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1␣,25-Dihydroxyvitamin D3 Reduces Cerebral Amyloid-␤
Accumulation and Improves Cognition in Mouse Models of
Alzheimer’s Disease
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We demonstrate a role of the vitamin D receptor (VDR) in reducing cerebral soluble and insoluble amyloid-␤ (A␤) peptides. Short-term
treatment of two human amyloid precursor protein-expressing models, Tg2576 and TgCRND8 mice, with 1␣,25-dihydroxyvitamin D3
[1,25(OH)2D3], the endogenous active ligand of VDR, resulted in higher brain P-glycoprotein (P-gp) and lower soluble A␤ levels, effects
negated with coadministration of elacridar, a P-gp inhibitor. Long-term treatment of TgCRND8 mice with 1,25(OH)2D3 during the period
of plaque formation reduced soluble and insoluble plaque-associated A␤, particularly in the hippocampus in which the VDR is abundant
and P-gp induction is greatest after 1,25(OH)2D3 treatment, and this led to improved conditioned fear memory. In mice fed a vitamin
D-deficient diet, lower cerebral P-gp expression was observed, but levels were restored on replenishment with VDR ligands. The composite data suggest that the VDR is an important therapeutic target in the prevention and treatment of Alzheimer’s disease.
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Introduction
Aggregation of pathologic forms of amyloid-␤ (A␤) peptides is
considered to play a key role in Alzheimer’s disease (AD). A␤
peptides are formed by cleavage of the amyloid precursor protein
(APP) via ␤- and ␥-secretases (Kang et al., 1987; Haass et al.,
1992; Hartmann et al., 1997; Weidemann et al., 1999). The comparatively more hydrophobic 42 aa variant, A␤1– 42, displays a
greater tendency to form oligomers and insoluble plaques (Jarrett
et al., 1993) and is considered to be more pathogenic (Roher et al.,
1993; Lesné et al., 2006) compared with the 40 aa variant, A␤1– 40,
a major component of cerebrovascular plaques (Miller et al.,
1993). Brain A␤ levels are governed by cerebral synthesis and
clearance. The amyloid clearance hypothesis asserts that A␤
accumulation is the result of decreased efflux from the brain
(Zlokovic et al., 2000; Deane et al., 2009). A␤ clearance at the
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blood– brain barrier (BBB) is also controlled by the receptor for
advanced glycation end products (RAGE) and low-density lipoprotein receptor-related protein 1 (LRP1), balancing influx and efflux, respectively (Deane et al., 2004). In addition, P-glycoprotein
(P-gp), an efflux transporter that is encoded by the multidrug
resistance protein 1 (MDR1) gene, has been implicated in A␤
excretion (Lam et al., 2001). A␤ accumulation is higher in brains
of mdr1a/b knock-out mice (Cirrito et al., 2005), and autopsies of
patients with AD showed a strong negative correlation between
densities of senile plaque lesions and the expression of P-gp in
capillaries (Vogelgesang et al., 2002), whose function is known to
decrease with age (Toornvliet et al., 2006).
MDR1 expression at the BBB is regulated by the pregnane
X receptor (PXR; Bauer et al., 2004), the constitutive androstane
receptor (Miller 2010; Wang et al., 2010), and the vitamin D
receptor (VDR; Durk et al., 2012); a response element for VDR
has been identified on the human MDR1 gene (Saeki et al., 2008).
Mice treated with 1␣,25-dihydroxyvitamin D3 [1,25(OH)2D3],
the active, physiological ligand of VDR, showed lower brain accumulation of the P-gp substrate digoxin (Chow et al., 2011). In
vitro, 1,25(OH)2D3 treatment increased P-gp expression in rat
brain endothelial cells (RBE4) and human (hCMEC/D3) cerebral
microvessel endothelial cells and reduced intracellular accumulation of rhodamine 6G and A␤1– 42, both P-gp substrates (Durk
et al., 2012).
This study investigates the potential of 1,25(OH)2D3 in lowering cerebral accumulation of human A␤ (hA␤) in two transgenic (Tg) mouse models of AD: (1) Tg2576 (at the pre-plaque

7092 • J. Neurosci., May 21, 2014 • 34(21):7091–7101

Durk et al. • Vdr-Mediated Induction of P-gp Reduces Brain A␤

Figure 1. Distribution of Vdr and P-gp in 8-week-old C57BL/6 mouse brains and effects of 1,25(OH)2D3 treatment on P-gp levels in brain regions. a, P-gp (green), along with Vdr (red), was
expressed in brain capillaries within the cerebral cortex. Scale bars, 100 m. Vdr levels were highest in the hippocampus and cortex (b), and P-gp levels were elevated mostly in the hippocampal
and cortical regions after 1,25(OH)2D3 treatment (c) (for striatum, n ⫽ 4; for other regions, n ⫽ 6). Data are mean ⫾ SEM. Differences among groups were compared using one-way ANOVA, and
p values were determined by Bonferroni’s multiple comparisons test. PFC, Prefrontal cortex; STR, striatum; HC, hippocampus; CER, cerebellum; OLB, olfactory bulb.

age of 10 weeks); and (2) TgCRND8 (treated from age 9 –17
weeks during the period of plaque formation or at age 20 weeks
for 8 d after plaque has already formed). Although both mice
overexpress hAPP, the TgCRND8 mouse preferentially forms
hA␤1– 42 and exhibits faster plaque deposition (Chishti et al.,
2001). We identify that the central Vdr-specific mechanism for
reduction of A␤ accumulation in Tg2576 and TgCRND8 mice is
via Mdr1/P-gp induction and that early and prolonged Vdr activation lowers A␤ accumulation, decreases plaque burden, and
improves cognitive function, suggesting that VDR is a potential
target in the prevention and treatment of AD.

Materials and Methods
Reagents and chemicals. 1,25(OH)2D3 and all other chemicals were obtained from Sigma-Aldrich. Materials for quantitative real-time PCR
(qPCR) were purchased from Applied Biosystems. Elacridar was a kind
gift from GlaxoSmithKline. The primary antibodies anti-P-gp (C219),
anti-breast cancer resistance protein (Bcrp)/BCRP (BXP-53), anti-Rage/
RAGE (DD/A11), anti-Lrp1/LRP1 (5A6), anti-APP (Y188), anti-VDR
(9A7), and anti-Gapdh (6C5) were purchased from Abcam. The secondary fluorescent antibodies Alexa Fluor 488 (FITC) goat anti-mouse
(A11001) and Alexa Fluor 546 (TRITC) goat anti-rat (A11081) were
from Invitrogen. ELISA kits for hA␤1– 40 (KHB3481) and hA␤1– 42
(KHB3441) were obtained from Invitrogen. The 4G8 antibody to A␤ for
plaque staining was purchased from Covance, and resorufin was obtained from Sigma-Aldrich. Vitamin D-sufficient (TD.07370) and vitamin D-deficient (TD.07541) diets were prepared by Harlan Laboratories;

the vitamin D-deficient diet was supplemented with calcium and phosphorus (2.5 and 1.5% compared with 0.47 and 0.3%, respectively, in
normal diet) to maintain calcium and phosphorus at normal physiological levels.
Animals. All mice were maintained under a 12 h light/dark cycle, and
all protocols were approved by the Faculty of Medicine and Pharmacy
Animal Care Committee. Mice from some treatment groups received
intraperitoneal doses of 0 or 2.5 g/kg 1,25(OH)2D3 in filtered, sterile
corn oil on alternate days for 8 d [every 2 d, 4 times (q2d ⫻ 4)] or every
third day for 8 weeks [every 3 d, 19 times (q3d ⫻ 19)].
Sampling. Blood (via cardiac puncture) and brain tissue (after transcardial perfusion with 10 ml of ice-cold saline) were taken from
C57BL/6 or Tg mice. Tissues were snap-frozen in liquid nitrogen and
stored at ⫺80°C until analysis.
C57BL/6 mice. Whole brains of untreated 8-week-old C57BL/6 mice
(Charles River) were fixed for immunostaining. Two other groups of
mice were injected with either vehicle or 1,25(OH)2D3 intraperitoneally
on alternate days (2.5 g/kg, q2d ⫻ 4), a previously established dosing
regimen that would elicit increased brain P-gp expression (Chow et al.,
2011). Group 1 consisted of 8-week-old males whose brains were removed and microdissected to separate the striatum, prefrontal cortex,
hippocampus, cerebellum, and olfactory bulb to examine the distribution of Vdr and P-gp and region-specific induction patterns. Group 2
consisted of 8-week-old males receiving 1,25(OH)2D3 to demonstrate
temporal changes in brain 1,25(OH)2D3 and mRNA of Mdr1a and
Cyp24a1, both Vdr target genes. Two to four mice were killed at each
time point to provide plasma and brain tissues throughout the 8 d
1,25(OH)2D3 treatment period (Chow et al., 2013). A third group of
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Figure 2. Changes in 1,25(OH)2D3 levels and Vdr target gene expression during the 1,25(OH)2D3 treatment period in control and 1,25(OH)2D3-treated 8-week-old C57BL/6 mice. a, After
treatment with repeated doses of 1,25(OH)2D3, brain levels (black symbols) of 1,25(OH)2D3 rose and fell in unison with those in plasma [gray symbols; from a previous publication (Chow et al., 2013)];
open and filled symbols represent levels in brains of untreated and treated mice, respectively. The lines connect the mean levels. b, Basal mRNA levels of Vdr target genes, Cyp24a1 and Mdr1a, were
relatively unaltered in vehicle-treated animals but were increased after treatment. Cyp24a1 levels rose and fell sharply, but Mdr1a mRNA levels were sustained during the dosing period (n ⫽ 2– 4
for each time point).
mice, housed under incandescent light and receiving either a vitamin
D-sufficient or vitamin D-deficient diet was used to assess effects of
vitamin D deficiency on P-gp expression. Blood (150 l) was withdrawn
from the saphenous vein 2, 4, and 6 weeks after diet manipulation to
measure plasma 1,25(OH)2D3. On week 7, the vitamin D-deficient mice
were treated with vehicle, 20 g/kg dietary vitamin D, or 2.5 g/kg
1,25(OH)2D3, q2d ⫻ 4, intraperitoneally and killed 2 d after the last dose.
Tg mice and A␤ disposition. Tg2576 mice and littermate controls (Taconic Farms) were treated with 1,25(OH)2D3 (2.5 g/kg, i.p., q2d ⫻ 4) or
vehicle at 10 weeks of age. Tg2576 mice possess the Swedish mutation,
resulting in hAPP overexpression (Hsiao et al., 1996). At this age, Tg2576
mice are plaque free but exhibit high levels of soluble hA␤ in the brain
(Hsiao et al., 1996) without displaying signs of cognitive impairment
(Kawarabayashi et al., 2001) and were selected to study soluble hA␤
efflux from the brain after 1,25(OH)2D3 treatment. TgCRND8 mice
(bred and maintained at the University of Toronto), which possess both
the Indiana and Swedish mutations, exhibit faster plaque deposition than
the Tg2576 model (3 vs 9 months) because of the higher hA␤1– 42 versus
hA␤1– 40 production (Chishti et al., 2001). One group of non-Tg and
TgCRND8 mice was treated before and during the period of plaque
formation, from a pre-plaque age (9 weeks) until 17 weeks of age when
plaques and cognitive deficits are easily detectable (Chishti et al., 2001).
To avoid hypercalcemia, a protracted regimen of 2.5 g/kg 1,25(OH)2D3
or vehicle q3d ⫻ 19 intraperitoneally was used for long-term treatment;
we verified this treatment did not elicit changes in plasma calcium or
phosphorus levels or loss of body weight compared with vehicle-treated
controls (data not shown). A second group of TgCRND8 mice was
treated acutely at 20 weeks of age, at which time mice would have high
levels of soluble and insoluble hA␤ and plaques to appraise changes in
soluble and insoluble A␤ after treatment with 1,25(OH)2D3 and elacridar

(GF120918), a P-gp inhibitor. Here, TgCRND8 mice were treated with
vehicle, 2.5 g/kg 1,25(OH)2D3, q2d ⫻ 4 intraperitoneally, or 2.5 g/kg
1,25(OH)2D3 together with 10 mg/kg elacridar in sterile PEG600/
ddH2O, 1:3 (v/v), q12h ⫻ 8 intraperitoneally, during the final 4 d of the
1,25(OH)2D3 treatment. This dosing regimen of elacridar, verified to
inhibit P-gp successfully in the mouse brain, was estimated to attain ⬎20
nM in plasma, the EC50 for P-gp inhibition (Imbert et al., 2003), according to computer simulations based on a two-compartment model (data
not shown) and pharmacokinetic parameters published previously
(Hyafil et al., 1993).
Fear conditioning. Fear conditioning studies were performed with
TgCRND8 and non-Tg mice that underwent prolonged treatment with
1,25(OH)2D3 from an early age. At the end of the 8 week 1,25(OH)2D3
treatment, fear conditioning studies were conducted over the course of
3 d according to a published method (Hanna et al., 2012), with modifications. Studies were performed in two Plexiglas chambers (25.4 ⫻
25.4 ⫻ 18 cm) with floors made of 32 stainless steel rods, 3.5 mm in
diameter and spaced 5 mm apart for the delivery of a 0.6 mA footshock.
The containers were placed in sound-attenuated cabinets, and a speaker
was used to deliver a loud tone [conditioned stimulus (CS)]. On the first
day (training session), each mouse was placed in the apparatus individually and subjected to the 60 s CS into the session, and two consecutive
shocks for 2 s each were delivered at 88 (to 90) s and 148 (to 150) s. On the
second day, mice were placed in cages for 300 s without the CS or shock.
On the third day (probe trial), the appearance of the cage was altered, and
the CS was presented for 3 min, 2 min into the trial. During the 2 min
before CS and 3 min after CS, movement was monitored by beam breaks
of a laser grid, and the number of 1 s intervals in which new beam breaks
were absent was measured to determine freezing frequency. This was
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Figure 3. Vitamin D (Vit D) deficiency lowers plasma 1,25(OH)2D3 and cerebral P-gp expression. a, C57BL/6 mice (8 weeks old) that were fed a vitamin D-deficient diet exhibited significantly
lower (75%) plasma 1,25(OH)2D3 levels after 6 weeks of the diet (n ⫽ 4 for samples at 2, 4, and 6 weeks). Replenishment of the vitamin D-deficient mice after week 6 with dietary vitamin D or
1,25(OH)2D3 elevated plasma 1,25(OH)2D3 levels, albeit not to basal levels (n ⱖ 6). b, Mdr1a mRNA expression and P-gp protein levels were fully restored on replenishment with 1,25(OH)2D3. For
vitamin D-deficient and vitamin D-sufficient mice, n ⫽ 6. Data are mean ⫾ SEM; a one-way ANOVA was used to evaluate differences between groups, with p values determined by Bonferroni’s
multiple comparisons test.
used to calculate percentage of pre- and post-CS intervals in which the
mice exhibited freezing behavior.
Immunostaining. C57BL/6 mice were transcardially perfused with 25
ml of cold PBS and then 50 ml of 4% paraformaldehyde and were postfixed in 4% paraformaldehyde at 4°C overnight. Brains were embedded
in paraffin, and 7 m sections were prepared. After dewaxing, sections
underwent antigen retrieval in 10 mM sodium citrate, pH 6.0, followed by
incubation in 2N HCl at 37°C for 30 min. Sections were preblocked with
5% goat serum in PBS containing 0.1% Tween 20 and incubated with
primary antibodies to P-gp and Vdr overnight at a dilution of 1:50 v/v in
preblock. Sections were rinsed three times with preblock and incubated
with the fluorescent secondary antibodies for 2 h at room temperature.
After washing, sections were imaged using a Nikon E1000R fluorescence
microscope with a 40⫻/0.75 Nikon PlanFluor lens and Nikon FDX-35
camera. Images were acquired with SimplePCI software at room temperature, and images captured with different filters were superimposed using Adobe Photoshop, with which brightness and contrast were adjusted
in a linear manner. The fidelity of the C219 antibody and 9A7 antibody
staining was verified in brains of mdr1a/b⫺/⫺ (Taconic Farms) and
vdr⫺/⫺ (B6.129S4-Vdr tm1Mbd/J) (The Jackson Laboratory) mice, respectively (data not shown).
Plaque staining and quantification. TgCRND8 brains were prepared for
immunostaining as described previously (Chishti et al., 2001). For total
plaque staining, every fifth section of 25 paraffin-embedded sections was
stained with the 4G8 antibody to A␤ and detected with DAB. Slides were
scanned using the Mirax Scan version 1.11 software and Zeiss Mirax Slide
Scanner at 20⫻ magnification with a Zeiss 20⫻/0.8 objective lens and a
Marlin F146-C CCD camera, operated at room temperature. The rendered digital images were analyzed using the color deconvolution algo-

rithm in the Aperio Imagescope software, as described previously
(Lillard-Wetherell, 2008). Red– green– blue values were determined for
both the applied hematoxylin and DAB stains. DAB was chosen as the
positive color channel for identifying and quantifying A␤-stained
plaques within different areas of the brain (cortex and hippocampus).
Furthermore, recognition and measurement of dense and diffuse plaquestained areas were achieved by setting the threshold values of color intensity. The strong positive threshold was set to 80, correlating with dense
staining. The medium positive threshold was set to 160, correlating with
medium/diffuse staining, and the weak positive threshold was set to 0. In
this way, the amyloid-positive area, as well as intensity of A␤ staining,
was quantified in different brain regions, allowing for the quick, objective
comparison between brains from different animals.
For cerebrovascular plaque staining, the method of Han et al., (2011)
was used. Briefly 105 sections were cut, and the first four of every 30
sections were retained for analysis. These sections were dewaxed as described previously (Han et al., 2011) and blocked in PBS containing 0.1%
Triton X-100, 0.2% skim milk, and 1% BSA at room temperature for 45
min. Sections were then permeabilized in 0.25% Triton X-100 (in PBS)
for 30 min at room temperature and then incubated in 1 M resorufin for
30 min at room temperature in 0.25% Triton X-100 in PBS. After this,
sections were washed three times in PBS, then once in 50% EtOH in PBS,
followed by three more PBS washes. Sections were coverslipped and
imaged using a Nikon E1000R fluorescence microscope with a 40⫻/0.75
Nikon PlanFluor lens and Nikon FDX-35 camera. Images were acquired
with the SimplePCI software. All visible cortical vessels were imaged,
and all images used for quantification were obtained with an exposure
time of 1 s. Cross-sectional intensity was quantified using the NIH
ImageJ software.
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Figure 4. 1,25(OH)2D3 treatment induces P-gp in 10-week-old Tg2576 mice (a) and reduces soluble hA␤1– 40 and hA␤1– 42 in the brain (b). N/D denotes that levels were below detection limits.
For Tg2576 mice, n ⫽ 5; for non-Tg mice, n ⫽ 6. A one-way ANOVA was used to evaluate differences in Mdr1a/P-gp between groups, with p values determined by Bonferroni’s multiple comparisons
test. To compare A␤ levels between treated and control Tg2576 mice, p values were determined by Student’s two-tailed t test.
Immunoblotting. Brains were homogenized in 5⫻ (w/v) buffer (in mM:
250 sucrose, 10 HEPES, and 10 Tris) containing protease inhibitor mixture (Sigma-Aldrich) and centrifuged at 3000 ⫻ g for 10 min at 4°C. The
pellet, a nuclear fraction, was resuspended in buffer containing the following (in mM): 15 Tris-HCl, 60 KCl, 15 NaCl, 5 MgCl2, 0.1 EGTA, 0.5
DTT, 0.1 PMSF, 300 sucrose, and protease inhibitor, which was used for
Vdr blotting. A crude membrane fraction was prepared for P-gp protein
blotting by further centrifugation of the supernatant at 33,000 ⫻ g for 10
min at 4°C, and the pellet was suspended in buffer containing the following (in mM): 50 mannitol, 20 HEPES, and 20 Tris, as well as protease
inhibitor mixture. Protein samples were resolved by SDS-PAGE. Protein
bands were normalized to the respective Gapdh band of the same sample
(Chow et al., 2009).
qPCR. RNA was isolated from brains using TRIzol (Sigma-Aldrich),
according to the protocol of the manufacturer. The method for the determination of relative brain mRNA levels by qPCR has been described
previously (Durk et al., 2012). Primers used include murine cyclophillin
(forward, 5⬘-GGAGATGGCACAGGAGGAA-3⬘; reverse, 5⬘-GCCC
GTAGTGCTTCAGCTT-3⬘), Cyp24a1 (forward, 5⬘-CTGCCCCATTG
ACAAAAGGC-3⬘; reverse, 5⬘-CTCACCGTCGGTCATCAGC-3⬘), and
Mdr1a (forward, 5⬘- CATGACAGATAGCTTTGCAAGTGTAG-3⬘; reverse, 5⬘-GGCAAACATGGCTCTTTTATCG-3⬘).
1,25(OH)2D3 levels by enzyme immunoassay. Brains were homogenized in 1:2 (v/v) CH2Cl2/MeOH and centrifuged at 3000 ⫻ g for 20 min
at room temperature. The bottom (organic) phase was recovered with a
pipette, and CH2Cl2 was added to the top phase, after which the centrifugation was repeated and the bottom phase was collected again. The
pooled organic phase was dried down and resuspended in charcoalstripped human serum, and 1,25(OH)2D3 levels were determined by an
enzyme immunoassay kit from Immunodiagnostics Systems, according
to the protocol of the manufacturer. Brain 1,25(OH)2D3 levels were plotted against published plasma levels (Chow et al., 2013). These, together
with the temporal data of the mRNA levels of brain Mdr1a and Cyp24a1,
were used to characterize the induction of Vdr target genes.
ELISA for hA␤. hA␤1– 40 and hA␤1– 42 levels in brains of Tg2576 and
non-Tg mice were measured by ELISA according to the protocol of the
manufacturer. Briefly, brains were homogenized in eight times (w/v) in

buffer containing 50 mM Tris-HCl and 5 M guanidine-HCl and diluted
fivefold or 10-fold for total hA␤1– 40 and hA␤1– 42 measurement, respectively, in PBS containing 5% BSA and 0.03% Tween 20. Soluble hA␤
from TgCRND8 and non-Tg brains was extracted according to a published method (Petanceska et al., 2000). Hemibrains were homogenized
in 1:10 (w/v) buffer containing 20 mM Tris, 0.25 M sucrose, 1 mM EDTA,
and 1 mM EGTA, pH 7.4. Soluble hA␤ was extracted by mixing 1:1
homogenate with 0.4% diethylamine/100 mM NaCl in a Dounce homogenizer and centrifuged at 100,000 ⫻ g for 1 h at 4°C, followed by neutralization with 1⁄10 volume with 0.5 M Tris, pH 6.8. The pellet was used to
extract insoluble A␤ after addition of 440 l of ice-cold 70% formic acid,
followed by sonication with a hand-held sonicator for 20 s on ice; then
400 l was centrifuged for 1 h at 100,000 ⫻ g at 4°C. An aliquot of 210 l
of the supernatant was neutralized with 4 ml of 1 M Tris base containing
0.5 M Na2HPO4 and stored at ⫺80°C until analysis by ELISA.
Statistical analysis. All data are presented as mean ⫾ SEM. A one-way
ANOVA was used to evaluate differences among multiple groups, with p
values determined by Bonferroni’s multiple comparisons test. Student’s
two-tailed t test was used to evaluate differences only between experiments in which two treatment groups were compared. Differences were
considered to be statistically significant at p ⬍ 0.05.

Results
Vdr and P-gp in murine brain capillaries and brain regions
The distribution of Vdr and P-gp in brain regions and changes in
P-gp after 1,25(OH)2D3 treatment were first studied in C57BL/6
mice. Both Vdr and P-gp were found to be present in cortical
capillaries (Fig. 1a). The signals for Vdr and P-gp protein expression were absent in controls when only the secondary antibody
was used and in brains of vdr⫺/⫺ and mdr1a/b⫺/⫺ mice, respectively (data not shown). In microdissected brain regions, Vdr
(Fig. 1b) protein expression was highest in the hippocampus and
prefrontal cortex, then the striatum, olfactory bulb, and cerebellum. After 1,25(OH)2D3 treatment (2.5 g/kg, q2d ⫻ 4, i.p.),
P-gp induction by 1,25(OH)2D3 was also region specific. The
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Figure 5. Relative brain Mdr1a mRNA and P-gp protein levels (a) and brain concentrations of soluble and insoluble hA␤1– 40 and hA␤1– 42 (b) in non-Tg and TgCRND8 mice (at 4
months) after treatment with 1,25(OH)2D3 or vehicle for 8 weeks. Significant reduction of soluble hA␤1– 42 and insoluble hA␤1– 40 and hA␤1– 42 was observed after 1,25(OH)2D3
treatment. N/D denotes that levels were below detection limits. For TgCRND8 mice, n ⱖ 7; for non-Tg mice, n ⱖ 4. Data are mean ⫾ SEM; a one-way ANOVA was used to evaluate
differences in Mdr1a/P-gp between groups, with p values determined by Bonferroni’s multiple comparisons test. To compare A␤ levels between treated and control TgCRND8 mice,
p values were determined by Student’s two-tailed t test.

highest induction (2.5-fold) occurred in the hippocampus, in
which Vdr expression was high. In the prefrontal cortex, an inductive trend in P-gp was observed, whereas there was no change
in other regions of the brain (Fig. 1c).
1,25(OH)2D3 plays a central role in the induction of cerebral
Mdr1a/P-gp in C57BL/6 mice
In mice receiving repeated doses of 1,25(OH)2D3, brain
1,25(OH)2D3 levels rose in unison with those in plasma (Fig. 2a).
Brain Mdr1a mRNA levels rose temporally and paralleled the
induction pattern of Cyp24a1 mRNA, a Vdr target gene encoding
an enzyme that catabolizes 1,25(OH)2D3. Patterns of induction
of both lagged slightly behind tissue 1,25(OH)2D3 levels (Fig. 2b).
In mice given a vitamin D-deficient diet, plasma 1,25(OH)2D3
was reduced to 25% of basal levels by weeks 6 – 8 of diet manipulation (Fig. 3a), and there was a corresponding significant reduction in cerebral Mdr1a and P-gp expression by week 8 (Fig.
3b). Intervention at week 7 of the vitamin D-deficient diet by
administration of 1,25(OH)2D3 (2.5 g/kg, q2d ⫻ 4, i.p.) fully
restored Mdr1a mRNA/P-gp protein expression to basal levels at
week 8 but not on replenishment with dietary vitamin D (20
g/kg, q2d ⫻ 4, i.p.; Fig. 3b).

1,25(OH)2D3 induces Mdr1a/P-gp in 10-week-old Tg2576
mice, reducing soluble hA␤ levels
Tg2576 mice were treated with 1,25(OH)2D3 to test the hypothesis that Vdr activation of Mdr1a reduces soluble A␤. After the
short-term 1,25(OH)2D3 treatment (2.5 g/kg, q2d ⫻ 4, i.p.),
brain Mdr1a mRNA expression was increased (by ⬃70%) and
P-gp was induced in 1,25(OH)2D3-treated Tg2576 mice (Fig. 4a).
The expression of mRNA and protein for Bcrp, Lrp1, and Rage
did not differ between non-Tg and Tg2576 mice, and levels remained unchanged with 1,25(OH)2D3 treatment (data not
shown). The ratio of total hA␤1– 42/hA␤1– 40 in vehicle-treated
Tg2576 mice was 0.28, indicating that the predominant species is
hA␤1– 40. After treatment, levels of cerebral hA␤1– 40 and hA␤1– 42
were nearly halved (39.1 ⫾ 4.25 to 15.4 ⫾ 2.15 and 11.1 ⫾ 0.240
to 5.82 ⫾ 0.891 ng/g wet weight; Fig. 4b), although the relative
APP levels, detected by immunoblotting, remained unchanged
with treatment (data not shown).
Early Vdr induction of brain P-gp leads to decreased plaqueassociated, insoluble A␤ in TgCRND8 mice
After verification that short-term Vdr activation could reduce
accumulation of soluble A␤ in Tg2576 mice, the TgCRND8
model that is associated with faster plaque formation was used to
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effects associated with 1,25(OH)2D3 treatment. At the end of treatment, Mdr1a
mRNA expression was higher in both
treated non-Tg (20%) and TgCRND8
(25%) mice compared with the corresponding vehicle-treated controls, but
there was no change in Rage or Lrp1
mRNA expression (data not shown). P-gp
protein levels were increased 2.25-fold in
TgCRND8 mice (Fig. 5a). Again, there
was no change in Rage or Lrp1 protein
with treatment (data not shown).
1,25(OH)2D3 treatment decreased cerebral soluble hA␤1– 42 and hA␤1– 40 levels
by ⬃30% each (from 3360 ⫾ 122 to
2240 ⫾ 153 and from 872 ⫾ 33.7 to 618 ⫾
18.7 ng/g wet weight, respectively; p ⬍
0.05). The plaque-associated, insoluble
hA␤1– 42 in brain decreased significantly
(15%, from 4640 ⫾ 143 to 3870 ⫾ 133
ng/g wet weight; p ⬍ 0.05) after
1,25(OH)2D3 treatment, as did the insoluble hA␤1– 40 (35%, from 924 ⫾ 66.7 to
514 ⫾ 69.0 ng/g wet weight; p ⬍ 0.05;
Fig. 5b).
Analysis of amyloid plaque distribution by staining with the 4G8 antibody after 1,25(OH)2D3 treatment confirmed
these changes. Both dense and diffuse
plaques were significantly decreased in the
hippocampus and cortex, with reduction
being lower in the cortex (Fig. 6a). We
attribute the observations to the relatively
higher Vdr (Fig. 1b) levels and the greater
induction of P-gp in the hippocampus
(Fig. 1c). Staining for cerebrovascular
plaque revealed the presence of amyloid
Figure 6. 1,25(OH)2D3 treatment decreases dense and diffuse amyloid plaques in TgCRND8 mice. a, Representative images of
deposits in cortical vessels, especially the
brains of vehicle-treated and 1,25(OH)2D3-treated TgCRND8 mice after long-term treatment and significant decreases in dense and
diffuse amyloid plaques in cortex and hippocampus. For each group, n ⫽ 7 mice. Every fifth section of 25 sections from each brain dural vessels (Fig. 6b). We did not observe
were stained and quantified. Data are mean ⫾ SEM; p values were determined by Student’s two-tailed t test. Scale bars, 1 mm. b, a significant difference in cerebrovascular
Resorufin staining in the cerebral cortex. bi, bii, Patterns of resorufin binding observed in cerebral arteries of TgCRND8 mice at 17 plaque staining between the control and
weeks of age. Exterior surface of cerebral artery (bi) and cross-section of cerebral artery demonstrating interspersed laminar stripes treatment groups, but a nonsignificant inof resorufin distribution on abluminal surface (bii). biii– bv, Resorufin staining seen in cortex of vehicle- treated animals; bvi– crease was observed for treated mice combviii, resorufin staining observed in cortex of 1,25(OH)2D3-treated animals. Although statistically significant differences in reso- pared with controls, suggestive of a trend
rufin staining were not observed in cerebral vasculature, a diminution of resorufin-positive neuritic plaques was noted in toward increased deposition of cerebro1,25(OH)2D3-treated animals (arrowheads). Scale bars (in iii–viii), 100 mm. For each group, n ⫽ 5 mice. For 105 sections, the first vascular plaque with prolonged upregulafour of every 30 sections from each brain was stained and quantified. Data are mean ⫾ SEM; p values were determined by
tion of P-gp. However, treatment with
Student’s two-tailed t test.
1,25(OH)2D3 at an early stage of AD development, namely during the period of
test the hypothesis that early Vdr activation before the period of
plaque formation, was able to reduce both soluble and insoluble
plaque formation would reduce the accumulation of both soluble
A␤, demonstrating that the optimal treatment should begin before the period of plaque formation.
and insoluble plaque-associated A␤. Because preliminary studies
showed no difference in P-gp, Rage, Lrp1, Vdr, or A␤ levels between male and female TgCRND8 mice in response to
Vdr improves conditioned fear memory in TgCRND8 mice
1,25(OH)2D3 treatment (data not shown), TgCRND8 mice of
after early treatment with 1,25(OH)2D3
both sexes were pooled for study.
We used fear conditioning to assess learning and memory in the
For the TgCRND8 mice, we used a longer 1,25(OH)2D3 dos17-week-old TgCRND8 mice after vehicle or 2.5 g/kg
ing regimen, spanning from a pre-plaque (9 weeks) to post1,25(OH)2D3 treatment for 8 weeks, q3d ⫻ 19 intraperitoneally,
because these mice begin to show signs of cognitive deficits at ⬃2
plaque (17 weeks) age. For TgCRND8 mice, the ratio of total
months of age (Chishti et al., 2001). During probe trials, no difhA␤1– 42/hA␤1– 40 was 4.19, demonstrating that hA␤1– 42 is the
predominant species. TgCRND8 mice received the 1,25(OH)2D3
ference was found between any treatment group before the CS,
dose less frequently (2.5 g/kg for 8 weeks, q3d ⫻ 19, i.p.) to
wherein mice exhibited freezing behavior ⬃10% of the time. Afavoid hypercalcemia and weight loss (Chow et al., 2013), side
ter the CS, non-Tg mice exhibited freezing behavior for ⬃40 –
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(from 1060 ⫾ 25.9 to 1240 ⫾ 27.6 and 2920 ⫾ 202 to 4700 ⫾ 214
ng/g wet weight, respectively). Levels of insoluble hA␤ remained
unchanged, although an increasing trend for hA␤1– 40 was observed in the 1,25(OH)2D3-treated mice given elacridar. The
combined data confirmed that the Vdr-mediated reduction of
brain hA␤ occurs with the soluble and not insoluble forms and
that the late, short-term treatment with 1,25(OH)2D3 is unable to
reverse the insoluble plaque already formed. However, if the
1,25(OH)2D3 treatment is more prolonged, it is foreseeable that
less plaque would form with increased brain efflux of the soluble
hA␤ by P-gp.

Discussion

Figure 7. Fear conditioning studies: frequency of freezing behavior is partially restored in
TgCRND8 mice that received 1,25(OH)2D3 treatment. Data are mean ⫾ SEM percentage of time
mice exhibited freezing behavior before and after the CS. Vehicle-treated non-Tg mice, n ⫽ 10;
1,25(OH)2D3-treated non-Tg mice, n ⫽ 8; vehicle-treated TgCRND8 mice, n ⫽ 8; and
1,25(OH)2D3-treated TgCRND8 mice, n ⫽ 10. A one-way ANOVA was used to evaluate differences between groups, with p values determined by Bonferroni’s multiple comparisons test.

50% of the time, and there was no difference between vehicletreated and 1,25(OH)2D3-treated mice. A considerable difference
in frequency of freezing behavior was found between vehicletreated non-Tg and TgCRND8 mice. Expectedly, TgCRND8
mice only exhibited freezing behavior for 15–20% of the time,
and 1,25(OH)2D3 treatment restored freezing behavior, albeit
not to levels of the non-Tg mouse (only 65%). Treated TgCRND8
mice exhibited freezing behavior 40, 40, and 30% of the time for
the first 30, 60, and 180 s after CS, respectively (Fig. 7). These
results show that 1,25(OH)2D3 improves conditioned fear memory in TgCRND8 mice that were treated at an earlier age and for
a longer period of time (9 weeks old for 8 weeks).
Late treatment with 1,25(OH)2D3 induces P-gp in 20-weekold TgCRND8 mice, reducing only soluble hA␤ levels
Twenty-week-old TgCRND8 mice were treated with
1,25(OH)2D3 after the onset of plaque formation to test the hypotheses that Vdr activation at a later stage reduces only soluble
hA␤ and that inhibition of P-gp negates this effect. After
1,25(OH)2D3 treatment (2.5 g/kg, q2d ⫻ 4, i.p.), brain P-gp
protein (Fig. 8a) was increased in 1,25(OH)2D3-treated mice
compared with vehicle-treated mice, and P-gp induction was observed in mice treated with 1,25(OH)2D3 plus elacridar. There
was no change in Rage or Lrp1 mRNA or protein expression after
either treatment; the same was observed for Bcrp mRNA (data
not shown). The ratio of total (soluble and insoluble) hA␤1– 42/
hA␤1– 40 in vehicle-treated TgCRND8 mice was 4.41, indicating
that the predominant species is hA␤1– 42. Plasma hA␤ levels remained unchanged after all treatments (data not shown). After
1,25(OH)2D3 treatment, brain levels of soluble hA␤1– 40 and
hA␤1– 42 were reduced significantly in TgCRND8 mice, from
1060 ⫾ 25.9 to 675 ⫾ 54.3 and 2920 ⫾ 202 to 1970 ⫾ 130 ng/g wet
weight, respectively (Fig. 8b). Levels of insoluble hA␤1– 40 and
hA␤1– 42 in brain remained generally unchanged after treatment
with 1,25(OH)2D3 compared with vehicle (Table 1). Treatment
with elacridar, together with 1,25(OH)2D3, did not affect the
Vdr-mediated induction of P-gp protein but successfully reduced
P-gp function. In these TgCRND8 mice, the soluble hA␤1– 40 and
hA␤1– 42 levels were significantly higher than those of controls

Although AD is a multifaceted disease, aggregation of pathologic
forms of A␤ peptides is considered key to chronic neural injury
and cognitive decline in patients with AD (Kidd 1964), with A␤
plaque formation viewed as a significant clinical hallmark. The
amyloid clearance hypothesis suggests that increased A␤ accumulation in brain is attributable to reduced A␤ clearance (Zlokovic et al., 2000) in brains of patients with AD (Mawuenyega et
al., 2010) and that increased A␤ clearance across the BBB is beneficial (Castellano et al., 2012), with the periphery serving as a
sink (Zhang and Lee, 2011). P-gp was implicated to play a role in
brain-to-blood efflux of these cleavage products (Vogelgesang et
al., 2004) and functions as an A␤ efflux pump (Tai et al., 2009).
Lam et al. (2001) were among the first to demonstrate that P-gpenriched vesicles transport A␤ in an ATP-dependent manner.
The basolateral-to-apical transport of A␤1– 40 and A␤1– 42 in a
polarized, MDR1-transfected porcine proximal renal tubule endothelial cell line was inhibited by verapamil, a P-gp inhibitor
(Kuhnke et al., 2007). Consistent with these observations, mdr1a/
b⫺/⫺ hAPP Tg mice exhibited decreased clearance of hA␤ and
increased hA␤ levels in various regions of the brain, including the
hippocampus, a region that plays a key role in regulating the
formation and consolidation of long-term memory (Cirrito et al.,
2005), and it is interesting to note that a significant negative
correlation exists between the densities of senile plaque lesions
and P-gp levels in brain capillaries of patients with AD (Vogelgesang et al., 2002). In contrast, Ohtsuki et al. (2010) inferred that
P-gp is not a significant clearance pathway of A␤, because verapamil failed to alter the brain clearance of [ 125I]A␤1– 40 injected
into rat brain in vivo or in a cell monolayer, findings that contrasted our observations using elacridar and those of Cirrito et
al. (2005) using another P-gp inhibitor in vivo. The difference
could be explained by the potency of verapamil, a loweraffinity P-gp inhibitor compared with that of elacridar whose
EC50 is 20 nM (Imbert et al., 2003). Upregulation of brain
Mdr1a/P-gp with pregnenolone-16␣-carbonitrile (Hartz et
al., 2010) or St. John’s Wort (Brenn et al., 2014), ligands of the
PXR, also led to increased hA␤1– 42 efflux in isolated rat brain
capillaries and reduced brain levels of soluble hA␤1– 40 and
hA␤1– 42 in hAPP Tg mice.
Other transporters may also affect A␤ accumulation. It was
suggested that BCRP mediates the transport of A␤ in the brain
(Xiong et al., 2009). Patients with AD tend to exhibit higher
BCRP levels than age-matched nondemented patients, and the
same applies to the Tg3x mouse model of AD against its matched
littermate control (Xiong et al., 2009). If this were the case, increased BCRP should have promoted A␤ excretion. We showed
that murine Bcrp mRNA or protein expression did not differ between non-Tg and Tg mice, patterns that also remained unaltered
with 1,25(OH)2D3 or elacridar treatment (data not shown), suggesting that Bcrp is unlikely to alter brain A␤ deposition in our studies.
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Figure 8. 1,25(OH)2D3 treatment increases P-gp in 20-week-old TgCRND8 mice (a) and reduces soluble hA␤1– 40 and hA␤1– 42 in the brain (b). Data are mean ⫾ SEM. For all groups, n ⫽ 4. A
one-way ANOVA was used to evaluate differences between groups, with p values determined by Bonferroni’s multiple comparisons test.
Table 1. Comparison of cerebral hA␤ levels in vehicle-treated and 1,25(OH)2D3-treated Tg mice
Soluble A␤ concentration in brain (ng/g wet weight)
Vehicle or 1,25(OH)2D3 treatment (g/kg, i.p.)
Tg2576 (5 males per group), began treatment at
10 weeks old, 11 weeks old when killed
0 (q2d ⫻ 4)
2.5 (q2d ⫻ 4)
TgCRND8 (4 males, 3– 4 females per group), began
treatment at 9 weeks old, 17 weeks old when killed
0 (q3d ⫻ 19)
2.5 (q3d ⫻ 19)
TgCRND8 (4 females per group), began treatment at
20 weeks old, 21 weeks old when killed
0 (q2d ⫻ 4)
2.5 (q2d ⫻ 4)
2.5 (q2d ⫻ 4) ⫹ 10 mg/kg elacridar (q12h ⫻ 8)

Insoluble A␤ concentration in brain (ng/g wet weight)

hA␤1– 40

hA␤1– 42

hA␤1– 42/hA␤1– 40 ratio

hA␤1– 40

hA␤1– 42

hA␤1– 42/hA␤1– 40 ratio

39.1 ⫾ 4.25
15.4 ⫾ 2.15*

11.1 ⫾ 0.240
5.82 ⫾ 0.891*

0.276 ⫾ 0.0169
0.357 ⫾ 0.0226

NPb
NP

NP
NP

NP
NP

872 ⫾ 33.7
618 ⫾ 18.7*

3360 ⫾ 122
2240 ⫾ 153*

3.65 ⫾ 0.176
3.39 ⫾ 0.196

2920 ⫾ 202
1970 ⫾ 130**
4700 ⫾ 214***

2.78 ⫾ 0.219
3.04 ⫾ 0.417
3.78 ⫾ 0.107***

1060 ⫾ 25.9
675 ⫾ 54.3**
1240 ⫾ 27.6***

923 ⫾ 66.7
514 ⫾ 69.0*
3850 ⫾ 931
4710 ⫾ 282
6030 ⫾ 238

4640 ⫾ 143
3870 ⫾ 133*

4.75 ⫾ 0.247
7.16 ⫾ 0.361*

18000 ⫾ 1700
16500 ⫾ 878
20400 ⫾ 443

3.83 ⫾ 0.166
3.54 ⫾ 0.312
3.40 ⫾ 0.198

hA␤ levels were not detected in non-Tg mice. NP, Not present.
*p ⬍ 0.05 for 1,25(OH)2D3 treatment compared with vehicle treatment, Student’s two-tailed t test.
**p ⬍ 0.05 for 1,25(OH)2D3 treatment compared with vehicle treatment, one-way ANOVA with Bonferroni’s multiple comparisons test.
***p ⬍ 0.05 for elacridar plus 1,25(OH)2D3 treatment compared with vehicle treatment, one-way ANOVA with Bonferroni’s multiple comparisons test.

Although Rage and Lrp1 may play crucial roles in A␤ deposition in
the brain (Deane et al., 2009), their mRNA and protein expression
was unaltered after short-term or long-term 1,25(OH)2D3 treatment
of Tg mice (data not shown). Bace1 (␤-secretase activity of the ␤-site

APP-cleaving enzyme 1) levels in TgCRND8 mice also remained
unchanged with treatment (data not shown). After 1,25(OH)2D3
treatment, only P-gp was found to be induced by Vdr, and this led to
a significant reduction in A␤ deposition.
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One goal in AD prevention is reduction of the A␤1– 42/A␤1– 40
ratio (Yin et al., 2007), because A␤1– 42 is considered to be the
more pathogenic species and the major component of neuritic
plaques (Jarrett et al., 1993). With the recognition that A␤1– 40 is
a major contributor to cerebrovascular amyloid angiopathy and
associated with stroke in patients with AD (Ozawa et al., 2002), it
may be beneficial to increase the clearances of both A␤1– 40 and
A␤1– 42 rather than just A␤1– 42. At an age when plaques and cognitive impairment are absent in Tg2756 mice (Kawarabayashi et
al., 2001), 1,25(OH)2D3-mediated induction of P-gp expression
led to reduced soluble hA␤1– 40 and hA␤1– 42 accumulation almost equally (Fig. 4). In TgCRND8 mice, the more suitable
mouse model for the study of plaque formation and AD pathology, both soluble and insoluble hA␤ were reduced after early
treatment with 1,25(OH)2D3, demonstrating that it is best to
begin intervention early on, before the period of plaque formation, because P-gp is believed to directly influence only soluble
A␤ levels (Table 1). Furthermore, we are able to demonstrate that
vitamin D deficiency reduced cerebral P-gp expression in mice
(Fig. 3), thus providing a plausible explanation for the clinical
association between vitamin D deficiency and reduced cognitive
performance in older adults (Wilkins et al., 2006; Evatt et al.,
2008). In addition, a few animal studies demonstrated a link between vitamin D and A␤. In rats treated with A␤, vitamin D
supplementation nearly restored the suppressed synaptic plasticity to control levels (Taghizadeh et al., 2013), and hAPP Tg mice
receiving a vitamin D-deficient diet had higher A␤ plaque load
and increased cognitive deficits compared with controls, whereas
mice fed a vitamin D-enriched diet had a lower plaque load and
increased cognitive function compared with controls (Yu et al.,
2011).
It is recognized that activation of P-gp is not the only mechanism whereby Vdr reduces cerebral A␤. Masoumi et al. (2009)
suggested that 1,25(OH)2D3 stimulates macrophages via a
genomic pathway for A␤ phagocytosis and clearance in patients
with AD, whereas others demonstrate that 1,25(OH)2D3 treatment increased cerebral clearance of [ 125I]A␤1– 40 by both
genomic and nongenomic Vdr actions (Ito et al., 2011). It is
further suggested that A␤ may suppress effects of Vdr signaling
(Dursun et al., 2011), such as release of nerve growth factor in
hippocampal neurons that would otherwise render a neuroprotective effect (Brown et al., 2003). Despite this suggested suppressive mechanism, Vdr-mediated induction of P-gp was found to
persist even at high A␤ levels in the present study.
Our data strongly assert a positive link between 1,25(OH)2D3liganded Vdr, induction of Mdr1a/P-gp, and brain A␤ accumulation. We show that, whereas Vdr increases Mdr1a and P-gp
expression, which reduces brain A␤ levels, inhibition of P-gp
function with elacridar leads to accumulation of soluble A␤ in the
brain. Vdr activation during the period of plaque formation decreases the soluble hA␤ load and reduces plaque formation in
younger TgCRND8 mice, improving conditioned fear memory,
confirming that decreasing cerebral hA␤ load in these younger
mice delays the progression and intensity of AD-like symptoms,
as found by others in Tg2576 mice (Karlnoski et al., 2009). Shortterm treatment of older TgCRND8 mice after the period of
plaque formation lowered the soluble hA␤ but was unable to
decrease the plaque burden (Table 1). This study shows unequivocally that manipulation of P-gp by the VDR to increase efflux of
soluble A␤, likely the monomeric form, is a promising mechanism for the prevention and treatment of AD and that maintenance of adequate vitamin D levels in the elderly may be crucial in
preventing neurodegeneration.
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