Bioluminescent imaging of drug efflux at the blood-
brain barrier mediated by the transporter ABCG2

Joshua Bakhsheshian?, Bih-Rong WeiP, Ki-Eun Chang?, Suneet Shukla?, Suresh V. Ambudkar®, R. Mark Simpson®,

Michael M. Gottesman®', and Matthew D. Hall®

3Laboratory of Cell Biology, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Bethesda, MD 20892; and PLaboratory of
Cancer Biology and Genetics, Center for Cancer Research, National Cancer Institute, Bethesda, MD 20892

Edited by Joanna S. Fowler, Brookhaven National Laboratory, Upton, NY, and approved November 6, 2013 (received for review June 26, 2013)

ATP-binding cassette (ABC) transporters are a group of trans-
membrane proteins that maintain chemical homeostasis through
efflux of compounds out of organelles and cells. Among other
functions, ABC transporters play a key role in protecting the brain
parenchyma by efflux of xenobiotics from capillary endothelial
cells at the blood-brain barrier (BBB). They also prevent the entry of
therapeutic drugs at the BBB, thereby limiting their efficacy. One of
the key transporters playing this role is ABCG2. Although other ABC
transporters can be studied through various imaging modalities, no
specific probe exists for imaging ABCG2 function in vivo. Here we
show that p-luciferin, the endogenous substrate of firefly lucifer-
ase, is a specific substrate for ABCG2. We hypothesized that ABCG2
function at the BBB could be evaluated by using bioluminescence
imaging in transgenic mice expressing firefly luciferase in the brain.
Bioluminescence signal in the brain of mice increased with coad-
ministration of the ABCG2 inhibitors Ko143, gefitinib, and nilotinib,
but not an ABCB1 inhibitor. This method for imaging ABCG2 func-
tion at the BBB will facilitate understanding of the function and
pharmacokinetic inhibition of this transporter.

Provision of nutrients and maintenance of chemical homeo-
stasis in the brain is performed by the endothelial cells of
brain capillaries within a neurovascular unit termed the blood—
brain barrier (BBB) (1). In contrast to endothelial cells of
capillaries elsewhere in the body, those in the brain are joined by
tight junctions forming a physiologic barrier. Drug delivery to
the brain depends on physicochemical characteristics such as
lipophilicity, molecular weight, and ionic state. For many com-
pounds, brain entry is lower than other tissues/organs because of
the presence of ATP-binding cassette (ABC) efflux transporters
at the apical surface of endothelial cells at the BBB (2, 3). These
transporters maintain chemical homeostasis in the brain, and
prevent toxins from interfering with neural processes by regu-
lating the compounds that can enter the brain.

ABC transporters contribute to the clinical challenge of drug
delivery to the brain, and it has been estimated that only 2% of
drug discovery compounds can cross the BBB to reach thera-
peutic targets (4). ABCG2 (also known as breast cancer re-
sistance protein) and ABCBI (also called P-glycoprotein) are the
two most highly expressed efflux transporters at the BBB (5).
Altered expression of ABC transporters at the BBB has been
associated with a range of pathophysiological conditions (2, 6).
ABC efflux transporters at the BBB also play a major role in
limiting effective concentrations of chemotherapeutic agents to
treat primary and metastatic tumors in the brain (7). ABCG2 has
been shown to work in tandem with ABCB1 at the BBB (8, 9).
However, its individual contribution is not understood.

Molecular imaging allows the measurement of the individual
contribution and function of transporters in vivo (10). Efflux of
a substrate by transporters at the BBB is reflected by little to no
uptake in brain tissue, and when efflux transport is pharmaco-
logically inhibited, increased accumulation occurs (11, 12). Al-
though a number of radiolabeled specific substrates have been
developed to study ABCB1 function by using positron emission
tomography (PET), no specific probe exists for imaging ABCG2
function at the BBB (13, 14).
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Whole-animal bioluminescent imaging (BLI) is increasingly
used in mouse genetic studies to visualize cellular events (15).
The primary reporters used for BLI are the light-generating lu-
ciferase enzymes and their substrates, such as firefly luciferase
(fLuc) and p-luciferin. It has been reported that ABCG2 ex-
pression decreases bioluminescence in fLuc cells compared with
control cells (16), and biodistribution studies have reported low
distribution of D-luciferin in the brain (17). This suggests that
ABCG2 may restrict the entry of D-luciferin at the BBB. We
hypothesized that ABCG2 function at the BBB could be exam-
ined by using BLI in transgenic mice expressing fLuc in the brain.

In this study, we sought to answer two questions. First, is
D-luciferin a specific substrate of human and murine ABCG2?
To assess this directly, we measured the fluorescence levels of
D-luciferin in human and mouse cells that overexpress select
ABC transporters. Second, can D-luciferin be used in vivo as
a probe to measure ABCG?2 function at the BBB? To answer this
question, we used BLI to measure the bioluminescence in the
brain of fLuc-expressing transgenic mice administered D-lucif-
erin with or without an inhibitor of ABCG2. Our goal was to
develop time-course BLI of the mouse brain with a view to un-
derstanding the kinetics of ABCG2 activity at the BBB.

Results

p-Luciferin Is a Specific Substrate of Human ABCG2 and Not Human
ABCB1 or ABCC1 (MRP1). D-Luciferin’s (Fig. 14) cellular accumu-
lation was examined by measuring its fluorescence (excitation,
350 nm; emission, 530 nm) (18) with flow cytometry in human
ABCG2-expressing cell lines (MCF7 FLV500, MCF7 MX100,
and H460 MX20) and their parental cells (MCF7 and H460).
Intracellular accumulation plateaued after 30 min and was pH-
dependent (Fig. S1). The accumulation of p-luciferin (2 mM)
was significantly lower in ABCG2-expressing sublines than pa-
rental cells (Fig. 1). p-Luciferin accumulation in MCF7 cells
demonstrated high accumulation that was unaffected by the
ABCG?2 inhibitor Ko143 (19) (Fig. 1 B and C). The ABCG2-
expressing subline MCF7 FLV500 demonstrated low accumulation,
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which was increased by Ko143 (Fig. 1D). Compared with parental
cells, D-luciferin accumulation was significantly lower in the ABCG2-
expressing sublines MCF7 MX100 (10.3 + 1.5%), MCF7 FLV500
(8.7 £ 1.5%), and H460 MX20 (6.3 + 0.6%) than their parental cells
(Fig. 1 E and F). In the presence of Ko143 (5 pM), accumulation of
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Fig. 1. Flow cytometry analysis of p-luciferin (excitation, 350 nm; emission,
530/30 nm) accumulation in human ABC transporter-expressing cells and
their parental cells demonstrates that p-luciferin is a specific substrate for
human ABCG2. Structure of (A) p-luciferin and (B) Ko143. (C) MCF7 or (D)
ABCG2-expressing MCF7 FLV500 cells incubated with p-luciferin alone (2 mM;
gray) or with the ABCG2 inhibitor Ko143 (5 uM; black). For comparison, (E)
MCF7 or (F) ABCG2-expressing MCF7 FLV500 cells incubated with the stan-
dard ABCG2 substrate pheophorbide A alone (10 pM; gray) or with the
ABCG2 inhibitor Ko143 (5 uM; black). The average of the geometric mean
for three experiments with p-luciferin in ABCG2-expressing (G) H460 MX20 and
(H) MCF7 MX100 and MCF7 FLV500 cells compared with parental cells tested in
the presence of ABCG2 inhibitors Ko143 (5 uM) or FTC (5 pM). (/) Incubation of
H460 MX20 cells with p-luciferin was tested at 4 °C alone or in the presence
of Ko143 and compared with incubation at 37 °C. p-Luciferin accumulation
in human parental and sublines overexpressing (J) ABCB1 (KB-8-5-11) or (K)
ABCC1 (HEK MRP1) alone, or with inhibitors of ABCB1 (verapamil 20 pM) or
ABCC1 [indomethacin (INDO) 100 pM]. All accumulation values are normal-
ized to the accumulation in the parental cell lines in the presence of in-
hibitor. Data represent means + SD of three experiments (***P < 0.001 by
one-way ANOVA; o = 0.01).

20802 | www.pnas.org/cgi/doi/10.1073/pnas.1312159110

D-luciferin was similar to that observed in parental cells. The pa-
rental cells express low-level functional ABCG?2 that also results
in slightly elevated p-luciferin accumulation in the presence of
ABCG?2 inhibitors (20). This inhibition of ABCG2-mediated efflux
was also observed in the presence of another potent ABCG2 in-
hibitor, fumitremorgin C (FTC), at 5 pM (Fig. 1G). Confocal mi-
croscopy visually confirmed low-level fluorescence in H460 MX20
cells (Fig. 24) that increased when treated with Ko143.

ABCG2-mediated efflux of substrates is driven by ATP-
hydrolysis. Incubation at 4 °C (compared with 37 °C) elevated
intracellular accumulation of p-luciferin (Fig. 17), which was not
affected by the presence of Kol43. To measure directly p-luci-
ferin’s effect on the ATPase activity of ABCG2, ATPase activity
was measured in the presence of p-luciferin (10, 50, and 100 uM).
A significant increase in ABCG2 ATPase activity over basal
activity was observed at 100 pM (1.40 + 0.06 fold; P < 0.001; Fig.
2B). This absolute stimulation is low relative to positive control
nilotinib, consistent with the majority of luciferin being ionized
and not able to enter the lipid bilayer and interact with ABCG2,
as observed for the organic acid substrate sulfasalazine (21). In
contrast, the nonionizable ethyl ester of luciferin produced 2.3-fold
stimulation of ABCG2 activity (Fig. S2). b-Luciferin can also act as
an inhibitor of ABCG?2 at high concentrations (Fig. S3).

Cell lines expressing ABCB1 (KB-8-5-11) and ABCC1 (HEK
MRP1) were examined to assess the specificity of D-luciferin for
ABCG?2 among other ABC transporters at the BBB. The human
parental and ABCB1-expressing or ABCCl-expressing sublines
accumulated the same amounts of D-luciferin as parental cells.
Furthermore, p-luciferin accumulation did not change when coin-
cubated with ABCBI inhibitor (verapamil 20 pM) or ABCCI in-
hibitor (indomethacin 100 uM; Fig. 1 J and K). p-Luciferin (10,
50, and 100 pM) did not stimulate ABCB1 ATPase activity sig-
nificantly beyond its basal activity (Fig. 2B). p-Luciferin was also
shown to be a specific substrate of mouse Abcg2 (Fig. S4).

p-Luciferin Accumulation Is Highest in Cultured Human BBB Endothelial
Cells When ABCG2 Is Inhibited. p-Luciferin accumulation was
assessed in BB19 immortalized human brain endothelial cells,
which express the full complement of BBB transporters (22).
BB19 cells were incubated with p-luciferin (500 uM) alone or
in the presence of the inhibitors of ABCBI (verapamil 20 pM),
ABCC1 (indomethacin 100 pM), and ABCG2 (FTC, 5 uM and
Ko143, 5 uM). Both ABCG2 inhibitors demonstrated a signifi-
cant increase in D-luciferin accumulation (Ko143, 78 + 2.30%),
P < 0.0001; FTC, 43 + 0.58%, P < 0.0001), but indomethacin
[6 + 3.46%; difference not significant (NS)] and verapamil
(1 £ 0.57%; NS) did not demonstrate a significant effect.

Bioluminescence in Vitro Increases when Coincubated with ABCG2
Inhibitors. To test the relative effectiveness of reported ABCG?2 in-
hibitors in vitro, we measured the bioluminescence signal of HEK
cells transfected with fLuc and ABCG2 (23) in the presence
of the ABCG?2 inhibitors Ko143 (19), tariquidar (24), elacridar
(25), gefitinib, or nilotinib (26). The ABCBI inhibitor (2R)-anti-
5-f3-[4-(10,11-dichloromethanodibenzo-suber-5-yl)piperazin-1-
yl]-2-hydroxypropoxygquinoline trihydrochloride(DCPQ) (27, 28)
and HEK cells without ABCG2 (HEK/empty/fLuc) were used
as controls. Bioluminescence was detected at lower concentrations
of p-luciferin compared with direct fluorescence (Fig. SI1C).
Bioluminescence values were normalized to the highest signal
achieved (Fig. 34). Ko143 demonstrated the greatest increase
in bioluminescence signal and the lowest effective concentration
required to inhibit efflux activity by 50% (ECsy of 11 + 7 nM).
Gefitinib (ECs, of 666 + 38 nM) and nilotinib (ECsq of 4 + 0.7 pM)
also demonstrated a significant increase in bioluminescence signal.
Tariquidar and elacridar did not achieve a 50% increase in bio-
luminescent signal. The relative order of potency achieved by the
inhibitors was Ko143, gefitinib, nilotinib, followed by elacridar and
tariquidar. DCPQ did not alter the bioluminescent signal at any
concentration tested. The inhibitors did not alter the biolumi-
nescent signal in HEK/empty/fLuc (Fig. S5).
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Bioluminescence in the Mouse Brain Increases when Pretreated with
ABCG2 Inhibitors. To investigate the function of ABCG2 at the
BBB in vivo, we used a transgenic mouse model that expresses
fLuc controlled by the GFAP promoter (29). GFAP is an in-
termediate filament protein expressed mainly in astrocytes (30),
and, as such, fLuc is expressed predominantly in the mouse brain
(29, 31). For the production of bioluminescence in the brain, D-
luciferin must diffuse across the endothelial cells in the BBB that
contain ABCG2. We predicted that pharmacologic inhibition of
ABCG2 function would increase D-luciferin entry into the brain
parenchyma and result in increased bioluminescent signal.

Baseline bioluminescent signal in the brain of each animal
was first determined following i.p. administration of p-luciferin
(18 mg/kg). To subsequently test the relative efficacy of ABCG2
inhibitors in vivo, inhibitors (16 mg/kg) were administered i.v.
before D-luciferin administration, and images of resulting light
produced from mice were acquired for 60 min. The highest peak
in total flux was observed in mice pretreated with Ko143 (Fig.
3B), and it produced the greatest increase in the area under the
curve (AUC) of total flux (1.31 x 10% + 1.14 x 107 p/s-min; P <
0.0001) relative to vehicle (Fig. 3C). A significant increase in the
AUC of total flux was also observed for gefitinib (7.48 + 2.15 x
107 p/s-min; P < 0.001) and nilotinib (7.02 + 1.84 x 107 p/s-min;
P < 0.005). Some increase in bioluminescence was observed with
the administration of elacridar (4.60 x 107 = 7.91 x 10° p/s-min;
NS) and tariquidar (3.67 x 107 + 1.61 x 107 p/s-min; NS), but
it was not significant. The relative order of potency achieved by
the inhibitors in vivo was similar to in vitro results for ABCG2
inhibition. No appreciable difference was observed with the ad-
ministration of the ABCB1 inhibitor DCPQ (2.95 + 1.73 x 10’
p/s:min; P > 0.9999) relative to vehicle administration (2.56 1.19 x
107 p/s-min) or baseline signal (2.81 + 0.13 x 107 p/s-min). The
time to peak in photon flux with vehicle administration relative
to the inhibitors was not significantly different (Fig. S6).

To confirm that the photons emitted were from the brain, mice
injected with vehicle or Ko143 (16 mg/kg; Fig. 4 4 and C) were
removed for sampling 20 min after injection of p-luciferin, and
the brains were immediately resected and imaged ex vivo (Fig. 4B).
The ex vivo bioluminescence of the brain was significantly greater
(P < 0.05) in the Kol143-treated mice (2.68 + 0.68 x 107 p/s) than
in those treated with vehicle (1.23 + 0.15 x 107 p/s; Fig. 4D), and
no detectable bioluminescence remained in the mouse following
removal of the brain.

As Ko143 demonstrated the greatest efficacy among ABCG2
inhibitors in vitro and in vivo, it was selected for dose-response
characterization at doses of 4, 8, 16, and 32 mg/kg. Kol43-
treated mice produced increased signal from the brain region
with increasing doses of Ko143, and a dose-dependent increase
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in the AUC of brain bioluminescent signal was observed (Fig.
5A). The AUC of total flux over 60 min duration showed a sig-
nificant difference from vehicle control for every dose of Ko143
tested: 4 mg/kg (6.01 + 0.42 x 107 p/s-min; P < 0.005), 8 mg/kg
(8.31 + 1.47 x 107 p/s-min; P < 0.0001), 16 mg/kg (1.31 + 0.11 x
10® p/s-min; P < 0.0001), and 32 mg/kg (1.37 + 0.15 x 10°
p/s-min; Fig. 5B). The lack of a difference in the AUC of total
flux between 32 mg/kg and 16 mg/kg suggested near-maximal
inhibition of ABCG?2 had been achieved at 16 mg/kg (Fig. 5B).
A sigmoidal curve fit to the data produced a calculated EDs, of
6.3 + 1.8 mg/kg (Fig. 5C).

It is possible that Kol43 inhibition of ABCG2 could alter
peripheral luciferin pharmacokinetics, or that protein binding by
Ko143 could elevate the free fraction of luciferin in blood, and
subsequently increase brain accumulation by mass action. Plasma
from mice injected with vehicle or 16 mg/kg Ko143 followed by
luciferin was collected after 30 min, and immediately added to
flLuc solution. No difference in bioluminescence was observed,
indicating that plasma concentrations of luciferin were equiva-
lent (Fig. S7A4). Bioluminescent signal of luciferin-containing
mouse plasma was also unaffected by addition of Ko143 ex vivo
(150 and 300 pM), indicating that the free fraction of p-luciferin
is not elevated by changes in protein binding in the presence of
Ko143 (Fig. S7B).

Discussion

Bioluminescence Imaging of ABCG2 at the BBB. Our results showed
that p-luciferin is a specific substrate for mouse and human ABCG2
in vitro. Our in vitro findings are consistent with observations that
bioluminescent signal is low in ABCG2-expressing cells (because
of limited p-luciferin) but not ABCB1- or ABCCl-expressing
cells. We observed relatively low bioluminescence in vivo from
the brain when p-luciferin was administered to mice with lucif-
erase expressed in the brain. The low brain signal observed is
consistent with the reported low distribution to the brain when
mice were injected with p-['*CJluciferin (<1% injected dose per
gram) (17).

Two confounding processes could have occurred to artificially
elevate brain BLI signal. First, ABCG2 inhibitors such as Ko143
could permeabilize tight junctions at the BBB, nonspecifically
allowing D-luciferin uptake into the brain; several studies have
shown that brain uptake of small molecules is not facilitated by
Ko143 doses (8, 13), and toxicity and brain histology were reported
to be unaffected by Ko143 (19). Second, Ko143 may elevate sys-
temic luciferin levels, or the free fraction of luciferin; analysis of
blood plasma showed that no systemic effect had occurred (Fig. S7).
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p-Luciferin is a substrate for ABCG2 (A) Confocal images of H460 MX20 cells incubated with p-luciferin alone or with Ko143 (5 pM) shown at

a magnification of 63x. (Scale bar: 20 pm.) (B) Effect of p-luciferin and its derivatives on ATPase activity of ABCG2 and ABCB1. The ATPase activity in the
presence of compound was divided by basal activity to calculate fold stimulation. Nilotinib (5 pM) was included as a positive control (+). Data represent
means + SD of three experiments (***P < 0.001 by one-way ANOVA; a = 0.05). (C) p-Luciferin (500 pM) accumulation was tested in BB19 immortalized
human brain endothelial cells alone or with inhibitors of ABCB1 (verapamil 20 uM), ABCC1 [indomethacin (INDO) 100 pM], and ABCG2 (FTC 5 uM and
Ko143 5 pM). Data represent means + SD of three experiments (***P < 0.001 by one-way ANOVA; « = 0.01).
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In vivo bioluminescent signal is increased by ABCG2 inhibitors. (A) HEK/ABCG2/fLuc cells were incubated with serial dilutions of the ABCG2 inhibitors

Ko143, gefitinib, nilotinib, tariquidar, and elacridar. DCPQ, an ABCB1 inhibitor, was included as a control. Data points represent means + SD of three
observations. (B) Time-activity curve of total flux (photons per second) acquired from mice treated with 16 mg/kg of Ko143 or vehicle before p-luciferin
administration. Data represent means + SD of four experiments. (C) AUC calculated from each time-activity curve. Data represent means + SD of four
experiments (****P < 0.0001, ***P < 0.001, and **P < 0.01 by one-way ANOVA; a = 0.05).

Our imaging protocol may benefit from the irreversible enzy-
matic conversion of D-luciferin to oxyluciferin in the brain, driving
further brain uptake of p-luciferin to amplify the signal. From an
imaging perspective, a trapping mechanism is beneficial because it
can amplify the signal. Ber%er et al. showed that fLuc-transfected
cells trap >20-fold more p-["*C]luciferin than nontransfected cells,
probably because of intracellular metabolic consumption of p-lu-
ciferin driving its uptake. This trapping increases bioluminescence.
Signal amplification is also observed with ['*F]fluorodeoxyglucose,
which is irreversibl?/ trapped via phosphorylation by the glucose-6-
kinase (32) and [''C]desmethyl loperamide, which is trapped by
lysosomal sequestration, again amplifying signal (11).

Studies investigating Abcg2 function at the BBB in mouse
models have been extrapolated to human ABCG2 function (9,
29). The mouse ortholog of Abcg2 has 81% protein sequence
homology with human ABCG2 (33), and a single amino acid
mutation can alter the substrate and antagonist specificity in both
species (34). We have demonstrated that the substrate and in-
hibitor specificity of human and mouse ABCG2 is very similar
(20). The overlapping substrate and inhibitor specificity of hu-
man and mouse ABCG2 supports utilization of mouse models in
understanding the clinical, physiological, and pharmacological
roles of ABCG2.

Inhibition of ABCG2 at the BBB Using BLI. Investigating ABCG2
function with BLI offers the ability to observe ABCG2 transport
function in vitro and over time in vivo. Because D-luciferin emits
a single photon on oxidation by luciferase (i.e., one photon per
D-luciferin molecule), the signal represents D-luciferin levels
entering the brain. ABCG2 modulates the kinetics of brain
bioluminescent signal output by regulating the amount of D-
luciferin crossing the BBB and thus controlling the availability of
D-luciferin in the brain. By using GFAP-fLuc transgenic mice, we
measured the ability of a number of ABCG2 inhibitors to prevent
efflux of p-luciferin in mice. Of the drugs tested, Ko143 was
the most effective inhibitor of ABCG2 function. It had previously
been shown to inhibit ABCG2 at nanomolar concentrations by
blocking ATPase activity of the transporter (35). We derived an
EDs, for maximal inhibition of ABCG2 at the BBB of 6.3 + 1.8
mg/kg. This compares well with that derived by Wanek et al.,
who assessed the brain uptake of the ABCB1/ABCG2 substrate
[M!C]tariquidar in double-KO mdrla™ /mdrlb™~ mice, and
reported a Ko143 EDs, of 4.98 + 1.4 mg/kg (36). Although not as
potent as Ko143, gefitinib demonstrated a significant increase in
brain bioluminescent signal.

Gefitinib has been reported to enhance the efficacy of pho-
todynamic therapy by using 5-aminolevulinic acid in malignant
brain tumor cells (37), and our results suggest that it may achieve
this by blocking ABCG2-mediated efflux of 5-aminolevulinic
acid at the BBB. We found that tariquidar and elacridar had
little effect on ABCG2 transport of p-luciferin. Both molecules
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are avid substrates of ABCG2, and act as moderate inhibitors in
vitro (20, 24). Elacridar has been reported to reach a saturable
efflux in the brain at 10 mg/kg (38), and increases gefitinib brain
uptake (which requires inhibition of ABCG2 and ABCB1) (25).
The lack of efficacy of tariquidar and elacridar observed may
result from their relatively poor inhibition of ABCG2 (Fig. 34)
and high plasma binding with consequent very low free fraction
in blood plasma.

The Role of ABCG2 at the BBB. Until now, it has not been possible
to perform dynamic assessment of ABCG2’s function at the BBB
in mice with WT ABC transporter function, and the two specific
ABCG2 substrates assessed for PET imaging have not proved
successful (14). Both [!C]dantrolene and the celecoxib metabolite
[''C]SC-62807 have been assessed in mice (39, 40). Neither
demonstrated appreciable brain uptake in Abcg2”~ mice. Both
SC-62807 and dantrolene require transporter-mediated uptake
processes, and these may be limiting at the BBB.

Few substrates are reported to be selectively transported by
ABCG?2 (8, 13, 41). As a consequence, ABCG2 has been pro-
posed to play a minor role at the BBB (42). Zhao et al. assessed
four ABCG2 substrates, three of which (alfuzosin, dipyridamole,
and LY2228820) are also ABCBI substrates, and one (cimetidine)
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Fig. 4. Ex vivo analysis confirms BLI signal from the brain. (A) Representa-

tive images of mice treated with vehicle or Ko143 (16 mg/kg). (B) Mice were
euthanized 20 min after p-luciferin administration, and brains were resected
for immediate ex vivo imaging. (C) In vivo analyses of the brain region for
total flux at 20 min after p-luciferin administration. (D) Ex vivo analyses of
resected brain tissue for total flux at 21 min after p-luciferin administration.
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did not display brain uptake under conditions tested. For each
compound, ABCG2 KO mice did not exhibit elevated brain
levels compared with WT mice, leading to the aforementioned
conclusions. However, it is now well recognized that dual ABCG2/
ABCBI substrates require genetic KO of both transporter types
in mice before brain levels are dramatically elevated (8). Con-
versely, Kodaira et al. did report that the specific ABCG2 sub-
strates daidzein and genistein demonstrated elevated brain levels
in ABCG2 KO mice (43). In our present study, pharmacologic
inhibition of ABCG2 by Ko143 resulted in an appreciable in-
crease in the brain accumulation of D-luciferin (fivefold increase)
at levels comparable to those observed in studies examining
ABCBI substrates such as [''C]desmethyl loperamide (2.5-fold)
(12) and ["'C]verapamil (11-fold) (44).

It has been suggested that clinical inhibition of ABC trans-
porter function at the BBB may not be achievable (45). We
showed that ABCG?2 plays a role in limiting the biodistribution
of a specific substrate, and that saturable inhibition of ABCG2 at
the BBB by using pharmacologic levels of inhibitor is possible.
Nevertheless, in a therapeutic context, a dose of 16 mg/kg in the
human with an inhibitor such as Ko143 could be achieved by
direct intraarterial infusion, in a similar fashion to that used for
nonspecific opening of the BBB by mannitol for drug delivery (46).

Important Considerations Concerning Brain Bioluminescence. For in
vivo BLI, limited D-luciferin biodistribution will limit biolumines-
cence intensity from that organ. It has been stated that p-luciferin
can penetrate the BBB (47), but here we demonstrate that, by
inhibiting ABCG2, the brain uptake of D-luciferin can be further
enhanced. The GFAP-fLuc model used here is used primarily to
assess astrogliosis associated with neuroinflammation, neurode-
generation, infection, and cancer progression (48-52). One im-
plication of our finding is that these pathologic conditions are
associated with BBB disruption (53, 54), which would increase
the entry of p-luciferin and bioluminescence.

Comparison with Other Imaging Modalities to Measure ABC Transporter
Function. Noninvasive imaging of ABCBI in living animals and
humans has previously been reported with radiolabeled trans-
port substrates for PET. Alternative techniques are available to
assess whether a candidate small molecule can cross the BBB,
but they are encumbered with limitations. Examples include
confocal microscopy (by using a fluorescent substrate) or a long-
t1 radiotracer (usually *H or '*C), but both are necessarily end-
point experiments whereby brain penetration is assessed ex vivo
at a single time point. In contrast, BLI represents a relatively
low-cost alternative for studying time-course transporter func-
tion in vivo compared with other strategies such as PET.
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Conclusion

Drug delivery to the CNS still remains a problem because of the
BBB (55). Patients with brain metastases are excluded from clinical
trials because drugs are not BBB-permeable (56), and the efflux
transporter ABCG?2 affects the pharmacokinetics of many drugs. D-
Luciferin is amenable to radiolabeling for dual PET and optical
imaging (57) and therefore may be combined for multimodality
imaging of ABCG2 function at the BBB, and development of
radiolabeled D-luciferin for PET studies or pharmacokinetic
microdosing studies would allow use of the molecule in animals not
expressing fLuc, including humans. Methods to increase drug de-
livery to the brain, such as intranasal delivery (55), osmotic dis-
ruption of the BBB (46), and regulation of ABCG2 (58), can now
be assessed in real time by using this model. Furthermore, the
relationship between ABC transporter function and a range of
pathophysiologies can also now be more easily investigated.

Materials and Methods

Details of cell culture, flow cytometry, fluorescence spectroscopy, confocal
microscopy, ATPase assay, in vitro bioluminescence, animal protocol, and
drug formulations are provided in S/ Materials and Methods.

BLL. The FVB/N-Tg(GFAP-fLuc)-Xen mice model was provided by Taconic Farms
(29). Animals were injected i.v. with inhibitors followed by i.p. p-luciferin
injection 10 min later. BLI signals from the ventral brain are higher (59);
therefore, mice are imaged in supine position, which diminishes the signal
from the cochlear spiral ganglion (60). A 60-min sequential acquisition with
1-min intervals was carried out to record the bioluminescent signals. To
quantify the light output from mouse brains, we defined the region of in-
terest (ROI) over the brain and examined all values in the same ROI in se-
quential images by using Livinglmage software (PerkinElmer). Each data
point was corrected for the host's baseline signal level. The AUC value was
calculated by numerical integration of light output (in photons per second)
and time by using Prism 6.0 (GraphPad Software).

Statistical Analysis. For in vivo BLI studies, data are expressed as mean + SD from
at least four mice. Time-activity curves were created for each mouse by plot-
ting the total flux (in photons per second) vs. time (in minutes), and the area
under the time-activity curve (i.e., photons per second-minutes) was calculated
by the trapezoidal method by using Prism 6.0 (GraphPad software). After the
data were tested for homogeneity of variance, differences in mean AUC
(photons per second-minutes) were compared by using a one-way ANOVA,
followed by Bonferroni posttest for multiple comparisons (« = 0.05).
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