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Abstract. ATP-sensitive K* channels (Karp) couple
the intermediary metabolism to cellular excitability
and play an important role in the cardio-protective
effect of ischemic preconditioning and the activity-
dependent autoregulation of cerebral circulation.
Although previous studies using PCR and Northern
blot suggest that the vascular isoform may consist of
Kir6.1 and SUR2B, their expression and precise dis-
tribution in various vasculatures remain unknown.
To illustrate their vascular expression, we performed
this study using in situ hybridization histochemistry.
Antisense riboprobes were synthesized by in vitro
transcription and labeled with digoxigenin. Distri-
butions of these mRNAs in the various blood vessels
were revealed under a bright-field microscope. The
expression of Kir6.1 and SUR2B mRNAs was ob-
served in small and intermediate arteries as well as
arterioles in several tissues, including basilar, verte-
bral, mesenteric, coronary and renal arteries. The
transcripts were found in arterial smooth muscles.
Also, we observed Kir6.1/SUR2B expression in cap-
illary beds. The Kir6.1 and SUR2B expression pat-
tern showed clear overlap, suggesting that they may
form heteromeric K o1p channels in these tissues. The
Kir6.1 and SUR2B stains were detected in aorta and
renal tubular cells although their expression level was
extremely low. In contrast, the Kir6.1 and SUR2B
mRNAs were not seen in vena cava, other small
veins, myocardium and skeletal muscles. With their
strong expression in small arteries and capillaries, it is
very likely that the Kir6.1 and SUR2B form the
vascular isoform of Ktp channels in these vascula-
tures.
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Introduction

ATP-sensitive K™ (Ka1p) channels couple the inter-
mediary metabolism to cellular excitability, and play
an important role in autoregulation of vascular tones
(Ashcroft, 1988; Samaha et al., 1992). These Katp
channels are composed of four Kir6.x subunits and
four sulfonylurea receptors (SURs), distributed
widely in various cells and tissues such as pancreatic
B-cells, myocardium, neurons, skeletal muscles, and
smooth myocytes. In these tissues they function in
insulin secretion, maintenance of membrane poten-
tial, and the regulation of cellular excitability and
vascular tones (Noma, 1983; Quayle et al., 1997,
Ashcroft & Gribble, 1998). The Katp channels are
inhibited by intracellular ATP and sulfonylureas,
which act on the Kir6.x and SURx subunits, respec-
tively (Gribble & Ashcroft, 2000; Loussouarn et al.,
2001; Song & Ashcroft, 2001).

The vascular Katp channels are regulated by
multiple intra- and extracellular signal molecules,
including ATP, nucleotide diphosphates (NDP),
protons, nitric oxide, phospholipids, protein kinases,
etc. (Larsson et al., 1993; Baukrowitz et al., 1998; Xu
et al., 2001;). This, as well as the fact that the Kap
channels are responsible for membrane potential and
cellular excitability, indicates that these channels are
the major target of intra- and extracellular signaling
molecules and act on the control of vascular tones
and regional blood flow. Therefore, the identification
of the molecular identity of these channels may allow
an intervention to the vascular tones by manipulating
these channels.

The Kir6.1 and SUR2B heteromeric channels
show several properties similar to the vascular Katp
channels including pharmacological properties and
the sensitivity to NDPs (Zhang & Bolton, 1996; Ya-
mada et al., 1997; Satoh et al., 1998). Northern blot
and RT-PCR evidence also suggest that the combi-
nation of Kir6.1 and SUR2B is likely to be the Katp
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channel isoform in vascular smooth myocytes
(VSMs) (Inagaki et al., 1995; Isomoto et al., 1996).
However, it remains unclear how the Kir6.1 and
SUR2B are expressed in various blood vessels;
whether they are expressed in large, intermediate and/
or small arteries; and whether they are present in
other vasculatures such as capillaries, veins and
venules. Since Kir6.1 antibodies are not available, in
situ hybridization histochemistry was chosen to ad-
dress these questions. We studied most representative
blood vessels in the heart, kidney, brain and skeletal
muscles. We also examined blood vessels such as the
aorta, vena cava, basilar artery, vertebral artery, and
mesenteric artery. Our results indicate that Kir6.1
and SUR2B are differentially expressed in these tis-
sues with the most abundant expression in small
arteries and capillaries.

Materials and Methods

CHEMICALS

Digoxigenin (DIG)-11-UTP, T7 RNA polymerase, protease K,
anti-DIG antibody conjugated with alkaline phosphatase (AP),
nitrobule tetrazolium chloride (NBT), and 5-bromo-4-chloro-3-
indolyl-phosphate (BCIP) were purchased from Roche Diagnostics
(Indianapolis, IN). Other chemicals including bovine serum albu-
min, dextran sulfate, polyvinylpyrrolidone, Ficoll 400, yeast tRNA,
salmon sperm DNA, deionized formamide and levamisole were
purchased from Sigma-Aldrich (St Louis, MO). All proteins and
other macromolecules were purchased as molecular biology grade
and RNase free.

TiSSUE PREPARATION

Adult Sprague-Dawley rats (120-150 g) were used in the experi-
ments. All procedures were conducted in accordance with the
National Institutes of Health Guidance for the Care and Use of
Laboratory Animals and approved by the Georgia State University
Institutional Animal Care and Use Committee. The rats were
deeply anesthetized by inhalation of isoflurane, and then perfused
transcardially with 200 ml 0.9% saline followed by 300 ml 4%
paraformaldehyde in phosphate-buffer saline (PBS, 0.1 mm, pH
7.4). The tissues to be studied were removed, post-fixed in the same
fixative solution for another 2 h at 4°C, and then dehydrated in a
gradient of 10%, 20% and 30% sucrose at 4°C overnight. All
solutions were sterile-filtered and treated with 0.1% diethyl pyro-
carbonate (DEPC).

RIBOPROBE SYNTHESIS

The Kir6.1 and SUR2B were cloned into pBluescipt SK (—) for the
antisense and sense riboprobe synthesis. The cDNAs of Kir6.1 was
linearized at the Xhol and EcoRI sites for sense and antisense ri-
boprobes, respectively. Similarly, the SUR2B was linearized at
Xbal and Xhol sites for sense and antisense riboprobe syntheses.
The antisense and sense riboprobes were produced by in vitro
transcription using T7 and T3 polymerase, respectively, and labeled
with DIG using a riboprobe labeling kit (Roche Diagnostics). The
length of cRNAs was confirmed to be 250-350 bp with electro-
phoresis, in which only RNAs with sharp bands and the correct size
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were chosen for further studies. The riboprobes were diluted with
double-distilled water treated with 0.1% DEPC to 10 ng/pl and
stored in aliquots at —80°C. Before hybridization, the riboprobes
were diluted with the hybridization buffer to 200 ng/ml, well mixed
and denatured at 80°C for 10 min.

TISSUE SECTIONS AND HYBRIDIZATION

Tissues were embedded with TBS tissue-freezing medium (Ngle
Biomedical Sciences, Durham, NC), and frozen to —20°C. 12-pm
sections were cut using a cryostat at —21°C, and thaw-mounted
onto 1% gelatin-coated slides. The sections were dried overnight at
42°C and stored at —70°C.

The sections were thawed at 42°C over 2 h and incubated in
PBS for 5 min. The tissue-endogenous phosphatases were inacti-
vated with a treatment of 0.2 M HCl for 8 min followed by two PBS
washes (5 min each). The sections were permeabilized with 1 pg/ml
RNase-free protease K in TE buffer (100 mm Tris-HCl, 50 mm
EDTA, pH 8.0) at 37°C for 30 min, and post-fixed with 4%
paraformaldehyde in PBS at 4°C for 5 min. To acetylate the sec-
tions, the sections were placed in a jar with 0.1 M triethanolamine
containing 0.25% (v/v) acetic anhydride at pH 8.0 for 10 min on a
shaking platform. The sections were then dehydrated using 100%
ethanol for 15 min and incubated with the pre-hybridization buffer
for 2 h at 42°C. After the pre-hybridization buffer was drained, the
sections were overlaid with 35 pl hybridization buffer containing
200 ng/ml denatured cRNA antisense and sense riboprobes at
42°C. After overnight hybridization, the sections received high-
stringency wash with 2x SSC, 1x SSC at 52°C followed by NTE
buffer (500 mm NaCl, 10 mm Tris, 1 mm EDTA, pH 8.0) con-
taining 20 pg/ml RNaseA for 30 min. Each section was washed
with 0.1x SSC at 52°C for 60 min followed by 2 washes in Buffer 1
(100 mm Tris, 150 mm NaCl, pH 7.5). Then sections were incubated
with 1:1000 AP-conjugated sheep anti-DIG antibody for 2 h. The
unbound antibodies were washed away by Buffer 1 and Buffer 2
(100 mm Tris, 100 mm NaCl, 50 mm MgCl,, pH 9.5). Finally, the
sections were incubated with pre-mixed NBT/BCIP at 37°C until
the optimal staining was obtained.

Positive stains were examined under a bright-field microscope
and digit-imaged. Expression of Kir6.1 and SUR2B was judged
according to the relative optical intensity of the stain.

Results

ExprEssioN oF Kir6.1 aAND SUR2B mRNAs
IN SMALL AND INTERMEDIATE ARTERIES

The distribution of the Kir6.1 and SUR2B mRNAs
in various blood vessels was studied using antisense
riboprobes. Side-by-side comparison of the expres-
sion was performed in two consecutive sections. The
coexpression of Kir6.1/SUR2B mRNAs was ob-
served in intermediate arteries, including basilar,
vertebral, mesenteric, coronary, renal arteries, etc.
(Fig. 1). The expression level of Kir6.1 and SUR2B
was similar and both mRNAs were found in the
smooth muscle layer. Also, we observed Kir6.1/
SUR2B expression in small arteries and arterioles in
the heart, brain, kidney and skeletal muscles (Figs. 2
and 3). The caliber of these arteries ranges from 20
um to 200 pm (Table 1). In these tissues, the Kir6.1/
SUR2B expression pattern showed a clear overlap.
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The coexpression of Kir6.1 and SUR2B was also
identified in the branches of the basilar and vertebral
arteries, suggesting that they may form Karp chan-
nels with these subunits. The labeling of the antisense
riboprobe displayed distinct intensity in different tis-
sues. Moderate stains were observed in the coronary
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SUR2B

Fig. 1. Expression of Kir6.1 (left
column) and SUR2B (right column) in
vascular smooth muscles of interme-
diate-size arteries. In situ hybridiza-
tion histochemistry was performed in
the brain, kidney and heart using
antisense riboprobes labeled with
digoxigenin. Strong staining was seen
in basal (4), vertebral (B) and renal
arteries (C), while the coronary artery
showed moderate labeling (D). Bar =
400 um for 4 and B, 200 pm for C
and D.

and quadriceps arteries, and strong stains were seen
in renal arteries and their branches. These arteries,
known as the resistance arteries, play an important
role in the regulation of the artery caliber and re-
gional blood flow, suggesting the involvement of
K atp channels in the regulation of blood circulation.
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SUR2B

Fig. 2. The Kir6.1 and SUR2B
expression in small arteries of the
brain, kidney, heart and skeletal
muscle. Strong labeling was seen in
the cerebral (4) and renal arteries
(B), and moderate labeling in the
cardiac (C) and skeletal arteries
(D). Left column, Kir6.1; right
column, SUR2B. Thick black
arrow, small arteries; thin black
arrow, renal glomerulus (B) and the
capillaries in the quadriceps (D);
white arrow, small veins; white
arrow head, renal tubules (B) and
skeletal muscle fibers (D).

Bar = 100 pum for 4, and 200 pm
for all others.

Several control experiments were performed to  ocytes and skeletal muscles, which are known to
examine the specificity of the antisense probes. express Kir6.2 and SUR2A, were not labeled (see
These included: 1) Kir6.1 and SUR2B sense ribo- below); and 3) unlabeled antisense riboprobes did
probes failed to show positive labeling in tissues not produce any positive staining in these blood
such as in the kidney (see Fig. 5D); 2) cardiac my-  vessels (not shown).
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EVIDENCE FOR THE PRESENCE OF Kir6.1 aAND SUR2B
TRANSCRIPTS IN CAPILLARY ENDOTHELIUM

The lack of Kir6.1 and SUR2B expression in skel-
etal muscle fibers allowed us to see their expression
in capillaries, as strong labeling was observed
around the muscle fibers (Fig. 2D). Our detailed
studies indicated that the microvascular endothelial
cells were stained by the antisense riboprobes of
Kir6.1 and SUR2B, especially in the skeletal muscle
fibers of the quadriceps (Fig. 3C, 44). In the kidney,
the glomerulus was positively labeled (Figs. 2B, 3B).
The labeling appeared to occur in glomerular cap-
illaries rather than in the podocytes, as the parietal
layer of the glomerulus did not show such labeling
(Figs. 3B, 4B). Moderate stains were found in cap-
illaries in the brain despite the relatively small size
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Fig. 3. Labeling of Kir6.1 and
SURZ2B transcripts in arterioles
of the brain, kidney, and skel-
etal muscle. The arterioles in
these tissues were differentially
stained with strong labeling in
the brain (4) and kidney (B),
and moderate staining in the
skeletal muscle (C). Neurons
(A), renal glomerulus (B) and
skeletal capillaries (C) were
stained (thin black arrow).
Kir6.1 and SUR2B expressions
were very low in renal tubules
(B), and barely detectable in
arterioles of skeletal muscle
fibers (C, white arrow). Bar =
100 pm.

of the capillary endothelium. The clear visibility of
the staining in the rather small vasculature indicates
that the Kir6.1 and SUR2B expression density is
high in capillaries.

Scarce ExpPressioN ofF Kir6.1 anp SUR2B 1N
AORTA, VENA CAava AND OTHER VEINS

Similar studies were performed in the aorta, vena
cava, veins and venules. In contrast to the small ar-
teries and capillaries, the Kir6.1 and SUR2B expres-
sion level was extremely low in the aorta, and
appeared in only a small number of the arterial
smooth myocytes (Fig. 54). Positive labeling of the
Kir6.1 and SUR2B mRNAs was not detected in the
vena cava, veins and venules in the kidney and skel-
etal muscle tissues (Figs. 2, 5).
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Table 1. Summary of the distribution of Kir6.1 and SUR2B
mRNAs in vasculature

Tissue Kir6.1 SUR2B Diameter (um)
Intermediate Artery
Basal + + 350400
Vertebral + + 250-320
Renal + + 130-150
Coronary + + 120-150
Mesenteric + + 100-180
Small Artery
Kidney + + 70-90
Heart + + 60-80
Skeletal muscle + + 60-80
Arteriole
Brain + + 3040
Kidney + + 25-35
Skeletal muscle + + 20-30
Capillary
Glomerulus + + 68
Skeletal muscle + + 6-8
Brain + + 8-10
Aorta + + 1,500-2,500
Vein
Vena cava — - 2,000-3,000
Vein — — 20-100
Venule - — 8-10

Note that the + indicates positive stain with antisense riboprobes,
the + shows low labeling, and the — represents no detection of the
mRNAs.

Kir6.1 aAND SUR2B mRNAs IN RENAL TUBULAR
EPITHELIUM, MYOCARDIUM AND SKELETAL MUSCLES

The transcripts of the Kir6.1 and SUR2B, though
low, were detectable in renal tubular cells. In con-
trast, the expression of Kir6.1 and SUR2B was rather
high in certain neurons (Figs. 2, 3). However, no
labeling was detectable in cardiac myocytes and
skeletal muscles. Thus, these observations suggest
that the Katp channels recorded previously from
these tissues seem to consist of different isoforms of
Kir6.x and SURx.

Discussion

Katp channels are well known to play an important
role in the regulation of vascular tone according to
metabolic need and energy supply. The current
studies provide evidence for the expression of the
vascular isoform of the Katp channels in various
blood vessels including arteries, arterioles, veins,
venules and capillaries. To our knowledge, this is the
first systematic study of the distribution of Kir6.1 and
SUR2B in blood vessels.

The K o1p channel was first identified in the heart
and later found in almost all tissues (Noma, 1983;
Terzic, Jahangir & Kurachi, 1995; Quayle et al., 1997;
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Seino, 1999). Molecular cloning over the past decade
has shown that two Kir6.x and at least three SURx
subunits exist in nature. The molecular identity of the
Katp channels enabled detailed studies of the mo-
lecular mechanisms underlying the regulation of the
Kir6.2 channel and its potential functions in the
pancreas and heart (Ashcroft, 1988; Seino, 1999).
Similar studies, however, have rarely been done on the
Kir6.1 channel. One major reason is that tissue-spe-
cific expression of the Kir6.1 has not been well dem-
onstrated. Based on the logical reasoning that they are
expressed in all tissues and that blood vessels are
everywhere, it has been supposed that Kir6.1 forms
Katp channels with the SUR2B subunit in blood
vessels. Some evidence came from pharmacological
studies. Glibenclamide, a sulfonylurea K tp channel
blocker, has been shown to inhibit relaxation of vas-
cular smooth muscles of the mesenteric, coronary and
vertebral arteries (Eckman, Frankovich & Keef, 1992;
Murphy & Brayden, 1995; Nagao et al.,, 1996).
However, sulfonylureas are known to inhibit other
ion channels as well (Konstas et al., 2002; Zhou, Hu &
Hwang, 2002). Therefore, the pharmacological evi-
dence is still not conclusive. Better evidence was found
in from previous electrophysiological studies showing
a vascular Kaotp channel in mesenteric artery and
portal veins that has a single-channel conductance of
35 pS and is inhibited by intracellular ATP in the
presence of nucleotide diphosphates (Nelson &
Quayle, 1995; Cao et al., 2002). By heterologous co-
expression of Kir6.1 and SUR2B in HEK-293 cells,
Yamada et al. (1997) demonstrated a Katp channel
with pharmacological properties and nucleotide sen-
sitivity similar to the vascular K tp channel. Con-
sistently, our in situ hybridization studies reveal the
expression of the Kir6.1 and SUR2B in vascular
smooth muscles, thus providing the first morpholog-
ical evidence for their vascular expression and distri-
bution. Indeed, recent studies in our laboratory have
shown a vascular K™ current with ATP sensitivity, pH
sensitivity and single-channel properties identical to
the cloned Kir6.1/SUR2B, demonstrating the link of
the Kir6.1/SUR2B expression to functional vascular
K atp channels (Wang et al., 2003).

These in situ hybridization studies allow us to
appreciate the differential expression of the Kir6.1
and SUR2B subunits in various blood vessels. Our
results have shown that the Kir6.1 and SUR2B are
selectively expressed in the smooth muscle layer of
arterioles, as well as small and intermediate arteries.
These blood vessels are known to determine the cir-
culation resistance and blood pressure (Wilson,
1989). Thus, the expression of Kir6.1 and SUR2B in
these blood vessels suggests that Katp channels
composed of Kir6.1 and SUR2B are the potential
mediators of vascular diameter in accordance with
the change of physiological and pathophysiological
conditions.
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Fig. 4. The presence of Kir6.1 and SUR2B in capillary endothelium. With higher magnification than in Figs. 2 and 3, the capillaries in the
quadriceps (A4) and renal glomerulus (B) showed positive stain with these antisense riboprobes, as indicated by black arrows. White arrow

head, skeletal muscle fibers. Bar = 50 um.

Previous electrophysiological studies have shown
that capillary endothelial cells possess certain ion
channels that are believed to be responsible for the
fast endothelial response to intracellular Ca>" signals
and mediate the release of endothelium-derived re-
laxing factor. However, the molecular identity of
these ion channels remains largely unknown (Bray-
den, 1990; Nilius & Droogmans, 2001). Our studies
suggest that one of these ion channels appears to be
made of the Kir6.1 and SUR2B because their mRNAs
are present abundantly in the capillaries of the skeletal
muscle and renal glomerulus. It is possible that the
K atp channel along with other ion channels functions
in the regulation of the membrane potential in capil-
lary endothelial cells. These ion channels may allow
the membrane potential to change according to the
concentration of energy substrates in these cells,
leading to the release of endothelium-derived relaxing
factor, and perhaps the alteration of the endothelial
permeability as well. Therefore, the finding of the
capillary Kotp channel may provide the molecular
basis for further understanding of the physiological
role of these channels in the capillaries.

Kir6.2 and SUR2A have been known to be ex-
pressed in myocardium and skeletal muscles, whereas

Kir6.1, Kir6.2 and SUR2 were reported to be present
in renal tubular epithelium (Noma, 1983; Quast,
1996; Quayle et al., 1997). Our data are consistent
with these previous results. The distribution of
Kir6.1, Kir6.2 and SUR2 in renal tubular epithelium
suggests there is more than one Ka1p channel in the
kidney. The lack of expression of Kir6.1 and SUR2B
mRNAs in the myocardium and skeletal muscle in-
dicates that the Karp isoforms are unlikely to be
made of Kir6.1 and SUR2B in these tissues. Con-
cerning the high sequence homology between Kir6.1
and SUR2B with Kir6.2 and SUR2A, the negative
staining with the Kir6.1 and SUR2B riboprobes in-
dicates that their positive labeling in the blood vessels
is specific.

The expression of Kir6.1 and SUR2B suggests
that they play a role in the regulation of vascular
tone. Indeed, Kir6.1 has been demonstrated to do so,
as Kir6.1-null mice have a high rate of sudden death
associated with spontaneous electrocardiographic ST
elevation followed by atrioventricular block (Miki et
al., 2002). The Katp channels consisting of Kir6.1
and SUR2B are inhibited by intracellular ATP at
near millimolar concentrations and are stimulated by
NDP (Larsson et al., 1993; Wang et al., 2003). These
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Vena cava

properties allow a direct coupling of the channel
activity to the cellular metabolic state, making the
vascular K otp channels to be readily activated during
metabolic stress such as hypoxia, ischemia and
hypoglycemia. Activation of these K' channels
results in hyperpolarization and a decrease in cellular
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Fig. 5. The Kir6.1 and SUR2B
mRNAs (left and right columns, re-
spectively) were barely detectable in
the aorta (A4), vena cava (B) and
small veins in the kidney (C), as
shown by black arrows. In contrast,
the renal arteries were strongly
stained (white arrow head in C).
Control experiments were done using
the sense riboprobes. None of the
Kir6.1 and SUR2B sense probes
yielded positive labeling of the renal
artery (black arrow) and glomerulus
(white arrow head). Bar = 200 um for
A, B and C, 100 pm for D.

excitability. In turn, the voltage-activated Ca®*
channels are inhibited with hyperpolarization, low-
ering intracellular Ca®>" concentration. As a result
the VSM contractility decreases. The vasodilation
allows a better perfusion in the local tissues and re-
verses the hypoxic ischemia. It is clear that the Kir6.1
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and SUR2B are important players in the feedback
regulation of vascular tone. Thus, the demonstration
of their expression pattern in various blood vessels
provides useful information for the understanding of
vascular regulation under a variety of physiological
and pathophysiological conditions.
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