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1. Introduction

Saliva production is positively regulated by cholinergic and adrenergic autonomic neural 

input and crosstalk between these signaling pathways to facilitate secretory activity has been 

demonstrated extensively [1-5]. In addition to these canonical pathways, a non-cholinergic 

non-adrenergic (NANC) pathway regulating protein and fluid secretion [6-9] has also been 

implicated. One of the primary candidates for NANC input is via activation of ionotropic 

purinergic receptors [10-16]. Moreover, we recently demonstrated that ionotropic P2X4 and 

P2X7 receptor (P2X4R and P2X7R) activation can contribute to Ca2+ dynamics and protein 

exocytosis in acinar cells isolated from the mouse parotid salivary gland [17].

In the current study we investigated whether there was crosstalk between the canonical Ca2+ 

signaling pathways and the NANC/purinergic signaling pathway. Enhancement of P2X4R- 

or P2X7R-mediated intracellular calcium ([Ca2+]i) rises was revealed following ß-

adrenergic receptor (β-AR) activation. Although this signaling was largely mediated by 

receptor activation and a PKA-dependent mechanism, direct activation of PKA or Epac 

using pharmacological compounds could also enhance P2X-mediated Ca2+ signals. 

Additionally, we assessed whether there was crosstalk between muscarinic receptor 

mediated and P2X receptor mediated signaling. In these experiments a selective P2X7R 

blocker was used [18, 19] to investigate whether exocytotic activity evoked by muscarinic 

receptor activation induced luminal ATP release and P2X7R activation. The current study 

furthers our understanding of how canonical Ca2+ pathways in conjunction with NANC 

Ca2+ signaling pathways may integrate to regulate [Ca2+]i levels and secretory activity in the 

parotid gland.
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2. Materials and methods

2.1 Animal use

Male NIH Swiss Webster mice (18–25 g; Charles River Laboratories International, Inc., 

Wilmington, MA, USA) were euthanized by CO2 asphyxiation and puncture of the heart. 

All experiments using animals were approved by and carried out in strict accordance with 

the policies of the University of Toledo Institutional Animal Care and Use Committee and 

conformed to the Guide for the Care and Use of Laboratory Animals, National Institutes of 

Health Publication No. 85-23 (National Research Council, National Academy Press, 

Washington, DC, 1996).

2.2 Chemicals

Adenosine 5′-triphosphate disodium salt hydrate (ATP), 2′(3′)-O-(4-

Benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (Bz-ATP), 3-Isobutyl-1-

methylxanthine (IBMX), carbamoylcholine chloride (CCh), isoproterenol hydrochloride 

(ISO) and forskolin (FRSK) were obtained from Sigma Chemicals (St Louis, MO, USA). 2-

Aminoethoxydiphenylborate (2-APB) was purchased from Calbiochem (San Diego, CA, 

USA). 8-(4-Chlorophenylthio) adenosine 3’, 5’-cyclic monophosphate (8-CPT) and cAMP-

dependent protein kinase inhibitor peptide (myristoylated-14-22) amide (PKI) were obtained 

from Enzo Life Sciences (Farmingdale, NY, USA). 1-(2, 3-Dichlorophenyl)-N-[[2-(2-

pyridinyloxy) phenyl]methyl]-1H-tetrazol-5-amine (A839977), a potent P2X7R antagonist 

and 8-pCPT-2-O-Me-cAMP-AM were obtained from Tocris Bioscience (Bristol, UK).

2.3 Isolation of parotid acini

Dispersed mouse parotid acini were obtained by collagenase digestion [20]. Dissected 

parotid glands were minced with scissors. The minced glands were subjected to step-wise 

digestion by suspension in 20 ml of Eagle’s minimal essential medium containing 

collagenase-P (0.04 mg/ml; Roche Applied Science, Indianapolis, IN, USA), 0.01% 

glutamine and 1% bovine serum albumin (BSA). Parotid gland pieces were subjected to 20 

min incubation. This step was followed by two 15 min incubations in collagenase digestion 

solution with shaking (65 rpm) at 37°C. After the first incubation, centrifugation was 

performed at 210 × g for 1 min. The pellet was resuspended in a fresh aliquot of oxygenated 

solution. Next, parotid tissue pieces were passed through glass fire-polished pipettes with 

progressively smaller tips. Following digestion, dispersed parotid acini were rinsed in basal 

Eagle’s medium (BME) without BSA and centrifuged at 70 × g for 1 min. The pellet was 

resuspended in 20 ml of attachment BME solution containing 0.01% glutamine, 0.02% 

penicillin–streptomycin (Sigma Aldrich, St. Louis, MO, USA) and 1% BSA. Parotid acinar 

clumps were loaded with 5 μM fura-2AM (Calbiochem, San Diego, CA, USA) for 30–40 

min for live cell imaging.

2.4 Live cell fluorescence and time differentiated imaging

Live cell imaging was performed using a Polychrome IV monochromator-based high-speed 

digital imaging system (TILL Photonics, Gräfelfing, Germany) ported to a fiber optic guide 

and epifluorescence condenser and coupled to a Nikon TE2000 microscope equipped with 
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DIC optics. Cytosolic Ca2+ concentration dynamics in fura-2 AM-loaded acinar cells was 

recorded by alternatively illuminating the acinar clumps with dual wavelength light (340 and 

380 nm) focused onto the image plane via a DM400 dichroic mirror and Nikon Super- Fluor 

×40 oil-immersion objective, and fluorescence obtained through a 525nm ± 25 nm band-

pass filter (Chroma Technologies, Brattleboro, VT, USA) [17]. Alternating transmitted light 

and fluorescent images were acquired using a high-speed Uniblitz VS35 optical shutter 

(Vincent Associates, Rochester, NY, USA) placed in the tungsten lamp illumination path. 

Exocytotic activity was measured from transmitted light images using time-differentiated 

imaging, a validated method for optically quantifying acinar cell zymogen granule fusion 

[20, 21]. Pairs of transmitted light and fluorescence images (30 and 50 ms exposure, 

respectively) were collected at 1-2Hz. Images were generated by subtracting each 

transmitted light frame from its preceding frame as described previously [20]. Acquired 

images were analyzed using TillVisION (TILL Photonics) and ImageJ (W. S. Rasband, 

National Institutes of Health, Bethesda, MD, USA). For estimating changes in free cytosolic 

Ca2+ concentration, an in vitro calibration was achieved using the 340 nm/380 nm signal 

ratio and buffers containing known [Ca2+] concentrations. The change in [Ca2+]i was 

calculated using the equation [Ca2+]i = [(R - Rmin)/Rmax - R] *(Sf/Sb)*Kd, where R was the 

experimental ratio value of the 340 nm to 380 nm signal, Rmax was the ratio value in the 

presence of saturating Ca2+, Rmin was the ratio value in Ca2+ free buffer, Sf/Sb was the ratio 

of 380 nm fluorescence under Ca2+ free and saturating conditions, and Kd for fura-2 was 

taken from literature value. The values of Rmax, Rmin, Sf/Sb and Kd were 13.7, 0.57, 20 and 

225 nM, respectively. Calibration and imaging was performed at room temperature and 

fluorescence background was subtracted prior to calculation of ratio values. Because of 

variability in the kinetics of the responses, the evoked amplitude change in [Ca2+]i was 

quantified as the difference between the pre-stimulus baseline value and the maximal 

amplitude of the response measured in the first 60 s following application of agonist.

For statistical analysis, GraphPad Prism 3 (GraphPad Software Inc., La Jolla, CA, USA) 

software packages were used and values represented as the mean ± standard error. Statistical 

significance was determined using Student’s t test and p values of less than 0.05 were 

considered statistically significant.

3. Results

Saliva production is regulated by autonomic neural inputs that generate the intracellular 

second messengers inositol 1,4,5 trisphosphate (InsP3) and cyclic adenosine monophosphate 

(cAMP) to promote fluid secretion and protein exocytosis [22, 23]. Although muscarinic 

receptor activation results in Ca2+-evoked fluid and protein secretion, the majority of 

sustained protein secretion is induced by adrenergic receptor activation. Previous studies 

demonstrated that simultaneous activation of muscarinic receptors and ß-AR signaling 

pathways leads to synergistic enhancement of the evoked increase in [Ca2+]i in salivary 

gland acinar cells [24-27]. This is largely mediated by cAMP induced PKA phosphorylation 

of InsP3Rs [1, 4]. However, whether ß-AR activation amplifies Ca2+ signals induced by 

purinoceptor activation has not been thoroughly investigated. Because both ATP and 

norepinephrine are co-packaged into large dense core vesicles (LDCV) at adrenergic nerve 

terminals [28-30] it is likely that these neurotransmitters are released together during 
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sympathetic nerve stimulation to potentially activate both signaling pathways. A precedent 

for crosstalk between muscarinic receptors and purinergic receptors has been demonstrated 

in mouse lacrimal glands [31], yet this line of inquiry remains less studied in the parotid 

gland.

3.1 Crosstalk between β-AR and P2X4R leads to potentiation of ATP-evoked [Ca2+]i signals 
in parotid acinar cells

In these sets of experiments, we evoked Ca2+ signals in mouse parotid acinar cells by 

application of 10 μM ATP, a concentration we have previously shown to preferentially 

activate P2X4Rs [17]. The evoked signals were compared between groups that were treated 

with vehicle or with chemical modulators of cAMP signaling. A marked enhancement in 

free [Ca2+]i was observed following pharmacological elevation of cAMP levels compared to 

control groups. As shown in Fig 1A and 1B, following treatment with 8-cpt-cAMP (a 

synthetic cAMP analogue), forskolin (FRSK, the adenyl cyclase activator) or IBMX (a 

phosphodiesterase inhibitor), the ATP-evoked maximal free [Ca2+]i signals were enhanced 

around 2- to 4-fold compared to control acini exposed to ATP alone.

To determine whether the enhancement of P2X4R-evoked Ca2+ signals in the presence of 

cAMP modulators was mediated by PKA, we tested whether the FRSK induced 

enhancement of the Ca2+ signal was modulated following incubation with the PKA-selective 

inhibitor PKI. As shown in Fig 2A and B, following pre-treatment with PKI the FRSK-

induced enhancement of the Ca2+ signals was largely abolished. This finding is consistent 

with a previously reported PKA dependent mechanism that alters the expression of P2X4R 

protein at the plasma membrane [32].

Because pharmacological manipulations to increase cAMP levels do not necessarily 

recapitulate the spatial or temporal characteristics of cAMP dynamics induced by 

endogenous receptor activation, we determined the peak ATP-evoked Ca2+ signal 

amplitudes prior to or following treatment with the β-adrenergic agonist isoprenaline (ISO). 

ISO treatment alone produced negligible increases in resting [Ca2+]i during 10 min of 

application (change in resting [Ca2+]i levels was less than 2.3 nM ± 0.8 nM, n = 3). 

However, as shown in Fig 3A and B, ISO treatment significantly enhanced the ATP evoked 

[Ca2+]i change where the average ATP-evoked changes in free [Ca2+]i levels with or 

without ISO treatment was 26.3 nM ± 1.2 nM and 13.7 nM ± 2.1 nM, respectively. 

Additionally, this enhancement was largely suppressed by PKI treatment. The maximal 

amplitude of the evoked Ca2+ change following ISO treatment in the presence of PKI was 

15.4 nM ± 4.3 nM. These data suggested that the enhancement of the evoked [Ca2+]i 

response during β-AR activation was largely mediated through a PKA-dependent 

mechanism, although a contribution from another cAMP-binding protein such as Epac could 

not be excluded (see 3.3 below).

3.2 Crosstalk between β-AR and P2X7R potentiates Bz-ATP-evoked [Ca2+]i signals in 
parotid acinar cells

In a previous study we showed that, in contrast to P2X4R mediated Ca2+ signals, a major 

component of the P2X7R-evoked change in [Ca2+]i was mediated by Ca2+ induced Ca2+ 
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release (CICR) from the endoplasmic reticulum [17]. Because CICR is thought to be 

enhanced following PKA mediated phosphorylation of the type I InsP3 receptor [3, 4], we 

investigated whether an enhancement of CICR resulted in an indirect crosstalk between β-

ARs and P2X7Rs (Fig 4).

Similar to our approach to P2X4R, we tested the effect of pharmacological elevation of 

cAMP on the [Ca2+]i signals evoked by the P2X7R-selective agonist Bz-ATP. Fig 4A shows 

a set of representative [Ca2+]i responses from acinar cells treated with Bz-ATP alone or in 

the presence of either 8-CPT-cAMP or FRSK. Treatment with either of these compounds 

potentiated the evoked Ca2+ transient by nearly 3-fold compared to the control responses 

(Fig 4B).

We also tested whether this enhancement was dependent on PKA. As shown in Fig 5A, a 

significant enhancement of the evoked [Ca2+]i changes was induced by co-stimulation of 

P2X7R and ß-AR. Indeed, ISO and Bz-ATP treated cells showed more than a 2-fold 

increase in the evoked Ca2+ transient (Fig 5B). This enhancement was largely abrogated by 

treatment with the IP3R blocker 2-APB and probably mediated in part by PKA 

phosphorylation of the IP3 receptor and enhanced CICR. To determine this, we tested 

whether PKA activation contributed to the enhancement of the evoke change in [Ca2+]i 

using PKI to block PKA activity (Fig 5A and 5C). As shown, in Fig 5A and 5C, PKI 

treatment largely abolished the potentiation of [Ca2+]i change. This suggested that PKA-

mediated phosphorylation of IP3Rs and augmentation of CICR may largely underlie the 

enhancement of the [Ca2+]i response during co-activation of P2X7R and ß-AR.

3.3 Epac activation enhanced P2X4R- and P2X7R-evoked changes in Ca2+

Although cAMP is a ubiquitous second messenger and widely known as an activator of 

protein kinase A, it can also activate the cAMP-binding guanine nucleotide exchange factor, 

Epac. Our results using the inhibitor PKI suggested that the enhancements in the P2X4R and 

P2X7R evoked Ca2+ responses are largely mediated through PKA. However, Epac 

activation has recently been shown to accelerate Ca2+ waves in pancreatic acini [33]. Thus, 

we tested whether Epac activation might also enhance the Ca2+ changes evoked by P2X 

receptor activation. Because currently available Epac inhibitors are either general protein 

denaturants or only selective for Epac 2 that is expressed preferentially in the brain, we 

addressed this question using the cell-permeable selective Epac activator, cAMP analog 8-

pCPT-2-O-Me-cAMP-AM (8-pCPT-2-O-Me). In this set of experiments we monitored 

P2X4R- or P2X7R-evoked Ca2+ changes in acini that were pre-treated with vehicle control 

or Epac activator. As shown in Figure 6A and B, acini treated with 1.5 μM 8-pCPT-2-O-Me 

showed a significant enhancement in both the P2X4 and P2X7 mediated Ca2+ changes. 

Treatment with 2-APB abolished this effect and, given that previous work has demonstrated 

Epac-mediated modulation of ryanodine receptors, suggested the involvement of CICR. 

However, the mechanism and relevance of these observations is not immediately clear.
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3.4 Luminal P2X7R activation contributes to Ca2+ signals evoked by muscarinic receptor 
activation

Muscarinic receptor type 3 (M3R) activation has been shown to evoke Ca2+-dependent 

zymogen granule exocytosis in acinar cells of the salivary gland and exocrine pancreas [28, 

34-39]. The exocytotic events typically occurred at the apical (subluminal) and lateral 

aspects of the acinar cells when monitored by multi-photon and time-differentiated imaging 

methods [17, 20, 21]. Recently, we demonstrated that P2X7Rs are enriched in the 

subluminal region of acinar cells and exhibit overlap with the sites of Ca2+ signal initiation 

and exocytosis [17]. In addition, Irena Novak’s group showed that zymogen granules of the 

exocrine pancreas contained ATP that was released during exocytotic activity [40]. Thus we 

tested the hypothesis that P2X7Rs in parotid acinar cells are activated by ATP-released from 

zymogen granules during exocytotic activity, and that this activation can contribute to the 

CCh-evoked Ca2+ signal. To assess whether P2X7Rs were activated during CCh treatment, 

we evoked and monitored exocytosis at different rates (number of exocytotic events/cell/

min) by treating acinar cells with a range of concentrations of CCh. We then monitored the 

Ca2+ dynamics before or following the selective inhibition of the P2X7R by treatment with 

the P2X7 selective, structurally novel antagonist, A839977. Prior to this assessment, we 

investigated whether treatment with the P2X7R antagonist had any off-target effect on 

M3R-evoked Ca2+ signals or exocytotic activity. This was achieved using HEK 293 cells 

stably expressing muscarinic type 3 receptors or following CCh-evoked exocytotic activity 

by time differentiated imaging analysis.

As shown in Fig 7A, treatment with A839977 did not diminish [Ca2+]i changes evoked by 2 

μM CCh. The average changes in peak amplitude with or without antagonist treatment was 

742 nM ± 55 nM and 634 nM ± 105 nM, respectively. Likewise, A839977 treatment did not 

appear to alter exocytotic rates. As shown in Fig 7B, application of 0.1 μM, 2 μM or 10 μM 

CCh induced a concentration-dependent increase in exocytotic activity that was not 

significantly altered by A839977 treatment. Thus, we used A839977 to test whether CCh-

evoked exocytotic activity induced luminal P2X7R activation and contributed to M3R-

evoked Ca2+ signals in acinar cells. A839977 treatment had no effect on Ca2+ signals 

evoked by 0.1 μM CCh, an agonist concentration that only weakly activated exocytotic 

activity (Fig 7C). In contrast, A839977 was found to significantly diminish the Ca2+ signal 

amplitude evoked by 2 μM and 10 μM CCh, agonist concentrations that activated robust 

exocytotic activity (Fig 7D and 7E). Figure 7F shows the averaged maximal amplitudes for 

the evoked responses with or without inclusion of A839977. These data are consistent with 

the notion that luminal ATP accumulation during sustained exocytosis may activate apical 

P2X7Rs and contribute to CCh-evoked Ca2+ signals.

4. Discussion

Over the last half-century, deconvolution of the biochemical pathways in living cells has 

elucidated the individual molecular circuits that selectively drive specific life processes and 

revealed that multiple individual circuits can interact and influence one another. For 

example in living tissues, cells can receive distinct extracellular inputs that induce the 

simultaneous activation, interaction and integration of signal transduction pathways. These 
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interactions are referred to as signal crosstalk and might profoundly affect phenotypic 

output. The work presented here substantiates an effort to peel apart an integrated signaling 

circuit that regulates the production of primary saliva.

Typically, sympathetic and parasympathetic drive works in opposition to manifest a “gas-

and-brake” relationship to maintain physiological homeostasis. One notable exception to this 

paradigm occurs in the salivary glands where both pathways of autonomic control positively 

induce the secretion of primary saliva at the acinar cell level [41-44]. Moreover, it is likely 

that the activation of these pathways is largely co-incident and works in relative concert to 

tune secretory output according to physiologic need. Indeed, there is ample evidence that 

adrenergic and cholinergic signaling act in a synergistic manner to promote protein and salt 

secretion [3, 4]. What is less understood is the degree to which the so-called non-adrenergic, 

non-cholinergic (NANC) pathway that is also recruited during autonomic drive contributes 

to salivation or the extent to which this pathway is subject to crosstalk with the canonical 

pathways to modulate Ca2+ signals and secretory output.

A number of studies by our group and others suggested that there is crosstalk between 

purinergic and canonical signaling pathways. For example, findings from Brown et al 

suggested that PKA-mediated phosphoregulation plays an indirect role in modulating 

P2X4R channel function or assembly [32]. Studies conducted on DT-40 chicken B cells and 

HEK293 cells points towards PKA dependent receptor trafficking and inhibition of P2X4R 

endocytosis leading to increase in P2X4R expression on the plasma membrane [45]. 

Although indirect phosphoregulation by PKA is thought to be the dominant signal by which 

P2XR function is modified, the current study also points to a possible role for Epac as a 

potential modulator of P2XR signaling under specific conditions. This effect was perhaps 

due to sensitization of CICR as treatment with 2-APB resulted in abolishment of this 

enhancement. Although the mechanism by which Epac might enhance CICR and the 

physiological relevance of these observations is not clear, a better understanding of these 

questions would benefit from siRNA approaches or the development of effective Epac 

inhibitors that are beyond the scope of the current study.

In addition, we showed that activation of P2X7 receptors that are enriched at the luminal 

border evoked robust Ca2+ signals that were dominated by Ca2+ induced Ca2+ release 

contributions [17]. Given the apical distributions of P2X7Rs [46], intracellular Ca2+ release 

channels and the sites of zymogen granule fusion, we hypothesized that muscarinic receptor 

activation, via exocytotic activity at the apical membrane, would increase ATP levels in the 

lumen. Subsequent activation of P2X7 receptors would thus lead to luminal Ca2+ influx and 

Ca2+ signal amplification via CICR. Indeed, Novak’s group had previously suggested this 

possibility and showed that zymogen granules in mice contained ATP [47]. Advancing this 

idea, we showed that selective blockage of P2X7Rs reduced the muscarinic receptor 

activation evoked Ca2+ responses only during stimulations that induced exocytotic activity, 

suggesting that localized Ca2+ entry through P2X7Rs can facilitate CICR and support a feed 

forward mechanism to enhance InsP3 mediated Ca2+ signals.

Our finding is consistent with a study conducted on lacrimal glands where cholinergic and 

P2X7R agonists induced increases in [Ca2+]i that was larger than that evoked by a single 
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agonist but that was less than additive [31] suggesting that these pathways used the same 

internal Ca2+ store. In contrast, other studies have shown an apparent antagonistic 

relationship between muscarinic and purinergic signaling. For example one study 

demonstrated enhanced muscarinic receptor-evoked [Ca2+]i rises in parotid acini isolated 

from P2X7R knockout mice compared to the background strain [48], and another study on 

submandibular gland acini showed that ATP and CCh co-stimulation decreased fluid 

secretion in wild type mice [16]. The differences in findings between groups are not 

immediately clear but may be related to differences in the agonist concentrations, mouse 

strains or tissues used.

Because the major, canonical signal transduction pathways can act synergistically to control 

the rate, volume and composition of primary saliva, acinar cells provide a test bed for 

studying the integration of molecular signaling to achieve a defined physiological output. An 

important observation of the current study is that crosstalk between signaling pathways 

might not be exclusive to the canonical pathways. Our study points to a critical association 

between canonical and non-canonical pathways to modulate the rate and magnitude of 

secretory activity. This adds another potential layer of complexity to establish greater 

control of fluid secretion and protein exocytosis and to expand the dynamic range of 

physiological output. For example, protein secretion in the parotid occurs during both 

stimulated and unstimulated phases [49]. How signal crosstalk contributes to output during 

such wide ranges of activity is not well understood but is a focus for further investigation.
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Highlights

• Crosstalk between β-AR and P2X4R potentiates [Ca2+]i signals in parotid acinar 

cells

• Crosstalk between β-AR and P2X7R enhances [Ca2+]i rises in parotid acinar 

cells

• Exocytotic release of ATP and activation of P2X7R enhances CCh evoked 

[Ca2+]i signals
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Figure 1. 
Pharmacological elevations of cAMP enhanced P2X4R evoked changes in [Ca2+]i levels. A 
- C. Representative line traces showing maximal Δ [Ca2+]i evoked by 10 μM ATP alone or 

following treatment with 1 mM 8-CPT, 10 μM FRSK and 100 μM IBMX respectively. Bars 

above line traces indicate application of compounds. Vertical scale bar indicates Δ [Ca2+]i 

(nM) and horizontal scale bar shows time in seconds (s). Prestimulus [Ca2+]i values for 

representative control cell (CNTRL, ATP only) and treated cell traces were 155.3 nM and 

293.5 nM (ATP + 8-CPT), 82.7 nM and 118 nM (ATP + FRSK), 188.7 nM and 167.9 nM 

(ATP + IBMX) respectively. D. Bar graph depicts maximal Δ [Ca2+]i following ATP 

application in standard recording saline, (3 ≤ n ≤ 5) or co-application with either 8-CPT (n = 

4) or FRSK (n = 3) or IBMX (n = 5) respectively. Changes in [Ca2+]i levels were 

significantly greater during co-treatment with ATP and 8-CPT (p < 0.0001), FRSK (p < 

0.003) or IBMX (p < 0.002). Significant difference from control values as indicated by 

asterisk (*). Prestimulus [Ca2+]i values for control and treated bars were 147.4 ± 5.3 nM and 

181.4 ± 46 nM (ATP + 8-CPT), 91.8 ± 3.5 nM and 117.9 ± 10.2 nM (ATP + FRSK) and 

175.7 ± 6.1 nM and 187.8 ± 13.4 nM (ATP + IBMX) respectively. Parotid acinar cells were 

pretreated with 8-CPT, FRSK, and IBMX for 10–15 minutes in the above experiments prior 

to ATP challenge.
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Figure 2. 
PKA dependent modulation of P2X4R evoked changes in [Ca2+]i levels. A. Representative 

line traces depicting Δ [Ca2+]i evoked by 10 μM ATP with or without treatment with 10 μM 

FRSK or FRSK and 100 nM PKI respectively. Vertical scale bar indicates Δ [Ca2+]i (nM) 

and horizontal scale bar shows time in seconds (s). Prestimulus [Ca2+]i values for 

representative control and treated cell traces were 186.6 nM (ATP), 195.5 nM (ATP + 

FRSK) and 160.1 nM (ATP + FRSK + PKI) respectively. B. Bar graph showing maximal Δ 

[Ca2+]i following stimulation with ATP alone (n = 9) or co-treated with FRSK (n = 5) or 

FRSK and PKI (n = 4). Maximal Δ [Ca2+]i was significantly enhanced in acinar cells 

following treatment with FRSK (p < 0.0002) compared to those stimulated with ATP only. 

Enhancement of [Ca2+]i responses was significantly diminished in cells treated with FRSK 

and PKI (p < 0.02). Significant difference from control values or between FRSK groups 

with or without treatment with PKI indicated by symbols * or # respectively. Treatments are 

indicated by + and − signs. Prestimulus [Ca2+]i values for representative control and treated 

bars were 143.2 ± 4.7 nM (ATP), 227.4 ± 31.7 nM (ATP + FRSK) and 255.3 ± 77.5 nM 

(ATP + FRSK + PKI) respectively. Acinar cells were pretreated with FRSK or FRSK and 

PKI for 10-15 minutes before ATP treatment in experiments where these compounds were 

applied.
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Figure 3. 
Co-activation of β-AR and P2X4R resulted in PKA dependent enhancement of [Ca2+]i 

changes. A. Representative line traces showing maximal Δ [Ca2+]i responses evoked by 10 

μM ATP alone or with 4 μM ISO in the presence or absence of 100 nM PKI. Scale bars 

indicate Δ [Ca2+]i in nM and time in seconds (s). Prestimulus [Ca2+]i values for 

representative control and treated cell traces were 66.9 nM (ATP), 146.2 nM (ISO) and 

111.8 nM (ISO + PKI) respectively. B. Bar graph shows maximal change in [Ca2+]i during 

ATP treatment alone (n = 7) or upon co-treatment with either ISO (n = 6) or ISO and PKI (n 

= 4). Treatments are indicated by + and – signs. Significant difference from control or 

between ISO treated groups is mediated by * and # symbols respectively. Prestimulus 

[Ca2+]i values for representative control and treated bars were 144.1 ± 12.2 nM (ATP), 206 

± 9.8 nM (ATP + ISO) and 135.1 ± 7.7 nM (ATP + ISO + PKI) respectively. Acinar cells 

were pretreated with ISO or ISO and PKI for 15-20 minutes prior to ATP challenge in 

experiments where these pharmacological compounds were used.
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Figure 4. 
Elevation of cAMP during P2X7R activation potentiated ATP evoked [Ca2+]i signals. A. 
Representative line traces depicting maximal Δ [Ca2+]i evoked by 100 μM BZ-ATP 

application or upon co-application with either (1 mM) 8-CPT or (10 μM) FRSK. Scale bars 

indicate Δ [Ca2+]i (nM) and time in seconds (s). Prestimulus [Ca2+]i values for 

representative control and treated cell traces were 162.1 nM (BZ-ATP), 163.7 nM (BZ-ATP 

+ 8-CPT) and 161.8 nM (BZ-ATP + FRSK) respectively. B. Bar graph showing maximal Δ 

[Ca2+]i upon BZ-ATP application (n = 6) or during 8-CPT (n = 3) or FRSK (n = 3) 

stimulation. Prestimulus [Ca2+]i values for representative control and treated bars were 

157.7 ± 2.9 nM (BZ-ATP), 156.3 ± 6 nM (BZ-ATP + 8-CPT) and 162.4 ± 7.5 nM (BZ-ATP 

+ FRSK) respectively. Significant difference from control values as indicated by asterisk 

(*). Acinar cells were pretreated with 8-CPT or FRSK for 10-15 minutes prior to BZ-ATP 

treatment.
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Figure 5. 
Co-activation of β-AR and P2X7R induced PKA dependent rises in [Ca2+]i levels dominated 

by Ca2+ release. A. Representative line traces show maximal Δ [Ca2+]i responses evoked by 

100 μM BZ-ATP alone or following 4 μM ISO application or upon ISO and 200 μM 2-APB 

or ISO and 100 nM PKI treatment. Vertical scale bar indicates Δ [Ca2+]i (nM) and 

horizontal scale bar shows time in seconds (s). Prestimulus [Ca2+]i values for control cell 

and treated cell traces were 148.3 nM (BZ-ATP), 132.9 nM (BZ-ATP + ISO), 212.1 nM 

(BZ-ATP + ISO + 2-APB) and 188.7 nM (BZ-ATP + ISO + PKI). B. Bar graph showing 

BZ-ATP evoked changes in [Ca2+]i upon BZ-ATP application alone (n = 4) or in 

combination with ISO (n = 3) or ISO and 2-APB (n = 5). The enhancement in [Ca2+]i levels 

by ISO treatment was diminished by 2-APB application. Prestimulus [Ca2+]i values for 

representative control and treated bars were 151.4 ± 5 nM (BZ-ATP), 111.7 ± 13 nM (BZ-

ATP + ISO) and 143.6 ± 12.1 nM (BZ-ATP + ISO + 2-APB) respectively. C. Bar graph 

depicting maximal Δ [Ca2+]i after exposure to BZ-ATP alone (n = 3) or following ISO (n = 

3) or ISO and PKI (n = 3) treatment. Significant differences from control values or between 

ISO groups with or without treatment with PKI are indicated by symbols (*) and (#) 

respectively. Prestimulus [Ca2+]i values for representative control and treated bars were 

159.7 ± 3.2 nM (BZ-ATP), 132.7 ± 22.9 nM (BZ-ATP + ISO) and 99.2 ± 6.3 nM (BZ-ATP 

+ ISO + PKI) respectively. Acinar cells were pretreated with ISO or ISO and PKI or ISO 
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and 2-APB for 15-20 minutes prior to ATP challenge in experiments where these 

compounds were used.
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Figure 6. 
An Epac-dependent process may contribute to an enhanced Ca2+ signal. A. Bar graph 

showing the Δ [Ca2+]i following treatment with 1.5 μM 8-pCPT-2-O-Me-cAMP-AM, a 

selective and cell-permeable activator of EPAC and 10 μM ATP. Controls were 28.3 nM ± 7 

nM, n = 4 and 8-pCPT-2-O-Me treated acini were 80.2 nM ± 10.7 nM, p=0.0064, n = 4. 

Enhancement of the evoked signal was not likely a result of increased Ca2+ entry through 

P2X4 receptors as treatment with 2-APB showed no significant difference when compared 

to controls (14.4 nM ± 3.7 nM, p=0.1732, n = 5). Prestimulus [Ca2+]i values for 

representative control and treated bars were 226.5 ± 8.5 nM (ATP), 242.5 ± 23 nM (ATP + 

8-pCPT-2-O-Me), 199.1 ± 23.2 nM (ATP + 2-APB) and 239 ± 14.2 nM (ATP + 8-pCPT-2-

O-Me + 2-APB) respectively. B. Activation of Epac induced enhancement of the P2X7R-

evoked response. 8- pCPT-2-O-Me treated acini displayed a significant enhancement of the 

BZ-ATP-evoked Ca2+ response (734.8 nM ± 91.3 nM, n = 7) compared to control cells 

(461.1 nM ± 68.7 nM, p=0.04, n = 6). Control acini were not significantly different (24.6 

nM ± 6.1 nM, n = 4) from 8-pCPT-2- O-Me treated acini (14.4 nM ± 3.7 nM, p=0.1775, n = 

5) in the presence of 2-APB. Prestimulus [Ca2+]i values for representative control and 

treated bars were 228.8 ± 4.3 nM (BZ-ATP), 254.6 ± 7.8 nM (BZ-ATP + 8-pCPT-2-O-Me), 

206 ± 24.6 nM (BZ-ATP + 2-APB) and 246.2 ± 16.8 nM (BZ-ATP + 8-pCPT-2-O-Me + 2-

APB) respectively.
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Figure 7. 
CCh evoked signaling in the presence or absence of the P2X7R blocker. A. Line traces 

depict maximal Δ [Ca2+]i (shown in ratio units) in response to 2 μM CCh stimulation in 

HEK-293 cells in the presence or absence of 1μM A839977. Prestimulus [Ca2+]i values for 

representative control and treated cell traces were 60.83 nM (CCh) and 63.75 nM (CCH + 

A839977) respectively. B. Bar graph of rate of exocytosis in isolated parotid acinar cells 

upon 0.1, 2 and 10 μM CCh application with or without A839977 treatment. The number of 

secretory events was comparable across all groups. C - E. Line traces show [Ca2+]i 

responses upon 0.1, 2 and 10 μM CCh application with or without A839977 treatment 

respectively. Prestimulus [Ca2+]i values for control and treated cell traces were 98.5 nM (0.1 

μM CCh) and 94.8 nM (0.1 μM CCh + A839977), 107.1 nM (2 μM CCh) and 147.7 nM (2 

μM CCh + A839977) and 142.7 nM (10 μM CCh) and 285.1 nM (10 μM CCh + A839977) 

respectively. F. Bar diagram shows maximal Δ [Ca2+]i upon CCh application with or 

without A989977 treatment during 0.1, 2 and 10 μM CCh treatment. [Ca2+]i responses were 

significantly decreased in groups treated with 2 μM (p < 0.009) or 10 μM (p < 0.05) CCh in 

the presence of A839977 when compared to those treated with CCh alone. Prestimulus 

[Ca2+]i values for control and treated bars were 121.3 ± 2.7 nM (0.1 μM CCh) and 84.5 ± 

9.6 nM (0.1 μM CCh + A839977), 176.7 ± 20.5 nM (2 μM CCh) and 209.1 ± 47 nM (2 μM 
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CCh + A839977) and 142.4 ± 14.2 nM (10 μM CCh) and 202.4 ± 41.7 nM (10 μM CCh + 

A839977) respectively. These data show a diminishment in CCh evoked [Ca2+]i signals 

upon P2X7R inhibition in parotid acini.
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