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FIG. 8. Parametric images of ['"'"C]DASB BP (top row) estimated by MRTMg, SRTM, MRTM2, and SRTM2, and R, (botiom row)
estimated by SRTM, MRTM2, and SRTM2. BP, binding potential; R,, relative delivery; MRTMg and MRTM2, original multilinear reference
tissue model and its rearranged two-parameter model, respectively; SRTM and SRTM2, simplified reference tissue model and its

two-parameter model, respectively.

contained a much greater number of such white matter
voxels with high positive BP values (Fig. 8).

Fig. 9 shows examples of BP and R, parametric im-
ages estimated by MRTM2 and the corresponding mag-
netic resonance images from the same subject. In the BP
images, voxels with corresponding R, values below 0.45
were set to 0. In this subject, all of these voxels belonged
anatomically to the white matter region on the coregis-
tered magnetic resonance scan (data not shown). This
process improved the appearance of white matter regions
in the BP image by removing the misleading noise-
induced high BP values. The BP images (left column)
show that regionally BP values are high in the hypothala-
mus and raphe, moderately high in the thalamus and
striatum, and low to very low in the amygdala and ce-
rebral cortex, respectively. This regional BP pattern was
consistent with the known regional distributions of
SERT sites. The R, images (middle column) show that
R, values are high to moderate in the cortex, striatum and

thalamus; and relatively low in the hypothalamus, raphe
and amygdala, respectively. This regional R; pattern
was consistent with human imaging studies of cerebral
blood flow.

The threshold R, value of 0.45 removed 1,800 + 400
voxels (=70 mL) from the white matter and the resulting
BP images were visually considered satisfactory in six of
eight subjects. There were a few white matter voxels
with noise-induced moderately high BP in one of the two
remaining subjects. In this subject, raising the threshold
value to 0.47 removed those misleading voxels. In an-
other subject, the thresholding process produced several
sharp edges around the gray matter structures with rela-
tively low flow such as the raphe and hypothalamus,
although there were no misleading high-BP voxels in the
white matter. In this subject, lowering the R, threshold
value to 0.42 improved the white matter image appear-
ance by removing the sharp edges without reintroducing
any visually misleading high-BP voxels.

J Cereb Blood Flow Merab, Vol. 23, No. 9, 2003
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FIG. 9. Parametric images of [”C]DASB BP (Ieﬂ column) and R, (center column) estimated by MRTM2, and T1-we|ghted magnetic
resonance images (nght column). in the BP images, all voxels with corresponding R, values below 0.45 were set 1o zero. The top three
rows show transverse images and the bottom row shows sagittal images. The BP image in the second row corresponds to the MRTM2
BP image in Fig. 8. The color display ranges for BP and R, images are 0 to 3.0 and O to 1.50, respectively. Am, amygdala; Hy,
hypothalamus; Ra, raphe complex; St, strlatum Th, thalamus BP, binding potential; R,, relative delivery; MRTM2, two-parameter
multilinear reference tissue model.

DISCUSSION

In the present study, we applied two strategies to the
original multilinear reference tissue model, MRTM,,, to
improve parametric images of BP and R, for human
[""C]IDASB PET data. First, rearrangement of the
MRTMg operational equation removed a noisy tissue
radioactivity term, C(T), from the independent variables,
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and this MRTM decreased the bias of BP estimation
substantially, at the expense of considerably increased
variability. The three-parameter linear method, MRTM,
has similar parameter estimation characteristics to the
three-parameter nonlinear method, SRTM (Lammertsma
and Hume, 1996). Although this increased BP variability
with MRTM over MRTM, did not allow stable BP es-
timations at the voxel level, MRTM did allow estimation
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of k; with little bias (<1%) and relatively small variabil-
ity (<6%) from cerebellar and several tissue ROI data.
Second, assuming that there is only one k; value for the
reference region, the number of parameters to estimate
was reduced from three in MRTM to two in MRTM2 by
using a common value of k3, in a manner analogous to
that used in the nonlinear method SRTM2 (Wu and Car-
son, 2002). MRTM2 substantially decreased the bias and
variability of BP and R, estimations over the linear and
nonlinear three-parameter estimation methods. Further-
more, the linearized approach allowed rapid generation
(<15 seconds) of stable parametric images of BP in the
gray matter and R, in the whole brain.

We previously evaluated the effects of the first strat-
egy used here for the estimation of the distribution vol-
ume with plasma input function data for two neurorecep-
tor radioligands, ['®FIFCWAY and ['!CJMDL 100,907
(Ichise et al, 2002). The resulting linear model (referred
to as MAI in that study) was also nearly identical to its
nonlinear counterpart for V estimation at the voxel level.
Like MRTM2, the operational equation for MA1 has
only two parameters to estimate. However, for estima-
tion of BP without blood data, an additional parameter
appears in the operational equations for both linear and
nonlinear reference tissue models, which causes param-
eter estimation to be less stable under certain circum-
stances. Therefore, the second strategy of determining a
single value for the reference region clearance constant
and reducing the number of parameter from three to two
was applied for these reference tissue models.

SRTM2 has been developed by Wu and Carson (2002)
and evaluated in comparison with SRTM for three ra-
dioligands, ['SFIFCWAY (5-HT,,), [}'C]flumazenil
(benzodiazepine), and [''Clraclopride (dopamine D,),
where the magnitude of improvement in parameter esti-
mation by eliminating one parameter depended on the
radioligand’s kinetics. In that study, the largest impact of
SRTM2 on BP estimation was found for ['C]flumaze-
nil, particularly with a 30-minute scan duration, where
BP variability was reduced from ~10 to ~5% and R,
variability was reduced by a comparable degree. SRTM?2
had a similar pattern of impact for [''C]DASB in the
present study, although the magnitude of BP noise re-
duction was even larger.

To understand this behavior, consider the characteris-
tics of the 1T model. Information in the data pertaining to
V or BP is obtained at later times, as each tissue region
approaches transient equilibrium with the plasma. Math-
ematically, this follows the function {1 - exp(=k,t)] as it
approaches the value 1. In this framework, ignoring dif-
ferences in the input function, a 90-minute [MCIDASB
scan has kinetically similar characteristics to a 30-minute
[''C]flumazenil scan, by having a similar value of k,t at
the end of the study. For [''C]DASB in the raphe, k, =
0.013 min~', r = 90 minutes, and kyt = 1.17, whereas

for [M'C]flumazenil in the occipital cortex, k, = 0.040
min~', t = 30 minutes, and kyt = 1.20. This comparison
also clarifies why, for ['!C]DASB, the variability of
voxel BP estimates in the raphe (20%) by SRTM2 or
MRTM2 was larger than that in the striatum (12%),
where k,t = 2.04 (Fig. 1A). This explanation is consis-
tent with the corresponding larger C-R variability values
for raphe of 18% compared with 12% for striatum (Table
3). Thus, a ["'C]JDASB scanning duration of more than
90 minutes may further improve parameter estimation at
the voxel level for regions with very high BP such as the
raphe, although Ginovart et al. (2001) showed that a
90-minute study is probably adequate for ROI-based
["'CIDASB analyses.

We used the Cramer-Rao lower bound as a prediction
of the minimum possible variance that can be achieved
by unbiased estimators. Minimum-variance unbiased es-
timators are generally desirable, and least-squares esti-
mators usually have these characteristics for linear
models (i.e., when the model equations are linear with
respect to all the parameters). For nonlinear models,
these characteristics are achieved asymptotically (i.e.,
for low noise). Thus, for nonlinear models, as noise in-
creases, the estimators become biased and the variance
diverges from the C-R bound. This can be seen in Table
3 by comparing the BP variability values for SRTM
and SRTM with their respective C-R values with increas-
ing noise. Note that divergence of the sample variance
from the C-R variance occurs at different noise levels
depending on the model and the parameter values. For
example, at 15% noise for striatum BP (Table 3), sample
variability for SRTM is dramatically higher than the C-R
bound, whereas the SRTM2 sample variability agrees
with its theoretical prediction. Also, the R, parameter,
which appears linearly in the model (Eq. 4), shows an
excellent match between sample and C-R variability
up to the highest noise levels for SRTM and SRTM2
(Table 4).

From a statistical point of view, the multilinear esti-
mators MRTM,,, MRTM, and MRTM2 are not mini-
mum-variance unbiased estimators, because of the use of
noisy data C(7T) in the independent variables (Eqgs. 1-3).
However, as shown in the Results, the magnitude of bias
and variance depends considerably on the structure of the
model and the parameter values. MRTMg produces es-
timates with large bias and variability smaller than the
C-R bound. MRTM generally matches the bias and vari-
ance of its nonlinear version, SRTM. However, an inter-
esting estimation condition occurs for MRTM in the
frontal cortex. Because of the small BP value, there is
little difference between the frontal cortex and cerebel-
lum TACs (Fig. 1), and the three-parameter estimation
(Eqgs. 2 and 4) is unstable. This instability produces dif-
ferent results between the nonlinear SRTM and the linear
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MRTM. This can be seen in the higher MRTM BP vari-
ability compensated by lower MRTM R, variability. This
effect is due to the high correlation between the first and
second independent variables in Eq. 2 for the frontal
cortex. Alternatively, MRTM?2, while technically not a
minimum-variance unbiased estimator, provides identi-
cal estimation characteristics for all regions to the cor-
responding NLS method SRTM2 for [''C]DASB (Ta-
bles 3 and 4). It is likely that similar statistical results can
be obtained with MRTM2 for other ligands that follow
1T kinetics.

In the simulations, we used a noise-free reference tis-
sue TAC for the reference tissue methods and a noise-
free plasma input function for 1TKA. Noise in a refer-
ence TAC or plasma input curve would have a global
effect on the estimates (i.e., all voxel or ROI estimates
for that subject would be affected in a common way).
Therefore, this noise would not be reflected in the
statistical noise of the image, as estimated in the sim-
ulation (Tables 3 and 4, Figs. 2 and 4). Rather, this
source of noise would increase intersubject variation
and degrade the reproducibility of parameter measure-
ments. In our PET data, the intersubject variability of
1TKA and MRTM2 results were comparable, suggesting
that these noise sources are either small or of compar-
able magnitude.

The simulation results for 1TKA were numerically
identical to those of SRTM2 to three significant digits
because (1) the operational equation SRTM2 (Eq. 4) is
simply a different parameterization of Eq. 5 for 1TKA;
(2) for the SRTM2 simulations, the true value of k} was
used; and (3) for the 1TKA simulations, the true values
of Kj and k5 were used for calculation of BP and R;. The
subtle differences between the two methods were due to
slight numerical integration errors of either the reference
tissue TAC or plasma TACs. However, for the human
PET data, 1TKA and SRTM2 were no longer identical
because of the effects of input function measurement
errors on 1TKA and differences in kj determination be-
tween the two methods.

There are a number of technical issues involved in
implementing these methods. Both MRTM2 and SRTM2
require accurate a priori estimation of k3. The simulation
results indicated that k5 estimation by MRTM using a
single-tissue ROI such as the striatum has moderate vari-
ability (10%) of k; estimates, although the bias is very
small (<1%). This noise in an individual’s k), estimate
would translate into a bias in all BP and R, values for that
subject (Fig. 6). To reduce this noise, we estimated kj
values for several tissue ROIs and used a weighted mean
of these values for MRTM2 and SRTM2. This strategy
reduced the effective variability of k; estimates to less
than 6%. Alternatively, Wu and Carson (2002) used the
median value of estimated by SRTM for all brain voxels
with moderate to high BP. The use of the median was
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necessary in their case to avoid bias induced by the noise
of each pixel TAC. The median was not required here,
using an ROI-based approach for k; estimation. Use of
the nonlinear SRTM for this purpose can be computa-
tionally time consuming, and MRTM could be used in-
stead to improve the processing speed. In any case, the
optimal approach for MRTM or SRTM &} estimation
should be carefully evaluated for each neuroreceptor ra-
dioligand of interest.

For the white matter with very low BP, voxel-wise BP
estimation by MRTM?2 was somewhat unstable, although
MRTM2 reduced white matter noise considerably com-
pared with SRTM (Figs. 5 and 8). To improve the ap-
pearance of the white matter in the MRTM2 BP image,
we used a simple threshold based on a fixed R, value.
The disadvantage of this approach is that an appropriate
threshold R, value may differ between subjects (see Re-
sults). By increasing the threshold R, value, sharp edges
appeared around gray matter structures with relatively
low blood flow, such as the raphe and hypothalamus,
because R; values in the neighboring voxels are below
the threshold owing to the partial volume effect. An al-
ternative approach to setting BP to 0 for R, values below
a specific cutoff would be to add a constraint to the
least-squares fitting, so that parameter estimates are lim-
ited to a bounded region in parameter space (Fig. 5). This
can be implemented with a two-step procedure, whereby
voxels falling outside the permitted space can be refit to
find the LS parameter values that fall on the boundary of
the permitted space.

To minimize any bias introduced by the integral(s) on
the right-hand side of the operational equations (Egs.
1-4), the sampling rates used in the simulations were
twice the rates used in the actual PET data. In addition,
the first time point was excluded from fitting. This re-
sulted in bias of no more than 0.1% for all methods in
BP, Ry, and k; estimations with noise-free data (Tables
2-4). Reduction of the sampling rates to those of actu-
al PET data (27 frames) increased the magnitude of bias
to approximately 0.3% for all models. Thus, for
[''CIDASB, a very high sampling rate is not necessary to
avoid integration-induced bias.

In this study, parameter estimation was performed
without data weighting. However, MRTM2 (Eq. 3),
SRTM2 (Eq. 4), and 1TKA (Eq. 5) can all be applied
using weighted least squares estimation to account for
noise-level differences in C(T) (Carson, 1986). Using the
ideal weights, 1/Var[C(T)], for the current simulated
data, weighted least squares improved the bias and vari-
ability of BP and R, estimations by MRTM2 and SRTM2
slightly across all noise levels. For example, the BP bias
and variability in the raphe by SRTM2 at 15% noise
were 2.5% and 16.0% with weighted least squares, and
3.6% and 20.5% unweighted, respectively. Thus,
weighted least squares improves parameter estimation
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when there is a considerable scan-to-scan variation in
noise, as was the case for our 90-minute ['’C]JDASB
PET study with the short half-life of ''C (20.4 minutes)
(Fig. 1B).

The two-parameter linear (MRTM2) and nonlinear
(SRTM2) models were effectively identical for voxel-
wise parameter estimation for these ['CIDASB data.
The major advantage of MRTM2 over SRTM2 is the
parametric image computation speed, where SRTM2 is
more computationally expensive. MRTM2 has another
potential advantage over SRTM or SRTM2 in that the
linearized models can be applied without assumption of
a specific compartment configuration (Logan et al,,
1990), as opposed to SRTM or SRTM2 that assume a 1T
model for both the reference and tissue regions (Lam-
mertsma et al., 1996). Violations of these compartment
model assumptions with SRTM and SRTM2 have been
shown to cause biased estimates irrespective of statistical
noise in the PET data (Slifstein et al.,, 2000, Wu and
Carson, 2002). However, there are a few issues to be
addressed in applying MRTM2 for data that is inconsis-
tent with the 1T model assumptions. First, the parameter
R, can no longer be estimated accurately, because b in
Eq. 3 is not equal to (—1/k,), but is instead a function of
the rate constants k., k3, and k, of the 2T mode] (Ichise
et al., 2002; Logan et al., 1990). Second, the fit must be
restricted to the “linear” portion of the data (i.e., 1 > r*,
and #* must be defined). Because the operational equa-
tion is asymptotically linear, identification of #* can be
problematic, particularly in the presence of noise in the
data (Ichise et al., 2002). Another problem is that r*
may be quite late for 2T radioligands with slow kinet-
ics, resulting in increased statistical noise in the param-
eter estimates.

Finally, the voxel BP and R; values estimated by
MRTM?2 or SRTM2 without blood data in our eight
[''CIDASB PET studies were very similar to those es-
timated by 1T KA with plasma input function data. Gi-
novart et al. (2001) have also shown in their ROI-based
data analysis that ROI BP values estimated by SRTM
correlate well with those by 1TKA for their five human
[MCIDASB PET studies. In addition, these investigators
have noted that the regional distribution of BP appears to
correlate well with the known distribution of the SERT
densities in human brain (Ginovart et al., 2001; Houle et
al., 2000). The BP parametric images (Figs. 8 and 9) also
support these findings. Compared with ROI-based pa-
rameter estimations, however, parametric images will al-
low voxel-based statistical analysis of SERT binding
sites throughout the brain, including small structures
such as the raphe, hippocampus, and amygdala.

CONCLUSIONS

The two-parameter linearized reference tissue model,
MRTM2, which incorporates two strategies to improve

parameter estimation at the voxel noise level, allows
rapid generation of stable parametric images of binding
potential and relative delivery for {*'C]DASB PET data.
The noise reductions are effectively identical to those of
the two-parameter nonlinear reference tissue model, but
the computational time is dramatically shortened. This
noninvasive MRTM2 should be a useful data analysis
tool for [''CIDASB PET studies of the serotonin trans-
porter in human brain.
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Abstract

The dopamine system in the limbic-prefrontal cortex has been assumed to play an important role in the cognitive
dysfunction of schizophrenia and phencyclidine {(PCP})-induced psychosis. In the present study, the role of metabotropic
glutamate (mGlu) receptor subtypes on PCP-induced cortical dopamine release was investigated using the microdialysis
technique. Infusion of 50 and 100 uM of non-selective mGlu receptor agonist trans-(1S,3R)-1-amino-1,3-cyclopentane-
dicarboxylic acid inhibited PCP-induced dopamine release, while the basal dopamine level was not significantly affected.
A similar inhibition of PCP-induced dopamine release was observed with 100 and 500 uM of selective group | mGlu
receptor agonist, {+)-3-hydroxy-phenylglycine. On the other hand, infusion of 10 uM of seléctive group Il mGlu receptor.
agonist, 2-(2, 3-dicarboxycyclopropyl)-glycine, enhanced the PCP-induced dopamine increase. These results suggest

that group | and Il mGlu receptors exert opposite modulations on the PCP-induced dopamine release.

© 2002 Elsevier Science Ireland Ltd. All rights reserved.
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Phencyclidine (PCP) is known to cause hallucinations
and cognitive dysfunction in humans [8]. PCP has noncom-
petitive N-methyl-D-aspartate (NMDA) receptor antagonis-
tic properties [8]. It is reported to exacerbate symptoms of
schizophrenia, and its acute or repeated administration can
also produce abnormal motor behavior and cognitive
impairments in rats and monkeys [1,8,9,11,12]. Since
acute PCP treatment produces dysfunctions in the mesocor-
tical dopaminergic and glutamatergic systems, it may be
related to the pathophysiology of PCP-psychosis and symp-
toms of schizophrenia [8,12].

Glutamate receptors are largely classified into ionotropic
and metabotropic types. The metabotropic glutamate
(mGlu) receptors can be divided into eight subtypes.
These subtypes are classified into three groups — group I
(mGlu 1,5), which activates inositol 1,4,5-triphosphate
(IP;) metabolic turnover, and groups II (mGlu 2,3) and Il

* Corresponding author. Tel.: +81-43-206-3251; fax: +81-43-
253-0396.
E-mail address: suhara@nirs.go.jp (T. Suhara).

(mGlu 4, 6, 7, 8), which inhibit cAMP production [19]. The
mGlu receptors are abundantly distributed in the limbic
region and prefrontal cortex, and they are suggested to regu-
late dopamine release [21]. A recent report indicated that the
use of mGlu receptor agonists improves the PCP-induced
dysfunction of working memory [12]. However, the exact
action of mGlu receptors underlying the PCP-induced dopa-
mine release in the cortical region is not yet clear. The
purpose of this study is to examine the role of mGlu recep-

‘tors in the PCP-induced dopamine increase in the prefrontal

cortex.

Male Sprague-Dawley rats (Clea Japan Inc., Japan)
weighing 180-200 g were housed three or four per cage at
a constant room temperature (25 °C) under a 12/12 h light/
dark cycle (light: 07:00-19:00) for 2-4 weeks. The proce-
dures performed in this study were approved by the Ethics
and Animal Experiments Committee of the National Insti-
tute Radiological Sciences, Chiba, Japan. The rats were '
anesthetized with sodium pentobarbital (60 mg/kg, i.p.),
and then placed in a stereotactic apparatus. A guide cannula
of 8 mm length (Eicom Corporation, Japan) was surgically

0304-3940/02/$ - see front matter © 2002 Elsevier Science Ireland Ltd. All rights reserved.
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Fig. 1. Dose-dependent increase of dopamine by PCP (3.0-15 mg/
kg, i.p.} in the frontal cortex. The arrow indicates the time point
of PCP injection. Each point represents the mean = SEM
{n = 4-8). *P < 0.05 vs. saline-treated controls.

implanted into the prefrontal cortex (coordinates A +2.5
mm, L +0.6 mm, V —3.0 mm from bregma) with reference
to a brain atlas [13]. The rats were allowed to recover for at
least 2 days before the infusion experiments.

On the day of the infusion, a microdialysis probe
(membrane length 3.0 mm, Eicom Corporation, Japan)
was inserted with the guide cannula under light anesthesia
with diethyl ether, and the guide cannula was fixed with a
screw. The probe was perfused with 2.0 ul/min of Ringer’s
solution (147 mM Na*, 4 mM K™, 2.3 mM Ca**, 155.6 mM
C17). The outflow from the prefrontal cortex was collected
with a fraction collector and sampling was started 2 h after
the start of infusion at 20 min intervals. At first, PCP (3-15
mg/kg, i.p.) was administered to evaluate the effect on basal
dopamine release. Then, the effect of mGlu receptor
agonists on PCP-induced dopamine release was investi-
gated. The infusion of mGlu receptor agonist was started
after collecting three fractions. One hour after the start of the
infusion, the rats were treated with PCP (7.5 mg/kg, i.p.),
and the infusion was terminated 1 h after the treatment. The
dialysates were automatically injected into a high pressure
liquid chromatography-electrochemical detector system
with reverse-phase column (Eicom Corporation, Japan).
We used 0.1 M sodium acetate~citrate buffer (10:7, pH
3.5), 180 mg/l sodium octane sulfonate, 10 mg/l EDTA2Na
and 15-17% methanol as a mobile phase (flow rate 0.23 ml/
min). Chromatography data were calculated according to
the peak area under the dopamine curve. PCP was kindly
provided by Yamanouchi Pharmaceutical Co. Ltd. (Japan).
Trans-(1S,3R)-1-amino-1,3-cyclopentanedicarboxylic acid
(ACPD) and (+)-3-hydroxyphenylglycine (3-HPG) were
purchased from Sigma-RBI (USA). (2S,1'R,2'R,3'R)-2-
(2’ 3'-dicarboxycyclopropyl)-glycine ~ (DCG-IV)  was
purchased from Tocris Cookson Ltd. (UK). The doses of
the mGlu agonists were chosen according to previous
microdialysis studies [2,5,16,20,23]. There were no reports
about 3-HPG. However, as 3-HPG has weaker potency than

3,5-DHPG with similar selectivity [19], we selected doses
of 100 and 500 M, based on experiments using 3,5-DHPG
[16]. All values were expressed as percentage of the base-
line level. The effects of mGlu receptor agonists on the basal
and PCP-induced dopamine releases between doses and
time were evaluated by two-way analysis of variance with
repeated measures. When there was a statistically significant
difference (P < 0.05), post-hoc analysis by Bonferroni—
Dunn’s test was performed.

The basal concentration of extracellular dopamine in the
prefrontal cortex was 0.40 = 0.04 fmol/pl (mean = SEM.;
n = 96). Fig. 1 illustrates that PCP (3.0-15 mg/kg, i.p.)
increased dopamine release in the prefrontal cortex in a
dose-dependent manner [dose Xtime; Fg 163 = 4.69,
P < 0.001]. Dopamine release was increased by 3.5- and
4.8-fold after injections of 7.5 and 15 mg/kg of PCP, respec-
tively. In case the PCP-induced dopamine release might be
enhanced by mGlu receptor agonists, we chose the lower
dose of 7.5 mg/kg to evaluate their effect. Fig. 2 shows the
effect of a non-selective mGlu receptor agonist, ACPD, on
the PCP-induced dopamine release in the prefrontal cortex.
Infusion of 50 and 100 pM of ACPD via dialysis probe
inhibited the PCP (7.5 mg/kg, i.p.)-induced dopamine
release [dose X time; Fg 16z = 2.10, P < 0.01], while the
basal dopamine level was not significantly affected [dose X -
time; F(3 54y = 0.63, P > 0.1]. Fig. 3A shows the effect of a
selective group I mGlu receptor agonist, 3-HPG, on the PCP
(7.5 mg/kg, i.p.)-induced dopamine release in the prefrontal
cortex. The local application of 3-HPG (100 and 500 pM)
also inhibited PCP-induced dopamine release [dose X time;
F,153)=2.85, P < 0.001] without a notable effect on the
basal release [dose X time; F35, = 1.91, P > 0.05]. Fig.
3B shows the effect of a selective group II mGlu receptor
agonist, DCG-IV, on the PCP (7.5 mg/kg, i.p.)-induced
dopamine release in the prefrontal cortex. Infusion of 10
pM of DCG-IV significantly potentiated PCP-increased
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Fig. 2. Effect of non-selective mGlu receptor agonist, 1S, 3R-
ACPD (10-100 M), on PCP-induced dopamine release. The hori-
zontal solid bar indicates infusion of 1S, 3R-ACPD, and the arrow
indicates the injection of PCP. Each point represents the mean =
SEM (n = 4--8). *P < 0.05 vs. PCP-treated controls.
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Fig. 3. (A) Effects of selective group | mGlu receptor agonist, 3-HPG (100 and 500 pM), on PCP-induced dopamine release. The horizontal
solid bar indicates infusion of each 3-HPG and the arrow indicates the injection of PCP. (B) Effects of selective group Il mGlu receptor
agonist, DCG-IV (1, 10 and 50 uM), on PCP-induced dopamine release. The horizontal solid bar indicates infusion of each DCG-1V and the
arrow indicates the injection of PCP. Each point represents the mean = SEM (n = 6-9). *P < 0.05 vs. PCP-treated controls.

dopamine release [dose X time; Fg 43 = 2.38, P < 0.001].
DCG-IV also slightly, but not significantly, enhanced the
basal dopamine release. [dose Xtime; F3g;) = 1.30,
P > 0.1]. In our previous study, recovery by the microdia-
lysis probe was estimated to be about 10-20% [10].

The main findings of the present work were that the mGlu
receptors modulated the PCP-induced dopamine release in
the rat prefrontal cortex and that the modulation of mGlu
receptor agonist on the dopamine release was different
between group I and II subtypes. We demonstrated that
the infusion of 50 and 100 pM of ACPD (non-selective
mGlu receptor agonist) into the prefrontal cortex inhibited
the PCP-induced dopamine release. A similar inhibitory
effect was also observed by perfusing the group I selective
agonist 3-HPG. These results suggest that ACPD can inhibit
PCP-induced dopamine increase via group I mGlu recep-
tors. Previous studies reported that excessive dopamine
release by high K* stimulation [23], stress induction [5]
and cortical electrical stimulation [20] was also inhibited
by ACPD in the striatum or medial frontal cortex. Since
both agonists per se fail to decrease basal dopamine release
(Figs. 2 and 3A), it seems that these inhibitions of PCP-
induced dopamine release produced by ACPD and 3-HPG
are mediated by indirect regulation of the dopaminergic
system. In fact, an immunohistochemical study showed a
lack of mGlu, receptors on dopamine nerve terminals [22].
On the other hand, group I mGlu receptors locate on «y-
aminobutyric acid (GABA) neurons [17,22], and their acti-
vation could promote GABA release [4]. Previous reports
have suggested that endogenous GABA in the prefrontal
cortex tonically inhibits dopamine release [18]. PCP
decreases GABA release through the antagonism of
NMDA receptors on GABA neurons and subsequently
increases dopamine release [6,24]. It can be assumed that

the stimulation of group I mGlu receptors counteracts the
decline of GABA release induced by PCP. Furthermore, the
activation of group I mGlu receptors can stimulate gluta-
mate and adenosine release [4,15,16]. The increase in gluta-
mate and other neurotransmitters might be integrated in the
regulation of PCP-induced dopamine release.

The infusion of 10 uM of group II agonist DCG-IV
enhanced the PCP-induced dopamine release in our study
(Fig. 3B). Moreover, DCG-IV also slightly increased basal
dopamine release. Moghaddam and Adams [12] reported
that there was very slight enhancement in PCP-induced
cortical dopamine release by a certain dose of another
group I mGlu agonist, LY354740 (10 mg/kg, i.p.). This
difference can be explained by drug potency and doses. In
fact, Cartmell et al. [3] reported that yet another mGlu
agonist, LY379268 (0.3-3 mg/kg, s.c.), with 8-fold higher
potency than LY354740, increased basal dopamine release
in the prefrontal cortex. The present study showed that there
was a significant enhancement of PCP-induced dopamine
release at 10 pM of DCG-IV infusion but not at 1 or 50
M. It has been reported that group I mGlu receptors locate
both on glutamatergic and GAB Aergic neurons [14,22], and
their stimulations were reported to decrease the release of
glutamate and GABA [4]. The activation of group II mGlu
receptor seems to modulate dopamine release indirectly
through both excitatory and inhibitory amino acid systems.
Furthermore, the selectivity of DCG-IV can also explain the
present result. Since it has 10-fold lower affinity to NMDA
receptors than group II mGlu receptors [7,19] and the acti-
vation of NMDA receptors attenuates PCP-induced dopa-
mine release [24], an inhibition effect may be expected with
a relatively high dose of DCG-IV.

In conclusion, the selective group I mGlu receptor agonist

- 3-HPG inhibited PCP-induced dopamine release in the
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prefrontal cortex, while selective group II receptor agonist
DCG-IV enhanced PCP-induced dopamine release in the
prefrontal cortex. These results suggest that both mGlu
receptors can regulate dopamine release, but in an opposite
manner, in the prefrontal cortex.
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Abstract—We synthesized and evaluated N-(5-fluoro-2-phenoxyphenyl)-N-(2-['Flfluoromethyl-5-methoxybenzyl)acetamide (['*F]-
FMDAA1106) and N-(5-fluoro-2-phenoxyphenyl)-N-(2-['®F]fluoroethyl-5-methoxybenzyl)acetamide (['*FJFEDAAI1106) as two
potent radioligands for peripheral benzodiazepine receptors (PBR). ['®FIFMDAA1106 and ['®FJFEDAA1106 were respectively
synthesized by fluoroalkylation of the desmethyl precursor DAA1123 with ['F]FCH,I and ['*F]JFCH,CH,Br. Ex vivo auto-
radiograms of ['*FIFMDAA1106 and ['3FIFEDAA 1106 binding sites in the rat brains revealed that a high radioactivity was pre-
sent in the olfactory bulb, the highest PBR density region in the brain.

© 2002 Elsevier Science Ltd. All rights reserved.

Benzodiazepine receptors are divided into two types:
central and peripheral benzodiazepine receptors.
Although peripheral benzodiazepine receptor (PBR)
was initially identified in the peripheral system, it
became clear that its density in the brain regions can
equal or exceed the density of central benzodiazepine
receptor (CBR) in the corresponding regions.!~> Recent
studies have shown that PBR might mediate physio-
logical responses in the central nervous system and may
be involved in certain pathophysiclogical events, such as
anxiety, by stimulating the production of neuroactive
steroids in glial cells in the brain.*> Therefore, the PBR
ligands may become effective anxiolytics without the side
effects sometimes seen with classical benzodiazepines.??
However, in contrast to the clarification of CBR at the
molecular level, the pharmacological characterization of
PBR in primate brain has not been fully elucidated.>*
Moreover, the precise physiological significance of
events mediated through PBR in the brain and the
therapeutic potential of PBR antagonists in the pathol-
ogy and/or etiology of central nervous system disorders
are still subjects of controversy.?~ As a result there has

*Corresponding author. Tel.: +81-43-206-4041; fax: -+ 81-43-206-
3261; e-mail: zhang@nirs.go.jp

been great interest in developing radioligands that could
be used to visualize the distribution of PBR in a living

human brain using positron emission tomography
(PET).%7

Recently, N-(2,5-dimethoxybenzyl)-N-(5-fluoro-2-phen-
oxyphenyl)acetamide (DAA1106) (Scheme 1) has been
reported as a potent and selective ligand for PBR.%?
DAAI1106 displayed a high affinity for PBR in mito-
chondrial fractions of rat (K;=0.043 nM) and monkey
(K;=0.188nM) brains.® Moreover, DAA1106 showed
weak affinities (IC5¢= 10,000 nM) for melanin, Kappa,
and GABA, receptors, and negligible affinities (ICsq
>10,000nM) for 54 others including receptors, ion
channels, uptake/transporter and second messenger.’
To develop a PET tracer that would provide selective
imaging of PBR in vivo, and to elucidate the pharma-
cological role of PBR in the brain, we have labeled
DAAI1106 by reacting the corresponding desmethyl
precursor N-(5-fluoro-2-phenoxyphenyl)-N-(2-hydroxy-5-
methoxybenzyl)acetamide (DAA1123) with ['CJCH;3I'? in
an excellent radiochemical yield as shown in Scheme 1.
Moreover, we have determined a high specific binding
of [''C]DAA1106 to PBR in the mouse brain. Now,
["'CIDAA1106 is being used for investigating PBR in
the human brain.

0960-894X/03/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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Scheme 1. Structures, chemical synthesis and radiosynthesis: (a) NaH, DMF, 30°C, 5min, 81%; (b) 60°C, 80-100mm Hg, 10h, 15%; (c) NaH,
DMF, 0°C, 1 h, 78%; (d) 100°C, 10 min, 8%; (¢) NaH, DMF, 15°C, 10 min, 86%; (f) pyridine, 25°C, 4h, 48%; (g) NaH, DMF, 25°C, 811,_37%;

(h) o-dichlorobenzene, 130°C, 5 min, 57%; (i) NaH, DMF, 130°C, 10 min,

This success prompted us to design two '®F-labeled ana-
logues of [''C]JDAA1106; N-(5-fluoro-2-phenoxyphenyl)-
N-(2-['®Ffluoromethyl-5-methoxybenzyl)acetamide (['*F]-
FMDAA1106) and N-(5-fluoro-2-phenoxyphenyl)-N-
(2-[*®*F)fluoroethyl-5-methoxybenzyl)acetamide  (['®F]-
FEDAA1106) as putative PET ligands for PBR
(Scheme 1). First, because of the molecular similarity
and bioisoteric property of O-CH,F and O-CH,CH,F
with O—CHj3 group, the two compounds may display
similar affinities for PBR with DAA1106. Second, com-
pared with DAA1106, FMDAA1106.and FEDAA1106
were more lipophilic and may readily pass through the
blood-brain barrier, which is necessary for a suitable
PET tracer over the brain. Third, the ['®F]fluoroalkyl
substitution may lead to significant improvement in
tracer behavior including pharmacokinetics, as can be
seen in some examples of PET tracers.!"!? Finally, since
18F has advantage over '!C, with a longer halflife
(110min vs 20min).and a lower positron energy (650 KeV
vs 960 KeV), '®F is convenient for long-time storage and
long-distance transportation and could give a higher
quality of images with higher spatial resolution.

In this paper, we report: (1) synthesis, binding affinities
of FMDAA1106 and FEDAA1106 to PBR and CBR;
(2) radiosynthesis of ["!F]JFMDAA1106 and ['®F]
FEDAA1106 and ex vivo autoradiograms of their
binding sites in the rat brain.

The non-radioactive FMDAA1106 and FEDAA1106
were prepared according to Scheme 1. The fluoro-
methylating agent fluoromethyl iodide (FCH,I) was
prepared by reacting diiodomethane (CH,l,) with HgF,
under reduced pressure in a 15% yield.!* Reaction of

29%.

DAA1123 with FCH,I in the presence of NaH at 0°C
was accomplished rapidly to give FMDAA1106!* in a
78% yield. Reaction of DAA1123 with NaH and
1-fluoro-2-tosyloxyethane (FCH,CH,OTs), which was
prepared from 2-fluoroethanol and p-toluenesulfonyl
chloride, gave FEDAA1106'* in a 75% yield.

["* FIFMDAA1106 and ['®FIFEDAA1106 were synthe-
sized as shown in Scheme 1. The labeling intermediate
['®Flfluoromethyl iodide (['|FJFCH,I) or 2-['®F]fluoro-
ethyl bromide (['*F]FCH,CH,Br) for the radiosynthesis
was prepared by the reaction of ['8F]F~ with CH.I, or
2-bromoethyl triflate (BrCH,CH,OTf) using a newly
developed automated system.!S ['8FJFCH,I or ['®F]-
FCH,CH,Br was purified by distillation and trapped in
a solution of DMF containing DAA1123 (1 mg) and
NaH (6-8 pL, 0.5g/20mL DMF) at —15°C. After the
radioactive reagent trapping ended, the fluoromethyl-
ation finished perfectly, whereas the fluoroethylation
required a further 10 min at 130 °C. The desired product
was purified by HPLC using a reversed phase semi-pre-
parative YMC J’sphere ODS-H80 column (10 mm ID x
250 mm) and a mixture of CH3CN/H,0 (5.5/4.5 for
[*FIFMDAA1106 and 6/4 for ['|F]JFEDAAI1106).
Using CAPCELL PAK C,; analytic column (4.6 mm 1D
x 250mm) and a mixture of CH3CN/H,O (7/3), the
identity of ['*FIFMDAA1106 or ['*)FIFEDAA1106 was
confirmed by co-injecting with the corresponding non-
radioactive sample. The retention time was 6.1 min for
[ FIFMDAA.1106 and 6.3 min for ['**FJFEDAA1106 at
a flow rate of 2mL/min, respectively. In the final pro-
duct solution, no significant DAA1123 peak was deter-
mined by HPLC. The radiochemical purity of
["*FIFMDAA1106 or [*FJFEDAA1106 was higher
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0.1 nmol). Quantlﬁed values (fmol/mm?) of the ex vivo bindings in the olfactory bulb, cerebellum and frontal cortex (n=8) were calculated by the

method.'¢17

than 98% and the specific activity was > 120 GBq/umol
as determined from the mass measured from the HPLC
UV analysis. The radiochemical purities of two radio-
ligands remained >95% after maintenance of the pre-
parations at 25°C for 4h, and they were stable for
performing evaluation.

The in vitro binding (ICsg) studies of FMDAA1106 and
FEDAAI1106 to PBR were performed using
[''CJDAA1106 according to the previous method.'®}7 As
shown in Table 1, FEDAA1106 displayed 2-fold higher
affinity for PBR than DAA1106, whereas FMDAAI1106
displayed similar affinity with DAA1106. This result
showed that substituting O-CHj group with O-CH,CH,F
group augmented the binding affinity, whereas substituting
with O—CH,F group did not obviously affect the affinity
for PBR. FEDAA1106 was 10-fold more potent than
PK11195, the most commonly used ligand for PBR.
Competition binding site analyses were also used to eval-
uate ‘the comparative affinities of FMDAA1106 and
FEDAAI1106 for CBR labeled by ['!CJflumazenil (a
selectlve CBR ligand) (Table 1). The ICs, values of

Table 1. In vitro binding aﬂiﬁity (ICs) for PBR and CBR, and
octanol/water distribution coefficient (log P) .

ICso (nM)*
Ligand ['CJDAAII06 ~  [''C]Flumazenil = Log P
displacement (PBR) displacement (CBR)
FMDAA1106 171 ~10000 . 370
FEDAA1106 0.77° > 10,000 3.81
DAA1106 1.62 > 10,000 3.65
PK11195 8.26 > 10,000 No test

*ICsp was obtained from 9 concentrations of compound using at least
8 slices of rat brains (n=3).

FEDAA1106 and FMDAA1106 for CBR in the rat brain
were > 10 pM, 10*-fold lower than for PBR. These findings
revealed that FEDAA1106 and FMDAAL1106 exhibited
high potency for PBR and negligible affinities for CBR.
The distribution coefficients (log Ps) of ['*)FJFMDAA1106
and [*FJFEDAA1106 were determined in the water/octa-
nol system at pH 7.4 using the shaking method according
to the previous procedure’® (Table 1).

Figures 1 and 2 show ex vivo autoradiographic locali-
zations of [*FIFMDAAI1106 and ['"*FJFEDAAL1106
binding sites in the rat brains at 30 min postinjection.
As can be seen in comparison with the sagittal sections
of the control rat brain (Figs. 1 and 2a and b), both of
these radioligands showed a considerably high brain
uptake, indicating that they can pass through the blood-
brain barrier, which is a prerequisite for a promising
PET tracer. This finding was compatible with their

Figure 2. Ex vivo autoradiogram of ['|F[FMDAAI1106 and
['®FIFEDAA1106 in the sagittal sections of rat brains at 30 min post-
injection (20MBg, O.lnmol):: (a) [‘*FJFMDAAL1106; (b)
['8FJFEDAA1106; (c) [''FJFMDAA 1106+ DAA1106 (I mg/kg), (d)
['SFIFEDAA 1106 -+ DAA1106 (1 mg/kg).
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lipophilicities as shown in Table 1. A significantly-high
radioactivity was observed in the olfactory bulb, the
high PBR density area in the rat brain.®!° Followed by
the olfactory bulb, a moderate radioactivity level was
observed in the cerebellum, whereas a low uptake was seen
in the other brain regions such as frontal cortex. The
uptake pattern of radioactivity was not only consistent
with [*H]DAA1106 and [*H]PK 11195 binding sites in the
rat brain,®!® but was also in accordance with the regional
distribution of PBR in the brain.!=* The ratio of radio-
activity in the olfactory bulb to that in the frontal cortex
was 3.5 for ["®)FJFEDAA1106 and 1.6 for ['*F}-
FMDAAT1106. The difference between the radioactivity
distributions of the two tracers in the olfactory bulb and
frontal cortex may be due to their stabilities in the rat
brain. Metabolite analysis for the brain homogenate dis-
played that [|)FJFEDAA1106 was not metabolized,
whereas ['*FIFEDAA1106 was decomposed in the brain at
30min postinjection. Co-injection with non-radioactive
DAA1106 (1 mg/kg) exhibited a significant reduction of
['3FIFMDAA1106 or ['8SFJFEDAA1106 concentration in
the brain regions when compared with the control groups
(Figs. 1 and 2c and d). As for [*F]JFMDAA1106, the
radioactivity levels were reduced to 30-50% of control in
the brain regions including the olfactory bulb. As for
["*FJFEDAA1106, the most significantly reduced uptake
(less than 20% of control) was found in the olfactory bulb,
whereas a modest decrease (40-60%) was observed in the
other regions. These findings revealed that ['®F]
FMDAA1106 and ['®FJFEDAA1106 displayed high spe-
cific bindings in the rat brain, especially in the olfactory
bulb. Since FMDAA1106 and FEDAA1106 had potent
affinities for PBR, these radioligands may have high
binding sites to PBR in the rat brain.

In conclusion, [®)F]JFMDAA1106 and [“*F|FEDA-
A1106 were designed, synthesized and evaluated as two
potent radioligands for PBR. They showed high specific
bindings to PBR in the rat brain and may become pro-
mising PET tracers for PBR. Further investigation into
the binding of ['SFJFMDAA1106 and ['*FIFEDAA1106
to PBR in the primate brains is currently underway.
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Abstract

We performed in vitro and in vivo assays of the metabolism of [!'C]Ro15-4513 over time in the plasma of mice, rats, monkeys and
humans, using a radio-HPLC equipped with a sensitive positron detector, in order to compare the metabolic rates of the radiopharmaceutical
agent among the different animal species and to establish a highly sensitive analytical method for the radiotracer agent. We also examined
the metabolism of [*'C]JR015-4513 in the brain tissue of mice and rats.

The analytical method used in this study permitted detection of even extremely low levels of radioactivity (approximately 5,000 dpm).
In vitro experiments revealed that [''C]JR015-4513 in the blood was metabolized to hydrolysate [*!C]A. The species were classified in
descending order of the metabolic rate of the radiotracer in vitro as follows; mice, rats, and monkeys/humans. In the in vitro experiment,
the percentage of the unchanged drug in the plasma at 60 minutes postdose was 9% in mice, 70% in rats, 97% in monkeys, and 98% in -
humans. In vivo metabolite analysis in the blood showed the presence of two radioactive metabolites, consisting of one hydrolysate ['!C]A
and another unidentified substance. The species were classified in descending order of the metabolic rate of the radiotracer in vivo as follows;
mice, rats/humans, and monkeys. The percentage of the unchanged drug in the plasma was 6% in mice, 21% in rats, 26% in humans, and
40% in monkeys. Furthermore, the in vitro and in vivo experiments conducted to analyze the metabolism of [''CJR015-4513 in the brain
tissue of mice and rats revealed that the radiotracer was metabolized to some extent in the brain tissue of these animals. In the in vivo
experiment, the percentage of the unchanged drug at 60 min postdose was 86% in the brain tissue of mice and 88% in the brain tissue of
rats, while in the in vitro experiment, the corresponding percentage was 93% in mice, and 91% in rats. © 2003 Elsevier Inc. All rights
reserved.

Keywords: ['!C]Ro15-4513; Metabolite analysis; PET

1. Introduction

Positron emission tomography (PET) is a non-invasive
technique used in the field of nuclear medicine for display-
ing and quantitatively measuring bio-function in a living
subject using biologically relevant compounds labeled with
positron-emitting radionuclides. PET plays an important
role in the diagnosis and investigation of psychiatric disor-
ders, such as depression and schizophrenia, since it allows
one to determine the density of neurotransmitter receptors
and their occupancy in the brain. Although PET allows
visualization of the distribution of radiolabeled compounds
and the changes in their concentration over time, it provides

* Corresponding author. Tel.: +81-43-206-3262; fax: +81-43-206-
3261. )
E-mail address: kazutosi @nirs.go.jp (K. Suzuki).

0969-8051/03/$% — see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/50969-8051(03)00059-3

no information about the chemical degradation of the drug
itself. When a radiolabeled compound that is rapidly me-
tabolized after injection is used in PET, its metabolites may
affect the acquisition of data. Therefore, it is very important
in a PET study to examine the chemical forms of the
metabolites of the radiolabeling pharmaceutical drugs in the

"plasma and the brain. The metabolism of this tracer in

plasma has been investigated with radio-TLC and radio-
HPLC, or other methods [9,10]. However, radio-HPLC has
been widely used because the high sensitivity due to a large
sample load, the high resolution, and real-time monitoring
by connecting the HPLC outlet to multiple detectors ar-
ranged in series.

Metabolite analysis of a radiotracer usually consists of
the following procedures: 1) blood sample collection at
regular intervals and assessment of radioactivity, 2) separa-
tion of plasma by centrifugation and measurement of radio-
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Scheme 1. Structures of Ro15-4513 and its analogs.

activity, and 3) radio-HPLC analysis to determine the per-
centage of the unchanged drug following plasma
deproteination [6,9,15]. Tracers labeled with short-lived ra-
dionyclides, such as ''C (t,, = 20 min), *N (t,,, = 10
min), and '®F (t;,, = 110 min), decay with positron emis-
sion over time. Besides, the radioactivity of the compound
is dilured in the plasma as a result of its distribution into
tissues, metabolism, and excretion. Therefore, metabolite
analysis of radiopharmaceuticals for PET studies necessi-
tates establishment of a highly sensitive assay for radioac-
tivity, as well as establishment of a quick blood processing
system and analytical method [9]. Recently, Takei et al.
developed a sensitive positron detector for HPLC [17]. They
indicated that this sensitive positron detector could detect
the metabolites of [''C]JFLB-457, a dopamine D-2 ligand, in
blood samples (3,900 dpm) of mice, even at 90. minutes
after injection of 10 MBq of the radiotracer.

Ro15-4513 (Ethyl 8-azido-5, 6-dihydro-5-methyl-6-
oxo-4H-imidazo[1,5-a] [1,4] benzodiazepine-3-carboxy-
late, Scheme 1), an azide derivative of flumazenil, is a
partial inverse agonist of the central benzodiazepine recep-
tor (BZ-R) [11]. BZ-R forms a complex with GABA,
(GABA,/BZ-R complex). This complex is known to be
involved in the induction of anxiety, convulsions, and hyp-
nosis through CI". Ro15-4513 labeled with *H or !'C has
been demonstrated to strongly bind to the GABA,/BZ-R
complex in vitro [2,14,18]. Clinical PET studies have dem-
onstrated uptake of [''C]R015-4513 in the limbic system
(cingulate gyrus, insula and hippocampus) where BZ-R is
expressed in abundance. [*'CJR015-4513 has been shown to
be highly useful in mental disorder research [8,13].
['!C]Flumazenil, a BZ-R ligand, was reported to be rapidly
metabolized in the plasma of humans [9], but few data are
available on the metabolism of [''CJR015-4513, an analog
of flumazenil. We conducted this study to establish a highly
sensitive assay system for detecting the metabolites of
[''C]R015-4513, in order to perform highly accurate clini-
cal PET studies using a radio-HPLC equipped with a sen-
sitive positron detector developed by Takei et al. [17].
Changes in [''CJR015-4513 were quantified over time in
mice, rats, monkeys, and humans, and the metabolic rate of
the radiotracer was compared among the species. Further-
more, in vivo and in vitro assays of the metabolites of

['!'C]Ro15-4513 in the brain tissue were conducted in mice
and rats. '

2. Materials and Methods

2.1. Radiosynthesis of [''CJRo15-4513

Ro15-4513 and desmethyl Ro15-4513 (Ro44-3902, '
Scheme 1) were kindly provided by Roche (Basel, Switzer-
land). Carbon-11 (*!C) was produced by the *N(p, ) !'C
nuclear reaction using a CYPRIS HM-18 cyclotron (Sumi-
tomo Heavy Industry, Tokyo, Japan).

[''C]R015-4513 was synthesized by N-methylation of
Ro44-3902 with [*'C]methyl iodide in the presence of NaH
[7]. The radiochemical purity and specific activity of
[''C]R015-4513 for the metabolite analysis were >95%
and 30 — 290 GBq/umol, respectively (at the end of the
synthesis).

2.2. Synthesis of 8-azido-5,6-dihydro-6-oxo-4H-
imidazo[1,5-a] [1,4]benzodiazepine-3-carboxylic acid (A)

Scheme 1 shows the structure formulas of parent and the
identified metabolites. A mixture of Ro15-4513 (10 mg) and
IN-NaOH (1 mL) in EtOH (2 mL) was stirred for 15 min at
room temperature. The reaction mixture was neutralized
with IN HCI and injected onto a semi-preparative column
(Megapak C,5, 10 mm ID X 250 mm) set to the JASCO
HPLC system. The column was eluted with CH;CN/H,0
(225/275) at a flow rate of 6.0 mL/min, and a UV (254 nm)
fraction having a retention time of 2.3 min was collected.
Removal of the solvents under reduced pressure gave the
hydrolysis product A as a white solid (Scheme 1). mp:
201-203°C (uncorrected). "H-NMR (300 Hz, DMSO-dg +
CDCl,) 6: 7.24 (1H, s), 6.77 (1H, d, J = 9.0 Hz), 6.68 (1H,
d,J = 2.7 Hz), 6.43 (1H, dd, J = 9.0, 2.7 Hz), 2.38 (2H, s),
2.27 (3H, s). IR (Nujol): 3100, 1690 cm™"* FAB-MS (m/z)
caled for CsH;,NsO; (MT+1): 299; Found: 299. This
sample was used to identify the metabolites of [''C]R015-
4513.
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2.3. Metabolite analysis

The study of ['!CJR015-4513 metabolism in humans was
approved by the Ethics and Radiation Safety Committee of
the National Institute of Radiological Sciences. Blood sam-
ples were obtained from 19 normal human volunteers (rang-
ing in age from 21-31 years old). The study in mice, rats and
monkeys was carried out according to the recommendations
of the Committee for the Care and Use of Laboratory
Animals, National Institute of Radiological Sciences. A
young male rhesus monkey (macaca mulatta) weighing
about 5 kg (3 years old) was anesthetized by repeated
injections of ketamine (Ketalar®, 10 mg/kg/h, im). The rats
(200 g, male) and mice (30 g, male) used in the study were
anesthetized with ether.

The metabolite analysis was carried out using an HPLC
analysis system. The system consisted of: a PU610 pump
(GL sciences, Tokyo), a Rheodyne injector 7010, a
uBondapak C-18 colunmin 7.8 X 300 mm, 10 um (Waters,
Massachusetts) Waters pBondapak C-18 guard column, and
a UV620-spectrophotometer 254 nm (GL science, Tokyo)
equipped with a sensitive positron detector [16] Phosphoric
acid (6 mM)/CH,CN (1:1) was used as the mobile phase at
a flow rate of 2.5 mL/min. The injection volume loaded on
the HPLC column was 10 wL-1 mL. The retention time (tg)
for [''C]A was 6.2 min, whereas that for [''C]R015-4513
was 8.5 min. '

2.3.1. Blood

a) In vivo

After intravenous administration of Ro15-4513 to the
human volunteers (280 = 100 MBq), monkeys (160 = 60
MBq), rats (65 = 25 MBgq) and mice (80 = 35 MBq), blood
samples (0.5-1.5 mL) were obtained from the human vol-
unteers at 2, 4, 9, 14, 19, 39 and 59 min, from the monkeys
at 1, 5, 10, 30 and 60 min, and from the mice and rats at 1,
3, 5, 10, 30 and 60 min postinjection. The blood samples
were centrifuged at 15000 rpm in a KUBOTA centrifuger
(3615 model) for 1 min at 4°C, to separate plasma. The
plasma specimens (0.2-0.7 mL) were then collected in test
tubes containing the same volume of CH,CN. After the
tubes were vortexed for 15 sec and centrifuged at 15000 g
for 1 min for deproteination, the supernatants (0.3-1.2 mL)
were collected. The radioactivity in the supernatants (0.3-
1.2 mL) and in the residual precipitates after centrifugation
was measured in an A5530 gamma counter (PACKARD
instrument, Tokyo, Japan). Then, the supernatants (0.3-1
mL) were mixed with standard Ro15-4513 (50 ug/mL, 10
pL) and the hydrolysis product A (100 pg/mL, 10 pL)
injected into the HPL.C column for analysis under the con-
ditions described above.

b) In vitro

[''CIR015-4513 (3 MBgq, specific activity: 110 * 25
GBg/umol) was added to blood samples (1 mL) obtained
from human volunteers (n = 3, 29-35 years old), monkeys
(n = 1, 3 years old), rats (n = 3, 10 weeks old), and mice

(n = 3, 11 weeks old). The radioactive mixtures containing
the mouse, rat and monkey blood samples were allowed to
stand for 1, 5, 10, 30 and 60 min, while those containing the
human blood samples were allowed to stand for 5 and 30
min. To determine the effect of temperature on the rate of
metabolism, the mouse blood samples were mixed with
[''CJR015-4513 and placed in an ice-bath for 10 min. As
control, saline mixed with ['!CJRo15-4513 (3 MBg, spe-
cific activity: 110 GBqg/umol) was incubated at room tem-
perature for 60 min. At the end of the incubation periods,
the samples were respectively loaded on the HPLC column
and analyzed under the conditions described above.

2.3.2. Brain

a) In vivo

After intravenous administration of [!!C]JRo15-4513
(74-80 MBg/200 wL) into mice (n = 3) and rats (n = 3), the

‘animals were sacrificed by cervical dislocation at 1, 5, 15,

30 or 60 min postinjection.

The cerebral cortex and hippocampus were dissected
from' the brain and homogenized in 0.5 mL of distilled
water. After adding CH4CN (0.9 mL) to the homogenate,
the mixture was centrifuged at 15000 g for 1 min, and the
supernatant was collected. The radioactive mixture contain-
ing the standard solution A (the hydrolysis product of Ro15-
4513) and Ro15-4513 was treated as described above.

b) In vitro

The cerebral cortex and hippocampus were quickly re-
moved from the rats and mice and homogenized in 0.5 mL
of distilled water. The radioactive mixtures were incubated
at room temperature for 60 min. After adding CH,CN (0.9
mL) to the homogenate, the mixture was centrifuged at
15000 g for 1 min, and the supernatant was collected. The
radioactive sample containing the standard solution A was
treated as described above.

3. Results and Discussion

We conducted this study with the aim of establishing an
accurate method for analyzing the metabolites of
['!CJR015-4513 in the blood of mice, rats, monkeys and
humans, and in the brain tissue of rats and mice, in PET
studies using the radiotracer. The radio-HPLC equipped
with the highly sensitive positron detector developed by
Takei et al. [16] enabled us to detect ['!C]JR015-4513 and its
metabolites in blood samples (approximately 5,000 dpm)
even after 60 minutes of injection of the radiotracer at a
dose of 185 MBq. Plasma deproteination with acetonitrile
allowed us to recover 93.6 * 2.0% of radioactivity from the
supernatant of the blood specimens. A mixture of physio-
Jogical saline and [''CJR015-4513 at the purity of 99.0%
was analyzed as the control, and the radioactivity recovery
rate was 98.9%. The good radioactivity recovery rate and
negligible degradation of the radiotracer may be indicative
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Fig. 1. HPLC analysis of metabolites in the plasma at 14 min after injection of [''C]Ro15- 4513 in humans. A and ["'CJA: hydrolysates of Ro15-4513 and

[}'C]R015-4513; [''C)B: unknown radioactive metabolite.

of the appropriateness of the deproteination procedure for
detection of the unchanged drug in the plasma.

In the case of humans, blood was collected at 14 min
after injection of 400 MBq of ['!C]Ro15-4513, Ro15-4513
(50 pg/mL, 10 pl) and its hydrolysate A (100 pg/mL, 10
nL) were then added to the collected blood samples.

Fig. 1 shows the results of HPLC analysis of these blood
samples, which showed two other radioactive peaks
(tx([''CIB) = 4.4 min, tx((*'C]A) = 6.2 min), besides the
peak of [''CJR015-4513 (t; = 8.5 min). The peak of ['!C]A
was consistent with that of hydrolysate A of Ro15-4513.
Esters are known to be hydrolyzed by various esterases.
Metabolite analysis of [''C)flumazenil, an analog of
['!C]JR015-4513, has revealed that carboxylic acid is
formed when ['!C]flumazenil are hydrolyzed [9]. There-
fore, we presumed that ['’C]A were also formed when
[''CJR015-4513 were hydrolyzed. The identification of
[1'C]B was not carried out.

Fig. 2 shows the results of the in vitro ['*C]R015-4513
metabolite analysis in the blood samples obtained from
mice, rats, monkeys and humans. [!'C]R015-4513 was me-
tabolized to [''C]JA alone, while no peak corresponding to
[''CIB was found. In vitro, [!'C]R015-4513 was rapidly
metabolized in the plasma of mice and rats during the first
60 minutes after its administration, while the radiotracer
was hardly metabolized in that of humans and monkeys.
The percentage of the parent drug at 60 min postdose in
- vitro was 9% in mice, 70% in rats, 97% in monkeys, and
98% in humans. These findings suggest that metabolism of
the radiopharmaceutical drug persists in blood samples even
after they are collected from the mice and rats. Accordingly,
an in vivo metabolite analysis using these rodents must be
carefully evaluated. In this study, we employed two meth-

ods to inhibit further metabolism of [''C]R015-4513 in the
blood samples after they were collected. The first was to add
2 N HCI (up to 10 L) to blood samples immediately after
they were collected from the rodents. With this method, the
percentage of the unchanged drug was 56.6 *+ 1.8%, while
that in the control left untreated at room temperature after
the collection was 48.2 * 1.7%. Therefore, the addition of
HCI was not considered to be useful for blocking degrada-
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Fig. 2. Metabolism of ['C]Ro15-4513 over time in vitro, in the blood
samples of humans, monkeys, rats and mice.
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Fig. 3. Metabolism of ['!CJR015-4513 over time in vivo, in the blood of humans, monkeys, rats and mice. (a) Unchanged {'!C]R015-4513. (b) Formation
of [*'C]A (hydrolysate of ['!C]R015-4513) by metabolism. (c) Formation of the unknown radioactive metabolite [''C]B.

tion of the radiotracer. In the other method, fresh blood
specimens collected from rats and mice were placed in an
ice bath. In this case, the percentage of the parent drug was
88.5 = 1.5%. Such good results indicate that the ice bath
method may be relatively more helpful for a more accurate
assay of the radiotracer. Further studies, however, are re-
quired for effecting complete inhibition of the metabolism
of ["'CJR015-4513 in blood specimens after they are col-
‘lected from rodents. On the other hand, no special proce-
dures may be necessary for blocking the metabolism of
[''C]R015-4513 in blood samples taken from monkeys and
humans, since the radiolabeled drug level in the plasma
remained almost unchanged over time in vitro.

Fig. 3 shows the results of the in vivo [''C]R015-4513
metabolite assays in the blood samples drawn from mice,
rats, monkeys and humans. The percentage of the parent
drug rapidly reduced during the first 10 min in all species
after the injection, to 60% in monkeys, 48% in rats, 40% in
humans, and 22% in mice, 10 min after the injection. After
the first 10 min, the parent drug level in the blood slowly
decreased and the percentage at 60 min postdose was 40%
in monkeys, 26% in humans, 21% in rats, and 6% in mice.
Considerable differences in the metabolism of radiotracers
between species have been reported for ["°Br]BLIS and
[*!Clmethylspiperone [3,4]. The tendency towards a high
metabolic rate of the radiotracers during the first 10 min
after injection was also observed for [''C]flumazenil, an
analog of [''CJR015-4513, and [''C]SCH23390, a dopa-
mine D;-antagonist [9,11]. :

This study revealed that while [''C]Ro15-4513 was me-
tabolized to ['!C]B and [''C]JA in vivo, [''C]A was pre-
dominant in all the species. The percentages of [''C]A and
['!C]B at 60 minutes postdose were 50 to 75% and 20% or
less, respectively. The percentage of ['!C]A rapidly in-
creased to 55% during the first 15 min after the injection,
and remained almost unchanged in humans. In rats and

monkeys, the percentage of ['!C]A rapidly increased during
the first 10 min and continued to increase steadily thereafter.
In contrast, the percentage of [''C]B increased to approxi-
mately 14% in humans during the first 15 min after the
injection, after which it remained almost unchanged at 60
min postdose, and in rats, mice, and monkeys there was a
steady and gradual increase, without a sharp increase during
the initial phase. Species were classified in descending order
of the metabolic speed of [*!CJR015-4513 in vivo as, mice,
humans/rats, and monkeys. In the case of mice and rats, as
mentioned above, metabolic changes of the radiotracer in
the plasma continued even after the blood samples were
drawn from these animals. This may produce an error in the
results. In this study, however, blood samples were cooled
immediately after they were collected from the test animals,
and then centrifuged to obtain plasma specimens, to which
CH,CN was then added. Accordingly, there was probably
little room for error in this metabolite analysis.

Table 1 shows the results of the in vitro and in vivo
[''CJRo15-4513 metabolite assays in mice and rat brain
tissue at 60 min postdose. [''C]Ro15-4513 was metabolized
in the brain tissue in vitro and in vivo in both species, but
only to [''C]A in both the animals. The metabolic rate of the

Table 1 _
Metabolism of [!'CJR015-4513 in the brains of rats and mice

in vivo® in vitro®

[''CIRo15-4513 (%) [''CIRo15-4513 (%)

Rats 87.5+32 93.0+038
Mice 85.7 6.9 91323
Control® - . 98.9

# 60 min after i.v. injection.

P incubated with homogenized brain tissue for 60 min at room temper-
ature.

¢ incubated with saline solution for 60 min at room temperature.
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radiotracer in brain tissue was slower than that in the
plasma. The percentage of the parent drug in vivo was
85.7% in mice and 87.5% in rats, while the percentage in
vitro was 93.0% in mice and 91.3% in rats. Metabolites of
[''C]R015-4513 generated in the plasma are considered to
have higher hydrophilicity, which makes it difficult for
them to pass the blood-brain barrier. These findings indicate
that [''CJR015-4513 may not be metabolized to any signif-
icant degree in the brain of humans.

We conclude that in vitro, [''C]R015-4513 in the plasma
was hardly metabolized in monkeys and humans, while in
mice and rats, the radiotracer in the plasma was rapidly
metabolized. In contrast, in vivo, [''C]R015-4513 was rap-
idly metabolized in all the species, especially during the first
10 min after the injection. Species were classified in de-
scending order of the metabolic rate of the radiotracer, as
mice, humans/rats, and monkeys. .

Furthermore, the analytical findings of [''C]Ro15-4513
metabolites in the brain tissue in mice and rats suggest that
PET images in the brain may mostly reflect the behavior of
the parent drug, with miner interference by metabolites.

These results may contribute to more accuraté data ac-
quisition in PET studies.
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