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Abstract
Glucagon like peptide-1 (GLP-1) is released from intestinal L-cells in response to nutrient ingestion and acts upon pancreatic
b-cells potentiating glucose-stimulated insulin secretion and stimulating b-cell proliferation, differentiation, survival and
gene transcription. These effects are mediated through the activation of multiple signal transduction pathways including
the extracellular regulated kinase (ERK) pathway. We have previously reported that GLP-1 activates ERK through a
mechanism dependent upon the influx of extracellular Ca2+ through L-type voltage gated Ca2+ channels (VGCC). However,
the mechanism by which L-type VGCCs couple to the ERK signalling pathway in pancreatic b-cells is poorly understood. In
this report, we characterise the relationship between L-type VGCC mediated changes in intracellular Ca2+ concentration
([Ca2+]i) and the activation of ERK, and demonstrate that the sustained activation of ERK (up to 30 min) in response to GLP-1
requires the continual activation of the L-type VGCC yet does not require a sustained increase in global [Ca2+]i or Ca2+ efflux
from the endoplasmic reticulum. Moreover, sustained elevation of [Ca2+]i induced by ionomycin is insufficient to stimulate
the prolonged activation of ERK. Using the cell permeant Ca2+ chelators, EGTA-AM and BAPTA-AM, to determine the spatial
dynamics of L-type VGCC-dependent Ca2+ signalling to ERK, we provide evidence that a sustained increase in Ca2+ within
the microdomain of the L-type VGCC is sufficient for signalling to ERK and that this plays an important role in GLP-1stimulated ERK activation.
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agents that activate L-type VGCCs, such as glucose, depolarising
concentrations of K+ or Bay-K 8644, an L-type VGCC agonist, all
lead to the activation of ERK via a nifedipine-sensitive pathway
[3–6,11]. However, the mechanism by which GLP-1 signals to
ERK via the L-type VGCC is unknown.
In this report, we provide evidence that, in the pancreatic b-cell
line Mouse insulinoma-6 cells (MIN6 cells) [12], GLP-1 stimulates
ERK phosphorylation through a mechanism requiring the
sustained activation of L-type VGCCs but which does not require
a sustained global increase in [Ca2+]i. Instead, we show that a
sustained increase in [Ca2+] within the microdomain of the L-type
VGCC is sufficient for L-type VGCC signalling to ERK activation
and plays an important role in the sustained phase of ERK
activation in response to GLP-1.

Introduction
GLP-1 is a hormone secreted from intestinal L-cells in
response to nutrients (for reviews see [1,2]). The primary site
of GLP-1 action is the pancreatic b-cell where it stimulates
proliferation, differentiation, insulin gene transcription, and the
potentiation of glucose-dependent insulin secretion. These effects
are mediated through the activation of the GLP-1 receptor
(GLP-1R), a Gas-protein coupled receptor of the secretin/
glucagon type B family. GLP-1R agonists stimulate an increase
in the production of cAMP, which potentiates glucose-stimulated
rises in intracellular free [Ca2+] ([Ca2+]i), and thus insulin
secretion through a number of mechanisms including the
inactivation of K+ATP channels. GLP-1 also potentiates glucose-stimulated ERK activation [3–7], and importantly the
activation of ERK has been shown to play a positive role in the
stimulation of pancreatic b-cell proliferation, differentiation,
survival and insulin gene transcription [7–9]. Furthermore, in
the pancreatic b-cell line MIN6 (mouse insulinoma 6), glucoseinduced ERK1/2 activation enhances insulin secretion via the
phosphorylation of synapsin I [10].
We have previously reported that GLP-1-stimulated ERK
activation in b-cells is dependent on the influx of Ca2+ through the
L-type VGCC, as nifedipine, an L-type VGCC blocker, effectively
inhibits GLP-1-induced ERK activation [4]. Moreover, other
PLoS ONE | www.plosone.org

Results
GLP-1 stimulated ERK activation requires L-type VGCC
activation
GLP-1 signalling to ERK was characterised in the pancreatic
b-cell line MIN6 [12]. Cells were incubated with 16.7 mM
glucose in the presence and absence of 10 nM GLP-1 for up to
30 min and changes in the phosphorylation status of ERK were
determined as an index of ERK activation. As previously
1
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reported [4], glucose led to an increase in ERK activation, which
was potentiated by GLP-1 (Figure 1a). To confirm the
dependency of GLP-1-stimulated ERK phosphorylation on Ltype VGCC channel activation, MIN6 cells were treated with
glucose plus GLP-1 for up to 30 min in the presence or absence
of the L-type VGCC blocker, nifedipine (Figure 1b). GLP-1 plus
glucose treatment of MIN6 cells resulted in the rapid

phosphorylation of ERK that remained elevated for the duration
of the experiment. These increases in ERK phosphorylation
were inhibited by nifedipine at all time points tested. Similar
results were obtained using another L-type VGCC blocker
dilitiazem (Figure 1c). These results confirm that in MIN6 cells,
GLP-1-stimulated ERK phosphorylation in the presence of an
elevated concentration of glucose requires L-type VGCC

Figure 1. GLP-1-stimulated ERK activation requires L-type VGCC activation. a) MIN6 cells were preincubated for 1 h in KRB supplemented
with 1 mM glucose. Cells were then incubated in 16.7 mM glucose in the absence or presence of 10 nM GLP-1. Proteins were resolved by SDS-PAGE
and Western blotted using anti-phospho-ERK1/2 (pERK) or anti-ERK2 (ERK2) antibodies. A representative blot is shown above densitometric analysis
of the results showing mean +S.E.M. (n = 5). All statistical comparisons were by one-way ANOVA with Bonferroni’s multiple comparison test compared
to glucose alone at each time point; *, P,0.05; **, P,0.01; ***, P,0.001. b) MIN6 cells were preincubated for 1 h in KRB supplemented with 1 mM
glucose. Cells were stimulated with 10 nM GLP-1 plus 16.7 mM glucose in the presence or absence of 10 mM nifedipine for the times indicated.
Proteins were resolved by SDS-PAGE and Western blotted using anti-phospho-ERK1/2 and anti-ERK2 antibodies. A representative blot is shown above
densitometric analysis of the results showing mean +S.E.M. (n = 3). All statistical comparisons were by one-way ANOVA with Bonferroni’s multiple
comparison test compared to GLP-1 plus glucose at each time point; *, P,0.05; **, P,0.01; ***, P,0.001. c) MIN6 cells were preincubated for 1 h in
KRB supplemented with 1 mM glucose. Cells were stimulated with 10 nM GLP-1 plus 16.7 mM glucose in the presence or absence of 50 mM
dilitiazem for the times indicated. Cell lysates were analysed by SDS-PAGE and Western blotting using anti-phospho-ERK1/2 or anti-ERK2 antibodies.
A representative blot is shown above densitometric analysis of the results 6 S.E.M. All statistical comparisons were by one-way ANOVA with
Bonferroni’s multiple comparison test compared to glucose plus GLP1; *, P,0.05; **, P,0.01; (n = 3). d) MIN-6 cells were loaded with fura-2-AM and
[Ca2+]i levels measured using epifluorescence microscopy. i) Representative traces from single cells incubated with 1 mM glucose (control), 16.7 mM
glucose (glucose), 10 nM GLP-1 plus 16.7 mM glucose (GLP-1/glucose) or 10 nM GLP-1 plus 16.7 mM glucose in the presence of 10 mM nifedipine
(GLP-1/glucose + nifedipine). ii) Area under the curve (A.U.C.) across the 30 min stimulation showing mean +S.E.M. (n.30). Statistical comparisons
were by one-way ANOVA with Dunnett’s range test compared to GLP-1 plus glucose; ***, P,0.001. e) Membrane potential recordings from MIN6 cells
recorded in the perforated-patch, current-clamp mode. i) The effect of addition of 10 nM GLP-1 plus 16.7 mM glucose on membrane potential. ii) A
membrane potential recording after 5.5 min in the continuous presence of 10 nM GLP-1 and 16.7 mM glucose. iii) After 10 min in the presence of
10 nM GLP-1 and 16.7 mM glucose, the effect on excitability of bath application of nifedipine (10 mM) was recorded.
doi:10.1371/journal.pone.0033004.g001
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The role of intracellular Ca2+ stores in GLP-1-stimulated
ERK activation

activation. In order to investigate the temporal correlation of
GLP-1 plus glucose-stimulated L-type VGCC-dependent ERK
activation with increases in [Ca2+]i, changes in [Ca2+]i were
assessed by single-cell epifluorescence microscopy in response to
glucose, GLP-1 plus glucose or GLP-1 plus glucose in the
presence of nifedipine. Application of 16.7 mM glucose alone
caused a rise in [Ca2+]i initiating approximately 5 min after
application which, like ERK activation, was potentiated by
10 nM GLP-1 (Figure 1d). The co-application of nifedipine
blocked GLP-1 plus glucose stimulated increases in [Ca2+]i
(Figure 1d). Using an electrophysiological approach, we also
show that GLP-1 plus glucose application caused membrane
depolarisation (to 22162 mV from 262.562.2 mV; n =
17.cells) and action potential firing (figure 1e i and ii).
Application of nifedipine did not cause membrane repolarization
but did cause a loss of action potential firing (Figure 1e iii). This
is consistent with recordings form human pancreatic b-cells in
which a Ca2+ channel blocker, isradipine, caused action
potential failure [13]. These data provide evidence that the
activation of L-type VGCCs play an important role in the
membrane excitability and that increases in [Ca2+]i coincide
with increased ERK phosphorylation.

Our data indicate that increases in [Ca2+]i, mediated by the
influx of Ca2+ though L-type VGCC are necessary for GLP-1 plus
glucose-stimulated ERK activation. However, it is also possible
that ERK activation is mediated by Ca2+ induced Ca2+ release
(CICR) from intracellular stores triggered by Ca2+ entry through
L-type VGCCs. Indeed, it has been reported that glucose plusGLP-1-stimulated ERK activation in INS-1 cells is dependent
upon CICR [3,14]. To investigate the role of endoplasmic
reticulum (ER) Ca2+ stores in GLP-1 plus glucose-stimulated
ERK activation, MIN6 cells were pre-incubated with ryanodine,
to inhibit ryanodine receptors and thus CICR, or thapsigargin to
inhibit ER Ca2+-ATPase and to cause ER store depletion
(Figure 3). The cells were then incubated with 10 nM GLP-1
plus 16.7 mM glucose. However, these inhibitors had no
significant effect on the GLP-1 plus glucose-stimulated ERK
phosphorylation over the 30 min time-course of the experiment
(Figure 3a). The effectiveness of the thapsigargin and ryanodine in
blocking IP3 and RyR dependent Ca2+ efflux respectively from
ER-Ca2+ stores was confirmed using either carbachol, which
robustly stimulates IP3-dependent release of Ca2+ from intracellular stores via activation of the muscarinic M3 receptor [15]
(Figure 3c) or caffeine which stimulates Ca2+ release via activation
of the RyR [16] (Figure 3b). These data provide evidence that
Ca2+ release from the ER is not essential for L-type VGCC
signalling to ERK in MIN6 cells.

The sustained activation of L-type VGCCs is required for
the sustained activation of ERK
To determine whether the sustained activation of L-type
VGCCs is required for the sustained activation of ERK, MIN6
cells were treated with GLP-1 plus glucose in the presence or
absence of nifedipine for up to 30 min. Nifedipine was applied to
the cells at the same time as GLP-1 or 10 and 20 min post-GLP-1
plus glucose treatment and incubated for up to 30 minutes
(Figure 2). GLP-1 plus glucose led to an increase in ERK
phosphorylation which was inhibited by nifedipine at all times
post-nifedipine application (Figure 2). These results demonstrate
that the sustained activation of L-type VGCCs is required for the
sustained activation of ERK.

A sustained increase in [Ca2+]i is insufficient for the
sustained activation of ERK
Our data indicate that there is a temporal correlation between
an elevation in [Ca2+]i via L-type VGCC activation and ERK
phosphorylation. Therefore, it is possible that the sustained L-type
VGCC-dependent phosphorylation of ERK, observed upon
depolarisation, is due to the long-lasting current maintained by
this channel and thus its ability to maintain sustained elevations in

Figure 2. The sustained activation of L-type VGCCs is required for the sustained activation of ERK. MIN6 cells were preincubated for 1 h
in KRB supplemented with 1 mM glucose. The cells were then incubated in KRB containing 10 nM GLP-1 and 16.7 mM glucose in the absence or
presence of 10 mM nifedipine applied at either 0, 10 or 20 min post-GLP-1/glucose addition. Proteins were resolved by SDS-PAGE and Western
blotted using anti-phospho-ERK1/2 (pERK) and anti-ERK2 (ERK2) antibodies. A representative blot is shown with densitometric analysis of the results
below showing mean +S.E.M. (n = 3). Results were analysed using two-way ANOVA with Bonferroni’s multiple comparison test compared to GLP-1
plus glucose; **, P,0.01; ***, P,0.001.
doi:10.1371/journal.pone.0033004.g002
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Figure 3. The role of intracellular Ca2+ stores in GLP-1-stimulated ERK activation. a) MIN6 cells were either pre-incubated in KRB
supplemented with 1 mM glucose in the absence (control) or presence of 100 mM ryanodine or 1 mM thapsigargin for 30 min prior to treatment with
10 nM GLP-1 plus 16.7 mM glucose for the times indicated. Where indicated, cells were also treated with 16.7 mM glucose alone. Proteins were
separated by SDS-PAGE and Western blotted using anti-phospho-ERK1/2 (pERK) and anti-ERK1/2 (ERK1/2) antibodies. A representative blot is shown
with densitometric analysis of the results below showing mean +S.E.M. (n = 3). Data were analysed by two-way ANOVA with Bonferroni’s multiple
comparison test compared to GLP-1 plus glucose at each time point. No significant differences were observed. b) MIN6 cells incubated in the absence
of extracellular Ca2+ calcium were preincubated without or with 100 mM ryanodine for 30 min prior to the addition 10 mM caffeine. Changes in
fluorescence as an index of [Ca2+]i were determined in fluo-4-loaded cells using a NOVOstar platereader. c) MIN6 cells incubated in the absence of
extracellular Ca2+ were pretreated without or with 1 mM thapsigargin for 30 min prior to the addition 100 mM carbachol (Carb.) . Changes in [Ca2+]i
were determined in fluo-4-loaded cells using a NOVOstar platereader ***, P,0.001 by Student’s t test.
doi:10.1371/journal.pone.0033004.g003

(50 mM), which caused a much lower increase in [Ca2+]i through
membrane depolarisation and L-type VGCC channel activation
(Figure 4). These data provide evidence that L-type VGCC
signalling to ERK occurs via a mechanism that is not solely
dependent upon the sustained global increase in [Ca2+]i but is
integrally linked to the activation of L-type VGCCs.

[Ca2+]i (Figure 2). Indeed, an elevation in extracellular potassium
results in the robust increase in [Ca2+]i and the activation of ERK,
which are blocked by nifedipine (figure 4a and b). However, to
investigate whether sustained increases in [Ca2+]i, independent of
L-type VGCC activation, are sufficient for sustained ERK
activation, we chronically elevated [Ca2+]i by treating the cells
with ionomycin, a Ca2+ ionophore. Although ionomycin caused a
sustained elevation of [Ca2+]i (Figure 4c), it was unable to induce
the sustained activation of ERK (Figure 4d). However, ionomycin
was able to cause the transient phosphorylation of ERK (Figure 4d)
but the intensity of this phosphorylation was substantially less than
that seen in response to elevated extracellular concentration of K+
PLoS ONE | www.plosone.org

Local Ca2+ influx within the microdomain of the L-type
VGCC is sufficient to activate ERK
To further investigate how L-type VGCCs signal to ERK,
MIN6 cells were incubated with Bay-K 8644, an activator of the
L-type channel, and changes in the phosphorylation of ERK and
4

March 2012 | Volume 7 | Issue 3 | e33004

L-Type VGCC Signalling to ERK

Figure 4. A sustained global increase in [Ca2+]i is insufficient for the prolonged activation of ERK. (a and b) MIN6 cells were preincubated
for 1 h in KRB supplemented with 1 mM glucose. Cells were incubated in 50 mM K+ (K50) in the presence or absence of 10 mM nifedipine for the
times indicated (All statistical comparisons were by one-way ANOVA with Bonferroni’s multiple comparison test compared to K50 at each time point;
*, P,0.05; **, P,0.01; ***, P,0.001). a) Proteins were resolved by SDS-PAGE and Western blotted using anti-phospho-ERK1/2 and anti-ERK2
antibodies. A representative blot is shown above densitometric analysis of the results showing mean +S.E.M. (n = 3). b) In cells loaded with 2 mM fluo4-AM, fluorescence (as an index of [Ca2+]i) was measured using a NOVOstar platereader. (c and d) MIN6 cells were preincubated for 1 h in KRB
supplemented with 1 mM glucose. Cells were then treated with 10 mM ionomycin or 50 mM K+ (K50) for the times indicated. c) In cells loaded with
2 mM fluo-4-AM, fluorescence (as an index of [Ca2+]i) was measured using a NOVOstar platereader. ***, P,0.001 for K50 versus ionomycin at
equivalent time points. d) After treatments, proteins were resolved by SDS-PAGE and Western blotted using anti-phospho-ERK1/2 (pERK) or anti-ERK2
(ERK2) antibodies. A representative blot is shown with densitometric analysis of the results below showing mean +S.E.M. (n = 3).
doi:10.1371/journal.pone.0033004.g004

[Ca2+]i were determined (Figure 5). Bay-K 8644 stimulated the
sustained activation of ERK (for up to 30 min) (Figure 5a) yet
caused no significant increase in global [Ca2+]i (Figure 5b) . The
reason Bay-K 8644 does not cause an increase in global [Ca2+]i is
that under the conditions used in these experiments (i.e. at low
PLoS ONE | www.plosone.org

glucose concentration) the open probability of the channel is low
and therefore Bay-K 8644 only increases the open probability of a
small proportion of L-type VGCCs. These results suggests that a
local increase in [Ca2+]i within the vicinity of the L-type VGCC is
sufficient to couple to the ERK signalling pathway. To explore this
5
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Figure 5. L-type VGCC activation is sufficient to mediate sustained ERK activation in MIN6 cells via local Ca2+ signalling. MIN6 cells
incubated in KRB plus 2 mM glucose were loaded with 100 mM of EGTA-AM or BAPTA-AM prior to treatment with 10 mM Bay-K 8644 at room
temperature for the times indicated. a) Proteins were resolved by SDS-PAGE and Western blotted using anti-phospho-ERK1/2 (pERK) or anti-ERK2
(ERK2) antibodies. A representative blot is shown with densitometric analysis of the results below showing mean +S.E.M. (n = 4). Results were
analysed by two-way ANOVA with Bonferroni’s multiple comparison test compared to Bay-K 8644 alone at each time point; ***, P,0.001. b) MIN6
cells were treated as in (a) but in addition were loaded with 2 mM fura-2-AM and [Ca2+]i levels measured by epifluorescence microscopy (n.30). A
mean trace is shown. In addition, a representative trace obtained from MIN6 cells stimulated with 10 nM GLP-1 plus 16.7 mM glucose was included
for comparison.
doi:10.1371/journal.pone.0033004.g005

possibility, MIN6 cells were loaded with BAPTA-AM or EGTAAM that differ in their rate of Ca2+ binding and can reveal
information regarding the spatial dynamics of Ca2+ signalling
(i.e. BAPTA buffers bind and release Ca2+ ions approximately
50–400 times faster than EGTA and thus rapidly buffer potential
increases in Ca2+ at the site of entry) [17–21]. When MIN6 cells
were treated with Bay-K 8644, the phosphorylation of ERK was
unaffected by EGTA-AM but abolished by BAPTA-AM
(Figure 5a). This provides evidence that local Ca2+, predicted
to be within 20 nm of the site of Ca2+ entry (i.e. the L-type
PLoS ONE | www.plosone.org

VGCC) [22], is sufficient to activate ERK in response to Bay-K
8644.

Local Ca2+ influx within the microdomain of the L-type
VGCC mediates the sustained GLP-1-stimulated
activation of ERK
To investigate whether the GLP-1 plus glucose-stimulated ERK
activation was also dependent upon local increases in [Ca2+],
MIN6 cells were incubated with BAPTA-AM or EGTA-AM prior
6
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L-type VGCC activation leads to ERK activation in pancreatic bcells is likely to be similar to that observed in neurones.
There are several downstream effectors of CaM, which may in
turn activate ERK indirectly, including the CaM kinases, CaMKII
and IV [26] . Indeed, there are a number of reports that show that
the CaMKII inhibitors KN62 and KN93 prevent GLP-1 plus
glucose-mediated ERK activation in pancreatic b-cells [3,4].
However, these compounds have been reported to also inhibit
voltage-dependent channels [27] and therefore any conclusions
reached using these inhibitors should be treated with caution.
More recently, calcineurin has been implicated in the activation of
ERK in response to glucose in b-cells and intriguingly its activity is
also regulated by CaM [28].
Insulin secretion also depends upon a localized increase in
[Ca2+] close to the VGCCs [29,30]. The localization of secretory
granules close to VGCCs guarantees that granules are exposed to
a very high [Ca2+], thus ensuring that exocytosis is triggered by the
localized increases in [Ca2+]i evoked by an action potential.
Functional studies using dihydropyridine resistant a1D and a1C
channels expressed in pancreatic b-cells indicate that GLP-1
potentiation of glucose-induced insulin secretion is preferentially
coupled to the a1D channel in INS-1 cells via a mechanism that
requires the activation of ERK1/2 [31].
In conclusion, we show that that the sustained activation of
ERK in response to GLP-1 in the presence of an elevated glucose
concentration requires the continual activation of the L-type
VGCC yet does not require a sustained increase in global [Ca2+]i
or Ca2+ efflux from the ER. Interestingly, based on the studies
with BAPTA-AM and EGTA-AM, we provide evidence that
elevation of [Ca2+]i within 20 nm of the site of entry through Ltype VGCCs is sufficient for ERK activation and plays an
important role in ERK activation in response to GLP-1.

to GLP-1 plus glucose treatment (Figure 6). GLP-1 plus glucosestimulated increases in global [Ca2+]i were effectively buffered by
either BAPTA-AM or EGTA-AM (Figure 6b). In addition, GLP-1
plus glucose-stimulated phosphorylation of ERK at 5 and 30 min
was completely inhibited by BAPTA-AM, demonstrating that this
ERK phosphorylation is dependent upon Ca2+. However, in the
presence of EGTA-AM, GLP-1 plus glucose-stimulated ERK
phosphorylation at 5 min, although significantly inhibited, remained elevated. In contrast, GLP-1 plus glucose-stimulated ERK
phosphorylation was unaffected at 30 min (Figure 6a). This
indicates that the sustained activation of ERK (30 min) is likely
mediated by increased local [Ca2+] at the site of entry (i.e. L-type
VGCCs) whereas the acute activation of ERK is mediated by both
local and global rises in [Ca2+].

Discussion
The present study shows that GLP-1 plus glucose-stimulated
ERK activation in pancreatic b-cells is dependent upon the influx
of Ca2+ through L-type VGCC (Figure 1) and that the sustained
activation of the L-type VGCC is critical for the sustained
activation of ERK (Figure 2), demonstrating that the two
processes are tightly coupled. Although, the sustained activation
of L-type VGCCs leads to a sustained rise in the [Ca2+]i
(Figure 2), global elevations in [Ca2+]i alone are insufficient to
induce the sustained activation of ERK (Figure 4). Interestingly,
pharmacological activation of the L-type VGCC using Bay-K
8644 is able to robustly activate ERK via a Ca2+-dependent
mechanism but under the non-polarising conditions used in these
experiments is unable to stimulate global increases in [Ca2+]i
(Figure 5). Using BAPTA-AM and EGTA-AM to explore the
spatial dynamics of Ca2+ signalling to ERK in response to Bay-K
8644, we provide evidence that a local rise in [Ca2+] within the
microdomain of the L-type VGCC is sufficient to activate ERK
(Figure 5). Furthermore, our results show that local increases in
[Ca2+] within the microdomain of the L-type VGCC are also
important in GLP-1 plus glucose signalling to ERK (Figure 6). In
this context, both global and local Ca2+ signalling to ERK is
required for the acute activation of ERK (5 min post-GLP-1 plus
glucose stimulation) whereas local increases in [Ca2+] are
responsible for the prolonged activation of ERK (30 min postGLP-1 plus glucose stimulation). This indicates that there are two
mechanistically distinct phases of ERK activation. Interestingly,
two phases of ERK activation in response to GLP-1 plus glucose
have been reported previously: a PKA-dependent pathway
mediating rapid and transient ERK1/2 phosphorylation and a
second b-arrestin 1-dependent phase [23].
In cultured cortical neurones, the L-type VGCC has been
implicated in the activation of ERK via a mechanism that requires
calmodulin (CaM) binding to the a1c (CaV1.2) pore forming
subunit of the channel [24]. CaM is thought to bind to a motif on
the C-terminal tail of the Cav1.2, the LA motif, within the pore of
the a1 subunit in a Ca2+-independent fashion [25]. Upon
membrane depolarisation and the opening of L-type VGCC, the
increase in [Ca2+] activates the bound CaM, which is then
displaced from the LA motif and re-binds to a second Ca2+-CaM
binding site (the IQ motif) within the intracellular C-terminal tail
of the channel [25]. The bound CaM then either directly activates
other signalling molecules and/or causes a conformational change
in the channel, which helps it recruit and perhaps activate other
signalling molecules [24]. Interestingly, GLP-1 plus glucosemediated ERK activation in b-cells is also dependent on CaM
as W7, a competitive inhibitor of CaM, prevents activation in
MIN6 and INS-1E cells [3,4]. Therefore, the mechanism by which
PLoS ONE | www.plosone.org

Materials and Methods
Chemicals
Nifedipine, dantrolene, ryanodine and thapsigargin were
purchased from Calbiochem (CA, USA). Ionomycin was purchased from Tocris Bioscience (Bristol, UK). EGTA-AM and
BAPTA-AM were purchased from Invitrogen (Paisley, UK). All
other chemicals (unless stated) were obtained from Sigma-Aldrich
(Poole, UK).

Cell Culture
Mouse Insulinoma-6 cells (MIN6 cells) [12] (kindly provided by
Prof. Jun-Ichi Miyazaki) were used between passages 25–40 at
,80% confluence and grown as described previously [32].

Cell Treatments
Prior to treatment, the medium was removed and cells washed
twice with HEPES-buffered Krebs-Ringer bicarbonate (KRB)
(115 mM NaCl, 5 mM KCl, 10 mM NaHCO3, 2.5 mM MgCl2,
2.5 mM CaCl2, 20 mM HEPES, pH 7.4). The cells were then
incubated for 1 h at 37uC in KRB containing 1 mM glucose prior
to treatments for the times indicated. All treatments were stopped
by the addition of ice cold lysis buffer (1% Triton, 10 mM bglycerophosphate, 50 mM Tris-HCl, pH7.5, 1 mM EDTA, 1 mM
EGTA, 1 mM sodium orthovanadate, 1 mM benzamidine HCl,
0.2 mM phenylmethylsulfonyl fluoride, 1 mg/ml each of leupeptin
and pepstatin, 0.1% b-mercaptoethanol, and 50 mM sodium
fluoride). The lysates were then centrifuged for 10 min at
16,0006g, supernatants kept, and total protein concentrations
determined by the Bradford assay (Bio-Rad (CA, USA)). The
protein lysates were stored at {80uC until further analysis.
7
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Figure 6. GLP-1-stimulated ERK activation in MIN6 cells is mediated via local Ca2+ signalling. MIN6 cells incubated in KRB plus 1 mM
glucose were loaded with 100 mM EGTA-AM or BAPTA-AM at room temperature prior to treatment with 10 nM GLP-1 plus 16.7 mM glucose for the
times indicated. a) Proteins were resolved by SDS-PAGE and Western blotted using anti-phospho-ERK1/2 (pERK) and anti-ERK2 (ERK2) antibodies. A
representative blot is shown with densitometric analysis of the results below showing mean +S.E.M. (n = 3). Data were analysed by two-way ANOVA
with Bonferroni’s multiple comparison test compared to GLP-1 plus glucose at each time point; *, P,0.05; **, P,0.01; ***, P,0.001. b) MIN6 cells were
treated as in a) but in addition, loaded with 2 mM fura-2-AM and [Ca2+]i levels measured by epifluorescence microscopy. i) The mean increase in
[Ca2+]i represented as area under the curve (A.U.C.) during ii) 10 min or iii) 30 min stimulation, mean +S.E.M. (n.30). Statistical comparisons were by
one-way ANOVA with Dunnett’s range test compared to GLP-1 plus glucose in the absence of chelator. ***, P,0.001.
doi:10.1371/journal.pone.0033004.g006

PLoS ONE | www.plosone.org

8

March 2012 | Volume 7 | Issue 3 | e33004

L-Type VGCC Signalling to ERK

intervals. Raw fluorescence data were exported to Microsoft Excel
and expressed as F/Fo (stimulated fluorescence/basal fluorescence)
and further analysed in GraphPad Prism. A single well of cells
without fluo-4-AM loading was used as an auto-fluorescence
control and subtracted from the fluorescence values obtained.
Data are reported as the average of at least three independent
experiments 6 S.E.M..

SDS-Polyacrylamide Gel Electrophoresis (PAGE) and
Immunoblotting
SDS-PAGE and Western blotting were performed as previously
described [32]. Rabbit anti-phospho-ERK1/2 antibody (recognizing only the phosphorylated (activated) forms of ERK) and antiERK2 antibody were purchased from New England Biolabs
(Hitchin, UK). Detection was by horseradish peroxidase-linked
anti-rabbit secondary antibodies and enhanced chemiluminescence (GE healthcare, (Bucks, UK)).

Electrophysiology
MIN6 cells were preincubated for 1 h in KRB buffer prior to
electrophysiological measurements. Membrane potential was
recorded using an Axopatch 200 amplifier (Axon Instruments
(CA, USA)). Signals were digitized using a DIGIDATA 1322A
interface, and records acquired and analysed using pClamp9.2
software (Axon Instruments (CA, USA)). All electrophysiological
recordings were made at 28uC using the perforated-patch, wholecell configuration. Patch pipettes (3–5 MV) were made from thickwalled borosilicate glass. Pipettes were initially dipped in a solution
containing: 76 mM K2SO4, 10 mM NaCl, 10 mM KCl, 1 mM
MgCl2, and 5 mM HEPES (pH 7.35 with KOH) and then backfilled with the same solution including amphotericin B (240 mg/
ml). The bath solution contained: 140 mM NaCl, 3.6 mM KCl,
2 mM NaHCO3, 0.5 mM NaH2PO4, 0.5 mM MgSO4, 2.6 mM
CaCl2, 5 mM HEPES and 2.5 mM D-glucose (pH 7.4 with
NaOH).

Single Cell Ca2+ Imaging
For Ca2+ imaging, MIN6 cells were loaded with 2 mM fura-2acetoxymethyl ester (fura-2-AM), prepared in dye-loading buffer
(KRB supplemented with 1 mg/ml bovine serum albumin (BSA)
and 0.1% Pluronic F-127) for 30 min at 20uC. The cells were then
washed and further incubated for 10 min in KRB to allow deesterification of the indicator. Changes in fluorescence were
monitored using a Nikon Diaphot 200 inverted epifluorescence
microscope with an oil immersion objective (406) and a SpectraMASTER II module (PerkinElmer Life and Analytical Sciences,
Waltham, MA). Cells were excited alternatively with light at
340 nm and 380 nm with emission detected at 510 nm. Raw
fluorescence data were exported to Microsoft Excel and expressed
as the 340/380 ratio for each cell and further analysed in
GraphPad Prism. A ratio value was collected each 2 s. Data are
reported as either the 340/380 ratio (R) or R/R0 where R0 is the
basal (unstimulated) ratio.

Statistical Analysis
Statistical differences between multiple groups were analysed by
either one-way or two-way analysis of variance (ANOVA),
followed by post-hoc analysis. Comparison between two sets of
data have been analysed by Student’s t-test. Statistical analyses
were performed in GraphPad Prism and significance was only
confirmed when p,0.05.

Population NOVOstar [Ca2+]i measurement

Population-based Ca2+ fluorescence measurements were performed using a NOVOstar microplate reader (BMG LabTechnologies, Offenburg, Germany) equipped with a pipettor and 2
injectors. MIN6 cells in a 96-well plate format were washed twice
with KRB buffer then loaded with 2 mM fluo-4-AM as described
above. Cells were washed with KRB after fluo-4-AM loading.
Details of treatments are provided in the figure legends. Fluo-4 was
excited using a high energy xenon flash lamp through a 485 nm
filter and emission detected by a photomultiplier after passing
through a 520 nm filter. Measurements were collected at 2 s

Author Contributions
Conceived and designed the experiments: JS TPH. Performed the
experiments: JS RR JL NS. Analyzed the data: GBW NS JS JL TPH.
Wrote the paper: JS GBW TPH.

References
1.
2.
3.

4.

5.

6.

7.

8.

9.

Perfetti R, Merkel P (2000) Glucagon-like peptide-1: a major regulator of
pancreatic beta-cell function. Eur J Endocrinol 143: 717–725.
Doyle ME, Egan JM (2007) Mechanisms of action of glucagon-like peptide 1 in
the pancreas. Pharmacol Ther 113: 546–593.
Arnette D, Gibson TB, Lawrence MC, January B, Khoo S, et al. (2003)
Regulation of ERK1 and ERK2 by glucose and peptide hormones in pancreatic
beta cells. J Biol Chem 278: 32517–32525.
Gomez E, Pritchard C, Herbert TP (2002) cAMP-dependent protein kinase and
Ca2+ influx through L-type voltage-gated calcium channels mediate Rafindependent activation of extracellular regulated kinase in response to glucagonlike peptide-1 in pancreatic beta-cells. J Biol Chem 277: 48146–48151.
Benes C, Poitout V, Marie JC, Martin-Perez J, Roisin MP, et al. (1999) Mode of
regulation of the extracellular signal-regulated kinases in the pancreatic beta-cell
line MIN6 and their implication in the regulation of insulin gene transcription.
Biochem J 340(Pt 1): 219–225.
Benes C, Roisin MP, Van Tan H, Creuzet C, Miyazaki J, et al. (1998) Rapid
activation and nuclear translocation of mitogen-activated protein kinases in
response to physiological concentration of glucose in the MIN6 pancreatic beta
cell line. J Biol Chem 273: 15507–15513.
Briaud I, Lingohr MK, Dickson LM, Wrede CE, Rhodes CJ (2003) Differential
activation mechanisms of Erk-1/2 and p70(S6K) by glucose in pancreatic betacells. Diabetes 52: 974–983.
Lawrence MC, McGlynn K, Park BH, Cobb MH (2005) ERK1/2-dependent
activation of transcription factors required for acute and chronic effects of
glucose on the insulin gene promoter. J Biol Chem 280: 26751–26759.
Costes S, Broca C, Bertrand G, Lajoix AD, Bataille D, et al. (2006) ERK1/2
control phosphorylation and protein level of cAMP-responsive element-binding
protein: a key role in glucose-mediated pancreatic beta-cell survival. Diabetes
55: 2220–2230.

PLoS ONE | www.plosone.org

10. Longuet C, Broca C, Costes S, Hani EH, Bataille D, et al. (2005) Extracellularly
regulated kinases 1/2 (p44/42 mitogen-activated protein kinases) phosphorylate
synapsin I and regulate insulin secretion in the MIN6 beta-cell line and islets of
Langerhans. Endocrinology 146: 643–654.
11. Maechler P, Kennedy ED, Sebo E, Valeva A, Pozzan T, et al. (1999)
Secretagogues modulate the calcium concentration in the endoplasmic reticulum
of insulin-secreting cells. Studies in aequorin-expressing intact and permeabilized ins-1 cells. J Biol Chem 274: 12583–12592.
12. Miyazaki J, Araki K, Yamato E, Ikegami H, Asano T, et al. (1990)
Establishment of a pancreatic beta cell line that retains glucose-inducible insulin
secretion: special reference to expression of glucose transporter isoforms.
Endocrinology 127: 126–132.
13. Braun M, Ramracheya R, Bengtsson M, Zhang Q, Karanauskaite J, et al. (2008)
Voltage-gated ion channels in human pancreatic beta-cells: electrophysiological
characterization and role in insulin secretion. Diabetes 57: 1618–1628.
14. Gibson TB, Lawrence MC, Gibson CJ, Vanderbilt CA, McGlynn K, et al.
(2006) Inhibition of glucose-stimulated activation of extracellular signalregulated protein kinases 1 and 2 by epinephrine in pancreatic beta-cells.
Diabetes 55: 1066–1073.
15. Gautam D, Han SJ, Duttaroy A, Mears D, Hamdan FF, et al. (2007) Role of the
M3 muscarinic acetylcholine receptor in beta-cell function and glucose
homeostasis. Diabetes Obes Metab 9 Suppl 2: 158–169.
16. Varadi A, Rutter GA (2002) Dynamic imaging of endoplasmic reticulum Ca2+
concentration in insulin-secreting MIN6 Cells using recombinant targeted
cameleons: roles of sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA)-2 and
ryanodine receptors. Diabetes 51 Suppl 1: S190–201.
17. Deisseroth K, Bito H, Tsien RW (1996) Signaling from synapse to nucleus:
postsynaptic CREB phosphorylation during multiple forms of hippocampal
synaptic plasticity. Neuron 16: 89–101.

9

March 2012 | Volume 7 | Issue 3 | e33004

L-Type VGCC Signalling to ERK

26. Hardingham GE, Arnold FJ, Bading H (2001) A calcium microdomain near
NMDA receptors: on switch for ERK-dependent synapse-to-nucleus communication. Nat Neurosci 4: 565–566.
27. Bhatt HS, Conner BP, Prasanna G, Yorio T, Easom RA (2000) Dependence of
insulin secretion from permeabilized pancreatic beta-cells on the activation of
Ca(2+)/calmodulin-dependent protein kinase II. A re-evaluation of inhibitor
studies. Biochem Pharmacol 60: 1655–1663.
28. Duan L, Cobb MH (2010) Calcineurin increases glucose activation of ERK1/2
by reversing negative feedback. Proc Natl Acad Sci U S A 107: 22314–22319.
29. Barg S, Ma X, Eliasson L, Galvanovskis J, Gopel SO, et al. (2001) Fast
exocytosis with few Ca(2+) channels in insulin-secreting mouse pancreatic B
cells. Biophys J 81: 3308–3323.
30. Hoppa MB, Collins S, Ramracheya R, Hodson L, Amisten S, et al. (2009)
Chronic palmitate exposure inhibits insulin secretion by dissociation of Ca(2+)
channels from secretory granules. Cell Metab 10: 455–465.
31. Jacobo SM, Guerra ML, Hockerman GH (2009) Cav1.2 and Cav1.3 are
differentially coupled to glucagon-like peptide-1 potentiation of glucosestimulated insulin secretion in the pancreatic beta-cell line INS-1. J Pharmacol
Exp Ther 331: 724–732.
32. Gomez E, Powell ML, Bevington A, Herbert TP (2008) A decrease in cellular
energy status stimulates PERK-dependent eIF2alpha phosphorylation and
regulates protein synthesis in pancreatic beta-cells. Biochem J 410: 485–493.

18. Neher E, Almers W (1986) Fast calcium transients in rat peritoneal mast cells are
not sufficient to trigger exocytosis. EMBO J 5: 51–53.
19. Adler EM, Augustine GJ, Duffy SN, Charlton MP (1991) Alien intracellular
calcium chelators attenuate neurotransmitter release at the squid giant synapse.
J Neurosci 11: 1496–1507.
20. Swandulla D, Hans M, Zipser K, Augustine GJ (1991) Role of residual calcium
in synaptic depression and posttetanic potentiation: fast and slow calcium
signaling in nerve terminals. Neuron 7: 915–926.
21. Robert A, Thorin-Trescases N, Oster L, Capdeville-Atkinson C, Atkinson J
(1993) [Myoplasmic calcium-vasoconstriction coupling in the perfused caudal
artery of adult spontaneously hypertensive rats. Effect of antihypertensive
treatment]. Therapie 48: 345–349.
22. Burgoyne RD, Clague MJ (2003) Calcium and calmodulin in membrane fusion.
Biochim Biophys Acta 1641: 137–143.
23. Quoyer J, Longuet C, Broca C, Linck N, Costes S, et al. (2009) GLP-1 mediates
anti-apoptotic effect by phosphorylating bad through a beta-arrestin 1-mediated
ERK1/2 activation in pancreatic [beta]-cells. J Biol Chem.
24. Dolmetsch RE, Pajvani U, Fife K, Spotts JM, Greenberg ME (2001) Signaling to
the nucleus by an L-type calcium channel-calmodulin complex through the
MAP kinase pathway. Science 294: 333–339.
25. Catterall WA (2000) Structure and regulation of voltage-gated Ca2+ channels.
Annu Rev Cell Dev Biol 16: 521–555.

PLoS ONE | www.plosone.org

10

March 2012 | Volume 7 | Issue 3 | e33004

