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A G-Protein-Activated Inwardly Rectifying K+ Channel (GIRK4) from 
Human Hippocampus Associates with Other GIRK Channels 
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Transcripts of a gene, GIRK4, that encodes for a 41 g-amino-acid 
protein and shows high structural similarity to other subfamily 
members of G-protein-activated inwardly rectifying K’ channels 
(GIRK) have been identified in the human hippocampus. When 
expressed in Xenopus oocytes, GIRK4 yielded functional GIRK 
channels with activity that was enhanced by the stimulation of 
coexpressed serotonin 1A receptors. GIRK4 potentiated basal 
and agonist-induced currents mediated by other GIRK channels, 
possibly because of channel heteromerization. Despite the struc- 
tural similarity to a putative rat KATp channel, no ATP sensitivity or 

K,,,-typical pharmacology was observed for GIRK4 alone or 
GIRK4 transfected in conjunction with other GIRK channels in 
COS-7 cells. In rat brain, GIRK4 is expressed together with three 
other subfamily members, GIRKI-3, most likely in identical hip- 
pocampal neurons. Thus, heteromerization or an unknown mo- 
lecular interaction may cause the physiological diversity observed 
within this class of K+ channels. 

Key words: inwardly rectifying K’ channels; KATP channels; 
GIRK; G-protein-activation hetero-oligomers; heterologous ex- 
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Inwardly rectifying K’ (K,,,) channels allow a much larger K’ 
influx than efflux and, thus, control the cell potential and diverse 
cellular functions without causing massive loss of K+ ions (Hille, 
1992; Jan and Jan, 1994). After the molecular cloning of the first 
K,, channel subtypes (Ho et al., 1993; Kubo et al., 1993a), it 
became obvious that this K- channel family was significantly 
different in structure from the classic voltage-dependent K+ chan- 
nels, which are composed of six membrane-spanning domains. 
K,, channels comprise only two transmembrane helices per sub- 
unit, which surround a putative pore region and N- and 
C-terminal cytoplasmic tails, suggesting an evolutionarily more 
primitive form of ion channel protein. The primary amino acid 
sequences of several channel species have been determined re- 
cently and may be classified as either steeply “voltage-dependent” 
IRK-type channels (Morishige et al., 1993; Bond et al., 1994; 
Koyama et al., 1994; PCrier et al., 1994; Takahashi et al., 1994; 
Tang and Yang, 1994) or “mildly rectifying” and ATP-sensitive 
ROMK-type channels (Zhou et al., 1994; Takumi et al., 1995). In 
addition, three genes have been identified that likely encode K,, 
channels that are regulated by receptor-activated G-proteins 
(GIRK): expression cloning from rat heart atrium has led to the 
isolation of KGA/GIRKl (Dascal et al., 1993a; Kubo et al., 1993b) 
and, more recently, two other structurally related channels, mb- 
GIRK2 and mbGIRK3, were identified from the mouse brain 
(Lesage et al., 1994). 01 sits hybridization studies revealed that 
GIRKl is expressed widely in rat brain (Karschin et al., 1994), as 
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are mbGIRK2 and mbGIRK3 in mouse brain (Kobayashi ct al., 
1995), indicating an important role as a major target for 
G-protein-mediated receptor function and neuronal signal pro- 
cessing. This action likely is mediated by the stimulation of mus- 
carinic mz, (Ye adrenergic, Dz dopamine, histamine, serotonin 1A 
(5-HT,,), A, adenosine, GABA,,, F--, K- and S-opioid, somatosta- 
tin, and possibly other G,,, protein-coupled receptors (North, 
1989; Hille, 1992). Interestingly. single-channel analysis revealed 
some physiological inhomogeneities among the channel proteins 
that have been proposed to be G-protein-activated (Pennefather 
et al., 1987; Yatani et al., 1987; vanDongen et al., 1988; Penning- 
ton et al., 1993). At present, it is still uncertain whether these 
differences are attributable to the differential distribution of 
GIRK subfamily members, on splice variants that may exist in the 
brain, on the formation of hetero-oligomeric polypeptides, or on 
cell-specific regulation by accessory proteins. 

In this report, we demonstrate the molecular cloning and cel- 
lular localization of a fourth type of GIRK channel that coexists 
and may associate with hetero-oligomeric channels together with 
GIRKl-3 transcripts in the human hippocampus. 

MATERIALS AND METHODS 
M&W/W clo~irrg I$ GIRK4. For genomic analysis. homology screening 
with a rat GIRKl probe (Dascal et al.. 1993b) was performed on a human 
leukocyte genomic DNA library (Clontech. Palo Alto, CA) under low- 
stringency conditions according to conventional protocols (Sambrook et 
al., 1990). A total of IO” clones was hybridized overnight with the 
[“P]d-cytidine triphosphate randomly labeled 2.1 kb GIRKI cDNA frag- 
ment at 42°C in a buffer containing 30% formamide. 5X SSC. 5X 
Denhardt’s reagent. 0.1% SDS. 20 mh~ NaPO,, and 100 ~g,~ml herring 
sperm DNA. Filters were rinsed twice in 2~ SSCIO. 1% SDS and washed 
once at 37 and 65°C for I5 min each with 0.1X SSC/O.5% SDS. Nineteen 
positive clones between I2 and 20 kb in length were isolated and analyzed 
by restriction mapping and Southern blotting. Sequence analysis of the 
two fragments showing the strongest autoradiography signals revealed 
complete open reading frames (ORFs) of a GIRK-like gene. IlgGIRK4, 
including an intronic sequence of -5.5 kb starting at base 937 and 5’- and 
3’.untranslated regions (UTRs) of 1500 bp in length. For comparison. an 
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-360 bp fragment spanning the single S’-cxon-intron splice junction in 
the corresponding human sequence was PCR-amplified from rat genomic 
DNA using primers derived from IzgGIRK4. 

A 321 bp fragment encoding the C-terminal 107 amino acids of the 
lzgGIRK4 ORF then was used as a probe to screen a human hippocampus 
cDNA library (Stratagene, La Jolla, CA) under the above conditions. Of 
5 x 10’ filter-screened clones, 13 positive clones were excised from the 
AZAP II vector into pBluescript SKII (both from Stratagene) and ana- 
lyzed by restriction digestion and Southern blotting. Sequencing of the 
cDNA clone showing the strongest signal identified a clone, incomplete in 
the 5’-ORF but 100% identical to /zgGIRK4 in the C-terminal 239 amino 
acids. For expression, a clone termed GIRK4 was assembled in pSP72 
(Promega, Madison, WI) that contained 90 bp of 5’-UTR plus 915 bp of 
ORF from hgGIRK4 and a human hippocampal cDNA fragment deliv- 
ermg the C-terminal 345 bp of the ORF plus X42 bp of 3’-UTR. 

Human GIRKI, GIRK2, and GIRK3 channel orthologs were isolated 
from the same human hippocampus cDNA by homology screening with a 
rat GIRKl probe under low-stringency conditions as described above. All 
identified clones were sequenced completely on both strands using the 
prism Sequenase dye-terminator kit on an automatic sequencer (Applied 
Biosystems. Foster City, CA). Sequence analysis and alignments were 
performed using the LASERGENE software (DNAstar, Madison, WI) 
on a Macintosh computer: National Center for Biotechnology Informa- 
non nucleotide database searches were performed with software from the 
Genetics Computer Group (Madison, WI). 

E~prr~~ion und elec/roylz~~~iolugfccrl analysis of GIRK4. Two micrograms 
of the transcription vector pSGEM (a gift from Dr. M. Hollmann, 
Gottingen, Germany) containing GIRK4, GIRKl, or the human 5-HT,, 
receptor (Kobilka et al., 1987) were linearized and transcribed in vrtro 
using the TransProbe T Kit (Pharmacia, Piscataway, NJ). Xenopns laevis 

oocytes were defolliculated by collagenase treatment as described previ- 
ously (Methfessel et al., 1986) and injected with -6 ng of GIRK channel 
cRNA and, where applicable, -3 ng of S-HT,, receptor cRNA. Oocytes 
were incubated for 2-7 d at 19°C in ND96 solution [(in TtIM) NaCl96, KC1 
2, MgCl, 1, CaClz 1, HEPES 5, pH 7.4-7.51 supplemented with 100 pg/ml 
gentamicin and 2.5 mM sodium pyruvate. 

Two-electrode voltage-clamp measurements were performed with a 
TURBO TEC-IO C amplifier (NPI, Tamm, Germany) and sampled 
through an EPCY (Heka Electronics, Lamprecht, Germany) interface 
using PULSEiPULSEFIT software (Heka). For rapid exchange of exter- 
nal solutions, oocytes were placed in a small-volume perfusion chamber 
with a constant flow of ND96 or “high K+” solution [(in TTIM) KCI 96, 
NaCl 2, MgCI, 1, CaClz 1, HEPES 5, pH 7.4-7.51 supplemented with the 
respecttve agonist or drug as indicated. 

cDNA clones also were subcloned in the eukaryotic expression vector 
pSVSport 1 (Life Technologies, Gaithersburg, MD). Confluent simian 
SV-40-transformed COS-7 kidney cells (ATCC CRLl650), grown on 
glass coverslips, were transfected with 0.8 pgiml (GIRKs) and 0.4 &ml 
medium (S-HT,, receptor) of the expression plasmids using Lipo- 
fectAmine and Opti-MEM I (Life Technologies) according to the man- 
ufacturer’s protocol. Whole-cell and single-channel recordings in the 
cell-attached and excised-patch configuration (Hamill et al., 1981) were 
performed at room temperature 48-72 hr after transfection in a bath 
solution consisting of (in mM): NaCI 135, KCI 5.4, CaCI, 1.8, MgCI, I, 
glucose 10, HEPES 5, pH 7.4. Patch pipettes were pulled from borosili- 
cate glass capillaries (Kimble Products, Sussex, UK), SYLGARD-coated 
(Dow Corning, Corning, NY), and heat-polished to give input resistances 
of 3-7 MbI (whole-cell) and 7-9 Mb2 (single-channel). The intracellular 
recordine solution contained fin mMl: KCI 140. M&I, 2. EGTA I. 
Na,-ATi 1, CAMP 100, GTP 1‘00, and’HEPES 5, pH7.3: All chemicals 
were provided by Sigma (Deisenhofen, Germany) unless indicated oth- 
erwise. A motor-driven fast-microperfusion system was used to perform 
local solution changes (in <30 msec) near the measured cell. Currents 
were recorded with an EPCY (Heka) patch-clamp amplifier and low-pass- 
filtered at l-2 kHz. Stimulation and data acquisition were controlled by 
the PULSEiPULSEFIT software package (Heka) on a Macintosh com- 
puter, and data analysis was performed with IGOR software (WaveMet- 
rics, Lake Oswego, NY). Data are presented as mean i SD (number of 
cells). 

In situ Izyhr~drzatlon. Adult Wistar rats were anesthetized and decapi- 
tated, and the tissue was removed and quickly frozen on dry ice. Brain 
and heart sections were cut on a cryostat at 12-16 pm, thaw-mounted 
onto Superfrost Plus slides, fixed with 4%p-formaldehyde in PBS, pH 7.4, 
dehydrated, and stored under ethanol until hybridization. Antisense and 
sense oligonucleotides of 45-50 bases in length were chosen from rat 

GIRK4 N-terminal (amino acids 3-16 and 32-46) and C-terminal (amino 
acids 375-391) regions with the least homology to other known K,, 
channels. Oligonucleotides were 3’-end-labeled with [“S]dATP (DuPont 
NEN, 1200 Ciimmol) by terminal deoxynucleotidyl transferase (Boeh- 
ringer Mannheim, Mannheim, Germany) and used for hybridization at 
concentrations of 2-10 pg/wl (400,000 cpm/lOO ~1 hybridization buffer/ 
slide). Alternatively, antisense and sense cRNA probes were generated 
with T3 and T7 RNA polymerase, respectively, by in vitro transcription 
using [%]uridine triphosphate (DuPont), from an -580 bp fragment 
covering the C-terminal region of the rat GIRK4 ORF. 

Overnight hybridizations with sense and antisense cRNA probes (0.02- 
0.2 ng/pl) were carried out as described previously (Karschin et al., 1994). 
For hybridizations with labeled oligonucleotides, slides were air-dried 
and hybridized overnight at 43°C in 100 ~1 of buffer containing 50% 
formamide, 10% dextran sulfate, 50 mM dithiothreitol, 0.3 M NaCI, 30 mM 
Tris-HCI, 4 mM EDTA, 1X Denhardt’s solution, 0.5 mgiml denatured 
salmon sperm DNA, and 0.5 mgiml polyadenylic acid. After hybridiza- 
tion, slides were washed at high stringency, dehydrated, and exposed to 

-90 
GGGGTGGGGGTGGCTTCCATCTTGTGTTCTAGTGAATCAGAACAGCCCACTTCACTGATGGTGTCTTTTTAACTCAAAGCATCCCAGCT 

ATGGCTGGCGATTCTAGGAATGCCATGAACCAGGACATGGAGATTGGAGTCACTCCCTGGGACCCCAAGAAGATTCCAAAACAGGCCCGCG 

NAGDSRNANNODNEIGVTPYOPKKlPKOAR 

~~TATGTCCCCATTG~~A~AGA~~GTACGCGC~TGG~~GAGGG~AAGAAGC~ACGCCAG~G~TA~ATGGAGAAGAGCGGCAAGTG~A 
OYVPIATDRTRLLAEGKKPRORYNEKSGKC 
181 
ACGTGCACCACGGCAACGTCCAGGAGACCTACCGGTACCTGAGTGACCTCTTCACCACCCTGGTGGACCTCAAGTGGCGCTTCAACTTGC 
NVHHGNVOETYRYLSDLFTTLVOLKWRFNL 

:l’ ~T~~~~~~A~~~~~~~Y#T~~~ M’wfk 
L$TT#YYTVPWLF‘iOF 
361 
TTGGCGACCAAGAGTGGATTCClTGTGTTGAAAACCTCAGTGGCTTCGTGTCCdCTTTCCTGTTCTCCATTGAGA~CGAAACAACCATT~ 
V6OOEWIPCVENLS 

GGGACGAGAAGCTGTGCCTCATGTTCCGGGTGGGCGACCTCCGCAACTCCCACATCGTGGAGGCCTCCATCCGGGCCAAGCTCATCAAGT 
RDEKLCLNFRVGDLRNSHIVEASIRAKLIK 

C~CGG~AGACCAAAGAGGGGGAGTT~AT~~CCCTGAA~~AGA~AGA~AT~AA~GTGGGTTTTGACACGGG~GA~GA~~G~~T~TT~~TGG 

SROTKEGEFIPLNOTDINVGFDTGODRLFL 
611 
TGTCTCCTCTGATCATCTCCCACGAGATCAACGAGAAGAGCCCTTTCTGGGAGATGTCTCAGGCTCAGCTGCATCAGGAAGAGTTTGAAG 
VSPLIISHEINEK-SPFWENSOAOtHOEEFE 
901 
TTGTGGTCATTCTAGAAGGGATGGTGGAAGCCACAGGCATGACTTGCCAAGCACGGAGCTCTTACATGGATACAGAGGTGCTCTGGGGCC 
v v v LEGNVEATGNTCOARSIYNDTEVLYC 

/priiiJ, 

TCTAGAAGGGATGGTGGAAGCCACAGgtooggc... human genomic GIRK4 
LECNVEAT 

0 
AcTAGAAGGGATGGT~GAAGc~AcAGG~ATGAcTTGCcAAGcA~GGAGcT mtgenodc GIRg4 

991 
ACCGATTCACACCAGTCCTCACCTTGGAAAAGGGCTTCTATGAGGTGGACTACAACACCTTCCATGATACCTATGAGACCAACACACCCA 
HRFTPVLTLEKGFYEVDYNTFHDTYETNTP 
IO61 
GCTGCTGTGCCAAGGAGCTGGCAGAAATGAAGAGGGAAGGCCGGCTCCTCCAGTACCTCCCCAGCCCCCCACTGCTGGGGGGCTGTGCTG 

SCCAKELAENKREGRLLOYLPSPPLLGGCA 
1171 
AGGCAGGGCTGGATGCAGAGGCTGAGCAGAATGAAGAAGATGAGCCCAAGGGACTGGGTGGGTCCAGGGAGGCCAGGGGCTCGGTGTGA 

EAGLDAEAEONEEDEPKGLGGSREARGSV 

Fzgnre 1. Nucleotide and deduced amino acid sequence of the human 
GIRK4. The sequence of the genomic GIRK4 is identical in the ORF to 
the hippocampal cDNA clone and is shown with 90 bases of S’-UTR. The 
partial alignment to the homologom rat genomic sequence in the 
C-terminal ORF region shows a 5’splice junction at 937 bp for the human 
gene followed by an intronic sequence of -5.5 kb in length. Stars m c&es 
in this region indicate basc-pair exchanges in the corresponding rat gene. 
The ORF codes for a protein of 419 amino acids with two predicted 
transmembrane regions, Ml and M2, and a putative pore-forming struc- 
ture, H5 (boxed segments). S57, Tl58, and S233 are consensus sites for 
protein kinase C phosphorylation; a single N-linked glycosylation site is 
located at N132. Amino actds are indicated in the single-letter code. The 
Genbank accession number for the sequence is L47208. 
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Figure 2. Structural models of the proposed membrane-spanning and 
Dare-formine domains of the human GIRK4. GIRKl-3. rat IRK1 
?Wischmeye; et al., 1995), and the Drosophila B channel of Shaker 
(Tempel et al., 1987). Open circles represent amino acids identical with, 
and solid circles show residues different (gray symbols represent non- 
conserved exchanges) from’ GIRK4. The amino acid sequence identi- 
ties to GIRK4 in the region shown are 89% (GZRM), 83% (GIRK3), 
68% (GIRKI), 53% (IRKI), and 21% (Shaker). For GIRK4, the fol- 
lowing sites have been chosen as domain boundaries: Ml (V92/YI 13); 
H5 (A139iR155); and M2 (1165/M186). 

Kodak Biomax x-ray film (Rochester, NY) for 4-14 d. For cellular 
resolution, selected slides subsequently were dipped in photographic 
emulsion (NTB 2, Kodak), exposed for 4-12 weeks, and developed in 
Kodak D-19 for 3 min. 

RESULTS 

Molecular biology 
Homology screening of a human leukocyte genomic DNA library 
with a radiolabeled GIRKl cDNA fragment revealed a genomic 
clone with an ORF that coded for a 419-amino-acid polypeptide 
with the typical structural motifs of other known K+ inward 
rectifiers (Fig. 1). A conserved putative pore-forming region, H.5, 
is flanked by two transmembrane-spanning segments, Ml and M2; 
an N-linked glycosylation site at Asn’“’ between Ml and H.5 
suggests that the N and C termini of the protein are located at the 
intracellular side of the membrane. The human gene that we 
termed GZRK4 was similar (93% amino acid identity) to a “rat 
cardiac KATP” (rcKATP) channel that has been isolated recently 
from rat cardiac tissue and found to express ATP-sensitive K+ 
channels in human kidney HEK293 epithelial cells (Ashford et al., 
1994). In contrast to the equivalent rat gene, which we PCR- 
amplified from rat genomic DNA, the human gene (hgGIRK4) 
was interrupted by a single intronic sequence at Thr”* in the 
middle of the C-terminal tail region. Figure 1 shows that, with 
respect to the rat sequence, the exchange of a single base at 
location 938 in the human gene reveals a classic 5’-exon-intron 
splice consensus sequence “AG/GTAAG.” The intron was par- 
tially sequenced and found to be -5.5 kb in size. 

Using a C-terminal fragment of hgGIRK4 for homology screen- 
ing, GIRK4 also was identified from a human hippocampal cDNA 
library. In addition, in a parallel screening series of the same 
library with a partial rat GIRKl probe, three different but closely 
related types of cDNA clones were identified. They likely were the 
human orthologs of the rat heart GIRKl (97% amino acid iden- 
tity; Kubo et al., 1993b), mouse brain mbGIRK2 (97% amino acid 
identity; Lesage et al., 1994), and mbGIRK3 (97% amino acid 

~HT~AR 

Figure 3. Expression of GIRK4 and GIRKl channels elicits basal and 
agonist-dependent K+ current in Xenopus oocytes. Oocytes were injected 
with cRNA of GIRK4, GIRKl, or a combination of both in the absence or 
presence of the human 5-HT,, receptor as indicated on the right. High K+ 
(96 IIIM), low K+ (2 mM) solution, and 1 pM 5-HT were applied to the bath 
(arrows and solid bars) to the oocytes voltage-clamped at -80 mV. Dushed 
lines indicate the zero-current levels. Models of the channel pores are for 
illustration only. 

identity; Lesage et al., 1994), which suggests that mRNA tran- 
scripts of four GIRK subfamily members were present in human 
hippocampal tissue. The overall sequence identity between the 
human GIRK4 and GIRKl was 53%; it was 66% for GIRK3 and 
69% for GIRK2. Smaller sequence homologies were found be- 
tween GZRK4 and members of the IRK (43% to rat IRKl) and 
ROMK-family (38% to rat ROMKl). The striking structural 
similarities between the different putative members of the sub- 
family of GIRK channels were even more pronounced in a com- 
parison of the conserved membrane/pore domains as shown in 
Figure 2. The amino acid sequences in this region were dissimilar 
to IRK-type K’ inward rectifiers and highly different from classic 
voltage-dependent K+ channels. Of particular interest was the 
~85% amino acid identity between hgGIRK4 and the human 
GIRK2 counterpart in most of the C-terminal region that is likely 
to be involved in G-protein binding and blocking of the channel 
pore (Takao et al., 1994; Pessia et al., 1995). 
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GIRKl / GIRK4 
GIRK4 

F@tre 4. Coexpression in Xenopus oocytes of GIRK4/GIRKl channels potentiates currents mediated by either GIRK4 or GIRKl alone. Oocytes were 
injected with identical (0.6 ng each) amounts of cRNA for GIRKl, GIRK4, or GIRKUGIRK4. Currents are .5-HT-induced responses of oocytes clamped 
to step potentials between - I50 and +70 mV in 20 mV increments from a holding potential of -80 mV (top truces), and to voltage ramps of 500 msec 
duration between - 150 and +60 mV (borfom kuces). Resoonse amplitudes are from oocytes of one preparation and are representative of many cells (see 
text). Models of homo- and heteromkic channels are fo; illustrati’on only 

Functional expression of GIRK4 
Mouse brain mbGIRK2 had been classified as a GIRK-type 
channel because it was activated by coexpressed G-protein- 
coupled S-opioid receptors in X. laevis oocytes (Lesage et al., 
1994). To demonstrate that GIRK4 also functionally belongs into 
this subfamily, we characterized the properties of GIRK4 ex- 
pressed in Xenopus oocytes. Injection of GIRK4 cRNA induced 
the expression of a basal (agonist-independent, measured in 96 
mM high-K+) inwardly rectifying Kt current that was 275 ? 124% 
(n = 7) larger in amplitude compared with currents measured in 
H,O-injected oocytes (n = 8; Fig. 3). When human G-protein- 
coupled SHT,, receptors (SHT,,R) were coexpressed with 
GIRK4, bath application of 1 PM 5-HT yielded an additional 
inwardly rectifying KC current component. With oocytes voltage- 
clamped at -80 mV in high-K+ solution, peak current amplitudes 
were -182 2 82 nA in the absence and -482 t 122 nA in the 
presence of 5-HT (n = 7). 

Because heteromeric polypeptide formation was suggested to 
occur in the heart for muscarinic K,,, channels (Krapivinsky et 
al., 1995), we investigated the coexpression of the human GIRK4 

with rat brain GIRKl channel subunits in oocytes. To allow for a 
direct comparison of basal and SHT-dependent peak currents, 
oocytes were injected with equal amounts of cRNA encoding 
GIRK4, GIRKI, or a combination of both. Coexpression of 
cRNA encoding GIRKl, GIRK4, and the 5-HT,,R caused large, 
sometimes slowly desensitizing (cf. Kovoor et al., 1995) inwardly 
rectifying K+ currents (-4.92 2 2.03 PA, in high-K+ solution; n 
= 9) that were severalfold larger than for GIRK4 (see above) or 
GIRKl (- 1.03 ? 0.79 PA, n = 7) alone (Fig. 3). This current was 
enhanced dramatically by perfusion with 1 FM 5-HT (n = 7) 
elicited by GIRKl alone and returned to basal levels after re- 
moval of the agonist. Thus, GIRKl/GIRK4 coexpression caused 
an -3- and 23-fold current increase compared with GIRKl and 
GIRK4 alone, respectively (Fig. 4). However, the overall ampli- 
tude relationship between the basal current and the 5-HT-induced 
current varied between 15 and 60%, independent of the total 
current amplitude or time period between injection and data 
acquisition. 

Both the 5-HT-induced and the basal current component were 
dependent on the extracellular K+ concentration ([K+],,) and 
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Membrane potential [mV] 

GIRKl 

GIRK3 

-2 

GIRKl 
+ 

GIRK4 

Membrane potential [mV] 
4 

25 KC + 50 PM 5-HT 

I;@w? -i. Only cocxprcskn with GIRK4 s&units causes inward K’ currents in COS-7 cells. All COS-7 cells wcrc transfcctcd with 5-HT,, ~rnd 
cotransfccted with GIRK4, GIRKI, or GIRK3 alone (A), with GIRKI and GIRK4 (H), and with GIRK3 and GIRK4 (C). Currents arc whole-cell 
responds to voltage ramps of 500 mscc duration between ~ I60 and +60 mV. Solutions containing 35 mM K’ with or without SO FM 5-HT arc applied 
with a fast-microperfusion system as indicated hy the rrr~w~s and solirl har:s. GIRK4, GIRKI, or GIRK3 (A) by themselves do not reveal dctcctnhlc current 
rcsponscs; howcvcr. in GIRKIIGIRK4 (H)- and GIRKYGIRK4 (Qtransfectcd cells, application of 25 mM K+ elicits a hasal inward current (V,, = ~ I?0 
mV) that is increased by application of SO FM S-HT. Subtraction of ramp currents recorded in the presence or absence of 50 PM S-IHT rcvcals ;m inwardly 
Irectifying current that rcvckes close to the Ncrnst potential for K ’ 

were sensitive to block by 100-300 PM BaCI, (data not shown). 
Oocytes injected with H1O (see above) or the S-HT,,R (n = 5) 
alone did not reveal any significant current responses-nor did 
oocytes that were injected only with GIRKI and GIRK4 cRNAs 
(n = 6) show a S-HT-induced component in addition to the basal, 
inwardly rectifying current (1,,,J observed in high-K’ solution 
(Fig. 3). 

In contrast to Xcwop~~.s oocytes, GIRK4 transfccted together 
with S-HT,,R in HEK2Y3 cells (data not shown) and COS-7 cells 
(n = 27) did not rcvcal any macroscopic currents different from 
untransfected or mock-transfected cells (n = 7 each). Also, we 
and others (Kofuji et al., 1995; Krapivinsky et al., 19%; Philipson 
et al., lY9S) failed in attempts to achieve functional expression of 
the rat GIRKl cDNA in COS-7 (n = 34) and other mammalian 
host cells (Chinese hamster ovary, HEK293). However, when 
GIRKI, GIRK4, and S-HT,,R were expressed in COS-7 cells via 
an SV-4U-based vector in triple transfections, all cells (~1 = 42) 
that were detcrmincd to be transfccted from visual inspection 
exhibited a basal, agonist-independent, inwardly rectifying K ’ 
conductance - 13.fold larger than untransfected cells (Fig. SA,B). 

Local perfusion with a saturating S-HT concentration (SO PM) 

increased the inward current in 32 of 42 cells by 86 ?z 20%. As 
found in oocytcs, a change in [K+],, caused the reversal potential 
of the S-HT-induced current to follow the Nernst potential (E,) 
for K* , suggesting K ’ selectivity of the channel pores (Fig. S&C). 

Moreover, Ba’ ’ induced a concentration- and voltage-dependent 

current block in all cells tested (n = IO). Characteristically, the 

time constants for the onset of the Ba” inhibition (I mM) were 
markedly faster (T,,,, = 197 i- 125 msec) than those for relief of 
inhibition (T,,~ = 7.67 !z 2.65 XC), indicating slow Ba’ ’ unbinding 

from the pore, as observed for other K’ inward rectifiers (Wisch- 
meyer et al., 1995). 

Preliminary attempts to functionally express GIRK3 cDNA 
isolated from rat brain (E. DiRmann, unpublished data) revealed 
results qualitatively similar to those found for the coexprcssion of 
GIRKlIGIRK4. Rat brain GIRK3 did not show functional ex- 
pression in COS-7 cells when transfected alone (coexpressed with 
S-HT,,R), but gave rise to significant basal and S-HT-elicited 
inwardly rectifying K’ currents when cotransfectcd together with 
GIRK4 and S-HT,,R (Fig. SC). 

Because GIRK4 was found to be structurally similar to what has 
been referred to an rcK,,, (Ashford et al., 1994), WC invcstigatcd 
whether GIRKIIGIRK4 could exhibit pharmacological properties 
characteristic of native K,, ,, channels. In whole-cell measure- 
ments of GIRKl/GIRK4-transfected COS-7 cells, the sulfonyl- 
urea K,-,., channel blocker glibenclamide (Edwards and Weston, 
1093) affected neither the basal nor the S-HT-induced channel 

conductance when applied at a concentration of SO PM (II = 4). 
Similarly, application of 50 FM pinacidil, a K,,,, channel opener 
(Quast and Cook, 198Y), did not increase the macroscopic cur- 
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Fifilrrr 6. Cell-attached single-channel recordings of GIRK4/GIRKl 
channels expressed in COS-7 cells. A, Traces with elementary currents are 
shown from one patch at the selected voltages indicated on the ri&r with 
140 ITIM K‘ in the pipette. The potentials shown represent the pipette 

potentials that are shifted to more negative potentials by the resting 
potential of the cell. R, Current-voltage plot (pipcttc potential on the 
crh.sc~i.sstr) of the sin&-channel currents in A reveals a SIUDC conductance 
(gci,,tl(-l (i,,tl(,) of 30 pS; the .stmighr line was fitted by linear regression. C, 
Amplitude histogram with the number of events plotted against current 
amplitude (calcuked for single-channel events rcchrded at I’,, = -80 mV 
under the same conditions as above). D, Patch excision into the inside-out 
configuration CBUSCS GIRK4IGIRKI channel activity to disappear instan- 
taneously irrespective of the presence of ATP (I I?IM) in the bath solution. 
All current records wcrc filtered and digitized at I kHz. 

rents (n = 7). Native KKl.,, channels open when intracellular ATP 
concentrations are decreased (Noma, lY83; Cook and Hales, 
1984); however, after omission of ATP from the pipette solution, 
no increase in basal or S-HT-induced current over time (n = 3) 
was observed. 

In the cell-attached recording configuration, single-channel ac- 
tivity of K,, channels with a unitary slope conductance of -36.3 
+ 0.7 pS (n = 6) was detected in GIRKl/GIRK4-cotransfected 
cells, but this activity was never recorded in either untransfected/ 
mock-transfected COS-7 cells or cells transfected with either of 
the two GIRK subunits alone (n > 23; Fig. 6). Channels appeared 
to be similar in unitary conductance and open probability to 
recombinant “cardiac inward rectifier” (CIRNGIRKI (Krapivin- 
sky et al., 1995) and K,,.,, channels in rat atrial myocytes. Single- 
channel activity disappeared instantaneously after patch excision 
into the inside-out configuration irrespective of the ATP concen- 
tration (0-l mM) in the bath solution (Fig. 6C). Local perfusion 
with 100 ~.LM GTPyS in the presence 1 mM ATP after current 
run-down was found to restore channel activity. 

Cellular localization of GIRK4 

Because human central nervous system (CNS) tissue appropriate 
for i/l sits hybridizations was difficult to obtain, we examined the 
distribution of GIRK4 in tissue sections from the rat with both 
radiolabeled cRNA and synthetic oligonucleotides of the rat 
GIRK4 homolog. In heart, high mRNA expression levels were 
found only in the atrium, but not in the ventricle (Fig. 7F). In 
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contrast, the general expression lcvcl of GIRK4 was very low in 
most regions of the CNS with both types of probes when com- 
pared with the abundant expression of GIRKl (Karschin et al., 
lYY4) and GIRK2IGIRK3 (C. Karschin, unpublished data) in the 
rat brain. Overall, mainly the hippocampus and superior colliculus 
appeared positive on x-ray films, but examination of emulsion- 
dipped slides also revealed some distinct hybridization signals in 
other brain areas. In the hippocampal formation, cxprcssion was 
prominent in CA3 pyramidal neurons but only moderate to low in 
both CA1 neurons and dentate gyrus granule cells (Fig. 7A.B). 
Many cells in the subiculum and entorhinal cortex of the hip- 
pocampal formation also were found to be positive. In the major 
target of retinal ganglion cells, the superior colliculus, the optic 
nerve layer-intermediate gray layer contained various strongly 
labeled cells (Fig. 70). In the medial habcnular nucleus, a major- 
ity of cells were found to be positive, whereas only a few neurons 
were strongly labeled in both the medial vcstibular nucleus (Fig. 
7E) and the septal nucleus. Diffuse hybridization signal also was 
observed in the inferior olive, the paraventricular thalamic, and 
the ventromedial-hypothalamic nucleus. In the cerebellar cortex, 
only the large Purkinje cells revealed positive hybridization signals 
(Fig. 7B). 

DISCUSSION 

Based on the >Y3% amino acid sequence identity, the novel 
G-protein-activated K+ inward rectifier GIRK4 (or Kir3.4; for the 
alternative terminology, see Doupnik et al., 1995) likely rcpre- 
sents a human ortholog of the rcK,.,-,, (Ashford ct al., 1904) and 
CIR (Krapivinsky et al., lYYS), both isolated from rat heart. An 
uncharacterized clone of identical sequence from a human pan- 
creatic library has been deposited in Genbank (accession number 
X83582). By isolating GIRK4 from a human hippocampal cDNA 
library, we showed that GIRK4 transcripts not only were not 
confined to cardiac tissue but were present in the CNS, as sug- 
gested for rcK,, ,, from reverse transcription-PCR (Ashford ct al., 

1994). Irz sits hybridizations on rat tissue pcrformcd in this report 
demonstrated only low to moderate RNA expression levels of 
GIRK4 in the CNS, with few areas (e.g., every single pyramidal 
neuron in the hippocampal CA3 region) of strongly labclcd cells. 
In contrast, abundant expression has been found for each of the 
other subfamily members GIRKI-3 throughout the rat brain 
(Karschin et al., 1904) (C. Karschin, unpublished data). 

When expressed in Xenopus oocytcs and COS-7 cells together 
with S-HT,,R, GIRK4 functionally assembled to K,,, channels 
that were subject to activation by S-HT. In the mammalian brain, 
S-HT,,R elicit IPSPs, possibly via GIRK channels in CAI pyra- 
midal neurons of the rat hippocampus (Andrade et al., 1986). The 
functional reconstitution of GIRK channel activation by coex- 
pressed G-protein-coupled receptors indicated that, in both re- 
combinant cell systems, endogenous G-proteins adequately com- 
pleted the signaling cascade. The host cells also may have 
contributed to the expression of the agonist-independent “basal 

K’ current” component that became particularly pronounced in 
elevated [K’],,. Dascal et al. (lYY3a) argued that this “I,,,” cur- 
rent, because of its lower BaZ’ sensitivity, was different from the 
basal activity of the same GIRK channels that were activated by 
the agonist. Although we found significant variations in the am- 
plitude ratios of I,,, and the 5-HT-induced current, both compo- 
nents were potentiated equally by cocxpression of GIRKl/ 
GIRK4. This suggests that I,,, indeed was dominated by a GIRK 
current, the stimulation of which likely was attributable to a basal 
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Figure Z Localization of GIRK4 in rat tissue as revealed by in sifu hybridization. Sections were hybridized with cRNA probes (A-C) or oligonucleotide 
probes (D-F) of GIRK4 as described in Materials and Methods.A, Dark-field photomicrograph of a horizontal section through the hippocampal region 
shows strong labeling in CA3 pyramidal neurons of Ammon’s horn (CA 3), and moderate to low expression levels in the CA1 and dentate gyrus (CA I, 
DC) regions. B, Sense RNA control in an adjacent section. C, Purkinje cells in the cerebellar cortex are labeled strongly; oligodendroglia in the cerebellar 
white matter do not accumulate silver grains. A few distinct neurons in the optic nerve layer-intermediate white layer of the superior colliculus (0) and 
in the medial vestibular nucleus (E) are also positive. Emulsion-dipped sections were exposed for 80 d. F, X-ray-film image of a horizontal rat heart section 
showing strong expression of GIRK4 mRNA predominantly in the atrium (a) but not in the ventricle (v). Exposure time, 8 d. Scale bars: A-E, 250 pm; 
F, 2 mm. 
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level of activated G-protein subunits (see also Kovoor et al., 
1905). 

As has been demonstrated for classic voltage-dependent A-type 
K’ channels in the brain (Sheng et al., 1993; Wang et al., 1993) 
coassembly between homologous subunits into heteromultimers 
also may occur in the family of K,, channels. Recently, it was 
demonstrated that the native G-protein-activated K’ channel 
K AC,,, well known as the target for the muscarinic action in the 
mammalian heart, was comprised of the two homologous sub- 
units, GIRKl and the rat CIR (Krapivinsky et al., 1995). Compa- 
rable with the results obtained for the rat CIRiGIRKl coexpres- 
sion, we found that the human GIRK4 also “associated” with 
other members of the GIRK family (GIRKl, GIRK3) to yield 
whole-cell K+ currents that were potentiated compared with 
those of the putative homomeric channels alone. Interestingly, 
coexpression of GIRK4 and GIRKl in mammalian COS cells 
revealed prominent whole-cell currents, whereas we were unable 
to record S-HT-induced currents in cells transfected with either of 
them individually. This apparent discrepancy between oocytes and 
a mammalian host cell may indicate that the cell-specific environ- 
ment somehow influences protein assembly/channel activity of 
GIRK channels. Therefore, whenever GIRK-type channel sub- 
units yield Ki channels, caution must be exerted when determin- 
ing whether functional polypeptides are caused by a molecular 
association of the transfectediinjected subunits with channel sub- 
units that occur endogenously in different cell types. 

It remains to be determined whether any of the newly isolated 
channels represent the long-sought KArp channel. Ashford et al. 
(1994) reported that rcK,-,., (hence the name), expressed in the 
human HEK293 and hamster BHK21 kidney epithelial cell lines, 
produced classic K,,.,., channels of -70 pS unitary conductance that 
were activated by the K+ channel opener pinacidil and that the open 
probability of which decreased in the presence of micromolar con- 
centrations of intracellular ATP. In the cDNA, no obvious structural 
motifs of a Walker A-type ATP-binding site, as seen in ROMK 
channels, could be identified. When expressed in Xenopus oocytes, 
neither the identical CIR nor the human ortholog GIRK4 showed 
any sensitivity to millimolar ATP concentrations, regardless of 
whether it was expressed alone or in conjunction with GIRKl. In 
addition, CIRIGIRK4 channels alone (15-30 pS) or together with 
GIRKl (-36 pS) revealed polypeptides with a unitary conductance 
significantly smaller than the 70 pS conductance typical of most K,,, 
channels in native tissues (Ashcroft and Ashcroft, 1990). Further- 
more, preliminary efforts failed to reconstitute the molecular associ- 
ation between the putative K,,, channel subunit rcK,,,/CIR and 
the recently cloned sulfonylurea receptor, SUR (Aguilar-Bryan et al., 
1995). From these data, and the distinct mRNA expression in heart 
and brain shown here, we conclude that the protein that confers ATP 
sensitivity to native K,,r,, channels is unlikely to be CIRGIRK4. Still 
another potential K,,.,, candidate is the recently identified UK&,.,,-1 
channel that is ubiquitously expressed in rat pancreas, skeletal mus- 
cle, heart, and pituitary gland and shows only 44% amino acid 
identity to rcKAr,JCIR (43% to GIRKl; Inagaki et al., 1995). Again, 
transient transfcction of uK~,.,-1 in HEK2Y3 cells yielded ATP- 
sensitive and diazoxide-activated, mildly inward rectifying 70 pS Kt 
channels. In our rcscarch, however, wild-type untransfected HEK293 
cells exhibited endogenous ATP-sensitive K+ channels (E. Wischm- 
eyer, unpublished data); thus, the true nature of K,-r,, channels 
should be verified in other host cell systems. 

What functional role, then, can be attributed to GIRK4? From 
its structural similarity to GIRKl-3, it may be capable of assem- 
bling by itself or in combination with either of the other subfamily 

members to form functional channel structures, as has been 
suggested for classic voltage-dependent and, very recently, K,, 
channels (Kofuji et al., 1995). In the rat atria, where both GIRKl 
and GIRK4 appear to be expressed strongly, size-exclusion chro- 
matography defines a hetero-oligomeric complex of 480-520 kDa 
containing both GIRKl and CIR proteins in as yet unknown 
stoichiometry (Krapivinsky et al., 1995). I f  so, heteromerizations 
may not be confined to the GIRK subfamily but, rather, may be 
found across subfamily borders with ROMK- and IRK-type chan- 
nels as well. The recognition and assembly sequences that restrict 
subunit heteromerization within the Shaker K’ channel subfamily 
have been confined to two 30. to ho-amino-acid stretches in the Tl 
region of the N-terminal domain of the protein (Li et al., 1992; 
Shen and Pfaffinger, 1995). By analogy, it should bc possible to 
define equivalent regions in GIRK-type subunits that control the 
compatibility with members of other K,,, channel subfamilies. It is 
of particular interest to note that GIRK4ICIR coexpression dra- 
matically increases the current responses of GIRKlIGIRK3 chan- 
nels severalfold, which is not based on differences in unitary 
channel conductance alone. If  GIRK4 regularly forms hetero- 
merit channels with GIRKI-3 subunits, it is unclear why its 
cellular expression levels do not match the vastly abundant ex- 
pression of the other subfamily members in the rat brain. Thus, in 
addition (or alternative) to the formation of heterotetrameric 
channel proteins, GIRK4 may play a role in facilitating process- 
ing, targeting, or assembly of GIRK-type channel proteins. The 
fact that GIRKl protein could be detected by cellular immuno- 
assays in HEK293 cells that lacked functional channel expression 
(Philipson et al., 1995) indicates that GIRKl channels in various 
mammalian cells may be processed inadequately on their way to 
the membrane. GIRK4 subunits may function to support the 
process of protein maturation. So far, except for larger basal and 
receptor-activated macroscopic currents, no other functional al- 
terations that concern gating by G-protein subunits or regulation 
by intracellular ligands have been detected in coexpression stud- 
ies. Nevertheless, our observation that GIRK4 and three other 
members of the GIRK subfamily in the living rat brain are 
expressed in the same tissue and eventually the same ceils (e.g., 
hippocampal CA3 pyramidal neurons) may have functional con- 
sequences. Together with the possibility of alternatively spliced 
transcripts and the various forms of cell-specific channel regula- 
tion via signaling pathways, the multiple possible combinations 
among GIRK channel subunits may account for the physiological 
diversity observed in this important family of K’ channels. 
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