). Briefly, sections
were pretreated in 2% Triton X-100/1� PBS for 30 min
prior to blocking buffer (3% donkey serum, 0.3% Triton
X-100, 1� PBS for at least 60 min). The following primary
antibodies were diluted accordingly in blocking buffer,
and sections were incubated overnight at room tempera-
ture with gentle shaking: tyrosine hydroxylase (TH;
1:10,000; MAB318, EMD Millipore), VDR (1:100; SC-1009
N-20, Santa Cruz Biotechnology), and Cre (1:500;
MAB3120, EMD Millipore). The VDR antibody chosen was
previously shown to produce nuclear staining and to gen-
erate a single band by Western blot (Cui et al., 2013).
Secondary antibodies included donkey anti-rabbit (1:500;
Alexa Fluor 555; Life Technologies) and donkey anti-
mouse (1:500; Alexa Fluor 488).

Calcitriol quantitative PCR
Mice were injected with either vehicle or calcitriol (10

�g/kg body weight, i.p.) and then killed by rapid decapi-
tation 6-7 h after injection. Recovered brains were chilled
for 1 min in artificial cerebral spinal fluid (aCSF) as follows

(in mM): 124 NaCl, 4 KCl, 26 NaHCO3, 10 Glucose, 1.5
CaCl, 1.5 MgSO4, and 1.25 KH2PO4, pH 7.4, on ice.
Coronal sections were made using razorblades and a 1
mm brain block. Using a light microscope, sections sub-
merged in chilled aCSF were identified based on a mouse
brain atlas (Paxinos and Franklin, 2004), and dissections
were performed using either a 15 gauge Hamilton syringe
or stab dissector while submerged in aCSF. The following
coordinates relative to bregma were used: accumbens,
�1.54 mm; and midbrain, �3.08 mm. Dissections were
immediately recovered, frozen on dry ice, and stored at
�80C for future processing. Total RNA was extracted
using TRIzol Reagent (Ambion/Life Technologies) per
manufacturer instructions and was quantified by Nanodrop.
Following cDNA generation, samples were assessed for
changes in gene expression using either Taqman (Applied
Biosystems/Life Technologies) or SybrGreen (Applied Bio-
systems/Life Technologies) based reporters. Primer pairs
using SybrGreen were designed to cross intron– exon
boundaries, and underwent efficiency curves for vali-
dation prior to experimental use. Analysis was based on
the 2-		Ct method (Livak and Schmittgen, 2001) . TATA
Box Binding Protein (Tbp) primer pair was used as the
loading control for all quantitative PCR (qPCR) data.
Taqman gene assays included Tbp (Mm0044697_m1),
dopamine receptor type 2 (Drd2; Mm00438545_m1),
and Th (Mm00447557_m1). See Table 3 for primers
using SybrGreen.

Locomotor activity assay
All mice were habituated to the locomotor chambers

(Med Associates) for 90 min prior to D-amphetamine sul-
fate treatment (2.5 mg/kg). For the HF and HF-D defi-
ciency study, testing occurred on day 166 of their diets,
and 1 h into the habituation phase they received an
intraperitoneal injection of saline, and 30 min later re-
ceived amphetamine. For the Ch and Ch-D deficiency
study, testing occurred on day 163 of their diets, and 1 h
into the habituation phase they received an intraperitoneal
injection of saline, and 30 min later received amphet-
amine. For the calcitriol treatment study, naive mice fed
the Ch diet over the long term were pretreated with either
vehicle or calcitriol (10 �g/kg) 6-7 h prior to placement in
locomotor boxes, and no saline was delivered during their
habituation. After habituation, amphetamine (2.5 mg/kg,
i.p.) was administered to all mice, and locomotor activity
was recorded in 10 min bins.

Table 3: Primers using SybrGreen

Gene Primer
Drd1 Forward 5’-GAGCGTGGTCTCCCAGAT-3’
Drd1 Reverse 5’-TCACTTTTCGGGGATGCT-3’
Slc6a3 Forward 5’-CTGGTGCTGGTCATTGTTCT-’
Slc6a3 Reverse 5’-AGCAGGGCTGTGAGGACTAC-3’
Oprm1 Forward 5’-CCATCATGGCCCTCTATTCT-3’
Oprm1 Reverse 5’-TGTTGGTGGCAGTCTTCATT-3’
Tbp Forward 5’-AAAGGGAGAATCATGGACCAGAACAA-3’
Tbp Reverse 5’-TGGACTAAAGATGGGAATTCCAGGAG-3’
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Oral amphetamine
Lickometer boxes (Med Associates) containing two

separate but identical spigots (labeled A and B) located on
the same wall were used for training and testing. Licks on
both spigots were electronically monitored in real time
using Med-PC IV software, and training sessions oc-
curred every other day. The night prior to all training
sessions, mice were water deprived to induce drinking. All
training sessions were conducted for 1 h during the light
cycle with both spigots in place, but with only one deliv-
ering a liquid. The first training session involved only water
delivered by spigot B, while the subsequent two training
sessions involved only D-amphetamine sulfate dissolved
in tap water (90 mg/L, made fresh daily) in spigot A. This
dose is similar to those used by others for oral consump-
tion (Kamens et al., 2005; Eastwood et al., 2014). After
each training session, the mice were placed back in their
home cage with access to water and food. After three
training sessions, the mice were tested over 18 h starting
at the dark cycle with both water and amphetamine spig-
ots loaded, as well as appropriate food pellets. For the HF
and HF-D deficiency study, the same cohort of mice used
for the locomotor amphetamine study was used on day
200 of their diets. For the calcitriol study, 6-7 h prior to
initiation of the test session, mice that had been main-
tained on the Ch diet were injected with either vehicle or
calcitriol (10 �g/kg).

Microdialysis
Mice were anesthetized with an injection of a ketamine/

xylazine (100/15 mg/kg, i.p.) mix, and a small incision was
made into the lower lateral abdominal area into which the
tip of MicroRenathane tubing (Braintree Scientific) was
inserted. A purse string was tightened around the tubing,
which was then tunneled subcutaneously to the dorsum
via a small hole made into the abdominal muscle. A small
incision between the shoulder plates was then made on
the dorsum to allow for catheter exteriorization. Incisions
were sutured and thoroughly disinfected, and the exterior
end of the catheter was plugged. Immediately after the
above procedure, the mouse was placed on a stereotaxic
apparatus (David Kopf Instruments) under constant flow
of �1% isoflurane anesthesia (1.5 L/min), and a small
circular hole was drilled [position from brain surface: an-
teroposterior (AP), 1.3 mm; mediolateral (ML), �1.3 mm]
for implantation of a guide cannula [dorsoventral (DV),
�0.5 mm from brain surface] for posterior insertion of a
microdialysis probe into the dorsal striatal region (final
probe tip positions: DV, �2.5 mm from brain surface).
Microdialysis measurements were performed as in our
previous studies (Ren et al., 2010; Ferreira et al., 2012).
Specifically, during the experimental sessions, microdia-
lysate samples from the freely moving mice were col-
lected, separated, and quantified by HPLC coupled to
electrochemical detection methods. Briefly, after recovery
from surgery, a microdialysis probe (cutoff, 6kDa; 2-mm-
long; CMA-7, CMA Microdialysis) was inserted into the
striatum through the guide cannula (the corresponding
CMA-7 model). After insertion, probes were connected to
a syringe pump and perfused at 1.3 �l/min with aCSF

(Harvard Apparatus). After a 60 min washout period, dia-
lysate samples were collected every 10 min and immedi-
ately manually injected into an HTEC-500 HPLC unit
(Eicom). Analytes were then separated via an affinity col-
umn (PP-ODS, Eicom), and compounds were subjected
to redox reactions within an electrochemical detection
unit (amperometric DC mode; applied potential range, 0 to
�2000 mV; 1 mV steps). Resulting chromatograms were
analyzed using EPC-300 software (Eicom), and actual
sample concentrations were computed based on peak
areas obtained from a 0.5 pg/�l dopamine standards
(Sigma-Aldrich) and expressed as percentage changes
with respect to the mean dopamine concentration asso-
ciated with baseline (i.e., previous to vehicle or amphet-
amine infusions) samples. Locations of microdialysis
probes were confirmed histologically. Calcitriol (10 �g/kg)
or vehicle was delivered via catheter �6-7 h prior to
amphetamine injection (2.5 mg/kg). After the establish-
ment of a stable baseline over 30 min, the mice were
treated with amphetamine.

Fast-scan cyclic voltammetry
Rats were pretreated with calcitriol (10 �g/kg) or vehicle

6 h prior to surgery. Rats were anesthetized with urethane
(1.5 mg/kg) and placed in a stereotaxic frame (David Kopf
Instruments). A bipolar, stainless steel stimulating elec-
trode (Plastics One) was placed into the ventral tegmental
area (VTA)/substantia nigra [SN; AP, �5.2 mm; ML, 0.5-
1.5 mm; DV, 7.4-8.1 mm below dura (Paxinos and Wat-
son, 2007)], a Ag/AgCl reference electrode was placed
into the contralateral cortex, and a carbon fiber microelec-
trode was implanted in the dorsal striatum (AP, �1.2 mm;
ML, �1.4 mm; DV, 4.0–5.0 mm). During fast-scan cyclic
voltammetry (FSCV) recording, body temperature was
maintained at 37°C by a heating pad (Harvard Apparatus).

T-650 carbon fibers (Thornel, Amoco Corp.) were aspi-
rated into a glass capillary and pulled with an electrode
puller (Narishige International). The carbon fiber protrud-
ing from the capillary was then cut under a light micro-
scope to a length of 100–200 �m. A triangular waveform
(�0.4 to �1.3 V and back to �0.4 V vs an Ag/AgCl
reference electrode) was applied at 400 V/s and repeated
at 100 ms intervals. The triangular waveform was low-
pass filtered at 2 kHz. Data were digitized and processed
using NI-6711 and NI-6251 PCI cards (National Instru-
ments), and were analyzed using Demon Voltammetry
and Analysis Software (Wake Forest Baptist Medical Cen-
ter) or Tar Heel CV Software (The University of North
Carolina at Chapel Hill, Chapel Hill, NC). Background-
subtracted cyclic voltammograms were obtained by dig-
itally subtracting stable background currents to resolve
cyclic voltammograms associated with the electrical stim-
ulation event. To evoke phasic dopamine release in the
dorsal striatum, electrical stimulation (300 �A, 60 pulses,
2 ms each phase at 60 Hz) was applied to the VTA. Pulses
delivered to the stimulating electrode were computer gen-
erated with a 6711 PCI card (National Instruments) and
were optically isolated from the electrochemical system
using a biphasic stimulus isolator (model NL 800A Neu-
roLog System, Digitimer). Each stimulation train was ap-
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plied every 5 min to allow time for dopamine-releasable
stores to return to their original levels. Baseline evoked
phasic dopamine release consisted of at least three stim-
ulations over a period of 15 min prior to injecting the drug.
Evoked phasic dopamine release recorded after intraperi-
toneal injection of either amphetamine (2.5 mg/kg) or
GBR-12909 dihydrochloride (15 mg/kg) was normalized
to baseline for each animal.

Results
High fat diet with reduced D3 enhances body weight
gain and food intake

To evaluate the effects of reduced dietary D3, an HF
diet was modified (i.e., the HF-D diet) to have only �11%
of the D3 levels present in the HF diet (Table 1). Group-
housed mice were fed either the HF-D or HF diet ad
libitum. Over the first 50 d, no difference in body weight
between groups was observed; however, over the follow-
ing 50 d, the HF-D group gained significantly more weight
(Fig. 1A, �p � 0.0005, t test, t � 4.239). Binned data
during this period revealed a persistent increase in weight
that was significant across 21 d [Fig. 1B, two-way
ANOVA, treatment � time (F(17,306)� 8.397, �p 
 0.0001),
Bonferroni’s post hoc test]. Mice were then single housed
to measure food intake. Over the next 16 d, the groups
maintained a significant difference in body weight (main
effect of diet: F(1,8) � 15.87, �p � 0.004, Bonferroni’s post
hoc test), and a significant increase in food intake for the
HF-D group was observed (Fig. 1C,D, �p � 0.0106, t test,
t � 3.316). To verify the effect of dietary manipulation,
plasma 25(OH)D3 was assessed at the end of the exper-
iment, and the expected reduction was found in the HF-D
group (Fig. 1E, �p 
 0.0001, t test, t � 16.10). An addi-
tional cohort of mice was generated and killed on day 50.
Serum 25(OH)D3 level was found to be significantly lower
in these HF-D mice compared with HF mice despite no
change in body weight at this time point, suggesting that
lower levels of D3 precede increases in body weight (Fig.
1F,G, �p 
 0.0001, t test, t � 12.64). Serum calcium levels
were found to be significantly reduced (Fig. 1H, �p �
0.0131, t test, t � 3.176).

Standard chow diet with reduced D3 enhances food
intake
To evaluate the effects of reduced dietary D3 on body
weight and food intake with standard chow, a Ch diet was
modified (i.e., Ch-D diet) to have �7% of the Ch diet
(Table 1). Single-housed mice were fed either Ch-D or Ch
diets ad libitum. No differences in body weight were
observed from days 0-50 or 50-101 (Fig. 1K). A significant
increase in food intake was observed, however, for these
time periods (Fig. 1K: days 0-50: �p � 0.0091, t test, t �
3.416; days 50-101: �p � 0.0069, t test, t � 3.606). To
verify the effect of dietary manipulation, plasma 25(OH)D3
level was assessed at the end of the experiment, and the
expected reduction was found in the Ch-D group (Fig. 1K,
�p 
 0.0001, t test, t � 11.04). An additional cohort of Ch-
and Ch-D-fed mice was generated and killed on day 50.
The serum 25(OH)D3 level was found to be significantly
lower in these Ch-D-fed mice compared with HF-fed mice

despite no change in body weight at this time point,
suggesting that lower levels of D3 precede increases in
food intake (Fig. 1L,M, �p 
 0.0001, t test, t � 14.85).
Serum calcium was found to be unchanged between
groups (Fig. 1N).

Calcitriol reduces body weight and food intake in
obese mice
Diet-induced obesity in both humans and animals results
in increased adiposity, as well as the gradual failure of the
anorexigenic hormone leptin to regulate intake and met-
abolic homeostasis, a phenomenon known as leptin re-
sistance (Van Heek et al., 1997). To complement the
dietary deficiency experiments, we assessed the potential
effects of exogenous calcitriol on reducing HF food intake
after establishing DIO in mice. After being placed on the
HF diet for 26 d, mice were treated with vehicle or a single
acute dose of calcitriol (10 �g/kg) 6-7 h prior to the dark
cycle, or a single dose of leptin (3 mg/kg) just prior to the
dark cycle. The 26 d of eating the HF diet generated
leptin-resistant mice, demonstrated by the inability of lep-
tin to reduce either body weight or food intake (Fig. 2A,B).
In contrast, acute administration of calcitriol caused a net
reduction in body weight, which rebounded by day 3
post-treatment [Fig. 2A, two-way ANOVA, treatment �
time (F(6,63) � 3.148, p 
 0.01), Tukey’s post hoc test], and
a reduction in food intake [Fig. 2B, two-way ANOVA,
treatment � time (F(6, 63) � 3.200, �p 
 0.01) Tukey’s post
hoc test] over the first 24 h. These results demonstrate
that exogenous calcitriol may have therapeutic benefits in
affecting body weight and food intake under conditions of
obesity and leptin resistance. To assess a potential cal-
cemic contribution to these effects, an additional group of
mice placed on the long-term HF diet were treated with
exogenous calcitriol (10 �g/kg) or vehicle and were killed
after 24 h for serum collection. Calcium was found to be
unchanged at this time point after treatment (Fig. 2C).
Reduced food intake and body weight following pharma-
cological treatments can be due to indirect aversive ef-
fects by the treatments; however, conditioned place
aversion tests can be performed to evaluate this effect.
Mice were conditioned with vehicle or calcitriol (10 �g/kg)
to a paired chamber over 4 d (4 h each day, every other
day), and then tested for changes in exploratory behavior.
No differences between groups were observed for time
spent in the paired chamber after conditioning, suggest-
ing that there is no aversive effect contributing to reduc-
tion of food intake (Fig. 2D). A significant difference in
body weight was observed in the CPA mice as a result of
treatment, demonstrating that calcitriol was effective (Fig.
2E, �p � 0.0075, t test, t � 3.123).

Dopamine circuits express VDR and respond to
calcitriol
To evaluate the expression of VDR in dopamine circuitry,
we performed immunofluorescence in mice. We observed
high colocalization of VDR with TH, a marker for neurons
in the ventral tegmental area and substantia nigra that
produce dopamine (Fig. 3A), as well as expression in
non-TH neurons, which is consistent with findings of a
recent study (Cui et al., 2013). Using transgenic mice to
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Figure 1. Vitamin D3 levels modulate food intake (FI) and body weight (BW). A, HF and HF-D mice exhibited no difference in net body weight
between groups over the first 50 d of diet exposure, but a significant increase for the HF-D mice was observed for days 50-100 (n � 10, 10). B,
Binned change in body weight for HF and HF-D groups from day 50 to day 101 (n � 10, 10). C, HF and HF-D mice maintained significant
differences in body weight throughout the transition from group-housed to single-housed environment from day 101 to day 116 (n � 5, 5). D,
Cumulative food intake for HF and HF-D groups from day 101 to day 116 (n � 5, 5). E, Plasma levels of 25(OH)D3 from the HF and HF-D mice
on day 165 of their diets (n � 5, 5) used in C and D. F, G, A separate cohort of HF and HF-D mice (n � 5, 5) was killed on day 50 of their diets
(F), and serum analysis of 25(OH)D3 levels revealed a significant reduction, despite no differences in body weight (G). H, These mice exhibited a
small yet significant reduction in serum calcium levels (n � 5,5). I, Single-housed mice chronically exposed to Ch or Ch-D diets had no significant
difference in body weight between groups over days 0-50 or 50-101 (n � 5,5). J, These mice did, however, exhibit increased food intake over both
time periods (n � 5, 5). K, At the end of this experiment on day 127, the Ch-D mice were found to have reduced plasma levels of 25(OH)D3. L,
A separate cohort of group-housed Ch and Ch-D mice (n � 5, 5) was killed on day 50, and were found to have significantly reduced serum
25(OH)D3 levels. M, These mice displayed no differences in body weight (n � 5, 5). N, Additionally, no differences in serum calcium levels were
detected (n � 5, 5).
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identify dopamine type 1 or type 2 receptors, we also
found VDR to be highly colocalized with both cell types in
the nucleus accumbens (Fig. 3B,C, “Acb”), as well as the
dorsal striatum (Fig. 3D,E). Virtually all (�95%) Cre-
positive neurons expressed VDR. Since VDR functions as
a transcription factor (McDonnell et al., 1989), we as-
sessed gene expression changes in these regions. Naive
mice were injected with calcitriol 6-7 h prior to being
killed, dopamine-related brain regions were dissected
(Fig. 4A–D), and genes of interest were analyzed by qPCR
(n � 5, 5 for all treatments). In the midbrain, we observed
significant upregulation of Th (�p � 0.0067, t test, t �
3.626) and dopamine transporter (Slc6a3: �p � 0.0174, t
test, t � 2.986), as well as a trend increase in Drd2 (p �
0.0635) and no effect on �-opioid receptor (Oprm1; Fig.
4E). In the nucleus accumbens, we found significant up-
regulation of Drd2 (�p � 0.0224, t test, t � 2.824), but no
change in Drd1 or Oprm1 (Fig. 4F), while Drd2 was not
changed in either the medial or lateral dorsal striatum (Fig.
4G,H).

Calcitriol enhances dopamine release
To measure neurochemical effects of acute D3 signaling
on amphetamine-induced dopamine release, microdialy-
sis probes were surgically implanted in the striatum of
naive mice. Calcitriol or vehicle was administered 6-7 h
prior to amphetamine treatment, and dialysate was col-
lected and analyzed for dopamine in 10 min bins. Am-
phetamine (2.5 mg/kg) induced a robust dopamine
increase in all animals, and calcitriol treatment signifi-
cantly enhanced this effect [Fig. 5A, two-way ANOVA,
treatment � time (F(15,150) � 1.888, p � 0.0285), Bonfer-
roni’s post hoc test]. To complement this, FSCV was used
to measure evoked, phasic dopamine release in the stria-
tum. Rats were pretreated with calcitriol or vehicle 6-7 h
prior to amphetamine treatment. After amphetamine
treatment, midbrain neurons were stimulated using a 60
Hz, 60 pulse train applied every 5 min. Similar to what was
seen in the mouse microdialysis experiment, rats injected
with calcitriol showed a potentiation of evoked dopamine
response to amphetamine [Fig. 5B, �main effect of treat-

Figure 2. A, After 26 d of chronic HF exposure, naive mice were treated with vehicle, calcitriol, or leptin, and displayed reduced net
body weight in response only to calcitriol for the first day after single acute treatment (n � 8, 8, 8). B, Calcitriol treatment also reduced
food intake for the first day after treatment in these mice (n � 8, 8, 8). C, An additional long-term HF exposure cohort was generated
to assess the effects of acute calcitriol treatment on serum calcium levels. After 32 d of the HF diet, mice were treated in the short
term and killed 24 h later. No changes in serum calcium levels were observed (n � 8, 8). D, CPA was performed on a separate cohort
of naive mice to assess potential aversive effects of calcitriol that could contribute to altered feeding behavior. E, After 4 d of
alternating conditioning treatments to specific chambers, there was no difference between groups in the change in the amount of time
spent in the paired chamber, yet a significant reduction in net body weight was observed (n � 8, 8). All error bars indicate the SEM.
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ment (F(1,7) � 5.746, p � 0.0477)]. A separate group of rats
received the dopamine transporter (DAT) antagonist GBR-
12909 dihydrochloride and showed an increase in evoked
dopamine release, revealing that the dopaminergic effects
of DAT inhibition are also altered by vitamin D3 [Fig. 5C,
two-way ANOVA, treatment � time (F(11,99) � 4.510, �p 

0.0001), Bonferroni’s post hoc test]. Representative
traces for the voltammetry experiments are provided (Fig.
5D,E).

Vitamin D3 levels alter amphetamine-induced activity
These molecular and neurochemical effects on dopamine
systems would be predicted to alter behavioral responses
to drugs of abuse, such as amphetamine. HF-D and HF
mice were injected with amphetamine on day 166 of their
diets and were assessed for changes in locomotor activ-
ity. No difference was observed during the habituation
phase; however, the HF-D-deficient mice showed atten-
uated activity after amphetamine treatment (Fig. 6A,B, red

Figure 3. VDR is expressed in dopamine-producing, as well as in dopamine-receiving, neurons. A, Colocalization of TH (green) with
VDR (purple) in subregions of the midbrain including the VTA and SN. White scale bars indicate a distance of 40 �m. B–E,
Colocalization of Cre recombinase (green) with VDR (purple) using the D1R-Cre and D2R-Cre transgenic mouse lines in the nucleus
accumbens (Acb; B, C), as well as in the dorsal striatum (Str; D, E).

Figure 4. Calcitriol treatment modulates gene expression differentially throughout dopamine circuitry. A–D, Mouse brain atlas
diagrams (Paxinos and Franklin, 2004) showing typical dissections for qPCR analysis (red areas). E–H, Naive mice treated acutely with
vehicle (�) or calcitriol (�; n � 5, 5) 6-7 h prior to being killed revealed differential effects of calcitriol in the midbrain, accumbens, and
medial and lateral striatum (Str), as assessed by qPCR. All error bars indicate the SEM.
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arrow, �p � 0.05, t test, t � 2.293). This experiment was
also conducted using Ch and Ch-D mice to avoid the
effects of body weight changes. Ch and Ch-D mice were
injected with amphetamine on day 163 of their diets and
assessed for changes in locomotor activity. Again, no
difference was observed during the habituation phase, yet
the Ch-D-deficient mice displayed attenuated activity af-
ter amphetamine treatment (Fig. 6C,D, red arrow, �p �
0.0345, t test, t � 2.722). To complement these deficiency
studies, naive mice were pretreated with either calcitriol or
vehicle 6-7 h prior to amphetamine treatment. Again, no
difference in activity was observed during the habituation
phase; however, calcitriol treatment enhanced the
amphetamine-induced locomotor effects [Fig. 6C, red ar-
row; two-way ANOVA, treatment � time (F(11,154) � 2.831,
�p � 0.0021), Bonferroni’s post hoc test], and cumulative
activity over 2 h after amphetamine injection (Fig. 6D,
�p � 0.029, t test, t � 2.442). This behavioral result is
consistent with the neurochemical analysis demonstrating
increased dopamine signaling as a result of calcitriol ad-
ministration (Fig. 5).

Vitamin D3 levels alter amphetamine consumption
Finally, to explore the potential effects of deficiency and
treatment in the context of drug intake, mice were trained
over several daily sessions to orally consume amphet-

amine (90 mg/L) or water, and individual licks were re-
corded. On the test day, intake was monitored over 18 h
of ad libitum consumption of amphetamine and water,
and licks were binned every 2 h. The HF-D mice displayed
an increased number of amphetamine licks [Fig. 7A, two-
way ANOVA, �main effect of treatment (F(1,8) � 6.326, p �
0.0361), Bonferroni’s post hoc test]. Analysis of the per-
centage preference for amphetamine [% � 100 � (am-
phetamine licks/(amphetamine � water licks)] reveals that
both HF and HF-D mice displayed equal preference for
the initial part of the test session (Fig. 7B). Grouped
analysis of the percentage preference found that, while
there was no difference in preference for the first 8 h, the
HF-D mice maintained their preference for the next 10 h,
while the HF control mice exhibited reduced preference
[Fig. 7C, two-way ANOVA, treatment � time (F(1,8) � 18.28,
p � 0.0027)]. HF-D mice also had significantly more cu-
mulative amphetamine licks over the 18 h test than the HF
mice (Fig. 7D, �p � 0.035, t test, t � 2.534). No difference
in the total number of licks (amphetamine plus water) was
observed between groups, suggesting that this effect was
not an indirect result of an overall increase in liquid con-
sumption (Fig. 7E). Complementary to the deficiency
study, naive mice trained in the same manner were pre-
treated with calcitriol or vehicle 6-7 h prior to testing. Mice
treated with calcitriol displayed a reduced number of

Figure 5. Calcitriol pretreatment enhanced dopamine release in mice and rats in response to amphetamine or dopamine transporter
inhibition. All animals received acute pretreatment with calcitriol or vehicle 6-7 h prior to subsequent treatments. A, Microdialysis
measuring tonic dopamine release in naive mice (n � 6, 6) revealed the effects of calcitriol on amphetamine-induced dopamine
release (red arrow, amphetamine treatment). B, C, FSCV experiments in rats revealed the effects of calcitriol on evoked dopamine
release upon treatment with amphetamine (calcitriol, n � 5; vehicle, n � 4) or dopamine transporter inhibition (GBR-12909
dihydrochloride; calcitriol, n � 4; vehicle n � 7). D, E, Representative traces for FSCV experiments. All error bars indicate the SEM.
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amphetamine licks [Fig. 7F, two-way ANOVA treatment �
time (F(8,176) � 11.57, �p � 0.0127), Bonferroni’s post hoc
test]. No difference in percentage of the amphetamine
preference was observed for the first 2 h bin; however,

calcitriol enhanced the reduction in preference over the
first five bins (Fig. 7G, two-way ANOVA, treatment � time,
F(4,88) � 2.724, p � 0.0344). Due to lack of activity (sleep-
ing) by mice in both groups toward the end of the test

Figure 6. Vitamin D3 levels alter amphetamine-related behaviors in mice. A, Binned locomotor activity of HF and HF-D mice
during habituation, saline injection (black arrow), and acute amphetamine treatment (red arrow). B, HF and HF-D cumulative
activity for 20 min after amphetamine administration (n � 5, 5). C, D, Binned locomotor activity of Ch and Ch-D mice during
habituation, saline injection (black arrow), and acute amphetamine treatment (red arrow; C), and Ch and Ch-D cumulative activity
for 2 h after amphetamine (n � 4, 4; D). E, Binned locomotor activity in naïve mice pretreated with vehicle or calcitriol (n � 8,
8) 6-7 h prior to acute amphetamine treatment (red arrow). F, Cumulative activity of the pretreated mice over 2 h after
amphetamine administration.
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session, the statistical analysis only included bins 1-5.
Grouped analysis for 0-8 and 8-18 h revealed a significant
reduction in preference in the calcitriol group (Fig. 7H,
two-way ANOVA, �main effect of treatment, F(1,44) �
7.243, p � 0.01). Calcitriol-treated mice had significantly
fewer cumulative amphetamine licks over the 18 h test
period (Fig. 7I, �p � 0.0423, t test, t � 2.155), and there
was no difference in the total number of licks between
groups (Fig. 7J).

Discussion
The data presented here suggest a potential role for
chronic dietary D3 deficiency, specifically in the context of
a high fat diet, in the development of obesity and in-
creased drug consumption. Interestingly, the effects of
deficiency on body weight occur only with a high fat diet,
suggesting an interaction that may be relevant to obesity.
The acute effects of calcitriol treatment on reducing both
body weight and drug consumption suggest an influence

of vitamin D3 signaling in behaviors mediated by dopa-
mine circuit function. The increased intake and weight
gain with the long-term HF-D diet provide evidence that a
reduction, as opposed to a depletion, of dietary D3 in
animals ingesting a high fat diet promotes an enhanced
obesity phenotype. This is in contrast to weight loss,
reduced intake, and the development of rickets that oc-
curs gradually under prolonged conditions of complete
dietary vitamin D3 depletion (Dodds and Cameron, 1943;
Brommage and DeLuca, 1984). Notably, reducing circu-
lating 25(OH)D3 levels to �70% does not change body
weight (data not shown), suggesting that our present diet
(�50% reduction in circulating levels) is just below the
threshold for effects on feeding behavior and weight. The
long half-life of vitamin D3 (Smith and Goodman, 1971)
likely explains the delayed and gradual body weight ef-
fects of the high fat dietary deficiency. The reduced
25(OH)D3 levels found in the 50 d HF-D cohorts, despite

Figure 7. A, Oral amphetamine licks for HF and HF-D groups shown in 2 h bins across the 18 h test period (n � 5, 5). B, HF and HF-D
group amphetamine preferences shown in 2 h bins across the 18 h test period. C, HF and HF-D amphetamine preference scores
grouped for 0-8 and 8-18 h. D, E, Cumulative amphetamine licks for the HF and HF-D mice over the 18 h test period, as well as the
total number of licks (amphetamine plus water). F, Oral amphetamine licks for naive mice after single acute calcitriol or vehicle
treatment (6-7 h prior to testing) shown in 2 h bins across the 18 h test period (n � 12, 12). G, Amphetamine preference for the
calcitriol- and vehicle-treated mice shown in 2 h bins across the 18 h test period. H, Calcitriol and vehicle amphetamine preference
scores grouped for 0-8 and 8-18 h. I, J, Cumulative amphetamine licks over the 18 h test period, as well as the total number of licks
(amphetamine plus water). All error bars indicate the SEM.
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the lack of effects on body weight, are consistent with the
deficiency preceding, and contributing to, the enhanced
obesity phenotype. While a small yet significant reduction
in serum calcium levels was observed in the 50 d HF-D
cohort, there was no difference in serum calcium levels
between the Ch and Ch-D mice at day 50, despite having
a more pronounced reduction in 25(OH)D3 levels. These
data contrast with previous models that suggested that
vitamin D3 reduction was secondary to increased adipos-
ity (Wortsman et al., 2000; Drincic et al., 2012), and is
more consistent with a potential role for deficiency as a
factor contributing to obesity in humans (Foss, 2009).

Despite the acceptance of a strong inverse relationship
of 25(OH)D3 with BMI, most clinical trials using cholecal-
ciferol supplementation in obese individuals have re-
ported negative data for changes in BMI (Aguirre
Castaneda et al., 2012; Belenchia et al., 2013; Mason
et al., 2014). It is notable that, to our knowledge, there
have been no clinical studies evaluating the effect of
exogenous calcitriol specifically on BMI in obese patients.
In the present experiments, the use of calcitriol provides
rapid effects by bypassing the enzymatic steps needed
for cholecalciferol conversion to calcitriol, which could be
compromised in states of obesity (Barchetta et al., 2012).
Moreover, the ability of acute calcitriol treatment to re-
duce food intake and body weight after a chronic HF diet,
suggests that increased VDR signaling can have anorex-
igenic effects under conditions where animals are resis-
tant to leptin. The lack of effect on general activity during
habituation, total liquid consumption, and CPA data argue
against general malaise or aversive effects contributing to
reduced food intake and body weight after treatment. The
findings of recent studies demonstrating attenuated body
weight gain in rodents treated over the long term with
calcitriol throughout their exposure to a HF diet (Yin et al.,
2012; Alkharfy et al., 2013) complement the data pre-
sented here. Our studies expand on these findings to
demonstrate effectiveness after the development of DIO,
as well as potential neural mechanisms mediating the
effects of acute calcitriol treatment on both food intake
and body weight.

Similar to effects on food intake, mice with reduced
levels of dietary vitamin D3 show increased amphet-
amine consumption. These chronic deficiency data are
consistent with proposed models of “reward deficiency,”
whereby reduced dopamine signaling, in animals and
humans, leads to compensatory consumption of palat-
able foods or drugs (Koob and Le Moal, 1997; Wang et al.,
2001; Blum et al., 2012). The attenuated locomotor re-
sponse to acute amphetamine administration in both the
HF-D and Ch-D mice suggests a blunted dopaminergic
response as a result of the deficiency. Other research
using obesity-prone rats has demonstrated reduced
evoked dopamine release, while chronic intake of a high
fat diet also leads to reduced dopamine release in the
nucleus accumbens, as well as reduced locomotor re-
sponses to acute amphetamine treatment (Geiger et al.,
2008; Geiger et al., 2009). Clearly, there are many factors
(e.g., genetics, diet, other experiences) that can influence
the dopamine system. The deficiency data presented here

suggest an additional contributing noncaloric dietary factor
leading to altered dopamine responses. Moreover, the effect
of deficiency on body weight was observed only with a high
fat diet, suggesting a unique interaction with vitamin D de-
ficiency that is not observed with standard chow diets. The
lack of change in body weight in the Ch and Ch-D mice is
consistent with previous studies using standard chow diets
(Dodds and Cameron, 1943; Brommage and DeLuca, 1984;
Lagishetty et al., 2010).

Behavioral data from calcitriol treatments complement
the deficiency data. Acute calcitriol treatments reduced
amphetamine consumption, while also enhancing neuro-
chemical and behavioral responses to acute amphet-
amine administration. This “reward sufficiency” caused by
a calcitriol-induced increase in dopamine response may
lead to higher sensitivity to drugs or palatable foods, thus
potentially reducing consumption. While the deficiency
and acute treatment studies generated opposing pheno-
types, it is important to understand the limits of interpre-
tation. These deficiency studies were performed under
chronic conditions, and the mechanisms by which chronic
dietary vitamin D3 deficiency contributes to the observed
phenotypes may be different than the mechanisms by
which exogenous treatment with calcitriol leads to the
opposite effects. Additionally, it should be mentioned that
increased sensitivity to drugs would be predicted to en-
hance intake in some contexts, while reducing it in others
(Kamens et al., 2005; Robinson and Berridge, 2008;
Vanderschuren and Pierce, 2010).

Other rodent research using vitamin D3 manipulations
has shown similar effects on dopamine (Cass et al., 2012),
while development and adult deficiency studies have
yielded contrasting results (Kesby et al., 2010; Groves
et al., 2013). Experimental design differences, such as the
degree of dietary deficiency or treatment may account for
these results. It is important to note that the amphetamine
licking experiments could reflect the effects of both vita-
min D3 signaling on taste responses as well as on dopa-
mine circuit responses to amphetamine. The decrease in
amphetamine preference to water in the vehicle-treated
nondeficient mice is consistent with the results of other
studies evaluating amphetamine consumption over time
(Kamens et al., 2005; Eastwood et al., 2014). Both HF and
HF-D mice initially displayed an identical preference for
amphetamine, suggesting that taste responses are not
likely accounting for differences in intake. The rapid de-
crease in preference by the calcitriol-treated mice sup-
ports the concept of increased dopamine sensitivity. In
the context of HF and HF-D diets, it is notable that the
HF-D mice displayed a higher preference for amphet-
amine, later in the session, compared with HF controls, as
well as greater consumption. For both studies, the differ-
ences that developed over time are more likely due to the
effects of the vitamin D3 manipulations on the dopamine
circuit response to amphetamine, either reducing sensi-
tivity or enhancing it.

The calcitriol-induced upregulation of the Th gene, a
key enzyme in dopamine synthesis, as well as Slc6a3, the
dopamine transporter, suggests presynaptic effects on
dopamine production and reuptake, while the upregula-
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tion of Drd2 mRNA in nucleus accumbens illustrates the
potential postsynaptic effects on downstream dopamine
signaling. Amphetamine and GBR-12909 dihydrochloride
both increase synaptic dopamine levels, partly by target-
ing the dopamine transporter (Sulzer et al., 1993; Tsukada
et al., 2000). Microdialysis and FSCV experiments using
these compounds verified that exogenous calcitriol en-
hanced dopamine release, suggesting that the effect of
calcitriol treatment on transcriptional regulation may un-
derlie the physiological changes as well as the behavioral
effects. The generation of complementary data with mi-
crodialysis and FSCV using two different rodent species
highlights the potential conservation of this effect on do-
pamine release.

The changes in Th after calcitriol treatment are consis-
tent with other research (Cui et al., 2015). However, these
effects of calcitriol may be due to direct regulation by local
VDR activation, nondirect signaling pathways, or a com-
bination of both. Research by others (Jiang et al., 2014;
Kaneko et al., 2015; Patrick and Ames, 2015) has shown
roles for vitamin D3 signaling in regulating genes involved
in other neurotransmitters, such as glutamate decarbox-
ylase 67 and tryptophan hydroxylase 2; therefore, it is
possible that these neurotransmitters could alter dopamine-
related gene expression and signaling. Additional studies are
necessary to identify the direct gene targets of calcitriol signal-
ing most relevant to behavioral responses.

In addition to expression on dopamine neurons of the
midbrain, we observed VDR in the neurons of the dorsal
and ventral striatum, suggesting multiple ways to influ-
ence dopamine signaling. In fact, since VDR is broadly
expressed throughout the brain (Stumpf and O’Brien,
1987; Eyles et al., 2005), it is possible that the behavioral
effects are mediated by multiple target regions, including
feeding centers such as the hypothalamus. However, the
differential effects of calcitriol on Drd2 expression be-
tween the accumbens and dorsal/lateral striatum regions
suggest regional differences of VDR target gene regula-
tion. The presence of VDR on these neurons, the acute
effects of calcitriol on gene regulation and dopamine
release, as well as the rapid effects on locomotor activity
are consistent with local VDR activation in the midbrain
neurons. Additionally, we observed a significant increase
in amphetamine-induced locomotor activity as rapidly as
2 h after calcitriol treatment (data not shown), which
supports the contribution of direct signaling to these re-
sults. Regardless, we cannot presently exclude possible
indirect effects of vitamin D3 on dopamine circuits. Fur-
ther research is required to investigate the underlying
mechanisms in both scenarios.

Previous studies have determined that the dopamine
circuits regulating drug seeking and other behaviors, such
as feeding, can be influenced by caloric status indirectly
through metabolic hormones (Naleid et al., 2005; Fulton
et al., 2006; Hommel et al., 2006; Bruijnzeel et al., 2011;
Mebel et al., 2012). However, specific roles for dietary
micronutrient fluctuations in influencing the function of
these circuits in adult animals are not well described. The
research presented here expands the potential factors
influencing dopamine circuits to include the micronutrient

vitamin D3. By reducing the amount of dietary vitamin D3
to resemble levels in common dietary choices observed in
obese people (Harnack et al., 2011), we have induced
behavioral changes in mice that lead to increased intake
and body weight while eating a high fat diet, as well as to
increased intake of amphetamine. These increases in
consumption are similar to previous clinical observations
that obese individuals and drug addicts have similar
changes in dopamine circuits (Volkow et al., 2013). It is
possible that a chronic dietary D3 deficiency may be
another environmental factor that contributes to similar
phenotypes via common and relevant neural substrates.
The proposed mechanism of action via dopamine circuits
also indicates a potential therapeutic use of fully active
analogs of vitamin D3 in obesity and drug addiction.
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