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ABSTRACT

Purpose To examine functional activity of P-glycoprotein (P-gp)
in the blood-brain barrier (BBB) using near infrared fluorescence
(NIRF) imaging techniques.

Methods Cellular accumulation and bi-directional permeability
of the NIRF probe, rhodamine 800 (R800) was determined in
MDCKMDRI and MDCKwt monolayers under normal con-
ditions and following P-gp inhibition with GF1209 8. Functional
P-gp activity was also assessed in mice following administration
of RB00 alone and with GF230918. Quantitative analysis of
R800 fluorescence in brain tissue and blood was measured ex-
vivo using Odyssey Near Infrared imaging.

Results R800 accumulation was reduced in MDCKMDR/
compared to MDCKwt monolayers. Addition of GFI20918,
resulted in increased R800 accumulation in MDCKMDRI
monolayers. Permeability of R800 in MDCKMDR| monolayers
was significantly enhanced (4-fold) in the basolateral to apical
direction under control conditions and was abolished following
treatment with GF120918. With the exception of the choriod
plexus, there was very little penetration of R800 into the brain
under control conditions. Treatment of mice with GFI120918
resulted in a nearly 4-fold increase in R800 fluorescence in the
brain. In contrast, GFI20918 had no effect on brain
penetration of a vascular permeability marker.

Conclusions In vitro studies demonstrate the P-gp transporter
properties of the NIRF probe R800. Preliminary in vivo studies
confirm the P-gp transporter liabilities of R800 and suggest this
probe may be useful as a molecular imaging agent for
examining P-gp activity in the BBB.
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ABBREVIATIONS
ATP adenosine triphosphate
BBB blood-brain barrier

BCRP  breast cancer resistance protein

BCSFB  blood-cerebral spinal fluid barrier

CNS central nervous system

MDCK  Madin-Darby Canine Kidney epithelial cell line
MDR  multidrug resistance

NIRF near infrared fluorescence

PEG poly(ethelene) glycol

PET positron emission topography
P-gp P-glycoprotein

R800  Rhodamine 800

INTRODUCTION

The delivery of many drugs for the treatment of central
nervous system (CGNS) disorders is limited by the presence
of the blood-brain barrier (BBB). The BBB is comprised of
a continuous layer of endothelial cells, associated astrocyte
foot-processes and scattered pericytes. However, it is the
brain microvessel endothelial cells with highly developed
tight-junction complexes, low endocytic activity and the
absence of fenestrations (1) that provide the physical barrier
to the passage of most polar and hydrophilic solutes from
the blood into the brain. In addition to restricted para-
cellular diffusion, the brain microvessel endothelial cells
(BMEC) forming the BBB express numerous transporter
systems that are essential for maintaining the proper brain
microenvironment (2).
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P-glycoprotein (P-gp) is a drug efflux transport protein
that was originally identified in multidrug resistant cancer
cells (3), but 1s also found in intestinal, kidney and liver
epithelial cells and the BMEC of the BBB (4). A member of
the ATP-binding cassette (ABC) family of proteins, P-gp
actively transports a wide variety of drugs out of the cell (5).
The expression of P-gp and related drug efflux transporters
in the BBB has multiple implications on CNS response to
drugs. The presence of P-glycoprotein activity in the BBB
influences the brain distribution of a large number of
therapeutic agents including anticancer drugs, antivirals,
antithistamines, antiepileptics and analgesics (6-9). The
wide range of drugs with P-gp transporter activity also
poses potential problems with regard to drug interactions
and unwanted brain penetration of therapeutic agents (10).
A final consideration is the potential for altered P-gp
expression and/or activity in the BBB in response to
hypoxia (11), seizure activity (12) or drug exposure itself
(13). For all the above, the ability to assess P-gp activity has
important implications for understanding both drug- and
pathology-induced changes in BBB permeability.

Positron emission tomography (PET) is a powerful
imaging tool for assessing CNS function. Application of
PET imaging to assess P-gp activity in the BBB has been
performed with radiolabeled P-gp substrates including
[''C] verapamil, [''C] cloperamide and [''C] N-des-
methyl loperamide in human and in animal studies
(14,15). However, the highly specialized facilities and
instrumentation required and the costs associated with
PET imaging limit its general use. Therefore, alternative
imaging techniques applicable to small animal pre-clinical
studies are needed. Fluorescence and bioluminescence have
been used for imaging studies, although tissue penetration is
a major limitation (16,17). The development of near
infrared fluorescence (NIRF) imaging techniques has
emerged as an alternative to PET. The longer emission
wavelength allows deeper tissue penetration (up to 2 or more
centimeters compared to 1-2 mm with standard fluorescent
imaging probes) (18). Additionally, background fluorescence
in tissue and cells is low in the NIRF range (700-800 nm)
(19). While there are a growing number of near infrared
probes for various applications (20), there are no published
reports of NIRF imaging agents for P-gp. Development of
such probes would greatly facilitate application of NIRF
imaging techniques for assessing P-gp function.

The purpose of the present study was to identify a
suitable method for examining P-gp activity using NIRF
imaging techniques. Rhodamine 800 (R800) is a lipophilic,
cationic dye with a chemical structure similar to that of
rhodamine 123 (R123), a P-gp substrate (21). Unlike the
other rhodamine dyes, R800 has fluorescence emission
properties in the NIRF range (685 to 730 nm wavelength).
Based on these properties, rhodamine 800 (R800) was
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examined as a potential NIRF imaging probe for assessing
P-gp activity in the BBB. Results of the present study
demonstrate that R800 is indeed a P-gp transport substrate.
The initial m vwo studies suggest RB00 may be a suitable
NIRF imaging agent for assessing P-gp activity in the BBB.

MATERIALS AND METHODS
Materials/Reagents

Rhodamine 800 was purchased from Exciton Inc.
(Dayton, Ohio). The vascular and lymphatic NIRF
imaging agent, IRdye 800cw PEG, was obtained from
Licor (Omaha, NE). Elacridar (GF120918) was obtained
from Toronto Research Chemical Inc. (Toronto, ON).
Dulbecco’s Modified Eagle’s Medium, standard fetal
bovine serum, non-essential amino acid solution, and
I1X trypsin were purchased from HyClone (Logan,
Utah). Penicillin-streptomycin  was supplied by MP
Biomedicals (Solon, Ohio). Ketamine hydrochloride
and xylazine were purchased from Wyett (Guelph,
ON) and Bayer Inc. (Toronto, ON), respectively.
Transwell® polycarbonate membrane inserts (0.4 pm
pore size; 24 mm diameter) were purchased from
Corning Incorporated (Corning, NY). All other reagents
and chemicals were purchased from Sigma Chemical
Company (St. Louis, MO).

Cell Lines

Madin-Darby canine kidney epithelial cells (MDCK)
were purchased from American Type Tissue Culture
Collection (Manassas, VA), and MDCK cells transfected
with the human MDRIgene were provided by M. Gottes-
man, National Cancer Institute (Bethesda, MD). The cells
were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% standard fetal bovine
serum, 1% penicillin-streptomycin and 1% non-essential
amino acids. The MDCKAMDR! were grown in the same
media as described above with the addition of (0.2 uM)
colchicine to maintain elevated expression of P-
glycoprotein. Cells were expanded in 75 cm? culture flasks
and seeded onto 12-well culture plates or Transwell®
inserts at a density of 50, 000 cells per cm? for uptake and
permeability studies, respectively. Cells were grown in a
humidified environment of 37°C with 5% COy with
media replacement every other day.

Accumulation Studies

Confluent monolayers of MDCKwt and MDCKAMDR!
cells were grown in a 24-well plate and pre-treated for 30
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min at 37°C with 0.5 ml assay buffer (AB, containing in
mM; 122 NaCl, 3 KCIl, 1.4 CaCly, 1.2 MgSOy,
25 NaHCOs3, 10 HEPES, 10 glucose, and 0.4 KoHPO,
at a pH of 7.4) with or without 1 uM GF120918. Following
pre-treatment, solutions were removed and replaced with
AB containing 3.2 uM of R800 with or without 1 pM
GF120918. Cells were incubated for various time points
(1560 min) at 37°C, after which the solutions were
aspirated, and the cells were washed 3 times with 0.5 ml/
well of ice-cold phosphate-buffered saline solution (145 mM
NaCl, 3 mM NaH,PO,, and 7 mM Na,HPO,) and then
solubilized with 0.5 ml/well of 1% Triton-X 100. The
amount of R800 in MDCKwt and MDCKAMDRI cells
under control and GF-120918-treated conditions were
normalized to the amount of protein present in cell lysates
and determined using an Odyssey Near Infrared Imaging
System (LI-COR Biosciences, Lincoln, Nebraska) set on the
700 nm channel.

Bi-Directional Permeability Studies

Permeability was assessed over a 60-min period in both
MDCKwt and MDCKMDR! monolayers in the apical to
basolateral (A to B) and basolateral to apical (B to A)
directions. The volume of the apical compartment was
1.5 ml, and the volume in the basolateral compartment
was 2.5 ml. The initial concentration of R800 in the donor
compartment was 10 pM. Samples were removed from
the donor compartment (10 pl) at the start of the study.
Samples were also taken from the receiver compartment
(150 pl) at various times over a 60-min period. In separate
studies, bi-directional permeability of R800 was also
determined following a 30-min pre-treatment with the
P-gp inhibitor, GF120918 (1.0 uM). All samples removed
were replaced with an equal volume of assay buffer, and
all permeability studies were performed at 37°C. Samples
were analyzed as described above using the Odyssey near
infrared fluorescence imager (LI-COR Bioscience,
Lincoln, Nebraska), and the apparent permeability
cocfficients (P,,,) were determined based on the following
formula:

Popp = dC,/di(Va/A*Cy)

where C; 1s concentration in the receiver compartment, t
is time, Vg is the volume in the donor compartment, A is
the area, and Cg4 is the concentration in the donor
compartment at time 0.

The efflux ratio (ER) was determined by dividing the
P,,p for R800 in basolateral to apical (B—A) direction by the
P,,p for R800 in the apical to basolateral (A-B) direction as
described previously (32,33).

P-gp ATPase Assay

R800-induced ATP hydrolysis was assessed using High Five
insect cell membranes expressing human MDR1, BCRP
and MRP1 (BD Bioscience). A 0.06 mL reaction mixture
containing 20 pg membranes, 20 pM verapamil (positive
control) or various concentrations of R800 (1-10 uM) and
5 mM MgATP, in buffer containing 50 mM Tris-MES,
2 mM EGTA, 50 mM KCI, 2 mM dithiothreitol, and
5 mM sodium azide, was incubated at 37°C for 20 min in
the presence or absence of sodium orthovanadate (22).
Orthovanadate inhibited P-gp-dependent ATP hydrolysis
by trapping MgADP in the nucleotide binding site. Thus,
ATPase activity measured in the presence of orthovanadate
was subtracted from the activity generated without ortho-
vanadate to yield vanadate-sensitive ATPase activity. The
reaction was stopped by the addition of 30 uL 10% sodium
dodecyl sulfate (SDS) with antifoam A. An additional
20 min incubation at 37°C was performed following the
addition of 200 pL of 35 mM ammonium molybdate in
15 mM zinc acetate in 10% ascorbic acid (1:4). The
liberation of inorganic phosphate resulting from the
addition of P-gp transport substrate was detected through
absorbance at 630 nm using a Synergy HT plate reader
and quantitated by comparing the absorbance to a
phosphate standard curve. The EC5, K, and V. values
from the ATPase studies were determined using a sigmoidal
dose-response nonlinear regression curve fit of the experi-
mental data performed by GraphPad Prism version 3.02
(GraphPad Software, San Diego, California).

R800 Tissue Distribution in Mice

Adult female Balb/c mice were obtained from the
University of Manitoba breeding colony and maintained
in the Central Animal Care Facility under temperature-
controlled environment with 12 h dark/light cycle and
unlimited access to food and water. All animal experiments
were approved by the University of Manitoba Animal Care
Committee (protocol number 08-0866).

Female Balb/c mice were anesthetized with a cocktail of
ketamine and xylazine. Mice were administered R800
(0.032 pmol/kg) ecither alone or in combination with the
vascular permeability marker, IRDye 800cw (0.01 pmol/
kg), via tail vein injection. To determine the effects of P-gp
on R800 and IRDye 800cw PEG tissue accumulation, a
separate group of mice received 9 mg/kg of GI'120918 via
tail vein injection 15 min prior to administration of the
imaging agents. Previous studies have shown this dose and
dosing schedule for GF120918 to produce plasma concen-
trations of GF120198 above the 1C5, of the compound
throughout the entire period of study. Stock solutions of
GF120918 and R800 were prepared in dimethyl sulfoxide
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(DMSO) and diluted using 70% ethanol (GF120918) or
phosphate-buffered saline (R800) so that the final concen-
tration of DMSO was less than 1%. The IRDye 800cw
PEG solutions were prepared directly in phosphate-buffered
saline. Mice were sacrificed 20 min after administration of
fluorescent imaging agents via cardiac perfusion with a 10%
formaldehyde solution. Blood and tissue samples were
collected and prepared for ex viwo imaging for R800 and
IRDye 800cw PEG fluorescence using an Odyssey Near
Infrared Fluorescence Imaging system. Fresh tissue was
sectioned into 2 mm thick slices for ex vwo analysis. In vivo
NIRF imaging was performed on both control and
GF120918-treated mice prior to sacrifice to obtain whole
animal scans at various times using the Odyssey Near
Infrared Fluorescent Imaging system.

Statistical Analysis

The in vitro studies examining R800 accumulation and
permeability were analyzed using ANOVA with Student
Newman-Keul post-hoc comparison of the means. Changes
in R800 fluorescence in the ex vwo tissue slice studies were
analyzed using Student T-tests. Statistical significance was
set at p<0.05 unless otherwise noted.

RESULTS
ATPase Studies

To examine whether R800 was a P-gp substrate, studies
were performed using P-gp, BCRP, and MRP1 membranes
(Fig. 1a). In these studies, hydrolysis of ATP was used as a
quantitative index of drug efflux transporter activity. The
results from the P-gp ATPase assay showed that R800
produced a clear dose-dependent increase in ATP hydro-
lysis (Fig. 1b). The resulting EC5y with R800 in the P-gp
membrane assay was approximately 7 pM. In contrast,
R800 added to the BCRP and MRP1 membrane prepa-
ration displayed no clear concentration dependency
(Fig. la).

Accumulation and Permeability Studies
in MDCKMDRI Cells

Accumulation of R800 was examined in both MDCKwt
and MDCKMDRI cell lines (Fig. 2a). The accumulation of
R800 was significantly lower in the MDCKMDRI cells
compared to the wild-type cells (p<0.05) at all time points
examined, with the greatest differences observed at the 45
and 60 min time points (Fig. 2a). Treatment of the
MDCKMDRI cells with GF120918 resulted in a significant
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Fig. | Membrane ATPase studies with R800. ATPase activity in P-gp,
MRP1| and BCRP membranes following exposure to 0.1, | and 10 uM
R800 (a). Dashed lines represent basal (non-stimulated) activity (B) and
response in P-gp membranes to 20 UM verapamil (+). Extended
concentration response curve for R800 in P-gp membrane preparation
(b). Values represent the mean + SEM of 4 membrane preparations.
*p <0.05 compared to basal activity. Curve fitted using Graphpad Prism
software 3.02.

enhancement in R800 accumulation in the cells (Fig. 2a).
Following treatment of the MDCKAMDR! with GF120918,
cellular levels of R800 were comparable to those observed
in the MDCKwt cells under normal conditions. Qualita-
tively similar data were obtained using NIRF microscopy
studies with the MDCKMDRI cells showing little R800
fluorescence under control conditions (Fig. 2b) and sub-
stantially higher levels of fluorescence following treatment
with GF120918 (Fig. 2c).

Fig. 2 Cellular accumulation of R800 in MDCKwt and MDCKMDR! B
monolayers. Time-dependent accumulation of R800 in MDCKwt and
MDCKMDRI cells in the absence and presence of | uM GF120918 (a).
Fluorescence micrographs of R800 in MDCKMDR/ cells following a
30 min exposure to 3.2 uM R800 alone (b) or 3.2 uM R800 together
with 1.0 uM GF120918 (c). Values represent the mean = SEM of 3
monolayers per time point and treatment group. * p<0.05 compared
WT at the same time point.
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The bi-directional transport of R800 was also examined
in MDCKMDR! monolayers. Under normal conditions
(control), permeability was significantly greater in the
basolateral to apical (B—A) direction compared to that
observed in the apical to basolateral (A-B) direction
(Fig. 3a). As a result, the efflux permeability ratio for
R800 was approximately 3 in MDCKAMDRI monolayers
(Fig. 3b). In contrast, MDCKAMDRI monolayers treated
with GF120918 displayed similar permeability in both the
B-A and A-B directions (Fig. 3a) and had an efflux
permeability ratio near 1 (Fig. 3b).

R800 Tissue Distribution in Mice
The accumulation of R800 in the brain following systemic
administration of the imaging dye was examined in mice

under normal conditions and following treatment with P-gp
inhibitor (GF120918). Representative brain slices from
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Fig. 3 R800 permeability studies in MDCKMDR/ monolayers. Bi-
directional permeability studies for R800 in MDCKMDRI cells in the
presence and absence of GF120918 (a). Efflux ratio (ER) values for R800
under control conditions and following treatment with GF 120918 (b).
The ER values were based on apparent permeability coefficients
determined at 60 min. Values represent the mean = SEM of 3
monolayers per treatment group. * p<0.05 compared to A-B control
monolayers; * p <0.05 compared to ER in control group.
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mice receiving either vehicle (PBS), R800, or R800 with
GF120918 pretreatment are shown in Fig. 4. Under
normal conditions, with functional P-gp, R800 accumula-
tion in the brain is negligible, as indicated by the similar
fluorescence in brain slices from R800-treated and vehicle
injected mice receiving no R800 (Fig. 4a and b). Indeed,
the only brain region showing appreciable accumulation of
R800 was the ventricles, which showed intense fluorescence
following i.v. injection of R800 (Fig. 4b). In contrast,
following pretreatment with GF120918, the amount of
R800 accumulating in brain tissue was substantially
enhanced compared to both non-treated mice and mice
recetving R800 alone (Fig. 4c¢). Quantitative assessment of
R800 fluorescence in the brain and choroid plexus
indicated an approximately 4-fold and 2-fold increase in
fluorescence in the GF120918 pretreatment group, respec-
tively, compared to control mice receiving R800 alone
(Fig. 5a). In contrast, the vascular permeability marker
IRdye 800cw PEG showed no appreciable brain accumu-
lation in either control or GF120918 pre-treated mice
(Fig. 6). Whole animal imaging indicated accumulation of
R800 in both the liver and kidney within 7 min and even
greater accumulation at 40 min following the injection

(Fig. 7). The accumulation of R800 in the liver was
Fig. 4 Representative serial cor- a

onal slices of mouse brain from (a)

control, (b) R800 treated, (c) Vo a

GF 120918 and R800 treated
mouse at 20 min post injection.
Slices were 2 mm thick and are
oriented from the anterior (top) to
posterior (bottom) regions. The
darker the slice image, the greater 4 T —
the R800 fluorescence. 'y
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enhanced in mice treated with GF 120918 (Fig. 7). Similar
findings were observed in the ex vivo assessment of R800
fluorescence in liver and kidney slices, with a 2-fold
enhancement of fluorescence in the liver of GF120918
treated mice (Fig. 5b). The fluorescence intensity in the
kidney was not significantly influenced by GF120918
treatment (Fig. 5b).

DISCUSSION

It is well established that the drug efflux transporter, P-gp,
plays an important role in the absorption, distribution, and
excretion of a number of drugs (23). Of particular
importance 1s the emerging role that P-gp has in limiting
the central nervous system penetration of drugs (24). Given
the potential for altered P-gp activity, either through a
particular pathological condition, such as epilepsy (25), or
through drug treatment regiments (26), a non-invasive
method for imaging changes in P-gp activity, both
quantitatively and spatially, in the BBB would provide an
essential research tool. Traditionally, P-gp imaging in both
the pre-clinical and clinical setting has been done using
positron emission tomography (PET) and radiolabeled
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Fig. 5 Quantitative assessment of R800 fluorescence in the brain and
choroid plexus (a), liver and kidney (b) under control conditions (R800
alone) and following pre-treatment with P-gp inhibitor, GF 120918.
Fluorescence intensity is presented as tissue-to-blood ratio. Values
represent the mean = SEM (n=4) of mice per treatment group.
*p<0.05 compared to control mice.
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Fig. 6 Quantitative analysis of IRdye800cw PEG in the brain under
control conditions and following pre-treatment with P-gp inhibitor, GF
120918. The total fluorescence from serial coronal brain slices were
normalized to the fluorescence intensity of the blood. The values
represent the mean = SEM of (n=4) mice per treatment group.

substrates of P-gp such as [''C] verapamil (14). While PET
imaging is a powerful technique, it requires highly
specialized instrumentation and support facilities and can
be cost prohibitive, especially in the pre-clinical setting.
Thus, there is a need for the development of alternative
imaging modalities.

Near infrared fluorescence represents an emerging
imaging technology (27). The long absorption wavelengths
(700-800 nm) in the NIRF region result in reduced
background or autofluorescence within tissue. In addition,
compared to fluorescence imaging within the visible
spectrum that has a tissue penetration depth limited only
to 1-2 mm, NIRF can penetrate up to several centimeters
(18). Furthermore, the ability to utilize NIRF probes from
the cellular to whole animal level provides an integrated
imaging platform. In the present study, we report the initial
identification and characterization of the NIRF probe,
R800, as a potential imaging agent for assessing P-gp
function at both the cellular and whole animal level.

The assessment of P-gp function using NIFR imaging
technology required identification of a suitable compound
with P-gp activity. Due to their planar ring structure,
positive charge, and fluorescent properties, the rhodamine
dyes, most notably rhodamine 123, have been utilized for
functional assessment of P-gp (21,28-30). While the NIRF
dye, R800, has some structural similarities to rhodamine
123, interactions of R800 with P-gp or other drug efflux
transporters have not been reported. To assess whether
R800 was indeed a P-gp substrate, a series of  vitro studies
were performed. Cellular accumulation of R800 was
performed using MDCKwt monolayers and MDCKAMDR]
monolayers. The MDCKAMDR! transfected cell line over-
expresses P-gp, and the utility of these cells in examining
P-gp-dependent transporter processes has been well docu-
mented (31). There are two lines of evidence that suggest
R800 is a substrate for P-gp in the cell accumulation studies.
First, R800 had a significantly lower accumulation in the
MDCKMDRI cells compared to the wild-type cells. Second,
treatment with the P-gp imnhibitor, GF120918, was able to
bring R800 accumulation in the MDCKAMDRI cells to the
same level as the MDCKwt monolayers.

Additional evidence supporting R800 as a transport
substrate for P-gp comes from the bi-directional perme-
ability studies in the MDCKAMDR! monolayers. Determi-
nation of permeability in both the A-B and B—A directions
has been extensively utilized to identify compounds with
drug efflux transporter liability (32). For compounds that
are only dependent on passive diffusion processes, perme-
ability across polarized epithelial cells would be expected to
be similar in both directions. However, those compounds
dependent on transport processes will display bi-directional
permeability differences. In the case of P-gp-mediated
transport, an increased B—A permeability is observed (33).
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Fig. 7 Whole animal images of
R800 tissue deposition in mouse
using NIRF imaging. Images of
control and GF120918 treated
mice were taking at time 0, 7, and
40 min following R800 injection.
Mice were positioned on side for
R800 imaging. The arrows indi-
cate accumulation of R800 in
peripheral organs including liver
(black arrow), intestines (dark gray
arrow) and kidney (light gray
arrow).

Time: 0 min

Time: 7 min

Time: 40 min i

As observed in the present study, R800 permeability in
MDCKMDR! monolayers was significantly greater in the
B-A direction compared to that observed in the A-B
direction. This resulted in an efflux ratio for R800 in
MDCKMDRI monolayers of approximately 3. This is
above the typical cut-off value of 2 used to identify drug
efflux transporter liabilities in drug screening assays (34).
Addition of the P-gp inhibitor, GF120918, resulted in a
similar permeability of R800 in both the B-A and A-B
directions.

Finally, confirmation that R800 is transported by P-gp
comes from the membrane ATPase studies. P-glycoprotein-
dependent transport requires the binding of the substrate to
the transporter and subsequent hydrolysis of ATP via the
ATPase portion of the transporter (32). Therefore, the
screening of prospective substrates or inhibitors of P-gp can
be determined by examining the amount of free phosphate
generated through the activity of ATPase (32). The use of
specific membranes that overexpress P-gp enables research-
ers to look at the interaction between a potential substrate
and P-gp transporter without other confounding factors
such as other efflux/influx transporters or permeability
through an intact cell monolayer that can mask drug efflux
transporter activity. In the present study, R800 produced a
concentration-dependent increase in P-gp ATPase activity.
The ECj5o for R800 in the P-gp ATPase assay was 7 uM.
This is similar to the 3 pM ECis( values reported previously
for rhodamine 123 (35,36). In contrast to the P-gp ATPase

membrane assay, no clear concentration-dependent re-
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sponse to R800 in was observed in the BCRP or MRPI
ATPase membrane preparation, suggesting that transport
through these drug efflux systems is modest at best.

Based on i vitro studies demonstrating that R800 was a
P-gp substrate, m vivo studies were initiated to determine to
what extent R800 could be used to image P-gp function.
Whole animal imaging of R800 distribution showed
marked accumulation in both the liver, kidney and
intestinal tissue, which was enhanced in the GF120918-
treated mice. This is consistent with the important role that
P-gp has in the elimination of compounds in these tissues.
In this regard, these whole mouse images are similar to
what has been reported previously with P-gp probes using
PET (37). While whole animal imaging of P-gp function in
the CNS was unsuccessful due in part to the autofluor-
escence from hair follicles in this particular preparation,
significant and robust changes in P-gp activity in the brain
were observed in the ex vivo setting. Examination of brain
slices from mice following systemic administration of R800
indicated very little penetration of R800 into the brain.
Indeed, under normal conditions, the brain region with the
greatest R800 retention was the ventricles. However,
following blockade of P-gp with GF 120918, there was a
significant enhancement in R800 fluorescence in the brain
slices (approximately 4-fold). The enhanced R800 accumu-
lation in the brain slices from GF120918-treated mice in
the current study is consistent with the approximately 3-fold
increase in brain accumulation reported previously for
rhodamine 123 following P-gp inhibition in rats using brain
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microdialysis (28). While GF120918 can also inhibit BCRP
transporter activity, the absence of effect in the BCRP
membrane ATPase assay suggests the increases in fluores-
cence observed in the brain slices following GF120918 is
attributable to P-gp inhibition.

Additional evidence that the enhanced R800 accumula-
tion in the brain following GF120918 is due to inhibition of
P-gp at the BBB is the lack of response observed with IRdye
800cw PEG contrast agent. This compound is a near
infrared agent used previously to visualize the permeability
of leaky or discontinuous vascular endothelium and lymph
node mapping (38). The encapsulated portion of the
molecule consists of Poly(ethylene glycol) PEG, a synthetic
polymer that is commonly used to enhance the retention
time or to alter the pharmacokinetics of an agent. The
molecular weight of IRDye 800cw PEG is approximately
25 kDa. Based on the physicochemical properties of IRDye
800cw PEG, this imaging agent was selected to evaluate the
specificity of the response to the P-gp inhibitor, GF120918.
As expected from the physicochemical properties of the
imaging agent, systemic administration of IRdye 800cw
PEG resulted in little to no detectable accumulation in the
brain and the choroid plexus region. In addition, treatment
with GF120918 had no effect on the accumulation of
IRdye 800cw PEG in brain tissue, indicating the effects
observed with GF120918 in the R800-treated mice was due
to inhibition of P-gp-mediated transport at the BBB.

In addition to the brain endothelial cells, P-gp is also
expressed in the epithelial cells of the choroid plexus (39).
Bidirectional permeability studies using neonatal rat cho-
roid plexus epithelia along with radiolabeled probes *™Te-
sestamibi and *[H] Taxol showed that the permeability of P-
gp substrates in the basolateral to apical direction was
greater than permeability in the apical to basolateral
direction (40). Furthermore, the enhanced basolateral to
apical permeability was abolished when the choroid plexus
epithelial cells were treated with GF120918 (40). The
directionality of P-gp transport in the blood-cerebral spinal
fluid barrier (BCSFB) is such that P-gp substrates would be
concentrated in the cerebral spinal fluid (CSF) of the
ventricles while just the opposite occurs in the BBB with the
removal of P-gp substrates from the brain exrtacellular fluid
(41). The apical localization of P-gp in the choroid plexus
epithelial cells would account for the strong R800 fluores-
cence signal observed in the central ventricles following
systemic administration of the dye. These finding are in
good agreement with previous studies using PET imaging
methods demonstrating a localization of P-gp PET probes
in the ventricles (15). Thus, the brain accumulation of R800
observed under control conditions is consistent with the
different orientations of P-gp in the BBB and BCSFB.
When P-gp was inhibited, by the administration of
GF120918, the amount of R800 in the brain was

dramatically increased while the fluorescence in the
ventricles only increased modestly. This is consistent with
inhibition of P-gp in the BBB. The increase in R800 in the
ventricles following GF120918 is attributable to diffusion of
R800 from the brain extracellular fluid pool to the cerebral
spinal fluid pool. Such a phenomenon has been shown for
doxorubicin brain distribution following P-gp inhibition
(42). In these studies, doxorubicin concentrations were
monitored in both the brain cortex and ventricles using
brain microdialysis. Thus, the results with the newly
identified NIRF imaging agent in the present studies
resemble the more established techniques for assessing P-
gp function in the BBB and BCSI'B.

Due to its localization within the body, P-gp can
influence the bioavailability and tissue distribution of a
wide range of compounds. Changes in P-gp activity either
due to specific disease state or particular drug regimen have
the potential to alter pharmacodynamics of P-gp-sensitive
drug agents (43). Furthermore, transporter-mediated drug-
drug interactions are also of growing concern (44). A non-
invasive approach for examining the activity of P-gp would
be of value for understanding the role of P-gp in both the
above-mentioned conditions. While additional studies are
required, this initial report suggests NIRF spectroscopy with
imaging agents like R800 may provide an additional tool
for monitoring changes in P-gp activity and drug distribu-
tion in tissues including brain.

CONCLUSIONS

The present studies represent the first demonstration of the
use of NIRF to capture P-gp activity. The probe utilized
shows strong P-gp activity in both @ vitro and i vivo models.
While non-invasive live animal imaging of P-gp activity in
the BBB is currently ongoing, the images from the current
study support the applications of NIRF spectroscopy for
quantitative assessment of P-gp activity in the BBB and
other tissue sites.
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