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1 Taking advantage of the functional coupling of the opioid receptors with the G-protein-activated K *
(GIRK) channel, we investigated the effects of sigma (o) ligands of various structural and
pharmacological classes, (+)-N-allylnormetazocine ((+)-SKF10047) and (+)-cyclazocine, (+)-3-(3-
hydroxyphenyl)-N-(1-propyl)piperidine ((+ )-3PPP), 1,3-di-(2-tolyl)guanidine (DTG), carbetapentane and
haloperidol, on the inward K* current responses in Xenopus oocytes co-injected with each of the cloned
u-, 6- and k-opioid receptor mRNAs and the GIRK1 mRNA.

2 (+)-SKF10047 acted as a J- and x-agonist (ECs, values (uM)=0.618 and 0.652, respectively) and p-
antagonist (ICs, value (uM)=8.51). (+)-Cyclazocine acted as a k-agonist and p-antagonist (ICso=33.2).
(+)-3PPP acted as a k-agonist (ECs,=18.08) and a p-antagonist. DTG acted as a u- and k-agonist
(ECsp=more than 30 and 14.88, respectively). Carbetapentane acted as a k-agonist and p-antagonist
(ICso=11.2). Haloperidol acted as a u- and J-agonist (ECs,=5.683 and 7.389, respectively).

3 All currents induced by ¢ ligands were reduced by 1 uM naloxone, an opioid receptor antagonist, and
blocked by 300 uM Ba?*, a GIRK channel blocker. It was also indicated that the antagonism by
naloxone at the 6- and k-opioid receptors was weaker than that of naloxone at the u-opioid receptor.
The o ligands tested had no effect on the current responses in the oocytes injected with each of the
opioid receptor mRNAs alone or with the GIRK1 mRNA alone.

4 We conclude that various ¢ ligands directly interact with the cloned p-, §- and k-opioid receptors in
Xenopus oocytes. Our results suggest that the effects of the o ligands may be partly mediated by the
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opioid receptors.
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Introduction

N-allylnormetazocine (SKF10047), a racemic benzomorphan
opiate, causes psychotomimetic effects in human subjects
(Keats & Telford, 1964) and canine excitation which is related
to the psychotomimetic effects in man (Martin et al., 1976).
Martin and colleagues (1976) postulated that the psychoto-
mimetic effects were mediated by sigma (o) receptors, subtypes
of the opioid receptors. Subsequently, o receptors were found
to differ from the other opioid receptors in that they are in-
sensitive to naloxone and enantioselective for the (+)-isomers
of opiates, whereas the opioid receptors are antagonized by
naloxone and enantioselective for the (—)-isomers of opiates
(Tam, 1983; 198S; Largent et al., 1984; Tam & Cook, 1984;
Weber et al., 1986). The benzomorphan opiates and phency-
clidine (PCP), psychotomimetics, were thought to act at a
common recognition site termed the ¢/PCP receptor (Zukin &
Zukin, 1981). However, o receptors are highly sensitive to
antipsychotics, such as haloperidol and perphenazine (Tam,
1983; Largent et al., 1984; Tam & Cook, 1984; Weber et al.,
1986), while the PCP site is insensitive to them (Tam, 1983;
Largent et al., 1986) and is present on the N-methyl-D-aspar-
tate (NMDA) receptor channels (Lodge & Johnson, 1990). In
addition, autoradiographic studies have revealed that the lo-
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calization of ¢ receptors in the brain (Largent et al., 1986;
Walker et al., 1992) differs from those of the opioid receptors
(Mansour et al., 1995) and the PCP site (Largent et al., 1986).
Therefore, o receptors have been considered as unique sites.

Compounds which bind with high affinity to ¢ receptors are
termed o ligands. o Ligands are composed of diverse chemical
classes including benzomorphans, butyrophenones, phe-
nothiazines, guanidines, 3-phenylpiperidines, peptides and
steroids, such as (+)-SKF10047, haloperidol, perphenazine,
1,3-di-(2-tolyl)guanidine (DTG), (+ )-3-(3-hydroxyphenyl)-N-
(1-propyl)piperidine ((+ )-3PPP), neuropeptide Y and proges-
terone, respectively (Walker et al., 1990).

Since ¢ receptors are widely distributed in distinct brain
areas, such as limbic structures, cerebellum, motor nuclei in the
brainstem and hypothalamus at high density (Largent et al.,
1986; Walker et al., 1990; Jansen et al., 1991), the effects of o
ligands in some psychiatric disorders (Debonnel, 1993),
movement and posture (Walker et al., 1988; 1993), and neu-
roendocrine regulation (Iyengar et al., 1990) have been in-
vestigated. The psychotomimetic effects of (+)-SKF10047 and
antipsychotic effects of haloperidol suggest that ¢ receptors
play a role in schizophrenia and drug abuse. Several typical
antipsychotic drugs, such as haloperidol and perphenazine,
exhibit high affinity for the D,-dopamine receptor and o re-
ceptors (Tam & Cook, 1984), and blockade of the D,-dopa-
mine receptor has been thought to play an important role in
the clinical efficacy of antipsychotic drugs (Seeman & Van Tol,
1994). However, novel atypical antipsychotic drugs which have
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moderate to high affinity for ¢ receptors and only low affinity
for the D,-dopamine receptor have recently been shown to be
useful for treating schizophrenia, with minimal extrapyramidal
side effects (Den Boer et al., 1990; Lewander et al., 1990). The
antipsychotic effects of ¢ ligands have elicited interest in their
therapeutic application to schizophrenia and drug abuse (De-
bonnel, 1993). It has also been suggested that ¢ ligands may be
useful for the treatment of pain (Chien & Pasternak, 1994,
Kest et al., 1995), dystonia (Walker et al., 1988; 1993), cerebral
ischaemia (O’Neill et al., 1995), amnesia (Earley et al., 1991),
epilepsy (Tortella & Musacchio, 1986; Tortella et al., 1989),
ulcer (Pascaud et al., 1990; Harada et al., 1994), and tumours
(Brent & Pang, 1995).

o Ligands modulate the dopaminergic (Steinfels & Tam,
1989), noradrenergic (Gonzalez-Alvear & Werling, 1995) and
acetylcholinergic (Junien et al., 1991; Matsuno et al., 1993)
systems, the NMDA receptor-mediated response (Monnet et
al., 1992), carbachol-induced phosphatidylinositol turnover
(Candura er al., 1990), and blockade of tonic potassium
channels (Wu et al., 1991; Morio et al., 1994). However,
functional properties of ¢ ligands at various receptors have not
yet been identified.

o Receptors also exist in various peripheral organs and
tissues including adrenal gland, testis, ovary, spleen, peripheral
blood leukocytes, vas deferens, liver (Walker et al., 1990),
kidney (Hellewell et al., 1994), gastrointestinal tract (Roman et
al., 1988) and heart (Dumont & Lemaire, 1991). ¢ Ligands
modulate the endocrine and immune systems (Wolfe & De
Souza, 1994; Liu et al., 1995).

Many benzomorphan opiates elicit psychotomimetic effects
via the k-opioid receptor (Pfeiffer et al., 1986) as well as o
receptors. The (—)-isomers, but not the (+)-isomers, of the
benzomorphans have been shown to elicit psychotomimetic
effects via the x-opioid receptor (Pfeiffer et al., 1986). It has
also been shown that ¢ ligands modulate the u-, 6- and «-
opioid analgesia in an analgesic assay (Chien & Pasternak,
1994) and the hyperpolarization induced by [Met’]enkephalin,
a nonselective opioid agonist, in a neuronal slice preparation
(Bobker et al., 1989). However, whether ¢ ligands directly in-
teract with opioid receptors is largely unknown.

Recently, the u-, - and x-opioid receptors have been
cloned, and their structure, functions and distributions have
been investigated (Knapp et al., 1995; Minami & Satoh, 1995).
Using a Xenopus oocyte expression system, activation of each
of the u, §- and k-opioid receptors has been revealed to gate
the G-protein-activated K* (GIRK) channel via G-protein
(Chen & Yu, 1994; Henry et al., 1995; Kovoor et al., 1995; Ma
et al., 1995; Ikeda et al., 1995; 1996). This functional assay
system has made it possible to characterize the functional
properties of various ligands at the opioid receptors. To in-
vestigate the effects of o ligands of various structural and
pharmacological classes on the cloned p-, 6- and k-opioid re-
ceptors, we performed this functional assay in oocytes co-
injected with each of the cloned opioid receptor mRNAs and
the GIRK1 mRNA. The results of the present study demon-
strate that various ¢ ligands interact directly with the cloned
u-, 6- and k-opioid receptors.

Methods

Specific mRNA preparation

Plasmids containing the entire coding sequences for the mouse
k- and 6-opioid receptors and for the mouse GIRK1 channel
were obtained using the polymerase chain reaction (PCR)
method with the mouse whole brain cDNA as a template, and
designated pSPORk, pSPORS and pSPGIRKI, respectively
(Ikeda et al., 1995; Kobayashi et al., 1995). A plasmid con-
taining the entire coding sequence for the mouse p-opioid re-
ceptor, pSPORyu (Ikeda et al., 1996), was also obtained using
the PCR method (Kobayashi et al., 1995) with the mouse
whole brain cDNA as a template and with a pair of specific

primers, 5-AACCATGGACAGCAGCGCCG-3 and 5'-
GCTCTAGATTAGGGCAATGGAGCAGTTTCT-3, which
were synthesized on the basis of the nucleotide sequence for the
mouse pu-opioid receptor. pSPORy, pSPORS and pSPGIRK 1
were linearized by digestion with EcoRI and pSPORk by di-
gestion with Sacl. The specific mRNAs were synthesized in
vitro from the linearized plasmids with SP RNA polymerase in
the presence of cap dinucleotide 'mGpppG (Ambion mMES-
SAGE mMACHINE In Vitro Transcription Kit).

Expression in Xenopus oocytes and electrophysiological
analyses

Xenopus laevis oocytes were injected with each opioid-receptor
mRNA (~10 ng 100 nl~' per oocyte) together with the
GIRK1 mRNA (~12 ng 100 nl~! per oocyte). The oocytes
were incubated at 19°C in Barth’s solution (composition, mM:
NaCl 88, KCl 1, Ca(NO;), 0.33, CaCl, 0.41, MgSO, 0.82,
NaHCO; 2.4, Tris-HCl (pH 7.4) 7.5, gentamicin sulphate
0.1 mg ml~'. Oocytes were defolliculated by manual dissection
after 1 mg ml~' collagenase (Wako) treatment for 1 h. The
oocytes were superfused with a high-potassium solution (KCl
96 mM, NaCl 2 mM, MgCl, 1 mM and CaCl, 1.5 mM) at 19°C.
Whole-cell currents of the oocytes were recorded from 3 to 10
days after injection with a conventional two-micropipette
voltage clamp (Sakimura et al., 1992). The membrane potential
was held at —70 mV. Membrane resistances of oocytes were
approximately 0.2 MQ at —70 mV. Data were fitted to a
standard logistic equation using SigmaPlot (Jandel Scientific)
to compute the ECs, and the ICs, in analysis of concentration-
response relationships. The values obtained are expressed as
mean +s.e.mean and » is the number of oocytes tested.

Compounds

o Ligands, (+)-N-allylnormetazocine hydrochloride ((+)-
SKF10047), (+)-cyclazocine, 1,3-di-(2-tolyl)guanidine (DTG),
(+)-3-(3-hydroxyphenyl) - N - (1- propyl)piperidine  hydro-
chloride ((+)-3PPP), carbetapentane citrate and haloperidol
were purchased from Research Biochemicals Inc. A selective u-
opioid-receptor agonist, [D-Ala>,N-Me-Phe*,Gly*-olJenkepha-
lin (DAMGO), a selective J-opioid-receptor agonist, [D-
Pen*’lenkephalin (DPDPE), a selective k-opioid-receptor
agonist, trans-(+)- 3,4- dichloro-N-methyl-N-(2-[1-pyrrolidi-
nyl]cyclohexyl)benzeneacetamide (U50488H), and an opioid-
receptor antagonist, naloxone, were purchased from Sigma
Chemical Co. (+)-Cyclazocine, DTG and haloperidol were
dissolved in ethanol, methanol and dimethyl sulphoxide
(DMSO), respectively. Other compounds were dissolved in
distilled water. The stock solutions of all compounds were
stored at —20°C until use. They were added to the high-
potassium solution in appropriate amounts immediately before
the experiment.

Results

Opioid receptor activation by o ligands

To investigate the effects of o ligands on the cloned -, 4- and -
opioid receptors, we performed the Xenopus oocyte functional
assay with each of the three opioid receptor mRNAs co-in-
jected with the GIRK1 mRNA. In the oocytes co-injected with
the p-opioid receptor and GIRK1 mRNAs, application of
haloperidol or DTG produced an inward current (Figure 1a).
Application of (+)-SKF10047, (+)-cyclazocine, (+)-3PPP or
carbetapentane, even at 30 uM, induced no response in the
same oocytes (data not shown). In the oocytes co-injected with
the 6-opioid receptor and GIRK1 mRNAs, application of (+)-
SKF10047 or haloperidol produced an inward current (Figure
1b). Application of (+)-cyclazocine, DTG, (+)-3PPP or car-
betapentane, at 10 uM, induced no response in the same oocytes
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Figure 1 Current responses to ¢ ligands and selective opioid
agonists in Xenopus oocytes co-injected with opioid receptor mRNA
and GIRK1 mRNA. (a) Current responses in the oocytes co-injected
with p-opioid receptor and GIRK1 mRNAs. Responses to 100 nM
DAMGO and 10uM haloperidol in one oocyte, and response to
30 uM DTG in another oocyte. (b) Current responses in an oocyte co-
injected with J-opioid receptor and GIRK1 mRNAs to 100nM
DPDPE, 10uM (+)-SKF10047 and 10uM haloperidol. (c) Current
responses in an oocyte co-injected with x-opioid receptor and GIRK 1
mRNAs to 100nM US50488H, 10uM (+)-SKF10047, 10uM (+)-
cyclazocine, 10 um DTG, 10 uM (+)-3PPP and 10 uM carbetapentane.
The time intervals between the applications of ligands were
approximately 10min. Current responses were measured at a
—70mV membrane potential in a high-potassium solution. Bars
above the traces show the duration of application. Inward current is
downward.

(data not shown). In the oocytes co-injected with the x-opioid
receptor and GIRK1 mRNAs, application of (+)-SKF10047,
(+)-cyclazocine, DTG, (+)-3PPP or carbetapentane produced
an inward current (Figure lc). Application of haloperidol
(30 uM) induced no response in the same oocytes (data not
shown). Application of any one of the ¢ ligands tested induced
no response in the oocytes injected with each of the opioid
receptor mRNAs alone or with the GIRK1 mRNA alone (data
not shown). Application of the solvent vehicles at the highest
concentration (0.1%) in this experiment had no effect on the
current responses in the oocytes injected with each opioid re-
ceptor mRNA and/or the GIRK1 mRNA.

In the oocytes co-injected with each opioid receptor
mRNA and the GIRK1 mRNA, all of the current responses
induced by the ¢ ligands were reduced by 1 uM naloxone, an
opioid-receptor antagonist (Figure 2, middle). Interestingly,
the current responses in the oocytes co-injected with the u-
opioid receptor and GIRK1 mRNAs were almost completely
abolished by 1 uM naloxone, while the current responses in
the oocytes co-injected with either the - or the x-opioid
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Figure 2 Inhibition of o ligand-induced current responses by
naloxone and Ba®*. (a) Current responses in the oocyte co-injected
with p-opioid receptor and GIRK1 mRNAs to 50 uM halo zpendol,
50 uM haloperidol plus 1M naloxone (Nx), and 300 uM Ba“" after
50 uM haloperidol. (b) Current responses in the oocyte co-injected
with d-opioid receptor and GIRK1 mRNAs to 6 uM (+)-SKF10047,
6 uM (+)-SKF10047 plus 1 uM Nx, and 300 um Ba®™ after 6 uM (+)-
SKF10047. (c) Current responses in the oocyte co-injected with k-
opioid receptor and GIRK1 mRNAs to 6 uM (+)-SKF10047 6 um
(+)-SKF10047 plus 1uM Nx, and 300 um Ba?* after 6uM (+)-
SKF10047 (upper row) and 100umM DTG, 100um DTG plus 1uM
Nx, and 300uM Ba?® after 100um DTG (lower row). Current
responses were measured at a —70 mV membrane potential in a high-
potassium solution. Bars above the traces show the duration of
application, and lower and upper bars in the nght column show the
duration of application of a ¢ ligand and Ba?*, respectively. Inward
current is downward.

receptor mRNA and the GIRK1 mRNA were not com-
pletely abolished by 1 uM naloxone, suggesting that the o
ligands cause the responses through activation of the é- and
k-opioid receptors even in the presence of naloxone. Fur-
thermore, all of the current responses induced by the o li-
gands were rapidly blocked by 300 uM Ba?*, which blocks a
family of inward-rectifier K* channels including the GIRK
channel (Kovoor et al., 1995), and recovered immediately
after its washout (Figure 2, right). Ba®* (300 uM) alone
caused an upward shift of membrane current traces in the
oocytes co-injected with each opioid receptor mRNA and
the GIRK1 mRNA as well as in the oocytes injected with
the GIRK1 mRNA alone, but the shifts were too small to
elucidate the blocking of the agonist-induced currents (data
not shown). Also Ba®>* (300 uM) induced no responses in the
oocytes injected with each opioid receptor mRNA alone or
in uninjected oocytes (data not shown). These results suggest
that the o ligands which produced the inward currents di-
rectly activate the opioid receptors, and that the responses
are mainly mediated by the GIRK1 channel.
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Concentration-dependence of o ligand-induced current
responses

To investigate the concentration-dependence of the effects of
the o ligands on the opioid receptors, we compared the
current responses induced by o ligands with the full response
induced by each selective opioid agonist. Since the degree of
desensitization of the current responses became negligible
after a few applications of a selective opioid agonist,
quantitative experiments were carried out after the applica-
tions. The selective u-, - and x-opioid agonists, DAMGO,
DPDPE and US50488H, were used at 1 pumMm, 1uM and
500 nM, respectively (Ikeda et al., 1995; 1996). The max-
imum current responses induced by the selective u-, §- and
k-opioid agonists were 52.5-950 nA (415.2+74.1 nA;
n=12), 51.25-267.5nA (116.5+11.5nA; n=21) and
81.25-315nA (172.3+10.1 nA; n=30), respectively. The
magnitudes of the inward current responses induced by the
o ligands were concentration-dependent (Figue 3). The ECs,
values and Hill coefficient (ng) values of these ¢ ligands
obtained from the concentration-response relationships are
shown in Table 1. In the oocytes co-injected with the u-
opioid receptor and GIRK1 mRNAs, haloperidol and DTG
produced current responses at micromolar concentrations,
and haloperidol was more potent than DTG at concentra-
tions of up to ~43 uM (Figure 3a). At 100 uM, haloperidol
and DTG produced 25.8+2.5% (n=5) and 39.5+6% (n=7)
of the control current response to DAMGQO, respectively. In
the oocytes co-injected with the J-opioid receptor and
GIRK1 mRNAs, (+)-SKF10047 produced current responses
even at nanomolar concentrations. Haloperidol was less ef-
ficacious and potent than (+)-SKF10047, but produced low
current responses at micromolar concentrations. (+)-
SKF10047 (3 uMm) and haloperidol (100 uM), at the highest
concentrations tested, produced 54.44+5.6% (n=5) and
26.8+2.8% (n=7) of the control current response to
DPDPE, respectively. In the oocytes co-injected with the -
opioid receptor and GIRK1 mRNAs, (+)-SKF10047 pro-
duced current responses even at nanomolar concentrations.
Both DTG and (+)-3PPP produced current responses at
micromolar concentrations. (+)-SKF10047 (3 um), DTG
(100 uM) and (+)-3PPP (100 uM), at the highest con-
centrations tested, produced 63.0+3.8% (n=7), 46.2+4%
(n=9) and 20.6+1.7% (n=7) of the control current re-
sponse to US0488H, respectively.

Inhibitory effects of o ligands on the opioid receptors

To investigate the inhibitory effects of the ¢ ligands on the u-,
J- and x-opioid receptors, we applied a ¢ ligand together with
a selective opioid agonist. The selective opioid agonists were
used at the concentrations of 10 fold the respective ECs, values
at which each current response was near the peak response in
the concentration-response curve (Ikeda et al., 1995; 1996).

In the oocytes co-injected with the p-opioid receptor and
GIRK1 mRNAs, the control current responses to DAMGO
were reversibly suppressed by (+)-SKF10047, (+)-cyclazo-
cine, carbetapentane and (+)-3PPP which induced no re-
sponses themselves at 30 uM (Figure 4a). As shown in Figure
4b, these o ligands dose-dependently suppressed the current
responses to DAMGO. At the highest concentration tested
(30 um), (+)-SKF10047, (+)-cyclazocine, carbetapentane and
(+)-3PPP reduced the current response to 19.9+3.9% (n=7),
48.54+3.2% (n=6),22.2+6.0% (n=5) and 77.2+3.4% (n=5)
of the control current response, respectively. The ICs, and Hill
coefficient values obtained from concentration-response re-
lationships are shown in Table 2. The rank order of potency
was (+)-SKF10047, carbetapentane > (+ )-cyclazocine > (+)-
3PPP (Figure 4b). These results suggest that (+)-SKF10047,
(+)-cyclazocine, carbetapentane and (+)-3PPP act as an-
tagonists at the u-opioid receptor.

The current response via the d-opioid receptor activated by
DPDPE was not affected by 10 uM (+)-cyclazocine, DTG,
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Figure 3 Concentration-response relationships for (+)-SKF10047
(O), DTG (@), (+)-3PPP (A) and haloperidol (H). (a) The
concentration-response relationships for DTG and haloperidol in
the oocytes co-injected with u-opioid receptor and GIRK1 mRNAs.
(b) The concentration-response relationships for (+)-SKF10047 and
haloperidol in the oocytes co-injected with J-opioid receptor and
GIRK1 mRNAs. (c) The concentration-response relationships for
(+)-SKF10047, DTG and (+)-3PPP in the oocytes co-injected with
k-opioid receptor and GIRK1 mRNAs. The fractional responses are
the ratios of the ¢ ligand-induced responses to the control response
to the selective opioid agonist. Each point represents the mean and
s.e.mean of the fractional responses obtained from 5 to 9 oocytes.
Data points of each ¢ ligand are fitted using a logistic equation.
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Table 1 The effects of o ligands on the cloned u-, 6- and - opioid receptors

U
Compound ECs ny ECs

(+)-SKF10047 -
DTG >30

(+)-3PPP
Haloperidol

5.683+0.758 1.69+0.22

0.618+0.167

7.389+1.270

o K
ny ECso ny

0.98+0.15
2.17+£0.30
0.96+0.05

0.652+0.223
14.88 +1.407
18.08 +4.688

1.54+0.21

0.98+0.13

The mean+s.e.mean of the ECso (uM) and Hill coefficient (ng) values are shown. Dash (-) indicates that an agonist effect was not

observed.
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Figure 4 Inhibition of DAMGO-induced current responses by o
ligands in the oocytes co-injected with u-opioid receptor and GIRK1
mRNAs. (a) Current responses to 180nM DAMGO, 180nM
DAMGO plus 10uM (+)-SKF10047, 180nM DAMGO plus 10 uM
(+)-cyclazocine ((+)-CYC) and 180nM DAMGO plus 10uM
carbetapentane (CBP) in one oocyte, and responses to 180nM
DAMGO and 180nM DAMGO plus 30uM (+)-3PPP in another
oocyte. Current reponses were measured at a —70mV membrane
potential in a high-potassium solution. Bars above the traces show
the duration of application. Inward current is downward. (b)
Concentration-dependent inhibition of the responses by (+)-
SKF10047 (Q), (+)-cyclazocine (@), (+)-3PPP (A) and carbeta-
pentane (V). Each point represents the mean and s.e.mean % of the
control responses obtained from 5 to 7 oocytes. Data points of each
g ligand are fitted using a logistic equation.

(+)-3PPP or carbetapentane (data not shown). The current
response via the k-opioid receptor activated by U50488H was
not affected by 10 uM haloperidol (data not shown).

Discussion
In the present study, we demonstrated the effects of ¢ ligands

of various structural and pharmacological classes, (+)-
SKF10047, (+)-cyclazocine, DTG, (+)-3PPP, carbetapentane

Table 2 Potency of ¢ ligands as antagonists for the cloned
p-opioid receptor

Compound

ICsg (}IM) Ny n

8.51+1.60 1.08+0.07 7
33.2+84 0.69+0.15 6
11.2+34 1.04+0.08 5

(+)-SKF10047
(+)-Cyclazocine
Carbetapentane

The mean+s.e.mean of the ICsy (uM) and Hill coefficient
(ng) values are shown. n is the number of oocytes tested.

and haloperidol, on the cloned u-, 6- and k-opioid receptors
co-expressed with the GIRK1 channel in Xenopus oocytes.
(+)-SKF10047 acted as an agonist at the J- and x-opioid re-
ceptors and as an antagonist at the u-opioid receptor. (+)-
Cyclazocine, (+)-3PPP and carbetapentane acted as agonists
at the x-opioid receptor and as antagonists at the u-opioid
receptor. DTG acted as an agonist at the y- and k-opioid re-
ceptors. Haloperidol acted as an agonist at the u- and é-opioid
receptors.

SKF10047 is a prototypic ¢ ligand of benzomorphans,
and (+)-SKF10047 has been used experimentally as a g,
agonist (Beart et al., 1989; Itzhak, 1989; Quirion et al.,
1992). It has been known that (+)-SKF10047 has moderate
affinity for the PCP site labelled with [PH]1-[1-(2-thienyl)cy-
clohexyl]piperidine (TCP) (Largent et al., 1986) and that
(+)-SKF10047 and PCP block the same site on NMDA
receptor channels to similar extents in a Xenopus oocyte
expression system (Yamakura et al., 1993). Since the K;
values of (+)-SKF10047 for the pu-, - and k-opioid re-
ceptors are above micromolar concentrations (Tam, 1985)
and the behavioural effects of (+)-SKF10047 are not
blocked by naloxone (Walker et al., 1990), (+)-SKF10047
has not been considered to interact with opioid receptors. In
the present study, (+)-SKF10047 activated the 6- and «-
opioid receptors even at nanomolar concentrations and an-
tagonized the p-opioid receptor at micromolar concentra-
tions, and the activation of the 4- and k-opioid receptors by
(+)-SKF10047 was not completely antagonized by nalox-
one. Some of the naloxone-insensitive effects of (+)-
SKF10047 reported previously may be caused by the acti-
vation of the é- and x-opioid receptors. It has been reported
that the naloxone-sensitive psychotomimetic and aversive
effects mediated via the x-opioid receptor are elicited by
(—)-isomers of benzomorphans, but not (+)-isomers which
elicit naloxone-insensitive psychotomimetic effects via o re-
ceptors (Pfeiffer et al., 1986). However, since the (+)-iso-
mers of benzomorphans, such as (+)-SKF10047 and (+)-
cyclazocine, activated the cloned «-opioid receptor, the
psychotomimetic effects of (+)-isomers of benzomorphans
may be partly mediated by the x-opioid receptor.

Carbetapentane, which exhibits high affinity for ¢, binding
sites (Quirion et al., 1992) and the M,-muscarinic receptor
(Hudkins & DeHaven-Hudkins, 1991), has been used clinically
as a non-opioid antitussive agent with low dependence liability
and has been found to have anticonvulsant properties (Tortella
& Musacchio, 1986; Tortella er al., 1989). Since carbeta-
pentane acted as a x-agonist in the present study and x-ago-
nists exhibit aversive effects (Millan, 1990) and anticonvulsant
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activity (Tortella et al., 1986), the low dependence liability and
the anticonvulsant properties of carbetapentane may be partly
mediated by the k-opioid receptor.

Haloperidol, a typical antipsychotic drug of butyr-
ophenones, exhibits high affinity not only for the D,-dopamine
receptor (Seeman & Van Tol, 1994) but also for o receptors
(Largent et al., 1984; Tam & Cook, 1984; Weber et al., 1986).
The effects of haloperidol on the opioid receptors have not
been investigated since Clay & Brougham (1975) reported that
the ICs, value of haloperidol for the binding of [*H]-(—)-na-
loxone to rat brain homogenates was 880 nM. The present
findings firstly demonstrate that haloperidol acts as a u- and 6-
agonist. Since the concentration of haloperidol in the brain is
considered to reach low micromolar concentrations soon after
the administration of high dosages of haloperidol in clinical
practice (Ohman et al., 1977, Wurzburger et al., 1981; Korpi et
al., 1984), the yu- and d-opioid receptors in the brain may be
activated in haloperidol-treated schizophrenic patients and
drug abusers. Di Chiara & Imperato (1988) showed that ha-
loperidol increased the extracellular dopamine concentration
in the nucleus accumbens (NAc), and suggested that the in-
crease was caused by a feedback response induced by blockade
of the dopamine receptors. However, since both u-agonists and
d-agonists have been shown to increase the dopamine con-
centration in the NAc (Spanagel et al., 1990), the increase in
the dopamine concentration may be partly caused by the ac-
tivation of the u- and -opioid receptors by haloperidol.

Both DTG and (+)-3PPP, which are selective ¢ ligands,
have been widely used as o ligands for investigating the phar-
macological and biochemical properties, distributions and
functional roles of o receptors. The effects of DTG and (+)-
3PPP in micromolar concentrations have been analyzed using
many in vivo response assays and using a variety of bioassays in
preparations including neuronal slice, ileum longitudinal mus-
cle/myenteric plexus (LMMP) and vas deferens. The effects of
DTG and (+)-3PPP on the u- and k-opioid receptors observed
in the present study may be part of the molecular mechanism of
the functional roles of the ¢ ligands in these assays.

Electrophysiological studies have revealed that DAMGO
and [Met’]enkephalin (M-Enk), a nonselective opioid agonist,
increase potassium conductance via the u-opioid receptor in
neurones of the locus coeruleus (LC) in neuronal slice pre-
parations and hyperpolarize the cell membrane (North et al.,
1987). Bobker and colleagues (1989) reported that both DTG
and (+)-3PPP (1-100 uM) inhibited the M-Enk-induced hy-
perpolarization in neurones of the LC, but did not block it
completely, and that haloperidol (1-10 uM) weakly inhibited
the M-Enk-induced hyperpolarization. Since the x-opioid re-
ceptor is moderately expressed in the LC (Mansour et al.,
1995), M-Enk activates the x-opioid receptor as well as the u-
opioid receptor. The present findings demonstrate that DTG,
(+)-3PPP and haloperidol interact with the u- and/or k-opioid
receptors. The inhibitory effects of the ¢ ligands may be partly
mediated by the opioid receptors.

Guinea-pig ileum LMMP preparations have been used in
bioassays for characterizing the activation of the y- or k-opioid
receptors, and the activation of the opioid receptors has been
found to inhibit electrically stimulated smooth muscle con-
traction (Leslie, 1987). Campbell et al. (1989) have demon-
strated that various ¢ ligands at micromolar concentrations
inhibit the electrically stimulated contractions of the LMMP in
the presence of naloxone and in the preparation treated with an
irreversible opiate antagonist and that both (+)-SKF10047
and (+)-cyclazocine potentiate the stimulated contraction in
the same preparation, suggesting that the effects may be
mediated by o receptors, not by opioid receptors. Since then,
the effects of ¢ ligands in LMMP preparations have been in-
vestigated without consideration of the effects of ¢ ligands on
opioid receptors (Campbell et al., 1991; Coccini et al., 1991).
However, the present findings indicate that the interaction of
various o ligands with the u- and/or k-opioid receptors should
be considered in evaluating the effects of ¢ ligands at micro-
molar concentrations in LMMP preparations.

The activation of the u-, 4- or k-opioid receptors in the
mouse and rat vasa deferentia inhibits electrically stimulated
twitch contractions (Leslie, 1987). DeHaven-Hudkins et al.
(1991) have demonstrated that various ¢ ligands including
DTG (10 nM—100 uM) and haloperidol (10 nM—30 uM) in-
hibit electrically stimulated twitch contractions in the mouse
vas deferens even at nanomolar concentrations and that the
inhibitory effects of DTG are not antagonized by 0.3 uM na-
loxone. Also, Kennedy & Henderson (1989) have demon-
strated that both DTG and haloperidol at high concentrations
(30 and 100 uM) inhibit the twitch contractions. In the present
study, DTG and haloperidol at micromolar concentrations
acted as a u- and k-agonist and a p- and §-agonist, respectively,
and the activation of the J- or k-opioid receptors by the ¢
ligands tested was not completely antagonized by 1 uM na-
loxone. Our results suggest that the inhibitory effect of halo-
peridol and DTG at high concentrations in the vas deferens
preparations is partly mediated via the direct activation of the
opioid receptors by the ¢ ligands.

It has been shown that ¢ ligands modulate the -, §- and «-
opioid analgesia in the tail flick assay (Chien & Pasternak,
1994) and that DTG and haloperidol exhibit antinociceptive
effects in the tail flick assay, although the antinociceptive effect
of DTG is blocked by rimcazole, a ¢ ligand, but not by na-
loxone (Kest et al., 1995). The modulation of the opioid an-
algesia and antinociceptive effect by ¢ ligands may be also
related to the interaction of the o ligands with the opioid re-
ceptors.

In the present study, (+)-SKF10047 activated the 4- and «-
opioid receptors at nanomolar concentrations and the o li-
gands of various chemical classes interacted with the opioid
receptors at micromolar concentrations. These results indicate
that the effects of ¢ ligands at these concentrations may reflect
the interaction of the ¢ ligands not only with ¢ receptors but
also with the opioid receptors in vivo and in vitro and that the ¢
ligands tested in this study cannot be used as selective probes in
investigating the functional effects of the ¢ ligands at micro-
molar concentrations. To investigate further the functional
properties of ¢ ligands and o receptors, studies are required to
develop specific and potent ¢ ligands and to identify o re-
ceptors and endogenous ¢ ligands.

Xenopus oocyte membranes contain an intrinsic o,-like
binding site (Patterson ez al., 1994). In the present study, the
oocytes injected with the GIRK1 mRNA alone did not re-
spond to all of the o ligands tested. The o,-like binding site in
Xenopus oocytes may not functionally couple with the GIRK1
channel in the signal transduction, although all of the o ligands
tested may not act as agonists at the g,-like binding site.

Binding assays can be used to investigate the affinity of a
ligand, but not its functional properties, such as whether it
is a full agonist, partial agonist or antagonist. The Xenopus
oocyte co-expression system with the synthesized opioid re-
ceptor and GIRK1 mRNAs can be used to characterize the
functional properties of known opioid ligands as well as
novel ligands at each opioid receptor, although this system
will not replace many in vivo response assays and a variety
of bioassays with isolated tissues, such as the guinea pig
ileum and mouse vas deferens. Furthermore, this system
may be very useful for screening novel ligands for each
opioid receptor subtype and developing specific opioid li-
gands. Since the heteromultimeric GIRK channels in Xeno-
pus oocytes have recently been reported to produce larger
inward currents than those in the oocytes injected with the
GIRK1 mRNA alone (Kofuji et al., 1995; Krapivinsky et
al., 1995; Nichols et al., 1995), the Xenopus oocyte expres-
sion system may be improved by co-injection of GIRK
subunit mRNAs.

In conclusion, we have demonstrated that ¢ ligands of
various chemical classes directly interact with the cloned u-, 6-
and k-opioid receptors co-expressed with the GIRK1 channel
in Xenopus oocytes. Our results suggest that the functional
roles of the ¢ ligands may be partly mediated by the opioid
receptors.



T. Kobayashi et al

Effects of ¢ ligands on opioid receptors 79

We wish to thank Dr M. Nakazawa of the Department of
Pharmacology for fruitful discussion and Mr K. Kobayashi of our
laboratory for technical assistance. This investigation was sup-
ported in part by a research grant from the Ministry of Education,

References

BEART, P.M., O’'SHEA, R.D. & MANALLACK, D.T. (1989). Regulation
of o-receptors: high- and low-affinity agonist states, GTP shifts,
and up-regulation by rimcazole and 1,3-di(2-tolyl)guanidine. J.
Neurochem., 53, 779-788.

BOBKER, D.H., SHEN, K.-Z., SURPRENANT, A. & WILLIAMS, J.T.
(1989). DTG and (+)-3-PPP inhibit a ligand-activated hyperpo-
larization in mammalian neurons. J. Pharmacol. Exp. Ther., 251,
840-845.

BRENT, P.J. & PANG, G.T. (1995) ¢ binding site ligands inhibit cell
proliferation in mammary and colon carcinoma cell lines and
melanoma cells in culture. Eur. J. Pharmacol., 278, 151 -160.

CAMPBELL, B.G., KEANA, J.F.W. & WEBER, E. (1991). ¢ receptor
ligand N,N’-di-(ortho-tolyl)guanidine inhibits release of acet-
ylcholine in the guinea pig ileum. Eur. J. Pharmacol., 205, 219 -
223.

CAMPBELL, B.G., SCHERZ, M.W., KEANA, J.F.W. & WEBER, E.
(1989). Sigma receptors regulate contractions of the guinea pig
ileum longitudinal muscle/myenteric plexus preparation elicited
by both electrical stimulation and exogenous serotonin. J.
Neurosci., 9, 3380-3391.

CANDURA, S.M., COCCINI, T., MANZO, L. & COSTA, L.G. (1990).
Interaction of 6-compounds with receptor-stimulated phosphoi-
nositide metabolism in the rat brain. J. Neurochem., 55, 1741 -
1748.

CHEN, Y. & YU, L. (1994). Differential regulation by cAMP-
dependent protein kinase and protein kinase C of the u opioid
receptor coupling to a G protein-activated K* channel. J. Biol.
Chem., 269, 7839 —7842.

CHIEN, C.C. & PASTERNAK, G.W. (1994). Selective antagonism of
opioid analgesia by a sigma system. J. Pharmacol. Exp. Ther.,
271, 1583 -1590.

CLAY, G.A. & BROUGHAM, L.R. (1975). Haloperidol binding to an
opiate receptor site. Biochem. Pharmacol., 24, 1363 -1367.

COCCINI, T., COSTA, L.G.,, MANZO, L., CANDURA, S.M., IAPADRE,
N., BALESTRA, B. & TONINI, M. (1991). Two subtypes of enteric
non-opioid ¢ receptors in guinea-pig cholinergic motor neurons.
Eur. J. Pharmacol., 198, 105-108.

DEBONNEL, G. (1993). Current hypotheses on sigma receptors and
their physiological role: possible implications in psychiatry. J.
Psychiatr. Neurosci., 18, 157—-172.

DEHAVEN-HUDKINS, D.L., HILDEBRAND, L.M., FLEISSNER, L.C. &
WARD, S.J. (1991). Lack of correlation between ¢ binding
potency and inhibition of contractions in the mouse vas deferens
preparation. Eur. J. Pharmacol., 203, 329-335.

DEN BOER, J.A., RAVELLI, D.P., HUISMAN, J.,, OHRVIK, J.,
VERHOEVEN, W.M.A. & WESTENBERG, H.G.M. (1990). Double
blind comparative study of remoxipride and haloperidol in acute
schizophrenic patients. Psychopharmacology, 102, 76 —84.

DI CHIARA, G. & IMPERATO, A. (1988). Drugs abused by humans
preferentially increase synaptic dopamine concentrations in the
mesolimbic system of freely moving rats. Proc. Natl. Acad. Sci.
U.S.A., 85, 5274-5278.

DUMONT, M. & LEMAIRE, S. (1991). Interaction of 1,3-di(2-
[5-3H]tolyl)guanidine with g, binding sites in rat heart membrane
preparations. Eur. J. Pharmacol., 209, 245—248.

EARLEY, B,, BURKE, M., LEONARD, B.E., GOURET, C.-J. & JUNIEN,
J.-L. (1991). Evidence for an anti-amnesic effect of JO 1784 in the
rat: a potent and selective ligand for the sigma receptor. Brain
Res., 546, 282 —286.

GONZALEZ-ALVEAR, G.M. & WERLING, L.L. (1995). Sigma receptor
regulation of norepinephrine release from rat hippocampal slices.
Brain Res., 673, 61 —69.

HARADA, Y., HARA, H. & SUKAMOTO, T. (1994). Binding properties
of KB-5492, a novel anti-ulcer agent, at ¢ receptors in porcine
gastric fundic mucosa. Eur. J. Pharmacol., 261, 91—96.

HELLEWELL, S.B., BRUCE, A. FEINSTEIN, G., ORRINGER, J.,
WILLIAMS, W. & BOWEN, W.D. (1994). Rat liver and kidney
contain high densities of ¢, and g, receptors: characterization by
ligand binding and photoaffinity labeling. Eur. J. Pharmacol.
Mol. Pharmacol., 268, 9—18.

Science, Sports and Culture of Japan, and grants from the Frontier
Research Program and Special Postdoctoral Researchers Program,
RIKEN.

HENRY, D.J.,, GRANDY, D.K., LESTER, H.A., DAVIDSON, N. &
CHAVKIN, C. (1995). x-Opioid receptors couple to inwardly
rectifying potassium channels when coexpressed by Xenopus
oocytes. Mol. Pharmacol., 47, 551-557.

HUDKINS, R.L. & DEHAVEN-HUDKINS, D.L. (1991). M; muscarinic
antagonists interact with o recognition sites. Life Sci., 49, 1229 -
1235.

IKEDA, K., KOBAYASHI, T., ICHIKAWA, T., USUI, H., ABE, S. &
KUMANISHI, T. (1996). Comparison of the three mouse G-
protein-activated K * (GIRK) channels and functional couplings
of the opioid receptors with the GIRK 1 channel. Ann. NY. Acad.
Sci., (in press).

IKEDA, K., KOBAYASHI, T., ICHIKAWA, T., USUI, H. & KUMA-
NISHI, T. (1995). Functional couplings of the - and the x-opioid
receptors with the G-protein-activated K* channel. Biochem.
Biophys. Res. Commun., 208, 302—-308.

ITZHAK, Y. (1989). Multiple affinity binding states of the ¢ receptor:
effect of GTP-binding protein-modifying agents. Mol.
Pharmacol., 36, 512—517.

IYENGAR, S., MICK, S., DILWORTH, V., MICHEL, J., RAO, T.S,,
FARAH, J.M. & WOOD, P.L. (1990). Sigma receptors modulate the
hypothalamic-pituitary-adrenal (HPA) axis centrally: evidence
for a functional interaction with NMDA receptors, in vivo.
Neuropharmacology, 29, 299 —-303.

JANSEN, K.L.R,, FAULL, R.L.M.,, DRAGUNOW, M. & LESLIE, R.A.
(1991). Autoradiographic distribution of sigma receptors in
human neocortex, hippocampus, basal ganglia, cerebellum,
pineal and pituitary glands. Brain Res., 5§59, 172-177.

JUNIEN, J.L.,, ROMAN, F.J., BRUNELLE, G. & PASCAUD, X. (1991).
JO1784, a novel ¢ ligand, potentiates [*H]acetylcholine release
from rat hippocampal slices. Eur. J. Pharmacol., 200, 343 —345.

KEATS, AS. & TELFORD, J. (1964). Narcotic antagonists as
analgesics. Clinical aspects. In Molecular Modification in Drug
Design. Advances in Chemistry Series, 45. ed. Gould, R.F.
pp- 170-176. Washington, DC: American Chemical Society.

KENNEDY, C. & HENDERSON, G. (1989). An examination of the
putative o-receptor in the mouse isolated vas deferens. Br. J.
Pharmacol., 98, 429 - 436.

KEST, B., MOGIL, J.S., STERNBERG, W.F., PECHNICK, R.N. &
LIEBESKIND, J.C. (1995). Antinociception following 1,3-di-o-
tolylguanidine, a selective o receptor ligand. Pharmacol.
Biochem. Behav., 50, 587—-592.

KNAPP, R.J., MALATYNSKA, E., COLLINS, N., FANG, L., WANG,
J.Y., HRUBY, V.J,, ROESKE, W.R. & YAMAMURA, H.L (1995).
Molecular biology and pharmacology of cloned opioid receptors.
FASEBJ., 9, 516—525.

KOBAYASHI, T., IKEDA, K., ICHIKAWA, T., ABE, S.,, TOGASHL, S. &
KUMANISHI, T. (1995). Molecular cloning of a mouse G-protein-
activated K* channel (mGIRK1) and distinct distributions of
three GIRK (GIRK1, 2 and 3) mRNAs in mouse brain. Biochem.
Biophys. Res. Commun., 208, 1166—1173.

KOFUIJI, P, DAVIDSON, N. & LESTER, H.A. (1995). Evidence that
neuronal G-protein-gated inwardly rectifying K* channels are
activated by Gpy subunits and function as heteromultimers.
Proc. Natl. Acad. Sci. U.S.A., 92, 6542 —6546.

KORPI, E.R., KLEINMAN, J.E., COSTAKOS, D.T., LINNOILA, M. &
WYATT, R.J. (1984). Reduced haloperidol in the post-mortem
brains of haloperidol-treated patients. Psychiatry Res., 11, 259~
269.

KOVOOR, A., HENRY, D.J. & CHAVKIN, C. (1995). Agonist-induced
desensitization of the mu opioid receptor-coupled potassium
channel (GIRK1). J. Biol. Chem., 270, 589 - 595.

KRAPIVINSKY, G., GORDON, E.A., WICKMAN, K., VELIMIROVIC,
B., KRAPIVINSKY, L. & CLAPHAM, D.E. (1995). The G-protein-
gated atrial K* channel Igach is a heteromultimer of two
inwardly rectifying K * -channel proteins. Nature, 374, 135—141.



80 T. Kobayashi et al

Effects of ¢ ligands on opioid receptors

LARGENT, B.L., GUNDLACH, A.L. & SNYDER, S.H. (1984).
Psychotomimetic opiate receptors labeled and visualized with
(+)-[PH]3 - (3 - hydroxyphenyl) - N - (1 - propyl)piperidine. Proc.
Natl. Acad. Sci. U.S.A., 81, 4983 -4987.

LARGENT, B.L., GUNDLACH, A.L. & SNYDER, S.H. (1986).
Pharmacological and autoradiographic discrimination of sigma
and phencyclidine receptor binding sites in brain with (+)-
[PHISKF 10,047, (+)-[*H}-3-(3-hydroxyphenyl)-N-(1-propyl)pi-
peridine and [*H]-1-[1-(2-thienyl)cyclohexyl]piperidine. J. Phar-
macol. Exp. Ther., 238, 739—748.

LESLIE, F.M. (1987). Methods used for the study of opioid receptors.
Pharmacol. Rev., 39, 197-249.

LEWANDER, T., WESTERBERGH, S.-E. & MORRISON, D. (1990).
Clinical profile of remoxipride — a combined analysis of a
comparative double-blind multicentre trial programme. Acta
Psychiatr. Scand., 82 (suppl. 358), 92-98.

LIU, Y., WHITLOCK, B.B., PULTZ, J.A. & WOLFE, S.A. JR. (1995).
Sigma-1 receptors modulate functional activity of rat
splenocytes. J. Neuroimmunol., 59, 143-154.

LODGE, D. & JOHNSON, K.M. (1990). Noncompetitive excitatory
amino acid receptor antagonists. Trends Pharmacol. Sci., 11,81 -
86.

MA, G.H., MILLER, R.J., KUZNETSOV, A. & PHILIPSON, L.H. (1995).
x-Opioid receptor activates an inwardly rectifying K* channel by
a G protein-linked mechanism: coexpression in Xenopus oocytes.
Mol. Pharmacol., 47, 1035-1040.

MANSOUR, A., FOX, C.A., AKIL, H. & WATSON, S.J. (1995). Opioid-
receptor mRNA expression in the rat CNS: anatomical and
functional implications. Trends Neurosci., 18, 22-29.

MARTIN, W.R., EADES, C.G., THOMPSON, J.A., HUPPLER, RE. &
GILBERT, P.E. (1976). The effects of morphine- and nalorphine-
like drugs in the nondependent and morphine-dependent chronic
spinal dog. J. Pharmacol. Exp. Ther., 197, 517-532.

MATSUNO, K., MATSUNAGA, K., SENDA, T. & MITA, S. (1993).
Increase in extracellular acetylcholine level by sigma ligands in
rat frontal cortex. J. Pharmacol. Exp. Ther., 265, 851 —859.

MILLAN, M.J. (1990). k-Opioid receptors and analgesia. Trends
Pharmacol. Sci., 11, 70-76.

MINAMI, M. & SATOH, M. (1995). Molecular biology of the opioid
receptors: structures, functions and distributions. Neurosci. Res.,
23, 121-145.

MONNET, F.P., DEBONNEL, G. & DE MONTIGNY, C. (1992). In vivo
electrophysiological evidence for a selective modulation of N-
methyl-D-aspartate-induced neuronal activation in rat CA;
dorsal hippocampus by sigma ligands. J. Pharmacol. Exp.
Ther., 261, 123-130.

MORIO, Y., TANIMOTO, H., YAKUSHIJI, T. &« MORIMOTO, Y. (1994).
Characterization of the currents induced by sigma ligands in
NCB20 neuroblastoma cells. Brain Res., 637, 190-196.

NICHOLS, C.G., FERRER, J.,, PEARSON, W., MAKHINA, E. &
PERMUTT, A. (1995). M, muscarinic receptor-activated K~
currents in oocytes co-expressing GIRK1, GIRK2 and CIR
cDNA:s. J. Physiol., 487, 188P.

NORTH, R.A., WILLIAMS, J.T., SURPRENANT, A. & CHRISTIE, M.J.
(1987). 1 and 8 receptors belong to a family of receptors that are
coupled to potassium channels. Proc. Natl. Acad. Sci. U.S.A., 84,
5487-5491.

OHMAN, R., LARSSON, M., NILSSON, I.M., ENGEL, J. & CARLSSON,
A. (1977). Neurometabolic and behavioural effects of haloperidol
in relation to drug levels in serum and brain. Naunyn-
Schmiedeberg’s Arch. Pharmacol., 299, 105-114.

O’NEILL, M., CALDWELL, M., EARLEY, B, CANNEY, M., O'HAL-
LORAN, A, KELLY, J., LEONARD, B.E. & JUNIEN, J.-L. (1995).
The o receptor ligand JO1784 (igmesine hydrochloride) is
neuroprotective in the gerbil model of global cerebral
ischaemia. Eur. J. Pharmacol., 283,, 217-225.

PASCAUD, X., DEFAUX, J.P., ROZE, C. & JUNIEN, J.L. (1990). Effect
of selective sigma ligands on duodenal alkaline secretion in the
rat. J. Pharmacol. Exp. Ther., 255, 1354—-1359.

PATTERSON, T.A., CONNOR, M., APPLEYARD, S.M. & CHAVKIN, C.
(1994). Oocytes from Xenopus laevis contain an intrinsic o-like
binding site. Neurosci. Lett., 180, 159-162.

PFEIFFER, A., BRANTL, V., HERZ, A. & EMRICH, H.M. (1986).
Psychotomimesis mediated by x opiate receptors. Science, 233,
774-1776.

QUIRION, R., BOWEN, W.D,, ITZHAK, Y., JUNIEN, J.L., MUSAC-
CHIO, J.M., ROTHMAN, R.B, SU, T.-P.,, TAM, S.W. & TAYLOR,
D.P. (1992). A proposal for the classification of sigma binding
sites. Trends Pharmacol. Sci., 13, 85— 86.

ROMAN, F., PASCAUD, X., VAUCHE, D. & JUNIEN, J.-L. (1988).
Evidence for a non-opioid sigma binding site in the guinea-pig
myenteric plexus. Life Sci., 42, 2217-2222.

SAKIMURA, K., MORITA, T., KUSHIYA, E. & MISHINA, M. (1992).
Primary structure and expression of the y2 subunit of the
glutamate receptor channel selective for kainate. Neuron, 8,
267-274.

SEEMAN, P. & VAN TOL, HHM. (1994). Dopamine receptor
pharmacology. Trends Pharmacol. Sci., 15, 264-270.

SPANAGEL, R, HERZ, A. & SHIPPENBERG, T.S. (1990). The effects of
opioid peptides on dopamine release in the nucleus accumbens:
an in vivo microdialysis study. J. Neurochem., 55, 1734—-1740.

STEINFELS, G.F. & TAM, S.W. (1989). Selective ¢ receptor agonist
and antagonist affect dopamine neuronal activity. Eur. J.
Pharmacol., 163, 167-170.

TAM, S.W. (1983). Naloxone-inaccessible ¢ receptor in rat central
nervous system. Proc. Natl. Acad. Sci. U.S.A., 80, 6703 -6707.

TAM, S.W. (1985). (+)-[*H]SKF 10,047, (+)-[*H]-ethylketocyclazo-
cine, y, x, 6 and phencyclidine binding sites in guinea pig brain
membranes. Eur. J. Pharmacol., 109, 33-41.

TAM, S.W. & COOK, L. (1984). ¢ opiates and certain antipsychotic
drugs mutually inhibit (+)-[>’HJSKF 10,047 and [3H]haloperidol
binding in guinea pig brain membranes. Proc. Natl. Acad. Sci.
U.S.A., 81, 5618—5621.

TORTELLA, F.C. & MUSACCHIO, J.M. (1986). Dextromethorphan
and carbetapentane: centrally acting non-opioid antitussive
agents with novel anticonvulsant properties. Brain Res., 383,
314-318.

TORTELLA, F.C., PELLICANO, M. & BOWERY, N.G. (1989).
Dextromethorphan and neuromodulation: old drug coughs up
new activities. Trends Pharmacol. Sci., 10, 501 —507.

TORTELLA, F.C., ROBLES, L. & HOLADAY, J.W. (1986). U50448, a
highly selective kappa opioid: anticonvulsant profile in rats. J.
Pharmacol. Exp. Ther., 237, 49— 53.

WALKER, J.M., BOWEN, W.D., GOLDSTEIN, S.R., ROBERTS, A.H.,
PATRICK, S.L., HOHMANN, A.G. & DECOSTA, B. (1992).
Autoradiographic distribution of [*H](+)-pentazocine and
[3H]1,3-di-o-tolylguanidine (DTG) binding sites in guinea pig
brain: a comparitive study. Brain Res., 581, 33-38.

WALKER, J.M., BOWEN, W.D., PATRICK, S.L., WILLIAMS, W.E.,
MASCARELLA, S.W., BAI, X. & CARROLL, F.I (1993). A
comparison of (—)-deoxybenzomorphans devoid of opiate
activity with their dextrorotatory phenolic counterparts suggests
role of o, receptors in motor function. Eur. J. Pharmacol., 231,
61-68.

WALKER, J.M., BOWEN, W.D., WALKER, F.O.,, MATSUMOTO, R.R.,
DECOSTA, B. & RICE, K.C. (1990). Sigma receptors: biology and
function. Pharmacol. Rev., 42, 355-402.

WALKER, JM., MATSUMOTO, R.R., BOWEN, W.D., GANS, D.L,,
JONES, K.D. & WALKER, F.O. (1988). Evidence for a role of
haloperidol-sensitive g-‘opiate’ receptors in the motor effects of
antipsychotic drugs. Neurology, 38, 961 —965.

WEBER, E., SONDERS, M., QUARUM, M., MCLEAN, S, POU, S. &
KEANA, J.F.W. (1986). 1,3-Di(2-[5->H]tolyl)guanidine: a selective
ligand that labels o-type receptors for psychotomimetic opiates
and antipsychotic drugs. Proc. Natl. Acad. Sci. U.S.A., 83,8784 —
8788.

WOLFE,S.A.JR& DESOUZA, E.B.(1994). Role of sigma binding sites in
the modulation of endocrine and immune functions. In Sigma
Receptors ed. Itzhak, Y. pp. 287-317. London: Academic Press.

WU, X.-Z., BELL, J.A., SPIVAK, C.E., LONDON, E.D. & SU, T.-P. (1991).
Electrophysiological and binding studies on intact NCB-20 cells
suggest presence of a low affinity sigma receptor. J. Pharmacol.
Exp. Ther., 257, 351-359.

WURZBURGER, R.J., MILLER, R.L., MARCUM, E.A., COLBURN,
W.A. & SPECTOR, S. (1981). A new radioimmunoassay for
haloperidol: direct measurement of serum and striatal
concentrations. J. Pharmacol. Exp. Ther., 217, 757-763.

YAMAKURA, T., MORI, H., MASAKI, H., SHIMOIJIL K. & MISHINA, M.
(1993). Different sensitivities of NMDA receptor channel
subtypes to non-competitive antagonists. NeuroReport, 4, 687—
690.

ZUKIN, R.S. & ZUKIN, S.R. (1981). Demonstration of [*H]cyclazocine
binding to multiple opiate receptor sites. Mol. Pharmacol., 20,
246-254.

( Received February 12, 1996
Revised May 20, 1996
Accepted May 30, 1996)



