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We examined crosstalk between the insulin receptor and G protein-coupled receptor (GPCR) signaling
pathways in individual human pancreatic cancer PANC-1 cells. Treatment of cells with insulin (10 ng/
ml) for 5 min markedly enhanced the proportion of cells that display an increase in intracellular [Ca2+]
induced by picomolar concentrations of the GPCR agonist neurotensin. Interestingly, insulin increased
the proportion of a subpopulation of cells that exhibit intracellular [Ca2+] oscillations in response to neu-
rotensin at concentrations as low as 50–200 pM. Insulin enhanced GPCR-induced Ca2+ signaling in a time-
and dose-dependent manner; a marked potentiation was obtained after an exposure to a concentration of
10 ng/ml for 5 min. Treatment with the mTORC1 inhibitor rapamycin abrogated the increase in GPCR-
induced [Ca2+]i oscillations produced by insulin. Our results identify a novel aspect in the crosstalk
between insulin receptor and GPCR signaling systems in pancreatic cancer cells, namely that insulin
increases the number of [Ca2+]i oscillating cells induced by physiological concentrations of GPCR agonists
through an mTORC1-dependent pathway.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a devastating dis-
ease, with overall 5-year survival rate of only 3–5%. The incidence
of this disease in the US has increased recently to more than 42,000
new cases each year and is now the fourth leading cause of cancer
mortality in both men and women. As the current therapies offer
very limited survival benefits, novel targets for therapeutic inter-
vention are urgently needed and will most likely arise from a more
detailed understanding of the signaling pathways and crosstalk
mechanisms that regulate the behavior of these aggressive cancer
cells [1].

G protein-coupled receptors (GPCRs) and their cognate agonists
are increasingly implicated as autocrine/paracrine growth factors
for multiple solid tumors, including small cell lung cancer, colon,
prostate, breast, and pancreas [2–9]. We showed that PDAC cell
lines express multiple functional GPCRs using a Ca2+ mobilization
assay as indicator of productive ligand–receptor interactions [10].
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A variety of GPCR agonists, including neurotensin, stimulated
DNA synthesis, and proliferation in PDAC cells, such as PANC-1
cells [10–14]. Furthermore, a broad-spectrum GPCR antagonist
[15,16], inhibited the growth of PDAC cells either in vitro or xeno-
grafted into nu/nu mice [17]. Other studies demonstrated in-
creased expression of agonists and their cognate GPCRs in PDAC
tissues [18–21]. More recently, we identified a novel crosstalk be-
tween insulin/IGFI receptors and GPCR signaling systems in PDAC
cells, leading to enhancement of GPCR-induced signaling
[14,22,23], including Ins(1,4,5)P3 generation and increase in the
intracellular Ca2+ concentration ([Ca2+]i). Insulin-induced potentia-
tion of GPCR signaling was mediated through the phosphatidylin-
ositol 3-kinase (PI3 K)/Akt/mTOR signaling module [14,22], a key
pathway in insulin/IGF action [24]. These findings assume an
added importance in view of the large number of epidemiological
studies linking obesity and long standing type-2 diabetes, charac-
terized by peripheral insulin resistance and compensatory over-
production of insulin, with increased risk for developing PDAC
[see [25] for review]. Given the complexity of the pancreatic micro-
circulation [26] and the close topographical relationship between
the islets, small ducts, and centroacinar cells [27], locally overpro-
duced insulin is thought to act directly on ductal pancreatic cancer
cells. Disruption of crosstalk between insulin receptor and GPCR
signaling pathways is emerging as a potential new strategy in
the treatment of this devastating disease [23].

Despite its potential clinical implications, the mechanism(s) by
which insulin receptor signaling enhances responsiveness of PDAC
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cells to GPCR agonists remains incompletely understood. Here, we
examined crosstalk between insulin receptor and GPCR signaling
systems by monitoring changes in [Ca2+]i in single PANC-1 cells,
an extensively used model of PDAC cells [11,12,14,28,29]. Our re-
sults demonstrate, for the first time, that brief exposure to insulin
increases the proportion of PANC-1 cells that respond to picomolar
concentrations of the GPCR agonist neurotensin. Interestingly,
insulin enhanced a subpopulation of PANC-1 cells that exhibited
[Ca2+]i oscillations in response to neurotensin at concentrations
as low as 50–200 pM. Given that [Ca2+]i oscillations play a key role
in signal transduction by encoding specific biological responses, a
novel aspect of the crosstalk between insulin receptor and GPCR
signaling systems revealed by this study is that insulin signaling
increases [Ca2+]i oscillations induced by physiological concentra-
tions of the GPCR agonist neurotensin in PDAC PANC-1 cells.
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Fig. 1. Increasing neurotensin (NT) concentration increases the proportion of
PANC-1 cells responding with increase in [Ca2+]i. PANC-1 cells were pre-treated
with insulin (INS, 10 ng/ml for 5 min) and then challenged with neurotensin (NT), at
50 pM (n = 3), 100 pM (n = 35), or 1000 pM (n = 12). Significance levels (*) are
explained in Section 2.
2. Materials and methods

2.1. Cell culture

PANC-1, obtained from American Type Culture Collection, is a
less well-differentiated line established from human PDAC. PANC-
1 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma, D5796) supplemented with 10% fetal bovine serum, penicil-
lin (10 U/ml), streptomycin (10 lg/ml), and amphotericin B (25 ng/
ml), and maintained in a humidified incubator under 10% CO2 and
90% air at 37 �C. Cells were plated onto 18 mm diameter circular
glass coverslips which were placed inside 35 mm plastic petri dishes
filled with growth media and placed in the incubator.

2.2. Solutions

Standard saline consisted of Hanks Buffered Salt Solution (HBSS,
Invitrogen) without phenol red supplemented with 0.5 mM CaCl2

and 20 mM HEPES buffer. Final concentrations (in mM) were:
138 NaCl, 4 NaHCO3, 0.3 Na2HPO4, 5 KCl, 0.3 KH2PO4, 1.8 CaCl2,
0.5 MgCl2, 0.4 MgSO4, 5.6 D-glucose, 20 HEPES, pH 7.4.

2.3. Measurement of [Ca2+]i

[Ca2+]i was measured in single cells loaded with the calcium
indicator fura-2 as previously described [30]. Briefly, cells were re-
moved from the incubator, washed once with HBSS, then incu-
bated in HBSS containing 5 lM fura-2 AM (Invitrogen) for 45 min
at 37 �C. The cells were then washed and placed in an experimental
chamber that was perfused with saline solution at 1.5 ml/min at
37 �C (Warner Instrument Corp.) The chamber in turn was placed
on the stage of an inverted microscope (Zeiss 100 TV; Carl Zeiss,
Inc.) connected to a digital imaging system (Attofluor, Atto Instru-
ments). Ratios of images (340 nm excitation/380 nm excitation,
with emission filter 520 nm) were obtained at 1.5 s intervals. A re-
gion of interest covering 15 lm � 15 lm was defined over each
cell, and the average ratio intensity over the region was converted
to [Ca2+]i using an standard curve constructed with a series of cal-
ibrated buffered calcium solutions (Calcium Calibration Buffer Kit,
Invitrogen Corp.).

2.4. Statistics

Unless specified, all data presented represent at least three sep-
arate slides (n = 3) with an average of 43 cells analyzed in each
slide. Data are expressed as mean ± standard error. The statistical
significance of the differences was evaluated using Student’s t-test,
with P > 0.05 considered as not significant. In the figures, * is used
for P < 0.05, ** for P < 0.01, and *** for P < 0.001.
3. Results and discussion

In order to examine crosstalk between insulin receptor and
GPCR signaling systems on [Ca2+]i in single cells, human pancreatic
cancer PANC-1 cells were loaded with the fluorescent Ca2+ indica-
tor fura-2, and incubated with or without insulin at 10 ng/ml.
Intracellular Ca2+ imaging revealed that insulin did not exert any
detectable effect on [Ca2+]i in PANC-1 cells and that all cells exhib-
ited a stable [Ca2+]i without any spontaneous oscillatory activity.
After 5 min of incubation in the presence of insulin, the cells were
challenged with the GPCR agonist neurotensin at increasing con-
centrations (50, 100, or 1000 pM). As shown in Fig. 1, exposure
to insulin strikingly increased the proportion of PANC-1 cells that
responded to neurotensin either at 50 pM (from 9.3 ± 3.8% to
28.2 ± 1.2%) or 100 pM (from 27.7 ± 3.4% to 48.4 ± 4.4%). When
neurotensin was applied at 1000 pM, most cells responded to the
GPCR agonist and pre-treatment with insulin did not exert any
detectable effect (91.7 ± 3.2% and 94.0 ± 2.4% in cultures without
or with insulin treatment, respectively). These results demonstrate
that a brief exposure to insulin enhances the proportion of PANC-1
cells that respond to low, picomolar, concentrations of
neurotensin.

Inspection of Ca2+ signaling in single PANC-1 cells stimulated
with neurotensin at 1000 pM identified cell subpopulations char-
acterized by at least three different patterns of [Ca2+]i response:
sustained, oscillatory, and transient. Fig. 2A shows a pseudo-
colored image of a cluster of three PANC-1 cells at rest, and at var-
ious times after stimulation with neurotensin which illustrates
these classes of response. Cell A displays a rapid increase in
[Ca2+]i which is maintained for at least 135 s (sustained response).
In contrast, cell B shows a large increase in [Ca2+]i which declines
(71 s), and then increases again at 105 s (oscillatory response)
while cell C exhibits a rapid increase in [Ca2+]i which then returns
to baseline by 135 s (transient response). These results prompted
us to determine whether exposure to insulin has any preferential
effect on the pattern of Ca2+ signaling by single PANC-1 cells chal-
lenged with low (50–100 pM) concentrations of neurotensin.

Oscillatory changes in [Ca2+]i in response to receptor stimula-
tion is a fundamental mechanism of cell signaling that can protect
cells from the cytotoxic effects of prolonged increases in [Ca2+]i. In
many cell types, GPCR agonists applied at low concentrations elicit
[Ca2+]i oscillations [31]. In contrast, neurotensin applied at 50 pM
did not induce [Ca2+]i oscillations in any of 64 individual PANC-1
cells analyzed (0/64 = 0% oscillating cells) though some cells re-
sponded with sustained or transient patterns (a typical sustained
trace in Fig. 2B, upper left). Strikingly, exposure to insulin
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Fig. 2. Neurotensin stimulates different patterns of [Ca2+]i increase (sustained, oscillatory, transient) in single PANC-1 cells. (A) Time series of three cells in contact are shown
in pseudocolor indicating [Ca2+]i increasing from blue to green to yellow to red after stimulation with 1000 pM neurotensin. Cell boundaries are delimited with white overlay.
Time is labeled below each image. Cell A shows a rapid increase in [Ca2+]i which is sustained for at least 135 s. Cell B shows a large increase (yellow–red) which declines, and
then increases again at 135 s. Cell C shows a transient response with an initial rapid increase in [Ca2+]i which then returns to baseline by 135 s. (B) Insulin pre-treatment
increases the oscillatory responsiveness of PANC-1 cells to neurotensin (NT). Upper: cells were pre-treated for 5 min either without (50 pM NT) or with 10 ng/ml insulin
(INS + 50 pM NT) as indicated prior to the addition of neurotensin (50 pM). Time of neurotensin exposure is marked by horizontal bars, marked NT. Lower: insulin did not
affect neurotensin-induced [Ca2+]i oscillations in PANC-1 cells when added after the GPCR agonist. Neurotensin was applied to the cells at the times marked by the bar labeled
(NT, 200 pM). After [Ca2+]i oscillations started by stimulation with NT, insulin (1000 ng/ml) was added (marked by bar labeled insulin). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.).

NT    INS+NT            NT    INS+NT           NT     INS+NT

P
er

ce
n

ta
g

e 
o

f 
C

el
ls

0

20

40

60

Oscillations  

Non-OscResponse

All Responses

***

**

***

Fig. 3. Insulin increases the percentage of PANC-1 cells which respond to 100 pM
neurotensin with [Ca2+]i oscillations, as well as increasing the percentage of cells
that show other pattern of responses. PANC-1 cells were treated in the absence or in
the presence of insulin (INS) at a concentration of 10 ng/ml for 5 min prior to
stimulation with 100 pM neurotensin (NT), as indicated (NT and INS + NT,
respectively).
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(10 ng/ml for 5 min) induced the appearance of PANC-1 cells that
exhibited [Ca2+]i oscillations in response to stimulation with
50 pM neurotensin (7 out of 68 cells; 10.2%). A typical trace of an
insulin-treated PANC-1 cell showing [Ca2+]i oscillations in response
to 50 pM neurotensin is shown in Fig. 2B (upper right). These re-
sults demonstrate that treatment with insulin induces a new pat-
tern of response to picomolar concentrations of neurotensin in
PANC-1 cells, namely the emergence of PANC-1 cells displaying
[Ca2+]i oscillations.

When PANC-1 cells were challenged with neurotensin at
100 pM, we detected PANC-1 cells that exhibited [Ca2+]i oscilla-
tions either with or without prior treatment with insulin. A typical
trace of a single PANC-1 exposed to insulin and subsequently stim-
ulated with 100 pM neurotensin shown in Fig. 2B (lower left), illus-
trates that the amplitude of the[Ca2+]i spikes elicited by 100 pM
neurotensin was substantially higher than the amplitude of the[-
Ca2+]i spikes evoked by neurotensin at 50 pM. When insulin, at
concentrations as high as 1000 ng/ml, was applied after [Ca2+]i

oscillations were initiated by neurotensin, the oscillations continue
to occur with similar amplitude and frequency (Fig. 2B, lower
right).

We examined crosstalk between insulin and neurotensin at
100 pM in detail (Fig. 3). Combining all studies of cells stimulated
with 100 pM neurotensin with and without insulin pre-treatment
at 10 ng/ml for 5 min, we found 7.0 ± 0.8% of the cells in 35 sepa-
rate slides (totaling�1500 cells) displayed [Ca2+]i oscillations in re-
sponse to 100 pM neurotensin. After insulin pre-treatment (10 ng/
ml for 5 min), 14.8 ± 1.5% of the cells in 33 separate slides (�1400
cells) produced oscillations in response to 100 pM neurotensin, a
doubling in the proportion of cells that respond to the agonist with
[Ca2+]i oscillations. In this same study, the percentage of cells
showing other patterns of [Ca2+]i responses (sustained or transient)
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Fig. 4. (A). Insulin increased the proportion of PANC-1 cells that exhibit [Ca2+]i

oscillations in a dose-dependent manner. PANC-1 cells were pre-treated for 5 min
with increasing concentrations of insulin (1–1000 ng/ml) as indicated prior to the
addition of neurotensin (100 nM). The number of independent slides (n) analyzed
was 3–4, except in the group treated with insulin at 10 ng/ml (n = 15) or with
neurotensin alone (n = 22). (B). Insulin exposure (10 ng/ml) increased the propor-
tion of PANC-1 displaying [Ca2+]i oscillations in a time-dependent manner. The
number of independent slides (n) analyzed was: n = 6 at 2.5 min; n = 7 at 5 min;
n = 33 at 10 min; n = 5 at 15 min; n = 3 at 60 min. In the absence of insulin pre-
treatment, n = 35. (C). Rapamycin blocked insulin-induced increase in cells exhib-
iting oscillations in response to 100 pM neurotensin (NT). Cells were incubated with
rapamycin (10 nM, Rap) for 60 min prior to the addition of 100 pM NT and/or
insulin pre-treatment (INS, 10 ng/ml for 5 min). The number of independent slides
(n) analyzed was: neurotensin alone (NT), n = 6; rapamycin pre-treatment and then
neurotensin, n = 3 (Rap + NT); insulin pre-treatment and then neurotensin
(INS + NT), n = 7; rapamycin prior to insulin followed by neurotensin
(Rap + INS + NT), n = 6.
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increased from 20.4 ± 3.0 to 33.6 ± 3.9 after insulin pre-treatment
(Fig. 3). The percentage of cells showing any response increased
from 27.4 ± 3.4 to 48.4 ± 4.4. Collectively, the results indicate that
prior exposure to insulin increases preferentially the subpopula-
tion of PANC-1 cells that exhibit [Ca2+]i oscillations in response
to picomolar concentrations of neurotensin.

Having established that insulin increases the percentage of
PANC-1 cells that display [Ca2+]i oscillations in response to low
concentrations of neurotensin, we decided to further characterize
the effects of the insulin pre-treatment. Specifically, we deter-
mined the effect of exposure to increasing concentrations of insulin
ranging from 1 ng/ml to 1000 ng/ml for 5 min on the ability of
100 pM neurotensin to produce [Ca2+]i oscillations. As shown in
Fig. 4A, insulin at 1 ng/ml has no effect but exposure to insulin at
10 ng/ml approximately doubled the percentage of PANC-1 cells
that responded to neurotensin with [Ca2+]i oscillations (from
7.8 ± 1.0% to 15.1 ± 1.9%), in agreement with the results shown in
Fig. 3. Increasing the insulin concentration to 100 ng/ml or
1000 ng/ml did not produce a significant further increase in the
number of PANC-1 cells that responded with [Ca2+]i oscillations
in the population.

Given that the order of addition of the stimuli is critical to elicit
crosstalk, we next determined the length of time of exposure to
insulin necessary to enhance the response to neurotensin using
insulin at a fixed concentration (10 ng/ml). Cells were pre-treated
with insulin for 2.5, 5, 10, 15, or 60 min. The percentage of cells
showing [Ca2+]i oscillations in response to 100 pM neurotensin
were 12.7 ± 1.3, 14.8 ± 1.5, 19.8 ± 4.7, and 18.0 ± 3.0 after 5, 10,
15, or 60 min of exposure to insulin, respectively. There was no sig-
nificant difference between 5 min and 15 min exposure or between
5 min and 60 min. The results in Fig. 4 verified that insulin in-
creased the proportion of PANC-1 cells exhibiting [Ca2+]i oscilla-
tions in response to neurotensin after a treatment as short as
5 min and a concentration of 10 ng/ml (1.7 nM), a concentration
in the physiological range within the pancreas.

The rapamycin-sensitive PI3 K/Akt/mTORC1 signaling module is
a key pathway in insulin receptor signaling in most cell types [24],
including PDAC cells [23]. Consequently, we next investigated
whether rapamycin has any effect on the insulin-induced increase
in [Ca2+]i oscillations in PANC-1 cells challenged with neurotensin.
Treatment of PANC-1 cells with rapamycin alone (10 nM for 1 h)
did not change the percentage of cells with [Ca2+]i oscillations in
response to 100 pM neurotensin but completely prevented the
insulin-induced increase in PANC-1 cells displaying [Ca2+]i oscilla-
tions (Fig. 4C).

4. Conclusions and implications

The spatial organization, amplitude, and frequency of the
changes in [Ca2+]i have been the subject of intense interest. Here,
we examined the effect of insulin on neurotensin-induced Ca2+ sig-
naling in individual PANC-1 cells, an extensively used model of
PDAC cells. In these cancer cells, as in most other cell types, insulin
did not induce any significant change in [Ca2+]i even in a minority
of cells in the population. However, our results show, for the first
time, that brief exposure to physiological concentrations of insulin
rapidly and strikingly augmented the proportion of PANC-1 cells
that exhibit Ca2+ signaling in response to picomolar concentration
of neurotensin, a potent mitogen that acts through endogenously
expressed Gq-coupled receptors in these cells [11,12,14,28,29].

Our results show that exposure to insulin influenced the pattern
of [Ca2+]i response to low concentrations of neurotensin in PANC-1
cells. In particular, we identified a subpopulation of cells that exhi-
bit [Ca2+]i oscillations. The frequency and pattern of [Ca2+]i oscilla-
tions are recognized to play a key role in signal transduction,
regulating the activity of protein kinases, mitochondrial metabo-
lism, and nuclear transcriptional activity leading to differential
gene expression [32,33]. Importantly, insulin-induced potentiation
of Ca2+ signaling, including the increase in cells that exhibit [Ca2+]i

oscillations, was prevented by exposure to rapamycin, a specific
inhibitor of mTORC1. These findings indicated that in addition to
its well established role in the regulation of protein synthesis,
the rapamycin-sensitive mTORC1 pathway mediates crosstalk
between insulin receptor on GPCR signaling systems leading to
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enhanced proportion of PANC-1 cells displaying [Ca2+]i oscillations
in response to low concentrations of a mitogenic GPCR agonist.
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