
N-Methyl-D-aspartate (NMDA) receptors play an impor-
tant role in brain development and plastic synaptic events
such as memory formation and learning. Overactivation of
this receptor is implicated in a variety of neurological dis-
eases such as ischemia during stroke and trauma, Parkinson’s
and Huntington’s diseases, schizophrenia, and epilepsy.
Therefore, compounds acting as NMDA antagonists are po-
tentially useful not only for treatment of such diseases but for
functional studies of NMDA receptors in central nervous
system (CNS). Of various regulatory sites on NMDA recep-
tors, a glycine-binding site has become of considerable inter-
est as a therapeutic target for correcting glutamatergic dys-
functions.1,2) The glycine site antagonists may have reduced
side-effect liability compared with antagonists acting at other
sites on the NMDA receptors. Therefore a variety of struc-
tural classes of antagonists for this site have been developed
to date.1—3) The majority of these antagonists, however, have
poor physicochemical properties for adequately penetrating
the blood–brain barrier (BBB). Therefore, the issues of
achieving good BBB permeability with glycine site antago-
nists remains largely unresolved.

4-Hydroxyquinolones such as L-701,324 and L-703,717
are one of the most potent and orally active antagonists for
the glycine-binding site yet described,4) but unfortunately
these are poorly taken up by the brain because they bind
tightly to albumin in plasma.5) Rowley and co-workers have
shown that the binding of L-701,324 to albumin can be effec-
tively inhibited by pre-treatment with warfarin, a drug that
resembles L-701,324 in structure and probably competes
with L-701,324 for albumin binding.5) We have recently
shown that simultaneous injection of warfarin dose-depen-
dently increases the brain uptake of a positron-emitter la-
beled L-703,717 ([11C]L-703,717) in mice.6) It was further
found that, after the increase in brain uptake by warfarin, the
glycine site antagonist was more highly localized in the ro-
dent cerebellum than in regions with high-density NMDA
glycine receptors.6) This unusual localization in vivo has been
strongly suggested to be due to preferential binding to

NR1/NR2C subunits of the NMDA receptors that is only ex-
pressed in the adult cerebellum.7,8) Thus, L-703,717 and its
positron-emitter labeled analog may be useful pharmacologi-
cal tools with which to address the physiological and patho-
logical roles of the glycine site consisting of the NR2C sub-
unit in the cerebellum.

An alternative method of overcoming the poor BBB per-
meability of a drug is chemical modification of the drug to
form a new compound known as a prodrug, which upon in
vivo enzymatic attack will liberate the parent compound. The
4-hydroxyquinolones are all acidic with pKa values of around
5 or below, and therefore largely ionized at physiological pH.
The ionization of a drug in blood usually reduces its ability
to penetrate the BBB, and the acidic compounds are more
amenable to bind with albumin than non-acidic compounds.5)

Therefore protection of the ionizable hydroxyl groups of the
4-hydroxyquinolones by esters might prevent their ionization
in vivo and eventually alter their binding characteristic to
serum albumin, leading to the enhancement of brain penetra-
tion by the 4-hydroxyquinolones. The esters taken up by the
brain can be expected to be hydrolyzed to L-703,717 by
ubiquitous esterase in the brain. Based on these predictions,
we have synthesized a 4-acetoxy derivative (1) of L-703,717
and evaluated its potential as a prodrug of L-703,717 for im-
proved BBB permeability by employing a carbon-11 labeled
analog ([11C]1).

Results and Discussion
Acetylation of L-703,717 was easily accomplished by

treatment with acetic anhydride and 2,6-lutidine in THF at
80 °C for 1 h, and gave 1 in an 79% yield after purification by
column chromatography. The chemical structure of 1 was un-
ambiguously identified by both H–H COSY and NOESY
spectral analyses, in which a typical proton signal corre-
sponding to the amide group of 1 was appeared at 12.15 ppm,
indicating no formations of either N-acetyl or 2-acetoxy
compound. A positron-emitter labeled [11C]1 was obtained
by the methylation of a precursor (2) with [11C]CH3I as de-
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scribed in the literature9) and subsequent acetylation with the
acetic anhydride and 2,6-lutidine by the same procedure as
for the preparation of non-radioactive 1 (Fig. 1). After HPLC
purification, radiochemically pure (.99%) [11C]1 was ob-
tained as an isotonic saline solution. The chemical identity of
[11C]1 was accomplished by HPLC comparisons with au-
thentic 1 using two different kinds of reversed-phase analyti-
cal columns. The synthesis time was about 33 min from the
end of proton bombardment. The specific activity of [11C]1
was 51—73 GBq/mmol at the end of synthesis.

Initial radioactivity (% administered dose/g of tissue) in
mouse brain at 1 min after intravenous injection of [11C]1
was 2-fold that of [11C]L-703,717 as shown in Table 1. Co-
injection of [11C]1 with 100 mg/kg warfarin further increased
the initial radioactivity in the brain by a factor of 2.5, sugges-
tive of competitive binding of 1 to plasma albumin, similarly
to L-703,717. However, the fact that the ester was rapidly hy-
drolyzed to [11C]L-703,717, with a half-life of less than
10 sec, in mouse and rat plasma made it difficult to assess the
effect of warfarin on the brain uptake of intact [11C]1, and
hence to understand the alteration of the binding characteris-
tic of L-703,717 to albumin by introducing the ester group
into the 4-position. The increase in lipophilicity (log P53.9
for [11C]1) might not be responsible for the increase in the
brain uptake of [11C]1 because [11C]L-703,717 was also
lipophilic (log P53.0) enough to penetrate the BBB. Further
studies will be required to obtain the direct evidence as to
whether the increase in the brain radioactivity after intra-
venous injection of [11C]1 was due to the reduced protein
binding of [11C]1 or to other factors. The present study, how-
ever, indicates that chemical modification at the 4-position
may be an effective way of enhancing brain penetration by 4-
hydroxyquinolones. Two-fold increase of radioactivity in the
brain after [11C]1 injections compared to [11C]L-703,717

were also observed by both rat and monkey brain (data not
shown), indicating no species difference in the brain uptake
characteristic of [11C]1. 

Metabolism of [11C]1 was examined in rat brain ho-
mogenates diluted in a phosphate buffer (Fig. 2) as well as in
intact rat brain (Fig. 3) by using radio-TLC technique. The
ester underwent metabolism in the homogenates and, at 20
min after incubation, about 80% of [11C]1 was converted to
[11C]L-703,717 as shown in Fig. 2. [11C]1 was quite stable in
the buffer alone under the experimental conditions used, and
there were no metabolites other than [11C]L-703,717 detected
in the homogenates by radio-TLC and HPLC analyses. Rapid
bioconversion of [11C]1 into [11C]L-703,717 in intact rat
brain was demonstrated by the radio-TLC analyses of the
metabolites in MeOH extract from the rat brain at 5 min after
[11C]1 injection, in which greater than 90% of the total ra-
dioactivity in MeOH was assigned to be [11C]L-703,717. As
shown in Fig. 4, ex vivo brain autoradiography obtained at
20 min after intravenous [11C]1 injection showed the same
cerebellar specific localization of radioactivity as observed
for [11C]L-703,7176). This cerebellar localization disappeared
by co-injection of a large amount (1 mg/kg) of non-radioac-
tive L-703,717, further supporting the prodrug characteristic
of 1.

In conclusion, the present works indicate that 1 is a pro-
drug of an NMDA/glycine site antagonist L-703,717, show-
ing increased BBB permeability. Our previous study using
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Fig. 1. Chemical Structures of 4-Hydroxyquinolones and Preparation of
4-Acetoxy Derivatives

(a) Ac2O/2,6-lutidine/THF, 80°C. (b) [11C]CH3I, NaH, DMF, 30 °C.

Table 1. Brain Penetration of [11C]1 and [11C]L-703,717 in Micea)

% dose/gb)

Compound
Warfarin
(mg/kg)

Cerebellum Cerebrum Blood

[11C]1 0 0.7160.10 0.5860.05 8.2461.39
[11C]1 100 1.7160.14 1.4960.07 7.9860.47
[11C]L-703,717c) 0 0.3660.05 0.3260.03 8.3760.60
[11C]L-703,717c) 100 1.3760.21 1.2860.20 7.5460.79

a) [11C]1 or [11C]L-703,717 was injected intravenously to ddY mice (8—10 weeks
old) together with or without warfarin. After 1 min post injection, the radioactivity in
the cerebrum, cerebellum, and blood were measured as described in the literature.6) b)
Average of 4—6 mice6S.D. c) Data from ref. 6.

Fig. 2. Percent Conversion of [11C]1 into [11C]L-703,717 in Rat Brain Ho-
mogenates in Phosphate Buffer

[11C]1 in homogenate (s); [11C]L-703,717 in homogenates (n); [11C]1 in buffer (h).
The values are means of three separate experiments.

Fig. 3. Typical Radio-TLCs of Metabolites in MeOH Extracts from Rat
Cerebellum and Crebrum Obtained at 5 min after Injection of [11C]1

Authentic L-703,717 (a) and 1 (b).



NR2C subunit deficient mice has demonstrated that L-
703,717 preferentially binds with cerebellar NMDA recep-
tors consisting of NR2C subunit in vivo.7) Thus it would be
very interesting to further evaluate the in vivo potency of 1
for therapeutic use in place of the NMDA subunit-selective
antagonist, L-703,717. Furthermore, the positron-emitter la-
beled [11C]1 may be a useful radioligand with which to ad-
dress the physiological and pathological roles of the cerebel-
lar glycine site in living brain, in conjunction with positron
emission tomography (PET). Despite this progress, continu-
ing efforts to design a prodrug having a higher BBB perme-
ability than 1 are currently underway. 

Experimental
Melting point (mp) is uncorrected. Nuclear magnetic resonance (1H-

NMR) spectrum was recorded on a Varian Unity 500 spectrometer with
tetramethylsilane as an internal standard. All chemical shifts (d) are reported
in parts per million (ppm) down field from the standard. High-resolution fast
atom bombardment mass spectrum (HRFAB-MS) was obtained on a JEOL
NMS-SX102 spectrometer. Column chromatography was done on Merck
Kieselgel 60 F254 (70—230 mesh). Thin layer chromatography (TLC) was
carried out on Merck Kieselgel 60 F254 plates. Radioactivity was quantified
with a IGC-3R Curiemeter (Aloka). High-pressure liquid chromatography
(HPLC) was done using a JASCO HPLC system for radioactive runs. Efflu-
ent radioactivity from the HPLC was determined using a NaI(Tl) scintilla-
tion detector system. Carbon-11 was generated by the 14N(p, a)11C nuclear
reaction using a CYPRIS HM-18 cyclotron (Sumitomo Heavy Industries,
Ltd.). Preparation of [11C]CH3I and subsequent 11C-methylations were car-
ried out automatically by using a synthetic apparatus for 11C-labeled com-
pounds developed by Suzuki et al.10) Log P values of radioligands were de-
termined by a conventional measurements of the partition coefficient (P) be-
tween n-octanol and 0.1 M phosphate buffer (pH57.4) at ambient tempera-
ture.

4-Acetoxy-7-chloro-3-[3-(4-methoxybenzyl)phenyl]-2(1H )-quinolone
(1) L-703,717 (43.2 mg, 110.2 mmol) was added to a solution of acetic an-
hydride/2,6-lutidine in THF (5 ml, Wako Chemical, Osaka, Japan ) and the
mixture was stirred at 80 °C for 1 h. After removal of the solvents, the
residue was dissolved in CHCl3, which was washed with cold 1 N HCl, satu-
rated NaCl, dried over Na2SO4, and evaporated to dryness under reduced
pressure. The crude product obtained was purified by column chromatogra-
phy on silica gel with dichloromethane/ethyl acetate (9/1) to give pure 1
(37.8 mg, 79%) as a white solid. mp 168—170 °C (from methanol); 1H-
NMR (d6-DMSO) d : 1.97 (3H, s), 3.70 (3H, s), 3.89 (2H, s), 6.85 (2H, d,
J58.5 Hz), 7.11 (1H, bs), 7.12 (1H, d, J56.0 Hz), 7.14 (2H, d, J58.5 Hz),
7.22 (1H, d, J56.0 Hz), 7.23 (1H, dd, J56.0, 2.1 Hz), 7.34 (1H, t, J56.0Hz),
7.41 (1H, d, J52.1 Hz), 7.64 (1H, d, J58.0 Hz), 12.15 (1H, s). HRFAB-MS
Calcd for C25H21NO4NCl (M1H): 434.1159. Found: 434.1205.

Radiosynthesis of [11C]1 After the methylation of a precursor (2) with
[11C]CH3I in dry DMF reported in the literature,9) acetic anhydride/2,6-lu-
tidne in THF (Wako Pure Chemical, Osaka, Japan, 200 m l) was introduced in
the DMF solution and heated at 80 °C for 3 min. The reaction mixture was
transferred onto a HPLC column (JASCO MegaPak SIL C18, 250310 mm)
and eluted with CH3CN/H2O (50/50) at a flow rate of 7 ml/min. A radioac-
tive fraction having a retention time (tR) of 11.5 min was collected in a flask
containing Tween-80 (75 m l) and EtOH (150 m l), concentrated to dryness

under reduced pressure in a rotary evaporator, and the residue was dissolved
in isotonic saline (5—10 ml). By this procedure, 0.80—0.96 GBq of [11C]1
was obtained as an isotonic saline solution in a total synthesis time of 33 min
after a 20 min proton bombardment at a beam current of 15 mA. The [11C]1
obtained after the formulation was identified by HPLC comparison with au-
thentic 1 using two different kinds of reversed-phase analytical columns. tR

was 7.2 min for a JASCO FinePak SIL C18 column (CH3CN/H2O560/40,
1.5 ml/min) and 6.5 min for a Waters m-Bondapak C18 column (MeOH/
0.07 M ammonium formate580/20, 1 ml/min). The specific activity and ra-
diochemical purity of [11C]1 was 51—73 GBq/mmol and .99%, respec-
tively, at the end of synthesis.

Mouse Brain Uptake of [11C]1 [11C]1 (0.2 ml, ca. 37 MBq/ml) was in-
jected intravenously via a tail vein to ddY mice (8—9 weeks old) together
with or without warfarin (100 mg/kg). The animals were killed by decapita-
tion at 1 min after the injection. The brain was rapidly removed, dissected
into cerebrum and cerebellum, and weighed. Radioactivities in the tissues
were measured with a Packard autogamma scintillation counter and cor-
rected for decay. The results are expressed as the percent administered dose
per gram of tissue (% dose/g) (Table 1).

In Vitro Metabolism of [11C]1 The whole brain of male Sprague–Daw-
ley rat (450 g) was removed and immediately homogenized in a 10-times
volume of ice-cold 0.1 M phosphate buffer (pH57.4) using a glass-Teflone
homogenizer and stored rapidly at 280 °C until use. To the homogenates
(0.9 ml) pre-incubated at 37 °C for 10 min, [11C]1 (0.1 ml, ca. 3—4 MBq)
was added and incubated at the same temperature with gentle shaking. At
appropriate time points, a 100 m l volume of the homogenate was removed
and added to ice-cold 2 N-HCl (50 m l) to terminate the enzyme reaction.
About 2—3 m l of the solution was spotted on a silica gel TLC plate, which
was then developed with CHCl3/CH3CN (2 : 1) as a mobile phase. The TLC
plate was placed in contact with a phosphor imaging plate (BAS-SR 127,
Fujiphoto Film Co., Ltd., Tokyo, Japan) for 30 min, and the radioactivity dis-
tribution on the plate was analyzed by a FUJIX BAS 3000 bioimaging ana-
lyzer (Fujiphoto Film Co., Ltd.). The percent ratio of [11C]1 (Rf50.7) or
[11C]L-703,717 (Rf50.6) to the total radioactivity on the plate was calcu-
lated as %5(peak area for each compound/total peak area)3100, and the
time-course of the ratios are shown in Fig. 2. 

In Vivo Metabolism of [11C]1 At 5 min after intravenous injection of
[11C]1 (ca. 150 MBq) via a tail vein to male Sprague–Dawley rat, the rat was
killed under ether anesthesia and the cerebellum and cerebrum were quickly
removed. The tissues were homogenized with ice-cooled MeOH (2 ml) and
centrifuged at 10000 rpm for 1 min at 4 °C. By this procedure, 86—92% of
the total radioactivity in the tissues was extracted into MeOH supernatant.
The metabolites in the MeOH were analyzed by the same method using TLC
as described above.

Ex Vivo Autoradiography [11C]1 (110 MBq/0.5 ml) was injected intra-
venously via a tail vein to male Sprague–Dawley rat (450 g). After 20 min,
the rat was killed under ether anesthesia, and the brain was quickly removed,
frozen in dry ice, and cut into sagittal sections (20 mm) on a cryostat micro-
tome (MICROM HM560, GmbH, Germany). These sections were thaw-
mounted on a micro-cover glass (Matsunami Glass Ind., Ltd., Tokyo, Japan),
dried on a hot plate (50—60 °C), and exposed for 60 min to imaging. The
distribution of radioactivity accumulated in the imaging plates was assessed
by the FUJIX BAS 3000 bioimaging analyzer and visualized as shown in
Fig. 4A. For determining the non-specific binding (Fig. 4B), [11C]1 was in-
jected together with non-radioactive L-703,717 (1 mg/kg) and warfarin
(60 mg/kg) .
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Fig. 4. Autoradiographic Images of Rat Brain Sagittal Sections Obtained at 20 min after Injection of [11C]1 (A) or together with L-703,717 (1 mg/kg) and
Warfarin (60 mg/kg) (B)

The images were obtained by exposing the sections for 60 min to imaging plates and subsequent analyses of the plates with a BAS 3000 bioimaging analyzer.
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