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3.1.7.1. Pick-Up oF ES CeLL CoLoNiES WITH HoMoLoGOUS RECOMBINATION

1.

Prepare 96-well feeder plates.

2. Refeed 10-cm dish 2 h before picking up colonies.

W

e

8.

Wash one of the dishes with PBS once and add 10 mL of PBS. Leave the others
in the incubator until their turn. If necessary, count the number of colonies.
Distribute Trypsin (50 UL/well) to fresh 96-well plates (not to feeders).

Pick up the 96 colonies (see Note 4), then incubate the 96-well plate at 37°C for
10 min. It takes 1 h to pick up 96 colonies, but trypsin will not work on ES cells
if it is kept at room temperature.

During incubation, remove STO medium from 96-well plates with feeders and
add 100 pL/well of ES medium,

After incubation, add 50 UL/well of ES medium to Trypsin and pipet up and
down to make a single-cell suspension. Transfer the suspension to the 96-well
feeders (see Note S5). Move on to the next dish (see step 2).

Refeed each day (see Note 6).

3.1.7.2. Freeze-Down oF ES CeLL CoLoNIES AND SCREENING THE PosiTive

N

<

11.

12.

13.

ES CLoNEs

Prepare two sets of gelatinized 96-well plates. .

Check each well in the plate with piéked-up ES cells for confluence.

Refeed the 96-well plates 2 h before freezing down.

Remove ES medium and wash twice with PBS, then add 50 WL/well of Trypsin.
Incubate the 96-well plates at 37°C for 10 min. During incubation, remove gela-
tin from two sets of gelatinized plates and add 150 pL/well of ES medium,

Add 150 pL/well of ES medium to the Trypsinized plate. Add ES medium to all

of the wells without changing tips.
Set multichannel pipette at 50 UL and mix the medium in the well by pipeting up

and down 10 times to make single cells. Then transfer 50 UL of suspension to two
of the gelatinized plates (see Note 7.

Add 100 uL/well of 2 x freezing medium to the original plate, and mix by pipeting
up and down a couple of times.

Seal the original plate with Parafilm. Freeze at —80°C (see Note 8).

Put replica plates in a CO; incubator, and refeed everyday until 90-100%
confluence is reached (3-4 d}.

When cells on the replica plates have become confluent, wash the plates twice
with PBS and add 50 uL of ES cell lysis buffer per well containing freshly added
proteinase K. -

Put 96-well plates into Tupperware with water and paper towel for humidity, and
incubate at 55°C overnight. Make sure the lid is completely secured.

The next day, prepare a mix of sodium chloride and ethanol in a solution reser-
voir. (Per plate: 10 mL of ethanol + 150 UL of 5 M sodium chloride.) Add 100 pL/
well of salt/ethanol mixture and stand at room temperature for 20-30 min. DNA

will precipitate and stick to the bottom.
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14. Invert the plate to discard the solution and place on a paper towel to drain. Add
150 puL/well of 70% ethanol to rinse. Discard the solution and place on a paper
towel to drain. Repeat this step at least six times. After final rinse, dry the pellet

completely at room temperature. , .
15 Add 30 pL/well of restriction enzyme cocktail. Incubate the plates at 37°C (or
proper temperature for the enzymes) overnight. ‘
16. Follow the regular Southern blotting protocol for screening the positive ES clones
with homologous recombination (see Note 9).

3.2. Generating, Analyzing, and Maintaining Knock-Out Mice

ES cells are introduced into developing embryos to generate chimeras, either
by blastocyst injection or by aggregation with morula-stage preimplantation
embryos (see Fig. 2). These techniques are described in detail elsewhere (10).
We describe here the blastocyst injection technique that is most commonly
used. Blastocysts injected with ES cells are implanted into the uterine of
pseudopregnant recipient foster mothers. Chimeras are generally test bred to
ascertain the contribution of the ES cells to the germline. Once germline chi-
meras are identified, the next step will be to obtain homozygous mice for phe-
notype analysis. Elsewhere, we describe phenotype analysis of opioid receptor
knockout mice including our own (1-8,11-13). ' ' ‘

3.2.1. Blastocyst Injection

Blastocysts are very early-stage embryos that can be collected from the
uterus of d 3.5 pregnant females. The C57BL/6 inbred strain is often used. The
standard procedure is to inject 10~20 ES cells into the blastocoel cavity of the
blastocysts. After injection, culture the embryos for a short period (2-3 h) to allow
* reexpansion of the blastocoel cavity, and then transfer to the uterine horns of the
pseudopregnant outbred mice. The CD-1 outbred strain is often used as recipient,
because these mice sustain pregnancies well and provide good parental care.

3.2.2. Chimeric Production and Coat Color Strategy

The resulting mouse pup has tissues and organs consisting of a mosaic mix-
ture of cells derived from the original 129 ES cells and the C57BL/6 host blas-
tocysts. The pups are called chimeras because they contain cells from two
independent sources. The coat color of chimeric pups is a mosaic of black from
the C57 and Agouti from 129 strain. Appearance of the Agouti coat color is a

useful early marker of a successful mutation.
Once chimeras are generated, they are bred to the C57BL/6 strain because

germline transmission of the ES cell genome can be identified from the coat
color of their pups. Half of the Agouti pups should be heterozygous mutants.
Heterozygous mating can then be set up to generate wild-type, heterozygous,
and homozygous gene-targeted mice.
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Superovulated & <— Hormons
female mouse __
y 3
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. 3
Infection ﬁl&
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Female wild-type mouse

Male chimera

temzygote
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Homozygote Heterozygote Heterozygote Wild-type mouse

Fig. 2. Schematic illustration of procedure for generation of chimeric mice and
derivation of the mouse mutant line. The targeted ES cells are injected into the blasto-
cyst harvested from a superovulated female, then implanted in the uterys of
pseudopregnant females. The resulting chimeric male mice are mated with wild-type
females to confirm germline transmission. Heterozygous mice born from the wild-
type female are mated to produce homozygous mice for phenotypic analyses.

3.2.3. Breeding Scheme

Mice are commonly bred in pairs, in trios (one male with two females), or in
harems (one male with more than two females), Weekly rotation of a male
mouse through cages containing pairs of females may be used to optimize the
yield of offspring from a single male. Mice are weaned at approx 3 wk of age,
and should be removed from the breeding cage before the birth of a subsequent
litter. Breeding records should be kept to identify those animals to be used as
replacement breeders, to maintain pedigree details, and to ensure that unpro-
ductive animals can be identified. The mouse database can be kept using any
PC spreadsheet software (see example in Table 1). The breeding nucleus of a
congenic strain must be maintained by full-sib mating (brother x sister) whereas
outbred strains must be maintained so as to minimize inbreeding.
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3.2.4. Analysis of Phenotypes

Phenotypes to be tested for opioid receptor knock-out mice include behaviors
such as the analgesia test and reward test, A series of preliminary observations of
general health, home cage behavior, sensory abilities, and motor functions is first
conducted before analysis of altered responses to opioids, ethanol, and
psychostimulant drugs of abuse. If an anima] has a major health problem or a gross
motor defect, then it will be unable to perform many behavioral tasks for reasons
not necessarily specific to the mutation. SHIRPA is a systematic, objective proto-
col for phenotype analysis that can provide general phenotype assessment (14)
(http://www.mgu.har.mrc.ac.uk/mutabase/shirpa_summary.htnﬂ,). The SHIRPA
protocol involves three stages, of which the first two give a detailed general pheno-
type assessment, and the tertiary stage provides a specialized screen tailored pri-
marily to neurological deficits (see Table 2). The genetic background of knock-out
mice influences the phenotype observed to some extent. The issue of genetic back-
ground is important, especially in the analysis of complex behavioral phenotypes.
Specific protocols for individual behavioral tasks can be found in the original pub-
lications, and in several recent reviews (13,15).

Significant numbers of opioid-receptor knock-out mice have now been
made. Analyses of [1-opioid receptor (MOR) clearly show that MOR is neces-
sary to mediate morphine action on both pain and reward pathways (2,3,13).
MOR knock-out mice show reduced analgesia after administration of mor-
phine, a MOR agonist, but also after administration of §-opioid receptor ago-
nists (2,3,11,12). x-opioid receptor (KOR) knock-out mice show no analgesia
after administration of KOR agonists, whereas analgesic effects of morphine
are intact (7). Conditioning with morphine induced place preference in KOR
knock-out mice (7). However, morphine did not induce place preference and
self-administration in MOR knock-out mice (2,13). '

4. Notes
1. The quality of the FBS is very important for the maintenance of ES cells. Differ-
ent batches from different suppliers (Hyclone, GIBCO) should be tested for theijr
Support growth of pluripotent ES cells. Suitable FBS batches should be purchased
in large quantities.
2. One-third or one-quarter of the suspension can be transferred to the same size of
fresh dish. Dilution should be no greater than fourfold.
Usually 6.5-7,0 ms. If there are extra cells, setup cuvet without DNA to check condition.
4. Set P20 Pipetteman at 2 L. Under stereomicroscope, circle feeders that surround
an ES colony to detach from dish. Suck up the colony and transfer to 96-wel]
plate trypsin. Change tip and move on to the next colony. To avoid confusion, a
newly opened tip box should be used.
5. Each well should have 200 UL of suspension. A muitichannel pipet is most help-
ful. Tips must be changed for each row.

L
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Table 2
Overview of SHIRPA Protocol Stages

Primary Screen for Behavioral Observation Profile

1. Behavior recorded in the viewing jar:
Body position, spontaneous activity, respiration rate, tremor.

2. Behavior recorded in the arena:
Transfer arousal, locomotor activity, palpebral closure, piloerection,
startle response, gait, pelvic elevation, tail elevation, touch escape,
positional passivity.

3. Behavior recorded on or above the arena:
Trunk curl, limb grasping, visual placing, grip strength, body tone,
pinna reflex, corneal reflex, toe pinch, wire manoeuvre,

4. Behavior recorded during supine restraint:
Skin color, heart rate, limb tone, abdominal tone, lacrimation, saliva-
tion, provoked biting, righting reflex, contact righting reflex, negative
geotaxis, fear, irritability, aggression, vocalization, body temperature.

Secondary Screen
1. Locomotor activity.
2. Food and water intake.
3. Balance and coordination.
4. Analgesia.
5. Histology.
6. Biochemistry.

Tertiary Screen

. Anxiety.

Learning and memory.
Prepulse inhibition.

. Electroencephalography.
Nerve conduction.

Magnetic resonance imaging.

e LA I

6. Most wells will become confluent within 4 d. When they are 80% confluent,
prepare two sets of gelatinized 96-well plates.

7. These plates are replicas (50 L X 2 of suspension will be removed, leaving 100
UL in the original well). Tips must be changed for each row. To avoid confusion,
a newly opened tip box should be used.

8. Put the plates in a plastic bag, then put these in a used Styrofoam box.
Southern screen uses a restriction enzyme that cuts once outside one region of
homology and a second time within (or at the other side of) the construct, in
combination with a single-copy probe outside the region of homology.
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1 The effects of fluoxetine,

a commonly used antidepressant drug,

on G protein-activated

inwardly rectifying K* channels (GIRK, Kir3) were investigated using Xenopus oocyte expression

assays,

2 In oocytes injected with mRNAs for GIRK1/GIRK2, GIRK2Z or GIRK1/GIRK4 subunits,
fluoxetine reversibly reduced inward currents through the basal GIRK activity, The inhibition by
fluoxetine showed 2 concentration-dependence, a weak voltage-dependence and g slight
time-dependence with a predominant effect on the instantaneous current elicited by voltage pulses
and followed by slight further inhibition. Furthermore, in oocytes expressing GIRK1/2 channels and
the cloned Xenopus A, adenosine receptor, GIRK current responses activated by the receptor were
inhibited by fluoxetine. In contrast, ROMK! and IRK] channels in other Kir channel subfamilies

were insensitive to flnoxetine,

3 The inhibitory effect on GIRK. channels was not obtained by intracellularly applied fluoxetine,
and not affected by extracellular PH, which changed the proportion of the uncharged to protonated

fluoxetine, suggesting that fluoxetine inhibits GI
4 The GIRK currents induced by ethanol were

RX channels from the extracellular side,

also attenuated in the presence of fluoxetine.

5 We demonstrate that fluoxetine, at low micromolar concentrations, inhibits GIRK channels that

play an kmportant role in the inhibitory regulatio

n of neuronal excitability in most brajn regions and

the heart rate through activation of various G-protein-coupled receptors. The present results suggest
that inhibition of GIRK, channels by fluoxetine may contribute to some of its therapeutic effects and
adverse side effects, particularly seizures in overdose, observed in clinical practice.

British Journal of Pharmacology (2003) 138, 1119— 1128, doi:10.1038/5j.bjp. 705172
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K* channel;

Fluoxetine; antidepressant; GIRK; Kir channel; ethanol; Xenopus oocyte

Ado, adenosine; DMSO, dimethyl sulfoxide; Ex, K* equilibrium potential; EtOH, ethanol; GIRK, G protein-
activated inwardly rectifying K+ channel; hK, high potassium; 5-HT, serotonin; Kir channel, inward-rectifier
ND$8, K*-free high sodium; P,

Hill coefficient; NMDG, N-methyl-p-glucamine; QX-314,

lidocaine N-ethyl bromide; SSRI, selective serotonin reuptake inhibitor; wy, weaver; XAl receptor, Xenopus A,

adenosine receptor

Introduction

Fluoxetine, known by the trade name of Prozac, has been used
widely in the treatment of depression and other psychiatric
disorders, such as obsessive-compulsive disorder, bulimia
nervosa, post-traumatic stress disorder and alcoholism (Wong
ef al, 1995; Baldessarini, 2001). Inhibition of serotonin
(5-hydroxyiryptamine; 3-HT) transporters in the brain is
generally thowght to have important implications in its
therapeutic effects, and fluoxetine is classified as a selective
serotonin reuptake inhibitor {(SSRI) (Wong et al, 1995).
Recent studies have also shown that fluoxetine inhibits the
functions of several receptors and ion channels, such as
5-HTye (Ni & Miledi, 1997) and 5-HTs; receptors (Fan, 1994),
nicatinic acetylcholine receptors (Garcla-Colunga et af., 1997;
Maggi et al, 1998), voltage-gated Ca?*, Na* and K * channels
(Pancrazio et al, 1998; Choj et al., 1999; 2001; Yeung et al,
1999; Dedk et al, 2000; Perchenet ef al., 2001; Thomas ez al,

*Author for correspondence; B-mail: torukoba@bri niigata-n.ac.jp

2002) and CI~ channels (Maertens et al., 1999). In addition to
inhibition of serotonin transporters, these effects might be
involved in the molecular and cellular mechanisms underlying
the multiple therapeutic effects and side effects of fluoxetine,
G protein-activated inwardiy rectifying K * (GIRK) chan-
nels (also known as Kir3 channels) are members of a family of
inward-rectifier K* (Kir) channels that includes seven
subfamilies (Doupnik er af, 1995; Reimann & Asheroft,
1999). Four GIRK channel subuaits have been identified in
mammals (Kubo et al, 1993b: Lesage ef al, 1995; Wickman
et al,, 1997). Neuronal GIRK channels are predominantly
heteromultimers composed of GIRK] and GIRK2 subunits in
most brain regions (Kobayashi et al,, 1995; Lesage et al,, 1995;
Karschin et al, 1996, Liao er al, 1996) or homomultimers
composed of GIRK2 subunits in the substantia nigra (Inanobe
et al, 1999), and atrial GIRK channels are heteromultimers
composed of GIRK1 and GIRK4 subunits (Krapivinsky et al,,
1995). Various G-protein-coupled receptors, such as M,
Inuscarinic, o, adrenergic, D, dopamine, 5-HT4, opioid,
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nociceptin/orphanin FQ receptors and A; adenosine {Ado)
receptor, activate GIRK channels (North, 1989; Ikeda et al,
1993, 1996, 1997) through direct action of G protein
By-subunits releassd from pertussis toxin-sensitive G proteins
(Reuveny er af, 1994). In addition, ethano! (EtOH) activates
GIRK channels independent of G-protein-coupled signailing
pathways (Kobayashi et al, 1999; Lewoh] er al, 1999).
Activation of GIRK channels causes membrane hyperpolariza-
tion, and thus the channels play an important role in the
inhibitory regulation of the neuronal excitability and the heart
rate (North, 1989; Signorini ef af, 1997; Wickman et al, 1998).
Teerefore, modulators of GIRK. channel activity may affect
many brain and cardiac functions. Here we show that fluoxetine
inhibits brain-type GIRK1/2 and GIRK2 channels and cardiac-
type GIRK1/4 channels expressed in Xenopus oocytes, whereas
two different SSRIs: fluvoxamine and zimelidine have no
significant effect on the channels. In contrast, ROMK]1 (Kirl.1)
and IRK1 (Kir2.1) channels in other Kir channel subfamilies
were insensitive to fluoxetine. Moreover, fluoxetine inhibited
EtOH-induced GIRK. currents, We propose that some effects of
fluoxetine in clinical practice may involve inhibition of GIRK
channels in the brain and heart,

Methods
Preparation of specific mRNAs

Plasmids containing the entire coding sequences for the mouse
GIRK1, GIRK2, weaver (wo) GIRK2 and GIRK4 channel
subugnits and the Xemopus A, (XA1) Ado receptor were
obtained using the polymerase chain reaction method as
described previously (Kobayashi et al, 1995, 1999, 2000,
2002). In addition, cDNAs for rat ROMK in pSPORT and
mouse IRK1 in peDNAI were provided by Dr Steven C.
Hebert and Dr Lily Y. Jan, respectively. These plasmids were
lirearized by digestion with an appropriate ¢nzyme as
described previously (Ho ef al, 1993; Kubo et al, 1993g;
Kobayashi et al, 2000}, and the specific mRNAs were
synthesized in sitre using the mMESSAGE mMACHINE™
In Vitro Transcription Kit (Ambion, Austin, TX, U.S.A)

Electrophysiological analyses

Adult female Xenopus laevis frogs were purchased from
Copacetic (Soma, Aomori, Japan) and maintained in the
laboratory until use. Frogs were anesthetized by immersion in
water including 0.15% tricaine {Sigma Chemical Co., St Louis,
MO, US.A). A small incision was mads on the abdomen to
remove several ovarian lobes from the frogs that were
humanely killed after the final collection. Qocytes (Stages V
and VI) were isolated manually from the ovary and maintained
in Barth’s solution (Kobayashi er al, 2002). Xenopus laevis
oocytes were injected with mRNA(s) for GIRKI/GIRK2 or
GIRK1/GIRK4 combinations feach ~04ng), GIRK2
(~5ng), woGIRK2 (~12.5ng), ROMKI {~5ng) or IRK1
(~0.5ng) and/or XAl (~ 10ng). The oocytes were incubated
at 19°C in Barth’s solution, and defolliculated following
treatment with 0.8 mgml~" collagenase as described previeusly
(Kobayashi et al, 2002). Whole-cell currents of the oocytes
were recorded from 2 to 10 days after the injection with a
conventional two-electrode voltage clamp (Kobayashi et af,

1959). The membrane potential was held at =702V, unless
otherwise specified. Microelectrodes were filled with 3 M KCl.
The occytes were placed in a 0.05m! narrow chamber and
superfused continuously with a high-potassium (hK) sokution
{composition in mm: KC1 96, NaCl 2, MgCl, 1, Cally 1.5 and
HEPES $), a K *-free high-sodium {ND98) solution composi-
tion in mu: NaCl 98, MgCl, 1, CaCl, 1.5 and HEPES $) or a
large organic cation N-methyl-p-glucamine (NMDG) solution
(composition in my: NMDG 98, MgCl, 1 and HEPES S) at 3
flow rate of 2.5mImin~". The acidic or basic solutions were
made by adding HCI or NaOH, respectively, For examining
the effect of intracellular fluoxetine, 23 nl of 10 mu fuoxetine
or 30mM lidocaine N-ethyl bromide (QX-314) disolved in
distilled water was injected into an oocyte using a Nanoliter
injector (World Precision Instruments, Sarasota, FL, USA)
(Kobayashi er al, 1999) and the oocyte currents were
continuously recorded for 30—40 min, Owing to a volume of
~1ul in the oocyte, the intracellular concentrations of
fluoxetine or QX-314 were presumed as ~225 or ~674 M,
respectively, In the hK solution, the K* equilibrium potential
(Ex) was close to 0mV and inward K* current flow through
Kir channels was observed at negative holding potentials. Data
were fitted to a standard logistic equation using SigmaPlot
(SPSS Science, Chicago, IL, US.A) in the anlysis of
concentration — response relations. The ECs, value, which is
the concentration of a drug that praduces 50% of the maximal
current response for that drug, IC; valve which is the
concentration of a drug that reduces control current responses

- by 50% and the Hill coefficient (ny) were obtained from the

concentration - response relations.

Statistical analysis of results

The values obtained are expressed as meants.exm., and 2 is
the number of oocytes tested. Statistical analysis of differences
between groups was carried out using paired r-test, Student's
#-test or one-way ANOVA followed by Tukey - Kramer post
koc test. A probability of 0.05 was taken as the level of
statistical signiffcance.

Compounds

Fluoxetine hydrochloride and fuvoxamine maleate were
purchased from Toctis Cookson Limited (Bristol, U.K.),
Zimelidine dihydrochloride and Ado were purchased from
Research Riochemical International (Natick, MA, U.S.A).
QX-314 was purchased from Sigma Chemical Co. (St Louis,
MO, U.S.A). Fluoxetine and fluvoxamine were dissolved in
dimethyl sulfoxide (DMSO} or distilled water, Other drugs
were dissolved in distilled water. The stock solutions of these
compounds were stored at —30°C until use. EtOH was
purchased from Wako Pure Chemical Industries {Osaka,
Japan). Each compound was added to the perfusion solution
in appropriate amounts immediately before the experiments.

Results
Inhibition of GIRK channels by fluoxetine

To investigate whether fluoxetine interacts with brain-type
GIRK1/2 and cardiac-type GIRK1/4 channels, we used

British Journal of Phatmacology vol 138 (6)
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Xenopus oocyte expression assays. In oocytes coinjected with
GIRK1 and GIRK2 mRNAs, basa] GIRK curtents, which are
known to depend on free G protein By-subunits present in the
oocytes because of the inherent activity of G proteins (Dascal,
1897), were observed under the conditions of a hK soluticn
containing 96mM K* and negative membrane potentials
(Kobayashi et al, 2000; Figure 1a). Application of fluoxetine,
at 10 um, immediately and reversibly caused a reduction of the
inward currents through basally active channels in the hK
solution (Figure 1a). The current responses were abolished in
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---I::::.Ba2+ -—
g
. [~
]
v tmin{ ™
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—— —
g
M 1min |7
Control e |
Flugxetine - Ba2- 3
— — 1min
b GIAK1/2 GIRK1/4
1007 100+
u 80
g » §
E 601 3 60+
£ '
£ 404 "= 40+
2 B
204 201
o— [
03 1 10 100 1000 01 1 10 100 1009
Fluaxetine (uM) Fluoxetine (uM)

Figure 1 Inhibition by fluoxetine of brain-type GIRK1/2 channels
and cardiae-type GIRK1/4 channels expressed in Yenopus oocytes.
(2) Top: In an oocyte coinjected with GIRK1 and GIRK? mRNAs,
current responses to 10 um fluoxetine and 10 4™ {luoxeting in the
presence of 3mM Ba®*. Middle: In an oocyte coinjected with GIRK1
and GIRK4 mRNAs, current responses to 10 uM fluoxetine and 3
mM Ba®*, Bottom: In an uninjected ooeyte, no significant current
responses to 200 um fluoxetine and 3mm Ba?*. Asterisks show the
zero current level. Bars show the duration of application. (b}
Concentration — response relations for fluoxetine in regard to the
effects on GIRK1/2 channels (left) and GIRK1 /4 channels (right).
The magnitudes of inhibition of GIRK current by fluoxetine were
compared with the 3mum Ba?*-sensitive curreat components, which
were 74164118024 (n=5) in oocytes expressing GIRKI/2
channels and 600.84+268.0nA (n=35) in oocytes expressing
GIRK1/4 channels, tespectively. Current responses were measured
at 2 membrane potential of —70mV in & high-potassium solution
containing 96mM K * (pH 7.4). Fach point and error bar represents
the mean and s.e.m. of the percentage responses obtained from five
oocytes. Data points were fitted using a logistic equation,

the presence of 3mM Ba®*, which blocks the Kir channel
family including GIRK channels (n=4; Figure 1a). Fluoxetine
produced no significant response in a K *-free ND98 solation
containing 98mm Na* instead of the hK solution (545nA,
n=3), suggesting that the fluoxetine-sensitive current compo-
nents show K™ selectivity. In uninjected oocytes, fluoxetine
and Ba®* caused no significant response (0nA at 200 uM and
5.5+0.7nA at 3tM at a membrane potential of —70mV,n=4
and 29, respectively; Figure la), suggesting no effect of
fluoxetine on intrinsic oocyte channels. In addition, applica-
tion of DMSO, the solvent vehicle, at the highest concentra-
tion (0.3%) used had no significant effect on the current
responses in oocytes coinjected with GIRK] and GIRK?
mRNAs (n=4; data not shown). These results suggest that
fluoxetine inhibits GIRK1/2 channels. However, the channels
were insensitive to two different SSRIs: fluvoxamine and
zimelidine (6.1+2.3% inhibition and 0.7 1 1.2% inhibition of
the 3mm Ba®*-sensitive current component at 100 uM, n=11
and 10, respectively). Furthermore, similar results were
obtained in oocytes co-injected with GIRKI and GIRK4
mRNAs (Figure 1a), suggesting that fluoxetine also inhibits
GIRK1/4 channels.

Characteristics in fluoxetine inkibition of GIRK channels

We investigated the concentration -response relations of the
inhibitory effects of fluoxetine on GIRK. channels expressed in
Xenopus oocytes, compared with the current components
sensitive to 3mM Ba** which blocked basal GIRK. currents
(Eobayashi ez 4l , 2002), Inhibition of GIRK1/2 and GIRK1/4
channels by fluoxetine was concentration-dependent with
similar potency and effectiveness at micromolar concentrations
(Figure 1b). Fluoxetine reduced the GIRK currents to a
limited extent even at high concentrations. Table 1 shows the
ECs and ny values obtained from the concentration—
response relations for fluoxetine and the percentage inhibition
of the GIRK currents by the drug at the highest coneentrations
tested, In addition, to further compare the effects of fluoxetine
on GIRK channels, the drug concentrations required to inhibit
the GIRK currents by 50% are shown in Table 1,

The instantaneous GIRK1/2 currents elicited by the voltage
step to —~100mV from a kolding potential of 0 mV diminished
in the presence of 10 u fluoxetine (Figure 2a). The percentage
inhibition of the steady-state GIRK current at the end of the
voltage step by fluoxetine wag slightly higher than that of the

- instantaneous current (4.640.2%, 4.6+0.1% and 52401%

at —80, —100 and ~120 mY,; paired test, P<0.05, 0.605 and
0.005; n=11, 10 and 12, respectively). These results suggest
that the channels were primarily inhibited ai the holding
potential of 0mV and in only a slight time-dependent manner
by external fluoxetine,

Like 3mm Ba®*-sensitive currents corresponding to basal
GIRK cutrents, fluoxetine-sensitive currents in oocytes
expressing GIRK channels increased with negative membrane
potentials and the current —voltage relations showed strong
inward rectification (Figure 2b), indicating a characteristic of
GIRK currents.

For GIRK1/2 channels, the percentage inhibition of GIRK
currents by 10 um fluoxetine tended to decrease with mem-
brane potentials from —80 to —20 mV, although there was no
significant difference in the percentage inhibition at membrane
potentials between —120 and —40mV (Figure 2¢). For
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Table 1 Inhibitory effects of fluoxetine on GIRK channels

Channel EC, ICy,

GIRKi/2 7.8340.60 163+4.0
GIRK 1/4 1.0510.65 [84+43
GIRK2 13.03+1.89 89.5+24.3
wryGIRK2 785+2.24 9.3712.31

% Inhibition (1) ny (n)
73.646.1 (300) 0.83£0.06 (5)
63.348.5 (300) 0.85+6.03 {5
57.5+7.5 (300) 0.8940.02 ™
92.043.4 (200) 0.82+0.05 @

The mean t5.6.m. of the ECyg values and the drug coneentrations required to reduce basal GIRK currents by 50% (ICs,) aze shown o pm.
The values of % inhibition indicate the mean ts.6.m.% inhibition of basal GIRK currents by fluoxetine at the highest concentrations
tested. The highest concentrations tested {1M) and the number of aocytes tested (r) are indicated in parentheses. The ny values indicate the

mean+s.e.m, of the Hill coefficients,
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Figure 2 Characteristics in the effects of fluoxetine on GIRK
currents. (a) Representative GIRK1/2 currents elicited by voltage
Step to —100mYV for 1s from a holding potential of OmV in the
absence and presence of 10uM fluoxetine, Current responses were
recorded in a high-potassium solution containing 96 mm K *. Arrow
indicates the zero current level, (b) Current —voltage relations of
3mum Ba®*-sensitive inward currents and 10 am fluoxetine-sensitive
inward currents in oocytes expressing GIRK1/2 channels or
GIRKI/4 channels. Current tesponses were normalized to the
3mm Ba*-sensitive current component measured at a membrane
potential of ~100mV. The Ba?*-sensitive current components were
2426.94661.30A (n=7) in oocytes expressing GIRK1/2 channels
and 1203.34+307.0nA {n=4) in oocytes expressing GIRK1/4
channels. (¢} The percentage inhibition of GIRK channels by
fluoxetine over the voltage range of —120 to —=20mYV, There was a
significant interaction between the fluoxetine effect and the
membrane potential effect (P<0.05 for GIRK1/2, n=5-16 for
the groups, and P <0.001 for GIRK1/4, n=4 for each group; one-
way ANOVA), and then there were significant differences between
the effects at —80 or —100mV and that at —~20mV for GIRK1/2
channels, and between the effects at —~60, -80 or ~100mV and that
at ~20mV and between the effects at 80 or ~100mV and that at
~40mV for GIRK1/4 channels (P <0.05; Tukey - Kramer post koc
test), Al values are mean and se.m,

GIRK1/4 channels, the percentage inhibition of GIRK
currents by 10pM fluoxetine decreased with membrane

* potentials from —80 to ~20mV (Figure 2c). When membrane

potentials were more negative than —i00 mV, the percentage
inhibitions by 10 uM fluoxetine were almost the same both for
GIRK1/2 and GIRK1/4 channels, suggesting that some
changes in the interaction between fluoxetine and GIRK
channels may occur at very negative membrane potentials.

At physiological pH or below, fluoxetine exists mainly in a
protonated form and the proportion of the uncharged form
increases by increasing pH, because of a pK, value of 9.5
(Maertens et al, 1999). We examined whether changesin pH
affect fluoxetine inhibition of GIRK channels. The effects of
PH on the fluoxetine inhibition were not observed in the
concentration — response relations for fluoxetine (Figure 3),
suggesting that the inhibition is mediated by both forms of
fluoxetine with almest the same effectiveness. It also appears
unlikely that the inhibition by fluoxetine is caused by
hydrophobic interactions with GIRK channels within the
inembrane bilayer.

Moreover, we examined the effect of intracellular fuoxetine
on GIRK channels. Injection of fluoxetine into oocytes
expressing GIRK1/2 channels had no or little effect on the
basal currents (3.8+1.8% inhibition of control at the
presumed intracellular concentration of ~225 UM, n=9).
Therefore, the result suggests that fluoxetine directly inhibits
GIRK channels from the extracellular side of the cell
membrane,

We further investigated the effects of fluoxetine on
GIRK channels activated by G-protein-coupled receptors. In
oocytes coexpressing GIRK1/2 channels and XAl receptor
(Kobayashi ez al, 2002), application of 10nM Ado induced
inward GIRK currents (Figure 4). Bffects of fluoxetine were
cvaluated by measuring the amplitude of the Adoinduced
current response during application of fluoxetine at different
concentrations. The current responses to 10nM Ado were
reversibly inhibited by fluoxetine with an ICs valie of
9.26 £2.00 M and a ny value of (.88 +0.08 (n=35, Figure 4),
The extent of inhibition by fluoxetine was similar to that of
basally active GIRK1/2 channels (P>0.05 at each concentra-
tion, Student’s t-test), suggesting interaction of fluoxetine with
GIRK channels. In addition, the Ado-induced GIRK currents
were not significantly affected by intracellularly applied
fluoxetine (112,24 14.4% of pretreated control current, paired
ttest, P>0.1, n=5), whereas the GIRK currents were
significantly inhibited by intracellularly applied 0QX-314
(552+11.9% of pretreated control current, paired ftest,
P<001, n=8) as reported previously (Zhou et al, 2001).
The results, therefore, suggest that extracellular fluoxetine can
inhibit the effect of GIRK channels activated by G-protein-
coupled receptors.
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Figure 3 Concentration — response relations for inhibition of
GIRK1/2 channels and GIRK1/4 channels by fluoxetine at three
different pH values. The magnitades of inhibition of GIRK current
by fluoxetine were compared with the 3 mu Ba?*-sensitive current
.components, which were 1033.3+184.8nA (n=6, pH 6.0),
741.64-118.0nA (n=5, pH 7.4) and 822.04+166.3nA fn=4, pH
9.0) in oocytes expressitg GIRKI/2 channels (a), and
625.51117.4nA (n=6, pH 6.0), 600.8+268.0nA, {n=5, pH 7.4)
and 328.84114.0nA (n=4, PH 9.0) in oocytes expressing GIRKi/4
channels (b), respectively. Current responses were measured at a
membrane potential of ~70mV in a high-potassium solution. Bach
point and error bar represents the mean and s.e.m. of the percentage
responses obtained, Data points were fitted using a logistic equation,

Comparison of the fluoxetine effects on members of Kir
channels

We examined whether fluoxetine interacts with ROMKI1, an
ATP-regulated inwardly rectifying K* channel, and IRK1, a
constitutively active Kir channel, among G-protein-insensitive
Kir channels. In ococytes sxpressing ROMKI or IRK]
channels, application of 100 ym fluoxetine had no significant
effect on the inward currepts through the channels in the hK.
solution (0.3+0.3 inhibition and 0.840.3% inhibition of the
ImM  Ba**-sensitive current components that wers
946.0£126.0 and 967.7+418.1nA at a membranc potential
of —70mV, n=3 for ROMK1 and n=6 for IRK], respec-
tively; Figure 5a),

GIRK?2 channels form homomultimers (Lesage et al, 1995;
Inanobe ez al, 1999). The GIRK2 changels of wy mutant mice,
which have a missense point mutation in the pore-forming
region (Patil er al, 1995), show constitutive activation in a
G-protein- and EtOH-independent manner and permeability
to sodium as well as potassium ions because of the lack of K*
selectivity (Navarro er af, 1996; Slesingsr er al, 1997
Kobayashi et al, 1989). To further address the relation
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Figure 4 Inhibitory effect of fluoxetine on GIRK channels
activated by a G-protein-coupled receptor. (a) In an oocyte
coinjected with mRNAs for GIRK! and GIRK? channels and
XAl receptor, current responses to adenosine (Ado), Ado in the
presence of 10 i fluoxetine and Ado are shown. The concentration
of Ado used was [0nm. Bars show the duration of application.
Asterisk indicates the zero current level (b) Concentration-
dependent inhibition of fluoxetine on Ado-induced GIRK currents,
Jioencet 18 the amplitude of GIRK currénts induced by 10nM Ado
(A07.2£109.0n4, n=5) and I is the current amplitude in the
presence of fluoxetine. Current respomses were measured af a
membrane potential of ~70mV in a high-potassium solution, Each
point and error bar represents the mean and s.e.m. of the relative
responses, Data points weze fitted using a logistic equation,

between fluoxetine and GIRK channels, we investigated the
effects of fluoxetine on these homomeric channels. In oocytes
expressing GIRK2 channels, fluoxetine inhibited the channels
to the similar extent when compared with GIRK heteromeric
channels (P>0.05 2t 300 uM, Student’s t-test), although the
ICs value for GIRK?2 channels was ~5 times higher than
those for the heteromeric channels (Table 1). On the other
hand, in cocytes expressing woGIRK 2 channels, large inward
currents were observed when the oocytes were perfused with
either ND98 or hK solution instead of NMDG solution, which
does not contzin Na* or K* (3118.6+190.1 and
3094.6+364.4nA, n=7 and 25, respectively). The addition
of 100 uM fluoxetine to ND98 or hK solutions immedjately
reduced the inward currents {89.941.9% of the ND98 current
component and £0.944.1% of the hK current componert,
n=4 and 7, respectively; Figure 5a). As shown in Figure 5 and
Table 1, the inhibitory effect of fluoxetine on wuGIRK2
channels was more efficacious than that of GIRK2 channels
(P<0.01, Student’s t-test). Moreover, injection of fluoxetine
inhibited only 8.4+2.3% of the hK current component, which
was 1320.84232 914, by the presumed intracelluiar concen-
tration of ~225 uM (n=5). The results suggest the possibilities
that extraceltular fluoxetine may easily approach its action
sites on woGTRK 2 channels because of 2 mutation in the pore-
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Figure 5 Comparison of the fluoxetine effects on members of
inwardly rectifying potassivm channels. (2} Action of fluoxetine on
GIRK, ROMK] and IRKI channels expressed as homomeric or
heteromeric channels in Xenopus oocytes. The concentration of
fluoxetine used was 100 M. Current responses were measured at a
membrane potential of —70mV in a high-potassium solutjon, ®)
Distinct concentration-dependent respomses to fluoxetins for
GIRK2 channels and weaver (wv) GIRK2 channels. The magnitudes
of inhibition of GIRK current by fluoxetine were compared with the
3mm Ba**-sensitive current components (685.84183.6n4, n=75)in
oocytes expressing GIRK2 channels, and with the hK current
components (2857.84321.0n4, n=4) in ococytes expressing
wvGIRK2 channels, respectively, Current responses were measured
at a membrane potential of ~70mV in a high-potassium solution or
a NMDG solution. Each point and error bar represents the mean
and s.e.m. of the percentage responses obtained. Data points were
fitted using a logistic equation.

forming region andfor that it may easily cause a distinet
conformational change in the channels with the different
channel properties,

Fluoxetine inhibity EtOH-induced GIRK currents

GIRK channels are also activated by EtOH independent of
G-protein signalling pathways (Kobayashi e af, 1999).
Several studies have shown that fluoxetine reduces
EtOH consumption (Rockman et al 1982; Naranjo & Knoke,
2001), suggesting a relation between the fluoxetine and
EtOH effects. We next examined the effect of fluoxetine on
EtOH-induced GIRK currents. In oocytes  expressing
GIRK1/2 channels, the EtOH-induced GIRK currents were
attenuated in the presence of fluoxetine, with an ICs; value of
IL.1+£2.5um and a ny value of 0.7840.02, in a reversible
manner (n=35; Figure 6). Furthermore, we compared the
EtOH-induced GIRK currents before and after injecting
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Figure 6 Inhibitory effect of fluoxetine on the ethanolinduced
GIRK currents in Xenopus oocytes expressing GIRK 1/2 channels.
(2} Tn an oocyte coinjected with GIRKI and GIRK2 mRNAs,
cerrent responses to ethanol (EtOH), EtOH in the presence of 10 M
fluoxetine, EtOH and 3mm Ba?* are shown. The concentration of
EtOH used was 100mm. Asterisk indicates the zero current Jevel,
Bars show the duration of application. (b) Concentration-degendent
inhibition of fluoxetine on EtOH-induced GIRK currents. Lony is
the amplitude of GIRK currents induced by 100mm EtOH
(340.8£18.10A, n=5) and J is the current amplitude in the
presence of fluoxetine, Current responses were measured at a
membrane potential of —-70mV in a high-potassium solution
containing 96mm K*. Each point and error bar represents the
mean and s.e.m. of the relative responses. Data points wers fitted
using a logistic equation.

fluoxetine into the oocytes, The EtOH-induced GIRK currents
were not significantly affected by intracellularly applied
fluoxetine (105.94+4.6% of pretreated control current, paired
ttest, P>0.1, n=5). The results, therefore, suggest that
extracellular fluoxetine can inhibit the effect of GIRK
channels induced by EtQH.

Discussion

We have demonstrated that extracellular fluoxetine inhibits
both brain-type GIRK1/2 and GIRK? channels and cardiae-
type GIRK1/4 channels to a limited extent at high con-
centrations. However, two different SSRIs fluvoxamine and
zimelidine have no significant effect on the channels, The
inhibition by fluoxetine showed a concentration-dependence, a
weak voltage-dependence and a slight time-dependence with a
predominant effsct on the instantaneous current elicited by
voltage pulses and followed by slight further inhibition. On the
other hand, blockade by extracellular Ba®* and Cs*, typical of
Kir channel blockers that occlude the pore of the
open channel, shows a concentration-dependence, a strong
voltage-dependence and a time-dependence with a compara-
tively small effect on the instantaneous current, but a marked
inhibition on the steady-state current at the end of voltage
pulses (Lesage et al, 1985). These observations suggest that
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fluoxetine probably canses a conformational change in.the
channels, but does not act as typical open channel blockers of

Kir channels like Ba®* and Cs*, although all these molecyles -

act at the channels from the extracellular side. The different
mechanism from Ba** for GIRK channels may be involved in
the incomplete blockade and slower time course of inhibition,
compared with the inhibition by Ba®* as shown in Figure 1.
Since woGIRK?2 channels were highly sensitive to fluoxetine,
but ROMK1 and IRKI channels amoeng members of the Kir
channe! family were insensitive to fluoxetine, further studies
using chimeric GIRK channels replaced with the homologous
regions from ROMK! and IRK1 channels and mutant GIRK
channels may clarify the critical sites mediating the effects of
fluoxetine on GIRK channels. In addition, single channel
analyses of wild-type GIRK channels and woGIRK?2 channels
in the presence of fluoxetine may be useful for understanding
the mechanisms of the action of fluoxetine on GIRX channels
and the greater inhibition by fluoxetine of the mutant channeis
with different channel properties.

The therapeutic plasma concentrations of fluoxetine range
approximately from 0.3 to 1.5.m (Baldessarini, 2001), The
brain concentrations of fluoxetine are approximately 10 or 20
times higher than the corresponding blood levels (Karson etal,
1993; Bolo er al., 2000). Therefore, the present findings suggest
that GIRK channels in the brain may be inhibited by
fluoxetine at clinically relevant concentrations.

Neuronal GIRK channels are widely present in various
brain regions, such as the frontal cortex, hippocampus,
amygdala, thalamus, substantia nigra, ventral tegmental area,
brain stem and cerebellum (Kobayashi er al, 1995; Karschin
et al, 1996; Liao et al, 1996). GIRK channels are thought to
play an important role in inhibiting the neuronal excitability
through activation of various G-protein-coupled receptors.
Therefore, inhibition of GIRK ehannels by fluoxetine may
affect many brain functions. Recent studies have demonstrated
that there are regional abnormalities in the prefrontal cortex,
hippocampus, amygdala, thalamus and ventral striatum in
depressed individuals (Manji et al, 2001}, It is generally
thought that the therapeutic effects of fluoxetine and
fluvoxamine are primarily because of the inhibition of the
reuptake of serotonin in the brain. Although a comparative
study of fluoxetine and fluvoxamine showed that both drugs
were equally effective in the treatment of patients with major
depression (Rapaport e al, 1996), cohort studies showed that
fluvoxamine was significantly less effective in the treatment of
depression, anxiety and other disorders than fluoxetine
{Mackay et al, 1997). In addition, fluvoxamine is approved
for the treatment of obsessive-compulsive disorder in the Us,
but not for the treatment of depression (Barbey & Roose,
1998). The present study demonstrates that in conirast to
fluoxetine, fluvoxamine has no significant effect on GIRK
channels. GIRK2-deficient mice show an increase in motor
activity and less anxiety (Blednov et al., 2001). Taken together,
inhibition of neuronal GIRK. channels by fluoxetine may
contribute to additive therapeutic effects for depression and
other related psychiatric disorders,

On the other hand, the incidence of seizures during
treatment with SSRIs including fluoxetine and fluvoxamine
Is a serious side effect in contrast with various benign side
effects (Barbey & Roose, 1998; Neely, 1998; Baldessarini,
2001). The molecular mechanisms underlying seizures during
treatment with SSRIs remains unclear. The serotonin syn-

drome, which is a toxic hyperserotonergic state, typically
includes not only changes in mental state, myoclonus, tremor
and various autonomic responses, but also seizures in severe
cases (Sternbach, 1991; Baldessarini, 2001). Seizures associated
with SSREs may be related to a consequence of aberrant
responses in serotonergic system. Moreover, overdoses of
fluoxetine have been reported to be associated with seizures
(Barbey & Roose, 1998; Neely, 1998). The plasma concentra-
tions of fluoxetine in several patients who experienced sejzures
were reported to be approximately 3.3-7.1uM (Barbey &
Roose, 1998; Neely, 1998). Therefore, fluoxetine at the
corresponding brain levels may potently inhibit neuronal
GIRK channels. Bupivacaine, a local anesthetic, also inhibits
GIRK channels but does not affect other Kir channels (Zhou
et al, 2001). Overdoses of bupivacaine are associated with
seizures, and the blood levels are close to the ICsg values for
GIRK channels. In addition, fluoxetine inhibits two types of
nevronal voltage-gated K* channels, Kvl.] and Kv3.1
channels (Yeung et al, 1999; Choi et al, 2001). GIRK2-
deficient mice show spontanecus seizures (Signorini ¢f al,
1997), and the inhibition of these K * channels could lead to an
Increase in neuronal excitability. Therefore, potent inhibition
of neuronal GIRK channels by fluoxetine together with the Kv
channels may also contribute to the cause of seizures and some
of other neuropsychiatric toxicity.

Antidepressant drugs including fluoxetine, fluvoxamine and
tricyclic antidepressants show analgesic activity (Messing et ¢/,
1975; Lin et al, 1980; Schreiber er al., 1996; Korzeniewska-
Rybicka & Plaznik, 2000; Galeotti er al., 2001). Studies using

. wv mutant mice or GIRK2-deficient mice have shown that
activation of GIRK channels by opioids or EtOH may be
involved in analgesia induced by the drugs, suggesting that the
GIRK channel is one of the key molecules in analgesia
(Kobayashi er al,, 1999; Ikeda ef af., 2000; 2002; Mitrovic etal.,
2000). However, the present study demonstrates that fluox-
etine inhibits GIRK channels, while fluvoxamine has no
significant effect on GIRK channels. Therefore, the analgesic
effect of fluoxetine and fluvoxamine may be caused by
Interaction with some of other several targets. Previous studies
have shown that the actions of 5-HT may contribute to the
analgesic effect (Messing et ol 1975; Lin et al, 1980; Tua &
Tura, 1990). Various antidepressaat drugs includin g fluoxetine
and tricyelic antidepressants inhibit voltage-gated Na* chan-
nels like local anesthetics (Pancrazio ef al., 1998). Therefore,
the analgesic effect of the antidepressant drugs may share these
common mechanisms. In addition, Galeotti et al (2001)
suggest that the analgesic effects of tricyclic antidepressants
may involve the opening of voltage-gated, ATP-sensitive znd
Ca’*-activated K* channels. Further studjes are required to
clarify whether the analgesic effects of SSRIs are also mediated
by these channels,

In the heart, acetylcholine released from the stimulated
vagus nerve opens atrial GIRK channels via activation of M,
muscarinic acetylcholine receptors, and ultimately causes
slowing of the heast rate (Brown & Birnbaumer, 1990). The
binding affinity of fiuoxetine for the receptor exhibits low
micromolar concentrations (Stanton er al, 1993). In the
present study, micromolar concentrations of fluoxetine in-
hibited cardiac-type GIRK1/4 channels. In clinical practice,
fluoxetine overdoses are associated with the incidence of sinus
tachycardia (Barbey & Roose, 1998; Neely, 1998), The
clinically relevant plasma concentrations become significantly
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higher than the micromolar concentrations in the therapeutic
use, although the corresponding heart concentrations have
not been determined in humans, Sinus tachycardia during
flwoxetine treatment may be related to not only antagonism
of M, muscarinic acetylcholine recepiors, but also inhibition of
atrial GIRK channels. In addition, 5-HT can elicit tachycardia
in humans, although it is known that 5-HT elicits complex
changes in the cardiovascular system comprising brady-
cardia or tachycardia, hypatension or hypertension and
vasodilatation or vasoconstriction (Saxena & Villalon, 1990,
The 5-HT effect caused by inhibition of 5-HT uptake might
also be related to the incidence of tachycardia during
treatment with SSRIs. Sinug tachycardia is also observed in
fluvoxamine overdose (Barbey & Roose, 1998). Although
fluvoxamine has no significant effect on GIRK channels, it has
less affinity for muscarinic acetylcholine receptors than
fluoxetine (Baldessarini, 2001). Therefore, sinus tachycardia
observed in fluvoxamine overdose might be related to the
effects of 5-HT and antagonism of muscarinic acetylcholine

receptors,
Interestingly, we also demonstrate that extracellar fluoxetine

at low micromolar concentrations can inhibit the effect of
brain-type GIRK channels induced by ethanol, Fluoxetine
reduces EtOH consumption (Rockman et al, 1982; Naranjo &
Knoke, 2001). However, GIRK2-deficient mice display no
significant change in BtOH consumption (Blednov et al,
2001). So far, there is no evidence to help clarify the i vipo
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Abstract

Interferon-a (IFNe) affects the opioid system. However, the direct action of IFN« on cloned opioid receptors
remains unknown. Taking advantage of the finctional coupling of cloned opioid receptors to G protein-activated
inwardly rectifying K™ (GIRK) channels in a Xenopus oocyte expression system, we investigated the effects of
recombinant IFN« on cloned p-, 8- and «-opioid receptors. In oocytes co-injected with mRNAs for either the 8- or
k-opioid receptor and for GIRK channel subunits, IFNa at high concentrations induced small GIRK currents that
were abolished by naloxone, an opioid-receptor antagonist, compared with the control responses to each selective
opioid agonist. Additionally, IFNa induced no significant current response in oocytes injected with mRNA(s) for
either opioid receptor alone or GIRK channels. In cocytes expressing the p-opioid receptor and GIRK channels,
IFNa had little or no effect. Morcover, in oocytes expressing each opioid receptor and GIRK channels, GIRK
cumrent responses to each selective opioid agonist were not affected by the presence of IFNc, indicating no
significant antagonism of IFNa toward the opioid receptors. Furthermore, IFNa had little or no effect on the /G-,
O/k- or p/k-opioid receptors expressed together with GIRK channels in oocytes. Our results suggest that IFNa
weakly activates the 8-and k-opioid receptors, The direct activation of the 8- and k-opioid receptors by IFNa may
partly contribute to some of the [FNe effects under its high-dose medication.
© 2004 Elsevier Inc. All rights reserved,
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Introduction

Interferons (IFNs) are multifunctional cytokines that possess antiviral, antitumor, antiproliferative and
immunomodulatory actions mediated by specific cellular receptors (Maeyer and Maeyer-Guignard,
1998; Soos and Szente, 2003). Three major classes of IFNs are known; a, 8 and y (Maeyer and Maeyer-
Guignard, 1998). IFNa has been used for the treatment of chronic viral hepatitis, malignant tumors and
several other diseases (Soos and Szente, 2003). However, treatment with IFNa also causes various side
effects associated with the central nervous system {CNS), such as somnolence, confusion, depression,
fever and sensory disturbance (Dafny, 1998). In animal studies, human IFNa was shown to bind to brain
membranes (Janicki, 1992), and IFN« inhibited the binding of [*H]naloxone, [PH][D-Ala?,
D-Leu’Jenkephalin (DADLE) or [*H]dihydromorphine to brain tissues (Blalock and Smith, 1981;
Panchenko et al., 1987; Menzies et al., 1992). In addition, previous studies demonstrated immunological
cross-reactivity between IFNa and y-endorphin (Smith and Blalock, 1981), but not between it and #-
endorphin (Epstein et al., 1982). Moreover, human IFNe, but not IFNR or IFNv, induced endorphin-like
CNS effects, including analgesia and catalepsy (Blalock and Smith, 1981; Jiang et al., 2000). It also
modulated immobility in a forced swimming test (Makino et al., 2000), wet-dog shakes induced by a
SHT, receptor agonist (Kugaya et al., 1996), neuronal activity in several brain regions (Nakashima et al.,
1987, 1988), electroencephalogram (EEG) activity (Birmanns et al., 1990; De Sarro et al., 1990) and
hypothalamo-pituitary-adrenocortical secretory activity (Saphier et al., 1993, 1994). These effects were
prevented or reversed by naloxone, an opioid receptor antagonist. Therefore, these observations suggest
that the IFNa effects may be mediated by opioid receptors, which are implicated in many CNS functions
as well as in immune and endocrine functions (Gutstein and Akil, 2001). However, the direct action of
IFNa on cloned p-, 8- and k-opioid receptors remains unknown. In the present study, taking advantage
of the functional coupling of cloned opioid receptors to G protein-activated inwardly rectifying K*
(GIRK) channels in a Xenopus oocyte expression system (Ikeda et al., 1996; Ikeda et al., 2003), we
investigated the effects of IFNa on the expressed opioid receptors.

Materials and methods

Preparation of specific mRNAs

Plasmids containing the entire coding sequences for the mouse p-, § and k-opioid receptors and for
the mouse GIRK1 and GIRK2 channel subunits were obtained previously (lkeda et al., 1996; Kobayashi
et al,, 1995, 1999). The plasmids were linearized by digestion with an appropriate restriction enzyme,
The specific mRNAs were synthesized in vitro from the linearized plasmids by using the mMESSAGE
mMACHINE™ In Vitro Transcription Kit (Ambion, Austin, TX, USA).

Electrophysiological analyses

Adult female Xenopus laevis frogs were purchased from Copacetic (Soma, Aomori, Japan) and
maintained in the laboratory until used. Frogs were anesthetized by immersion in water containing
0.15% tricaine (Sigma Chemical Co., St. Louis, MO, USA). A small incision was made on the abdomen
to remove several ovarian lobes from the frogs that were humanely sacrificed after the final collection.
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For Xenopus oocyte expression experiments (Kobayashi et al., 2002; Ikeda et al., 2003), Xenopus laevis
oocytes (Stages V and VI) were isolated at 19 °C in Barth’s solution (composition in mM: NaCl 88, KCI
1, Ca(NOs), 0.33, CaCl; 0.41, MgSQ, 0.82, NaHCO, 2.4, Tris-HC] 7.5 mM (pH 7.4), and 0.1 mg ml™"
gentamicin sulfate; Wako Pure Chemical Industries, Osaka, Japan), and injected with opioid-receptor
mRNA(s) (~10 ng) and/or mRNAs for GIRK1 and GIRK2 subunits {cach ~0.3 ng). The oocytes were
defolliculated by manual dissection after treatment with 0.8 mg/ml collagenase (Wako Pure Chemical
Industries, Osaka, Japan). Whole-cell currents were recorded from 2 to 5 days after the injection with a
conventional two-electrode voltage clamp from oocytes which were superfused continuously with a
high-potassium solution (composition in mM: KCI 96, NaCl 2, MgCl; 1, CaCl, 1.5 and HEPES 5, pH
7.4 with KOH) at ~20 °C. The membrane potential was held at —70 mV. Microelectrodes were filled
with 3 M KCL

Drugs

The following opioid receptor ligands, purchased from Sigma Chemical Co. (St. Louis, MO, USA),
were used: [D-A]az,N-Me-Phe“,Glys-ol]enkephalin (DAMGO), a selective p-opioid-receptor agonist;
[D-Pen*°Jenkephalin (DPDPE), a selective o-opioid-receptor agonist; #rans-(+)-3,4-dichloro-N-methyl-
N-(2-[1-pyrrolidinyl]cyclohexyl)benzeneacetamide (U50488H), a selective r-opioid-receptor agonist;
and naloxone, an opioid-receptor antagonist. Recombinant human IFNe-2b was purchased from
Schering-Plough (Osaka, Japan). All drugs were dissolved in distilled water and added to the high-
potassium solution in appropriate amounts before the experiment.

Statistical analysis of results

The values obtained arc expressed as the mean + S.E.M., and » is the number of oocytes tested.
Statistical analysis of differences between groups was carried out by using paired #-test or Student’s #-
test. A probability of 0.05 was taken as the level of statistical significance.

Results

To mvestigate the effects of [FN« on the cloned -, 8- and k-opioid receptors, we conducted Xenopus
oocyte expression assays. In oocytes co-injected with either the & or k-opioid receptor mRNA and
GIRK1/GIRK2 mRNAs, application of 3000 IU/mi IFNa induced small inward currents, compared with
the control responses to each selective opioid agonist (Fig. 1A). The current responses to IFN« were
almost completely abolished by the simultaneous presence of 1 uM naloxone, an opicid-receptor
antagonist, or fully abolished during application of 3 mM Ba®* which blocks GIRK1/2 channels
expressed in oocytes (Kobayashi et al., 2003) (n = 3 for each, data not shown). Furthermore, substitution
of the perfusion solution containing additive distilled water used as the solvent vehicle, at the highest
content (0.05%), caused no significant current response (n = 4; data not shown). In addition, in cocytes
injected with either opioid receptor mRNA alone or GIRK1/GIRK2 mRNAs, neither IFNa nor selective
opioid agonists induced any significant current response (n = 3, data not shown). These results suggest
that IFNa weakly activated the 6- and k-opioid receptors and that the current responses were mediated
by GIRK channels. Furthermore, the magnitudes of the inward current responses induced by IFNo were
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