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Summary: The 8- and the x-opioid receptors were individually co-expressed
with the G-protein-activated K+ (GIRK1) channel in Xenopus oocytes.
Stimulation of these opioid receptors with selective agonists induced currents
which were blocked by the opioid receptor antagonist naloxone. The current
responses showed inward rectification and were blocked by 300 uM BaZ+,
indicating that the effect of activated opioid receptors was mainly mediated by
the GIRK1 channel. The ECsq value obtained from these responses was 45 nM
for the agonist DPDPE in the oocytes injected with the d-opioid receptor nRNA
and the GIRK1 mRNA and 15 nM for the agonist USO488H in the oocytes
injected with the x-opioid receptor mRNA and the GIRK1 mRNA. The Hill
coefficient was 0.92 in the former and 0.93 in the latter. These results suggest
that each of the 8- and the x-opioid receptors functionally couples with the
GIRK 1 channel. o 1395 acadenic press, inc.

The opioid receptor distributes in various regions in the central and
peripheral nervous systems [1], and is considered to play an important role in
brain functions involved in for example, emotion, euphoria, analgesia and
morphine tolerance and dependence [2-4]. Activation of the opioid receptor
alters membrane conductances for K+ and Ca2+ and levels of second messengers
such as cAMP and inositol 1,4,5-triphosphate, each through G-protein activation,

and ultimately results in the inhibition of neural firing and of neurotransmitter

*To whom correspondence should be addressed. FAX: 81-25-229-2959.

: DPDPE, [D-Pen2.5]-Enkephalin; U50488H, trans-(+)-3,4-
dlCthI‘O N-methyl -N-(2-[1-pyrrolidinyl]cyclohexyl)benzeneacetamide; PCR,
polymerase chain reaction.
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release [5].  Previous pharmacological and molecular biological studies have
defined at least three major types of opioid receptor, i, 8 and x [1, 6-15).
Activation of u- and d-opioid receptors has been shown to increase an inward
rectifying potassium conductance in vivo [16-18] and in vitro [19, 20].
However, the pharmacological characteristics of the signal transductions
mediated by these opioid receptors via K+ channels have been largely unknown.
Regarding the k-opioid receptor, whether or not its signal transduction
mechanism involves the K+ channel has also remained unknown. In the present
investigation, we demonstrated functional couplings of the 8- and the x-opioid
receptors with the GIRKI1 channel (G-protein-activated K+ channel) in a
Xenopus-oocyte expression system and analyzed their pharmacological

characteristics in the signal transduction.

Materials and Methods

Cloning of the 6 and the x-opioid receptor cDNAs

Based on the cDNA sequences for the mouse 8- and x-opioid receptors [6-
8], pairs of oligonucleotide primers corresponding to the regions containing
either a translational initiation codon or a stop codon were synthesized. Primers
for the &-opioid receptor were 5'-GCGCCATGGAGCTG GTGCCCTCTG-3'
and 5'-GCTCTAGAGTCAGGCGGCAGCGCCACCGCCCG -3' and those for
the x-opioid receptor were 5-TCACCATGGAGTCCCCCATTCAGA-3' and 5'-
CGACTAGTCATACTGGCTTATTCA-3". PCR was performed for 35 cycles
(94 9C, 45 s5; 60 ©C, 25 s; 74 OC, 3 min) in 50 pl of a reaction mixture containing
1 x Pfu Buffer, 125 uM of each dNTP, 250 nM of each primers, ~100 ng of the
adult mouse whole-brain cDNA as a template, 1.25 units of Pfu DNA polymerase
(Stratagene) and 10 % (vol/vol) dimethyl sulfoxide. PCR products containing
the entire coding sequences for the 8- and the x-opioid receptors were inserted
between the Ncol and Xbhal sites of the plasmid pSP35T [21] to yield the
plasmids pSPORS and pSPORK, respectively. The nucleotide sequences of the
inserted regions of the plasmids were confirmed by the dideoxy nucleotide chain-
termination method.

Expression in Xenopus oocytes
The 8- and the k-opioid-receptor-specific mRNAs were synthesized in
vitro from linearized pSPORS and pSPORK, using 5 mM cap dinucleotide

7mGpppG and the Mega-script system (Ambion). The GIRK1-specific mRNA
was synthesized by the same method from pSPGIRK1 (manuscript in
preparation) which included the entire coding sequence for the mouse brain
GIRK1. The deduced amino acid sequence of the mouse brain GIRK1 was the
same as that of the rat atrial GIRK1 [22, 23]. Xenopus laevis oocytes were
injected with either opioid-receptor-specific mRNA (~10 ng/oocyte) together
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with the GIRK1-specific mRNA (~12 ng/oocyte) and incubated at 19 OC for two
days. Whole-cell currents were recorded with a conventional two-micropipette
voltage clamp [24] from the oocytes which were superfused with a high-
potassium solution (96 mM KCIl, 2 mM NaCl, 1 mM MgCl; and 1.5 mM CaCly).
A d-opioid-receptor agonist, DPDPE, a k-opioid-receptor agonist, U5S0488H, and
an opioid-receptor antagonist, naloxone, were purchased from Sigma. Student's
t-test was used to determine the statistical significance between different groups.

Results and Discussion

To determine whether the 8- and the x-opioid receptors couple with the
GIRK1 channel, we performed expression assays on their mRNAs synthesized in
vitro using Xenopus oocytes. The oocytes injected with both the d-opioid-
receptor mRNA and the GIRKI1 mRNA responded to the &-opioid-receptor
selective agonist DPDPE (53 + 12 nA, n=7; mean + S.E.M.), and the response
was blocked by the opioid-receptor antagonist naloxone (Fig. 1A, C). No
response to the agonist DPDPE was detected in the oocytes injected with the 8-
opioid-receptor mRNA alone or with the GIRK]1 mRNA alone (Fig. 1C).
Similarly, the oocytes injected with both the x-opioid-receptor mRNA and the
GIRK1 mRNA responded to the k-opioid-receptor selective agonist U50488H
(133 + 16 nA, n=7), and the response was blocked by naloxone (Fig. 1B, C).
The oocytes injected with the k-opioid receptor mRNA alone responded only
weakly to the agonist USO488H (9 + 2 nA, n=7), and the oocytes injected with
the GIRK1 mRNA alone showed no response to U5S0488H (Fig. 1C). In both
cases of co-injections, the current-voltage relationship of the response showed
inward rectification, which is characteristic of the GIRK channel (Fig. 2).
Furthermore, the responses were blocked by 300 uM Ba2+ and recovered very
soon after its removal (Fig. 1A, B). These results strongly suggest that the
current responses observed in the co-injected oocytes were mainly mediated by
the GIRK1 channel. The minor response observed in the oocytes injected with
the k-opioid-receptor mRNA alone might be a result of the opening of Ca2+-
activated Cl- channels via inositol triphosphate as suggested by results of a
previous study [9].

We examined the relationship between the agonist concentration and the

response. The agonist concentration required to produce a half-maximal effect
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Fig. 1. Current responses in Xenopus oocytes co-injected with opioid receptor
mRNA and GIRK! channel mRNA. Current responses were measured at -70
mV membrane potential in a high-potassium solution. (A) Current responses in
the oocytes injected with the 3-opioid-receptor nRNA and the GIRK1 mRNA to
100 nM DPDPE (left), 100 nM DPDPE and 1 tM naloxone (middle) and 100 nM
DPDPE and 300 uM Ba2+ (right). Bars above the traces show the duration of
application. (B) Current responses in the oocytes injected with the x-opioid-
receptor mRNA and the GIRK1 mRNA to 100 nM U50488H (left), 100 nM
U50488H and 1 uM naloxone (middle) and 100 nM U50488H and 300 pM Ba2+
(right). Bars above the traces represent the same as in (A). (C) Average current
responses of the oocytes injected with opioid-receptor mRNA alone (O.R.), the
GIRK1 mRNA alone (GIRK), and both the opioid-receptor mRNA and the
GIRK1 mRNA (O.R. + GIRK). Types of O.R. and agonists (100 nM) are
indicated. Data are presented as mean + S.E.M. of measurements on 7 oocytes.

(ECsg) was 45 nM for DPDPE in the oocytes co-injected with the 8-opioid-
receptor mRNA and the GIRK1 mRNA (Fig 3A), while it was 15 nM for
U50488H in the oocytes co-injected with the x-opioid-receptor mRNA and the
GIRK1 mRNA (Fig. 3B). The Hill coefficient was 0.92 in the former and 0.93
in the latter. These results suggest that each of the 8- and the x-opioid receptors
involved in these response systems is activated by a low concentration of the
selective agonist, probably in a one-to-one manner regarding the number of

receptor and agonist molecules. The extremely high resolution of ligand effects
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Fig. 2. Average current-voltage relationships of opioid-induced currents in
Xenopus oocytes co-injected with opioid-receptor mRNA and GIRK1 mRNA.
(A) Current response to 1 pM DPDPE in the oocytes injected with the -opioid-
receptor mRNA and the GIRKI mRNA. (B) Current response to 1 pM
U50488H in the oocytes injected with the x-opioid-receptor mRNA and the
GIRK1 mRNA. Each circle and error bar represents the mean and S.E.M. of
measurements on 5 oocytes, Note that the current shows a prominent inward
rectification in both (A) and (B).

observed in our oocyte expression system might also provide an advantage in
further detailed analyses of known and novel opioid ligands.

We demonstrated the functional couplings of the 8- and the x-opioid
receptors with the GIRK1 channel in this study. These couplings might actually

occur in vivo, since we have found both opioid-receptor and GIRK1 mRNAs in
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Fig. 3. Dose-response relationships for the specific agonists. (A) The oocytes
injected with the d-opioid-receptor mRNA and the GIRK1 mRNA. (B) The
oocytes injected with the x-opioid-receptor mRNA and the GIRK1 mRNA.
Each circle and error bar represents the mean of fractional responses and S.E.M.
obtained from 7 oocytes. The calculated curves have been drawn according to
the equation J = Imax / [1 + (ECsp / A)"], where I represents the current response,
Imax the maximum current response, A the concentration of agonist, and » the
Hill coefficient. The ECsp and Hill coefficient values obtained from the curves
are,respectively, 45 nM and 0.92 (A), and 15 nM and 0.93 (B).
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the same neurons in various brain regions by in situ hybridization analysis
(manuscript in preparation). Considering the present findings together with
recent works [19, 20] on couplings of different combinations of opioid receptors
and GIRK channels, it is suggested that the GIRK channels mediate a major

signal transduction pathway for opioid effects in general.
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