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ABSTRACT: The adenosine triphosphate-binding cassette
transporter P-glycoprotein (ABCB1/Abcb1a) restricts at the
blood−brain barrier (BBB) brain distribution of many drugs.
ABCB1 may be involved in drug−drug interactions (DDIs) at
the BBB, which may lead to changes in brain distribution and
central nervous system side effects of drugs. Positron emission
tomography (PET) with the ABCB1 substrates (R)-[11C]-
verapamil and [11C]-N-desmethyl-loperamide and the ABCB1
inhibitor tariquidar has allowed direct comparison of ABCB1-
mediated DDIs at the rodent and human BBB. In this work we
evaluated different factors which could influence the magnitude of the interaction between tariquidar and (R)-[11C]verapamil or [11C]-
N-desmethyl-loperamide at the BBB and thereby contribute to previously observed species differences between rodents and humans. We
performed in vitro transport experiments with [3H]verapamil and [3H]-N-desmethyl-loperamide in ABCB1 and Abcb1a overexpressing
cell lines. Moreover we conducted in vivo PET experiments and biodistribution studies with (R)-[11C]verapamil and [11C]-N-desmethyl-
loperamide in wild-type mice without and with tariquidar pretreatment and in homozygous Abcb1a/1b(−/−) and heterozygous Abcb1a/
1b(+/−) mice. We found no differences for in vitro transport of [3H]verapamil and [3H]-N-desmethyl-loperamide by ABCB1 and Abcb1a
and its inhibition by tariquidar. [3H]-N-Desmethyl-loperamide was transported with a 5 to 9 times higher transport ratio than
[3H]verapamil in ABCB1- and Abcb1a-transfected cells. In vivo, brain radioactivity concentrations were lower for [11C]-N-desmethyl-
loperamide than for (R)-[11C]verapamil. Both radiotracers showed tariquidar dose dependent increases in brain distribution with
tariquidar half-maximum inhibitory concentrations (IC50) of 1052 nM (95% confidence interval CI: 930−1189) for (R)-[11C]verapamil
and 1329 nM (95% CI: 980−1801) for [11C]-N-desmethyl-loperamide. In homozygous Abcb1a/1b(−/−) mice brain radioactivity
distribution was increased by 3.9- and 2.8-fold and in heterozygous Abcb1a/1b(+/−) mice by 1.5- and 1.1-fold, for (R)-[11C]verapamil
and [11C]-N-desmethyl-loperamide, respectively, as compared with wild-type mice. For both radiotracers radiolabeled metabolites
were detected in plasma and brain. When brain and plasma radioactivity concentrations were corrected for radiolabeled metabolites,
brain distribution of (R)-[11C]verapamil and [11C]-N-desmethyl-loperamide was increased in tariquidar (15 mg/kg) treated animals by
14.1- and 18.3-fold, respectively, as compared with vehicle group. Isoflurane anesthesia altered [11C]-N-desmethyl-loperamide but not
(R)-[11C]verapamil metabolism, and this had a direct effect on the magnitude of the increase in brain distribution following ABCB1
inhibition. Our data furthermore suggest that in the absence of ABCB1 function brain distribution of [11C]-N-desmethyl-loperamide but
not (R)-[11C]verapamil may depend on cerebral blood flow. In conclusion, we have identified a number of important factors, i.e.,
substrate affinity to ABCB1, brain uptake of radiolabeled metabolites, anesthesia, and cerebral blood flow, which can directly influence
the magnitude of ABCB1-mediated DDIs at the BBB and should therefore be taken into consideration when interpreting PET results.

KEYWORDS: P-glycoprotein, blood−brain barrier, drug−drug interaction, positron emission tomography, (R)-[11C]verapamil,
[11C]-N-desmethyl-loperamide, tariquidar

■ INTRODUCTION
Many drugs are hindered from reaching the brain by adenosine
triphosphate-binding cassette (ABC) transporters, such as
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P-glycoprotein (humans, ABCB1; rodents, Abcb1a) and breast
cancer resistance protein (humans, ABCG2; rodents, Abcg2).1

These transporters are expressed in the luminal membrane of
brain capillary endothelial cells forming the blood−brain barrier
(BBB), where they efflux their substrates into the capillary lumen.
It was shown that genetic knockout of Abcb1a in mice can lead to
pronounced increases in brain distribution of ABCB1 substrate
drugs, such as ivermectin, digoxin, or loperamide.2−4 Similar
effects have been observed in rodent studies in which Abcb1a
was inhibited with ABCB1 inhibitors, such as cyclosporine A,
elacridar, zosuquidar, or tariquidar.5−7

ABCB1-mediated efflux transport of drugs at the BBB is of
great concern in drug development as concomitant administra-
tion of multiple drugs that are recognized by ABCB1 may lead
to changes in brain distribution of the drugs, compared with
administration of the drugs alone (ABCB1-mediated drug−drug
interaction, DDI).1,8 This may potentially lead to central nervous
system (CNS) side effects of drugs, which normally do not
distribute to the brain. However, whereas ABCB1-mediated
DDIs at the BBB have been thoroughly studied in preclinical
species, relatively few studies have been performed in humans,
which may be due to the challenge of quantifying drug con-
centrations in human brain. Some studies have used an indirect
approach, i.e., by measuring CNS pharmacodynamic effects
of ABCB1 substrates as a surrogate parameter of drug con-
centration in the brain (e.g., respiratory depression caused by
loperamide).9,10

An approach to directly measure drug concentrations in
the human brain is positron emission tomography (PET)
imaging with microdoses of carbon-11 or fluorine-18-labeled
drugs.8,11 Previously developed ABCB1 substrate probes for
PET imaging, which have been used in humans, are racemic
[11C]verapamil,12−14 (R)-[11C]verapamil,15−19 and [11C]-N-
desmethyl-loperamide.20,21 In a seminal study Sasongko and
colleagues have shown an approximately 2-fold increase in brain
distribution of [11C]verapamil in humans, when PET scans were
performed during continuous intravenous (iv) infusion of the
first generation ABCB1 inhibitor cyclosporine A.13 Following
administration of the potent third-generation ABCB1 inhibitor
tariquidar,22 distribution of (R)-[11C]verapamil and [11C]-N-
desmethyl-loperamide to the human brain was 2 to 5 times
increased as compared with PET scans without tariquidar
administration.18−21 For [11C]verapamil and (R)-[11C]verapamil,
increases in brain distribution following ABCB1 inhibition with
cyclosporine A and tariquidar, respectively, weremarkedly smaller
in humans than in rodents.18,23 This may at least partly be
explained by lower inhibitor plasma concentrations achieved in
human studies as compared with rodent studies1 and possibly
also by different expression levels of ABCB1 at the rodent and
human BBB.24

We hypothesize that additional factors, which are specific
to PET imaging studies, such as brain uptake of radiolabeled
metabolites or anesthesia, may have contributed to different
effects of ABCB1 inhibition on drug brain distribution in rodents
and humans observed in PET studies. The aim of this study was
to use small-animal PET to systematically assess the influence
of several different factors (see Table 1) on the magnitude of
the ABCB1-mediated DDI between tariquidar and (R)-[11C]-
verapamil or [11C]-N-desmethyl-loperamide at the mouse BBB.

■ EXPERIMENTAL SECTION
Chemicals. If not stated otherwise, chemicals were purchased

from Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany) or

Merck (Darmstadt, Germany) and were of at least analytical
grade. (R)-Norverapamil was obtained from ABX GmbH
(Radeberg, Germany) and N-isopropyl-p-iodoamphetamine
hydrochloride from abcr GmbH (Karlsruhe, Germany).
N-Desmethyl-loperamide and N-didesmethyl-loperamide were
synthesized according to the literature.25 Isoflurane was obtained
from Abbott Laboratories Ltd. (Maidenhead, U.K.). Tariquidar
dimesylate was obtained from Xenova Ltd. (Slough, U.K.). For
in vivo experiments, tariquidar was freshly dissolved prior to each
administration in 2.5% (w/v) aqueous (aq) dextrose solution
and injected iv at a volume of 4 mL/kg body weight. For in vitro
experiments, tariquidar was freshly dissolved in dimethyl
sulfoxide (<0.1% in final solution). Racemic [3H]verapamil,
[3H]-N-desmethyl-loperamide, and [14C]mannitol (specific
activity: 2.22−3.14 GBq/μmol, 2.96−3.22 GBq/μmol, and
1.85−2.22 kBq/μmol, respectively) were obtained from
Hartmann Analytic GmbH (Braunschweig, Germany).

Cell Lines. LLC-PK1 cells transduced with human MDR1
(LLC-ABCB1) or murine Mdr1a (LLC-Abcb1a) were kindly
provided by Prof. P. Borst and Dr. A. Schinkel (The Netherlands
Cancer Institute, Amsterdam, The Netherlands). Culturing of
the cells and testing of vincristine sulfate resistance (0.64 μM)
were performed as described earlier.26

Animals. For the imaging experiments female C57BL/6N
wild-type mice (Taconic, Skensved, Denmark) and female
homozygous Abcb1a/1b(−/−) and heterozygous Abcb1a/1b(+/−)

mice backcrossed to the C57BL/6 background (N > 10) were
used. For the other experiments female wild-type FVB/N mice
(Charles River, Sulzfeld, Germany) and female Abcb1a/1b(−/−)

mice with an FVB genetic background (Taconic, Germantown,
NY, USA) were used. All animals were housed in groups under
individual ventilated cage conditions in polysulfon type III cages.
The environmental conditions were as follows: temperature,
22 ± 3 °C; humidity, 40% to 70%; and a 12-h light/dark cycle
(lights on at 6:00) with free access to standard laboratory rodent
diet (ssniff R/M-H, ssniff Spezialdiaẗen GmbH, Soest, Germany)
and tap water. An acclimatization period of at least 1 week
was allowed before the animals were used in the experiments.
All animal experiments were approved by the national authorities
(Amt der Niederösterreichischen Landesregierung), and all study
procedures were performed in accordance with the European
Communities Council Directive of September 22, 2010 (2010/
63/EU). All efforts weremade to comply with the 3Rs principle in
this study.

In Vitro Transport Assays. Bidirectional transport experi-
ments were performed as described earlier.27 Briefly, cells were
seeded with a density of 0.3 × 106 cells/cm2 on transparent

Table 1. Overview of Investigated Factors and Their Influence
on the Magnitude of the Interaction between Tariquidar and
(R)-[11C]Verapamil (VPM) or [11C]-N-Desmethyl-
loperamide (dLOP)a

baseline PET
scan (without
tariquidar)

PET scan after
complete

ABCB1 inhibn

factor VPM dLOP VPM dLOP

transport activity of ABCB1 for substrate + + − −
density of ABCB1 at BBB − − − −
metabolism of radiotracer + + + +
cerebral blood flow − − − +
isoflurane anesthesia − − − +

a+: factor has an influence. −: factor has no influence.
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polyester membrane filters (Transwell-Clear, 6-well, 24 mm
diameter, 0.4 μm pore size, Corning Costar Corporation,
Cambridge, MA, USA). 5−7 days after the cells reached 100%
confluence, the experiment was initiated with 1 h preincubation,
for which culture medium was replaced by serum-free Opti-
MEM (Gibco/Life Technologies GmbH, Darmstadt, Germany)
without or with tariquidar (5, 10, 20, 35, 50, 200, 500 nM).
At the beginning of the experiment, [3H]verapamil or [3H]-N-
desmethyl-loperamide (both 5 nM) in fresh Opti-MEM was
added to either the apical or the basolateral compartment of
the Transwell filter. Tariquidar or solvent was added to both
compartments. Samples were taken after 60, 120, 240, and 360min
from the chamber opposite where the substrate was added, and
the amount of [3H]verapamil or [3H]-N-desmethyl-loperamide
was quantified with a β-scintillation counter (Microbeta Trilux,
PerkinElmer, Rodgau, Germany). To determine membrane
integrity, transepithelial electrical resistance (TEER) and, in
representative wells, [14C]mannitol diffusion were measured with
criteria for exclusion described earlier.27

Analysis of in Vitro Transport Data. Apparent substrate
permeability (Papp) from the basolateral to the apical compart-
ment (b−A) and vice versa (a−B) was calculated using the
following equation:

= ×P Q t AC[nm/s] (d /d )/( 60)app 0

where dQ/dt (disintegration/min) is the permeability rate
of the substrate into the sample compartment, A the growth area
of themonolayer, andC0 the initial substrate concentration in the
donor compartment. The transport ratio (TR) was calculated
by dividing Papp(b−A) by Papp(a−B). A TR > 2 is generally
considered as an indicator of active, asymmetrical transport.28

Normalized response to ABCB1 inhibition was obtained by
subtracting the mean TR without tariquidar from the individual
TR values with different tariquidar concentrations followed by
normalization to the mean TR with maximum ABCB1 inhibi-
tion (500 nM tariquidar). With Prism6 software (GraphPad
Software, La Jolla, CA, USA) a sigmoidal model with variable
slope was used to analyze concentration−response relationships
by nonlinear regression.
Radiotracer Synthesis and Formulation. (R)-[11C]-

Verapamil and [11C]-N-desmethyl-loperamide were synthesized
by [11C]methylation of (R)-norverapamil and N-didesmethyl-
loperamide, respectively, as described in the literature.25,29 Both
radiotracers were formulated for iv injection in physiological
saline solution (0.9%, w/v) containing 1% (v/v) Tween 80 at
an approximate concentration of 370 MBq/mL. Specific
activity at the end of synthesis was 137 ± 34 GBq/μmol for
(R)-[11C]verapamil and 138 ± 87 GBq/μmol for [11C]-N-
desmethyl-loperamide. Radiochemical purity of both radiotracers
was >98%. N-Isopropyl-p-[125I]iodoamphetamine was synthesized
by iodine exchange labeling of N-isopropyl-p-iodoamphetamine
free base with [125I]sodium iodide.30 N-Isopropyl-p-[125I]-
iodoamphetamine was obtained with a radiochemical purity
>95% and formulated for iv injection in sodium acetate buffered
physiological saline solution (0.9%, w/v) at an approximate
concentration of 25 MBq/mL.
PET/MR Imaging. Groups of female C57BL/6N mice

(age 14−16 weeks; body weight 21.2 ± 1.4 g), homozygous
Abcb1a/1b(−/−) mice (age 11−22 weeks; body weight 21.1 ±
0.9 g), and heterozygousAbcb1a/1b(+/−)mice (age 11−17 weeks;
body weight 23.6 ± 1.5 g) were either iv injected with vehicle
solution (2.5% (w/v) aq dextrose solution) or 1.5, 3, 6, 8, 10, 15,
20, 30 mg/kg body weight tariquidar at 2 h before start of PET

imaging (n = 2−6 per group). For injection, mice were
preanesthetized in an induction chamber using isoflurane (2.5−
3.5% in oxygen) and placed on a heated animal bed (38 °C), and
the lateral tail vein was cannulated. Animal respiratory rate and
body temperature were constantly monitored (SA Instruments
Inc., Stony Brook, NY, USA), and the isoflurane level was
adjusted (1.5−2% in oxygen) to achieve a constant and sufficient
depth of anesthesia. Anesthesia was maintained for the whole
pretreatment and imaging period. Following administration,
anatomical magnetic resonance imaging (MRI) was performed on
a 1 T benchtop MRI (ICON, Bruker BioSpin GmbH, Ettlingen,
Germany) using a modified 3D T1-weighted gradient echo
sequence (T1-FLASH) and the following imaging parameters:
echo time (TE) = 4.7 ms; repetition time (TR) = 27ms; flip angle
(FA) = 25°; field of view (FOV) = 7.6 × 2.6 × 2.4 cm; matrix =
380× 130; 32 slices; slice thickness = 750 μm; total imaging time =
22 min. Following MRI, the animal bed was transferred into the
gantry of a microPET scanner (Focus 220, Siemens Medical
Solutions, Knoxville, TN, USA), and a 10 min transmission
scan using a 57Co point source was recorded. Subsequently, at
2 h after tariquidar or vehicle injection, either (R)-[11C]verapamil
(32 ± 9 MBq, <0.5 nmol, 0.1 mL, n = 33) or [11C]-N-desmethyl-
loperamide (33 ± 7 MBq, <0.5 nmol, 0.1 mL, n = 38) was
administered as an iv bolus over 1min, and a 60min dynamic PET
scan (energy window, 250−750 keV; timing window, 6 ns) was
initiated at the start of radiotracer injection.

Postimaging Procedures. After completion of the imaging
procedure, a terminal blood sample was withdrawn under iso-
flurane anesthesia from the retro-orbital sinus vein, and the
animals were sacrificed by cervical dislocation. Blood was
centrifuged (17000g, 4 °C, 4 min) to obtain plasma, and whole
brains were removed. Aliquots of blood and plasma as well as
whole brains were transferred into preweighed 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 radio-
activity) × body weight). The remainder of the plasma samples
was stored at −80 °C until measurement of tariquidar plasma
concentrations using a previously described combined liquid
chromatography tandem mass spectrometry (LC/MS) assay.17

PET Data Analysis. The 60 min dynamic emission PET
data were sorted into 23 frames, which incrementally increased
in time length from 5 s to 10 min. Images were reconstructed
using Fourier rebinning of the 3D sonograms followed by two-
dimensional filtered back projection with a ramp filter, resulting
in an image voxel size of 0.4 × 0.4 × 0.796 mm3. A standard
data correction protocol (normalization, attenuation, and decay
correction) was applied to the PET data. The PET units were
converted into units of radioactivity concentration by applying
a calibration factor derived from imaging of a cylindrical
phantom with a known 11C-radioactivity concentration. Using
the image analysis software Amide,31 whole brain was manually
outlined on the PET images, and time−activity curves, expressed
in standardized uptake value, were derived. Individual brain-to-
blood concentration ratios (Kb,brain) were calculated by dividing
the brain radioactivity concentration in the last PET frame
(50 to 60 min after radiotracer injection) by the corresponding
blood radioactivity concentration as determined by the gamma
counter measurements.

Analysis of Concentration−Response Relationships.
Normalized response was obtained by subtracting the mean
Kb,brain value of vehicle treated animals (= no ABCB1 inhibition)
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from the individualKb,brain valuesmeasured after different tariquidar
doses and subsequent normalization to the mean Kb,brain value
derived from homozygous Abcb1a/1b(−/−) mice (= maximum
ABCB1 inhibition). Concentration−response relationships were
analyzed by nonlinear regression analysis based on a sigmoidal
model with variable slope using Prism 6 software.
Metabolite Analysis. To investigate the effect of isoflurane

anesthesia on metabolism of (R)-[11C]verapamil and [11C]-N-
desmethyl-loperamide, female wild-type FVB/N mice (age 11−
12 weeks; body weight 23.6 ± 1.1 g) were randomly assigned to
two cohorts. In one cohort, all procedures were performed in
isoflurane anesthetized (1.5−2% in oxygen) animals resulting in
a total anesthesia length of 160 min (= long anesthesia). In the
second cohort, pretreatment and radiotracer injection were per-
formed in awake animals which were only shortly anesthetized
prior to retro-orbital blood sampling, resulting in a total
anesthesia length of 5 min (= short anesthesia). All animals
were pretreated either with vehicle solution (2.5% (w/v) aq
dextrose solution) or with tariquidar at a dose of 15 mg/kg.
Two hours after pretreatment, animals received either (R)-
[11C]verapamil (30 ± 3 MBq, <0.5 nmol, 0.1 mL, n = 13) or
[11C]-N-desmethyl-loperamide (40 ± 18 MBq, <0.5 nmol,
0.1 mL, n = 13), and a terminal blood sample was withdrawn at
25 min after radiotracer injection. Blood was centrifuged to
obtain plasma, and whole brains were removed. To plasma
and homogenized brain tissue were added unlabeled verapamil
(10 mg/mL in water, 100 μL) or N-desmethyl-loperamide
(10 mg/mL in water/acetonitrile; 1/1, v/v, 100 μL), and
proteins were precipitated by the addition of acetonitrile (1 μL
per μL of plasma and 0.5 mL per brain). The homogenates were
vortexed and then centrifuged (12000g, 5 min, 21 °C). Each
supernatant (plasma, brain, 3 μL each) and diluted radiotracer
solution as reference were spotted on thin-layer chromatography
(TLC) plates (silica gel 60F 254 nm, 20 × 20 cm; Merck,
Darmstadt, Germany), and plates were developed in ethyl acetate/
triethylamine (9/1, v/v). Detection was performed by placing
the TLC plates on multisensitive phosphor screens (PerkinElmer
Life Sciences, Waltham, MA). The screens were scanned at
300 dpi resolution using a PerkinElmer Cyclone Plus Phosphor
Imager (PerkinElmer Life Sciences).
Radiotracer Brain Distribution in Anesthetized/

Nonanesthetized Mice. Brain uptake of (R)-[11C]verapamil
and [11C]-N-desmethyl-loperamide was assessed in isoflurane
anesthetized or awake female wild-type FVB/N mice (age 9−10
weeks; body weight 23.7± 4.7 g) or female Abcb1a/1b(−/−)mice
with an FVB genetic background (age 8−10 weeks; body
weight 21.7 ± 5.1 g). Groups of mice were kept for 40 min in
an induction chamber flushed with either isoflurane (1.5−2%
in oxygen) or room air alone, followed by iv injection of either
(R)-[11C]verapamil (30 ± 12 MBq, <0.5 nmol, 0.1 mL, n = 16),
[11C]-N-desmethyl-loperamide (19± 5MBq, <0.5 nmol, 0.1 mL,
n = 18), or N-isopropyl-p-[125I]iodoamphetamine (2 ± 0.5 MBq,
0.1 mL, n = 8). Mice were sacrificed by cervical dislocation
at 5 min (N-isopropyl-p-[125I]iodoamphetamine) or 25 min
((R)-[11C]verapamil and [11C]-N-desmethyl-loperamide) after
injection, blood was collected by cardiac puncture, and whole
brains were removed. Blood and brain were transferred to
preweighed tubes and measured for radioactivity in a gamma
counter. The measured radioactivity data were corrected for
radioactive decay, and Kb,brain values were calculated.
Plasma Protein Binding. Plasma protein binding of

(R)-[11C]verapamil and [11C]-N-desmethyl-loperamide was
determined in triplicate by adding radiotracer solution (3 μL,

0.4 MBq) to C57BL/6N mouse plasma (without and with
addition of tariquidar in 2.5% dextrose solution, final con-
centration: 2400 nM) or human plasma (600 μL), both collected
in heparinized tubes, followed by 20 min incubation at 37 °C.
In order to avoid adsorption of radiotracers to the filter
membrane, Amicon Ultra 0.5 mL filters (Millipore Corporation,
Bedford, MA, USA) were preconditioned by adding a solution
of unlabeled verapamil or N-desmethyl-loperamide (10 mg/mL,
200 μL) followed by centrifugation (12000g, 10 min, 25 °C).
After incubation, plasma aliquots (200 μL) were transferred
to the preconditioned Amicon filters, which were centrifuged
(12000g, 30 min, 25 °C). Filters and tubes were separately
measured in a gamma counter, and the obtained data were decay
corrected. Percent plasma protein binding was calculated as
percent radioactivity in the filter relative to total radioactivity
(filter and tube).

Statistical Analysis. Statistical differences between two
groups were analyzed with two-tailed t-tests and between
multiple groups with one-way analysis of variance (ANOVA)
followed by Bonferroni’s multiple comparison test using Prism6
software, and P values of <0.05 were considered significant. If not
stated otherwise, all values are presented as mean ± standard
deviation (SD).

■ RESULTS
In Vitro Transport of [3H]Verapamil and [3H]-N-

Desmethyl-loperamide in ABCB1 and Abcb1a Over-
expressing LLC Monolayers and Transport Inhibition by
Tariquidar. Transcellular transport of [3H]verapamil and [3H]-
N-desmethyl-loperamide was assessed in the basolateral to apical
(b−A) and apical to basolateral (a−B) direction across mono-
layers of LLC cells overexpressing either ABCB1 or Abcb1a
(Figure 1). For both compounds, basolateral-to-apical transport
was greater than apical-to-basolateral transport (Figures 1A and
1B), indicating asymmetrical ABCB1/Abcb1a-mediated trans-
port. The basolateral-to-apical to apical-to-basolateral transport
ratios (TR) were for each substrate similar in ABCB1- and
Abcb1a-transfected cells (Figures 1A and 1B). TR of [3H]-N-
desmethyl-loperamide was 5 times higher than TR of [3H]-
verapamil in ABCB1-transfected cells (18.5 ± 1.7 vs 3.7 ± 0.4,
P < 0.001) and 8.6 times higher than TR of [3H]verapamil in
Abcb1a-transfected cells (27.6 ± 6.5 vs 3.2 ± 0.4, P < 0.001). In
LLC wild-type cells TRs were 1.2 ± 0.1 for [3H]verapamil and
1.6 ± 0.03 for [3H]-N-desmethyl-loperamide (data not shown).
[3H]Verapamil and [3H]-N-desmethyl-loperamide transport was
also assessed in the presence of increasing tariquidar concentra-
tions and concentration−response curves fitted to the data
(Figures 1C and 1D). Estimated IC50 values of tariquidar were
for both substrates comparable in ABCB1- and Abcb1a-
transfected cells ([3H]verapamil, ABCB1 17.2 nM, Abcb1a
17.9 nM; [3H]-N-desmethyl-loperamide, ABCB1 9.0 nM,
Abcb1a 6.0 nM).

In Vivo Brain Distribution of (R)-[11C]Verapamil and
[11C]-N-Desmethyl-loperamide in C57BL/6N Wild-Type,
Homozygous Abcb1a/1b(−/−), and Heterozygous Abcb1a/
1b(+/−) Mice and Tariquidar Concentration−Response
Relationship. Brain distribution of (R)-[11C]verapamil and
[11C]-N-desmethyl-loperamide was studied with PET in C57BL/
6N wild-type mice treated with either vehicle or escalating
tariquidar doses (Figures 2 and 3). Brain time−activity curves
of (R)-[11C]verapamil and [11C]-N-desmethyl-loperamide had
a different shape. Following injection, radioactivity in the brain
reached an approximately 3−4 times higher peak concentration
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for (R)-[11C]verapamil than for [11C]-N-desmethyl-loperamide,
which was followed by washout of radioactivity (Figure 3A). For
[11C]-N-desmethyl-loperamide, radioactivity in the brain stayed

on the same level after peak concentration with only minimal
washout, which was consistent with lysosomal trapping of [11C]-
N-desmethyl-loperamide in brain parenchyma (Figure 3B).

Figure 2. Coronal positron emission tomography (PET) summation images (0 to 60 min) and corresponding planes of T1-weighted gradient echo MR
images of the brain region obtained after iv injection of (R)-[11C]verapamil (A, B) and [11C]-N-desmethyl-loperamide (C, D) in vehicle treated (left
panel) or tariquidar treated (15 mg/kg, at 2 h before PET) (right panel) C57BL/6N wild-type mice. Radiation scale is set from 0.01 to 3.0 standardized
uptake value (SUV).

Figure 1. Bidirectional transport of [3H]verapamil (A) and [3H]-N-desmethyl-loperamide (B) by ABCB1- (black) and Abcb1a-transfected LLC cells
(red) shown as % of initial concentration in the donor compartment over 360 min without tariquidar. For Abcb1a-transfected LLC cells, transport of
[3H]verapamil and [3H]-N-desmethyl-loperamide is also shown in the presence of 500 nM tariquidar (TQD, open red symbols). All experiments were
performed in triplicate, and values are shown as mean ± SD. The normalized response to ABCB1 inhibition of [3H]verapamil (C) and [3H]-N-
desmethyl-loperamide (D) transport in ABCB1- (black) and Abcb1a-transfected cells (red) was calculated based on transport ratios (TR) over 6 h in
bidirectional transport assays (see Experimental Section) and is plotted against tariquidar concentration (nM) in the assay medium. A sigmoidal Hill
function was fitted to the data and gave for transport of [3H]verapamil an estimated half-maximum inhibitory concentration (IC50) of 17.2 nM (95%
confidence interval CI: 6.7−44.3) and a Hill slope of 10.8 (95% CI:−56.3 to 77.8) for ABCB1-transfected cells, and an IC50 of 17.9 nM (95% CI: 14.1−
22.6) and a Hill slope of 2.6 (95%CI: 1.1−4.2) for Abcb1a-transfected cells (C). For transport of [3H]-N-desmethyl-loperamide an IC50 of 9.0 nM (95%
CI: 8.1−10.0) and a Hill slope of 2.1 (95% CI: 1.6−2.5) was estimated for ABCB1-transfected cells, and for Abcb1a-transfected cells an IC50 of 6.0 nM
(95% CI: 4.9−7.3) and a Hill slope of 1.3 (95% CI: 0.9−1.6) (D). For definition of normalized response refer to the Experimental Section.

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.5b00168
Mol. Pharmaceutics 2015, 12, 3214−3225

3218

http://dx.doi.org/10.1021/acs.molpharmaceut.5b00168


Brain uptake of (R)-[11C]verapamil and [11C]-N-desmethyl-
loperamide was expressed as the brain-to-blood concentration
ratio (Kb,brain), which was calculated by dividing the radioactivity
concentration measured in the last PET time frame (50 to 60 min
after radiotracer injection) by the radioactivity concentration
measured in blood at the end of the PET scan (Figures 3C and
3D). Blood radioactivity concentrations of (R)-[11C]verapamil
were unchanged after tariquidar pretreatment. In contrast, blood
radioactivity concentrations of [11C]-N-desmethyl-loperamide
were increased in tariquidar treated compared to vehicle treated
mice (see Supporting Information). Kb,brain values in vehicle
treated wild-type mice were 1.22 ± 0.06 for (R)-[11C]verapamil
and 1.42± 0.16 for [11C]-N-desmethyl-loperamide. Pretreatment
of wild-type mice with escalating doses of tariquidar (1.5, 3, 6, 8,
10, 15, 20, and 30 mg/kg body weight) led to a dose dependent
increase in Kb,brain for both radiotracers, resulting in a Kb,brain of
4.44 ± 0.54 for (R)-[11C]verapamil (after 20 mg/kg tariquidar)
and 2.58 ± 0.44 for [11C]-N-desmethyl-loperamide (after
30 mg/kg tariquidar) (Figures 3C and 3D). Tariquidar plasma
concentrations, determined at the end of the PET scan, were
158 ± 7 nM (range: 153−163 nM) for the lowest (1.5 mg/kg)
and 3508 ± 427 nM (range: 2802−3863 nM) for the highest
administered dose (30 mg/kg). Kb,brain in vehicle treated homo-
zygous Abcb1a/1b(−/−) mice was 4.81 ± 0.51 for (R)-[11C]-
verapamil and 3.93 ± 0.36 for [11C]-N-desmethyl-loperamide,
which corresponded to 3.9-fold and 2.8-fold increases over vehicle
treated wild-typemice (P < 0.0001), respectively. In heterozygous
Abcb1a/1b(+/−) mice, mean Kb,brain values were only minimally
and not significantly increased when compared to vehicle treated
wild-type mice ((R)-[11C]verapamil, Kb,brain 1.79 ± 0.19, 1.5-fold

increase; [11C]-N-desmethyl-loperamide, Kb,brain 1.54 ± 0.19,
1.1-fold increase) (Figures 3C and 3D).
Kb,brain values of (R)-[

11C]verapamil and [11C]-N-desmethyl-
loperamide in tariquidar treated wild-type mice were normalized
to Kb,brain values in Abcb1a/1b(−/−) mice and plotted against
tariquidar plasma concentrations, and sigmoidal Hill curves were
fitted to the data (Figure 4). The estimated IC50 values of
tariquidar were similar for (R)-[11C]verapamil (1052 nM, 95%
confidence interval, CI: 930−1189 nM) and [11C]-N-desmethyl-
loperamide (1329 nM, 95% CI: 980−1801 nM).

Plasma and BrainMetabolites of (R)-[11C]Verapamil and
[11C]-N-Desmethyl-loperamide in Vehicle and Tariquidar
Treated Wild-Type FVB/N Mice. Radiolabeled metabolites in
plasma and brain were determined for both radiotracers in
groups of vehicle treated or tariquidar treated wild-type FVB/N
mice at 25min after radiotracer injection (Table 2). Radiolabeled
metabolites were first examined in isoflurane anesthetized mice
subjected to a comparable anesthesia duration as for the in vivo
imaging experiments (160 min = long anesthesia). For both
radiotracers radiolabeled metabolites were detected in plasma,
with less intact radiotracer for [11C]-N-desmethyl-loperamide
than for (R)-[11C]verapamil (Table 2). For both radiotracers,
radiolabeled metabolites were also detected in brain. In
tariquidar treated mice the percentage of intact radiotracer in
brain was for both radiotracers higher than in vehicle treated
mice (Table 2).

Influence of Isoflurane Anesthesia on Metabolism of
(R)-[11C]Verapamil and [11C]-N-Desmethyl-loperamide.
The influence of isoflurane anesthesia on plasma and brain meta-
bolites of (R)-[11C]verapamil and [11C]-N-desmethyl-loperamide
was determined in additional groups of awake mice, which were

Figure 3.Mean (+ SD, n = 3−6 per dose group) whole brain time−activity curves of (R)-[11C]verapamil (A) and [11C]-N-desmethyl-loperamide (B) in
C57BL/6N wild-type mice treated with different doses of tariquidar or vehicle at 2 h before start of the PET scan (black symbols) and in homozygous
Abcb1a/1b(−/−) and heterozygous Abcb1a/1b(+/−) mice treated with vehicle (red symbols). Lower panels show the mean (+ SD) brain-to-blood
concentration ratios at the end of the PET scan (Kb,brain) for (R)-[

11C]verapamil (C) and [11C]-N-desmethyl-loperamide (D) after treatment with
vehicle or different tariquidar doses. In addition,Kb,brain values in vehicle treated homozygous Abcb1a/1b

(−/−) and heterozygous Abcb1a/1b(+/−)mice are
shown in panels C and D. The dotted line indicates mean Kb,brain of vehicle treated wild-type mice. Statistical differences are indicated by asterisks
(*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001, one-way ANOVA with Bonferroni’s multiple comparison test).
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only shortly anesthetized immediately before retro-orbital blood
sampling at the end of the experimental period (5 min anesthesia
duration= short anesthesia). For (R)-[11C]verapamil, the percentage

of unchanged parent in plasma and brain of vehicle treated mice
was not significantly different from that for mice under long
anesthesia (Table 2). For [11C]-N-desmethyl-loperamide, the
percentage of unchanged parent in plasmawas significantly higher
in vehicle treated mice under short than under long anesthesia
(22 ± 2% vs 13% ± 4%, respectively, P = 0.01) (Table 2).
Radiolabeled metabolites of [11C]-N-desmethyl-loperamide were
further determined in tariquidar treated mice under short
anesthesia. Similar to vehicle treated mice, the percentage of
unchanged [11C]-N-desmethyl-loperamide in tariquidar treated
mice was significantly higher in animals under short than in
animals under long anesthesia (18 ± 1% vs 7 ± 1%, respectively,
P = 0.001).

Influence of Isoflurane Anesthesia on Brain Distribution
of (R)-[11C]Verapamil and [11C]-N-Desmethyl-loperamide.
Brain distribution of (R)-[11C]verapamil and [11C]-N-desmeth-
yl-loperamide was compared at 25 min after radiotracer injection
in groups of long anesthetized (160 min) and short anesthetized
(5min) mice, treated with either vehicle or tariquidar (15mg/kg)
(Table 3). For (R)-[11C]verapamil, Kb,brain values were not signifi-
cantly different between long and short anesthetized, vehicle
treated mice. Tariquidar pretreatment resulted in a 5.1-fold
increase of (R)-[11C]verapamil Kb,brain relative to vehicle group in
long anesthetized mice. Kp,brain values corrected for the per-
centages of unchanged (R)-[11C]verapamil in brain and plasma
(Kp,brain,VPM) showed a 14.1-fold increase in tariquidar treated
relative to vehicle treated mice under long anesthesia. In vehicle
treated, short anesthetized mice, Kp,brain,VPM was not significantly
different compared to vehicle treated long anesthetized mice.
For [11C]-N-desmethyl-loperamide Kb,brain values were com-

parable between vehicle treated long and short anesthetized mice
but significantly different between tariquidar treated long and
short anesthetizedmice (0.93± 0.01 vs, 1.57± 0.10, P = 0.0001).
Also Kp,brain,dLOP values were not significantly different between
vehicle treated long and short anesthetized mice, but significantly
different between tariquidar treated long and short anesthetized
animals (7.34 ± 0.58 vs 4.85 ± 0.29, P = 0.01). Tariquidar
induced increase in Kp,brain,dLOP values was 18.3-fold for long
anesthetized and 9.6-fold for short anesthetized mice (Table 3).

Influence of Isoflurane Anesthesia on Cerebral Blood
Flow.Cerebral blood flow (CBF) was assessed withN-isopropyl-
p-[125I]iodoamphetamine in groups of isoflurane anesthetized
and awakemice (Table 4).Kb,brain values at 5min after injection of
N-isopropyl-p-[125I]iodoamphetamine were significantly higher
in isoflurane anesthetized than in awake mice (12.2 ± 0.4 vs
7.5± 0.8, P < 0.001) consistent with higher CBF under isoflurane
anesthesia (Table 4).

Influence of CBF on Brain Distribution of (R)-[11C]-
Verapamil and [11C]-N-Desmethyl-loperamide in Wild-
Type FVB/N and Abcb1a/1b(−/−) Mice. The effect of CBF on
brain distribution of (R)-[11C]verapamil and [11C]-N-desmethyl-
loperamide was studied in isoflurane anesthetized and awake
wild-type and Abcb1a/1b(−/−) mice (Table 4). For (R)-
[11C]verapamil no significant differences in Kb,brain were found
between anesthetized and awake wild-type or Abcb1a/1b(−/−)

mice. For [11C]-N-desmethyl-loperamide, Kb,brain values were not
significantly different between anesthetized and awake wild-type
animals. However, in Abcb1a/1b(−/−) mice Kb,brain values were
significantly lower in anesthetized than in awake animals (1.42 ±
0.40 vs 2.84 ± 0.14, P < 0.001). Consequently the Kb,brain ratio of
Abcb1a/1b(−/−) to wild-type mice was for [11C]-N-desmethyl-
loperamide higher in awake than in isoflurane anesthetized mice

Figure 4. Normalized response in terms of increase in brain-to-blood
concentration ratio at the end of the PET scan (Kb,brain) for (R)-
[11C]verapamil (A) and [11C]-N-desmethyl-loperamide (B) in C57BL/
6N wild-type mice plotted against tariquidar plasma concentration
(nM) measured at the end of the PET scan. For [11C]-N-desmethyl-
loperamide, data after 30 mg/kg tariquidar were excluded. A sigmoidal
Hill function was fitted to the data and gave an estimated half-maximum
inhibitory concentration (IC50) of 1052 nM (95% confidence interval
CI: 930−1189) and a Hill slope of 2.98 (95% CI: 2.00−3.95) for (R)-
[11C]verapamil (A) and an IC50 of 1329 nM (95% CI: 980−1801) and a
Hill slope of 1.44 (95% CI: 0.50−2.38) for [11C]-N-desmethyl-
loperamide (B). Goodness of fit (R2) was 0.919 for (R)-[11C]verapamil
and 0.508 for [11C]-N-desmethyl-loperamide. For definition of
normalized response refer to the Experimental Section.

Table 2. Metabolism of (R)-[11C]Verapamil and [11C]-N-
Desmethyl-loperamidea

long anesthesia (160 min) short anesthesia (5 min)

vehicle
tariquidar
15 mg/kg vehicle

tariquidar
15 mg/kg

(R)-[11C]Verapamil
n 4 5 4
plasma 47 ± 6 37 ± 8 45 ± 8 nd
brain 43 ± 22 89 ± 2 39 ± 26 nd

[11C]-N-Desmethyl-loperamide
n 3 3 4 3
plasma 13 ± 4 7 ± 1 22 ± 2c 18 ± 1d

brain 28 ± 13 77 ± 6 53 ± 13b 70 ± 11
aPercentage of unchanged (R)-[11C]verapamil and [11C]-N-desmethyl-
loperamide in plasma and brain of vehicle treated and tariquidar treated
(15 mg/kg) wild-type FVB/N mice, determined at 25 min after
radiotracer injection under long (160 min) and short (5 min) isoflurane
anesthesia. All data are given as mean ± SD; nd = not determined. bP <
0.05 when compared to corresponding long anesthesia group (2-tailed
t-test). cP < 0.01 when compared to corresponding long anesthesia
group (2-tailed t-test). dP ≤ 0.001 when compared to corresponding
long anesthesia group (2-tailed t-test).

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.5b00168
Mol. Pharmaceutics 2015, 12, 3214−3225

3220

http://dx.doi.org/10.1021/acs.molpharmaceut.5b00168


(13.8 vs 5.7) but similar for (R)-[11C]verapamil in both groups of
animals (Table 4).
Protein Binding of (R)-[11C]Verapamil and [11C]-N-

Desmethyl-loperamide in Mouse and Human Plasma.
The percentage of non-protein bound (R)-[11C]verapamil and
[11C]-N-desmethyl-loperamide in mouse plasma was deter-
mined without and with addition of tariquidar at a concentra-
tion which was comparable to in vivo plasma concentrations
(2400 nM) (Table 5). The percentages of non-protein bound
(R)-[11C]verapamil and [11C]-N-desmethyl-loperamide in
mouse plasma were unchanged when tariquidar was added. In
human plasma, the percentage of non-protein bound radiotracer
was significantly different compared to untreated mouse plasma
for (R)-[11C]verapamil but not for [11C]-N-desmethyl-loperamide
(Table 5).

■ DISCUSSION
In this study we used PET to examine at the mouse BBB the
interaction between the ABCB1 inhibitor tariquidar and the
ABCB1 substrates (R)-[11C]verapamil and [11C]-N-desmethyl-
loperamide, for which clinical PET data in healthy volunteers
are available from the literature.18−21 We tested the impact of

different factors on the magnitude of these ABCB1-mediated
DDIs at the mouse BBB (see Table 1) in an attempt to better
understand previously observed species differences between
rodents and humans.18 The ABCB1 inhibitor tariquidar has
been shown to also inhibit ABCG2, but at higher concentrations
than needed for inhibition of ABCB1.32 However, as (R)-
[11C]verapamil and [11C]-N-desmethyl-loperamide are not trans-
ported by ABCG2 at the BBB,33,34 we expect that we were
selectively looking at the function of ABCB1 at the BBB.
We first performed in vitro transport experiments with

[3H]verapamil and [3H]-N-desmethyl-loperamide in ABCB1
and Abcb1a overexpressing LLC cells in order to study possible
species differences in transport of these two substrates. We used
concentrations (5 nM) which were comparable with concen-
trations achieved in vivo in PET experiments when tracer doses
of (R)-[11C]verapamil and [11C]-N-desmethyl-loperamide are
administered. Each substrate had comparable basolateral-to-
apical to apical-to-basolateral TRs in ABCB1- and Abcb1a-
transfected cells (Figures 1A and 1B). Moreover, IC50 values of
tariquidar for transport inhibition were for each substrate similar
in ABCB1- and Abcb1a-transfected cells (Figures 1C and 1D),
which suggested that there were no species differences in

Table 3. Brain-to-Blood (Kb,brain) and Brain-to-Plasma (Kp,brain) Concentration Ratios for Total Radioactivity as Well as for
Unchanged Parent Tracer (Kp,brain,VPM or Kp,brain,dLOP) in Vehicle Treated and Tariquidar Treated (15 mg/kg) Wild-Type FVB/N
MiceDetermined at 25min after Injection of Either (R)-[11C]Verapamil or [11C]-N-Desmethyl-loperamide under Long (160min)
and Short (5 min) Isoflurane Anesthesiaa

long anesthesia (160 min) short anesthesia (5 min)

vehicle tariquidar 15 mg/kg fold increase vehicle tariquidar 15 mg/kg fold increase

(R)-[11C]Verapamil
n 4 3 4
Kb,brain 0.44 ± 0.07 2.24 ± 0.49 5.1 0.52 ± 0.07 nd nd
Kp,brain 0.29 ± 0.04 1.53 ± 0.30 5.2 0.35 ± 0.06 nd nd
Kp,brain,VPM 0.27 ± 0.12 3.83 ± 0.30 14.1 0.29 ± 0.18 nd nd

[11C]-N-Desmethyl-loperamide
n 3 3 4 3
Kb,brain 0.23 ± 0.04 0.93 ± 0.01 4.0 0.22 ± 0.01 1.57 ± 0.10c 7.0
Kp,brain 0.18 ± 0.04 0.67 ± 0.01 3.7 0.20 ± 0.01 1.32 ± 0.10c 6.6
Kp,brain,dLOP 0.40 ± 0.16 7.34 ± 0.58 18.3 0.51 ± 0.18 4.85 ± 0.29b 9.6

aAll data are given as mean ± SD; nd = not determined. bP < 0.05 when compared to corresponding long anesthesia group (2-tailed t-test).
cP < 0.001 when compared to corresponding long anesthesia group (2-tailed t-test).

Table 4. Effect of Cerebral Blood Flow on Brain-to-Blood (Kb,brain) and Brain-to-Plasma (Kp,brain) Concentration Ratios
Determined at 25 min after Injection of (R)-[11C]Verapamil and [11C]-N-Desmethyl-loperamide in Wild-Type FVB/N and
Abcb1a/1b(−/−) Micea

isoflurane awake

wild-type Abcb1a/1b(−/−) fold increase wild-type Abcb1a/1b(−/−) fold increase

(R)-[11C]Verapamil
n 4 4 4 4
Kb,brain 0.49 ± 0.11 2.60 ± 0.37 5.3 0.53 ± 0.04 2.77 ± 0.26 5.2
Kp,brain 0.35 ± 0.09 1.91 ± 0.21 5.4 0.38 ± 0.03 2.15 ± 0.18 5.7

[11C]-N-Desmethyl-loperamide
n 3 4 5 6
Kb,brain 0.25 ± 0.06 1.42 ± 0.4 5.7 0.21 ± 0.05 2.84 ± 0.14b 13.8
Kp,brain 0.20 ± 0.04 1.21 ± 0.41 6.0 0.20 ± 0.05 2.79 ± 0.20b 13.7

N-Isopropyl-p-[125I]iodo-amphetamine
n 4 4
Kb,brain 12.2 ± 0.4 nd nd 7.5 ± 0.8b nd nd

aRelative cerebral blood flow was assessed by measurement of Kb,brain of N-isopropyl-p-[125I]iodoamphetamine at 5 min after iv injection under
otherwise identical experimental conditions. All data are given as mean ± SD; nd = not determined. bP < 0.001 when compared to corresponding
isoflurane group (2-tailed t-test).
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ABCB1/Abcb1a transport and inhibition. Interestingly, TRs
were in both cell types 5 to 9 times higher for [3H]-N-desmethyl-
loperamide (Figure 1B) than for [3H]verapamil (Figure 1A),
which suggested that the transport activity/rate of ABCB1/
Abcb1a is higher for [3H]-N-desmethyl-loperamide than for
[3H]verapamil. Higher TRs of [3H]-N-desmethyl-loperamide
observed in vitro were consistent with lower in vivo brain
radioactivity concentrations for [11C]-N-desmethyl-loperamide
than for (R)-[11C]verapamil (Figure 2), similar to results from
studies in humans,18,20 and with higher increases in metabolite-
corrected Kp,brain values following tariquidar administration for
[11C]-N-desmethyl-loperamide than for (R)-[11C]verapamil
(see below and Table 3). This suggests that the affinity of a
substrate to ABCB1may determine brain uptake in baseline PET
scans without inhibitor administration and thereby influence the
magnitude of ABCB1-mediated DDIs.
We next performed (R)-[11C]verapamil and [11C]-N-desmethyl-

loperamide PET scans in wild-type mice after administration of
different tariquidar doses (Figure 3). In previous clinical PET
studies kinetic modeling was employed to obtain total distribu-
tion volume (VT) as an outcome parameter of radiotracer brain
distribution.18,20 VT equals the brain-to-plasma concentration
ratio at steady state. However, determination of VT requires
arterial blood sampling, which is technically not feasible in mice.
We therefore determined brain-to-blood concentration ratios
at the end of the PET scan (Kb,brain) as an estimate of VT. Kb,brain
values were not determined at steady state and may therefore be
variable depending on the time point of measurement after
radiotracer injection. However, retrospective analysis of our
human PET data showed good correlation between Kb,brain and
VT values (see Supporting Information), indicating that Kb,brain
may be used as a surrogate parameter of VT. Maximum possible
brain uptake after complete ABCB1 inhibition was defined
in Abcb1a/1b(−/−) mice. Both (R)-[11C]verapamil and [11C]-N-
desmethyl-loperamide showed a tariquidar dose dependent
increase in brain distribution (Figure 3), in analogy to previous
results in rats and humans.18−21,35 For (R)-[11C]verapamil,
maximum increase in Kb,brain over baseline was 3.6-fold, which
was in good agreement with maximum increases observed in
humans,19 but lower than maximum increases observed in rats
(10-fold).35 Interestingly, whereas for (R)-[11C]verapamil the
highest employed tariquidar dose (20 mg/kg) increased Kb,brain
to similar levels as in Abcb1a/1b(−/−) mice (Figure 3C), this
was not the case for [11C]-N-desmethyl-loperamide, for which
Kb,brain after 30mg/kg tariquidar was significantly lower (P < 0.01)
than Kb,brain in Abcb1a/1b(−/−) mice (Figure 3D). We speculate
that a possible explanation for this phenomenon may be
competition for intracellular trapping in acidic lysosomes in
brain parenchyma between the two weak bases tariquidar and

[11C]-N-desmethyl-loperamide.36 With increasing doses tariquidar
may increasingly compete with [11C]-N-desmethyl-loperamide for
lysosomal trapping, which may result in a decrease in brain uptake
of [11C]-N-desmethyl-loperamide and thereby prevent that the
same extent of brain distribution is reached as in Abcb1a/1b(−/−)

mice. Such a competition appears possible as we have shown in
a previous study that tariquidar enters the brain when given at
pharmacological doses (15mg/kg) because it inhibits its own efflux
transport by Abcb1a and Abcg2 at the BBB.37 In vivo IC50 of
tariquidar for enhancement of brain distribution of (R)-[11C]-
verapamil in mice (1052 nM) was comparable with the IC50
determined previously in rats (650 nM)35 but lower than the IC50
determined in humans (2248 nM).19 This indicates that higher
tariquidar plasma concentrations are needed in humans than in
rodents to inhibit ABCB1 at the BBB. Plasma protein binding of
tariquidar may differ between rodents and humans, but this is
difficult to determine reliably since tariquidar is a highly plasma
protein bound drug (unbound fraction in human plasma:
0.0063).38 When correcting in vivo IC50 values of tariquidar
determined in mice for plasma protein binding of tariquidar,
unbound tariquidar IC50 values were comparable with the
respective in vitro IC50 values determined in Abcb1a-transfected
cells ((R)-[11C]verapamil, in vivo IC50 6.6 nM, in vitro IC50
17.9 nM; [11C]-N-desmethyl-loperamide, in vivo IC50 8.4 nM,
in vitro IC50 6.0 nM).
In order to assess the effect of ABCB1 expression levels at the

BBB on brain distribution of ABCB1 substrates, we investigated
heterozygous Abcb1a/1b(+/−) mice, which were shown to have
about 50% lower Abcb1a expression levels at the BBB than wild-
type mice.39,40 Heterozygous Abcb1a/1b(+/−)mice showed much
smaller increases in brain distribution of (R)-[11C]verapamil
and [11C]-N-desmethyl-loperamide compared to wild-type mice
than homozygous Abcb1a/1b(−/−) mice (Figures 3C and 3D).
This observation has also been made by others for other
substrates40,41 and suggests that ABCB1 acts at high capacity to
restrict brain entry of ABCB1 substrates and loss of 50% of
ABCB1 function at the BBB is not sufficient to permit brain entry
of ABCB1 substrates. This implies that >50% of ABCB1 at the
BBB needs to be inhibited to obtain appreciable increases in
brain distribution of (R)-[11C]verapamil and [11C]-N-desmethyl-
loperamide. This further suggests that 2-fold differences in
ABCB1 expression levels at the BBB as they have been found
betweenmice and humans24 will exert only a minor impact on the
magnitude of ABCB1-mediated DDIs at the BBB. Consequently,
(R)-[11C]verapamil and [11C]-N-desmethyl-loperamide are
not very sensitive radiotracers to detect small (<50%) variations
in ABCB1 expression/function at the BBB, when used without
administration of an ABCB1 inhibitor.
PET measures total radioactivity in tissue and is not able to

distinguish radiolabeled metabolites from radiolabeled parent
compound. (R)-[11C]Verapamil is metabolized in rodents mainly
by N-demethylation giving [11C]formaldehyde and related polar
radiolabeled metabolites, which showed brain uptake in rats.42

In humans, additionally N-dealkylation of (R)-[11C]verapamil
occurs, giving lipophilic radiolabeled metabolites ([11C]D617,
[11C]D717), which were shown to be transported by ABCB1.43

[11C]-N-Desmethyl-loperamide shows little metabolism in
humans,44 but is extensively metabolized in mice giving the
N-hydroxymethyl analogue as main radiolabeled metabolite,
which is an ABCB1 substrate.45 We analyzed radiolabeled meta-
bolites of (R)-[11C]verapamil and [11C]-N-desmethyl-loperamide
in plasma and brain of wild-type mice pretreated with either
vehicle or tariquidar (15 mg/kg). For both radiotracers

Table 5. Percentage of Non-Protein Bound (R)-
[11C]Verapamil and [11C]-N-Desmethyl-loperamide in
C57BL/6N Mouse Plasma and Human Plasma without and
with Tariquidar (2400 nM)a

mouse human

without
tariquidar

with
tariquidar

without
tariquidar

with
tariquidar

(R)-[11C]verapamil 19.9 ± 2.5 20.6 ± 2.4 15.9 ± 0.5b nd
[11C]-N-desmethyl-
loperamide

14.5 ± 1.8 12.0 ± 1.0 13.9 ± 0.7 nd

aAll data are given as mean ± SD; nd = not determined. bP < 0.05,
when compared to corresponding mouse group (2-tailed t-test).
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radiolabeled metabolites were detected in plasma and brain
(Table 2). However, the percentage of radiolabeledmetabolites in
brain was for both radiotracers lower in tariquidar treated than
in vehicle treated animals, presumably because radiolabeled
metabolites were not or were to a lesser extent transported by
Abcb1a (Table 2). When considering total radioactivity, increases
in Kp,brain after tariquidar administration were similar for
both radiotracers (Table 3). When correcting Kp,brain values for
radiolabeled metabolites in plasma and brain, increases were
higher for [11C]-N-desmethyl-loperamide than for (R)-[11C]-
verapamil. This was consistent with higher TRs observed in vitro
in Abcb1a-transfected cells for [3H]-N-desmethyl-loperamide
than for [3H]verapamil (see above). This demonstrates that
radiotracer metabolism and brain uptake of radiolabeled
metabolites may exert a pronounced impact on the magnitude
of ABCB1-mediated DDIs (Table 3). Therefore, differences in
metabolism of radiotracers between rodents and humans may
have contributed to differences seen in ABCB1-mediated DDIs
measured with PET.
It has been shown that under conditions of ABCB1 inhibition

brain uptake of [11C]-N-desmethyl-loperamide is dependent on
CBF.20,46We therefore hypothesized that CBFmay influence the
magnitude of ABCB1-mediated DDIs by determining the extent
of brain uptake of ABCB1 substrates after ABCB1 inhibition.
This may account for species differences in ABCB1-mediated
DDIs between rodents and humans18 as rodents have higher
CBF than humans.47 Moreover, rodents usually undergo PET
examinations under isoflurane anesthesia, which increases
CBF.48,49 In order to assess dependence of (R)-[11C]verapamil
and [11C]-N-desmethyl-loperamide brain distribution on CBF, we
tested isoflurane anesthetized and awake wild-type and Abcb1a/
1b(−/−) mice (Table 4). We could show by using N-isopropyl-p-
[125I]iodoamphetamine, a high-extraction radiotracer whose
brain uptake has been shown to correlate with CBF,50 that CBF
was approximately 1.6 times higher in isoflurane anesthetized
than in awake animals (Table 4). While we detected for (R)-
[11C]verapamil no differences in Kb,brain values between
anesthetized and awake wild-type or Abcb1a/1b(−/−) mice,
Kb,brain values of [

11C]-N-desmethyl-loperamide were against our
expectations significantly lower in anesthetized than in awake
Abcb1a/1b(−/−)mice (Table 4). In order to test if these differences
in radiotracer brain uptake between anesthetized and awake mice
were due to differences in radiotracer metabolism, we compared
metabolism of (R)-[11C]verapamil and [11C]-N-desmethyl-
loperamide in groups of vehicle and tariquidar treated wild-
type mice under short (5 min) and long (160 min) isoflurane
anesthesia (Table 2). We observed no significant differences in
(R)-[11C]verapamil metabolism for the short and long anesthesia
groups. However, for [11C]-N-desmethyl-loperamide percentage
of unchanged parent in plasmawas significantly higher under short
than under long anesthesia (Table 2). This suggested that
isoflurane dose dependently alters [11C]N-desmethyl-loperamide
metabolism, which may have masked the effect of CBF on
[11C]N-desmethyl-loperamide brain distribution (assuming
that brain distribution of radiolabeled metabolites is not or is to
a lesser extent dependent on CBF). The effect of isoflurane on
[11C]N-desmethyl-loperamide metabolism may be caused by
changes of hepatic blood flow or by alterations in the activity
of metabolic enzymes.51,52 When correcting total-radioactivity
Kp,brain values shown in Table 3 for radiolabeled metabolites of
[11C]N-desmethyl-loperamide we obtained significantly higher
Kp,brain,dLOP values in tariquidar treated mice under long than
under short anesthesia, presumably due to higher CBF in the long

anesthesia group. This suggests that under conditions of ABCB1
inhibition brain uptake of [11C]N-desmethyl-loperamide but not
(R)-[11C]verapamil depends onCBFwhichmay directly affect the
magnitude of ABCB1-mediated DDIs. This does not exclude that
other parameters of (R)-[11C]verapamil brain distribution than
Kb,brain (i.e., the influx rate constant fromplasma into brainK1)may
be dependent onCBF.53Moreover, isoflurane anesthesiamay alter
metabolism of radiotracers, which could also influence transporter-
mediated DDIs.
We finally assessed protein binding of (R)-[11C]verapamil and

[11C]-N-desmethyl-loperamide in mouse and human plasma
(Table 5). We found small but significant differences in the
percentages of non-protein bound (R)-[11C]verapamil between
mouse and human plasma, which may contribute to species
differences in brain distribution of (R)-[11C]verapamil. For
[11C]-N-desmethyl-loperamide no differences in plasma protein
binding were found between mice and humans. Moreover,
in agreement with previous results,17,19−21,35 tariquidar did not
change the percentage of non-protein bound (R)-[11C]verapamil
and [11C]-N-desmethyl-loperamide in mouse plasma (Table 5).
In conclusion, we have identified a number of important

factors, which are specific to PET experiments, including brain
uptake of radiolabeled metabolites and anesthesia (see Table 1),
which can exert a profound impact on the magnitude of ABCB1-
mediated DDIs measured with PET. Therefore, we recommend
that these factors be taken into consideration when interpreting
species differences between rodents and humans in transporter-
mediated DDIs.
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Chiba, P.; Kletter, K.; Löscher, W.;Müller, M.; Zeitlinger, M.; Langer, O.
A pilot study to assess the efficacy of tariquidar to inhibit P-glycoprotein
at the human blood-brain barrier with (R)-11C-verapamil and PET. J.
Nucl. Med. 2009, 50, 1954−1961.
(18) Bauer, M.; Zeitlinger, M.; Karch, R.; Matzneller, P.; Stanek, J.;
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