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Using ''C-labeled R015-1788 and positron emission tomography, studies of benzodiazepine
binding sites in the human brain were performed on four normal volunteers. Rapid and high

accumulation of ''C activity was observed in the brain after i.v. injection of [''C]JR015-1788,

the maximum of which was within 12 min. Initial distribution of ''C activity in the brain was

similar to the distribution of the normal cerebral blood flow. Ten minutes after injection,
however, a high uptake of ''C activity was observed in the cerebral cortex and moderate
uptake was seen in the cerebellar cortex, the basal ganglia, and the thalamus. The
accumulation of *'C activity was low in the brain stem. This distribution of ''C activity was
approximately parallel to the known distribution of benzodiazepine receptors. Saturation
experiments were performed on four volunteers with oral administration of 0.3-1.8 mg/kg of
cold Ro15-1788 prior to injection. Initial distribution of *'C activity following injection peaked
within 2 min and then the accumulation of ''C activity decreased rapidly and remarkably
throughout the brain. The results indicated that [''C] Ro15-1788 associates and dissociates
to specific and nonspecific binding sites rapidly and has a high ratio of specific receptor
binding to nonspecific binding in vivo. Carbon-11 Ro15-1788 is a suitable radioligand for the

study of benzodiazepine receptors in vivo in humans.
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Benzodiazepines are extensively prescribed for the
treatment of insomnia, anxiety, convulsive disorders,
and some kinds of spasticity. Their therapeutic effects
are triggered by an interaction with specific benzodiaze-
pine receptor, which have been demonstrated by radi-
oligand technique (/-3). Acute and reversible changes
of benzodiazepine receptors in the brain have been
observed after acute stress and seizures in animal ex-
periments (4-8). Alteration of benzodiazepine recep-
tors have been reported in Huntington’s disease (9-12)
and Alzheimer’s disease in human brain (/3).

It should, therefore, be useful to measure benzodi-
azepine receptors in vivo in humans for the study of
clinical pharmacology of benzodiazepines and also for
elucidating the pathophysiological mechanism of some
neuropsychiatric disorders, such as epilepsy, anxiety
neurosis, Huntington’s disease, and Alzheimer’s dis-
ease.

Ro15-1788 (Flumazepil) is a benzodiazepine receptor
antagonist and has a high affinity for the central type
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benzodiazepine receptor, irrespective of benzodiazepine
subtype (14-16).

The synthesis and the kinetic studies of carbon-11-
("'C) labeled Ro15-1788 in baboons and the human
brain have been reported by Maziére et al. (17-20).

In this report, we describe the kinetics of [''CJRo15-
1788 in four volunteers and also those following pre-
treatment with cold Ro15-1788.

SUBJECTS

Four healthy men with age ranging from 25 to 53 yr
took part in the study. The subjects gave informed
written consent to participate in the investigation. No
abnormalities were found either by physical examina-
tion or laboratory findings in any of the subjects. They
did not take any medication within 1 mo of enrollment
in the study.

MATERIALS AND METHODS
Carbon-11 Rol5-1788 was produced with a high

specific activity of methylation of Rol15-5528 (nor-
Ro15-1788) with ''CH;l. All the procedures other than
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evaporation and filtration at the final stage were carried
out with specifically designed equipment connected to
a central control system (27). Radiochemical purity
was >99%. The specific activity varied from 450 to
3,180 Ci/mmol at the end of synthesis.

Positron emission tomographic (PET) scanning was
performed with a whole-body PET scanner” which has
a three detector ring and can obtain five slices simulta-
neously with a center to center separation of 18 mm
(22). The spatial resolution is 9.2 mm full width at half
maximum (FWHM) in the center of the field-of-view
and slice (axial) thickness is ~10 mm FWHM for cross
slices and 13 mm FWHM for direct slices.

Subjects were asked to lie on the scanner bed with
eyes closed but the ears were not occluded. The head
was positioned with the aid of a laser line so that the
center of the lowest slice corresponded to 10 mm above
the subject’s canthomeatal line. After the head was in
place, a transmission scan was performed with a ring
source of activity containing germanium-68-gallium-
68 for attenuation correction. Intravenous needles were
inserted in the arm for isotope injection and blood
sampling.

Control Experiment

Serial emission scans (scan length 1 min) were per-
formed for 20-30 min following an i.v. bolus injection
of [''C]Ro15-1788. The amount of injected radioactiv-
ity varied 4.9 to 9.5 mCi and the specific activity was
between 230 and 1,460 mCi at the time of injection
(Table 1).

Simultaneous venous blood samples were obtained
serially, and the total radioactivity of 1 ml of blood was
measured at the well counter. Two milliliters of meth-
ylene chloride were then added to 1 ml of the blood
and the radioactivity of the extracted fraction of the
blood was measured. Extraction efficiency determined
by comparison with a standard was >95%.

At 20 min following injection, 20 ml of blood were
sampled in two volunteers, 20 ml of methylene chloride
were added into it, and a fraction of the blood extracted
with methylene chloride was obtained. Thin layer chro-
matographic analyses were performed on silica gel with

TABLE 1
Subjects and Injected Dose of [''C]R015-1788
Control . .
experiment Saturation experiment
Injected Injected
Dose of °°:dﬁ°15 dose of
["CJRo15 PO)  ["CJRo15
Subject Age/Sex (mCi) (ug) (mg) (mg/kg) (mCi) (uQ)

1 49/M 95 126 20 03 30 64
2 50/M 5.0 30 30 0.5 6.1 0.7
3 53/M 6.1 19 50 11 6.1 1.9
4

25/M 49 1 150 1.8 49 6.7
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methylene chloride:methanol (9:1) and hexane: ben-
zene: dioxane:ammonium hydroxide (70:50:45:5) as
solvent.

Saturation Experiment

The saturation experiments were performed on the
same day in Subject 1, and on another day within 1 mo
after the control experiment in Subjects 2, 3, and 4.
Subjects 1, 2, and 3 took 20, 30, and 50 mg, respectively,
of cold Ro15-1788 orally 30 min prior to injection of
[''C]JRo15-1788. Subject 4 took 150 mg of cold Rol5-
1788 divided into three at 45, 30, and 15 min prior to
injection for maintaining the high blood level of Ro15-
1788 concentration in the blood during the experiment.
Serial emission scans were performed and venous blood
samples were obtained in the same way as in the control
experiments. The amount of injected radioactivity var-
ied from 3.0 to 6.1 mCi in the saturation experiments.

Data Analysis

Regions of interest were in the frontal cortex, the
temporal cortex, the medial occipital cortex, the basal
ganglia (which includes the caudate, the putamen and
the pallidum), the thalamus, the cerebellum, the brain
stem, and the white matter (Fig. 1). The brain radioac-
tivity was corrected for ''C decay, and time-activity
curves of !''C activity in each of the brain regions were
obtained. Partial volume effects were not corrected in
these studies. Using a standard germanium-68—gallium-
68 solution, a calibration factor was obtained, and the
regional brain and the blood radioactivity were ex-
pressed as a percentage of the injected dose per ml of
tissue (%dose/ml).

RESULTS

Initially, high uptake of !''C activity was observed in
the cerebral gray matter and the cerebellum. The radio-
activity in the cerebral cortex then increased gradually
and reached a maximum at 7-12 min following the
injection, whereas the radioactivity in the basal ganglia,
the thalamus, the cerebellum, the brain stem and the
white matter reached a maximum at 2-7 min following
injection and then decreased gradually. A high uptake
of ''C activity, therefore, was observed in the cerebral
cortex, moderate uptake was observed in the basal
ganglia, the thalamus, and the cerebellum, and low
uptake was observed in the white matter and the brain
stem after 10 min following injection (Figs. 2 and 4A,
Table 2).

The radioactivity in the first sample of the blood,
which was aspirated 1 min following injection, varied
in each study. The peak of the radioactivity in the blood
was probably missed. The radioactivity in the total
blood after 5 min following injection remained stable
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CML+10

FIGURE 1

CML+46

CML+82

Regions of interest were in frontal cortex, temporal cortex, medial occipital cortex, basal ganglia, brain stem, and white
matter. ROIs in cerebrum were in left hemisphere. Basal ganglia included caudate, putamen, and pallidum

to the end of the experiment or a transient and slight
increase of the radioactivity at 5-10 min following
injection was observed. The radioactivity of the ex-
tracted fraction decreased gradually, so the difference
between the radioactivity in the total blood and the
extracted fraction gradually increased.

The result of thin layer chromatographic analysis
showed that >99% of the radioactivity in the extracted
fraction of the blood was that of unmetabolized [''C]
Ro15-1788.

FIGURE 2

PET images of 25-yr-old, male vol-
unteer (Subject 4) following i.v. injec-
tion of 4.9 mCi of [''C]JR015-1788.
Initially (0-5 min following injection),
high uptake of ''C activity was ob-
served in cerebral gray matter and
cerebellum. Distribution of ''C activ-
ity in brain changed with time, and at
later time of study (26-30 min follow-
ing injection), high accumulation of
1C activity was observed in cerebral
cortex and moderate uptake was
seen in subcortical gray matter and
cerebellum. Accumulation was low in
brain stem and white matter. These
images were cross-scaled
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In the saturation experiments, the radioactivity in
each of the brain regions including cerebral cortex
reached a maximum within 2 min and decreased rap-
idly throughout the brain (Figs. 2 and 4B, Table 2). The
radioactivity (%dose/ml) in the frontal cortex in the
saturation experiments reduced to 48%, 22%, 31%, and
23% of those in the control experiments at 20 min
following injection in four volunteers, respectively, (Fig.
5), whereas the blood activity kinetics were not signifi-
cantly different between the two experiments.
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FIGURE 3

Serial PET images of Subject 4 in
saturation experiment. Center of
slice corresponded to 46 mm above
canthomeatal line. Initially (0-5 min),
high uptake of 'C activity was ob-
served in cerebral cortex and sub-
cortical gray matter, but thereafter
radioactivity decreased rapidly and

11-15 min.
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FIGURE 4

A: Time-activity curves in Subject 4 in control experiment. Radioactivity in frontal cortex (@—@®), medial occipital cortex
(B—M), basal ganglia (A—A), cerebellum (A—A), total blood ((0—0J) extracted fraction of blood with methyien chiloride
(O—O0O) was expressed as percentage of injected dose per ml of tissue. B: Time-activity curves in Subject 4 in saturation
experiment. Radioactivity in each brain regions reached maximum within 2 min following injection and then decreased
rapidly. No regional difference of radioactivity was observed
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Ratio of radioactivity in each brain
regions between control experi-
ments and saturation experiments at
20 min following injection. Reduction
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rate was highest in cerebral cortex,
which has highest density of benzo-
diazepine receptors. Subjects 1, 2,
3, and 4 took 20, 30, 50, and 150
mg, respectively, of cold Ro15-1788
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DISCUSSION

Initial distribution of ''C activity was similar to the
distribution of the normal cerebral blood flow (23).
After 10 min following injection, however, ''C activity
became high in the cerebral cortex, moderate in the
subcortical gray matter and the cerebellum, and low in
the brain stem. This distribution of ''C activity was
approximately parallel to the known distribution of
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benzodiazepine receptors in the human brain in vitro
study (3,15). These kinetics of [''C]JR015-1788 in the
brain agreed with the result of the previous report (20).

The blood analysis showed that injected [''C]Ro15-
1788 was metabolized rapidly to water soluble metab-
olites in the peripheral tissue during experiments. The
transient increase of the total radioactivity in the blood
may reflect the release of metabolized radioligand from
the peripheral organs into the blood.
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TABLE 2
Biodistribution of "'C Activity Following Injection of ["'C]R015-1788

Time after injection

2 min 10 min 20 min

Brain region Control Saturation’ Control Saturation’ Control Saturation
Frontal cortex 6.7+1.2 6.0+1.6 84+10 30+1.0 78+13 25+13
Temporal cortex 70+13 64+14 89+15 32+1.1 83+1.6 24+09
Occipital cortex 7614 68+14 9.0+1.0 34+11 80+14 24+08
Basal ganglia 70+15 6.1+16 6.5+13 29+1.0 52+1.2 1.8+0.6
Thalamus 6.3+1.2 60+1.4 60+14 28+19 48+ 1.1 20+0.6
Cerebellum 64 +07 59+08 57+13 28+08 49+07 20+0.6
Brain stem 37+1.1 33+07 22+06 21+06 19+06 1.8+05
White matter 44+08 42+09 42+11 26+09 36+16 2106
Blood (total) 83+6.0 68+64 37+16 39+12 35+14 33+11
Blood (extracted) 80+7.1 6.2+6.0 20+07 21+1.0 14+03 1.6 £ 0.6

*Mean % dose/mi x 103 (+s.d.) for four subjects or three subjects’ at each time.

However, [''C]JR015-1788 does not seem to be me-
tabolized in the brain. Inoue et al. investigated the
stability of [°’H]Ro15-1788 in the mouse brain (8). Male
C3H mice were injected through the tail vein with 5
uCi of [*H]Ro15-1788, and killed 30 min following
injection. Radioactive materials in the brain homoge-
nate were then extracted with methylene chloride, and
thin layer chromatographic analysis of radioactive ma-
terials was performed. The results showed that almost
all the radioactivity was that of unmetabolized [*H]
Ro15-1788. The result indicates that Ro15-1788 is not
metabolized in the brain and the water soluble metab-
olites of Ro15-1788 in the blood do not pass through
the blood-brain barrier.

Ro15-1788 has no major pharmacologic effect on its
own when up to 1,000 mg is taken orally (16). It is,
therefore, safe to perform the saturation experiment
with this drug in humans.

In the saturation experiments, the kinetics of [''C]
Ro15-1788 in the brain were considerably different
from those in the control experiments, and the radio-
activity in the brain at the later time of the study was
reduced significantly. The maximum reduction of the
radioactivity was observed in the cerebral cortex, which
has the highest density of benzodiazepine receptors in
the brain (Fig. 5). The results indicate that [''C]Ro15-
1788 has a high ratio of specific binding to nonspecific
binding in vivo.

While whether a larger amount of cold Ro15-1788
reduces the brain uptake of ''C-Ro15-1788 further re-
mains to be investigated, marked reduction of the ra-
dioactivity in our studies reaching to 22% in the satu-
ration experiments suggests that most of benzodiaze-
pine receptors in the brain had been occupied by pre-
treatment of cold Ro15-1788. The radioactivity in each
of the brain regions in the saturation experiments can
then be regarded as that of nonspecifically bound and
free radioligand, and the difference of two time-activity
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curves in each of the brain regions between the two
experiments represents the radioactivity of specifically
bound radioligand. The specific binding of [''C]Ro15-
1788 reached a maximum at ~12-20 min following
injection and declined slightly thereafter (Fig. 6). The
decline of the specific binding reflected the decline of
the unmetabolized [''C]JR015-1788 concentration in
the blood.

104
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FIGURE 6

Difference of radioactivity in frontal cortex and cerebellum
between two experiments in Subject 4. Difference reflects
specific binding of [''CJRo15-1788 in brain
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These kinetics indicate that [''CJRo15-1788 associ-
ates and dissociates to specific and nonspecific binding
sites rapidly and has a high ratio of specific binding to
nonspecific binding in vivo in the human brain. These
characteristics are advantageous for quantitative analy-
sis of receptor binding by PET (24,25).

Carbon-11 Ro15-1788 is a suitable radioligand for
the study of the benzodiazepine receptor in humans in
an atraumatic method by PET.

FOOTNOTES

* Positologica II, Hitachi Medical Corporation, Kashiwa,
Chiba, Japan.
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