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Key points

� The pancreatic islets of Langerhans maintain glucose homeostasis through insulin secretion,
where insulin secretion dynamics are regulated by intracellular Ca2+ signalling and electrical
coupling of the insulin producing β-cells in the islet.

� We have previously shown that cytokines decrease β-cell coupling and that compounds which
increase cAMP can increase coupling.

� In both mouse and human islets exendin-4, which increases cAMP, protected against
cytokine-induced decreases in coupling and in mouse islets preserved glucose-stimulated
calcium signalling by increasing connexin36 gap junction levels on the plasma membrane.

� Our data indicate that protein kinase A regulates β-cell coupling through a fast mechanism,
such as channel gating or membrane organization, while Epac2 regulates slower mechanisms
of regulation, such as gap junction turnover.

� Increases in β-cell coupling with exendin-4 may protect against cytokine-mediated β-cell death
as well as preserve insulin secretion dynamics during the development of diabetes.

Abstract The pancreatic islets of Langerhans maintain glucose homeostasis. Insulin secretion
from islet β-cells is driven by glucose metabolism, depolarization of the cell membrane and an
influx of calcium, which initiates the release of insulin. Gap junctions composed of connexin36
(Cx36) electrically couple β-cells, regulating calcium signalling and insulin secretion dynamics.
Cx36 coupling is decreased in pre-diabetic mice, suggesting a role for altered coupling in diabetes.
Our previous work has shown that pro-inflammatory cytokines decrease Cx36 coupling and
that compounds which increase cAMP can increase Cx36 coupling. The goal of this study
was to determine if exendin-4, which increases cAMP, can protect against cytokine-induced
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decreases in Cx36 coupling and altered islet function. In both mouse and human islets, exendin-4
protected against cytokine-induced decreases in coupling and preserved glucose-stimulated
calcium signalling. Exendin-4 also protected against protein kinase Cδ-mediated decreases in
Cx36 coupling. Exendin-4 preserved coupling in mouse islets by preserving Cx36 levels on the
plasma membrane. Exendin-4 regulated Cx36 coupling via both protein kinase A (PKA)- and
Epac2-mediated mechanisms in cytokine-treated islets. In mouse islets, modulating Epac2 had a
greater impact in mediating Cx36 coupling, while in human islets modulating PKA had a greater
impact on Cx36 coupling. Our data indicate that PKA regulates Cx36 coupling through a fast
mechanism, such as channel gating, while Epac2 regulates slower mechanisms of regulation, such
as Cx36 turnover in the membrane. Increases in Cx36 coupling with exendin-4 may protect against
cytokine-mediated β-cell dysfunction to insulin secretion dynamics during the development of
diabetes.
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Introduction

Blood glucose homeostasis is maintained by insulin
secretion from the pancreatic islets of Langerhans. Insulin
secretion from β-cells in the islet is driven by glucose
metabolism, ATP generation, membrane depolarization
via closure of ATP-sensitive potassium channels (KATP),
calcium influx (Ca2+) via voltage-gated Ca2+ channels,
and exocytosis of insulin secretory granules (Rutter
et al. 2015). Electrical coupling between β-cells plays
a critical role in regulating islet function and insulin
secretion (Meda, 2012; Farnsworth & Benninger, 2014).
Gap junctions, composed of connexin 36 (Cx36) in
β-cells, provide both physical and electrical coupling,
allowing selective passage of cations, such as Ca2+ and K+,
coordinating changes in membrane potential across the
islet (Perez-Armendariz et al. 1991; Benninger et al. 2008).
Under basal glucose levels, Cx36 gap junction coupling
coordinates membrane polarization, silencing electrically
active cells at non-stimulatory glucose concentrations
(Rocheleau et al. 2006; Speier et al. 2007; Benninger
et al. 2011). Under stimulatory glucose levels, Cx36
gap junctions coordinate glucose-induced membrane
depolarization and Ca2+ signalling, thereby regulating the
dynamics of insulin secretion from the islet (Ravier et al.
2005; Benninger et al. 2008; Head et al. 2012).

Diabetes is characterized by the progressive loss
of functional pancreatic islet mass resulting in a
loss of blood glucose homeostasis (Robertson, 2009).
Pro-inflammatory cytokines, such as tumour necrosis
factor α (TNF-α), interleukin-1β (IL-1β) and interferon γ
(IFN-γ), contribute to the destruction and decline inβ-cell
function during the development of both type 1 and type
2 diabetes (Verrilli et al. 2011; Imai et al. 2013; Padgett
et al. 2013). In vitro, pro-inflammatory cytokines impair
Ca2+ signalling (Ramadan et al. 2011), disrupt Cx36
gap junction coupling (Farnsworth et al. 2015), decrease

insulin secretion (Eizirik et al. 1994; Andersson et al. 2001)
and initiate β-cell apoptosis (Grunnet et al. 2009). Pre-
vious studies have reported decreased Cx36 gap junction
coupling in islets from pre-diabetic mice (Carvalho et al.
2012) and decreased coupling with sustained hyper-
glycaemia (Haefliger et al. 2013). Together, this suggests
that Cx36 coupling may be altered during the onset of
diabetes. Cx36 gap junction coupling has also been shown
to protect against pro-inflammatory cytokine-induced
β-cell apoptosis (Klee et al. 2011; Allagnat et al. 2013).
However, little is known about the mechanisms regulating
Cx36 coupling in the islet (Farnsworth & Benninger,
2014).

Previously, we have shown that increasing intracellular
cAMP using 3-isobutyl-1-methylxanthine (IBMX)
increases Cx36 gap junction coupling in mouse islets
(Farnsworth et al. 2014). Cx36 expression has been linked
to changes in islet Ca2+ responses to increases in cAMP
via glucagon-like peptide-1 (GLP-1) in human islets
(Hodson et al. 2013); however, modulation of Cx36 gap
junction coupling by GLP-1 in healthy and pathogenic
conditions has not been studied. Therefore, the goal of
this study was to determine if GLP-1 receptor (GLP-1R)
activation can prevent decreases in Cx36 gap junction
coupling and altered Ca2+ signalling in cytokine-treated
islets. Exendin-4, a GLP-1R agonist which regulates cAMP,
has been successfully used to improve glycaemic control
in patients with type 2 diabetes (DeFronzo et al. 2005). In
the retina, cAMP has been shown to regulate Cx36 gap
junction coupling via activation of protein kinase A (PKA;
Urschel et al. 2006), while in neuronal cells Epac2 has been
shown to mediate cAMP regulation of Cx36 coupling
(Li et al. 2012a). In addition to investigating exendin-4
and cAMP protection against cytokine-induced islet
dysfunction, this study also determined the respective
roles of PKA and Epac2 in regulating Cx36 gap junction
coupling.
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Methods

Ethical approval

The authors have read and understood the policies and
regulations of The Journal of Physiology as outlined by
Grundy (2015) and have ensured that all experiments
comply with these regulations. In compliance with
federal regulation, the Institutional Animal Care and
Use Committee at the University of Colorado Anschutz
Medical Campus has approved the procedures and
experiments outline in this study (No. B-95817(05)1D).

Animal care

Mice were given food and water ad libitum and housed in
12 h light–dark cycles in a temperature-controlled facility.

Islet isolation, culture and treatments

Pancreata were isolated from C57BL/6NHsd mice (The
Jackson Laboratory, Bar Harbour, ME, USA) aged 8–16
weeks. Mice were first anaesthetized by intra-peritoneal
injection of 80 mg kg−1 ketamine and 20 mg kg−1 xylazine
and the pancreas was isolated immediately following
euthanasia by exsanguination. Islets were isolated by
enzymatic digestion of the isolated pancreas as previously
reported (Koster et al. 2002). Islets were incubated over-
night in 1640 RPMI Medium (Sigma-aldrich, St Louis,
MO, USA) with 10% fetal bovine serum, 10,000 U mL−1

penicillin and 10,000 μg mL−1 streptomycin at 37 °C with
5% CO2.

Human islets were received from the Integrated Islet
Distribution Program (Donor IDs: AELM182, AEI1395,
AEHI491, AEHW247, AEDG094, AEAN289, ADE1444,
ADDQ143, ADBW449B, ADBB290, ADAU462B) with a
mean viability of 93% and were cultured overnight in
CMRL medium 1066 (Thermo Fisher Scientific, Waltham,
MA, USA).

Islets were incubated in either RPMI medium for
24 h treatments or Hanks’ balanced salt solution
(HBSS; Thermo Fisher Scientific) for 1 h treatments.
Islets were treated with a cytokine cocktail mixture
containing 1 ng mL−1 of recombinant TNF-α (R&D
Systems, Minneapolis, MN, USA), 0.5 ng mL−1 of
recombinant IL-1β (R&D Systems) and 10 ng mL−1

of recombinant IFN-γ (R&D Systems). Mouse and
human recombinant cytokines were used with mouse and
human islets, respectively. Islets were also treated with
10 nM of exendin-4 (E4,Tocris Bioscience, Minneapolis,
MN, USA), 100 μM of IBMX, 300 μM of the Epac2
activator 8-(4-chlorophenylthio)-2′-O-methyladenosine
3′,5′-cyclic monophosphate monosodium hydrate (8-Me,
Sigma-Aldrich), 10 μM of the Epac2 inhibitor ESI-05
(ESI; Sigma-Aldrich), 300 μM of the PKA activator N6-
benzoyladenosine-3′,5′-cyclic monophosphate sodium

salt (6-Bnz; Tocris), 100 μM of the PKA inhibitor
Rp-adenosine 3′,5′-cyclic monophosphorothioate
triethylammonium salt (Rp-cAMP; Sigma-Aldrich),
300 nM of the protein kinase C δ (PKCδ)
activator phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich), or 5μM of the nitric oxide (NO) donor
molecule S-nitroso-N-acetyl-D,L-penicillamine (SNAP;
Sigma-Aldrich) alone or in combination with cytokines.
The selection of activators and inhibitors of PKA was
based on previous studies in mouse islets which found
100 μM Rp-cAMP and 300 μM 6-Bnz to selectively
inhibit and activate PKA, respectively (Benninger et al.
2011). The selection of activators and inhibitors of Epac2
was based on previous studies in mouse islets which
found 10 μM ESI and 300 μM 8-Me to selectively inhibit
and activate Epac2 respectively (Benninger et al. 2011;
Henquin & Nenquin, 2014).

Fluorescence recovery after photobleaching

Islets were cultured on MatTek dishes (MatTek Corp.,
Ashland, MA, USA) coated with CellTak (BD Biosciences,
San Jose, CA, USA) overnight before 1 h or 24 h treatments.
Islets were stained with 12.5 μM rhodamine 123 (R123;
Sigma-Aldrich) for 30 min before imaging and islets were
imaged as previously described (Farnsworth et al. 2014).
Briefly, half of each islet was photobleached for 45 s,
and the recovery of fluorescence in the bleached area was
measured. Recovery rates were calculated from the inverse
exponential fluorescence recovery curve (I(t) = (I� − Ip)
(1 − e−kt) + Ip) for the entire bleached area. Videos
of fluorescence recovery for the representative islets are
available as Supporting information. Islets were imaged
on a Zeiss LSM 510 Meta or a Zeiss LSM 800 confocal
microscope with a 40 × 1.0 NA water immersion objective
(Zeiss, Thornwood, NY, USA). R123 was excited with a
488 nm Ar+ laser with half of the islet area photobleached
with the fluorescence recovery measured in the bleached
area.

Intracellular Ca2+ imaging and analysis

After 24 h treatments as indicated, islets were incubated
with 4 μM Fluo-4 AM (Thermo Fisher Scientific) in
imaging buffer containing 125 mM NaCl, 5.7 mM KCl,
2.5 mM CaCl2, 1.2 mM MgCl2, 10 mM HEPES, 0.1%
bovine serum albumin (BSA) and 2 mM glucose, protected
from light for 2 h at room temperature. Islets were
imaged at 37°C on a Zeiss 800 LSM confocal micro-
scope with a ×40, 1.0 NA water objective. Images
were taken every second for 2.5 min prior to and
after stimulation with 11 mM glucose for 10 min. The
fraction of the islet area which responded to glucose
stimulation with pulsatile increases in intracellular Ca2+
(active area), the coordination of the active area, and the
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oscillation frequency were determined using MATLAB
(The MathWorks, Natick, MA, USA) as previously
described (Hraha et al. 2014).

Insulin secretion analysis

After 24 h treatments as indicated, islets were incubated
in Krebs–Ringer buffer with 0.1% BSA and 2 mM glucose
for 1 h at 37 °C. Samples were collected by incubating
five islet equivalents in 500 μl Krebs buffer at either 2
or 20 mM glucose for 1 h. Supernatant and islet lysate
were collected for analysis of insulin secretion and content
respectively. Islets were lysed by freezing in 2% Triton
X-100 in deionized water. Insulin was measured with
a mouse ultrasensitive insulin enzyme-linked immuno-
sorbent assay kit (ALPCO, Salem, NH, USA) as per the
manufacturer’s instructions, and is reported as secretion at
20 mM glucose normalized to 2 mM glucose (stimulation
index).

Intracellular cAMP imaging and analysis

Freshly isolated islets were transduced with an
adenovirus encoding a Förster resonance energy transfer
(FRET)-based sensor for cAMP levels, ICUE3 (Addgene,
plasmid#61623, Watertown, MA, USA), as previously
described (DiPilato & Zhang, 2009). Islets were incubated
with virus for 24 h in serum-free RPMI medium with or
without cytokines. Islets were imaged at 37°C in imaging
buffer (125 mM NaCl, 5.7 mM KCl, 2.5 mM CaCl2,
1.2 mM MgCl2, 10 mM HEPES, pH 7.4) with 11 mM
glucose and 0.1% BSA on an Eclipse-Ti widefield micro-
scope (Nikon, Melville, NY, USA) and a ×20, 0.75 NA
Plan Apo objective. Cyan fluorescent protein (CFP) was
excited at 430/24 nm and images were collected with
filters for CFP (470/24 nm), yellow fluorescent protein
(YFP; 530/24 nm) fluorescence. Images were acquired
every 15 s continuously for 30 min. After 5 min of
imaging, 10 nM E4 was added to the imaging solution of
both control and cytokine-treated islets. After 35 min of
imaging, 100 μM IBMX and 50 μM forskolin were added
to maximally increase intracellular cAMP. As the FRET
ratio of YFP/CFP for ICUE3 decreases with increasing
cAMP levels, we used the inverse ratio of CFP normalized
to YFP to analyse FRET. FRET ratios were corrected for
photobleaching by normalizing to a linear fit of the data
and normalized to the initial fluorescence intensity for
each islet. Exendin-4-induced changes in cAMP levels
were calculated as a percentage increase from baseline
(0–5 min) after 25 min of E4 treatment. Forskolin- and
IBMX-induced increases in cAMP levels were calculated as
percentage increase from baseline (35 min) after 1–2 min
of forskolin+IBMX treatment.

Immunofluorescence and image analysis

After 24 h or 1 h treatment, as described above, islets
(50–75 per treatment) were fixed on ice with 4%
paraformaldehyde for 10 min. Islets were cryosectioned
(20 μm thick) and slices were blocked in 5%
normal donkey serum (NDS) in phosphate-buffered
saline (PBS) for 30–60 min and then incubated with
rabbit-anti-connexin36 primary antibody (NBP1-59254,
Novus Biologicals, Littleton, CO, USA) diluted 1:500
and goat-anti-glut2 primary antibody (Ab111117,
Abcam, Cambridge, MA, USA) diluted 1:200 or
mouse-anti-neural cell adhesion molecule (NCAM)
primary antibody (3576S, Cell Signaling Technology,
Danvers, MA, USA) diluted 1:100. After three washes
with PBS, slices were incubated with AlexaFluor 488
donkey anti-rabbit secondary antibody (711-545-152,
Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) diluted 1:1000 and AlexaFluor 568 donkey anti-goat
secondary antibody (ab175474, Abcam) diluted 1:100 or
AlexaFluor 647 donkey anti-mouse secondary antibody
(715-605-150, Jackson ImmunoResearch) diluted 1:1000.
All primary and secondary antibodies were diluted in 5%
NDS in PBS. Slides were incubated with primary and
secondary antibodies either overnight at 4°C or for at
least 2 h at room temperature. After three washes with
PBS, slides were mounted with Fluoromount containing
4′,6-diamidino-2-phenylindole (DAPI; Southern Biotech,
Birmingham, AL, USA).

Images of Cx36, NCAM and DAPI were collected on
either a Zeiss LSM 510 META or a Zeiss LSM 800 confocal
microscope with a ×63, 1.4 NA oil immersion objective,
obtaining six to eight images at increasing depths per
islet at 1 μm thickness. Image analysis was done using
ImageJ to quantify the number of nuclei per islet slice
by manual counting and a MATLAB program to identify
and quantify the number of Cx36 gap junction plaques
and total area of Cx36 staining, as previously reported
(Farnsworth et al. 2015). Contiguous regions of Cx36
positive staining were automatically identified and plaques
that did not colocalize with membrane NCAM staining
were removed, ensuring only Cx36 on the cell surface was
included in further analysis.

Statistical analysis

All data represents the averages of all experiments for each
treatment and error bars represent the standard error of
the mean (SEM). Sets of treatments were analysed with
analysis of variance (ANOVA) with or without repeated
measures and Tukey’s post hoc analysis with α = 0.05,
paired sample Student’s t-test with α = 0.05, or 95%
confidence intervals as indicated. P-values are presented
where a significant difference was determined. Differences
which were not significant are noted as n.s.
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Results

Exendin-4 overcomes cytokine-induced decreases in
Cx36 gap junction coupling and Ca2+ coordination

As previously reported (Farnsworth et al. 2015),
pro-inflammatory cytokines significantly decreased Cx36
gap junction coupling in both mouse islets (Fig. 1A and B,
P = 0.010; Videos S1–S4) and human islets (Fig. 1C and
D, P < 0.001; Videos S5–S8). Treatment with exendin-4
(E4) for 24 h prevented cytokine-induced decreases in gap
junction coupling in both mouse (Fig. 1A and B, P<0.001)
and human (Fig. 1C and D, P < 0.001) islets. Treatment
with E4 alone was sufficient to increase gap junction
coupling in mouse islets (Fig. 1A and B, P = 0.002);
however, in human islets E4 treatment alone did not
affect gap junction coupling (Fig. 1C and D). In mouse
islets, treatment with IBMX, which inhibits degradation
of cAMP by phosphodiesterase and increases intracellular

cAMP levels, was also sufficient to increase gap junction
coupling (Fig. 1E and F, P = 0.010) and protected against
cytokine-induced decreases in gap junction coupling (Fig.
1E and F, P < 0.001).

As electrical coupling regulates intracellular Ca2+
in the islet, we next determined if E4 could recover
cytokine-induced impairment of Ca2+ signalling. As
previously reported (Farnsworth et al. 2015) cytokine
treatment decreased glucose-stimulated (11 mM glucose)
Ca2+ pulsatility, oscillation coordination (P = 0.007,
Fig. 2A and B, Fig. 2D) and peak amplitude (Fig. 2E)
compared to control islets. Treatment with E4 blunted
the effects of cytokine treatment resulting in improved
oscillation coordination (P = 0.041, Fig. 2C and D)
and improved peak amplitude (Fig. 2E) compared to
cytokine treatment alone. Cytokine treatment alone
significantly increased Ca2+ oscillation frequency (Fig. 2F,
P = 0.043); however, concurrent treatment with cytokines
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Figure 1. Exendin-4 overcomes cytokine-induced
decreases in gap junction coupling
A and B, representative fluorescence recovery (A) and
mean gap junction (GJ) coupling rate (B) based on
fluorescence recovery rate (s−1) in mouse islets treated
with or without cytokines and with or without 10 nM
exendin-4 (E4) for 24 h (n = 5). C and D, representative
fluorescence recovery (C) and mean gap junction
coupling rate (D) based on fluorescence recovery rate
(s−1) in human islets treated with or without cytokines
and with or without 10 nM E4 for 24 h (n = 7). E and
F, representative fluorescence recovery (E) and mean
gap junction coupling rate (F) based on fluorescence
recovery rate (s−1) in mouse islets treated with or
without cytokines and with or without 100 μM IBMX
for 24 h (n = 4). B–D show means ± standard error of
the mean (SEM). B and D, P < 0.05 indicates a
significant difference based on repeated measures
ANOVA. F, P < 0.05 indicates a significant difference
based on one-way ANOVA. [Colour figure can be
viewed at wileyonlinelibrary.com]

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society



436 N. L. Farnsworth and others J Physiol 597.2

and E4 further increased oscillation frequency (Fig. 2F,
P = 0.004).

To further understand how changes in Cx36 gap
junction coupling and Ca2+ signalling affect islet function,
insulin secretion and intracellular cAMP levels were
analysed. As previously reported (Farnsworth et al. 2015),
cytokine treatment decreased the stimulation index (Fig.
3A, P=0.036). E4 blunted the effects of cytokine treatment
resulting in similar insulin secretion and stimulation
index (Fig. 3A, P = 0.005) compared to control islets.
In control islets, both E4 and F+IBMX induced robust
increases in cAMP levels as measured by the ICUE3 FRET
sensor (Fig. 3B and C); however, treatment with cytokines
for 24 h significantly dampened both the E4- and the
F+IBMX-induced increases in cAMP (Fig. 3D, P = 0.047
and 0.022, respectively).

To investigate the mechanism by which E4 preserves
gap junction coupling in cytokine-treated islets, we
determined changes in Cx36 protein on the β-cell
membrane using immunohistochemical analysis of
fixed mouse islets. Islets were costained for Cx36,
neural cell adhesion molecule (NCAM) as a marker

of the β-cell membrane, and DAPI staining of nuclei
(Fig. 4A). Clusters of Cx36 channels, termed plaques, were
identified as shown in Fig. 4A. As previously reported
(Farnsworth et al. 2015), islets treated with cytokines
have significantly less Cx36 stained area on the β-cell
membrane; however, treatment with E4 maintained
Cx36 area in cytokine-treated islets to levels similar to
that of untreated islets (Fig. 4B). Similarly, the number
of Cx36 plaques per cell was significantly reduced in
cytokine-treated islets and treatment with E4 maintained
Cx36 plaque number per cell in cytokine-treated islets
(Fig. 4C).

Exendin-4 protects against NO-activated
PKCδ-mediated decreases in gap junction coupling

We have previously reported that pro-inflammatory cyto-
kines decrease Cx36 gap junction coupling through
NO-activated PKCδ (Farnsworth et al. 2015). We sought
to determine if E4 treatment could protect against
PKCδ-mediated decreases in gap junction coupling.
Treatment with the PKCδ activator PMA for 1 h
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Figure 2. Exendin-4 overcomes cytokine-induced dysfunction of Ca2+ signalling
A–C, representative intracellular Ca2+ oscillations at 11 mM glucose in control (A), cytokine-treated (B), and
cytokine treatment with 10 nM E4 (C). D–F, fraction islet area with coordinated Ca2+ oscillations (n = 3) (D),
average Ca2+ oscillation peak normalized to control islets (n = 3) (E), and average oscillation frequency (Hz, n = 3)
(F) in mouse islets with cytokines, and with or without E4 as indicated. D–F show means ± SEM. D and F, P < 0.05
indicates a significant difference based on repeated measures ANOVA. E, ∗significant difference from controls
based on 95% confidence intervals; P < 0.05 indicates significance based on paired sample t-test.
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significantly decreased gap junction coupling (P = 0.005,
Fig. 5A). Concurrent treatment with PMA and E4 for 1 h
significantly improved gap junction coupling compared
to untreated cytokine treatment alone (P = 0.006,
Fig. 5A). Similarly, treatment with the NO donor molecule
SNAP for 1 h significantly decreased gap junction coupling
(P = 0.004, Fig. 5B), while concurrent treatment with
SNAP and E4 for 1 h significantly improved gap junction
coupling compared to untreated cytokine treatment alone
(P = 0.003, Fig. 5B).

Exendin-4 protects against cytokine-induced
decreases in Cx36 gap junction coupling via
both PKA and Epac2

As both PKA and Epac2 are activated by E4-induced
increases in cAMP (Tengholm & Gylfe, 2017), we sought
to determine the respective roles of PKA and Epac2
in mediating the protection of gap junction coupling
with E4 in cytokine-treated islets. Selective inhibition
of cAMP-activated PKA with Rp-cAMP did not affect
E4-mediated maintenance of gap junction coupling in
cytokine-treated mouse islets (Fig. 6A); however, in
human islets gap junction coupling was significantly

attenuated (P = 0.026, Fig. 6B). Treatment with the
PKA inhibitor alone for 24 h did not significantly affect
gap junction coupling in mouse islets (Fig. 6C). In
contrast, addition of the cAMP-dependent PKA activator
6-Bnz was sufficient to recover cytokine-induced
decreases in gap junction coupling in both mouse
(P < 0.001) and human (P = 0.003) islets (Fig. 6D and E).
Treatment with the PKA activator alone for 24 h did not
significantly affect gap junction coupling in mouse islets
(Fig. 6F).

Selective inhibition of Epac2 activation with ESI
attenuated E4-mediated preservation of gap junction
coupling in cytokine-treated mouse islets (P = 0.008,
Fig. 7A); however in human islets gap junction coupling
was only slightly reduced (P = 0.08, Fig. 7B). Treatment
with the Epac2 inhibitor ESI alone for 24 h did not
significantly affect gap junction coupling in mouse
islets (Fig. 7C). Addition of the cAMP-dependent Epac2
activator 8-Me preserved gap junction coupling in
cytokine-treated mouse (P < 0.001, Fig. 7D) and human
islets (P = 0.003, Fig. 7E) to levels similar to those of
islets treated with cytokines and E4. Treatment with the
Epac2 activator 8-Me alone for 24 h slightly increased gap
junction coupling (P = 0.05, Fig. 7F).
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To determine the mechanism of PKA and Epac2
regulation of Cx36 coupling, Cx36 protein levels on
the cell membrane were quantified. Activation of either
PKA or Epac2 in islets treated for 24 h with cytokine
preserved Cx36 area (Fig. 8A) and plaque number (Fig.
8B). Treatment with either the PKA activator or Epac2
activator with cytokine treatments did not significantly
improve insulin secretion compared to cytokine treatment
alone (data not shown). These results indicate that both
PKA and Epac2 play a role in E4 regulation of Cx36 gap
junction coupling in cytokine-treated islets with 24 h
treatments.
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Figure 4. Exendin-4 regulates gap junction coupling through
increases in Cx36 on the β-cell membrane
A, immunohistochemical staining of Cx36 gap junctions (green),
NCAM (red), nuclei (DAPI, blue), and Cx36 gap junction plaques
identified from Cx36 and NCAM staining in fixed mouse islets. B and
C, quantification of Cx36 plaque area per number of nuclei (B) and
number of Cx36 plaques per number of nuclei (C) in mouse islets
treated with cytokines and 10 nM exendin-4 as indicated for 24 h,
normalized to control islets from each experiment (n = 3). B and C
show means ± SEM. ∗Significant difference from control islets
determined with 95% confidence intervals. [Colour figure can be
viewed at wileyonlinelibrary.com]

PKA mediates E4 protection of Cx36 gap junction
coupling with acute cytokine treatment

We next tested E4-mediated protection from
cytokine-induced decreases in Cx36 gap junction
coupling on an acute 1 h time scale. Similar to 24 h
treatments, 1 h cytokine treatment significantly reduced
gap junction coupling (P < 0.001, Fig. 9A), as previously
reported (Farnsworth et al. 2015). E4 treatment prevented
cytokine-induced decreases in gap junction coupling over
the 1 h treatment (P < 0.001); however, E4 treatment
alone for 1 h was not sufficient to increase gap junction
coupling (Fig. 9A). One hour treatment with the PKA
inhibitor Rp-cAMP did not significantly attenuate the
E4-mediated preservation of gap junction coupling (Fig.
9B), similar to 24 h treatment. One hour treatment
with the PKA activator 6-Bnz showed similar protection
against cytokine-mediated decreases in gap junction
coupling as in E4-treated islets (Fig. 9C). In contrast,
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Gap junction coupling (GJ coupling rate) based on fluorescence
recovery rate (s−1) in mouse islets treated with 300 μM of the PKCδ

activator PMA with or without 10 nM E4 (n = 4) (A) or 5 mM of the
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(B) for 1 h. A and B show means ± SEM. P < 0.05 indicates a
significant difference based on repeated measures ANOVA.
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1 h treatment with the Epac2 inhibitor ESI did not
significantly attenuate the E4-mediated preservation of
gap junction coupling (Fig. 9D). One hour treatment with
the Epac2 activator 8-Me did not significantly protect
against cytokine-mediated decreases in gap junction
coupling with 1 h treatment (Fig. 9E).

To further elucidate the mechanism of PKA and Epac2
regulation of Cx36 coupling, Cx36 protein levels on the
cell membrane were quantified. Acute (1 h) treatment
with cytokines with and without E4 had no effect on
Cx36 area (Fig. 9F) or plaque number (data not shown).
Acute treatment with cytokines alone or in combination
with PKA or Epac2 activation did not affect Cx36 area
(Fig. 9G) or plaque number (data not shown). These
results indicate that both PKA and Epac2 regulate Cx36
levels and coupling with chronic E4 treatment, but PKA
can regulate Cx36 coupling with acute E4 treatment.

Discussion

Pro-inflammatory cytokines contribute to β-cell death
and dysfunction in both type 1 and type 2 diabetes.

In vitro, cytokines alter islet Ca2+ signalling and gap
junction coupling, similar to what has been observed in
models of pre-diabetes. Our previous study has shown that
factors that increase intracellular cAMP increase Cx36 gap
junction coupling, and in other cell types cAMP-activated
PKA and Epac2 play a role in regulating gap junctions.
The goal of this study was to determine if increasing cAMP
with E4 can overcome cytokine-induced decreases in Cx36
gap junction coupling and altered Ca2+ signalling and
to determine the role of both PKA and Epac2 in cAMP
regulation of Cx36 coupling.

Exendin-4 protects against cytokine-induced islet
dysfunction via increased plasma membrane Cx36

In this study we found that E4 increased Cx36 coupling
in mouse islets following 24 h treatment. E4 alone did
not affect Cx36 coupling in human islets. Differential
effects of cAMP increases on human islets have been
reported with donor age, including impaired E4-induced
proliferation in donors >35 years of age (Tian et al.
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Figure 6. Role of PKA in mediating exendin-4 regulation of gap junction coupling
A and B, gap junction coupling (GJ coupling rate) based on fluorescence recovery rate (s−1) in mouse (n = 5) (A)
and human (n = 4) (B) islets treated with cytokines, 10 nM exendin-4 and 100 μM of the PKA inhibitor Rp-cAMP
as indicated for 24 h. C, gap junction coupling in mouse islets treated with the PKA inhibitor Rp-cAMP alone for
24 h (n = 4). D and E, gap junction coupling in mouse (n = 5) (D) and human (n = 4) (E) islets treated with
cytokines, 10 nM exendin-4 and 300 μM of the PKA activator 6-Bnz as indicated for 24 h. F, gap junction coupling
in mouse islets treated with the PKA activator 6-Bnz alone for 24 h (n = 4). Data represent means ± SEM. P < 0.05
indicates a significant difference based on repeated measures ANOVA.
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2011). While age-based comparisons of E4 regulation of
Cx36 were not possible due to the lack of diversity in
donor age, the age of the donors (median �44 years) may
partially explain the difference in E4-induced increases in
coupling in mouse compared to human islets. Regardless,
in both mouse and human islets, treatment with cyto-
kines decreased Cx36 gap junction coupling, as we have
previously reported (Farnsworth et al. 2015). Johnston
et al. similarly found that treatment with IL-1β and TNF-α
decreased hub cell coupling with neighbouring β-cells,
reduced Cx36 gene expression and reduced Cx36 staining
on the cell surface as measured by immunohistochemistry
(Johnston et al. 2016). In our study, concurrent treatment
with cytokines and E4 prevented losses in Cx36 gap
junction coupling. Our results combined with the findings
of Johnston et al. suggest that E4 may protect against
loss of hub cell coupling. Increases in Cx36 coupling
with IBMX, a phosphodiesterase inhibitor which raises
intracellular cAMP independent of GLP-1R activation,
under both normal and cytokine-stressed conditions
indicates that GLP-1R regulation of Cx36 coupling is

likely mediated by increased cAMP alone, rather than
in combination with other signalling cascades associated
with GLP-1R activation such as mitogen-activated protein
kinase, phosphoinositide 3-kinase (Doyle & Egan, 2007),
and PKC (Shigeto et al. 2015).

While changes in Cx36 gap junction coupling as
measured by FRAP reflect changes in Cx36 protein levels,
changes in Cx36 channel conductance and electrical
coupling as measured by dye coupling are only correlative
(Benninger et al. 2008). Therefore, to assess changes in
electrical coupling and Cx36 channel conductance, we
measured coordination of glucose-induced intracellular
Ca2+ oscillations. E4 protection against cytokine-induced
decreases in coupling is further supported by the
observed improvement in Ca2+ oscillation coordination
and peak amplitude in islets treated with cytokines
and E4, compared to cytokines alone. While peak Ca2+
amplitude was improved with E4 treatment compared to
cytokine-treated islets, the amplitude was still significantly
reduced compared to controls. Tong et al. (2015) have
shown that cytokines decrease levels of SERCAb2, an
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Figure 7. Role of EPAC2 in mediating exendin-4 regulation of gap junction coupling
A and B, gap junction coupling (GJ coupling rate) based on fluorescence recovery rate (s−1) in mouse (n = 5) (A)
and human (n = 5) (B) islets treated with cytokines, 10 nM exendin-4 and 10 μM of the EPAC inhibitor ESI as
indicated for 24 h. C, gap junction coupling in mouse islets treated with the EPAC2 inhibitor ESI alone for 24 h
(n = 5). D and E, gap junction coupling in mouse (n = 5) (D) and human (n = 5) (E) islets treated with cytokines,
10 nM exendin-4 and 300 μM of the EPAC activator 8-Me as indicated for 24 h. F, gap junction coupling in mouse
islets treated with the EPAC2 activator 8-Me alone for 24 h (n = 5). Data represent means ± SEM. P < 0.05
indicates a significant difference based on repeated measures ANOVA.
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ER Ca2+ channel, resulting in altered Ca2+ signalling.
Taken together with the results of this study, this
indicates that cytokines affect multiple regulators of
islet Ca2+ signalling, and E4 rescues Cx36 electrical
coupling-induced changes in Ca2+ signalling, but other
mechanisms likely remain unaltered. Treatment with cyto-
kines significantly increased Ca2+ oscillation frequency,
which is consistent with the study by Dickerson et al.
(2018). Ca2+ oscillation frequency was further increased
compared to control and cytokine-treated islets. As E4
regulates KATP channel activity, where KATP channel
closure mediates glucose-stimulated Ca2+ oscillations
(Light et al. 2002), this could potentially explain the
E4-mediated increases in oscillation frequency. However,
further experiments are required to fully explore the role
of E4 in regulating Ca2+ oscillations.

Further analysis of islet function revealed that E4
protected against cytokine-induced decreases in insulin
secretion. While E4 is a rapidly acting insulin secretagogue,
its effects are not prolonged (Alarcon et al. 2006), as
supported by our data where E4 treatment alone prior
to analysis of insulin secretion did not significantly
affect the stimulation index. This suggests that any
recovery in insulin secretion with cytokines and E4
combined may be due to increased Cx36 coupling rather
than increased amplification of insulin secretion. While
cytokine treatment significantly decreased both E4 and
F+IBMX-mediated increases in intracellular cAMP, E4 did
still increase cAMP levels, likely resulting in the improved
glucose-stimulated insulin secretion observed.

To determine the mechanism of E4 regulation of
Cx36, we analysed immunohistochemical staining of
Cx36. Cx36 connexons, or functional channels, aggregate
in the cellular membrane at tight junctions forming
plaques, or gap junctions (Duffy et al. 2002). While cAMP
has been shown to increase gap junction coupling in
Novikoff hepatoma cells (Paulson et al. 2000) and smooth

muscle cells (Begandt et al. 2013), the mechanisms of
cAMP regulation of Cx36 coupling in β-cells has not
been directly studied. Changes in Cx36 turnover may
reflect a number of regulatory mechanisms, including
Cx36 gene expression, Cx36 trafficking to the membrane,
recruitment and assembly of Cx36 into gap junction
plaques, and endocytosis of connexons to be recycled
(Segretain & Falk, 2004; Laird, 2006; Farnsworth &
Benninger, 2014). Treatment with E4 protected against
cytokine-induced decreases in Cx36 plaque area and num-
ber, suggesting that E4 regulates Cx36 turnover at the cell
membrane in cytokine-treated islets. Experiments with
1h treatments did not show significant changes in Cx36
levels, further supporting a role for E4 in mediating Cx36
turnover as the half-life of Cx36 is �4 h (Laird, 2006).

PKCδ is activated by pro-inflammatory cytokines
in the β-cell (Carpenter et al. 2001) and has been
shown to mediate free fatty acid-induced β-cell apoptosis
(Eitel et al. 2003). Our previous study has shown that
pro-inflammatory cytokines decrease Cx36 gap junction
coupling through NO-activated PKCδ (Farnsworth et al.
2015). Our results indicate that E4 protects against NO-
and PKCδ-mediated decreases in Cx36 gap junction
coupling. In the brain, E4 has been shown to activate
PKCδ (Cabou et al. 2011); however, no link between E4
or cAMP and PKCδ has been identified in the β-cell.
Our previous study found that cytokines decrease Cx36
plaque area per cell via PKCδ; therefore, we propose that
E4 protects against NO-activated PKCδ-induced decreases
in Cx36 coupling by preserving functional Cx36 plaque
area, rather than directly interacting with PKCδ. As
Cx36 gap junction coupling has been shown to protect
against cytokine-induced β-cell apoptosis (Allagnat et al.
2013), increases in Cx36 coupling may contribute to
the mechanism by which E4 treatment protects against
decline in islet mass in a mouse model of type 1 diabetes
(Hadjiyanni et al. 2008).
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PKA mediates acute cAMP-induced regulation of Cx36
gap junction coupling

To determine the mechanism of cAMP regulation of Cx36
coupling, we investigated the roles of cAMP-activated PKA
and Epac2, which mediate cAMP-induced augmentation

of glucose stimulated insulin secretion (Tengholm & Gylfe,
2017). Our results indicate that under the stress of cyto-
kine treatment, PKA plays a role in mediating cAMP
regulation of Cx36 in both mouse and human islets. As
PKA alone did not significantly alter coupling in healthy
islets, this may suggest that PKA may differentially regulate
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Figure 9. Exendin-4 acutely mediates gap
junction coupling via PKA in mouse islets
A–E, gap junction coupling (GJ coupling rate) based
on fluorescence recovery rate (s−1) in mouse islets
treated with cytokines and 10 nM exendin-4
(n = 4–5) (A–E), 100 μM of the PKA inhibitor
Rp-cAMP (n = 4) (B), 300 μM of the PKA activator
6-Bnz (n = 4) (C), 10 μM of the EPAC inhibitor ESI
(n = 4) (D), or 300 μM of the EPAC activator 8-Me
(n = 4) (E) as indicated for 1 h. Data represent
means ± SEM. P < 0.05 indicates a significant
difference based on repeated measures ANOVA. F,
quantification of Cx36 plaque area per number of
nuclei in mouse islets treated with cytokines and
10 nM exendin-4 as indicated for 1 h, normalized to
control islets from each experiment (n = 3). G,
quantification of Cx36 plaque area per number of
nuclei in mouse islets treated with cytokines, 10 nM
exendin-4, the PKA activator 6-Bnz, or the Epac2
activator 8-Me as indicated for 1 h, normalized to
control islets from each experiment (n = 3). Data
represent means ± SEM. ∗Significant difference from
control islets determined with 95% confidence
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Cx36 coupling under normal and stressed environments.
Under acute (1 h) cytokine treatment, E4 protected against
cytokine-induced decreases in Cx36 coupling with PKA
dependence, while Cx36 levels at the cell membrane
were not altered with acute activation of PKA. This
implies that PKA regulates Cx36 coupling via a fast
mechanism, such as Cx36 phosphorylation and channel
gating, under inflammatory conditions. In the retina, PKA
phosphorylation of serine293 has been shown to increase
Cx36 coupling without affecting trafficking or distribution
of Cx36 on the cell membrane, supporting this potential
mechanism in the islet (Kothmann et al. 2009; Ivanova
et al. 2015).

In cardiomyocytes, PKA is anchored to the cell
membrane by A-kinase anchoring protein (AKAP), which
colocalizes with gap junctions and mediates increases in
gap junction coupling initiated by localized increases in
cAMP (Pidoux & Taskén, 2015). Similar machinery exists
in β-cells to localize PKA to tight junctions (Lester et al.
1997), where Cx36 plaques are localized in the plasma
membrane (Serre-Beinier et al. 2009), further supporting
a role for PKA in directly mediating protection against
cytokine-induced decreases in Cx36 coupling via channel
gating. Changes in PKA localization, and therefore action,
with sequestering by different members of the AKAP
family may explain the differential role for PKA under
normal and cytokine-stressed conditions as found in this
study.

Overall, our results indicate that PKA plays a role
in mediating E4 protection against cytokine-induced
decreases in Cx36 gap junction coupling. Based on our

findings, we propose that E4-activated PKA regulates Cx36
coupling via gating of gap junction channel conductance
as shown in Fig. 10.

Epac2 mediates cAMP-induced Cx36 turnover

Our studies indicate a role for Epac2 alone in mediating
Cx36 gap junction coupling as well as protecting against
cytokine-induced decreases in Cx36 gap junction coupling
in mouse islets. While Epac2 plays a significant role
in E4 protection against cytokine-induced decreases in
Cx36 coupling and Cx36 levels under 24 h treatment,
Epac2-mediated protection was minimal under acute
(1 h) treatment and no changes in Cx36 levels at the
cell membrane were detected. This suggests that Epac2
regulates Cx36 coupling via slower mechanisms which
occur on a time scale >1 h, such as trafficking, assembly, or
turnover of Cx36 channels which occurs over �4 h (Wang
et al. 2015). The robust increase in Cx36 plaque area per
cell in 24 h E4 and cytokine-treated islets compared to
untreated controls supports this hypothesis.

In neurons and cardiomyocytes Epac2 regulates gap
junction coupling via Ras-related protein 1 (Rap1),
a GTP-binding protein, and afadin (AF6), which are
proposed to mediate gap junction assembly and turnover
(Somekawa et al. 2005; Li et al. 2012b). While cAMP
mediates priming of insulin secretion granules via Rap1
(Leech et al. 2010), it is unknown if AF6 is expressed
in β-cells. In general, cell–cell adhesion via adherens
and tight junctions where Cx36 plaques are localized
is mediated by occludins, cadherins and nectins, which
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Figure 10. cAMP-activated PKA and Epac2 mediate exendin-4 regulation of Cx36 gap junction coupling
Cytokines decrease Cx36 coupling via NO and PKCδ-mediated decreases in Cx36 trafficking and channel gating.
Exendin-4 counteracts cytokine-induced decreases in coupling via both PKA and Epac2. In human islets (striped
arrows), PKA played a greater role in mediating Cx36 coupling; however, in mouse islets (solid arrows) Epac2
played a greater role in mediating Cx36 coupling. PKA mediates Cx36 coupling under cell stress conditions through
gating of Cx36 channel conductance likely mediated by AKAP sequestering near the plasma membrane (1). Epac2
mediates Cx36 coupling through channel turnover by Cx36 channel trafficking (2), gap junction assembly (3), or
Cx36 channel recycling (4). Epac2 regulation of gap junction turnover likely occurs via Ras-related protein 1 (Rap1)
activation of afadin (AF6), which colocalizes with Cx36. [Colour figure can be viewed at wileyonlinelibrary.com]
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recruit zonula occludin 1 (ZO1), α- and β-catenin and
AF6, respectively, to the plasma membrane (Segretain &
Falk, 2004; Campbell et al. 2017). As ZO1 has been shown
to colocalize with Cx36 in several cell types (Giepmans,
2004; Li et al. 2004), AF6 may also be present at these
junctions in the β-cell and could mediate Epac2 regulation
of Cx36 turnover.

We observed species-dependent differences in the
respective roles of PKA and Epac2 in mediating E4
protection against cytokines. In human islets, PKA
appeared to strongly mediate E4 protection, while in
mouse islets Epac2 strongly mediated E4 protection. One
study in human islets has shown that Epac2-mediated
potentiation of glucose-stimulated insulin secretion is
dependent on activation of PKA, suggesting that activation
of PKA may dominantly mediate E4 signalling in human
islets, as seen in this study (Chepurny et al. 2010). RNA
sequencing of human and mouse islets has also shown
decreased expression of RAPGEF4, the gene encoding
Epac2, in human islets compared to mouse islets (Benner
et al. 2014). This may also explain the minimal role
for Epac2 in regulating Cx36 coupling in human islets
compared to mouse islets.

Overall, our results suggest that in healthy islets Epac2
plays a role in E4-induced increases in Cx36 coupling
by regulation of Cx36 trafficking, gap junction assembly,
or connexon endocytosis in the β-cell, as shown in
Fig. 10. Under the stress of cytokine treatment, both PKA
and Epac2 play a role in E4-mediated protection against
cytokine-induced decreases in Cx36 coupling, where PKA
likely regulates channel gating.

Conclusion

This study has built upon our previous work, which
found pro-inflammatory cytokines decreased Cx36 gap
junction coupling and that increases in cAMP increase
Cx36 coupling. Our results indicate that the GLP-1R
agonist exendin-4 can protect against cytokine-induced
decreases in Cx36 coupling in both mouse and human
islets by preserving Cx36 gap junction area on the β-cell
surface. Our results implicate that both cAMP-activated
PKA and Epac2 play a role in mediating this protection,
where PKA plays a greater role in human islets and
Epac2 plays a greater role in mouse islets. Specifically,
we propose that PKA mediates Cx36 channel gating and
Epac2 mediates Cx36 gap junction trafficking, assembly
and turnover. Future studies will be needed to further
define the molecular mechanisms underlying Epac2 and
PKA regulation of Cx36 gap junctions under normal
and stress conditions. As Cx36 coupling protects against
cytokine-mediated apoptosis in vitro and is important for
regulating insulin secretion dynamics, treatments which
can increase Cx36 coupling in vivo may protect against

β-cell death and dysfunction during the development of
diabetes.
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Translational perspective

Pro-inflammatory cytokines contribute to pancreatic β-cell death and dysfunction in both type 1 and
type 2 diabetes. We have previously shown that cytokines decrease β-cell coupling, which regulates
glucose-stimulated insulin secretion, while compounds that increase intracellular cAMP can increase
coupling. The goal of this study was to determine if increasing cAMP with exendin-4 (exenatide)
can overcome cytokine-induced decreases in β-cell coupling and insulin secretion. We found that in
mouse and human islets exendin-4 protected against cytokine-mediated decreases in β-cell coupling
via distinct mechanism. As Cx36 coupling protects against cytokine-mediated apoptosis in vitro and
is important for regulating insulin secretion dynamics, treatments which can increase Cx36 coupling
in vivo may protect against β-cell death and dysfunction during the development of diabetes. This
may partially explain the ability of exendn-4 to improve glycaemic control in patients with type 2
diabetes and to improve graft viability in mice receiving islet transplants.

Supporting information

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Video S1: Mouse Control 24h FRAP
Video S2: Mouse Control + Exendin-4 24h FRAP

Video S3: Mouse Cytokine 24h FRAP
Video S4: Mouse Cytokine + Exendin-4 24h FRAP
Video S5: Human Control 24h FRAP
Video S6: Human Control + Exendin-4 24h FRAP
Video S7: Human Cytokine 24h FRAP
Video S8: Human Cytokine + Exendin-4 24h FRAP

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society


