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Abstract

MS-377 ((R)-(+)-1-(4-chlorophenyl)-3-[4-(2-methoxyethyl)piperazin-1-ylImethyl-2-pyrrolidinone L-tartrate) is a novel sdlective o
receptor ligand, currently being devel oped for the treatment of schizophrenia. MS-377 showed anti-phencyclidine (PCP), anti-dopaminergic
and anti-serotonergic activities, and we anticipated that the anti-psychotic activities of MS-377 were associated with o, receptors.
However, its pharmacological profile is partly distinct from those of selective o, receptor ligands. Thus, one of the possible speculations
is that MS-377 has another site of action. In the present study, we examined the binding properties of radiolabeled MS-377 (PHIMS-377)
to rat brain membranes. [*H]MS-377 showed saturable and reversible binding to rat brain membranes. Scatchard plot and Hill plot from
saturation studies were linear, with Ky of 15.2 + 6.6 nM, B, of 599.4 + 58.6 fmol /mg protein and Hill coefficient of 1.01 + 0.01,
indicating that [*HIMS-377 bound to a single high-affinity site in rat brain membranes. Displacement studies revealed that the other o
reference compounds with different structures inhibited the specific binding of PHIMS377 in a competitive manner. Stereoselectivity
was observed for the inhibition of [*H]MS-377 binding, (+ )-isomers were more potent than (—)-isomers. Non-¢ receptor ligand PCP
showed weak inhibition of [*HIMS-377 binding. The rank order of potency for the o reference compounds to displace [*HIMS-377
binding were as following: haloperidol > MS-377 = (+)-pentazocine > DTG (1,3-Ditolylguanidine) = (— )-pentazocine > BMY 14802
(a-(4-fluorophenyl)-4-(5-fluoro-2-pyramidinyl)- 1-piperazine butanol) > (+)-SKF-10,047 > (—)-SKF-10,047 = PCP. These results sug-
gested that the MS-377 selectively binds to ¢ binding site with high affinity in rat brain membranes. Therefore, the anti-psychotic
activities of MS-377 are attributable to association with o, receptors. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction a., 1995; Hanner et al., 1996), and cDNAs of the o,

receptors have been cloned from severa mammalian

o Receptors were first postulated by Martin et al.
(1976) to explain the psychotomimetic effects of ben-
zomorphans such as N-allylnormetazocine ((+)-SKF-
10,047) and (+)-pentazocine. They were first defined as
an opioid receptor subtype and were later thought to be
identical to phencyclidine (PCP) binding sites (Zukin and
Zukin, 1981). However, o receptors were distinct from
opioid or PCP hinding sites (Gundlach et al., 1986; Quirion
et a., 1987), and then they could be classified into at least
two subtypes, designated o, and o, (Walker et al., 1990;
Quirion et al., 1992). These receptors were expressed in
the centra nervous system as well as severa periphera
tissues of endocrine and immune system (Su, 1991; Liu et
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species in recent years (Hanner et al., 1996; Kekuda et al.,
1996; Seth et al., 1997; Pan et al., 1998; Prasad et al.,
1998; Seth et al., 1998). The amino acid sequences of o,
receptors were highly homologous among different mam-
malian species, but it shares no homology to known mam-
malian proteins. This evidence suggested that the o, recep-
tor is a distinct entity from any other known receptor,
indicating its importance in cellular functions, athough its
physiological roles and endogenous ligands are not well
established.

Some typical anti-psychotic agents such as haloperidol,
perphenazine and chlorpromazine, which are dopamine D,
antagonists, also have affinities for o receptors (Tam and
Cook, 1984; Snyder and Largent, 1989). Further, o recep-
tor binding was decreased in postmortem schizophrenic
brain tissue compared to normal subjects (Helmeste et al.,
1996), and this evidence suggests that o receptors play a
role in psychosis and are involved in the pathophysiology

0014-2999,/00/% - see front matter © 2000 Elsevier Science B.V. All rights reserved.

Pll: S0014-2999(00)00348-4



52 J.-i. Karasawa et al. / European Journal of Pharmacology 400 (2000) 51-57

of schizophrenia. In addition, it has been demonstrated that
NE-100 (N, N-dipropyl-2-[4-methoxy-3-(2-phenyl-
ethoxy)phenyl]ethylamine monohydrochloride), a o antag-
onist inhibited PCP-induced behaviors in animal models
(Okuyama et al., 1993), and o receptor ligands blocked
the development of behavioral sensitization induced by
methamphetamine and cocaine (Ujike et al., 1992, 1996).
This evidence suggests that it is possible to create a new
class of anti-psychotic drugs with selective high affinity
for o binding sites and without any affinity for dopamine
receptors. Furthermore, o receptor ligands are currently
targeted as potential drugs in the pharmacotherapy of
cocaine and amphetamine abuse (Witkin, 1994).

MS-377 ((R)-(+)-1-(4-chlorophenyl)-3-[4-(2-methoxy-
ethyDpiperazin- 1-ylJmethyl-2-pyrrolidinone L-tartrate), a
novel anti-psychotic agent with high affinity for o recep-
tors, is currently being developed for the treatment of
schizophrenia. MS-377 had no or less affinities for other
receptors including o,, dopamine, serotonin, PCP-site, and
so on. MS-377 showed inhibitory effects on various drug-
induced behaviors such as (+ )-N-allylnormetazocine-in-
duced head-weaving, 5-hydroxy-pL-tryptophan-induced
head-twitching and apomorphine-induced climbing
(Takahashi et a., 1999). Moreover, MS-377 inhibited
PCP-induced head-weaving and rearing behaviors, which
are recognized as comprehensive models of schizophrenia
(Ellison, 1995; Javitt and Zukin, 1991). Especialy, PCP-
induced head-weaving was not affected by typical anti-
psychotics, thus MS-377 was expected to be useful for
treatment for schizophrenia against which typical anti-psy-
chotics are ineffective. In addition, MS-377 did not induce
catalepsy and did not prevent apomorphine-induced stereo-
typed behavior and PCP-induced ataxia in rats (Takahashi
et a., 1999). In fact, severa clinica trials of o receptor
ligands have been conducted; these agents were found to
be effective against negative symptoms and to have no
extrapyramidal side effects (Modell et al., 1996; Frieboes
et a., 1997). Based on these data, the profile of MS-377
intimates the usefulness for the treatment of schizophrenia
regardless of its response to typical anti-psychotic agents
without any effect on the motor coordination. The anti-
psychotic activities of MS-377 are attributable to the asso-
ciation with o, receptors, because it had affinity for only
o, receptor. Since MS-377 has unique pharmacological
profile distinct from those of o, receptor ligands, it is also
probable that MS-377 has another site of action. In this
study, we characterized the binding properties of radiola-
beled MS-377 ([*HIMS-377) to rat brain membranes.

2. Materials and methods
2.1. Animals

Male Wistar rats (7 weeks old) (Nihon SLC, Japan)
were used in this study. Animals were housed in groups of
three, under a 12 /12-h light /dark cycle (lights on at 0600

h) with food and water ad libitum. The present experi-
ments were performed in strict accordance with the guide-
lines for animal experiments at the Institute of Biological
Science, Mitsui Pharmaceuticals, and the protocol was
approved by the Animal Investigation Committee of the
Institute.

2.2. Drugs

MS-377, (+)-pentazocine, (—)-pentazocine and BMY -
14802 («a-(4-fluorophenyl)-4-(5-fluoro-2-pyramidinyl)-1-
piperazine butanol) were synthesized by Mitsui Chemicals,
and PCP was synthesized by Mitsui Pharmaceuticals. (+ )-
SKF-10,047 and (—)-SKF-10,047 was purchased from
Research Biochemical. Haloperidol was purchased from
Sigma, DTG (1,3-Ditolylguanidine) was purchased from
Tokyo Chemical Industry, [*H]MS-377 was obtained from
Amersham International (specific activity 1.18
TBg,/mmol). Drugs were dissolved in distilled water or
dimethylformamide and then diluted with assay buffer.

2.3. Preparation of brain membranes

Receptor binding assays were carried out using the
crude whole brain P2 membrane fraction, according to the
o, receptor binding assay (Bowen et al., 1992). Animals
were decapitated and the whole brain (removed cerebel-
lum) was rapidly excised and homogenized with 10 vals.
(w/v) of ice-cold 0.32 M sucrose in 50 mM Tris—HClI
buffer pH 7.4, with a teflon-glass homogenizer. The ho-
mogenate was centrifuged at 1000 X g for 10 min at 4°C,
and the supernatant was collected and centrifuged at
31,000 X g for 15 min at 4°C. The precipitate was resus-
pended in 3 voals. (w/v) of the same buffer and incubated
at 25°C for 15 min. After centrifugation at 31,000 X g for
15 min at 4°C, the precipitate was resuspended in 1.5 vaols.
(w/v) of ice-cold 10 mM Tris—HCI buffer pH 7.6, a a
protein concentration of 10-15 mg/ml, and stored at
—80°C until use. Protein concentration was determined by
the method of Bradford (1976), using the Bio-Rad protein

assay reagent.
2.4. Receptor binding assay

For a typical experiment, each assay tube contained 50
wl of [PHIMS-377, 250 ! of membranes suspension and
200 wl of assay buffer to a fina assay volume of 0.5 ml,
of which final protein concentration was approximately 0.4
mg/tube. Non-specific binding was determined in the
presence of 10 wM unlabeled MS-377. All tubes were
incubated for 180 min at 25°C, and the reaction was
terminated by rapid filtration through a Whatman GF/B
glass filter pre-soaked in 0.05% polyethyleneimine for at
least 30 min. Filters were washed three times with 3 ml of
ice-cold 50 mM Tris—HCI buffer pH 7.6, and filter-bound
radioactivity was measured using a liquid scintillation
counter. In the kinetic studies of association and dissocia-
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Fig. 1. Kinetics of [*HJMS-377 binding to rat brain membranes. Rat brain
membranes were incubated with 125 nM [*HIMS-377 at 25°C. (A)
Association experiment. Total binding, nonspecific binding and specific
binding are indicated as O, X and @, respectively. (B) Dissociation
experiment. After equilibrium was reached (180 min), 10 wM of MS-377
was added and specific binding monitored for 180 min. The data are
mean value of triplicate determinations.

tion, reaction was achieved at 25°C using 125 nM
[*HIMS-377. Association experiments were initiated by
addition of membranes fraction, and incubated for various
lengths of time. In dissociation experiments, after equilib-
rium was reached (180 min), dissociation was initiated by
addition of an excess (10 uM) of unlabeled MS-377, and
specific binding was monitored for 180 min. Saturation
experiments were conducted over concentrations ranging
from 0.78 to 50 nM of [*H]MS-377. Saturation binding
data were analyzed by Scatchard plot and Hill plot, and the
dissociation constant (K,), maximal number of binding
sites (B,,,) and Hill coefficient were calculated. In the
competition binding assay, all drugs were tested at least at
three to seven concentrations, and the percent inhibition of

[*HIMS-377 binding at each concentration tested was cal-
culated. The 1C,, value was determined by log—logit
analysis, and K; value was calculated using the K, value
obtained by Scatchard plot.

3. Results
3.1. Optimization of assay condition

Initially, optimization of assay condition was investi-
gated. Specific binding of [*HIMS-377 to rat brain mem-
branes between pH 6 and 9 were not significantly differ-
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Fig. 2. Saturation isotherm of [*HIMS-377 binding to rat brain mem-
branes. Ligand concentrations ranged from 0.78 to 50 nM. (A) Saturation
curves of the binding data. Total binding, nonspecific binding and
specific binding areindicated as O, X and @, respectively. (B) Scatchard
plot of the same data asin (A). Inset: Hill plot of the same data. The data
are mean value of four independent experiments done in triplicate. Mean
values of Ky, B, and Hill coefficient are 15.2+6.6 nM, 599.4 + 58.6

max

fmol /mg protein and 1.01+0.01, respectively.
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ent; however, it appeared maximal between pH 7 and 8
(data not shown). The specific binding was linear at fina
protein concentrations of 0.125 to 0.5 mg (data not shown).
At 25°C, the specific binding increased in a time-depen-
dent manner, and in excess of 120 min, the binding
gradually increased and reached equilibrium at 180 min
(Fig.1). At 37°C, the binding increased precipitously, but
gradually decreased in a time-dependent manner. At 0°C,
the binding decreased by 1/3, with a similar time course
of those at 25°C. As determined, following conditions
were employed: buffer pH 7.6; final protein concentration;
0.4 mg/tube, incubation temperature; 25°C, incubation
time; 180 min.

3.2. Kinetic studies

Binding of [*HIMS-377 to rat brain membranes is sat-
urable (Fig. 1A). After equilibrium was reached (180 min),
an excess (10 wM) of unlabeled MS-377 was added. Then,
the displacement of [*H]MS-377 at binding sites occurred,
and complete displacement was achieved 180 min after the
addition of unlabeled MS-377 (Fig. 1B). These kinetic
studies revealed that the binding of [*HIMS-377 to rat
brain membranes was reversible.

3.3. Saturation studies

Saturation studies of the binding of [°HIMS-377 with
ligand concentrations ranging from 0.78 to 50 nM revealed
that the specific binding was saturable (Fig. 2A). Scatchard
plot and Hill plot of these data were linear and indicated
that [*’HIMS-377 bound to a single site in rat brain mem-
branes (Fig. 2B). The K, B, and Hill coefficient were
calculated to be 15.2+ 6.6 nM, 599.4 + 58.6 fmol /mg
protein, and 1.01 + 0.01, respectively.

3.4. Displacement studies

Several o reference compounds were examined for
their competition potencies with the specific binding of
[*HIMS-377 to rat brain membranes. Table 1 summarizes
K; values of test compounds at [°H]MS-377 binding sites

Table 1
Affinity constants of various o reference compounds that displace
[®*HIMS-377 binding to rat brain membranes

Compounds K; (nM)

Haloperidol 10.2+5.2 (€)]
MS-377 26.4+59 ()
(+)-Pentazocine 39.44+10.5 5)
DTG 206+ 63 ()
(—)-Pentazocine 207 +59 (€)]
BMY 14802 306+99 (€))
(+)-SKF-10,047 713+ 205 3
(—)-SKF-10,047 5133+ 1626 (€)
PCP 6667 + 1882 (€)]

Values are expressed as means+S.D. of three to five independent
experiments shown in parentheses.
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Fig. 3. Effects of several representative o receptor ligands on [*HIMS-377
binding to rat brain membranes. The data are mean values of three to five
independent experiments. Key: MS-377 (@), haoperidol (O), (+)-pen-
tazocine (m), (—)-pentazocine (O0), DTG (X), BMY 14802 (*), (+)-
SKF-10,047 (@), (—)-SKF-10,047 (<), and PCP (+).

calculated from competition data, and competition curves
areillustrated in Fig. 3. [*H]MS-377 binding was inhibited
by unlabeled MS-377, with K; vaue of 26 nM, and
(+)-pentazocine showed similar inhibition to that of unla-
beled MS-377, with K; value of 39 nM. Haloperidol was
the most potent inhibitor, with K; value of 10 nM. DTG,
BMY 14802 and (+ )-SKF-10,047 showed moderate inhibi-
tion, with K, values of 206, 306 and 713 nM, respec-
tively. Non-o receptor ligand PCP showed weak inhibition
only at a concentration of 10~° M. Stereoselectivity was
observed for (+)-pentazocine, which was five-fold more
potent than (—)-isomer, and for (+)-SKF-10,047, which
was seven-fold more potent than (—)-isomer. The rank
order of potency for the o reference compounds to dis-
place [*°HIMS-377 binding were as following: haloperidol
> MS-377 = (+)-pentazocine > DTG = (—)-pentazo-
cine> BMY 14802 > (+)-SKF-10,047 > (—)-SKF-10,047
= PCP.

4. Discussion

Studies of o receptor ligands, especially receptor bind-
ing and autoradiographic studies, have been carried out
exclusively with the use of guinea pig brain, because o
receptors appear to be more abundant in the guinea pig
brain (Bowen and Hellewell, 1988; Walker et al., 1990).
Severa studies have shown differences in o receptors
between rat and guinea pig (Bowen et al., 1989; Bowen
and Hellewell, 1988). On the other hand, almost its behav-
ioral studies have been carried out in rats and mice.
Therefore, we considered not only in vivo studies but also
in vitro studies should be carried out using same species,
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in spite that the primary structure of o, receptorsis highly
conserved among a variety of mammalian species (Pan et
al., 1998). In the present study, we examined the binding
properties of the novel o receptor ligand MS-377 to rat
brain membranes. Results from kinetic studies revealed
that the binding of [*HIMS-377 was time dependent and
reached equilibrium a 180 min, and displacement of
[*HIMS-377 binding was occurred when an excess of
unlabeled MS-377 was added, indicating that binding of
[*HIMS-377 was reversible. Saturation studies revealed
that the [*H]MS-377 binding was saturable, and Scatchard
plot analysis indicated [*HIMS-377 bound to a single
high-affinity site in rat brain membranes. In order to verify
that the [*(H]MS-377 binding site in rat brain membranesiis
a o binding sites, inhibitory effects of o reference com-
pounds with different structure on [*HIMS-377 binding
were studied. Haloperidol, commonly used as a o receptor
ligand (Quirion et al., 1992), was the most potent inhibitor
to the [*HIMS-377 binding site. (+)-Pentazocine, which
have been established as selective o, receptor ligand (De
Costa et al., 1989; Hellewell and Bowen, 1990), and
unlabeled MS-377 showed almost the same effect against
[*HIMS-377 binding to rat brain membranes. DTG, which
is putative o, ,, ligand (Rothman et al., 1990), showed
moderate inhibition of [*H]MS-377 binding. Non-o recep-
tor ligand PCP (Largent et al., 1985) had negligible affini-
ties for [°’HIMS-377 binding site. Furthermore, differences
in the binding affinities of stereoisomers of pentazocine
and SKF-10,047 for the [*HIMS-377 binding site were
studied, since stereoselective profile was observed for o,
binding site, but not for o, binding site (Walker et al.,
1990; Quirion et al., 1992). And marked differences in the
binding affinity of these stereoisomers were observed in
this study. Overall, effects of those o reference com-
pounds with different structure to the [*HIMS-377 binding
site was similar to the binding profile, which has been
reported previously for other o receptor ligands, such as
[®H](+)-SKF-10,047, [*HI(+)-3-PPP ((+)3-(3-hydroxy-
pheny!)-N-(1-propylpiperidine), [*H](+ )-pentazocine,
[*HIDuUP-734 (1-(cyclopropylmethy!)-4-(2'-(4"-fluoro-
phenyl)-2'-oxoethyl)piperidine) and [*HINE-100 (Largent
et al., 1984; Steinfels et a., 1989; Heroux et a., 1992;
DeHaven-Hudkins et a., 1992; Tanaka et d., 1995), even
though these experiment had been done using guinea pig
brain membranes. These results suggested that the MS-377
selectively binds to o binding site in rat brain membranes.
In addition, the marked difference in affinity between (+)
and (—) stereoisomers suggested that MS-377 is relatively
selective for o, receptors.

We previously reported that MS-377 showed anti-PCP,
anti-dopaminergic and anti-serotonergic activities in phar-
macologica studies (Takahashi et a., 1999). MS-377 had
affinity for only o, receptor and not for any other recep-
tors, ion channels and second messenger systems (unpub-
lished data). Thus, we suggested that the anti-psychotic
activities of MS-377 were not directly associated with

dopamine D, receptors, 5-hydroxytryptamine (5-HT) re-
ceptors and PCP-N-methyl-p-aspartate (NMDA) site, and
were at least partly attributable to o, receptors. However,
MS-377 aso has unique pharmacological profile distinct
from those of more potent and selective o, ligands such as
NE-100. For example, MS-377 attenuated the devel opment
of methamphetamine-induced behavioral sensitization (un-
published data). It also enhanced the efficacy of dopamine
D, antagonists without deterioration of extrapyramidal
side effects, though MS-377 has no anti-dopaminergic
activity at doses employed in this experiments (unpub-
lished data). Kamei et al. (1997) reported that (+)-SKF-
10,047 acts on a subpopulation of o, sites, which are
closely associated with dopaminergic neurons, and the
possible existence of a o4 subtype has also been reported
(Wyrick and Booth, 1995). Therefore, MS-377 may have
another site of action different from the well-known sub-
types of o receptors, and the anti-dopaminergic activity of
MS-377 may be associated with such receptors. However,
the results of these reported studies suggested that the
MS-377 selectively binds, with high affinity, to o, binding
site in rat brain membranes. Therefore, the anti-psychotic
activities of MS-377 are attributable to association with o,
receptor. And these indicated that o receptor ligands
indirectly interact with dopamine and serotonin neurons,
PCP-NMDA site.

Differences in the pharmacologica profile between MS-
377 and any other o reference compounds remain unex-
plained from binding properties. (+)-Pentazocine and NE-
100, both of which are o, receptor ligands, have similar
binding properties and distribution in guinea pig brain
(DeHaven-Hudkins et al., 1992; Walker et a., 1992;
Tanaka et al., 1995; Okuyama et al., 1995). Interestingly,
Yamamoto et al. (1999) reported that the differences be-
tween [*H](+)-pentazocine and [*HINE-100 in site-di-
rected mutagenesis of o, receptor binding studies implies
the presence of different recognition sites in o, receptor
for each compound. In the view of this finding, MS-377
may have specific recognition sites in o, receptor. To
clarify the mechanism for distinctive activities of MS-377,
further studies on the binding sites in the brain and intra-
cellular signal transduction of o receptors are necessary.

In conclusion, MS-377 binds saturably and reversibly to
asingle o, binding site in rat brain membranes with high
affinity. Therefore, the anti-psychotic activities of MS-377
are attributable to association with o, receptors. We con-
sidered that the MS-377 could be a new and unique o
receptor ligand and this will be a nice tool for investigating
the relationship between o binding sites and schizophre-
nia. And we also expect that MS-377 shows favorable
efficacy against schizophrenia clinicaly.
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