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Abstract

P-glycoprotein (P-gp, ABCBI) is an efflux transporter at the blood-brain barrier (BBB), which mediates clearance of
beta-amyloid (AB) from brain into blood. We used (R)-[''C]verapamil PET in combination with partial P-gp inhibition
with tariquidar to measure cerebral P-gp function in a beta-amyloidosis mouse model (APPtg) and in control mice at
three different ages (50, 200 and 380 days). Following tariquidar pre-treatment (4 mg/kg), whole brain-to-plasma radio-
activity concentration ratios (K, prain) Were significantly higher in APPtg than in wild-type mice aged 50 days, pointing to
decreased cerebral P-gp function. Moreover, we found an age-dependent decrease in cerebral P-gp function in both wild-
type and APPtg mice of up to —50%. Alterations in P-gp function were more pronounced in AB-rich brain regions
(hippocampus, cortex) than in a control region with negligible AP load (cerebellum). PET results were confirmed by
immunohistochemical staining of P-gp in brain microvessels. Our results confirm previous findings of reduced P-gp
function in Alzheimer’s disease mouse models and show that our PET protocol possesses adequate sensitivity to
measure these functional changes in vivo. Our PET protocol may find use in clinical studies to test the efficacy of
drugs to induce P-gp function at the human BBB to enhance AP clearance.
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Introduction

Major pathohistological hallmarks of Alzheimer’s dis-
ease (AD) are the accumulation of beta-amyloid (Ap)
plaques and neurofibrillary tangles consisting of hyper-
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phosphorylated tau protein in the brain.' The amyloid
hypothesis suggests that the accumulation of AP pep-
tides is the central event triggering neuronal degener-
ation.” It has been suggested that reduced Ap clearance,
rather than increased AP production, underlies to a
large extent AP brain accumulation.®* AP clearance
from brain to blood occurs via two steps. AP first has
to pass through the abluminal (brain-facing) and then
the luminal (blood-facing) plasma membranes of brain
capillary endothelial cells comprising the blood—brain
barrier (BBB). Both steps appear to be facilitated,
involving transporters or receptors. At the abluminal

University Hospital (OUS), Oslo, Norway

3University of Applied Sciences, Wiener Neustadt, Austria
“Department of Clinical Pharmacology, Medical University of Vienna,
Vienna, Austria

®LIED, University of Liibeck, Liibeck, Germany

8| eibniz-Institute of Plant Biochemistry, Halle, Germany

"Department of Pharmacology, University of Latvia, Riga, Latvia
8Department of Biomedical Imaging und Image-Guided Therapy, Division
of Nuclear Medicine, Medical University of Vienna, Vienna, Austria

Corresponding author:

Thomas Wanek, Biomedical Systems, Center for Health & Bioresources,
AIT Austrian Institute of Technology GmbH, Seibersdorf 2444, Austria.
Email: thomas.wanek@ait.ac.at


https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0271678X18806640
journals.sagepub.com/home/jcbfm

Zoufal et al.

151

membrane, the low-density lipoprotein receptor-related
protein 1 (LRPI) was shown to be responsible for A
transfer from brain parenchyma into capillary endothe-
lial cells.™® There is accumulating evidence that Ap efflux
across the luminal endothelial membrane of the BBB into
the blood is mediated by the adenosine triphosphate-
binding cassette (ABC) transporter P-glycoprotein
(P-gp, ABCBI1).*" ' Data from AD mouse models®"!
and from AD patients'>'® give evidence of an AD
pathology-related decrease in cerebral P-gp expression
and function. Therefore, numerous attempts have been
made in preclinical studies to pharmacologically activate
P-gp function at the BBB to enhance AP clearance from
the brain.®'"?° For a future translation of these treat-
ment approaches to humans, methodology is needed to
measure P-gp function at the human BBB in vivo.

A useful tool to assess P-gp function in humans is
the nuclear imaging technique positron emission tom-
ography (PET) in combination with radiolabeled
P-gp substrates, such as racemic [''C]verapamil,
(R)-["'C]verapamil or [''C]N-desmethyl-lopera-
mide.?"** These radiotracers have been proven to be
suitable for measuring the effect of P-gp inhibition
with cyclosporine A or tariquidar on cerebral P-gp
function in animals and humans.>>?’ However, these
radiotracers possess a limited sensitivity to detect mod-
erate changes in cerebral P-gp expression/function
occurring in different neurological diseases, such as
AD. This has been attributed to the fact that P-gp is
a high-capacity transporter, which can functionally
compensate moderate changes in its expression, SO
that the brain distribution of these radiotracers remains
unaltered.”®?® We have introduced an (R)-[''C] verap-
amil PET imaging protocol with an improved sensitiv-
ity, which is based on pre-treatment of subjects with the
third-generation P-gp inhibitor tariquidar at a dose,
which partially (incompletely) blocks P-gp at the
BBB.?>° The principle of this concept is that partial
P-gp inhibition decreases the transport capacity of
P-gp to an extent that moderate changes in P-gp expres-
sion can no longer be functionally compensated, so
that they manifest themselves in changes in
(R)-[''C]verapamil brain distribution. Our PET proto-
col has already been successfully applied to demon-
strate a P-gp up-regulation in a rat epilepsy model*°
and in human epilepsy patients.>' In addition, it was
used to detect a decrease in P-gp function in elderly
versus young healthy human volunteers.*> A similar
partial P-gp inhibition protocol has been used in com-
bination with the P-gp substrate radiotracer ['* FIMPPF
to detect a regional up-regulation of cerebral P-gp in a
rat model of pharmacoresistant epilepsy.****

The aim of this work was to use (R)-[''C]verapamil
PET in combination with partial P-gp inhibition to

measure cerebral P-gp function in a beta-amyloidosis
mouse model (APPtg mice)* and in wild-type control
mice at three different ages (50, 200 and 380 days). To
complement our in vivo PET data, animal brains were
analyzed immunohistochemically for P-gp levels and
for AP load.

Materials and methods
Chemicals

Unless otherwise stated, all chemicals were purchased
from Sigma-Aldrich (Schnelldorf, Germany) or Merck
(Darmstadt, Germany). The P-gp inhibitor tariquidar
dimesylate was obtained from Haoyuan Chemexpress
Co., Ltd (Shanghai, PRC). Tariquidar dimesylate was
freshly dissolved in 2.5% (w/v) aqueous (aq.) dextrose
solution before each administration and injected intra-
venously (i.v.) into mice at a volume of 4 mL/kg body
weight.

Animals

Female transgenic mice, which express mutated human
amyloid precursor protein (APP) and presenilin 1 (PS1)
under control of the Thyl-promoter (APPkme70/671NL>
PSii66p), with a C57BL6/J genetic background
(APPPSI1, referred to as APPtg mice)®® and female
wild-type mice with a C57BL/6J genetic background
were used in 3 different age groups of approximately
50 days (mean age: 51+4 days, range: 45-59 days,
mean weight: 18.44+1.6g), 200 days (mean age:
203+ 6 days, range: 190-213 days, mean weight:
25.44+2.5g) and 380 days (mean age: 380+4 days,
range: 376-388 days, mean weight: 33.9+£5.3¢). In
addition, a group of female heterozygous Abcbla/
b~ mice with a C57BL/6J genetic background
aged 49 days was used (mean weight: 19.0 +2.4¢). In
total, 111 mice were used in the experiments. All ani-
mals were housed in type III IVC cages under con-
trolled environmental conditions (224 3°C, 40% to
70% humidity, 12-h light/dark cycle) with free access
to standard laboratory animal diet (ssniff R/M-H, ssniff
Spezialdidten GmbH, Soest, Germany) and water. An
acclimatization period of at least one week was allowed
before the animals were used in the experiments. The
study was approved by the national authorities (Amt
der Niederdosterreichischen Landesregierung) and study
procedures were in accordance with the European
Communities Council Directive of September 22,
2010 (2010/63/EU). The animal experimental data
reported in this study are in compliance with
ARRIVE (Animal Research: Reporting in Vivo
Experiments) guidelines.
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Experimental design

An overview of animal groups examined in this study is
given in Table 1. Groups of wild-type and APPtg
mice aged 50, 200 and 380 days, and heterozygous
Abcbla/b™ ™) mice underwent a PET scan with
(R)-[''C]verapamil either at 120 min after i.v. injection
of vehicle solution (2.5% dextrose) or after injection of
tariquidar (4 mg/kg or 15mg/kg). The dose of tariqui-
dar was selected based on previous work to obtain par-
tial inhibition of P-gp at the BBB.?®

PET imaging

Imaging experiments were performed under isoflurane
anesthesia (2.5-3.5% in air). Animals were warmed
throughout the experiment and body temperature and
respiratory rate were constantly monitored. Mice were
placed in a custom-made imaging chamber and the lat-
eral tail vein was cannulated for i.v. administration. A
microPET  Focus220 scanner (Siemens Medical
Solutions, Knoxville, TN, USA) was used for PET ima-
ging. Mice were 1.v. pre-treated under anesthesia either
with vehicle solution (2.5% (w/v) aq. dextrose), or with
tariquidar (4 mg/kg or 15 mg/kg) at 120 min before start
of the PET scan. Dynamic emission scans (60 min) were
started with the i.v. injection of (R)-[''C]verapamil
(37+7 MBq in a volume of 0.1mL physiological
saline solution (0.9%, w/v) containing 0.1% (v/v) poly-
sorbate 80, corresponding to 1.7+0.8 nmol of unla-
beled compound). List-mode data were acquired with
a timing window of 6 ns and an energy window of 250—
750keV. At the end of the PET scan, a blood sample
(20-30 uL) was collected from the retro-orbital venous
plexus and animals were sacrificed by cervical disloca-
tion. Blood was centrifuged (13000 x g, 4°C, 4 min) to
obtain plasma, and whole brains were removed and
embedded in Tissue Freezing Medium (Tissue-Tek

Table I. Overview of examined animal groups and numbers.

Age (days)
Group 50 200 380
Wild-type vehicle 5 4 5
Wild-type tariquidar (4 mg/kg) 6 5 5
Wild-type tariquidar (15 mg/kg) 5 5 3
APPtg vehicle 5 4 4
APPtg tariquidar (4 mg/kg) 6 6 22
APPtg tariquidar (15 mg/kg) 5 3 -
Abcb la/b™'™) vehicle 4 - -
Abcbla/b™'™) tariquidar (4 mg/kg) 4 - -

?Small sample size was caused by animal losses during anesthesia.

O.C.T Compound, Sakura Finetek) for immunohisto-
chemistry. Aliquots of blood and plasma were trans-
ferred into pre-weighed tubes and measured for
radioactivity in a gamma counter (Wizard 1470,
PerkinElmer, Wellesley, MA, USA). The measured
radioactivity data were corrected for radioactive
decay and expressed as standardized uptake value
((radioactivity per g/injected radioactivity) x body
weight). Plasma samples were analyzed with radio-
thin-layer chromatography (radio-TLC) for radiola-
beled metabolites of (R)-[''C]verapamil as described
in detail elsewhere.?®

PET data analysis

The dynamic PET data were binned into 22 frames,
which incrementally increased in time length. PET
images were reconstructed using Fourier re-binning of
the three-dimensional sinograms followed by a two-
dimensional filtered back-projection with a ramp filter
giving a voxel size of 0.4 x0.4x0.796mm?’. Using
PMOD software (version 3.6, PMOD Technologies
Ltd., Zurich, Switzerland), whole brain, cortex, hippo-
campus and cerebellum were outlined on the PET
images using the Mirrione Mouse Atlas and guided
by representative magnetic resonance (MR) images
obtained in a few animals on a 1 Tesla benchtop MR
scanner (ICON, Bruker BioSpin GmbH, Ettlingen
Germany). Regions of interest were manually adjusted
if necessary to derive time-activity curves (TACs)
expressed in SUV units. (R)-[''C]verapamil brain
uptake was expressed as the brain-to-plasma concentra-
tion ratio of radioactivity in the last PET frame
(Kp.brain)- Kp prain Was obtained by dividing the radio-
activity concentration measured with PET in the last
time frame (from 50min to 60min after radiotracer
injection) by the radioactivity concentration measured
with the gamma counter in the venous plasma sample
collected at the end of the PET scan.

Immunohistochemistry

After the PET scan, brains were immediately dissected,
incubated in 30% sucrose solution and embedded in
Tissue-Tek. Samples were snap frozen in liquid nitro-
gen and stored at —80°C. After defrosting from —80°C
to —20°C, brains were cut in coronal 10 pm thick slices
with a cryostat (Microm HM 550, Walldorf, Germany).
Frozen sections of three brain regions including cortex,
hippocampus and cerebellum were mounted on coated
slides (VWR Superfrost Plus) and stored at —80°C.
Later, the thawed brain slices were fixed either with
4% paraformaldehyde for P-gp staining or with metha-
nol/acetone (1:1) for AP staining. After that, the slides
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were unmasked with acetic acid/ethanol (1:3) at —20°C
for P-gp immunohistochemistry, washed in 0.1 M tris-
buffered saline (TBS) and placed in endogenous perox-
idase blocking solution consisting of 0.5% H,O, (v/v)
for 30 min. Afterwards, slides were washed and inserted
into cover plates (Thermo Scientific™ Shandon™
Glass Coverplates, Fisher Scientific) to achieve standar-
dized staining results. To avoid non-specific reactions,
blocking solution was added for 1h at room tempera-
ture. Brain slices were then incubated with the respect-
ive primary antibody (1:200, anti-P-glycoprotein
antibody (EPR10364), Abcam; 1:300, Anti-beta
Amyloid antibody (ab3539), Abcam) or with antibody
carrier solution for the negative control at 4°C over-
night. The next day, the slides were rinsed with TBS
and the secondary antibody (1:500, Biotin-SP (long
spacer) AffiniPure Donkey Anti-Rabbit IgG (H+L),
Jackson Immuno Research) was applied at room tem-
perature for 60 min. After three washing steps, anti-
body signals were amplified with the VectaStain ABC-
Kit (Vector Laboratories) for 60 min at room tempera-
ture. After rinsing the slides with TBS, slides were incu-
bated in nickel/diaminobenzidine solution for
visualization of P-gp or AP. Slides were washed, dehy-
drated and mounted with Entellan®. For the semi-
quantitative evaluation of stained microvessels or AP
plaques in the hippocampus, cortex or cerebellum four
visual fields (20 x magnification) per mouse (n=3-5
animals per group) were counted and the mean of
each group was calculated.

Statistical analysis

Differences between two groups were analyzed by a
two-sided #-test and between multiple groups by one-
way ANOVA followed by a Tukey’s multiple compari-
son test using Prism 7 software (GraphPad Software,
La Jolla, CA, USA). To assess correlations, the Pearson
correlation coefficient r was calculated. The level of
statistical significance was set to a P value of less
than 0.05. All values are given as mean + standard devi-
ation (SD).

Results

We used (R)-[''C]verapamil PET in combination with
partial P-gp inhibition with tariquidar to measure cere-
bral P-gp function in groups of wild-type and APPtg
mice aged 50, 200 and 380 days, respectively. We exam-
ined heterozygous P-gp knockout mice (Abcbla/b™ ™)
as a control group with a 50% reduction in P-gp
expression. In Table 1, an overview of all examined
animal groups and corresponding animal numbers is
given. To prove that a tariquidar dose of 4mg/kg
resulted in partial P-gp inhibition, we also performed

(R)-[''C]verapamil PET scans after administration of
15mg/kg tariquidar in all groups of animals except
the 380 days-old APPtg group and the Abcbla/b™/ ™)
group (Supplementary Figure 1). As an outcome par-
ameter of (R)-[''C]verapamil brain distribution, we
determined the brain-to-plasma radioactivity concen-
tration ratio at the end of the PET scan (K, prain). In
all groups, whole brain K, pr,in values were significantly
higher in animals pre-treated with the 15mg/kg than
with the 4mg/kg tariquidar dose, which supported
that the 4mg/kg tariquidar dose led to partial P-gp
inhibition (Supplementary Figure 1). In Figure 1,
PET summation images are shown for all groups pre-
treated either with vehicle or with 4 mg/kg tariquidar.
In Supplementary Figure 2, the corresponding whole
brain TACs are shown. While whole brain TACs of
all vehicle-pre-treated groups were almost superimpos-
able (Supplementary Figure 2(a)), the TACs diverged
from each other in the tariquidar pre-treated groups
(Supplementary Figure 2(b)). Accordingly, whole
brain K, prin values were not significantly different
among different vehicle-treated groups (Figure 2(a),
Supplementary Table 1), while significant differences
were found between the tariquidar pre-treated groups
(Figure 2(b), Supplementary Table 1). In tariquidar
pre-treated wild-type animals, whole brain Kp prain
values were significantly higher (indicating decreased
P-gp function) in the 200 and 380 than in the 50
days-old group, respectively. In tariquidar pre-treated
APPtg animals, there was a clear trend for higher whole
brain K, prain values in the 380 than in the 50 days-old
group, but a statistical comparison was hampered by
the low number of 380 days-old APPtg mice. In add-
ition, at the age of 50 days, whole brain K, v ain values
were significantly higher in the APPtg group than in the
wild-type group. Moreover, whole brain Kj, prain values
were significantly higher in tariquidar pre-treated
Abcbla/b™ ™ mice (with a 50% reduction in P-gp
expression) than in tariquidar pre-treated wild-type
mice. In Figure 2(c), the percentage increase in whole
brain K prin values in tariquidar pre-treated versus
vehicle pre-treated animals is summarized, indicating
significantly higher increases in Abcbla/b™/ ™ mice
than in 50 days-old wild-type mice. In both, the wild-
type and the APPtg group, there was a trend for higher
increases in whole brain K, pr.in values with increasing
age (Figure 2(c)).

We outlined hippocampus and cortex as brain
regions with substantial AP deposition and cerebellum
as a control region with minimal AP deposition in all
tariquidar pre-treated groups (Supplementary Figures 3
and 4). Regional K, .in values in different tariquidar
pre-treated groups are summarized in Figure 3. Similar
differences in K, prain values as for the whole brain
region (Figure 2) were found between different groups
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Figure 1. Sagittal PET summation images (0-60 min) of wild-type and APPtg mice aged 50, 200 and 380 days and Abcb la/b™™) mice
pre-treated i.v. with vehicle or tariquidar (4 mg/kg) at 2 h before start of the PET scan. Whole brain region is highlighted as a white
broken line. All images are set to the same intensity scale (0.3-2.0 standardized uptake value, SUV).

in the hippocampus (Figure 3(a)) and the cortex
(Figure 3(b)). On the other hand, in the cerebellum,
significant differences in K prain values were only
found between 50 and 380 days-old wild-type mice
(Figure 3(c)).

To exclude that the observed differences in Kj, prain
values between the different groups were due to differ-
ences in radiotracer metabolism, we used radio-TLC
to determine the percentage of unchanged (R)-
[''C]verapamil in the plasma samples collected at the
end of the PET scan. In both, vehicle and tariquidar
pre-treated animals, the percentage of unchanged (R)-
[''C]verapamil was not significantly different between
wild-type and APPtg mice aged 50 and 200 days,
respectively. In tariquidar pre-treated wild-type mice
aged 50 and 200 days 26.0 +2.7% and 26.74+9.9% of
total plasma radioactivity was in the form of
unchanged (R)-[''C]verapamil, while these values were
23.4+6.5% and 30.5+£8.2% in 50 and 200 days-old
APPtg mice, respectively.

P-gp was immunohistochemically stained in brain
slices of wild-type and APPtg mice (Figure 4).
A semi-quantitative analysis of the stained
microvessels indicated significantly decreased P-gp
levels in the hippocampus of APPtg versus wild-type
mice of all three age groups (Figure 5(a)). Moreover,
there was a significant age-dependent decrease in P-gp
levels in the hippocampus of both wild-type and APPtg
mice. In the cortex, the differences in P-gp levels seen in
the hippocampus were less pronounced (Figure 5(b)),
while they were almost absent in the cerebellum except
for a significant difference in P-gp between 50 and 200
days-old wild-type mice (Figure 5(c)). P-gp levels in the
cerebellum were lower than in the other two brain
regions. Immunohistochemical analysis confirmed that
Abcbla/b™™) mice had approximately 50% less P-gp
in the hippocampus and cortex than wild-type mice. In
tariquidar pre-treated animal groups, there was a sig-
nificant negative correlation between K, prain values and
P-gp levels in the hippocampus, a trend for a negative
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Figure 2. Whole brain-to-plasma radioactivity concentration
ratios at the end of the PET scan (K prain) in wild-type and APPtg
mice aged 50, 200 and 380 days and in Abcbla/b™'~) mice pre-
treated i.v. with vehicle (a) or with tariquidar (4 mg/kg) at 2h
before start of the PET scan (b). Lines indicate mean =+ standard
deviation. In (c) the mean (4 standard deviation) percentage
increase in K prain Of individual tariquidar treated animals relative
to mean K, i Value of vehicle group is shown. Ns: not signifi-
cant, *P < 0.05, **P < 0.001, |-way ANOVA followed by Tukey’s
multiple comparison test.

correlation in the cortex and no correlation in the cere-
bellum (Supplementary Figure 5).

In addition, we immunohistochemically analyzed A3
load in all animal groups and found substantial A}
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Figure 3. Regional brain-to-plasma radioactivity concentration
ratios at the end of the PET scan (K prain) for hippocampus (a),
cortex (b) and cerebellum (c) in wild-type and APPtg mice aged
50, 200 and 380 days and in Abcbla/b™'™) mice pre-treated i.v.
with tariquidar (4 mg/kg) at 2 h before start of the PET scan. Lines
indicate mean =+ standard deviation. Ns: not significant, *P < 0.05,
**P <0.01, ¥*P < 0.001, one-way ANOVA followed by Tukey’s
multiple comparison test.

deposition in the hippocampus and cortex of APPtg
mice aged 200 and 380 days and almost no A depos-
ition in the cerebellum (Figure 6). In the hippocampus
and cortex of APPtg mice, AP deposition significantly
increased with age. In wild-type mice, no A deposition
could be detected in all investigated brain regions.
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Abcbla/b™'™) mice. An enlarged section of the area corresponding to the hippocampus region (black square) is shown at a
20 x magnification below each image. Negative controls (NC) of the hippocampus region in a wild-type and an APPtg mouse are

depicted at 20 x magnification.

Discussion

In the present study, we used (R)-[''C]verapamil PET in
combination with tariquidar to assess the age depend-
ency of cerebral P-gp function in a frequently employed
AD mouse model (APPtg mice)*® and in wild-type con-
trol mice. The employed model rapidly develops exten-
sive cerebral AP deposits from an age of three months
onwards. Accordingly, immunohistochemical analysis
confirmed a substantial amount of AP deposits in the
hippocampus and cortex of APPtg mice aged 200 and
380 days (Figure 6). Surprisingly, despite the wide-
spread use of transgenic mouse models in AD research,
no attempts have been made so far to measure cerebral
P-gp function with PET in AD mouse models. Brain
distribution of diverse P-gp substrates has been
assessed in AD mouse models,'"**37 which failed to
confirm alterations relative to age-matched control
mice, despite a reduction in cerebral P-gp expression.''
Gustafsson et al.*” found no significant differences in
the ratio of unbound brain to unbound plasma concen-
tration (K, yu prain) Of the P-gp substrates digoxin and
paliperidone between tg-APPa,.swe and age-matched
control mice. Similarly, Mehta et al.'' found an

unchanged brain distribution of digoxin, verapamil
and loperamide in triple transgenic AD mice harboring
three mutant genes (APPgye, PS-1pi46v and taupsgry).
This was attributed by Mehta et al.'' to a thickening of
the basement membrane of the BBB in AD mice, which
may have impeded transcellular diffusion and thereby
counteracted the reduction in P-gp expression. An
alternative explanation for the failure of Mehta
et al.'" to detect increases in brain distribution of ver-
apamil and loperamide in their AD mouse model may
be related to the capacity of P-gp to functionally com-
pensate moderate reductions in its expression. This phe-
nomenon is similar to the well-described functional
interplay between P-gp and breast cancer resistance
protein (BCRP, ABCG2) at the mouse and human
BBB in limiting brain distribution of dual P-gp/BCRP
substrates.*®*® When only one transporter is knocked
out or inhibited, the other transporter effectively limits
brain distribution of dual substrates. We have shown
that brain distribution of (R)-[''C]verapamil and
[''C]N-desmethyl-loperamide is increased only by
1.5- and 1.1-fold, respectively, in heterozygous P-gp
knockout mice (Abcbla/b™/™)), which have a 50%
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Figure 5. Semi-quantitative evaluation of stained microvessels
in the hippocampus (a), the cortex (b) and the cerebellum (c) of
50, 200 and 380 days-old wild-type and APPtg mice and of
Abcbla/b™ ™) mice. Four visual fields (20 x magnification) per
mouse (n = 3-5 animals per group) were counted and the mean
of each group was calculated. Error bars indicate standard devi-
ation. Ns: not significant, *P < 0.05, **P < 0.001, one-way
ANOVA followed by Tukey’s multiple comparison test.

reduction in P-gp expression at the BBB, as compared
with wild-type mice.?® In contrast, in homozygous P-gp
knockout mice (Abcbla/b'™/™), which completely lack
P-gp, brain distribution of (R)-[''C]verapamil and

[''C]N-desmethyl-loperamide was enhanced by 3.9-
and 2.8-fold, respectively, relative to wild-type mice.
In accordance with these data, PET studies with
(R)-[''C]verapamil or [''C]verapamil in AD patients
revealed only moderate changes in radiotracer brain
distribution as compared with age-matched control
subjects.***! Van Assema et al.** found no differences
between AD subjects and control subjects in total
volume of distribution (V) and influx rate constant
of (R)-[''C]verapamil from plasma into brain (K;),*
two parameters which have been associated with P-gp
function at the BBB.>*** However, these authors
reported a significant increase in the non-displaceable
binding potential (BPnp) of (R)-[''C]verapamil, which
they hypothesized to reflect decreased P-gp function.
A study by Deo et al.*! could only reveal regional dif-
ferences in [''C]verapamil brain distribution between
AD and control subjects, when regional K; values
were normalized to cerebral blood flow, which was
lower in AD patients. Other than these two PET studies
in AD patients, a few studies have assessed differences
in cerebral P-gp function between elderly and
young healthy volunteers with [''C]verapamil or
(R)-[''Clverapamil PET.***® These studies found
moderate increases (15-20%) in radiotracer brain dis-
tribution in elderly subjects,***° pointing to an age-
dependent decrease in P-gp function. In a recent
study, we examined young and elderly healthy volun-
teers with (R)-[''C]verapamil PET and found no differ-
ences in whole brain V't values in baseline scans, while
significant differences were found in PET scans per-
formed after administration of tariquidar at a dose of
3mg/kg, leading to partial P-gp inhibition at the human
BBB.?? These data supported the concept that the par-
tial P-gp inhibition PET protocol possesses a higher
sensitivity to detect an age-related reduction in cerebral
P-gp expression than (R)-[''C]verapamil baseline scans
without inhibitor administration. These results
prompted us to employ the partial P-gp inhibition
protocol in the present preclinical PET study.

As an outcome parameter of (R)-[''C]verapamil
brain distribution, we used K, prain, Which we have
shown in a previous study to display an excellent cor-
relation with V¢ derived from kinetic modeling.”® The
advantage of K, prain is that it does not require repeated
arterial blood sampling, which is technically difficult
in mice. In addition, we have shown that K pain of
(R)-[''C]verapamil is independent of cerebral blood
flow in mice.”® In line with our human data ** and
the data by Mehta et al.,'' no differences in
(R)-[''C]verapamil K, vrain values were found between
APPtg and control mice in baseline scans without tar-
iquidar administration (Figure 2(a)). However, after
partial P-gp inhibition, significant differences in
(R)-[''C]verapamil Ky, brain  values became apparent
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Figure 6. Immunohistochemical staining of A in brains of wild-type and APPtg mice aged 380 days. An enlarged section of the area
corresponding to the hippocampus region (black square) is shown at a 20 x magnification below each image (a). Semi-quantitative
evaluation of stained A in the hippocampus (b), the cortex (c) and the cerebellum (d) of 50, 200 and 380 days-old APPtg mice and 380
days-old wild-type mice. Four visual fields (20 x magnification) per mouse (n = 3-5 animals per group) were counted and the mean of
each group was calculated (n.d.: not detected). Error bars indicate standard deviation. Ns: not significant, *P < 0.05, **P < 0.01,

one-way ANOVA followed by Tukey’s multiple comparison test.

(Figure 2(b)). To support the validity of our imaging
protocol, we also examined Abcbla/b(+/ ~) mice, which
have a 50% reduction in cerebral P-gp expression
(Figure 5). In agreement with their decreased P-gp
expression, Kp prain values were significantly higher in
Abcbla/b™/ = mice after partial P-gp inhibition as
compared with wild-type mice (Figure 2(b)). In the
hippocampus, K, vrain Values after tariquidar pre-treat-
ment showed a significant negative correlation with P-
gp levels determined with immunohistochemistry,
which supported that our PET protocol effectively mea-
sured P-gp function in the brain (Supplementary Figure
5). Intriguingly, (R)-[''C]verapamil K, brain values were
significantly higher in APPtg mice than in control mice
at a young age of 50 days. At this age, mostly mono-
meric AP and soluble oligomers are present in the brain
of this mouse model, while plaques are scarcely present
and cognitive impairment is not detectable for at least
another month.*>*” These findings agree well with data

by Hartz et al.* who found in another AD mouse model
(Tg2576 mice) a significant decrease in P-gp levels and
transport capacity at an age of 12 weeks, at which no
cognitive symptoms were present. Interestingly, no sig-
nificant differences in (R)-[''C]verapamil K, brain values
could be found in our study between APPtg and wild-
type mice at the age of 200 days. A possible explanation
for this could be that differences in P-gp function
between APPtg and wild-type mice were masked with
increasing age by additional alterations in the BBB (e.g.
thickening of the basement membrane) or a reduction
in cerebral blood flow in APPtg mice.

We found both in APPtg and control mice an age-
dependent increase in K, prain values. At the age of 380
days, K, prain values reached both in APPtg and control
mice similar levels as in Abcbla/b™/ ™) mice, which sug-
gested that the age-related reduction in P-gp function
was of the order of —50% (Figure 2(b)). Our data are in
good agreement with other studies, which showed that
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expression of P-gp protein and mRNA levels declined
over age in healthy rats.**>° However, with one excep-
tion,”® none of these studies investigated the functional
consequences of this age-related decline in P-gp expres-
sion. A study by Bors et al.>® measured brain concen-
trations of the P-gp substrate quinidine with cerebral
microdialysis in middle-aged (12-14 months) and
young rats (2-3 months) and found 22% higher
brain-to-blood AUC ratios and delayed elimination of
quinidine from the brain in middle aged rats. Our study
confirms previous findings of an inverse relationship
between cerebral A load and P-gp function,” in that
the observed age- and discase-related increases in (R)-
[“C]Verapamil K brain Values were more pronounced in
brain regions with extensive A deposition (hippocam-
pus, cortex) than in a region with negligible A depos-
ition (cerebellum) (Figure 3). The exact mechanism by
which AP deposition leads to a reduction in P-gp levels
has not been elucidated yet. Hartz et al.>® proposed that
AB40 leads to ubiquitination, internalization and pro-
teosomal degradation of P-gp. Our observation that P-
gp function was already decreased at a young age of 50
days, at which no AP deposits were visible, is in accord-
ance with the results by Hartz et al., who showed that
degradation of P-gp is triggered by soluble Ap forms.
Our data support the concept that early treatment of
AD patients with P-gp inducing drugs may be an inter-
esting strategy to restore P-gp function at the BBB
thereby delaying the build-up of AP deposits in the
brain.*%1¢

We have shown in this study that our partial
P-gp-inhibition (R)-[''C]verapamil PET protocol pos-
sesses adequate sensitivity to measure reduced P-gp
function in an AD mouse model. This PET protocol
can readily and safely be applied in human subjects®'-?
and may therefore be of interest to monitor the efficacy
of P-gp inducing drugs in humans. The only study,
which has so far attempted to measure P-gp induction
at the human BBB with PET, failed to detect changes in
[''Clverapamil brain distribution after treatment of
healthy volunteers with the pregnane X receptor
(PXR) ligand rifampicin, which may be related to the
limited sensitivity of [''C]verapamil baseline scans to
detect moderate changes in cerebral P-gp function.>
Following the concept of precision medicine, our PET
protocol may help selecting AD patients, in whom cere-
bral P-gp function is impaired, for a treatment with
P-gp inducing drugs. A disadvantage of our PET proto-
col is that it requires i.v. administration of tariquidar,
which is a non-marketed drug with limited availability
for clinical use. In addition, the use of tariquidar may
lead to drug—drug interactions with concomitant medi-
cation used in patients, which needs to be considered
when employing this PET protocol. However, as our
PET protocol requires only one single administration of

tariquidar at a dose, which only partially inhibits P-gp
at the BBB, the safety concerns associated with the use
of tariquidar in patients may be manageable. Indeed,
our PET protocol has already been safely used in drug
resistant temporal lobe epilepsy patients.>! Another
possible limitation of our PET protocol is related
to the fact that (R)-[''C]verapamil undergoes
CYP3A4-mediated metabolism giving radiolabeled
metabolites, which are taken up into the brain.?*->*
P-gp inducing drugs may alter (R)-[''Cl]verapamil
metabolism, thereby masking their P-gp inducing
effects. However, our previous data have shown that
metabolism of (R)-[''C]verapamil is considerably
slower in humans than in rodents.”>** Moreover, the
consideration of early PET data in the data analysis
may overcome the potential bias of brain uptake of
radiolabeled metabolites.”*>! In the present PET
study, we showed that the percentage of unchanged
(R)-["'C]verapamil in plasma was similar in the investi-
gated groups, which ruled out that the observed differ-
ences in K pnin values were due to differences in
radiotracer metabolism.

The observed age-related decline in P-gp function at
the BBB may not only have an effect on AP clearance
but may also lead to increased brain distribution of
P-gp substrate drugs and an increased risk of P-gp
mediated drug-drug interactions at the BBB.>* This is
of clinical relevance as AD patients often take several
different drugs on a regular basis. Concomitant intake
of two drugs, which are both transported by P-gp at the
BBB, may lead to partial saturation of P-gp and may
increase brain distribution of one of these drugs. These
changes may be greater in AD patients as compared
with healthy people potentially leading to an increased
incidence of adverse events.

Conclusion

We demonstrated that (R)-[''C]verapamil PET in com-
bination with tariquidar possesses an adequate sensitiv-
ity to measure changes in cerebral P-gp function in
APPtg mice versus wild-type control mice. Our results
confirm previous findings that P-gp function is reduced
in AD mouse models. Moreover, we were able to dem-
onstrate a significant, up to 50% age-related decline in
cerebral P-gp function in wild-type and APPtg mice.
Importantly, we found significant differences in cere-
bral P-gp function between wild-type and APPtg mice
at a young age of 50 days, which suggests that impaired
P-gp function is present before substantial deposition
of AP and cognitive decline occurs. This underlines that
pharmacological strategies to enhance P-gp function at
the BBB may be a useful approach to increase AP clear-
ance across the BBB thereby potentially delaying the
onset and slowing the progression of AD. Our PET
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protocol may be employed in future studies to test the
efficacy of different P-gp induction protocols in
humans.
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