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Abstract

Blood endothelial cells regulate angiogenesis through calcium oscillations that
coordinate migration and proliferation, yet the mechanisms governing these signaling
dynamics remain poorly understood and difficult to manipulate for tissue regeneration.
Here, we combine computational analysis, microfluidic electrical stimulation, and
mathematical modeling to demonstrate that sodium-calcium crosstalk between the
sodium-calcium exchanger (NCX) and inositol trisphosphate receptor (IP3R) is a key
regulatory mechanism of endothelial calcium oscillations and downstream angiogenic
responses. We show that characteristic endothelial calcium oscillations emerge when
maximal NCX-mediated calcium efflux and IP3R-mediated calcium influx are aligned at
similar intracellular calcium concentrations, producing prolonged low-calcium quasi-
steady states punctuated by rapid calcium spikes. This oscillatory behavior can be
modulated through pharmacological inhibition, changes in extracellular sodium, or growth
factor signaling. We further identify distinct transient and sustained calcium signaling
patterns associated with angiogenesis that can be recapitulated by electrical stimulation,
activating angiogenic gene expression, and vascular network formation without
exogenous growth factor supplementation. Together, these findings establish NCX-IP3R
crosstalk as a fundamental interaction governing endothelial calcium signaling and
introduce precise control of ionic dynamics as a strategy for engineering angiogenic

responses with applications in regenerative medicine.
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Abbreviations

BEC
dEC
iPSC
ER
NCX
IP3R
VEGF
AKT
WNT5a
MAPK
Km

Ki
Kncx

Kpmca

N ext

ks

Blood Endothelial Cells

Differentiated Endothelial Cells

Induced Pluripotent Stem Cells
Endoplasmic Reticulum
Sodium-Calcium Exchange Transporter
Inositol 1,4,5-trisphosphate receptor
Vascular Endothelial Growth Factor
Protein Kinase B

Whnt-Family Protein 5a
Mitogen-activated Protein Kinase
Michaelis-Menten constant for calcium with IP3R
Inhibitor constant for calcium with IPsR
Rate constant of NCX transporter

Rate constant of PMCA calcium pump
External sodium concentration

Rate constant of sodium pump
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1. Introduction

Intracellular calcium signaling plays a crucial role in many key cellular processes,
such as proliferation, apoptosis, metabolism, secretion, gene regulation, and cell
motility.”* In response to external signals, cells are capable of drastically increasing the
flux of calcium ions from either the extracellular space or intracellular calcium storage in
organelles such as the endoplasmic reticulum (ER).%® Calcium signaling is a ubiquitous
aspect of many intracellular communication pathways because of a large set of signals,
receptors, and transporters, together known as the “calcium signaling toolkit”, that can be

applied to multiple cellular processes.”2

Depending on the biological context, calcium-based signaling works at time scales
in the order of milliseconds to minutes, allowing rapid fluctuations in calcium signaling.
For example, excitable cells, such as cardiomyocytes, neurons, and muscle cells, exhibit
frequencies between <1 and 100 Hz.%'® At longer time scales, calcium concentration
dynamics can regulate gene expression in cells.! Interestingly, even some non-excitable
cells such as endothelial cells can undergo sharp calcium oscillations similar to excitable

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

Because calcium activity is transitory and occurs across a broad range of
frequency domains, imaging-based calcium measurements are commonly used to map
out calcium dynamics. Calcium indicators, such as Fura-2 dye, result in an excitation shift
or fluorescence intensity when bound to calcium.’? Alternatively, reporter cell lines
expressing a genetically encoded calcium indicator exhibit a fluorescence shift with
calcium concentration fluctuations. Overall, calcium measurements rely on fluorescent

imaging-based techniques of live cells imaging at high sampling rates. Understanding
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calcium signaling is especially important in tissue engineering and other bioengineering
applications that focus on population-wide cell communication. Calcium, in addition to
playing important roles in intracellular signaling, also serves as an intercellular
communication tool in many cells, aiding in spontaneous self-organizational behavior of

cells often seen in organogenesis.? 315

In constructing engineered tissues, spontaneous self-organization is often the only
way to form structures such as microvasculature that are smaller than the minimum
spatial resolution of devices such as 3D bioprinters.’ To induce self-organization, a
heterogeneous cell population can be seeded onto a matrix and stimulated with relevant
growth factors.””2' Cells can respond to mechanical stimuli such as shear stress,
chemical gradients of nutrients and growth factors, or contextual cues such as the
presence of other neighboring cells.??-?# In fact, numerous studies have indicated that the
spatial distribution and intercellular communication play crucial roles in the self-

organization of the cells into functional tissues.?>-27

This calcium signaling toolkit is especially relevant in vascular tissue engineering.
Calcium spiking plays a crucial role in directing endothelial cellular response to various
external stimuli, such as growth factors, mechanical forces, or metabolic stresses, that
are present in a vascular system.?® For example, shear stress is known to induce
cytoplasmic calcium spiking with a response time in the range of 1 minute in blood and
lymphatic endothelial cells.?%-3" Endothelial cells also exhibit repeated calcium oscillations
in response to reoxygenation following a period of hypoxic stress.3? Of special relevance
to tissue engineering applications is the calcium-mediated endothelial response to pro-

angiogenic growth factors. In particular, vascular endothelial growth factor (VEGF)
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induces physiologically relevant responses in endothelial cells, such as proliferation and
migration, that define angiogenesis.3*-3% Previous studies have demonstrated that VEGF
induces calcium signaling dynamics via amplitude modulation or frequency modulation.3®
However, due to the lack of high-throughput, robust methods for collecting quantitative
calcium data, combined with the high degree of heterogeneity in spiking behavior among
endothelial cells, it remains difficult to obtain quantitative measurements of subtle

frequency shifts in response to external stimuli.

Therefore, there is a need for a better understanding of how calcium dynamics in
large non-excitable cell populations affect angiogenesis. Using newly developed
computational analysis tools, we identified a previously uncharacterized calcium-
signaling mechanism that modulates endothelial responses to angiogenic growth factors.
We quantify key metrics describing endothelial responses to VEGF and reproduce these
effects through controlled external ionic levels using a novel microfluidic device. These
experimental data are used to tune a mathematical model based on sodium-calcium
exchanger and IP3R-mediated calcium fluxes that captures endothelial calcium
oscillations, which we then use to predict cellular responses to new external perturbations
and thereby create a feedback loop between experiments and simulations (Figure 1).
Altogether, our study demonstrates that controlling calcium signaling dynamics through
ionic depletion can serve as a versatile method for generating angiogenic responses in
engineered tissue constructs for various applications in tissue engineering and

regenerative medicine.
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2. Results

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

We first designed an efficient computational pipeline to characterize calcium
dynamics in endothelial cells using live fluorescence microscopy. We stained blood
endothelial cells (ECs) with calcium-sensitive Calbryte 520AM dye, which increases in
fluorescence brightness when bound to cytosolic calcium. Very briefly, the pipeline
performs segmentation to identify the boundary of each cell, calculates the average
fluorescence intensity within each cell, and then extracts calcium dynamics features such

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

Using this pipeline, we captured the response of ECs to VEGF at two different
timeframes: an acute response, which happens within seconds of VEGF stimulation, and
a chronic response, which occurs in the order of hours. First, the addition of VEGF causes
an immediate wave of calcium spikes that propagate through the endothelial population
within seconds (Figure 2A, Supplemental Movie S1). We estimate this wavefront of
calcium spike activity propagates at an approximate rate of 2400 ym/min, calculated using
the timepoints at which cells across the imaging window reached maximum calcium
intensity (Figure 2B). This rapid propagation indicates that the wavefront is independent
from diffusion of VEGF molecules, which has an expected diffusive velocity in the order
of 102 ym/min, assuming a diffusivity of 106 cm?/s over a few cm of the imaging window.
Therefore, we hypothesized that the VEGF-mediated wave propagation is most likely due

to intercellular exchange of ions (e.g., through gap junctions) rather than VEGF diffusion.
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We next quantified the degree of synchronization by measuring the cross-
correlation values for each cell-cell pair within the imaging window. Cross-correlation
values were calculated assuming no temporal shifts. When VEGF-stimulated cells were
compared with non-stimulated cells, we observed a clear shift toward higher
synchronization, with the number of cell-cell pairs exhibiting a cross-correlation value of
at least 0.5 increasing from around 50% to nearly 100% (Figure 2C-D, Supplementary

Figure S4).

We then collected calcium measurements 24 hours after exposure to VEGF and
measured the average spiking frequency for each cell exhibiting oscillatory behavior. In a
non-stimulated condition of less than 0.5 ng/mL VEGF, the cells exhibited an average
spiking frequency of approximately 8 mHz (Figure 2D, F, Supplementary Movie S2).
This spiking frequency shifted to approximately 12 mHz with the addition of 50 ng/mL of
VEGF (Figure 2E, F, Supplementary Figure S2, Supplementary Movie S3). This
pattern was conserved with treatment as low as 10 ng/mL VEGF, with no dose-dependent
changes in frequency, suggesting that VEGF-activated frequency shift is a highly

sensitive stepwise activation mechanism (Supplementary Figure S3).

Interestingly, we also found that induced pluripotent stem cell (iPSC)-derived
endothelial cells exhibit this same frequency as they reach terminal differentiation. Human
iPSCs are typically differentiated to endothelial cells through a stepwise treatment
involving various growth factors, followed by maturation into mature endothelial cells
through VEGF treatment.3’-3% We differentiated hiPSCs to endothelial cells using an 8-
day stepwise protocol and measured calcium spiking frequencies at day 6 and day 8. As

expected, at day 6, the immature differentiated endothelial cells (dEC) exhibited a low
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spiking frequency of around 8 mHz even in the presence of 50 ng/mL of VEGF (Figure
2G, |, Supplementary Movie S4). In contrast, fully matured dECs at day 8 exhibited a 11
mHz spiking frequency, which matched the response of the native blood endothelial cells
in the presence of VEGF (Figure 2H, I, Supplementary Movie S5). These results
suggest that spiking frequency response defines the degree of maturity of hiPSC-derived

ECs.

2.2 lon depletion and electrical stimulation directly induce acute calcium responses in

ECs

To show that we can mimic the effects of VEGF through regulation of external ionic
concentration, we devised a microfluidic channel equipped with a selectively permeable
ionic membrane (SPIM), which has been shown to deplete ions in a cell culture.*® We
modified a single-channel fluidic chip with two wells by inserting a narrow pipette tip within
one of the wells (Figure 3A). The pipette tip was modified by inserting the SPIM into the
narrow opening such that the membrane fully separates the inner pipette chamber and
the outer well of the chip. Then, a negative electrode was placed inside the media in the
pipette tip, and a positive electrode was placed in the outer well. When the current was
applied, we confirmed that the charged dye placed inside the microfluidic channel is
transferred to the pipette tip through the SPIM (Figure 3B). Using this microfluidic chip,
we synchronously depleted the ions present in the cell culture media, which noticeably
shifted in the degree of synchronization in BEC oscillations similar to that of VEGF

stimulation (Figure 3C, Supplementary Movie S6).

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

of VEGF on cellular calcium signaling synchronization. Since external ion depletion
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reduces ion flux into the cell, particularly sodium influx, an electrical current should also
produce a similar effect because of the diode-like rectification feature of various
unidirectional ionic pumps. Unlike global ion depletion by the SPIM around the cell, an
electric current imposes a potential gradient across the cell, which induces cation efflux
on one side of the cell and cation influx on the other. However, due to the nonlinear diode
feature of many cation channels, the influx and efflux are not perfectly antisymmetric and
a net efflux results. This net efflux due to a DC current hence has a similar effect to that
induced by cation depletion by SPIM. Therefore, we devised a new microfluidic chip in
which two electrodes are placed in opposing wells, and a controlled current is applied

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

Next, we optimized the current and voltage parameters required to mimic the effect
of VEGF on calcium oscillation synchronization and identified a range of 10-12 V and 4.5-
5.5 mA as optimal for the system. Using these parameters, we applied a 50-second
current pulse to the BECs and measured the calcium oscillation pattern during and after
the pulse, where the BECs exhibited the same synchronization behavior as seen with
VEGF stimulation (Figure 3E, Supplementary Movie S7). Nearly 90% of cells treated
with the current exhibited a cross-correlation coefficient of >0.5, which is significantly

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

We also explored whether this current-based calcium synchronization is sufficient
to replicate the physiological effects of VEGF on cells. We compared cells treated with
VEGF with cells stimulated with a single 50-second electric pulse, and with unstimulated
cells after 6 hours of initial stimulation by measuring the transcriptional levels of VEGF-

target genes. We found that the VEGF-treated cells had elevated levels of AKT, WNT5A,
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and KDR compared to non-VEGF-treated cells, while the current-treated cells exhibited
a significantly greater upregulation of the same genes at the 6-hour timepoint compared

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

In particular, AKT is a component of the PISBK/AKT pathway, regulating cellular
processes such as proliferation and cell survival and is a known target of VEGF-mediated
signaling.#™5 WNT5A is endogenously expressed in endothelial cells and is involved in
pro-angiogenic pathways.*64” KDR, or VEGFR2, is the primary receptor of VEGF in
endothelial cells and is crucial for the VEGF-mediated signaling cascade.*®4° The parallel
upregulation of these genes in the current- and VEGF-treated cells indicates that current

stimulation can successfully recapitulate key downstream signaling effects of VEGF.

Notably, MAPK, another crucial VEGF-dependent pathway, was not significantly
elevated in VEGF-treated cells but was significantly elevated in current-treated cells,
which may indicate a temporal delay in VEGF-MAPK activation pathway that the current-
based calcium-mediated stimulation is able to bypass (Figure 3J).5%5" Conversely, CTGF,
which can inhibit VEGF-induced angiogenesis, was downregulated in VEGF-treated cells,
but the current-treated cells were unaffected. This finding suggests that calcium
synchronization acts through a pathway specific to the VEGF signaling cascade (Figure

3K).52

To fully confirm the pro-angiogenic effects of direct electric stimulation, we
performed a commonly used tube formation assay by seeding ECs on top of Matrigel
surfaces and allowing them to form networks.53 ECs that were pre-treated with electrical
current formed extensive networks within three hours of seeding, compared to non-

treated ECs (Figure 3L-M, Supplementary Figure S6). We quantified the network using

11
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AutoTube, a MATLAB-based software that performs tube detection, skeletonization, and
statistical analysis.>* We found that the pre-treated cells formed significantly longer
networks with more branch points, indicating that the current-treated ECs have higher
angiogenic potential (Figure 3N-O). Taken together, our data suggest that transient
electrical stimulation or ionic depletion using microfluidic-inspired circuits mimics the

effects of VEGF-induced angiogenesis by modulating intracellular calcium.
2.3 Calcium spiking couples with predicted sodium dynamics through the NCX transporter

Classical mathematical models such as the Fitzhugh-Nagumo model or the more
recent Ten Tusscher model describe calcium spiking in excitable cells through rapid,
coupled changes in membrane potential.>>%8 In electrically non-excitable endothelial cells,
however, the membrane potential does not vary on the same timescale, necessitating a
different mechanism to account for the observed oscillatory behavior (Supplementary
Movie S8). Because the plasma membrane is more permeable to potassium than sodium
due to K-leak channels, potassium contributes more strongly to the membrane
potential.5”-%8 This suggests that in non-excitable endothelial cells, calcium dynamics may
be coupled more closely with sodium than potassium—and the calcium dynamics are
much slower than the membrane potential dynamics. We therefore hypothesized that
small sodium fluctuations, coupled to calcium via sodium-calcium transporters, can
generate large calcium spikes without producing comparably large changes in membrane

potential.

To test this hypothesis, we measured the calcium oscillation dynamics before and
after a sudden twofold increase in external sodium concentration from 140 mM to 300

mM.%° As shown in the representative calcium concentration trace, nearly all cells abruptly

12
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stop their oscillations just seconds after the sodium spike (Figure 4A, Supplementary
Movie S9). This lack of oscillation can be drastically reversed within seconds by reducing
the sodium concentration to 140 mM again by diluting the media with deionized water
(Supplementary Movie S10). In comparison, the cells continue to oscillate when the
potassium concentration is increased tenfold from 5 mM to 50 mM, indicating that calcium

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

To explain these results, we hypothesized that the sodium-calcium exchanger
transporter (NCX) is the most likely coupling mechanism of sodium and calcium. NCX is
a widely studied ion antiporter that transports one calcium ion for every 3 sodium ions.%°
We then treated the endothelial cells with 50 yM of SEA0400, an NCX inhibitor. We found
the percentage of cells undergoing oscillation decreased dramatically from around 40%
to less than 2% within 20 minutes (Figure 4B, Supplementary Movie $12).5" Taken
together, these results suggest that the calcium oscillations in non-excitable endothelial

cells are coupled with sodium dynamics through NCX.
2.4 The near-tangency between NCX and IPs;R calcium fluxes sustains oscillatory spiking

Based on these insights, we developed a mathematical model to describe calcium
spiking patterns in non-excitable cells, which do not exhibit rapid jumps in membrane
potential as excitable cells do. Our model relies on our hypothesized NCX-IP3R-
dependent calcium dynamics pathway (Figure 4C). From our experimental observations,
calcium dynamics should be faster than sodium dynamics. While these calcium dynamics
are unrelated to large fluctuations in membrane potential that occur in excitable cells, the
observed calcium spiking and memory phenomena suggest that hysteresis in calcium

relative to sodium is at play.
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We therefore modified the classical Fitzhugh-Nagumo model for potential spiking
as a foundation for the calcium spiking model. While the former models rely on nonlinear
hysteretic features introduced by voltage-gating of potassium channels, our model
focuses on how calcium-gating of NCX and IP3R yields the observed calcium hysteresis

and spiking.

The inositol 1,4,5-trisphosphate receptor (IP3R) is primarily responsible for the
rapid release of calcium from the endoplasmic reticulum (ER).62-%* Importantly, IPsR
exhibits a biphasic regulatory mechanism with respect to cytosolic calcium concentration
(calcium-induced-calcium-release mechanism): its calcium release is activated by
allosteric binding of calcium, but is inhibited at saturating concentrations of cytosolic
calcium.®5-%7 This widely studied mechanism of IPsR-mediated calcium release is critical
for the oscillatory behavior of calcium. We modeled the ionic flux through IP3R with a
Michaelis-Menten curve (please see Materials and Methods section) as shown in Figure

4D.

Next, we modeled the calcium efflux through the NCX transporter. In typical
physiological states, the NCX transporter is driven by the sodium gradient across the cell
membrane, which allows calcium ions to be depleted from the cytosol against their own
concentration gradient.®®8 NCX also exhibits allosteric activation by intracellular calcium
through its two binding domains, CBD1 and CBD2, which increases the calcium transport
rate.%-"1 However, very high levels of intracellular calcium can also reverse the NCX
transport direction through autoinhibition or indirectly through calmodulin regulation or
activation of the NCX-cleaving protease.”>~"* This calcium-dependent activation-inhibition

is modeled using a simple bell curve (see Methods Section) as shown in Figure 4E.
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To understand the origin of this oscillatory behavior, we performed a phase-plane
analysis, examining the nullclines of the sodium and calcium dynamics. The sodium
nullcline traces a parabola in the calcium-sodium (C-N) phase plane, with its maximum
corresponding to peak NCX-mediated sodium influx. Oscillatory spiking arises when this
sodium nullcline intersects the middle branch of the calcium nullcline's S-shaped

hysteresis curve (Figure 4F-G).

When the IP;R and NCX flux optima are aligned, the parabolic sodium nulicline
becomes nearly tangent to the calcium nulicline's low-C branch at its lower turning point.
At this near-tangency, both calcium and sodium dynamics slow substantially: calcium
remains low while sodium accumulates gradually. On the high-C branch, by contrast, the
two nuliclines are well-separated, and the resulting faster dynamics constitute the spike
itself. Because tangency between the nuliclines occurs only within a narrow, finely tuned
parameter regime, the spike interval should be sensitive to parameter perturbation, while
the spike itself, governed by the well-separated high-C branch, should be comparatively
robust. This is confirmed by our sensitivity analysis: peak height is largely insensitive to

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

This oscillatory regime depends specifically on the IP;R and NCX flux curves
having closely matched peak magnitudes, with the IP;R-mediated calcium flux peaking
at a slightly lower calcium concentration than the NCX-mediated efflux (Figure 4l). This
near-tangency between the NCX efflux and IP3;R influx curves is what sustains the
oscillatory system: only a small perturbation in calcium concentration is needed to trigger
the rapid IP;R-mediated influx, producing a transient calcium buildup that is subsequently

cleared by the comparatively slower NCX-mediated efflux. The resulting low-C interval,

15
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during which the ER remains dormant between spikes, is therefore governed by the
bandwidth and amplitude of the IP;R and NCX flux maxima, which in turn reflect the

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

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

tangency model

We verified that this null-cline tangency model, due to alignment of calcium
concentrations with high ER and NCX fluxes, explain the experimental results we have
discussed previously (Figure 5A). It is known that VEGF primarily affects calcium

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

be increased solely by modifying the Ki parameter from 3 to 3.3 (Figure 5B). IP3

modulates IP3R-calcium release by inducing conformational changes that affect the
allosteric calcium binding, which concurs with the model prediction that lower allosteric
inhibitory calcium-IP3R binding will increase the spiking frequency.”® This change in
frequency is represented by a leftward shift in the peak of the IP3R-flux curve, which
pushes the system into the higher-frequency zone, indicating that the cells can modulate
the oscillatory frequency by altering the relative peak locations of the NCX and IP3R fluxes

(Figure 5C).

We also verified that the model exhibits the same calcium dynamics we observed
with external sodium concentration modulation. First, when we adjust the external sodium
concentration from 30 to 28, we see that the oscillation pattern is maintained, but crucially,
there is a period of sustained high calcium concentration, which is followed by continued

oscillation (Figure 5E). This temporary high-calcium state corresponds to when the NCX
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flux briefly turns negative due to the sudden decrease in external sodium as the driving
force, indicating that NCX briefly enters reverse mode (Figure 5F). This reflects the
behavior of endothelial cells during external cation depletion (Figure 5D). Additionally, a
previous study reported that reverse-mode NCX is required for calcium activity and
angiogenic activation in ECs in a low-external sodium environment, which corroborates

our findings here.”®

We also verified that the sudden spike in external sodium from 30 to 38 can lead
to a sudden stop of oscillations and the cells being stuck in the “low calcium” state, as the
NCX flux increases drastically to pump out calcium before it can accrue in the cytosol due
to the increase in sodium concentration gradient (Figure 5H-I). This again matches the

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

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

high external sodium N,,; = 35, the Ki parameter change from 3 to 3.3 simulating VEGF

addition, the model predicts a resumption of oscillation as the leftward shift of the IP3R-
flux curve lowers the required calcium level to trigger the IP3R calcium release, allowing
the oscillation to occur even with increased calcium efflux from NCX (Figure 5K-L). We
experimentally validate this by introducing 50 ng/mL of VEGF into a cell population with
the external sodium spiked to 250 mM while keeping the sodium concentration constant.
This results in the resumption of oscillatory activity, validating the model predictions

(Figure 5J, Supplementary Movie S13).
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3. Discussion

Intracellular calcium dynamics are a fundamental signaling mechanism that
regulates diverse cellular processes across eukaryotic cell types.””-’® Calcium signaling
spans a wide range of spatiotemporal patterns, from local puffs to intercellular waves.”
While electrically non-excitable, endothelial cells exhibit variable spatiotemporal calcium
signaling activity that depends on |IP3 receptor (IP3R)-dependent calcium release from the
endoplasmic reticulum.®° These oscillations play a critical role in regulating endothelial
behaviors such as angiogenesis, yet their complexity has made population-scale analysis
challenging.2'-83 Consequently, how endothelial calcium dynamics are modulated by

external stimuli has remained poorly understood.

To address this challenge, we developed a computational-experimental pipeline
that robustly quantifies calcium oscillation features, including frequency and cross-
correlation, across large endothelial populations. Using this approach, we identified
distinct transient and chronic responses to VEGF stimulation: endothelial cells rapidly
synchronize within seconds of VEGF exposure before transitioning to a sustained
increase in oscillation frequency. Building on this observation, we developed a microfluidic
platform that manipulates extracellular ionic conditions and showed that electrical
stimulation induces calcium synchronization resembling the VEGF response, resulting in
upregulation of pro-angiogenic genes and enhanced endothelial cell network formation.
Together, these findings demonstrate that endothelial calcium signaling can be directly
manipulated through electrical cues, providing a strategy for precise spatiotemporal
control of angiogenic signaling that could complement or reduce reliance on exogenous

growth factor delivery.
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Inspired by these results, we hypothesized that calcium oscillations are coupled
with sodium ions in ECs. To evaluate this hypothesis systematically, we developed a
mathematical model based on mechanisms of the NCX transporter and IP3R-based
calcium release from the endoplasmic reticulum and found that our model creates
oscillatory calcium patterns consistent with what we observed experimentally. We then
confirmed that the model accurately predicts EC responses to various external stimuli,
such as VEGF stimulation and external ion depletion or supplementation, demonstrating
the potential value of our proposed IP3R-NCX model for explaining calcium behavior in

endothelial cells.

Although mathematical models such as Hodgkin-Huxley and FitzHugh-Nagumo
have successfully described calcium dynamics in excitable cells, they rely on strong
coupling between membrane potential and calcium flux, making them less applicable to
non-excitable endothelial cells. Previous studies have independently implicated both IPsR
and NCX in endothelial calcium regulation, but none have described how their interaction
generates sustained calcium oscillations or links these dynamics to angiogenic
signaling.”6-84-86 Qur model addresses this gap by demonstrating that oscillations emerge
from the coupled activation-inhibition kinetics of NCX and IP3R rather than membrane
potential. The model also explains how rapid calcium oscillations can occur without large
fluctuations in intracellular sodium or membrane voltage, consistent with experimental

observations, and accurately predicts cellular responses to multiple perturbations.

Our model provides mechanistic insight into how endothelial cells regulate calcium
oscillations to drive angiogenic responses. Specifically, we show that near-alignment

between the maximum calcium efflux mediated by NCX and the maximum calcium influx
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through IP3R is required to generate the characteristic oscillatory pattern observed in
endothelial cells, consisting of prolonged quasi-steady periods of low cytosolic calcium
punctuated by brief calcium spikes. This oscillatory behavior can be tuned by shifting the
activation-inhibition properties of NCX, IP3R, or both, through mechanisms such as VEGF
signaling, changes in extracellular sodium concentration, or electrical current. Together,
these findings suggest that endothelial cells maintain a finely balanced calcium oscillatory
state that enables rapid yet sustained responses to external stimuli, providing a new

mechanistic framework for understanding calcium signaling in endothelial biology.

In summary, we demonstrate that endothelial cells encode angiogenic signals
through coordinated changes in calcium oscillation frequency and synchronization. By
combining quantitative calcium analysis, electrical stimulation, and mathematical
modeling, we show that VEGF-like signaling can be reproduced by directly manipulating
ionic dynamics. Our near-tangent nullcline model provides a mechanistic framework for
understanding endothelial calcium oscillations and offers predictive capability for
responses to pharmacological or electrical perturbations. Together, these findings
establish endothelial calcium dynamics as an engineerable signaling modality with
potential applications in tissue engineering, regenerative medicine, and vascular biology

research.
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4. Materials and Methods

Human iPSC and BEC Culture

Human BECs derived from the dermis of an adult donor (Promocell) were
expanded and used between passages 5 and 8. The cells were cultured in MV2 media
(Promocell) and incubated at 37°C with 5% CO-. IMR90, human iPSCs derived from lung
fibroblast (WiCell) were seeded on tissue culture plastic surfaces coated with 0.083
mg/mL of Matrigel (Corning) in DMEM-F12 media (Gibco) and grown in mTeSR+ media
(Stem Cell Technologies) at 37°C with 5% CO2. 10 uM of Y-27632 Rho-kinase inhibitor
was added to the cell culture media for the first day after seeding, then subsequently
removed. All cell lines were routinely tested for mycoplasma contamination and were

negative throughout this study.

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

non-excitable cells

We designed a data processing pipeline to analyze intracellular calcium oscillation
patterns in non-excitable cells (Supplementary Figure S1A-C). The overall pipeline
receives the raw fluorescent image stack at a magnification between 4 and 10x in TIFF.
format. These images capture the fluorescent signal intensities of the mesodermal-
lineage cells, which correspond to cytoplasmic calcium concentration. For this study, we
relied on Calbryte 520AM dye, a robust calcium indicator dye that is non-fluorescent until

bound with calcium ions within the cell.

Before proceeding with the pipeline, the images require preprocessing

(Supplementary Figure S1A). This process begins with a rolling ball background
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subtraction to remove the effects of uneven background signal. It is followed by a
despeckle step to remove the signals attributed to non-cellular fragments. Next, a dead
cell detection step identifies and excludes auto-fluorescent dead cells by setting a
maximum fluorescence intensity threshold. The processed images are then segmented
using a Cellpose-based algorithm. This segmentation is performed on the max-projection
image generated from the entire image stack, with optional image drift correction applied
as needed. The resulting segmentation masks are used to generate the average
intensities for each cell at every timepoint, which is saved to an intensity (n-by-t) matrix,

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

After preprocessing the image stack, the next step is data processing
(Supplementary Figure S1B). The extracted data is then processed individually by fitting
a 6'"-order polynomial to each time series data, then subtracting the values from the fitted
polynomial to correct for the overall background signal increase or loss of fluorescence
due to photobleaching. Afterward, the cells are classified into either spiking, partial spiking,
or non-spiking cells based on a peak detection algorithm, which identifies the time points
at which the signature calcium spike peaks occur. The peak-thresholding parameters are
set by the user based on the imaging setup and cell behavior. The pipeline takes the
processed data for spiking cells and extracts parameters for subsequent analysis such
as frequency shift or synchronization (Supplementary Figure S1C). These data can be
exported and analyzed for correlation with the cell morphological or spatial information

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

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

patterns in non-excitable cells. The sample images consist of human dermal blood
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endothelial cells (BECs) which were cultured to confluency. They were stained with
Calbryte 520AM dye without probenecid treatment to capture the calcium dynamics of
cells. Aresulting image at a single time point is shown with representative images of each
cell type (spiking, partial spiking, or non-spiking) identified by the pipeline

(Supplementary Figure S1D).

We compared the results of our algorithm with the manual segmentation method,
which consists of manually segmenting and identifying the spiking cells. We
demonstrated that the automated method and the manual segmentation can identify
approximately similar number of cells, but with greater consistency with automation
(Supplementary Figure S1E-F). The calcium data for the two extraction methods both
estimated similar oscillating periods and percentages of spiking cells, demonstrating that
there is no significant difference between the two methods (Supplementary Figure S1G-
H). Taken together, these results demonstrate that our automated algorithm can reliably
capture highly irregular calcium spiking dynamics in a large cell population in a timely and

non-labor-intensive manner.

Human iPSC Differentiation to BEC

Human iPSCs were seeded in a single-cell suspension at 30,000 cells/cm? in
mTeSR+ media containing 10 uM of Y-27632 for one day. The media was switched to
4mL of APEL2 media (Stem Cell Technologies) containing 6 uM of CHIR99021 (Stem Cell
Technologies) per well in a 6-well plate and allowed to differentiate for 2 days. Following
this, the media was replaced with 4mL of APEL2 media containing 50 ng/mL VEGF-A

(Stem Cell Technologies), 25 ng/mL BMP4 (Stem Cell Technologies), and 10 ng/mL
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FGF2 (R&D Biosciences) and left for 2 days. Following this, the cells were detached using
TrypLE Express (Gibco) and replated at a density of 50,000 cells/cm?. The cells were
cultured in MV2 media containing 50ng/mL of VEGF-A for up to 4 days with media change

every 2 days.

Calbryte 520AM Staining and Imaqing

Calbryte 520AM dye (AAT Bioquest) resuspended in DMSO was added to serum-
free MV2 media at a final concentration of 5 uM. The cells were washed 1x with dPBS
without calcium, then incubated with the Calbryte staining solution for 60 minutes.
Following the incubation, the staining solution was removed, and the cells were washed
1x with dPBS without calcium. Fresh media was added, and the cells were imaged at 5-
second intervals with a GFP excitation laser. For fluorescence imaging, either the Agilent
Lionheart microscope (BioTek) or the A1R confocal microscope (Nikon) were used at 10x

objectives.

Chip Design and Fabrication

A tube incorporating a buffer reservoir was fabricated by 3D printing as previously
described.?” The outer diameter of the tube was designed to match the well of a
commercial single-channel ibidi chip, allowing the reservoir tube to fit tightly into the chip
well. The end of the tube was shaped into a half-disk to enable attachment of a small
piece of cation-exchange membrane using a UV-curable adhesive. A small hole was
made at the bottom of the buffer reservoir and sealed with 2% agarose gel, ensuring that
the current flowed between the buffer reservoir and the tube through the membrane when

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

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

Electrical Stimulation

Human BECs were seeded in either an Ibidi single-channel microfluidic chip (Ibidi)
or a 6-well plate and allowed to reach 100% confluency. SourceMeter 2400 source
measure unit (Keithley) was used to generate the electrical pulse current. The electrodes
were placed on either end of the channel for the microfluidic chip, or on the opposite
edges of the well in a 6-well plate. Voltage values were held constant between 10-12 V,
and the current reached 10-12 mA across the Ibidi chip. Since the well plate experiences
different resistance depending on the volume of cell culture media, we empirically tested
various media volumes until we determined the correct volume to reach the same
resistance across the well as the Ibidi chip, at 950uL of MV2 media. The chip or the well
plate connected to the electrode was placed inside the Agilent Lionheart microscope’s
incubation chamber, and the imaging was started at least 5 minutes prior to applying the

electrical stimulation to measure the transient effects.

Gene Expression

To analyze gene expression, we collected the RNA from BECs using a Qiagen
Mini-prep kit (Qiagen) and quantified and diluted to the same concentration for all samples.
The RNA was reverse transcribed using a high-capacity cDNA reverse transcription kit
(Thermo Fisher) following the manufacturer's recommended protocol. We used TagMan
gene expression assays (Thermo Fisher) following manufacturer protocols and used

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

values.

Matrigel Angiogenesis Assay

Growth-factor reduced Matrigel (Corning) was thawed on ice and quickly pipetted
into the inner well of the p-Slide Angiogenesis slide (Ibidi) at a volume of 10 pL per well.
The slide was placed into the incubator at 37°C for 30 minutes to allow for crosslinking.
The cells were treated with electrical current, live-stained with 5uM of Celltracker Green
Dye CFMDA (Thermo Fisher) for 20 minutes, then passaged and counted. The cells were

resuspended at 200,000 cells/mL in MV2 media, and 50uL of the cell suspension was
added on top of the polymerized Matrigel inside the p-Slide well. The cells were allowed

to settle for 1 hour and imaged every hour afterwards.

Derivation of the model

We start with the previously mentioned IP3R mechanics, which exhibits allosteric
activation and inhibition from intracellular calcium. Here, we model this behavior using
simple substrate-inhibitory Michaelis-Menten kinetics. The calcium flux through IP3R is

defined as a function of cytosolic calcium as shown here:

] kC
PR =TT

where k is the rapid ER calcium release kinetic constant, and Kn and K; are the

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

The biphasic mechanism produces an optimum calcium concentration at ¢ = \/K; for
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maximum calcium ER release rate, and the bandwidth of calcium concentration around

this highest calcium release rate is governed by

1
VKL

Next, we modeled the calcium efflux through the NCX transporter, which also
exhibits similar activation-inhibition with respect to intracellular calcium. We model this
behavior through a simple bell curve with the peak transport rate achieved at a set
threshold of calcium concentrations and the transport rate driven by the sodium gradient.

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

(C—CK

2
Inex = kzvcxe_ Ka ) (Next — N)

where Ck represents the critical concentration of calcium at which the maximum NCX
transport rate is reached, and K, represents the rate at which calcium binding to the
allosteric activation and inhibition sites is achieved. As a matter of convenience, the NCX
flux is denoted as positive when calcium is in efflux, corresponding to the forward mode
of NCX. This calcium/sodium efflux/influx rate has a maximum at an intracellular calcium

concentration of C = Cy.

We further include a simple transport rate constant for the plasma membrane
calcium pump (PMCA), which is capable of pumping calcium at a low but steady rate even
at low calcium concentrations driven by ATP.88 Therefore, we propose the following two
equations for the dynamics of the intracellular calcium concentration C and the

intracellular sodium concentration N:

dc kC _(m)z
FT A(W — kpycaC — kncxe * Ko/ (Ngye — N) + g)
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where d represents the concentration gradient-driven rate of sodium leakage across the
plasma membrane and g represents a constant calcium leakage from the ER.8° The ksN
term represents the voltage-dependent sodium-potassium pump, which effectively
behaves as a one-way diode current rectifier, given that they are non-reversible.®®-% This
allows the cells to remain sensitive to externally applied electrical current, similar to our

observations in Figure 3E.

The nulicline of the Calcium dynamics in the C-N phase plane produces an S-
hysteresis with respect to the intracellular sodium concentration N, with a high-C branch
and a low-C branch connected via a middle branch (Figure 4F-G). The high-C turning
point corresponds to the NCX optimum calcium efflux, and the low-C turning point
corresponds to the ER optimum calcium release. The calcium dynamics undergo

discontinuous jumps at these two turning points.

Due to binding-induced calcium buffering, the cytosolic sodium concentration N is
significantly higher than that of the calcium C. Hence, the sodium flux terms must nearly
cancel each other in the dynamics for the sodium ion to produce slow dynamics.
Consequently, the related kinetic constants kncx, ks, and d should all be unit order with
respect to N. However, this cancellation is not possible for the calcium dynamics unless

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

In the above dimensionless equations, we have scaled these fast calcium kinetic
parameters to unity order and introduced a stiff parameter A > 1. A value of A = 2000 is

used for all our computations. This stiff parameter produces fast calcium dynamics due
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to coupling with NCX, with coordinated 3:1 large sodium flux and a large ER calcium
release rate, both with actual rates much higher than the sodium pump and sodium

leakage.

Nondimensionalization of the model

Consider the dimensional equation for calcium and sodium below.

dC, k’C, ! 1A ! 1A A ! !
- W + 9" — KkpycaC' — knex(Ng — N')f(C")
K, T K
dN’

= 3knex(No = NOF(C) + d'(No = N') — ks’

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

order and unit order with respect to the Calcium fluxes, we can choose 71/ks+ as the

kg

characteristic time. We define t' = ki C=7cC/C,, Ny=Nyg/N,, N=N'/N,, ks;=

S* kg

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

C.=1uM, and N, =5—-10mM, making A = 1;_ = 5000 — 10,000. Then, the sodium

equation becomes

dN
dr Bknex(No — N)f(C) + d(Nog — N) — kN

dl

where (kycx/ks« ) = kncx and d = — are all unit order dimensionless parameters.

S*

_(E=Cky?
The calcium gating function for NCXis f(C) = e ( ka ) where we have used C = C'/C,,

C, = C,/C,, and k, = k[ /C,. Using the same scaling, we get
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dc _ (k'/ke)C :
G- gz T W@/Cks) = (buealks)C ~ GhexN./CH)(No =~ MIF(€)

R Sy e

We note that the large A = N, /C, term that appears in the NCX flux term for calcium does
not appear in the sodium N equation. To balance this term, all the other dimensionless
flux kinetic coefficients I"f—' , (g'/C.ks.) , and (kpyca/ks.) should also be a large order of

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

render all the parameters of order unity with respect to A:

Co_kn L= gn MEmeA— A
o ke P PMcCA

where k, g and kpuca are now all unity order.

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

dimensionless variables, time and parameters.

dc kC _(mf
——=A|——F—"3+ 9~ kpmcaC — kncx(Ny —N)e * ka
a | .
Km Ki
dN

— = 3knex(No = N)f(C) + d(Np — N) — kN

where the stiff parameter is A = N, /C,, then all the kinetic parameters k, g, keuca, and

kncx are dimensionless and of unit order with respect to A.

Note, with this order assignment, we assume that k’>> ks, g’ >» C.kg; and kppycq >
ks but kycox~ks, which is reasonable considering the high Calcium concentration spikes

require large calcium fluxes, much larger than sodium fluxes. Also note that because of
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663 the difference in equilibrium calcium and sodium concentrations, the NCX flux produces
664 large fraction change in the calcium concentrations but not the sodium concentrations.

665 This is the key to stiff dynamics with large A to allow the quasi-steady state nulicline

666  analysis. For Figure 4H, the parameters were chosen in arbitrary units, at k = 3, Ki =3,

4

667 é = 0.5, kpyea = 0.8, Cx = 0.6, kyey =5, K, = 0.35, kg = 0.06, d = 0.2, g = 0.6, and
668 [Na]..: = 32. Initial conditions were set consistently at [Na], = 30 and [Ca], = 0.7.
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Figure 2. VEGF induces a frequency shift in calcium-oscillatory endothelial cell
population. (A) Schematic of the VEGF-induced calcium wave propagation within
seconds of adding VEGF. (B). Temporal color code image of the cells following the VEGF
addition. The color corresponds to the timepoint at which the maximum intensity is
reached. An approximate wavefront is shown in green dotted line, and the direction of
wave propagation, which is perpendicular to the wavefront, is shown in green solid line.
(C). Distribution density plot of the degree of cross-correlation for each cell-cell pair within
the imaging window for VEGF and no-VEGF conditions. (D). Percentage of cell-cell
pairings that exhibit higher than 0.5 in cross-correlation value, n=3 for control and n=4 for
VEGF. (E-F). Histogram showing the distribution of average oscillation period in
oscillatory cells cultured with and without VEGF. The cells with VEGF were subjected to
50ng/mL of VEGF for 24 hours. (G). Average spiking frequency of cells treated with and
without VEGF, n=4. Each run was with the identical donor but cultured and measured
independently. H-l. Average oscillation period histogram for iPSC-differentiated ECs at
day 6 and day 8 of differentiation. Mean oscillation periods are shown on the top right for
each plot. J. Average spiking frequency of iPSC-dEC at day 6 and 8, n=3 for both groups.

*p<0.05, **p<0.01. Scale bar represents 1mm.
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Figure 3. VEGF or electrical stimulation induces intercellular calcium waves across
coupled endothelial cells. (A). Schematic for the cation depletion setup, showing the
placement of a double-well with a selectively permeable membrane. (B). Demonstration
of the viability of the depletion chip showing the removal of negatively charged Tryphan
Blue dye after 5 minutes of applying the current. (C). Histogram showing the distribution
of degree of cross-correlation for each cell-cell pair before and after cationic depletion.
(D). Schematic of the current-induced transient ionic depletion in a microfluidic channel.
(E). Distribution density plot of the degree of cross-correlation with and without the current
applied. (F). Percentage of cell-cell pairings that exhibit higher than 0.5 in cross-
correlation value, n=3 for both groups. (G-K). Relative RNA expression level changes for
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AKT, KDR, WNT5a, MAPK, and CTGF with VEGF treatment and current treatment
normalized to the non-treated cells, run in technical replicates of n=4. (L-M)
Representative images of tube formation results from current-treated and non-treated
ECs on Matrigel. Scale bar represents 100 um. (N-O) Quantification of the overall tube
length and number of branches for the two EC conditions, quantified using Aututube. n =
5 for the current-treatment condition and n=6 for control. *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001.
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Figure 4. An IP3R-NCX calcium oscillation model can produce calcium oscillatory
system in non-excitable cell model. (A). Representative calcium intensity trace for one
cell undergoing external sodium spike from 140 mM to 300 mM, which shows a sudden
disappearance of all calcium oscillation activity, similar to calcium dynamics predicted in
figure H. (B). Percentage of oscillatory cells when treated with 50 yM SEA0400 NCX
inhibitor showing significant inhibition of oscillatory behavior, n=4. **p<0.01. (C). Diagram
showing the proposed mechanism of NCX-IP3R coupled calcium oscillatory system. The
two key transporters with activation-inhibition curves with respect to calcium are
highlighted with shaded circles. (D-E). Calcium flux of NCX and IP3R transporters with
respect to cytosolic calcium concentration showing maximum transport rates at similar
calcium concentrations. (F-G). Simulated calcium and sodium oscillation and the
associated nullclines on Ca-Na phase plane showing a single unstable equilibrium in the
middle branch of the S-hysteresis. Calcium nulicline is shown in red, sodium nulicline is
shown in blue. (H). Local feature sensitivity analysis of the model with respect to each
parameter. Area under the curve (AUC), number of peaks, and frequency of the peaks for
calcium are quantified for the sensitivity analysis. The values shown are for central
difference analysis with £1% perturbations. (l). Effect on the frequency of the oscillation
of the calcium concentration at the maximum flux for IP3R and NCX transporters. Color
scheme corresponds to log of the frequency of the oscillation, while lack of points
indicates a non-oscillatory system. Oscillation is only possible when the peak flux of IP3R
is achieved at a slightly higher calcium concentration compared to that of peak NCX flux.
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Figure 5. The NCX-IP3;R model predicts the effects of external perturbations on
calcium oscillation patterns. (A). Overlaid histograms of the average oscillatory
frequencies of ECs treated with and without VEGF, replicated from Figure 2. (B).
Oscillatory traces and phase plots with the parameter shift of 1/K; from 3 to 3.3 introduced
at timepoint 25. (C). A shift in the K; parameter that models VEGF response results in a
leftward shift in the system from the low-frequency to the high-frequency region. The shift
in the state is shown in red arrow. (D). Representative calcium concentration traces of
several cells in a depletion setup which undergoes two rounds of depletion at the marked
timepoints. During the depletion, cells exhibit a high calcium phase that is sustained for
longer than a typical calcium oscillation peak. (E). Oscillatory traces and phase plots with
the parameter shift of [Na+]ext from 32 to 28 introduced at timepoint 25. (F). Jncx curves
as a function of cytosolic calcium concentration before and after external ion shift, in blue

and green, respectively. The NCX curve is pushed into the negative indicating activation
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of reverse mode. (G). Representative calcium concentration traces of several cells treated
with sudden spike in external sodium concentration. Immediately following the addition of
external sodium, all spiking activity ceases. (H). Oscillatory traces and phase plots with
the parameter shift of [Na*]ext from 32 to 38 introduced at timepoint 25. (). Jncx curves as
a function of cytosolic calcium concentration before and after external ion shift, in blue
and green, respectively. The increased external sodium concentration increases the
maximum flux of NCX, leading to the upward shift of the curve. (J). Representative
calcium concentration traces of several cells which have been exposed to high external
sodium concentration for several minutes before VEGF was introduced. The timepoint at
which VEGF is added is marked with the red arrow. Sodium concentration remains at
300mM throughout the entire time. (K). Oscillatory traces and phase plots with the [Na*]ext
set to 36 and 1/Ki parameter shifted from 3 to 3.3 at timepoint 35. (L). Jip3r curves as a
function of cytosolic calcium concentration before and after VEGF, in blue and green,
respectively. The reduction in the K; parameter results in a leftward shift of the peak of the
curve indicating a lowered threshold for IP3R-calcium release. For all figures except C,

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