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There are relatively few reports about the regulation of
SXR expression to daie. Aouabdi er a/. (2006) reported
the presence of a PPAR alpha binding site 2.2 kb upstream
of the transcription start site in human SXR. This site cor-
responded to the induction site with clofibrate in the rat
and they further confirmed its importance using human
Iiver cancer cell line (Huh7). Jung er al. (2006) report-
ed the presence of four FXR binding sites in intron 2 of
the mouse SXR gene that were required for FXR regula-
tion of SXR expression. This intron 2 region is complete-
ly intact in our hSXRki mouse. Therefore, the regulation
by FXR should be preserved in our mice.

Compared to the previously generated humanized Alb-
SXR, SXR BAC, and hSXR genome mice, we contend
that our hSXRki mouse has an advantage because the
human-mouse chimeric gene is expressed in the same tis-
sues and at simnilar levels to endogenous SXR in WT mice
under control of the mouse promoter. This feature would
make this model suitable not only for systemic toxici-
ty but also toxicity at various stages of development of
the embryo and fetus, maturation of infant, and of senes-
cence, where the cis and vans regulations might be crit-
ical in its regulation (Sarsero er ¢/, 2004) (Konopka er
al., 2009). Thus, we believe that our system has a broader
application range for toxicological studies.
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Evaluation of Breast Cancer Resistance Protein Function in
Hepatobiliary and Renal Excretion Using PET

with 11C-SC-62807
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A quantitative PET imaging method was used to assess the in
vivo kinetics of hepatobiliary and renal excretion of the breast
cancer resistance protein (Bcrp) substrate ''C-SC-62807 in
mice. Methods: Serial abdominal PET scans were collected
in wild-type and Berp knockout (Bcrp~-) mice after intravenous
injection of 1C-SC-62807. Venous blood samples and PET
images were obtained at frequent intervals up to 30 min after
radiotracer administration. Dynamic PET data were analyzed to
determine the canalicular and brush-border efflux clearances in
the liver and kidney (CLint,biIe,liver and CLint,urine,kidney: re-
spectively). Results: SC-62807 is an in vitro substrate of
mouse Berp and human BCRP. Radioactivity associated with
11C-SC-62807 was predominantly found in the blood, liver, bile,
and urine 30 min after administration. Both biliary and urinary
excretion of radioactivity was markedly lower in Berp~- mice
than in wild-type mice, suggesting greater systemic exposure in
Berp~- mice. Both the CLint pile,iver @Nd the Clint urine,kidney Were
significantly lower in Bcrp~- mice (74% *+ 10% and 99% = 1%
lower than controls, respectively). We also found that 1'C-SC-
62807 is a substrate of the organic anion-transporting polypep-
tides OATP1B1 and OATP1B3 in vitro. Conclusion: The present
study demonstrated that Bcrp plays a significant role in the
efflux of '1C-SC-62807 in mouse liver and kidney. We also
demonstrated the feasibility of PET using '7C-SC-62807 to
study the activity of BCRP in humans.
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hepatobiliary transport; renal excretion
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PET ror FuNcTIONAL ANALYSIS OF BCRP *

D rug transporters play an important role in drug dispo-
sition and may influence therapeutic efficacy or develop-
ment of adverse drug reactions (/-3). The breast cancer
resistance protein (Bcerp, rodents; BCRP/ABCG2, humans)
is a member of the adenosine triphosphate (ATP)-binding
cassette transporter G family and mediates the efflux trans-
port of endobiotics and xenobiotics coupled with ATP hy-
drolysis (4-6). BCRP is expressed in various normal
tissues, including liver, kidney, brain, placenta, and intes-
tine, where it is expressed on the brush-border membranes
of epithelial cells (7). Cumulative in vivo studies, particu-
larly involving Berp knockout (Berp~-) mice, have demon-
strated the important role BCRP plays in drug disposition,
limiting oral absorption and penetration into the brain and
testis (8), and mediating biliary and urinary excretion of
xenobiotics such as pitavastatin and methotrexate (/,9-
11). Pharmacogenomic studies focusing on a single nucle-
otide polymorphism frequently observed in Asians
(421C>A) elucidated the importance of BCRP in systemic
exposure to orally administered sulfasalazine and rosuvas-
tatin (/2,13). Because of the lack of a suitable probe, the
role of BCRP in the elimination of BCRP substrates from
the systemic circulation and their distribution in the brain
has not been investigated. Furthermore, because BCRP
eliminates uric acid, mutations and single nucleotide poly-
morphisms in this protein make it a risk factor for gout and
are thus drawing increasing research interest (/4). The
many important roles played by BCRP make it a subject
of major clinical interest.

PET is a powerful noninvasive molecular imaging
technique that provides high sensitivity and good spatio-
temporal resolution, enabling determination of the tissue
concentration of drugs labeled with a positron-emitting
radionuclide (/5-17). The usefulness of transporter probes
for molecular imaging has been demonstrated through in
vivo phenotypic measurements of altered hepatobiliary
transport of organic anion-transporting polypeptide (Oatp,
rodents; OATP, humans) and multidrug resistance-associated
protein 2 (Mrp2, rodents; MRP2, humans) in preclinical and
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clinical tests using °™Tc-mebrofenin (/8) and 15R-!'C-
TIC-Me (19,20). Recently, functional PET probes for Berp
and P-glycoprotein, such as '!C-elacridar and 'C-gefitinib,
have been described for use in the noninvasive in vivo
evaluation of these proteins at the blood-brain barrier
(BBB) (21,22). However, because the major elimination
pathway of these probes is metabolism, they cannot be used
to evaluate efflux activity in the liver and kidney.

SC-62807 is the major metabolite of celecoxib (a
selective cyclooxygenase-2 inhibitor) and is produced by
CYP2C9 (23). Because SC-62807 contains a carboxylate
group and does not undergo further metabolism, we hypoth-
esized that SC-62807 would be a good probe for certain
efflux transporters in the liver, and we synthesized 1'C-SC-
62807 for this purpose (Fig. 1). We previously demon-
strated that in rats 'C-SC-62807 is rapidly excreted into
the bile without further metabolism (24). In this study, we
elucidated the predominant role of Berp in the efflux of SC-
62807 into the bile and urine in mice and demonstrate the
feasibility of using PET to evaluate BCRP activity in
humans.

MATERIALS AND METHODS

Celecoxib carboxylic acid (SC-62807) was purchased from
Toronto Research Chemicals Inc. 1'C-SC-62807 was synthesized
according to previously reported procedures (24). The chemical
purity of ''C-SC-62807 was determined by measuring the ultra-
violet absorbance at 254 nm. The radiochemical purity was greater
than 98%, and the specific radioactivity was 14 = 10 GBg/pmol at
the time of injection. All chemicals and solvents used for labeling
synthesis were analytic grade.

Animals

Male wild-type FVB and Bcrp~~ mice were purchased from
Taconic Inc. (age, 6-12 wk, weight, 22-30 g). Mice were main-
tained in a temperature- and light-controlled environment with ad
libitum access to standard food and tap water. All experimental
protocols were approved by the Ethics Committee on Animal Care
and Use of the Center for Molecular Imaging Science at RIKEN
and were performed in accordance with the Guide for the Care
and Use of Laboratory Animals (25).

Determination of ATP-Dependent Uptake of
SC-62807 by Transporter-Expressing
Membrane Vesicles

Membrane vesicles were prepared as described previously from
HEK293 cells infected with adenoviruses expressing mouse Berp
(mBcrp), human BCRP (hBCRP), and green fluorescent protein

Q
11C
“OH
FaC—~
N-N
: ’\ ~NH,
//S\
FIGURE 1. Chemical struc- o}y
ture of 11C-SC—62807.

268

(GFP) (control) (26) and with recombinant adenoviruses contain-
ing human MRP?2 and tetracycline-responsive transcriptional activator
(27). A rapid filtration technique was used to assess ATP-dependent
uptake (26). Samples were quantified using liquid chromatography—
tandem mass spectrometry. The level of ATP-dependent uptake was
calculated by subtracting the uptake into vesicles in the presence of
adenosine monophosphate (AMP) from that in the presence of ATP.
Kinetic parameters were calculated using the Michaelis-Menten
equation:

vzvmaxxS
Kn+ S’

Eq. 1

where v represents the uptake velocity of the substrate, S repre-
sents the substrate concentration in the medium, K, represents the
Michaelis constant, and V., represents the maximum uptake ve-
locity. The nonlinear least-squares method was used for fitting
(Damping Gauss—Newton method algorithm) with the MULTI
program (28).

PET Studies

All PET scans were obtained using a microPET Focus220
scanner (Siemens) designed for laboratory animals. Mice were
anesthetized and maintained with a mixture of 1.5% isoflurane and
oxygen and then placed on the PET scanner gantry. An emission
scan was performed after intravenous bolus injection of 1C-SC-
62807 (158 = 32 MBg/kg) via a catheter inserted into the tail. The
bolus injections contained 0.23 = 0.19 g of SC-62807 per ani-
mal. An emission scan was obtained in 3-dimensional list mode
for 30 min and sorted into 26 dynamic sinograms according to the
following sequence: 12 X 5, 3 x 20, 3 x 60, 5 x 120, and 3 x 300 s.
Blood was sampled via the tail vein at the following time points:
2,5, 15, 30, and 60 min after radiotracer administration. In addi-
tion, the biodistribution in a separate group of mice was also de-
termined. After blood and urine sampling, blood flow was
terminated by exsanguination via aortic puncture, and the liver
and kidneys were quickly removed, weighed, and assayed for re-
gional radioactivity using a 1470 Wizard automatic <y-counter
(PerkinElmer). The radioactivity measured in each sample was
decay-corrected to the injection time and expressed as percentage
dose per tissue or percentage dose per milliliter of blood, normal-
ized to the injected radioactivity.

Radiometabolite Analysis

Radiometabolites in the blood, urine, liver, and bile of a separate
group of mice (n = 2) were analyzed using radiometric high-per-
formance liquid chromatography. Blood and urine were collected
15 min after the mice received an intravenous injection of 'C-SC-
62807 (~211 = 21 MBg/kg), and bile was sampled from the gall-
bladder 30 min after injection. To sample liver tissue, blood flow was
terminated 15 min after administration, and the liver was quickly
removed and homogenized. Sample preparation and chromato-
graphic separation were performed as described previously (24).

Analysis of PET Data

PET images were reconstructed using microPET Manager
2.4.1.1 (Siemens) by standard 2-dimensional filtered backprojec-
tion using a ramp filter with a cutoff at the Nyquist frequency.
Regions of interest representing the liver and the intestines were
delineated using PMOD software (version 3.0; PMOD Technol-
ogies Ltd.), as described previously (/9). In this PET analysis, the
sum of the radioactivity in the gallbladder and intestine corresponds
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to the radioactivity in the bile secreted to these tissues because
a conventional biodistribution study revealed that the bile radio-
activity sampled from rats with bile duct cannulas is comparable
to that in the intestine as determined by PET image analysis (24).
A time profile of the radioactivity in each tissue was constructed
by normalizing decay-corrected time-radioactivity measurements
to the injected dose (percentage dose) of ''C-SC-62807.

The biliary secretion clearance (CLaiiie blood,0-30 min) and renal
clearance (CLenalblood,0-30 min) With respect to the blood radioac-
tivity concentration were calculated using the following equations:

CLubile,blood,0~30min = Xbile,0~30min/ AUCblood,0~30min Eq. 2

and

CLurine,b]ood,O—30min = Xurine,0—30min/ AUCh100d,0—30min, Eq. 3
where X represents the amount of radioactivity secreted into the
bile or urine between O and 30 min, and AUC004,0-30 min T€pre-
sents the area under the blood radioactivity concentration—time
curve for the time period 0-30 min.

The apparent tissue—to-blood area under the curve (AUC) ratio
(Ko siver,auc OF K xidney,auc) Was calculated using the following
equation:

Kp,tissue,AUC = AUCtissue,O—B()min/ AUCb]ood,O—aOmim Eq‘ 4
where AUC ;ssue,0-30 min Fepresents the area under the tissue radio-
activity concentration—time curve for the time period 0—30 min.

Canalicular efflux clearance (CL;npiteliver) Was estimated by
integration plot analysis using noninvasive measurements of ra-
dioactivity in the liver and bile encompassing about the first
27.5 min after ''C-SC-62807 administration, during which the
plot shows linear regression. Kidney brush-border efflux clearance
with respect to the kidney concentration (CLiyusinekidney) Was
estimated by integration plot analysis using the radioactivity in
the kidney and urine encompassing about the first 6 min after
11C-SC-62807 administration for wild-type mice and the first
27.5 min after administration for Bcrp™ mice. Biliary efflux
and kidney brush-border efflux clearances were calculated using
the following equations:

Xipitle = CLintpite tiver X AUCo—tfiver T XEpite Eq. 5

and

Xt,urine = CLint,un‘ne,kidney X AUCO—-t,kidney + XE,uriue: Eq 6
where Xpige and X uiqe represent the amount of radioactivity
excreted into the bile and urine, respectively, at time ¢ as deter-
mined by PET image analysis. The areas under the hepatic and
renal concentration-time curves from time O to time ¢t are re-
presented by AUCq_y jiver and AUCq_ xidney> T€SPectively. The
CLiny bite,tiver a0d CLiy yrine kianey Can be obtained from the slopes of
plots of X pie versus AUCq ¢ jiver and X urine versus AUCq_ kidneys
respectively. Values for Xg urine and Xgpie were determined from
the y-intercept of the respective integration plots, representing the
initial distribution in these regions of interest (tissues) at time O.

Uptake by Transporter-Expressing HEK293 Cells
OATP1B1- and OATP1B3-expressing HEK293 cells were
established previously (29). The transport study was performed

PET ror FUNCTIONAL ANALYSIS OF BCRP *

as described previously (29). Briefly, cells were seeded onto
12-well plates coated with poly-L-lysine and poly-L-ornithine. After
2 d, the culture medium was replaced with medium supplemented
with 5 mM sodium butyrate, and cells were incubated for 24 h
before the transport study to induce transporter expression. Cells
were then washed and preincubated with Krebs—Henseleit buffer.
Uptake was initiated by adding buffer containing radiolabeled
compounds or unlabeled SC-62807 and terminated at the desig-
nated time by adding ice-cold buffer after removal of the incuba-
tion buffer. To assess uptake of radiolabeled compounds, cells
were solubilized with 0.2N NaOH and kept overnight at 4°C. After
neutralization with HCI, aliquots were transferred to scintillation
vials and radioactivity associated with the cells and incubation
buffer was measured using a liquid scintillation counter
(LS6000SE; Beckman Coulter) after the addition of scintillation
cocktail (Clear-sol I; Nacalai Tesque). To assess uptake of SC-
62807, cells were solubilized in H,O by sonication on ice. Ali-
quots of the cell lysate were extracted with ethyl acetate, and
sulfasalazine was used as the internal standard. After centrifuga-
tion, the supernatants were evaporated, reconstituted with 10 mM
ammonium acetate/methanol (40:60, v/v), and quantitatively ana-
lyzed using liquid chromatography—tandem mass spectrometry.
The remaining cell lysate was used to determine the protein con-
centration using the Lowry method with bovine serum albumin as
a standard.

Estimating Contribution of OATP1B1 and OATP1B3 to
SC-62807 Uptake by Human Hepatocytes

The contribution of OATP1B1 and OATP1B3 to SC-62807
uptake by human hepatocytes was estimated using relative activity
factor analysis, as described in detail elsewhere (28,29). Briefly,
relative activity factors for OATP1B1 and OATP1B3 (R;p; or
Rip3) were calculated as the uptake clearance in human hepato-
cytes (CLhepalocyte,ref) divided by CLlBl,ref or CLlBB,ref llSil‘lg the
reference compounds 3H-E;S and *H-CCK-8 for OATP1B1 and
OATP1B3, respectively:

CLe,
_ patocyte,ref
Rip1 = L Eq. 7
Li1B1 ref
CLhe
_ patocyte,ref
Rips = ——opatooyteyel, Eq. 8
CL1B3 ref

The uptake clearance of SC-62087 in hepatocytes (CLyepatocytes,sc)
was estimated as the product of the R values (Rp; and Ryp3) and
uptake clearance of SC-62087 in OATP1BI- and OATP1B3-
expressing HEK293 cells (CLoarp1g1,sc and CLoarpips sc) using
the following equation:

CLhepatocyte,sc = Rip1 X CLip1sc + Rips X CLigssc.  Eq. 9

The contributions of OATP1B1 and OATP1B3 are defined as
the product of Ryg; and CLig;,sc divided by CLpepatocyte,sc and
the product of Ryp3 and CLp3 s¢ divided by CLhepatocyle,SC,
respectively.

Statistical Analysis
Data are presented as the mean * SD for 3-4 determinations.
The statistical significance of differences between groups was de-
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termined using the Student 2-tailed unpaired 7 test. Statistical
significance was set at a P value of less than 0.05.

RESULTS

ATP-Dependent Uptake of SC-62807 into mBcrp- or
hBCRP-Expressing Membrane Vesicles

Uptake of SC-62807 by membrane vesicles expressing
mBcrp or hBCRP was markedly stimulated in the presence
of ATP but not in the presence of AMP or in vesicles
prepared from control cells (Fig. 2A). Uptake of SC-62807
was saturable and followed Michaelis~Menten Kkinetics,
with K, and V. values of 19.9 £ 39 uM and 435 =
50 pmol/min/mg of protein, respectively, for mBerp and
10.4 £ 1.73 pM and 2,263 = 204 pmol/min/mg of protein,
respectively, for hBCRP (Fig. 2B).

Distribution of Radioactivity in Abdominal Region and
Blood of Mice After Administration of 11C-SC-62807

Radioactivity localized primarily in the liver and kidneys
within 2 min of 1'C-SC-62807 administration in both wild-
type and Bcrp~™~ mice and subsequently moved to the in-
testine (derived from bile) or the urinary bladder (derived
from urine) in wild-type mice by 30 min after administra-
tion (Fig. 3A). In contrast, translocation of radioactivity to
the intestine and urinary bladder was markedly delayed in
Bcrp™ mice (Fig. 3B).

Mouse abdominal region tissue and blood radioactivity
time profiles are shown in Figure 4. A maximum of 35% =+
8% and 14% * 3% of the dose was distributed in the liver
and kidney, respectively, of wild-type mice by 2 min after
administration, after which the amount of radioactivity de-
clined rapidly. In contrast, radioactivity in the liver and
kidney of Berp”~ mice reached a maximum at 4 and
18 min, respectively, and then decreased gradually. Radio-

activity in the bile (sum of gallbladder and intestine) and
urine of wild-type mice increased until 30 min, reaching
48% * 3% and 26% * 5% of the dose, respectively,
whereas the level of radioactivity in the bile and the urine
was much lower. A separate conventional biodistribution
study revealed that in wild-type and Bcrp™~ mice, the
radiotracer is distributed primarily in the liver (34% and
44% of dose, respectively) and to a lesser degree in the
kidneys (3% and 16% of dose) and urine (7% and 0.02%
of dose) at 5 min after administration. At 30 min, radioac-
tivity in the liver, kidney, and urine of wild-type and Bcrp™
~ mice was 10% and 25%, 0.4% and 14%, and 5% and 9%
of the dose, respectively. These data were comparable to the
PET data. Radioactivity in the blood decreased rapidly in
wild-type mice but decreased only slightly and then
remained constant in Berp™™ mice. The AUChio0d,0-30 min
for Berp™™ mice (93% * 19% of the dose x min/mL) was
2.2-fold higher than that for wild-type mice (42% = 18% of
the dose X min/mL) (Table 1). The liver-to-blood AUC ratio
(Kp.iver,auc) was lower in Berp™™ mice than in wild-type
mice; however, the difference was not statistically signifi-
cant. The kidney-to-blood AUC ratio (K xidney,auc) Was
significantly higher in Bcrp~~ mice than in wild-type mice
(P < 0.01) (Fig. 4; Table 1). High-performance liquid chro-
matography analysis revealed that almost 100% of the ra-
dioactivity in the blood, liver, bile, and urine represented
unchanged 11C-SC-62807 (Fig. 5), indicating that in mice
11C-SC-62807 is rapidly eliminated without further metab-
olism via hepatobiliary and renal excretion.

Canalicular Efflux and Kidney Brush-Border Efflux
Clearance of 11C-SC—62807 in Mice

Clearance of radioactivity via canalicular and kidney
brush-border efflux (CLint,bile,liver and CLint,urine,kidneys

>
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take by mBcrp, hBCRP, and control
vesicles. Uptake of SC-62807 (2 uM) into
membrane vesicles was determined in pres-
ence of ATP (closed symbols) or AMP (open
symbols). Uptake was terminated at desig-

nated time. (A) Squares and circles con-

Uptake (uL/mg protein)

mBcrp

hBCRP

3
53

[
(=3
o

200

100

Uptake (1L/mg protein)

o

nected using solid and broken lines
represent uptake by transporter (mBcrp or
hBCRP) and membrane vesicles (control)
expressing green fluorescent protein, re-
spectively. (B) Uptake of various concentra-
tions (0.22, 2.18, 10.8, 29.7, 68.9, 142, and
498 pM for mBerp and 0.23, 2.21, 10.6,
23.3, 44.5, 87.8, and 287 pM for hBCRP)
of SC-62807 into transporter-expressing
membrane vesicles for 1 min. Velocity of
ATP-dependent uptake by mBcerp- and
hBCRP-expressing vesicles was fitted to
Michaelis-Menten equation using nonlinear 04
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FIGURE 3. Color-coded PET images of ab-
dominal region of wild-type and Berp~- mice
| after administration of 1'C-SC—62807. Coro-
nal maximum-intensity-projection PET images
of radioactivity in abdominal region of wild-
type (A) and Berp~/~ (B) mice were captured
at 1, 2, 5, 10, 20, and 30 min after intravenous
bolus administration of 11C-SC-62807.

Intestine
(bile)

respectively) was determined by integration plot analysis
(Fig. 6). The integration plots used to determine CLiyt pite tiver
for wild-type and Bcrp™~ mice were linear 10 min after 'C-
SC-62807 administration (Fig. 6A). The CLiypieliver fOr
Berp™~ mice was significantly lower (by 74% = 10%; P <
0.01) (1.2 = 0.1 mL/min/kg) than that for wild-type mice (4.5
* 0.8 mL/min/kg) (Table 1). The integration plots used to

determine CLin¢urine kidney Were linear within 6 min of 'C-SC-
62807 administration for wild-type mice and within 30 min
for Bcrp™~ mice (Fig. 6B). The CLingurinekianey for Berp™
mice (0.12 = 0.07 mL/min/kg) was significantly lower (by
99% =+ 1%; P < 0.001) than for wild-type mice (13 = 2 mL/
min/kg) (Table 1). The difference in CLipipiejiver Detween
wild-type and Bcrp™ mice was smaller than the difference
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60 60 60 10

[ g g [}

7 2 2 2 £

£ 40 = 40 S 3 40 <

2 2 8 ] 3 4

a 4 a 20 3 8 20 50 2

5 20 ‘s s s .

B 8999 B ES x 3 s

"O-g %
0¥r—— . . 0 - 0 0 0.1 T . :
0 10 20 30 o 10 20 30 0 10 20 30 0 10 20 30 20 40 60
Time (min) Time (min) Time (min) Time (min) Time (min)
B Liver Kidney
20
! 10 -"\_""
0 . r r "
0 10 20 30 0 10 20 30
Time (min) Time (min)

FIGURE 4. Radioactivity time profiles in tissue and blood after administration of ''C-SC-62807 to wild-type and Berp”~ mice. (A)
Radioactivity time profiles in liver, kidney, bile, urine, and blood of wild-type and Berp~- mice determined using PET and blood sampling
within 60 min of administration of 11C-SC-62807. (B) Time profiles of liver-to-blood and kidney-to-blood radioactivity ratios (Kp) in wild-type
and Berp~/~ mice. Each symbol with bar represents mean = SD (n = 4). Open and closed symbols represent wild-type and Bcrp~/~ mice,

respectively.
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TABLE 1
Pharmacokinetic Parameters of 1'C-SC-62807 in Wild-Type and Bcrp~~ Mice

Pharmacokinetic parameter Wild-type mice Berp- mice Ratio of Berp™- to wild-type
AUChiood,0-30 min (% dose x min/mL) 42 + 18 93 + 19* 22+ 1.1
AUCjiver,0-30 min (% dose x min/mL) 369 + 85 535 + 767 15+ 04
AUCyigney,0-30 min (% dose x min/mL) 170 + 36 1,119 = 126+ 6.6 +16
Kpjver,auc (ML/g of liver) 8.8 + 3.0 5.6 = 0.8 0.64 * 0.24
Kp.kianey,auc (MmL/g of kidney) 40x13 117 = 2.3* 29 11
Xbile,0-30 min (% dose) 48 = 3 13 + 2% 0.28 * 0.04
Xurine,0-30 min (% dose) 26+ 5 3.0 + 1.7¢ 0.11 * 0.07
CLbile,blood,0—3O min (mL/mln/kg) 48 = 19 51 + 1.67 0.11 = 0.05
Clrenalblood,0-30 min (ML/min/kg) 25+ 8 1.2 * 0.7 0.046 * 0.033
Clint.pile fiver (ML/Min/kg) 45+ 0.8 1.2 + 0.1 0.26 *+ 0.05
Cluint,urine,kidney (ML/min/kg) 13+ 2 0.12 = 0.07* 0.0088 * 0.0051

*Unpaired t test, P < 0.01.
TUnpaired t test, P < 0.05.
*Unpaired t test, P < 0.001.

Each value represents mean = SD (n = 3-4). Statistically significant difference was observed for several pharmacokinetic parameters

in Berp~~ mice, compared with wild-type.

in CLite blood,0-30 min. Whereas the difference in CLingurine,
kidney Detween wild-type and Bcrp™ mice was much larger
than the difference in CLepa1 bl00d,0-30 min-

Estimation of SC-62807 Uptake Clearance and
Contribution of OATP1B1 and OATP1B3 in
Human Hepatocytes

Uptake of SC-62807 by OATP1BI1- and OATP1B3-
expressing cells and vector-transfected HEK293 cells
(control) is shown in Figure 7. Uptake of SC-62807 was

significantly higher in OATP-expressing cells than in con-
trol cells and was saturable, with K, and V.4 values of
260 *= 138 uM and 319 = 133 pmol/min/mg of protein,
respectively, for OATP1B1 and 19.8 £ 2.56 uM and 205 =
16.2 pmol/min/mg of protein, respectively, for OATP1B3.
The uptake clearance of SC-62807 mediated by OATP1B1
and OATPIB3 in human hepatocytes was estimated by
comparing the uptake clearance of reference compounds
(®H-E;S and 3H-CCK-8) in transfectants and hepatocytes
(Table 2). Clearance of SC-62807 mediated by OATP1B1

A Blood Bile Liver Urine
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g § 10 § 5
£ 20 £ E 50 £ 50

0 . 0 r Y ' [ P A y 0 A ; ;

2 2 4 6 0 2 4 6 2 4 6
Time (min) Time (min) Time (min) Time {min)

B Blood Bile Liver

200 1000 300
S 150 S 800 s
£ & 600 £E 200
£ 100 Z 2

2 2 400 2
£ . 8 & 100
£ £ 200 £

0 ey 7 0 : . 7 0 7 v i
2 4 2 4 6 0 2 4 6
Time (min) Time (min) Time (min)

FIGURE 5. Representative high-performance liquid chromatograms of blood, bile, liver, and urine extracts from wild-type and Berp~-
mice after administration of 11C-SC-62807. (A) Radiochromatograms of blood extracts sampled at 15 min, bile extracts sampled from
gallbladder at 30 min, liver extracts sampled at 15 min, and urine extracts sampled 15 min after administration of 11C-SC-62807 to wild-type
mice. (B) Radiochromatograms of blood extracts sampled at 15 min, bile extracts sampled from gallbladder at 30 min, and liver extracts
sampled 15 min after administration of 1'C-SC-62807 to Bcrp~- mice. Radioactivity in urine of Berp~- mice was below detection limit for
radiometric high-performance liquid chromatography.
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FIGURE 6. Integration plots for determination of canalicular efflux
and renal secretion of total radioactivity in wild-type and Bcrp~/-
mice. Integration plots were drawn for calculation of canalicular
(A) and kidney brush-border (B) efflux of 11C-SC-62807 in wild-type
and Berp~- mice. Each symbol with bar represents mean = SD
(n = 4). Open and closed symbols represent wild-type and Berp=/~
mice, respectively.

and OATP1B3 was similar in human hepatocytes as deter-
mined by R values (Table 2).

DISCUSSION

BCRP is an ATP-binding cassette transporter involved in
biliary and renal excretion. The purpose of this study was to
clarify the utility of 'C-SC-62807 as a PET probe for analyz-
ing the function of Berp in biliary and renal excretion in ex-
perimental animals and to demonstrate the feasibility of using
HC-SC-62807 to assess BCRP function in humans. PET stud-
ies with 1C-SC-62807 were designed to examine the kinetics
of hepatobiliary transport and renal excretion in mice.

In vitro transport studies using mBcrp- and hBCRP-
expressing membrane vesicles showed that SC-62807 is
a substrate for BCRP in both mice and humans. This finding
prompted us to investigate the tissue distribution and
significance of Berp in the elimination of SC-62807 from
the systemic circulation because Berp is normally expressed
in the canalicular membrane of hepatocytes and the brush-
border membrane on the proximal tubules in rodents (/) as
well as in the BBB and blood—placenta barrier.

PET revealed that 1'C-SC-62807 is excreted into the bile
and urine. Because radiometabolite analyses indicated that
radioactivity associated with ''C-SC-62807 metabolites is
negligible in the blood, liver, bile, and urine of mice, the
total radioactivity represents the unchanged form. After in-
travenous bolus injection, ''C-SC-62807 is predominantly
excreted into the bile and, to a slightly lesser extent, into the
urine. About 74% of the radioactivity was recovered in the
bile and urine of wild-type mice within 30 min of administra-
tion. The ''C-SC-62807 CL enalblood,0-30 min Was greater than
the reported creatinine clearance value (8.7 = 2.0 mL/min/kg)
(30), indicating that tubular secretion contributes significantly
to renal excretion.

Because BCRP is expressed in the apical membrane, its
transport activity is tightly associated with the intrinsic
efflux activity across the canalicular and brush-border mem-
branes (CLint,bile,]iver and CLint,urine,lddney)~ An advantage of
PET is that it enables noninvasive monitoring of the tissue
concentration to determine these parameters. Our PET anal-
ysis demonstrated that both biliary and renal excretion of
HC-SC-62807 is significantly reduced in Bcrp™~ mice, lead-
ing to prolonged systemic exposure to 'C-SC-62807. The
marked decrease in both CLiypite tiver and CLinurine kidney i

Concentration (uM)

Concentration (uM)

A OATP1B1 OATP1B3
£ 20 - € 150 -
2 2
2 2
> & 100 -
£ 104 £
I =
2 g 507 FIGURE 7. Time profiles of SC-62807 up-
£ 6-0——O——0 £ take by OATP1B1- and OATP1B3-express-
2 0 T T J 2 0 + 00— O—r—=0 ing HEK293 cells and dependence of uptake
Y 2 4 6 0 2 4 6 on concentration. (A) Uptake of SC-62807
Time (min) Time (min) by human OATP1B1- () and OATP1B3
(A )-expressing HEK293 and mock cells (O)
B OATP1B1 OATP1B3 was determined at 37°C at designated time.
T T (B) Uptake of SC-62807 into OATP1B1- and
2 300 2 300 OATP1B3-expressing HEK293 cells was
s s determined with varying concentrations of
g 200 g’ 200 SC-62807 at 37°C for 1.5 min. OATP1B1-
£ £ and OATP1B3-mediated transport was
% % calculated by subtracting uptake in vector-
E 100 g 100 transfected control cells from that in trans-
S = . )
° o porter-expressing cells. Data were fitted to
§ 0 . . . :“g 0 . . . Michaelis~-Menten equation using nonlinear
& 0 200 400 600 = 0 200 400 600 least-squares method, and each solid line

represents fitted curve. Each point repre-
sents mean = SE (n = 3).
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TABLE 2
Contribution of OATP1B1 and OATP1B3 to Hepatic Uptake of SC-62807 in Humans
Reference compounds SC-62807
(2) OATP1B1-HEK or (4) OATP1B1-HEK
(1) Human hepatocytes* OATP1B3-HEK (CL1g1 et (3) Rig1 and Rqpa: or OATP1B3-HEK Human hepatocytes

Lot no. and (CLhepatocyte,ref or CL1BB,ref [I-LL/min/ mg (1)/ (2) (CLhepatocyte,ref/ CI—1 B1,ref (CL1 B1,SC or CL1B(3,SC (3) X (4) (CLhepatocyte,SC
transporter [rl/min/108 cells]) protein]) or Clnepatocyte,re’CLigs re) [wL/min/mg protein]) [wL/min/108 cells)) Contribution (%)
OCF

OATP1B1 110 311 = 258 0.353 10.2 3.60 30.2

OATP1B3 7.89 47.0 + 5.48 0.168 49.4 8.30 69.8
094

OATP1B1 134 311 = 25.8 0.430 10.2 4.38 54.3

OATP1B3 3.50 47.0 = 5.48 0.0745 49.4 3.68 45.7
ETR

OATP1B1 57.7 311 = 25.8 0.185 10.2 1.89 47.0

OATP1B3 2.02 47.0 = 548 0.0430 49.4 2.12 53.0

*These data are cited from previous report (28) in which uptake of reference compounds (®H-E;S for OATP1B1 and *H-CCK-8 for OATP1B3) were determined in 3 lots of cryopreserved

hepatocytes (lot name: OCF, 094, and ETR).

Relative activity factors for OATP1B1 and OATP1B3 (R1g1 and Ryg3, respectively) were defined using uptake of reference compounds in OATP1B1- and OATP1B3-expressing HEK293
cells (OATP1B1- and OATP1B3-HEK, respectively) determined in this study (CL1g1 res Of CL1g3 rer). OATP1B1- and OATP1B3-mediated uptake of SC-62087 in hepatocytes were estimated
as product of Rygs and CLyg1,sc @and Rygs and CLyg4 ¢, respectively. Contribution was calculated as ratio of OATP-mediated uptake and Clyepatocyte,sc- Deétails of calculation are described
in “Materials and Methods” section.




Bcrp™ mice clearly indicates that the predominant contribu-
tion of Berp to efflux of 1'C-SC-62807 into the bile and
urine. The transporter Mrp2 is indispensable to the efflux
of most anionic drugs into the bile. SC-62807 was also
shown to be an in vitro substrate for Mrp2 using an uptake
study involving MRP2-expressing membrane vesicles. How-
ever, the Viy./Kn (5.6 £ 1.5 pL/min/mg of protein) was
much lower than that for BCRP-expressing vesicles (218 =
41 pL/min/mg of protein). There was only a slight decrease
in the radioactivity excreted into the bile in Mrp2-deficient
rats, compared with normal rats (data not shown). These
results confirmed the specificity of SC-62807 for Bcrp in
canalicular efflux.

Consistent with the marked reduction in efflux into the
urine, the 'C-SC-62807 K, xianey Was significantly higher
in Berp~~ mice than in wild-type mice. Despite the marked
reduction in CLinpiteliver» however, the Kgiveravc was
lower in Bcrp™~ mice, possibly due either to a low contri-
bution of canalicular effiux to the net efflux from hepato-
cytes or to adaptive regulation caused by a Berp defect. The
transporter Mrp3 is expressed on the sinusoidal membrane
of hepatocytes, where it mediates the sinusoidal efflux of
anionic drugs and glucuronide conjugates into the blood.
Sinusoidal efflux mediated by Mrp3 may contribute signif-
icantly to net hepatocytic efflux, thereby attenuating the
impact of Berp defects on the liver-to-plasma ratio. A re-
duction in influx mediated by an unknown mechanism or
elevation in sinusoidal efflux may also explain the discrep-
ancy, although there are no reports concerning adaptive
regulation in the expression of drug transporters in the liver
of Berp~~ mice. We found that SC-62807 is a good in vitro
substrate of OATP1B1 and OATP1B3 (Table 2). It is quite
possible that rodent isoforms can mediate hepatic uptake of
SC-62807. Further investigation is necessary to elucidate
the mechanism underlying the discrepancy.

We also conducted 'C-SC-62807 PET of mouse brain
regions to demonstrate the utility of the technique for ex-
amining Berp function at the BBB. Brain penetration of
H1C-SC-62807 was low in both wild-type and Bcrp™- mice,
with the apparent tissue-to—blood concentration ratio (K)
values around 0.03 (Supplemental Fig. 1; supplemental
materials are available online only at http://jnm.snmjour-
nals.org). Generally, anionic drugs have low distribution
volumes in the brain, presumably because of high protein
binding in the plasma and low membrane permeability of
the BBB. Thus, we concluded that the use of this probe for
examining Berp function at the BBB may be impractical
because of the likelihood of poor transport across the BBB.

PET enables the direct noninvasive measurement of
intrinsic efflux across the canalicular and brush-border
membranes. Using PET, we detected a marked reduction in
canalicular and brush-border efflux of the radioactivity
associated with 1C-SC-62807 in Bcrp™~ mice, demon-
strating the feasibility of clinical investigations of BCRP
variation using !1C-SC-62807 as a radiotracer. It was
reported that SC-62807, which is produced by oxidation

PET ror FUNCTIONAL ANALYSIS OF BCRP ¢

of the antiinflammatory drug celecoxib, is found predomi-
nantly in the feces and urine after oral celecoxib adminis-
tration in humans and that the amount of the glucuronide
conjugate metabolite is low in both feces and urine (31),
suggesting that ''C-SC-62807 should be minimally metab-
olized in humans when administered as an intravenous in-
jection. The fact that SC-62807 is a good substrate of
OATP1B1 and OATPI1B3 in vitro suggests that SC-62807
is efficiently taken up by the liver from the blood circula-
tion. In humans, SC-62807 is most likely excreted into the
bile by transporters. These characteristics fulfill the condi-
tions required for in vivo PET. Clinical studies with 11C-
SC-62807 could elucidate the importance of BCRP in the
disposition of drugs in humans and help resolve questions
over interindividual differences in BCRP activity in the
liver caused by genetic polymorphisms and sex differences.

CONCLUSION

We demonstrated the utility of noninvasive PET using
11C-SC-62807 as a radiotracer for the functional character-
ization of Berp, a protein responsible for biliary and renal
excretion. We also showed the feasibility of using this tech-
nique to assess BCRP-associated membrane transport in
hepatobiliary and renal excretion in humans.
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Abstract
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plays a role in maintenance of cognitive function in neuropsychi-
atric diseases.

In recent years, numerous brain-reactive antibodies have been
identified in human sera and have been proposed to relate to
neurological or neuropsychiatric symptoms [21-23]. Even when
antibodies are present in serum, the blood-brain barrier (BBB)
prevents an influx of antibodies into the brain tissues in the healthy
condition. In contrast, BBB compromise permits the influx of
antibodies into the brain and induces neuropsychiatric symptoms
in experimental animals [24].

Chronic fatigue syndrome (CFS) is a heterogeneous disorder
characterized by persistent fatigue accompanied by rheumatolo-
gic, cognitive, and infectious-appearing symptoms [25,26]. CFS

Introduction

Neurotransmission at the muscarinic cholinergic receptor
(mAChHR) in the central nervous system is involved in cognitive
function [1-3], motor control [4,5], and rapid eye movement sleep
[6]. Abnormalities of the central mAChR system in Alzheimer’s
disease correlate well with the degree of dementia [7-9].
Postmortem studies have shown that reductions in central mAChR
systems were present not only in Alzheimer’s-type dementia
[10,11] but also in Huntington’s disease [12-14], Parkinson’s
disease [15], and schizophrenia [16-18]. Five subtypes of
mAChR, M|_s, have been identified by molecular cloning [19],
and the M; receptor has a significant role in cognitive function

[3,20]. These results suggest that the activity of the mAChR M,
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necrosis factor, interleukin-1, interleukin-6 [27], increased markers
of inflammation [28] and stressful life events prior to CFS onset
[29,30]. It has been established through iz vitro and i vive studies
that BBB function was disrupted by tumour necrosis factor,
interleukin-1 and interleukin-6 [31-34]. The BBB is also impaired
by local inflammation [35] and stress [36]. Therefore, CFS
patients might have some BBB impairment. Increased levels of the
serum autoantibody against the mAChR M, have been reported
in CFS patients [37].

These lines of evidence led us to investigate the effect of
autoantibody against the mAChR on the muscarinic cholinergic
system in the brain @ vivo. The mAChR was evaluated using a
positron emission tomography (PET) ligand N-['C]methy}-3-
piperidyl benzilate ([''C}(+)3-MPB) [38], and acetylcholinesterase
(AChE) activity was assessed with N-[''C]Methyl-4-piperidyl
acetate ([''C)MP4A) [39-41].

Materials and Methods

Ethics

All subjects gave their written, informed consent to participate
in the present study. The study was approved by the Ethics
Committee of Osaka City University Graduate School of
Medicine (Osaka, Japan) and Hamamatsu Medical Center
(Hamamatsu, Japan).

Objective

The aim of the present study was to investigate the effect of
serum autoantibody of mAChR on brain functions in CFS by
comparing the central cholinergic system among CFS patients
with positive (CFS(+)) and negative (CFS(—)) autoantibody against
the mAChR.

Participants

The serum samples from CFS patients were assayed for the
autoantibody against the mAChR. All CFS patients included in
this study were diagnosed according to the clinical diagnostic
criteria [26] at Osaka City University Hospital (Osaka, Japan).
Patients were divided into CFS(+) and CFS(—) groups according
to the assay for the autoantibody against the mAChR (described
below). Five CFS(+) patients (3 female and 2 male, 39.2+7.0
years old), 6 CFS(—) patients (3 female and 3 male, 32.0£2.5
years old), and 11 healthy controls (5 female and 6 male,
32.9%6.5 years old) took part in the PET study (Table 1). All
study participants were Asian. All the patients were medicated
with vitamin C and the Chinese herbal medicine hochuekkito.
There is no evidence that vitamin C and hochuekkito affect
mAChR in the brain. The exclusion criteria for study
participation were smoking, drinking alcohol regularly and

Table 1. Demographic overview of control and CFS patients.

["*C)(+)-3-MPB Binding in Brain of Autoantibody(+)

taking medications known to affect the central cholinergic
system including AChE inhibitors. Control subjects were
neurologically and psychiatrically normal and had no history
of medication or drug or alcohol dependence.

Description of Procedures

Serum samples were collected on the PET experimental day,
and assayed for the autoantibody against the mAChR again to
confirm the reliability of the immunoassay. After the acquisition of
magnetic resonance images (MRI), PET experiments were
performed. On the same day, patients filled out a questionnaire
about the extent of fatigue [using a by the visual analogue scale]
[42]. All participants underwent comprehensive neuropsycholog-
ical tests. Predictive IQ) was assessed by the Japanese version of the
National Adult Reading Test [43]. Measurements of executive
functions were obtained with the Wisconsin Card Sorting Test
[44] and Advanced Trail-Making Tests, which was a touch panel
version of the original trail-making test [45]. The Advanced Trail-
Making Tests have been used as a task to measure mental fatigue
[46,47]. Non-verbal long term memory was assessed by the Rey
Complex Figure test [48]. Finally, memory function was assessed
comprehensively by the full version of the Japanese Wechsler
Memory Scale-Revised [49].

Detection of Autoantibody to mAChR by Radioligand
Assay

The radioligand assay was conducted according to methods
described in our previously published study [37]. The open
reading frame of mAChR was obtained by reverse transcript
polymerase chain reaction (PCR) amplification using poly-A RNA
from the human hippocampus (CLONTECH Laboratories, Palo
Alto, CA) as a template. The first strand cDNA was synthesized
using ReverTraAce (TOYOBO, Tokyo, Japan) with random
hexamers according to the manufacturer’s instructions. PCR using
the following primer pairs containing either an EcoRI or an Xhol
site.  5'-GGAATTCATGAACACTTCAGCCCCACCTGC-3’
and 5'-CCGCTCGAGTCAGCATTGGCGGGAGGGAGT-3'
(the EcoRI and Xhol sites have been underlined) was used.
PCR was carried out using KOD-plus (TOYOBO) as a DNA
polymerase. Each cDNA was digested with an EcoRI and an Xhol
and ligated into the pET28a(+) expression vector (Novagen,
Madison, WI). The [*S]-methionine-labeled protein was pro-
duced using cDNA, TNT Quick coupled Transcription/Transla-
tion System (Promega, Madison, WI), and [*S]-methionine
(Amersham Biotech, Arlington Heights, IL) according to the
manufacturer’s instructions. The [*>S]-methionine-labeled protein
was then applied to a Nick column (Amersham Biotech) to remove
free [*S]-methionine, electrophoresed to SDS-PAGE (15%

mean * SD

Variable Control CFs(-) CFS(+H)
N : P 1 6 5

Sex (female/male) 5/6 3/3 3/2

Age (years) : 329465 320%25 302270
Extent of fatigue expressed by visual analogue scale, 1107 6.7 1.4%%* 591 1.2%%%

Data are expressed as mean * SD.

doi:10.1371/journal.pone.0051515.t001
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polyacrylamide gel), and autoradiography demonstrated the
presence of a band component for the mAChR.

The [*°S]-labeled human mAChR protein was diluted to
1000 counts per minute (cpm) per microliter by reaction buffer
(50 mmol/l Tris-HCI, 150 mmol/l NaCl, 0.1% BSA, 0.1%
Tween-20, and 0.1% NaNj, pH 7.4) and stored at —80 C until
use. Ten microliters of a patient’s sera were diluted with 490 pl
of reaction buffer. Thirty microliters of diluted patient sera and
20 pl of reaction buffer containing 20,000 cpm of [*°S]-labeled
human mAChR protein were incubated overnight at 4°C. The
final dilution of each serum sample was 1:50. The reaction
mixtures were transferred to each well in a 96-well filtration
plate (Millipore, Benford, MA), which had been pretreated with
blocking buffer (50 mmol/l1 Tris-HCl, 150 mmol/l NaCl, 3%
BSA, and 0.1% NaNj, ph7.4) at 4°C overnight. Ten
microliters of 50% protein G Sepharose 4FF (Amersham
Bioscience) was added to each well to isolate the immune
complex and then incubated for 45 min at room temperature.
The plate was washed 10 times with 200 pl washing buffer
(60 mmol/1 Tris-HCL, 150 mmol/l NaCl, and 1% Tween-20,
pH 7.4) using a vacuum manifold (Millipore). The filter was
dried and OptiPhase SuperMix (Perkin-Elmer Life Science,
Boston, MA) was added to each well before the quantity of
precipitated labeled protein was counted in a 1450 MicroBeta
TriLux apparatus (Perkin-Elmer Life Science). All samples were
measured in duplicate. The inter-assay coefficient of variation
varied from 6.3% to 9.6%.

The results were expressed as an antibody index and were
calculated as follows:

AntibodyIndex

[cpmofthesampleserum] — [cpmofthenormalserum]
[cpmofthepositivestandardserum] — [cpmofthenormalpooledserum]

x 100

Commericial antibodies to human mAChR M, (C-20) (Santa
Cruz Biotechnology, Santa Cruz, CA) was used as the positive
standard for anti-mAChR antibody. The cut-off value was
calculated as the mean®2 S.D. in healthy controls.

MRI and PET Experiments

MRI with 3D mode data acquisition was performed on a 3.0-T
scanner (MRP7000AD, Hitachi, Tokyo, Japan) to determine the
brain areas for setting the regions of interests (ROIs). MRIs from
each subject revealed no apparent morphological abnormalities.

We used [''C](#)3-MPB to evaluate the activity of brain
mAChR in the present PET study. In 1998, a human PET study
with [”C] (#+)3-MPB had already been carried out under the
approval of the local committee of the prefectural Research
Institute for Brain and Blood Vessels in Akita [50]. In 2004, the
Ethics Committee of Hamamatsu Medical Center approved our
PET study with [''C](+)3-MPB, based on the approval of the
human study performed by Takahashi and colleagues in a public
facility. After the approval, we performed the current human PET
study from 2004 to 2010, during which we tried hard to seek for
patients with our criteria. In 2011, we planned another PET study
with ['C](+)3-MPB in collaboration with other groups, and the
collaborators requested us to re-examine the safety of (+)3-MPB
because they wondered if the first precursor of [''C](+)3-MPB we
had used in the human study was good enough to be used in their
study. So, we asked Nard Institute Ltd to do the safety test (study
number CG11117), and confirmed the safetiness.

PLOS ONE | www.plosone.org
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PET was performed as described previously [42] on a brain
SHR 12000 tomograph (Hamamatsu Photonics KK, Hamamatsu,
Japan) having an intrinsic resolution of 2.9x2.9x3.4 scanner in
full width at half maximum, 47 slices, and a 163-mm axial field of
view. Two PET measurements using [''C](+)3-MPB and
[''C]MP4A were performed sequentially at 3-hour intervals on
the same day. The order of [''C](+)3-MPB and ['!C]MP4A PET
measurements were counterbalanced across subjects. The specific
radioactivities of these ligands were found to be more than
50 GBq/pmol after synthesis of [''C](+)3-MPB and [''C]MP4A,
respectively.

After head fixation using a thermoplastic face mask, a 10-min
transmission scan for attenuation correction was obtained. After a
bolus injection of [''C]*)3-MPB (348.9%57.2 MBq), serial PET
scans were performed with a total duration of 92 min (4 x30 sec,
20x1 min, and 14 x5 min). After a bolus injection of ['' CJMP4A
(297.6%53.8 MBq), serial PET scans were performed for a total of
62 min (4x30 sec, 20x1 min, and 8 x5 min).

PET Data Analysis

The brain MRI was first co-registered to the PET image by
pixel-wise kinetic modeling software (Pixel-Wise Kinetic Modeling
Group, Zurich, Switzerland). The following ROIs were drawn
bilaterally on the registered MR images; dorsolateral prefrontal
cortex, anterior cingulate cortex, amygdala, occipital cortex,
parietal cortex, temporal cortex, orbitofrontal cortex, thalamus
and cerebellum. These ROIs were then transferred onto the
corresponding  dynamic  [''C](+)3-MPB images and static
[''C]MP4A image.

For [''C](+)3-MPB analysis, the Logan reference tissue method
was used in pixel-wise kinetic modeling software. In this study, the
cerebellum was used as the reference region [51]. The Logan
reference tissue method allows the estimation of the distribution
volume ratio (DVR), which can be expressed as follows [52]:

T
j ROIy(t)dt/ ROILa(T)
0

T
~DVR[{ JO ROy (1d1/ ROLoy(T)/ks } ROl (T)] + C

where ROI,, and ROI, are the radioactivity concentrations of
the target and reference region, respectively, at time-T. The DVR
is the slope and kj is the clearance rate from the reference region.
A kg value of 0.31 was used, according to a previous study [51]. G
is the intercept of the Y-axis. The DVR is the ratio of the
distribution volume in the target to the reference region. DVR
minus one was calculated as BPnp, which is the ratio at
equilibrium of specifically bound radioligand to that of non-
displaceble radioligand (ND) in tissue [53]. Data recorded during
the first 15 min were excluded based upon our previous PET study
[38]. We also generated parametric images of the binding
potential (BPyp) by the Logan reference tissue method based on
pixel-wise kinetic modelling [54].

For [''C]MP4A analysis, the summation image from 32—
62 min postinjection was obtained, and the uptake values in target
ROIs divided by the uptake of the cerebellar hemisphere was used
for the AChE activity ([''CJMP4A index) [55,56].

Statistics

The age, extent of fatigue, results of neuropsychological tests,
and regional BPyp values or uptake were compared among 3
groups with one way ANOVA using a post hoc Student-Newman-
Keuls test. Statistical significance was set at P<0.05.
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Figure 1. Serum autoantibody and PET images with ["'C](+)3-MPB among normal control (NC) and CFS(—) and CFS(+) patients. (A)
Antibody index against the muscarinic cholinergic receptor (mAChR) in serum from NC, CFS(—) and CFS(+) groups. ***p<0.001, significantly different
from the corresponding value for the CFS(+) patients (one way ANOVA using a post hoc Student-Newman-Keuls test). (B) Representative parametric
PET images of [''Cl(+)3-MPB binding in NC, CF$(—) and CFS(+) groups.

doi:10.1371/journal.pone.0051515.g001

Table 2, Results of neuropsychological tests.

Test Control CFS(-) CFS(+)
Japanese version of the National Adult Reading Test 720%11.1 ) 79.3%+13.7 754193
Advanced Trail-Making Test A 1243287 125.1%19.2 125‘5136.7
Advanced TraiI-Makihgk TestB: : 163.2+34.6 161.5+31.2 ' 187.4+70.1
Advanced Trail-Making Test C . 263.9245.0 260.8+45.8 275.7+27.0
Rey Complex Figure: immediate recall o 287%25 ' 29.8%2.7 287+33
Rey Compiex Fiéure: deylayed recall 28.0+3.3 28;71—3.1 27.8x27
Wisconsin Card Sorting Test ; ; 3275+108.1 " 31472417 e 338.2:£106.8
WechSIer Memory Scale-Revised

General memory ~ 112180 : 1145+94 E < 109.2%£53
Delayed memory ' 113.8+9.0 115.0+11.2 1124*6.5
Verbal memory - ’ 109.7%9.1 . 112.0%106 : '107.0+7.0
Visual memory 114.0£5.5 114.71542 '1 13.2:63 ‘
Attention .~ . . 1020+146 10052166 o £ 103.8%13.5
Data are expressed as mean * SD.

No significant differences were observed among control, CFS(~), and CFS(+) patients.

doi:10.1371/journal.pone.0051515.t002
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Results

Figure 1A shows the radioligand assay in serum samples
collected on the PET experiment day. There were 5 positive
patients (CFS(+)) whose serum autoantibody was higher than the
cut-off value shown as a dashed line. In normal controls, there
were no subjects with positive autoantibody against the mAChR.
As shown in Table 1, fatigue scores, expressed by visual analogue
scale, were similar between CFS(+) and CFS(—) patients (5.9+1.2
vs. 6.7+1.4, respectively). In all the neuropsychological assess-
ments, there were no significant differences among the 3 groups
(Table 2).

Representative maps of the BPxp of [''C](+)3-MPB using the
Logan plot with reference regions are presented in Figure 1B. The
BPnp of ['C](H)3-MPB in each brain of CFS(+) patients were
significantly lower than those in CFS(—) patients and control
subjects (Fig. 1B, Table 3). Compared with controls, a 10-25%
reduction of BPyp was observed in CFS(+) patients (Table 3).
AChE activity did not differ among the 3 groups (Table 3). There
were no significant differences in BPxp between CFS(—) patients
and control subjects. There were no regions in which the BPyp of
[1'C](+)3-MPB significantly correlated with any neuropsycholog-
ical indices.

["'Cl(+)-3-MPB Binding in Brain of Autoantibody(+)

Discussion

Reduction of [''C](+)3-MPB binding was observed in CFS(+)
patients who showed a higher level of serum autoantibody against
the mAChR, compared with CFS(—) patients and normal
controls. In contrast, the AChE activity was similar in subjects
from the 3 groups. The indices of intelligence and cognitive
function did not differ among the 3 groups, and these indices did
not relate to [''C](+H)3-MPB binding in this study. To our
knowledge, this is the first PET study to demonstrate a reduction
of neurotransmitter receptor binding in brains of CFS patients
with high levels of serum autoantibody. The present results suggest
the possibility of the autoantibody interacting directly with the
mAChR in the brain, although the autoantibody at this level did
not affect cognitive function in CFS patients. The present finding
supports the idea that penetration of the antibody into the brain
resulted in impaired BBB function. This may be one possible
mechanism by which the serum autoantibody could affect central
mAChR function [57].

Although the precise mechanism of the production of the
autoantibodies against the mAChR in the CFS brain is unclear,
there are the following mechanisms based on an autoimmune
reaction theory: 1) a viral infection of the brain tissue exposes the
brain to self-antigen; and 2) an infection (not necessarily in the
brain tissue) causes production of antibodies which, as a result of
molecular mimicry, identify brain antigens as non-self and cause

PLOS ONE | www.plosone.org

Table 3. Comparisons of [''Cl(+)3-MPB BPy and [''CIMP4A index among control, CFS(—) and CFS{+) groups.
['C1(+)3-MPB BPy,
ROI . Control CFs(-) - CFSH) , Reduction (%)
Dorsolateral Prefrontal Cortex 2.74+0.40 2.651+0.20 2.19+0.29* # 20
Anterior Cingulate Cortex . 287+039 293+037  2zex050* o1
Orbitofr;sntal Cértex 271030 2.79:&0,21 ’ 2.14id.35**' ## V 21
Temporal Cortex. - - 257+024 261022  224x028" * 3
Parietal Cortex 247+0.33 2.66:0.19 2.12+0.29% # 14
Ocdipital Cortex 260+0.28 2604027 S 2askoaet 1
Striatyum 4.73id,60 4.701(5.50 3.691’0.75* # 22
Thalamus 173018 182£010 1s1022¢ %13
Amygdala 220036 2322022 1.66£0,19% ## ' 25
Brainstem 0954015 092£0:16 Cosexolstt. 10
[""CIMPAA index k
Dorsolateral Prefrontal Cortex 043004 043003 om0z -4
Anterior Cingulate Cortex O.'SOi0.0S 0.51+0.05 ' O.49i0.02 : 1
Orbitofrontal Cortex 0493005  047+0.04 Co47r003 3
Temporal Cortex 0.42+0.03 0.43+0.03 0.430.02 -2
Parietal Cortex 0.38+0.03 0.39:0.63 Q.y4iO.t0.0}1 ey =6
Occipital Cortex 6.3710.03 ‘ 0.38i0.03 0.3816.02 ‘ —4
Styria{mm s | e ’ . s - oy T ’ e
Thalka‘mus - 0.82£0.07 0.77%£0.07 0.85+0.04 -4
Amygdala 0642005 061007 064004 20}
Brafnstém 0.84+0.06 0.8710.07 0.82i0.05 2
Data are expressed as mean * SD.
*p<0.05,
**p<0.01, significantly different from the corresponding values for the control.
#p<0.05,
##p<0.01, significantly different from the corresponding values for the CFS(—).
Reduction (%) reflects the extent of decreased in the rates of [''CJ(+)3-MPB BPyp or [''CIMP4A index from control to CFS(+).
doi:10.1371/journal.pone.0051515.t003
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autoimmune reactions [58]. These mechanisms are plausible
because a series of viruses such as the Epstein-Barr virus, human
herpes virus 6, group B coxsackie virus, human T-cell lympho-
trophic virus II, hepatitis C, enteroviruses and retroviruses were
found to act as etiological agents for CFS [59]. Therefore, it is very
likely that autoantibodies develop in some populations of CFS
patients.

There are some possible reasons for the reduction of ['!C](+)3-
MPB binding in CFS(+) patients. First, the autoantibody may have
penetrated through the impaired BBB directly destroying the
mAChR in the brain. A second possibility is that increased
endogenous acetylcholine (e.g. resulting from inhibition of AChE
activity) competes with [''C](+)3-MPB at the mAChR. However,
the latter seems unlikely. Our previous PET study showed that
[''C](+)3-MPB did not compete with endogenous acetylcholine
because of its high affinity for the receptors [60]. In addition, the
present results indicate no significant changes in AChE activity
assessed with [''CJMP4A, even in CFS() patients. A third
possible mechanism underlying reduced [''C](+)3-MPB binding is
that antibodies may act as receptor agonists or antagonists [21]. It
was reported that serum autoantibodies against the mAChR
displayed agonist-like activity, such as increased cGMP produc-
tion, activated phosphoinositide turnover, and translocated protein
kinase C [61]. All of these biological effects resemble the effects of
the mAChR agonists like pilocarpine, and were minimized by the
mAChR antagonist pirenzepine. In addition, the agonistic activity
by these autoantibodies might induce desensitization, internaliza-
tion and/or intracellular degradation of the mAChR, resulting in
a progressive decrease of the mAChR expression in the brain [62].
Taken together, the present results suggest that autoantibodies
penetrating the BBB from the serum to the brain may act on the
mAChR directly and specifically in the CFS brain without altering
ACHhE activity.

Five subtypes of mAChR, M, have been identified by
molecular cloning [19]. M;, My and M, receptors are predom-
inant subtypes expressed in different percentages among brain
regions. Quantitative immunoprecipitation study indicates that the
distribution percentages of M;, My and M, receptors are 60%,
20% and 20% in the cortex, respectively. In the striatum, their
distribution percentages are 30%, 20% and 50%, respectively
[63]. We had expected a greater reduction of [''C](#)3-MPB
BPyp in the cortex than in the striatum because serum
autoantibody detected in the present study was specific for the
M, receptor. However, similar reductions in the rate of [''C](+)3-
MPB BPnp were observed between the cortex and striatum
(Table 3). One possible explanation for this is the low selectivity of
["'C](+)3-MPB to the subtype of mAChR. The K values of (+)3-
MPB for the human receptors from M; to Mj were 1.34, 1.17,
2.82, 1.76, and 5.91 nM, respectively, as assessed with five cloned
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human mAChHR subtypes expressed in CHO-KI1 cells (unpub-
lished data). These data indicate that the M, receptor and the
other subtype of mAChR contribute to the reduction in the rate of
["'C](+)3-MPB BPyp in CFS(+) patients.

Because the M, receptor has a significant role in cognitive
function [3,20], we predicted cognitive impairment in CFS(+)
patients. However, cognitive function in CFS patients was not
associated with changes in [''C](+)3-MPB BPyp. One plausible
explanation is that reduction in the level of [''C](+)3-MPB BPxp
occurs within a range of preserved cognitive function. Indeed, we
recently reported the relationship between [''C](+)3-MPB BPyp
and cognitive function in conscious monkeys, showing that there
were thresholds (ca. 3040% in cortex and ca. 20-30% in
brainstem) of activity of the brain mAChR to induce cognitive
impairment [64,65].

Limitations

We cannot exclude the possibility that the autoimmune reaction
occurred as a secondary process to the reduction of the mAChR.
In addition, our findings relate to a small subset of CFS patients.
This was chiefly due to the difficulty in obtaining CFS patients’
consent to participate in the present study because it entailed a
series of PET and MRI measurements, requiring a significant
commitment of time from each subject. Additional experiments
will be necessary to fully validate the present findings. Increases in
the serum autoantibody agamst the mAChR have also been
reported in Sjégren syndrome [66] and other psychiatric disorders
including schizophrenia [61,62,67]. Therefore, our results cannot
be generalized to the entire CFS population.

Summary

Our results demonstrate the usefulness of PET as a tool for
detecting a reduction of neurotransmitter receptor binding in the
brains of patients with high levels of serum autoantibody. Further
follow up studies on a number of CFS patients are required in
order to more thoroughly investigate alterations in cholinergic and
neuronal functions with regard to levels of mAChR autoantibody
and clinical symptoms.
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In vive molecular imaging became a key technology for innovative drug development. Especially, positron emission
tomography (PET) has been applied to patho-physiological science, pharmacodynamics/pharmacokinetics (PD/PK)
studies, and drug delivery system (DDS) studies, and accelerated the paradigm shift not only from experimental animals
to human subjects, but also from PK in blood circulation to PK in target tissues, even in human. Gur RIKEN Centre for
Molecular Imaging Science has been established to promote such innovative drug developmental studies with PET
molecular imaging, as a center of excellence for development of molecular probes. The center is creating novel labeling
methods on drug candidate molecules with positron-emitting radionuclides, and is providing the molecular probes suita-
ble for targeting bio-functional molecules and cellular functions, which are useful for evaluation of drug efficacy and
pharmacokinetics in human subjects. Animal PET studies with mice, rats, rabbits, marmosets, and macaque monkeys
have also been promoted both under anesthetic condition and consciousness, which was a really difficult task but im-
portant for comparison with human PET studies. In this sense, mutual colizboration between the research consortia in
basic PET field and in clinical PET molecular imaging such as Osaka City University Hospital would be of great value.
Here, the concept, outline of our activities, and PK/PD studies with efficient application of molecular imaging is
presented. In addition, the results of the first cassetie-dose and micro-dose clinical trials approved by Pharmaceuticals
and Medical Devices Agency (PMDA) (New Energy and Industrial Technology Development Grganization (NEDO)
project represented by Prof. Yuichi Sugiyvama) are described.

Key words——molecular imaging; positron emission tomoegraphy (PET); pharmacokinetics; pharmacodynamics; drug
delivery system; micro-dose clinical trial
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