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Abstract

ATP-sensitive K+ (KATP) channels play a regulatory role in hormone-secreting pancreatic islet a-, b- and d-cells. Targeted
channel deletion would assist analysis and dissection of the intraislet regulatory network. Toward this end Abcc8/Sur1 flox
mice were generated and tested by crossing with glucagon-(GCG)-cre mice to target a-cell KATP channels selectively.
Agonist resistance was used to quantify the percent of a-cells lacking channels. 41% of Sur1loxP/loxP;GCG-cre+ and ,64% of
Sur1loxP/2;GCG-cre+ a-cells lacked KATP channels, while ,65% of a-cells expressed enhanced yellow fluorescent protein
(EYFP) in ROSA-EYFP/GCG-cre matings. The results are consistent with a stochastic two-recombination event mechanism
and a requirement that both floxed alleles are deleted.
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Introduction

Diabetes mellitus is a major worldwide health problem

increasingly understood to be a bihormonal disease characterized

by dysregulation of insulin secretion from pancreatic b-cells and

glucagon secretion from a-cells [1,2]. Failure to adequately

suppress glucagon secretion from a-cells following a meal

contributes to the pathogenesis of type 2 diabetes mellitus.

Impaired glucagon counter-regulation and the fear of hypoglyce-

mia is a major deterrent to maintaining tight glucose control in

type 1 diabetes mellitus. The control of insulin and glucagon

release in response to varying blood sugar is complex, hierarchical

and redundant. Regulation involves inputs from the central

nervous system and local control via a network of interactions

between islet cells, including a-, b- and d-cells [1,3,4]. Our

understanding of the local control network is inadequate at the

cellular and molecular levels and there are few tools or mouse

models available to dissect network interactions. KATP channels

can act as metabolic sensors in a-, b- and d-cells. Closure of KATP

channels in b- and d-cells, secondary to increased glucose

metabolism, potentiates insulin and somatostatin release, respec-

tively. The role of these channels in a-cells is more controversial.

Opening of channels during hypoglycemia has been proposed to

be necessary for glucagon secretion ([5] reviewed in [6]).

Alternatively the intra-islet insulin hypothesis proposes that the

paracrine actions of b-cell secretion suppress glucagon release

[7,8], potentially via a KATP-dependent mechanism ([9], reviewed

in [10]). Glucagon is reported to have small local stimulatory

effects on release of somatostatin (reviewed in [11]). Somatostatin

and somatostatin analogs are used clinically to inhibit multiple

functions including insulin release. Recent studies show local

somatostatin release attenuates the secretion of both insulin and

glucagon (for example [12,13,14,15]).

The availability of mouse models selectively targeting islet cell

KATP channels should aid the dissection of network interactions by

uncoupling hormone release from glucose metabolism. Thus

SUR1 flox mice, in which exon 2 of the Abcc8/Sur1 (ATP binding

cassette C8/Sulfonylurea receptor type 1) gene is flanked by loxP

sites, were generated with the intention of targeting KATP channels

in select islet cell types. Exon 2 was targeted to complement

Sur12/2 mice in which exon 2 deletion globally eliminates SUR1

neuroendocrine type KATP channels [16]. In comparison with the

severe hypoglycemia characteristic of patients with congenital

hyperinsulinism (CHI) secondary to loss of KATP channel function

(reviewed in [17]), Sur12/2 mice, with the equivalent channel

deficit, show near normal glucose homeostasis unless stressed

[16,18,19,20]. The mechanism(s) of compensation in the mouse

model are unclear, but may reflect differences in human versus

mouse islet architecture and thus differences in network feedback

loops in addition to differences in the glucose-dependent

amplification pathway [21].

The successful generation of these mouse models requires that

sufficient, ideally all, of the targeted islet cells lack SUR1. Unlike

inactivation of a gene where haploinsufficiency produces loss of

function, studies of Sur12/2 and Sur1+/2 islet cells show that

deletion of both exon 2 alleles is required to eliminate KATP

channels. Previous studies showed the number of channels in

Sur1+/2 b-cells was indistinguishable from wildtype (WT), while

Sur12/2 b-cells showed a complete loss [16]. Similarly, CHI is a

recessive genetic disorder. Therefore we tested the ability of cre-

recombinase to produce KATP channel deficient a-cells in

Sur1loxP/- and Sur1loxP/loxP animals in which one or two

recombination events are needed to delete channel function,

respectively.

In animal models, the frequency of single recombination events

is often determined by crossing cre-recombinase into a cre-
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reporter mouse strain, for example ROSA26-stop-lacZ [22] or

ROSA26-stop-EYFP [23], then assessing what fraction of a

specific cell type expresses the reporter. Reported frequencies

are often .0.8 for a single event which, assuming a random

process, would give a frequency of .0.64 of targeted islet cells

lacking KATP channels. To test this idea Sur1loxP/loxP and

Sur1loxP/- animals GCG-cre mice expressing cre-recombinase

under control of the glucagon promoter [24] were used to generate

Sur1loxP/loxP;GCG-cre+ and Sur1loxP/-;GCG-cre+ mice. The

frequency of channel-deficient a-cells was compared with the

single event frequency for expression of EYFP in a-cells from

ROSA-stop-EYFP GCG-cre crosses. EYFP was expressed in

,65% of a-cells, while ,41% of Sur1loxP/loxP;GCG-cre+ a-cells

showed complete loss of KATP channels versus 64% in

Sur1loxP/-;GCG-cre+ a-cells. The results are consistent with a

stochastic two-hit mechanism and provide two animal models with

varying levels of KATP channel deficient a-cells.

Materials and Methods

All of the animal studies were approved by the Institutional

Animal Care and Use Committee of the Pacific Northwest

Diabetes Research Institute. The Pacific Northwest Diabetes

Research Institute has an approved Animal Welfare Assurance on

file with the Office for Laboratory Animal Welfare (A3357-01).

Animals were maintained with a 12-h light-dark cycle at constant

temperature (2262uC) and were given free access to food and

water.

Generation of Sur1loxP/loxP mice. A targeting vector

(Figure 1A) was constructed using a 10.63 kb region subcloned

from a C57BL/6 BAC clone (RPCI23: 301A13). The construct

was designed with a long homology arm extending approximately

7.1 kb 59 of exon 2 including exon 1 and a short homology arm

extending approximately 2.59 kb 39 of exon 2. A single loxP site

was inserted 59 of exon 2 and a loxP/FRT flanked Neo cassette was

inserted on the 39 side of exon 2. The targeted region is 928 bp

including exon 2. The targeting vector was confirmed by

restriction digests and by sequencing the regions of insertion.

The linearized targeting vector was assembled and transfected into

C57BL/6N x 129SvEv hybrid embryonic stem cells by inGenious

Targeting Laboratory, Inc (Stony Brook, New York). G418, an

aminoglycoside antibiotic, was used to select cells carrying the

Neomycin resistance cassette. Cells were selected and correctly

targeted recombinant ES cells were identified by PCR analysis.

Retention of the upstream loxP site was confirmed by PCR analysis

and by sequencing. Sur1loxP-neo mice were crossed with an FLP

deleter mouse strain (B6.Cg-Tg(ACTFLPe)9205Dym/J; Jackson

Laboratories, Inc.) to eliminate the neo cassette. The possible

recombinants were distinguished by PCR analysis to identify

animals with the Sur1loxP allele (Figure 1B). The floxed exon 2

allele is distinguished from the wild type allele using forward (59-

TGA GAT CGC TGA GGG TAT CC-39) and reverse (59-GGG

CTG TGC ACT GTG AAT AC-39) primers (Figure 1C). The

amplified fragments are 728 bp for the floxed-allele and 551 bp

for the wild type allele.

Generation of Sur1loxP/loxP;GCG-cre+ mice. Sur1loxP/loxP;

GCG-cre+ animals were generated by multiple crosses of Sur1loxP

and GCG-cre [24] mice. The GCG-cre animals were kindly

provided by Dr. Rohit Kulkarni (Joslin Diabetes Center, Boston,

MA). The loxP exon 2 allele was identified by PCR analysis using

the forward and reverse primers given above. The GCG-cre allele

was identified by PCR analysis using forward (59-ATG CTT CTG

TCC GTT TGC CG-39) and reverse (59-CCT GGC AAT TTC

GGC TAT AC3-39) primers.

Generation of Sur1loxP/-;GCG-cre+ mice. Crossing Sur1loxP/loxP;

GCG-cre+ and Sur12/2 [16] generated Sur1loxP/-;GCG-cre+ ani-

mals. The knockout allele was identified using forward (59-AGG

TTG TTG GTG GAG GTC AG-39) and reverse (59-GCT ACT

TCC ATT TGT CAC G-39) primers.

Generation of GCG-cre-ROSA26-stop-EYFP mice. GCG-

cre-ROSA26-stop-EYFP animals were generated by crossing GCG-cre

and ROSA26-stop-EYFP (B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J;

Jackson Laboratories, Inc.) animals. The Gt(ROSA)26Sortm1(EYFP)Cos

allele was identified using forward (59-AAA GTC GCT CTG AGT

TGT TAT -39) and reverse (59-AAG ACC GCG AAG AGT TTG

TC-39) primers.

Islet isolation. On the day of pancreas removal, animals

were anesthetized with a ketamine (600 mg/Kg)-xylazine (50 mg/

Kg) mixture and then killed by removing blood from the heart.

Pancreata were cannulated for infusion of collagenase and then

removed from the animal for processing as described [9] using

1 mg/ml collagenase. Islets were dissociated by mechanical

dispersion in a Ca2+-free medium with 0.1 mM EGTA. The

mix of isolated islet cells, primarily a-, b- and d-cells, and small

clusters were plated on glass cover slips and cultured overnight in

RPMI medium 1640 containing 10% FBS, 11.1 mM glucose, and

100 units/ml of penicillin, 100 mg/ml of streptomycin, and

0.25 mg/ml of amphotericin B (Gibco/Life technologies, Inc).

Calcium Imaging. The cytoplasmic free Ca2+ ([Ca2+]c)

concentration was measured by dual excitation-emission spectro-

fluorimetry using fura-2 [25] (Molecular Probes, Inc., Eugene,

Figure 1. Conditional targeting strategy to create Sur1 flox
mice. (A) Illustration of the targeting construct and possible
recombination event to produce founder mice carrying the neomycin
resistance cassette. (B) Examples of PCR products from a total of 10
mice are shown; WT (lane 8), homozygous Sur1loxP/loxP (lanes 1,4 and 9)
and heterozygous Sur1loxP/+ (lanes 2,3,5,6,7 and 10). The arrows show
the position of 500 and 1000 base-pair markers.
doi:10.1371/journal.pone.0091525.g001
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OR). Cells were loaded with 0.2 mM fura-2/AM for 30 min and

perifused in Krebs-Ringer bicarbonate HEPES buffer (KRB-

HEPES) containing (mM) 129 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2

MgCl2, 2 CaCl2, 5 NaHCO3, 10 HEPES (equilibrated pH 7.4)

supplemented with 0.1% BSA. Measurements were carried out

using a Leica DM6000B microscope. Excitation was at 340 and

380 nm; emission was recorded at 510 nm at intervals of 3

seconds. Relative [Ca2+]c is defined as the 340/380 ratio.

Identification of a-cells. a- and b-cells can be discriminated

functionally by their response to a 5 minute pulse of epinephrine

(5 mM) in 2.8 mM glucose; a-cells showed a robust increase in

[Ca2+]c, while b-cells exhibited the reverse response. This method

was motivated in part by understanding of the glucagon counter-

regulatory response to hypoglycemia where epinephrine hyperpo-

larizes b-cells and d-cells [26] thus inhibiting their hormone

release, while stimulating a-cells to secrete glucagon [27].

Assay for KATP channel deletion. The absence of channels

was determined by assessing the response of isolated a-cells to the

KATP channel agonist, diazoxide. Fura2-loaded a-cells, in KRB-

HEPES with 2.8 mM glucose, identified functionally by their

response to epinephrine, were perifused with 1 mM arginine 6

100 mM diazoxide. In WT a-cells arginine elevates [Ca2+]c and

will stimulate glucagon release; opening KATP channels with

diazoxide completely suppresses the arginine-induced [Ca2+]c

increase. In a-cells lacking KATP channels, e.g., isolated from

Sur12/2 mice, the agonist has no effect. Diazoxide half-maximally

stimulates SUR1/Kir6.2 KATP channels at ,60 mM [28] there-

fore concentrations (10, 30 and 100 mM) bracketing this value

were used.

Blood glucose measurements. Glucose was measured on

blood from a tail vein using a Freestyle glucometer (Abbott

Laboratories. Abbott Park, Illinois, U.S.A). Measurements were

made in the morning on fed animals, i.e., animals given free access

to food and water.

Results

Insertion of loxP sites does not affect the general
phenotype of Sur1loxP/loxP animals

The Sur1loxP/+ and Sur1loxP/loxP animals are viable, fertile,

appear phenotypically normal and have a normal lifespan. Table I

compares the body weight and fed blood glucose values of WT

versus Sur1loxP/+ and Sur1loxP/loxP animals at 4 weeks of age. The

results indicate insertion of loxP sites around exon 2 of the Abcc8/

Sur1 gene does not have deleterious effects on development or

glucose homeostasis.

Ca2+-imaging assay for presence of KATP channels in islet
cells

To discriminate whether KATP channels are present, a rapid

Ca2+-imaging assay was developed based on the arginine

stimulation test used to assess the secretory capacities of a- and

b-cells in patients [29,30]. Changes in [Ca2+]c were assessed in

isolated islet cells in response to a pulse of arginine at three glucose

concentrations. The effect of KATP channel loss was assessed by

comparing the responses of isolated WT and Sur12/2 islet cells.

As indicated in Materials and Methods islet cell types were

discriminated by their response to a 5 minute pulse of epinephrine

(5 mM) in 2.8 mM glucose; a-cells show a robust increase in

[Ca2+]c, while b-cells exhibit the reverse response (Figure 2A).

Figures 2C and D compare the responses of WT (2C) and

Sur12/2 (2D) a- and b-cells. Arginine stimulates a rise in [Ca2+]c

in a-cells irrespective of whether KATP channels are present

(compare right panels in Figures 2C vs D). The initial values for a-

cells are quite similar, therefore the traces are offset by 0.1 and 0.2

units for 5.6 and 16.7 mM glucose, respectively, to minimize

overlap. The responses to 0.03 and 0.1 mM arginine are quite

variable, while pulses of 0.3 mM or greater consistently increase

[Ca2+]c.

In WT b-cells, under hypoglycemic conditions (2.8 mM

glucose), the openings of KATP channels are sufficient to inhibit

the depolarizing effect of arginine (to 30 mM; Figure 2C). When

KATP channels in WT b-cells are closed by increasing the glucose

concentration arginine readily increases [Ca2+]c (Figure 2C).

Similarly, Sur12/2 b-cells lacking KATP channels are readily

depolarized by arginine even in 2.8 mM glucose (Figure 2D). As

expected, the initial b-cell [Ca2+]c values are elevated by

increasing concentrations of glucose in both WT and Sur12/2

b-cells [21,31,32].

We assume that arginine induces depolarization of a-cells and

activates voltage-gated L-type Ca2+-channels since the rise in

[Ca2+]c is blocked by the L-type channel antagonist, nifedipine

(10 mM; Figure 2B). Tolbutamide (200 mM) had no significant

effect on arginine activation of a-cells in 2.8 mM glucose (data not

shown). The results imply that under these conditions, KATP

channels do not make a significant contribution to determining the

membrane potential of isolated a-cells, in contrast to their role in

b-cells. Therefore opening a-cell KATP channels with a channel

agonist like diazoxide should reduce the stimulatory effect of

arginine. Figure 3 shows that diazoxide blocks the stimulatory

action of arginine in WT (Figure 3A, B), but not Sur12/2 a-cells

(Figure 3C). The results show that when KATP channels are

present opening them with diazoxide blocks the stimulatory action

Table I. Mouse body weight and blood glucose values.

Strain BW (gram) BG (mg/dl)

Males

WT 18.660.8 135.7610.7

Sur1loxP/+ 18.760.4 140.765.2

Sur1loxP/loxP 18.060.7 13564.5

Females

WT 15.960.2 119.265.7

Sur1loxP/+ 15.960.3 119.964.8

Sur1loxP/loxP 16.060.5 120.666.4

Mean 6 SEM, n = 6,10.
doi:10.1371/journal.pone.0091525.t001
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Figure 2. Stimulation of isolated pancreatic islet cells by arginine. (A) a- and b-cells were distinguished by their response to an epinephrine
pulse in 2.8 mM glucose. (B) Arginine stimulation was blocked by nifedipine (10 mM). The solid traces and shaded areas are the means 6 SEM,
respectively, for the indicated number of cells. These experiments were repeated four times with similar results using different islet preparations
derived from 1 or 2 mice. (C and D) Responses of WT and Sur12/2 a- and b-cells to increasing concentrations of arginine at three concentrations of
glucose. Each trace is an average of Ca2+ values from 4–10 cells; the experiments were repeated 4 times with similar results using different islet
preparations. Islet preparations were from 1 or 2 mice. The pulse lengths are 5 minutes. The 5.6 and 16.7 mM glucose a-cell traces are offset 0.1 and
0.2 units respectively, for clarity.
doi:10.1371/journal.pone.0091525.g002
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of arginine. Thus the resistance to diazoxide provides an assay to

identify islet cells that lack KATP channels.

Analysis of KATP channels in Sur1loxP/loxP;GCG-cre+ and
Sur1loxP/-;GCG-cre+ islet cells

Figure 4A shows an analysis of islet cells isolated from a

Sur1loxP/loxP;GCG-cre+ mouse. Islet cells in 2.8 mM glucose were

stimulated with arginine (1 mM) in the presence or absence of

diazoxide (100 mM). The individual traces for six epinephrine-

stimulated a-cells are shown. Two types of a-cells were found,

those resistant and those sensitive to diazoxide (gray and black

traces respectively). In this example, 4 of 6 a-cells are resistant to

diazoxide, i.e., the fraction of diazoxide resistant cells was 0.67.

The assumption is that both exon 2 alleles have been deleted in the

diazoxide resistant cells, whereas the diazoxide sensitive cells could

have one or both alleles intact. In a separate experiment

epinephrine suppressed non a-cells, primarily b-cells, which were

stimulated with high glucose (16.7 mM). Figure 4B shows that in

20 of 20 cells a pulse of diazoxide (100 mM) reduced [Ca2+]c. The

mean 6 SEM is shown in the upper trace, which is offset for

clarity. The result shows that cre-recombinase is expressed

selectively in a-cells.

Table II compares the fraction of diazoxide resistant a-cells in

islets from Sur1loxP/loxP;GCG-cre+ and Sur1loxP/-;GCG-cre+ mice

with the fraction of EYFP positive a-cells in ROSA-EYFP;GCG-

cre+ mice (all 12–15 weeks of age). The results are consistent with

the need to delete both floxed exon 2 alleles in an a-cell for

complete loss of KATP channel activity and a frequency of

recombination of ,0.64 for cre-recombinase driven by the

glucagon promoter. There is a small age dependence of cre-

recombinase activity in this model. Sur1loxP/-;GCG-cre+ mice had

a frequency of recombination = 0.68 (42/62) at 24weeks of age vs

0.64 at 12–15 weeks.

Discussion

The objective was to develop an assay to assess the presence or

absence of SUR1/Kir6.2 neuroendocrine-type KATP channels in

single islet cells and use this assay to determine the efficiency of

channel deletion when Abcc8/Sur1 flox mice are crossed with an

animal expressing cre-recombinase driven by a promoter selective

for pancreatic islet a-cells. In Sur1 flox mice exon 2 of the Abcc8/

Sur1 gene is flanked by loxP sites. Deletion of both copies of exon

2 in Sur1 global knockout mice, Sur12/2, eliminates their

neuroendocrine-type KATP channels, while islet cells isolated from

heterozygous animals have channel densities indistinguishable

from WT [16]. Therefore assessing the efficiency of KATP channel

deletion requires looking at individual cells. An IV bolus of

arginine is used clinically to assess the secretory capacities of both

a- and b-cells [29,30], thus the effect of pulses of arginine on

isolated islet cells was determined using standard Ca2+-imaging

techniques. a- and b-cells were identified by their response to

epinephrine. Under hypoglycemic conditions, 2.8 mM glucose,

arginine (#30 mM) failed to stimulate a rise in [Ca2+]c in WT b-

cells implying that under these conditions open KATP channels are

sufficient to prevent arginine-induced membrane depolarization

and activation of voltage-dependent Ca2+ channels. Closing

channels, either by increasing the glucose concentration or using

Sur12/2 b-cells, produced a concentration-dependent response to

added arginine. Arginine induced a rise in a-cell [Ca2+]c at the

three concentrations of glucose tested, thus the application of

1 mM arginine in 2.8 mM glucose was used to stimulate a-cells

selectively. Tolbutamide did not affect the a-cell Ca2+ response to

arginine significantly implying KATP channels are mainly closed in

these cells even in 2.8 mM glucose. This is consistent with the

observation that ATP levels as determined by NAD(P)H fluores-

cence are nearly unchanged in mouse a-cells at even lower glucose

Figure 3. Effect of diazoxide on arginine stimulation of a-cells
in WT versus Sur12/2 a-cells. The cells were in 2.8 mM glucose
throughout the experiment. The solid traces and shaded areas are the
means 6 SEM, respectively, for the indicated number of cells. The
experiments were repeated four times with similar results using
different islet cell preparations obtained from 1 or 2 mice. The pulse
lengths are 5 minutes.
doi:10.1371/journal.pone.0091525.g003
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concentrations (0.5 mM glucose; [33]). Addition of the KATP

channel agonist, diazoxide (100 mM), blocked the depolarizing

action of arginine completely in WT cells showing that diazoxide

resistance is a viable means to identify islet cells lacking KATP

channels.

The GCG-cre mice have been used in several studies including

lineage tracing studies [24], to reduce the number of insulin

receptors in a-cells [34], to generate animals with fluorescent a-

cells by crossing with ROSA reporter mice [35,36,37] and to

reduce UCP2 in a-cells [38]. The glucagon promoter sequence in

the GCG-cre mouse is an ,890 basepair SacI fragment that ends

approximately 75 basepairs upstream of the start site in glucagon

[24]. The frequency of single recombination events using the

GCG-cre mouse has been estimated by crossing with ROSA-lacZ

or ROSA-EYFP mice. A single recombination event is required to

delete the STOP codon from a loxP-STOP-loxP cassette and

allow expression of the marker in these animals. The frequency

estimates range from ,0.85 [34], 0.76 [36] to 0.7260.1 [38]

determined as marker positive cells versus glucagon positive cells

identified immunochemically. Using a functional assay, simulation

by epinephrine, to identify a-cells we determined a value of 0.65.

This was approximately equivalent to the frequency of a-cells

lacking KATP channels in Sur1loxP/-;GCG-cre+ islets where

excision of a single exon 2 allele should result in channel loss.

The frequency, ,0.41, of a-cells without KATP channels in

Sur1loxP/loxP;GCG-cre+ islets is consistent with a need for two

recombination events, i.e., (0.6560.65,0.42).

Diazoxide resistance can also be used to assess loss of channels

in other islet cells. As shown in Figure 4B, we have not observed

loss of channels in b-cells in crosses of SUR1 flox and GCG-cre

animals.

The single recombination event frequency (0.64) and the

observation that Abcc8 is haplosufficient, i.e., both exon 2 alleles

need to be eliminated, limits the percentage of Sur1loxP/loxP;GCG-

cre+ a-cells lacking KATP channels to about 41%. This is improved

about two-fold in Sur1loxP/-;GCG-cre+ a-cells with a single exon 2

allele. It is not clear what limits the frequency of recombination in

these animals. Araki et al [39] have reported a positive correlation

between the level of cre-recombinase expression and frequency of

recombination in a transient expression system. We have

attempted, unsuccessfully, to detect cre-recombinase expression

using a sensitive double immunofluorescence assay [40]. Thus a

low level of enzyme expression may be a factor. It is worth noting

that while excision by cre-recombinase is usually thought to be

irreversible, it is an enzymatic reaction and cre technology is used

in transgenesis experiments to insert selective markers at

engineered loxP sites in genomic DNA (reviewed in [41,42]).

Studies are in progress to determine if higher level expression of

cre-recombinase will increase the frequency of recombination and

thus the percent of KATP channel deficient islet cells.

This project validates the functionality of Sur1 flox mice and

provides two animal models to analyze the role of KATP channels

in a-cell function in vivo. Based on in vitro studies using isolated islets

opening KATP channels have been argued either to be necessary

for glucagon secretion during hypoglycemia or to be stimulated

and suppress glucagon release during hyperglycemia. Comparison

Figure 4. Analysis of Sur1loxP/loxP;GCG-cre+ islet cells. (A) a-Cells in
2.8 mM glucose were pulsed for five minutes with arginine (1 mM) or
arginine plus diazoxide (100 mM) as indicated. In this experiment
diazoxide had no effect in four cells (gray traces), while in two cells
(black traces) the channel agonist blocked stimulation by arginine. All
six cells were stimulated by epinephrine (5 mM). (B) In a separate
experiment b-cells were stimulated with 16.7 mM glucose and pulsed
for five minutes with diazoxide (100 mM). The individual traces show
[Ca2+]c was reduced to baseline values in all of the b-cells. The upper
trace, offset by 0.3 units, shows the mean 6 SEM values (n = 20).
doi:10.1371/journal.pone.0091525.g004

Table II. Frequency of recombination in Cre mouse strains.

Fraction of a-cells lacking KATP channels Fraction of EYFP positive a-cells

Sur1loxP/loxP;GCG-cre+ Sur1loxP/-;GCG-cre+ ROSA-EYFP;GCG-cre+

# Dz resistant / epi positive # Dz resistant / epi positive # EYFP positive / epi positive

35/86, 0.41 45/70, 0.64 67/103 , 0.65

epi = epinephrine; male mice 12-15 weeks old.
doi:10.1371/journal.pone.0091525.t002
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of glucose homeostasis in these two models versus WT mice should

aid in discriminating between these two hypotheses.
Author Contributions

Conceived and designed the experiments: YN JB. Performed the

experiments: YN JB. Analyzed the data: YN JB. Contributed reagents/

materials/analysis tools: YN JB. Wrote the paper: YN JB.

References

1. Unger RH, Orci L (2010) Paracrinology of islets and the paracrinopathy of
diabetes. Proc Natl Acad Sci U S A 107: 16009–16012.

2. Unger RH, Cherrington AD (2012) Glucagonocentric restructuring of diabetes:
a pathophysiologic and therapeutic makeover. The Journal of clinical

investigation 122: 4–12.

3. Farhy LS, McCall AL (2010) Models of glucagon secretion, their application to
the analysis of the defects in glucagon counterregulation and potential extension

to approximate glucagon action. Journal of diabetes science and technology 4:
1345–1356.

4. Stagner JI, Samols E (1992) The vascular order of islet cellular perfusion in the

human pancreas. Diabetes 41: 93–97.
5. MacDonald PE, De Marinis YZ, Ramracheya R, Salehi A, Ma X, et al. (2007) A

KATP channel-dependent pathway within alpha cells regulates glucagon release
from both rodent and human islets of Langerhans. PLoS biology 5: e143.

6. Rorsman P, Salehi SA, Abdulkader F, Braun M, MacDonald PE (2008) KATP-
channels and glucose-regulated glucagon secretion. Trends Endocrinol Metab

19: 277–284.

7. Gosmanov NR, Szoke E, Israelian Z, Smith T, Cryer PE, et al. (2005) Role of
the decrement in intraislet insulin for the glucagon response to hypoglycemia in

humans. Diabetes Care 28: 1124–1131.
8. Raju B, Cryer PE (2005) Loss of the decrement in intraislet insulin plausibly

explains loss of the glucagon response to hypoglycemia in insulin-deficient

diabetes: documentation of the intraislet insulin hypothesis in humans. Diabetes
54: 757–764.

9. Slucca M, Harmon JS, Oseid EA, Bryan J, Robertson RP (2010) ATP-sensitive
K+ channel mediates the zinc switch-off signal for glucagon response during

glucose deprivation. Diabetes 59: 128–134.
10. Robertson RP, Zhou H, Slucca M (2011) A role for zinc in pancreatic islet beta-

cell cross-talk with the alpha-cell during hypoglycaemia. Diabetes, obesity &

metabolism 13 Suppl 1: 106–111.
11. Farhy LS, Du Z, Zeng Q, Veldhuis PP, Johnson ML, et al. (2008) Amplification

of pulsatile glucagon counterregulation by switch-off of alpha-cell-suppressing
signals in streptozotocin-treated rats. Am J Physiol Endocrinol Metab 295:

E575–585.

12. de Heer J, Rasmussen C, Coy DH, Holst JJ (2008) Glucagon-like peptide-1, but
not glucose-dependent insulinotropic peptide, inhibits glucagon secretion via

somatostatin (receptor subtype 2) in the perfused rat pancreas. Diabetologia 51:
2263–2270.

13. Hauge-Evans AC, King AJ, Carmignac D, Richardson CC, Robinson IC, et al.
(2009) Somatostatin secreted by islet delta-cells fulfills multiple roles as a

paracrine regulator of islet function. Diabetes 58: 403–411.

14. Cheng-Xue R, Gomez-Ruiz A, Antoine N, Noel LA, Chae HY, et al. (2013)
Tolbutamide Controls Glucagon Release From Mouse Islets Differently Than

Glucose: Involvement of KATP Channels From Both alpha-Cells and delta-Cells.
Diabetes 62: 1612–1622.

15. Karimian N, Qin T, Liang T, Osundiji M, Huang Y, et al. (2013) Somatostatin

Receptor Type 2 Antagonism Improves Glucagon Counter-regulation In
BioBreeding Diabetic Rats. Diabetes.

16. Seghers V, Nakazaki M, DeMayo F, Aguilar-Bryan L, Bryan J (2000) Sur1
knockout mice. A model for KATP channel-independent regulation of insulin

secretion. J Biol Chem 275: 9270–9277.

17. Mohamed Z, Arya VB, Hussain K (2012) Hyperinsulinaemic hypoglycaemia:-
genetic mechanisms, diagnosis and management. Journal of clinical research in

pediatric endocrinology 4: 169–181.
18. De Leon DD, Li C, Delson MI, Matschinsky FM, Stanley CA, et al. (2008)

Exendin-(9-39) corrects fasting hypoglycemia in SUR-12/2 mice by lowering
cAMP in pancreatic beta-cells and inhibiting insulin secretion. The Journal of

biological chemistry 283: 25786–25793.

19. Shiota C, Larsson O, Shelton KD, Shiota M, Efanov AM, et al. (2002)
Sulfonylurea receptor type 1 knock-out mice have intact feeding-stimulated

insulin secretion despite marked impairment in their response to glucose. The
Journal of biological chemistry 277: 37176–37183.

20. Shiota C, Rocheleau JV, Shiota M, Piston DW, Magnuson MA (2005) Impaired

glucagon secretory responses in mice lacking the type 1 sulfonylurea receptor.
American journal of physiology Endocrinology and metabolism 289: E570–577.

21. Nenquin M, Szollosi A, Aguilar-Bryan L, Bryan J, Henquin JC (2004) Both
triggering and amplifying pathways contribute to fuel-induced insulin secretion

in the absence of sulfonylurea receptor-1 in pancreatic beta-cells. The Journal of
biological chemistry 279: 32316–32324.

22. Soriano P (1999) Generalized lacZ expression with the ROSA26 Cre reporter

strain. Nat Genet 21: 70–71.
23. Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, et al. (2001) Cre

reporter strains produced by targeted insertion of EYFP and ECFP into the
ROSA26 locus. BMC Dev Biol 1: 4.

24. Herrera PL (2000) Adult insulin- and glucagon-producing cells differentiate from

two independent cell lineages. Development 127: 2317–2322.
25. Grynkiewicz G, Poenie M, Tsien RY (1985) A new generation of Ca2+ indicators

with greatly improved fluorescence properties. The Journal of biological
chemistry 260: 3440–3450.

26. Berts A, Ball A, Dryselius G, Gylfe E, Hellman B (1996) Glucose stimulation of
somatostatin-producing islet cells involves oscillatory Ca2+ signaling. Endocri-

nology 137: 693–697.

27. Berts A, Ball A, Gylfe E, Hellman B (1996) Suppression of Ca2+ oscillations in
glucagon-producing alpha 2-cells by insulin/glucose and amino acids.

Biochimica et biophysica acta 1310: 212–216.
28. Inagaki N, Gonoi T, Clement IV JP, Namba N, Inazawa J, et al. (1995)

Reconstitution of IKATP: an inward rectifier subunit plus the sulfonylurea

receptor. Science 270: 1166–1170.
29. Larsson H, Ahren B (1998) Glucose-dependent arginine stimulation test for

characterization of islet function: studies on reproducibility and priming effect of
arginine. Diabetologia 41: 772–777.

30. Ward WK, Bolgiano DC, McKnight B, Halter JB, Porte D Jr (1984) Diminished
B cell secretory capacity in patients with noninsulin-dependent diabetes mellitus.

J Clin Invest 74: 1318–1328.

31. Szollosi A, Nenquin M, Henquin JC (2007) Overnight culture unmasks glucose-
induced insulin secretion in mouse islets lacking ATP-sensitive K+ channels by

improving the triggering Ca2+ signal. The Journal of biological chemistry 282:
14768–14776.

32. Szollosi A, Nenquin M, Aguilar-Bryan L, Bryan J, Henquin JC (2007) Glucose

stimulates Ca2+ influx and insulin secretion in 2-week-old beta-cells lacking
ATP-sensitive K+ channels. The Journal of biological chemistry 282: 1747–

1756.
33. Quoix N, Cheng-Xue R, Mattart L, Zeinoun Z, Guiot Y, et al. (2009) Glucose

and pharmacological modulators of ATP-sensitive K+ channels control [Ca2+]c

by different mechanisms in isolated mouse alpha-cells. Diabetes 58: 412–421.

34. Kawamori D, Kurpad AJ, Hu J, Liew CW, Shih JL, et al. (2009) Insulin

signaling in alpha cells modulates glucagon secretion in vivo. Cell Metab 9: 350–
361.

35. Nyman LR, Ford E, Powers AC, Piston DW (2010) Glucose-dependent blood
flow dynamics in murine pancreatic islets in vivo. Am J Physiol Endocrinol

Metab 298: E807–814.

36. Quoix N, Cheng-Xue R, Guiot Y, Herrera PL, Henquin JC, et al. (2007) The
GluCre-ROSA26EYFP mouse: a new model for easy identification of living

pancreatic alpha-cells. FEBS Lett 581: 4235–4240.
37. Le Marchand SJ, Piston DW (2010) Glucose suppression of glucagon secretion:

metabolic and calcium responses from alpha-cells in intact mouse pancreatic

islets. J Biol Chem 285: 14389–14398.
38. Allister EM, Robson-Doucette CA, Prentice KJ, Hardy AB, Sultan S, et al.

(2013) UCP2 regulates the glucagon response to fasting and starvation. Diabetes
62: 1623–1633.

39. Araki K, Imaizumi T, Okuyama K, Oike Y, Yamamura K (1997) Efficiency of
recombination by Cre transient expression in embryonic stem cells: comparison

of various promoters. J Biochem 122: 977–982.

40. Inada A, Nienaber C, Katsuta H, Fujitani Y, Levine J, et al. (2008) Carbonic
anhydrase II-positive pancreatic cells are progenitors for both endocrine and

exocrine pancreas after birth. Proc Natl Acad Sci U S A 105: 19915–19919.
41. Akopian A, Marshall Stark W (2005) Site-specific DNA recombinases as

instruments for genomic surgery. Advances in genetics 55: 1–23.

42. Branda CS, Dymecki SM (2004) Talking about a revolution: The impact of site-
specific recombinases on genetic analyses in mice. Developmental cell 6: 7–28.

Targeting Abcc8/SUR1 in a-Cells

PLOS ONE | www.plosone.org 7 March 2014 | Volume 9 | Issue 3 | e91525


