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Glucose regulation of pancreatic �-cell Ca2� entry through voltage-dependent Ca2� channels is
essential for normal glucagon secretion and becomes defective during the pathogenesis of dia-
betes mellitus. The 2-pore domain K� channel, TWIK-related acid-sensitive K� channel 1 (TASK-1),
is an important modulator of membrane voltage and Ca2� entry. However, its role in �-cells has
not been determined. Therefore, we addressed how TASK-1 channels regulate �-cell electrical
activity, Ca2� entry, and glucagon secretion. We find that TASK-1 channels expressed in human
and rodent �-cells are blocked by the TASK-1 channel inhibitor A1899. Alpha-cell 2-pore domain
K� currents were also significantly reduced after ablation of mouse �-cell TASK-1 channels. Inhi-
bition of TASK-1 channels with A1899 caused plasma membrane potential depolarization in both
human and mouse �-cells, which resulted in increased electrical excitability. Moreover, ablation of
�-cell TASK-1 channels increased �-cell electrical excitability under elevated glucose (11mM) con-
ditions compared with control �-cells. This resulted in significantly elevated �-cell Ca2� influx
when TASK-1 channels were inhibited in the presence of high glucose (14mM). However, there
was an insignificant change in �-cell Ca2� influx after TASK-1 inhibition in low glucose (1mM).
Glucagon secretion from mouse and human islets was also elevated specifically in high (11mM)
glucose after acute TASK-1 inhibition. Interestingly, mice deficient for �-cell TASK-1 showed
improvements in both glucose inhibition of glucagon secretion and glucose tolerance, which
resulted from the chronic loss of �-cell TASK-1 currents. Therefore, these data suggest an impor-
tant role for TASK-1 channels in limiting �-cell excitability and glucagon secretion during glucose
stimulation. (Molecular Endocrinology 29: 777–787, 2015)

Elevated blood glucagon levels contribute to dysglyce-
mia in type 2 diabetes (T2DM) and early stage type 1

diabetes (T1DM) (1–3). Thus, it is important to deter-
mine the mechanisms that modulate glucagon secretion as
these could potentially be used to reduce hyperglucagone-
mia and hyperglycemia in diabetic states (4). Ca2� entry
through voltage-dependent Ca2� channels (VDCCs) is es-
sential for �-cell glucagon secretion and is elevated under
low-glucose conditions (3, 5, 6). The ATP-sensitive po-
tassium (KATP) channels are also involved in regulating
glucagon secretion from islet �-cells (5, 7). During high-
glucose conditions, inhibition of mouse �-cell KATP chan-

nel activity depolarizes the membrane potential (��p),
leading to voltage-dependent inactivation of the VDCCs.
This reduces Ca2� influx and glucagon secretion (5, 7, 8).
Conversely, increased KATP activity during low-glucose
conditions hyperpolarizes the mouse �-cell ��p, reducing
voltage-dependent inactivation of VDCCs and leading to
increased Ca2� entry through VDCCs and elevated glu-
cagon secretion (5, 8). Although KATP is an important
mediator of acute changes in �-cell Ca2� in response to
glucose, what is not understood is how �-cells eventually
hyperpolarize during continued glucose stimulation (6,
9–11). Because KATP would be inhibited during glucose
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stimulation, hyperpolarization in �-cells during elevated
glucose conditions must be mediated by a non-KATP channel
(6, 9–11).

Pancreatic �-cells have non-KATP K� channels that are
active at all physiological voltages and have biophysical
properties that are similar to 2-pore domain K� (K2P)
channels (12). Blocking �-cell KATP channels results in a
significant decrease in membrane conductance (by �0.71
nS) when stepped from a holding potential of �80 to �70
mV (13). Although this clearly indicates that a majority of
�-cell K� currents are mediated via KATP, it also demon-
strates that there are active non-KATP channels (12, 13).
Furthermore, currents active between �80 and �60 mV
are present in KATP null �-cells. These currents are pre-
dicted to play a role in regulating the �-cell ��p when
KATP is inhibited under high-glucose conditions (13). Al-
though the identity of the channel(s) mediating these cur-
rents has not been determined, their biophysical proper-
ties resemble those of a K2P channel. K2P channels permit
K� efflux from the cell at the physiological membrane
potentials attained by the �-cell (14, 15). Moreover, the
remaining outward K� currents of �-cells that are not
KATP are small currents, resembling the “leak” conduc-
tance of K2P channels (16, 17). Because these currents
resemble leak, many reports on �-cell K� channels have
potentially subtracted these currents from their �-cell re-
cordings. Thus, the physiological importance of these small
K� currents may have been inadvertently overlooked. K2P
currents may regulate �-cell glucagon secretion, potentially
contributing to the dysglycemia of T1DM and T2DM.
However, the specific function of K2P channels in regulating
�-cell glucagon secretion is currently unknown. Ultimately,
understanding the function of K2P channels in glucagon
secretion may reveal novel therapeutic targets for the treat-
ment of T1DM and T2DM (4).

The K2P channel subfamily contains fifteen different
K� channels of which 6 are expressed in the pancreatic
islet (18, 19). Northern blot analysis has demonstrated
that TASK-1, TALK-1, and TREK-2 are highly expressed
in the pancreas (20–22). Transcriptome analysis has con-
firmed that these 3 K2P channels are expressed in islet-
cells and also found that TALK-2, TASK-2, and TWIK-1
are expressed in the pancreatic islet (23, 24). Analysis of
TWIK-1 immunofluorescence finds that this channel is
expressed primarily in islet �-cells (25). In human �-cells,
the most abundant islet K2P channel transcripts are
TASK-1 and TALK-1 (19, 23). Although TASK-1 chan-
nels are highly expressed in pancreatic �-cells, their role in
regulating glucagon secretion remains undetermined (19,
23, 26).

TASK-1 channels show outwardly rectifying small
conductance currents. As input resistance increases, the

influence of these small currents on the membrane poten-
tial becomes more pronounced. Indeed, the TASK-1 cur-
rents of neurons and pancreatic �-cells hyperpolarize the
��p from where action potentials (APs) fire (26–28).
Thus, inhibition of TASK-1 channels depolarizes the ��p,
leading to increased electrical excitability (28). The small
conductance of TASK-1 channels balances the depolariz-
ing conductance of excitable cells at a ��p that permits
AP firing. Often, these currents are too small to hyperpo-
larize the ��p below the activation threshold of voltage-
dependent sodium channels and VDCCs (28). However,
when TASK-1 channels are fully activated (for example,
by inhalation anesthetics), ��p hyperpolarization leads
to a reduction in neuronal AP firing by diminishing the
activity of voltage-dependent sodium channels and VD-
CCs (28). Because �-cells also fire sodium-dependent
APs, TASK-1 currents may play a role in regulating �-cell
��p and electrical excitability.

Here, we investigated the role of �-cell TASK-1 chan-
nels in mouse and human islets. We find that inhibition of
TASK-1 channels significantly depolarizes the �-cell ��p
and increased excitability under conditions of elevated
glucose, which leads to increased Ca2� influx and gluca-
gon secretion. Importantly, the results indicate that
TASK-1 regulates �-cell glucagon secretion in a glucose-
dependent manner. Thus, these studies reveal for the first
time that �-cell TASK-1 currents serve an important role
in regulating glucose-dependent inhibition of glucagon
secretion.

Materials and Methods

Chemicals
Glucose, Krebs-Ringer buffer (KRB) salts, tolbutamide, am-

photericin B, and tetraethylammonium (TEA) were from Sigma.
The TASK-1 channel inhibitor A1899 was produced by the Van-
derbilt Chemical Synthesis Core as previously described (29).

Transgenic mice
Mice containing a floxed tandem-dimer red fluorescent pro-

tein (tdRFP) in the ROSA26 locus were crossed with mice
crossed with glucagon promoter-Cre mice as previously de-
scribed (30–32); these animals specifically express tdRFP in islet
�-cells. Another transgenic line was also created via mating mice
with floxed green calmodulin (GCaMP3) Ca2� indicator in the
Rosa26 locus (Jackson stock 014538) with the glucagon-Cre
mice; these animals specifically express GCAMP3 in islet �-cells.

Mouse islet and �-cell isolation
Islets were isolated from pancreata of 2- to 4-month-old

C57BL/6 mice, using collagenase digestion and Ficoll gradients
as previously described (33). Human cadaveric islets from male
and female nondiabetic donors were provided by multiple iso-
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lation centers organized by the Integrated Islet Distribution Pro-
gram; the islets all had more than 85% viability. Islets were
plated or dissociated in 0.005% trypsin, placed on glass cover-
slips, and cultured for 16 hours in RPMI 1640 medium supple-
mented with 10% fetal calf serum, concentrations of glucose
specified, 100-IU mL�1 penicillin, and 100-mg mL�1 strepto-
mycin. Cells and islets were maintained in a humidified incuba-
tor at 37°C under an atmosphere of 95% air–5% CO2.

Perforated-patch electrophysiology
Patch electrodes (2–4 M�) loaded with solution containing

140mM KCl, 1mM MgCl2�6H2O, 10mM EGTA, 10mM
HEPES (pH 7.25 with KOH), and the pore-forming antibiotic
amphotericin B were used to record islet attached �-cells (34).
Islet-cell clusters were perfused with Krebs-Ringer-HEPES buf-
fer containing 119 mmol L�1 NaCl, 2 mmol L�1 CaCl2, 4.7
mmol L�1 KCl, 10 mmol L�1 HEPES, 1.2 mmol L�1 MgSO4,
and 1.2 mmol L�1 KH2 PO4 (adjusted to pH 7.35 with NaOH),
with the indicated concentrations of glucose and compounds.
Alpha-cells were identified via RFP expression and were sealed
in voltage clamp at �80 mV, and good access was obtained over
several minutes through perforations by amphotericin B (34).
After being switched to current clamp the cells were recorded
continuously at 10 kHz. To confirm that the human recordings
were performed in �-cells, the cells were poststained for
glucagon.

Whole-cell voltage clamp electrophysiological
recordings

TASK-1 channel currents were recorded using whole-cell
ruptured patch clamps with an Axopatch 200B amplifier and
pCLAMP10 software (Molecular Devices). Patch electrodes
(2–4 M�) were loaded with intracellular solution containing
140mM KCl, MgCl2�6H2O, 10mM EGTA, 10mM HEPES, and
5mM MgATP (pH 7.25 with KOH). Cells were perifused with a
modified KRB containing 97.7mM N-methyl-d-glucamine,
26mM KCl, 25mM HEPES, 1.2mM MgSO4, 1.2mM KH2PO4,
14.4mM glucose, and 20mM TEA (adjusted to pH 7.35 with
NaOH).

Measurement of cytoplasmic calcium

Fluorescent dye
Islets were dispersed into single cells and clusters of 5–10

cells and plated on MatTek plates (MatTek Corp) overnight.
Islet-cells and clusters were incubated (20 min, 37°C) in KRB
supplemented with 2 �mol/L of fura 2 acetoxymethyl ester (Mo-
lecular Probes). Fluorescence imaging was performed using a
Nikon Eclipse TE2000-U microscope equipped with an epiflu-
orescence illuminator (SUTTER, Inc) a CCD camera (HQ2;
Photometrics, Inc) and Nikon Elements software (NIKON, Inc).
Cells were perifused at 37°C at a flow of 2 mL/min with appro-
priate KRB-based solutions that contained glucose concentra-
tions and compounds specified in the figures. The ratios of emit-
ted fluorescence intensities at excitation wavelengths of 340 and
380 nm (F340/F380) were determined every 5 seconds.

Genetic Ca2� indicator (GCaMP3)
Islets were isolated from mice expressing GCaMP3 in �-cells

and plated on MatTek plates (MatTek Corp) and imaged for

changes in green fluorescent protein (GFP) fluorescence every 2
seconds in response to the indicated conditions with a Zeiss 710
Laser Scanning Confocal Microscope (Carl Zeiss, Inc).

Western blotting and immunofluorescence
analysis

Protein extracts were prepared from islets by extraction with
dodium dodecyl sulfate loading buffer (1% sodium dodecyl sul-
fate, 30 mmol/L Tris-HCl [pH 6.8], 5% �-mercaptoethanol,
5% glycerol, and 0.1% bromophenol blue) with protease inhib-
itors at 80°C for 10 minutes. After electrophoresis through a
4%–12% denaturing polyacrylamide gel, proteins were pre-
pared as a Western blotting on a nitrocellulose membrane (Bio-
Rad). Anti-TASK-1 (NeuroMab; this antibody has been exten-
sively validated for TASK-1 channel specificity with knockout
tissues, see NeuroMab TASK-1 data sheet) or anti-Glyceralde-
hyde 3-phosphate dehydrogenase (Rockland Immunochemi-
cals) was used to probe the membrane at 1:250 or 1:700 dilu-
tion, respectively, in PBS, 0.1% Tween, and 3% powdered dried
milk followed by a horseradish peroxidase-coupled secondary
antibody (Jackson ImmunoResearch) at 1:5000 in the same so-
lution. The membranes were washed in PBS containing 0.1%
Tween between and after antibody incubations; horseradish
peroxidase was illuminated using Pico Signal (Pierce) and ex-
posed on Kodak X-Omat Blue film.

Mouse pancreata were fixed in 4% paraformaldehyde and
embedded with paraffin as previously described. Five-microme-
ter sections were deparaffinized, rehydrated, and stained over-
night with primary antibodies against glucagon (1:500; Cell
Signaling) and TASK-1 (1:500; NeuroMab). The sections were
then washed and stained with secondary antibodies conjugated
to Cyanine3 and dylight488 (1:500; Jackson ImmunoResearch).
Images of the sections were obtained with a Zeiss LSM 710
confocal microscope.

Glucagon secretion measurements
Mouse islets were allowed to recover after isolation over-

night in 5.6mM glucose. For glucagon measurements, 20 islets
(n � 6 mice and n � 4 human islet donors) were incubated with
DMEM supplemented with an additional 0.5mM CaCl2 con-
taining 5.6mM glucose for 4 hours followed by DMEM supple-
mented with an additional 0.5mM CaCl2 containing the indi-
cated glucose concentrations with and without 250nM A1899
for 45 minutes. Glucagon secretion was analyzed using an en-
zyme immunoassay detection kit (Ray Biotech), and data are
presented as mean � SEM.

Mouse glucose tolerance testing (GTT)
Mouse GTT was performed as previously described by in-

jecting 2-mg/kg dextrose and monitoring blood glucose at the
indicated time points after glucose injection (see reference 40
below). The mice were fed a normal chow diet, and GTT was
performed at 10 weeks of age.

Results

TASK-1 channels are functionally expressed in
mouse and human �-cells

TASK-1 RNA has been shown to be expressed in pan-
creatic islets of both human and mouse as well as �-cells
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via transcriptome analysis (23, 35). Therefore, we charac-
terized TASK-1 protein in mouse and human �-cells. We
stained dispersed islet-cells for TASK-1 and glucagon.
Mouse and human �-cells stained positive for TASK-1 (Fig-
ure 1, A–E). To determine whether �-cell TASK-1 generates
functional currents, whole-cell voltage clamp recordings
were used to measure TASK-1 currents from dispersed

�-cells. To ensure that �-cells were recorded we used a
mouse model that expressed the tdRFP specifically in �-cells.
This animal is a cross between a transgenic mouse with a
glucagon promoter-Cre transgene and mice containing a
ROSA26 promoter loxP-flanked stop codon cassette up-
stream of tdRFP (glucagon-Cre floxed tdRFP) (30). Islets
from glucagon-Cre floxed tdRFP mice were dispersed into
single cells and K2P currents were recorded from the tdRFP-
expressing �-cells. Currents with biophysical characteristics
that correspond to cloned TASK-1 channels were present in
mouse �-cells (Figure 1, G and H) (27). The �-cell TASK-1-
like currents were insensitive to TEA or tolbutamide and
were also maintained when extracellular Ca2� was removed
(16.7 � 1.4 pA/pF [normalized current at 60 mV]; n � 9)
(Figure 1, G and H). Thus, the TASK-1-like currents were
not mediated via KATP, voltage-gated or Ca2� activated K�

channels. Furthermore, inhibition of TASK-1 channels with
the specific and potent inhibitor of TASK-1, A1899
(250nM), revealed that TASK-1 is responsible for at least
45.3% of the K2P currents in mouse �-cells (9.18 � 0.7
pA/pF [normalized current at 60 mV]; n � 9) (Figure 1, G
and H) (29). This indicates that mouse �-cells contain a
small K2P like current that resembles TASK-1.

We went on to test whether human �-cells also contain
a TASK-1 like current. Human islets were dispersed into
single cells and recorded in response to a voltage ramp
from �120 to 60 mV in the presence of TEA and tolbu-
tamide without Na� or Ca2� (15.09 � 0.7 pA/pF [nor-
malized current at 60 mV]; n � 5) (Figure 1, I and J). After
each recording, the cell type was determined via hormone
staining and only �-cells that stained positive for glucagon
were analyzed. The K2P currents recorded from human
�-cells were significantly inhibited with the TASK-1 inhibi-
tor A1899 by 45.5% (8.22 � 0.5 pA/pF [normalized current
at 60 mV]; n � 5) (Figure 1, I and J). Therefore, human
�-cells also contain functional and active TASK-1 like chan-
nels at the plasma membrane.

To confirm that the A1899-sensitive K2P currents
were mediated via TASK-1, we ablated �-cell TASK-1
channels and looked at the remaining K2P currents. This
was accomplished by crossing mice containing “floxed”
exon-2 of the TASK-1 gene KCNK3 (36) with mice con-
taining a glucagon promoter-Cre transgene and mice con-
taining a ROSA26 promoter loxP-flanked stop codon
cassette upstream of the tdRFP protein (30). Currents
from tdRFP-expressing cells from the glucagon-Cre
floxed KCNK3 tdRFP mice show significantly diminished
�-cell K2P currents (25.1 � 4.3 pA/pF [normalized cur-
rent at 60 mV]; n � 11) compared with control glucagon-
Cre floxed tdRFP mice (13.6 � 1.6 pA/pF [normalized
current at 60 mV]; n � 12) (Figure 2, A and B). The loss
in K2P currents in the TASK-1 ablated �-cells is similar to

A

D E F

B C

G

I

H

J

Figure 1. Mouse and human �-cells functionally express TASK-1
channels. A–C, Immunofluorescence of a mouse pancreatic �-cell for
TASK-1 (green), glucagon (red), and nuclei (blue) with an overlay of all
signals in C. D–F, Immunofluorescence of a human pancreatic �-cell for
TASK-1 (green), glucagon (red), and nuclei (blue) with an overlay of all
signals in F. G, Inhibition of mouse �-cell TASK-1 currents with 250nM
A1899 (currents recorded in 14mM glucose, 100�M tolbutamide, and
10mM TEA; currents recorded in response to a voltage ramp from �120
to 60 mV over a 1-s interval). H, Average mouse �-cell TASK-1 current
amplitude at �60 mV before (black bar) or 5 minutes after A1899
treatment (gray bar; currents are normalized to cell capacitance; �SEM;
***, P 	 .001). I, Inhibition of human �-cell TASK-1 currents with 200nM
A1899 (currents recorded in 14mM glucose, 100�M tolbutamide, and
10mM TEA). J, Average human �-cell TASK-1 current amplitude at �60
mV before or 5 minutes after A1899 treatment (currents are normalized
to cell capacitance; �SEM; ***, P 	 .001).
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the reduction in �-cell K2P currents after A1899 treat-
ments. Furthermore, the �-cell K2P currents recorded
from glucagon-Cre floxed tdRFP mice were insensitive to
250nM A1899 (data not shown). Therefore, A1899 spe-
cifically inhibits the TASK-1 K2P channel in �-cells. Fur-
thermore this data indicates that ablation of TASK-1
eliminates a significant amount of the �-cell K2P currents,
which may play a role in regulating ��p and Ca2� entry.

TASK-1 currents regulate pancreatic �-cell ��p
The �-cell TASK-1 channels generate small amplitude

K� currents; however, modest changes in K� flux in pan-
creatic �-cells are predicted to play an important role in
modulating the ��p (37, 38). Because �-cells in islet cell
clusters respond physiologically to glucose stimulation,
we dispersed islets into clusters of 5–10 cells and recorded
the �-cells in these clusters. We then assessed �-cell
TASK-1 channels for their influence on ��p. Inhibition of
�-cell TASK-1 channels with A1899 caused ��p depolar-
ization of both mouse (7.48 mV � 1.32 mV; n � 13) and
human �-cells in the presence of high glucose (14mM),
which was maintained for the duration of A1899 treatment
(Figure 3, A–C). To ensure that this was not a paracrine
influence from other islet-cells in the cluster of cells that the
�-cell was recorded in, we went on to assess the influence of
A1899 on dispersed single �-cell ��p. Although there is
greater electrical activity in high glucose from dispersed
�-cells, we still observed ��p depolarization in response to
A1899 treatment (n � 4) (Supplemental Figure 1). Thus, the
��p depolarization in response to A1899 treatment is due to
blockade of �-cell TASK-1 channels.

Although A1899 is a fairly specific inhibitor of
TASK-1 channels, we went on to confirm that modula-
tion of the �-cell ��p by A1899 occurs via inhibition of
TASK-1 by using the glucagon-Cre floxed KCNK3 tdRFP
mouse model with �-cell TASK-1 ablation. Alpha-cells
expressing tdRFP and lacking TASK-1 were recorded in

islet cell clusters of approximately 5–10 cells and moni-
tored for changes in ��p in response to glucose (Figure 4).
Switching control tdRFP-expressing �-cells (from gluca-
gon-Cre floxed tdRFP mice) from 11mM to 1mM glucose
resulted in a significant ��p depolarization (5.84 � 0.99
mV; n � 7), which increased AP firing frequency (Figure
4, A and B). However, tdRFP cells from glucagon-Cre
floxed KCNK3 tdRFP mice showed only modest ��p
depolarization when switched from 11mM to 1mM glu-
cose (2.1 � 0.35 mV; n � 16) (Figure 4, C and D) com-
pared with �-cells from glucagon-Cre floxed tdRFP mice
(Figure 4, A and B). Furthermore, tdRFP cells from glu-
cagon-Cre floxed KCNK3 tdRFP mice showed equally
diminished ��p polarization when switched from 1mM
to 11mM glucose when compared with controls (data not

Figure 3. TASK-1 inhibition increases �-cell electrical excitability. A
and B, Representative mouse �-cell electrical activity in response to
14mM glucose alone (gray bar) and 14mM glucose with 250nM
A1899 (black bar). C, Human �-cell electrical activity recorded in the
presence of high glucose alone (14mM, gray bar) or with 250nM
A1899 (black bar).

Figure 2. Ablation of �-cell TASK-1 channels reduces K2P current
amplitude. A, Representative mouse �-cell K2P currents from control
�-cells (black trace) and �-cells with TASK-1 ablation (gray trace,
currents recorded in 14mM glucose, 100�M tolbutamide, and 10mM
TEA; currents recorded in response to a voltage ramp from �120 to 60
mV over a 1-s interval). B, Average �-cell K2P current amplitude at
�60 mV with (black bar) or without TASK-1 channels (gray bar;
currents are normalized to cell capacitance; �SEM; *, P 	 .05).
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shown). Thus, TASK-1 channels play an important role in
limiting excitability in �-cells via hyperpolarization of the
��p. The �-cell ��p in low glucose (1mM) was also more
depolarized in �-cells from the glucagon-Cre floxed
KCNK3 tdRFP mice compared with �-cells from the glu-
cagon-Cre floxed tdRFP mice. This resulted in a greater
AP firing frequency in TASK-1 null �-cells (2.07 � 0.15
Hz) in elevated glucose (14mM) conditions compared
with control �-cells (0.86 � 0.40 Hz). Moreover, the

increase in AP firing frequency in TASK-1 null �-cells
after a switch from high (11mM) to low (1mM) glucose
was only 8.43 � 5.22%, which is significantly less than
the 68.55 � 14.51% increase in control �-cell AP firing
frequency after stimulation with low (1mM) glucose.
However, �-cells with or without TASK-1 channels had
no significant difference in AP firing frequency during
stimulation with low (1mM) glucose. Thus, loss of �-cell
TASK-1 channels caused significant ��p depolarization
and increased AP firing under elevated glucose conditions
(11mM) when compared with control �-cells.

TASK-1 limits �-cell calcium influx
Pancreatic �-cell Ca2� entry is required for glucagon se-

cretion and VDCC activity is in part regulated by ��p de-
polarization that occurs during low glucose (1mM) stimu-
lation (9, 10). Therefore, we next assessed �-cell Ca2� influx
in response to TASK-1 inhibition. We first assessed mouse
�-cell Ca2� under low glucose (1mM) conditions and inter-
estingly TASK-1 inhibition caused no significant change in
total Ca2� influx (n � 109 cells) (Figure 5, A and B). How-
ever, inhibition of TASK-1 resulted in a significant increase
of both human (n � 19 cells) and mouse (n � 34 cells)
dispersed �-cell Ca2� influx under high-glucose (14mM)
conditions (Figure 5, C–F). Thus, these results indicate that
TASK-1 channels limit Ca2� entry into pancreatic �-cells
primarily under high-glucose conditions.

Because dispersed �-cells show different Ca2� responses
than intact islet �-cells, we went on to image Ca2� levels in
intact islet �-cells during TASK-1 inhibition (31, 39). Em-
ploying a mouse model with �-cell expression of the
GCaMP3 Ca2� indicator, we monitored changes in intact
islet �-cell Ca2� flux via confocal time-lapse microscopy of
GFP fluorescent intensity. Similar to dispersed cells the in-
tact mouse islet �-cells (n � 122 cells) in high glucose
(11mM) showed a significant increase in intracellular Ca2�

(increased GFP fluorescence) after A1899 treatment (Figure
5, G and H). Therefore, TASK-1 inhibition results in �-cell
Ca2� influx. These results suggest that �-cell TASK-1 chan-
nels limit Ca2� influx, which might impact glucagon
secretion.

TASK-1 channels are important regulators of
glucose inhibition of glucagon secretion

We next examined whether TASK-1 channel modula-
tion of �-cell Ca2� entry influences glucagon secretion.
Inhibition of TASK-1 with 250nM A1899 significantly
enhanced static glucagon secretion from both mouse and
human islets in high glucose (14mM) (Figure 6, A and B).
TASK-1 channel inhibition did not significantly influ-
ence glucagon secretion under low-glucose (1mM) con-
ditions (Figure 6, A and B). This would be predicted to

Figure 4. Ablation of �-cell TASK-1 channels results in ��p
depolarization and increased electrical excitability. A and B,
Representative electrical activity recorded from control mouse �-
cells located in a cluster of other islet cells (5–10 cell clusters) in
response to a switch from 11mM glucose (gray bar) to 1mM
glucose (black bar) containing extracellular solution (n � 7). C and
D, Representative electrical activity recorded from mouse �-cells
without TASK-1 channels located in a cluster of other islet cells
(5–10 cell clusters) in response to a switch from 11mM glucose
(gray bar) to 1mM glucose (black bar) containing extracellular
solution (n � 16).
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reduce glucose tolerance but interestingly we find that glu-
cose tolerance was improved in mice with �-cell TASK-1
ablation compared with controls (Figure 6C). Interestingly,
this was due to an increase in glucose inhibition of glucagon
secretion from islets with �-cell TASK-1 ablation (Figure
6D). The differences in islet glucagon secretion in high glu-

cose with A1899 vs �-cell TASK-1 ab-
lation could be due to A1899 influ-
ences on other islet-cells, which will
influence paracrine regulation of
�-cell function. However, the differ-
ences are most likely due to the acute
vs chronic inhibition of �-cell TASK-1
channels. Taken together the data
suggests that TASK-1 channels play
an important role in glucose-induced
inhibition of �-cell electrical excit-
ability, Ca2� influx, and glucagon
secretion.

Discussion

The mechanism for glucose sensing
in the �-cell is controversial but in-
volves the activity of K� channels (3,
40). Although it is widely accepted
that glucose stimulation influences
the �-cell membrane potential, glu-
cose has been shown to both depo-
larize as well as hyperpolarize the
�-cell membrane potential (3, 9, 10,
13). KATP channels are expressed in
�-cells, and both activators as well
as inhibitors of these channels can
regulate the �-cell ��p and glucagon
secretion (11). One explanation for
the glucose-dependent regulation of
glucagon secretion is through KATP

channel activity (7, 8). The KATP

model postulates that a reduction in
KATP activity during high energy/
glucose conditions causes extended
depolarization of the �-cell ��p re-
sulting in voltage-dependent inacti-
vation of �-cell P/Q-type VDCCs,
which diminishes Ca2� influx near
glucagon exocytotic machinery and
limits glucagon secretion (7, 13).
However, it has also been shown
that the �-cell ��p is hyperpolarized
during conditions of hyperglycemia,

below the activation threshold of P/Q-type VDCCs (9,
10). We also find that a majority of �-cells recorded show
hyperpolarization after glucose stimulation. Because
KATP channels would be inhibited under high-glucose
conditions due to the elevated ATP/ADP ratio, the �-cell
��p must be hyperpolarized by a non-KATP current dur-

Figure 5. Inhibition of �-cell TASK-1 significantly increases Ca2� influx under high-glucose
(14mM) conditions. A, Dispersed mouse �-cell Ca2� response after TASK-1 inhibition with
250nM A1899 (gray bar) in the presence of 1mM glucose (�SEM). B, Area under the Ca2� influx
curve of mouse �-cells in 1mM glucose (black bar, 2-min time course) and in 1mM glucose with
A1899 (gray bar) from 3 to 5 minutes after A1899 treatment (�SEM). C, Representative
dispersed mouse �-cell Ca2� response to 14mM glucose (black bar) followed by 250nM A1899
treatment (gray bar). D, Area under the Ca2� influx curve of mouse �-cells in 14mM glucose
(black bar, 2-min time course) and in 14mM glucose with A1899 (gray bar) from 3 to 5
minutes after A1899 treatment (�SEM; ***, P 	 .001). E, Representative dispersed human
�-cell Ca2� response to 14mM glucose (black bar) followed by 250nM A1899 treatment
(gray bar). F, Area under the Ca2� influx curve of human �-cells in 14mM glucose (black bar,
2-min time course) and in 14mM glucose with A1899 (gray bar) from 3 to 5 minutes after
A1899 treatment (�SEM; *, P 	 .05). G, Representative mouse intact islet �-cell Ca2�

responses to 14mM glucose (black bar) followed by 250nM A1899 treatment (gray bar). H,
Area under the Ca2� influx curve of intact mouse �-cells in 14mM glucose (black bar, 2-min
time course) and in 14mM glucose with A1899 (gray bar) from 3 to 5 minutes after A1899
treatment (�SEM; ***, P 	 .001).
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ing hyperglycemia. The exact K� channel(s) responsible
for �-cell ��p hyperpolarization during glucose stimula-
tion remains to be determined. The results presented here
demonstrate that TASK-1 channels participate in hyper-
polarizing the �-cell ��p during glucose stimulation. The
results suggest that TASK-1 channels serve an important
role of modulating glucose induced inhibition of glucagon
secretion through ��p polarization, which reduces Ca2�

entry and glucagon secretion.
TASK-1 channels serve to regulate the ��p from where

APs fire in neurons and �-cells, and are highly expressed
in the pancreatic �-cell (23, 41). Although �-cell TASK-1
channels are predicted to be active under both low and
high-glucose conditions (27), TASK-1 channels only af-
fect �-cell glucagon secretion at elevated glucose concen-
trations (�11mM). Moreover, �-cell Ca2� entry is only
increased in �-cells under high-glucose conditions when
TASK-1 is inhibited, whereas there is no significant
change in �-cell Ca2� influx in response to TASK-1 inhi-
bition under low-glucose conditions (1mM). This may be
due to differences in �-cell electrical excitability and Ca2�

influx under low and high-glucose conditions. When
�-cells are exposed to low glucose, they maintain a depo-

larized ��p and show increased AP
firing that results in increased Ca2�

entry (9, 10). Thus, under these con-
ditions the modest depolarization of
the ��p mediated via TASK-1 inhi-
bition may not significantly influ-
ence AP firing frequency or Ca2� in-
flux, because the �-cells are already
undergoing rapid AP firing. Further-
more, when �-cells fire APs, many
repolarizing K� channels are acti-
vated, such as voltage-gated and
large calcium activated and voltage-
gated and calcium-activated chan-
nels. This may reduce the ability of
TASK-1 inhibition to depolarize the
��p (42). However, when glucose
concentrations are elevated, �-cell
electrical activity is significantly de-
creased due to ��p hyperpolariza-
tion. The significantly decreased
rate of AP firing leads to reduced K�

channel activity and increased mem-
brane resistance (11). Under these
conditions small currents mediated
via TASK-1 channels would be ex-
pected to play a significant role in
regulating the ��p, and when inhib-
ited could lead to enough ��p depo-

larization to significantly increase electrical excitability
and Ca2� influx. Future studies will determine whether
these ionic mechanism(s) allow for the glucose
dependence of TASK-1 channel modulation of �-cell
Ca2� influx and glucagon secretion.

Another possible mechanism for the glucose-depen-
dent regulation of �-cell function by TASK-1 channels
could be direct regulation of the TASK-1 channel in re-
sponse to elevated metabolism and increased ATP/ADP
levels. Previous reports have found that mitochondrial
function and ATP are required for TASK-1 channel func-
tion. When TASK-1 is expressed as a heteromeric confor-
mation with TASK-3, metabolic poisoning with azide re-
sults in a reduction of channel activity (43). Furthermore,
elevations in the intracellular ATP concentration cause an
increase in the open probability of TASK-1 channels in rat
carotid body type1 cells (44). Thus, �-cell TASK-1 chan-
nels may be more active in elevated glucose conditions,
which would hyperpolarize the ��p. TASK-1 channels
are not only regulated by metabolic signals by also by a
number of signaling cascades that have been shown to
influence �-cell function and glucagon secretion. For ex-
ample, cAMP inhibits �-cell glucagon secretion at low

Figure 6. TASK-1 channels limit islet glucagon secretion during elevated glucose conditions. A,
Static glucagon secretion from mouse islets in response to low-glucose (1mM) or high-glucose
(14mM) stimulation with (gray bars) or without 250nM A1899 (black bars; n � 4, �SEM; **,
P 	 .01). B, Static glucagon secretion from human islets in response to low-glucose (1mM) or
high-glucose (14mM) stimulation with (gray bars) or without 250nM A1899 (black bars; n � 3,
�SEM; *, P 	 .05). C, GTT on mice with (gray trace) or without (black trace) �-cell TASK-1
ablation (n � 5 mice per group, �SEM; *, P 	 .05). D, Static glucagon secretion from mouse
islets in response to low-glucose (1mM) or high-glucose (14mM) stimulation with (gray bars) or
without (black bars) �-cell TASK-1 ablation (n � 4 per group, �SEM; *, P 	 .05).
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levels and also inhibits TASK-1 channels via PKA-in-
duced phosphorylation (45, 46). Thus, cAMP modula-
tion of �-cell glucagon secretion could be mediated in part
through inhibition of TASK-1 channels. Interestingly,
certain conditions that lead to inhibition of K� efflux
through TASK-1 channels also result in Na� entry
through the channel (47). Therefore, �-cell TASK-1 chan-
nels may also serve to regulate Na� entry, which would be
predicted to influence ��p depolarization, Ca2� entry
and glucagon secretion. Future studies will determine
how �-cell TASK-1 channels are regulated, which may
illuminate physiological mechanisms that influence glu-
cagon secretion.

Although �-cell TASK-1 inhibition or ablation both
result in ��p depolarization under elevated glucose con-
ditions, glucose inhibition of islet glucagon secretion is
reduced in response to A1899 and increased in response
to �-cell TASK-1 ablation. One possible explanation for
this difference is that A1899 treatment of islets causes
paracrine influences on �-cell glucagon secretion. Para-
crine signals such as �-cell somatostatin and/or �-cell in-
sulin secretion might be influenced by A1899 and lead to
reduced glucose inhibition of glucagon secretion (26).
However, single �-cells undergo significant ��p depolar-
ization, in response to A1899, which results in an increase
in Ca2� influx that would presumably increase glucagon
secretion. This indicates that paracrine signaling does not
play a significant role in regulating �-cell ��p in response
to TASK-1 inhibition. Another possibility is that the in-
creased glucose inhibition of glucagon secretion from
TASK-1-deficient �-cells may be mediated by a mecha-
nism that is induced to compensate for loss of these chan-
nels. Indeed, �-cell mass changes very rapidly in response
to changes in blood glucagon levels via signals generated
from the liver (48, 49), which may allow compensation
for the loss of �-cell TASK-1 channels. Although compen-
sation for �-cell TASK-1 ablation may occur, an increase
in glucose inhibition of glucagon secretion from islets
with TASK-1 �-cell ablation may also result from chronic
��p depolarization. The prolonged ��p depolarization
observed in TASK-1-deficient �-cells under elevated glu-
cose conditions could lead to voltage-dependent inactiva-
tion of P/Q-type VDCCs (9, 10); the activity of which are
required for glucagon secretion. Thus, �-cell ��p depo-
larization induced by ablation of TASK-1 channels in
high glucose and by KATP inhibition in low glucose may
both lead to voltage-dependent inactivation of P/Q-type
VDCCs and inhibition of glucagon secretion. Future stud-
ies using a conditional knockout of �-cell TASK-1 chan-
nels will determine the mechanism for the differences in
glucagon secretion with chronic and acute inhibition of
TASK-1. Taken together the data from both chronic and

acute inhibition of islet TASK-1 channels implicate an
important role for these channels in modulating �-cell
��p and glucagon secretion.

Although this is the first report to describe a role for
�-cell K2P channels in modulating glucagon secretion,
other K2P channels are also expressed in �-cells and have
emerged as important regulators of islet function. Of the
K2P channels expressed in human �-cells, TALK-1 is the
second most abundant transcript after TASK-1 (23, 41).
Furthermore, a nonsynonymous coding sequence poly-
morphism in the KCNK16 gene that codes for TALK-1 is
associated with a predisposition for developing T2DM
(50). This suggests the possibility that defects in �-cell
TALK-1 channels may also influence glucagon secretion
and the pathogenesis of T2DM (50). The importance of
K2P channels during islet hormone secretion is becoming
clear, thus, studies are required to determine whether
these channels can be used as potential therapeutic targets
for reducing hyperglucagonemia in T2DM patients (51).

In conclusion, this study suggests that TASK-1 plays an
important role limiting glucagon secretion specifically un-
der high energy/glucose conditions. TASK-1 hyperpolar-
izes the �-cell ��p, decreasing excitability and Ca2� in-
flux during glucose stimulation, which reduces glucagon
secretion. Thus, TASK-1 modulates glucose-dependent
inhibition of �-cell glucagon secretion.
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