INVITED PERSPECTIVE

Avoiding Barriers to PET Radioligand Development:
Cellular Assays of Brain Efflux Transporters

PET provides a uniquely sensitive
and powerful means for studying a
clinically relevant protein target within
the brain, provided that an adequately
specific and sensitive radiotracer is
available. Interesting targets, which in-
clude neurotransmitter receptors, neu-
rotransmitter transporters, enzymes,
and plaques, far exceed the availability
of effective radiotracers. Most PET ra-
diotracers are designed to bind avidly
and reversibly with their target. This
type of radiotracer is usually termed
a radioligand. Candidate radioligands
for imaging must ideally satisfy an
array of demanding criteria. These in-
clude ability to penetrate the blood—
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brain barrier (BBB), high affinity
relative to target density (i.e., a high
ratio of receptor concentration (Biax,
nM) to equilibrium dissociation constant
(Kg, nM), selectivity for binding to the
target versus off-target sites (i.e., rela-
tively low B./Kq for off-target sites),
low nonspecific binding, lack of trouble-
some radiometabolites in the brain, and
amenability to labeling with a positron
emitter, such as ''C (half-life, 20.4 min)
or 18F (half-life, 109.7 min) (/-3). Among
these criteria, as for central nervous
system drugs, the ability of a candidate
radioligand to cross the BBB is of
course crucial but is also notoriously
difficult to predict with any certainty.
PET radioligands are typically small
druglike molecules, and thus passive
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diffusion across the lipid bilayer of the
BBB is usually the sole mechanism
available for their entry from blood
into brain. Passive diffusion is favored
for compounds below 500 Da in mo-
lecular weight and having a moderate
lipophilicity represented by a logD
value in the range 1.5-3.0 (optimally
~2). Exceptionally, some PET radio-
ligands with either low or high logD
values are also known to enter the
brain adequately (4,5). Other molecu-
lar properties that favor brain entry by
passive diffusion are absence of a for-
mal charge in a major species of the
radioligand, moderate polar surface
area, and low numbers of hydrogen
bond donor or acceptor groups (6).
Most successful PET radioligands
have these properties. Of special con-
cern are candidate radioligands that
appear to satisfy the recognized crite-
ria for brain entry by passive diffusion,
on the basis of their molecular proper-
ties, but that are found experimentally
in human PET experiments to show
very low or virtually insignificant brain
entry. Examples of candidates showing
such behavior are in fact quite common
(7,8). It is increasingly recognized that
many such candidates fail because they
are likely intercepted by one or more
efflux transporters at the BBB.

Efflux transporters belong to the
adenosine triphosphate—binding cassette
(ABC) superfamily. They are widely
expressed throughout the body and have
a protective and excretory role, acting to
prevent the transit of xenobiotics across
organ membranes. At the BBB, efflux
transporters act to prevent the influx
of potentially toxic compounds. Their
over- or underexpression is also postu-
lated to contribute to neuropsychiatric
and neurodegenerative disorders and
to drug resistance in some diseases,
such as epilepsy (9). The most active
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efflux transporters at the BBB are P-
glycoprotein (P-gp: ABCB1, multidrug
resistance [MDR1]), breast cancer re-
sistance protein (BCRP: ABCG2), and
the MDR-associated protein (ABCC)
family that transports anionic and glu-
tathione-conjugated drugs (/0). From
the standpoint of developing success-
ful PET radioligands that are able to
cross the human BBB by escaping the
action of efflux transporters, two severe
issues arise. The first is that substrate
behavior for efflux transporters such as
P-gp is not at all accurately predictable
from molecular structure (/1). Al-
though certain properties such as high
lipophilicity and high molecular weight
generally promote substrate behavior,
even quite small changes in structure
may affect substrate avidity. Thus, for
example, very structurally related
N-alkyl-2-methoxyphenylpiperidines,
which have featured strongly as PET
radioligands (e.g., '3F-MPPF, ' !|C-WAY,
HC-RWAY, and ''C-CUMI-101 [[O-
methyl-'1C]2-(4-(4-(2-methoxyphenyl)
piperazin-1-yl)butyl)-4-methyl-1,2,4-
triazine-3,5(2H,4H)dione]) for imaging
brain 5-hydroxytryptamine receptor
1A, show a range of efflux transporter
avidity in rodents (/2—-15). Hence, it is
relatively difficult to avoid or remove
transporter substrate behavior by ratio-
nal molecular design without detrimen-
tally impinging on the other desired
radioligand qualities. The second issue
is that substrate behavior can be
strongly species-dependent (/6), as
may be exemplified with ''C-RWAY,
which is an avid P-gp substrate in
rodents (/4) but not in monkeys (/7).

The transfer of a candidate PET
radioligand for brain imaging to evalua-
tion in healthy human subjects based
on findings in other species, typically
rodent or monkey, requires considerable
resources, time, and effort, especially to



show adequate safety. Therefore, the
availability of an in vitro screen that
might reliably predict small-molecule
substrate avidity for human BBB efflux
transporters would be a valuable tool for
streamlining PET radioligand develop-
ment. The article in this issue of
The Journal of Nuclear Medicine by
Tournier et al. (/8) attempts to address
this need. The authors used Madin—
Darby canine kidney II (MDCKII)
cells transfected with either human
MDRI1 or BCRP to perform bidirec-
tional transport assays to assess the
transport susceptibility of compounds
that are regularly labeled for brain
PET studies. Many of the tested com-
pounds are PET radiotracers in human
use and were revealed not to be sub-
strates of either transporter. These
included p-MPPF, WAY-100635, and
flumazenil, which had previously
appeared to be P-gp substrates in
rodents (8,12). The main exceptions
were the known P-gp substrates, pra-
zosin, verapamil, and loperamide.
Hence, this type of assay holds prom-
ise as a valuable first-pass screen for
human P-gp or BCRP substrate behav-
ior for prospective PET radioligands
before their demanding preparation
and evaluation with PET in animals
and especially before their evaluation
in human subjects. This is a clear step
forward from current reliance on ex-
periments in animals such as in trans-
porter knockout mice (/5-719) or in
animals for which transporters have
been blocked selectively with inhibi-
tors (8,12,16,17).

Nevertheless, there is some need for
caution with regard to these new assays,
and there are aspects that might be
improved with further development.
Although the transfected transporters
are human, the cell line background is
canine. As a polarized epithelial kid-
ney cell line, the MDCKII cells have a
background level of canine transport-
ers, with uncharacterized expression
and species differences in substrate
recognition. Such a possibility may
explain one unexpected finding by
Tournier et al. (/8), that loperamide
and verapamil were transported in the
reverse direction in the absence of

functional P-gp. Incorporation of con-
trol untransfected MDCKII cells might
partly resolve these problems. Cells
transfected with a comprehensive panel
of transporters, including MDR-associ-
ated protein transporters, would be re-
quired to ensure that all transportable
chemical space is covered. At the most
simplistic level, the important overall
question is whether energy-dependent
basal-to-apical transport will be seen
for a candidate PET radioligand in
humans in vivo. Eventually, the an-
swer to this question might be better
provided by a model using an immor-
talized human brain endothelial cell
line. Transport could be confirmed
with either metabolic inhibitors (indi-
cating energy dependence) or specific
inhibitors of each transporter. This
model would remove concerns arising
from background transporter levels in
addition to species variations. Finally,
PET in combination with transporter
substrate radiotracers, such as ''C-verap-
amil (20) and '"C-N-desmethyl-lopera-
mide (27), has increasing potential
for elucidating the role of BBB efflux
transporters in pathophysiology (22).
In vitro assays that reliably quantify
human transporter substrate behavior
may ultimately be helpful for develop-
ing a new generation of selective and
sensitive radiotracers of transporter
function.

Perhaps the key message from the
paper of Tournier et al. (/8) is that
species differences in transporter func-
tion exist and that animal models for
PET studies should be used with cau-
tion. For PET radioligand develop-
ment, an understanding of candidate
interactions with transporters at the
BBB is crucial and should be gained
earlier rather than later in the develop-
ment pathway. Cell biologic assays,
such as those described by Tournier
et al. (18), are a step forward in bridg-
ing this knowledge gap.
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