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Abstract

Opioids and ethanol have been used since ancient times for pain relief. Opioid signaling is mediated by various effectors, including
G protein-activated inwardly rectifying potassium (GIRK) channels, adenylyl cyclases, voltage-dependent calcium channels,
phospholipase CB(PLCP), and mitogen-activated protein kinases, although it has been unclear which effector mediates the analgesic
- efects of opioids. Ethanol induces a variety of physiological phenomena via various proteins, including GIRK channels rather than
via membrane lipids. GIRK channel activation by either G proteins or ethanol is impajred in weaver mutant mice. The mutant mice
may therefore serve as a useful animal model for studying the role of GIRK channels in vivo. Reduced analgesia by using either
opioids or ethanol in weaver mutant mice suggests that GIRK channels are important effectors in both opioid- and ethanol-induced
analgesia. This hypothesis is supported by similar findings in GIRK2 knockout mice. Among the various effectors coupled with
opioid receptors and various targets of ethanol, GIRK channels are the only molecules whose involvement in opioid- and ethanol-
induced analgesia has been demonstrated in vivo. The GIRK channel is potentially one of the key molecules in furthering the
understanding of the pain control system and in developing advanced analgesics with fewer adverse effects. © 2002 Elsevier Science
Ireland Ltd. and the Japan Neuroscience Society. All rights reserved.

Keywords: G protein-activated inwardly rectifying potassium channel; Kir3; Opioid; Ethanol; Analgesia: Opioid receptor; Pain

1. Analgesia induced by opioids and ethanol Opioids include endogenous peptides, such as enke-
phalin, endorphin, and dynorphin, and exogenous

Persistent or recurrent pain can degrade the sufferer’s substances, such as morphine, heroin and codeine.
quality of life due to discomfort, distraction, and Morphine, the main effective substance in opium, has
decreased volition, although pain is a crucial alert signal been used as a potent analgesic in clinical practice and is
for our body (Wall and Melzack, 1999). Opioids and still the primary analgesic for severe pain, including that
ethanol have been used widely for relieving pain since caused by terminal cancer and myocardial infarction.
ancient times, although the mechanisms of their action Pain control has become an important part of patient
remain poorly understood. ' treatment, resulting in increased clinical usage of

morphine. Unfortunately, opioids have adverse side
effects, including constipation, nausea, respiratory de-

* Corresponding author. Tel: +81-3-3304-5701x508; fax: +81-3- pression, psychological dependence, and physical de-
3329-8035 pendence, which limit their use. Moreover, the users
Lrmail address: ikedak@prit.gojp (K. Ikeda). readily develop a tolerance to opioids. Improved under-
Present address: Division of Psychobiology, Department of standing of the mechanisms un derlying opioid-induced

Neuroscience, Tohoku University Graduate School of Medicine, 1-1

Seiryo-machi, Sendai, Miyagi 980-8574, Japan. analgesia should lead to advanced strategies for pain
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control and to the development of novel analgesics with
fewer adverse effects.

Ethanol affects many functions of the central nervous
system (CNS), resulting in analgesia, sedation, hypnosis,
motor disturbance, memory disturbance, confusion,
neurodegeneration, and/or dependence (Deitrich et al.,
1989; Fadda and Rossetti, 1998). Ethanol was consid-
ered to alter the functions of relatively non-selective
membrane proteins as a result of ethanol-induced
perturbations of the membrane lipid order (Deitrich et
al., 1989; Peoples et al., 1996). However, the behavioral
effects of n-alcohols become weak or absent (cutoff
phenomenon) when the carbon-chain lengths become
greater than seven, although the effects of n-alcohols on
the membrane increase with the length (McCreery and
Hunt, 1978; Lyon et al., 1981). Furthermore, the effects
of ethanol on membrane lipids are quite small at
clinically and pharmacologically relevant concentrations
(Deitrich et al.,, 1989; Peoples et al, 1996). Recent
studies have shown that the functions of a variety of

proteins, such as some ion channels and enzymes, are .

altered by ethanol at such concentrations. Cutoff
phenomena have also been observed in the effects of
n-alcohol on the functions of these proteins (Covarru-
bias et al., 1995; Peoples et al., 1996; Chu and Treist-
man, 1997; Kobayashi et al., 1999; Lewohl et al., 1999).
It is likely that the analgesic effects of ethanol are
mediated by some of these target proteins.

2. Molecules in the opioid system

A number of molecules in the opioid system have been
identified, and their functions have been investigated
extensively (Table 1).

2.1, Opioid peptides

There are more than 20 opioid peptides, and most of
them are produced from three precursor proteins:
proopiomelanocortin, preproenkephalin (PPE), and
preprodynorphin (PPD) (Vaccarino and Kastin, 2000).
While dynorphin is relatively selective for kappa-opioid
receptors (KORs), B-endorphin and enkephalins acti-
vate mu- and delta-opioid receptors (MORs and DORs,
respectively). It has been demonstrated that B-endorphin
knockout (KO) mice show enhanced stress-induced
analgesia (Rubinstein et al., 1996) and that supraspinal
responses to pain are increased in PPE-KO mice (Konig
et al.,, 1996). Although dynorphin induces analgesia,
PPD-KO mice do not show any differences in opioid-
induced analgesia (Sharifi et al., 2001; Zimmer et al,
2001). Endomorphins, selective MOR agonists, are
amidated tetrapeptides whose genes have not yet been
identified (Zadina et al., 1997). There are other gene-
unidentified opioid peptides, such as the peptides in the
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MIF-1 (melanocyte-stimulating hormone release inhi-
biting factor 1) family (Erchegyi et al., 1992) and
morphiceptin (Chang et al,, 1981). Although nocicep-
tinforphanin FQ structurally resembles dynorphin, the
peptide is not classified into the opioid peptide family
(Meunier et al., 1995; Reinscheid et al., 1995).

2.2, Opioid receptors

The existence of opioid receptors was first reported in
1973 (Pert and Snyder, 1973). The cloning of the genes
for opioid receptors have been triggered by the cloning
of DOR cDNA (Evans et al.,, 1992; Kieffer et al., 1592),
A number of pharmacological studies have suggested
that there are three opioid receptor genes, and molecular
biological studies have confirmed the existence of MOR,
DOR and KOR genes (Kieffer, 1995; Minami and
Satoh, 1995). All of these receptors are members of
the G protein-coupled receptor (GPCR)} family.
Although pharmacological investigations have indicated
that there are several subtypes of each opioid receptor,
molecular biological evidence for the existence of the
subtypes has not yet been obtained.

Analyses of opioid receptor KO mice have clearly
shown that MOR plays a central role in opioid-induced
analgesia (Matthes et al, 1996; Sora et al, 1997b).
MOR-KO mice show reduced analgesia after adminis-
tration of morphine, an MOR agonist, but also after
administration of DOR (Sora et al, 1997a, 1999;
Matthes et al., 1998; Fuchs et al, 1999) and KOR
(Sora et al., unpublished data) agonists. However, no
compensatory changes have been found in either DOR
or KOR ligand binding or distribution, in G-protein
activation, or in peptide message levels in MOR-KO
mice (Matthes et al,, 1996; Kitchen et al., 1997; Sora et
al., 1997b; Matthes et al,, 1998; Narita et al., 1999).
KOR-agonist-induced analgesia is also reduced in
CXBK mice that have an abnormal MOR gene (Ikeda
et al,, 1999, 2001). The formation of opioid receptor
heterodimers (Jordan and Devi, 1999) might be one of
the mechanisms underlying this cross-communication
between different opioid signals. DOR-KO mice show
retained supraspinal delta-like analgesia and intact
spinal analgesia (Zhu et al, 1999). KOR-KO mice
show no analgesia after administration of KOR ago-
nists, whereas the analgesic effects of morphine are
intact (Simonin et al., 1998).

The nociceptin/orphanin FQ receptor structurally
resembles opioid receptors (approximately 60% amino
acid similarities) and is coupled with proteins in the Gi
family, as are all opioid receptors (Mollereau et al.,
1994; Tkeda et al., 1997). However, it is not classified as
an opioid receptor because of its insensitivity to
naloxone and because it induces hyperalgesia, which is
opposite to the analgesic effects of opioids (Meunier et
al,, 1995; Reinscheid et al., 1995). The differences in the
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Table 1
Molecules in opioid systems
Molecule Function/property Analgesia in mutant mice Reference -
Opioid peptides
B-Endorphin MOR, DOR agonist Enhanced stress-induced analgesia (part-of-POMC- Rubinstein et al. (1996}
K0)
Enkephalin DOR, MOR agonist Increased supraspinal responses to pain (PPE-KO) Konig et al. (1596)
Dynorphin Selective KOR agonist Normal acute analgesia by opioids (PPD-KO}) Sharifi et al. (2001), Zimmer et al. {2001)
Endomorphin  Selective MOR. zgonist Gene unidentified Zadina et al. (1997)
Opioid receptors
Mu (MOR) Target of morphine, Lack of morphine analgesia (MOR-KO), Matthes et al. (1996), Sora et al. (1997h)
Analgesia, evphoria Reduced morphine analgesia (CXBK) Tkeda et al. (2001)
Delta (DOR) Analgesia, anti-depression  Retention of delta-like analgesia (DOR-KO) Zhu et al. (1999), Filliol et al. (2000)
Kappa (KOR)  Analgesia, disphoria Lack of KOR agonist analgesia (KOR-K0) Simonia et al. (1998)
G-proteins
Gi/o PTX sensitive No data
Gz PTX insensitive Hypertolerance to morphine (Gz-alpha KO) Hendry et al, (2000)
Effectors
GIRK channels Hyperpolarization Reduced morphine analgesia (weaver) Ikeda et al. (2000)

Adenylyl cyclase cAMP production No data

Saegusa et al. (2000}

YDCC Transmitter relesase Altered pain responses Cav2.3-KO)
Altered nociceptive response (Cav2.2-K0) Kim et al. (2001), Hatakeyama et al, (2001}
Saegusa et al, (2001)
PLCpH PI turnover Enhanced morphine analgesia (PLCR3-K Q) Xie et al. (1999)

MOR: mu-opioid receptor; DOR: delta-opioid receptor; KOR: kappa-opioid receptor; POMC: preopiomelanocortin; PPE: preproenkephalin;
PPD: preprodynorphin; KO: knockout; PTX: pertussis toxin; GIRK: G protein-activated inwardly rectifying potassium channel; VDCC: voltage-
dependent caicium channel; PLCP: phospholipase CB; PI: phosphatidylinositol.

functions of opioid and nociceptin/orphanin FQ recep-
tors are probably due to their different neuronal

- distributions (Ikeda et al., 1998).

2.3. G proteins

There are four major families of G proteins: Gi, Gs,
Gq, and Gy (Simon et al, 1991; Linder and Gilman,
1992). Opioid receptors are coupled with six members of
Gi family proteins, Gi;_;, Goy, and pertussis-toxin
(PTX)-insensitive Gz (Jeong and Ikeda, 1998). Mice
lacking the Go protein « subunit (Gow) show hyper-
algesta (Jiang et al., 1998), indicating the importance of
this protein in pain perception. Mice lacking the Gz
protein o subunit (Gzo) are hypertolerant to morphine,
although acute morphine administration results in the
same degree of antinociception in both wild-type and
Gzo-deficient mice (Hendry et al, 2000). In early
studies, the By subunits of G proteins (GBy) were
thought to be inactive proteins that merely sequester
active o subunits or anchor them to the plasma
membrane. However, it has become clear that GPy
subunits are highly active biological molecules that play
important roles in several ceilular functions (Nestler and

Duman, 1999).
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2.4, GIRK channels

G protein-activated inwardly rectifying potassium
{GIRK) channels (also known as Kir3 channels) are
activated by various GPCRs, such as MOR, DOR,
KOR, and nociceptin/orphanin FQ, M; muscarinic, o,
adrenergic, and D, dopaminergic receptors (North,
1989; Ikeda et al, 1995, 1996, 1997)., GIRK channel
opening is triggered by the direct action of Gpy released
from PTX-sensitive G proteins, including Gi and Go
{Reuveny et al,, 1994). Activation of GIRK channels
induces membrane hyperpolarization of the neurons via
efflux of potassium ions and ultimately reduces neural
excitability and heart rate (North, 1989; Brown and
Birnbaumer, 1990; Signorini et al, 1997; Wickman et
al., 1998). GIRK channels are members of a family of
inwardly rectifying potassium (IRK) channels which
include seven subfamilies (Reimann and Ashcroft,
1999).

The cDNAs for four GIRK channel subunits have
been cloned from mammalian tissues (Kubo et al., 1993;
Doupnik et al, 1995; Reimann and Ashcroft, 1999).
Neuronal GIRK channels in most CNS regions are
predominant heteromultimers composed of GIRK1 and
GIRK2 subunits (Kobayashi et al., 1995; Lesage et al.,
1995; Liaoc et al., 1996), whereas atrial GIRK channels
are heteromultimers composed of GIRK1 and GIRK4
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subunits (Krapivinsky et al., 1995). GIRK1, GIRK?2,
and GIRK3 subunits are widely and dlstmcnvely
expressed in the CNS (Kobayashi et al., 1995; Karschin
et al.,, 1996; Liao et al., 1996), mdlcatmg their possible
involvement in various CNS functions such as cogni-
tion, memory, emotion, and motor coordination. GIRK.
channels coexist with opioid receptors in various neu-
rons (Ikeda et al., 1996). It is most likely that the
immediate analgesic effects of opioids are mediated by
rapid signal transduction similar to the direct activation
of GIRK channels by G proteins in 2 membrane-
delimited pathway.

2.5, Other effectors

Opioid receptors couple with various other effectors
besides GIRK channels (Law et al, 2000). Opioid
receplor activation leads to inhibition of adenylyl
cyclase. The role of adenylyl cyclase in opioid-induced
analgesia is largely unknown, whereas its role in opioid
dependence via the cyclic AMP response element bind-
ing protein (CREB) has been clarified (Nestler, 2001).

N-, P/Q-, and R-type voltage-dependent calcium
channels (VDCCs) are directly inhibited by Gi-family-
protein By subunits (Herlitze et al., 1996; Ikeda, 1996).
These channels contain o5 (Cav2.3), o;4 (Cav2.1), and

- oy (Cav2.2) subunits, respectively. Because presynaptic.

calcium jon influx is essential for neurotransmitter
release, inhibition of VDCC should inhibit neural
transmission. MOR activation inhibits calcium channel
current in the periaqueductal gray region, which is a
crucial region of the endogenous pain control system in
the brain (Connor et al., 1999), In several VDCC-KO
mice, nociceptive responses are generally reduced (Sae-
gusa et al., 2000, 2001; Hatakeyama et al., 2001; Kim et
al., 2001; Muth et al., 2001). However, there is no direct
~ evidence for the involvement of VDCCs in opioid-
induced analgesia.

Opioid receptors are also coupled with PLCP via Gifo
and Gq proteins (Ueda et al.,, 1995; Lee et al., 1998).
Because PLCB-KO mice exhibit enhanced morphine-
induced analgesia (Xie et al., 1999), it is unlikely that
PLCR is the main mediator of the analgesic effects of
morphine, although PLCH certainly plays a role in the
nociceptive responses.

Mitogen-activated protein kinases (MAP-kinases),
the major effectors for growth-factor receptors, are
activated by opioid receptors via GBy (Fukuda et al.,
1996, Li and Chang, 1996). The role of MAP-kinases in
analgesic effects of opioids remains unknown.

3. Molecules mediating ethanol effects

Ethanol affects the functions of a variety of proteins,
such as GIRK channels, some ligand-gated ion chan-
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nels, some voltage-gated ion channels, and some en-
zymes (Table 2).

3.1. GIRK channels

Ethanol activates both brain-type GIRK1/2 and
cardiac-type GIRK1/4 channels at clinically and phar-
macologically relevant concentrations, whereas channels
in other IRK subfamilies, such as ROMK! (Kirl.1),
IRK1 (Kir2.1), and IRK3 (Kir2.3), are not affected by
ethanol, even at high concentrations (Kobayashi et al.,
1999; Lewohl et al., 1999). The n-alcohols in a homo-
logous series have distinctive effects on GIRK1/2 and
GIRK1/4 channels (different cutoff phenomena), sug-
gesting that there is a hydrophobic region sensitive to
ethanol in GIRK channels (Kobayashi et al., 1999).
GIRK channels are activated by ethanol, even though
Gi/o proteins are inhibited by PTX or the antisense for
the G-protein B subunit (Kobayashi et al, 1999).
Furthermore, single-channel analyses have revealed
that activation of GIRK channels by ethanol is not
mediated via cytosolic messengers (Kobayashi et al.,
1999). Therefore, it is quite likely that ethanol directly
activates GIRK channels. The distal C-terminal domain
between amino acids 331 and 373 of the GIRK2 subunit
may be crucial for ethanol sensitivity of the GIRK
channel (Lewohl et al., 1999).

It has recently been shown that phosphandyhnosxtol
4,5-bisphosphate (PIP,) is an important regulator of
IRK channels (Huang et al., 1998; Zhang et al., 1999),
GIRK channels have lower affinity for PIP, than IRK1
or ROMK1 channels. Chimeric GIRK channels with a
high affinity domain for PIP, are inhibited by ethanol
(Zhou et al., 2001). The interaction of GIRK channels
with PIP, may be related to the ethanol activation of
GIRK channels.

3.2. Ligand-gated ion channels

Other ion channels are also sensitive to ethanol at
clinically relevant concentrations (Table 2). In neuro-
transmitter-gated ion channels, ethanol inhibits currents
mediated by N-methyl-p-aspartate (NMDA)-type glu-
tamate receptor channels, whereas o-amino-3-hydroxy-
5-methyl-4-isoxazole-propionic acid- and kainate-type
glutamate receptor channels are generally less sensitive
to ethanol (Lovinger et al., 1989; Woodward, 1999). The
ethanol sensitivity of NMDA receptor channels is
affected by subunit composition, phosphorylation of
the receptors, and interaction of the receptors with
intracellular proteins (Woodward, 1999, 2000). Because
NMDA receptor channels are involved in excitatory
neurotransmission and calcium signaling, the channels
are thought to be important sites of ethanol action,
including pain sensation.
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Table 2
Molecules mediating ethanol signaling

Molecule Function

Ethanol effects

Reference

Ion channels

GIRK Membrane hyperpolarization Activation (analgesia) Kobayashi et al. (1999}, Lewoh! et al. (1999)
NMDA-R  Excitatory neurotransmission, Synaptic plasticity  Inhibition Lovinger et al. (1989), Woodward (199%)
GABA,-R Inhibitory neurotransmission Potentiation (anesthesia} Mikic (1999)

Gly-R Inhibitory neurotransmission Potentiation Mihie (1999)

nAChR Excitatory neurotransmission Modulation Narahashi et al. (1999)

5-HT;-R Excitatory neurotransmission Potentiation Lovinger and White (1991)

ATP-R Excitatory neurotransmission Inhibition Li et al. (1994), Weight et al. (1999)
vDCC Transmitter release Inhibition Walter and Messing (1999)

Kv Regulation of action potential Inhibition Covarrubias and Rubin (1993)

BK Membrane hyperpolarization Potentiation Dopico et al. (1999)

TASK-1 Setting of resting potential Inhibition Leonoudalkis et al. (1998)

Enzymes

Fyn Tyrosine kinase Increased LORR in KO mice  Miyakawa et al. (1997)

PKCy Protein kinase Decreased LORR in KO mice Harris et al. (1995)

PKCe Protein kinase Increased LORR in KO mice  Hodge et al. (1999)

PKA Protein kinase Decreased LORR in KO mice Thiele et al. (2000), Wand et al. (2001)

GIRK: G protein-activated inwardly rectifying potassium channel; nAChR: nicotinic acetylcholine receptor channel; NMDA-R; N -methyl-p-
aspartate receptor channel; GABA 5-R: y-amino butylic acid type A receptor channel; Gly-R: glycine receptor channel: S-HTj: 5-hydroxytryptamine
type 3 receptor channel; ATP-R: ATP receptor channel; VDCC: voltage-dependent calcium channel; Kv: voltage-gated potassium channel, BK:
largeconductance calcium-activated potassium channel; TASK: TWIK-related acid-sensitive potassivm channel; PKC: protein kirase C, PKA:

cAMP-dependent kinase; LORR: loss of righting reflex; KO: knockout.

Activity of y-aminobutyric acid type A (GABA,)
receptor channels is potentiated by ethanol (Mihic,
1999). The phosphorylation state of GABA, receptor
channels has been shown to be involved in regulating
ethanol sensitivity (Harris et al,, 1995; Diamond and
Gordon, 1997; Weiner et al., 1997, Hodge et al., 1999;
Mihic, 1999). In addition, ethanol potentiates the
function of glycine receptor channels (Mihic, 1999).
Because GABA, and glycine receptor channels mediate
the major inhibitory neurotransmission in the CNS,
ethanol potentiation of these receptor functions may be
involved in ethanol-induced CNS depression.

Nicotinic acetylcholine (nACh) receptor channels are
homo- or hetero-pentamers composed of several sub-
type subunits and modulate synaptic function (Naraha-
shi et al., 1999). In cortical neurons, ethanol inhibits -
bungarotoxin sensitive currents mediated by nACh
receptor channels, whereas it potentiates «-bungaro-
toxin insensitive currents (Narahashi et al., 1999). The
opposite effects of ethanol on different nACh receptor
channels are also observed in nACh receptor channels
composed of different recombinant subunits on Xenopus
oocytes (Covernton and Connolly, 1997; Narahashi et
al., 1999). The S5-hydroxytryptamine type-3 (5-HTS3)
receptor channel, which is located primarily at inhibi-
tory interneurons of. the hippocampus (Tecott et al.,
1993), mediates fast excitatory responses (Lovinger,
1999). The current responses mediated by the 5-HT,
receptor channel are potentiated by ethanol (Lovinger
and White, 1991; Lovinger, 1999). Ethanol inhibits
current responses mediated by ATP receptor channels
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designated as P2X receptors (Li et al., 1994; Weight et
al., 1999; Xiong et al., 2000). Modulation: by ethanol of
nACh, 5-HT;, and ATP receptor channels may also
mediate some of the ethanol-induced alterations in CNS
functions.

3.3. Other membrane proteins

In voltage-sensitive ion channels, ethanol inhibits L-
type VDCC (Diamond and Gordon, 1997; Walter and
Messing, 1999). Inhibition of N- and T-type channels by
intoxicating concentrations of ethanol is less potent than
that of L-type channels (Walter and Messing, 1999).
Inhibition of VDCCs may contribute to ethanol-induced
analgesia becaunse they play a crueial role in neurotrans-
mitter release.

Among many voltage-gated potassium (Kv) channels,
the Drosophila Shaw2 channel, a delayed rectifier type,
is inhibited by ethanol (Covarrubias and Rubin, 1993).
However, the Kv3.4 channel, a human homologue of
Shaw2, is insensitive to ethanol (Covarrubias et al,
1995). In addition, ethanol potentiates the current
responses of large-conductance Ca®*-activated potas-
sium (BK) channels (Chu and Treistman, 1997, Dopico
et al., 1999). Lastly, ethanol modestly inhibits the two-
pore domain, pH-sensitive TASK-1 channel, a member
of the family of background potassium channels, which
are defined by a lack of voltage- and time-dependency
(Leoncudakis et al, 1998; Patel and Honore, 2001),
TASK-1 channels play an essential role in setting the
resting membrane potential.
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In addition to the ion channels, ethanol inhibits one
class of adenosine transporter, which results in the
extracellular accumulation of adenosine on the cell
membrane (Krauss et al, 1993). Additionally, the
transporter becomes tolerant to acute effects after
prolonged exposure to ethanol (Nagy et al., 1990).

3.4. Intracellular signal transduction molecules

Protein phosphorylation can affect sensitivities to
ethanol in vitre (Diamond and Gordon, 1997). Re-
cently, involvement of protein phosphorylation in the
behavioral, biochemical, and physiological effects of
ethanol has been demonstrated by using mutant mice
deficient in a specific gene (Table 2).

Mutant mice lacking Fyn, a non-receptor type
tyrosine kinase, are hypersensitive to the ethanol-
induced hypnotic effect; the sensitivity was evaluated
by the duration of loss of righting reflex (Miyakawa et
al., 1997). Fyn enhances tyrosine phosphorylation of the
NMDA receptor by ethanol and is involved in an acute
tolerance to ethanol inhibition of NMDA-receptor-
mediated excitatory postsynaptic potentials in the hip-
pocampus, suggesting that Fyn indirectly regulates the
ethanol sensitivity of animals by modulating the func-
tions of the NMDA receptors.

Ethanol inhibits protein kinase C (PKC) (Slater et al.,

1993), which regulates a number of functions in

neurons, including ion channel activity, neurotransmit-
ter release, receptor desensitization, and differentiation
(Tanaka and Nishizuka, 1994). Mutant mice lacking the
neuronal-specific y isoform of PKC (PKCy) show
reduced sensitivity to the sedative-hypnotic effects of
ethanol (Harris et al., 1995) and consume more ethanol
(Bowers and Wehner, 2001). Potentiation of the GA-
BA receptor function by ethanol is lower in brain tissue
preparations from these mutant mice (Harris et al,
1995). This implies that PKCy may indirectly regulate
ethanol sensitivity via phosphorylation of GABA,
receptors.

In contrast to PKCy mutant mice, mutant mice
lacking PKCe, which is widely expressed in the brain,
show increased sensitivity to the sedative-hypnotic
effects of ethanol and reduced ethanol self-administra-
tion (Hodge et al,, 1999). Potentiation of the GABA,
receptor function by ethanol is doubled in brain
preparations from these mutant mice. In addition,
because ethanol causes translocation of PKCe from
perinuclear regions to the cytoplasm (Gordon et al,
1997), PKCe may modulate the pleiotropic effects of
ethanol via phosphorylation of ion channels and recep-
tors on the membrane and intracellular proteins. Each
PKC isoform might distinctly modulate various effects
of ethanol.

Mutant mice lacking the regulatory IIf (RIIB) sub-
unit of cAMP-dependent protein kinase (PKA) are less

sensitive to the sedative effect of ethanol and consume
more ethano] (Thiele et al., 2000). In contrast, in mice
overexprcssmg a PKA regulatory—subumt PKA activity
in the brain is reduced (Abel et al., 1997) and sensitivity
to the sedative effects of ethanol increases (Wand et al,,
2001). Furthermore, mice with the targeted disruption of
one allele of the & subunit of the stimulatory G protein
(Gso) show increased sensitivity to the sedative effects of
ethanol and consume less ethanol (Wand et al., 2001).
The mice exhibit reduced adenylyl cyclase activity in the
brain, indicating downregulation of cAMP-PKA 81gnal-
ing. In contrast, constitutive active Gsa transgenic mice,
which exhibit increased adenylyl cyclase activity, are less
sensitive to the sedative effects of ethanol (Wand et al.,
2001).

In spite of the extensive progress in understanding the
molecular mechanisms underlying various ethanol ef-
fects, the molecules involved in the analgesic effect of
ethanol have not been identified, except for the GIRK
channel,

4. Role of GIRK channel in analgesia

Because analgesia is observed in animals, not in cells,
animal models are needed to investigate the roles of
molecules in analgesia. In the case of GIRK channels,

‘there are two useful animal models; weaver mutant mice

and GIREK2-KO mice.
4.1. Weaver mutant mice

Weaver mutant mice which show motor ataxia
possess a missense point mutation in the pore-forming
region of the GIRK2 subunit (Patil et al.,, 1995). The
mutant channel is constitutively active and lacks a
hyperpolarizing function because of its permeability to
not only potassium but also sodium ions (Slesinger et
al., 1996). Furthermore, the activity of the mutant
channel is not regulated by G proteins (Navarro et al.,
1956), indicating that the pathway of opioid signaling
via the GIRK channel is impaired in weaver mutant
mice (Fig. 1, red pathway). Interestingly, weaver mutant
mice show reduced analgesia after either morphine or
KOR agonist administration (Ikeda et al, 2000),
although a non-steroidal anti-inflammatory drug
(NSAID) induces analgesia normally (Kobayashi et
al., 1999). Among the number of effectors mediating
opioid signaling, GIRK channels are the only molecules
whose involvement in opioid-induced analgesia has been
demonstrated in vivo. The weaver mutant GIRK2
channel is also insensitive to ethanol (Kobayashi et al,,
1999), indicating that the pathway of ethanol signaling
via the GIRK channel is also impaired in weaver mutant
mice (Fig. 1, yellow pathway). Ethanol-induced analge-
sia is reduced in weaver mutant mice, whereas other
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Fig. 1. Signal pathways mediating anaigesia. Each opicid distinctively activates MOR, DOR, and KOR. The activation of the three opioid receptors
leads to Gifo protein activation. The activated Gifo protein activates the GIRX. channel and inhibits the function of adenylyl cyclase and calcium
channels. Ethano] activates the GIRK channel directly and modulates the functions of other target molecules. NSAIDs induce analgesia in a GIRK
channel independent fashion. In weaver mutant mice, GIRK channel activation either by Gifo protein (red pathway) or by ethanol (yellow pathway)
is impaired, and both opioid- and ethanol-induced analgesia is reduced, whereas NSAIDs normally induce analgesia,

physiological effects of ethanol, such as hypothermia,
bradycardia, hyperactivity, sedation, and hypnosis, are
normal (Kobayashi et al., 1999). Therefore, among the
large number of molecules mediating ethanol signaling,
GIRK channels are the only molecules whose involve-
ment in ethanol-induced analgesia has been demon-
strated in vivo.

4.2, GIRK2-KO mice

GIRK2-KO mice are also useful in the investigation
of the role of GIRK channels in vivo. Although the mice
show an almost normal phenotype under drug free
conditions (Signorini et al,, 1997), opioid-induced an-
algesia is reduced in the mice (Mitrovic et al., 2000). The
involvement of GIRK channels in several ethanol effects
including motor activity in the home cage, anxiolytic
action, and handling-induced convulsions has also been
shown (Blednov et al.,, 2001). Ethanol-induced analgesia

“would be reduced in GIRK2-KO mice.
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4.3. Possible mechanisms underlying analgesia mediated
by GIRK channels

Pain is modulated by descending neural pathways
from the periaqueductal gray to the dorsal horn of the
spinal cord via the raphe magnus nucleus and from the
locus coeruleus to the dorsal horn of the spinal cord
(Wall and Melzack, 1999}, Opioid receptors are highly
expressed in these brain regions (Mansour et al., 1995),
and microinfection of opioids into these brain regions
produces analgesia (Basbaum and Fields, 1984). GIRK
chanmnels are also highly or moderately expressed in
these regions (Karschin et al., 1994, 1996; Liao et al,,
1996), although the distribution of GIRK channels in
the spinal cord has not yet been well characterized.
Furthermore, electrophysiological studies using brain
slices have revealed that opioids hyperpolarize subsets of
neurons in these brain regions through an increase in
potassium conductance (North, 198%; Pan et al., 1990),
suggesting that opening of GIRK channels mediates
descending analgesic signals. In weaver mutant mice,
histological abnormality has not been reported in the
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descending neural pathways, although neuronal degen-
eration has been observed in the cerebellum, substantia
nigra, and pontine nucleus (Liao et al., 1996; Ozaki et
al., in press). The reduced analgesia induced by opioid
and ethanol in the mutant mice might be due not to
histological abnormality but to alterations in the fonc-
tional properties of the neural pathways. It is suggested
that GIRK channels play a role in the descending
analgesic pathways. In addition, GIRK channels tnight
be involved in analgesia produced via functions of other
CNS regions, because GIRK channels are widely
expressed in the CNS, and induction of analgesia is
related to other brain regions, including the amygdala
and thalamus.

5. Conclusion

GIRK channels are functionally coupled with MOR,
DOR, and KOR, and are directly activated by ethanol.
Recent studies using weaver mutant mice or GIRK?2-
KO mice have shown the involvement of GIRK
channels in analgesia induced cither by opioids or
ethanol. Opening of the GIRK channels by using
opioids or ethanol might lead to analgesia through
activation of the descending analgesic pathways in
which GIRK channels are expressed. While there is
only indirect evidence of the involvement in opioid-
induced analgesia of the effectors coupled with opiocid
receptors, such as adenylyl cyclases, VDCCs, PLCB, and
MAP-kinases, the involvement of GIRK channels in
opioid-induced analgesia has been demonstrated in vivo.
Similarly, among a variety of target molecules of
ethanol, such as NMDA, GABA,, glycine, nACh, 5-
HT;, and ATP receptor channels and VDCCs, GIRK
channels are the only molecules shown to mediate at
least a part of ethanoi-induced analgesia. Other effectors
and other targets might be separately involved in
analgesia or involved cooperatively with GIRK chan-
nels. Consequently, the GIRK channel is potentially one
of the key molecules in furthering the understanding of
the pain control system and in developing advanced
analgesics with fewer adverse effects.
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