
Nicholas C. Vierra,1 Prasanna K. Dadi,1 Imju Jeong,1 Matthew Dickerson,1

David R. Powell,2 and David A. Jacobson1

Type 2 Diabetes–Associated K+

Channel TALK-1 Modulates b-Cell
Electrical Excitability, Second-Phase
Insulin Secretion, and Glucose
Homeostasis
Diabetes 2015;64:3818–3828 | DOI: 10.2337/db15-0280

Two-pore domain K+ (K2P) channels play an important
role in tuning b-cell glucose-stimulated insulin secre-
tion (GSIS). The K2P channel TWIK-related alkaline pH-
activated K2P (TALK)-1 is linked to type 2 diabetes risk
through a coding sequence polymorphism (rs1535500);
however, its physiological function has remained
elusive. Here, we show that TALK-1 channels are ex-
pressed in mouse and human b-cells, where they serve
as key regulators of electrical excitability and GSIS.
We find that the rs1535500 polymorphism, which re-
sults in an alanine-to-glutamate substitution in the
C-terminus of human TALK-1, increases channel activ-
ity. Genetic ablation of TALK-1 results in b-cell mem-
brane potential depolarization, increased islet Ca2+

influx, and enhanced second-phase GSIS. Moreover,
mice lacking TALK-1 channels are resistant to high-fat
diet–induced elevations in fasting glycemia. These find-
ings reveal TALK-1 channels as important modulators of
second-phase insulin secretion and suggest a clinically
relevant mechanism for rs1535500, which may increase
type 2 diabetes risk by limiting GSIS.

Pancreatic b-cell insulin secretion plays a central role in
maintaining glucose homeostasis. Glucose-stimulated in-
sulin secretion (GSIS) is coupled to Ca2+ influx, which is
modulated by the orchestrated action of several ion channels.
The primary glucose-sensitive channel of the b-cell is the
KATP channel. The KATP channel is active under low-glucose
conditions, limiting insulin secretion by hyperpolari-
zing the plasma membrane potential (Vm) and inhibiting

voltage-dependent Ca2+ channels (VDCCs). Increased b-cell me-
tabolism due to elevated glucose levels raises the intracellular
ATP-to-ADP ratio, inhibiting KATP channels. The closure of
KATP channels results in Vm depolarization to a plateau po-
tential from which action potentials (APs) fire, allowing Ca2+

influx through VDCCs, resulting in insulin secretion (1,2).
During glucose-induced KATP inhibition, the plateau potential
is stabilized by small conductance K+ currents (3,4), such as
those mediated by two-pore domain K+ (K2P) channels. For
example, TWIK-related acid-sensitive K2P (TASK)-1 channels
have been shown to polarize b-cell plateau potential, sup-
pressing Ca2+ entry through VDCCs and limiting GSIS (5).
However, the physiological role of the most abundant b-cell
K2P channel, the TWIK-related alkaline pH-activated K2P
(TALK)-1 channel, remains unexplored. Because TALK-1 chan-
nels may regulate b-cell Ca2+ influx and GSIS, defining their
physiological role may illuminate therapeutic targets for treat-
ing type 2 diabetes.

TALK-1 was originally cloned from human pancreas
(6,7). KCNK16, the gene encoding TALK-1 channels, is the
most abundant K+ channel transcript in mouse and human
b-cells (8–10). Moreover, KCNK16 is the most islet-specific
transcript in mice compared with all other transcripts
across six tissues assessed by transcriptome analysis (9).
In humans, the KCNK16 locus exhibits increased histone
H3 methylation in islets compared with nonislet tissues,
indicating that the locus is transcriptionally active in islets
(11). While these observations suggest that TALK-1 chan-
nels serve an important role in the islet, the physiological
functions of TALK-1 remain to be determined.
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The biophysical characteristics of TALK-1 have been
defined in heterologous expression systems. These studies
have revealed that TALK-1 channels produce outwardly
rectifying, noninactivating K+ currents, which are enhanced
by elevations in extracellular pH (7). Additionally, reactive
oxygen species such as singlet oxygen have been demon-
strated to increase TALK-1 channel activity (6,7,12,13). As
TALK-1 currents resemble TASK-1 currents that modulate
GSIS, TALK-1 may also play a role in tuning the b-cell Vm
and GSIS. Nevertheless, to date there has been no exami-
nation of TALK-1 in primary cells, limiting our understand-
ing of TALK-1 channel function.

Interestingly, genome-wide association studies have
found that a nonsynonymous polymorphism in TALK-1
(rs1535500) is associated with risk for type 2 diabetes
(14–16). The rs1535500 polymorphism in TALK-1 results
in a glutamate substitution at alanine 277 (A277E), in
TALK-1’s cytoplasmic C-terminal tail (Ct). Given the
high expression of TALK-1 in the islet, it has been hy-
pothesized that polymorphisms in TALK-1 might influ-
ence hormone secretion, contributing to type 2 diabetes
predisposition (14). The A277E polymorphism may alter
K+ currents through TALK-1, potentially perturbing
b-cell Vm, Ca

2+ influx, and insulin secretion during the
pathogenesis of type 2 diabetes. Therefore, defining the
islet cell functions of TALK-1 channels in physiological
and diabetic states is required to understand the role of
polymorphisms in KCNK16 in the development of type 2
diabetes.

Here, we show that TALK-1 channels are key regu-
lators of b-cell Vm, Ca

2+ influx, and GSIS. We also reveal
that rs1535500 increases TALK-1 channel activity, which
may limit GSIS. These studies reveal that TALK-1 chan-
nels are important determinants of b-cell electrical excit-
ability and suggest that changes in TALK-1 activity affect
GSIS and the pathogenesis of type 2 diabetes.

RESEARCH DESIGN AND METHODS

Kcnk162/2 Mouse Preparation
A Kcnk16 targeting vector was generated by inserting
a 9.7 kb fragment containing exons 3–5 of the Kcnk16
gene (accession no. NM_029006.1) into a vector contain-
ing a floxed neomycin cassette. The targeting vector was
transfected into protamine-Cre 129S5 embryonic stem cells.
After recombination, 1,707 bp of the Kcnk16 gene corre-
sponding to the 2nd base of the 119th codon to the 165th
nt in the 39 intron after the 5th exon were removed (Sup-
plementary Fig. 1). For identification of correctly targeted
embryonic stem cells, genomic DNA was isolated and
digested with EcoRI, producing a 10.8 kb DNA fragment
in wild type (WT) alleles and an 8.7 kb DNA fragment in
targeted alleles as assessed by Southern blot analysis. A
correctly targeted embryonic stem cell was injected into
129S5 blastocysts, giving rise to germline transmission of
the targeted Kcnk16 allele. Kcnk16-deficient mice were back-
crossed with congenic C57Bl6/J mice for nine generations.
All mice used were 8–10 weeks of age. The mice used for

this study were handled in compliance with protocols ap-
proved by the Vanderbilt University Animal Care and Use
Committee.

Islet and b-Cell Isolation
Islets were isolated from the pancreata of 8- to 10-week-old
mice as previously described (17). Human islets from adult
nondiabetic donors were provided by multiple isolation cen-
ters organized by the Integrated Islet Distribution Program.
Donor information is listed in Supplementary Table 3. Some
islets were dispersed into single cells with trituration in
0.005% trypsin and cultured for 12–18 h. Cells were main-
tained in RPMI 1640 with 10% FBS, 100 IU $ mL21 pen-
icillin, and 100 mg $ mL21 streptomycin in a humidified
incubator at 37°C under an atmosphere of 95% air and
5% CO2.

Plasmids and Transient Expression
Cells were transfected with 4 mg DNA using Lipofectamine
2000 (Life Technologies). Cells were cotransfected with a
plasmid encoding green fluorescent protein and vectors
containing the coding sequence for human TALK-1 (ac-
cession no. NM_001135106.1) or TALK-1a (accession no.
NM_032115.3). The dominant-negative TALK-1 G110E
was created by site-directed mutagenesis and then
cloned into a vector containing a P2A cleavage site fol-
lowed by mCherry. Transfected cells were identified on
the basis of mCherry fluorescence.

Electrophysiological Recordings
TALK-1 channel currents were recorded in single cells
using the whole-cell patch clamp technique with an
Axopatch 200B amplifier and pCLAMP10 software
(Molecular Devices). Cells were washed with a Krebs-
Ringer–HEPES buffer containing (in mmol/L): 119 NaCl,
2 CaCl2, 4.7 KCl, 25 HEPES, 1.2 MgSO4, 1.2 KH2PO4,
and 11 glucose, adjusted to pH 7.35 with NaOH. Patch
electrodes (3–5 MV) were loaded with intracellular so-
lution containing (in mmol/L) 140 KCl, 1 MgCl2 $ 6H2O,
10 EGTA, 10 HEPES, and 4 Mg ATP (pH 7.25 with KOH).
Perforated patch recordings in intact islets were per-
formed as previously described (18). For confirmation
of recordings from human b-cells, cells were poststained
for insulin (5).

Surface Expression Analysis
Human embryonic kidney (HEK)293 cells were trans-
fected at 70% confluence with Lipofectamine 3000.
After 72 h, cell surface proteins were isolated using
a Cell Surface Protein Isolation kit (Pierce) according to
the manufacturer’s instructions. TALK-1 E277-FLAG
and A277-FLAG isolated from the plasma membrane
and whole cell lysates were visualized on a Western
blot that was probed with anti–FLAG M2 (Sigma) fol-
lowed with horseradish peroxidase secondary-based de-
tection with Pierce chemiluminescent substrate (Thermo
Scientific). Immunoblot band densitometry was performed
using ImageJ software. Surface expression for each sample
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was calculated as the mean band intensity of biotinylated
protein divided by total TALK-1–FLAG.

Measurement of Cytoplasmic Calcium
After overnight culture, islets were incubated for 20 min
at 37°C in RPMI supplemented with 2 mmol/L Fura-2,
AM (Molecular Probes), followed by incubation in Krebs-
Ringer–HEPES buffer with 2 mmol/L glucose for 20 min.
Ca2+ imaging was performed as previously described (5).

Immunofluorescence Analysis
Pancreata from 10- to 12-week-old mice or adult human
donors (donor characteristics listed in Supplementary
Table 4) were fixed in 4% paraformaldehyde and embedded
with paraffin. Rehydrated 5-mm sections underwent anti-
gen retrieval using a citrate buffer according to the man-
ufacturer’s protocol (Vector Laboratories, Inc.) and were
stained with primary antibodies against insulin (1:500;
Dako), glucagon (1:250; Sigma), and TALK-1 (1:175;
Sigma) and secondary antibodies conjugated to Cy3 and
DyLight488 (1:300; Jackson ImmunoResearch Laborato-
ries). Nuclei were stained using Prolong Gold mountant
with DAPI (Life Technologies). Sections were imaged with
a Nikon Eclipse TE2000-U microscope and a Zeiss LSM
710 confocal microscope.

Insulin Secretion Measurements
For islet perifusion experiments, islets were allowed to
recover for 24 h after isolation in RPMI 1640 supple-
mented with 15% FBS and 11 mmol/L glucose. GSIS was
then determined by radioimmunoassay from perifused
islets stimulated with 11 mmol/L glucose (19). Insulin
secretion measurements from static incubations were per-
formed as previously described (20).

Glucose and Insulin Tolerance Testing
Mice were placed on either a standard chow diet or a high-
fat diet (HFD) (D12492; 60% kcal% fat; Research Diets,
Inc.). Glucose tolerance testing (GTT) and insulin tolerance
testing (ITT) were performed as previously described
(20–22).

Statistical Analyses
Data were analyzed using pCLAMP10 or Microsoft Excel
and presented as mean 6 SEM. Statistical significance
was determined using Student t test.

RESULTS

Pancreatic b-Cells Express Functional TALK-1
Channels
We first determined whether TALK-1 channels are function-
ally expressed in mouse b-cells. Using immunofluorescence
staining of mouse pancreatic sections for TALK-1 and insulin,
we found that TALK-1 was specifically expressed in the islet
and colocalized with insulin-positive b-cells—not a-cells (Fig.
1A). Although Kcnk162/2 (TALK-1 knockout [KO]) sections
exhibited a staining pattern similar to that of WT sections,
this was due to the recognition of the truncated TALK-1
protein produced by the targeted Kcnk16 allele by the

TALK-1 antibody (Supplementary Fig. 1). We next used
patch clamp electrophysiology techniques to determine
whether TALK-1 currents are present in b-cells. For specific
examination of K2P channels, voltage-gated K+ channels
were blocked with tetraethylammonium (10 mmol/L), KATP

channels were blocked with tolbutamide (100 mmol/L), and
Ca2+ was removed from the extracellular buffer to prevent
activation of Ca2+-activated K+ (KCa) channels. In Kcnk16+/+

(WT) b-cells, an outwardly rectifying, noninactivating K+

current was observed (Fig. 1B), indicating the presence of
K2P channels as previously described (5). K2P currents re-
corded from TALK-1 KO b-cells were significantly reduced
(pA/pF at 60 mV: WT 18.36 1.2, n = 23, vs. KO 11.76 1.0,
n = 25; three mice per genotype; P, 0.001) (Fig. 1B and C),
indicating that TALK-1 forms a K+ channel in mouse b-cells
and that K+ channel function is not retained by truncated
TALK-1 protein expressed in the KO mouse b-cells.

We next assessed TALK-1 channel expression and
currents in human b-cells. In human pancreas sections,
we found that TALK-1 exhibited strong islet expression,
which colocalized with insulin-positive cells but not with
glucagon-positive cells (Fig. 2A). Like mouse b-cells, human
b-cells exhibit K2P currents (Fig. 2B); the cells were

Figure 1—TALK-1 is functionally expressed in mouse b-cells. A:
Immunofluorescence staining of TALK-1 (red) and insulin (green,
upper panels) or glucagon (green, lower panels) in mouse pancreas
sections; nuclei (blue) are shown in the merge panel. B: Voltage-
clamp recordings of K2P currents from isolated WT and TALK-1 KO
mouse b-cells. The command voltage was maintained at 280 mV
for 15 s prior to a 1-s voltage ramp from 2120 to 60 mV; currents
are plotted between 260 and 60 mV. C: Quantification of current
density at 230, 0, and 60 mV in WT and TALK-1 KO mouse b-cells.
Data are mean 6 SEM. *P < 0.05; ***P < 0.001.
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recorded in extracellular solution that blocks most other
K+ channels (detailed above). To determine whether the
human b-cell K2P current includes TALK-1 currents, we
used a dominant-negative approach. A dominant negative
of TALK-1 (TALK-1 DN/P2A/mCherry) was designed by mu-
tating the K+ selectivity filter of TALK-1 (TALK-1 G110E)—
a strategy that has been used to create dominant-negative
subunits for other K2P channels (23). The TALK-1 DN
G110E point mutation prevents channel activity by dimeriz-
ing with endogenous TALK-1 subunits, disrupting the chan-
nel’s K+ selectivity filter and abolishing K+

flux. Additionally,
the TALK-1 DN construct has a P2A cleavage sequence
followed by an mCherry coding sequence downstream
of TALK-1, which produces mCherry in all cells expressing
the TALK-1 DN (24). Coexpression of TALK-1 DN/P2A/
mCherry with WT TALK-1 in HEK293 cells resulted in
near-complete suppression of TALK-1 currents, indicating
that the TALK-1 DN inhibits TALK-1 channel activity (Sup-
plementary Fig. 2). We expressed the TALK-1 DN in dis-
persed human islet cells and recorded K2P currents from
mCherry-positive cells. At the end of the recording, the cells
were fixed and stained for insulin; only insulin-positive cells
were analyzed. Expression of TALK-1 DN in human b-cells
significantly reduced K2P currents compared with cells

expressing mCherry alone (pA/pF at 60 mV: mCherry
36.7 6 4.5, n = 10, vs. TALK-1 DN/P2A/mCherry 22.1 6
2.3, n = 11; P = 0.008 [each construct was tested in b-cells
from two donors]) (Fig. 2B and C). Together, these data
strongly suggest that TALK-1 channels contribute to human
b-cell K2P conductance.

TALK-1 Channel Activity and Surface Expression Are
Sensitive to Ct Protein Charge
The polymorphism in KCNK16 associated with type 2 di-
abetes risk (rs1535500) results in a glutamate substitu-
tion at alanine 277 in the Ct of TALK-1 (TALK-1 A277E)
(Fig. 3A and B). To assess how this substitution influences
channel function, we used site-directed mutagenesis to
insert the A277E polymorphism in cloned human TALK-1
channels and recorded their activity in Chinese hamster
ovary (CHO) cells. We found that TALK-1 A227E produced
significantly larger whole-cell currents than TALK-1 A277
(Fig. 3C and D). Another nonsynonymous polymor-
phism in strong linkage disequilibrium with rs1535500 is
rs11756091 (14). This polymorphism is in transcript vari-
ant 2 of KCNK16 (encoding TALK-1a), resulting in a proline
substitution at histidine 301 (TALK-1a P301H). We re-
corded whole-cell currents of TALK-1a P301 and TALK-1a
P301H but found no significant difference in channel ac-
tivity (Supplementary Fig. 2). Thus, rs1535500 may reduce
GSIS by increasing b-cell Vm polarization and reducing VDCC
activity.

To further investigate the mechanism underlying
the enhanced currents produced by TALK-1 A277E, we
performed single-channel analysis of TALK-1 A277 and
TALK-1 A277E channels expressed in HEK293 cells (Fig.
3E). In cell-attached patches, we found that TALK-1 A277E
exhibits enhanced open probability (Po) (Po at 230 mV:
TALK-1 A277 0.09 6 0.008 vs. TALK-1 A277E 0.15 6
0.008; P , 0.05; n = 5–6) (Fig. 3F). Unitary currents were
not significantly different between TALK-1 A277 and TALK-1
A277E (Supplementary Fig. 3). We also assessed how the
A277E polymorphism affects channel surface localization.
Surface protein biotinylation of HEK293 cells expressing
either TALK-1 A277-FLAG or the A277E-FLAG variant dem-
onstrated that TALK-1 A277E channels exhibit greater cell
surface localization than TALK-1 A277 channels (Fig. 3G).
These results indicate that TALK-1 A277E enhances channel
activity through both elevated Po and surface localization,
which would be predicted to promote b-cell Vm polarization
and oppose GSIS.

TALK-1 Regulates b-Cell Electrical Excitability and Ca2+

Entry
To determine the physiological role of b-cell TALK-1 cur-
rents, we assessed how TALK-1 channels influence glucose-
stimulated changes in b-cell Vm (Fig. 4A and B). Loss of
TALK-1 channels resulted in significant b-cell Vm depolar-
ization over a range of glucose concentrations (Table 1).
Furthermore, AP shape was altered in TALK-1 KO b-cells,
with a tendency toward clustering of APs as well as reduced
AP and after-hyperpolarization peak height compared with

Figure 2—Human b-cells contain functional TALK-1 channels. A:
Immunofluorescence staining of TALK-1 (red) and insulin (green,
upper panels) or glucagon (green, lower panels) in human pancreas
sections; nuclei (blue) are shown in the merge panel. White arrows
indicate TALK-1–positive, insulin-negative cells. B: K2P current
obtained in human b-cells expressing either control mCherry or
TALK-1 G110E P2A mCherry in response to a voltage ramp from
2120 mV to 60 mV; currents are plotted between 260 and 60 mV.
C: Quantification of current densities at indicated membrane poten-
tials. Data are mean 6 SEM. *P < 0.05; **P < 0.005.
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WT b-cell APs (Fig. 4C and D and Supplementary Table 1).
TALK-1 KO b-cells also showed a reduced interburst
interval between oscillations compared with WT b-cells
(WT 144.4 6 21.5 s vs. KO 51.4 6 10.2 s; P = 0.008;
n = 7) (Fig. 4G). In agreement with the reduced interburst
interval, the plateau fraction (the ratio of time spent
in the active phase to the entire period [25]) was signif-
icantly increased in islets lacking TALK-1 at all stim-
ulatory glucose concentrations examined (Fig. 4H).
Additionally, the average slope of repolarization at the
termination of each burst was significantly less in
b-cells lacking TALK-1 (WT 23.95 6 0.42 mV ∙ sec21

vs. KO 21.25 6 0.35 mV ∙ sec21; P = 0.001; n = 21)
(Fig. 4E, F, and I), indicating that TALK-1 channels
contribute to Vm repolarization at the end of each os-
cillation of electrical activity. Together, these data show
that TALK-1 channels modulate b-cell electrical activity.

We next determined how changes in electrical activ-
ity caused by TALK-1 ablation influence glucose-stimulated
islet Ca2+ entry. When glucose concentration was increased
from 2 mmol/L to 14 mmol/L, control and TALK-1 KO islets
exhibited oscillatory increases in [Ca2+]i (Fig. 5A and B). We
found that second-phase Ca2+ influx was increased (Fig. 5C)
and the frequency of [Ca2+]i oscillations in 14 mmol/L

Figure 3—TALK-1 A277E shows increased open probability and surface expression. A and B: Illustration of a TALK-1 A277 channel subunit
(A) and a TALK-1 channel subunit showing the location of the rs1535500 polymorphism, which results in an A277E substitution in the TALK-1
Ct (B). C: TALK-1 current recordings from CHO cells expressing TALK-1 A277, TALK-1 A277E, or control mCherry in response to a voltage
ramp from 2120 mV to 60 mV. D: Quantification of current density at selected membrane potentials in CHO cells expressing TALK-1 A277 or
TALK-1 A277E. **P < 0.005 vs. CHO; ***P < 0.001 vs. CHO; ‡P < 0.001 vs. TALK-1 A277; †P < 0.0001 vs. TALK-1 A277. E: Representative
single-channel recordings from an attached patch of HEK293 cells expressing TALK-1 A277 or TALK-1 A277E in response to indicated
voltage steps. F: Quantification of Po at indicated membrane potentials. Note that Po is significantly elevated at Vm values where b-cell APs
fire. G: Quantification of FLAG-tagged TALK-1 A277 and E277 surface expression. Data are mean 6 SEM. *P < 0.05; **P < 0.005.
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glucose was accelerated in TALK-1 KO islets (WT 0.45 6
0.03 peaks/min, n = 136, vs. KO 0.73 6 0.05 peaks/min,
n = 126; P , 0.005 [four islet preparations/genotype])
(Fig. 5D). These results indicate that TALK-1 is an impor-
tant determinant of glucose-stimulated [Ca2+]i influx and
predict that inhibition of TALK-1 channels should increase
Ca2+ influx and GSIS.

To assess how enhanced [Ca2+]i influx in TALK-1 KO
islets affects GSIS, we measured insulin secretion from iso-
lated islets perifused with 11 mmol/L glucose (Fig. 5E). First-
phase insulin secretion was not significantly different
between WT and TALK-1 KO islets (Fig. 5E and F). However,
second-phase insulin secretion, which occurs during the
period of oscillatory [Ca2+]i (26), was significantly increased
in TALK-1 KO islets (WT 30.03 6 2.65 ng insulin/100
islet equivalents vs. KO 40.38 6 2.92 ng insulin/100 islet
equivalents; P , 0.05; n = 4) (Fig. 5E and F). In agreement
with our observation of an increased plateau fraction at 7
and 14 mmol/L glucose, TALK-1 KO islets also secreted

significantly more insulin than WT islets at these glucose
concentrations (Fig. 5G).

Perturbations in the frequency of islet [Ca2+]i oscillation
as well as total islet [Ca2+]i entry have been demonstrated to
affect insulin secretion (27,28). To examine the contribution
of [Ca2+]i to the enhanced insulin secretion observed from
TALK-1 KO islets, we “clamped” intracellular Ca2+ with
a depolarizing concentration of KCl (30 mmol/L) and acti-
vated KATP channel currents with diazoxide (200 mmol/L).
When [Ca2+]i was clamped in 14 mmol/L glucose, insulin
secretion from TALK-1–deficient islets was comparable
with WT islets (Fig. 5G). These findings reveal that TALK-1
channel modulation of islet [Ca2+]i influx plays an important
role in GSIS.

TALK-1 Channels Are Critical for Maintaining Fasting
Glycemia
To assess how the increased insulin secretion caused
by ablation of TALK-1 affects glucose homeostasis, we
performed GTTs in chow-fed TALK-1 KO mice. We

Figure 4—TALK-1 regulates b-cell electrical activity. A: Representative Vm recording from a WT b-cell recorded in an intact mouse islet
stimulated with 14 mmol/L glucose. B: Typical Vm recording from a TALK-1 KO b-cell in an intact islet in the presence of 14 mmol/L
glucose. C and D: Enlarged view of APs recorded from WT (C ) and TALK-1 KO (D) b-cells in 14 mmol/L glucose. E and F: Enlarged view
showing the slope of Vm repolarization at the termination of an electrical oscillation in WT (E) and TALK-1 KO (F ) b-cells. G: Average length
of the electrically silent interburst interval in WT and TALK-1–deficient islets, which was measured during the first 20 min of electrical
excitability induced with 14 mmol/L glucose. H: Plateau fraction of electrical excitability in islets, determined as in G. I: Mean slope of Vm

repolarization at the termination of each oscillation of electrical activity in WT and TALK-1 KO b-cells, which was measured at the end of
each oscillation in electrical excitability as in G. Data are mean 6 SEM. *P < 0.05; **P < 0.005.
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observed slightly elevated serum insulin levels in TALK-1
KO mice; however, these changes were not statistically
significant, and we did not observe altered glucose toler-
ance or insulin resistance (Fig. 6A and C). Additionally,
TALK-1 KO islet morphology was similar to that in WT
islets (Supplementary Fig. 5), insulin content was com-
parable in WT and TALK-1 KO islets, and pancreatic in-
sulin content was not different (Supplementary Table 2).
Therefore, we investigated whether the chronic meta-
bolic stress of an HFD could reveal a role for TALK-1
channels in the maintenance of glucose homeostasis.
After placing mice on an HFD, we observed protection
from fasting hyperglycemia (3 weeks on HFD: WT
221.3 6 8.4 mg/dL vs. KO 169.5 6 5.6 mg/dL; P ,
0.0005; n = 10) (Fig. 6D and F). However, there was
no significant difference in insulin tolerance after expo-
sure to an HFD (Fig. 6E). Furthermore, pancreatic in-
sulin content was not significantly different between
WT and TALK-1 KO mice after 12 weeks on an HFD
(Supplementary Table 2), suggesting that the improved
glycemia is not due to differences in b-cell proliferation.
This indicates that TALK-1 channels play an important role
in maintaining fasting glycemia under metabolically stressful
conditions that can lead to type 2 diabetes.

DISCUSSION

Physiological GSIS is dependent on complex regulation of
electrical activity by b-cell ion channels to control Ca2+

influx. The K2P channel TASK-1 stabilizes the b-cell pla-
teau potential, which helps tune Ca2+ entry and GSIS (5).
However, the role of TALK-1, the most abundant K+ chan-
nel of the b-cell, has not been determined. The results
presented here demonstrate the role of b-cell TALK-1
channels in regulating electrical activity, Ca2+ entry, and
insulin secretion.

Stimulation of islets with glucose induces [Ca2+]i oscil-
lations, which underlie pulsatile insulin secretion (29,30).
The frequency and duration of [Ca2+]i oscillations are de-
termined by alternating periods of electrical excitability
(depolarization) and inactivity (hyperpolarization) (31).
Periodic activation of a K+ current interrupts regenerative
AP firing, giving rise to [Ca2+]i oscillations and pulsatile
insulin secretion (32). Presently, only two K+ channels
have been shown to contribute to this current: the KATP

channel and the KCa channel of intermediate conductance,
IK (33–35). KATP conductance fluctuates with oscillations
in b-cell glucose metabolism and the ATP-to-ADP ratio,
while IK is activated by elevated [Ca2+]i, contributing to
the termination of the oscillation (3,32,36). However,
b-cell Vm and [Ca2+]i oscillations persist in mouse islets
lacking functional KATP or IK channels (33,37). Further-
more, as IK is only briefly active after the reduction of
[Ca2+]i at the termination of the oscillation, another K+

conductance likely helps to keep the Vm hyperpolarized
between each oscillation (33). Our data indicate that
TALK-1 provides a hyperpolarizing influence that
decreases islet [Ca2+]i oscillation frequency and plateau
fraction. The greater Vm depolarization of TALK-1 KO
b-cells during interburst phases may also explain the in-
creased [Ca2+]i oscillation frequency and elevated plateau
fraction in TALK-1–deficient islets. Indeed, inhibition of
KCa channels also results in interburst Vm depolarization
and an increased oscillation frequency (29). Because the
interburst Vm in TALK-1 KO b-cells is closer to the acti-
vation threshold for VDCCs, a smaller depolarizing stim-
ulus would reinitiate AP firing. This is supported by
recordings from preBötC neurons, where inhibition of
TASK-1 K2P channels accelerates the frequency of AP
bursting (38). [Ca2+]i oscillation frequency and pulsatile
insulin secretion are perturbed in type 2 diabetes,
which is believed to be pathogenic (31,39). Thus, the
influence of TALK-1 channels on b-cell [Ca2+]i oscilla-
tions could play an important role in modulating pulsatile
insulin secretion.

The ion channels that increase Ca2+ influx during glucose-
stimulated islet excitability also play a role in setting
Ca2+ oscillation frequency. For example, Ca2+-activated tran-
sient receptor potential cation channel subfamily M mem-
ber 5 channels increase b-cell depolarization, enhancing
[Ca2+]i oscillation frequency. Ablation of transient receptor
potential cation channel subfamily M member 5 in mouse

Table 1—Vm values recorded in WT and TALK-1 KO b-cells

Recording conditions

Interburst
(electrically silent)

Vm (mV)
Plateau
Vm (mV)

2 mmol/L glucose
WT 272.7 6 1.2

(n = 12)
n.a.

TALK-1 KO 265.13 6 0.66
(n = 13)

n.a.

Statistical significance *** n.a.

7 mmol/L glucose
WT 264.7 6 2.4

(n = 9)
249.7 6 1.7

(n = 8)
TALK-1 KO 255.7 6 1.1

(n = 6)
247.3 6 0.8

(n = 9)
Statistical significance ** n.s.

11 mmol/L glucose
WT 270.6 6 2.5

(n = 9)
251.2 6 1.6

(n = 12)
TALK-1 KO 262.7 6 2.1

(n = 12)
244.2 6 0.9

(n = 13)
Statistical significance * ***

14 mmol/L glucose
WT 263.1 6 2.0

(n = 7)
246.3 6 2.2

(n = 7)
TALK-1 KO 254.6 6 2.1

(n = 7)
241.1 6 0.9

(n = 7)
Statistical significance * *

Data are means 6 SEM unless otherwise indicated. The Vm

of b-cells in intact WT and TALK-1 KO was measured under
the conditions described in the table. N observations were
made from 5 islet preparations per genotype. n.a., not
applicable; n.s., no significant difference. *P , 0.05;
**P , 0.005; ***P , 0.0005.
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b-cells decreases glucose-stimulated [Ca2+]i oscillations, re-
ducing GSIS (28). Conversely, b-cells lacking the Ca2+ chan-
nel b3 subunit (b3

2/2) show an increased [Ca2+]i oscillation
frequency and enhanced GSIS (27). Similar to observations
in b3

2/2 mice, we find that the accelerated [Ca2+]i oscilla-
tion frequency in TALK-1 KO islets is associated with an
increase in GSIS. The accelerated [Ca2+]i oscillation presum-
ably increases GSIS; however, the increased plateau fraction
may also amplify second-phase insulin secretion in TALK-1
KO islets. It is well known that the plateau fraction and
insulin secretion increase concomitantly with elevated glu-
cose concentrations (25,40–42). Although the molecular
mechanisms that modulate the plateau fraction are com-
plex, it is accepted that fluctuations in K+ conductance serve

an important role (43). While the vast majority of informa-
tion to this point has highlighted the importance of KATP

and KCa channels in controlling the plateau fraction, our
data demonstrate that K2P channels such as TALK-1 also
play an important role. The increase in oscillation frequency
and plateau fraction in TALK-1 KO islets are presumably
both involved in enhancing glucose-stimulated [Ca2+]i and
second-phase insulin secretion; the exact roles of each will
be determined in the future.

Our data establish that the type 2 diabetes risk
polymorphism rs1535500 may reduce GSIS by increasing
TALK-1 channel activity (14,16). The A277E substitution
in the Ct of TALK-1 resulting from rs1535500 increases
channel Po and channel surface localization. TALK-1

Figure 5—[Ca2+]i influx, oscillation frequency, and GSIS are increased in TALK-1–deficient islets. A and B: Representative [Ca2+]i record-
ings in islets from WT (A) and TALK-1 KO (B) mice stimulated with 14 mmol/L glucose. C: Area under the curve (AUC) quantification of
second-phase Ca2+ influx in control and TALK-1 KO islets; Ca2+ area under the curve was calculated in the first ~15 min of glucose-
stimulated Ca2+ influx after regular [Ca2+]i oscillations commenced (14 mmol/L glucose). D: Quantification of [Ca2+]i oscillation frequency in
control and TALK-1 KO islets. E: GSIS in isolated WT and TALK-1 KO islets. Islets were perifused with 1 mmol/L glucose and stimulated
with 11 mmol/L glucose. The insulin concentration was determined by radioimmunoassay. F: Area under the curve quantification of first-
and second-phase insulin secretion for periods indicated on the graph. G: Insulin secretion from WT and TALK-1 KO islets in static
incubation; “Ca2+ clamp” consisted of treatment with 14 mmol/L glucose, 30 mmol/L KCl, and 200 mmol/L diazoxide. N islet preparations
per genotype are reported in the figure. Data are mean 6 SEM. *P < 0.05, **P < 0.005. IEQs, islet equivalents; NS, not significant.

diabetes.diabetesjournals.org Vierra and Associates 3825



channels contribute to human b-cell K2P currents;
thus, TALK-1 channels possessing the A277E substitution
would be expected to augment b-cell K2P currents. Ac-
cordingly, A277E-containing TALK-1 channels would be
predicted to promote Vm hyperpolarization, reducing
b-cell excitability. Because TALK-1 channels apparently
limit mouse islet basal and second-phase insulin secretion,
we speculate that human islets with TALK-1 A277E would
exhibit diminished basal and second-phase insulin secre-
tion. Although the A277E substitution increases TALK-1
channel activity, it is also possible that this substitution
influences the mechanism(s) that modulate TALK-1 chan-
nels. Secretagogue-induced regulation of the Vm may dif-
ferentially affect b-cells with TALK-1 A277E, which future
studies will address. Together, these results also predict
that gain-of-function mutations in TALK-1 channels may
decrease b-cell Ca2+ entry, limiting insulin secretion and
leading to glucose intolerance.

There is also the possibility that defects in TALK-1
channel function only elicit perturbations in glucose
tolerance under the conditions of metabolic stress asso-
ciated with type 2 diabetes. Indeed, TALK-1 KO mice
show reduced fasting glucose levels when placed on an
HFD. This diet-induced phenotype reveals that TALK-1
channels play a key role in adapting to metabolic stress. In
type 2 diabetes, defects in insulin pulsatility contribute
to impaired fasting glycemia (44,45), and it is thought
that primary b-cell defects leading to reduced insulin

pulsatility contribute to diabetes pathogenesis (46). We
find an increase in plateau fraction and insulin secretion
from TALK-1 KO islets at basal glucose levels (~7 mmol/L
glucose in mice). Interestingly, small increases in basal
portal insulin have been found to suppress hepatic glucose
production (HGP) without producing a detectable increase
in peripheral insulin concentrations (47). We postulate
that enhanced insulin delivery through the portal vein
decreases basal HGP (44) in TALK-1 KO mice. Mice fed
an HFD show increased liver insulin resistance and HGP
in as few as 3 days (48). As we observe no difference in
insulin tolerance between chow- or HFD-fed WT and
TALK-1 KO mice, the elevated basal insulin secretion
from TALK-1 KO islets is not enough to exacerbate insulin
resistance. However, the increased basal insulin secretion
from TALK-1 KO animals presumably suppresses HGP,
leading to reduced fasting glycemia. Thus, in the context
of the diabetes-linked polymorphism, TALK-1 A277E may
also contribute to impaired fasting glycemia during the
pathogenesis of type 2 diabetes by decreasing basal insulin
secretion, which may lead to increased HGP during condi-
tions of metabolic stress. Interestingly, human islets down-
regulate TALK-1 expression in conditions of chronic
metabolic stress (49), which our findings predict would
increase insulin secretion. Future studies are required
to determine how TALK-1 channels influence HGP
during metabolic stress as well as in patients with
rs1535500.

Figure 6—TALK-1 channels regulate fasting glycemia. A and B: GTT performed in chow-fed WT and TALK-1 KO male (A) and female (B)
mice. Serum insulin levels from WT and TALK-1 KO mice are shown in the insets (A and B). C: ITT performed in chow-fed WT and TALK-1
KO mice. D: GTT performed in control and TALK-1 KO male mice after 3 weeks on an HFD. E: ITT performed in WT and TALK-1 KO mice
after 3 weeks on an HFD. F: Fasting blood glucose levels from control and TALK-1 KOmice after being placed on an HFD. Data are mean6 SEM.
*P < 0.05, ****P = 0.00012.
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In summary, our findings demonstrate that TALK-1 is
required for normal GSIS and glucose homeostasis. TALK-1
channel activity hyperpolarizes the b-cell Vm, controlling
Ca2+ entry, GSIS, and fasting glycemia. Moreover, our data
show that the TALK-1 A277E polymorphism increases
TALK-1 basal activity, predicting increased b-cell Vm hy-
perpolarization and reduced GSIS. This finding provides
a molecular mechanism for rs1535500-linked increases in
type 2 diabetes susceptibility and suggests that inhibition
of b-cell TALK-1 channels may be a novel therapeutic
strategy to reduce hyperglycemia in type 2 diabetes.
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