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Molecular cloning together with functional characterization has 
shown that the newly identified family of inwardly rectifying K+ 
channels consists of several closely related members encoded 
by separate genes. In this report we demonstrate the differential 
mFiNA expression and detailed cellular localization in the adult 
rat brain of seven members of the IRK and GIRK subfamilies. 
Using both radiolabeled cRNA riboprobes and specific oligo- 
nucleotide probes directed to nonconserved regions of both 
known and newly isolated rat brain cDNAs, in situ hybridization 
revealed wide distribution with partly overlapping expression of 
the mRNAs of IRKl-3 and GIRKl-4. Except for the low levels 
of GIRK4 transcripts observed, the overall distribution patterns 
of the other GIRK subunits were rather similar, with high levels 
of expression in the olfactory bulb, hippocampus, cortex, thal- 

amus, and cerebellum. Marked differences in expression levels 
existed only in some thalamic, brainstem, and midbrain nuclei, 
e.g., the substantia nigra, superior colliculus, or inferior olive. In 
contrast, IRK subunits were expressed more differentially: all 
mRNAs were abundant in dentate gyrus, olfactory bulb, cau- 
date putamen, and piriform cortex. IRK1 and IRK3 were re- 
stricted to these regions, but they were absent from most parts 
of the thalamus, cerebellum, and brainstem, where IRK2 was 
expressed predominantly. Because channel subunits may as- 
semble as heteromultimers, additional functional characteriza- 
tion based on overlapping expression patterns may help to 
decipher the native K ’ channels in neurons and glial cells. 
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Inwardly rectifying Kf (Kir) channels are involved in diverse cellular 
functions such as maintenance of the resting conductance, K+ ho- 
meostasis, pacemaker activity, synaptic inhibition, and neuronal fir- 
ing rates. Originally described in frog skeletal muscle, “anomalous” 
(Katz, 1949) or “inward” rectifiers favor the entry of K+ during 
hyperpolarization and thus control the cell potential without causing 
massive loss of K’~ (Hille, 1992a; Jan and Jan, 1994). The recent 
molecular cloning of the first two channel subtypes from a macro- 
phage cell line (Kubo et al., 1993a) and kidney (Ho et al., 1993) 
demonstrated a most primitive protein structure: hydropathy profiles 
of the primary amino acid sequences predicted only two transmem- 
brane cw-helices per subunit surrounding a putative pore-lining re- 
gion. Since then, diverse cloning approaches have identified multiple 
new Kir family members from different tissues and species. On the 
basis of structure as well as physiological characteristics, these sub- 
types have been grouped tentatively into three major subfamilies (for 
a recent terminology, see Doupnik et al., 1995). First, ROMK-type 
(Kirl.0) channels are “mildly” rectifying, lack time-dependent gating, 
and are regulated by cytoplasmic ATP. Five splice variants are 
expressed predominantly in kidney but also are expressed in brain 
(Shuck et al., 1994; Yano ct al., 1994; Zhou et al., 1994; Boim et al., 
1995). Second, IRK-type (Kid.(l) channels are constitutively active 
with apparent time-dependent gating and “strong” inward rectifica- 
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tion (Ishihara and Hiraoka, 1994; Stanfield et al., 1994). Structural 
similarities and unitary conductances further define IRK1 (Kir2.1: 
Morishige et al., 1993; Ishii et al., 1994; Wischmeyer et al., 1995b), 
IRK2 (Kir2.2: Koyama et al., 1994; Takahashi et al., 1994) and IRK3 
subtypes (Kir2.3: Makhina et al., 1994; Morishige et al., 1994; 
PCrier et al., 1994; Tang and Yang, 1994), which are likely to be 
expressed in the mammalian brain. Finally, the GIRK-type (Kir3.0) 
subfamily comprises four different channel subunits that are subject 
to G-protein activation. GIRKl channels were first isolated from the 
rat atrium by expression cloning (Dascal et al., 1993; Kubo et al., 
1993b) and found to be gated by P-y subunits in a membrane- 
delimited manner (Reuveny et al., 1994; Wickman et al., 1994). More 
recently, two structurally related channels, mbGIRK2 and mb- 
GIRK3, were identified from the mouse brain (Lesage et al., 1994). 
A fourth subtype (Kir3.4) was isolated from rat heart (Krapivinsky et 
al., 1995) and human hippocampus (Spauschus et al., 1996); this 
subtype probably does not underlie the previously described ATP- 
sensitive KA.,.,, channels, as had been assumed originally. 

The observed multitude of genes together with the possible sub- 
unit assembly into heteromeric polypeptides may give rise to func- 
tionally diverse channel proteins, the majority of which are expressed 
in the mammalian brain. In this report we performed an extensive in 
situ hybridization study to describe the precise cellular distribution of 
IRKl-3 and GIRKl-4 channel subunits in the rat CNS. 

Parts of this paper have been published in abstract form (Kar- 
schin et al., 1995). 

MATERIALS AND METHODS 
Molecular biology 
To obtain sequence information on GIRK subunits of which no rat 
orthologs have been identified, a rat brain cDNA library (Stratagene, La 
Jolla, CA) was homology-screened under low stringency conditions as 
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described by Spauschus et al. (1996). A total of >3 X 10’ clones were 
hvbridized with either a [“PldCTP-labeled 2.1 kb fragment of rat heart 
dIRK1 (Dascal et al., 1993) or two 5’ cDNA fragments from the human 
hippocampus that coded for GIRK2 (1171 bp) and GIRK3 (387 bp; E. 
DiBmann, unpublished observations). Sequence analysis of positive 
clones identified full-length open reading frames (ORFs), which were 
likely to represent GIRKI, GIRK2, and GIRK3 rat orthologs. Rat brain 
GIRKl was different from published sequences (Dascal et al., 1993; Kubo 
et al., 1993b) only in its 5’ and 3’ untranslated regions; rat brain GIRK2 
was 98% similar to GIRK2 isolated from the mouse brain (Lesage et al., 
1994) and identical to BIRl (Bond et al., 1995) and K,,,-2‘(Stoffel et al., 
1995) both isolated from pancreatic insulinoma cells; rat brain GIRK3 
showed 99% amino acid identity to GIRK3 from the mouse brain. 

In situ hybridization 
In situ hybridization analysis was performed on rat and mouse brain 
sections using synthetic antisense and sense oligonucleotidc probes. Ex- 
periments with cRNA probes specific for IRKl, GIRKl, and GIRK4 
were carried out for comparison only and are not shown in the figures. 
Oligonucleotides of 44-50 bases in length were chosen from regions in 
the ORF or untranslated regions with least homology to other known Kir 
channels to minimize cross-hybridizations. 

Specificity of probes. Except for IRKI, at lcast two subunit-specific 
antiscnse oligonuclcotidcs corresponding to 3’ and 5’.end regions of the 
cDN4 were generated. Identical hybridization patterns for each pair 
confirmed the specificity of the probes and minimized the risk that only 
possible splice variants were detected. Additional criteria for specifc 
labeling were congruent data (I) in scparatc cxpcrimcnts and on more 
than three diffcrcnt brain sections, (2) bctwccn x-ray film images and 
emulsion dipped slides, and (3) matching mRNA cxprcssion patterns 

obtained with cRNA and oligonuclcotidc probes. 
Effectiveness of olipnucle&le probes. All oligonuclcotidcs wcrc dc- 

signed with the helo of Lascrgenc software (DNAStar. Madison. WI) to 
guarantee oligonucieotides su:ted for hybridizations in terms of hairpin- 
and self-dimer formation. Only oligonucleotide probes that resulted in 
strong hybridization signals in any of the brain cells were considered to be 
effective and used for data analysis. Criteria for strong versus weak 
labeling of brain structures were the number of silver grains accumulated 
above cell somata relative to the strongest hybridization signal for a given 
oligonucleotide. Oligonucleotides designed for GIRK4, which detected 
only low mRNA expression levels in most brain regions, were found to 
reveal strong hybridization signals, e.g., in some selected vestibular nuclei 
neurons as well as in the rat heart. 

Controls und background. The following controls were performed. 
Adjacent sections wcrc (I) hybridized with sense riboprobes or sense 
oligonucleotides, (2) digcstcd with RNase before hybridization, and (3) 
hybridized with a mixed oligonucleotide probe containing a IO-fold excess 
of cold probe. The silver grain densities observed in control sections were 
considcrcd as background. Because only a few silver grains were present 
compared to specific signals over cell somata, no background subtractions 
were necessary. 

The sequence and location (base position on coding strand indicated) 
of the oligonucleotides explicitly used for data analysis wcrc as follows: 
IRKl: anti.wnse “” ’ 5 TAAAGGCCTGGGCTCTAGAGGCACGCTCG- 
CCTGGTTGTGGAGATCTATGC3’, sense ‘z’45’GCATAGATCTCC- 
ACAACCAGGCGAGCGTGCCTCTAGAGCCCAGGCCTTTA3’ (cf. 
Wischmeyer et al., 1995b); IRK2: mtisensr ““75’GGTCATTCTGGCAATC- 
CACCCTCCTGCCAACT”ITCCCAAGCTATTGCAAG3’, sense ““‘5’C 
TTGCAATAGCITGGGAAAGTTGGCAGGAGGGTGGATTGCCAG- 
AATGACC3’ (cf. Koyama et al., 1994); IRK3: untisense#l 
‘~5’5’CTCAAGCATCCGGATAATGCCTGCCTCCTCTTTGGAACC- 
TGCCTCC3’ (cf. Morishige et al., 1994; three mismatches with rat 
IRK3), antisense#2 4’5’TTTCCGCCTGGGCACGTGGGCCTGCCCG- 
TTTCGGTTGTGTCCGT3’ (two mismatches with rat IRK3); 
GIRKI: antisense -‘S’AATACGGAGGGGAGATCCAGATTCAAA- 
CACGAAGCGGAGGCGCAGGAGCC3’ (cf. Dascal et al., 1993); 
~e,rse “5’ GGCTCCTGCGCCTCCGCTTCGTGTTTGAATCTGGAT- 
CTCCCCTCCGTATT3’; GIRK2: antisense ‘24”5’TCACCCATTCCTCT- 
CCGTCAGTTCTTCCGGG’ITC’ITCTCTICCTCTTCTG3’ (cf. Lesage et 
al., 1994: two mismatches with rat GIRK2); GIRK3: anti- 
serrse ““S’TCAGCTCCATCTCCCGCACCTGCCCCCCTCCCCAGCC 
CCTTCTTCCTCCA3’ (cf. Lesage et al.. 1994: two mismatches with 
rat GIRK3); GIRK4: &tisense#? “5’ TCCAATCTCCATGTCCTGG- 
TTCATGGCATTCCTAGAATCGCCAG3’ (GenBank accession num- 
ber X83584); antisense#2 ““5’CTCAGCACAGCCCCCCAGTGGG- 

GGGGCTGGGGAGGTACTGGAGGAGC3’. Oligonucleotides were 3’ 
end-labeled with [“S] dATP (DuPontiNEN, 1200 Ciimmol) by terminal 
deoxynucleotidyl transferase (Boehringcr Mannhcim, Mannheim, Ger- 
many) and used for hybridization at concentrations of 2-10 pg/kl (400,000 
cpm/lOO ~1 hybridization buffer per slide). Alternatively, antisensc and sense 
cRNA probes were generated with T3 and T7 RNA polymerasc, rcspcc- 
tively, by in vitro transcription using [“S]UTP (Dupont/NEN; spccilic activ- 
ities of 5-8 X lo8 dpm/Fg) from (1) GIRKl, a -870 bp GIRKI fragment 
including a 291 bp stretch of the 3’ ORF, (2) a -1200 bp IRK1 fragment, and 
(3) a -580 bp fragment covering the C-terminal region of the rat GIRK4 
ORF. 

For tissue preparation, adult Wistar rats and adult NMRI mice were 
anesthetized and decapitated, and the brain was removed and frozen 
quickly on dry ice. Timed pregnant rats were anesthetized and killed at 
various times of embryonic development (El6, EIS, E20), and the em- 
bryos were removed and frozen. Adult brains and whole heads of em- 
bryos were cut on a cryostat at lo-16 Frn, thaw-mounted onto Supcrfrost 
Plus slides, fixed with 4% paraformaldehyde in PBS, pH 7.4, dehydrated, 
and stored under ethanol until hybridization. For hybridizations with 
labeled oligonucleotidcs, slides were air-dried and hybridized overnight 
at 43°C in 100 ~1 buffer containing 50% formamide, IO% dcxtran sulfate, 
SO mM DTT, 0.3 M NaCI, 30 mM Tris-HCI, 4 nlM EDTA, IX Dcnhardt’s 
solution, 0.5 mg/ml denatured salmon sperm DNA, and 0.5 mg,hl polya- 
dcnylic acid. When sections were hybridized with cRNA riboprobcs. 
slides wcrc trcatcd with protcinasc K (I pgiml), acctylatcd with 0.25% 
acetic anhydridc in 0. I M trictlianolnniinc, old prchybridizcd for 2 hr al 

37°C in hybr-idization buffer (25 IllM PIPES, pF-I 6.8, 0.75 M NaCI. 25 111~ 
EDTA, IX Dcnhardt’s solution, 50%~ dcionizcd formamidc, 0.2%, SDS, 
100 IJIM DTI‘, 250 kg/ml dcnaturcd salmon sperm DNA, and 250 ~g/ml 
polyadcnylic acid). Subscqucntly, sections wcrc incubntcd in the same 

hyhr-idization buffer containing dcxtran sulfate (5%) and 0.02-0.2 ng/$ 
of the radiolabelcd probe overnight at 54°C. Adjacent tissue sections 
were hybridized with sense riboprobes as controls. After hybridization 
with riboprobes, sections were washed twice in 4X SSC plus 50 111~ 
P-mercaptoethanol for 15 min, treated with RNasc A (50 &ml) for 30 
min at 37”C, and washed twice with 2X SSC for I hr, followed by two 15 
min high-stringency washes at 5S-65°C in 0.1 X SSC. Sections hybridized 
to oligonucleotide probes were washed twice for 30 min in 1 x SSC plus 
50 mM P-mercaptoethanol, 1 hr in 1 X SSC at 6O”C, and 10 min in 0.1 x 
SSC at room temperature. Specimens were then dehydrated, air-dried, 
and exposed to Kodak BIOMAX x-ray film for 8-21 d. For cellular 
resolution, selected slides were subsequently dipped in photographic 
emulsion Kodak NTB2, incubated for 4-12 weeks, and then developed in 
Kodak D-19 for 2.5 min. For analysis with bright- and dark-tield optics, 
sections were Nissl-counterstained with cresyl violet to conhrm cytoar- 
chitecture. Rat brain structures were identified and confirmed according 
to Paxinos and Watson (1986). 

RESULTS 

Data on the mRNA expression of IRK(l-3) and GIRK( l-4) Kir 

channels were compiled from examination of x-ray film images 
and emulsion-coated sections of five adult rat brains cut in sagit- 
tal, horizontal, and coronal planes. Table 1 summarizes the results 
for mRNA expression levels observed in the rat brain. GIRKI-3 
subunits generally were expressed more strongly than the IRK- 
type subunits and showed a wide and highly overlapping distribu- 
tion pattern (Fig. 1). 

In sharp contrast, GIRK4 mRNA expression levels were low or 
nondetectable in most CNS regions. Both oligonucleotide and 
cRNA probes generally revealed similar expression patterns with 
most prominent transcript levels in the vestibular nuclei, superior 
colliculus, and habenula; in brain areas with very low transcription 
levels, such as the olfactory bulb and neocortex, GIRK4 mRNA 
was detected only with cRNA probes (Spauschus et al., 1996). 
Where possible, GIRK4 mRNA expression levels have been in- 
cluded in Table 1, but are otherwise not discussed in further 
detail. 

IRK1,3 mRNAs were restricted noticeably to the forebrain and 
selected midbrain nuclei; in contrast, IRK2 mRNA was distrib- 
uted throughout the brain with highest levels in cerebellum, 
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Table 1. Distribution of IRK/GIRK mRNAs in the CNS of the adult rat 

Brain region IRK1 IRK2 IRK3 GIRKI GIRK2 GIRK3 GIRK4 

Olfactory system 
Main olfactory hulh 

Granular cells 
Mitral cells 
Pcriglomcrular cells 

Anterior olfactory nucleus 
Olfactory tubercle 
Putform cortex 

Neocortcx 
Cortical layer II 
Cortical layer III-VI 

Subiculum 
Entorhinal cortex 

Hippocampus 
Dentate gyrus granule cells 
Hilus dentate gyms 
CAI pyramidal cells 
CA2 pyramidal cells 
CA3 pyramidal cells 
Tenia tecta 
Indusium griscum 

Septum 
Bed nucleus stria tcrminalis 
Lateral septal nucleus 

Basal ganglia 
Caudatc nutamcn 
Globua phllidus 
Nucleus accumhcns 

Nucleus VDB 
Habcnula 
Amygdala 
Hypothalamus 
Preoptic area 
Supraoptic nucleus 
Mammillary nuclei 
Substantia nigra 

Pars compacta 
Pars rcticulata 
Ventral tcgmental arca 

Thahtmus 
Thalamic reticular nucleus 
Geniculate nucleus 
Antenor nuclei (ADIAV) 
Lateral nuclei (LDILP) 
Vcntroposterior nuclei (VP) 

Midbrain 
Superior colliculus 
Inferior colliculus 
Central gray 
APTD 
DpMe 
Oculomotor nucleus 
Red nucleus 
Intcrpcduncular nucleus 

Cerehcllum 
Deep nuclei 
Molecular layer 
Granule ccl1 layer 
Purkinje cells 

Brainstem 
Pontinc nucleus 
Trapezoid body 
Inferior ohwry nuclei 
Locus cocrulcus 
Raphi: nuclei 
Pontinc reticular ftumation 
Motor trigcminal nucleus 
Mc5 cells 
Facial nucleus 
Vcstihular nuclei 
Cochlcar nuclei 
Solitaly nucleus 
Cuncatc nuclcu\ 
Dorsal tegmcntal nucleus 
Lateral parahrachial nucleus 
Hypoglossal nucleus 
Spinal trigcminal nuclei 
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In situ hybridization signals obtained for 3’S-labeled oligonucleotidc probes on adult rat brain sections (dipped sections and x-ray film) were rated according to the relative grain 
density: ++++, very abundant; +++, abundant; ++, moderate; +, low; ?, just above background; 9, no expression; n.d., not determined. Ratings for GIRK4 were 

determined mainly from hybridizations with cRNA probes and thercforc appear in parentheses. VDB, Nucleus vertical limb of the diagonal band; APTD, anterior pretactal 
nucleus; Me5, mesencephalic trigeminal nucleus; DpMe, deep mesencephalic nucleus. 
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Figure 1. X-ray film images of sagittal rat brain sections show distribution of mRNAs as detected by in situ hybridization with oligonucleotide probes 
specific for IRK1 (A), IRK2 (B), IRK3 (C), GIRKl (E), GIRK2 (F), GIRK3 (G), and GIRK4 (I-r). D, Control section hybridized with sense probe. Scale 
bar (shown in H): 5 mm. Exposure times are 8-21 d. 

thalamus, and selected brainstem nuclei (Fig. 1). Appropriate 
controls performed with either sense oligonucleotide/RNA 
probes, a mixed probe with excess unlabeled oligonucleotides, or 
with tissue RNase-digested before hybridization revealed no spe- 
cific labeling (Fig. 10) for any of the probes and served as a 
measure of background labeling. 

Both IRK13 and GIRKl-4 mRNAs were expressed in the 
developing brain as early as embryonic day 16 (data not shown). 
Overall, the embryonic expression patterns resembled the distri- 
bution in the adult brain; only IRKl-subunit mRNA levels were 

noticeably higher in the neocortical neuroepithelium compared 
with the adult cerebral cortex. 

Olfactory system 
All six subunit genes were expressed in the main olfactory bulb 
granular cell layer and mitral cell layer, but only IRK2 and 
GIRK3 mRNAs were abundant in glomerular cells. The ante- 
rior olfactory nucleus contained high levels of all GIRK sub- 
units as well as IRK3 transcripts and weakly expressed IRK1,2 
mRNAs. Although all subunit genes were expressed in the 
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Figure 2. Dark-field photomicrographs of adjacent sagittal sections through the rat hippocampal region hybridized with oligonucleotides specific for 
IRK1 (A), IRK2 (B), IRK3 (C), GIRKl (D), GIRK2 (E), and GIRK3 (F). CAI, CA3, Pyramidal cell layer of the CA1 and CA3 fields of the Ammon’s 
horn; DC, granule cell layer of the dentate gyms; PoDG, polymorphic layer of the dentate gyms. Scale bar (shown in F): 300 pm. 

piriform (primary olfactory) cortex, the olfactory tubercle was 
labeled prominently by IRK1,3 mRNAs and to a lesser extent 
by the other subunits. 

Hippocampus 
For the IRK family, transcripts were abundant only in dentate 
gyrus granule cells. Pyramidal cells of the CA1 region expressed 
low levels of all IRK subunits, whereas specific labeling basically 
was absent from CA3 neurons (Fig. 24-C). IRK3 transcripts were 
found to be slightly elevated in the short CA2 stretch between the 

CA1 and CA3 neurons. This result was confirmed and even more 
conspicuous in mouse brain sections hybridized to the same oli- 
gonucleotide probe. All GIRK subunit genes, on the other hand, 
were expressed strongly by dentate gyrus granule cells as well as 
CAl-CA3 pyramidal neurons (Fig. D-F). A difference existed in 
the proximal hilus of the dentate gyrus, where large neurons 
contained significantly higher levels of GIRK2 and GIRK3 than 
GIRKl mRNAs. Thus, in the hippocampus proper, different cell 
types seem to harbor strikingly different combinations of subunit 
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Figure 3. Dark-field photomicrographs of adjacent coronal sections through the parietal cortex hybridized with oligonucleotides specific for GIRKl (A), 
GIRJS3 (B), and IRK1 (C). D, Adjacent Nissl-stained section showing distribution of cells in cortical layers I-V. Scale bar (shown in D): 150 pm. 

transcripts: some cells, such as dentate granule cells, express all six 
subunits, whereas others, e.g., some hilar neurons, express pre- 
dominantly GIRK2 and/or GIRK3 subunits. 

Neocortex 
GIRKl-3 subunit genes were strongly expressed in all cortical 
areas with a labeling pattern reflecting the laminar structure of 
cell distribution as seen in Nissl-stained sections (Fig. 3A,B). 
Analysis of emulsion-dipped slides at high power showed that 
virtually all large cells, presumably pyramidal neurons, had accu- 
mulated silver grains above their somata. Thus we conclude that 
these subunits are coexpressed by most cortical pyramidal neu- 
rons. Although IRK2,3 mRNAs were present in all cortical layers 
at moderate levels, a more differential signal was observed for 
IRK1 mRNA, with particularly elevated levels in layer II neurons, 
but extremely low expression was observed in all other layers (Fig. 
3C). All small cell bodies throughout the nuclear layers and white 
matter of the cortex, which probably represent oligo-, astro-, or 
microglia cells, failed to show hybridization signals for any of the 
Kir channels under study. 

Basal ganglia and amygdala 
The caudate putamen and nucleus accumbens were among the 
most prominently labeled brain structures when probed with 
IRK1,3 mRNAs. In both regions, virtually all small and medium- 
sized cells were labeled strongly (Fig. 44,B). In contrast, IRK2 
mRNA revealed a quite different expression pattern. Although 
most cells were found to be negative or weakly labeled, all of the 
large cells present exhibited prominent labeling (Fig. 4C,D). 
These cells are likely to represent the population of large aspiny 
cholinergic neurons that make up <2% of all cells in the caudate 
and seem immunoreactive to choline acetyltransferase antibodies 
(Paxinos, 1995). Interestingly, these large cells did not contain 
IRK1 mRNA (Fig. 4B). GIRK family members were absent in the 
basal ganglia (GIRK2), or only weak and diffuse expression was 
observed with GIRKl,3 mRNAs. Similarly, no expression of IRK 

mRNAs and low expression of GIRKl and GIRK3 mRNAs were 
found in the globus pallidus. All three GIRK subunit mRNAs 
were expressed abundantly in amygdala nuclei. Although IRK2,3 
mRNAs were absent, significant levels of IRK1 were found only in 
the central amygdaloid nucleus. 

Thalamus 
In the thalamus, a given subunit mRNA was expressed either by 
all nuclei (anterior, lateral, ventroposterior, and mediodorsal 
groups plus geniculate nuclei) or not at all. The only exception 
from this general observation was IRK3 mRNA, which was ex- 
pressed solely in the reticular thalamic nucleus. IRK1 mRNA was 
not detected in any thalamic nucleus (Figs. L4,5A). GIRK1,3 and 
IRK2 subunit mRNAs were abundant in all thalamic nuclei, 
and GIRK2 mRNA was present at high levels in the lateral and 
geniculate nuclei and somewhat weaker in the other nuclei (Fig. 
54-D). As in cortex, all large neurons, but not the small, presum- 
ably glia cells, were intensely labeled, indicating coexpression of 
four subunits. 

Substantia nigra (SN) and ventral tegmental area (VTA) 
Only one subunit, GIRK2, was present at extremely high levels in 
the SN pars compacta and the adjacent VTA, but not in the pars 
reticulata (Fig. 6A). This cell population is likely to represent the 
group of dopaminergic neurons that make up 90% of all cells 
located in this area (Paxinos, 1995). The strong GIRK2 expression 
is particularly intriguing, because in the weaver mutant mouse, 
which features depletion of dopaminergic neurons in the pars 
compacta, a GIRK2 pore region mutation recently was shown to 
cause aberrant channel function (Patil et al., 1995). This GIRK 
channel subunit was found not to be as abundant in any other 
brain region, except for the hippocampus. GIRK3 mRNA was 
found throughout the SN and VTA, but with significantly lower 
levels when compared with GIRK2 (Fig. 6B). In contrast, GIRKl 
and members of the IRK subfamily were absent (Fig. 6C) or 
weakly expressed by only a few cells. 
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Figure 4. (A, C) Dark-field photomicrographs of sections through the caudate putamen hybridized with oligonucleotides specific for IRK1 (A) and IRK2 
(C). Bright-field high-power photomicrographs in B and D demonstrate expression of IRK1 in most cells except the large neurons (B), whereas IRK2 
mRNA is expressed predominantly by this population of large cells (0). Scale bars: A, C, 150 wrn; B, D, 15 pm. 

Superior and inferior colliculus 
The inferior colliculus, the midbrain auditory relay station, con- 
tained high levels of GIRK1,3 mRNAs, whereas GIRK2 was 
absent. IRK1,2 genes were expressed moderately, and IRK3 
mRNA was not detected. The superior colliculus (optic tectum) is 
the major target for retinal ganglion cells with horizontally lami- 
nated organization. The optic nerve layer contained very high 
levels of IRK1,2 and GIRK2 mRNAs, which is already apparent 
on the x-ray film images in Figure 1. GIRK1,3 mRNAs were also 
present in this layer but were not as conspicuous, because they 
were expressed as well in other layers. Expression in the central 
gray and deep mesencephalic nucleus was generally weak; how- 
ever, in the latter, few cells were expressing very high levels of 
IRK1 mRNA, a subunit otherwise expressed rather moderately. 

Cerebellum 
A differential expression pattern was observed in the cerebellum. 
IRK1,3 mRNAs were not expressed (Fig. lA,C); IRK2 mRNA 
expression was the strongest of all subunits and was restricted to 
granule cells. All three GIRK subunit genes were abundant in the 
granule cell layer, but although GIRK2 mRNA was found only in 
this layer, GIRK1,3 mRNAs also were expressed by cells in the 
molecular layer. Purkinje cells expressed only GIRK3 mRNA. 
The large neurons in the deep cerebellar nuclei contained high 
levels of GIRKl and GIRK3 mRNAs and low levels of IRK2 
transcripts. 

Brainstem 
All GIRK transcripts generally were abundant throughout the 
brainstem. In contrast, IRK3 mRNAs were absent, and IRK1 
mRNAs were expressed only in the pontine and facial nucleus 
(compare Fig. L4). A special feature of IRK2 was the generally 
weak mRNA expression with extremely high levels in a few 
selected nuclei, e.g., motor trigeminal nucleus (Fig. 7), facial 
nucleus, cochlear nuclei, hypoglossus nucleus, and the inferior 
olive (Fig. 8). 

DISCUSSION 
The wide expression in the adult rat brain of most of the seven 
tested Kir channel mRNA transcripts may be an indication of 
their important roles in central signal processing. Because 
ROMKl (Kirl.1) transcripts were found to be expressed most 
weakly in nervous tissue (Karschin et al., 1994; Kenna et al., 1994; 
Yano et al., 1994; Boim et al., 1995), we refrained from giving a 
detailed description of this and other ROMK splice variants. 
Members of the other subfamilies, however, are expressed widely 
in various brain areas. Overall, the distribution patterns of the 
GIRK subunits, except GIRK4, were quite similar, with marked 
differences only in some thalamic, midbrain, and brainstem nuclei. 
Together with physiological evidence, the extremely low abun- 
dance of GIRK4 mRNA transcripts in the rat brain may favor the 
view that GIRK4 does not represent the long-sought and widely 
distributed KArp channel (Krapivinsky et al., 199.5; Spauschus et 
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Figure 5. Dark-field photomicrographs of adjacent sections through the region of the dorsal lateral geniculate of the rat thalamus hybridized to (, 
IRKl-, (B) IRK2-, (C) GIRKl-, and (0) GIRKS-specific oligonucleotides. Scale bar (shown in D): 150 km. 

4) 

al., 1996). In comparison, IRKl, IRK;?, and IRK3 subunits were 
abundant and expressed quite differentially, with most distinct 
expression in the thalamus, cerebellum, and brainstem. 

Selective hybridization and a more precise cellular localization 
was guaranteed in this report by the use of at least two specific 
oligonucleotide probes for each subunit directed to nonconserved 
regions in either the coding or the untranslated sequences of the 
genes. Our results with GIRKl oligonucleotides coincide with the 
expression pattern revealed by full-length riboprobes in rat (Kar- 
schin et al., 1994) and mouse brain (Kobayashi et al., 1995). The 
distribution of GIRK2 mRNA transcripts in the mouse (Koba- 
yashi et al., 1995) was similar to that in the rat, except for its 
absence in the thalamus; however, in contrast to our report, 
GIRK3 signals were found to be absent in the mouse brain 
olfactory bulb, hippocampus, and caudate putamen. Even more 
substantial differences from our report on mRNA expression 
levels were obtained for IRK1 riboprobes, particularly in the 
olfactory glomeruli, cerebellum, and hippocampus (Morishige et 
al., 1993); however, in control experiments using IRK1 riboprobes 
on rat brain and oligonucleotides on mouse brain sections (C. 
Karschin, unpublished observations), we could not confirm an 
apparent species discrepancy but found identical results in the 
mouse and rat brain. The present study also reveals a much more 
differential expression pattern of IRK3 mRNA transcripts than 
that described by Falk et al. (1995), who used fluorescein-labeled 
cRNA probes. These authors report a widely distributed moder- 
ate labeling throughout the rat brain, with highest expression 
levels in the tenia tecta, indusium griseum, piriform cortex, cere- 

bellar Purkinje cells, and hippocampal cell layers. In contrast to 
their report and in strong agreement with a previous study on 
IRK3 (BIRK2) mRNA expression in the rat brain (Bredt et al., 
1995), we found IRK3 subunit mRNAs limited to the forebrain 
and basically absent from CA3 pyramidal cells, cerebellum, brain- 
stem, and almost all thalamic and midbrain nuclei. In the first 
description of IRK3 from the mouse brain (Morishige et al., 
1994), Northern blof analysis detects IRK3 mRNA specifically in 
the forebrain but not in the cerebellum. Because both antisense 
oligonucleotides used in our study were derived from this se- 
quence and showed two and three mismatches to the rat se- 
quence, we also performed in situ hybridizations on mouse brain 
sections to detect possible differences (data not shown). As ex- 
pected for closely related animal species, the distribution of IRK3 
mRNA was identical in the rat and mouse brain. These results 
indicate that for a reliable comparison of data, it is important that 
great care be taken to confirm that (1) riboprobes do not cross- 
hybridize with RNAs of other family members and (2) alternative 
labeling techniques do not introduce nonspecific background 
staining, particularly in regions of high cell density. 

As for other ion channels and membrane receptors that belong 
to multimember protein families, it remains a challenge to inter- 
pret mRNA distribution patterns and possibly deduce functional 
significance from the expression of Kir subunits in a given cell. (1) 
When anatomical and physiological data are compared, what 
appears as a homogenous macroscopic current in whole-cell 
patch-clamp or intracellular recordings in fact may be a composite 
of several different Kir conductances. Examples exist both in 
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Figure 6. Dark-field photomicrographs of adjacent sagittal sections through the rat SN and VTA hybridized to oligonucleotides specific for GIRK2 (A), 
GIRK3 (B), and IRK3 (C). Note the intense labeling of putatively dopaminergic neurons with GIRK2 mRNA. WA, Ventral tegmental area; SNC, 
substantia nigra pars compacta; SNR, substantia nigra pars reticulata. Scale bar (shown in C): 1.50 pm. 

Figure 7. Dark-field photomicrographs of adjacent sections through the rat upper brainstem region hybridized to oligonucleotides specific for IRK2 (A), 
IRK3 (B), and GIRK3 (C). For orientation, part of a cerebellar lobe (Cb) is shown in the upper left comer. IRK2 mRNA expression is restricted to the 
motor trigeminal nucleus (Mo.~), GIRKS mRNA is abundantly expressed throughout the brainstem region, and IRK3 is completely absent from this area. 
Scale bar (shown in C): 300 pm. 

central neurons (VanDongen et al., 1988; Penington et al., 1993) 
and in glial cells (Barres et al., 1988; Karschin and Wischmeyer, 
1995). The features of recombinant Kir subtypes together with 
their differential localization thus may help to narrow down the 
molecular identity of native channels. (2) In addition to the 
existence of multiple genes and splice variants, functional diversity 
of Kir channels may arise if native channels assemble as heterotet- 

rameric polypeptides. GIRK subunits form heteromeric channels 
in the mammalian heart (muscarinic KACh channels; Krapivinslq 
et al., 1995) and are likely to do so in the CNS in viva (Duprat et 
al., 1995; Kofuji et al., 1995; Spauschus et al., 1996). Therefore, 
where overlapping mRNA expression is identified, e.g., in hip- 
pocampal CA3 neurons, data obtained from native cells could be 
compared with the functional coexpression of the respective 
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Figure 8. Dark-field photomicrographs of coronal sections through the 
lower brainstem. Note that neurons in the inferior olive are intensely 
labeled with IRK2 (A), moderately express GIRK3 mRNA (B), and do not 
express GIRKl mRNA (C). Scale bar (shown in C): 300 Frn. 

cloned Kir channel subunits. Elucidation of the cellular RNA 
expression patterns that can be obtained from single-cell PCR 
(Lambolez et al., 1992) or aRNA amplification assays (Eberwine 
et al., 1992; Karschin, 1995) additionally may support this analyt- 
ical approach. 

Immunohistochemical studies on the localization of members 
of other Kt channel families indicate that the use of subunit- 
specific antibodies may achieve a subcellular resolution beyond 
that revealed by mRNA in situ hybridizations. A complex differ- 
ential subcellular distribution, for instance, has been shown for 
two voltage-gated K+ channel subunits, Kvl.1 and Kv1.2 (Sheng 

et al., 1994; Wang et al., 1993, 1994). Interestingly, both subunits 
are restricted to different cellular regions in different cells; e.g., 
Kv1.2 seems to be concentrated exclusively in the dendrites of 
cortical and hippocampal pyramidal cells but is localized predom- 
inantly in the nerve terminals of cerebellar basket cells. Conse- 
quently, Kv1.2 may participate in distinct heteromultimeric K+ 
channels and thus may play diverse functional roles in different 
subcellular domains, depending on the cell type; a similar scenario 
may be hypothesized for the various Kir channel subunits. 

In addition to generating a constitutive basal Kf conductance, 
Kir channels in the brain function as a major target for G-protein- 
mediated receptor function. Signal transduction from G-protein- 
coupled “7-helix receptors” to IRK and ROMK channels may be 
both excitatory and inhibitory and primarily occurs via classical 
cytoplasmic pathways that involve the action of one or several 
enzymes, including a final phosphorylationldephosphorylation 
process (Fakler et al., 1994; McNicholas et al., 1994; Wischmeyer 
et al., 1995a). Alternatively, GIRK-type channels are opened 
through direct coupling of activated G/37 subunits in a membrane- 
delimited process, apparently without involving cytoplasmic sec- 
ond messengers (Brown, 1993; Clapham, 1994; Reuveny et al., 
1994; Wickman et al., 1994). In many cases, these two basic signal 
transduction schemes are difficult to distinguish experimentally. 
Therefore, except for the most thoroughly examined neurons, e.g., 
hippocampal pyramidal neurons, locus coeruleus, and nucleus 
basalis neurons (Nakajima et al., 1988; VanDongen et al., 1988; 
Velimirovic et al., 1995) it has not been possible to define un- 
eqivocally the nature of the Kir channels involved. 

In the brain, Kir channels are activated by the stimulation of 
muscarinic m2, 012 adrenergic, D2 dopamine, histamine, serotonin 
lA, Al adenosine, GABA,, p-, K-, and 6-opioid, somatostatin, 
and possibly other receptors (North, 1989; Hille, 1992b). Single- 
channel analysis revealed some physiological inhomogeneities 
among the target channels involved. Somatostatin-activated 5.5 pS 
Kir channels were characterized in immortalized pituitary cells 
(Pennefather et al., 1987; Yatani et al., 1987;), and various other 
channels of 33 pS (Grigg et al., 1992) 45 pS (Miyake et al., 1989) 
and 80 pS conductance (Brown, 1990) are stimulated by soma- 
tostatin, opioids, and norepinephrine in locus coeruleus neurons 
(all three GIRK subtypes expressed). In hippocampal pyramidal 
neurons, in which our report has identified each of the four GIRK 
subunits tested (including all IRK subunits), a subpopulation of 
G,-gated Kir channels possibly activated by serotonin, adenosine, 
or GABA, receptors showed a 38-42 pS conductance level, 
which agrees well with the native and recombinant GIRKlI4 
channels of the heart atrium (VanDongen et al., 1988; Dascal et 
al., 1993; Krapivinsky et al., 1995). In this report, we find neurons 
of the dorsal raphe nucleus to be labeled positively for IRK2 and 
GIRK3 mRNA transcripts. When they were isolated acutely, 
these neurons exhibited a complex pattern of partial serotonin- 
activated conductances of 11, 21, 30, and 40 pS at the single- 
channel level (Penington et al., 1993). 

A detailed cellular localization of Kir channel subunits may 
help to correlate subtype expression and single-channel charac- 
teristics. Nevertheless, additional characterization will be required 
to determine whether functional differences are based on the 
differential distribution of IRK and GIRK subfamily members, 
splice variants that may exist in the brain, heteromeric channel 
proteins, or cell-specific regulation by accessory proteins, as has 
been documented for the interaction between inhibitory sulfonyl- 
urea receptors and KATp channels (Aguilar-Bryan et al., 1995). 
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