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Abstract 35 
Salivary fluid secretion involves an intricate choreography of membrane transporters to result 36 
in the trans-epithelial movement of NaCl and water into the acinus lumen. Current models are 37 
largely based on experimental observations in enzymatically isolated cells where the Ca2+ signal 38 
invariably propagates globally and thus appears ideally suited to activate spatially separated Cl 39 
and K channels, present on the apical and basolateral plasma membrane, respectively. We 40 
monitored Ca2+ signals and salivary secretion in live mice expressing GCamp6F, following 41 
stimulation of the nerves innervating the submandibular gland. Consistent with in vitro studies, 42 
Ca2+ signals were initiated in the apical endoplasmic reticulum. In marked contrast to in vitro 43 
data, highly localized trains of Ca2+ transients that failed to fully propagate from the apical 44 
region were observed. Following stimuli optimum for secretion, large apical-basal gradients 45 
were elicited. A new mathematical model, incorporating these data was constructed to probe 46 
how salivary secretion can be optimally stimulated by apical Ca2+ signals.       47 
 48 
Introduction 49 

Salivary fluid secretion is vital to the health of the oral cavity [1]. This is most clearly 50 

appreciated in disease states which result in hypofunction where patients experience difficulty 51 

chewing and swallowing food, speaking and are susceptible to oral infections that result in 52 

dental caries [2].  Fluid secretion from the salivary gland requires the trans epithelial movement 53 

of Cl- across polarized acinar cells [3-6]. The polarization of exocrine cells is a consequence of 54 

the presence of tight junction protein complexes which functionally separate the transport 55 

machinery in the apical PM from those in the functionally equivalent, basal and lateral PM 56 

(collectively termed basolateral PM). This structural specialization allows distinct proteins to be 57 

localized in each membrane to promote vectoral ion and fluid movement [5].   The current, 58 

widely accepted model for fluid secretion posits that Cl- are transported against their 59 

electrochemical gradient by the Na+/K+/2Cl- cotransporter, NKCC1 at the basolateral plasma 60 

membrane (PM) [7] and subsequently enters the lumen of the acinus across the apical PM 61 

through TMEM16a chloride channels [8]. Cl- accumulation imparts a negative potential to the 62 

lumen relative to the basolateral PM, which draws Na+ paracellularly through tight junctions 63 

[5]. Subsequently, water follows osmotically to generate the primary saliva which is modified by 64 

the ductal epithelia.  An elevation in cytosolic [Ca2+] following neurotransmitter release plays a 65 

central role in the stimulation of fluid secretion from salivary gland acinar cells [9-13]. 66 

Acetylcholine (ACh) is the primary neurotransmitter released following parasympathetic input 67 

to the major salivary glands after gustatory and olfactory stimulation [14]. ACh results in 68 
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activation of muscarinic receptors, G-protein coupled stimulation of inositol 1,4,5 trisphosphate 69 

(IP3) production and subsequent Ca2+ release from endoplasmic reticulum stores via IP3 70 

receptors (IP3R) [15-17]. The ER stores are subsequently refilled by store operated Ca2+ entry 71 

across the PM, which is required for sustained salivary secretion [18-21]. To stimulate saliva 72 

flow, the primary effector of the increase in [Ca2+] are TMEM16a channels localized in the apical 73 

PM [8, 22-24]. As Cl- moves across the apical PM, the membrane potential approaches the 74 

equilibrium potential for Cl-, however, Ca2+ also increases the activity of K channels, 75 

conventionally thought to be localized predominantly at the basolateral PM, to maintain the 76 

membrane potential to favor continued Cl- exit and secretion [25-29]. 77 

Over the past several decades, the spatiotemporal properties of the agonist-stimulated 78 

Ca2+ signal have been described in preparations of enzymatically isolated preparations of 79 

salivary gland acinar cells or lobules [30, 31] loaded with fluorescent Ca2+ indicators and imaged 80 

by time resolved wide field or confocal microscopy. In total, these studies indicate that the 81 

agonist stimulated Ca2+ signals exhibit characteristics which appear ideally tuned to activate 82 

these spatially separated Ca2+ dependent ion channels required for secretion. For example, 83 

stimulation with muscarinic agonists, or more directly by photolysis of caged-IP3, invariably 84 

results in the Ca2+ signal initiating in the extreme apical ER followed by a rapid Ca2+ wave which 85 

results in globalization of the signal throughout the cytoplasm [32-37]. The initiation sites, 86 

termed the “trigger zone”, correspond to the localization of the majority of type-2/3 IP3R [16, 87 

17], in ER in close apposition to TMEM16a in the PM. The intimate association of apical ER and 88 

apical PM is emphasized by the apparent co-localization of IP3R and TMEM16a by confocal 89 

microscopy, despite their localization in different membranes. Super-resolution STED imaging 90 

does resolve distinct distributions of the two proteins, such that the distance between apical ER 91 

and PM is  estimated to be ~50-100 nm [38] and thus constitutes a region of privileged 92 

communication between messenger and effectors.  The subsequent global spread is consistent 93 

with Ca2+-induced Ca2+ release through IP3R and ryanodine receptors (RyR) [37] to allow the 94 

Ca2+ signal to efficiently activate the majority of K channels present on the basolateral PM.  At 95 

low agonist concentrations, the cycle of apical Ca2+ release, global spread and subsequent Ca2+ 96 

sequestration is repeated, such that temporally, the Ca2+ signal is manifested as a series of 97 
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oscillations with a relatively slow period (5-8/minute) [33]. At higher concentrations of agonist, 98 

the initial globalization is maintained to produce a “peak and plateau” type temporal response. 99 

While in vitro studies of Ca2+ signaling have provided a wealth of information to greatly 100 

inform our models of salivary secretion, there are general caveats which apply to these data.  101 

Primarily, the cells are studied out of a physiological context with no extracellular matrix, 102 

basement membrane and with probable disruption of cellular junctions as a result of the 103 

enzymatic isolation. A further complication is that isolated cells are typically exposed for a 104 

period of time to a constant concentration of agonist which in many cases is a non-hydrolysable 105 

analog, as opposed to the neural delivery of transmitter occurring in a pulsatile fashion that is 106 

subject in vivo to enzymatic degradation. Whether these factors influence the spatiotemporal 107 

characteristics of Ca2+ signals in salivary glands is unknown. Additionally, since only indirect 108 

measurements of fluid secretion inferred from volume changes can be made in isolated acinar 109 

cell preparations [39], it is unclear how the concentration-dependent characteristics of 110 

stimulated Ca2+ signals in vitro relate to the physiological stimulation of fluid secretion in vivo.      111 

 In this study we generated mice expressing a genetically encoded Ca2+ indicator 112 

specifically in exocrine acinar cells and imaged the Ca2+ signals in submandibular glands in living 113 

mice by intravital multiphoton (MP) microscopy. Notably, stimulation of the endogenous neural 114 

input to the gland induces Ca2+ signals with major spatiotemporal properties which are distinct 115 

from those observed in isolated acinar cells. Specifically, following moderate stimulation, 116 

apically localized Ca2+ signals are generated which did not propagate globally. Furthermore, the 117 

apical signals consist of rapid oscillations.  At stimulation intensities optimum for secretion, a 118 

significant apical-basal standing Ca2+ gradient was also established. These striking disparities 119 

suggest a modification of our previous model is necessary [17, 40] to incorporate the 120 

characteristics of physiological Ca2+ signals in vivo and thus provide a revised framework to 121 

better understand salivary fluid secretion.  122 

 123 

Results 124 

To generate mice expressing a fluorescent Ca2+ indicator in exocrine acinar cells, homozygous 125 

mice expressing the fast genetically encoded Ca2+ indicator GCaMP6f (B6J.Cg-126 
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Gt(ROSA)26Sortm95.1(CAG-GCaMP6f)Hze/MwarJ) [41] floxed by a STOP cassette, were crossed with 127 

heterozygous tamoxifen-inducible Mist1 Cre mice (B6.129-Bhlha15tm3(cre/ERT2)Skz/J) [42].  The 128 

STOP codon was subsequently excised following tamoxifen gavage (Fig. 1A). The expression of 129 

GCaMP6f was investigated in vivo in anaesthetized mice following surgery to expose the 130 

submandibular salivary glands (SMG). One SMG was lifted and placed on a small platform with 131 

a coverslip placed on top of the gland (Fig. 1B). Bipolar stimulation electrodes were inserted to 132 

the duct bundle connecting to the imaged SMG tissue, in order to stimulate nerves innervating 133 

the SMG. A cover glass was placed on top of the SMG to gently hold the tissue and to maintain 134 

a saline solution bathing the gland. MP imaging in serial z sections through the gland revealed 135 

expression of GCaMP6f exclusively in acinar cells. GCaMP6f expression was uniformly observed 136 

in essentially all acinar cells while GCaMP6f expression was not evident in any other cell type 137 

such as blood vessels, nerves, myoepithelial cells or ductal cells. As expected by the size of 138 

GCaMP6f, the probe was largely excluded from nuclei.  Large voids with lack of expression of 139 

GCaMP6f were evident in z planes distal from the surface of the gland likely representing the 140 

localization of ductal structures (Fig. 1C). 141 

We next monitored changes in GCaMP6f fluorescence by intravital microscopy in live 142 

animals using MP excitation. Images were acquired at 30 frames per second (fps) as described 143 

in Methods (each image a 3 frame average to result in acquisition at 10 fps). Under basal 144 

conditions, prior to stimulation, the cells were quiescent (Fig. 2B). Electrical stimulation at 145 

various stimulus strengths delivered to nerves innervating the SMG (1-100 Hz, 12 s initiated at 146 

10s) induced increases in intracellular [Ca2+] in acinar cells (Fig. 2A,B). Following 1 Hz 147 

stimulation, a minority of the cells exhibited small, rapid changes in fluorescence, (n = 4 fields 148 

from 4 animals, Fig. 2A,B), while most cells were refractory. Following higher frequency 149 

stimulation (3-10 Hz), the majority of the cells in the field responded and the amplitude of the 150 

[Ca2+] signal increased as the stimulation strength was increased (Fig. 2A,B). During the 12 s of 151 

stimulation, overall fluorescence gradually increased and immediately returned to baseline 152 

after the termination of the stimulation (Fig. 2A,B). The maximum [Ca2+] signal evoked during 153 

the 12 s stimulation progressively increased and was maintained from 1 to 10 Hz throughout 154 

the period of stimulation, but this trend did not hold following higher frequency stimulation (n 155 
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= 4 fields from 4 animals, Fig. 2C).  Following stimulation at 30-100 Hz, the [Ca2+] increase was 156 

not maintained for the duration of stimulation. Under these conditions, the [Ca2+] rapidly 157 

peaked in the initial 1-3 s then decreased thereafter (Fig. 2A,B), probably as a result of 158 

exceeding the maximal firing rate of the neurons innervating the SMG. Of note, the stimulation 159 

likely led to increased neural activity specifically, rather than stimulating acinar cells directly, as 160 

a consequence of current leak through the saline depolarizing nerve endings, as the 161 

contralateral SMG were unresponsive to even the highest 100 Hz nerve bundle stimulation of 162 

the ipsilateral gland (p > 0.1 compared to without stimulation, n=4 fields from 4 animals, Fig. 163 

2C).  164 

To further confirm the physiological consequence of nerve stimulation, we monitored 165 

saliva secretion under identical stimulus conditions. There was no significant secretion 166 

activated by 1-3 Hz nerve stimulation for 1 min (p > 0.05 compared to the absence of nerve 167 

stimulation, n = 4 animals), but saliva secretion progressively increased following 5-10 Hz nerve 168 

stimulation (p < 0.05 compared to the absence of stimulation, n = 4 animals) (Fig. 3A). Higher 169 

frequency stimulation did not result in augmented secretion, likely reflecting failure to sustain 170 

the rise in [Ca2+] (Fig. 2A). At moderate stimulation intensity (0-10 Hz), there was a linear 171 

correlation between the peak [Ca2+] increases by stimulation and saliva secretion (r2 = 0.995, n 172 

= 4 animals, Fig. 3B). These stimulus paradigms (1-10 Hz), therefore likely represent the range 173 

of physiological stimulation of both evoked Ca2+ signals and the resulting saliva secretion and 174 

thus characterization of these signals, represent the focus of the remainder of the study. 175 

Sustained saliva secretion requires both Ca2+ release and subsequent Ca2+ influx [9, 19, 176 

43]. While the former is dependent on IP3-induced Ca2+ release the latter phase is ultimately 177 

dependent on Orai based channels [44]. To provide evidence that similar mechanisms operate 178 

in vivo, experiments were performed stimulating glands at 10 Hz for a more extended period of 179 

time (~5 min) and evaluating the effects of an Orai channel blocker, GSK7975A [45] on the 180 

evoked Ca2+ signals.  Stimulation resulted in an initial peak in [Ca2+]i which decayed to a new 181 

plateau level which was maintained throughout the 5 mins of stimulation (Fig. 4A, N= 4 182 

animals). Animals were subsequently injected with GSK7975A (20 mg/kg ip) and restimulated 183 

20-70 mins later. No significant effect was observed on the magnitude of the initial peak, 184 
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presumably because sufficient refilling of the ER Ca2+ store had occurred during exposure to 185 

blocker. However, the plateau measured following 5 minutes of stimulation was significantly 186 

attenuated in drug injected animals vs. vehicle (Fig. 4A, pooled data in Fig. 4B/C) suggesting a 187 

requirement for Orai channel dependent influx for sustained Ca2+ signals and secretion. 188 

We next investigated the characteristics of Ca2+ signals evoked by stimulation over this 189 

physiological range. Following nerve stimulation at low stimulation strengths (1-5 Hz), we 190 

observed both the recruitment of responding cells and an increase in the amplitude of the 191 

[Ca2+] response (Fig. 5). To determine more closely how the increased stimulation intensity 192 

impacts the characteristics of Ca2+ responses to result in increased saliva secretion, a software-193 

based work-flow was designed to post-process the image series. Imaged fields were sub-divided 194 

into 8 by 8 equal quadrants to yield 64 grid squares (Fig. 5C,D). Each grid was 32 x 32 µm, and 195 

typically included a portion of an acinus consisting of 1-5 cells and was used to approximate the 196 

spatial and temporal behavior of individual cells or lobules in the field. In order to analyze the 197 

activity in each region, the image was then processed to show percent F/F for each time-lapse 198 

frame in the sub-divided regions (Fig. 5D,E). Using this general scheme, we compared 199 

information obtained from 8 x 8 grids, 16 x 16 grids and randomly manually selected regions of 200 

interest representing either acinar clusters or single acinar cells. Each scheme produced 201 

essentially equivalent data, ultimately validating the use of the 8 x 8 grid (Fig. 5- Fig. 202 

supplement 1).  At 1 Hz stimulation, the activity was sporadic, with the responding regions 203 

tending to give multiple responses while non-responding regions remained quiescent 204 

throughout the stimulus period (Fig. 5F). Overall, 34.0 ± 5.1% (n = 19 fields from 8 animals) of 205 

the sub-regions showed significant responses during the stimulation (Fig. 5G). Moreover, the 206 

increase in [Ca2+] in the responding regions exhibited a prolonged latency prior to the initial rise 207 

following stimulation (6.72 ± 0.79 s, n = 19, Fig. 5H). Stimulation at higher frequencies 208 

progressively recruited more grid regions and shortened the latency to the initial response (Fig. 209 

5G, H). At 10 Hz, virtually all regions responded to the stimulation (98.5 ± 0.6%, n = 19) with 210 

minimal latency (1.70 ± 0.27 s, n = 19) (Fig. 5G, H). These data suggest that the increase in 211 

overall [Ca2+] and secretion by rising stimulation strength was at least in part due to the 212 

recruitment of responding cells and a faster time for cells to respond. Further, the amplitude of 213 
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the maximal increase in [Ca2+] in the subdivided grids also increased as the strength of the 214 

stimulation was augmented (Fig. 5I), indicating that enhancement of individual cellular [Ca2+] 215 

responses also contribute to the overall increase of [Ca2+] amplitudes.  216 

We observed that increased stimulus strength resulted in both a higher number of 217 

responding regions and a higher peak [Ca2+] amplitude in individual grids. We next examined 218 

whether grids which responded at lower stimulus intensity also strongly responded to higher 219 

frequency stimulation. Grids in an imaging field were ranked based on the peak [Ca2+] evoked 220 

by 5 Hz stimulation and then re-sorted based on progressively increasing amplitude (Fig. 6A,B). 221 

We subsequently sorted the data obtained from 1, 3, and 10 Hz stimulation from the identical 222 

field in the grid rank order established for 5 Hz stimulation (Fig. 6C). This analysis demonstrated 223 

a clear pattern whereby, at each stimulus strength, particular regions of the field of view were 224 

most susceptible to stimulation, such that grids giving the largest amplitude response at 1 Hz 225 

similarly responded by displaying the largest amplitude signals at 3, 5 and 10 Hz stimulation.  226 

(n= 5 fields from 4 animals) (Fig. 6D).  227 

The extent of the increase in [Ca2+] following greater strengths of stimulation was not 228 

uniform throughout individual grids. High-responding grid regions showed linearly enhanced 229 

increases following stimulation (R2 = 0.9197, n = 4 fields from 4 animals), while the increase in 230 

Ca2+ signal following increased stimulation in less responsive regions was proportionately 231 

smaller (Fig. 6E). This trend was not limited to the peak amplitude attained. During the 12 s 232 

stimulation, grid regions exhibited [Ca2+] fluctuations superimposed upon an elevated plateau 233 

(Fig. 6F). We evaluated the extent of this fluctuation by comparing the standard deviation of 234 

the F/F signal occurring during the stimulation period. With this analysis, a higher standard 235 

deviation reflects greater variability in the stimulated change in [Ca2+]. When the 5 Hz data was 236 

sorted according to the peak [Ca2+] ranking as in Fig. 6D, the variation of grids with 5 Hz 237 

stimulation also demonstrated that low-responding grids had smaller variability than high-238 

responding grids (n = 4 fields from 4 animals) (Fig. 6F). Likewise, the same trend was exhibited 239 

at each stimulation strength, with a linearly increasing rate of enhancement as intensity 240 

increased (R2 = 0.8664, n = 4) (Fig. 6G). Therefore, an increased fluctuation in the response is 241 

also a property of sensitive, highly responsive regions.  242 
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Stimulation of salivary fluid secretion is predominantly mediated through 243 

parasympathetic input as a result of the action of ACh released from nerve endings acting on 244 

muscarinic M3 receptors on acinar cells [14]. To gain direct evidence that neural release of ACh 245 

was responsible for the changes in [Ca2+] observed, we systemically administered a 246 

cholinesterase inhibitor to block the clearance of ACh and effectively increase the local [ACh].  247 

Physostigmine (0.1 mg/kg body weight IP) enhanced the peak amplitude of the Ca2+ signals 248 

following stimulation (Fig. 7A-D), indicating that acinar cell [Ca2+] changes reflect the 249 

extracellular availability of acetylcholine released by stimulation. The augmentation in the Ca2+ 250 

signal was not statistically significant at 1 Hz stimulation (p > 0.05, n = 5 fields from 4 animals), 251 

but became more prominent at 3 Hz with shorter latency, an increase in the number of 252 

responding grids and peak amplitude (p < 0.05 in % response and peak F/F, n = 5) and 253 

following 5 Hz stimulation (p < 0.05 in latency and peak F/F, n =5 fields from 4 animals) (Fig. 254 

7E-G). At 10 Hz stimulation, no further increase in the grid responsiveness or latency was 255 

observed, reflecting the fact that all grids were active and exhibited minimal latency at this 256 

stimulus strength, however the peak F/F showed a robust enhancement (p < 0.01, n = 5) (Fig. 257 

7E-G). While these data do not rule out the involvement of additional neurotransmitters, they 258 

confirm a prominent role for ACh in mediating the increase in [Ca2+] observed following neural 259 

stimulation. 260 

While the previous grid-based analysis yielded important information relating to the 261 

general properties of the evoked signals within an imaged field, this approach was not suited to 262 

provide spatial information on a sub-acinus or lobule scale.  To interrogate the sub-cellular 263 

spatial characteristics of the Ca2+ signals evoked by neural stimulation, we generated standard 264 

deviation (SD) images from the stimulated portion of the image series. This analysis revealed 265 

that at all physiological stimulus strengths the increase in [Ca2+]i was highly heterogeneous, with 266 

the largest increases in signal occurring in the apical aspects of acinar clusters, directly below 267 

the apical PM (Fig. 8- Fig. supplement 1).  Figure 8A illustrates a field in which an acinar cluster 268 

is highlighted prior to neural stimulation at 5 Hz (red box and image series in Fig. 8B). In marked 269 

contrast to in vitro experiments, analysis of the image series demonstrated that the signal 270 

consisted of brief (< 2 sec in duration), repetitive increases in [Ca2+] (Fig. 8B). The signals were 271 
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highly localized, being initiated in, and almost entirely confined to the apical portions of 272 

individual cells, within a few ms of the apical PM (Fig. 8B-E), with only very rare, small 273 

elevations in the basal aspects of the cell. This localization is illustrated by SD images of the 274 

whole field (Fig. 8D) and a topographical SD representation of the highlighted cluster (Fig. 8D) 275 

together with analysis of the fluorescent changes in time from regions of interest manually 276 

assigned to an apical Region of Interest (ROI) (red box), cytoplasmic ROI (blue box) and a basal 277 

ROI (green box) (Fig. 8E).  Consistent with tight coupling between acinar cells by gap junctions, 278 

signals often appeared to invade the apical region of neighboring cells (see images time 279 

stamped between 30.8-31.8 s in Fig. 8B).   280 

At 10 Hz stimulation, a rise in [Ca2+] was also rapidly initiated in the extreme apical ER, 281 

close to the apical PM (imaging field in Fig. 9A with red box showing the highlighted cluster 282 

depicted in Fig. 9B). In contrast to lower stimulus strengths, Ca2+ signals were observed in the 283 

basal aspects of the cell (Fig. 9B-E), but of considerably lower amplitude, approximately 20-30% 284 

of that observed in the apical domain.  Effectively a standing apical-basal [Ca2+] gradient was 285 

established, as shown in the SD image of the field and the topographical representation of the 286 

SD of the highlighted region (Fig. 9C/D), together with the analysis of manually positioned 287 

representative apical (red ROI), cytoplasmic (blue ROI) and basal regions (green ROI) (Fig. 9E) to 288 

illustrate the magnitude of the gradient.  289 

To further investigate this spatial heterogenicity we performed MP line scans following 290 

stimulation at 3-10 Hz stimulation where the scanned line was orientated to interrogate 291 

changes in fluorescence originating in the apical region extending through the nucleus to the 292 

base of an individual cell.  Fig. 10A shows a representative field with the position of the scanned 293 

line. Fig. 10 BI, CI and DI show the changes in line fluorescence over time evoked by 3, 5, 10 Hz 294 

stimulation, respectively. Consistent with the previous data, following 3 and 5 Hz stimulation 295 

the changes in fluorescence were largely confined to regions close to the apical PM of the cell 296 

(defined as a 3 m line in the kinetic from apical, cytoplasmic and basal ROIs shown in Fig. 10 BII 297 

and CII and pooled data in Fig. 10 E/F). Stimulation at 10 Hz again resulted in large amplitude 298 

apical signals which diminished rapidly, such that the magnitude of the signal was ~ 25% of the 299 

apical signal in the extreme basal aspects of the cell distal to the nucleus (Fig. 10 DI, kinetic in 10 300 
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DII and pooled data from 11 line scans from 3 animals in 10E/F). The apical-basal gradient was 301 

further analyzed by plotting the amplitude of the maximum fluorescent change across the line 302 

profile which further reinforces that at each stimulus intensity the signal rapidly decays away 303 

from the apical initiation sites to the nucleus and is ~25% of the apical signal in the extreme 304 

base of the cell (Fig. 10. BIII, CIII and DIII). In total, these data demonstrate that in contrast to 305 

experiments performed in in vitro preparations, physiological stimulation results in prominent, 306 

apical Ca2+ signals which do not propagate and globalize to result in a homogeneous [Ca2+]i 307 

throughout the cell, such that steep apical-basal gradients are established. 308 

To further analyze the neurally evoked apical Ca2+ signals, Python software scripts were 309 

written in the Jupyter lab notebook environment to automate the designation of apical ROIs 310 

from masks generated from average or SD images. These apical ROIs were then subsequently 311 

used to quantitate the magnitude and frequency of signals within these regions (see Methods 312 

for details). Fig. 11A shows an imaging field depicting the stimulated-basal average image for 313 

the field generated during the 12s of stimulation at 5 Hz from which 79 apical ROIs were 314 

generated from masks shown in Fig.11B/C. Fig. 11D shows representative responses from 4 of 315 

the 79 ROIs to stimulation over the range of physiological stimulus strengths. Consistent with 316 

the previous grid analysis, few apical regions responded to 1 Hz stimulation while the majority 317 

of ROIs responded to stimulation at 5-10 Hz (see Videos 1-4). At both 3 and 5 Hz stimulation, 318 

individual apical ROIs typically responded by generating a rapid train of oscillations. A peak 319 

counting algorithm was used to analyze the frequency of the oscillations for each ROI. This 320 

demonstrated that the frequency of oscillations was markedly faster (~1 Hz) when measured in 321 

vivo than previously described in isolated cells (~0.2 Hz, this study, Fig. 12) and further modestly 322 

increased between 3 and 5 Hz stimulation (Fig. 11E; 79 ROIs experiment shown in Fig. 11 A-C 323 

and pooled data from 13 individual fields from 5 animals (Fig. 11F)).  In contrast to the robust 324 

correlation between saliva secretion and the magnitude of the evoked Ca2+ signal, the 325 

relationship between secretion and the frequency of Ca2+ oscillation was less strong (R2 =0.824, 326 

Fig. 11G).  327 

Although GCaMP6f and fura-2 have similar affinities [46, 47], a possibility exists that the 328 

marked differences in the spatiotemporal properties of Ca2+ signals observed in vivo vs. 329 
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reported in vitro are a function of the genetically encoded indicator or alternatively because the 330 

vitro studies were largely performed at room temperature. We therefore prepared small acinar 331 

clumps from Mist1+/– x GCaMP6f+/– animals by enzymatic digestion and monitored Ca2+ signals 332 

stimulated by the muscarinic agonist carbachol (CCh) by wide field imaging at 37oC. Individual 333 

acinar cells failed to respond to 5 nM CCh, however at 25 nM CCh single cells within an acinus 334 

responded by evoking repetitive Ca2+ transients (Fig. 12) with a frequency ~0.2 Hz. The period 335 

of the transients tended to increase with increasing CCh concentrations (Fig. 12B). In response 336 

to increasing concentrations of CCh, the initial peak increased (Fig. 12C, n=14-32 cells, 3 337 

animals) and the oscillations dampened to generate an elevated plateau. Oscillations evoked 338 

even by threshold concentrations of CCh were initiated below the apical PM and invariably 339 

globalized with all CCh concentrations (Fig. 12D-F and video 5). In experiments performed at 340 

room temperature in GCaMP6f expressing cells (~23oC), the spatiotemporal characteristics of 341 

the signal were identical to those previously reported with chemical indicators (Fig. 12-Fig. 342 

supplement 1A-C). The peak [Ca2+]i evoked by CCh stimulation was similar at 37oC (Fig. 12-Fig. 343 

supplement 1D) while the oscillation frequency was significantly faster than observed at room 344 

temperature (Fig. 12-Fig. supplement 1E). In total, the spatiotemporal profile of the Ca2+ 345 

responses evoked in acutely isolated GCaMP6f expressing acini were strikingly similar to 346 

numerous reports documenting agonist-evoked Ca2+ responses with conventional chemical Ca2+ 347 

indicators and thus the properties of the genetically encoded indicator at physiological 348 

temperature per se do not explain the differences observed.           349 

We have previously constructed a series of mathematical models to help understand 350 

and explain our experimental results and those from other groups [17, 40, 48-51]. Briefly, these 351 

multiscale models were based on cyclical global increases in [Ca2+] activating spatially separated 352 

ion channels required for sustained secretion in a 3D collection of seven acinar cells forming an 353 

acinus.  In these older models, apical initiation of the Ca2+ signal resulted in activation of Cl- flux 354 

through TMEM16a Cl- channels and the Ca2+ signal was subsequently transmitted across the cell 355 

cytoplasm by a process of Ca2+-induced Ca2+ release (via RyR or IP3R). This led to periodic 356 

increases of [Ca2+] in the basal regions of the cell and hence activation of basal Ca2+ activated K+ 357 

(KCa) channels. Activation of the KCa channels is critical for maintenance of the electrochemical 358 
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potential driving the efflux of Cl- and thus secretion. However, the spatiotemporal information 359 

from the current in vivo data is obviously not compatible with these older models.  We have 360 

therefore constructed a new model, as shown in Fig. 13. The apical region is defined as the 361 

domain within 3 m of the apical PM, which is itself demarcated by the tight junctions. This 362 

region now includes all the components necessary for saliva secretion, with KCa channels and 363 

Na/K ATPases in addition to the TMEM16a channels (Fig. 13) which are poised to respond to 364 

Ca2+ released from the apical ER, from IP3R that are situated in close proximity to the TMEM16A 365 

[17]. We emphasise that, in the model, KCa channels and Na/K-ATPases are also present in the 366 

basal lateral membranes, and therefore the secretory machinery is not restricted to the apical 367 

PM. A more detailed description of the model can be found in methods and in [17, 51, 52].  The 368 

structure of the three-dimensional cell upon which our model is solved is shown in Figure 14- 369 

Fig. Supplementary 1, from where it can be seen that the apical membrane is a fingered 370 

structure that partially wraps around the cell, while the basal membrane (including the lateral 371 

membrane) extends right to the edge of the apical membrane. 372 

 Fig. 14A shows the average apical [Ca2+] for a range of values of VPLC   in the new model. 373 

VPLC controls the rate of production of IP3, and is thus a proxy for frequency of neural 374 

stimulation. Simulations with a pulsatile VPLC (to mimic oscillatory neural stimulation) give 375 

identical qualitative results. As VPLC increases, the [Ca2+] oscillation frequency increases and the 376 

latency decreases. At high stimulation levels the [Ca2+] oscillation frequency is approximately 377 

0.5-1 Hz, and the oscillations are superimposed on an increasing baseline, which is due to a 378 

decreasing cell volume as a result of saliva secretion. These features all agree well with 379 

experimental data. One aspect of the data not reproduced by the model is the appearance of 380 

very low frequency baseline [Ca2+] spikes at the lowest stimulation frequencies. These baseline 381 

spikes are highly likely to be due to stochastic properties of the IP3R, as described by Falcke and 382 

others [53-55]. Our model contains no stochastic components and is therefore, a priori, unable 383 

to reproduce such low-frequency baseline spiking. 384 

Fig. 14, panels B-D compare the new model with two older versions in which there were 385 

no apical KCa channels, but a Ca2+ wave was propagated from the apical ER, throughout the 386 

cell, thus allowing for activation of basal KCa. Fig. 14B shows saliva secretion (with VPLC = 0.008 387 
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M/s) in the new model (red curve) compared with the old model of [52] (green curve), which 388 

has no apical PM KCa but does exhibit a propagated [Ca2+] signal from apical ER throughout the 389 

cell, and also compared to a version of the old model (blue curve) which has neither apical KCa 390 

nor a propagated [Ca2+] wave. Note that the old model with no apical KCa is quantitatively 391 

different from the new model with no apical KCa. Fluid secretion in the new model with no 392 

apical KCa is slightly greater than that in the old model with no KCa, and is shown in panel F. 393 

These simulations show that absence of both a propagated [Ca2+] wave and apical KCa channels 394 

significantly decreases saliva secretion. The associated [Ca2+] traces, averaged from the apical 395 

and basal regions, as well as from the cytoplasmic region of the cell (representing a domain 396 

between these regions), are shown in Fig. 14, C, D, using the same color scheme as in Fig. 14B. 397 

In the new model (Fig. 14C) basal [Ca2+] is between 25 to 35% of apical [Ca2+], as observed 398 

experimentally, while in the model of [52] (Fig. 14D) basal [Ca2+] is a significantly greater 399 

fraction of apical [Ca2+]. The [Ca2+] traces for the model with neither apical KCa nor a 400 

propagated wave are very similar to those shown in Fig. 14C, and so are not shown explicitly. 401 

The intracellular spatial gradient of [Ca2+] is illustrated by the model line scan shown in Fig. 14E, 402 

which also agrees well with the experimental line scans, in that Ca2+ is largely restricted to the 403 

apical region of the cell. The experimental data show more spatial inhomogeneity (due to the 404 

presence of the nucleus and the mitochondria), features which are not included in the model. 405 

It is important to note that, in the model, of the basal region, includes the lateral PM 406 

and extends right to the edge of the apical region, which is a thin, fingered region. Thus, even in 407 

the absence of a propagated [Ca2+] wave, diffusion of Ca2+ from the apical region will still 408 

activate a fraction of the KCa channels. This is illustrated in Fig. 14F, in the new model and for a 409 

range of stimulation levels, which shows how saliva secretion depends on the relative density of 410 

KCa channels in the apical PM. Even when there are no apical KCa channels (i.e., a relative 411 

density of 0), diffusion of Ca2+ from the apical region can activate those basal KCa channels 412 

which are situated close to the apical membrane, and this is sufficient to cause significant fluid 413 

flow. Furthermore, consistently with previous theoretical work [56] there is an optimal density 414 

of apical KCa channels; if the apical membrane contains too high a fraction of the total number 415 
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of KCa channels then fluid flow is hampered. Optimal fluid secretion occurs when the apical and 416 

basal KCa densities are approximately equal. 417 

 418 

 419 

Discussion 420 

An increase in [Ca2+] following neurotransmitter release from parasympathetic neurons is 421 

fundamentally important for the stimulation of salivary fluid secretion. It is also recognized that 422 

the spatiotemporal properties of intracellular Ca2+ signals in exocrine cells are pivotal for 423 

appropriately activating ion channels necessary for the underlying process [57-59]. Despite a 424 

wealth of information documenting agonist-stimulated Ca2+ signals, recorded in dissociated 425 

single cells, isolated acini or excised lobules, the properties of physiological Ca2+ signals in vivo 426 

following endogenous neural stimulation have not been reported. We therefore generated 427 

transgenic mice that express a genetically encoded Ca2+ indicator specifically in exocrine acinar 428 

cells and used MP microscopy in live mice to document the Ca2+ signals generated following 429 

stimulation of the submandibular nerve which innervates the SMG. By establishing stimulation 430 

parameters optimum for fluid secretion, we have inferred the spatiotemporal properties of Ca2+ 431 

signals that ultimately underlie the physiological stimulation of fluid secretion at the lobule 432 

level and subsequently at subcellular resolution.  433 

Following threshold stimulation, a small proportion of the imaged field responded after 434 

a prolonged latency by eliciting a single, or a few brief transients. These Ca2+ spikes were 435 

initiated in the extreme apical ER, consistent with the localization of the majority of IP3R and 436 

previous in vitro data [16, 17, 37]. In stark contrast however, these signals did not globalize and 437 

were confined to a few ms distant from the apical PM. This threshold stimulation resulted in 438 

minor measurable fluid secretion. At greater stimulus strengths, where secretion was readily 439 

evident, an increasingly larger proportion of the field was recruited with shorter latency to yield 440 

multiple Ca2+ transients with increasing peak magnitude. The increase reflecting an [Ca2+]i rise 441 

in all cells within individual responding acini. Strikingly, these signals were again predominantly 442 

localized to regions immediately juxtaposed to the apical PM with limited propagation towards 443 

the basal aspects of the cell. Upon optimal stimulation for secretion, essentially the entire field 444 
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was recruited to produce a sustained increase with periodic fluctuations superimposed on the 445 

plateau after a minimal latent period. Notably, while the affinity of the indicator may have 446 

masked a greater magnitude of apical Ca2+ rise, or more prominent fluctuations in the signal at 447 

these higher stimulus strengths, a prominent apical to basal gradient was readily evident, such 448 

that the signal in the basal region reached only ~25-30% of that in the apical region. Further 449 

increases in the intensity of the stimulation resulted in a rapid peak followed by a gradual 450 

waning of the signal and consistent with the absence of a sustained Ca2+ signal, the rate of fluid 451 

secretion was diminished. This reduced secretion likely results from a “tetanic” stimulus where 452 

either neurons fail to fire during their refractory period, neurotransmitter release is exhausted 453 

or acinar cell Ca2+ signaling is perturbed, during this likely non-physiological stimulation. Over 454 

the range of physiological stimulus strengths, the extent of fluid secretion was strongly 455 

correlated with the magnitude of the peak Ca2+ rise, rather than necessarily the frequency of 456 

Ca2+ transients. This conclusion is consistent with our previous modeling and experimental work 457 

that has indicated that the integrated increase in [Ca2+] during stimulation is the primary driving 458 

factor for efficient fluid secretion [40].  459 

Local, non-propagating Ca2+ signals are observed in isolated pancreatic acinar cell in 460 

response to IP3, low concentrations of secretagogues and physiological concentrations of the 461 

gut hormone cholecystokinin [60-63]. It should be noted that the majority of these studies have 462 

been performed in whole-cell patch clamped isolated acinar cells. Ca2+ buffering is established 463 

by the internal pipette solution in these experiments and thus could conceivably alter the 464 

spatial characteristics of the signal. Future in vivo experiments in the pancreas will address 465 

whether the spatial properties of Ca2+ signals differ from those observed in acutely isolated 466 

cells.  Nevertheless, the spatial characteristics of the Ca2+ signal observed in vivo in the present 467 

study represents a major difference to previous work in isolated salivary acinar cells. The failure 468 

of the signal to propagate and standing [Ca2+] gradients observed are presumably established 469 

by SERCA, PMCA and mitochondrial buffering to efficiently reduce the local [Ca2+] to levels that 470 

do not support substantial CICR through IP3R and RYR that are presumed to be localized in the 471 

ER distant from the apical trigger zone. An obvious question is, what factors or mechanisms 472 

underlie these differences? At the level of the SMG lobule, the polarity of individual cells and 473 
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their organization within an acinus is vital for function. The complex architecture is maintained 474 

by junctional complexes and interactions with the extracellular matrix and stromal cells [64]. 475 

Clearly, these interactions may be disturbed when cells are isolated from an excised gland by 476 

enzymic digestion. An apparent consequence may be a disruption of the exquisite polarity of 477 

acinar cells.  Perturbed localization of the Ca2+ signaling machinery could disrupt the balance 478 

between Ca2+ release and clearance to ultimately result in an alteration of the spatiotemporal 479 

characteristics of the signal. Conceivably, alterations in the polarization of the ER, such that IP3R 480 

or SERCA are not maintained in the extreme apical ER [17], or a change in distribution of 481 

mitochondria [32] to disrupt ER-mitochondrial junctions and effective Ca2+ sequestration from 482 

release sites could contribute to the altered Ca2+ signals observed in vitro.      483 

A further important consideration when interpreting the characteristics of these Ca2+ 484 

signals is the obvious difference in delivery of the secretagogue in these experiments.  In 485 

contrast to superfusion of agonists in vitro, that results in a defined “square” pulse of 486 

stimulating agent, in vivo, acinar cells likely experience a complex, stimulus intensity, and time-487 

dependent gradient of neurotransmitter. In our studies, the concentration of ACh released 488 

from neurons would be predicted to rapidly increase and then decay as it is hydrolyzed by 489 

acetylcholinesterases. As the frequency of stimulation is increased, the residual concentration 490 

of ACh present in the vicinity of acinar cells would be predicted to increase with a “saw-tooth” 491 

profile as the amount of ACh release exceeds the rate of degradation following more frequent, 492 

repetitive cycles of neurotransmitter exocytosis. In this scenario, when a threshold 493 

concentration of neurotransmitter is reached that generates sufficient IP3, an increase [Ca2+]i, 494 

will be triggered. The time to reach this threshold would define the latent period for that 495 

particular cell and the relative sensitivity to neurotransmitter will predicate whether an 496 

individual cell is responsive to a given stimulation. At optimum stimulation frequencies the 497 

residual ACh concentration would further increase and remain above the threshold for the 498 

majority of acinar cells to respond. This would facilitate greater Ca2+ release manifested as an 499 

increased peak and Ca2+ oscillations by the entire field. Notably, neural stimulation does not 500 

simply “pace” cells, as the frequency of oscillations does not correlate with the stimulus 501 

frequency. It is therefore likely, that the oscillations result from the inherent properties of IP3R 502 
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and SERCA pumping activity but where the kinetics are influenced by the dynamic changes in 503 

neurotransmitter concentrations. This may contribute to the differences in oscillation 504 

frequency observed when comparing in vivo and in vitro data.      505 

We observed considerable spatial heterogeneity in the responsiveness and peak 506 

amplitude of cells across the field of view. Specifically, there were sections of the field which 507 

exhibit the greatest sensitivity and largest responses at all stimulus intensities. Conceptually, 508 

this may reflect acini with expression of a higher density of cell surface receptors. Alternatively, 509 

highly responsive regions may represent cells physically closer to synapsing neurons and thus 510 

experiencing higher concentrations of ACh. The innervation of SMG lobules visualized in a 511 

reporter mouse expressing fluorescent protein in parasympathetic neurons has been reported 512 

to be fairly homogeneous [65]. Therefore, a further possibility is that spatial homogeneity arises 513 

in part because increasing numbers of axons are recruited to fire as stimulus intensity increases 514 

thus directly innervating a larger proportion of cells.  515 

Clearly our previous models describing how Ca2+ signals promote salivary secretion are 516 

not entirely consistent with the new in vivo data presented here. Fundamentally, if there is no 517 

obligatory global, propagating intracellular Ca2+ wave, activating the KCa channels in the basal 518 

PM would be predicted to be inefficient. Previously, however we have demonstrated, both 519 

functionally and physically, that the KCa channels, KCa3.1 (“IK”) and KCa1.1 (“BK”) together with 520 

Na/K ATPases are present in the apical PM of salivary acinar cells [48, 57]. Notably, we reported 521 

that KCa3.1 colocalized with apical markers including IP3R3 and Zona occludens-1. Further, focal, 522 

highly localized uncaging of Ca2+, directly below the apical PM resulted in activation of a K+ 523 

conductance with pharmacology consistent with KCa3.1. Additionally, apical uncaging of Ca2+ 524 

evoked a smaller conductance in acini prepared from KCa1.1 knockout transgenic mice [57]. At 525 

the time these results were puzzling, as there was no obvious reason, according to the current 526 

model, why the apical PM should express these transport proteins. Nevertheless, a previous 527 

modelling study has suggested that expression of a proportion of KCa to the apical PM could 528 

optimize fluid secretion. The new data, together with the localization of apical KCa, combined 529 

with simulations by the new model, strongly suggests the physiological importance of the apical 530 

KCa and Na/K-ATPases. Specifically, as [Ca2+] elevations occur and are maintained at greater 531 
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magnitude in close apposition to apical KCa channels, it would seem likely that their activation 532 

contributes to maintaining the electrochemical driving force for Cl- secretion. Given the 533 

localization of IP3R to apical ER, ~ 50-100 nm from the apical PM [38], a tight coupling between 534 

Ca2+ release and activation of both major effectors would be reasonably predicted to promote 535 

efficient fluid secretion. The importance of apical KCa, while difficult to explicitly address 536 

experimentally, is supported by the new model which indicates that optimal secretion is 537 

achieved when KCa are expressed in both the apical and basolateral membranes. On the other 538 

hand, since the primary saliva has a low [K+], this K+ must be removed from the lumen. This is 539 

the proposed function of the Na/K-ATPase in the apical membrane. 540 

  Taken together, the present studies describe the spatial and temporal characteristics of 541 

physiological Ca2+ signals driving salivary fluid secretion. Further, our findings highlight that 542 

caution should be exerted in extrapolating conclusions from ex vivo studies to physiological Ca2+ 543 

signals and function in vivo.  Finally, it is envisioned that the present studies will provide a 544 

framework for investigating if Ca2+ signaling is disrupted in disease states such as Sjögren's 545 

syndrome or radiation-induced xerostomia which result in pronounced hyposecretion of saliva 546 

[39, 66].  547 

 548 

Methods and Materials 549 

Tamoxifen, corn oil, ketamine and Xylazine were purchased from Sigma Chemical, St Louis, Mo. 550 

Physostigmine was purchased from Tocris Minneapolis, Mn.  551 

 552 

Key Resources Table 

Reagent type 
(species) or 
resource 

Designation Source or 
reference 

Identifiers Additional 
information 

strain, strain 
background 
(mouse) 

B6J.Cg-
Gt(ROSA)26Sortm9

5.1(CAG-

GCaMP6f)Hze/MwarJ 
 

Jackson 
Laboratory 

RRID:IMSR_JAX:0
28865 
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strain, strain 
background 
(mouse) 

B6.129-
Bhlha15tm3(cre/ERT2)S

kz/J 

 

Jackson 
Laboratory 

RRID:IMSR_JAX:0
29228 

 

 

chemical 
compound, drug 

Physostigmine Tocris 
Bioscienc
e 

0622  

chemical 
compound, drug 

GSK7975A Sigma-
Aldrich 

5.34351   

chemical 
compound, drug 

Carbachol Sigma-
Aldrich 

1092009  

software, 
algorithm 

FIJI/ImageJ https://ima
gej.net/sof
tware/fiji/ 

  

software, 
algorithm 

Prism GraphPad   

software, 
algorithm 

Jupyter 
Notebook 

Jupyter 
lab  
https://jup
yter.org/ 

    

software, 
algorithm 

SciPy https://ww
w.scipy.or
g/ 

  

software, 
algorithm 

scikit-image scikit-
image  
https://scik
it-
image.org 

  

Other Tamoxifen Sigma-
Aldrich 

T5648  

Other Collagenase 
Type II 

Worthingt
on 
Biochemic
al 

LS004204  

 553 

 554 

 555 
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Generation of mice expressing GCaMP6f in exocrine acinar cells. 556 

Adult female GCaMP6fflox mice (Jackson Laboratory; Jax 028865) were crossed with male 557 

heterogenous Mist1CreERT2 (Jackson Laboratory; Jax 029228, kindly donated by Dr. Catherine 558 

Ovitt, University of Rochester) to generate Mist1+/– x GCaMP6f+/– transgenic mice. Tamoxifen 559 

(0.25 mg/g body weight) dissolved in corn oil was administered to mice at least 6 weeks old of 560 

either gender, by oral gavage once a day for three consecutive days. Imaging was carried out 1-561 

4 weeks after the last tamoxifen administration. All animal procedures were approved by 562 

University Committee on Animal Resources (UCAR-2001-214E). 563 

In vivo MP imaging 564 

The animal was anesthetized with Ketamine (80 mg/kg body weight, i.p.) and Xylazine (10 565 

mg/kg body weight, i.p.). The animal was restrained with the ventral side up, and the animal’s 566 

body temperature was maintained at 37ºC by a heat pad during surgery and imaging. A 567 

submandibular gland was exposed by making an incision in the skin on the ventral side of the 568 

neck. Connective tissue around the gland was teased away using forceps to allow the gland to 569 

be raised away from the body but remaining attached by a duct/nerve/blood vessels bundle. A 570 

pair of tungsten wires (WPI, Inc) was inserted to the bundle as stimulation electrodes. The lifted 571 

gland was placed on a 10 x 13 mm custom build small holder situated directly above the neck so 572 

that the position of the gland was not influenced by movement as a result of breathing. The 573 

gland was held by a cover glass to flatten the surface and to keep tissue moist with Hanks salt 574 

solution between the holder and the cover glass (Figure 1B). A 25x water immersion lens 575 

(Olympus XLPlan N 1.05 W MP) equipped with an objective heater (OKOLab COL2532) kept at 576 

37ºC was utilized for MP imaging. An upright 2-photon microscope system (FVMPE-RS, 577 

Olympus) with an excitation laser (InSight X3, Spectra-Physics) tuned at 950 nm and emission 578 

collected at 495-540 nm was utilized. Images were captured using Olympus FV31s-SW software 579 

at 30 fps framerate then averaged every 3 frames to achieve 10 fps image collection rate. 580 

Imaging depths between 10 and 55 µm from the surface of the gland were routinely utilized. 581 

PMT settings were fixed at 600V, 1x gain, and 3% black level, with excitation laser power 582 

adjusted per animal and according to imaging depth. Stimulation was generated by a stimulus 583 

isolator (Iso-584 
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duration controlled by a train generator (DG2A, Warner Instruments). Images were captured 585 

typically for 30 s continuously. At least 1 min interval was given before imaging in the same field 586 

at a different stimulation strengths. In selected experiments, physostigmine (0.1 mg/kg body 587 

weight, i.p.) was administered to the animal on the microscope stage, at least 15 min prior to 588 

the imaging of post-physostigmine Ca2+ signals.  589 

For line scan imaging, an acinar cell cluster that arranged in the image plane such that 590 

that apical and basal sides of the acinar cell could be clearly identified and the imaging plane 591 

depth crossed near the center of the cell. A line was drawn from the apical end, passing 592 

through a nucleus, to the basal end of an acinar cell. The scanning speed was 1-1.6 ms per line 593 

for 10 s duration. The apical, cytosolic, and basal region were defined as 3 µm wide line within 594 

each image, and fluorescent intensity before stimulation for each region served as baseline 595 

intensity (F0 = 0%). 596 

Saliva secretion measurement 597 

An anesthetized animal with stimulation electrodes attached to the duct bundle were gently 598 

held with ventral side up. A piece of filter paper, roughly 2 x 10 mm, were weighed before 599 

placing it in the animal’s mouth. A stimulation of 0–100 Hz was given to a gland for 1 min, and 600 

the paper was immediately removed and weighed. The difference of the weight of the paper 601 

represents the amount of saliva secreted out in the animal’s mouth. A new paper was placed in 602 

the mouth for each stimulation train. 603 

Acinar cell isolation and imaging 604 

SMG acinar cells were enzymatically isolated from 2-4 month old, Mist1+/– x GCaMP6f+/– mice of 605 

both sexes. To isolate acinar cells, glands were extracted, connective tissue was removed, and 606 

glands were minced. Cells were placed in oxygenated dissociation media at 37˚C for ~30 607 

minutes with shaking. Dissociation media consisted of Hank’s Balanced Salt Solution containing 608 

CaCl2 and MgCl2 (HBSS), bovine serum albumin (0.5%), and Collagenase Type II (0.2 mg/mL, 609 

Worthington). Cells were washed twice in HBSS with 0.5% BSA and resuspended in a HBSS 610 

solution containing 0.5% BSA and 0.02% trypsin inhibitor.  Cells were then resuspended in 611 

imaging buffer (10 mM HEPES, 1.26 mM Ca2+, 137 mM NaCl, 4.7 mM KCl, 5.5 mM glucose, 1 612 

mM Na2HPO4, 0.56 mM MgCl2, at pH 7.4) and seeded onto a coverslip to allow attachment of 613 
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cells. Cells were then perfused with imaging buffer and stimulated with agonist. Ca2+ imaging 614 

was performed using an inverted epifluorescence Nikon microscope with a 40 X oil immersion 615 

objective (NA=1.3) equipped with an environmental chamber allowing control of experimental 616 

temperature. Cells were excited at 488 nm from a monochromator, and emission was 617 

monitored at 530 nm. Images were captured every 500 ms with an exposure of 10 ms and 4 × 4 618 

binning using a digital camera driven by TILL Photonics software. Image acquisition was 619 

performed using TILLvisION software and data was exported to Microsoft excel and analyzed in 620 

Prism (Graph Pad).  621 

Image analysis 622 

Amplitude, latency, and percent of responding areas in fluorescence fields were analyzed using 623 

ImageJ software (NIH). Standard Deviation (SD) Images were generated from the image time 624 

series by using the Stacks Z project function in image J. XY drift during the imaging, when 625 

present, was corrected by applying the Descriptor-based series registration plugin (Stephan 626 

Preibisch). The imaging field was divided into 8 by 8 grids to yield 64 regions of interest (ROIs) 627 

of dimension 32x32 µm square. The average intensity of each ROI grid was generated for each 628 

frame. The average of first 100 frames prior to stimulation served as baseline fluorescence (F0), 629 

and %F/F0 ((F– F0)/ F0 x 100) was calculated using the Image calculator function, so that the 630 

converted 32-bit image series represents [Ca2+] changes over time expressed as %F/F0 in 8x8 631 

alley of grids in the XY dimension (Fig. 5A). The standard deviation of the baseline 100 frames 632 

from grids in each image series provided an estimate of the noise level. A change greater than 4 633 

times the standard deviation from the F0 value was considered as a stimulated Ca2+ signal and 634 

the ROI therefore designating a responding grid. To calculate latency prior to a response the 635 

time at the first incident Ca2+ signal meeting the criteria as a responding grid in each ROI after 636 

the initiation of the stimulation were recorded. Non-responding grids were excluded from this 637 

analysis. Statistical analyses were performed with paired t test, one-way ANOVA, and linear 638 

regression using Prism (GraphPad). 639 

Sub cellular image analysis 640 

A computer based, automated region-of-interest (ROI) detection method that specifically 641 

targets cellular regions with pronounced changes was developed since no off-the-shelf tool met 642 
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our particular requirements to efficiently process the data. The new software toolset consists of 643 

an assembly of Python (https://www.python.org) scripts deployed in a collection of Jupyter Lab 644 

(https://jupyter.org) “notebooks”. The notebooks were designed to automate repetitive 645 

analysis steps and give flexibility to interactively explore and analyze the image data sets and 646 

makes use of image processing algorithms in the scikit-image (https://scikit-image.org) 647 

package. ROI were identified by generating a difference image whereby the average image 648 

prior to stimulation was subtracted from the average image during the period of stimulation on 649 

a pixel-by-pixel basis (Figure 11A). An initial mask was created by simple pixel intensity 650 

thresholding (Figure 11B). Subsequent filtering by binary dilation and binary erosion removes 651 

undesired small regions and smooths the remaining regions (Figure 11C). The notebook then 652 

generates plots of pixel intensity over time for each ROI generated and utilizes the same mask 653 

for images sets generated from the same field at differing frequencies of stimulation (Figure 654 

11D). A further script block was generated to objectively automate the identification of peaks 655 

generated by stimulation.  For peak processing several signal processing operations from the 656 

scipy (https://www.scipy.org) package were employed. The script employs a sequence of signal 657 

resampling, low-pass zero phase filtering, high-pass zero phase filtering and a generic peak 658 

detector followed by a mapping back into the original response data. Detected peaks for each 659 

stimulation frequency were plotted in the notebook as black dots overlaid on region summary 660 

plots as shown in Figure 11D. 661 

Model details 662 

The model has two interconnected modules; a Ca2+ oscillation module and a fluid secretion 663 

module. The two modules are coupled via changes in cell volume, and by the activation of KCa 664 

and ClCa by Ca2+. The Ca2+ oscillation module is a reaction-diffusion equation and is solved in a 665 

three-dimensional domain reconstructed from experimental structural data [52]. All ions except 666 

Ca2+ are assumed to be homogeneously distributed in the cell, and are thus described by a 667 

system of ordinary differential equations. The apical membrane forms a fingered region that 668 

extends partially around the cell (Figure 14. Fig. supplemental fig. 1) and all the remainder of 669 

the membrane is assumed to be basolateral. No functional distinction is made between the 670 

basal and lateral membranes. TMEM channels are restricted to the apical membrane, and are 671 
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assumed to have a constant density there, and the other ion channels and/or transporters are 672 

assumed to be distributed on the basolateral membrane with a constant density. KCa channels 673 

and Na/K ATPases are assumed to be distributed on both the apical and basolateral 674 

membranes. A first-order implicit-explicit finite element method is used to solve the reaction-675 

diffusion for [Ca2+], and this is coupled to the ordinary differential equations for the other ions 676 

by a stepwise process in which the Matlab routine ode15s is first used to solve for the volume 677 

over a single time step, and that volume is then used to advance the reaction-diffusion 678 

equation for [Ca2+].  The individual models for the various transporters, channels and 679 

exchangers are all given in [52]. The model equations were solved in a single, uncoupled cell 680 

(cell 4 in the notation of [52]. Similar results were obtained from all the other cells). The volume 681 

of the cell is taken into account, not by a full remeshing at each time step, but simply by a 682 

volume scaling factor in the reaction diffusion equation. The activity of the TMEM and KCa 683 

channels on a particular patch of membrane (described by a triangle in the finite element 684 

method) was assumed to be a function only of the mean [Ca2+] in the tetrahedron containing 685 

that surface triangle. Thus, the KCa are spatially distributed and activated in a manner that 686 

depends directly on the spatial distribution of [Ca2+] as a result of Ca2+ release. We note that 687 

this means that Ca2+ released from the apical region (which, in the model, means Ca2+ release 688 

directly apposed to the surface triangles corresponding to the apical membrane) can diffuse a 689 

short distance to activate those KCa channels situated on the basolateral membrane close to 690 

the apical membrane. This is why the model exhibits substantial fluid flow even when there are 691 

no apical KCa channels; in the absence of apical KCa channels only a small proportion of the 692 

basolateral KCa channels will be activated by Ca2+ diffusing from the apical region, but that is 693 

sufficient to allow for some fluid flow. 694 

The Ca2+ oscillation module is based on a closed-cell Class I model in which oscillations 695 

arise via sequential activation and inactivation of the IP3R. [Ca2+] buffering is assumed to be fast 696 

and linear, and the IP3R model is taken from [49]. Ca2+ obeys a reaction-diffusion equation in 697 

the cell interior, but the effective diffusion coefficient of Ca2+ is small (due to buffering) which 698 

allows for localized increases in [Ca2+] which are not propagated throughout the cell. Because 699 

the IP3R are situated 50-100 nm from the ClCa (which are on the apical membrane), release of 700 
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Ca2+ through the IP3R is modelled as a boundary flux term, which avoids the necessity for a 701 

high-resolution finite element mesh in the apical region, which would greatly slow the 702 

calculations. The diffusion coefficient of IP3 is two orders of magnitude greater than that of 703 

Ca2+, and thus IP3 is effectively spatially homogeneous throughout the cell.  704 

In the new model, all parameters and equations remain unchanged from those in the old 705 

model [52] with the following exceptions. 706 

1. The maximum Ca2+ flux through RyR (VRyR) was set to 0. This is the simplest way of 707 

removing RyR from the model. 708 

2. A KCa channel, with the same conductance as the basal KCa channel, was introduced 709 

into the apical membrane, with the equations for cytosolic and lumenal [K+] altered to 710 

compensate. The apical/basolateral KCa current ratio was varied over a range of values 711 

(including 0, which corresponds to the absence of apical KCa), but for most 712 

computations the model assumes that the KCa channels have the same density on the 713 

apical and basolateral membranes. We note that the KCa current is also determined by 714 

the [Ca2+] immediately adjacent to the membrane, and thus the spatial distribution of 715 

Ca2+ will determine the exact apical/basolateral KCa current ratio. It is only when [Ca2+] 716 

is spatially homogeneous that this ratio will equal the apical/basolateral surface area 717 

ratio. 718 

3. Na/K-ATPases were introduced into the apical membrane, using the same model and 719 

parameters as in [48]. The only change is that the total Na/K-ATPase activity was 720 

assumed to be unchanged, with 70% occurring in the basolateral membrane, and 30% in 721 

the apical membrane.  722 

4. VPLCwhich controls the level of agonist stimulation, was set to 0.008 M/s on the basal 723 

membrane, and 0 elsewhere (as in[17, 51, 52]). However, and in contrast to [17, 51, 52], 724 

PLC activity was assumed to be independent of [Ca2+]. The spatial distribution of PLC has 725 

essentially no effect on the model results, and this remains true even when the diffusion 726 

coefficient of IP3 is decreased by two orders of magnitude (computations not shown). 727 

 728 



 27 

The remaining parameters (taken directly from [52]) have been derived from a variety of 729 

experimental data over the past decade. For example, the parameters of the IP3R model were 730 

determined by fitting to single-channel data ([67-69]), while the parameters of many of the ion 731 

transporters and exchangers were taken from a variety of published models by other groups, as 732 

described in [70] and [51]. The parameters of the apical KCa were determined by ensuring 733 

qualitative agreement with the experimental data of [57] while, similarly, the anion exchanger 734 

parameters were taken directly from the previous modelling work of [71]. 735 
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Figure Legends 743 

Fig. 1. In vivo SMG Ca2+ imaging. A: Generation of transgenic mice expressing the GCaMP6f 744 

gene driven by Mist1 promotor. GCaMP6f is selectively expressed in acinar cells and appears 745 

uniformly through the cytoplasm but is largely excluded from the nucleus. B: Animal 746 

preparation for in vivo imaging. A SMG was lifted and placed on a small platform, then held 747 

with a coverslip on top. Stimulation electrodes were inserted to a duct bundle that connect 748 

SMG to the body to stimulate nerves that innervate to SMG. C: A series of z-projection images 749 

of SMG with GCaMP (green) expressed in acinar cells.  750 

 751 

Fig. 2. Ca2+ signals evoked in response to nerve stimulation. A: Time-course images of Ca2+ 752 

(baseline fluorescence was subtracted) in response to 1-100 Hz stimulations. B: Mean response 753 

of the entire field of view to stimulation at the indicated frequency. N = 4 fields from, 4 animals.  754 

C: A summary of peak Ca2+ increases during each stimulation. Stimulation was only to the 755 

ipsilateral SMG, as the contralateral SMG failed to respond. N = 4 fields from 4 animals. Mean ± 756 

sem. *p <0.05 vs. contralateral gland, t test.  757 

 758 
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Fig. 3. Saliva secretion following nerve stimulation. A: A summary histogram of total saliva 759 

secretion following 1-min stimulations at the indicated frequency. N = 4 animals.  Mean ± sem. 760 

B: A correlation plot of peak Ca2+ (shown in Fig. 2C) vs. saliva secretion, which showed a linear 761 

regression of R2 = 0.995 (black line) for stimulation frequency 1-10 Hz. *p <0.05 vs. no 762 

stimulation ANOVA with Dunnett test. 763 

 764 

Fig. 4. Sustained Ca2+ signals are dependent on Ca2+ influx through Orai channels. A: Continuous 765 

10 Hz stimulation results in an initial peak followed by a sustained plateau. In animals injected 766 

with the Orai channel blocker GSK7975A following the initial stimulation, subsequent 767 

stimulation results in a substantial reduction in the sustained phase of the response monitored 768 

following 5 mins of stimulation. B/C: shows the pooled data showing the magnitude of [Ca2+] at 769 

initial peak (12s after the initiation of stimulation, left) and sustained phase (5min after the 770 

initiation, right) before and after 20-40min of vehicle or GSK7975A administration. N = 3-5 from 771 

3-5 animals. *P<0.05 paired t test. 772 

  773 

Fig. 5. Spatial analysis of Ca2+ responses to various stimulations. A-B: An imaging field before (A) 774 

and during (B) a stimulation. C-D: An imaging field was divided to grids of 32 x 32 µm, to yield 775 

64 regions. E: The average intensity per grid was obtained in each time frame. F: Representative 776 

time-course plots of all 64 grids before, during, and after 1-10 Hz stimulations. Thick colored 777 

line represents the mean of the 64 grids for each stimulation. G: A summary plot of average 778 

percent of responding grids in a field by the stimulations. N = 19 fields from 8 animals. Mean ± 779 

sem. H: A summary plot of average latencies to initiation of Ca2+ increases in all grids. Non-780 

responding grids were excluded for the data. Mean ± sem. N = 19 from 8 animals.  I: A summary 781 

plot of average peak Ca2+ increases in all grids. Mean ± sem. N = 19 from 8 animals. **P<0.01 782 

ANOVA with Tukey test.  783 

 784 

Fig. 6. Each sub-divided field possesses unique sensitivity. A: An example image of a processed 785 

imaging field showing peak intensities during a stimulation in each grid. The grids consist of 786 

lowest intensity (arrow, grid A1) to highest (arrow, grid C7). B: A representative plot of peak 787 
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Ca2+ increases for each grid in a field to a 5 Hz stimulation. The grids in x axis were reordered 788 

from the lowest intensity to the left to the highest on the right. C: Different stimulation 789 

strengths were applied to the same field, and the responses were plotted according to the 790 

order indexed by the responses to 5 Hz. D: A summary plot of peak Ca2+ increases in each grid 791 

sorted by responses to 5 Hz. Mean ± sem. N = 5 from 4 animals.   E: A correlation plot of sorted 792 

grid, from low peak Ca2+ to high, vs. degree of Ca2+ increases in response to higher stimulation. 793 

Linear regression with R2 = 0.920. N = 5 from 4 animals.  F: A summary plot of standard 794 

deviations of Ca2+ changes during stimulations in each grid sorted by responses to 5 Hz. N = 5 795 

from 4 animals.  Mean ± sem. G: A correlation plot of sorted grids, from low peak Ca2+ to high, 796 

vs. degree of standard deviation of Ca2+ flux in response to higher stimulation. Linear regression 797 

with R2 = 0.866. N = 5 from 4 animals. 798 

 799 

Fig. 7. Enhancement of Ca2+ responses by cholinesterase inhibition. A-D: Representative 800 

average traces from 64 grids of changes in Ca2+ responses in a same field before (black) and 801 

after (blue) physostigmine. E: A summary plot of average percent of responding grids in a field 802 

by the stimulations in paired fields. N = 5 from 4 animals. Mean ± sem. F: A summary plot of 803 

average latency to initiation of Ca2+ increases in all grids in paired experiments. Non-responding 804 

grids were excluded for the data. N = 5 from 4 animals.  Mean ± sem. G: A summary plot in 805 

paired experiments of average peak Ca2+ rise in all grids. N = 5 from 4 animals. Mean ± sem. 806 

*P<0.05; **P<0.01 Paired t test. 807 

 808 

Fig. 8. Ca2+ signals are restricted to the apical region during moderate stimulation. A: A 809 

representative imaging field prior to stimulation. B: Time-course images of a field containing an 810 

acinar cluster (red box in panel A) showing active Ca2+ signaling in the extreme apical portion in 811 

the cells. C: A processed image mapping standard deviation values during stimulation period in 812 

the field shown in panel A. D: A 3D plot of the SD image of the acinar cluster in B, showing large 813 

fluctuations in [Ca2+] only in the apical domain with minimal Ca2+ signal transmission to the 814 

basal aspects of the cell. E: Plot of Ca2+ changes in a single cell from the apical domain (red box 815 



 30 

in the in the right image), cytoplasmic (blue box in the right image) and basal (green box in right 816 

image). 817 

 818 

Fig. 9. Apical to basal [Ca2+] gradients are established during optimal stimulation. A: A 819 

representative imaging field prior to stimulation. B: Time-course images of a field containing an 820 

acinar cluster (red box in panel A) depicting predominant Ca2+ changes in the apical portion of 821 

cells with smaller changes in the basal regions. C: A processed image mapping standard 822 

deviation values during the stimulation period in the whole field shown in panel A. D: A 3D plot 823 

of the SD image for the acinar cluster shown in B. E: Tracings of Ca2+ changes in the apical 824 

domain (red box in the image at right), cytoplasmic (blue box in the image on the right) and 825 

basal aspects of a single cell from this cluster (green box in the image at right). 826 

 827 

Fig. 10. Apical-basal line scans reveal Ca2+ signal spatial homogeneity. A: shows a field of view 828 

where the boundaries of an acinus and individual cells have been delimited. The red line 829 

indicates the progression of the scan line. BI, CI and DI show consecutive lines stacked in time 830 

from left to right for 3, 5 and 10 Hz, respectively. The lower image for each stimulation is an 831 

expanded region encompassing the maximum increase in fluorescence for each stimulation. BII, 832 

CII and DII show kinetic plots for a 1 pixel 3 m line placed in the apical, cytoplasmic (prior to the 833 

nucleus) and basal (distal to the nucleus) for 3, 5, 10 Hz stimulation, respectively. BIII, CIII and DIII 834 

show the profile of the fluorescence along the scan line for the maximum increase in 835 

fluorescence for each stimulation frequency expressed as a % of the maximum fluorescence 836 

observed at 10 Hz.  E: shows the pooled data depicting the average increase in apical, 837 

cytoplasmic and basal ROIs at each stimulation frequency. F: shows the pooled data for 838 

maximal Ca2+ in apical, cytoplasmic and basal ROIs at each stimulation frequency. White scale 839 

bar is 5 m. ***P<0.001; **P<0.01,* <P< 0.05. 2 way ANOVA with multiple comparisons. 840 

 841 

Fig. 11. Ca2+ Oscillation frequencies mildly correlates with stimulation strengths. A: A 842 

representative image generated from averaging signal intensities during a 5 Hz stimulation, 843 

which highlights large fluorescence changes in the apical aspects of the cells. B-C: Mask 844 
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generated from the image in panel A using Python scripts running in the Jupyter lab 845 

environment, as described in Methods. D: Representative Ca2+ responses from 4 of the ROIs 846 

defined in the image in panel C following stimulation at 1-10 Hz. Black dots designate positions 847 

of oscillation peaks detected by automated peak detector software written in python. E: A 848 

summary of oscillation frequency of all 79 ROIs from the image in panel A-D. Mean ± sem. F:  A 849 

summary plot of oscillation frequencies in response to 1-10 Hz stimulation. N = 13 fields from 5 850 

animals. Mean ± sem. G: A correlation plot of oscillation frequency vs. saliva secretion (shown 851 

in Fig. 3A), which showed a linear regression with R2 = 0.824 (black line). ** P<0.01 ANOVA with 852 

Tukey test. 853 

 854 

Fig. 12. Imaging of acutely isolated acinar clusters from GCamp6f expressing SMG at 37oC. A. 855 

Cells were stimulated with increasing concentrations of CCh. A: At concentrations greater than 856 

25 nM repetitive Ca2+ transients were evoked in a minority of cells. B: Pooled data depicting 857 

changes in oscillation frequency with increasing concentrations of carbachol. C: Pooled data 858 

depicting changes in maximum amplitude of CCh- induced Ca2+ signals. D: Spatial changes in the 859 

Ca2+ signal evoked by 25 nM CCh illustrating that the Ca2+ signal is initiated in the extreme 860 

apical aspects of the cell and subsequently globalizes to reach the basal domain. E: shows a 861 

cartoon delimiting the cell shown in D and apical (red box) and basal (black box) ROIs. F: shows 862 

the kinetic illustrating the apical to basal Ca2+ wave. * P<0.05; **P<0.001 One-way ANOVA. 863 

 864 

Fig. 13. A proposed updated model for salivary secretion. The mathematical model is based on 865 

the fluxes and processes shown here. In contrast to previous models, the apical region now 866 

contains all the machinery needed for saliva secretion, included KCa channels and Na/K 867 

ATPases. Ca2+ is released predominantly in the apical region, from IP3R that are situated in close 868 

proximity to TMEM16a, and there is no requirement for a propagated wave of increased [Ca2+] 869 

across the cell. 870 

 871 

Fig 14. A: average apical [Ca2+] in the new model for four different values of VPLC  (which is a 872 

proxy for stimulation frequency). The stimulus was applied at t=100 s. As the stimulus increases 873 
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the model oscillations increase in frequency, and are superimposed on an increasing baseline, 874 

as seen experimentally. B: Fluid secretion in the new model compared to two versions of the 875 

old model of [51]. When the propagating intracellular Ca2+ wave is removed from the old model 876 

(which has no apical KCa channels), secretion decreases significantly. C and D: [Ca2+] traces 877 

averaged from three different regions of the cell in the new model and the old model of [51] . 878 

E: Line scan constructed from model simulations of the new model with VPLC = 0.008 M/s. The 879 

stimulus was applied at t = 100 s. A line was drawn through the cell from the average of all the 880 

apical points to the average of all the basal points, and all grid points within 0.2 m of this line 881 

were selected. The Ca2+ traces from each of these grid points was then plotted as a color 882 

density plot, and laid side by side in order of distance from the apical region. The limited spatial 883 

resolution is a result of the limited spatial resolution of the grid, as only 36 grid points were 884 

close enough to the apical/basal line to be included in the line scan plot.  The Ca2+ responses 885 

are mostly confined to the apical region, although diffusion does cause a smaller basal 886 

response, as seen also in panel F: Steady-state saliva secretion in the new model as a function 887 

of the relative density of apical KCa channels (relative to the density of basal KCa channels) at 888 

various vPLC. For all simulations the total number of KCa channels was the same. When there 889 

are no apical KCa channels (i.e., when the relative density is zero), fluid flow is decreased by 890 

approximately 25%. However, too many apical KCa channels also decreases secretion. Maximal 891 

secretion is attained approximately when the KCa channels have the same density in the apical 892 

and basal membranes. Note that, if the intracellular propagating Ca2+ wave is removed from the 893 

old model it has a similar structure to the new model with no apical KCa channels. However, 894 

because of the presence of RyR in the old model, and because of the Ca2+ dependence of PLC in 895 

the old model, there remain significant quantitative discrepancies between the old and new 896 

models even when they have a superficially similar structure. 897 

 898 

Video 1. Movie generated by Python scripts running in the Jupyter lab environment following 899 

stimulation at 1 Hz. Left panel shows F/F0 image series. Bottom right panel depicts the change 900 

in F/F0 for the apical ROIs automatically generated by the software described in Figure 11. 901 

 902 
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Video 2. Movie generated by Python scripts running in the Jupyter lab environment following 903 

stimulation at 3 Hz. Left panel shows F/F0 image series. Bottom right panel depicts the change 904 

in F/F0 for the apical ROIs automatically generated by the software described in Figure 11. 905 

 906 
Video 3. Movie generated by Python scripts running in the Jupyter lab environment following 907 

stimulation at 5 Hz. Left panel shows F/F0 image series. Bottom right panel depicts the change 908 

in F/F0 for the apical ROIs automatically generated by the software described in Figure 11. 909 

 910 

Video 4. Movie generated by Python scripts running in the Jupyter lab environment following 911 

stimulation at 10 Hz. Left panel shows F/F0 image series. Bottom right panel depicts the 912 

change in F/F0 for the apical ROIs automatically generated by the software described in Figure 913 

11. 914 

 915 

Video 5.  Movie showing F/F0 images from acutely isolated acinar clusters from GCamp6f 916 

expressing cells exposed to 25 nM (25-100 s), 50 nM (150-225s) and 100 nM CCh (275-350s). 917 

 918 

Fig. 5- Fig. supplement 1. Grid subdivision of imaging field approximates the [Ca2+] behaviors of 919 

lobules. A: A representative imaging field. B: 8x8 grids (1012 µm2 per grid) or 16x16 grids (253 920 

µm2 per grid) were applied to the image. In addition, individual lobules (average = 1150 ± 65 921 

µm2) and acinar cells (average 212 ± 12 µm2) were randomly chosen and manually selected as a 922 

reference. C: Time-course traces of [Ca2+] in each grid/lobule before, during, and after 12s 923 

stimulations. D-F: Analysis showing results obtained from 8x8 grids and 16x16 grids agreed with 924 

the results from the lobules/cells. 925 

 926 

Fig. 8- Fig. supplement 1. Standard Deviation images generated from the image series for the 927 

period of stimulation in a single represented imaged field. At all stimulus intensities the largest 928 

changes in fluorescence are observed in the extreme apical region of the acinar cluster. At 929 

lower stimulus intensities there is no appreciable propagation of the signal to the basal aspects 930 

of the cells. At higher intensities (10 Hz) a significant apical-basal gradient is established. 931 

 932 
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Fig. 12-Fig. supplement 1. In vitro imaging of acutely isolated acinar clusters isolated from 933 

GCamp6F expressing cells at room temperature. A: Images taken at the indicated times 934 

following stimulation with 100 nM CCh showing that Ca2+ signals are invariably global. B: shows 935 

the kinetic from an apical (red box) and a basal (black box ) following stimulation with 100 nM 936 

CCh. C: Kinetic of response of a single cell to 100 nM and 3 M CCh. D: Comparison of 937 

maximum amplitude evoked by 100 nM and 3 M CCh at room temperature and 37oC. E: 938 

Comparison of oscillation frequency evoked by 100 nM at room temperature and 37oC. Pooled 939 

data. *** p< 0.001. Welch’s t test. 940 

 941 

 942 

Fig. 14-Fig. supplement 1. The three-dimensional model cell upon which all the computations 943 

in this paper were performed. The surface of the cell is divided into two regions, one 944 

corresponding to the apical membrane (red) and the remainder corresponding to the 945 

basolateral membrane (blue). For all the computations here the model makes no distinction 946 

between the basal and lateral membranes. This cell corresponds to cell 4 of [51]. TMEM Cl- 947 

channels are present only on the apical membrane (at a constant density), while KCa channels 948 

are distributed on both the apical and basolateral membranes (at varying relative densities, as 949 

shown in Fig. 14F). All other ion transporters and channels are distributed uniformly on the cell 950 

surface, although their spatial distribution is unimportant, as all ions except Ca2+ are assumed 951 

to be spatially uniform. 952 

 953 

 954 

 955 

Source data Fig2 (Fig2.csv) 956 

Source data associated with fig 2B and C. 957 

 958 

Source data Fig3 (Fig3.csv) 959 

Source data associated with Fig 3A and B. 960 

 961 

Source data Fig5 (Fig5.csv) 962 
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Source data associated with Fig 5G-I. 963 

 964 

Source data Fig6 (Fig6.csv) 965 

Source data associated with Fig 6D-G. 966 

 967 

Source data Fig7 (Fig7.csv) 968 

Source data associated with Fig7E-G. 969 

 970 

Source data Fig10 (Fig10.csv) 971 

Source data associated with Fig 10E-F. 972 

 973 

Source data Fig11 (Fig11.csv) 974 

Source data associated with Fig 11E and F. 975 

 976 
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