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Abstract 31 

Blood endothelial cells regulate angiogenesis through calcium oscillations that 32 

coordinate migration and proliferation, yet the mechanisms governing these signaling 33 

dynamics remain poorly understood and difficult to manipulate for tissue regeneration. 34 

Here, we combine computational analysis, microfluidic electrical stimulation, and 35 

mathematical modeling to demonstrate that sodium-calcium crosstalk between the 36 

sodium-calcium exchanger (NCX) and inositol trisphosphate receptor (IP3R) is a key 37 

regulatory mechanism of endothelial calcium oscillations and downstream angiogenic 38 

responses. We show that characteristic endothelial calcium oscillations emerge when 39 

maximal NCX-mediated calcium efflux and IP3R-mediated calcium influx are aligned at 40 

similar intracellular calcium concentrations, producing prolonged low-calcium quasi-41 

steady states punctuated by rapid calcium spikes. This oscillatory behavior can be 42 

modulated through pharmacological inhibition, changes in extracellular sodium, or growth 43 

factor signaling. We further identify distinct transient and sustained calcium signaling 44 

patterns associated with angiogenesis that can be recapitulated by electrical stimulation, 45 

activating angiogenic gene expression, and vascular network formation without 46 

exogenous growth factor supplementation. Together, these findings establish NCX-IP3R 47 

crosstalk as a fundamental interaction governing endothelial calcium signaling and 48 

introduce precise control of ionic dynamics as a strategy for engineering angiogenic 49 

responses with applications in regenerative medicine. 50 

 51 

 52 



 3 

Abbreviations 53 

BEC  Blood Endothelial Cells 54 

dEC  Differentiated Endothelial Cells 55 

iPSC  Induced Pluripotent Stem Cells 56 

ER  Endoplasmic Reticulum 57 

NCX  Sodium-Calcium Exchange Transporter 58 

IP3R  Inositol 1,4,5-trisphosphate receptor 59 

VEGF  Vascular Endothelial Growth Factor 60 

AKT  Protein Kinase B 61 

WNT5a Wnt-Family Protein 5a 62 

MAPK  Mitogen-activated Protein Kinase 63 

Km  Michaelis-Menten constant for calcium with IP3R  64 

Ki  Inhibitor constant for calcium with IP3R 65 

kNCX  Rate constant of NCX transporter  66 

kPMCA   Rate constant of PMCA calcium pump 67 

Next  External sodium concentration 68 

ks  Rate constant of sodium pump 69 
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1. Introduction 70 

Intracellular calcium signaling plays a crucial role in many key cellular processes, 71 

such as proliferation, apoptosis, metabolism, secretion, gene regulation, and cell 72 

motility.1–4 In response to external signals, cells are capable of drastically increasing the 73 

flux of calcium ions from either the extracellular space or intracellular calcium storage in 74 

organelles such as the endoplasmic reticulum (ER).5,6 Calcium signaling is a ubiquitous 75 

aspect of many intracellular communication pathways because of a large set of signals, 76 

receptors, and transporters, together known as the “calcium signaling toolkit”, that can be 77 

applied to multiple cellular processes.7,8  78 

Depending on the biological context, calcium-based signaling works at time scales 79 

in the order of milliseconds to minutes, allowing rapid fluctuations in calcium signaling. 80 

For example, excitable cells, such as cardiomyocytes, neurons, and muscle cells, exhibit 81 

frequencies between <1 and 100 Hz.9,10 At longer time scales, calcium concentration 82 

dynamics can regulate gene expression in cells.11 Interestingly, even some non-excitable 83 

cells such as endothelial cells can undergo sharp calcium oscillations similar to excitable 84 

cells in the frequency range of between 0.1 and 0.001 Hz.9   85 

Because calcium activity is transitory and occurs across a broad range of 86 

frequency domains, imaging-based calcium measurements are commonly used to map 87 

out calcium dynamics. Calcium indicators, such as Fura-2 dye, result in an excitation shift 88 

or fluorescence intensity when bound to calcium.12 Alternatively, reporter cell lines 89 

expressing a genetically encoded calcium indicator exhibit a fluorescence shift with 90 

calcium concentration fluctuations. Overall, calcium measurements rely on fluorescent 91 

imaging-based techniques of live cells imaging at high sampling rates. Understanding 92 
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calcium signaling is especially important in tissue engineering and other bioengineering 93 

applications that focus on population-wide cell communication. Calcium, in addition to 94 

playing important roles in intracellular signaling, also serves as an intercellular 95 

communication tool in many cells, aiding in spontaneous self-organizational behavior of 96 

cells often seen in organogenesis.8,13–15  97 

In constructing engineered tissues, spontaneous self-organization is often the only 98 

way to form structures such as microvasculature that are smaller than the minimum 99 

spatial resolution of devices such as 3D bioprinters.16 To induce self-organization, a 100 

heterogeneous cell population can be seeded onto a matrix and stimulated with relevant 101 

growth factors.17–21 Cells can respond to mechanical stimuli such as shear stress, 102 

chemical gradients of nutrients and growth factors, or contextual cues such as the 103 

presence of other neighboring cells.22–24 In fact, numerous studies have indicated that the 104 

spatial distribution and intercellular communication play crucial roles in the self-105 

organization of the cells into functional tissues.25–27  106 

This calcium signaling toolkit is especially relevant in vascular tissue engineering. 107 

Calcium spiking plays a crucial role in directing endothelial cellular response to various 108 

external stimuli, such as growth factors, mechanical forces, or metabolic stresses, that 109 

are present in a vascular system.28 For example, shear stress is known to induce 110 

cytoplasmic calcium spiking with a response time in the range of 1 minute in blood and 111 

lymphatic endothelial cells.29–31 Endothelial cells also exhibit repeated calcium oscillations 112 

in response to reoxygenation following a period of hypoxic stress.32 Of special relevance 113 

to tissue engineering applications is the calcium-mediated endothelial response to pro-114 

angiogenic growth factors. In particular, vascular endothelial growth factor (VEGF) 115 
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induces physiologically relevant responses in endothelial cells, such as proliferation and 116 

migration, that define angiogenesis.33–35 Previous studies have demonstrated that VEGF 117 

induces calcium signaling dynamics via amplitude modulation or frequency modulation.36 118 

However, due to the lack of high-throughput, robust methods for collecting quantitative 119 

calcium data, combined with the high degree of heterogeneity in spiking behavior among 120 

endothelial cells, it remains difficult to obtain quantitative measurements of subtle 121 

frequency shifts in response to external stimuli. 122 

Therefore, there is a need for a better understanding of how calcium dynamics in 123 

large non-excitable cell populations affect angiogenesis. Using newly developed 124 

computational analysis tools, we identified a previously uncharacterized calcium-125 

signaling mechanism that modulates endothelial responses to angiogenic growth factors. 126 

We quantify key metrics describing endothelial responses to VEGF and reproduce these 127 

effects through controlled external ionic levels using a novel microfluidic device. These 128 

experimental data are used to tune a mathematical model based on sodium-calcium 129 

exchanger and IP3R-mediated calcium fluxes that captures endothelial calcium 130 

oscillations, which we then use to predict cellular responses to new external perturbations 131 

and thereby create a feedback loop between experiments and simulations (Figure 1). 132 

Altogether, our study demonstrates that controlling calcium signaling dynamics through 133 

ionic depletion can serve as a versatile method for generating angiogenic responses in 134 

engineered tissue constructs for various applications in tissue engineering and 135 

regenerative medicine. 136 

 137 

 138 
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2. Results 139 

2.1 Endothelial cells exhibit a robust acute and chronic calcium response to VEGF 140 

We first designed an efficient computational pipeline to characterize calcium 141 

dynamics in endothelial cells using live fluorescence microscopy. We stained blood 142 

endothelial cells (ECs) with calcium-sensitive Calbryte 520AM dye, which increases in 143 

fluorescence brightness when bound to cytosolic calcium. Very briefly, the pipeline 144 

performs segmentation to identify the boundary of each cell, calculates the average 145 

fluorescence intensity within each cell, and then extracts calcium dynamics features such 146 

as frequency or cross-correlation (Supplementary Figure S1).  147 

Using this pipeline, we captured the response of ECs to VEGF at two different 148 

timeframes: an acute response, which happens within seconds of VEGF stimulation, and 149 

a chronic response, which occurs in the order of hours. First, the addition of VEGF causes 150 

an immediate wave of calcium spikes that propagate through the endothelial population 151 

within seconds (Figure 2A, Supplemental Movie S1). We estimate this wavefront of 152 

calcium spike activity propagates at an approximate rate of 2400 μm/min, calculated using 153 

the timepoints at which cells across the imaging window reached maximum calcium 154 

intensity (Figure 2B). This rapid propagation indicates that the wavefront is independent 155 

from diffusion of VEGF molecules, which has an expected diffusive velocity in the order 156 

of 102 μm/min, assuming a diffusivity of 10-6 cm2/s over a few cm of the imaging window. 157 

Therefore, we hypothesized that the VEGF-mediated wave propagation is most likely due 158 

to intercellular exchange of ions (e.g., through gap junctions) rather than VEGF diffusion.   159 
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We next quantified the degree of synchronization by measuring the cross-160 

correlation values for each cell-cell pair within the imaging window. Cross-correlation 161 

values were calculated assuming no temporal shifts. When VEGF-stimulated cells were 162 

compared with non-stimulated cells, we observed a clear shift toward higher 163 

synchronization, with the number of cell-cell pairs exhibiting a cross-correlation value of 164 

at least 0.5 increasing from around 50% to nearly 100% (Figure 2C-D, Supplementary 165 

Figure S4).  166 

We then collected calcium measurements 24 hours after exposure to VEGF and 167 

measured the average spiking frequency for each cell exhibiting oscillatory behavior. In a 168 

non-stimulated condition of less than 0.5 ng/mL VEGF, the cells exhibited an average 169 

spiking frequency of approximately 8 mHz (Figure 2D, F, Supplementary Movie S2). 170 

This spiking frequency shifted to approximately 12 mHz with the addition of 50 ng/mL of 171 

VEGF (Figure 2E, F, Supplementary Figure S2, Supplementary Movie S3). This 172 

pattern was conserved with treatment as low as 10 ng/mL VEGF, with no dose-dependent 173 

changes in frequency, suggesting that VEGF-activated frequency shift is a highly 174 

sensitive stepwise activation mechanism (Supplementary Figure S3). 175 

Interestingly, we also found that induced pluripotent stem cell (iPSC)-derived 176 

endothelial cells exhibit this same frequency as they reach terminal differentiation. Human 177 

iPSCs are typically differentiated to endothelial cells through a stepwise treatment 178 

involving various growth factors, followed by maturation into mature endothelial cells 179 

through VEGF treatment.37–39 We differentiated hiPSCs to endothelial cells using an 8-180 

day stepwise protocol and measured calcium spiking frequencies at day 6 and day 8. As 181 

expected, at day 6, the immature differentiated endothelial cells (dEC) exhibited a low 182 
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spiking frequency of around 8 mHz even in the presence of 50 ng/mL of VEGF (Figure 183 

2G, I, Supplementary Movie S4). In contrast, fully matured dECs at day 8 exhibited a 11 184 

mHz spiking frequency, which matched the response of the native blood endothelial cells 185 

in the presence of VEGF (Figure 2H, I, Supplementary Movie S5). These results 186 

suggest that spiking frequency response defines the degree of maturity of hiPSC-derived 187 

ECs.  188 

2.2 Ion depletion and electrical stimulation directly induce acute calcium responses in 189 

ECs 190 

To show that we can mimic the effects of VEGF through regulation of external ionic 191 

concentration, we devised a microfluidic channel equipped with a selectively permeable 192 

ionic membrane (SPIM), which has been shown to deplete ions in a cell culture.40 We 193 

modified a single-channel fluidic chip with two wells by inserting a narrow pipette tip within 194 

one of the wells (Figure 3A). The pipette tip was modified by inserting the SPIM into the 195 

narrow opening such that the membrane fully separates the inner pipette chamber and 196 

the outer well of the chip. Then, a negative electrode was placed inside the media in the 197 

pipette tip, and a positive electrode was placed in the outer well. When the current was 198 

applied, we confirmed that the charged dye placed inside the microfluidic channel is 199 

transferred to the pipette tip through the SPIM (Figure 3B). Using this microfluidic chip, 200 

we synchronously depleted the ions present in the cell culture media, which noticeably 201 

shifted in the degree of synchronization in BEC oscillations similar to that of VEGF 202 

stimulation (Figure 3C, Supplementary Movie S6).  203 

A temporary shift in external ionic concentration hence mimics the transient effect 204 

of VEGF on cellular calcium signaling synchronization. Since external ion depletion 205 
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reduces ion flux into the cell, particularly sodium influx, an electrical current should also 206 

produce a similar effect because of the diode-like rectification feature of various 207 

unidirectional ionic pumps. Unlike global ion depletion by the SPIM around the cell, an 208 

electric current imposes a potential gradient across the cell, which induces cation efflux 209 

on one side of the cell and cation influx on the other.  However, due to the nonlinear diode 210 

feature of many cation channels, the influx and efflux are not perfectly antisymmetric and 211 

a net efflux results.  This net efflux due to a DC current hence has a similar effect to that 212 

induced by cation depletion by SPIM. Therefore, we devised a new microfluidic chip in 213 

which two electrodes are placed in opposing wells, and a controlled current is applied 214 

directly through the cell culture area to induce ionic current (Figure 3D).  215 

Next, we optimized the current and voltage parameters required to mimic the effect 216 

of VEGF on calcium oscillation synchronization and identified a range of 10-12 V and 4.5-217 

5.5 mA as optimal for the system. Using these parameters, we applied a 50-second 218 

current pulse to the BECs and measured the calcium oscillation pattern during and after 219 

the pulse, where the BECs exhibited the same synchronization behavior as seen with 220 

VEGF stimulation (Figure 3E, Supplementary Movie S7). Nearly 90% of cells treated 221 

with the current exhibited a cross-correlation coefficient of >0.5, which is significantly 222 

higher than non-treated controls (Figure 3F, Supplementary Figure S4).  223 

We also explored whether this current-based calcium synchronization is sufficient 224 

to replicate the physiological effects of VEGF on cells. We compared cells treated with 225 

VEGF with cells stimulated with a single 50-second electric pulse, and with unstimulated 226 

cells after 6 hours of initial stimulation by measuring the transcriptional levels of VEGF-227 

target genes. We found that the VEGF-treated cells had elevated levels of AKT, WNT5A, 228 
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and KDR compared to non-VEGF-treated cells, while the current-treated cells exhibited 229 

a significantly greater upregulation of the same genes at the 6-hour timepoint compared 230 

to non-VEGF-treated cells (Figure 3G-I).  231 

In particular, AKT is a component of the PI3K/AKT pathway, regulating cellular 232 

processes such as proliferation and cell survival and is a known target of VEGF-mediated 233 

signaling.41–45 WNT5A is endogenously expressed in endothelial cells and is involved in 234 

pro-angiogenic pathways.46,47 KDR, or VEGFR2, is the primary receptor of VEGF in 235 

endothelial cells and is crucial for the VEGF-mediated signaling cascade.48,49 The parallel 236 

upregulation of these genes in the current- and VEGF-treated cells indicates that current 237 

stimulation can successfully recapitulate key downstream signaling effects of VEGF.  238 

Notably, MAPK, another crucial VEGF-dependent pathway, was not significantly 239 

elevated in VEGF-treated cells but was significantly elevated in current-treated cells, 240 

which may indicate a temporal delay in VEGF-MAPK activation pathway that the current-241 

based calcium-mediated stimulation is able to bypass (Figure 3J).50,51 Conversely, CTGF, 242 

which can inhibit VEGF-induced angiogenesis, was downregulated in VEGF-treated cells, 243 

but the current-treated cells were unaffected. This finding suggests that calcium 244 

synchronization acts through a pathway specific to the VEGF signaling cascade (Figure 245 

3K).52  246 

To fully confirm the pro-angiogenic effects of direct electric stimulation, we 247 

performed a commonly used tube formation assay by seeding ECs on top of Matrigel 248 

surfaces and allowing them to form networks.53 ECs that were pre-treated with electrical 249 

current formed extensive networks within three hours of seeding, compared to non-250 

treated ECs (Figure 3L-M, Supplementary Figure S6). We quantified the network using 251 
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AutoTube, a MATLAB-based software that performs tube detection, skeletonization, and 252 

statistical analysis.54 We found that the pre-treated cells formed significantly longer 253 

networks with more branch points, indicating that the current-treated ECs have higher 254 

angiogenic potential (Figure 3N-O). Taken together, our data suggest that transient 255 

electrical stimulation or ionic depletion using microfluidic-inspired circuits mimics the 256 

effects of VEGF-induced angiogenesis by modulating intracellular calcium.  257 

2.3 Calcium spiking couples with predicted sodium dynamics through the NCX transporter 258 

Classical mathematical models such as the Fitzhugh-Nagumo model or the more 259 

recent Ten Tusscher model describe calcium spiking in excitable cells through rapid, 260 

coupled changes in membrane potential.55,56 In electrically non-excitable endothelial cells, 261 

however, the membrane potential does not vary on the same timescale, necessitating a 262 

different mechanism to account for the observed oscillatory behavior (Supplementary 263 

Movie S8). Because the plasma membrane is more permeable to potassium than sodium 264 

due to K-leak channels, potassium contributes more strongly to the membrane 265 

potential.57,58 This suggests that in non-excitable endothelial cells, calcium dynamics may 266 

be coupled more closely with sodium than potassium—and the calcium dynamics are 267 

much slower than the membrane potential dynamics. We therefore hypothesized that 268 

small sodium fluctuations, coupled to calcium via sodium-calcium transporters, can 269 

generate large calcium spikes without producing comparably large changes in membrane 270 

potential. 271 

To test this hypothesis, we measured the calcium oscillation dynamics before and 272 

after a sudden twofold increase in external sodium concentration from 140 mM to 300 273 

mM.59 As shown in the representative calcium concentration trace, nearly all cells abruptly 274 
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stop their oscillations just seconds after the sodium spike (Figure 4A, Supplementary 275 

Movie S9). This lack of oscillation can be drastically reversed within seconds by reducing 276 

the sodium concentration to 140 mM again by diluting the media with deionized water 277 

(Supplementary Movie S10). In comparison, the cells continue to oscillate when the 278 

potassium concentration is increased tenfold from 5 mM to 50 mM, indicating that calcium 279 

oscillations are coupled to the sodium concentration (Supplementary Movie S11).  280 

To explain these results, we hypothesized that the sodium-calcium exchanger 281 

transporter (NCX) is the most likely coupling mechanism of sodium and calcium. NCX is 282 

a widely studied ion antiporter that transports one calcium ion for every 3 sodium ions.60 283 

We then treated the endothelial cells with 50 μM of SEA0400, an NCX inhibitor. We found 284 

the percentage of cells undergoing oscillation decreased dramatically from around 40% 285 

to less than 2% within 20 minutes (Figure 4B, Supplementary Movie S12).61 Taken 286 

together, these results suggest that the calcium oscillations in non-excitable endothelial 287 

cells are coupled with sodium dynamics through NCX.  288 

2.4 The near-tangency between NCX and IP₃R calcium fluxes sustains oscillatory spiking 289 

Based on these insights, we developed a mathematical model to describe calcium 290 

spiking patterns in non-excitable cells, which do not exhibit rapid jumps in membrane 291 

potential as excitable cells do. Our model relies on our hypothesized NCX-IP3R-292 

dependent calcium dynamics pathway (Figure 4C). From our experimental observations, 293 

calcium dynamics should be faster than sodium dynamics. While these calcium dynamics 294 

are unrelated to large fluctuations in membrane potential that occur in excitable cells, the 295 

observed calcium spiking and memory phenomena suggest that hysteresis in calcium 296 

relative to sodium is at play.  297 
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We therefore modified the classical Fitzhugh-Nagumo model for potential spiking 298 

as a foundation for the calcium spiking model. While the former models rely on nonlinear 299 

hysteretic features introduced by voltage-gating of potassium channels, our model 300 

focuses on how calcium-gating of NCX and IP3R yields the observed calcium hysteresis 301 

and spiking.  302 

The inositol 1,4,5-trisphosphate receptor (IP3R) is primarily responsible for the 303 

rapid release of calcium from the endoplasmic reticulum (ER).62–64 Importantly, IP3R 304 

exhibits a biphasic regulatory mechanism with respect to cytosolic calcium concentration 305 

(calcium-induced-calcium-release mechanism): its calcium release is activated by 306 

allosteric binding of calcium, but is inhibited at saturating concentrations of cytosolic 307 

calcium.65–67 This widely studied mechanism of IP3R-mediated calcium release is critical 308 

for the oscillatory behavior of calcium. We modeled the ionic flux through IP3R with a 309 

Michaelis-Menten curve (please see Materials and Methods section) as shown in Figure 310 

4D.  311 

Next, we modeled the calcium efflux through the NCX transporter. In typical 312 

physiological states, the NCX transporter is driven by the sodium gradient across the cell 313 

membrane, which allows calcium ions to be depleted from the cytosol against their own 314 

concentration gradient.68 NCX also exhibits allosteric activation by intracellular calcium 315 

through its two binding domains, CBD1 and CBD2, which increases the calcium transport 316 

rate.69–71 However, very high levels of intracellular calcium can also reverse the NCX 317 

transport direction through autoinhibition or indirectly through calmodulin regulation or 318 

activation of the NCX-cleaving protease.72–74 This calcium-dependent activation-inhibition 319 

is modeled using a simple bell curve (see Methods Section) as shown in Figure 4E.  320 
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To understand the origin of this oscillatory behavior, we performed a phase-plane 321 

analysis, examining the nullclines of the sodium and calcium dynamics. The sodium 322 

nullcline traces a parabola in the calcium-sodium (C-N) phase plane, with its maximum 323 

corresponding to peak NCX-mediated sodium influx. Oscillatory spiking arises when this 324 

sodium nullcline intersects the middle branch of the calcium nullcline's S-shaped 325 

hysteresis curve (Figure 4F-G).  326 

When the IP₃R and NCX flux optima are aligned, the parabolic sodium nullcline 327 

becomes nearly tangent to the calcium nullcline's low-C branch at its lower turning point. 328 

At this near-tangency, both calcium and sodium dynamics slow substantially: calcium 329 

remains low while sodium accumulates gradually. On the high-C branch, by contrast, the 330 

two nullclines are well-separated, and the resulting faster dynamics constitute the spike 331 

itself. Because tangency between the nullclines occurs only within a narrow, finely tuned 332 

parameter regime, the spike interval should be sensitive to parameter perturbation, while 333 

the spike itself, governed by the well-separated high-C branch, should be comparatively 334 

robust. This is confirmed by our sensitivity analysis: peak height is largely insensitive to 335 

parameter changes, whereas oscillation frequency is highly sensitive (Figure 4H). 336 

This oscillatory regime depends specifically on the IP₃R and NCX flux curves 337 

having closely matched peak magnitudes, with the IP₃R-mediated calcium flux peaking 338 

at a slightly lower calcium concentration than the NCX-mediated efflux (Figure 4I). This 339 

near-tangency between the NCX efflux and IP₃R influx curves is what sustains the 340 

oscillatory system: only a small perturbation in calcium concentration is needed to trigger 341 

the rapid IP₃R-mediated influx, producing a transient calcium buildup that is subsequently 342 

cleared by the comparatively slower NCX-mediated efflux. The resulting low-C interval, 343 
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during which the ER remains dormant between spikes, is therefore governed by the 344 

bandwidth and amplitude of the IP₃R and NCX flux maxima, which in turn reflect the 345 

number and calcium-binding affinity of the regulatory sites on each protein. 346 

2.5 Perturbations experiments validate multiple predictions generated by the null-cline 347 

tangency model 348 

We verified that this null-cline tangency model, due to alignment of calcium 349 

concentrations with high ER and NCX fluxes, explain the experimental results we have 350 

discussed previously (Figure 5A). It is known that VEGF primarily affects calcium 351 

signaling through IP3R. We demonstrated that the frequency of the calcium oscillation can 352 

be increased solely by modifying the 
!
"!

 parameter from 3 to 3.3 (Figure 5B). IP3 353 

modulates IP3R-calcium release by inducing conformational changes that affect the 354 

allosteric calcium binding, which concurs with the model prediction that lower allosteric 355 

inhibitory calcium-IP3R binding will increase the spiking frequency.75 This change in 356 

frequency is represented by a leftward shift in the peak of the IP3R-flux curve, which 357 

pushes the system into the higher-frequency zone, indicating that the cells can modulate 358 

the oscillatory frequency by altering the relative peak locations of the NCX and IP3R fluxes 359 

(Figure 5C). 360 

We also verified that the model exhibits the same calcium dynamics we observed 361 

with external sodium concentration modulation. First, when we adjust the external sodium 362 

concentration from 30 to 28, we see that the oscillation pattern is maintained, but crucially, 363 

there is a period of sustained high calcium concentration, which is followed by continued 364 

oscillation (Figure 5E). This temporary high-calcium state corresponds to when the NCX 365 
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flux briefly turns negative due to the sudden decrease in external sodium as the driving 366 

force, indicating that NCX briefly enters reverse mode (Figure 5F). This reflects the 367 

behavior of endothelial cells during external cation depletion (Figure 5D). Additionally, a 368 

previous study reported that reverse-mode NCX is required for calcium activity and 369 

angiogenic activation in ECs in a low-external sodium environment, which corroborates 370 

our findings here.76 371 

We also verified that the sudden spike in external sodium from 30 to 38 can lead 372 

to a sudden stop of oscillations and the cells being stuck in the “low calcium” state, as the 373 

NCX flux increases drastically to pump out calcium before it can accrue in the cytosol due 374 

to the increase in sodium concentration gradient (Figure 5H-I). This again matches the 375 

experimental data from external sodium spiking (Figure 5G).  376 

Lastly, when we introduce to the system, which already lacks oscillation due to 377 

high external sodium "#$% = 35, the 
!
"!

 parameter change from 3 to 3.3 simulating VEGF 378 

addition, the model predicts a resumption of oscillation as the leftward shift of the IP3R-379 

flux curve lowers the required calcium level to trigger the IP3R calcium release, allowing 380 

the oscillation to occur even with increased calcium efflux from NCX (Figure 5K-L). We 381 

experimentally validate this by introducing 50 ng/mL of VEGF into a cell population with 382 

the external sodium spiked to 250 mM while keeping the sodium concentration constant. 383 

This results in the resumption of oscillatory activity, validating the model predictions 384 

(Figure 5J, Supplementary Movie S13).  385 

 386 

 387 
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3. Discussion 388 

Intracellular calcium dynamics are a fundamental signaling mechanism that 389 

regulates diverse cellular processes across eukaryotic cell types.77,78 Calcium signaling 390 

spans a wide range of spatiotemporal patterns, from local puffs to intercellular waves.79 391 

While electrically non-excitable, endothelial cells exhibit variable spatiotemporal calcium 392 

signaling activity that depends on IP3 receptor (IP3R)-dependent calcium release from the 393 

endoplasmic reticulum.80 These oscillations play a critical role in regulating endothelial 394 

behaviors such as angiogenesis, yet their complexity has made population-scale analysis 395 

challenging.81–83 Consequently, how endothelial calcium dynamics are modulated by 396 

external stimuli has remained poorly understood. 397 

To address this challenge, we developed a computational-experimental pipeline 398 

that robustly quantifies calcium oscillation features, including frequency and cross-399 

correlation, across large endothelial populations. Using this approach, we identified 400 

distinct transient and chronic responses to VEGF stimulation: endothelial cells rapidly 401 

synchronize within seconds of VEGF exposure before transitioning to a sustained 402 

increase in oscillation frequency. Building on this observation, we developed a microfluidic 403 

platform that manipulates extracellular ionic conditions and showed that electrical 404 

stimulation induces calcium synchronization resembling the VEGF response, resulting in 405 

upregulation of pro-angiogenic genes and enhanced endothelial cell network formation. 406 

Together, these findings demonstrate that endothelial calcium signaling can be directly 407 

manipulated through electrical cues, providing a strategy for precise spatiotemporal 408 

control of angiogenic signaling that could complement or reduce reliance on exogenous 409 

growth factor delivery. 410 
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Inspired by these results, we hypothesized that calcium oscillations are coupled 411 

with sodium ions in ECs. To evaluate this hypothesis systematically, we developed a 412 

mathematical model based on mechanisms of the NCX transporter and IP3R-based 413 

calcium release from the endoplasmic reticulum and found that our model creates 414 

oscillatory calcium patterns consistent with what we observed experimentally. We then 415 

confirmed that the model accurately predicts EC responses to various external stimuli, 416 

such as VEGF stimulation and external ion depletion or supplementation, demonstrating 417 

the potential value of our proposed IP3R-NCX model for explaining calcium behavior in 418 

endothelial cells.  419 

Although mathematical models such as Hodgkin-Huxley and FitzHugh-Nagumo 420 

have successfully described calcium dynamics in excitable cells, they rely on strong 421 

coupling between membrane potential and calcium flux, making them less applicable to 422 

non-excitable endothelial cells. Previous studies have independently implicated both IP3R 423 

and NCX in endothelial calcium regulation, but none have described how their interaction 424 

generates sustained calcium oscillations or links these dynamics to angiogenic 425 

signaling.76,84–86 Our model addresses this gap by demonstrating that oscillations emerge 426 

from the coupled activation-inhibition kinetics of NCX and IP3R rather than membrane 427 

potential. The model also explains how rapid calcium oscillations can occur without large 428 

fluctuations in intracellular sodium or membrane voltage, consistent with experimental 429 

observations, and accurately predicts cellular responses to multiple perturbations. 430 

Our model provides mechanistic insight into how endothelial cells regulate calcium 431 

oscillations to drive angiogenic responses. Specifically, we show that near-alignment 432 

between the maximum calcium efflux mediated by NCX and the maximum calcium influx 433 
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through IP3R is required to generate the characteristic oscillatory pattern observed in 434 

endothelial cells, consisting of prolonged quasi-steady periods of low cytosolic calcium 435 

punctuated by brief calcium spikes. This oscillatory behavior can be tuned by shifting the 436 

activation-inhibition properties of NCX, IP3R, or both, through mechanisms such as VEGF 437 

signaling, changes in extracellular sodium concentration, or electrical current. Together, 438 

these findings suggest that endothelial cells maintain a finely balanced calcium oscillatory 439 

state that enables rapid yet sustained responses to external stimuli, providing a new 440 

mechanistic framework for understanding calcium signaling in endothelial biology. 441 

In summary, we demonstrate that endothelial cells encode angiogenic signals 442 

through coordinated changes in calcium oscillation frequency and synchronization. By 443 

combining quantitative calcium analysis, electrical stimulation, and mathematical 444 

modeling, we show that VEGF-like signaling can be reproduced by directly manipulating 445 

ionic dynamics. Our near-tangent nullcline model provides a mechanistic framework for 446 

understanding endothelial calcium oscillations and offers predictive capability for 447 

responses to pharmacological or electrical perturbations. Together, these findings 448 

establish endothelial calcium dynamics as an engineerable signaling modality with 449 

potential applications in tissue engineering, regenerative medicine, and vascular biology 450 

research. 451 

 452 

 453 

 454 

 455 
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4. Materials and Methods 456 

Human iPSC and BEC Culture 457 

Human BECs derived from the dermis of an adult donor (Promocell) were 458 

expanded and used between passages 5 and 8. The cells were cultured in MV2 media 459 

(Promocell) and incubated at 37°C with 5% CO2. IMR90, human iPSCs derived from lung 460 

fibroblast (WiCell) were seeded on tissue culture plastic surfaces coated with 0.083 461 

mg/mL of Matrigel (Corning) in DMEM-F12 media (Gibco) and grown in mTeSR+ media 462 

(Stem Cell Technologies) at 37°C with 5% CO2. 10 μM of Y-27632 Rho-kinase inhibitor 463 

was added to the cell culture media for the first day after seeding, then subsequently 464 

removed. All cell lines were routinely tested for mycoplasma contamination and were 465 

negative throughout this study.  466 

Automated computational pipeline for large-scale calcium oscillation data extraction in 467 

non-excitable cells 468 

We designed a data processing pipeline to analyze intracellular calcium oscillation 469 

patterns in non-excitable cells (Supplementary Figure S1A-C). The overall pipeline 470 

receives the raw fluorescent image stack at a magnification between 4 and 10x in TIFF. 471 

format. These images capture the fluorescent signal intensities of the mesodermal-472 

lineage cells, which correspond to cytoplasmic calcium concentration. For this study, we 473 

relied on Calbryte 520AM dye, a robust calcium indicator dye that is non-fluorescent until 474 

bound with calcium ions within the cell.  475 

Before proceeding with the pipeline, the images require preprocessing 476 

(Supplementary Figure S1A). This process begins with a rolling ball background 477 
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subtraction to remove the effects of uneven background signal. It is followed by a 478 

despeckle step to remove the signals attributed to non-cellular fragments. Next, a dead 479 

cell detection step identifies and excludes auto-fluorescent dead cells by setting a 480 

maximum fluorescence intensity threshold. The processed images are then segmented 481 

using a Cellpose-based algorithm. This segmentation is performed on the max-projection 482 

image generated from the entire image stack, with optional image drift correction applied 483 

as needed. The resulting segmentation masks are used to generate the average 484 

intensities for each cell at every timepoint, which is saved to an intensity (n-by-t) matrix, 485 

where n is the number of identified cells and t is the total number of timepoints.  486 

After preprocessing the image stack, the next step is data processing 487 

(Supplementary Figure S1B). The extracted data is then processed individually by fitting 488 

a 6th-order polynomial to each time series data, then subtracting the values from the fitted 489 

polynomial to correct for the overall background signal increase or loss of fluorescence 490 

due to photobleaching. Afterward, the cells are classified into either spiking, partial spiking, 491 

or non-spiking cells based on a peak detection algorithm, which identifies the time points 492 

at which the signature calcium spike peaks occur. The peak-thresholding parameters are 493 

set by the user based on the imaging setup and cell behavior. The pipeline takes the 494 

processed data for spiking cells and extracts parameters for subsequent analysis such 495 

as frequency shift or synchronization (Supplementary Figure S1C). These data can be 496 

exported and analyzed for correlation with the cell morphological or spatial information 497 

identified from the corresponding cell masks extracted from the cell segmentation step.   498 

We demonstrate the viability of our method in detecting irregular calcium oscillation 499 

patterns in non-excitable cells. The sample images consist of human dermal blood 500 
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endothelial cells (BECs) which were cultured to confluency. They were stained with 501 

Calbryte 520AM dye without probenecid treatment to capture the calcium dynamics of 502 

cells. A resulting image at a single time point is shown with representative images of each 503 

cell type (spiking, partial spiking, or non-spiking) identified by the pipeline 504 

(Supplementary Figure S1D).  505 

We compared the results of our algorithm with the manual segmentation method, 506 

which consists of manually segmenting and identifying the spiking cells. We 507 

demonstrated that the automated method and the manual segmentation can identify 508 

approximately similar number of cells, but with greater consistency with automation 509 

(Supplementary Figure S1E-F). The calcium data for the two extraction methods both 510 

estimated similar oscillating periods and percentages of spiking cells, demonstrating that 511 

there is no significant difference between the two methods (Supplementary Figure S1G-512 

H). Taken together, these results demonstrate that our automated algorithm can reliably 513 

capture highly irregular calcium spiking dynamics in a large cell population in a timely and 514 

non-labor-intensive manner.  515 

Human iPSC Differentiation to BEC 516 

 Human iPSCs were seeded in a single-cell suspension at 30,000 cells/cm2 in 517 

mTeSR+ media containing 10 μM of Y-27632 for one day. The media was switched to 518 

4mL of APEL2 media (Stem Cell Technologies) containing 6 μM of CHIR99021 (Stem Cell 519 

Technologies) per well in a 6-well plate and allowed to differentiate for 2 days. Following 520 

this, the media was replaced with 4mL of APEL2 media containing 50 ng/mL VEGF-A 521 

(Stem Cell Technologies), 25 ng/mL BMP4 (Stem Cell Technologies), and 10 ng/mL 522 
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FGF2 (R&D Biosciences) and left for 2 days. Following this, the cells were detached using 523 

TrypLE Express (Gibco) and replated at a density of 50,000 cells/cm2. The cells were 524 

cultured in MV2 media containing 50ng/mL of VEGF-A for up to 4 days with media change 525 

every 2 days.  526 

Calbryte 520AM Staining and Imaging 527 

 Calbryte 520AM dye (AAT Bioquest) resuspended in DMSO was added to serum-528 

free MV2 media at a final concentration of 5 μM. The cells were washed 1x with dPBS 529 

without calcium, then incubated with the Calbryte staining solution for 60 minutes. 530 

Following the incubation, the staining solution was removed, and the cells were washed 531 

1x with dPBS without calcium. Fresh media was added, and the cells were imaged at 5-532 

second intervals with a GFP excitation laser. For fluorescence imaging, either the Agilent 533 

Lionheart microscope (BioTek) or the A1R confocal microscope (Nikon) were used at 10x 534 

objectives.  535 

Chip Design and Fabrication 536 

A tube incorporating a buffer reservoir was fabricated by 3D printing as previously 537 

described.87 The outer diameter of the tube was designed to match the well of a 538 

commercial single-channel ibidi chip, allowing the reservoir tube to fit tightly into the chip 539 

well. The end of the tube was shaped into a half-disk to enable attachment of a small 540 

piece of cation-exchange membrane using a UV-curable adhesive. A small hole was 541 

made at the bottom of the buffer reservoir and sealed with 2% agarose gel, ensuring that 542 

the current flowed between the buffer reservoir and the tube through the membrane when 543 

an electric field was applied. The electric field was established by connecting the positive 544 
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terminal to the buffer reservoir and the negative terminal to the tube, thereby generating 545 

a depletion front in the channel that gradually extended toward the cells.  546 

Electrical Stimulation 547 

 Human BECs were seeded in either an Ibidi single-channel microfluidic chip (Ibidi) 548 

or a 6-well plate and allowed to reach 100% confluency. SourceMeter 2400 source 549 

measure unit (Keithley) was used to generate the electrical pulse current. The electrodes 550 

were placed on either end of the channel for the microfluidic chip, or on the opposite 551 

edges of the well in a 6-well plate. Voltage values were held constant between 10-12 V, 552 

and the current reached 10-12 mA across the Ibidi chip. Since the well plate experiences 553 

different resistance depending on the volume of cell culture media, we empirically tested 554 

various media volumes until we determined the correct volume to reach the same 555 

resistance across the well as the Ibidi chip, at 950μL of MV2 media. The chip or the well 556 

plate connected to the electrode was placed inside the Agilent Lionheart microscope’s 557 

incubation chamber, and the imaging was started at least 5 minutes prior to applying the 558 

electrical stimulation to measure the transient effects.  559 

Gene Expression 560 

 To analyze gene expression, we collected the RNA from BECs using a Qiagen 561 

Mini-prep kit (Qiagen) and quantified and diluted to the same concentration for all samples. 562 

The RNA was reverse transcribed using a high-capacity cDNA reverse transcription kit 563 

(Thermo Fisher) following the manufacturer's recommended protocol. We used TaqMan 564 

gene expression assays (Thermo Fisher) following manufacturer protocols and used 565 

GAPDH as endogenous controls to normalize relative gene expression levels using the 566 
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ΔΔCT method (Supplementary Table 1). All statistical analysis was done on the ΔΔCT 567 

values.  568 

Matrigel Angiogenesis Assay  569 

 Growth-factor reduced Matrigel (Corning) was thawed on ice and quickly pipetted 570 

into the inner well of the μ-Slide Angiogenesis slide (Ibidi) at a volume of 10 μL per well. 571 

The slide was placed into the incubator at 37°C for 30 minutes to allow for crosslinking. 572 

The cells were treated with electrical current, live-stained with 5μM of Celltracker Green 573 

Dye CFMDA (Thermo Fisher) for 20 minutes, then passaged and counted. The cells were 574 

resuspended at 200,000 cells/mL in MV2 media, and 50μL of the cell suspension was 575 

added on top of the polymerized Matrigel inside the μ-Slide well. The cells were allowed 576 

to settle for 1 hour and imaged every hour afterwards.  577 

Derivation of the model  578 

We start with the previously mentioned IP3R mechanics, which exhibits allosteric 579 

activation and inhibition from intracellular calcium. Here, we model this behavior using 580 

simple substrate-inhibitory Michaelis-Menten kinetics. The calcium flux through IP3R is 581 

defined as a function of cytosolic calcium as shown here: 582 

&&'() = '(1 + (*++ + (+, 583 

where k is the rapid ER calcium release kinetic constant, and Km and Ki are the 584 

association equilibrium constants of calcium binding for transport and substrate inhibition. 585 

The biphasic mechanism produces an optimum calcium concentration at ( = ,++  for 586 
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maximum calcium ER release rate, and the bandwidth of calcium concentration around 587 

this highest calcium release rate is governed by 
!

-"!
. 588 

Next, we modeled the calcium efflux through the NCX transporter, which also 589 

exhibits similar activation-inhibition with respect to intracellular calcium. We model this 590 

behavior through a simple bell curve with the peak transport rate achieved at a set 591 

threshold of calcium concentrations and the transport rate driven by the sodium gradient. 592 

The rate of calcium flux through NCX is defined as follows: 593 

&./0 = './0.12/1/""# 3
$("#$% − ") 594 

where CK represents the critical concentration of calcium at which the maximum NCX 595 

transport rate is reached, and Ka represents the rate at which calcium binding to the 596 

allosteric activation and inhibition sites is achieved. As a matter of convenience, the NCX 597 

flux is denoted as positive when calcium is in efflux, corresponding to the forward mode 598 

of NCX. This calcium/sodium efflux/influx rate has a maximum at an intracellular calcium 599 

concentration of ( = (4 .  600 

We further include a simple transport rate constant for the plasma membrane 601 

calcium pump (PMCA), which is capable of pumping calcium at a low but steady rate even 602 

at low calcium concentrations driven by ATP.88 Therefore, we propose the following two 603 

equations for the dynamics of the intracellular calcium concentration C and the 604 

intracellular sodium concentration N: 605 

2(23 = Λ( '(1 + (*++ + (+, − ''5/6( − './0.12/1/""# 3
$("#$% − ") + 5) 606 
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2"23 = 3'./0.12/1/""# 3
$("#$% − ") − '7" + 2("#$% − ") 607 

where d represents the concentration gradient-driven rate of sodium leakage across the 608 

plasma membrane and 5 represents a constant calcium leakage from the ER.89 The ksN 609 

term represents the voltage-dependent sodium-potassium pump, which effectively 610 

behaves as a one-way diode current rectifier, given that they are non-reversible.90–93 This 611 

allows the cells to remain sensitive to externally applied electrical current, similar to our 612 

observations in Figure 3E. 613 

The nullcline of the Calcium dynamics in the C-N phase plane produces an S-614 

hysteresis with respect to the intracellular sodium concentration N, with a high-C branch 615 

and a low-C branch connected via a middle branch (Figure 4F-G). The high-C turning 616 

point corresponds to the NCX optimum calcium efflux, and the low-C turning point 617 

corresponds to the ER optimum calcium release. The calcium dynamics undergo 618 

discontinuous jumps at these two turning points.   619 

Due to binding-induced calcium buffering, the cytosolic sodium concentration N is 620 

significantly higher than that of the calcium C. Hence, the sodium flux terms must nearly 621 

cancel each other in the dynamics for the sodium ion to produce slow dynamics. 622 

Consequently, the related kinetic constants kNCX, ks, and d should all be unit order with 623 

respect to N. However, this cancellation is not possible for the calcium dynamics unless 624 

the kinetic constants k, kPMCA and g are of comparable order as N. 625 

In the above dimensionless equations, we have scaled these fast calcium kinetic 626 

parameters to unity order and introduced a stiff parameter Λ ≫ 1.	A value of Λ = 2000 is 627 

used for all our computations. This stiff parameter produces fast calcium dynamics due 628 
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to coupling with NCX, with coordinated 3:1 large sodium flux and a large ER calcium 629 

release rate, both with actual rates much higher than the sodium pump and sodium 630 

leakage.   631 

Nondimensionalization of the model  632 

Consider the dimensional equation for calcium and sodium below.  633 

2(′23′ = '8(′1 + (8+,8 + (8*++8 + 58 − ''5/68 (8 − './08 ("98 − "8);((8) 634 

2"′23 = 3'./08 ("98 − "8);((8) + 2′("98 − "8) − '78"′ 635 

We note ks has units of inverse time. Since all the fluxes for sodium should be the same 636 

order and unit order with respect to the Calcium fluxes, we can choose 1/ks* as the 637 

characteristic time. We define 38 = %
4%∗

,  ( = (8/(∗ , "9 = "98/"∗ , " = "8/"∗ ,  '7 = 4%'
4%∗

  638 

where the unprimed quantities are dimensionless. Typical values we observe would be 639 

(∗ = 1	=> , and "∗ = 5 − 10	?> , making Λ = .∗
/∗
= 5000 − 10,000 . Then, the sodium 640 

equation becomes 641 

2"23 = 3'./0("9 − ");(() + 2("9 − ") − '7" 642 

where ('./08 /'7∗	) = './0  and 2 = ;'
4%∗

 are all unit order dimensionless parameters. 643 

The calcium gating function for NCX is ;(() = .12()(**#
3
$

 where we have used  ( = (8/(∗, 644 

(4 = (48/(∗, and '< = '<8 /(∗. Using the same scaling, we get 645 
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2(23 = ('8/'7∗	)(1 + (+, + (*++ + (58/(∗'7∗) − (''5/68 /'7∗)( − ('./0"∗/(∗)("9 − ");(() 646 

We note that the large Λ = "∗/(∗ term that appears in the NCX flux term for calcium does 647 

not appear in the sodium N equation.  To balance this term, all the other dimensionless 648 

flux kinetic coefficients 
4'
4%∗

 , (58/(∗'7∗) , and (''5/68 /'7∗) should also be a large order of 649 

magnitude, similar to Λ. We hence rescale them to extract the lone large parameter Λ and 650 

render all the parameters of order unity with respect to Λ: 651 

4'
4%∗

= 'Λ        
='

/∗4%∗
= 5Λ      

4+,(-'

4%∗
= ''5/6Λ 652 

where k, g and kPMCA are now all unity order.  653 

We get the dimensionless equation with a stiff dimensionless parameter and with 654 

dimensionless variables, time and parameters.    655 

2(23 = Λ B '(1 + (+, + (*++ + 5 − ''5/6( − './0("9 − ").12/1/*4# 3
$C 656 

   
;.
;% = 3'./0("9 − ");(() + 2("9 − ") − '7" 657 

where the stiff parameter is Λ = "∗/(∗,  then all the kinetic parameters k, g, kPMCA, and 658 

kNCX are dimensionless and of unit order with respect to Λ.   659 

Note, with this order assignment, we assume that k’ >> ks,   58 ≫ (∗'7 and ''5/68 ≫660 

'7	but  './08 ~'7, which is reasonable considering the high Calcium concentration spikes 661 

require large calcium fluxes, much larger than sodium fluxes. Also note that because of 662 
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the difference in equilibrium calcium and sodium concentrations, the NCX flux produces 663 

large fraction change in the calcium concentrations but not the sodium concentrations.  664 

This is the key to stiff dynamics with large Λ to allow the quasi-steady state nullcline 665 

analysis.  For Figure 4H, the parameters were chosen in arbitrary units, at ' = 3, 
!
"!
= 3, 666 

!
".

= 0.5 , ''5/6 = 0.8 , (" = 0.6 , './0 = 5 , +< = 0.35 , '7 = 0.06 , 2 = 0.2 , 5 = 0.6 , and 667 

["H]#$% = 32. Initial conditions were set consistently at ["H]9 = 30 and [(H]9 = 0.7. 668 

 669 
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  704 

 705 

Figure 1. Calcium acts as the central pathway guiding angiogenesis. Cellular 706 

calcium activities in response to various external stimuli, such as VEGF stimulation. The 707 

cells modulate the correlation and frequency of the calcium spiking behavior in response 708 

to these stimuli through the NCX-IP3R pathway. These changes to calcium signaling 709 

translate to enhanced vascular network formation and upregulation of angiogenic 710 

pathways. 711 

712 
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 713 

Figure 2. VEGF induces a frequency shift in calcium-oscillatory endothelial cell 714 

population. (A) Schematic of the VEGF-induced calcium wave propagation within 715 

seconds of adding VEGF. (B). Temporal color code image of the cells following the VEGF 716 

addition. The color corresponds to the timepoint at which the maximum intensity is 717 

reached. An approximate wavefront is shown in green dotted line, and the direction of 718 

wave propagation, which is perpendicular to the wavefront, is shown in green solid line. 719 

(C). Distribution density plot of the degree of cross-correlation for each cell-cell pair within 720 

the imaging window for VEGF and no-VEGF conditions. (D). Percentage of cell-cell 721 

pairings that exhibit higher than 0.5 in cross-correlation value, n=3 for control and n=4 for 722 

VEGF. (E-F). Histogram showing the distribution of average oscillation period in 723 

oscillatory cells cultured with and without VEGF. The cells with VEGF were subjected to 724 

50ng/mL of VEGF for 24 hours. (G). Average spiking frequency of cells treated with and 725 

without VEGF, n=4. Each run was with the identical donor but cultured and measured 726 

independently. H-I. Average oscillation period histogram for iPSC-differentiated ECs at 727 

day 6 and day 8 of differentiation. Mean oscillation periods are shown on the top right for 728 

each plot. J. Average spiking frequency of iPSC-dEC at day 6 and 8, n=3 for both groups. 729 

*p<0.05, **p<0.01.  Scale bar represents 1mm.   730 
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 731 

Figure 3. VEGF or electrical stimulation induces intercellular calcium waves across 732 

coupled endothelial cells. (A). Schematic for the cation depletion setup, showing the 733 

placement of a double-well with a selectively permeable membrane. (B). Demonstration 734 

of the viability of the depletion chip showing the removal of negatively charged Tryphan 735 

Blue dye after 5 minutes of applying the current. (C). Histogram showing the distribution 736 

of degree of cross-correlation for each cell-cell pair before and after cationic depletion. 737 

(D). Schematic of the current-induced transient ionic depletion in a microfluidic channel. 738 

(E). Distribution density plot of the degree of cross-correlation with and without the current 739 

applied. (F). Percentage of cell-cell pairings that exhibit higher than 0.5 in cross-740 

correlation value, n=3 for both groups. (G-K). Relative RNA expression level changes for 741 
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AKT, KDR, WNT5a, MAPK, and CTGF with VEGF treatment and current treatment 742 

normalized to the non-treated cells, run in technical replicates of n=4. (L-M) 743 

Representative images of tube formation results from current-treated and non-treated 744 

ECs on Matrigel. Scale bar represents 100 μm. (N-O) Quantification of the overall tube 745 

length and number of branches for the two EC conditions, quantified using Aututube. n = 746 

5 for the current-treatment condition and n=6 for control. *p<0.05, **p<0.01, ***p<0.001, 747 

****p<0.0001.  748 
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Figure 4. An IP3R-NCX calcium oscillation model can produce calcium oscillatory 750 

system in non-excitable cell model. (A). Representative calcium intensity trace for one 751 

cell undergoing external sodium spike from 140 mM to 300 mM, which shows a sudden 752 

disappearance of all calcium oscillation activity, similar to calcium dynamics predicted in 753 

figure H. (B). Percentage of oscillatory cells when treated with 50 μM SEA0400 NCX 754 

inhibitor showing significant inhibition of oscillatory behavior, n=4. **p<0.01. (C). Diagram 755 

showing the proposed mechanism of NCX-IP3R coupled calcium oscillatory system. The 756 

two key transporters with activation-inhibition curves with respect to calcium are 757 

highlighted with shaded circles. (D-E). Calcium flux of NCX and IP3R transporters with 758 

respect to cytosolic calcium concentration showing maximum transport rates at similar 759 

calcium concentrations. (F-G). Simulated calcium and sodium oscillation and the 760 

associated nullclines on Ca-Na phase plane showing a single unstable equilibrium in the 761 

middle branch of the S-hysteresis. Calcium nullcline is shown in red, sodium nullcline is 762 

shown in blue. (H). Local feature sensitivity analysis of the model with respect to each 763 

parameter. Area under the curve (AUC), number of peaks, and frequency of the peaks for 764 

calcium are quantified for the sensitivity analysis. The values shown are for central 765 

difference analysis with ±1% perturbations. (I). Effect on the frequency of the oscillation 766 

of the calcium concentration at the maximum flux for IP3R and NCX transporters. Color 767 

scheme corresponds to log of the frequency of the oscillation, while lack of points 768 

indicates a non-oscillatory system. Oscillation is only possible when the peak flux of IP3R 769 

is achieved at a slightly higher calcium concentration compared to that of peak NCX flux.  770 

 771 
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 772 

Figure 5. The NCX-IP3R model predicts the effects of external perturbations on 773 

calcium oscillation patterns. (A). Overlaid histograms of the average oscillatory 774 

frequencies of ECs treated with and without VEGF, replicated from Figure 2. (B). 775 

Oscillatory traces and phase plots with the parameter shift of 1/Ki from 3 to 3.3 introduced 776 

at timepoint 25. (C). A shift in the Ki parameter that models VEGF response results in a 777 

leftward shift in the system from the low-frequency to the high-frequency region. The shift 778 

in the state is shown in red arrow. (D). Representative calcium concentration traces of 779 

several cells in a depletion setup which undergoes two rounds of depletion at the marked 780 

timepoints. During the depletion, cells exhibit a high calcium phase that is sustained for 781 

longer than a typical calcium oscillation peak. (E). Oscillatory traces and phase plots with 782 

the parameter shift of [Na+]ext from 32 to 28 introduced at timepoint 25. (F). JNCX curves 783 

as a function of cytosolic calcium concentration before and after external ion shift, in blue 784 

and green, respectively. The NCX curve is pushed into the negative indicating activation 785 
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of reverse mode. (G). Representative calcium concentration traces of several cells treated 786 

with sudden spike in external sodium concentration. Immediately following the addition of 787 

external sodium, all spiking activity ceases. (H). Oscillatory traces and phase plots with 788 

the parameter shift of [Na+]ext from 32 to 38 introduced at timepoint 25. (I). JNCX curves as 789 

a function of cytosolic calcium concentration before and after external ion shift, in blue 790 

and green, respectively. The increased external sodium concentration increases the 791 

maximum flux of NCX, leading to the upward shift of the curve. (J). Representative 792 

calcium concentration traces of several cells which have been exposed to high external 793 

sodium concentration for several minutes before VEGF was introduced. The timepoint at 794 

which VEGF is added is marked with the red arrow. Sodium concentration remains at 795 

300mM throughout the entire time. (K). Oscillatory traces and phase plots with the [Na+]ext 796 

set to 36 and 1/Ki parameter shifted from 3 to 3.3 at timepoint 35. (L). JIP3R curves as a 797 

function of cytosolic calcium concentration before and after VEGF, in blue and green, 798 

respectively. The reduction in the Ki parameter results in a leftward shift of the peak of the 799 

curve indicating a lowered threshold for IP3R-calcium release.  For all figures except C, 800 

blue represents pre-perturbation and green represents post-perturbation.   801 
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