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Abstract

P-glycoprotein (the product of the MDR1 (ABCBL1) gene) at the blood-brain barrier
(BBB) limits CNS entry of many prescribed drugs, contributing to the poor success rate
of CNS drug candidates. Modulating Pgp expression could improve drug delivery into
the brain but assays to predict regulation of human BBB Pgp are lacking. We developed a
transgenic mouse model to monitor human MDRL transcription in the brain and spinal
cord invivo. A reporter construct consisting of ~10 kb of the human MDR1 promoter
controlling the firefly luciferase gene was used to generate a transgenic mouse line
[MDR1-luc]. Fluorescence In Stu Hybridization localized the MDR1-luc transgene on
chromosome 3. Reporter gene expression was monitored with an in vivo imaging system
following D-luciferin injection. Basal expression was detectable in the brain, and
treatment with activators of CAR, PXR and the glucocorticoid receptor induced brain and
spinal MDR1-luc transcription. Since D-luciferin is a substrate of ABCG2, the feasibility
of improving D-luciferin brain accumulation (and luciferase signal) was tested by
coadministering the dual ABCB1/ABCG2 inhibitor elacridar. The brain and spine
MDRI1-luc sgnal intensity was increased by elacridar treatment suggesting enhanced D-
luciferin brain bioavailability. There was regional heterogeneity in MDR1 transcription
(cortex > cerebellum) that coincided with higher mouse Pgp protein expression. We
confirmed luciferase expression in brain vessel endothelial cells by ex vivo analysis of
tissue luciferase protein expression. We conclude that the MDR1-luc mouse provides a

unique in vivo system to visualize MDR1 CNS expression and regulation.
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Introduction

The drug efflux transporter P-glycoprotein is the product of the ABCB1/MDR1
gene. Drug transporting P-glycoprotein is acritical part of the blood brain barrier (BBB)
and essential in preventing the blood to brain penetration of substrates (Schinkel et al.,
1995). However, BBB Pgp also prevents brain delivery of CNS acting drugs including
those for brain tumor treatment.

Cranial BBB Pgp isregulated by a number of signaling pathways. In micethe
pregnane X receptor (PXR) mediates induction of BBB Pgp by avariety of ligands
including the prototypical mouse PXR agonist pregnenolone 16c.-carbonitrile (PCN) ).
The glucocorticoid receptor has been shown to mediate dexamethasone induction of
rodent BBB Pgp (Narang et a., 2008). Activators of the constitutive androstane receptor
(CAR), including 1,4-Big 2(3,5-dichloropyridyloxy)] benezene (TCPOBOP) and
phenobarbital induced Pgp protein and function in rat and mouse brain capillaries ex vivo
(Wang et al., 2010). Spinal BBB Pgp is regulated by activators of the Aryl hydrocarbon
receptor (AhR) and Nrf2 (Campos et al., 2012) (Wang et al., 2014).

The human MDR1 promoter contains PXR and CAR regulatory sequences at
about -8 kb (Geick et al., 2001), and human MDRL transcription can be induced in
human liver and intestinal cell models by prototypical PXR and CAR activators (Schuetz
et a., 1996a) (Hartley et al., 2004). However, data on regulation of human BBB MDRL1 in
vivo is lacking, despite the fact that there are numerous reasons to understand and predict
how MDRL1 is regulated at the human BBB in vivo (Miller, 2010). The most extensively
described immortalized human BBB cells (hCMEC/D3) (Weksler et a., 2013) maintain a

low level of Pgp expression, but have barely detectable expression of PXR and CAR and
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failed to show PXR and CAR regulation of MDR1 (Dauchy et al., 2009). It isunclear
whether the cultured cellsfail to retain regulation seen in vivo, or whether there are
differences between rodents and humansin regulation of BBB MDR1. Mouse PXR and
CAR are expressed in brain and spinal capillaries and regulate mouse Pgp expression
(Bauer et al., 2004), and mice humanized with hPXR can similarly regulate mouse BBB
Pgp (Miller et a., 2008). However, these models cannot predict the potential of the
human MDR1 5’ -regulatory sequences to respond to these same regulatorsin the brain in
Vivo.

A mouse mdr 1a-luc model has previously been generated in which the luciferase
reporter was inserted into the genomic locus of the mouse mdr1a gene by homologous
recombination (Gu et al., 2009) (Gu et al., 2013) and bioluminescent imaging was used to
study in vivo transcription of the mouse mdrlapromoter. However, mdrla transcription
was not reported in the mdr1a-luc mouse CNS. To gain a better understanding of human
MDR1 regulation, we created a transgenic mouse model with the human MDR1 promoter
driving aluciferase reporter. The MDR1-luc mouse demonstrated luciferase signal in the
brain and spine that can be used to study in real time in vivo transcriptional regulation of
the human MDR1 gene. In addition, we show that treatment of mice with elacridar (an
inhibitor of Abcg2/Bcerp at the blood brain barrier) can improve the magnitude of
luciferase signal in the brain and spine, presumably by increasing the CNS accumulation

of the known Bcrp substrate D-luciferin.
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Materialsand Methods

Materials. TCPOBOP, eacridar, rifampin and dexamethasone were purchased from

Sigma (St. Louis, MO) and sodium phenobarbital from J.T. Baker Inc. (Phillipsourg, NJ).

Animals. FVB mice were purchased from Taconic Farms (Germantown, NY). All
experimental procedures were approved by the Institutional Animal Care and Use
Committee of St Jude Children’s Research Hospital in accordance with US National

Institutes of Health guidelines.

Creation of MDR1-luc transgenic mice. The human MDR1-luciferase plasmid was
generated by amplifying the human MDR1 promoter (- 9,912/+180, relative to the
transcription initiation site) and ligating it into the Kpnl/Smal site of pGL3Basic
(Promega, Madison, WI) as described (Schuetz et al., 2002). The transgene was
linearized by restriction enzyme digestion and the purified fragment was microinjected

into single cell-stage FVB embryos and implanted into pseudo-pregnant mice.

MDR1-luc genotyping. Genomic DNA was isolated from mouse tails using the DNeasy

Blood and Tissue Kit (Qiagen, Vaencia, CA). Two methods were used to determine the

presence or absence of luciferase in genomic DNA. Luciferase (255 bp fragment) was PCR

amplified using primers lucS (TTCGCAGCCTACCGTGGTGTT) and IucAS
(GGCAGACCAGTAGATCCAGAG,) and HotMaster Taqg DNA polymerase (5 Prime Inc.,

Gaithersburg, MD). PCR conditionsincluded an initial denaturation (94°C for 2 min),
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followed by 32 cycles of denaturation (94°C for 20s), annealing (55°C for 20s), and synthesis
(65°C for 30s), and afinal synthesis (65°C for 1min). The amplicon was visualized on a 2%
agarose gel. Alternatively, mice were genotyped using real time PCR with specific probes
designed to detect luciferase (Transnetyx, Cordova, TN). Insertion of the entire MDR1
promoter was confirmed by PCR amplification usng genomic DNA from MDR1-luc mice
and eight sets of human MDRL1 specific primers that specifically amplified regions between

-9447 bp to +180bp of the human MDR1 promoter transgene.

Multiplex ligation-dependent probe assay (M LPA) to genotype zygosity of MDR1-
luc transgene alleles. Since the exact insertion site of the MDR1-luc transgene was not
known, MLPA was used to genotype transgene zygosity. During MLPA, an
oligonucleotide ligation reaction was performed, followed by PCR using fluorescein-
conjugated primer, such that the amount of PCR product generated for each genomic
sequenceis directly proportional to the number of input copies. The mice bearing Luc
transgene alleles were analyzed by designing our own MLPA Luc probe set to have an
amplification product of size 140 bp. Three control probes elsewhere in the mouse
genome were used, with amplification products ranging in size from 108bp, 114bp and
136 bp (Kozlowski et al., 2007). Each probe set was composed of a5 and a3’ half-
probe, each containing unique target specific sequence, stuffer sequence, and universal
primer sequences on their 5" and 3’ ends, (Kozlowski et al., 2007). All probes were
synthesized at 25N scale and purified by polyacrylamide gel electrophoresis (Invitrogen
Life Technologies, USA). 3' half-probes were synthesized with a5’ phosphate to

facilitate ligation.
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ML PA reaction. All reagents except probe mixes were from MRC-Holland
(Amsterdam, The Netherlands) and reactions performed according to manufacturers
protocol. MLPA was performed by incubating 50 ng (10 ng/pL using DNA suspension
buffer (Cat No. T0221 from TEKnova, USA)) of mouse tail genomic DNA in 5 pL at
98°C for 5 min; cooling to room temperature, mixing with 1.5 pL of Luc transgene
specific probe mixture (containing 1.5 fmol each probe) and 1.5 uL SALSA
hybridization buffer, denaturing (95°C for 2 min), and hybridizing (60°C for 16 hours).
Hybridized probes were then ligated at 54°C for 15 min by addition of 32 L ligation
mixture. Following heat inactivation, 40 uL ligation reaction was mixed with 10 uL PCR
mixture (SALSA polymerase, dNTPs, and universal primers, one of which was labeled
with fluorescein), and subjected to PCR (35 cycles). Amplification products were diluted
in water (1:10) and then 1:9 in Hi-Di™ formamide (Applied Biosystems, USA)
containing 1/36 volume of GeneScan 500 LIZ size standard (Applied Biosystems), to a
final dilution of 20 to 200 fold, and then were separated by size on an 3730XL DNA
Analyzer (Applied Biosystems/ Life Technologies). Electropherograms were analyzed
by GeneM apper® v5 (Applied Biosystems), and peak height data were exported to an
Excel table. Normalization of peak height data was done by dividing each Luc transgene
peak height by the average signal from three control probes, followed by division by a
similar value calculated from a set of reference samples known to be heterozygotes for
the transgene allele. This ratio reflects the copy number of Luc transgene.

MLPA Luc Probe Set for Mouse Transgene: 5 Half-Probe (75nt) [5’ Universal Prime,

GGGTTCCCTAAGGGTTGGA (19nt): 5 Stuffer, cgctactact (10nt), 5 Target,

AATTGGAATCCATCTTGCTCCAACACCCCAACATCTTCGACGCAGG (46nt)] and
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3’ Half- Probe (65nt) [3' Target,
TGTCGCAGGTCTTCCCGACGATGACGCCGGTGAACTT (37nt); 3 Stuffer, gacca
(5nt); 3'Universal Primer, TCTAGATTGGATCTTGCTGGCGC (23nt)] with atotal
product length of 140bp. Control probe sets were used exactly as indicated (Kozlowski et
al., 2007). The probe set consists of a5’ half-probe and a3’ half-probe. Each probe
contains universal primer sequence, stuffer sequence, and target sequence, the latter of
which is specific for the transgene being assessed. Total length of PCR product assessed
by capillary electrophoresis is shown by the total product length. Primers used for PCR:
SALSA Forward primer (Labeled): *GGGTTCCCTAAGGGTTGGA.

SALSA Reverse primer (Unlabeled): GTGCCAGCAAGATCCAATCTAGA

MDR1-luc transgene localization by fluorescencein situ hybridization (FISH). The
purified MDR1-luc plasmid was |abeled with digoxigenin-"*dUTP (Roche Molecular
Biochemicals, Indianapolis, IN) by nick translation, combined with sheared mouse DNA and
a biotinylated chromosome 3 centromere-specific probe (Oncor, Gaithersburg, MD) and
hybridized to metaphase chromosomes derived from the lungs of two heterozygous MDR1-luc
transgenic mice in a solution containing 50% formamide, 10% dextran sulfate, and 2 x SSC.
Probes were detected by incubating the slide in fluorescein-labeled anti-digoxigenin antiserum
for the MDR1-luc transgene (green) and a biotin labeled centromeric control probe for
chromosome 3 (red) (Roche Molecular Biochemicals). The chromosomes were then stained
with 4, 6-diamidino-2-phenylindole (DAPI) and analyzed. In order to determine a band
assignment for the transgene insertion sites, measurements were made of the specifically

hybridized chromosome to determine the position of the transgene relative to the
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heterochromatic-euchromatic boundary and the telomere of the specifically hybridizing
chromosome. The MDR1-luc mice were found to have atransgene insertion that is 10% of
the distance from the heterochromati c-euchromatic boundary to the telomere of chromosome

3, an areathat correspondsto band 3A to 3B.

I'n Vivo bioluminescent imaging of MDR1-luc reporter mice. Mice were anesthetized by
isoflurane gas (2%, inhalation) and given ani.p. injection of D-firefly luciferin (240 mg/kg)

(Gold Biotechnology, St. Louis, MO). Mice were placed into the chamber of Xenogen IVIS
200 imaging system and bioluminescence images were obtained under isoflurane anesthesia
using 1 min exposures beginning 10 min after D-luciferin injection

(http://www.xenogen.com/demo4.html). The images were quantitatively analyzed by Living

Image® version 4.3.1 image analysis software (Caliper Life Sciences, Hopkinton, MA). Total
bi ol uminescence measurements (photon/second) were quantified over a contour drawn around
a brain and coronal slices. Results were repeated two to three times in independent animals.

All in vivo images are scaled to maximum intensity of 1 x 10° photons (p)/s/cm?/sr.

MDR1-luc mice drug treatments. Female MDR1-luc transgenic mice (8-12 weeks) (n=3-
5/group) were treated with drugs that were selected based on clinical relevance and previous
data demonstrating that the drugs are prototypical Pgp inducers (Supplemental Methods and
Supplemental Table 1). Some mice were treated by oral gavage with elacridar (100 mg/kg)
suspension (prepared in 0.5% methocel ® 60 HG (Sigma, St. Louis, MO) and 1% Tween 80

(Sigma) to obtain a 10 mg/ml formulation) the final four hours before in vivo imaging.

10
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Ex Vivo imaging of bioluminescencein brain slicesfrom MDR1-luc transgenic mice.
After in vivo imaging, mice were immediately sacrificed under anesthesia by carbon
dioxide gas following cervical dislocation. Whole brain was immediately dissected out of
the skull and dorsal and ventral of brain image were taken. The brain was immobilized on
abrain dlicer matrix (Zivic Instruments, Pittsburgh, PA) and coronally dliced into 2mm
thickness. The brain slices were placed into individual wells of a 12 well plate. D-
luciferin was directly re-applied on each brain slice and coronal image was taken from
both sides of the dlices. Dorsal, ventral, sagittal and coronal images were scaled to
maximum intensity of 1 x 10° photons (p)/s'cm?sr while microdissected brain images

were scaled to maximum intensity of 3.5 x 10* photons (p)/s/cm?/sr.

Quantitation of fluroescently immunostained mouse Pgp and CD31 in coronal brain
dlices. MDR1-luc adult mice were perfused with cold PBS and 4% paraformaldehyde
(PFA), the brains were removed and processed for paraffin embedding. Embedded tissue
was cut at 4um thickness. Slides were deparaffinized and antigens retrieved with Target
Retrieval solution pH 6.0 (Dako #51699, Carpinteria, California) in a pressure cooker for
15 minutes. After retrieval, slides were rinsed, treated with 3% hydrogen peroxide, and
blocked with 3% Normal Donkey serum (Jackson ImmunoResearch #017-000-121, West
Grove, PA) in Phosphate Buffered Saline with 0.3% Triton X-100 (PBST). Slideswere
incubated with purified rabbit anti-Pgp antibody (1:50,000) (raised to a peptide
containing amino acids 555-575 of human Pgp and prepared by Dr. John Schuetz) and
goat anti CD31 1gG (1:300) (R&D Systems #AF3628, Minneapolis, MN) for 1 hr.

Stained slides were rinsed three timesin PBST and then incubated with Alexa donkey

11
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anti-rabbit 568 (A10042) or Alexa donkey anti-goat 488 (A11055) secondary antibody
(Life Technologies, Grand Island, NY) at 1:500 for 1 hour and coverslipped with
Permount (Fisher #SP15-500) (ThermoFisher Scientific, Waltham, MA).

Imaging was performed on a widefield Nikon TE2000S microscope equipped
with a20X 0.75NA Plan Apo lens and a Photometrics Coolsnap K4 camera. Fluorescent
images were captured by using 3 X 3 binning and cropping to the center of the chip,
resulting in individual images that were 512 x 512 pixels. Images were captured as
montages and were typically comprised of 1000-1300 images. Quantitation was
performed using NIS Elements software. Each channel was thresholded to distinguish
signal above background and mean intensities for each thresholded channel were
calculated. In total 18 measurements of 39,992 um?size (the region of interest, ROI)
were randomly selected per region and taken for both frontal cortex and cerebellum.
Numerical values were determined for binary area (total area of pixelsthat show any
intensity within the threshold for the ROI (and this could be bright or dim)); Binary sum
(total intensity within the set threshold); and, Binary mean intensity (sum intensity/binary
area). To determine differencesin vessal density in each region, the binary area for CD31
in the frontal cortex vs. cerebellum was compared. To determine the expression of Pgp
per brain capillary in each region we calculated the mean Pgp intensity/mean CD31
intensity for the frontal cortex vs. cerebellum.

All statigtical calculations were performed using statistical program R: A

Language and Environment for Statistical Analysis (http://www.R-project.org). Group

differences were analyzed nonparametrically using the Wilcoxon rank-sum test to

compare the mean intensity of Pgp (normalized to mean intensity of CD31) for each

12
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square between the frontal cortex and cerebellum.

Colorimetric Immunostaining of Luciferasein Mouse Brain. Adult mice (MDR1-luc and
FVB controls) were perfused with cold PBS and 4% PFA, brains were removed and processed
for paraffin embedding. Embedded tissue was cut at 4 um thickness. These slides were
deparaffinized and antigens were retrieved with Target Retrieval solution pH 6 (Dako #S1699,
Carpinteria, California) in a pressure cooker for 15 minutes. After retrieval, dides were
rinsed, treated with 3% hydrogen peroxide, and blocked with Background Sniper (BS966H,
Biocare Medical, Concord, CA) followed by primary antibody staining with rabbit anti-
luciferase 1gG (1:1000, sc-32896, Santa Cruz Biotechnology, Dallas, Texas) or rabbit 1gG
isotype control antibody (Abcam #ab27478) in a humidified chamber overnight at 4°C.
Stained slides were rinsed three timesin PBST (0.3% Triton X-100) then incubated with
Rabbit-on-Rodent HRP-Polymer secondary (#\RMR622H, Biocare Medical, Concord, CA).
Slides were rinsed three timesin PBST then color detection was completed by the use of
diaminobenzidine (DAB; #TA-125-HDX, ThermoFisher Scientific, Waltham, MA) and
counterstained with diluted hematoxylin (1:7 dilution, #TA-125-MH, ThermoFisher
Scientific, Waltham, MA). Slides were then dehydrated and coverdlipped with Permount
(#SP15-500, ThermoFisher Scientific, Waltham, MA). Light microscopy was performed at

60X on a Nikon microscope.

13
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Results

MDR1-luc transgenic mice. We developed MDR1-luc mouse lines containing ~10 kb of
5’-flanking human MDR1 sequence directing expression of luciferase (Fig 1A). After
zygote microinjection and implantation, we identified multiple founder lines based on
PCR screening and mouse tail luminescence. Two founder lines showed luciferase
expression in brain and spine and one of these transgenic lines was selected for this study.
We performed fluorescence in situ hybridization (FISH) analysis of MDR1-luc in
heterozygous transgenic mice. The MDR1-luc mice had insertion of the transgene at a
single location on chromosome 3 (Fig 1B) and it was observed in all metaphase spreads
examined from thisline. PCR analysis of genomic DNA from the transgenic line with
primers covering 9766 bp of the human MDRL1 promoter confirmed that the entire

promoter had inserted into the mouse genome.

MDR1-lucisinduciblein the head and spine of reporter mice by activatorsof CAR,
PXR and GCR and the Bcrp/Abcg2 inhibitor, elacridar, further increases brain
bioluminescence. In vivo dorsal and ventral imaging of transgenic mice showed that the
highest basal level of luciferase activity was in the head region and in some mice along
the spine (Fig 2). The MDR1-luc construct contains the regulatory cluster of nuclear
response el ements (-7864 to -7817bp relative to the transcription start site of the human
MDR1 gene) (Geick et al., 2001). Since P-glycoprotein isinduced at the blood brain

barrier by CAR activators (Bauer et a., 2004), mice were treated with the potent CAR

14
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agonist TCPOBOP (Tzameli et al., 2000). Relative to baseline luciferase activity, there
was a time-dependent induction of luminescence in the brain and spine. This pattern
demonstrated that the human MDRL 5’ -flanking sequence was sufficient to direct CNS
expression of the luciferase reporter.

We next tested whether human MDR1 transcription was induced by other drugs
demonstrated to increase Pgp in the brains of mice in vivo (Bauer et al., 2004) (Narang et
al., 2008). Treatment with phenobarbital (CAR activator) and dexamethasone
(glucocorticoid receptor & PXR activator), each increased MDR1-LUC transcription in
brains of the transgenic mice (Fig 3). Since D-luciferinis a substrate of Berp (Zhang et
al., 2007), atransporter that can limit brain availability of D-luciferin at the blood brain
barrier (Bakhsheshian et al., 2013), we treated mice with an oral dose of elacridar (100
mg/kg) for four hours to maximize the brain to plasma concentration (Sane et al., 2012).
Elacridar increased the total MDR1-luc bioluminescent signal up to two-fold in vehicle
and drug treated mice (Fig 4), but did not change the regional pattern of MDR1-luc
expression in the brain and spine of any mice. Elacridar’s effect appearsto be dueto
inhibition of Bcrp, and not induction of Pgp, because four hour treatment with elacridar
failed to activate PXR and increase Pgp in an in vitro test system (E. Schuetz unpublished

observation).

Brain localization of the human MDR1-luc signal ver sus mouse P-glycoprotein by
IHC. Brainsfrom the MDR1-luc mice imaged in vivo were excised and imaged
dorsally, ventrally, sagitally (Fig 4) and in serial coronal dices (Fig 5) to further localize

regional distribution of MDR1-luc bioluminescence. The luciferase distribution pattern

15
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was unique in the MDR1-luc model compared with other transgenic reporter mice such as
androgen receptor element (ARE)-luc mice (Dart et al., 2013), or estrogen receptor
element (ERE)-luc mice (Stell A et al., 2008), or tyrosine hydroxylase promoter-luc mice
(Dodd KW et al., 2011). While the intensity of MDR1 transcription increased with
various inducers, the distribution pattern of luciferase signal throughout the brain was
similar, regardless of inducer. All chemicalsincreased MDR1 transcription to a greater
extent in the cortex compared to the cerebellum. The coronal slices were further dissected
and luciferase signal was higher in the cortex vs. cerebellum and was expressed in the
white matter, thalamus, striatum, hippocampus, substantia nigra, brain stem and internal
capsule (Fig 6).

Brain tissue was processed for colorimetric immunohistochemistry using an anti-
luciferase antibody. The luciferase signal was localized to the BBB of vehicle treated
MDR1-luc mice, and was induced in the endothelial cells of capillaries of phenobarbital
treated MDR1-luc mice (Fig 7).

To determine whether mouse Pgp showed a similar regional pattern of brain
expression in these same mice, MDR1-luc brain tissue was processed by fluorescent
immunohistochemistry using anti-Pgp and anti-CD31 (a vessdl endothelial specific
marker) antibodies and the fluorescent signal intensity was quantified. Consistent with
the regional variation in MDR1-luc transcription, the mean mouse BBB Pgp signal,
normalized to CD31 signal, was higher in the frontal cortex compared to the cerebellum
(Fig 8). Regional differencesin mouse brain local blood flow rates, brain capillary
density, perfusion rate, and Pgp activity have been reported. Local cerebral blood flow

was reported to be 1.65 to 1.82-fold greater in regions of brain cortex vs. cerebellum
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(Otsuka et al., 1991) (Zhao and Pollack, 2009). Thus, the regional differencesin MDR1-
luc reporter activity documented by photon imaging appear to mirror regional differences

reported in blood flow, capillary density and Pgp expression (Fig 8).
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Discussion

A transgenic mouse was developed containing ~10 kb of the 5’-regulatory region
of human MDRL driving aluciferase reporter in FVB micein order to study regulation of
human BBB MDRL1. This humanized model allowed real-time monitoring of MDR1
transcriptional activity throughout the mouse brain using the luciferase reporter, repeated
measurements on the same animal (as opposed to sacrifice at specific time points), rapid
detection of perturbations to gene expression and characterization of thein vivo response.
MDR1 brain and spine transcription increased following treatment with PXR, CAR and
GCR activators. Ex vivo luciferase immunostaining of brain tissue confirmed that MDR1
transcriptional activity was localized to vessel capillary endothelial cells. Thus, the
MDR1-luc mouse offers an in vivo model to non-invasively monitor MDRL1 regulation,
both quantitatively and spatialy.

This study also confirmed that a Berp inhibitor could enhance optimal
imaging of a luciferasereporter genein mouse brain, presumably by enhancing D-
luciferin brain bioavailability. The brain penetration of **C -D-luciferin in mice was
previously shown to be very low (Berger et al., 2008) consistent with the finding that
luciferinisaBcrp subgtrate (Zhang et al., 2007). Indeed, treatment with Berp inhibitors
enhanced D-luciferin brain penetration of alow dose of D-luciferin (18 mg/kg)
(Bakhsheshian et al., 2013) suggesting BBB Bcrp can limit brain availability of D-
luciferin. At the D-luciferin concentrations used in most studies (and this one) (i.p. 240
mg/kg) luciferin can clearly penetrate the BBB as evidenced by MDR1-luc brain signals

even without a Berp blocker. However, oral elacridar pretreatment enhanced the brain
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luminescence suggesting BBB Bcrp still limits some D-luciferin brain penetration, even
at the high doses used here.

Our data shows that the MDR1-luc signal was not uniformly distributed in
mouse brain and was consistently higher in the cortex vs. cerebellum in both untreated
and treated mice. In addition, quantitative immunohistochemistry analysis found the
mean Pgp expression in mouse brain was significantly higher in cortex compared to
cerebellum (Fig 8). These results are consistent with several lines of evidence that Pgp
activity shows regional distribution in the brain. First, Zhao and Pollack (Zhao and
Pollack, 2009) previously performed in situ brain perfusion of Pgp substratesin Pgp WT
and KO mice and found that the rate of regional perfusion flow and Pgp efflux activity
was directly proportional to local capillary density in mouse brain. For example, pons,
medulla and cerebellum had the lowest vascular volume and functional flow rate, lowest
blood perfusion flow rate, and lowest Pgp efflux ratio. Conversely, colliculi, thalamus
and parietal cortex had the highest vascular volume and functional flow rate and the
highest Pgp efflux ratio. Secondly, some animal studies with PET imaging have reported
that Pgp inhibition increases substrate penetration to the greatest extent in the cerebellum
(Zoghbi et al., 2008) and least in the frontal cortex. Thisresult isinterpreted to mean that
Pgp function islower in cerebellum vs. cortex and thisresultsin a greater effect of the
Pgp inhibitor on Pgp function in the cerebellum vs. the cortex. Hence, the regionality of
MDR1-luc expression is consistent with literature reports on regionality in Pgp-mediated
efflux, and also has potential pharmacological implications, for example, since opioid
receptors (targets of Pgp opioid substrates) are also concentrated in the thalamus and

cortex regions (Inturrisi, 2002).
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We recognize that theregional patterns of MDR1-luc activity may not
simply be dueto heter ogeneity in itsexpression. First, Regional blood flow differences
would also result in regional differencesin local D-luciferin substrate
delivery/distribution and this could very well affect luminescence intensity. Hence, the
brain regions with the largest vascular volume (cortex > cerebellum) would
correspondingly have the highest perfusion concentration of D-luciferin. Thus, the
heterogeneity in Pgp expression could be due both to the local capillary density (cortex>
cerebellum) equaling higher expression level of Pgp, and to the higher blood flow and
delivery/exposure of D-luciferin. Smilarly, we cannot confirm that the MDR1 induction
potential is not affected by distribution of chemicals at the site of induction, because we
did not measure regional concentration of each inducer. However, since co-treatment
with the Pgp/Bcerp dual inhibitor elacridar + Pgp substrates did not change the distribution
pattern of MDR1-luc signal for any of the drugs (only magnitude of induction), it
suggests the luciferase distribution pattern reflects regional differencesin MDR1
transcription.

Under standing whether a drug isan inducer of human MDR1 isimportant
for predicting drug-drug interactions. The pharmacodynamic consequence of
inducing BBB Pgp is predicted to be tightening of the BBB drug barrier (Miller et al.,
2008), and decreased brain exposure to Pgp substrates. Although induction of Pgp has
been shown in the brains of some animal models following drug or chemical treatment,
thereis currently no in vivo model to predict induction of human MDRL transcription in
brain. Equally important, because thein vitro Pgp induction models are not well

understood the current FDA guidance on evaluating Pgp induction potential of a new
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chemical entity is based not on direct evaluation of whether a drug induces Pgp, but on
whether it induces CYP3A (Zhang et al., 2009). If thedrugisaCYP3A inducer, then
further testing for Pgp induction in vivo is warranted. However, thisadviceis
complicated by examples of tissue and species differences in induction of CY P3A and
MDR1 (Schuetz et al., 1996a) (Hartley et al., 2004). Moreover, the human BBB cells
culture mode haslost MDRL regulation (Dauchy et al., 2009). In addition, it isdesirable
to determineif induction of Pgp actually occurs in the brain in vivo because of the added
complication that the inducer has to effectively penetrate the BBB drug transport barrier.
Indeed, rifampin, phenobarbital and dexamethasone are all reported Pgp substrates
(Schuetz et al., 1996b)(Luna-Tortos et al., 2008)(Schinkel et al., 1995). Nevertheless, at
the drug exposure levels used in these studies, each of these drugs was clearly able to
sufficiently penetrate the brain endothelial cells to induce MDR1. Hence, an in vivo
model was clearly needed for further assessment of MDR1 regulation in the brain in vivo.
It isimportant to under stand regulation of MDR1 because basic mechanistic
under standing of how brain Pgp isregulated by drugs, inflammation and oxidative
stressand in disease statesis lacking (Miller, 2010). Ex vivo analysis of Pgp in rodent
brain tissue found that BBB Pgp isinduced by seizures (van Vliet et al., 2007), and in
amyotrophic lateral sclerosis (Jablonski et al., 2012), and that phenobarbital induced Pgp
only in the hippocampus of epileptic rats (van Vliet et a., 2007) (a phenobarbital
induction pattern strikingly different from what we observed in MDR1-luc mice).
MDR1-luc mice would permit in vivo analysis of the temporal effects of these disease
state and their treatments on regional human MDR1 transcription. Understanding whether

human MDR1-luc could be induced in vivo is also of potential interest in modulation of
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Alzheimer’s disease. It was previously shown that Pgp could efflux amyloid beta (AB)
peptide from the brain (Cirrito et al., 2005), and hence, that modulation of Pgp activity
might directly influence progression of AP pathology. Our results demonstrate that brain
Pgp can be induced by a variety of drugs including rifampin which, intriguingly, has
previously been shown to slow the decline of patients with mild to moderate Alzheimer’s
(Loeb et al., 2004), potentially through induction of MDRL.

MDR1-luc mice might be of valueto identify chemicals that down-regulate
MDRL1 transcription at the BBB and enhance brain exposure of Pgp substrates.
Attempts to block BBB Pgp and enhance drug brain delivery have been largely
unsuccessful, making different approaches, such as modulating Pgp expression, important
aternative strategies (Miller, 2010). Indeed there has been limited successin inhibiting
BBB Pgp efflux in humans, primarily due to the inability to achieve unbound systemic
inhibitor concentrations sufficient to elicit appreciable inhibition (Kalvass et al., 2013).
Although not tested in this study, one alternative approach would be to screen chemical
libraries to identify chemicals capable of down regulating MDR-luc transcription in vitro;
in theory, these chemicals could be rapidly evaluated for their potential to regulate

expression of brain MDR1-luc in whole animals.

The application of this MDR1-luc model to predict regulation of human Pgp
still has challenges including species differences in the interaction of compounds with
mouse vs. human PXR, and in pathways of metabolism or BBB transport of drugs.
However, interbreeding the MDR1-luc model with mice humanized for nuclear hormone
receptors, CY Ps or drug transporters (Scheer & Wolf, 2013)(Scheer & Wolf, 2014)

would potentially improve the utility and predictability of thisin vivo model.
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L egendsfor Figures

Figure 1. MDR1-luc transgene. (A) Map of the Mdr1-luc transgene. (B) FISH analysis
of heterozygous MDR1-luc mouse lung fibroblast metaphase chromosomes with

the MDR1-luc transgene probe (green) and a biotinylated chromosome 3 centromere
specific probe (red) localizing the MDR1-luc transgene insertion to band 3A to 3B on

chromosome 3.

Figure2. Induction of MDR1-lucin the head and spinal region of reporter mice by
TCPOBOP. MDRI1-luc mice were treated daily with TCPOBOP and bioluminescence
images were captured ventrally and dorsally 24 hrs after each dose on four consecutive

days. Red indicates the highest expression of MDR1-luc in each image.

Figure 3. Induction of MDR1-luc by PXR, CAR and GCR agonistsin reporter mice,
and enhanced bioluminescence by elacridar. Mice received intraperitoneal injections
of vehicle (water), dexamethasone (DEX) or phenobarbital (PB) for 5 hrs. Some mice
also received oral gavage of elacridar (ECD) for 4 hrs. Luciferase activity was optically
measured in vivo at baseline and after drug treatment. Fold induction represents the
change in photons in the brain region collected after 5 hrs of drug treatment divided by

the photons at time zero in the same animals and is the mean value of four animals/group.

Figure4. Ex vivo analysisof brainsfrom MDR1-luc mice treated with inducers.

Mice received intraperitoneal injections of dexamethasone (DEX), phenobarbital (PB), or
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rifampicin (RIF) for 5 hrsor every 24 hrs for two consecutive days. Some mice also
received oral gavage of elacridar (ECD) for the last 4 hrs. Mice were injected with
luciferin, brains were removed, placed in luciferin solution, and bioluminescence

optically imaged from the dorsal or ventral plane or in brain sagittal sections.

Figure 5. Ex vivo analysis of brainsfrom MDR1-luc micetreated with inducers
shows regional differencesin transcriptional activity. Mice were treated with drugs as
indicted in Fig. 4 legend or rifampicin (RIF) every 24 hrsfor four consecutive days,
injected with luciferin, brains were immediately removed, sliced coronally (2 mm
thickness), placed in aluciferin solution, and bioluminescence imaged. The

corresponding brain coronal image from the Allen Brain Atlas (http://www.brain-

map.orqg) isincluded for reference to anatomical regions.

Figure 6. Ex vivo analysis of brainsfrom MDR1-luc micetreated with inducers
showsregional differencesin transcriptional activity. Mice were treated with
phenobarbital for 48 hrs and elacridar asin Fig 4 legend, injected with luciferin, brains
were removed, sliced coronally (2 mm thickness), and further microdissected into nine
regions (cortex; WT, White matter; STR, Striatum; THM, Thalamus; HP, Hippocampus,
SN, Substantianigra; IC, Internal capsule; CRB, Cerebellum; and BS, Brain Stem). The
corresponding brain coronal image from the Allen Brain Atlasisincluded for reference to

anatomical regions.
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Figure7. Luciferase expression in the brainsof MDR1-luc mice. Immunostaining of
luciferase (brown) in paraffin sections from the brains of FVB control mice and MDR1-luc
mice treated with vehicle (control) or phenobarbital (PB) + elacridar as described in Fig. 5

legend and images captured at 63X. Luciferase immunostaining in the BBB is shown.

Figure 8. Regional heterogeneity in mouse brain Pgp expression and capillary
density. (A) MDR1-luc mouse brains were analyzed by dual fluorescent
immunohistochemistry for mouse Pgp and CD31, the fluorescent signals were
guantitated, and the mean intensity of Pgp normalized to CD31 in frontal cortex (FC) and
cerebellum (CB). Box plots indicate second and third quartiles. The bold line within the
box represents median and whiskers represent the range after excluding the outliers. (B)
Fluorescent immunostaining of BBB Pgp in C57BL/6 mouse brain in cortex and

cerebellum.
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