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ABSTRACT ATP-sensitive K+ (Karp) channels are
known to play important roles in various cellular functions,
but the direct consequences of disruption of K,rp channel
function are largely unknown. We have generated transgenic
mice expressing a dominant-negative form of the Kyrp channel
subunit Kir6.2 (Kir6.2G132S, substitution of glycine with
serine at position 132) in pancreatic beta cells. Kir6.2G132S
transgenic mice develop hypoglycemia with hyperinsulinemia
in neonates and hyperglycemia with hypoinsulinemia and
decreased beta cell population in adults. Korp channel func-
tion is found to be impaired in the beta cells of transgenic mice
with hyperglycemia. In addition, both resting membrane
potential and basal calcium concentrations are shown to be
significantly elevated in the beta cells of transgenic mice. We
also found a high frequency of apoptotic beta cells before the
appearance of hyperglycemia in the transgenic mice, suggest-
ing that the Karp channel might play a significant role in beta
cell survival in addition to its role in the regulation of insulin
secretion.

ATP-sensitive K* (Karp) channels are thought to regulate
various cellular functions such as secretion and muscle and
neural excitability by linking the cell’s metabolic state to its
membrane potential (1-7). We have shown previously that
Karp channels comprise at least two subunits, a sulfonylurea
receptor (SUR), which belongs to the ATP-binding cassette
superfamily (8), and the inward rectifier K* channel member
Kir6.2 (9). SUR is thought to confer the ATP and sulfonylurea
sensitivities of Karp channels, and Kir6.2 is thought to form
the K* ion-selective pore (9-12). However, a recent study
(13)suggests that Kir6.2 alone might confer ATP-sensitivity.
Although mutations of SURI, the other subunit of pancreatic
beta cell Katp (SUR1/Kir6.2) channels, is known to cause
familial persistent hyperinsulinemic hypoglycemia of infancy
(PHHI) due to a loss of functional Katp channels (14-18), the
consequences of inhibition of Kir6.2 function are unknown.
The putative K* ion permeable domain (HS5) is highly
conserved in K* channels (19), and the motif Gly-Tyr (or
Phe)-Gly in HS is thought to be critical for K* ion selectivity
(19-21). A substitution of the first residue of the Gly-Tyr-Gly
motif with serine (residue 156) is found in the G-protein-gated
inward rectifier GIRK2 (Kir3.2) of weaver mice (22). This
mutation is responsible for their abnormalities of neuronal
differentiation and development (23-26). In the present study,
we have replaced the Gly-312 with Ser at the corresponding
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position of Kir6.2 (Kir6.2G132S) by in vitro mutagenesis. We
found by 3°Rb™ flux measurements that Kir6.2G132S func-
tions as a dominant-negative mutant. We then generated
transgenic mice expressing Kir6.2G132S in pancreatic beta
cells and studied the morphological and functional changes in
the pancreatic islets.

MATERIALS AND METHODS

Construction of Mutant Kir6.2. Mouse Kir6.2 cDNA (9)
was subcloned into pALTER (Promega). A single strand
template of pALTER Kir6.2 was prepared using helper phage
R408. Gly-132 (GGT) in Kir6.2 was mutated to Ser (AGT) by
replacing guanine with adenine (Kir6.2 G132S) by site-
directed mutagenesis (Fig. 14), according to the manufactur-
er’s instructions (in vitro mutagenesis systems; Promega). For
86Rb* efflux measurement, Kir6.2G132S cDNA was sub-
cloned into the mammalian expression vector pPCMV6b. Plas-
mid constructions were confirmed by DNA sequencing.

Cell Culture and Transfection. COS-1 cells were plated at a
density of 1 X 103 cells per dish (35 mm in diameter) for
single-channel recordings, and 3 X 10 cells per dish for 8°Rb*
efflux measurements. They were cultured in DMEM supple-
mented with 10% fetal bovine serum (9). For single-channel
recordings, pPCMV6c carrying wild-type SUR1 (1.5 ug) (9) and
pCMV6b carrying Kir6.2G132S (1.5 pg) were transfected into
COS-1 cells with Lipofectamine and Opti-MEM I reagents
(Life Technologies, Gaithersburg, MD), according to the
manufacturer’s instructions. For single-channel recordings,
the expression plasmid vector for green fluorescence protein
(pSRaGFP, 0.05 ug) as a reporter gene for transfection was
cotransfected (10). For 8Rb™ efflux measurements, COS-1
cells were transfected with wild-type Kir6.2 (WT) cDNA and
Kir6.2G132S (MT) cDNA in various ratios together with
hamster SUR1 cDNA (0.5 ng) (8). The ratios of WT to MT
used were 1:0 (WT = 0.5 pug, MT = 0 ug), 1:1 (WT = 0.5 pg,
MT = 0.5 pg), 1:3 (WT = 0.5 pg, MT = 1.5 pg), 1:5 (WT =
0.5 pg, MT = 2.5 pg), and 0:1 (WT = 0 ug, MT = 0.5 pg).
Total DNA amounts for transfection were adjusted to 3.5 ug
by supplementation of pCMV6b vector.

This paper was submitted directly (Track II) to the Proceedings office.
Abbreviations: Katp channel, ATP-senstive K* channel; SUR, sulfo-
nylurea receptor; PHHI, persistent hyperinsulinemic hypoglycemia of
infancy; WT, wild-type Kir6.2; MT, Kir6.2G132S; TUNEL, de-
oxynucleotidyltransferase-mediated dUTP nick end labeling; [Ca?*];,
intracellular calcium concentration.
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Fic. 1. (A4) Alignment of amino acid sequences of the H5 regions
of K* channel members. The residues identical to mouse Kir6.2 are
shown by dots. The Gly (G)-Phe (F) [or Tyr (Y)]-Gly (G) motifs are
boxed. The Gly-132 (G) of mouse Kir6.2 was mutated to Ser (S) to
generate the mutant Kir6.2 (Kir6.2G132S). The sequences are mouse
Kir6.2 (GenBank accession no. D50581), rat Kir6.1(GenBank acces-
sion no. D42145), rat Kirl.1a (GenBank accession no. X72341), mouse
Kir2.1(GenBank accession no. X73052), mouse Kir3.2 (GenBank
accession no. U11859), shaker (GenBank accession no. M17211), and
hslo (GenBank accession no. U11717). (B) 8Rb™ efflux in COS-1 cells
transfected with wild-type Kir6.2 (WT) and the mutant Kir6.2G132S
(MT) at various ratios together with SUR1. 8Rb™ efflux in COS-1
cells transfected with SUR1 alone is used as the control efflux (a). The
ratioof WT to MT is 1:0 (O), 1:1 (@), 1:3 (0), 1:5 (), and 0:1 (»). Some
of the error bars are not seen because of very small standard errors.

86Rb* Efflux Measurement. Two days after transfection,
86RbCI (1 mCi/ml; 1 Ci = 37 GBq) (Amersham) was added
into fresh culture medium and incubated for 12-24 hours. The
cells were further incubated for 30 min at 37°C in Krebs—
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Ringer solution containing 1 mCi 8RbCl/ml in the presence
of the metabolic inhibitors oligomycin (2.5 mg/ml) and 2-
deoxy-D-glucose (1 mM). After washing the cells once in
86Rb*-free Krebs-Ringer solution containing the metabolic
inhibitors, 8¢Rb™* efflux was measured at 37°C, as described
(9). Portions of medium from each time point were evaluated
and the values were summed to determine efflux. The data are
expressed as the percentage of 8Rb™ content at the beginning
of the incubation.

Generation of Kir6.2G132S Transgenic Mice. For the trans-
gene vector, Kir6.2G132S cDNA was inserted downstream of
the human insulin promoter region (27). The expression unit
was excised from the resulting pINSKir6.2G132S plasmid by
restriction enzyme digestion, purified, and microinjected into
fertilized eggs of (C57BL/6 X DBA2)F, mice by standard
procedures (28). Transgenic mice were selected from possible
founders by Southern blot analysis and were backcrossed to
C57BL/6. F, mice were used for the experiments.

Electrophysiology. For single-channel recordings of COS-1
cells, the cells were transfected with Kir6.2G132S cDNA and
SURI1 cDNA and cultured for 48-72 hours before electro-
physiological recordings. Single-channel recordings were done
in the excised inside—out membrane patch configuration
48-72 hours after transfection, as described (9). The intracel-
lular solution contained either 110 mM potassium aspartate or
110 mM sodium aspartate, and 30 mM KCI, 2 mM MgSO,, 1
mM EGTA, 0.084 mM CaCl,, 1 uM K,ATP, and 10 mM Mops
(pH 7.4). The pipette solution contained either 140 mM NacCl
or KCl, 2 mM CaCl,, and 5 mM Mops (pH 7.4). For whole-cell
recordings of single pancreatic beta cells, the cells were
prepared by collagenase digestion method (29). Pancreatic
beta cells isolated from transgenic (lines M4 and M10) and
control mice were cultured in DMEM supplemented with 10%
fetal bovine serum, plated into 3.5-cm dishes containing
CELLocate Coverslips (Eppendorf, Hamburg, Germany), and
incubated at 37°C for 24-72 hours before the experiments.
Whole-cell current recordings were made with a patch-clamp
amplifier EPC-7 (List Electronics, Darmstadt, Germany),
according to the method described by Ribar et al. (30). The
extracellular solution contained 135 mM NaCl, 5 mM KCl, 5
mM CaCl,, 2 mM MgSOy, and 5 mM Hepes (pH 7.4). Pipette
solution contained 107 mM KCl, 11 mM EGTA, 2 mM MgSQOy,,
1 mM CaCl,, and 11 mM Hepes (pH 7.2, adjusted with KOH).
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The membrane potential of the beta cells was measured by the
perforated patch-clamp method (31) in the current clamp
mode. Extracellular solution contained 125 mM NaCl, 5 mM
KCl, 1.2 mM KH,POy4, 2 mM CaCl,, 1 mM MgSOy4, 10 mM
Hepes, and 2.8 mM glucose (pH 7.4). The pipette solution
contained 130 mM potassium aspartate, 10 mM KCI, 10 mM
EGTA, 10 mM Mops (pH 7.2), and 100 ug/ml nystatine. After
recordings, the beta cells were identified by immunostaining
with the anti-insulin antibody.

Measurement of Intracellular Calcium Concentrations
([Ca?*];). Dispersed islet cells were cultured for 1-2 days in
DMEM containing 10% fetal bovine serum as described
above, loaded with 1 uM fura-2 acetoxymethyl ester (Dojindo,
Kumamoto, Japan) for 30 min in perifusion buffer containing
130 mM NacCl, 5 mM KCl, 2.5 mM CaCl,, 0.6 mM NaHCOs3,
0.8 mM MgCly, 2.8 mM glucose, 20 mM Hepes (pH 7.4), and
0.2% BSA, and mounted on the stage of the microscope. The
perifusion rate was approximately 1.0 ml/min at 37°C. [Ca?*];
was measured by a dual-excitation wavelength method (340/
380 nm) as described (31). The beta cells were identified as
described above.

Histological Analysis. The pancreata were fixed in 10%
formalin and embedded in paraffin, and serial paraffin sec-
tions (4 um thick) were prepared and processed by the indirect
immunoperoxidase method and the avidin-biotinylated per-
oxidase complex method for staining pancreatic beta cells and
alpha cells, using guinea pig anti-insulin and rabbit anti-
glucagon antibodies, respectively. The number of beta cells in
the pancreatic islets of transgenic and control mice was
counted under a light microscope. The beta cell population is
expressed as a percent of total islet cells (mean = SE), by
averaging the results from five different pancreatic islets in
each mouse. Apoptotic cells were detected in serial sections of
pancreatic islets of transgenic mice and control littermates
using TUNEL (terminal deoxynucleotideyltransferase-
mediated dUTP nick end labeling) assay (32).

Measurements of Blood Glucose and Insulin Levels. Serum
insulin levels were determined by ELISA kit (Morinaga,
Yokohama, Japan). Glucose measurements were performed
on whole blood with Antosense Glucose (Sankyo). An i.p.
glucose tolerance test was performed in male F, mice fasted
for 16 h at 8 weeks of age. Glucose (1 g/kg) was injected into
the i.p. space after anesthesia with sodium pentobarbital (75
mg/kg). Blood samples were taken from the tail vein.

RESULTS AND DISCUSSION

Since inward rectifier K™ channels are thought to function as
hetero- or homomultimers (33-36), the mutant Kir6.2G132S if
coexpressed with wild-type Kir6.2 could decrease the activity
of Karp channels by a dominant-negative mechanism. To
ascertain this, we measured the 8Rb ™" efflux from COS-1 cells
transfected with Kir6.2 and Kir6.2G132S at various ratios with
SURLI (Fig. 1B). Transfection of COS-1 cells with Kir6.2G132S
and SURT1 had no effect on endogenous efflux and produced
no significant 8°Rb* efflux upon metabolic poisoning. Meta-
bolic poisoning of COS-1 cells transfected with Kir6.2
(Kir6.2:Kir6.2G132S = 1:0) and SUR1 remarkably increased
86Rb* efflux above endogenous efflux (control). This in-
creased efflux decreased as the relative amounts of
Kir6.2G132S increased. No significant Na*, K*, or Cl~ cur-
rents were detected in the COS-1 cells transfected with
Kir6.2G132S (Kir6.2: Kir6.2G132S = 0:1) and SURI1 by
patch-clamp recordings. These results indicate that
Kir6.2G132S acts as a dominant-negative inhibitor of Karp
channels.

To investigate directly the role of Katp channels in pancre-
atic beta cells, we generated transgenic mice expressing
Kir6.2G132S in beta cells under the regulation of the human
insulin promoter. Southern blot analysis identified 13 founders

Proc. Natl. Acad. Sci. USA 94 (1997) 11971

from a total of 55 mice. Breeding of these founders with
C57BL/6 established seven transgenic lines showing moderate
to severe hyperglycemia at 4—6 weeks of age. Northern blot
and reverse transcription-PCR analyses confirmed that the
Kir6.2G132S transgene was expressed only in pancreas among
the tissues examined in these transgenic mice, which included
liver, brain, heart, and kidney (data not shown). We next
examined functional and morphological changes in the endo-
crine pancreas of transgenic mice during development after
birth.

Blood glucose levels in neonate transgenic mice (line M45)
were significantly lower than those of controls [transgenic
mice, 37.0 = 3.3 (mean = SE) mg/dl; control mice, 63.7 = 5.3
mg/dl, P < 0.001] (Fig. 24). Spearman rank analysis shows a
positive correlation between blood glucose levels and insulin
levels (r = 0.70, P < 0.05, n = 9) in controls. By contrast, there
is no correlation in transgenic mice (r = —0.24,p = 0.41,n =
13): despite low glucose levels, insulin levels remained rela-
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FiG. 3. (A) Representative traces of whole-cell recordings of
pancreatic beta cells from control and Kir6.2G132S transgenic mice
(line M4). The holding potential was —70 mV and alternate voltage
pulses of =10 mV and 200-ms duration every 2 s were applied.
Removal of intracellular ATP beginning at the time indicated (break-
through) caused a progressive increase in K* conductance in response
to =10 mV amplitude pulses, and addition of 0.5 mM tolbutamide
promptly inhibited the conductance in a beta cell of a control mouse
(control). There was only a slight increase in K* conductance in a beta
cell of a transgenic mouse (Tg) under the same conditions. (B)
Normalized ATP-sensitive K* conductance of beta cells in control and
transgenic mice (lines M4 and M10). Because the membrane area of
each beta cell varied, the K* conductance was normalized by dividing
by the membrane capacitance measured for each cell. Control mice,
2.29 * 0.27 nS/pF (mean * SE, n = 20); line M10 transgenic mice,
1.27 £ 0.29 nS/pF (n = 20); line M4 transgenic mice, 0.37 * 0.25
nS/pF (n = 10). *, P < 0.02, **, P < 0.001 (comparing with control).
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tively high (Fig. 2B). This indicates unregulated insulin secre-
tion in transgenic mice, and suggests the phenotype of PHHI
g in humans, which is caused by mutations of SUR1 (14-18).

4 ' i,, -\ Blood glucose levels in transgenic mice at 4 weeks became

A Insulin ” Glucagon

gt i R _ markedly elevated [transgenic mice, 424 = 45.1 mg/dl (n = 9);
bl o 3 5 E 3 71 controls, 185 + 15.5 mg/dl (n = 10)], and increased further to
. o' L 610 = 45.5mg/dl (n = 9) at 6 weeks of age (Fig. 2C). The blood
o i g glucose levels after i.p. glucose loading in transgenic mice
remained significantly higher than those in controls, and the
~ p{\ 3 .Y insulin secretion in transgenic mice was markedly reduced
R o (Fig. 2D).
: Electrophysiological analysis by whole-cell configuration
showed that in the absence of ATP in the pipette solution, a
S progressive increase in K* conductance in response to *+10
' mV amplitude pulses was observed in beta cells of control
. VR mice, and that the increased currents were inhibited by addi-
” o e ? tion of the sulfonylurea tolbutamide (Fig. 34 Upper) (17). In
% B » 8 o A contrast, there was only a slight or moderate increase of K*
i N o Dl conductance in beta cells of transgenic mice (line M4) (Fig. 34
2 Lower). The ATP-sensitive K* conductance, normalized by
b i By, dividing by the membrane capacitance, was significantly re-
, duced in the beta cells of transgenic mice (lines M4 and M10)
d j (Fig. 3B), confirming the Katp channel function to be impaired
r . - in the beta cells.
25 i T - A, Histological analysis revealed that the beta cell population
o | an oRa A of transgenic mice (line M45) in neonates (day 0) was not
: "9 significantly different from that of control mice, and that the
. morphological configuration of the islet cells in transgenic
= mice was normal (Fig. 44). At postnatal day 7, the beta cell
e k ; population in transgenic mice was slightly decreased, and
glucagon-positive alpha cells, which are present normally in the
periphery of pancreatic islets, began to also appear in the
¢t central region. This abnormality in the morphological config-
uration of the beta cells and alpha cells of transgenic mice
o became more pronounced as the beta cell population de-
e creased with age. The severity of hyperglycemia increased with
f e | ~ the decrease in beta cell population. The islets of transgenic
o mice were decreased in size and irregular in shape due to the
loss of beta cells.
a e ¥ Interestingly, apoptotic cell death, as determined by
Ay el o . B o TUNEL method, was found in most of the islets examined in
il i T B — 2-week-old transgenic mice (1-3 apoptotic cells per islet
section). Apoptotic beta cells, estimated from observation of
B serial sections, were found at the rate of 7-20 per islet in
a transgenic mice (Fig. 4Ba), but were rarely detected in the
islets of control mice (Fig. 4Bb), suggesting that the loss of beta
cells in these transgenic mice is due to acceleration of apo-
ptosis. We also measured resting membrane potential and
L - basal [Ca?*]; in the beta cells of transgenic and control mice.
The resting membrane potential of the beta cells of transgenic
mice (line M4) (—46.7 = 3.9 mV, n = 30) was significantly
L higher than that of control mice (—63.5 = 2.0mV,n =22) (P <
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FiG. 4. (A) Histological changes of pancreatic islets from

Kir6.2G132S transgenic and control mice. (a¢-/) Immunostaining of

islet cells at indicated ages: 0d, transgenic and control mice in

neonates; 7d, 7-day transgenic mice; 4w, 4-week transgenic mice; 8w,

b 8-week transgenic and control mice. The insulin column shows staining

with anti-insulin antibody (a-f); the glucagon column shows staining

with anti-glucagon antibody (g-/). Control mice are shown in b, f, i, and

I. Three independent transgenic lines (M7, M8, and M45) have been

analyzed. Histological changes of these three lines are similar. Rep-

resentative examples of M45 mice are presented. The average beta cell

L population (per islet) of transgenic and control mice are 60.8 * 4.6%

and 63.8 = 4.7% at day 0, 44.8 £ 2.5% and 62.7 = 4.9% at 1 week,

34,7 + 3.6% and 75.2 *+ 5.3% at 4 weeks, and 32.5 + 3.7% and 72.7 +

4.4% at 8 weeks, respectively. (B) Detection of apoptotic cells in the

islets by TUNEL method. (a) Apoptotic beta cells (indicated by

arrowheads) are present in the islets (indicated by L) of a transgenic

mouse. (b) No apoptotic cells are detected in the islets of a control
mouse. (Bar = 100 um).
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0.001). Basal [Ca?*]; also was significantly elevated in the beta
cells of transgenic mice: transgenic mice (line M4), 137.1 *
15.9 nM, n = 12; control mice, 90.6 = 3.5, n = 23 (P < 0.001).
In Kir6.2G132S transgenic mice, accordingly, it is likely that
the loss of Karp channel function causes membrane depolar-
ization and high basal [Ca?"]; in the beta cells, which results in
hypoglycemia from unregulated insulin secretion in neonates,
and that chronic membrane depolarization and Ca?* over-
loading finally promote apoptotic cell death, which contributes
to the hyperglycemia in adults.

In weaver mice, the chronic membrane depolarization due to
the loss of K* ion selectivity or K* channel function could
cause the excitotoxicity that ultimately results in granule cell
death in the cerebellum (26). In addition, it has been suggested
that Katp channels are involved in protection from cell death
in brain and heart during ischemia and hypoxia (37, 38).

Considering these findings together, we propose that some
inward rectifier K* channels are important for cell survival.
The targeted expression of a dominant-negative mutation in
transgenic mice should be useful in the analysis of the physi-
ological roles of the various inward rectifier K* channels.
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