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The G protein-activated inwardly rectifying K’ channel (GIRK1) was coex-
pressed in Xenopus oocytes along with the 5-HT.a receptor, a 7-helix
receptor known to be coupled to K* channels in many neural tissues. Thus,
the activation of the 5-HTy4 receptor by its agonist leads to the opening of
GIRK1. The GIRK1 current was measured using the two electrode voltage
clamp technique with bath application of 5-HT in the presence of various
external potassium concentrations [K'l. GIRK1 showed a strong inward
rectification since only hyperpolarizing voltages evoked inward currents.
K' was the major ion carrier as evidenced by about 44 mV voltage shift
corresponding to a 10-fold external [K'] change. 5-HT induced a concentra-
tiog:dependent inward K’ current (ECs0=10.7 nM) which was blocked by
Ba®". Pertussis toxin (PTX) pre-treatment reduced the K’ current by as much
as about 70%, suggesting that PTX-sensitive G protein (G; or G, type) are

involved in the 5-HTia receptor-GIRK1 coupling in Xenopus oocytes.

G protein-activated inwardly rectifying K" (GIRK) channel
is the potassium channel whose opening is regulated
by neurotransmitters, and thus determine the neuronal
membrane excitability by selectively permitting the flux
of K" ions near the resting membrane potential of the
cell (North, 1989). Neurotransmitters such as dopamine,
opioids, somatostatin, acetylcholine, 5-HT (serotonin),
adenosine, and » -aminobutyric acid (GABA) type B
exert their inhibitory actions in part by activating inwardly
rectifying K" channels (Nicoll et al., 1990; Hille., 1992b)

Since the first inward rectifier K* channel was describ-
ed in skeletal muscles and egg-cell membranes (see
Doupnik et al., 1995a for review), they are now found
in many cell types. In atrial cells, acetylcholine released
by stimuiation of the vagal nerve causes the opening
of a GIRK channel (lkacn) Vvia the activation of the m;
muscarinic receptor, inducing hyperpolarization and
thus slowing the cardiac frequency. A GIRK channel,
termed either GIRK1 (Kubo et al., 1993) or K channel
G protein-activated (KGA) (Dascal et al., 1993) encodes
a G protein-activated inward rectifier K' channel found
in both brain and cardiac tissues (Dascal et al., 1993;
Kubo et al., 1993; Ashford et al., 1994; De Paoli et al.,
1994; Karschin et al., 1994; Kobayashi et al., 1995). in
the atrial myocyte, GIRK1 seems to play a crucial role
in regulating the heart beat via increasing the inward
K’ influx. In the brain, on the other hand, this channel
may regulate the firing rate, membrane potential, and
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neurotransmitter responses. GIRK1 is one of the best
examples of a direct membrane-delimited signalling
pathway that involves a G protein, i.e. the ligand-
activated G protein binds directly to the cytoplasmic
side of the channel, thus induces the opening or
closing of the channel (Dascal et al., 1993)

5-HT, which plays an important role in the modul-
ation of mood, nociception, motor behavior, endocrine
secretion, cardiovascular function and appetite, are
known to exert its actions via a multiplicity of binding
sites. These sites have been classified as 5-HTia,
5-HT1g, 5-HT4c, 5-HT1p, 5-HT,, 5-HTs, 5-HT4 and 5-HT>
receptors (Millan et al., 1992, Ruat et al., 1993). Most
of these receptors belong to the G protein-coupled
receptor family, and their mechanism of action involves
modulating levels of second messengers such as
cAMP, IP;, and Ca®. Among them, 5-HT;» receptor-
mediated inhibition of adenylyt cyclase was sensitive {o
pertussis toxin (PTX) treatment, thus implicating a
direct coupling of 5-HT:a receptors to the G; protein.
Moreover, electrophysiological studies have demon-
strated that the 5-HT,a receptor mediates stimulation
of K' conductances in various cell types including
neurons (Andrade et al., 1987, Andrade and Nicoli,
1987a; Andrade and Nicoll, 1987b; Colino et al,
1987). Similarly, many neurons have PTX-senstitive
GIRKs, and these channels are activated either by m,
muscarinic, D, dopamine, histamine, opioid, somato-
statin, and a, adrenergic receptors to produce inhibitory
postsynaptic potential (North, 1989). The physiological
relevance of the coupling of the 5-HT: receptor to
various transduction pathways in the brain (i.e. adenylyl
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cyclase stimulation, Pl turnover, ca® conductance,
efc) remains, however, to be elucidated (Claustre et
al., 1988; Mestikaway et al., 1991) although GIRK is
known to decrease membrane excitability by hyper-
polarizing the membrane potential, slowing membrane
depolarization, and shortening the action potential.

To understand the function of GIRK1, we have
coexpressed GIRK1 and the human 5-HT1a receptor in
Xenopus oocytes, and ionic conductance of GIRK1
was elicited by the activation of the 5-HTa receptor
via endogenous oocyte G proteins. The properties of
GIRK1 were examined in many respects such as
voltage-current relationship of conductances, PTX
sensitivity, ion selectivity and blockade by Ba®*, and
5-HT dose-response relations. Our results indicated
that the coupling between the 5-HT:a receptor and
GIRK1 is mediated by the PTX-sensitive G protein (G;
or G, type) and that the main ion carrier for GIRK1 is
K* and thus Ba®-sensitive.

Materials and Methods

In vitro synthesis of cRANAs

Rat GIRK1 cDNA (Dascal et al., 1993) and human
5-HT,a receptor cDNA (Kobilka et al., 1987) were
previously cloned and kindly provided by Dr. Lester at
Caltech. The synthesis of cRNA was conducted using
an Ambion in vitro transcription kit with T; RNA
polymerase (Ambion, USA).

CRNA injection and electrophysiology

Female Xenopus laevis frogs were anesthetized by
immersion in 0.2% MS-222 (Sigma) and stage V or Vi
oocytes were surgically removed. [solation of oocytes
and cRNA injection were carried out as described
elsewhere (Quick and Lester, 1994). An oocyte was
co-injected with 1-10 ng of GIRK1 cRNA and 5-15ng
of 5-HTya receptor cRNA, and maintained at 20C in
an incubation medium of ND96™" (96 mM NaCl, 2 mM
KCl, 1 mM MgCl,, 5 mM HEPES, 1.8mM CaCl,, 2.5
mM Na-pyruvate, 50 ug/ml gentamicin, pH 7.4-7.6).
Electrophysiological recordings were performed 2.5-3d
of postinjection using the two electrode voltage clamp
configuration (Smith et al., 1980) with a Geneclamp
500 amplifier (Axon Instruments) interfaced to an IBM
PC via Digidata 1200 (Axon Instrument). While the
current signals were continuously recorded on a strip
chart recorder, stimulation, data acquisition, and data
analysis were performed using the pCLAMP6.0 (Axon
Instruments) and Origind.0 (Microcal Software Inc.).
Currents of 5-HT dose-response were fitted to the
logistical equation:

(Imax - ‘min)
1+(5-HTY ECs0)”

where Inax represents the inward current evoked by

+ Imin=lsHt
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the highest concentration of 5-HT, Inin represents the
inward current in the absence of 5-HT, ECs represents
the concentration of 5-HT at which the size of Isur is a
half of Inax - Imin, @and P represents the Hill coefficient.

An oocyte coexpressing the 5-HTya receptor and
GIRK1 was placed in a recording chamber consistently
perfused either with Ca'’free ND96 or |k (96 mM
NaCl, 2mM KCI, 1 mM MgCl;, 5mM HEPES, pH
7.4-7.8) or high K'(hk) solution that was identical to
ND96 except that NaCl was replaced with 96 mM KClI,
and then switched to various drug-solved hk solutions
(test solutions). Current-voltage (/-V) characteristics
were obtained by a voltage ramp protocol (between
-80mV and either +40 or +60 mV). All experiments
were performed at room temperature.

Drugs

5-HT and PTX were from Sigma or GibcoBRL. 1-10
mM stocks of 5-HT were made up in HO and stored
as frozen aliquots at -20C until use. The stock
solution of PTX was made up in a concentrated stock
solution of 1.0ugful in H.O and then diluted to the
concentrations indicated before use with the high K
recording solution. All other chemicals were from
Sigma.

Results

In voltage clamped Xenopus oocytes coexpressing
GIRK1 and the 5-HT,4 receptor, 1 M of 5-HT activated
an inward current (lsir) in the presence of high K™ (96
mM). Inward currents were measured in hk solution
because in 96 mM of external K', the K" equilibrium
potential (Ex) is close to 0 mV, and this causes the K’
current to flow inwardly. As shown in Fig. 1, changing
the ND96 solution to the hk solution was accompanied
by the development of an inward current (I} reflecting
basal activity of inward rectifier K" channels and other
K' channels within 0.5-1.0 min. Application of 5-HT in
the hk solution evoked a secondary inward current
(Isur) within 10 sec. In the continued presence of 5-HT,
the syt decreased slowly reflecting a desensitization
process, and the removal of 5-HT and changing to
ND96 returned the current to the basal level. At -80
mV of the holding potential, the average size of Ink
and Isyr were -150 nA and -600 nA, respectively (n=5).
In a control oocyte in which neither cRNA was
injected, the hk solution evoked the I of reduced size
(-50 nA), but no lsyr was apparent in the presence of
5-HT (Fig. 1 inset).

Fig. 2(A) showed a typical current trace of GIRK1 in
the presence of increasing concentrations of 5-HT at
-80 mV. The activation of GIRK1 (both I and lIsur)
was conducted by application of 5-HT in the high K
solution which was varied from 0.032 nM to 100 nM. In
order to minimize the desensitization of the 5-HTia
receptor due to repeated application of 5-HT, the
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Fig. 1. Inward currents evoked in a Xenopus oocyte coexpressing the
5-HT1a receptor and GIRK1 by the 5-HT:a receptor agonist 5-HT. The
holding potential was -80 mV. The ococyte was first perfused with ND96
{or Ik with the K' concentration of 2mM), and then switched to 96 mM
K*-containing hk solution, which evoked a smail inward current (ln, -150
nA). 5-HT (1 uM) application evoked a larger inward cufrent (lsyr, -600
nA) which decreased slightly in the continued presence of 5-HT due to
the 5-MT:a receptor desensitization. Switching back to Ik solution
returned the current to the the basal level.

interval of the washout between consecutive 5-HT
applications was 3-5 min. However, at higher concen-
trations (200 nM or 320 nM 5-HT) 5-HT-induced desen-
sitization persisted even after 5 min of wash out (data
not shown). The amplitude of lsur was plotted as a
function of the 5-HT concentration in Fig. 2B. The solid
line was computer-generated according to the logistical
equation with ECs of 10.7nM and P of 0.92 (see
materials and methods). lsyr desensitization during the
cumulative dose-response experiment may distort the
curve at high concentrations of 5-HT, but the ECso of
10.7 nM is relevant to the high affinity binding site of
the 5-HTya receptor previously described (Frazer et al.,
1990). Isur seemed to be saturated at about 100 nM
5-HT.

Previous studies showed that in Xenopus aocytes,
lsur is dependent on the receptor-activated G protein
and the coupling between the 5HTs receptor and
GIRK1 is mediated by an endogenous G pratein as
revealed by the sensitivity to guanosine 5°-[B-thio]
triphosphates (GTP,S, Dascal et al., 1993; Kubo et
al,, 1993). Thus, PTX treatment (1.0-3.0ug/mi for
24-48 hr incubation as described elsewhere (Quick et
al., 1994)) was performed to investigate which G
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Fig. 2. The dose-response relationship of 5-HT-evoked K conductance
(Isu1) for an oocyte coexpressing the 5-HT.a receptor and GIRK1. A,
Voltage clamp currents at a holding potential of -80 mV were traced in
the presence of increasing concentrations of 5-HT (1: 0.032 nM; 2: 0.1 nM;
3: 0.32nM; 4: 1.00M; 5; 3.2nM; 6: 10nM; 7: 32nM; 8: 100 nM). 5-HT
was bath-applied and intervaled by a wash out with hk and lk solution.
B, 5-HT dose-response relations from 3-5 separate oocytes. The solid
curve is a least-gsquares fit of the data points to the logistical equation:
(max - V{1 + (15-HTYECs0)'} + 4 = lsurr, Where the ECsp was caloulated
to be 10.7 nM with P of 0.92.
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protein(s) are involved in the coupling. PTX sensitivity
is one of the ways to distinguish G proteins involved
in a cellular signalling pathway. G; or G, type G
protein is ADP-ribosylated, thus inactivated by PTX
(Taylor et al., 1991). The PTX treatment reduced the
Isur to about 10-70%, depending upon the batch of
oocytes (Fig. 3). Thus it seemed that PTX-sensitive G
proteins are involved in the coupling of the 5-HTya
receptor to GIRK1 in Xenopus oocytes.

The properties of the lsyr were further examined
using a voltage ramp from -80 mV to +40 mV so that
varying membrane potentials were evoked in the
presence of increasing external K. The voftage-current
(I-V) characteristics of the lsur in different external K
concentrations showed (1) a strong inward rectification
and (2) a reversal potential (Vie) near the predicted Ex
of ~0OmV at 96 mM of the external K™ (Fig. 4A). The
lack of significant outward Isytr may be aftributed to
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Fig. 3. The effect of PTX treatment on Isur in oocytes coexpressing the
5-HT1a receptor and GIRK1. Approximately 1 d after the cBNA injection,
oocytes were placed in @ medium containing 1-3 yg/mi PTX for 24-48 hr
before measurement. The data are mean = SEM for 3-5separate
oocytes.

high internal levels of Mg®" that blocks outward currents
of the inwardly rectifying K' (K currents) (Kubo et al.,
1993). The reversal potential of the Isyr shifted by
about 44 mV per 10-fold change in external K* con-
centrations (Fig. 4B), suggesting a selectivity for K.
The predicted value for the reversal potential shift from
the Nernst equation is 58 mV if K™ is the only charge
carrier, This discrepancy indicates that other ions are
also permeable through GIRK1, most likely Na*. Block
by external Ba® is one of the characteristics of K
channels including the inward rectifier (Hille, 1992a).
Both Isur and I were reduced by Ba®™ in a concen-
tration-dependent manner (Fig. 5). However, the extent
to which Ba®* blocks the In or the lsur was different.
The lsyr was more sensitive to the Ba®* blockade than
the ln. Ba®" at 100 uM blocked -50% of the I, but
blocked more than 90% of the lsur. The IG5 value for
the Ba® block of the lsyr was ~13 uM, whereas the
ICso value for the I block was ~90 pM. This may be
due to the fact that GIRK1 is capable of being in two
different conformations, one with less K' selectivity
and less voltage-dependence in gating (lw) and the
other with more K selectivity and voltage andjor G
protein-dependence in gating (lsur). The former is
described as the basal activity of GIRK1 since it is
evoked even without the coexpressed 5-HTia receptor.

Discussion

We have successfully expressed GIRK1 in Xenopus
oocytes. The activation of GIRK1 is mediated by the
coexpressed 7-helix receptor, the 5-HT,a receptor.
Therefore, a functional coupling between the GIRK1
and 5-HT,, receptor via activated G proteins is
established. 5-HT1a receptor agonist 5-HT evoked K
through GIRK1. K; is composed of two components:
the I component is evoked mainly due to the net
inward driving force generated by the high external K';
the |syr component is evoked upon applying 5-HT, and
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Fig. 4. Current-voitage (I-V) relations of lsyr in the presence of various
external K concentrations. A, The membrane potential of an oocyte
was ramped from -80 mV to +40 or +60 mV. and the lsuyr were evoked
by 1.0uM 5-HT in either 10mM, 50 mM, or 96 mM K'-containing
solution. B, Dependance of the reversal potential (E.) on the external
K* ion concentration. The Eev for lsur was obtained from the interception
to the X-axis in Fig. 4(A). The data points were mean *+ SEM for one to
three oocytes, and the solid line was a least-squares fit of the data
points to a straight line. E.v (44 mV) agreed well with the predicted Ex
values calculated from the Nernst equation assuming an intracellular K"
concentration of 90 mM.

thus this component is the 5-HT:s receptor-activated
component. The Iy is the basal activity with or without
the 5-HT.4 receptor whereas the lsur is evoked upon
activation of the coexpressed 5-HTia receptor. The
7-helix receptors known to be coupled to GIRK1
includes the muscarinic m; receptor {Doupnik et al,
1995b), B.-adrenergic receptor (Lim et al.,, 1995), and
the GABAg receptor (Sleginger et al., 1997). In this
study, the 5-HT.a receptor was shown to be coupled
to the GIRK1. Activation of GIRK1 induces an inward
K* current, and therefore this channel may requlate
the firing rate, membrane potential, and neurotransmitter
responses. Therefore GIRK1 is an example where
multiple arrays of 7-helix receptors exent their effects
convergently. The finding that GIRK1 displays basal
activity () with or without the coexpressed 7-helix
receptor supports the suggestion that the basal activity
of G protein-activated K channels contributes to the
resting membrane conductance in the absence of an
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Fig- 5. Ba® inhibition of the GIRK1 current: (l)(@) and lsur (H). An
oocyte was voltage- clamped at -80 mV, and I and lsyr were evoked in
the presence of 96 mM K' and 96 mM + 5-HT, respectively. Ba®*-con-
taining hk or hk + 5-HT was then perfused to block the currems
Normalized values against the size of the current in the absence of Ba®

were plotted against Ba®* concentrations. The data are mean + SEM
(n=4-6).

activated receptor (Hille, 1992b).

The results of our study is consistent with the idea
that the gating of GiRK1 results from G protein-channel
coupling, rather than second messenger-mediated
processes such as phosphoryiation. The data that
supports this conclusion is as follows. First, the time
delay between the 5-HT application and the evoking of
lsur is within 10 sec, which is more consistent with the
direct contact of the G protein with GIRK1. In Xenopus
oocytes, a second messenger-mediated channe! opening
{CFTR coupled to the B.-adrenergic receptor for exam-
ple) occurred in the time range of minutes (Uezono et
al., 1993). Second, the 5-HT:s receptor has been
known to be negatively coupled to adenylyl cyclase
activity, i.e. the receptor activation leads to cAMP
reduction (Yocca et al., 1992). Decreasing the intra-
cellular cAMP concentration by 5-HT application may
not activate an ion channel unless the lack of cAMP is
a mediator for channel gating. Additional evidence for
the conclusion described above is the fact that many
7-helix receptors, either adenylyl cyclase-coupled or
phospholipase-coupled, are capable of gating GIRK1.

The easiest way to distinguish G protein species
that are involved in the G protein-GIRK1 coupling is to
measure the toxin-sensitivity. PTX inactivates the G, /G;
type G protein by ADP-ribosylation of G,. Our results
indicated that the PTX-sensitive G, subunit was
involved in the 5-HT1a receptor-GIRK1 coupling since
the lsqr was reduced by as much as 70% at 1-3 pg/ml
of PTX. GIRK1 activation via my-muscarinic receptors
was also PTX-sensitive (Dascal et al., 1993). However,
it is worth pointing out here that a recent finding
indicates that the Gg, dimer, rather than the G, subunit,
appears to be responsible for the GIRK1-7-helix
receptor coupling (Wickman et al., 1994). This could
clarify why the K currents are able to be elicited by a
variety of 7-helix receptors such as the my muscarinic
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receptor, B.-adrenergic receptar, and GABAg receptor
in various tissues.

We also described the voltage and K' dependence
of GIRK1. As in native atrial myocytes, GIRK1 showed
a strong inward rectmcatlon and from the K
substitution and the Ba®" inhibition experiments, it was
clear that GIRK1 had higher selectivity for K' over
Na“. It is of interest to note that the GIRK1 current
has two components, I and lsur. The | is evoked by
the high K™ driving force, thus called the basal activity
of GIRK1 whereas the Isur is evoked by the activation
of the 5-HTia receptor. Further, the lsar was more
sensitive to the Ba™? blockade than the . The discre-
pancy between the extent of blocking of two com-
ponents of GIRK1 by Ba® deserves some comment.
Even in uninjected control oocytes, the i is induced
with the size of one third of that from GIRK1 cRNA-
injected oocytes (see Fig. 1), reflecting that the I of
GIRK1 is slightly contaminated by nonspecific K
currents. However, it is highly likely that the I and
the Isyr represent two different conformatlons or states
of GIRK1. By assuming that Ba" pehaves only as a
channel blocker, it would be reasonable to predict that
they have different Ba’? affinities.
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