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Abstract ATP-sensitive K+ channels comprise a complex of at 
least two proteins: a member of the inwardly rectifying Kir6 
family (e.g. Kir6.2) and a sulphonylurea receptor (e.g. SURI) 
which belongs to the ATP-binding cassette (ABC) superfamily. 
Using specific radiolabeled antisense oligonucleotides, the 
cellular localization of both mRNAs was investigated in the 
rodent brain by in situ hybridization. The distribution of both 
transcripts was widespread throughout the brain and showed a 
high degree of overlap with peak expression levels in the 
hippocampus, neocortex, olfactory bulb, cerebellum, and several 
distinct nuclei of the midbrain and brainstem, indicating their 
important role in vital brain function. 

Key words: KATP channel; Inward rectifier; Sulfonylurea 
receptor; In situ hybridization; ABC transporter 

1. Introduction 

ATP-sensitive potassium (KATP - ) channels have been well 
defined both electrophysiologically and pharmacologically in 
cardiac, skeletal and smooth muscle, pancreatic ß cells, pitui-
tary, central and peripheral nervous system [1-5]. Their activ-
ity, and thus their various cellular functions, are controlled by 
the metabolism of the cell. It is generally believed that changes 
in ATP (which causes channel closure) and in MgADP (which 
activates the channel) couple metabolism to channel activity 
[6]. Differences in the macroscopic and single channel proper-
ties and in sensitivity to K+ channel openers (which increase 
channel activity [7]) and sulphonylureas (which inhibit chan-
nel activity [8]), suggest that KATP channels comprise a mo-
lecularly heterogenous class of ion channels. 

Recent findings demonstrate that functional KATP channels 
result from the molecular interaction between two proteins, 
one of which is an inwardly rectifying K+ channel subunit 
(Kir6.2 or Kiró.l) and the other which is a high-affinity re-
ceptor for sulphonylureas (SURI or SUR2). The latter be-
longs to the ATP-binding cassette superfamily [9-12]. When 
heterologously expressed neither Kir6.2 nor SUR1/2 alone 
gave rise to channel activity, suggesting that neither of them 
is capable of forming functional KATP channels alone. Both 
KATP channel subunits may couple with related family mem-
bers to form functional channels. For example, heterologously 
expressed Kiró.l is also able to couple to SURI, while SUR2, 
a related sulphonylurea receptor can couple to Kir6.2 to form 
a functional KATP channel. The similarity of the properties of 
the native ß cell and neuronal KATP channels suggests they 
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may be composed of the same subunits. The ß cell KATP 
channel is formed from Kir6.2 and SURI. This channel is 
important in regulating insulin secretion from pancreatic ß 
cells and mutations in SURI result in hyperinsulinemic hypo-
glycemia of infancy, in which excess insulin secretion occurs 
[13]. 

In the brain, it is established that metabolic stress, such as 
hypoxia and/or glucose deficiency results in activation of 
KATP channels. Their precise functional role under physiolog-
ical conditions, however, is still under debate. Northern blot 
analysis revealed only low levels in the brain of either Kir6.2 
or SURI, two prime candidates for KATP channel formation 
[10]. In this report, we demonstrate in detail their abundant 
and mostly overlapping mRNA localization at the cellular 
level using in-situ-hybridization histochemistry. 

2. Materials and methods 

In-situ hybridization analysis was performed on adult rat and 
mouse brain sections using 45-50 base pair synthetic antisense and 
sense oligonucleotides from regions in the untranslated region (UTR) 
or open reading frame (ORF) showing least similarity to other sub-
family members (see below), to minimize cross-hybridization. The 
high specificity and effectiveness of the probes as well as their back-
ground labeling was tested as described before for Kir2.0 and Kir3.0 
subfamily members [14]; controls used sense oligonucleotides in ad-
jacent sections, RNAase digestion before hybridization, and hybridi-
zation with a mixed oligonucleotide probe containing a 10-fold excess 
of cold probe. 

The sequence and location (base position on coding strand indi-
cated) of the oligonucleotides used for data analysis were as follows: 
Kir6.2 3' ORF antisense 13015'GGACAAGGAATCCGGAGAGATG-
CTAAACTTGGGCTTGGCCTTTGC3' (mouse with two mis-
matches to the rat ortholog; [10,11]), Kir6.2 3' UTR +855'GTCT-
GGCCAAGAGGCTCGCACCCCACCACTCTACATACCATACT-
T3' (mouse with no specific match to the rat ortholog); SURI ORF 
antisense 21645'AGCGAGGACTTGCCACAGCCCACCTGCCCCA-
CGATCATGGTCAGC3' [9]; SURI 3' ORFIUTR antisense +355'G-
GTGAGGTGTGGGGTGGCACTTTGGCGCTGGCTGGTCATT-
TGTC. Oligonucleotides were 3' end-labeled with [35S]dATP 
(DuPont/New England Nuclear, 1200 Ci/mmol) by terminal deoxynu-
cleotidyl transferase (TdT, Boehringer Mannheim, Germany) and 
used for hybridization at concentrations of 2-10 pg/ul (400000 cpm/ 
100 JJ.1 hybridization buffer per slide). For tissue preparation, adult 
Wistar rats and adult NMRI mice were anesthetized, decapitated and 
the brain removed and quickly frozen on dry ice. Brains were cut on a 
cryostat at 10-16 um, thaw-mounted onto silane-coated slides, fixed 
with 4% paraformaldehyde in phosphate-buffered saline (pH 7.4), 
dehydrated and stored under ethanol until hybridization. Slides 
were airdried and hybridized overnight at 43 °C in 100 uj buffer con-
taining 50% formamide, 10% dextran sulfate, 50 mM DTT, 0.3 M 
NaCl, 30 mM Tris-HCl, 4 mM EDTA, lXDenhardt's solution, 0.5 
mg/ml denatured salmon sperm DNA, and 0.5 mg/ml polyadenylic 
acid. Sections were washed 2 X 30 min in 1 X SSC plus 50 mM ß-
mercaptoethanol, 1 h in lxSSC at 60°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 8-34 days. For cellular 

0014-5793/97/S17.00 © 1997 Federation of European Biochemical Societies. All rights reserved. 
P / /S0014-5793(96)01438-X 

mailto:AKARSCH@GWDG.DE


60 C. Karschin et allFEBS Letters 401 (1997) 59-64 

resolution, selected slides were subsequently dipped in photographic 
emulsion Kodak NTB2, incubated for 8-16 weeks and then developed 
in Kodak D-19 for 2.5 min. For analysis with bright- and dark-field 
optics, sections were Nissl counterstained with cresyl violet to confirm 
cytoarchitecture. Brain structures were identified and confirmed ac-
cording to Paxinos and Watson [15]. 

3. Results 

Analysis of the widespread mRNA expression in the mouse 
brain (Kir6.2/SUR1) and rat brain (SURI) was performed on 
X-ray film images and emulsion-dipped parasagittal, coronal, 
and horizontal sections and is summarized in Table 1. Both 
antisense oligonucleotide probes specific for a given subunit 
mRNA revealed identical labeling profiles in a given species, 
demonstrating the specificity and effectiveness of the hybridi-

Table 1 
Distribution of Kir 6.2/SURl mRNAs in the adult mouse and rat 
brain 

Fig. 1. X-ray film images of rat brain (A) and mouse brain (B-D) 
sagittal sections showing the distribution of SURI (A,B) and Kir6.2 
mRNA (C) transcripts as revealed by in situ hybridization with spe-
cific oligonucleotide probes. (D) Control section digested with 
RNases before hybridization to Kir6.2 antisense probe. Slides were 
exposed to X-ray film for 17 days (A), 21 days (B,C), and 34 days 
(control). Bright areas indicate high expression levels. Cb, cerebel-
lum; Cx, neocortex; LOT, nucleus of the lateral olfactory tract; 
LRt, lateral reticular nucleus; MVe, medial vestibular nucleus; Pn, 
pontine nucleus; Pir, piriform (olfactory) cortex; Rt, thalamic retic-
ular nucleus. Scale bars represent 400 urn. 

Brain region 

Olfactory bulb 
Granule cells 
Mitral cells 
Periglomerular cells 

Anterior olfactory nucleus 
Olfactory tubercle 
Piriform cortex 
Neocortex 
Subiculum 
Entorhinal cortex 
Hippocampus 

Dentate gyrus granule cells 
CAÍ, CA3 pyramidal cells 
CA2 pyramidal cells 
Tenia tecta 
Indusium griseum 

Septum 
Bed nuclei of stria terminalis 
Lateral septal nucleus 
Septohippocampal nucleus 
Nuclei of the diagonal band 

Basal ganglia 
Caudate putamen 
Globus pallidus 
Ventral pallidum 
Nucleus accumbens 

Subthalamic nucleus 
Substantia nigra 
Zona incerta 
Amygdala 
Lateral olfactory tract nucleus 
Hypothalamus 
Preoptic area 
Magnocellular preoptic nucleus 
Thalamus 

Thalamic reticular nucleus 
Geniculate nuclei 
Anterior dorsal nucleus 
Lateral nuclei 
Ventroposterior nuclei 

Midbrain 
Superior colliculus 
Inferior colliculus 
Central gray 
Red nucleus 
Oculomotor nucleus 
Ventral tegmental area 
Lateral lemniscus nuclei 

Cerebellum 
Deep nuclei 
Molecular layer 
Granule cell layer 
Purkinje cells 

Brainstem 
Pontine nucleus 
Inferior olivary nuclei 
Locus coeruleus 
Raphe nuclei 
Pontine reticular formation 
Spinal trigeminal nucleus 
Facial nucleus 
Vestibular nucleus 
Cochlear nuclei 
Hypoglossal nucleus 
Lateral reticular nuclei 
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For analysis of emulsion-dipped slides, silver grain density over the 
most intensely labeled cell bodies was rated as very strong (++++), 
and other brain regions were rated in relation to this maximal signal 
as strong (+++), moderate (++), low (+), or background level (0); 
(nd) expression could not be determined. Kir6.2 mRNA expression 
was determined in mouse brain and SURI in rat brain sections. 
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Fig. 2. Dark-field photomicrographs of Kir6.2 mRNA expression in adult mouse brain. (A) In hippocampus, strongest expression is seen in 
dentate gyrus granule cells; (B) cerebellum; (C) main olfactory bulb; (D) cortex; (E) bright field view of cerebellum; arrowheads point to Pur-
kinje cells (P). CA1-CA3, pyramidal cell layers of hippocampus; DG, dentate gyrus; Gl, glomerular cells; Gr, granule cell layers; M, mitral 
cells; mol, molecular layer. Scale bars represent 250 um (A-D), 30 um (E). 

zation probes. Only background labeling was observed when 
adjacent sections were hybridized with a sense strand probe or 
when the tissue was digested with RNases before hybridiza-
tion (Fig. ID). In general, the expression patterns of Kir6.2 
and SURI mRNAs were widely overlapping and pronounced 
hybridization signals were observed for both mRNAs in the 
majority of brain regions. Compared to the expression pat-
terns of other Kir subfamily members [14], the expression of 
both transcripts was more widespread and diffuse (Fig. 1) and 
was thus more difficult to analyze. Several brain regions with 
prominent differences in labeling intensities are discussed in 
detail below. 

3.1. Kir6.2 mRNA 
In the olfactory system most intense labeling was detected 

in the mitral cells of the olfactory bulb, whereas granule cells 
displayed only a weak hybridization signal (Fig. 2C). Moder-
ate expression was also seen in the glomerular cells, in the 
anterior olfactory nucleus and in the olfactory tubercle. 
Kir6.2 mRNA was particularly elevated in the nucleus of 
the lateral olfactory tract (LOT), a conspicuous cortical-like 
nucleus at the rostromedial pole of the amygdala. The amyg-
dala proper was only weakly labeled, as were the hypothala-
mus and most parts of the preoptic region except the strongly 
labeled magnocellular preoptic nucleus. In the cortex, large 
neurons were strongly labeled in all layers of the neocortex 
(Fig. 2D), as well as the piriform, entorhinal and subicular 
cortex. In hippocampus, Kir 6.2 subunit mRNA expression 
was strongest in dentate gyrus granule cells and in CA1-CA3 
field pyramidal cells (Fig. 2A). In the basal ganglia we ob-

served only moderate levels of Kir6.2 mRNA expression in 
the caudate putamen, globus pallidus, ventral pallidum, nu-
cleus accumbens and in the substantia nigra, a site of promi-
nent [3H]glibenclamide binding. Only the subthalamic nucleus 
which provides the major excitatory input to the substantia 
nigra showed elevated Kir6.2 expression levels. In the septum, 
the nuclei of the diagonal band contained high levels of Kir6.2 
transcript; surprisingly, the septohippocampal nucleus, which 
displays moderate levels of SURI mRNA (Fig. 3C) and a 
high sulphonylurea receptor density as assessed by 
[3H]glibenclamide autoradiography [24], showed only low lev-
els of Kir6.2 mRNA. 

In the thalamus, the hybridization signal was weak or mod-
erate in most nuclei, except for the reticular nucleus (Fig. 1C) 
and the small anterodorsal nucleus, which was among the 
most strongly labeled brain structures. In the midbrain we 
observed a generally moderate expression level with slightly 
higher levels in the inferior colliculus, the lateral lemniscus, 
the red and oculomotor nucleus compared to the superior 
colliculus and the central gray matter. In the cerebellum all 
large neurons in the deep nuclei were strongly labeled. All 
Purkinje cells in the cerebellar cortex were strongly positive, 
whereas cells in the granular and molecular layers displayed 
only weak hybridization signals (Fig. 2B,E). In the lower 
brainstem, Kir6.2 mRNA was expressed by neurons in the 
reticular fields as well as in distinct nuclei, with highest levels 
in vestibular, cochlear, hypoglossal, trigeminal, and lateral 
reticular nuclei. Very low labeling or only background levels 
were observed in the facial nucleus and the inferior olive, 
respectively. 
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Fig. 3. Dark-field photomicrographs of SURI mRNA expression in adult rat brain. (A) Hippocampus; (B) cerebellum; (C) tenia tecta and ad-
jacent septal nuclei; (D) cortex; (E) brainstem facial nucleus. CA2, pyramidal cell layer of hippocampus; IG, indusium griseum; SHi, septohip-
pocampal nucleus; TT, tenia tecta. Scale bars represent 250 urn (A-D), 100 um (E). 

3.2. SURI mRNA 
These transcripts were also widely expressed throughout the 

brain (see Table 1) with basically identical distribution pat-
terns in rat and mouse. Two populations of neurons with 
exceptionally strong expression stand out: the hippocampal 
CA2 pyramidal cells (Figs. 1A and 3A) and the LOT neurons 
at the cortical amygdala, both of these areas also strongly 
express Kir6.2 mRNA. High SURI levels were found in all 
layers of neocortex (Fig. 3D), piriform cortex (Fig. 1A), hip-
pocampus dentate gyrus granule cells (Fig. 3A), tenia tecta, 
indusium griseum (Fig. 3C), anterior olfactory nucleus, and 
most of the lower brainstem nuclei (Fig. 3E). These areas 
displayed high levels of Kir6.2 mRNA as well. Analysis of 
specific nuclei containing large, loosely grouped neurons 
(e.g. brainstem lateral reticular, pontine or vestibular nuclei) 
revealed that most of these neurons were labeled when hybrid-
ized to either Kir6.2 or SURI specific probes, suggesting co-
localization of the two mRNAs. SURI mRNA levels were 
moderate to low in the olfactory bulb, throughout the thala-
mus and midbrain and in the septal nuclei with a more pro-
nounced expression in the septohippocampal nucleus (Fig. 
3C). Low levels were found in the amygdala, hypothalamus, 
preoptic region and also in the basal ganglia where prominent 
[3H]glibenclamide staining suggests high SUR density; only 
the substantia nigra displayed moderate labeling. In the cere-
bellum large neurons in the deep nuclei were labeled as ob-
served with Kir6.2 specific probes; Purkinje cells were posi-
tive, but less strongly labeled compared to Kir6.2 mRNA.. 

Two areas with elevated expression levels, where Kir6.2 
mRNA expression was weak, were the dorsal endopiriform 
nucleus and the claustrum. Conversely, SURI transcripts 

were low in nuclei such as the subthalamic, oculomotor and 
lateral lemniscus nuclei, where a pronounced Kir6.2 expres-
sion was observed. 

Compared to Kir6.2 specific probes a higher silvergrain 
density was observed with all oligoprobes specific for SURI 
over white matter fiber tracts. Silvergrains, however, did not 
significantly accumulate over oligodendrocyte cell bodies 
which is in agreement with the negative [3H]glibenclamide 
binding in rat brain fiber tracts [24]. 

4. Discussion 

In this report we describe the cellular localization of two 
mRNA transcripts that may be expected to form ATP-sensi-
tive K+ channels in the rodent brain. There is evidence that 
the K-ATP channel in pancreatic ß cells is formed from a com-
plex of Kir6.2 and SURI subunits. KATP channels (type I) 
with similar properties have been described in various neu-
rons, including those of the cerebral cortex, substantia nigra, 
caudate and hippocampus (e.g. [16,17]). Like the ß cell KATP 
channels, they have single channel conductances between 60 
and 75 pS, are inhibited by sulphonylureas and activated by 
the K+ channel opener diazoxide. These brain regions also 
express mRNA transcripts for Kir6.2 and SURI, suggesting 
that a complex of these two proteins may also form a brain 
KATP channel. An additional type of KATP channel (type II) 
with much lower, millimolar ATP sensitivity, a larger unitary 
conductance (150 pS) and a different pharmacology, has been 
described in neurons of the ventromedial hypothalamic nu-
cleus. These channels may play a role in the glucose-sensing 
mechanism involved in appetite control [18]. Their very dif-
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ferent biophysical and pharmacological properties argue that 
they may be formed from proteins different to type I KATP 
channels. 

Combining physiological data and mRNA distribution pat-
terns, the prime question remains as to whether the molecular 
composition of native KATP channels in a given neuron can 
eventually be deciphered. Under the assumption that KATP 
channels comprise a complex between Kir channel and SUR 
subunits, functional diversity may arise from different combi-
nations of possibly several isoforms of either component. Am-
mälä et al. [19] recently described promiscuous coupling be-
tween recombinant SURI and Kirl. l , Kiro.l and Kir 6.2, 
yielding Ba2+- and tolbutamide-sensitive K+ inward currents. 
In contrast, SURI interactions with other Kir subfamily 
members, e.g. Kir2.0 or Kir3.0, have never been reported. 
As mentioned in a previous study, we did not detect signifi-
cant levels of Kirl.l (ROMK1) transcripts in the brain [20], 
but rather in the outer medulla of the rat kidney, suggesting 
an insignificant role in native brain KATP channels. In con-
trast, we found the ubiquitous Kiro.l (UKATP-1; [21]), of 
which moderate mRNA levels in the brain were detected in 
the original Northern blots, in a distinct cell population 
throughout the brain using several different oligonucleotide 
probes (C. Ecke, unpublished observation). Positive cells 
had very small somata ( < 7 |xm in diameter) and were sparse-
ly distributed; they may represent either glia or small inter-
neurons, but further characterization will be necessary. Since 
SURI mRNA is predominantly expressed in large and me-
dium-sized neurons, coexpression with Kiro.l mRNA is 
highly unlikely. 

While this manuscript was in preparation, Inagaki et al. [22] 
reported the cloning and functional characterization of a sec-
ond SUR isoform with 68% amino acid identity to SURI. 
Northern blot analysis localized SUR2 mRNA predominantly 
in the ovary, heart and skeletal muscle, but also at moderate 
levels in the brain. SUR2 when heterologously expressed to-
gether with Kir6.2 gives rise to type I KATP channels which 
had a unitary conductance of 79 pS, but were much less sen-
sitive to ATP ( ~ 10-fold), glibenclamide ( ~ 500-fold), and the 
K+ channel openers pinacidil and diaxozide than the pancre-
atic Kir6.2/SUR1 channel. In general, SUR2/Kir6.2 channels 
exhibit pharmacological features characteristic of KATP chan-
nels found in native cardiac and skeletal muscle [1,23]. Cross-
hybridization with SUR2 transcripts under the hybridization 
conditions used in our experiments was highly unlikely for the 
3'UTR SURI oligonucleotide (no specific sequence similarity 
to SUR2), and possible for the ORF probe (7 mismatches to 
SUR2). Probe specificity was also evident when employed on 
brain tissue of different species: the 3'UTR oligonucleotide 
only hybridized with rat, but not with mouse tissue, whereas 
the ORF probe gave identical results in both species. Since 
both probes revealed basically identical hybridization patterns 
in the mouse we conclude that they specifically recognize 
SURI transcripts. Using 5' and 3' antisense oligonucleotides 
specific for SUR2 ORF we have been unable so far to detect 
specific SUR2 mRNA labeling in the rat brain. In summary, 
all these findings suggest that neither SUR2 nor any Kir chan-
nel subunit other than Kir6.2 are likely to play a major role in 
type I KATP channels in the rodent brain; thus, as the most 
relevant candidates we have selected to investigate in detail 
the cellular localization of SURI andKir6.2 subunits. 

Sulfonylurea receptors in the mouse and rat CNS have been 

localized before by autoradiography using [3H]glibenclamide, 
which binds to a single class of sulphonylurea binding sites 
[24,25]. Since SURI has a much higher affinity to glibencla-
mide (KB~\ nM), most binding sites might reflect SURI 
rather than SUR2 which has a much lower affinity (KD ~ 1 
M). Consistently, highest densities of [3H]glibenclamide bind-
ing sites were found in substantia nigra, globus pallidus, sep-
tohippocampal nucleus, neocortex, hippocampus and cerebel-
lar molecular layer. We find Kir6.2 and SURI mRNA in all 
these regions with highest levels in hippocampus and cortex, 
but reduced levels in the other regions. Most strikingly, sev-
eral sites with apparently few or non-existent [3H]gliben-
clamide binding sites, revealed exceptionally strong hybridiza-
tion signals for both Kir6.2 and SURI mRNAs (LOT, 
olfactory bulb mitral cells, deep cerebellar nuclei, vestibular, 
hypoglossal and spinal trigeminal brainstem nuclei, and neu-
rons in the reticular formation). Naturally, mRNA expression 
levels may somewhat diverge from the actual amount of ex-
pressed channel/receptor protein present in a cell. Also, 
[3H]glibenclamide binding may include the distribution of 
the protein on axon and dendrites, whereas mRNA levels 
reflect the expression of the message in the cell. In the cere-
bellum, the highest glibenclamide binding was found in the 
molecular layer, whereas SURI and Kir6.2 mRNA transcripts 
are found in the granule cell layer. Closer inspection, however, 
reveals that the highest receptor binding densities are found 
on the presynaptic (parallel) fibres of the granule cells. Both 
binding and mRNA studies therefore agree that the KATP 
channels are localized on the granule cell presynaptic termi-
nals in the molecular layer. A similar explanation may be 
applied to the hippocampus, where neuronal somata and den-
drites are spatially segregated and [3H]glibenclamide binding 
in the stratum lucidum is located presynaptically on granule 
cell mossy fibers [25]. 

Furthermore, the pattern of [3H]glibenclamide binding sites 
may comprise the gene products of SURI, SUR2 or yet an-
other receptor isoform with similar ligand binding character-
istics that may or may not participate in neuronal KATP chan-
nel formation. The gross agreement in distribution patterns, 
however, of [3H]glibenclamide binding, SURI mRNA and 
Kir6.2 mRNA, as well as mRNA colocalization in all large 
neurons of several brain nuclei supports the notion that 
SUR1/Kir6.2 translate to interact in the formation of a major 
class of KATP channels in the rodent brain. 
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