tight junctions are critical for restricting paracellular diffusion in the cerebral
microvasculature. Increased cerebrovascular permeability is a principal factor in the
development of cerebral edema after brain ischemia. Several studies have shown a
relationship between cyclic AMP (cAMP) levels and permeability of endothelial cell
monolayers. For example, elevation of intracellular cAMP concentrations induces high
transendothelial electrical resistance and increases P-glycoprotein function in brain
capillary endothelial cells (11, 12). In addition, when bovine aortic endothelial cells
were cultured in hypoxic conditions, cellular cAMP levels decreased and this
phenomenon was associated with an increase in cellular permeability (13). Furthermore,
a decrease in cAMP levels was detectable after brain microvascular endothelial cells
were exposed to hypoxic conditions for 3 h (14). Moreover, indapamide was shown to
augment cAMP production induced by forskolin, an adenylyl cyclase activator, but did
not alter basal cAMP levels in cardiomyocytes alone. (15). Therefore, indapamide may
protect cerebral microvascular endothelial cells from ischemic dysfunction by
increasing intracellular cAMP levels. The effects of indapamide on the expression of
tight junction-related proteins and on intracellular messengers are now being
investigated in rat brain primary cultured endothelial cells.

We present here in vitro evidence to suggest a possible protective action of
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indapamide against ischemia/reperfusion-induced injury and dysfunction of the BBB.
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Figure legends

Fig. 1.  Effects of indapamide on the viability of MBEC4 cells subjected to normal (A)
or ischemia/reperfusion (B) conditions. Results are expressed as % of cell viability
under normal conditions with vehicle treatment (% of vehicle). The % recovery is
shown on the right-side of panel B and was calculated using the following equation: [%
of vehicle under ischemia/reperfusion conditions with indapamide treatment - % of
vehicle under ischemia/reperfusion conditions with vehicle treatment] / [% of vehicle
under normal conditions with vehicle treatment - % of vehicle under
ischemia/reperfusion conditions with vehicle treatment] x 100. Data are expressed as
mean = S.E.M. (n=8-20). ## p<0.01, significant difference from vehicle under normal
conditions. **p<0.01, significant difference from vehicle under ischemia/reperfusion
conditions.

Fig. 2.  Effects of indapamide on Na-F (A) and EBA (B) permeability in MBEC4 cell
monolayer after a 7 h exposure to normal or ischemia conditions. The inset in each
panel shows the effects of indapamide on permeability of the MBEC4 cell monolayer to
Na-F and EBA after a 7 h exposure to normal conditions. The permeability coefficients
of Na-F and EBA in the MBEC4 monolayer, aftera 7 h exposure to normal conditions

with vehicle treatment, were 3.109 + 0.012X 10" and 0.798 + 0.003x10* cm/min,

14
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respectively. Results are expressed as % of vehicle under normal conditions with
vehicle treatment. The % recovery is shown on the right-side of each panel and was
calculated by the following equation: [% of vehicle under ischemia condition with
indapamide treatment - % of vehicle under ischemia condition with vehicle treatment] /
[% of vehicle under normal condition with vehicle treatment - % of vehicle under
ischemia condition with vehicle treatment] x 100. Data are expressed as mean + S.E.M.

(n=8). #i#p<0.01, significant difference from vehicle under normal conditions. **p<0.01,

significant difference from vehicle under ischemia conditions.

15

147



Fig. 1 (Nishioku et al)
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Fig. 2 (Nishioku et al)
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ABSTRACT

P-glycoprotein (P-gp) is a major efflux transporter contributing
to the efflux of a range of xenobiotic compounds at the blood-
brain barrier (BBB). In the present study, we evaluated the P-gp
function at the BBB using positron emission tomography (PET)
in nonhuman primates. Serial brain PET scans were obtained in
three rhesus monkeys after intravenous administration of
[""C]verapamil under control and P-gp inhibition conditions
([PSCB33 ([3'-keto-Me-Bmt']-[Val®]-cyclosporin) 20 mg/kg/2
h]). The parent [''C]verapamil and its metabolites in plasma
were determined by HPLC with a positron detector. The initial

brain uptake clearance calculated from the integration plot was
used for the quantitative analysis. After intravenous administra-
tion, ["'Clverapamil was taken up rapidly into the brain (time to
reach the peak, 0.58 min). The blood level of [''Clverapamil
decreased rapidly, and it underwent metabolism with time. The
inhibition of P-gp by PSC833 increased the brain uptake of
[V'Clverapamil 4.61-fold (0.141 versus 0.651 ml/g brain/min,
p < 0.05). These results suggest that PET measurement with
[''C)verapamil can be used for the evaluation of P-gp function
at the BBB in the living brain.

The blood-brain barrier (BBB), formed by brain-capillary
endothelial cells, is a functional barrier responsible for re-
stricting the entry of compounds from the circulating blood to
the brain parenchyma cells (Reese and Karnovsky, 1967).
The highly developed tight junctions between the adjacent

- brain cerebral endothelial cells are an anatomical feature of
the BBB that minimizes the nonspecific penetration of com-
pounds via paracellular route (Pardridge, 1988). In addition
to this physical barrier, metabolic enzymes and active efflux
transporters on this barrier also play important roles in BBB
function. P-glycoprotein (P-gp), a 170-kDa membrane protein
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that is responsible for the multidrug resistance of tumor
cells, is a major efflux transporter contributing to the efflux
of a range of xenobiotic compounds in the circulating blood at
the BBB (Schinkel et al., 1994; Tamai and Tsuji, 2000; Kusu-
hara and Sugiyama, 2001; Hirrlinger et al., 2002). Interest-
ingly, P-gp may also be involved in the efflux of p-amyloid
and has been suspected to play a role in Alzheimer’s disease
(Lam et al., 2001; Vogelgesang et al., 2002). In addition, a
drug-drug interaction involving P-gp inhibition at the BBB
has also been suggested (Sadeque at al., 2000). In a clinical
study, when loperamide was administered with quinidine, a
known P-gp inhibitor, respiratory depression by loperamide
was induced (Sadeque at al., 2000). It is speculated that this is
caused by modulation of the P-gp-mediated efflux by quinidine.
Furthermore, a genetic polymorphism (C3435T) of P-gp has
been reported to be associated with drug resistance in patients
with epilepsy (Siddiqui et al., 2003), although a controversial
result was reported recently (Tan et al., 2004). Such a genetic
polymorphism may be associated with interindividual differ-
ences in drug concentration in the central nervous system.

ABBREVIATIONS: BBB, blood-brain barrier; ANOVA, analysis of variance; AUC, area under the curve; C,.,,, maximal concentration; HPLC,
high-pressure liquid chromatography; MRI, magnetic resonance image; PET, positron emission tomography; P-gp, P-glycoprotein; PSC833,

[3'-keto-Me-Bmt')-[Val?]-cyclosporin; Ta. time to reach the C gy
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These clinical reports prompted a growing interest in the quan-
titative evaluation of P-gp function in living human brain,
Recently, in vivo evaluation of P-gp function was proposed
using an imaging method with [**C]colchicine, ['*Clcarve-
dilol, ["®F]paclitaxel, and [’Clverapamil (Elsinga et al.,
2004). Hendrikse et al. (1998) demonstrated in rodents that
the brain uptake of the P-gp substrate ['!Clverapamil was
increased after pretreatment with cyclosporin A, a P-gp inhib-
itor, and they showed that that the distribution volume, esti-
mated by Logan plot, was increased by pretreatment with cy-
closporin A (Bart et al., 2003; Elsinga et al., 2004). As for human
studies, Sasongko et al. (2005) demonstrated that the ratio of
the area under the curve (AUC) of the brain concentration to
that of blood concentration was increased in the presence of
cyclosporin A, and Kortekaas et al. (2005) reported that the
distribution volume of [*'Clverapamil in the midbrain was in-
creased in Parkinson’s disease patients compared with controls.
In the present study, the P-gp function at the BBB was evalu-
ated in rhesus monkeys by PET using [*'Clverapamil, with or
without a potent P-gp inhibitor PSC833. PSC833 treatment
caused a significant increase in the brain uptake clearance of
[*'Clverapamil, which was determined using integration plot
analysis using initial brain and blood concentration data.

Materials and Methods

Chemicals. The P-gp inhibitor PSC833 (Valspodar) was kindly
supplied by Novartis (Basel, Switzerland) and was dissolved in In-
tralipid (Lo et al.,, 2001) (oil in water emulsion droplet; Otsuka
Pharmaceutical, Tokyo, Japan). [*!C]Verapamil was synthesized
from norverapamil (Eisai Co. Ltd., Tokyo, Japan) as described pre-
viously (Wegman et al., 2002) and diluted with approximately 2 te 3
ml 0.9% saline containing 0.75% polyoxyethylenemonosorbitan
oleate and 1% ascorbic acid. The specific radioactivity of [''CJvera-
pamil used in all experiments ranged from 28.3 to 79.7 GBg/umol
(47.6 = 17.3 GBg/umol, mean * S.D., radiochemical purity is over
95%).

Animals. Three young male rhesus monkeys (Macaca mulatta)
weighing approximately 6.0 to 6.7 kg were used. The monkeys were
maintained and handled in accordance with recommendations by the
United States National Institutes of Health and our own guidelines
(National Institute of Radiological Sciences, Chiba, Japan). The
study was approved by the Animal Ethics Committee of the National
Institute of Radiological Sciences. A magnetic resonance image
(MRI) of each monkey brain was obtained beforehand.

PET Scan. All PET scans were performed using a high-resolution
SHR-7700 PET camera (Hamamatsu Photonics, Shizuoka, Japan)
designed for laboratory animals, which provides 31 transaxial slices
3.6 mm (center-to-center) apart, a 33.1-cm field of view, and spatial
resolution of 2.6 mm full width at half-maximum (Watanabe et al,,
1997). Monkeys were trained beforehand as being immobilized with
the head fixation device to ensure accuracy of repositioning through-
out the session (Obayashi et al., 2001). The infusion of PSC833 (20
mg/kg/2 h), a P-gp modulator, or vehicle alone to each monkey was
started 1 h before the intravenous administration of [*'Clverapamil
and maintained during the experiment. After administration of
[**C]verapamil, 0.9% saline was flushed into the catheter line to
prevent adsorption or retention of verapamil. Arterial blood sam-
pling (~0.5-1.5 ml) was performed via an indwelling arterial port
from the saphenous artery at 10s, 20 5, 30 s, 45 5, 1 min, 1.5 min, 3
min, 4.5 min, 6 min, 8 min, 10 min, 15 min, 20 min, 30 min, 45 min,
and 60 min after administration, and the radioactivity in the blood
was counted in a well-type y-scintillation counter. Radioactivity was
corrected for decay. After transmission scans for attenuation correc-
tion for 30 min, a dynamic emission scan in enhanced 2D mode was

1

performed for 60 min (10 X 125,30 X 65,1 X 5min,2 X 5 min, and
5 x 8 min; a total of 36 frames). [''C]Verapamil was administered
via the saphenous vein as a single bolus at the start of the emission
scan. The injected doses of ['Clverapamil were 65.8 = 11.5 MBq/kg
(mean = S.D.). The PET scans were separated by at least 4-week
intervals and randomized for each monkey.

Metabolite Analysis. Arterial blood samples were collected at 1,
3, 6, 10, 15, 30, and 60 min after administration of [*'Clverapamil.
Plasma was obtained by centrifugation and deproteinized with 2
volumes of acetonitrile. The supernatant was analyzed for radioac-
tive components using a high-pressure liquid chromatography
(HPLC) system (PU-610A series; GL Sciences, Torrance, CA) with a
coupled Nal(Tl) positron detector (Takei et al., 2001) to measure
["'Clverapamil metabolites. Isocratic elution was performed with a
reversed-phase semipreparative u-Bondpak C18 column (7.8 x 300
mm i.d.; Waters, Milford, MA). The mobile phase consisted of a
mixture of acetonitrile and 0.1 M ammonium acetate (70:30 v/v). The
flow rate was 5 mU/min, and the injected sample size was 1.0 ml. The
elute was monitored by ultraviolet absorbance at 254 nm and cou-
pled Nal(T1) positron detection. The percentage of parent radioactiv-
ity was determined from the activity of the parent verapamil with
respect to the 'C radioactivity in the chromatogram.

PET Data Analysis. All emission scan images were recon-
structed with a 4.0-mm Hann filter, and regions of interest were
placed on the whole cerebrum using PET Analyzer (in-house soft-
ware, National Institute of Radiological Sciences; Maeda et al.,
2001), and MRI information on each monkey. The summation images
of [*Clverapamil from 0 to 5 min were coregistered on the magnetic
resonance images by means of statistical parametric mapping (SPM
2; Welcome Department of Cognitive Neurology, London, UK), and
then the volume images were processed with Virtual Place TM (AZE
Ltd. Tokyo, Japan). The decay-corrected *!C radioactivity was nor-
malized to the injected dose (% dose). The maximal ''C radioactivity
in the cerebrum (C,.x cere) @nd the time to reach the C,,.y ceren
(T ax_ceret) Were obtained from the time-**C radioactivity data. The
AUC was calculated for brain and blood, and it was calculated using
data from 0 to 4.5 min after administration to minimize the bias by
metabolites.

Integration Plot. The initial brain uptake was measured over a
short period (~1-4.5 min) using integration plot method. The uptake
rate of [**Clverapamil can be described by the following equation,

Xf.cureb

Cr.hlmd

AUCq-

= CLuplake X C
+ blood

+ Vg (1)

where CL, ., is the brain uptake clearance based on the blood e
radioactivity, X, corc 18 the amount of ''C radioactivity in the cere-
brum at time t, and C, ;5,4 is the blood concentration calculated from
¢ radioactivity. AUC,q,, represents the area under the blood con-
centration curve from 0 to ¢, and Vi represents the initial distribu-
tion volume in the brain at time 0. Vg was obtained from the y-
intercept of the integration plot and includes the distribution volume
in blood residing within the brain as well as the initial distribution
volume of [**Clverapamil in the brain rapidly equilibrating with that
in blood. Therefore, the CL, . value can be obtained from the
initial slope of a plot of X, ceret/Ci pioos VErsus AUC,_/C, pioua, desig-
nated as the integration plot (Kim et al., 1988).

Inhibition of P-gp Function. The effect of PSC833, a P-gp
modulator, was evaluated based on the normalized time-activity curves
of brain and blood for the three monkeys, with and without PSC833
administration. PSC833 was infused at a dose of 20 mg/kg/2 h starting
1 h before intravenous administration of |*'Clverapamil and main-
tained until the end of the experiment (Song et al., 1999; Rodriguez et
al., 2004). In a control experiment, drug vehicle was infused in the same
manner. Differences were considered statistically significant when p <
0.05 using a one-sided paired ¢ test, with the exception of the time
course results in which two-way analysis of variance was used.
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Fig. 1. A typical MRI and
corresponding summation of PET images (B and C, up to 5 min)
image is also shown to assist intuitive understanding (D and E).
obtained after PSC833 administration.

Results

The Distribution of ['C]Verapamil in the Brain. A
control PET image (Fig. 1B) accompanied by a corresponding
morphological MRI (Fig. 1A) showed the uptake of 116 radio-
activity in the monkey brain. Higher uptake of 11C radioac-
tivity was observed in the brain after PSC833 treatment (Fig.
1C, PSC833-treated). Brain uptake was also clearly identified
from PET/MRI-coregistered images (Fig. 1, D and E). The time-
activity curves in the cerebrum are shown in Fig. 2. The ’C
radioactivity in the cerebrum peaked at 0.58 min after intrave-
nous administration of [**C]verapamil and remained almost
constant at this level up to 60 min. Only limited amount ofANE
radioactivity (0.0105 = 0.0006% dose/g brain, C,.x coret:
mean + S.D.) was transported into the cerebrum. '

Treatment with PSC833 significantly increased the 'C
radioactivity uptake in the cerebrum (two-way ANOVA, p <
0.05). The cerebrum AUC (AUC ) of the PSC833 treatment
group was significantly greater than that of the control group
(1.96-fold) (Table 1; p < 0.05). The Cy,ax_ceren of the PSC833
treatment group was also significantly higher than that of the
control group (1.57-fold) (Table 1, p < 0.05). The T ax_ceres WaS
not changed by treatment with PSC833 (Table 1).

Blood Profile and Metabolism of [1!C]Verapamil. The
time-'1C radioactivity in the blood is shown in Fig. 3. The e
radioactivity in the blood fell quickly up to 3 min and then
remained constant or slightly increased. Treatment with
PSC833 did not affect the blood ''C radioactivity profile (two-
way ANOVA), The blood AUC (AUC), 00q) Of the PSC833 treat-
ment group was similar to that of the control group (Table 1).

A chromatogram of the HPLC analysis of [**Clverapamil,

|

a color-coded PET image after administration of ["*Clverapamil. Horizontal slices of the brain MRI scans (A) and
of the cerebral *'C radioactivity uptake in one animal, The reconstructed MRI-PET
B and D represent the control state, and C and E are the P-gp inhibition conditions

with or without treatment with PSC833, is shown in Fig. 4A.
The retention time of verapamil was approximately 7 to 8
min. The fraction of intact verapamil decreased with time
(Fig. 4B). At 10 min after administration, on average, approx-
imately 25% of the radioactivity in plasma was the metabo-
lite of [1'Clverapamil in the control group and intact vera-
pamil represented approximately 50% of the radioactivity in
the plasma of the control group 30 min after administration
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Fig. 2. The *'C radioactivity time curves in cerebrum. The inset shows
the detail curves in the early time period (mean = S.D, n = 3). The
treatment with PSC833 clearly increases the 'C radioactivity in the
cerebrum (two-way ANOVA, p < 0.05).
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TABLE 1

Pharmacokinetic parameters of [*Clverapamil after intravenous administration, with or without PSC833 (20 mg/kg/2 h)

The AUCy.0q 2nd AUC,,,., were caleulated from 0 to 4.5 min after the administration using data shown in Figs. 2 and 3. CLypxe and Vg were obtained from Figure 5. The
vilues represent mean = S.D. (n = 3). Data in parentheses indicate values from individual animals.

Pharmacokinetic Parameter

Control

+ PSC833 Treatment

AUC,,),.q (% dose X min/ml)
AUC,, ., (% dose X min/g)

Crinx_coren, (% doselg)

0.0567 = 0.0145
(0.0461, 0.0733, 0.0507)
0.0365 = 0.0039
(0.0407, 0.0359, 0.0328)
0.0105 = 0.0006
(0.0104, 0.00989, 0.0112)

0.0535 + 0.0331
(0.0418, 0.0279, 0.0909)
0.0713 + 0.0169*
(0.0795, 0.0519, 0.0827)
0.0166 + 0.0033*
(0.0185, 0.0128, 0.0192)

O G 0.58 * 0.44 0.59 = 0.29
(1.08, 0.42, 0.25) (0.92, 0.42, 0.42)
CL,, e (mVg/min) 0.141 * 0.043 0.651 = 0.333*
(0.185, 0.139, 0.100) (0.937, 0.731, 0.285)
Vg (mlg) 0.243 * 0.130 0.436 = 0.279

(0.286, 0.0971, 0.346)

(0.402, 0.731, 0.176)

* A statistically significant difference was observed (7 test, P < 0.05).

(Fig. 4B). Treatment with PSC833 slightly increased the
metabolite fraction in plasma (Fig. 4B; two-way ANOVA, p <
0.05). The inset in Fig. 3 shows the time-activity curves of
intact [''Cl]verapamil in plasma. The plasma radioactivity
profile of intact [**Clverapamil was not affected by treatment
with PSC833 (two-way ANOVA).

The Brain Uptake Clearance of [''C]Verapamil and
Effect of PSC833. Integration plots of the control and
PS(CB833 treatment studies of the three monkeys are shown in
Fig. 5, A through C. The integration plots were linear over a
short period, which varied from 1 min to 4.5 min, depending
on the subject and with or without PSC833 treatment. Dur-
ing this period, the metabolite of [**Clverapamil accounted
for less than 12.5% C radioactivity. The initial brain uptake
of the control group was 0.141 ml/g/min (0.141 = 0.043,
mean * S.D.), and this was increased after PSC833 treat-
ment (0.651 = 0.333 ml/g brain/min, mean * S.D., p < 0.05).
The V5 was not changed by PSC833 treatment (Table 1). The
AUC, ., /AUC,,,0q ratio of *C radioactivity was increased
2.31-fold in the presence of PSC833.

Discussion

In this study, we evaluated the P-gp function at the BBB in
vivo using PET with [*'Clverapamil. Recently, the use of
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Fig. 3. The ["Clradiocactivity and intact (inset) [**Clverapamil activity-
time curves in cerebrum and blood. The time-''C radioactivity and intact
[*'C]verapamil activity curves in blood are similar for both the control
and PSC833 treatment groups (mean = S.D., n = 3).
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imaging techniques, such as single photon emission-com-
puted tomography and PET using [ Clcolchicine, [*'Clearve-
dilol, [*®F]paclitaxel, and [®*Cu)complexes and [*®*Galcom-
plexes and [®*™Tc]complexes, has been suggested for the
noninvasive evaluation of P-gp function in vivo (Elsinga et
al., 2004). Among these compounds, [**Clverapamil is a well
characterized PET ligand for evaluating P-gp function at the
BBB (Hendrikse et al., 1998, 1999), and verapamil can be
easily labeled with *!C using commercially available nor-
verapamil (Wegman et al., 2002).

After intravenous administration of [*'C]verapamil, it was
rapidly distributed in the brain over a short period and then
was eliminated slowly (Fig. 2). Apparently, the ''C radioac-
tivity reached a distributional pseudoequilibrium within a
short period (Fig. 3). This is similar to earlier results obtained
in rats (Hendrikse et al., 1999). The uptake of *'C radioactivity
into the cerebrum increased after PSC833 treatment (Figs. 1
and 2). PSC833 treatment increased the AUC_,. and
Cinax_ceren Of 1'C radioactivity compared with the values
obtained in the control group (Table 1). These data indicate
that the efflux transport by P-gp affects the initial brain
uptake and that the inhibition of P-gp-mediated transport
increases the brain uptake of P-gp substrates (Kusuhara et
al., 1997; Dagenais et al., 2000) and supports recent hu-
man brain PET study using [*'C]verapamil, which was
published during the revision process of this manuscript
(Sasongko et al., 2005).

The blood concentration-time profile of the '*C radioactiv-
ity was biphasic, exhibiting a rapid reduction within minutes
followed by an increase in the 'C radioactivity (Fig. 3). The
increase at later time points was more marked in the
PSC833-treated group than in the control group. The **C
radioactivity in the blood specimens includes unchanged
[**C]verapamil and its metabolites (Fig. 4A). Approximately
75% of the **C radioactivity was unchanged [''Clverapamil
during the initial 10 min, and the fraction of the unchanged
form in the blood specimens rapidly decreased (Fig. 4B). This
observation is consistent with the previous reports of vera-
pamil metabolism in humans (Kroemer et al.,, 1993; von
Richter et al., 2000; von Richter et al., 2001) and monkeys
(Link, 2003), whereas low levels of the metabolite of
[**Clverapamil during PET studies have been reported in
rodents (Hendrikse et al., 1998, 1999). Because the increase at
later time points was not observed in the blood concentration-
time profile of unchanged [*'Clverapamil (Fig. 3, inset), it is
likely that the increase is due to the accumulation of metabo-
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lites in the blood from the peripheral tissues. Since PSC833 is
known to be a fairly specific P-gp inhibitor with a low degree of
metabolic inhibition (Kawahara et al., 2000) and metabolites of
verapamil are also substrates of P-gp with a range of specifici-
ties (Pauli-Magnus et al., 2000), PSC833 treatment may cause
a delay in the elimination of metabolized verapamil, resulting
in marked plasma accumulation of metabolites.

Because we could not separate metabolites from parent
verapamil in brain, there is a possibility that different par-
ent/metabolite ratio might exist in the brain compared with
blood. To deal with this extensive metabolism of [''Clvera-
pamil, we used the initial PET data (~-0-4.5min) to avoid
any bias from metabolites. Integration plot analysis has been
used to obtain a tissue-specific uptake clearance. The initial
PET scan data (from 0 to ~1-4.5 min, depending on the
subjects) was enough to calculate the initial uptake clear-
ance, during which no extensive metabolism of verapamil
was observed (Fig. 4). Figure 5 shows the integration plot of
the blood versus tissue time-activity curves in three monkeys
(Fig. 5). The CLyake calculated from the slope of the inte-

gration plot increased after treatment with PSC833. This
indicates the modulation of P-gp function at the BBB by
PSC833 (Table 1) (Kusuhara et al,, 1997; Song et al., 1999).
The initial brain uptake clearance of [*'Clverapamil is a
sensitive parameter for P-gp function at the BBB. However,
the magnitude of the increase observed in PSC833-treated
monkeys was not as high as that observed in P-gp knockout
mice. This may be explained by incomplete inhibition of P-gp
activity by PSC833, variable brain concentration of PSCB833
in monkey, and, partly, a species difference in P-gp expres-
sion and/or intrinsic efflux transport activity. In fact, PSC833
treatment does not fully inhibit P-gp function at the BBB in
mice (Kusuhara et al., 1997). Interestingly, recent human
[1'C]verapamil PET study in the presence of cyclosporin A
showed a similar degree of increase in the brain distribution
of verapamil by P-gp inhibition. In this study, the AUC orer/
AUC,,,.q ratio of 1'C radioactivity was increased 1.88-fold in
the presence of cyclosporin A, which was consistent with the
present study (2.31-fold) (Sasongko et al., 2005). This sup-
ports the belief that the species difference in the role of P-gp
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Fig. 5. Integration plot of the brain uptake of [**C]verapamil for the three
monkeys (A, B, and C). The initial brain uptake of the control group was
inereased after treatment with PSC838 (¢ test, p < 0.05, n = 3). The Ve
was not changed by PSC833 treatment.

at the BBB may not be very significant between humans and
monkeys and suggests the feasibility of a PET study using
monkeys to provide information on the human BBB. Unlike
the slope, the y-intercept of the plot was insensitive to the
PSC833 treatment (Table 1). The y-intercept represents the
initial distribution volume, including the vascular space and
rapid adsorption/binding to the vascular surface, which can
achieve rapid equilibrium with the blood compartment. Be-
cause the initial distribution volume is greater than the
vascular space in the brain, estimated to be 35ul/g brain in
15 adult rhesus monkeys (Eichling et al., 1975), it seems that
the adsorption/binding of ['*Clverapamil to the vascular sur-
face occurs within a short period. The use of integration plot
analysis helps in the quantitative investigation of P-gp func-

tion at the BBB without any interference from the rapid and
extensive metabolism of [1!Clverapamil, which makes it in-
appropriate to use common graphical methods that need data
obtained from long-term sampling (Logan, 2003).

In conclusion, we have been able to evaluate P-gp function
at the BBB in nonhuman primates, using [*'Clverapamil as
a PET ligand and integration plot method. P-gp at the BBB
has attracted much interest from a clinical point of view; i.e.,
drug-drug interactions and the effects of genetic polymor-
phisms. Therefore, in future, PET studies using [*!Clvera-
pamil will be a powerful tool for evaluating P-gp function at
the BBB in a noninvasive manner.
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P-glycoprotein in the blood-brain barrier (BBB) has been found
to be associated with several types of neurologic damage. ''C-
Verapamil has been used for in vivo imaging of P-glycoprotein
function in the BBB by PET, but metabolites in plasma compli-
cate the quantitative analysis of human studies. In this study,
we validated the quantification methods of 1'C-verapamil trans-
fer from plasma to the brain in humans. Methods: The transfer
rate constant from plasma to the brain, K,, was estimated by
nonlinear least squares (NLS) with a 2-input compartment model,
including the permeation of the main metabolite in plasma at the
BBB, and with a 1-input compartment model using only 15-min
data that contained little metabolite in plasma. K, was also esti-
mated by graphical analysis of an integration plot that uses only
early-time data, before the appearance of metabolites, and the
estimated K, was compared with that obtained by the NLS
method. In the simulation study, the reliability of parameter esti-
mates in the graphical analysis method was investigated for
various values of rate constants, time ranges of parameter
estimations, and noise levels. Results: 1'C-Verapamil in plasma
gradually converted to its metabolites, and about 45% of the
radioactivity in the plasma specimen was associated with "'C-
verapamil metabolites at 30 min after injection. Although K,
estimated from graphical analysis was slightly smaller than that
by NLS, there was strong correlation among the K; values
obtained by these 3 methods. In the simulation study, for graph-
ical analysis, the differences between the true and mean of K, es-
timates became larger and the coefficient of variation (COV) of K,
estimates became smaller as the end time of linear regression
became later. The COV of graphical analysis was almost equal
to that of NLS with the 1-input compartment model. Conclusion:
The transfer of ''C-verapamil from plasma to the brain was able
to be quantitatively estimated by graphical analysis because this
method can provide K, from the data of the initial few minutes
without considering the effect of the metabolites in plasma.
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P—g]ycoprotein (P-gp) is found at cell membranes of
various organs, and functions as an efflux pump hampering
the invasion of toxic compounds into the cells (/—4). P-gp
is also expressed at the blood-brain barrier (BBB), a func-
tional barrier between blood and brain interstitial space
formed by a continuous endothelial lining of cerebral capil-
laries, and plays indispensable roles as one of the barrier
functions in BBB (5-8). In addition to its pharmacologic
importance, P-gp in BBB was recently found to be asso-
ciated with several neurologic disorders (9,70).
'C-Verapamil has been used for in vivo neuroimaging of
the brain by PET, representing a potent tool for imaging the
function of P-gp (J1-14). Some investigators analyzed the
kinetics of ''C-verapamil by the distribution volume (DV)
estimated from the graphical analysis developed by Logan
et al. (/5) in rodents, reporting that the DV was increased by
the pretreatment of cyclosporin A (CsA), a P-gp inhibitor
(16,17). In a human study, Sasongko et al. demonstrated that
the ratio of the area under the curve of brain to that of blood
was increased in the presence of CsA (/8), and Kortekaas
et al. reported that the uptake of ''C-verapamil as evaluated
by the DV with the graphical analysis of Logan et al. was
elevated in the midbrain of Parkinson’s disease patients as
compared with control subjects (/9). On the other hand, Lee
et al. evaluated the transfer of ''C-verapamil from blood to
brain with the graphical analysis using early-time data, the
so-called integration plot, in rhesus monkeys with or without
treatment of a P-gp inhibitor, PSC833, demonstrating that the
brain uptake of ''C-verapamil was increased after the
PSC833 treatment (20). Moreover, Muzi et al. estimated
the rate constant of ''C-verapamil transfer to the brain, K;,
with 1- and 2-tissue compartment models in healthy
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volunteers, reporting that K increased in the presence of the
P-gp inhibitor CsA (2/). This means that the initial brain
uptake of ''C-verapamil can be an indicator of the P-gp
activity at the BBB. However, Sasongko et al. reported that
the plasma radioactivity of verapamil was approximately
35%, that of the main metabolite D-617 was 20% at 45 min,
and that D-617 and several other minor metabolites might
contribute to the image (/8). Although these metabolites in
plasma complicate the quantitative analysis, validation of
these kinetic analysis methods for ''C-verapamil has not
been sufficiently confirmed in humans.

In this study, we evaluated the quantitative analysis methods
to estimate the transfer of ''C-verapamil from plasma to the
brain in healthy volunteers, and the reliability of the estimated
parameters was investigated by computer simulation.

MATERIALS AND METHODS

Subjects

Ten subjects (age range, 20-31 y; mean age = SD, 23.8 + 3.3y)
participated in this study. All volunteers were free of any somatic,
neurologic, or psychiatric disorders, and they had no history of
current or previous drug abuse. This study was approved by the
Ethics and Radiation Safety Committees of the National Institute of
Radiological Sciences, Chiba, Japan, and written informed consent
was obtained from each subject.

Radioligand
'C-Verapamil was synthesized from norverapamil (Eisai Co.
Ltd.) as described previously (22).

HET

PET scans were performed using an ECAT EXACT 47 scanner
(CTI/Siemens), which provides 47 planes and a 16.2-cm axial field
of view. A transmission scan with a 3-rod source of %Ge-*8Ga was
followed by a dynamic 60-minscan (15sx8,30sx4,60sx2,120s
x 1,240 s 4,360 s x 6) with a bolus injection of 629.0-856.9 MBq
(mean * SD, 746.3 = 58.2 MBq) of !'C-verapamil. The specific
radioactivities were 31.0-99.3 GBg/pmol (mean * SD, 48.1 + 20.6
GBg/pmol) at the time of injection. The PET data were acquired in
2-dimensional mode and the data were reconstructed by filtered
backprojection using a ramp filter with a cutoff frequency of 0.5.

MRI was performed with a Gyroscan NT scanner (1.5 T)
(Phillips Medical Systems) to obtain T1-weighted images of the
brain,

The PET images were coregistered to MR images, and regions
of interest (ROIs) were defined over the frontal, temporal, parietal,
and occipital cortices, and the cerebellum with a template-based
method as described by Yasuno et al. (23).

Arterial Blood Sampling

To obtain the arterial input function, an automated blood
sampling system was used during the first 5 min of each PET
measurement (24). The concentration of radioactivity in arterial
blood was measured every second. At the same time, arterial
blood samples were taken manually and their radioactive concen-
trations were measured 26 times during the scan. Each manually
taken blood sample was centrifuged to obtain plasma and blood
cell fractions, and the concentration of radioactivity in the plasma
was measured. Radioactivity between PET and blood was cali-
brated with a cylinder phantom and '®F solution. Plasma metab-
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olites were analyzed as follows: For the plasma fractions at 2, 4, 7,
12, 19, 29, 42, and 59 min after injection, acetonitrile was added
and then centrifuged. The supernatant was analyzed for radioac-
tive components using a high-performance liquid chromatography
system (PU-610A series; GL Sciences) with a coupled bismuth
germanate positron detector (25) to measure plasma ''C-verapamil
metabolites. Isocratic elution was performed with a reversed-phase
semipreparative Waters pBondpak C;g column (7.8 mm [inner
diameter] x 300 mm). The mobile phase consisted of a mixture of
acetonitrile and 0.1 mol/L ammonium acetate (70:30, v/v). The
percentage of parent radioactivity was determined from the activ-
ity of the parent verapamil with respect to the total activity in the
chromatogram.

Data Analysis

2-Input Compartment Model. The rate constants between
plasma and tissue were estimated both for unmetabolized ''C-
verapamil and for the main metabolite with a 2-input, 2-tissue
compartment model including transfer of the metabolite from
plasma to brain (Fig. 1) (26,27). K, describes the rate constant for
transfer of "'C-verapamil from plasma to brain, k, describes the
rate constant for transfer of ''C-verapamil from brain to plasma,
and K™ and k,™ represent the transfer of the main metabalite be-
tween plasma and brain. The fraction of unchanged ''C-verapamil
in the total plasma radioactivity was fitted by a 2-exponential
expression (28), f = a x exp(~bt) + (1 — a) x exp(—ct), where f is
the fraction of unchanged ''C-verapamil, and a, b, and c are the
estimated parameters. A plasma curve of unchanged !'C-verapamil
used as input function C, was generated by the product of the
plasma activity and the fraction curves of unchanged ''C-verapamil.
Meanwhile, the fraction of the main metabolite in total plasma
radioactivity was fitted by f' = 1 - {a’ x exp(-b't) + (1 - a') x
exp(—c't)}, where f' is the fraction of the main metabolite, and a’,
b’, and ¢’ are the estimated parameters. A plasma curve of the
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FIGURE 1. The 2-input, 2-tissue compartment model includ-
ing transfer of metabolite in plasma to tissue.
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main metabolite used as input function C, was generated by
the product of the plasma activity and the metabolite fraction
curves. In this model, 5 parameters (K, ka, K;M, kM, blood vol-
ume [BV]) were estimated by nonlinear least squares (NLS)
with iteration of the Modified Marquardt algorithm without
weighting and without constraints. Parameter estimates were con-
sidered invalid if DY |= K,/k;] and DVM [= K M/k,M were outside
the range 0.0 < DV, DVM < 5.0.

I-Input Compartment Model. Rate constants between plasma
and tissue—that is, K; and ko—were also estimated with a
I-input, I-tissue compartment model including only the transfer
of unmetabolized ''C-verapamil. In this model, a plasma curve of
unchanged "'C-verapamil was used as input function C,, and 3
parameters (K, k;, BV) were estimated by NLS in the same way
as in the 2-input compartment model. NLS fitting was performed
for both 60-min data and 15-min data.

Uptake Estimates with Graphical Analysis. The rate constant of
transfer from plasma to brain was estimated by the graphical
analysis method with integration of plasma input versus tissue
(integration plot) (20,29). In the l-input, I-tissue compartment
model, the radioactivity concentration in the brain is given by:

I (
Cy(1) = K, / Cp(s)ds — ko / Cy(s)ds, Eq. 1
0 0

where C, and C, are the radioactivity concentration of unchanged
"C-verapamil in plasma and brain, respectively; K is the transfer
rate constant from plasma to brain; and k, is the efflux rate
constant from the brain. In the early phase after administration of
tracer, as efflux from the brain and metabolites in plasma is
negligible, the second term is small enough to eliminate, and
radioactivity concentration in the brain can be described by:

Cy(1) =K, ./:Cp(s)ds. Eq. 2

When a BV component is considered, measured radioactivity
concentration in the ROI is given by:

C,(1) = (1 = BV)Cy (1) + BV x (1), Eq. 3

where C,,(1) is the radioactivity concentration in whole blood, and
BV is the blood volume. From Equations 2 and 3, K, can be
obtained by linear regression from the equation:

Ci(r)
wl(r)

[; Cp(s)ds
Cil1)

= (1 - BV)K, x +BV  fort<t, Eq.4

)

where 1, is the end-time-point of linear regression in which efflux
from the brain is assumed to be negligible. In this study, points of
the first frame were excluded from linear regression to eliminate the
large variation in time—activity curves of the brain, and (/ - BV)K,
and BV were estimated as slope and intercept, respectively, by
linear regression using points of 9 frames from the second frame
(mean time point = 22.5 s) to the 10th frame (mean time point =
165 s) after the injection. K, estimated from the integration plot
was compared with that from NLS with 2-input or [-input com-
partment models.

Analysis of human data was implemented using MATLAB
(The MathWorks) or PMOD (PMOD Technologies).
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Simulation Study

The reliability of K, estimated with the integration plot was
evaluated by computer simulation. Because there was little
metabolite in plasma during the initial 12 min used in the eval-
uvation of the integration plot, simulated time—activity curves were
generated according to the l-input, |-tissue compartment model.
Time-activity curves were simulated with measured input func-
tion for various rate constants (k values: K, = 0.03, 0.05, and
0.07; DV = 0.4, 0.7, and 1.0; BV = 0.05). The noise ratio for each
frame was determined according to the collected total count of the
frame (30,37). Noise was generated with random numbers based
on gaussian distribution and added to the nondecaying tissue
activity for each frame. In this simulation study, the noise level
was adjusted to be 1%, 3%, and 5% at the 16th frame (imean time
point = 10 min) of the time-activity curve with K; = 0.05, DV =
0.7, and 1,000 noisy datasets were generated for each k value and
noise level. In these noise-added time-activity curves, K; was
estimated by the integration plot with points from 15sto 1,2, 3,5,
8, and 12 min, and the mean and the coefficient of variation (COV,
SD/mean |%]) of estimated K, in 1,000 runs were evaluated for
each.

The simulations were performed on Dr.View (Asahi Kasei
Information Systems Co.).

RESULTS

PET Studies

The ratios of unchanged ''C-verapamil and the main and
minor metabolites in total plasma radioactivity are shown
in Figure 2. The ratio of unchanged !''C-verapamil was
about 94% at 7 min, 83% at 12 min, 55% at 30 min, and
35% at 60 min.

The shape of the time—activity curve was similar for all
regions, and measured time—activity curves of 60 min were
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FIGURE 2. Time curve of percentage of unchanged radio-
ligand and metabolites in total plasma radioactivity using 1'C-
verapamil in 10 subjects.
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well described by the 2-input compartment model, taking
into account the transfer from the metabolite in plasma to
brain (Fig. 3A). The 1-tissue compartment model was not
sufficient to describe the measured time-activity curves at
60 min for all regions of the brain (Fig. 3B), and this model
was able to fit the measured time-activity curves up to 15
min (Fig. 3C). The estimated rate constants of each region
are listed in Table 1. In the 2-input compartment model, K,
ranged from 0.046 (temporal) to 0.050 (occipital), KM
ranged from 0.057 (occipital) to 0.071 (temporal), and k,™
ranged from 0.068 (occipital) to 0.11 (cerebellum). The
COV of K,M and k,™ were remarkably large. In the frontal
cortex, the COV of KM and k,M were 57% and 63%,
respectively. In the I-input compartment model by 15-min
data, K, ranged from 0.046 (temporal) to 0.049 (cerebel-
lum). In the graphical analysis, the brain and plasma
concentration data up to about 3 min were approximately
linear (Fig. 4). Estimated K, ranged from 0.043 (temporal)
to 0.046 (occipital), values slightly smaller than those of
NLS with the 2-input or the 1-input compartment model.
There was strong correlation between the K, and k, values
estimated with the 2-input compartment model for 60-min
measured data and those with the 1-input compartment
model for 15-min data (Figs. 5A and B). However, K,
values estimated from the 1-input compartment model for
60-min data were about 10% smaller than those from the
2-input compartment model. Although the K; values esti-
mated from the integration plot were slightly smaller than
those of NLS, a strong correlation was also found between
these methods (Fig. 5C).

Simulation Study

In the simulation study of the integration plot, plot points
of Equation 4 began to fall from the linear line about 2 min
after injection, especially in the time-activity curve with a
small DV—that is, large k,. In noise-added time-activity
curves, K, was underestimated, and the difference between
true and mean values of estimated K; changed according to

the end time of linear regression, becoming large when the
end time was late. The difference also became large when
the K, value was large and the DV value was small, indi-
cating that the k, value was large (Fig. 6). However, this
underestimation was independent of the noise level. Fur-
thermore, the COV of K, estimates became smaller as the
end time of linear regression became later. The COV
depended on the noise level, and it became larger as the
noise level increased. When K; was 0.05, DV was 0.7, and
the end time of linear regression was 3 min, the COV of K,
estimates were 1.9% at 1% noise, 5.6% at 3% noise, and
9.3% at 5% noise. However, COV was independent of the
DV value.

DISCUSSION

Effect of Metabolites in Plasma on Parameter
Estimation

In the "' C-verapamil study with the 60-min scan, the time—
activity curve was not described by the I-input, I-tissue
compartment model (Fig. 3). This might be explained by the
existence of radioactive metabolites in plasma passing the
BBB and increasing with time. It has been reported that there
was little ''C-metabolite in plasma and brain of rats 1 h after
injection (/3,32), whereas Lee et al. reported that the signif-
icant amount of radioactivity in plasma was associated with
the form of metabolites of ' 'C-verapamil 1 h after injection in
nonhuman primates (20). Meanwhile, Sasongko et al. (/8)
reported that D-617 and several other minor metabolites
would retain the label and that the plasma radioactivity of
verapamil was approximately 35%, that of D-617 was 20% at
45 min, and that therefore these metabolites might contribute
to the image as most of these unconjugated metabolites of
verapamil have been shown to be substrates of P-gp with
affinity similar to that of verapamil (33). In our human study,
U C-verapamil was gradually converted to its metabolites
after intravenous administration, and about 45% of the
radioactivity in the plasma specimen was associated with
" C-verapamil metabolites at 30 min after injection (Fig. 2), a
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FIGURE 3. Measured time-activity curve and fitting result with 2-

input compartment model (A), with 1-input compartment model

using measured data up to 60 min (B), and with 1-input compartment model using measured data up to 15 min (C) for 1'C-
verapamil. Symbols represent measured radioactivity concentrations in temporal cortex.
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