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Preclinical studies on [''C]TMSX for mapping adenosine Aza receptors

by positron emission tomography
Kiichi IsniwaTa, Wei-Fang WaNG, Yuichi Kimura, Kazunori Kawamura and Kenji Isun
Positron Medical Center, Tokyo Metropolitan Institute of Gerontology

In previous in vivo studies with mice, rats and monkeys, we have demonstrated that [''C]TMSX ([7-
methyl-''C]-(E)-8-(3,4,5-trimethoxystyryl)-1,3,7-trimethylxanthine) is a potential radioligand for
mapping adenosine Aa receptors of the brain by positron emission tomography (PET). In the
present study, we performed a preclinical study. A suitable preparation method for [''C]TMSX
injection was established. The radiation absorbed-dose by [''C]TMSX in humans estimated from
the tissue distribution in mice was low enough for clinical use, and the acute toxicity and
mutagenicity of TMSX were not found. The striatal uptake of [''C]TMSX in mice was reduced by
pretreatment with theophylline at the dose of 10 and 100 mg/kg, suggesting that the [''C]TMSX
PET should be carefully performed in the patients received with theophylline. We have concluded
that ['!C]TMSX is suitable for mapping adenosine Aza receptors in the human brain by PET.
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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, Aza, Asp and Aj receptors.!=
The adenosine A receptors in the CNS exhibit a higher
affinity for adenosine and inhibit adenylyl cyclase, and 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.*® The
adenosine Az receptors exhibit a lower affinity for ad-
enosine, stimulate adenylyl cyclase and are highly en-
riched in the striatum, nucleus accumbens and olfactory
tubercle, in which dopamine D; and D receptors are
localized at very high densities.®'9 Both adenosine Aza
and dopamine D> receptors are co-expressed on
GABAergic-enkephaline neurons.!!-'* Therefore, the
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adenosine Aja receptor can be used as a maker as the
dopamine D> receptor. However, a number of studies
including signal transduction, gene expression, neurotrans-
mitter release and behavioral responses, showed that the
adenosine Aza receptors had the opposite effects on
dopamine D> receptor mediated-effects, although the
Aza-D> receptor interaction was also suggested. '’

So far a large numbers of PET and SPECT studies have
been performed for charactering degeneration of pre-
synaptic nigrostriatal and post-synaptic striatopallidal
neurons of the stratum in the patients with neurological
disorders by studying dopaminergic sytem.'®-!8 PET tar-
geting the adenosine Ao receptors may be an alternative
diagnostic tool. Differential diagnosis of the parkinsonian
syndromes such as multiple system atrophy, progressive
supranuclear palsy, corticobasal degeneration and diffuse
Lewy Body disease is of great interest, because they
showed degeneration of post-synaptic as well as pre-
synaptic dopaminergic functions,!'"!3 and also because
PET and SPECT discriminations among each of the
parkinsonian syndromes have been hardly established
until now.

Based on the these backgrounds, we have pro-
posed several positron-emitting ligands for mapping
the CNS adenosine A»a receptors.!2® Among them,
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[''CITMSX?1-2325 {[7-methyl-!'C]-(E)-8-(3,4,5-trime-
thoxystyryl)-1,3,7-trimethylxanthine, Figure 1, abbre-
viated as [ !C]KF18446 previously} and [''C]KF21213%
{[7-methyl-''C](E)-8-(2,3-dimethyl-4-methoxystyryl)-
1,3,7-trimethylxanthine} have promising properties as
PET ligands.?” [''C]TMSX has been successfully applied
to the imaging of the adenosine Aja receptors in the
monkey striatum by PET.21:22 In a rat model of
Huntington’s disease, in which quinolinic acid, an
excitotoxin, was injected into the striatum to degenerate
dopaminergic neurons containing the adenosine A re-
ceptors, a deceased binding of [''C][TMSX was clearly
demonstrated by PET and both ex vivo and in vitro
autoradiographies.?®

In the present study, we investigated the suitable prepa-
ration method for the [''C]TMSX injection, the radiation
dosimetry of [''C]TMSX for humans from mice data and
the acute toxicity and mutagenicity of TMSX in a pre-
clinical study. We also investigated the effect of theophyl-
line on the ['!C]TMSX binding in the brain. Theothylline
is widely used as an antasthmatic. Although it has much
lower affinity for the adenosine receptors than TMSX, a
large dose of theophylline may block partially the binding
sites of [''C]TMSX and/or affect the peripheral metabo-
lism of [''C]TMSX, which may change the kinetics in the
brain tissue and the plasma radioactivity used as the input
function. The stability of the [''C]TMSX injection was
also investigated, because E-isomer of TMSX analogs
having a styryl group in xanthine was isomerized by
exposure to visible light to form a stable equilibrium
mixture of E- and Z-isomers, and because the Z-isomer is
less active than the E-isomer.?8

MATERIALS AND METHODS

(E)-1,3-dimethyl-8-(3,4,5-trimethoxystyryl)xanthine and
TMSX were synthesized in our laboratory as previously
described.? Male ddY mice (8-week-old) were obtained
from Tokyo Laboratory Animals Co., Ltd. (Tokyo, Ja-
pan). The animal studies were approved by the Animal
Care and Use Committee of the Tokyo Metropolitan
Institute of Gerontology.

Radiosynthesis

['!C]TMSX was prepared by methylation of (E)-1,3-
dimethyl-8-(3,4,5-trimethoxystyryl)xanthine with
['C]methyl iodide using a previously described method
with a slight modification.?? ['!C]CO; was produced by
the proton irradiation of nitrogen gas at 25 uA for 20 min
using the CYPRIS 370 cyclotron (Sumitomo Heavy In-
dustries Ltd., Tokyo, Japan). [!!C]Methyl iodide was
prepared using an automated synthesis system as previ-
ously described,*® and was trapped in 0.25 m/ of N,N-
dimethyl formamide containing 0.25 mg of (E)-1,3-
dimethyl-8-(3,4,5-trimethoxystyryl)xanthine and 5 mg
of Cs2COs3. The solution was heated at 120°C for 3 min.
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After adding a mixture of 0.65 m/ 0.1 M HCI and 0.65 m/
acetonitrile/water (1/1, v/v), the reaction mixture was
applied to the high-performance liquid chromatography
(HPLC) to be separated: column, YMC-Pack ODS-A
column (10 mm inner diameter (i.d.) x 250 mm length,
particle size 5 um, YMC Co. Ltd., Kyoto, Japan); mobile
phase, acetonitrile/water (50/50, v/v); and flow rate, 5 m//
min. The ['!C]TMSX fraction eluting 6.5-7.0 min was
collected in a flask containing 0.05 m/ of 250 mg/m!/
ascorbate injection and evaporated to dryness. The resi-
due was dissolved in 10 m/ of physiological saline
containing 0.125% (v/v) Tween 80, and the solution was
filtered through 0.22 um membrane filter (Millex GV,
Nihon Millipore Ltd., Tokyo, Japan), and stored in an
amber glass vial. The radiochemical yield of [''{C]TMSX
was 2160 = 330 MBq (range, 1700-2650 MBq) and the
specific activity was 71.2 + 25.9 TBq/mmol (range, 38.4—
110 TBg/mmol) at 21-26 min from the end of irradiation
(n = 7). The radiochemical purity of [!'C]TMSX was
>99%, which was determined by HPLC analysis: column,
TSKgel super-ODS (4.6 mm i.d. x 100 mm length, par-
ticle size 2 um, Toso Co. Ltd., Tokyo, Japan); mobile
phase, acetonitrile/water (40/60, v/v); and flow rate, 1 m//
min. All procedures were carried out under dim light to
prevent isomerization of the compound.!'®?’ The final
products included no starting material and no radioactive
Z-isomer of ['!C]TMSX. Finally the sterility and
apyrogenicity of the products were confirmed.

Stability of [''C]JTMSX

In the other two preparations of ['C]TMSX, the
[''CITMSX fraction was evaporated dryness without
ascorbate after HPLC separation, and the [['C]TMSX
injection was prepared as described above. Each prepara-
tion was stored in a colorless glass vial. Into a preparation
0.05 m/ of 250 mg/m/ ascorbate injection was added.
These two vials and the amber glass vial containing
[''C]TMSX injection prepared were kept under 100 Ix
visible light at the laboratory, and the radiochemical
purity of the three [''C]TMSX preparations was analyzed
by HPLC as described above up to 60 min. A portion of the
[''C]ITMSX with ascorbate in the amber glass vial for
injection as prepared above was fractionated into a color-
less vial and was exposed to >5000 Ix visible light for 60
min.

Tissue distribution in mice

[''C]TMSX (10 MBgq/140 pmol) was intravenously
injected into mice (8 weeks old). They were killed
by cervical dislocation at 1, 5, 15, 30, 60 and 90 min,
respectively, after injection (n = 4). The blood was col-
lected by heart puncture, and the tissues were harvested.
The samples were measured for the !'C-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
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Table 1 Stability of ['!C]TMSX under 100 Ix visible light at the laboratory

Radiochemical purity (%)

0 min 30 min 60 min
E-isomer Z-isomer E-isomer  Z-isomer E-isomer  Z-isomer

100 Ix visible light

Amber glass vial Ascorbate* >99.9 ND >99.9 ND >99.9 ND

Colorless glass vial Ascorbate** 97.1 ND 95.5 1.6 94.4 3.7

Colorless glass vial None 97.8 ND 89.0 29 85.0 4.6
>5000 1x visible light

Colorless glass vial Ascorbate* >99.9 ND 16.6 83.4

* Ascorbate was added into the [''C]TMSX fractions separated by HPLC before evaporation of dryness, while **it was added into
after dissolving the ['!C]TMSX evaporated dryness in physiological saline containing 0.125% Tween 80. [!!C]TMSX prepara-
tions were kept under visible light at 100 Ix for 60 min or at >5000 Ix for 60 min. ND, not detected.

Table 2 Tissue distribution of radioactivity expressed as a percentage of the injected dose per gram of tissue
in mice after intravenous injection of [lCITMSX

% Injection dose/g tissue*

1 min 5 min 15 min 30 min 60 min 90 min
Blood 1.58 £0.33 1.45+£0.24 1.29 £ 0.14 1.01 £0.20 0.84 +0.19 0.95+£0.10
Brain 2.49 +0.63 2.22+0.11 1.92 £ 0.08 1.61 £0.03 1.34 = 0.07 1.38 £ 0.11
Heart 10.94 = 1.75 6.59 +0.49 5.56 +0.74 4.99 +0.30 4.29 +0.30 4.08 +0.60
Lung 3.92 +0.95 3.15+0.25 2.53+0.16 2.51 +£0.22 1.99 = 0.09 1.96 +0.20
Liver 442 +1.23 9.04 = 0.86 9.28 +0.89 7.97 +0.31 7.79 £ 0.72 7.04 £0.78
Spleen 2.46 =091 2.60 =0.17 227 +0.18 2.09 +0.19 1.73 £0.16 1.67 £0.14
Pancreas 423 +0.88 2.68 +0.62 2.80 £ 0.19 2.50 £ 0.06 2.20+0.10 1.92 £0.23
Stomach 1.04 £ 0.31 0.77 £0.14 0.96 + 0.23 0.95 +0.09 1.26 + 0.30 1.67 +£0.27
Small intestine 2.80+0.71 3.65+0.25 4.48 £0.26 543 £0.32 8.41 +1.31 9.87 £2.19
Large intestine 1.39 £ 0.43 1.79 £ 0.09 2.53+0.29 3.00 +0.33 4.32 £ 0.42 7.74 = 1.17
Kidney 12.08 = 3.50 9.78 = 1.47 7.75 = 0.59 7.17 £0.30 6.32 +0.38 5.70 £ 1.04
Testis 0.58 £ 0.11 1.21 £0.31 1.50 £ 0.15 1.68 = 0.09 2.35+0.84 1.55+£0.31
Bone 1.58 £0.17 142 £0.11 1.25+£0.16 1.14 £ 0.15 0.99 £0.11 0.95+0.20
Muscle 2.69 +0.43 2.16 £ 0.08 1.94 + 0.06 1.87 £0.18 1.53 +0.07 1.55 +£0.32

*Mean = S.D. (n=4)

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.3!3?

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). TMSX at a
dose of 4.77 mg/kg body weight (0.477 mg/m/ suspension
in physiological saline containing 0.01% Tween 80) was
injected intraperitoneally into 5-week old rats weighing
157-168 g and 126-137 g, for males (n = 5) and females
(n=5), respectively. The dose of 4.77 mg/kg body weight
is the 37,000-fold equivalent of the postulated adminis-
tration dose (0.129 ug/kg body weight) of 740 MBq
[M'CITMSX with a specific activity of 37 TBq/mmol for
humans weighing 60 kg. The three lots of ['!C]TMSX
prepared above were also assayed after decay-out of !'C.
Each of the three [''C]TMSX preparations was injected
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intravenously into 5-week old male and female rats (n =
3 for each) at doses of 7.07-12.4 ug/3.30-3.93 ml/kg
body, which were 100-fold equivalent to the postulated
administration dose of [!!{C]TMSX for humans. 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). TMSX
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
78.1-5000 ug/plate by the standard method.
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Table 3 Organ distribution of radioactivity expressed as a percentage of the injected dose per organ in mice
after intravenous injection of [''C]TMSX

% Injection dose/organ*

1 min 5 min 15 min 30 min 60 min 90 min
Brain 1.08 = 0.25 1.02 = 0.06 0.88 = 0.06 0.74 = 0.09 0.59 = 0.05 0.61 =0.02
Heart 1.60 = 0.23 1.00 = 0.08 0.86 = 0.15 0.78 = 0.14 0.63 = 0.05 0.65 =0.10
Lung 0.70 = 0.17 0.56 = 0.06 0.50 = 0.04 0.46 = 0.05 0.44 +0.03 0.44 +0.02
Liver 9.42 £2.30 15.85 +2.71 14.66 +2.11 14.44 +2.51 13.39 +0.95 13.72 + 1.72
Spleen 0.24 +0.11 0.29 = 0.09 0.25 = 0.05 0.23 = 0.05 0.20 = 0.01 0.22 = 0.09
Pancreas 0.69 = 0.19 0.44 +0.16 0.43 +0.10 0.38 = 0.04 0.31+0.03 0.26 = 0.04
Stomach 0.98 +0.35 0.85 = 0.05 0.84 = 0.08 0.92 =0.15 0.99 = 0.09 1.17 = 0.39
Small intestine 5.79 = 1.55 7.84 +1.25 10.45 +0.18 11.80 +0.98 13.80 = 1.57 16.63 + 3.82
Large intestine 1.32 £ 0.35 1.69 = 0.08 2.57 £0.39 3.30 +£0.45 4.26 = 0.66 8.08 +2.23
Kidney 6.43 = 1.64 5.35+0.97 4.41+0.79 395+0.54 3.68 £0.34 2.90 +0.26
Testis 0.13 +0.02 0.26 = 0.09 0.33 +0.07 0.36 = 0.04 0.56 = 0.19 0.37+0.13
Bladder 0.02 = 0.01 0.06 = 0.03 0.08 = 0.01 0.10 = 0.04 0.10 = 0.04 0.11 +0.03
Urine 0.01 £0.01 0.11 =0.05 0.49 = 0.16 1.09 = 0.34 3.06 = 1.54 4.46 = 1.60

*Mean = S.D. (n=4)

Table 4 Absorbed dose of [{!C]TMSX for human adults estimated from mouse data

uGy/MBq uGy/MBq
Brain 0.09 Upper large intestine wall 3.89
Thyroid 3.95 Lower large intestine wall 3.81
Thymus 4.00 Adrenals 4.92
Breast 3.16 Kidneys 3.62
Heart 0.31 Testis 3.48
Lungs 1.43 Ovaries 4.26
Livers 2.88 Uterus 4.35
Pancreas 221 Bladder 2.95
Spleen 2.28 Bone surfaces 3.90
Stomach wall 3.07 Red marrow 3.36
Small intestine wall 4.61 Bones 4.23
Total body 3.50 uSV/MBq

Effect of theophylline on the striatal uptake of [ CJTMSX
[''CITMSX (2.0 MBq/25 pmol) was intravenously in-
jected into mice 15 min after the intraperitoneal injection
of theophylline at the doses of 1, 10 and 100 mg/kg,
respectively. Fifteen minutes later, the mice were killed
by cervical dislocation. The blood and brain were ob-
tained, and the brain was dissected into the striatum,
cerebral cortex and cerebellum. The tissue uptake of ''C
was expressed as %ID/g.

RESULTS

Stability of ['CJTMSX

Stability of [''C]TMSX was summarized in Table 1. The
radiochemical purity of the ['!C]TMSX injection con-
taining ascotbate in an amber glass vial remained >99%
for 60 min under 100 Ix visible light at the laboratory. On
the other hand, in a colorless glass vial it lowered with
time and Z-isomer of ['C]TMSX slightly appeared. At
an equilibrium state of [''C]TMSX with ascorbate in a
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colorless vial by exposure to >5000 Ix visible light for 60
min, E- and Z-isomers were 16.6% and 83.4%, respec-
tively, without no other radioactive impurity.

Radiation dosimetry

The tissue distribution of the radioactivity after injection
of ['!C]TMSX into mice is summarized in Tables 2 and 3.
The highest initial uptake evaluated as %ID/g was found
in the kidneys followed by heart, liver, pancreas and
lungs. The level of radioactivity in the kidneys, heart,
pancreas and lungs gradually decreased. The level in the
liver increased for first 15 min and then gradually de-
creased, whereas those in the small and large intestines
increased for 60 min. When the distribution of the radio-
activity was evaluated as %ID/organ (Table 3), the uptake
was predominant in the liver and small intestine, followed
by the kidney and large intestine. The excreted radioactiv-
ity as urine was 4.5% of the total injected radioactivity for
90 min. From these data, the radiation-absorbed doses
were estimated (Table 4). The radiation-absorbed doses
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Fig. 1 Chemical structure of [''C][TMSX.
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Fig. 2 Effect of pretreatment with theophylline on the regional
brain uptake of radioactivity in mice after intravenous injection
of [I!C]TMSX. Theophylline was intraperitoneally injected into
mice at the doses of 1, 10 and 100 mg/kg 15 min before the tracer

injection. Mean = sd (n = 4-5).

were nearly comparable in the organs studied except for
the brain and heart.

Acute toxicity

Acute toxicity was evaluated after an intraperitoneally
single administration of TMSX at a dose of 4.77 mg/kg,
and after an intravenous injection of three lots of
['!C]TMSX preparations in a dose range of 3.30-3.93 ug/
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 thyphimurium mutation test, no mutagenic
activity was observed for TMSX.

Effect of theophylline on the striatal uptake of [''C]TMSX

As shown in Figure 2, by pretreatment with theophylline
at the doses of 10 and 100 mg/kg, the uptake of [''C]TMSX
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was significantly decreased in the striatum, but not in the
cerebral cortex and cerebellum. At the highest dose of
theophylline, the blood level of radioactivity was slightly
increased.

DISCUSSION

In previous in vivo studies on mice, rats, cats and mon-
keys, we have demonstrated that ['!C]TMSX has the
potential for mapping adenosine Aza receptors in the
CNS.!5-18 In the present work, we investigated the suit-
able preparation method for the [!!C]TMSX injection, the
dosimetry of [''C]TMSX and both the acute toxicity and
mutagenicity of TMSX as a preclinical study.

Nonaka et al. reported that (E)-8-(3,4-dimethoxystyryl)-
1,3-dipropyl-7-methylxanthine (KF17837), a TMSX ana-
log, was rapidly isomerized by exposure to visible light to
form a stable equilibrium mixture of E-isomer (18%) and
Z-isomer (82%).28 The Z-isomer of KF17837 is much
lower affinity for adenosine Axa receptors than the E-
form: Ki values were 860 nM for Z-isomer and 1.0 nM for
E-isomer (KF17837).28 In general a styryl group in xan-
thine derivatives is isomerized and the Z-isomers are less
active than the E-isomer, although the affinity of the Z-
isomer of TMSX was not investigated. Therefore, we
prepared [''C]TMSX injection under dim light to prevent
isomerization of a styryl group, and stored it in the
presence of ascorbate in an amber glass vial. In these
conditions the radiochemical purity of the ['!CITMSX
injection was satisfactorily stable. The ascorbate pre-
vented degradation of the ['!C]TMSX, but not isomeriza-
tion.

When the distribution of [!!C]JTMSX in mice was
evaluated as %ID/g, the highest initial uptake was found
in the kidneys followed by heart (Table 2). These findings
suggest the presence of the specific-binding sites in these
organs, because we found previously that [''C]KF17837,
an analog of [''C]TMSX, was specifically bound in the
heart.33 A high uptake level in the liver and increasing
radioactivity levels in the small and large intestines prob-
ably reflect the metabolism of [['C]TMSX in the liver
followed by bilary excretion. A high radioactivity level in
the kidney and the presence of 4.5% of the total injected
radioactivity at 90 min in urine demonstrate that a part of
[''C]TMSX and/or its metabolites was also excreted from
the kidneys.

The radiation absorbed-doses in organs studied were
low enough for clinical use. Neither abnormality in rats in
the acute toxicity test nor mutagenecity of TMSX demon-
strate the clinical suitability of [''C]TMSX in PET studies
of humans.

Clinically theophylline, an adenosine antagonist, is
used as an antasthmatic. Its affinities are much lower for
the adenosine receptors compared with TMSX; theophyl-
line, Ki = 23000 nM for A; receptors and Ki = 16000 nM
for A receptors;?® and TMSX, Ki = 1600 nM for A,
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receptors and Ki = 5.9 nM for A4 receptors.?>?3 Pretreat-
ment with theophylline at the dose of 1 mg/kg did not affect
the striatal uptake of ['!C]TMSX, whereas larger amounts
of the theophylline clearly reduced the striatal uptake of
[''CITMSX. The highest dose of theophylline slightly
increased the blood level of radioactivity. This phenom-
ena is probably explained by the blocking of [''C]TMSX
binding sites with theophylline in the central and periph-
eral tissues as described above. Clinical dosage of the
theophylline is estimated to be a range of 1-10 mg/kg.
Therefore, it is noted that the [''{C]TMSX PET should be
carefully performed in the patients received theophylline.

In conclusion, these pieces of evidence demonstrated
that [''C]TMSX is suitable for mapping adenosine Asa
receptors in the human brain by PET.
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