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Abstract
Introduction—The multidrug efflux transporter breast cancer resistance protein (BCRP) is
highly expressed in the blood-brain barrier (BBB), where it limits brain entry of a broad range of
endogenous and exogenous substrates. Methyl 4-((4-(2-(6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinolin-2-yl)ethyl)phenyl)amino-carbonyl)-2-(quinoline-2-carbonylamino)benzoate
(1) is a recently discovered BCRP-selective inhibitor, which is structurally derived from the potent
P-glycoprotein (P-gp) inhibitor tariquidar. The aim of this study was to develop a new PET tracer
based on 1 to map BCRP expression levels in vivo.

Methods—1 was labelled with 11C in its methyl ester function by reaction of the corresponding
carboxylic acid 2 with [11C]methyl triflate. PET imaging of [11C]-1 was performed in wild-type,
Mdr1a/b(−/−), Bcrp1(−/−) and Mdr1a/b(−/−)Bcrp1(−/−) mice (n=3 per mouse type) and radiotracer
metabolism was assessed in plasma and brain.

Results—Brain-to-plasma ratios of unchanged [11C]-1 were 4.8- and 10.3-fold higher in Mdr1a/
b(−/−) and in Mdr1a/b(−/−)Bcrp1(−/−) mice, respectively, as compared to wild-type animals, but
only modestly increased in Bcrp1(−/−) mice. [11C]-1 was rapidly metabolized in vivo giving rise to
a polar radiometabolite which was taken up into brain tissue.
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Conclusion—Our data suggest that [11C]-1 preferably interacts with P-gp rather than BCRP at
the murine BBB which questions its reported in vitro BCRP selectivity. Consequently, [11C]-1
appears to be unsuitable as a PET tracer to map cerebral BCRP expression.
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1. Introduction
The ATP-binding cassette (ABC) transporter breast cancer resistance protein (BCRP,
ABCG2) can actively efflux a broad range of endogenous and exogenous substrates across
biological membranes [1]. BCRP limits oral bioavailability and mediates renal and
hepatobiliary excretion of its substrates, and thereby influences the pharmacokinetics of
several drugs. In addition, BCRP can confer multidrug resistance to tumor cells. Recent
work, relying mainly on the use of transporter knockout mice, has revealed important
contributions of BCRP to the blood-brain, blood-testis and blood-fetal barriers [1, 2].

In the blood-brain barrier (BBB), BCRP co-localizes with P-glycoprotein (P-gp, ABCB1) at
the luminal side of endothelial cells of brain capillaries. Interestingly, whereas expression of
P-gp is higher than that of BCRP in the murine BBB [3], the opposite seems to be true in
humans. Recent data show that mRNA levels of BCRP are about eightfold higher than P-gp
mRNA levels in human brain capillaries [4]. However, as BCRP has a substantial overlap in
substrate specificity with P-gp [5], the functional role of BCRP at the BBB has remained
elusive, despite the availability of BCRP-deficient mice [2].

A powerful strategy to studying function and expression of ABC transporters in vivo is
positron emission tomography (PET) together with radiolabelled transporter substrates or
inhibitors [6]. We and others have successfully applied this concept to imaging cerebral P-
gp by using radiolabelled P-gp substrates, such as (R)-[11C]verapamil [7, 8] or [11C]-N-
desmethyl-loperamide [9], and P-gp inhibitors, such as [11C]laniquidar [10], [11C]elacridar
[11] or [11C]tariquidar [12]. For translating this promising concept to the visualization of
BCRP, the availability of PET probes with high selectivity for BCRP over P-gp is crucial.
However, because of the recent discovery of the BCRP transporter, only a few selective
BCRP inhibitors have been reported so far. Fumitremorgin C, a diketopiperazine, isolated
from Aspergillus fumigatus, was reported first, but cannot be used in vivo due to its
neurotoxicity [13]. The most potent BCRP inhibitor known to date is the fumitremorgin C
analogue Ko143 [14]. The potent third-generation P-gp inhibitor tariquidar (Fig. 1) [15] has
been shown to also inhibit BCRP, but at higher concentrations than those at which it inhibits
P-gp [16]. It has recently been discovered that structural modifications at the benzamide
core of tariquidar result in potent and selective BCRP inhibitors [17]. Out of a series of 10
tariquidar-like compounds, methyl 4-((4-(2-(6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolin-2-
yl)ethyl)phenyl)amino-carbonyl)-2-(quinoline-2-carbonylamino)benzoate (1, Fig. 1) was
identified as a potent BCRP inhibitor, which inhibits BCRP-mediated transport of
mitoxantrone in topotecan-resistant MCF-7 breast cancer cells with a half-maximum
inhibitory concentration (IC50) of 60 nM and displays approximately 500-fold selectivity for
inhibition of BCRP over P-gp [17].

The aim of this work was the development of a new PET tracer based on 1 to study BCRP
expression levels in vivo. Here, we report on the precursor synthesis and 11C-labelling of 1.
Moreover, a first small-animal PET evaluation of [11C]-1 was performed in wild-type and
transporter knockout mice to assess the interaction of [11C]-1 with BCRP and P-gp at the
BBB.
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2. Materials and methods
2.1. General

All chemicals were purchased from Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany),
Merck (Darmstadt, Germany) and Apollo Scientific Ltd (Bredbury, UK) at analytical grade
and used without further purification. 1H- and 13C-NMR spectra were recorded on a Bruker
Advance DPx200 (200 and 50 MHz). Chemical shifts are reported in δ units (ppm) relative
to the Me4Si line as internal standard (s, d, t, m, Cq for singlet, doublet, triplet, multiplet and
quaternary carbon, respectively) and J values are reported in Hertz. Elemental analysis was
performed on a Perkin Elmer 2400 CHN Elemental Analyzer. [11C]CH4 was produced via
the 14N(p,α)11C nuclear reaction by irradiating nitrogen gas containing 10% hydrogen using
a PETtrace cyclotron equipped with a CH4 target system (GE Healthcare, Uppsala, Sweden).
[11C]CH3I was prepared via the gas-phase method [18] in a TRACERlab FXC Pro synthesis
module (GE Healthcare) and converted into [11C]methyl triflate by passage through a
column containing silver-triflate impregnated graphitized carbon [19].

2.2. Animals
Female FVB (wild-type), Mdr1a/b(−/−), Bcrp1(−/−) and Mdr1a/b(−/−)Bcrp1(−/−) (triple
knockout) mice weighing 25-30 g were purchased from Taconic Inc. (Germantown, USA).
The study was approved by the local Animal Welfare Committee and all study procedures
were performed in accordance with the Austrian Animal Experiments Act.

2.3. Sodium 4-((4-(2-(6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolin-2-yl)ethyl)phenyl)amino-
carbonyl)-2-(quinoline-2-carbonylamino)benzoate (2)

To a suspension of 1 [17] (78 mg, 0.12 mmol) in H2O (15 mL) and MeOH (20 mL), solid
NaOH (180 mg, 4.5 mmol) was added and the reaction mixture stirred at 70°C for 12 h.
Then the MeOH was evaporated and the remaining solution was cooled at 3°C for 14 h. The
precipitate was filtered off and washed with ice-cold water to obtain the title compound (77
mg, 98% theoretical yield). 1H-NMR (DMSO-d6): δ 2.60-2.91 (m, 8H), δ 3.56 (s, 2H, CH2),
δ 3.71 (s, 6H, 2×OCH3), δ 6.60-6.72 (m, 2H), δ 7.19-7.32 (m, 2H), δ 7.54-7.64 (m, 1H),
7.67-7.81 (m, 3H), δ 7.84-7.97 (m, 1H), δ 8.04-8.35 (m, 4H), δ 8.55-8.67 (m, 1H), δ
9.28-9.37 (m, 1H), δ 10.28 (s, 1H), δ 15.53 (s, 1H); 13C-NMR (DMSO-d6): δ 28.4 (CH2), δ
32.5 (CH2), δ 50.6 (CH2), δ 55.1 (CH2), δ 55.4 (OCH3), δ 55.5 (OCH3), δ 59.7 (CH2), δ
109.9 (CH), δ 111.7 (CH), δ 118.5 (CH), δ 118.9 (CH), δ 120.3 (2×CH), δ 120.8 (CH), δ
125.9 (Cq), δ 126.7 (Cq), δ 128.0 (Cq), δ 128.2 (Cq), δ 128.8 (2×CH), δ 129.1 (Cq), δ 129.7
(CH), δ 130.3 (CH), δ 131.1 (CH), δ 135.7 (Cq), δ 136.5 (Cq), δ 137.2 (Cq), δ 137.8 (CH),
δ 139.9 (Cq), δ 146.2 (Cq), δ 146.9 (Cq), δ 147.1 (Cq), δ 151.0 (Cq), δ 163.2 (Cq), δ 165.8
(Cq), δ 169.1 (Cq). Elemental analysis calculated for C37H33N4NaO6·3H2O: C, 62.88; H,
5.56; N, 7.93%. Found: C, 63.14; H, 5.32; N, 7.79%.

2.4. [11C]Methyl 4-((4-(2-(6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolin-2-
yl)ethyl)phenyl)amino-carbonyl)-2-(quinoline-2-carbonylamino)benzoate ([11C]-1)

Using a TracerLab FXC Pro synthesis module, [11C]methyl triflate was bubbled through a
solution of 2 (0.5 mg, 0.78 μmol) in acetone (0.5 mL) containing aq. NaOH (0.3 M, 5 μL,
1.5 μmol, 1.9 eq.). After heating for 4 min at 60°C, the reaction mixture was cooled (25°C),
diluted with H2O (0.5 mL) and injected into a built-in high-performance liquid
chromatography (HPLC) system. A Chromolith Performance RP 18-e (100-4.6 mm) column
(Merck KGaA, Darmstadt, Germany) was eluted with CH3CN/MeOH/NH4OAc buffer (0.2
M, pH 5.0) (350/75/575, v/v/v) at a flow rate of 4 mL/min. The HPLC eluate was monitored
in series for radioactivity and ultraviolet (UV) absorption at a wavelength of 227 nm. On
this system, radiolabelling precursor 2 and product [11C]-1 eluted with retention times of
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0.5-1.5 min and 4-5 min, respectively. The product fraction was diluted with H2O (100 mL)
and passed over a C18 Sep-Pak Plus cartridge (Waters Corporation, Milford, USA), which
had been pre-activated with EtOH (5 mL) and H2O (10 mL). The cartridge was then washed
with H2O (10 mL) followed by elution of [11C]-1 with EtOH (3 mL). EtOH was then
removed by heating at 100°C under a stream of argon and the product formulated in a
mixture of 0.9% aq. saline/ethanol/polyethylene glycol 300 (50/15/35, v/v/v) at an
approximate concentration of 370 MBq/mL for i.v. injection into animals. Radiochemical
purity and specific activity of [11C]-1 were determined by analytical radio-HPLC using a
Chromolith Performance RP 18-e (100-4.6 mm) column eluted with CH3CN/MeOH/
NH4OAc buffer (0.2 M, pH 5.0) (385/85/530, v/v/v) at a flow rate of 1 mL/min. UV
detection was performed at a wavelength of 227 nm. The retention time of [11C]-1 was
about 13-14 min on this HPLC system.

2.5. Small-animal PET imaging and PET data analysis
Wild-type, Mdr1a/b(−/−), Bcrp1(−/−) and Mdr1a/b(−/−)Bcrp1(−/−) mice (n=3 per mouse type)
underwent PET scans with [11C]-1. Prior to each PET experiment, mice were placed in an
induction box and anesthetized with 2.5% isoflurane. When unconscious, animals were
taken from the box, kept under anesthesia with 1.5-2% isoflurane administered via a mask
and warmed throughout the whole experiment at around 38°C. After positioning animals in
the PET imaging chamber, [11C]-1 (28±16 MBq in a volume of about 0.1 mL) was
administered via a lateral tail vein as an i.v. bolus over approximately 30 s. At the start of
radiotracer injection, a dynamic PET scan of 60 min duration was initiated using a
microPET Focus220 scanner (Siemens, Medical Solutions, Knoxville, USA). During each
scanning session, two mice were examined simultaneously.

PET images were reconstructed by Fourier rebinning followed by 2-dimensional filtered
back projection with a ramp filter. The standard data correction protocol (normalization,
attenuation, decay correction and injection decay correction) was applied to the data. The
whole brain was manually outlined on multiple planes of the PET summation images using
the image analysis software Amide [20], and time-activity curves (TACs), expressed in units
of percent injected dose per gram tissue (%ID/g), were calculated. Area under the curve
from time zero to the last observation point (AUC, h·%ID/g) of individual brain TACs was
calculated using the Kinetica™ 2000 version 3.0 software package (InnaPhase Corporation,
Philadelphia, USA). The %ID/g values measured with PET in brain tissue of individual
animals at 25 min after radiotracer injection were divided by the %ID/g values in whole
blood determined in 4 separate mice (n=1 per mouse type, see below) to obtain brain-to-
blood ratios of radioactivity.

2.6. Metabolite analysis
A separate group of animals (n=1 per mouse type), which did not undergo PET scanning,
was injected under isoflurane-anesthesia with [11C]-1 (133±44 MBq) for metabolite
analysis. At 25 min after radiotracer injection, a terminal blood sample (approximately 1
mL) was collected by cardiac puncture into an heparinized tube and centrifuged to obtain
plasma (3,000×g, 5 min, 21°C). In addition, whole brains were removed. Aliquots of blood
and plasma were weighted and counted for radioactivity in a 1-detector Wallac gamma
counter (Perkin Elmer Instruments, Wellesley, USA), which had been cross-calibrated with
the PET camera. Radioactivity counts were corrected for radioactive decay and expressed as
%ID/g.

Radiometabolites of [11C]-1 in mouse plasma were determined using a solid-phase
extraction (SPE) assay (Fig. 2), which was slightly modified from a previously published
procedure [21]. Plasma samples were diluted with H2O (0.5 mL), spiked with unlabelled 1
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(13 μg in 10 μL of DMSO), acidified with 5M aq. HCl (40 μL) and loaded on a Sep-Pak
vac tC18 cartridge (Waters Corporation, Milford, USA), which had been pre-activated with
MeOH (3 mL) and H2O (5 mL). The cartridge was first washed with H2O (5 mL) and then
eluted with MeOH (5 mL). Radioactivity in all 3 fractions (plasma, H2O, MeOH) was
measured in a 1-detector Wallac gamma counter. The percentage of total radioactivity that
remained on the SPE cartridge after elution was <1%. Fractions 2 and 3 were further
analyzed by HPLC using 2 different systems. In system A, a Chromolith Performance RP
18-e (100-4.6 mm) column was eluted at 35°C with CH3CN/MeOH/NH4OAc buffer (0.2 M,
pH 5.0) (328/72/600, v/v/v) at a flow rate of 3 mL/min (injected volume: 200 μL). In system
B, an Aminex HPX-87H column (300 mm × 7.8 mm, Bio-Rad Laboratories, USA) was
eluted at 44°C with 1 mM aq. H2SO4 at a flow rate of 0.6 mL/min (injected volume: 100
μL). For both HPLC systems, UV detection was performed at 227 nm. On system A, an
unidentified polar radiometabolite of [11C]-1 and unchanged [11C]-1 eluted with retention
times of 1-2 min and 8-10 min, respectively. On system B, the polar radiometabolite of
[11C]-1 eluted with a retention time of 18-19 min, whereas unchanged [11C]-1 remained on
the column. For validation of the SPE assay, [11C]-1 dissolved in H2O (0.5 mL) was
subjected to the SPE procedure showing that all radioactivity was quantitatively recovered
in the MeOH fraction.

Mouse brain was washed twice with ice-cold H2O and homogenized in 0.8 mL of aq. saline
solution (0.9%, w/v) using an IKA T10 basic Ultra-turrax (IKA Laboratory Equipment,
Staufen, Germany). The brain homogenate was mixed with CH3CN (1.5 mL) and
centrifuged (3 min, 4°C, 13,000×g). The supernatant was injected into HPLC systems A and
B.

2.7. Stability testing
[11C]-1 formulated for i.v. injection was kept for 2 h at room temperature and analyzed by
HPLC system A. Moreover, mouse plasma (0.5 mL, in Na citrate, LAMPIRE Biological
Laboratories, Inc., Pipersville, PA, USA) was mixed with formulated [11C]-1 solution (20
μL, approximately 40 MBq) and incubated at 37°C for 30 min in a gently shaking water
bath. Mouse plasma was then processed by the SPE procedure followed by HPLC analysis
of individual fractions.

2.8. Statistical analysis
For all outcome parameters, differences between groups were tested using the Mann-
Whitney U test. The level of statistical significance was set to p<0.05.

3. Results
3.1. Chemical and radiochemical synthesis

Compound 1 was prepared as described in the literature [17]. Methyl ester hydrolysis of 1
afforded the corresponding free acid 2, which was used as radiolabelling precursor of
[11C]-1. Compound 2 was reacted with [11C]methyl triflate in acetone containing aq. NaOH
to give [11C]-1 ready for i.v. injection in a decay-corrected radiochemical yield of 5.4±2.4%
(n=11), based on [11C]CH4, in a total synthesis time of approximately 35 min.
Radiochemical purity of [11C]-1 was greater than 98% and specific activity at the end of
synthesis was 284±254 GBq/μmol (n=6). The identity of [11C]-1 was confirmed by HPLC
co-injection with unlabelled 1.
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3.2. Small-animal PET
[11C]-1 was evaluated in PET scans in wild-type, Mdr1a/b(−/−), Bcrp1(−/−) and Mdr1a/
b(−/−)Bcrp1(−/−) mice. In Fig. 3, brain TACs obtained after injection of [11C]-1 into the 4
investigated mouse types are shown. In table 1, pharmacokinetic parameters of [11C]-1 in
mouse brain and blood are given. AUC values of brain TACs were 1.3- and 1.8-fold higher
in Mdr1a/b(−/−) mice (p=0.0495) and in triple knockout mice (p=0.0495), respectively, as
compared to wild-type animals, but no significant increases were seen in Bcrp1(−/−) mice
(p=0.127) (table 1). Brain radioactivity uptake measured with PET at 25 min after tracer
injection was normalized to blood radioactivity levels determined in a separate group of
animals (table 1). In triple knockout mice, brain-to-blood ratios of radioactivity were
significantly higher compared to wild-type animals (p=0.0495), whereas no significant
differences to wild-type animals were found for Mdr1a/b(−/−) and Bcrp1(−/−) mice.

3.3. Metabolite analysis
In a separate group of mice (n=1 per mouse type), blood was collected at 25 min after
injection of [11C]-1. Total radioactivity concentrations in blood appeared to be similar in all
4 mouse types (table 1). Mouse plasma was analyzed for radiometabolites of [11C]-1 using
an SPE/HPLC assay as outlined in Fig. 2. Radioactivity in SPE fractions 1 and 2 was found
to represent polar radiometabolites of [11C]-1, whereas unchanged [11C]-1 was recovered in
fraction 3 (MeOH). At 25 min after injection of [11C]-1, 75%, 72%, 81% and 82% of total
radioactivity was recovered in fractions 1 and 2, and 25%, 28%, 19% and 18% in fraction 3
of wild-type, Mdr1a/b(−/−), Bcrp1(−/−) and Mdr1a/b(−/−)Bcrp1(−/−) mice, respectively.
Further analysis of fraction 3 using HPLC system A revealed that approximately one half of
total radioactivity was in the form of unchanged [11C]-1 and the other half in the form of an
unidentified polar radiometabolite. The percentages of unchanged [11C]-1 in mouse plasma
at 25 min after tracer injection were 13%, 17%, 14% and 11% for wild-type, Mdr1a/b(−/−),
Bcrp1(−/−) and Mdr1a/b(−/−)Bcrp1(−/−) mice, respectively.

Mouse brain, which was collected at 25 min after injection of [11C]-1, was also analyzed for
radiometabolites of [11C]-1 using HPLC system A. In Fig. 4, the HPLC chromatograms of
brain tissue extracts of all 4 mouse types are shown. In wild-type and Bcrp1(−/−) mice 12%
and 25% of total radioactivity, respectively, was in the form of unchanged [11C]-1. In
Mdr1a/b(−/−) and triple knockout mice the percentages of unchanged [11C]-1 were 62% and
69%, respectively. The remainder of brain radioactivity represented the polar
radiometabolite of [11C]-1 (Fig. 4). After multiplying total radioactivity in brain and plasma
at 25 min after tracer injection by the fractions of unchanged [11C]-1, mean brain-to-plasma
ratios were 4.8-, 1.2- and 10.3-fold higher in Mdr1a/b(−/−), Bcrp1(−/−) and Mdr1a/
b(−/−)Bcrp1(−/−) mice (p=0.0495), respectively, compared to wild-type animals (table 1).

3.4. Stability testing
[11C]-1 was found to be 100% stable for at least 2 h when kept in formulation solution for
i.v. injection. However, [11C]-1 was not stable in mouse plasma. SPE/HPLC analysis
showed that >98% of total radioactivity had degraded to an unidentified polar radiolabelled
species after incubation of [11C]-1 in mouse plasma at 37°C for 30 min. The degradation
product eluted on both HPLC systems with comparable retention times as the polar
radiometabolite of [11C]-1 found in vivo in plasma and brain tissue extracts.
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4. Discussion
4.1. Synthesis and radiosynthesis

As 1 contains three OCH3 groups (Fig. 1), the most straightforward 11C-labelling approach
appeared to be O-11C-methylation of O-desmethyl-1, which offers the advantage that the
radiotracer retains the chemical structure of native 1. Our recent experience with the
synthesis of radiolabelling precursors for [11C]elacridar and [11C]tariquidar, which both
share the dimethoxy-tetrahydroisoquinoline moiety with 1 (Fig. 1), has shown that it was not
feasible to synthesize derivatives with a free phenolic OH function in this part of the
molecule [11]. Therefore, the only possible site for 11C-methylation of 1 remained the
methyl carboxylic ester moiety. We first synthesized 1 as described in the literature [17],
whereby we could take advantage of our previous experience with and the availability of
synthetic intermediates from the synthesis of tariquidar [12]. The radiolabelling precursor 2
was obtained in almost quantitative yield by hydrolysis of the methyl ester group in 1 with
NaOH. Reaction of 2 with [11C]methyl triflate provided [11C]-1 in a decay-corrected
radiochemical yield (based on [11C]CH4) of 5.4±2.4%. The semipreparative HPLC
purification of crude [11C]-1 showed that 30-50% of total radioactivity was in the form of a
polar radiolabelled by-product, which presumably represented [11C]CH3OH due to a
possible competing reaction of [11C]methyl triflate with NaOH. However, as the
radiochemical yield of [11C]-1 was largely sufficient for performing PET experiments in
mice and as the specific activity of [11C]-1 was acceptable, no attempts were made to further
increase the radiochemical yield of [11C]-1.

4.2. Small-animal PET and metabolite studies
[11C]-1 was evaluated in vivo by performing PET experiments in wild-type mice, in Mdr1a/
b(−/−) mice, and in Bcrp1(−/−) and Mdr1a/b(−/−)Bcrp1(−/−) mice, which do not express the
putative pharmacologic target of [11C]-1 (Fig. 3). We have previously used this
experimental set-up for characterizing the radiolabelled P-gp inhibitors [11C]elacridar and
[11C]tariquidar [11, 12, 22]. This approach is well suited to elucidate the individual
contributions of P-gp and BCRP in the BBB to limiting brain entry of ABC transporter
ligands. Our present data show that brain-blood ratios of total radioactivity following
injection of [11C]-1 were significantly higher in triple knockout mice, whereas no significant
differences as compared to wild-type mice were found in single knockout mice (table 1).
The employed approach is not suitable to discern a radiolabelled transporter substrate from a
non-transported inhibitor as the effect of transporter knockout will be the same for both
types of compounds. In transporter-competent mice, radiolabelled substrate is hindered from
entering brain parenchyma by transporter-mediated efflux. Similarly, non-transported
inhibitor, when administered at a tracer dose, will be kept out of the brain by high-affinity
binding to transporters at the BBB. Transporter knockout, on the other hand, will increase
brain radioactivity uptake of both radiolabelled substrates and non-transported inhibitors as
the gatekeeper function of the transporter(s) is abolished. It is not known, at present, if 1
inhibits BCRP by acting as a competitive substrate or as an inhibitor. However, given its
structural similarity with tariquidar, which is a non-transported inhibitor, it seems likely that
1 behaves similarly.

When looking at the PET results obtained in transporter knockout mice (Fig. 3, table 1) one
gains the impression that the contribution of BCRP is smaller than that of P-gp to limiting
brain entry of [11C]-1, which questions the excellent BCRP over P-gp selectivity of 1
observed in in vitro transport assays [17]. This assumption is further supported by data from
HPLC analysis of brain tissue extracts (Fig. 4), which showed that the percentage of
unchanged [11C]-1 was higher in brains of mice lacking P-gp (Mdr1a/b(−/−) and triple
knockout mice) as compared to mice which only lacked BCRP (Bcrp1(−/−)). Accordingly,
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brain-to-plasma ratios of unchanged [11C]-1 were several-fold higher in Mdr1a/b(−/−) and
triple knockout mice and only modestly increased in Bcrp1(−/−) mice, as compared to wild-
type animals (table 1). An interesting finding of this study was that the combined effect of P-
gp and BCRP knockout (Mdr1a/b(−/−)Bcrp1(−/−) mice) on brain uptake of [11C]-1 was far
greater than the sum of its individual contributions in Mdr1a/b(−/−) and Bcrp1(−/−) mice. This
observation has also been made by other investigators for other P-gp/BCRP substrate drugs
[23, 24] and points to a concerted action of P-gp and BCRP in the BBB. In the absence of
BCRP, P-gp may take over its role in limiting brain entry of dual substrates or inhibitors and
vice versa.

HPLC analysis of mouse plasma extracts obtained at 25 min after injection of [11C]-1
showed that [11C]-1 was metabolically unstable as only 11-17% of total radioactivity was in
the form of unchanged parent. This is somewhat surprising given the close structural
similarity of 1 with tariquidar, which we found to be hardly metabolized in vivo in rats, at
least during the time course of a 1 h PET scan [12]. We found that [11C]-1 was also unstable
when incubated in vitro in mouse plasma and presumably degraded to the same polar
radiolabelled compound as observed in the in vivo samples. We first suspected that the polar
radiometabolite of [11C]-1 represented a one-carbon species, such as [11C]formaldehyde or
[11C]formic acid, resulting from cleavage of the [11C]methyl ester moiety in [11C]-1, given
that this route of metabolism is common for radiotracers bearing radiolabelled methyl ester
functions [25, 26]. However, analysis on HPLC system B, which is well suited for the
analysis of polar compounds, showed that the polar radiometabolite of [11C]-1 was not
identical with formaldehyde or formic acid. Therefore it seems reasonable to assume that
metabolism of [11C]-1 occurred elsewhere in the molecule, presumably at sites which were
structurally distinct from tariquidar (e.g. the substituted benzamide moiety). Importantly, the
polar radiometabolite of [11C]-1 appeared to penetrate the BBB as indicated by HPLC
analysis of brain tissue extracts (Fig. 4). This is also in line with the observation that the
brain TACs following injection of [11C]-1 were slowly rising during the time course of the
PET experiment (Fig. 3). Brain uptake of the polar radiometabolite, which was presumably
independent of ABC transporter expression, appeared to blunt the overall differences in total
brain radioactivity uptake seen between wild-type and transporter knockout animals (table
1).

5. Conclusion
The putative BCRP-selective inhibitor 1 was labelled with 11C and characterized in vivo by
performing PET experiments in wild-type and transporter knockout mice. Our in vivo data
indicate that [11C]-1 preferably interacts with P-gp in the BBB, which questions the in vitro
BCRP selectivity reported for 1 and emphasizes the importance of performing in vivo
experiments as early as possible in the rational design of PET ligands for ABC transporters.
[11C]-1 was rapidly metabolized in vivo giving rise to an unidentified radiometabolite which
was taken up into brain tissue. Consequently, [11C]-1 seems to be unsuitable to map the
distribution of BCRP at the BBB. PET imaging of transporter knockout mice as employed in
the present study is a well suited study paradigm to gain a first impression of the in vivo
transporter selectivity of novel ABC transporter ligands.
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Fig. 1.
Chemical structures of tariquidar and 1.
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Fig. 2.
Scheme of SPE/HPLC protocol used for analysis of radiometabolites of [11C]-1 in mouse
plasma.
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Fig. 3.
Whole-brain TACs (mean %ID/g±SD, n=3 per mouse type) obtained after injection of
[11C]-1 into wild-type (open squares), Mdr1a/b(−/−) (filled squares), Bcrp1(−/−) (filled
triangles) and Mdr1a/b(−/−)Bcrp1(−/−) (open circles) mice.
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Fig. 4.
Radio-HPLC chromatograms of brain tissue extracts obtained at 25 min after injection of
[11C]-1 into wild-type (A), Mdr1a/b(−/−) (B), Bcrp1(−/−) (C) and Mdr1a/b(−/−)Bcrp1(−/−) (D)
mice. In the upper channel UV absorption (wavelength: 227 nm) is measured, and in the
lower channel radioactivity. For HPLC conditions (system A) see Material and methods
section.
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Table 1

Pharmacokinetic parameters of [11C]-1
$
 in brain and blood of wild-type, Mdr1a/b(−/−), Bcrp1(−/−) and Mdr1a/

b(−/−) Bcrp1(−/−) mice.

Wild-type Mdr1a/b(−/−) Bcrp1(−/−) Mdr1a/b(−/−) Bcrp1(−/−)

Brain AUC (h·%ID/g)* 2.8±0.2
3.6±0.6

† 3.1±0.2
5.1±0.9

†

Brain concentration, 25 min

(%ID/g)*
3.2±0.2 4.2±0.8 3.5±0.2

5.8±1.2
†

Blood concentration, 25

min (%ID/g)**
2.1 2.5 2.3 1.8

Brain-blood ratio, 25 min 1.5±0.1 1.7±0.3 1.6±0.1
3.2±0.6

†

Brain-plasma ratio of
unchanged [11C]-1, 25 min

1.8±0.1
8.6±1.6

†
2.1±0.1

†
18.3±3.7

†

$
Except for brain-plasma ratio of unchanged [11C]-1, all values were calculated using total radioactivity (i.e. parent plus radiometabolites) in

blood and brain. Values are given as mean±SD.

*
n=3 per mouse type

**
n=1 per mouse type

†
A statistically significant difference was observed compared to wild-type mice (Mann-Whitney U test, p<0.05).
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