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INTRODUCTION

ADENOSINE is an endogenous modulator of several physi-
ological functions in the central nervous system (CNS) as
well as in peripheral organs. The effects are mediated by
at least four subtypes: A1, A2A, A2B and A3 receptors.1–6

The adenosine A1 receptors in the CNS are present both
pre- and post-synaptically in many regions, being rich in
the hippocampus, cerebral cortex, thalamic nuclei, basal
ganglia and the cerebellar cortex in animals7–9 and hu-
mans.10–13 On pre-synaptic terminals, their main action
is to limit the availability of calcium to the excitation-
secretion coupling mechanism involved in the exocytotic
release of neurotransmitters such as glutamate, acetylcho-
line, dopamine, 5-hydroxytryptamine and several pep-
tides.13 Post-synaptically, adenosine A1 receptors usually

induce hyperpolarization of cells, at least partly by open-
ing potassium channels.13

Based on these backgrounds, we have developed
three labeled adenosine A1 receptor ligands; [1-propyl-
11C]8-dicyclopropylmethyl-1,3-dipropylxanthine
([11C]KF15372) and its methyl ([1-methyl-11C]8-dicyclo-
propylmethyl-1-methyl-3-propylxanthine, [11C]MPDX,
Fig. 1) and ethyl ([1-ethyl-11C]8-dicyclopropylmethyl-1-
ethyl-3-propylxanthine) derivatives, and have evaluated
their in vivo properties.14–18 In the studies with mice, rats
and cats,16,18 [11C]MPDX is of choice as a candidate for
application to human PET studies because of easy pen-
etration of the blood-brain barrier and the practically high
radiochemical yield, although its affinity for adenosine
A1 receptors was slightly weaker: Ki values were 3.2, 1.7
and 4.2 nM for KF15372, ethyl derivative and MPDX,
respectively. In the rats deprived of retinocollicular fibers
by eye enucleation, degeneration of the adenosine A1 re-
ceptors in the contralateral superior colliculus was pre-
sented by ex vivo autoradiography with [11C]MPDX.16,19

We evaluated quantitatively the adenosine A1 receptors in
the cat brain by PET with [11C]MPDX,18 and preliminar-
ily found that the [11C]MPDX PET was more sensitive for
predicting the fatal ischemic insult than the cerebral blood
flow, glucose metabolism or benzodiazepine receptors
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measured by PET.20

In the present study, we calculated the radiation dosim-
etry of [11C]MPDX for humans from mice data and the
acute toxicity and mutagenicity of MPDX in a preclinical
study. PET imaging of adenosine A1 receptors with
[11C]MPDX was also performed in the monkey brain.

MATERIALS AND METHODS

8-Dicyclopropylmethyl-3-propylxanthine and MPDX
were synthesized in our laboratory as previously de-
scribed.21–23 [11C]MPDX was prepared by methylation
of 8-dicyclopropylmethyl-3-propylxanthine with
[11C]methyl iodide as described.16 The specific activity
was 18–108 TBq/mmol. Male ddY mice were obtained
from Tokyo Laboratory Animals Co., Ltd. (Tokyo, Ja-
pan). Rhesus monkeys were transferred from the Institute
of Medical Science at the University of Tokyo. The
animal studies were approved by the Animal Care and
Use Committee of the Tokyo Metropolitan Institute of
Gerontology.

Tissue distribution in mice
[11C]MPDX (1.1–2.0 MBq/16–34 pmol) was intrave-
nously injected into mice (8 weeks old). They were killed
by cervical dislocation at 1, 5, 15, 30, 60 and 90 min after
injection (n = 4). The blood was collected by heart
puncture, and the tissues were harvested. The samples
were measured for the 11C-radioactivity with an auto-
gamma counter and weighed. The tissue uptake of 11C
was expressed as a percentage of the injected dose per
organ (%ID/organ) or a percentage of the injected dose
per gram of tissue (%ID/g). Based on the tissue distribu-
tion data, radiation dosimetry for human adults was esti-
mated by the MIRD method described previously.24,25

Acute toxicity
Toxicity studies were performed at the Mitsubishi Chemi-
cal Safety Institute Ltd. (Tokyo, Japan). Acute toxicity
was assayed in Crj:CD(SD)IGS rats (SPF). MPDX at a
dose of 3.73 mg/kg body weight (0.373 mg/ml suspension
in physiological saline containing 0.01% Tween 80) was

injected intraperitoneally into 5-week old rats weighing
157–184 g and 129–141 g, for males (n = 5) and females
(n = 5), respectively. The dose of 3.73 mg/kg body weight
is the 41000-fold equivalent of the postulated adminis-
tration dose (0.091 µg/kg body weight) of 500 MBq
[11C]MPDX with a specific activity of 37 TBq/mmol for
humans weighing 60 kg. The three lots of [11C]MPDX
prepared above were also assayed after decay-out of 11C.
Each of the three [11C]MPDX preparations was injected
intravenously into 5-week old male rats (n = 5) at doses of
1.4–5.7 µg/0.77–1.5 ml/kg body, which were 40-fold
equivalent to the postulated administration dose of
[11C]MPDX for humans. One lot (5.7 µg/1.5 ml/kg body
weight) was also injected into 5-week old female rats (n
= 5). They were observed four times (0.5, 1, 3 and 6 h after
the injection) at day 1 and thereafter once daily for clinical
signs until 15 days, and weighed on days 4, 8 and 15. At
the end of the 15 day-observation period, the rats were
euthanized and a macroscopic analysis was performed.

Ames test
Mutagenicity tests were performed at the Mitsubishi
Chemical Safety Institute Ltd. (Tokyo, Japan). MPDX
was tested for mutagenicity in the Ames test with four
histidine-requiring strains of Salmonella typhimurium
(TA98, TA100, T1535 and T1537) at a dose range of
0.0763–5000 µg/plate by the standard method.

PET imaging of adenosine A1 receptors in the monkey
brain
The PET camera used was a model SHR 2000 (Hamamatsu
Photonics K.K., Hamamatsu, Japan).26 The camera con-
sists of four-ring detectors and acquires seven slices at a
center-to-center interval of 6.5 mm with a resolution of
4.0 mm full width at half maximum in the transaxial plane.

Two female rhesus monkeys (22 and 23 years old,
weighing 3.2 kg) were anesthetized with 0.01–0.05%
isoflurane, and PET scanning was performed as previ-
ously.17 Catheters were inserted into the femoral vein and
femoral artery. [11C]MPDX (91 MBq/4.1 nmol and 141
MBq/5.6 nmol) was injected intravenously into the mon-
key, and a time sequential tomographic scan was per-
formed in the transverse section of the brain parallel to the
orbitomeatal line for 60 min (ten 1-min frames, four 5-min
frames and three 10-min frames) as described above.
Based on the standard MRI images as prepared previ-
ously,17 regions of interest were placed on the frontal
cortex, occipital cortex, parietal cortex, temporal cortex,
thalamus, cerebellum and brain stem, and the time-activ-
ity curves were obtained. The decay-corrected radioactiv-
ity value was expressed as the standardized uptake value
[SUV, (regional activity/ml volume)/(injected activity/g
body weight)].

Blood was collected from the vein 1, 5, 15, 30 and 60
min after the tracer injection, and the plasma was obtained
by centrifugation. The radioactivity level of the plasma

Fig. 1   Chemical structure of [11C]MPDX.
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Table 1   Tissue distribution of radioactivity in mice after intravenous injection of [11C]MPDX

% Injection dose/g tissue*

1 min 5 min 15 min 30 min 60 min 90 min

Blood 5.23 ± 0.87 3.30 ± 0.03 2.61 ± 0.07 1.78 ± 0.18 1.22 ± 0.19 0.83 ± 0.06
Brain 2.31 ± 0.23 2.53 ± 0.15 1.60 ± 0.07 0.87 ± 0.12 0.46 ± 0.10 0.42 ± 0.08
Heart 4.25 ± 0.48 2.62 ± 0.17 2.00 ± 0.10 1.52 ± 0.13 1.05 ± 0.11 0.74 ± 0.11
Lung 4.55 ± 0.61 3.11 ± 0.04 2.41 ± 0.20 2.04 ± 0.39 1.55 ± 0.26 1.42 ± 0.26
Liver 10.30 ± 1.14 12.14 ± 0.67 11.26 ± 0.45 9.45 ± 1.37 7.52 ± 0.94 4.90 ± 0.25
Spleen 1.71 ± 0.39 1.58 ± 0.04 1.97 ± 0.12 2.52 ± 0.28 3.27 ± 1.24 3.89 ± 0.57
Pancreas 3.58 ± 0.42 2.61 ± 0.13 3.60 ± 0.22 4.33 ± 0.45 5.17 ± 0.70 2.20 ± 0.54
Stomach 1.22 ± 0.47 0.99 ± 0.05 1.27 ± 0.24 1.59 ± 0.67 1.48 ± 0.45 1.31 ± 0.41
Small intestine 2.70 ± 0.45 2.58 ± 0.13 4.12 ± 0.66 7.25 ± 1.04 9.31 ± 1.30 7.17 ± 0.59
Large intestine 1.39 ± 0.31 1.35 ± 0.03 2.20 ± 0.55 1.84 ± 0.23 2.54 ± 0.80 1.61 ± 0.30
Kidney 4.97 ± 0.58 3.85 ± 0.22 3.74 ± 0.32 3.06 ± 0.39 2.41 ± 0.18 1.82 ± 0.12
Testis 1.07 ± 0.38 0.98 ± 0.11 1.97 ± 0.26 1.06 ± 0.15 1.13 ± 0.24 0.48 ± 0.06
Bone 1.69 ± 0.10 1.32 ± 0.25 1.42 ± 0.08 0.79 ± 0.15 0.54 ± 0.08 1.20 ± 0.14
Muscle 0.78 ± 0.14 1.54 ± 0.22 1.15 ± 0.06 1.14 ± 0.14 0.69 ± 0.17 0.42 ± 0.06

*Mean ± S.D. (n = 4)

Table 2   Organ distribution of radioactivity in mice after intravenous injection of [11C]MPDX

% Injection dose/organ*

1 min 5 min 15 min 30 min 60 min 90 min

Brain 1.11 ± 0.11 1.19 ± 0.04 0.74 ± 0.03 0.40 ± 0.06 0.22 ± 0.05 0.20 ± 0.05
Heart 0.67 ± 0.13 0.41 ± 0.05 0.28 ± 0.01 0.24 ± 0.04 0.16 ± 0.03 0.12 ± 0.02
Lung 1.00 ± 0.12 0.73 ± 0.07 0.48 ± 0.06 0.48 ± 0.13 0.39 ± 0.08 0.35 ± 0.04
Liver 18.09 ± 1.77 22.25 ± 1.61 20.33 ± 1.28 17.03 ± 1.78 12.98 ± 2.57 11.05 ± 0.71
Spleen 0.20 ± 0.05 0.18 ± 0.01 0.26 ± 0.04 0.37 ± 0.10 0.52 ± 0.36 0.41 ± 0.08
Pancreas 0.63 ± 0.06 0.41 ± 0.08 0.51 ± 0.03 0.78 ± 0.08 0.88 ± 0.02 0.75 ± 0.12
Stomach 1.05 ± 0.45 0.75 ± 0.08 0.73 ± 0.08 1.02 ± 0.29 1.17 ± 0.32 0.86 ± 0.27
Small intestine 5.45 ± 1.22 5.50 ± 0.42 6.72 ± 1.98 13.17 ± 1.78 15.99 ± 0.60 17.76 ± 1.32
Large intestine 1.72 ± 0.76 1.48 ± 0.26 3.12 ± 1.44 1.93 ± 0.40 2.96 ± 1.14 2.60 ± 0.23
Kidney 2.52 ± 0.50 2.21 ± 0.20 1.86 ± 0.11 1.51 ± 0.21 1.23 ± 0.28 1.00 ± 0.12
Testis 0.10 ± 0.03 0.07 ± 0.02 0.33 ± 0.03 0.08 ± 0.02 0.10 ± 0.02 0.08 ± 0.02
Bladder 0.03 ± 0.03 0.08 ± 0.04 0.15 ± 0.07 0.10 ± 0.03 0.15 ± 0.14 0.16 ± 0.12
Urine 0.03 ± 0.01 0.24 ± 0.04 2.30 ± 0.33 6.59 ± 1.13 11.04 ± 3.46 10.34 ± 1.91

*Mean ± S.D. (n = 4)

Table 3   Absorbed dose of [11C]MPDX for human adults estimated from mouse data

µGy/MBq µGy/MBq

Brain 0.07 Upper large intestine wall 6.13
Thyroid 3.90 Lower large intestine wall 6.59
Thymus 3.95 Adrenals 4.85
Breast 3.13 Kidneys 2.41
Heart 0.11 Testis 2.87
Lungs 1.43 Ovaries 4.35
Livers 3.26 Uterus 4.40
Pancreas 2.41 Bladder 4.73
Spleen 2.10 Bone surfaces 3.87
Stomach wall 3.07 Red marrow 3.32
Small intestine wall 4.65 Bones 4.21

Total body 3.61 µSV/MBq
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was assessed as the SUV and the labeled metabolites were
analyzed as previously described.16

RESULTS

Radiation dosimetry
The tissue distribution of the radioactivity after injection
of [11C]MPDX into mice is summarized in Tables 1 and

2. The liver showed the highest initial uptake (%ID/g)
followed by the kidneys, lungs, heart, pancreas, small
intestines and brain. The level of radioactivity in the liver
increased for the first 5 min and then gradually decreased.
The levels in the kidneys, lungs, heart, brain and blood
gradually decreased, whereas those in the pancreas and
small intestines increased for 60 min and then decreased.
The levels in other tissues investigated were low. From

Fig. 2   Brain images of the monkey by PET with [11C]MPDX (lower line) and a standard MRI of the
corresponding slices (upper line). The PET images were acquired from 30 to 60 min after injection. The
range of radioactivity level was 3.0–0.3 SUV.

Fig. 3   Time-radioactivity curves of the seven brain regions and plasma after intravenous injection of
[11C]MPDX into a monkey. The radioactivity levels are expressed as the SUV.



Original Article 381Vol. 16, No. 6, 2002

these data, the radiation-absorbed doses were estimated
(Table 3). The radiation-absorbed doses were slightly
higher in the upper and lower large intestine walls than in
the other organs studied, and were very low in the brain
and heart.

Acute toxicity
Acute toxicity was evaluated after an intraperitoneally
single administration of MPDX at a dose of 3.73 mg/kg,
and after an intravenous injection of three lots of
[11C]MPDX preparations in a dose range of 1.43–5.71 µg/
kg. No mortality was found in the rats. All groups of rats
showed normal gain in body weight compared with the
control animals, and any no clinical signs were observed
over a 15-day period. Also no abnormality was found in
their postmortem macroscopic examination.

Mutagenicity
When a bacterial reverse mutation test was conducted on
Salmonella typhimurium mutation test, no mutagenic
activity was observed for MPDX.

PET imaging of adenosine A1 receptors in the monkey
brain
Figure 2 shows the PET brain images of [11C]MPDX in
the monkey. The tracer was widely distributed in all brain
regions. Figure 3 shows the time-activity curves of
[11C]MPDX in the seven brain regions and plasma. The
radioactivity level of [11C]MPDX reached maximal at 5
min and then decreased. Plasma radioactivity rapidly
decreased after a bolus injection of each of the two tracers.
Percentages of the unchanged form of radioligand rapidly
decreased: 78%, 70%, 54% and 41%, at 5, 15, 30 and 60
min, respectively (n = 2).

DISCUSSION

In previous in vivo studies on mice, rats and cats, we have
demonstrated that [11C]MPDX has the potential for map-
ping adenosine A1 receptors in the CNS as a PET ligand
as its propylated analog [11C]KF15372.15–18 In the present
work, we investigated the dosimetry of [11C]MPDX and
the acute toxicity and mutagenicity of MPDX as a pre-
clinical study. We also performed PET imaging of the
monkey brain.

The radiation absorbed-dose was slightly higher in the
large intestine wall than in other organs studied, but was
low enough for clinical use. No abnormality in rats in the
acute toxicity test and no mutagenecity of MPDX demon-
strate the clinical suitability of [11C]MPDX in PET stud-
ies of humans.

In the monkey brain, the regional distribution pattern of
[11C]MPDX was similar to that of [11C]KF15372. Al-
though the receptor-specific binding of [11C]MPDX was
not investigated by the receptor blockade in the present
study, that of [11C]KF15372 was clearly demonstrated

in the previous study.17 In the monkey brain, more
[11C]MPDX was taken up by the brain and was washed
out faster than [11C]KF15372,17 reflecting their in vitro
affinities for the adenosine A1 receptors: Ki = 4.2 nM for
[11C]MPDX and Ki = 3.0 nM for [11C]KF15372.16 Similar
time-activity curve patterns were also observed in the cat
brain.18

Previous work has established a role for adenosine in a
diverse array of neural phenomena, which include regula-
tion of sleep and the level of arousal, neuroprotection,
regulation of seizure susceptibility, locomotor effects,
analgesia, mediation of the effects of ethanol and chronic
drug use.5 Therefore, interaction with adenosine metabo-
lism is a promising target for therapeutic intervention in
ischemic brain disorders, neurological and psychiatric
diseases such as epilepsy, sleep, movement (parkinson-
ism or Huntington’s disease) or psychiatric disorders
(Alzheimer’s disease, depression, schizophrenia or ad-
diction).4,6 In the studies on the post-mortem human
brain, a reduced density of adenosine A1 receptors was
found in the hippocampus of patients with Alzheimer’s
disease.27,28 Angelatou et al.29 detected a significant in-
crease in adenosine A1 receptor binding in the neocortex
obtained from patients suffering from temporal lobe epi-
lepsy. The [11C]MPDX PET is of interest in diagnosing
patients suffering from epilepsy to understand the patho-
genesis of epilepsy and of patients with other neurological
and psychiatric diseases.

In conclusion, these pieces of evidence demonstrated
that [11C]MPDX is suitable for mapping adenosine A1

receptors in the human brain by PET.
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