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Neonatal	diabetes	is	a	rare	monogenic	form	of	diabetes	that	usually	presents	within	the	first	six	months	of	life.	
It	is	commonly	caused	by	gain-of-function	mutations	in	the	genes	encoding	the	Kir6.2	and	SUR1	subunits	of	the	
plasmalemmal	ATP-sensitive	K+	(KATP)	channel.	To	better	understand	this	disease,	we	generated	a	mouse	express-
ing	a	Kir6.2	mutation	(V59M)	that	causes	neonatal	diabetes	in	humans	and	we	used	Cre-lox	technology	to	express	
the	mutation	specifically	in	pancreatic	β	cells.	These	β-V59M	mice	developed	severe	diabetes	soon	after	birth,	
and	by	5	weeks	of	age,	blood	glucose	levels	were	markedly	increased	and	insulin	was	undetectable.	Islets	isolated	
from	β-V59M	mice	secreted	substantially	less	insulin	and	showed	a	smaller	increase	in	intracellular	calcium	in	
response	to	glucose.	This	was	due	to	a	reduced	sensitivity	of	KATP	channels	in	pancreatic	β	cells	to	inhibition	by	
ATP	or	glucose.	In	contrast,	the	sulfonylurea	tolbutamide,	a	specific	blocker	of	KATP	channels,	closed	KATP	chan-
nels,	elevated	intracellular	calcium	levels,	and	stimulated	insulin	release	in	β-V59M	β	cells,	indicating	that	events	
downstream	of	KATP	channel	closure	remained	intact.	Expression	of	the	V59M	Kir6.2	mutation	in	pancreatic	β	
cells	alone	is	thus	sufficient	to	recapitulate	the	neonatal	diabetes	observed	in	humans.	β-V59M	islets	also	dis-
played	a	reduced	percentage	of	β	cells,	abnormal	morphology,	lower	insulin	content,	and	decreased	expression	
of	Kir6.2,	SUR1,	and	insulin	mRNA.	All	these	changes	are	expected	to	contribute	to	the	diabetes	of	β-V59M	mice.	
Their	cause	requires	further	investigation.

Introduction
Neonatal diabetes (ND) is a rare disease that affects about 1 in 200,000 
live births (1). It is defined as diabetes that manifests within the first 
6 months of life, and it can be either permanent or transient. Most 
patients present with diabetes in isolation, but in some patients, dia-
betes is associated with developmental delay, muscle weakness, and 
epilepsy. This condition is known as DEND syndrome, an acronym 
for developmental delay, epilepsy, and neonatal diabetes (1). Approxi-
mately 25% of patients develop an intermediate syndrome (iDEND) 
consisting of ND, developmental delay, and muscle weakness.

Around 50% of cases of ND result from gain-of-function muta-
tions in the genes encoding the ATP-sensitive K+ (KATP) channel sub-
units Kir6.2 (KCNJ11) and sulfonylurea receptor 1 (SUR1) (ABCC8) 
(2). Glucose metabolism stimulates insulin secretion from pancre-
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atic β cells by closing KATP channels, thereby inducing β cell depo-
larization, calcium influx, and insulin exocytosis (3). Conversely, 
opening of KATP channels prevents insulin secretion by causing β 
cell hyperpolarization. Therefore, gain-of-function KATP channel 
mutations are predicted to act by clamping the β cell at a hyperpo-
larized membrane potential and preventing depolarization, calcium 
influx, and insulin secretion in response to glucose. Sulfonylurea 
drugs (such as tolbutamide and glibenclamide) are selective KATP 
channel blockers, and the discovery that their diabetes is caused by 
an activating KATP channel mutation has enabled many patients to 
switch from insulin injections to sulfonylurea therapy (1, 3, 4).

KATP channels also couple cell metabolism to membrane excit-
ability in many other cell types (3). For example, they regulate 
electrical activity and transmitter release in many neurons, hor-
monal release from endocrine cells, and the resting tone of vascu-
lar smooth muscle (5). They are also involved in the response to 
cardiac and cerebral ischemia and to cardiac stress. This probably 
explains the neurological symptoms found in patients with DEND 
and iDEND syndrome. Whether extrapancreatic actions are 
required for the development of diabetes, however, is unknown.

The archetypal KATP channel is an octameric complex of Kir6.2 
and SUR subunits (SUR1 in β cell and many neurons, SUR2 in 
muscle; ref. 5). Four Kir6.2 subunits form the channel pore, and 
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each is associated with a SUR subunit that contributes to the 
regulation of channel gating. Metabolic regulation is mediated by 
adenine nucleotides, with ATP closing the channel via Kir6.2 and 
Mg nucleotides opening it by interaction with SUR1 (6–8).

Mutations in Kir6.2 that cause human diabetes reduce the ability 
of MgATP to close the channel in heterologous systems (1, 3, 9, 10). 
However, their functional effects in the native environment are less 
well understood. We therefore used Cre-lox technology to create a 
mouse strain that conditionally expresses a Kir6.2 mutant (V59M) 
gene specifically in pancreatic β cells. In human patients, this muta-
tion is the most common cause of iDEND (1).

Results
Generation of β-V59M mice. We created a mouse strain (β-V59M) that 
selectively expresses a gain-of-function mutation in the pore-form-
ing subunit of the KATP channel (Kir6.2-V59M) in pancreatic β cells. 
This was achieved by first generating a mouse strain, R26StopKir6.2-
V59Mlox/+ (ROSA), in which the Kir6.2-V59M gene, preceded by a 
loxP-flanked STOP sequence and followed by a flippase (FLP) recom-
binase target (FRT)–flanked internal ribosome entry site (IRES) GFP 
cassette, was targeted to the ROSA26 locus by homologous recombi-
nation in ES cells (11) (Figure 1, A–D). Single copy integration of the 
mutant Kir6.2 cDNA was demonstrated by Southern blot analysis of 
ES cells (Figure 1E). Both heterozygous and homozygous ROSA mice 
were viable and fertile, did not display any overt phenotype, and were 
born with normal Mendelian frequency.

In order to generate β-V59M mice, heterozygous ROSA mice 
were crossed with mice expressing Cre recombinase under the 
control of the rat insulin promoter II (RIP-Cre) (12). In RIP-Cre 
mice, Cre recombinase is expressed specifically in pancreatic 
β cells and a minor population of brain neurons (12, 13). In  
β-V59M mice, Cre-mediated excision of the loxP-flanked STOP 
cassette in pancreatic β cells should lead to the expression of 
both Kir6.2-V59M and GFP, driven by the endogenous ROSA26 
promoter (Figure 1A). β-V59M mice were born with normal 
Mendelian frequency.

To confirm that β-V59M mice express the Kir6.2-V59M allele in 
pancreatic islets, we performed RT-PCR, followed by restriction 
digest of the PCR products, using cDNA prepared from islets iso-
lated from 5-week-old mice. As shown in Figure 2A, Kir6.2-V59M 
was expressed in β-V59M islets but was absent in control islets. 
Expression of the mutant allele was also confirmed by expression 
of GFP (Figure 2B).

To determine whether Cre-mediated excision of the STOP cas-
sette was confined to β cells, we assessed GFP expression in islet 
cells by immunofluorescence of pancreatic sections. Despite the 
presence of GFP mRNA, we were unable to detect GFP fluores-
cence in β-V59M islets, consistent with a low level of expression 
of this transgene when driven by the weak ROSA26 promoter. β 
cell–specific expression was confirmed by crossing RIP-Cre mice 
with Z/EG mice, a reporter mouse line expressing GFP upon Cre-
mediated excision (data not shown) (14).

Figure 1
Generation and identification of transgenic mice. (A and B) Targeting strategy. Insertion of the targeting vector ROSA26-STOP-Kir6.2V59M (B) 
into the ROSA26 locus (A) by homologous recombination in mouse ES cells. (C) Targeted ROSA locus. (D) After Cre-mediated deletion of the 
STOP cassette, Kir6.2-V59M is expressed under the control of the endogenous ROSA26 promoter. 1–3, ROSA26 exons 1–3; SA, splice acceptor 
signal; PGK-Neo, neomycin resistance gene; STOP, transcriptional STOP signal; DT-A, diphtheria toxin A; pA, polyadenylation signal; E, EcoRI 
restriction site; P, PacI restriction site; FRT, flippase recombinase target site. (E) Southern blot analysis of targeted ES clones. Genomic DNA from 
G418-resistant or WT ES clones was digested with EcoRI and probed with a 5′ external ROSA probe (location indicated in A) to confirm targeting 
of the ROSA26 locus. In contrast with WT ES cells, the recombinant ES clone shows a 5.1-kb band expected from the targeted ROSA26 allele.
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β-V59M mice possess 1 copy of the mutant Kir6.2 allele on top of 
2 copies of the endogenous WT allele, making them hemizygous for 
the Kir6.2-V59M mutation. However, as Figure 2A also shows, Kir6.2-
V59M mRNA is expressed at levels comparable to those of WT Kir6.2 
mRNA. Thus, our mice are a reasonable model for the heterozygous 
state of human patients with the V59M mutation (15). Quantita-
tive PCR further revealed that total mRNA levels of Kir6.2 (mutant 
+ WT) were decreased rather than increased in β-V59M islets (Figure 
2C). The same downregulation was observed for SUR1.

Glucose homeostasis. All 3 types of control mice (WT, RIP-Cre, and 
ROSA) were euglycemic and did not exhibit differences in body 
weight (Figure 3, A–D). In contrast, β-V59M mice developed elevated 
blood glucose concentrations within 3 days of birth (Figure 3C) and 
by 5 weeks of age had overt diabetes, with fasting blood glucose levels 
greater than 30 mM (Figure 3D). Plasma insulin levels were less than 
19 pg/ml (i.e., were undetectable), compared with 91–148 pg/ml  
in control mice, and glucagon levels were slightly elevated (Supple-
mental Tables 1 and 2; supplemental material available online with 
this article; doi:10.1172/JCI35772DS1). Because β-V59M male mice 
weighed less than controls at 4–6 weeks of age, experiments were 
carried out on mice 5 weeks old or younger.

The hypoinsulinemia of β-V59M mice resulted from impaired 
glucose-dependent insulin secretion. This is in part due to a 
reduced insulin content in β-V59M islets (and whole pancreas) 
(Figure 4, A and B), which results from lower transcription of the 
insulin gene (Figure 4C). However, even when expressed as a per-
centage of insulin content, basal insulin secretion and both first- 
and second-phase insulin secretion evoked by glucose were mark-
edly impaired in β-V59M islets (Figure 4D). Insulin secretion (not 
shown) and insulin content of isolated islets did not differ among 
WT, RIP-Cre, and ROSA islets (Figure 4A).

In contrast to glucose, the specific KATP channel blocker tolbuta-
mide stimulated insulin secretion similarly from both β-V59M and 
WT islets (Figure 4D). This argues that the reduction in glucose-stim-
ulated insulin release results from a failure of KATP channel closure.

At 5 days of age, there was no significant difference in insulin 
content between β-V59M and control pancreas (Supplemental Fig-
ure 2A). However, the elevated blood glucose levels (Supplemental 
Figure 2B) indicate that insulin secretion was already impaired.

Electrical activity. The V59M mutation produces a significant 
reduction in the ATP sensitivity of recombinant Kir6.2-V59M/
SUR1 channels expressed heterologously in Xenopus oocytes or cell 
lines (9, 10). KATP channels in β-V59M β cells were also much less 
sensitive to MgATP than those in WT β cells: half maximal inhi-
bition (IC50) was produced by approximately 270 μM (β-V59M) 
versus approximately 25 μM (WT) ATP (Figure 5, A and B; Supple-
mental Table 3). The IC50 for inhibition of V59M channels was 
intermediate between that of homomeric and heterozygous chan-
nels in oocytes (Supplemental Table 3), suggesting that KATP chan-
nels in β-V59M mice contain both WT and mutant subunits.

The fraction of unblocked current at 10 mM ATP was increased 
in β-V59M β cells (~7% for β-V59M vs. ~0.5% for WT; Figure 5B), 
suggesting V59M channels will never be completely closed in the 
native cellular environment. This explains why larger KATP currents 
were recorded from cell-attached patches on β-V59M β cells than 
on WT β cells (Figure 5, C and D). Currents in excised patches were 
also approximately 2.5-fold larger (Figure 5, C and D), a difference 
that can be attributed to the fact that V59M KATP channels spend an 
increased fraction of time in the open state (i.e., have an increased 
open probability) even in the absence of ATP (9, 16).

Consistent with the higher current density in cell-attached 
patches, whole-cell KATP currents in glucose-free solution were sig-
nificantly larger in β-V59M β cells than in controls (Figure 6, A and 
B). They were also less effectively closed by glucose metabolism. 
For β-V59M β cells, the IC50 for glucose inhibition was greater than 
20 mM, compared with 3 mM for WT β cells (Figure 6C). Tolbuta-
mide (0.2 mM) produced complete inhibition of WT KATP currents 
but only 82% block of β-V59M currents (Figure 6D). The latter 

Figure 2
β-V59M mice express similar mRNA levels of WT and mutant Kir6.2. 
(A) Kir6.2 transcripts amplified by RT-PCR from islets isolated from 
5-week-old β-V59M or WT mice were digested with BtsCI and loaded 
on a 2% agarose gel. Amplification of WT Kir6.2 cDNA generated a 
282-bp product, which was cleaved by BtsCI into 177-bp and 105-bp 
products. Introduction of the V59M point mutation removed the unique 
BtsCI restriction site of the 282-bp amplicon, preventing its cleavage. 
Lanes 1 and 3, islets isolated from 2 different β-V59M mice. Lanes 2 
and 4, islets isolated from 2 different WT mice. Lanes 5 and 6, positive 
controls using WT Kir6.2 and Kir6.2-V59M plasmids. In contrast with 
WT islets, β-V59M islets expressed the Kir6.2-V59M mutant gene, as 
demonstrated by the presence of a 282-bp BtsCI-resistant PCR prod-
uct. (B) Lanes 1 and 2, RT-PCR of GFP using cDNA prepared from 
WT or β-V59M islets (isolated from β-V59M [1] and WT [1] mice shown 
in A, respectively). Lane 3, negative control. Lane 4, positive control 
using a plasmid-expressing GFP. GFP expression in β-V59M islets is 
demonstrated by amplification of a 328-bp product, which is absent in 
control islets. (C) Kir6.2 and SUR1 mRNA levels in islets isolated from 
3-week-old WT or β-V59M mice, measured by quantitative PCR, and 
normalized to β2-microglobulin mRNA levels. Results are expressed 
as fold difference versus WT mice of the same litter. Results represent 
the mean ± SEM of 3 mice per genotype.
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result is similar to that found for both heterozygous (88% ± 2%, 
n = 10; ref. 4) and homozygous V59M (80% ± 2%, n = 14; data not 
shown) channels expressed in Xenopus oocytes.

Calcium. Basal calcium was not significantly different among  
β-V59M islets and all 3 types of control islets (compare Figure 7, A 
and B; Supplemental Figure 3). Glucose produced an initial rapid 
increase in [Ca2+]i in control islets, followed by continuous oscilla-
tions. The initial response was absent in β-V59M islets, but there 
was a slow secondary increase in [Ca2+]i (Figure 7B). However, WT 
and β-V59M islets both responded to tolbutamide. These data par-
allel those for insulin secretion (Figure 4D).

Confocal imaging of [Ca2+]i in individual cells within the islet 
(Figure 7, C and D) revealed that approximately 40% of cells in 
β-V59M islets exhibited some [Ca2+]i response to 20 mM glucose 
compared with 70%–90% of cells in control islets (Supplemental 
Table 4). Unlike WT β cells, however, β-V59M β cells did not show 
regular Ca2+ oscillations. Furthermore, in WT islets, oscillations 
were synchronized across the whole islet (17), whereas in β-V59M 
islets, there was no correlation between [Ca2+]i oscillations in dif-
ferent cells (Figure 7D). β cells are weakly electrically coupled to 
each other, and the coupling current is only able to evoke elec-
trical activity in neighboring cells when their KATP conductance 
is strongly reduced. Those β cells expressing the mutant channel 
should be less affected by glucose and thus would prevent the 
spread of excitation across the islet.

Histology. The percentage of insulin-containing β cells per islet was 
reduced in β-V59M islets, and glucagon-containing α cells were rela-
tively more numerous and no longer confined to the islet mantle 

(Figure 8A). Further, although approximately 60% of β-V59M islets 
had the rounded shape characteristic of WT islets, others were irreg-
ularly shaped (Supplemental Figure 1A). Quantification revealed 
that islet density was not significantly different (Figure 8B) but 
that the percentage of islet area occupied by insulin-positive β cells 
was somewhat lower in β-V59M islets (~65%) than in control islets 
(~80%) (Figure 8C). This suggests that, in addition to the lower insu-
lin content (Figure 4C) and the impaired glucose-stimulated insulin 
release (Figure 4D), at least part of the lower insulin secretion of 
β-V59M mice in vivo may be due to a reduced β cell number.

Discussion
Mouse model: advantages and limitations. Our mouse model con-
tains a human ND mutation under the control of the endog-
enous ROSA26 promoter, whose expression is repressed by a 
loxP-flanked transcriptional STOP sequence prior to Cre-medi-
ated excision. This enables the gene to be selectively expressed 
in any chosen tissue by crossing with a given Cre strain. In this 
paper, we used the RIP-Cre strain generated by Pedro Herrera 
(12) to target transgene expression to pancreatic β cells. In con-
trast to some other RIP-Cre strains (18, 19), these mice do not 
activate significant Cre expression in the brain (13), although 
there is likely to be limited expression in a minor population of 
neurons. They are also not mosaic (12, 20), so Cre recombinase 
should be expressed in all β cells. As both the rat insulin and 
ROSA26 promoters are activated during embryonic develop-
ment (E11.5 and E8, respectively), β-V59M mice should express 
the mutant Kir6.2 prior to birth (20, 21).

Figure 3
β-V59M mice develop severe hyperglycemia soon after birth. (A and B) Mean body weight of β-V59M (gray; n = 4 minimum) and ROSA (Ctrl, 
black; n = 6 minimum) male (A) and female (B) mice. (C and D) Mean plasma glucose (G) concentrations for 3-day-old fed (C) and 5-week-old 
overnight-fasted (D) mice. The number of mice is given above each bar. Results represent mean ± SEM.
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A limitation of our mouse model is that Kir6.2-V59M transgene 
expression is not driven by the endogenous Kir6.2 promoter. As a 
consequence, its transcriptional regulation may differ from that 
of the native gene; for example, its expression is unlikely to be 
regulated by glucose, as is the case for the WT gene (22, 23). The 
mutant cDNA is expressed from a single-copy integration into 
the endogenous ROSA26 allele, so that our mice possess 2 cop-
ies of the WT gene and a single copy of the mutant gene. These 
limitations are shared with all models of overexpression using 
the Cre-lox system. However, they are outweighed by the ability 
to confine expression of the mutant gene to selected tissues, thus 
enabling the relative contributions of different tissues to the dis-
ease phenotype to be evaluated.

All human patients with the Kir6.2-V59M mutation are hetero-
zygotes (15). We found comparable degrees of expression of WT 
and mutant Kir6.2 mRNAs in pancreatic islets from our β-V59M 
mice, which suggests that our mouse model provides a reason-
able model for the human disease. This may be because we used 
the endogenous ROSA26 promoter, which drives relatively weak 
expression levels. Electrophysiological recordings also support the 

idea that mutant Kir6.2 is not strongly overexpressed. If this were 
the case, the ATP sensitivity of the KATP channel should be similar 
to that found for homomeric V59M channels when heterologously 
expressed in Xenopus oocytes (10). However, it was intermediate 
between the homomeric V59M and the pseudo-heterozygous state 
produced by coinjection of equal amounts of WT and mutant 
Kir6.2 mRNAs (10). This suggests that channels contain both WT 
and mutant Kir6.2 subunits but that they either do not assemble 
randomly or that Kir6.2-V59M protein levels are somewhat greater 
than those of WT (despite similar mRNA levels). We do not know 
whether this is also the case in human patients.

Morphology and role of ER stress. The abnormal architecture 
of β-V59M islets could be due to KATP channel overactivity in 
pancreatic β cells or may be secondary to the elevated plasma 
glucose. Our data do not allow us to conclude which of these is 
the most important. There is evidence both that hyperglycemia 
can lead to either reduced or elevated β cell mass (24, 25) and 
that KATP channels influence cell viability (26–28). The unusual 
morphology and reduced β cell number are unlikely, however, 
to result from a direct effect of overexpression of the mutant 

Figure 4
Insulin content and insulin secretion from control and β-V59M islets. (A and B) Insulin content of islets (A, same islets as in D) and whole pan-
creas (B) isolated from 5-week-old control and mutant mice, as indicated. The number of mice is indicated above each bar. *P < 0.05 versus 
β-V59M. (C) Relative expression of the insulin gene in 5-week-old β-V59M islets, expressed as the fold difference from control islets. Data rep-
resent the mean ± SEM of a minimum of 3 mice per genotype. (D) Insulin secretion from perifused islets isolated from 5-week-old WT (squares,  
n = 5) or β-V59M (circles, n = 3) mice in response to 20 mM glucose or to 20 mM glucose plus 0.5 mM tolbutamide (Tolb). Secretion was normal-
ized to insulin content to compensate for the difference in insulin content. Results represent mean ± SEM.
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gene on, for example, ER stress. At 5 weeks of age, Kir6.2-V59M 
expression was low, since we did not observe homomeric Kir6.2-
V59M/SUR1 channels in β-V59M β cells (as judged by their ATP 
sensitivity), GFP protein expression was undetectable, and both 
Kir6.2 and SUR1 mRNAs were downregulated. Furthermore, 
Xbp1 splicing and Chop mRNA expression, both indicators of 
ER stress (29), were similar in control and β-V59M islets (Sup-
plemental Figure 1B).

The insulin content of β-V59M pancreas is not significantly 
reduced at 5 days of age but declines to approximately 20% of 
control by 5 weeks. Thus, the lower insulin content is not due to 
impaired development. The cause of the reduction in insulin con-
tent and mRNA is unclear. However, one possibility is that it may 
be a consequence of the very high plasma glucose of β-V59M mice, 
as long-term exposure to glucose concentrations greater than  
30 mM reduces insulin gene expression (30) and the reduction in 
insulin content develops in parallel with the hyperglycemia.

The lower levels of Kir6.2 and SUR1 expression are not unex-
pected, given the plasma hyperglycemia, as high glucose is known 
to lead to downregulation of both genes (22, 23). The extent of 
downregulation (60%–80%) is similar to that reported for Kir6.2 
expression in pancreatic islets and INS1 β cells, which is reduced 
approximately 70% by culture in 25 mM glucose (23).

Given that the mutant gene (whose expression is driven by the 
endogenous ROSA26 promoter) is unlikely to be downregulated 
by glucose, the reduced expression of Kir6.2, coupled with the fact 
the channels are not fully homozygous provides further evidence 
that the transgene is not expressed at very high levels. Thus, we 

favor the idea that β cell loss is not a nonspecific result of overex-
pression of Kir6.2-V59M but a specific consequence of its expres-
sion, possibly secondary to hyperglycemia.

Cause of diabetes. In addition to β cells, Kir6.2 is expressed in mul-
tiple cell types that contribute to glucose homeostasis, including 
those involved in the release of incretins and appetite regulation 
(3). Our results show that expression of Kir6.2-V59M subunits 
in pancreatic β cells is sufficient to cause impaired insulin secre-
tion and diabetes in the mouse. This suggests that defective β cell 
stimulus-secretion coupling in human patients with this muta-
tion is able to account for their diabetes.

Both first- and second-phase glucose-stimulated insulin secre-
tion were severely impaired in β-V59M mice, accounting for the 
fact that plasma insulin was undetectable and the mice were 
diabetic. In contrast, insulin secretion from β-V59M islets was 
stimulated by tolbutamide; this is expected because the drug 
bypasses the metabolic steps and blocks KATP channels directly 
(31), thereby triggering membrane depolarization and insu-
lin secretion. Although V59M KATP channels are blocked less 
potently by sulfonylureas, this is still sufficient to elicit secretion 
in β-V59M mice and in human patients (32). In vivo, the lower 
insulin content and reduced β cell number of β-V59M islets are 
also expected to contribute to the hypoinsulinemia.

A common finding is that following transfer of patients from 
insulin to sulfonylurea therapy, the sulfonylurea dose required 
declines with time; this is also found for patients with the V59M 
mutation (4, 33). Our experiments suggest a possible explanation 
for this finding. If, like the β-V59M mice, these patients have a 

Figure 5
Mutant KATP channels are less sen-
sitive to inhibition by ATP. (A) Rep-
resentative KATP channel currents 
recorded at –60 mV from inside-out 
patches excised from WT or β-V59M 
β cells isolated from 5-week-old 
mice. The dotted line indicates the 
zero current level. (B) Mean ATP 
concentration-inhibition relation-
ships for 7 WT (open circles) and 
5 β-V59M (closed circles) β cells (2 
mice from each group). Current (I) 
is expressed relative to that in ATP-
free solution (Ic). The curves repre-
sent the best fit of Equation 1 to the 
mean data, with IC50 = 25 μM and  
h = 0.87 (WT); and IC50 = 270 μM 
and h = 0.8 (β-V59M). (C) KATP chan-
nel currents at –60 mV before (c.a) 
and after (excised) excision from a 
WT or β-V59M β cell. The dotted 
line indicates the zero current level. 
(D) Mean KATP channel currents 
recorded at –60 mV before and after 
excision from 6 WT (white bars) or 9 
β-V59M (black bars) β cells. Results 
represent mean ± SEM.
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reduced number of β cells, then stabilization of blood glucose lev-
els following sulfonylurea therapy, or block of KATP currents per se, 
might lead to recovery of β cell mass and thus to a reduced sulfo-
nylurea requirement. It might also help explain why transfer from 
insulin to sulfonylurea therapy is most easily effected in younger 
patients; in 2 families, V59M mothers were unable to switch to 
sulfonylurea treatment, despite their affected children doing so (4, 
33). It will be important to determine whether the changes in islet 
structure we observe in β-V59M mice are a consequence of hyper-
glycemia, as this might imply that patients who have poor glucose 
control prior to drug treatment will be able to switch less easily.

Methods
Generation of β-V59M mice. ROSA mice were generated using standard 
gene-targeting techniques. The Kcnj11 gene (ENSMUSG00000070561) 
encoding Kir6.2 was amplified by PCR from mouse genomic DNA and 
cloned into the pGEM-T Easy Vector (Promega). The Kir6.2-V59M 
mutant was generated using the QuikChange Site-Directed Mutagen-
esis Kit (QIAGEN) and ligated into the AscI site of the STOP-EGFP-
ROSA targeting vector (34).

The STOP-EGFP-ROSA plasmid (Figure 1B) consists of a 5′ homol-
ogy arm to the ROSA26 locus followed by an adenoviral splice accep-
tor signal (SA). Downstream of the SA site, a loxP-flanked neomycin 
resistance cassette containing a strong transcriptional STOP sequence 
not only confers resistance to G418 but also prevents expression of the 
transgene prior to Cre excision. Downstream of the neomycin resistance 
cassette lies the cDNA for Kir6.2-V59M and an FLP recombinase target 

site–flanked IRES-GFP expression cassette, followed by a 3′ homology 
sequence to the ROSA26 locus.

The targeting vector (Figure 1B) was linearized and electroporated into 
V6.5 (50% C57BL/6, 50% 129/sv) embryonic stem cells. Recombinant ES 
cells were identified by Southern blotting, using a 5′-ROSA probe (700 bp 
EcoRI/PacI fragment from the A-04 vector; ref. 35) external to the targeting 
vector (Figure 1E). Positive ES clones were injected into CB20 blastocysts 
to generate ROSA mice. Mice were backcrossed to C57BL/6 mice for more 
than 2 generations. In order to express the Kir6.2-V59M transgene specifi-
cally in pancreatic β cells, ROSA mice were mated with mice expressing Cre 
recombinase under the control of the rat insulin promoter (RIP-Cre mice; 
provided by Pedro Herrera, University of Geneva Medical School, Geneva, 
Switzerland). Littermates were used for all studies.

Animal care. All experiments were conducted in accordance with the 1986 
UK Animals (Scientific Procedures) Act and University of Oxford ethical 
guidelines, and all animal studies were approved by the Ethics Commit-
tee of the University of Oxford. Mice were housed in same-sex littermate 
groups of 2 to 8 in a temperature- and humidity-controlled room on a 
12-hour light/12-hour dark cycle (lights on at 6 am). Regular chow food 
(Teklad Global 2019 Rodent containing 55% carbohydrate, 19% protein, 
and 9% fat; Harlan Teklad) was freely available except where it is indicated 
mice were fasted overnight. Mice had ad libitum access to water at all times. 
They were weighed every 4 days. Because V59M mice produced copious 
urine after a few weeks of life, breeding pairs and offspring were main-
tained on high-absorbency bedding. All mice were genotyped by PCR.

Genotyping. Genotypes were identified by PCR using genomic DNA iso-
lated from ear biopsies (DNeasy Blood and Tissue kit; QIAGEN). The pres-

Figure 6
Mutant KATP channels are less sensitive to 
inhibition by glucose. (A) Representative 
whole-cell KATP currents recorded in the per-
forated-patch configuration (to preserve cell 
metabolism) from WT and β-V59M β cells 
isolated from 5-week-old mice in response to 
±10 mV voltage steps from a holding potential 
of –70 mV. (B) Mean whole-cell KATP chan-
nel currents recorded in glucose-free solution 
(perforated patch) from WT (white bars) and 
β-V59M (black bars) β cells. (C) Mean relation-
ship between whole-cell KATP current and glu-
cose concentration recorded in the perforated-
patch configuration from 5 WT (open circles) 
and 8 β-V59M (closed circles) β cells. Current 
(I) is expressed relative to that in glucose-free 
solution (Ic). (D) Percentage of the whole-cell 
KATP currents blocked by 0.2 mM tolbutamide. 
Results represent mean ± SEM.
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ence of the Kir6.2-V59M mutant gene was confirmed using the following 
set of primers: P1, 5′-AAAGTCGCTCTGAGTTGTTATC-3′; P2, 5′-GATAT-
GAAGTACTGGGCTCTT-3′; and P3, 5′-GCATCGCCTTCTATCGCCT-3′. 
These amplify a 590-bp amplicon from the WT ROSA26 allele but a 460-bp 
product from the targeted allele.

The presence of the RIP-Cre gene was confirmed by the amplification 
of an approximately 230-bp product, using forward ACGAGTGATGAG-
GTTCGCA and reverse ATGTTTAGCTGGCCCAAATGT primers. For both 
genes, PCR conditions were 94°C for 3 minutes, followed by 45 cycles of 
94°C for 30 seconds, 57°C for 45 seconds, 72°C for 1 minute 30 seconds. 
This was followed by a final extension of 72°C for 10 minutes.

Pancreatic islet and β cell isolation. Mice were killed by cervical dislocation. 
Pancreata were removed and islets isolated by liberase digestion and hand-
picking. For electrophysiology, isolated islets were dispersed into single cells 

by incubation in calcium-free Hank’s solution (137 mM NaCl, 5.6 mM KCl,  
1.2 mM MgCl2, 1 mM NaH2PO4, 4.2 mM NaHCO3, 10 mM HEPES [pH 7.4 
with NaOH], 1 mM EGTA, and 2.5 mM glucose) and trituration in pancreatic 
islet medium containing 11 mM glucose (hCell Technology) supplemented 
with 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were maintained 
in this medium at 37°C in a humidified atmosphere of 5% CO2 in air and 
used 1–2 days after isolation. For islet perifusion studies, the perifusate was 
collected every 0.5 or 2 minutes. The dead-space time of the perifusion system 
was approximately 2 minutes and has not been corrected for in the figures.

RNA extraction and cDNA synthesis. Total RNA was extracted from approx-
imately 100 isolated islets using RNeasy Mini Kit (QIAGEN), including an 
on-column DNase digestion step to remove traces of genomic DNA. RNA 
concentration was determined using a NanoDrop Spectrophotometer 
(Thermo Scientific) and its quality checked with the Agilent Bioanalyzer. 

Figure 7
β-V59M islets show a decreased [Ca2+]i response to glucose. (A and B) Representative changes in [Ca2+]i produced by glucose and tolbutamide 
in WT (A) or β-V59M (B) islets. Values above the traces give mean ± SEM calcium concentrations (in nM) in 2 mM glucose (at steady state), 
20 mM glucose (peak or initial and steady state), and 0.2 mM tolbutamide (peak). Data are representative of 7–9 islets (n = 2 mice). (C and D) 
Confocal images of WT (C) and β-V59M (D) islets stained with fluo 4–AM. Circles indicate the regions from which data in the lower panels was 
taken. Scale bars = 50 μm. Lower panels show representative changes in [Ca2+]i produced by increasing glucose from 2 to 20 mM in 2 different 
regions of the islet (indicated in upper panels) for WT (C) and β-V59M (D) islets. Insets show amplified sections to demonstrate that [Ca2+]i oscil-
lations are synchronized in WT but not β-V59M β cells.
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Equal quantities of total RNA were reverse transcribed using High Capac-
ity cDNA Reverse Transcription kit (Applied Biosystems). The reaction 
cycle consisted of 10 minutes of incubation at 25°C followed by 30 min-
utes of incubation at 48°C. Samples were subsequently stored at –20°C.

Semiquantitative PCR. Mouse Kir6.2 transcript was amplified by PCR 
using cDNA prepared from islets isolated from either V59M or WT  
5-week-old mice. Primers used were as follows: forward, 5′-ATGCTGTCCC-
GAAAGGGCAT-3′; and reverse, 5′-TGGTCTGGTGGCTCATCGCC-3′. After 
40 cycles (95°C for 30 seconds; 60°C for 30 seconds; 72°C for 1 minute), 
PCR products were digested with BtsCI restriction enzyme (New England 
BioLabs) for approximately 1 hour at 50°C and digested PCR fragments 
visualized on a 2% agarose gel. Sequences of primers used for GFP amplifica-
tion were as follows: forward, 5′-GAGGTGAAGTTCGAGGGCGAC-3′; and 
reverse, 5′-CAGGACCATGTGATCGCGCTT-3′.

Real-time quantitative PCR. Quantitative real-time PCR was performed 
in an ABI PRISM 7000 Sequence Detection System (Applied Biosystems) 
using either SYBR Green or TaqMan chemistries. For SYBR Green detec-
tion, primers were designed using Primer Express Software 2.0 (Applied 
Biosystems) based on Ensembl sequence data. Sequences of the primers 
used were as follows: for unspliced Xbp1, forward, 5′-CAGCACTCAGAC-
TATGTGCA-3′, and reverse, 5′-GTCCATGGGAAGATGTTCTGG-3′; 
for spliced Xbp1 (36), forward, 5′-CTGAGTCCGAATCAGGTGCAG-3′, 
and reverse, 5′-GTCCATGGGAAGATGTTCTGG-3′; for Chop, forward, 
5′-AGCCTGGTATGAGGATCTGCAG-3′, and reverse, 5′-GGTCAAGAG-
TAGTGAAGGTTTTTGATTC-3′; for Insulin 1, forward, 5′-AGACCAT-
CAGCAAGCAGGTCA-3′, and reverse, 5′-AAGTGCACCAACAGGGCC-3′; 
and for Gapdh, forward, 5′-AGCGAGACCCCACTAACATC-3′, and reverse, 
5′-GGTTCACACCCATCACAAAC-3′.

All reactions were performed in triplicate in a final volume of 25 μl con-
taining 12.5 μl Power SYBR Green Master Mix, 300 nM of each primer, 
and 50 ng of cDNA template. cDNA was amplified by 40 cycles of 95°C for  
15 seconds and 60°C for 1 minute. Gene expression was determined by the 
standard curve method and normalized to GAPDH.

Mouse Kir6.2 and SUR1 mRNA levels were determined using prede-
signed TaqMan Gene Expression assays (assays Mm 00440050-s1 and 
Mm 00803450-m1, respectively) (Applied Biosystems) according to the 
manufacturer’s instructions and normalized to the housekeeping gene  
β-2-microglobulin (assay Mm 00437762-m1).

Measurements of blood glucose, insulin, and glucagon levels. Five-week-old mice 
were fasted for 16 hours. They were then weighed, and a blood sample was 
collected by cardiac puncture under terminal anesthesia (Euthatal; Meri-
al). Plasma glucose level was determined using a GM9 Glucose Analyser 
(Analox Instruments). Plasma insulin and glucagon levels were measured 
using a mouse endocrine LINCOplex kit (LINCO Research Inc.) and a Bio-
Plex 200 System (Bio-Rad), according to the manufacturers’ instructions. 
For determination of total insulin content, the pancreas was removed and 
incubated overnight in acidified alcohol. Insulin was measured using a 
Mercodia Ultrasensitive Mouse ELISA Kit.

Islet perifusion. Isolated islets were incubated overnight in pancreatic islet 
medium (hCell Technology). They were then placed on top of 8-μm pore 
diameter filter membranes mounted inside Swinnex filter holder chambers 
(Millipore) and perifused at 37°C at a rate of 1 ml/min–1 with Krebs-Ring-
er-HEPES buffer (KRH): 120 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1 mM 
KH2PO4, 1.2 mM MgSO4, 10 mM HEPES, and 20 mM NaHCO3, pH 7.4  
with NaOH, plus 0.2% BSA and glucose as indicated. After 40 minutes pre-
incubation in 2 mM glucose KRH, islets were perifused for 10 minutes in 
20 mM glucose KRH and subsequently for 20 minutes with 20 mM glucose 
KRH containing 0.5 mM tolbutamide. Insulin was measured using a Mer-
codia Ultrasensitive Mouse ELISA Kit.

Electrophysiology. Macroscopic currents were recorded from inside-out 
or cell-attached membrane patches at –60 mV, filtered at 5 kHz, and 
digitized at 20 kHz. The pipette contained 140 mM KCl, 10 mM HEPES 
(pH 7.2 with KOH), 1.1 mM MgCl2, and 2.6 mM CaCl2. The intracellular 
(bath) solution contained 107 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 
11 mM EGTA, and 10 mM HEPES (pH 7.2 with KOH) plus MgATP as 
indicated. Whole-cell currents were recorded in the perforated patch 

Figure 8
KATP mutant islets have fewer β 
cells. (A) Immunohistochemistry of 
representative pancreatic islets from 
5-week-old β-V59M, WT, RIP-Cre,  
and ROSA mice, as indicated. Insu-
lin-positive cells are stained green. 
Glucagon-positive cells are stained 
red. Original magnification, ×20. 
Scale bars: 20 μm. (B and C) Islet 
density expressed as number of 
islets per cm2 (B) and mean cross-
sectional β cell area, expressed 
as percentage of total islet cross-
sectional area (C). Data repre-
sent mean ± SEM of 3 mice per 
genotype (5 sections per mouse).  
*P < 0.05 versus β-V59M.
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configuration in response to –10 mV steps from –70 mV at 21–23°C. 
Currents were normalized to cell capacitance to correct for differences 
in cell size. The pipette solution contained 76 mM K2SO4, 10 mM NaCl, 
10 mM KCl, 1 mM MgCl2, and 5 mM HEPES, pH 7.35 with KOH, plus 
0.24 mg/ml amphotericin. The bath solution contained 137 mM NaCl, 
5.6 mM KCl, 10 mM HEPES, pH 7.4 with NaOH, 2.6 mM CaCl2, and 
1.1 mM MgCl2. Recordings were initiated 30 minutes after exposure to 
substrate-free solutions.

ATP concentration-response curves were fit with the following equation:

I/Ic = a + (1 – a)/(1+ ([ATP]/IC50)h) (Equation 1)

where I and Ic are the current amplitude in the presence and absence of 
nucleotide, respectively, IC50 is the ATP concentration ([ATP]) at which 
inhibition is half maximal, h is the slope factor, and a is the fraction of 
unblocked current at saturating [ATP]. To control for current rundown, 
Ic was taken as the mean of the conductance in control solution before 
and after ATP application.

Intracellular calcium measurements. For microfluorimetry, islets were load-
ed for 30 minutes at room temperature with 3 μM fura 2–AM (Invitrogen) 
and 0.01% pluronic acid in extracellular buffer containing 138 mM NaCl, 
5.6 mM KCl, 2.6 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH 7.4 with 
NaOH. [Ca2+]i was measured ratiometrically as described previously (37) 
using a PTI microfluorimetry system and FeliX32, version 1.1 (Photon 
Technology International).

For confocal calcium imaging, islets were loaded with 4 μM fluo 4–AM 
(Invitrogen) for 2 hours at room temperature in extracellular buffer. Chang-
es in [Ca2+]i were recorded at 37°C by laser scanning confocal microscopy 
using an LSM 510 Meta system (Zeiss). Individual cells were selected as 
“regions of interest” with the LSM software, and their calcium responses to 
the various stimuli were identified as changes in fluo 4 emission intensity at 
500–550 nm upon excitation with the 488-nm line of an argon laser.

Immunohistochemistry and morphometric analysis. Pancreatic specimens from 
5-week-old female mice were fixed overnight in 10% formaldehyde in PBS 
at 4°C and wax embedded. Dewaxed and rehydrated sections (5-μm thick) 
were stained with antibodies against insulin (guinea pig), glucagon (mouse; 
Dako), somatostatin (rabbit; Sera Laboratories International), and pancreatic 
polypeptide (rabbit; Lilly). For confocal microscopy, insulin-positive cells were 
detected using a secondary antibody conjugated with fluorescein (goat anti-
GP; Vector Laboratories), and glucagon-positive cells were identified with a 
TRITC-conjugated antibody (horse anti-mouse; Vector Laboratories).

For assessment of islet architecture (shape), β cells were stained brown using 
an anti-GP HRP-coupled antibody and 3,3′-diaminobenzidine (DAB) reagent 
and then counterstained with hematoxylin. For quantitative morphometric 
analysis, β cells were stained red with Fast Red Substrate (Sigma-Aldrich) and 
alkaline-phosphatase anti-GP secondary antibody (Sigma-Aldrich), and α, 
δ, and pancreatic polypeptide–positive cells were stained brown with HRP-
coupled antibodies against mouse (glucagon; Vector Laboratories) and rabbit 
(somatostatin and pancreatic polypeptide; Dako) and DAB reagent (Sigma-
Aldrich). Images of islets and the entire pancreas were taken with an Olympus 
digital camera and analyzed using AxioVision 4.6 software (Zeiss). For quan-
titation of β cell area, sections 100 μm distant from each other were analyzed 
for 3 animals of each genotype. A total of approximately 60 islets, distributed 
over 5 sections, were analyzed per mouse. β cell area was calculated by sub-
tracting non-β cell area from total islet area. Data are expressed as islet density 
(islet number/pancreas area) and β cell/islet proportion (β cell area/islet area). 
Analysis was performed blinded to the mouse genotype.

Statistics. Unless specified, data are mean ± SEM of the indicated number 
of experiments.
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