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, KM, k™, blood vol-
ume [BV]) were estimated by nonlinear Jeast squares (NLS)
with iteration of the Modified Marquardt algorithm without
weighting and without constraints. Parameter estimates were con-
sidered invalid if DV [ = K,/k,) and DVM |= K M/k,™ were outside
the range 0.0 < DV, DVM < 5.

I-Input Compartment Model. Rate constants between plasma
and tissue—that is, K, and kp—were also estimated with a
1-input, 1-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, 1-tissue compartment
model, the radioactivity concentration in the brain is given by:

] !
Cy(1) = K, / Cp(s)ds — kgf Cp(s)ds, Eq. |
0 0

where C, and Cj, are the radioactivity concentration of unchanged
V1C-verapamil in plasma and brain, respectively; K is the transfer
rate constant from plasma to brain; and k; is the effiux 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:

Gol1) =K, /D Cy(s)ds. Eq. 2

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

C,(1) = (1 = BV)Cs(1) + BV x C,.(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:

C'—(r):

e - BvIK,  Jo Cols)ds

+
e l) BV

Jor1<1, 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 1-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. Becavse there was little
metabolite in plasma during the initial 12 min used in the eval-
uation of the integration plet, simulated time-activity curves were
generated according to the 1-input, 1-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 (30,3/). 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 1o be 1%, 3%, and 5% at the 16th frame (mean 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 15st0 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 ''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 rale 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,M
ranged from 0.068 (occipital) to 0.11 (cerebellum). The
COV of K\M and k,M were remarkably large. In the frontal
cortex, the COV of K;M and k;M were 57% and 63%,
respectively. In the 1-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 I-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 dilference 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 COVof 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, 1-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. (J8)
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,
MC-verapamil was gradually converted to its metabolites
after intravenous administration, and about 45% of the
radioaclivity in the plasma specimen was associated with
"'C-verapamil metabolites at 30 min after injection (Fig. 2), a
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Brain concentration (kBg/mL) I»
Brain concentration (kBg/mL) 0J
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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 te 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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TABLE 1

Estimated Rate Constants for 3 Methods

2-input NLS 1-input NLS (60 min) 1-input NLS (15 min) Integration plot

Hegion K, ka2 BV Kq ko BV K1 ko BV K4 BV
Frontal 0.047 0.071 0.052 0.044 0.047 0.055 0.047 0.068 0.052 0.043 0.062
(16.9) (11.2) (9.06) (16.9) (10.6) (8.17) (16.8) (11.0) (8.80) (15.6) (16.5)

Temporal 0.046 0.068 0.058 0.043 0.044 0.060 0.046 0.064 0.057 0.043 0.067
(16.2)  (9.97) (122) (164) (102)  (121) (162  (11.1) (123 (128  (21.9)

Parietal 0.048 0.073 0.055 0.045 0.047 0.058 0.049 0.068 0.056 0.044 0.068
(17.0) (10.6) (9.58) (17.0) (11.3) (9.60) (17.1) (13.1) (9.31) (14.1) (19.2)

Occipital 0.050 0.068 0.072 0.046 0.047 0.073 0.048 0.062 0.071 0.046 0.073
(15.4) (17.2) (16.2) (16.5) (11.7) (15.7) (16.5) (15.2) (16.2) (13.7) (27.3)

Cerebellum 0.049 0.077 0.059 0.045 0.051 0.062 0.049 0.074 0.059 0.044 0.070
(15.3) (10.2) (10.5) (15.2) (11.2) (10.1) (15.3) (9.04) (10.5) (11.4) (22.9)

2-input NLS: Ky, kz, and BV values estimated by NLS with 2-input, 2-tissue compartment model for measured data up to 60 min; 1-input
NLS: Ky, kg, and BV values estimated by NLS with 1-input, 1-tissue compartment model for measured data up to 60 or 15 min; Integration
plot: Ky and BV values estimated by graphical analysis with integration plot. Mean with COV in parentheses; mean value and normalized

percent SD of each parameter for 10 subjects.

result consistent with that of Sasongko et al. (/8). The
measured time-activily curve was well described with the
2-input, 2-tissue compartment model, including the passing
of the main metabolite in plasma to the brain (Fig. 3). Al-
though the good fit of the 2-input compartment model does
not represent evidence for the existence of metabolites
permeating the BBB, this result suggests the possibility of
the contribution of metabolites to the measured activity.

Graphical Analysis

In Equation 2, the term of BV is not included. The plots
with this equation were not on the straight line even in
early-time data. The value of K, was small in the ''C-
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FIGURE 4. Graphical analysis of integration plot for measured
time-activity curve of temporal cortex. K, value was estimated
by using points between 15 s and 3 min.
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verapamil study, so the effect of BV cannot be neglected.
Therefore, we modified Equation 2 to Equation 4, and the
estimated BV value was valid.

Even if the metabolites in plasma pass the BBB, the K,
value estimated by the integration plot is not affected by them
because the integration plot yields K, from only early-time
data, in which the plasma fraction of the unchanged form is
>95%. Therefore, estimation by the integration plot does not
require consideration of the effect of the metabolites, which
becomes a problem in NLS with the compartment model or
the graphical analysis of Logan et al. (/5). Although the
integration plot provides only K,, and more detailed quan-
tification such as NLS with the compartment model is
necessary to understand the overall dynamics of the tracer,
it is useful in the evaluation of the difference in K, between
subjects.

However, by this method, K; was underestimated (Fig.
5C). This underestimation may be a result of neglecting
the efflux from the brain, represented as k,. Actually, the
integration plot of Equation 4 contains only the time during
which the efflux from the brain did not appear. When k; is
small, the effect of the efflux is negligible for a few minutes
after the injection. However, when k, is larger, the efflux
cannot be negligible even for only a few minutes after the
injection (Fig. 6). In the simulation study, the error of un-
derestimation was greatly affected by the k, value, indi-
cating that the integration plot is not appropriate for a tracer
with large k; and regional or individual large variations of
ka. In healthy volunteers, K, estimated by the 2-input com-
partment model ranged from 0.046 to 0.050, k; ranged from
0.068 to 0.077, and DV ranged from 0.64 to 0.74 (Table 1),
indicaling that regional differences of these parameters
are small. Moreover, the COV of k, and the DV among
individuals were about 10% in all regions. In these varia-
tions of k, and DV among regions and individuals, the
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difference of K; underestimation resulting from the k, and
DV is small. The underestimation of estimated K, in this
DV value was about 10% when K, was estimated by using
points up to 3 min (Fig. 6). In the future, ' C-verapamil will
be applied for various diseases and, in a case with a large
ko, interpretation of the estimated K, should be atternpted
with caution.

Considering the effect of the efflux across the BBB, the
endpoint of linear regression should be selected as early as
possible. However, too early an endpoint of linear regres-
sion brings about an estimation error caused by statistical
noise in the tissue time-activity curve, especially in the
time—activity curve with a high noise level. Deducing from
the residual error of time—activity curve fitting by NLS, the
noise level of human ROI analysis in this study was 1%-
3% (31). At this noise level, the COV of graphical analysis
is small enough. However, in pixel-by-pixel calculation, the
noise level is large. In a time—activity curve with 20% noise
at the 16th frame (mean time point = 10 min), the COV of
K, by graphical analysis with data up to 3 min was >35%,
this was larger than that by NLS with 1-input compartment
model. When the endpoint for linear regression was >5
min, the COV became smaller than NLS with the I-input
compartment model. However, bias of the underestimation

became larger as the endpoint became later. Therefore,
graphical analysis is not appropriate for pixel-by-pixel
calculation.

NLS with Compartment Model

The 2-input compartment model can provide the rate con-
stants of transfer of metabolite between plasma and brain,
and the radioactivity of metabolite in brain. However, the
COV of KjM and k,M were >50%, so estimated parameters
without constraint are not reliable,

NLS with the 1-input compartment model can provide
K, with data from only 15 min, in which the rate of un-
changed verapamil in plasma is about 80%. Therefore, the
I-tissue compartment model is also useful for the estima-
tion of transfer from plasma to brain, K,. However, k;
cannot be estimated reliably in a short-time scan and would
be greatly affected by metabolites in brain if they exist.
More studies focusing on metabolites in the brain will be
necessary for the evaluation of k.

Indicator of P-gp Function in 1'C-Verapamil Studies
The integration plot does not require consideration of the
permeation of BBB for the metabolites, However, the in-
tegration plot provides only K,. Nevertheless, Muzi et al.
reporied that increase in K estimates in the presence of CsA in

A 0.08 B 3 II
30 !

< |
= 25 - 1
& =
2 3 201

FIGURE 6. Relationship betweenmean | @ B 151

estimated K, of integration plot and end = “ ol

time of linear regression (A) and between g

COV of estimated K, and end time of R i

linear regression (B) for simulated time- 0 T S S 0

activity curves with noise levels of 3% 0 2.4 6 8 10 12 14 0 2 4 6 & 10 12 14

with K, = 0.03, 0.05, and 0.07, and DV = End time of linear regression (min) End time of linear regression (min)

0.4,0.7, and 1.0. N s

1536

3

THE JournaL OF NucLEAR MEDICINE ¢ Vol. 47 » No. 9 + September 2006

1



healthy volunteers was independent of blood flow and dem-
onstrated inhibition of P-gp efflux at the BBB (2/). Moreover,
Lee et al. reported that the transfer of !'C-verapamil evaluated
by the integration plot increased after treatment with P-gp
inhibitor, PSC833, in nonhuman primates (20). Therefore,
taken together, the estimation of K, is deemed to be helpful for
the assessment of P-gp function in the BBB.

CONCLUSION

The rate constant of transfer to the brain, K, was estimated
by graphical analysis of an integration plot with data points of
an initial few minutes, during which the rate of unchanged
verapamil in radioactivity of plasma is >95%. In human data
with healthy volunteers, K, estimated by graphical analysis
correlated with that by NLS with the 2- or 1-input comparl-
ment model. In the simulation study, the COV of K, by
graphical analysis was smaller than that by other methods in
the noise level of ROI analysis. The integration plot is useful
for the estimation of transfer to the brain, as this method can
provide K easily with only the data of the initial few minutes

without needing to consider the permeability of metabolite in
plasma.
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ABSTRACT

P-glycoprotein (P-gp) is a major efflux transporter contributing  brain uptake clearance calculated from the integration plot was
to the efflux of a range of xenobiotic compounds at the blood-  used for the quantitative analysis. After intravenous administra-
brain barrier (BBB). In the present study, we evaluated the P-gp  tion, ['"Clverapamil was taken up rapidly into the brain {time to
function at the BBB using positron emission tomography (PET) reach the peak, 0.58 min). The blood level of [''Clverapamil
in nonhuman primates. Serial brain PET scans were obtained in  decreased rapidly, and it underwent metabolism with time. The
three rhesus monkeys after intravenous administration of inhibition of P-gp by PSC833 increased the brain uptake of
["'C]verapamil under control and P-gp inhibition conditions [''C]verapamil 4.61-fold (0.141 versus 0.651 ml/g brain/min,
([PSCB33 ([3'-keto-Me-Bmt'}-[Val?]-cyclosporin) 20 mg/kg/2 p < 0.05). These results suggest that PET measurement with
h]). The parent [''C]verapamil and its metabolites in plasma [''Clverapamil can be used for the evaluation of P-gp function
were determined by HPLC with a positron detector. The initial  at the BBB in the living brain.

The blood-brain barrier (BBB), formed by brain-capillary that is responsible for the multidrug resistance of tumor
endothelial cells, is a functional barrier responsible for re- cells, is a major efflux transporter contributing to the efflux
stricting the entry of compounds from the circulating blood to  of a range of xenobiotic compounds in the circulating blood at
the brain parenchyma cells (Reese and Karnovsky, 1967). the BBB (Schinkel et al., 1994; Tamai and Tsuji, 2000; Kusu-
The highly developed tight junctions between the adjacent hara and Sugiyama, 2001; Hirrlinger et al., 2002). Interest-

. brain cerebral endothelial cells are an anatomical feature of ingly, P-gp may also be involved in the efflux of B-amyloid
the BBB that minimizes the nonspecific penetration of com- and has been suspected to play a role in Alzheimer’s disease
pounds via paracellular route (Pardridge, 1988). In addition (Lam et al., 2001; Vogelgesang et al., 2002). In addition, a
to this physical barrier, metabolic enzymes and active efflux  drug-drug interaction involving P-gp inhibition at the BBB
transporters on this barrier also play important roles in BBB  has also been suggested (Sadeque at al., 2000). In a clinical
function. P-glycoprotein (P-gp), a 170-kDa membrane protein  gtudy, 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

This study was performed through the Advanced and Innovational Re-

search program in Life Sciences from the Ministry of Education, Culture, caused by modulation of the P-gp-medlated efflux by qmmdme.

Sports, Science and Technology, Japan. This work was also partially supported  Furthermore, a genetic polymorphism (C3435T) of P-gp has
by & research grant from the Society of Japanese Pharmacopoeia and the |ygap l'eporbed to be associated with drug resistance in patients
Minister of Health, Labor and Welfare.

! Current affiliation: College of Pharmacy, Kyung Hee University, Seoul, with epilepsy (Siddiqui et al., 2003), although a controversial

Ko::_ 1 = =i - result was reported recently (Tan et al., 2004). Such a genetic
"ucle, ublication ate, and citation information can e 10Ul a . . . . i 1 e . .
llttp:f!jpet.asppet.journa]a.org.I polymgrplnsm may be asgoc;gted with interindividual differ-

doi:10.1124/jpet.105,088328. ences in drug concentration in the central nervous system.

ABBREVIATIONS: BBB, blood-brain barrier; ANOVA, analysis of variance; AUC, area under the curve; Cmax: Maximal concentration; HPLC,

high-pressure liquid chromatography; MBI, magnetic resonance image; PET, positron emission tomography; P-gp, P-glycoprotein, PSCB833,
[3-keto-Me-Bmt'}-[Val?)-cyclosporin; Trmax, time to reach the Crax.
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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 [*!Clcolchicine, [**Clcarve-
dilel, ['®*Flpaclitaxe], 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
stuclies, 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
[*'C]verapamil, 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 to 3
ml 0.9% saline containing 0.75% polyoxyethylenemonosorbitan
oleate and 1% ascorbic acid. The specific radioactivity of ["'Clvera-
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 camers (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
[*'Clverapamil, 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 10 s, 20 s, 30 s, 45 &, 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

performed for 60 min (10 X 125,30 X 68,1 X 5 min, 2 X 5 min, and
5 % 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 MBag/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
[*!C]verapamil metabolites. Isocratic elution was performed with a
reversed-phase semipreparative u-Bondpak C18 column (7.8 % 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 ml/min, and the injected sample size was 1.0 ml. The
elute was monitored by ultraviolet absorbance at 254 nm and cou-
pled Nal(Tl) 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 (Cy o ceres) 80d the time to reach the Cpax_ceres
(Taax_cerct) Were obtained from the time-''C radioactivity data. The
AUC was calculated for brain and blood, and it was calculated using
data from O 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 ['*C)verapamil can be described by the following equation,

X:,cmh = CLupuh % AUCm =1

+ Ve (1)

Co hiond C bioad
where CL,,a is the brain uptake clearance based on the blood *'C
radioactivity, X, ..o i the amount of **C radioactivity in the cere-
brum at time ¢, and C, g, is the blood concentration calculated from
IC radioactivity. AUC,,,, represents the area under the bloed con-
centration curve from 0 to ¢, and Vg represents the initial distribu-
tion volume in the brain at time 0. Vg was obtained from the -
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/C bicod Versus AUCg_/C, yjo0a, 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 |"'C]verapamil 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 a color-coded PET image after administration of
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0

Sothose/mL,

["’C}verapamil. Horizontal slices of the brain MRI scans (A) and

corresponding summation of PET images (B and C,upto 5 min) of the cerebral *C radioactivity uptake in one animal. The reconstructed MRI-PET

image is also shown to assist intuitive understanding (D and E). B and D represent the control state, a

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 *'C radio-
activity in the monkey brain. Higher uptake of !'C 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 of 1*C
radioactivity (0.0105 * 0.0006% dose/g byainy: U aaan
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 gy of the PSC833 treatment
group was significantly greater than that of the control group
(1.96-fold) (Table 1; p < 0.05). The Cpax_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_ceren WaS
not changed by treatment with PSC833 (Table 1).

Blood Profile and Metabolism of ['*C]Verapamil. The
time-1C radioactivity in the blood is shown in Fig. 3. The G
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,,j000) of the PSC833 treat-
ment group was similar to that of the control group (Table 1).

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

nd 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 (*'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

01 =
'g _;_:2?;0:13
£
£
0 A B,
S %J)"I ﬁ%f En-
% 0.01 § llff%jl)w :
e e

0.003 - T T . . . —I

20 30 40 50 60
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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 PSCB833 clearly increases the ''C radioactivity in the
cerebrum (two-way ANOVA, p < 0.05).
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TAELE 1

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

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

Pharmacokinetic Parameter

Control

+ PSCB33 Trealment

AUC,, 0 (% dose X min/ml)
AUC,...., (% dose X min/g)

Cmn.\_ronl: (% dOSEfg)

0.0567 = 0.0145
(0.0461, 0.0733, 0.0607)
0.0365 = 0.0038
(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)

T e cores (min) 0.58 * 0.44 0.59 = 0.29
(1.08, 0.42, 0.25) (0.92, 0.42, 0.42)
CL, ke (ml/g/min) 0.141 * 0,043 0.651 = 0.333*
(0.185, 0.139, 0.100) (0.937, 0.731, 0.285)
Vi (ml/g) 0.243 * 0,130 0.436 = 0.279

(0.286, 0.0971, 0.346)

(0.402, 0.731, 0.176)

* A slatistically significant difference was observed (1 Lest, 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 [*!Clverapamil in plasma. The plasma radioactivity
profile of intact [**C]verapamil 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
PSC833 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 [**C]verapamil 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 + 8.D,, p < 0.05).
The Vg was not changed by PSC833 treatment (Table 1). The
AUC,,o/AUC,,)p0q Tatio 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

~@— Control
~O~ PSC 833

% Dose /ml (Blood}

50

40 60

Time (min)

Fig. 3. The [**Clradioactivity and intact (inset) [**Clverapamil activity-
time curves in cerebrum and blood. The time-**C radioactivity and intact
[**Clverapamil activity curves in blood are similar for both the control
and PSC833 treatment groups (mean * S.D., n = 3),

imaging techniques, such as single photon emission-com-
puted tomography and PET using [**Clcolchicine, [*?Clcarve-
dilol, [*®Flpaclitaxel, and [®*Culcomplexes and [®Galcom-
plexes and [**™Tcjcomplexes, has been suggested for the
noninvasive evaluation of P-gp function in vivo (Elsinga et
al., 2004). Among these compounds, [*'C)verapamil 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
Comax_cerep of *'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 [*'Clverapamil, which was
published during the revision process of this manusecript
(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
[**Clverapamil and its metabolites (Fig. 4A). Approximately
75% of the *!C radioactivity was unchanged [*!C]verapamil
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, 2008), whereas low levels of the metabolite of
[*C]verapamil 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 ['C}verapamil (Fig. 38, 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 [''C)vera-

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 CLypke calculated from the slope of the inte-
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gration plot increased after treatment with PSC833. This
indicates the modulation of P-gp function at the BEB by
PSC833 (Table 1) (Kusuhara et al., 1997; Song et al., 1999).
The initial brain uptake clearance of [**C)verapamil 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 PSC833
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
[*1C]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 ¢ e/
AUC,,,0q Tatio 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 |*!Clverapamil for the three
monkeys (A, B, and C). The initial brain uptake of the control group was
increased after treatment with PSC833 (1 test, p < 0.05, n = 3). The Vg
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 fune-

3

6

tion at the BBB without any interference from the rapid and
extensive metabolism of [*’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 [*'C)verapamil 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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Abstract

Conventional antipsychotics tend to elicit extrapyramidal symptoms at clinical doses, but dose
optimization could reduce the risk of such side-effects. In-vivo receptor-binding studies have suggested
that 70-80% of dopamine D, receptor occupancy provides the desired antipsychotic effects without
extrapyramidal symptoms. In terms of dose optimization based on the occupancy, there has not been
enough supporting data regarding the clinical doses of the respective antipsychotics. In this study, we
measured dopamine D, receptor occupancy of two conventional benzamide antipsychotics, sulpiride
and sultopride, using positron emission tomography, to investigate the rationale of their clinical dose.
Although they are prescribed at similar doses (300-1200 mg), the doses required to obtain similar receptor
occupancy (70-80%) were quite different: 1010-1730 mg for sulpiride but 20-35 mg for sultopride.
In terms of dose, sultopride has about 50 times greater potency than sulpiride based on dopamine D,
receptor occupancy. Evidence for the optimal doses of conventional antipsychotics based on dopamine
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D, receptor occupancy would be helpful for rational antipsychotic therapy.
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Introduction

Conventional antipsychotics have been regarded
as drugs with more frequent extrapyramidal side-
effects (EPS) compared with second-generation anti-
psychotics (Gerlach and Peacock, 1995; Waddington
et al, 1997). However, a recent meta-analysis sug-
gested that low-potency conventional antipsychotics
at optimal doses might in fact not induce more EPS
than second-generation antipsychotics (Leucht et al.,
2003), and another meta-analysis reported that
second-generation antipsychotics were found not to
have greater efficacy than high-potency conventional
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antipsychotics at lower dose (Geddes et al., 2000).
Discussion on the scientific evidence for clinical
doses of conventional antipsychotics has been incon-
clusive, and opposing results were also reported in
a meta-analysis (Davis et al., 2003). Although anti-
psychotics are classified in several ways, in the present
article, the term ‘second-generation antipsychotics’
refers to clozapine and all the novel antipsychotics
introduced in the 1990s, and ‘conventional anti-
psychotics’ refer to older antipsychotics. The advent
of positron emission tomography (PET) has made it
possible to measure the receptor occupancy of anti-
psychotics in the living human brain (Farde et al.,
1988). PET studies have suggested that a range of
70-80% of dopamine D, receptor occupancy provides
the desired antipsychotic effects without EPS (Farde
et al.,, 1992; Kapur et al., 2000). It was also suggested
that one advantage of the use of second-generation
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antipsychotics might be better explained by the
determination of appropriate clinical dose settings
(Kapur and Mamo, 2003). Amisulpiride, a benzamide
antipsychotic drug, was reported to show fewer EPS
and has been regarded as a second-generation anti-
psychotic drug; its clinical doses were reported to
show appropriate dopamine D, receptor occupancy
(Martinot et al., 1996). On the other hand, sulpiride
and sultopride, other benzamide antipsychotics,
were considered as conventional antipsychotics. De-
spite their similar registered clinical doses (sulpiride
300-600 mg, max 1200 mg; sultopride 300-600 mg,
max 1800 mg in Japan) and the fact that the equiv-
alency of clinical potency was reported (2 mg halo-
peridol is equivalent to 200 mg sulpiride or 200 mg
sultopride) (Inagaki et al., 1999), sultopride has been
reported to induce more EPS than sulpiride (Peselow
and Stanley, 1982). The relationship between the
dose/plasma concentration and dopamine D, recep-
tor occupancy by the two drugs has not been fully
explored. Since they are relatively selective dopamine
D, receptor antagonists (Peselow and Stanley, 1982),
their dopamine D, receptor occupancy in the living
human brain can be expected to provide us with the
criteria to decide the appropriate doses. In this study
we measured dopamine D, receptor occupancy of
the two conventional substitute benzamide antipsy-
chotics, sulpiride and sultopride, to investigate the
rationale for their dose settings.

Materials and methods
Subjects

Twenty-one male healthy volunteers (26.6+5.7 yr)
were enrolled in this study. None had a history of
psychiatric or neurological illness, chronic somatic
illness or substance abuse. None was receiving any
medication, and none had a close relative with a
known psychiatric illness.

After description of the study, written informed
consent was obtained from all subjects. This study
was approved by the Ethics and Radiation Safety
Committee of the National Institute of Radiological
Sciences, Chiba, Japan.

Radioligand

The precursors of [MCJFLB 457 were kindly supplied
by Astra Arcus (Sodertaje, Sweden). ["'C]FLB 457 was
synthesized by O-methylation of the corresponding
precursors with [MC]methyliodide with high specific
radioactivity, which was obtained by a reduction of

["CJCO, with LiAlH, in an inert atmosphere with
specially designed equipment (Halldin et al., 1995;
Suzuki et al., 1999). The radiochemical purities were
more than 95%.

PET procedure

Dynamic scans were performed for 90 min using
ECAT EXACT HR+ (CTI-Siemens, Knoxville, TN,
USA) immediately after a bolus injection of 220+
16 MBq of ["C]JFLB 457 with high specific radio-
activities (141 £ 34 GBq/umol).

MRIs were acquired on Gyroscan NT (Philips
Medical System, Best, The Netherlands) (1.5 T) to
obtain T1-weighted images of the brain.

Two PET scans were performed, one before anti-

psychotics administration, and the second at the
possible peak time of plasma concentration of the
drugs, 3 h after a single dose of sulpiride (200-800 mg;
3 subjects at 200 mg, 3 at 400 mg, 3 at 600 mg, 2 at
800mg) and 2h after a single dose of sultopride
(10-200 mg; 3 subjects at 10mg, 3 at 25mg, 2 at
50mg, 1 at 100 mg, 1 at 200 mg). Three subjects with
sultopride (50, 100, and 200 mg respectively) did not
complete the 90-min PET scans due to akathisia
and EPS, with PET data of 60 min being used for
the subject receiving 200 mg and 70 min for the two
subjects receiving 50mg and 100mg sultopride
respectively. Blood samples were taken just before
each PET scan for concentration measurements of
sulpiride or sultopride.
. The subjects were examined for EPS, akathisia,
and other adverse effects after the PET scans by two
psychiatrists who were aware of the dosage of the
antipsychotics.

Data analysis

All emission scans were reconstructed with a
Hanning filter cut-off of 0.4. Regions of interest
(ROIs) (prefrontal cortex, temporal cortex, thalamus,
cerebellum) were drawn on PET/MRI images by a
template-based method (Yasuno et al, 2002). The
average values of right and left ROIs were used to
increase the signal-to-noise ratio for the calculations.
Quantification of PET data was performed using a
three-parameter simplified reference tissue model to
estimate binding potential (BP) (Lammertsma and
Hume, 1996). The cerebellum was used as the refer-
ence tissue because of its negligible density of dopa-
mine D, receptors for calculation (Suhara et al., 1999).
This model allows the estimation of BP, which
was defined as the ratio of receptor density (Bmax) to
dissociation constant (K4). Dopamine D, receptor

366



20

Sultopride is overdosed —a PET study 541

(a) (b)
100 " 100 W
&
o _ 80 80
e 160 60 1
S'g g
o
€9 40 g™ = 40
o 20 g
]
e : - 0
0 200 400 600 800 0
Dose (mg)

500 1000 1500 2000
Plasma concentration (ng/ml)

Figure 1. Relationship between dopamine D, receptor occupancy and doses of sulpiride and sultopride (a), and between
dopamine D; receptor occupancy and plasma concentrations of sulpiride and sultopride (b). Mean dopamine D, receptor
occupancy of three regions (prefrontal cortex, temporal cortex, and thalamus) was shown as dopamine D, receptor occupancy.
Open squares indicate sulpiride, and open circles indicate sultopride. The dotted regression curve was fitted to the sulpiride
data, and the solid regression curve was fitted to the sultopride data.

occupancy by antipsychotics was calculated using the
following equation:

Occu = (BPpaseline — BParug) * 100/BPhaseline,

where Occu is receptor occupancy, BPuaseline 18 BP
in the drug-free state, and BPqyug is BP of the subject
on the drug.

The relationship between dopamine D, receptor
occupancy and dose/plasma concentration of anti-
. psychotics was fitted to the following equation:

Dg, geeu =100 x D /(EDy + D),

where Dy, is dopamine D, receptor occupancy,
ED,, is the dose/concentration to induce 50%
occupancy, and D is the dose/concentration of the
drug (Fitzgerald et al, 2000; Kapur and Remington,
1996).

The measurement of plasma concentrations of
sulpiride and sultopride

The plasma concentration of sulpiride was measured
according to a previous report (Tokunaga et al., 1997)
with the following modification. The HPLC column
was a Waters Xterra RP18, a 150 x3.9 mm i.d. with a
mobile phase of 10% CH;CN in 0.1 M phosphate
buffer (pH 2.0) at a flow rate of 1.0 ml/min. A UV
detector was set at 235 nm.

The plasma concentration of sultopride was
measured according to a previous report (Kobari
et al, 1985) with the following modification. The
HPLC column was Waters Xterra RP18, a 150 x
3.9 mm i.d. with a mobile phase of 12% CH,CN in

0.1m phosphate buffer (pH20) at a flow rate of
1.0 ml/min. A UV detector was set at 235 nm.

Results

The mean dopamine D, receptor occupancy in the
three regions (prefrontal cortex, temporal cortex,
and thalamus) ranged from 25.3% to 68.3% on doses
of 200-800 mg sulpiride and from 47.4% to 89.4%
on doses of 10-200 mg sultopride. Occupancy values
of the three subjects taking sultopride and not com-
pleting the 90-min PET scans due to EPS or akathisia
were more than 87%. No subjects taking sulpiride
showed akathisia or EPS. None of the 21 subjects
showed any other adverse effects. For both sulpiride
and sultopride, mean dopamine D, receptor occu-
pancy increased as the dose and plasma concentration
increased (Figure 1a,b). There were no obvious dif-
ferences in occupancy among the three regions. The
sD. of dopamine D, receptor occupancy among the
three regions ranged from 0.9% to 10.2% (meants.D.,
51+3.0%) for sulpiride and from 08% to 65%
(4.3 +1.9%) for sultopride. The EDg, value of sulpiride
was 433 mg (r=0.69) for dose and 740 ng/ml (r=0.71)
for plasma concentration, while that of sultopride
was 8.7 mg (r=0.85) for dose and 32 ng/ml (r=0.66)
for plasma concentration.

Discussion

Despite the similar registered clinical doses for
sulpiride and sultopride (Inagaki et al., 1999), the EDygq
values measured by PET were quite different. Based
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on the dopamine D, receptor occupancy, sultopride
has approx. 20 times greater potency than sulpiride
when viewing plasma concentration, and approx. 50
times greater potency in terms of dose. Calculating the
optimal doses with this occupancy data, 1010~1730 mg
sulpiride would be required to obtain 70-80% of
dopamine D, receptor occupancy, while 20-35 mg
sultopride would be sufficient. The calculated optimal
dose range for sulpiride overlapped with the upper
range of the registered clinical doses. On the other
hand, the registered clinical doses of sultopride were
approx. 10 times higher than the calculated optimal
doses. Clinically, sultopride has been used for sed-
ation rather than for the treatment of psychotic
symptoms, and it was reported to have a high inci-
dence of EPS (Peselow and Stanley, 1982). However,
the present results suggest that a much lower dose
of sultopride would be sufficient to treat psychotic
symptoms. A future clinical trial would be required
with such lower dose.

There are some pharmacological differences in the
profiles of the two drugs. The affinity to dopamine D,
receptor of sultopride (IC;, value 18 nm) was higher
than that of sulpiride (69 nm) (Mizuchi et al., 1982). In
addition, the brain uptake from blood was much
higher for sultopride compared to sulpiride (Mizuchi
et al,, 1983). As the log p value was 1.46 for sultopride
and 0.42 for sulpiride, the difference in brain uptake
was considered to be due to the higher lipophilicity
of sultopride (Mizuchi et al., 1983). Since drug
transport is regulated by efflux transporters such as
P-glycoprotein at the blood-brain barrier (Wang et al.,
2004), we investigated the possibility of a substrate of
P-glycoprotein for both drugs. However, we could
not obtain supportive data for any substrate (data not
shown). The different receptor occupancy profiles of
the two drugs could be attributed to differences in
drug affinity and penetration into the brain.

Despite the pharmacological differences, the clinical
doses of the two drugs were determined as equivalent
(Inagaki et al., 1999). Several potential problems con-
.cerning the process of determining the clinical doses of
antipsychotics at the stages of both animal and clinical
studies seem to exist. In a series of animal exper-
iments, the inhibition of apomorphine- or metham-
phetamine-induced stereotyped behaviour and the
induction of catalepsy were evaluated for sulpiride
and sultopride (Araki et al., 1986). In the inhibition
of apomorphine-induced stereotyped behaviour,
sultopride was approx. 100 times weaker than halo-
peridol. For catalepsy induction, sultopride was
approx. 25 times weaker than haloperidol (Araki et al.,
1986). Although a series of paradigms such as the

inhibition of apomorphine- and methamphetamine-
induced stereotyped behaviours was used for animal
studies, psychiatric symptoms in human patients
could not themselves be modelled as in animals. The
optimal dose in any such model will certainly not
represent the dose for humans, making it difficult
to estimate optimal doses for humans from animal
experiments. Doses chosen on the basis of an animal
study were often unrepresentative of the clinical con-
dition (Kapur et al.,, 2003), and the doses in a clinical
study tended to be higher than the minimum optimal
dose (Talvik et al., 2004). In clinical studies, several
preliminary reports were published in the 1970s re-
garding the use of sultopride in psychiatric disorders
(Genevieve and Couriol, 1976 ; Maurel and Pujol, 1975;
Robert, 1978). However, the doses in those reports
were diverse, from 200 mg to 4800 mg, and a variety

 of patients were included (Peselow and Stanley, 1982).

In a double-blind comparative study of sultopride
(800-1600 mg) with thioproperazine (8-16 mg), EPS
emerged for both drugs, and no differences in EPS
were reported between them (Sizaret and Moreau,
1977). In a double-blind comparative study of sulto-
pride with haloperido], the dose (300-1800 mg/d) was
defined on the basis of an animal study, a phase-two
study and preliminary clinical data (Kudo et al., 1987).
In that study, antiparkinsonian medications were
allowed to be prescribed, and it was concluded that
sultopride was as efficacious as haloperidol. How-
ever, the co-administration with antiparkinsonian
medications might have masked any possible over-
dose. In another double-blind study for comparison
between sulpiride (300-1800 mg) and sultopride
(300-1800 mg), antiparkinsonian medications were
also allowed (Kudo et al., 1986), and the effectiveness
of the two drugs was judged to be not significantly
different. Again, EPS might have been masked by the
antiparkinsonian medications. In clinical studies for
antipsychotics, symptoms and side-effects of patients
with schizophrenia would not be easy to evaluate
if also using antiparkinsonian medications.

Since the clinical doses of amisulpride were re-
ported to show appropriate dopamine D, receptor
occupancy (Martinot et al., 1996), one advantage of
the use of second-generation antipsychotics might
be better explained by the application of appropriate
clinical dose settings.

Although sulpiride was introduced in the clinical
field in the 1970s and is classified as a conventional
antipsychotic (Ago et al., 2005; Keltner and Johnson,
2002), some reports considered it as an ‘atypical’
antipsychotic due to its low EPS rate (Caley and
Weber, 1995; Rummel et al., 2003). The present result
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indicated that the clinical doses of sulpiride over-
lapped with the lower range of the optimal doses.
If the proper setting of the clinical dose explains the
low rate of EPS, sulpiride could be regarded as
"atypical’.

There are several confounding factors in this study.
First, we measured occupancy with normal subjects
after a single administration. Although it is unlikely
that there is a marked difference in dopamine D,
receptor occupancy between normal subjects and
patients with schizophrenia, further occupancy
studies in patients with schizophrenia and repeated
administrations may provide useful information.
Second, although most previous occupancy reports
were based on striatal measurements, we measured
extrastriatal regions with ["C]FLB 457 because limbic
and cortical regions were suggested to be 2 site of
antipsychotic actions (Lidow et al., 1998; Pilowsky
et al,, 1997). The test-retest reproducibility was good,
with a mean variability of 45% for the thalamus,
7.7% for the frontal cortex, and 5.4% for the temporal
cortex (Sudo et al, 2001). Although the regional
differences of dopamine D, receptor occupancy by
clozapine was reported (Pilowsky et al., 1997), there
have been discussions on the methodology (Olsson
and Farde, 2001) and similar occupancy values of
antipsychotics were obtained in extrastriatal regions
and the striatum in several studies (Nyberg et al.,
1999, 2002; Takano et al., 2004; Talvik et al., 2001;
Vernaleken et al., 2004; Yasuno et al.,, 2001). Thus, the
threshold of dopamine D, receptor occupancy in
the striatum was also considered to be applicable to
extrastriatal regions. Third, 3 out of the 21 volunteers
did not complete the 90-min PET scans, and their
results were based on 60-70 min data. Nevertheless,
the time to reach equilibrium was within 60 min
in those ‘regions, and a simplified reference tissue
method has been reported to produce reliable BP for
aver 60 min (Olsson and Farde, 2001).

In summary, despite the similar registered clinical
doses for sulpiride and sultopride, based on dopamine
D, receptor occupancy, sultopride has ~50 times
greater potency than sulpiride. As evidence for the
clinical doses of conventional antipsychotics has
been limited, their re-evaluation based on dopamine
D, receptor occupancy is warranted for the establish-
ment of rational antipsychatic therapy.
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UDP acting at P2Y receptors is a mediator of

microglial phagocytosis

Schuichi Koizumi'®, Yukari Shigemoto-Mogami'*, Kaoru Nasu-Tada', Yoichi Shinozaki'*, Keiko Ohsawa",
Makoto Tsuda®, Bhalchandra V. Joshi®, Kenneth A, Jacobson®, Shinichi Kohsaka? & Kazuhide Inoue’

Microglia, brain immune cells, engage in the clearance of dead
cells or dangerous debris, which is crucial to the maintenance of
brain functions. When a neighbouring cell is injured, microglia
move rapidly towards it or extend a process to engulf the injured
cell. Because cells release or leak ATP when they are stimulated'”
or injured™, extracellular nucleotides arc thought to be involved
in these events. In fact, ATP triggers a dynamic change in the
motility of microglia in vitro®® and in vive™, a previously un-
recognized mechanism underlying microglial chemotaxis®S in con-
trast, microglial phagocytosis has received only limited attention.
Here we show that microglia express the metabotropic P2Y, recep-
tor whose activation by endogenous agonist UDP triggers micro-
glial phagocytosis. UDP facilitated the uptake of microspheres in
a P2Y-receptor-dependent manner, which was mimicked by the
leakage of endogenous UDP when hippocampal ncurons were
damaged by kainic acid in vivo and in vitro. In addition, systemic
administration of kainic acid in rats resulted in neuronal cell death
in the hippocampal CAl and CA3 regions, where increases in
messenger RNA encoding P2Y, receptors that colocalized with
activated microglia were observed. Thus, the P2Y, receptor is
upregulated when neurons are damaged, and could function as
a semsor for phagocytosis by sensing diffusible UDP signals,
which is a previously unknown pathophysiological function of
P2 receptors in microglia.

Microglia express several functional P2 receptors, and their P2X,,
P2X5 and P2Y . receptors have already been described in relation to
their physiological and pathophysiological consequences™. To
investigate the expression of mRNAs for P2 receptors that are at a
higher concentration in cultured rat microglia, we conducted reverse-
transcriptase-mediated polymerase chain reaction (RT-PCR) analysis
with complementary DNA coding for P2Y and P2X receptors (Fig. 1a).
In accordance with previous reports™, microglia expressed mRNAs
encoding P2X,, P2X; and P2Y,;; receptors. Iowever, we found un-
expectedly that cultured rat microglia expressed a large amount of
mRNA coding for P2Y, receptors, which was also confirmed by west-
ern blotting for the expression of P2Y,, receptor protein (Fig. 1b). The
P2Y ¢ receptor is coupled to the activatign of phospholipase C (PLC),
leading to the production of inositol 1,4,5-trisphosphate (InsP3) and
the release of Ca*™* from InsPs-receptor-sensitive stores'", We there-
fore examined changes in the intracellular Ca®* concentration
([Ca**1) in microglia and found that the P2Y, receptor agonist
UDP evoked increases in [Ca”'); in a concentration-dependent
manner, and it also increased the fraction of the UDP-responsive cells
(Supplementary Fig. 1a). The elevationsin [Ca®" ], induced by 100 pM

UDP were significantly inhibited by the PLC inhibitor U73122, the
Ca-ATPase inhibitor in sarcoplasmic/endoplasmic reticulum
thapsigargin, and the membrane-permeable InsP’s receptor inhibitor
xestospongin C, but were little affected by pertussis  toxin
(Supplementary Fig. 1b). The UDP-evoked [Ca®*); increases in
microglia were significantly inhibited by reactive blue 2 (RB2), known
as a potent P2Y, antagonist”, suramin, which inhibits P2Y receptor
at higher concentrations, the diisothiocyanate derivative MR52578,
which is a selective antagonist of the P2Y; receptor'?, and an antisense
oligonucleatide (AS) for P2Y, receptors, but not by a random-
sequence oligonucleotide (R-oligo) (Fig 1c). All these data show that
rat microglia express functional P2Y receptors by which UDP mobi-
lizes Ca**.

100
UpP 26 50 10 100
RB2 Suramin

1110 18
MRS2578  AS

1 M
—
R-oligo

Figure 1| Expression of P2Y, receptorand UDP-evoled increase in [Ca* '),
In cultured microglia, a, RT-PCR anulysis of the expression of mRNAs for
P2Y,, P2Y 12, P2Xy and P2X; receplors in microglial cells. b, Expression of
P2Y ¢ receptor protein confirmed by western blotting analysis. €, Effects of
various chemicals on the increase in [Ca® "' }; (measured as the change in ratio
of luorescence at 340 nm to thal at 380 nm) evoked by 100 pM UDP in
microglia. The maximum increase in Fura-2 fluorescence evoked by 100 pM
UDP was considered as the control response, and values are expressed as a
percentage of control, Data show means and s.e.m. for 24-36 cells obtained
from al Jeust three independent experiments. Significant differences from
the response to UDP alone: asterisk, I’ < 0.05; two asterisks, P < 0.01
(Student’s t-lest).
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