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Abstract

Adenosine triphosphate-binding cassette (ABC) transporters, such as P-glycoprotein (Pgp,
ABCBL1), breast cancer resistance protein (BCRP, ABCG2) and multidrug resistance-associated
proteins (MRPs) are expressed in high concentrations at various physiological barriers (e.g. blood-
brain barrier, blood-testis barrier, blood-tumor barrier), where they impede the tissue accumulation
of various drugs by active efflux transport. Changes in ABC transporter expression and function
are thought to be implicated in various diseases, such as cancer, epilepsy, Alzheimer’s and
Parkinson’s disease. The availability of a non-invasive imaging method which allows for
measuring ABC transporter function or expression in vivo would be of great clinical use in that it
could facilitate the identification of those patients that would benefit from treatment with ABC
transporter modulating drugs. To date three different kinds of imaging probes have been described
to measure ABC transporters in vivo: i) radiolabelled transporter substrates ii) radiolabelled
transporter inhibitors and iii) radiolabelled prodrugs which are enzymatically converted into
transporter substrates in the organ of interest (e.g. brain). The design of new imaging probes to
visualize efflux transporters is inter alia complicated by the overlapping substrate recognition
pattern of different ABC transporter types. The present article will describe currently available
ABC transporter radiotracers for positron emission tomography (PET) and single-photon emission
computed tomography (SPECT) and critically discuss strengths and limitations of individual
probes and their potential clinical applications.
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INTRODUCTION

Most drugs exert their effects not within the blood compartment, but in defined target
tissues, where drug binding sites (e.g. enzymes, transporter proteins, ion channels, receptor
proteins) are located and into which drugs have to distribute from the central compartment
[1]. In many cases, the assumption that drug molecules can diffuse freely across cell
membranes and reach a complete and lasting equilibrium between blood and tissue does not
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hold true [2]. A major factor governing drug disposition in the body is the transport of drug
molecules into and out of different body compartments by active transport proteins, such as
those belonging to the adenosine triphosphate (ATP)-binding cassette superfamily [3-6]. The
ABC transporters are encoded by 48 genes in the human genome and have been classified
into seven subfamilies (ABCA-ABCG) based on their amino acid homology and domain
organization. By using ATP-hydrolysis as energy source ABC transporters are able to
transport a huge variety of structurally diverse molecules across membranes irrespective of
concentration gradient. ABC transporters are ubiquitously expressed in the body, but show
particularly high concentrations in excreting organs (liver, kidney) and physiological
barriers, such as the blood-brain, -testis and -placenta barrier, where they protect the
respective organs against the accumulation of toxins. Changes in ABC transporter function
and expression are implicated in many different diseases. The most well known example is
the multidrug resistant phenotype of tumors, which is characterized by the expression of
high levels of P-glycoprotein (Pgp, ABCBL1) and related transporters in the tumoral cell
membrane [3, 6]. Another example is therapy refractory epilepsy which has been linked to a
regional overexpression of Pgp and multidrug resistance-associated proteins (MRPS) in the
blood-brain barrier (BBB) surrounding epileptic brain regions, where they impede access of
antiepileptic drugs to their target structures in the central nervous system (CNS) by active
efflux transport [4-5]. As opposed to cancer and epilepsy, decreased function of Pgp at the
BBB has been suggested to occur in Parkinson’s and Alzheimer’s disease. In Parkinson’s
disease this is believed to lead to increased accumulation of environmental neurotoxins in
the brain, which might contribute to neurodegenerative pathology [7]. In Alzheimer’s
disease impaired cerebral Pgp function might facilitate entry of beta-amyloid from blood
into brain, thereby increasing the beta-amyloid plaque load in the brain [8-9].

An appealing strategy to overcome transporter-mediated drug resistance could be the
concomitant use of drugs which inhibit transporter function and thereby improve
accessibility of diverse drugs to the tissues targeted for treatment [6]. In order to better
understand disease related alterations of ABC transporters the availability of a diagnostic
method which allows for quantifying transporter function and expression in animal disease
models and humans would be of considerable interest. The non-invasive nuclear imaging
methods positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) allow for assessing the density or function of molecular targets in vivo
by externally monitoring the tissue distribution of intravenously administered target-
selective radiotracers [10-12]. These non-invasive imaging methods hold great promise in
personalized medicine as they allow for identifying individual patients prior to treatment
initiation, which (over)express a certain molecular target of interest [13-14]. PET and
SPECT tracers for ABC transporters could be useful to preselect cancer patients [15] or
epilepsy patients [16-17] with increased ABC transporter activity who will benefit from
treatment with ABC transporter modulating drugs.

The development of new radiotracers for PET and SPECT imaging is a challenging task,
which is affected by a low success rate, similar to the development of therapeutic drugs [18].
Effective radiotracers to visualize molecular targets need to fulfill certain key criteria, such
as high affinity and selectivity for the molecular target of interest, a low degree of non-
specific binding in tissue where molecular target is located and absence of radiolabelled
metabolites which are taken up into tissue [18-20]. ABC transporters are a relatively new
target in molecular imaging and only few review articles on this topic have appeared in the
literature so far (see for example: [21-26]). The aim of this review article is to give an up to
date overview of currently available PET and SPECT tracers to visualize ABC transporter
function and expression and to critically discuss their individual strengths and shortcomings
and possible applications in medical research.
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OVERVIEW OF ABC TRANSPORTERS
P-glycoprotein

The most extensively studied ABC transporter to date is Pgp. It was first identified by
Juliano and Ling in Chinese hamster ovary cells [27]. It is not only the first ABC transporter
that was shown to be involved in the development of multidrug resistance of cancer cells,
but also the first ABC transporter which was found in endothelial cells of the human BBB.
Pgp is normally expressed in the transport epithelium of the liver, kidney and
gastrointestinal tract, at pharmacological barrier sites, in adult stem cells and in assorted
cells of the immune system. An exciting property of Pgp is the fact that it has very broad
substrate specificity and is capable of transporting many therapeutic drugs. Pgp generally
transports neutral and cationic hydrophobic compounds [28]. Further research showed that
Pgp also exists in mammalian brain capillary endothelial cells, such as in primates, rats,
mice, cattle and pigs. Due to this broad variety of findings, it was suggested that Pgp fulfills
a key role as a defense mechanism at the mammalian BBB [5]. Mar knockout mice were
shown to have an in some cases drastically increased brain exposure to Pgp substrates
compared to wild-type mice [29]. Also treatment of animals with Pgp modulators such as
cyclosporine A (CsA), valspodar (PSC833), zosuquidar (LY335979), elacridar (GF120988)
or tariquidar (XR9576) was shown to result in increased concentration of Pgp substrate
drugs, such as antiviral and anticancer drugs, in the CNS [5]. In the human body two
different types of Pgp are expressed: type | encoded by MDR1 (also known as ABCB1)and
type Il encoded by MDRZ2. Type | is expressed in the luminal membrane of cerebral
endothelial cells and type Il is present in the canalicular membrane of hepatocytes and
functioning as phosphatidylcholine translocase [5]. Pgp type I consists of 1280 amino acids
and its molecular weight is about 140-170 kDa depending on its glycolysation grade. In the
human genome it is located on chromosome 7 and has 28 exons. The A-terminal half of the
molecule contains 6 transmembrane domains (TMDs) followed by a large cytoplasmic
domain with an ATP-binding site. Then a second section with 6 TMDs followed by another
ATP-binding site, which shows over 65% of amino acid similarity with the first half of the
polypeptide, is present. The TMDs are interacting with the substrate and are responsible for
its recognition. With the alteration of the binding or changes of the conformation triggered
by a single mutation in any transmembrane region the whole transport would be changed
[30]. In contrast, the non-binding domains (NBDs) are not involved in the substrate
recognition, but they are crucial for the transport mechanism. If a substrate is present the
NBDs change their position relatively to the cell membrane. For this conformational change
energy must be provided.

In rodents, the multidrug resistance type | Pgp is encoded by two genes (Mdrla or Abcbla
and Mdr1bor Abcb1b). The substrate specificity of Mdrlaand MdrlbPgp in rodents is
different but partly overlapping, and together the two rodent genes are expressed in roughly
the same manner as the single human MDR1 gene, suggesting that they perform the same
set of functions in rodents as the MDR1 Pgp in humans [5].

Breast cancer resistance protein (BCRP)

Breast cancer resistance protein (BCRP, ABCG2) belongs to the ABCG subfamily, and has
first been described by Doyle et a/. in a drug resistant MCF-7 breast cancer subline [31]. The
murine homologue of human BCRP is called Berpl (Abcg?2). In contrast to Pgp and MRP1,
BCRRP is considered as half-transporter, similar to all other members of the ABCG
subfamily. The expression pattern of BCRP in normal tissues is consistent with a role in
protection against xenobiotics with significant levels in the small intestine, colon, liver,
CNS, capillary endothelium, testis, ovary and placental syncytiotrophoblasts [32-33].
Considering BCRPs localization at the luminal surface of the microvessel endothelium in
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the brain, it most likely also contributes to the BBB together with Pgp and MRPs.
Interestingly, whereas expression of Pgp is higher than that of Bcrpl in the murine BBB
[34], the opposite seems to be true in humans. Recent data show that mMRNA levels of BCRP
are about eightfold higher than Pgp mRNA levels in human brain capillaries [35]. In another
study, BCRP expression levels in cynomolgus monkey brain microvessels were quantified
with liquid-chromatography mass spectrometry/mass spectrometry (LC-MS/MS) and found
to be 3.5-fold higher than in mouse brain whereas Pgp expression levels were 0.3 fold lower
[36]. However, as BCRP has a substantial overlap in substrate specificity with Pgp [37], the
functional role of BCRP at the BBB has remained elusive, despite the availability of Bcrpl-
deficient mice [29]. BCRP is also highly expressed on the surface of hematopoetic and most
likely other stem cells, consistent with a protective role. BCRP has also been implicated as a
contributing transporter to multidrug resistance in cancer, although clinical findings remain
somewhat controversial [33]. In general BCRP transports large hydrophobic molecules
which can be either positively or negatively charged. BCRP transports various
chemotherapeutic agents, such as mitoxantrone, flavopiridol, methothrexate, as well as
molecules pertaining to other pharmacological classes [33]. Importantly there are significant
overlaps between substrates of BCRP, MRP1 and Pgp. Since the discovery of BCRP in 1996
up to now only a few selective BCRP inhibitors have been reported. Fumitremorgin C, a
diketopiperazine, isolated from Aspergillus fumigatus, was reported first [38], but cannot be
used in vivo due to its neurotoxicity. Ko143 [39], a structural analogue of fumitremorgin C,
has been reported to inhibit BCRP with higher potency than fumitremorgin C [40] and can
also be used in vivo [41]. However, whereas Ko143 seems to be selective for BCRP over
Pgp and MRP1 [39], some cross reactivity with MRP2 has been reported [37, 40].

Multidrug resistance-associated proteins (MRPSs)

The family of multidrug resistance-associated proteins or ABCC family has currently 19
members, nine of which are found in humans (ABCC1-ABCC9). One important
representative is MRP1 (ABCC1), which is a 190 kDa protein consisting of 1531 amino
acids. In comparison to Pgp, MRP1 possesses an additional TMD composed of 5 a-helical
segments. MRP1 was discovered in 1992 in a multidrug resistant human small cell lung
cancer cell line [42]. MRP1 is ubiquitously expressed in normal tissue and can also be found
at the BBB and blood-cerebrospinal fluid (CSF) barrier [43]. It is the main active transporter
of molecule conjugates to glutathione, glucuronide or sulfate and unconjugated compounds,
taking the role of an organic ion transporter. The role of MRP1 as an efflux transporter at the
BBB remains controversial. An in vivo study showed that following intracerebral
microinjection of the endogenous metabolite 17beta-estradiol-D-17beta-glucuronide, the
extrusion rate from the brain was significantly retarded in AbccZ™~ mice as compared to
wild-type mice [44]. However, other in vivo studies using the in situ brain perfusion
technique have shown that MRP1 has no functional effect at the BBB [45-46]. Comparisons
of Abcb1a™~ /Abcb1b™~ /AbeeI™~ and Abcb1a™'~ /Abcb167~ mice revealed that mice
deficient for both Pgp and Mrp1 have approximately 10-fold higher etoposide
concentrations in the CSF than mice that lack Pgp but express Mrp1, indicating that Mrpl
critically contributes to the permeability of the blood—CSF barrier [47]. MRP2 and MRP4
are located on the apical side of cell membranes where they efflux cytotoxic compounds just
as Pgp and BCRP does, whereas MRP1, MRP3 and MRP5 are found to be located
basolaterally in most cell types [5]. MRP2 is expressed at canalicular membranes of
hepatocytes, transporting several conjugated compounds into bile. MRPs located at the
apical side of the blood capillary endothelial cells restrict brain access of MRP substrates by
efflux transport.

MRPs can be inhibited in vitro and in vivo by using MRP inhibitors, such as probenecid or
MK-571 [5]. For instance brain uptake of fluorescein in mice [48-49] and of phenytoin in
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rats [50] has been shown to be increased after probenecid administration. However,
probenecid is not an MRP selective inhibitor as it also inhibits organic anion transporting
polypeptides (OATP) and organic anion transporters (OATs). MK-571 has recently been
shown to inhibit Pgp and BCRP with comparable potencies as MRP2 [37].

POSITRON EMISSION TOMOGRAPHY AND SINGLE PHOTON EMISSION
COMPUTED TOMOGRAPHY

PET and SPECT are powerful non-invasive nuclear medicine imaging techniques providing
good spatial resolution and high sensitivity [10-12]. For PET and SPECT imaging
radiolabelled molecules, so called radiotracers, are usually administered by intravenous
injection. PET or SPECT cameras monitor the distribution of these radiotracers in the living
organism over time. The concentration-time curves of radiotracers are analyzed by
biomathematical modelling to derive measures of in vivo neurochemistry (e.g. blood flow,
glucose metabolism rate, density of receptor proteins) [51]. The great advantage of PET over
SPECT is a higher sensitivity, better temporal and spatial resolution and the ability to
provide a quantitative measure of radioactivity in tissue. These methods are particularly
attractive to clinical researchers, because they can be applied to the living human brain. PET
typically makes use of the radioisotopes carbon-11 (}1C), nitrogen-13 (13N), oxygen-15
(150), fluorine-18 (18F) or gallium-68 (48Ga). These decay by emitting a positron, with
radioactive half-lives of 20.4, 9.96, 2.04, 109.7 and 67.6 min, respectively. The emitted
positron annihilates with an electron and emits two co-linear annihilation photons (gamma
rays) that can be detected outside the body. Typically, the radioisotopes are generated in a
cyclotron and because of their short half-lives need to be rapidly incorporated into the
molecule of interest immediately prior to administration. In SPECT, isotopes that decay by
electron capture and/or -y emission are used, and include both iodine-123 (1231, half-life:
13.1 h) and technetium-99m (%¥MTc, half-life: 6.01 h).

RADIOLIGANDS FOR ABC TRANSPORTERS

The design of radiotracers to visualize ABC transporters is not a trivial task. As their name
implies multidrug transporters are made to transport a multitude of different chemical
compounds. Individual transporters, such as Pgp and BCRP, show considerable overlap in
substrate recognition patterns. The probably most critical issue in the development of ABC
transporter ligands is therefore to achieve selectivity among different transporter types.
Another critical issue, which holds particularly true for imaging of cerebral Pgp and BCRP,
is the fact that almost all ligands known to date are highly lipophilic molecules, with log P
values >3, which is usually considered the cut-off for successful CNS radioligands [18].
Almost all efforts to develop ABC transporter ligands have so far concentrated on Pgp
expressed at the BBB or in tumors. To date three different kinds of imaging probes have
been described to measure ABC transporters in vivo: i) radiolabelled transporter substrates
ii) radiolabelled transporter inhibitors and iii) radiolabelled prodrugs which are
enzymatically converted into transporter substrates in the organ of interest (e.g. brain). The
first class of compounds is the most extensively studied one and has produced effective
imaging probes such as (/)-[11C]verapamil or [11C]-A-desmethyl-loperamide which have
already been used to study transporter function in vivo in humans. However, whereas these
radiotracers are excellent tools to study pharmacological Pgp modulation they are not well
suited to study differences of transporter function in different brain regions due to their low
brain uptake (standardized uptake value, SUV<1). In order to overcome the limitations of
substrate probes several third-generation Pgp inhibitors, such as [11C]laniquidar,
[1C]elacridar and [11C]tariquidar, were developed. The initial idea behind the development
of radiolabelled Pgp inhibitors was to come up with radiotracers that should bind to Pgp
without being transported by it and therefore afford radiotracer with higher baseline PET
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signals than substrates and which should allow for mapping of Pgp expression levels.
Unfortunately, all Pgp inhibitors developed to date have not come up to these expectations
and were shown to behave in vivo very similar to radiolabelled substrates. The last approach
to visualize ABC transporters has so far been only applied to imaging of cerebral MRP1
[26]. Herein, a radiolabelled prodrug is administered which lacks affinity to efflux
transporters. Inside the brain the prodrug is metabolically converted into a substrate drug,
the efflux of which serves as a direct indicator of MRP1 activity. The concept is very
appealing in that it elegantly solves the problem of low brain PET signals obtained with
ABC transporter substrate radiotracers. It remains to be seen however if this method of
signal amplification can be applied to other ABC transporter families, such as Pgp. In the
following we will review radiotracers which have been developed so far to visualize ABC
transporters.

RADIOLABELLED PGP SUBSTRATES

Rac-[11C]verapamil and (R)-[*1C]verapamil

The calcium channel inhibitor verapamil is used as a reference Pgp inhibitor in experimental
pharmacology [5]. At tracer concentrations as used in PET experiments, verapamil is
transported by Pgp and 11C-labelled verapamil has therefore been developed at the
University Medical Center Groningen (The Netherlands) as the first Pgp substrate
radiotracer [52]. However, there is some evidence that verapamil is also a substrate of
MRP1 [53], although this has so far not been proven at tracer levels. [11C]Verapamil has
been used either as the racemate or as the (R)-enantiomer. Elsinga et al. first synthesized
rac-[11C]verapamil in 1996 by reacting N-desmethyl-verapamil with [L1C]CH3l [54]. Rac-
[11C]verapamil has been evaluated in vitro by using human ovarian cell lines and their
adriamycin resistant counterpart. The intracellular concentration of rac-[11C]verapamil was
4-5 times higher in the sensitive compared to the resistant cell line with high Pgp expression.
Biodistribution studies with rac-[11C]verapamil demonstrated 9.5-fold and 3.4-fold higher
activity concentrations in brain and testes of Abcbla™'~ as compared to wild-type mice,
respectively [52]. Administration of 50 mg/kg CsA increased brain and testes uptake of
activity in wild-type mice, by 10.6-fold and 4.1-fold, respectively, whereas Abcbla™'~ mice
showed no effect on CsA treatment. Studies in rats bearing tumors bilaterally, a Pgp
negative small cell lung carcinoma (GLC,) and its Pgp overexpressing subline (GLC4/Pgp)
showed 185% higher rac-[11C]verapamil activity levels in GLC4 compared to GLC4/Pgp
tumors. Administration of CsA (50 mg/kg) raised the activity concentration in GLC4/Pgp
tumors (+184%) to the level of non Pgp overexpressing tumors. Additionally, a 1280%
increase in brain activity was observed after CsA administration [55]. In another study it was
shown in rats that the volume of distribution (V1) of rac-[*1C]verapamil in brain can be used
as a quantitative parameter of Pgp function at the BBB, as V1 was shown to increase dose-
dependently following administration of different CsA doses [56]. Syvénen and co-workers
presented a new and very elegant approach to study CsA-induced inhibition of cerebral Pgp
by administering rac-[11C]verapamil as a constant infusion and by giving the inhibitor as an
intravenous (i.v.) bolus when steady-state concentrations of rac-[11C]verapamil in plasma
and brain were achieved [57]. A similar approach was later used in studies with (R)-
[11C]verapamil, in which unlabelled inhibitor (tariquidar) was given during rather than
before the (/)-[11C]verapamil PET scan, at a time point when activity had reached pseudo
steady state in plasma and brain [58-59]. The synthesis of rac-[11C]verapamil was improved
in terms of radiochemical yield by using [*1C]methyl triflate instead of [11C]CHjsl as the
methylating agent [60]. The first human evaluation of rac-[11C]Jverapamil was conducted in
five cancer patients, where 43.0+5.3, 1.3+0.2 and 0.9+0.3% of the injected dose (ID) were
found in lungs, heart and tumor, respectively [61]. In another human study healthy
volunteers underwent paired PET scans with rac-[11C]verapamil before and during infusion
of CsA, at a dose which was several-fold higher than usually given in the clinic (2.5 mg/kg/1
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h for 2 h) [62]. Despite the fact that arterial blood sampling was also performed, brain
activity uptake was only quantified in terms of ratio of the area under the concentration-time
curve (AUC) in brain to that in blood (AUCy4in/AUChi004), Which was found to be
increased by 88+20% during CsA treatment. This important study provided the first proof in
humans that rac-[11C]Jverapamil is transported by Pgp at the BBB by employing CsA as a
blocking agent of Pgp. The data from this paper were later on re-analyzed in another study
by kinetic modelling which showed that a 2-tissue-4-rate-constant (2T4K) model best
described rac-[11C]verapamil brain kinetics after Pgp inhibition [63]. The influx rate
constant K4 and V1 were found to be increased by 73% and 67% after CsA administration,
respectively. The increase of Kq caused by Pgp inhibition is in line with the concept that Pgp
acts as a gatekeeper at the BBB and prevents substrates from diffusing across the luminal
endothelial cell membrane. In addition it was reported that Pgp function can be effectively
measured using only the first 10 min of the PET data (where metabolism of rac-
[11C]verapamil is low) and a 1-tissue-2-rate-constant (1T2K) model. Similar findings have
been also made in an earlier publication by a Japanese group which employed a graphical
analysis method of the PET data acquired during the initial few minutes after radiotracer
injection [64]. In a non-human primate study a similar set-up was used as in the Sasongko
study employing another inhibitor of Pgp, namely valspodar (PSC833), which was given as
an i.v. infusion at a dose of 20 mg/kg/2h and led to a 2.3-fold increase in the AUCain/
AUCyq0q ratio compared to baseline scans [65]. In another study, pregnant non-human
primates underwent rac-[1C]verapamil PET scans before and after CsA administration (12
or 24 mg/kg/h) to measure placental Pgp activity either in mid- or late-gestational age
[66-67]. Percent change in AUCrteta) fiver/AUCnmaternal plasma ratio after CsA administration
was used as a surrogate marker of placental Pgp activity and was found to significantly
increase from mid-(+35+25%) to late gestation (+125+66%), which the authors interpreted
as increasing Pgp activity with gestational age [66]. Two studies have assessed the effect of
functional single nucleotide polymorphisms in the ABCBI gene in healthy volunteers on
brain penetration of rac-[*1C]verapamil and failed to show differences in rac-[11C]verapamil
brain kinetics between different ABCB1 haplotypes [68-69].

As for quantitative PET studies an enantiomerically pure PET tracer is preferred over a
racemic mixture, the synthesis of the individual enantiomers of [11C]verapamil was
developed [70]. Biodistribution studies in wild-type and Abcb1a™~ /Abcb1b6~'~ mice showed
similar organ uptake values for both [11C]verapamil enantiomers with 14.7 and 18.7 times
higher activity uptake in brains of Abcbla™~ /Abcb1b™~ as compared to wild-type mice for
(R)- and (S)-[1C]verapamil, respectively [71]. As the in vitro efflux ratios of (/)- and (S)-
verapamil were also similar in LLC-PK1 MDR cells it was concluded that both enantiomers
showed similar Pgp substrate properties. As (/)-verapamil is less metabolized than the (S5)-
enantiomer in humans [72] and has lower affinity for calcium channels, (R)-[11C]verapamil
was proposed as the preferred candidate for PET imaging. Metabolism of (R)-
[11C]verapamil was analyzed in Wistar rats by employing a combined solid-phase extraction
(SPE) high-performance liquid chromatography (HPLC) protocol [73]. At 60 min after (R)-
[11C]verapamil injection 28.1%2.7% of total activity in plasma and 47.7+10.5% in brain
were in the form of unchanged parent. The remainder of activity was mainly composed of
polar [11C]metabolites, putatively the A-demethylation product [1C]formaldehyde and
related species. The significant brain uptake of polar [11C]metabolites seen in rats can be
considered as problematic as it presumably occurs independently of Pgp function. Test-
retest (R)-[11C]verapamil PET scans and arterial blood sampling were performed in healthy
human volunteers to develop a kinetic model for quantification of Pgp function at the BBB
[74]. As (R)-[11C]verapamil gives radiolabelled metabolites in humans which are also Pgp
substrates (the A-dealkylation products [11C]D617 and [11C]D717) [75] these metabolites
were lumped together with unchanged (/)-[11C]verapamil in the arterial input function
assuming that their in vivo behavior was similar to that of (R)-[11C]verapamil [74].
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Therefore an one input, one-tissue compartment model with correction for A~demethylated
metabolites only was proposed as the model of choice which provided good compromise
between fit quality and test-retest variability [74]. Unfortunately, later studies in which rats
were scanned with [11C]D617 before and after tariquidar administration (15 mg/kg)
suggested that [11C]D617 may in fact be a weaker Pgp substrate than (/)-[*1C]verapamil
itself, which questions the validity of the initially proposed model. The already complex
situation for the kinetic modelling of (R)-[*1C]verapamil was further complicated by the
observation that in medically refractory epilepsy patients the fraction of polar
[11C]metabolites of (R)-[*1C]verapamil in plasma was up to two fold greater than in healthy
control subjects, which was attributed to hepatic cytochrome P450 enzyme induction by
antiepileptic treatment [76]. Luurtsema has shown in an earlier study that the polar
[11C]metabolite fraction of (/)-[11C]verapamil is taken up into brain in rats [73]. If this
holds true for humans as well, differences in peripheral (/)-[*1C]verapamil metabolism
between different study groups might compromise the quantitative measurement of Pgp
function.

As brain uptake of (R)-[}1C]verapamil is quite low in baseline scans (SUV<1), which does
not allow for measurement of regional differences in cerebral Pgp function, a double-scan
paradigm consisting of (R)-[11C]verapamil PET scans before and after administration of the
potent, non-toxic Pgp/BCRP inhibitor tariquidar was proposed [77]. The great advantage of
using tariquidar instead of CsA as an inhibitor is that tariquidar is safer, less toxic and more
selective for Pgp than CsA [15]. It was shown that in rats i.v. administration of tariquidar at
a dose of 15 mg/kg led to an 12-fold increase in whole-brain V1 of (R)-[11C]verapamil [77].
In a follow-up study a detailed dose-response assessment of tariquidar and the structurally
related Pgp/BCRP inhibitor elacridar was performed in rats giving half-maximum effect
dose (EDsg) estimates of 3.0+0.2 and 1.2+0.1 mg/kg for tariquidar and elacridar,
respectively, for increasing (R)-[11C]verapamil whole-brain V1 [58]. It was suggested that
performing (R)-[11C]verapamil PET scans after half-maximum Pgp inhibition might be
better suited to study regional differences in cerebral Pgp function than baseline scans alone
[58]. A proof-of-concept study was performed in rats at 48 h after pilocarpine-induced status
epilepticus (SE), a model of regional cerebral Pgp overexpression [78]. Both control and 48
h post-SE rats underwent (R)-[*1C]verapamil PET scans after administration of tariquidar at
the ED5g (3 mg/kg).2 PET data were region wise modelled using a 2T4K model and Pgp
expression was independently quantified in the same brain regions using
immunohistochemical staining.2 In brain regions with increased Pgp expression
(cerebellum, thalamus, hippocampus), V1 and K of (/)-[L1C]verapamil were significantly
decreased and k increased relative to control animals, giving strong support that the
employed PET imaging approach was indeed able to quantify regional cerebral Pgp function
in this animal model.2 In a similar study, no differences in (R)-[*1C]verapamil brain kinetics
were found between control rats and rats at 7 days after kainate-induced SE before and after
tariquidar administration (15 mg/kg), which was consistent with absence of differences in
cerebral Pgp expression levels between the two groups found by immunohistochemical
staining [79]. A possible methodological limitation of this study is that the employed
tariquidar dose (15 mg/kg) resulted in maximal blockade of cerebral Pgp making (~)-
[11C]verapamil brain kinetics independent of Pgp function.

Iverbeek, J.; Syvénen, S.; Luurtsema, G.; de Lange, E. C.; Eriksson, J.; Windhorst, A. D.; Lammertsma, A. A., Initial PET studies in
rats with novel radiotracer [11C]D617 and comparison with (R)—[llc]verapamil [symposium abstract]. Neuroimage, 2010, 52
ESuppIement 1), S26.

Bankstahl, J. P.; Kuntner, C.; Bankstahl, M.; Wanek, T.; Stanek, J.; Miller, M.; Langer, O.; Léscher, W., An improved method to
measure cerebral P-glycoprotein function reveals changes in brain uptake of (,‘?)-[11C]-verapamil following status epilepticus in rats
[symposium abstract]. J. Cereb. Blood Flow Metab., 2009, 29 (S1), 222.
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The promising concept of performing (/)-[11C]verapamil PET scans after sub-maximal
blockade of cerebral Pgp was translated to healthy human subjects, who were scanned with
(R)-[11C]verapamil before and after i.v. infusion of tariquidar at a dose of 2 mg/kg [59]. The
data were analyzed by a 2T4K model which showed increases in whole-brain V1 and K of
+24+15% and +49+36%, respectively, after tariquidar administration. Importantly, it was
shown that tariquidar administration had no effect on (R)-[*1C]verapamil metabolism and
plasma protein binding. The data from this first human PET study employing tariquidar
were re-analyzed region wise using an automated atlas approach to define 43 different brain
regions of interest as well as statistical parametrical mapping (SPM) analysis [80]. No
regional differences in tariquidar-induced Pgp inhibition were detected, which suggested
that there were no pronounced regional differences in Pgp function in the healthy human
brain [80]. These findings were shortly afterwards confirmed in a similar study employing
rac-[11C]verapamil and CsA as the inhibitor [81]. Higher doses than the 2 mg/kg dose of
tariquidar (up to 8 mg/kg) have already been given to healthy human subjects without
occurrence of severe adverse effects [82].3 Bauer et al. reported an EDsg of 3.09+0.30 mg/
kg for tariquidar to increase (R)-[11C]verapamil whole-brain V7 in humans 3, which was
remarkably similar to the value previously determined in rats (3.0+0.2 mg/kg) [58].
However, the maximum increase in (R)-[11C]verapamil brain V7 relative to baseline scans
was several-fold lower in humans (2.4 fold) as compared to rats (10.7-fold).3 Three
independent PET studies with either rac-[11C]verapamil [83] or (R)-[*1C]verapamil [84-85]
in small cohorts of young and aged healthy subjects showed that brain V1 increased as a
function of age suggesting that Pgp activity at the BBB might decrease with age. First pilot
data with (R)-[*1C]verapamil in Alzheimer patients suggest an about 2-fold increased
cerebral binding potential (BPyp) of (R)-[11C]verapamil, which was estimated using a
constrained two-tissue compartment model, relative to age-matched control subjects.4

A pilot PET study with (/)-[11C]verapamil was conducted in seven patients with medically
refractory temporal lobe epilepsy [86]. A 1T2K model was used to estimate K1, ky and V1
values in different temporal lobe brain regions of interest (ROIs) which were compared
between the hemisphere located ipsilaterally and contralaterally to the seizure focus.
Although some brain regions in some patients were shown to have ipsilaterally decreased
V-t and increased k, values, which was consistent with ipsilaterally increased Pgp efflux, the
high variability of the data combined with the small sample size failed to reveal any
statistically significant differences in regional Pgp function in this patient group [86].
Importantly, it was shown that high radioactivity uptake in the plexus choroideus
contaminated the PET signal in the adjacent hippocampus precluding the analysis of this
region, at least when employing a low-resolution PET camera as the GE Advance scanner
[86]. A better suited approach to delineate regional differences in Pgp function in the brains
of therapy refractory epilepsy patients might be the performance of paired (R)-
[11C]verapamil scans before and after administration of tariquidar, which has already been
presented in abstract form.> A series of studies with rac-[11C]verapamil investigated
regional brain Vs employing SPM analysis in different disease conditions (Parkinson’s
disease, depression, schizophrenia) [87-90]. Although certain regional differences were
detected in patient groups compared to control subjects there is concern that at least part of

3Bauer, M.; Zeitlinger, M.; Matzneller, P.; Stanek, J.; Lackner, E.; Wadsak, W.; Muller, M.; Langer, O., Dose-response assessment of
tariquidar for inhibition of P-glycoprotein at the human blood-brain barrier using (R)-[MC]verapamiI PET [symposium abstract].
BMC Pharmacol., 2010, 10 (Supplement 1), A47.

4van Assema, D. M. E.; Lubberink, M.; Hoetjes, N. J.; Hendrikse, H.; Schuit, R. C.; Windhorst, A. D.; van der Flier, W. M.; Philip
Scheltens, P.; Lammertsma, A. A.; van Berckel, B. N. M., Decreased Pglycoprotein function at the blood-brain barrier in patients with
Alzheimer’s disease as shown by (R)-[11C]verapamil and PET [symposium abstract]. Neuroimage, 2010, 52 (Supplement 1), S53.
SFeldmann, M.; Asselin, M. C.; Wang, S.; McMahon, A.; Walker, M.; Jose Anton, J.; Hinz, R.; Sisodiya, S.; Duncan, J.; Koepp, M.,
Tariquidar inhibition of P-glycoprotein activity in patients with temporal lobe epilepsy measured with PET and (R)-[C-11]Verapamil
[symposium abstract]. Neuroimage, 2010, 52 (Supplement 1), S148.
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these differences might have been driven by morphological brain changes leading to
different degrees of spill-in of radioactivity from the ventricle system, rather than by
differences in Pgp function.

[11C]Loperamide and [11C]-N-desmethyl-loperamide

Loperamide is an opiate receptor agonist which does not have CNS side effects, which can
be attributed to the molecule being an avid substrate of Pgp at the BBB. [11C]Loperamide
was first synthesized by researchers at GlaxoSmithKline by methylation of A~desmethyl
loperamide with [11C]CH 3I.6 A first in vivo evaluation in Yorkshire landrace pigs showed
very low brain activity uptake in baseline scans (<0.001% ID/ml), which was dose-
dependently increased after administration of different CsA doses (1-30 mg/kg) with a
maximum increase of 7-fold compared to baseline scans.% In a clinical PET study, which
was only published in abstract form,’ three healthy volunteers were scanned with
[1C]loperamide under baseline conditions or after i.v. administration of CsA (10 mg/kg,
i.v.) which lead to a 2-fold increased brain activity influx rate constant K; compared to
baseline scans. After these initial investigations with [11C]loperamide at GlaxoSmithKline,
the PET group at the National Institute of Health (USA) started to work with this
radiotracer. These researchers conducted studies with [11C]loperamide in wild-type and
Abcbla'™ /Abcb167'~ mice as well as in non-human primates [91]. Baseline scans in
monkeys showed low brain activity uptake (0.4 SUV); pretreatment of the animals with
tariquidar or a novel third-generation Pgp inhibitor named DCPQ, which is structurally
related to zosuquidar, led to increased activity levels in brain with maximal effects (3.5 fold
increases relative to baseline) at inhibitor doses of 8 mg/kg. Radio-HPLC analysis showed
16-fold higher concentrations levels of [*1C]loperamide in Abcb1a™~ /Abcb1b™~ than in
wild-type mouse brain. In addition, one radiolabelled metabolite of [11C]loperamide, which
was identified as [11C]-Atdesmethyl loperamide, was shown to account for 24% of total
brain activity in Abcbla™~ /Abcb1b™'~ mice and to have 17-times higher brain
concentrations in Abcbla’~ /Abcb1b™~ than in wild-type animals [91]. The authors
suggested [11C]-Atdesmethy! loperamide as a superior PET tracer to [11C]loperamide as it
was expected to generate one radiometabolite less than [11C]loperamide and as it had been
shown to be an avid Pgp substrate.

Experiments with tritium-labelled A-desmethyl loperamide in human cell lines
overexpressing either Pgp or BCRP or MRP1 revealed that A~desmethyl loperamide was
selectively transported by Pgp [92]. [11C]- NV-desmethyl loperamide was synthesized from its
N-desmethyl precursor by methylation with [11C]JCHj3 I [93]. Consistent with the previous
results obtained with [*1C]loperamide, [*1C]-A-desmethyl loperamide showed negligible
brain activity uptake in wild-type mice, non-human primates and humans, which could be
dose-dependently increased by preadministration of either DCPQ (non-human primates) or
tariquidar (humans) [82, 93-94]. Maximum increases compared to baseline scans were 7-
fold in monkeys after 8 mg/kg DCPQ [94] and 4-fold in humans after 6 mg/kg tariquidar
[82]. Brain washout of [11C]- Adesmethyl loperamide was very slow under conditions of
Pgp blockade, which was explained by trapping of this radiotracer in lysosomes in brain
tissue [95]. Administration of the opiate receptor antagonist naloxone during [*1C]-A-
desmethyl loperamide PET scans in monkeys exerted no effect on brain time-activity curves
indicating that the PET signal of [11C]-Atdesmethyl loperamide was not influenced by
opiate receptor binding [94]. Importantly, Liow et a/. showed that brain activity uptake of

6Passchier, J.; Lawrie, K.; Bender, D.; Fellows, 1.; Gee, A., [110]Loperamide as highly sensitive PET probe for measuring changes in
P-glycoprotein functionallity [symposium abstract]. J. Labelled Cpd. Radiopharm., 2003, 46 (Supplement 1), S94.

Tpasschier, J.; Comley, R.; Salinas, C.; Rabiner, E.; Gunn, R.; Cunningham, V.; Wilson, A.; Houle, S.; Gee, A.; Laruelle, M., Blood
brain barrier permeability of [1lc]loperamide in humans under normal and impaired P-glycoprotein function [symposium abstract]. J.
Nucl.Med., 2008, 49 (Supplement 1), 211P.
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[11C]- N-desmethyl loperamide was blood flow dependent under conditions of Pgp blockade
[94]. Correction for regional cerebral blood flow measured with [1°O]H,0 PET revealed an
uniform activity distribution pattern suggesting absence of regional differences in Pgp
function in the monkey brain [94]. These results were later on confirmed in the human brain
either with [11C]-Atdesmethyl loperamide and tariquidar as the Pgp inhibitor [82] or with
other radiotracers (either (/)-[1C]verapamil in combination with tariquidar [80] or rac-
[11C]verapamil and CsA [81]). Radio-HPLC analysis of mouse brain after injection of
[1C]- N-desmethyl loperamide showed that radiometabolites of [11C]-A-desmethyl
loperamide were also taken up into brain tissue: 43.6 and 91.3% of total radioactivity were
in the form of unchanged [*1C]-A-desmethyl loperamide in wild-type and Abcbia™= /
Abcb157'~ mouse brain, respectively [93]. In addition, one radiometabolite, which was later
on identified as the corresponding A-hydroxymethyl analogue [96], appeared to be also a
Pgp substrate as indicated by 8-fold higher concentration levels in Abcbla™ /Abcb1b™~
compared to wild-type mouse brain. Therefore, similar to (R)-[1C]verapamil, accurate
quantification of cerebral Pgp function with [11C]- A-desmethyl loperamide is compromised
by the contamination of the brain PET signal with radiolabelled metabolites. Brain uptake in
baseline scans is about 2-fold lower for [11C]- A-desmethyl loperamide [82] than for (R)-
[11C]verapamil [59], which makes it even more difficult to assess regional cerebral Pgp
function, without employing a Pgp inhibitor, with this radiotracer.

[11c]carvedilol

Carvedilol is a non-selective beta-antagonist with nanomolar affinity to beta-adrenoceptors.
[1C]Carvedilol was initially developed as a PET tracer for cerebral beta-adrenoceptor
imaging, which was abandoned due to low brain uptake of the molecule [97].
[11C]Carvedilol was then suggested as an alternative tracer to rac-[11C]verapamil for
imaging of Pgp function at the BBB, as it was shown to inhibit Pgp in vitro [98] and as it
possesses a log Pvalue of 2.0 which is more in the ideal range for brain PET tracers
(0.9-2.5) than that of rac-[11C]verapamil (log £3.8) [99]. [11C]Carvedilol was tested in rats,
which showed low V1 values at baseline (0.4), which increased dose-dependently up to
three-fold after CsA administration at doses from 0-50 mg/kg [99]. As lower CsA doses
were needed to achieve maximum increase in brain V 1 as compared to rac-[11C]verapamil
it was suggested that [11C]carvedilol might be more sensitive to visualize cerebral Pgp
function than rac-[11C]verapamil. However, no further studies with [11C]carvedilol have
appeared in the literature since its first description as a Pgp substrate radiotracer in 2005.

[11C]Colchicine

Colchicine, a tubulin-binding alkaloid of Colchicum autumnale, was 11C-labelled by
reacting desmethyl-colchicine with [11C]CHgl [100].[*1C]Colchicine was assessed in nude
rats xenografted with a colchicine-sensitive and a colchicine-resistant strain of the human
neuroblastoma BE (2)-C cell line [100]. PET imaging showed that tumoral activity uptake
was generally low, but about 2-times lower in resistant than in sensitive tumors, consistent
with Pgp-mediated efflux of the radiotracer in resistant tumors.

[11C]Daunorubicin

The cytostatic agent daunorubicin was 11C-labelled in low radiochemical yield (3+1%) in a
2-step radiosynthesis by reacting aldehyde precursor, in which the amino function was
protected by a trifluoroacetic group, with [11C]diazomethane, followed by alkaline
hydrolysis of the protecting group [54]. In vitro experiments were performed with
[11C]daunorubicin in a human ovarian carcinoma cell line and its adriamycin resistant
counterpart revealing 16-fold lower radioactivity accumulation in the resistant cell line,
which could be raised to similar levels as in the sensitive cell line by addition of 50 pM
verapamil. Furthermore Hendrikse and co-workers performed biodistribution experiments
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with [11C]daunorubicin in rats bearing tumors bilaterally, a Pgp negative small cell lung
carcinoma (GLC,) and its Pgp-overexpressing subline (GLC4/Pgp) [55]. It could be shown
that [11C]daunorubicin accumulation was higher (159%) in the Pgp deficient compared to
the Pgp-overexpressing tumor and that pretreatment of rats with CsA (50 mg/kg) raised the
radioactivity level in GLC,4/Pgp tumors to the level of GLC,4 tumors.

[11C]Docetaxel

The cytotoxic agent docetaxel, which belongs to the class of the taxanes, was 11C-labelled in
the BOC moiety of the molecule by reacting the corresponding primary amine with
[1C]tertbutyl-1,2,2,2-tetrachloroethyl carbonate in the presence of pyridine [101]. The
synthesis was later on improved to produce the radiotracer in good manufacturing practice
(GMP) quality for human applications [102]. [11C]Docetaxel has recently been evaluated in
patients with advanced solid tumors by performing whole-body PET/CT-scans [103]. No
radiometabolites of [11C]docetaxel were observed in plasma during the time course of the
PET experiment by using radio-HPLC analysis. Moderate radioactivity uptake was observed
in tumors, and shown to vary strongly between different tumors. High radioactivity uptake
in the abdominal and pelvic region will in all likelihood preclude visualization of tumor
masses located in these parts of the body.

[L1C]Gefitinib

[18FIMPPF

Gefitinib, a selective inhibitor of epidermal growth factor receptor (EGFR) tyrosine kinase,
was 11C-labelled by O-methylation of its phenol precursor with [11C]methyl triflate
[104-105]. PET experiments with [11C]gefitinib showed an 8 times higher brain activity
uptake in Abcbla™~ /Abcb1b™!~ /AbcgZ™! than in wild-type mice [104]. Combined with the
observation that pretreatment of wild-type mice with the dual Pgp/BCRP inhibitor elacridar
(50 mg/kg) or with CsA (50 mg/kg) increased brain activity uptake of [11C]gefitinib by 10.6
and 3.6 fold, respectively, it was concluded that [11C]gefitinib was transported by Berpl and
Pgp at the murine BBB. However, as no BCRP-specific inhibitor was used, the selectivity of
[11C]gefitinib for Berpl over Pgp could not be addressed.

[8FIMPPF (4-(2"-methoxyphenyl)-1-[2"-(A-2" " -pyridinyl)-p-[18F]fluorobenzamido]
ethylpiperazine) was developed as a specific 5-HT 1 receptor antagonist and has been
suggested to be a Pgp substrate. Cerebral uptake of [L8F]MPPF in rats was shown to be
increased following administration of CsA [106-107] or tariquidar [108-109]. Moreover,
brain activity uptake of [18F]MPPF was shown to be 2 to 3 times higher in Abcbla”~
compared to wild-type mice [106]. Bartmann and co-workers reported in a chronic rat model
with spontaneous recurrent seizures that hippocampal K increases of [18F]MPPF following
tariquidar challenge (15 mg/kg, i.v.) were lower in animals which responded to
phenobarbital therapy as compared to non-responders, which was attributed to increased Pgp
activity in non-responders [109]. However, interpretation of these data is complicated by the
fact that [18F]MPPF binds to cerebral 5-HT 4 receptors, which show decreased density in
epileptic brain regions. In human patients with temporal lobe epilepsy a major reduction of
the binding potential of [18F]MPPF for 5-HT; 4 receptors in the epileptogenic focus has been
demonstrated which, when compared to the contralateral side, was greater than that seen
with other PET tracers for 5-HTq receptors, possibly indicating Pgp action [110]. However,
recently presented in vitro transport experiments in human Pgp overexpressing cells
(MDCKII-hMDR1) using bidirectional transport and concentration equilibrium assays
suggest that while [18F]MPPF may be a Pgp substrate in rodents it is not transported by
human ng,8 which casts some doubt on the hypothesis that regional differences in
[18F]MPPF uptake seen in brains of human epilepsy patients were indeed mediated by Pgp
efflux.
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Radiolabelled paclitaxel and derivatives

Paclitaxel is as a natural chemotherapeutic agent (a taxane) derived from the yew tree 7axus
brevifoliathat triggers the arrest of cells in the G2/M cell cycle phase. It shows cytostatic
potential in a wide range of common cancer types. Experiments in Abcbla’~ /Abcbib™!~
mice indicated that paclitaxel is a Pgp substrate [111]. Although clinical evidence is
somewhat conflicting some studies have reported an association of tumoral Pgp expression
levels and clinical response of tumor patients to paclitaxel treatment [112]. [11C]Paclitaxel
was synthesized by labelling the corresponding primary amine precursor with [11C]benzoyl
chloride [113]. Apart from [11C]paclitaxel, the molecule has also been labelled with 123|
[114], 1241 [115], 7®Br [115], 111In [116] and 18F [115]. Most in vivo data of all
radiolabelled paclitaxel derivatives is available for 4-[18F]fluoropaclitaxel, which was
synthesized similar to the [11C]tracer using the primary amine precursor by acylation with 4-
[18F]fluorobenzoylchloride or 4-[18F]fluorobenzoic acid [115, 117]. Biodistribution studies
with 4-[*8F]fluoropaclitaxel showed significantly increased activity uptake in heart (+79%),
lung (+143%) and brain (+1400%) of Abcbla™~ /Abcb1b™~ compared to wild-type mice
[115]. However, intraperitoneal administration of tariquidar (10 mg/kg) at 5 min before 4-
[18F]fluoropaclitaxel injection was not able to significantly increase brain activity uptake in
wild-type mice, to the same levels as in Abcbla~ /Abcb1b67~ mice [115]. A possible
explanation for this could be that the employed tariquidar dose was too low and/or that the
time span between tariquidar administration and injection of radiotracer was too short to
achieve effective Pgp inhibition. Paired 4-[18F]fluoropaclitaxel PET scans before and after
i.v. administration of tariquidar (2 mg/kg) and arterial blood sampling were performed in
rhesus monkeys [118]. Tariquidar was found to increase V, derived from Logan analysis,
in liver (+104%) and lung (+87%), but not in brain. Gangloff and co-workers studied the
biodistribution of 4-[18F]fluoropaclitaxel in nude mice xenografted with human MCF-7
breast cancer cells and showed that tumoral activity uptake was doubled after administration
of CsA (10 mg/kg, i.p.) [119]. In a follow-up study, 4-[18F]fluoropaclitaxel distribution was
studied with small-animal PET in nude mice xenografted with either MCF-7 cells or
MCF-5/AdrR cells, an intrinsically paclitaxel-resistant cell line [120]. After PET imaging,
mice were treated with a single dose of paclitaxel. It could be shown that mice with tumors
that did not respond to paclitaxel treatment had lower tumoral activity uptake than mice with
paclitaxel-sensitive tumors indicating that low 4-[18F]fluoropaclitaxel uptake might serve as
a predictor of chemoresistance [120]. Kurdziel et a/. further studied 4-[18F]fluoropaclitaxel
distribution in nude mice xenografted on the right and left shoulder with two different KB
epidermal carcinoma cell sublines, drug sensitive non-Pgp expressing KB 3-1 and drug-
resistant Pgp expressing KB 8-5 cells [23]. Whereas PET imaging showed only small
differences between resistant and sensitive tumors, ex vivo counting of excised tumors
revealed a 3.2 fold higher activity content in KB 3-1 compared to KB 8-5 tumors.

[11C]Phenytoin

Several lines of evidence suggest that the widely used antiepileptic drug phenytoin is a
substrate of rodent and human Pgp [121-123] as well as rodent Mrp2 [124]. Phenytoin has
been radiolabelled with 11C starting from H[11C]CN as early as 1978, which was in fact
before clinical PET cameras have become available [125]. An alternative synthesis pathway
making use of [11C]phosgene was described later [126]. Scintigraphic imaging of
[11C]phenytoin was performed in rhesus monkeys showing measurable and persistent
radioactivity uptake in brain, lung and liver [125]. Cerebral pharmacokinetics of
[11C]phenytoin were assessed in 8 patients with medically resistant partial epilepsy and 2
patients without epilepsy [127]. At steady-state, brain-to-blood 11C-activity concentration

8Tournier, N.; Valette, H.; Goutal., S.; Schollhorn, M.; Saba, W.; Cisternino, S.; Scherrmann, J.; Bottlaender, M., Is [18F]-pMPPF a
P-glycoprotein substrate in human? [symposium abstract]. Eur. J. Nucl. Med. Mol. Imaging, 2010, 37 (Supplement 2), S210.
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ratios were determined for the visual cortex, resulting in an average value of 1.32 (range
1.05-1.66) in epilepsy patients compared to 1.61 (1.34-1.87) in nonepileptic patients.
Whether [11C]phenytoin steady-state concentration is lower within the epileptic focus was
not addressed in this study. Preliminary data indicated that [11C]phenytoin kinetics within
the estimated epileptogenic area were not significantly different when compared to the
contralateral homologous brain region in the same epilepsy patients [127], but clearly data
from a modern high-resolution PET system are needed for such an analysis. PET tracers
based on antiepileptic drugs, such as [11C]phenytoin or [11C]phenobarbital, which are only
weak Pgp substrates, possess higher brain uptake than the high-affinity Pgp substrates (/)-
[11C]verapamil or [11C]-A-desmethyl loperamide and are therefore expected to be better
suited to assess regional differences in Pgp function in the epileptic brain.

[99MTc]Sestamibi

[#°™Tc]Sestamibi, a cationic radiotracer originally developed for myocardial scintigraphy, is
a Pgp substrate and has been used to examine Pgp functional activity in vitro and in vivo
under pathologic conditions [22, 25, 128]. In vitro studies in Chinese hamster cell lines
showed decreasing intracellular concentrations of [**MTc]sestamibi with increasing Pgp
expression levels [128]. Reversal of this effect could be shown by administration of Pgp
inhibitors such as verapamil and CsA. Brain uptake of [%*MTc]sestamibi was 4-fold higher in
Pgp knockout than in wild-type mice [128]. [*™Tc]Sestamibi is widely used to detect in
vivo Pgp activity in tumors [129-130], and may be a useful technique for monitoring the
development of Pgp-mediated multidrug resistance [25]. In rats, inflammation-mediated
downregulation of brain madria mRNA, the gene encoding Pgp in brain capillary endothelial
cells in rodents, is associated with higher accumulation of [2°™Tc]sestamibi in the brain,
further demonstrating the potential utility of [*MTc]sestamibi for noninvasively assessing
Pgp function in vivo [131]. However, to a lesser extent, [*™MTc]sestamibi is also transported
by MRP1, which may form a bias for results obtained with [*MTc]sestamibi [132]. A series
of clinical trials of Pgp inhibitors in cancer patients have used [*°™Tc]sestamibi and SPECT
imaging as a surrogate marker of tumoral Pgp inhibition [133-135]. Due to the limitations of
planar imaging to accurately quantify tumoral uptake of [?9™Tc]sestamibi, [*MTc]sestamibi
has been developed as a PET version of this radiotracer [136]. Alternative Pgp substrates for
SPECT imaging are [?*™Tc]tetrofosmin [137] as well as several other metalloorganic
complexes [25].

Miscellaneous compounds

Van Waarde and co-workers recently reported the 11C-labelling and in vivo evaluation of
the Pgp substrate 6,7-dimethoxy-2-[3-(5-methoxy-1,2,3,4-tetrahydronaphthalen-1-yl)-
propyl]-1,2,3,4-tetrahydro-isoquinoline (MC266) [138]. Cerebral V1 of [1C]MC266 in rats
was about 3 times higher than that of rac-[11C]Jverapamil. Pretreatment of rats with CsA (50
mg/kg, i.v.) increased cerebral V1 by 2.8 fold compared to baseline scans. [11C]MC266
could be an interesting alternative Pgp substrate radiotracer to [11C]verapamil or [11C]-A-
desmethyl loperamide as it might facilitate the mapping of regional differences in cerebral
Pgp function in epilepsy by virtue of its higher brain uptake. De Bruyne and co-workers
labelled the Pgp modulator 6,7-dimethoxy-2-(6-methoxy-naphthalen-2-ylmethyl)-1,2,3,4-
tetrahydroisoquinoline (MC80) with 11C [139]. Biodistribution studies with [11CJMC80 in
wild-type (FVB) mice demonstrated a high baseline brain uptake (7.66+1.38%I1D/g at 1 min
post injection, p.i.). Cerebral activity concentration was moderately increased (2-fold) in
wild-type mice after CsA pretreatment (50 mg/kg) as well as in Abcbla™~ /Abcb1b6™~ mice,
suggesting the compound to be a weak Pgp substrate [139].

Apart from the aforementioned radiotracers, brain uptake of several other PET ligands,
which were developed for other purposes than ABC transporter imaging, was found to be
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modulated by Pgp and related transporters at the BBB. These include but are not limited to
the central benzodiazepine receptor ligand [11C]flumazenil [140], the adenosine Apa
receptor ligand [21C]JTMSX [140], the adenosine A ;1 receptor ligand [11CJMPDX [140], the
acetyl cholinesterase tracer [11C]donepezil [140], the beta-adrenoceptor ligands (S)-
[18F]fluorocarazolol and [*1C]carazolol [141], the dopamine D5 receptor ligand
[11C]GR218231 [142], the 5-HT 1A receptor ligand [11C](R)-(-)-RWAY [143] and the
dopamine transporter tracer 4-(2-(bis(4-fluorophenylmethoxy)ethyl)-1-(4-
[1231]iodobenzyl)piperidine ([1231]FMIP) [144]. This extensive list underlines the broad
substrate specificity of cerebral multidrug transporters and suggests that Pgp efflux affinity
should be taken into account as an additional parameter when developing PET tracers
targeted to the CNS, just as it is usually done in CNS drug development [18].

RADIOLABELLED PGP INHIBITORS

The low brain uptake of most radiolabelled Pgp substrates, in particular that of (R)-
[11C]verapamil and [*1C]-A-desmethyl loperamide, makes them unsuitable to study regional
differences in Pgp function in the brain. This is because regionally increased Pgp function as
it is expected to occur in therapy refractory epilepsy would lead to a further reduction of the
signal which is very difficult to detect against an already low background of radiotracer
uptake. Therefore several research groups have started to develop PET tracers based on Pgp
inhibitors, which are expected to bind to Pgp without being transported and allow for the
visualization of Pgp expression levels, in analogy to PET tracers which are commonly used
for mapping the distribution of other transporter proteins in brain, such as [11C]-labelled 2-
beta-carbomethoxy-3beta-(4-fluorophenyl)-tropane ([11C]CFT) for the dopamine transporter
[145] or [11C]3-amino-4-(2-dimethylaminomethyl-phenylsulfanyl)-benzonitrile
([*1C]DASB) for the serotonin transporter [146]. A Pgp inhibitor radiotracer should give a
signal increase rather than a decrease (as will a Pgp substrate tracer) in brain regions that
overexpress Pgp and therefore allow for assessing differences in Pgp expression in different
brain regions (e.g. epileptic versus non-epileptic brain regions).

Four radiotracers based on third-generation Pgp inhibitors have been reported to date:
[1C]laniquidar [147], [*1C]elacridar [148-149], [ C]tariquidar [150-151] and the elacridar
derivative [11C]MC18 (6,7-dimethoxy-2-{3-[4-methoxy-3,4-dihydro-2H-naphthalen-(1E)-
ylidene]-propyl}-1,2,3,4-tetrahydro-isoquinoline) [138]. Elacridar, tariquidar and MC18
were 11C-labelled by [M1C]methylation of phenolic hydroxyl groups with [11C]CH3 I or
[11C]methyl triflate and [*1C]laniquidar [147] was synthesized by converting the
corresponding carboxylic acid precursor into its [11C]methyl ester. [11C]Tariquidar has been
synthesized by two different research groups, but in different labelling positions (either the
dimethoxy-tetrahydroisoquinolinylethyl [151] or the anthranilic acid moiety [150]).

Unexpectedly, in vivo experiments in rats and mice showed that [11C]laniquidar,
[1C]elacridar and [11C]tariquidar possessed very low brain uptake (<0.5 SUV), which was
several-fold increased after administration of unlabelled inhibitor. For instance, brain uptake
of [ Clelacridar in rats was 5.4 times increased relative to baseline scans after
administration of elacridar (5 mg/kg, i.v.) [148]. For [1C]tariquidar, brain activity uptake in
rats was 2.9 and 4.3 times higher after i.v. injection of tariquidar (15 mg/kg) and elacridar (5
mg/kg), respectively [150]. Interestingly, for [11C]laniquidar brain activity uptake in rats
was 6 to 9 times higher in different brain regions after administration of CsA (50 mg/kg,
i.v.), whereas no effect on cerebral activity uptake was seen after pretreatment with
valspodar (20 mg/kg, i.p.) [147]. The only tracer which showed different behavior was
[11CIMC18, which had about three-fold higher brain activity uptake in baseline scans than
the other [L1CJinhibitors (peak brain uptake in rat brain approximately 1.5 SUV) [138]. In
addition, whole-brain V1 of [11C]MC18 was reduced by approximately 30% after
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pretreatment with unlabelled MC18 (15 mg/kg), which is, however, by itself no sufficient
proof that [11C]MC18 indeed binds to cerebral Pgp [138]. To prove Pgp-specific binding of
[11C]MC18 additional studies involving administration of Pgp inhibitors such as CsA,
elacridar or tariquidar need to be performed. Apart from rats, [11C]elacridar and
[L1C]tariquidar were also tested in wild-type and transporter knockout mice, which revealed
low brain uptake in wild-type animals and increased uptake values in transporter knockout
animals with the rank order Abcbla™~ /Abcb1b™'~ /AbcgZ!~ >> Abcbla™~ /Abcbib~ >
AbcgZ!~ [148-151]. In Abcbla™= /Abcb1b™'=1AbcgZ™!~ mice, brain concentrations of
[1C]elacridar [149] and [*1C]tariquidar [150-151] were 8 to 9-fold higher as compared to
wild-type animals. Kawamura and co-workers found dose-dependent increases of brain-to-
blood activity ratios in wild type mice when increasing doses of unlabelled compound were
added to the radiotracer with EDs values of 4.4 and 1.55 mg/kg for [11C]tariquidar and
[1C]elacridar, respectively [149, 151]. In comparison to the Pgp substrate radiotracers (R)-
[11C]verapamil and [11C]-A-desmethyl loperamide, [11C]laniquidar, [11C]elacridar and
tariquidar showed remarkable metabolic stability. At 20 min after radiotracer injection
[11C]tariquidar showed kabl bolic stability. At 20 min after radi injecti
into rats, 85 and 96% of total radioactivity in plasma were in the form of unchanged parent
tracer for [*1CJelacridar and [*1C]tariquidar, respectively [148, 150]. For [*1C]laniquidar,
68% unchanged parent was found in rat plasma at 30 min after tracer injection [147].
Kawamura and colleagues found that 95.4 and 92.2% of total radioactivity in wild-type
mouse brain was in the form of unchanged parent at 30 min after tracer injection, for
elacridar an tariquidar, respectively , . For no metabolism
[1C]elacridar and [1C]tariquid ively [149, 151]. For [}1C]MC18 boli
data were reported. Bauer and colleagues performed in vitro autoradiography with
[11C]tariquidar and found significantly decreased binding in Abcbia”~1Abcbib!-,
AbcgZ!~ and Abcbla'~1Abcblb™'=1AbcgZ™!~ as compared to wild-type mouse brain [150].
Moreover, co-incubation with elacridar (1 M) significantly reduced binding in wild-type
mice but not in Abcg2'~ and Abcbia™~ /Abcbib™!~ /AbcgZ™'~ mouse brain. Yamasaki et af.
studied [11C]elacridar distribution in nude mice xenografted with human colon
adenocarcinoma (Caco-2) cells, which were expressing both Pgp and BCRP as shown by
Western blot analysis [152]. They found that tumoral uptake of activity was low (0.2 SUV)
and increased by 1.8 fold after i.v. administration of elacridar (5 mg/kg) [152]. Kawamura et
al. have very recently reported the synthesis of O-[18F]fluoroethyl analogues of elacridar
and tariquidar and shown that they behaved in vivo in rodents similarly to [11C]elacridar and
tariquidar .
[L1C]tariquidar [153]

Taken together all in vivo data reported so far with [11C]laniquidar, [11C]elacridar and
[L1C]tariquidar suggested that these radiotracers are transported by Pgp and/or BCRP at the
BBB. This comes somewhat as a surprise as these molecules were developed as non-
transported Pgp inhibitors and there is data available in the literature to support this.
According to Polli ef a/. the criteria for classifying a compound as a non-transported Pgp
inhibitor are (i) a basolateral-apical (B-A) to apical-basolateral (A-B) concentration ratio <2
in monolayer transport assays, (ii) lack of adenosine triphosphatase (ATPase) activity
stimulation and (iii) inhibition of substrate transport [154]. At least elacridar [154-155] and
tariquidar [156-158] seem to meet all three criteria. However, very recent data suggest that
tariquidar is at low concentrations an avid substrate of BCRP [159]. Kannan and co-workers
found that accumulation of 3H-labelled tariquidar (1 nM) was several fold-lower in a cell
line overexpressing human BCRP relative to the parental cell line and increased to similar
levels as in parental cells after co-incubation with the BCRP inhibitor fumitremorgin C,
which was consistent with BCRP transport of tariquidar [159]. On the other hand, when a
cell line which overexpressed human Pgp, was incubated with [3H]tariquidar, cellular uptake
was higher relative to parental cells, which pointed to binding of [3H]tariquidar to Pgp
[159]. Moreover, it was shown that tariquidar dose-dependently stimulated BCRP ATPase
activity in membrane vesicles to 2.5-fold the basal activity, further demonstrating a direct
substrate interaction with BCRP [159]. Given these recent data and the close structural

Curr Drug Metab. Author manuscript; available in PMC 2013 June 25.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Mairinger et al.

Page 17

similarity between elacridar and tariquidar it seems very likely that the substrate-like in vivo
behavior of [11C]tariquidar and [11C]elacridar was caused by BCRP transport at the BBB.
This is also in line with the observation that unlabelled elacridar, which is a more potent
BCRP inhibitor than tariquidar [40], increased brain activity uptake of [11C]tariquidar in rats
to a greater extent than unlabelled tariquidar [150]. Moreover, the observation that CsA
increased brain uptake of [11C]laniquidar in rats whereas valspodar did not might be
explained by the fact that CsA inhibits BCRP [160] and valspodar does not [161].

So if [3H]tariquidar binds in vitro to Pgp while it is transported by BCRP, what is the reason
that PET experiments with [11C]tariquidar in Berpl-knockout mice gave an almost equally
low brain signal as in wild-type mice [150-151]? There are two possible explanations for
this. First, in vivo [11C]tariquidar seems to be not only transported by Berpl but also by Pgp
at the rodent BBB, which efficiently keeps the radiotracer out of brain tissue when Bcrpl is
knocked out. Second, the Pgp binding affinity of tariquidar may not be high enough in
relation to the density (Bmax) of Pgp at the BBB to obtain a Pgp-specific PET signal. Kamiie
and colleagues report a Byyax 0f the Mdrla peptide of 15 fmol/jwg protein in mouse brain
capillaries, which translates to a value of 1.5 nM when assuming that the BBB constitutes
only about 0.1% of total brain weight and that the protein content of brain capillaries is
approximately 10% [34]. The ratio of the Byhax Of a given target protein to the equilibrium
dissociation constant (Kp) of a prospective radioligand is commonly used as a predictor of
the target-to-nontarget ratio to be expected for in vivo imaging [162]. Based on a Kp value
for binding of [3H]tariquidar to Chinese hamster ovary resistant cells (CHrB30) of 5.1 nM
[156], the Bmax/Kp is approximately 0.3 for tariquidar, which is in all likelihood too low to
visualize Pgp at the BBB with [11C]tariquidar. Therefore, in the search for improved Pgp
inhibitors to visualize Pgp at the BBB compounds should be used which have an at least 10-
fold lower Kp than tariquidar.

BCRP RADIOTRACERS

In contrast to the wealth of compounds that has been developed to visualize Pgp in vivo,
only very few BCRP tracers have been reported to date. The most challenging aspect in the
development of BCRP selective radiotracers is the substantial overlap in substrate specificity
with Pgp [37]. An interesting candidate compound for the development of a BCRP-selective
substrate radiotracer is the muscle relaxant dantrolene, which has only very recently been
described as a specific BCRP substrate [163]. Data in transporter knockout mice show that
the brain-to-blood ratio of dantrolene (Kp prain) is significantly greater (about 3-fold) in
AbcgZ~ and Abcbla™= /Abcb1b6™~ /AbcgZ™~ mice than in wild-type mice, whereas no
differences were seen between wild-type and Abcbla™~ /Abcb1b™~ mice, which gives
strong support for Berpl over Pgp in vivo selectivity of dantrolene [164]. Recently the
synthesis of [11C]dantrolene has been reported based on [11C]phosgene as a labelling agent
[165]. However, no in vivo data of [11C]dantrolene have been reported to date.

The potent third-generation Pgp inhibitors tariquidar and elacridar are also able to inhibit
BCRP, but at higher concentrations than those at which they inhibit Pgp [40]. It has recently
been discovered that structural modifications at the benzamide core of tariquidar result in
potent and selective BCRP inhibitors [40]. 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 was identified as a potent BCRP
inhibitor, which inhibits BCRP-mediated transport of mitoxantrone in topotecan-resistant
MCEF-7 breast cancer cells with a half-maximum inhibitory concentration (ICsq) of 60 nM
and displays approximately 500-fold selectivity for inhibition of BCRP over Pgp [40]. This
compound has been labelled with 11C by two different research groups by reaction of the
corresponding carboxylic acid precursor with [11C]methy! triflate [166-167]. Whereas Wang
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reported no in vivo evaluation of the compound [167], Mairinger ef a/. characterized the
compound with small-animal PET imaging in wild-type and Abcbla™~ /Abcbib'-,
AbcgZ!~ and Abcbla'~IAbcb1b™'=1AbcgZ™!~ mice [166]. The in vivo behavior of
[11C]methyl 4-((4-(2-(6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolin-2-
yl)ethyl)phenyl)amino-carbonyl)-2-(quinoline-2-carbonylamino)benzoate was more in line
with a dual Pgp and BCRP substrate than a BCRP-selective inhibitor as indicated by 4.8-and
10.3-fold higher brain-to-plasma ratios in Abcbla™~ /Abcbib™'~ and Abcbia '~/
Abcb1b™= /AbcgZ~ mice, respectively, as compared to wild-type animals, but only
modestly increased ratios in Abcg2”'~ mice [166]. The observation that the combined effect
of Pgp and Berpl knockout (Abcbla™~ /Abeb1b™~ /Abcg2™~ mice) on brain uptake of
radiotracer was far greater than the sum of its individual contributions in Abcbia™= /
Abcb1b7~ and AbcgZ™!~ mice has also been made for [11CJelacridar [149] and
[11C]tariquidar [150-151] and gives evidence of the concerted action of Pgp and BCRP in
the BBB [168-169]. In the absence of Pgp, BCRP may take over its role in limiting brain
entry of dual substrates and vice versa. These results emphasize the difficulties in predicting
the in vivo behavior of ABC transporter ligands based on in vitro data and underline the
importance of performing in vivo experiments as early as possible in the rational design of
PET ligands for ABC transporters [166].

MRP RADIOTRACERS

For imaging of MRP relatively few radiotracers have been reported so far. As MRP2 plays
an important role in transporting glutathione-, glucuronide- or sulfate-conjugated drugs from
hepatocytes into the bile canaliculus, MRP imaging probes have been used to assess
hepatobiliary transport. For instance, the inflammatory cytokine leukotriene C4 (LTC,4) and
its metabolites LTD,4 and LTE4 have been shown to be substrates for both MRP1 and MRP2
[26]. AV-[*1Clacetyl-LTE, [170] was examined in normal rats and in Mrp2-deficient GY/TR~
rats using PET [171]. It was shown that in GY/TR™ rats there was a reduced clearance of
radioactivity from the liver and negligible amounts of radioactivity in the intestine compared
with normal rats, suggesting that A-[11CJacetyl-LTE, might be useful for visualization of
hepatic MRP2 and possibly MRP1. Hendrikse showed that the cholescintigraphic agent
[9°MTc] A-(2,6-dimethylphenylcarbamoylmethyl)-iminodiacetic acid ([%*™Tc]disofenin) is
transported by MRP1 in vitro [172]. Planar imaging experiments in control rats and GY/TR™
rats showed that the clearance of radioactivity from the liver was considerably faster in
control (half-life: 79 min) than in GY/TR™ rats (half-life: 40+9 min) which was consistent
with hepatobiliary MRP2 transport of this radiotracer [172]. Similarly, Bhargava et al.
showed that the hepatobiliary imaging agent [%*MTc]A-[2-[(3-bromo-2,4,6-
trimethylphenyl)amino]-2-oxoethyl]-A-(carboxymethyl)-glycine ([**™Tc]mebrofenin) is
mainly excreted by MRP2 into bile [173]. Mavel et al synthesized a series of halogen-
substituted flavone derivatives as potential PET and SPECT ligands to visualize MRP1
[174]. In vitro experiments revealed that some of these compounds were able to enhance
doxorubicin toxicity in hMRP1-expressing GLC4/Adr cells, suggesting that these
compounds were modulators of MRP1. However, neither the radiolabelling nor the in vivo
characterization of any of these compounds has been reported to date. (15/)-16-7+
[11C]tolyl-17,18,19,20-tetranorisocarbacyclin methyl ester (15R-[*1C]TIC-Me) has been
shown to allow for in vivo kinetic analysis of MRP2-mediated hepatobiliary transport [175].
In vivo, 15R-[1C]TIC-Me is rapidly converted in blood into its acid form 15R-[11C]TIC,
which is in turn converted into at least three radiometabolites. Two of these radiometabolites
were shown to be MRP2 substrates using an in vitro transport assay. PET evaluation in
normal and Mrp2-deficient rats showed that at 90 min after injection of 15R-[*1C]TIC-Me,
radioactivity levels in the bile of Mrp2-deficient rats were significantly reduced compared to
control rats, which was shown to be caused by decreased canalicular efflux clearance of the
Mrp2-transported radiometabolites of 15R-[11C]TIC-Me [175].
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Okamura et al. recently reported a highly novel and elegant strategy for quantitative imaging
of MRP1 function in the brain based on the metabolite extrusion method, a kind of prodrug/
drug approach [176]. This method relies on the use of a radiolabelled probe which readily
enters the brain by passive diffusion after i.v. injection. While a portion of the incorporated
compound diffuses back into the blood, the rest is efficiently converted into a hydrophilic
radiometabolite that is then extruded by an efflux transporter of interest [26]. If passive
diffusion of the hydrophilic radiometabolite across the BBB is negligible, the efflux rate
constant of activity from brain will directly reflect efflux transporter activity. Glutathione
(GSH) transferases (GSTs) are known to protect the brain from toxic compounds by
formation of GSH conjugates, which in turn are expelled from the brain by MRP1 mediated
efflux across the BBB. Okamura and colleagues used 6-bromo-7-[11C]methylpurine as a
PET tracer, which was shown to have high brain uptake in wild-type mice after i.v.
administration (approximately 0.6% ID/g at 1.5 min p.i.) followed by a rapid wash-out with
an efflux rate of 1.4 h~1[176]. Conversely, in AbccI'~ mice the efflux rate of activity after
injection of 6-bromo-7-[11C]methylpurine was only 0.15% h~1, i.e. 90% lower than in wild-
type animals suggesting the efflux rate as a quantitative measure of Mrpl activity. Radio-
HPLC analysis of brain extracts both from wild-type and AbccZ™~ mice had shown that
within 15 min after injection of 14C-labelled 6-bromo-7-methylpurine all activity was
quantitatively converted into the corresponding GSH conjugate [176]. For a successful
application of this approach to other species including humans it is critical that the
conversion rate of the PET tracer into its GSH conjugate is equally fast as in rodents. As the
activity of GST is susceptible to species differences, Okamura synthesized a series of 6-
halogen-9-(or 7)-[1*C]methylpurines, and evaluated them in vitro with respect to enzymatic
reactivity with GSH using brain homogenates from the mouse, rat, or monkey [177]. From
this series of compounds, 6-fluoro-9-methylpurine emerged as promising candidate for
human applications because it has a sufficiently high conversion rate by monkey GST and
can be produced in higher radiochemical yield by 11C-methylation than the 7-methyl isomer
[26, 177]. Taken together, these data suggest that 6-bromo-7-[11C]methylpurine PET is able
to quantitatively determine Mrpl function in the rodent brain. This method is very attractive
as it overcomes the problem of low brain activity uptake associated with most other PET
tracers, which have so far been described to measure ABC transporter function. Another
advantage of this approach is that no arterial input function would be needed as the efflux
rate constant as a quantitative parameter of transporter function can be directly derived from
the brain time-activity curves. A possible limitation of this approach is that several processes
other than MRP1 transport might contribute to the efflux of the radiolabelled GSH conjugate
from brain into blood including enzymatic conversion or other active transport processes
(for example by organic anion transporters and organic anion transporting polypeptides) and
it is currently not known which of these is actually the rate-limiting step [26]. Translation of
this approach to the imaging of other efflux transporters at the BBB, notably Pgp, would be
of high interest. However, in contrast to MRP1, which is mainly expressed at the abluminal
membrane of brain capillary endothelial cells, Pgp efflux pumps are primarily expressed on
the luminal membrane. It is difficult to predict how the difference in location of these pumps
will affect the applicability of the metabolite extrusion method to the imaging of Pgp.
Another difficulty is related to the fact that in contrast to MRP1, Pgp transports lipophilic
compounds. Therefore brain elimination of a lipophilic Pgp substrate formed in brain tissue
from a non-Pgp substrate prodrug might occur both by passive diffusion and Pgp efflux.

CONCLUSION

We have reviewed PET and SPECT tracers to assess ABC transporter function and
expression in vivo. A considerable challenge in the development of radiotracers for ABC
transporters is the lack of candidate molecules which show selectivity for only one ABC
transporter type. However, by using radiolabelled transporter substrates in combination with
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unlabelled inhibitors and by carefully balancing the transporter selectivity profile of
radiolabelled substrate against unlabelled inhibitor, the availability of purely selective
radiotracers may not be mandatory.

The major focus for in vivo imaging of ABC transporters has so far been placed on Pgp
located at the BBB and in solid tumors. A particularly promising application of an in vivo
imaging method of Pgp could be in personalized medicine to identify epilepsy patients or
cancer patients with increased Pgp function for applying altered treatment strategies, such as
co-administration of a specific Pgp inhibitor. The most widely used Pgp substrate
radiotracers for PET imaging are (R)-[11C]verapamil and [11C]-A+desmethyl loperamide. A
drawback of these radiotracers is their low brain uptake, which hampers the mapping of
regional differences in transporter function in the brain as they are expected to occur in
epilepsy patients. Approaches to overcome this limitation include the performance of PET
scans after half-maximum inhibition of Pgp with suitable inhibitors such as tariquidar, which
has shown some promise in pilot studies?,2, as well as the use of low-affinity transporter
substrates, such as [18FJMPPF, [11C]phenytoin or [11C]MC266. Another potentially
powerful approach to overcome the problem of low brain PET signals obtained with Pgp
substrate probes is the use of the metabolite extrusion method which has already been
successfully applied to the imaging of cerebral MRP1 [176]. An important limitation of (R)-
[11C]verapamil or [11C]-A-desmethyl loperamide is the significant brain uptake of
radiolabelled metabolites, which confounds the measurement of cerebral Pgp function.
Therefore the availability of Pgp substrate probes with better metabolic stability and absence
of brain-penetrating radiometabolites would be of considerable interest. The development of
Pgp inhibitor based PET tracers, such as 11C-labelled laniquidar, elacridar and tariquidar,
has so far been unsuccessful, as these radiotracers have failed to provide Pgp-specific brain
PET signals, which was most likely caused by too low Kp values of these molecules in
relation to the Byax Of cerebral Pgp. In addition there is compelling evidence that 11C-
labelled laniquidar, elacridar and tariquidar are avid substrates of BCRP and possibly Pgp at
the BBB [159], which underlines the importance of assessing the affinity of potential Pgp
PET probes to other ABC transporters expressed at the BBB as well. An effective Pgp
inhibitor PET ligand remains to be identified and should ideally lack efflux activity by
BCRP and the MRPs and possess subnanomolar binding affinity to Pgp. Because in vitro
transport experiments often fail to accurately predict the in vivo situation, researchers are
encouraged to conduct in vivo experiments, for instance in wild-type and ABC transporter
knockout mice [29], as early as possible in the rational design of ABC transporter imaging
ligands. For other ABC transporters than Pgp, only very few PET and SPECT tracers have
been described so far. It is hoped that the experience gained with the in vivo imaging of Pgp
can be successfully applied in the future to the design of radioprobes to visualize other
transport proteins such as BCRP or the MRPs.
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Figure 1.
Chemical structures of ABC transporter PET and SPECT tracers discussed in this review
article.
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