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A B S T R A C T

Agonist-induced Ca2+ signaling is essential for the regulation of many vital functions in endothelial cells (ECs).
A broad range of stimuli elevate the cytosolic Ca2+ concentration by promoting a pathway mediated by inositol
1,4,5 trisphosphate (IP3) which causes Ca2+ release from intracellular stores. Despite its importance, there
are very few studies focusing on the quantification of such dynamics in the vascular endothelium. Here,
by using data from isolated ECs, we established a minimalistic modeling framework able to quantitatively
capture the main features (averaged over a cell population) of the cytosolic Ca2+ response to different IP3
stimulation levels. A suitable description of Ca2+-regulatory function of inositol 1,4,5 trisphosphate receptors
(IP3Rs) and corresponding parameter space are identified by comparing the different model variants against
experimental mean population data. The same approach is used to numerically assess the relevance of cytosolic
Ca2+ buffering, as well as Ca2+ store IP3-sensitivity in the overall cell dynamics. The variability in the dynamics’
features observed across the population can be explained (at least in part) through variation of certain model
parameters (such as buffering capacity or Ca2+ store sensitivity to IP3). The results, in terms of experimental
fitting and validation, support the proposed minimalistic model as a reference framework for the quantification
of the EC Ca2+ dynamics induced by IP3Rs activation.
1. Introduction

Among the myriad of pathways regulating vascular function, Ca2+

release from intracellular stores plays a fundamental role in the con-
trol of blood pressure and flow across the whole circulation [1,2].
The associated Ca2+ elevation in the endothelial cytosol has indeed
manifold effects on tone regulation including the enhancement of
nitric oxide synthase (eNOS) activity [3] and potassium (SKCa/IKCa)
channels activation which leads to the hyperpolarization of the plasma
membrane [4].

Despite its involvement in different agonist stimulations [5,6], the
contribution of Ryanodine Receptors (RyRs) located in the sarcoplas-
mic/endoplasmic reticulum (SR/ER) membrane to EC function is still
not clear as their activation through caffeine does not seem to elevate
cytosolic Ca2+ [7,8]. On the other hand, Ca2+ release from endoplasmic
reticulum (ER) due to activation of IP3Rs plays a prominent role in
several exogenous ligand-induced pathways. Among these, the Ca2+

signaling induced by muscarinic cholinergic receptor M3 stimulation
has been ascertained across various experimental settings [9–12]. Acti-
vation of muscarinic M3 receptors with acetylcholine (ACh) enhances
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the production rate of diacylglycerol and IP3, which is then followed
by a cytosolic Ca2+ elevation. The initial increase in cytosolic Ca2+

is caused by IP3 binding to its receptor on ER which enables a store
IP3-mediated Ca2+ release [13]. The activation of a single IP3R on ER
initiates the store Ca2+ release as a localized Ca2+ blip, which may
expand to neighboring IP3Rs generating a wider signal, defined as Ca2+

puff. For rising IP3 concentration levels, this signal can augment in
frequency and propagate to other IP3R clusters. The increase in Ca2+

nearby the IP3R favors the ER Ca2+ release through a positive feedback
mechanism, defined as Ca2+-induced Ca2+-release (CICR) mechanism.
Depending on the intracellular conditions and stimulation level, this
signal may further propagate causing a transient global cell elevation
in Ca2+, denoted as Ca2+ wave, that can activate different types of
membrane channels [14]. Whilst RyRs in the SR generate local Ca2+

signaling events (denoted as ‘sparks’) allowing the communication with
the juxtaposed plasma membrane, IP3Rs are capable of generating spa-
tially fixed local release events (called ‘pulsars’) which project through
the elastic lamina to the neighboring smooth muscles membranes [15].
In pressurized mesenteric arteries, spontaneous Ca2+ events appear
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to originate from ER IP3Rs even under resting conditions, and these
appear to be regulated by surrounding smooth muscle cells via myoen-
dothelial gap junctions [16]. The depletion of Ca2+ in the intracellular
stores triggers Ca2+ influx through an capacitative entry mechanism
CCE) that serves for sustaining the cytosolic Ca2+ elevation and ulti-

mately enables ER Ca2+ refilling [3,17,18]. This store-operated effect
nvolves the activation of transient receptor potential (TRP) channels
ocated on the EC plasma membrane, whose activation under agonist
ntervention was characterized in different studies [19–25]. Once the
gonist effect vanishes, Ca2+ extrusion and re-sequestration through
a+-Ca2+ exchanger (NCX) and Ca2+ ATPase pumps (PMCA) retake the
ytosolic Ca2+ concentration to its original basal level [26,27].

To operate as an effective sensor, the endothelium is endowed
ith different cell phenotypes [28], which may exhibit remarkably
eterogeneous Ca2+ responses to agents involving the IP3R pathway
uch as ACh [14,29]. However, Carter and Ogden [30] showed that
he dependency between the maximum IP3Rs Ca2+ flux and cytosolic
P3 concentration across a porcine aortic EC population can be well
aptured through an activation function which is regulated by the Ca2+

concentration. Therefore the EC discrepancy in the response to ACh
may not only be explained with different expression levels of in IP3R
isoforms, but also due to other cellular components involved in Ca2+

buffering, extrusion and store sequestration. Furthermore, this study
well documented the inhibitory role of Ca2+ on IP3Rs by considering
a broad range (up to saturation level) of IP3 stimulations and showed
that IP3Rs inhibition occurs independently of the level of IP3 stimula-
tion. It is also worth noting that, apart from the study by Carter and
Ogden [30], there is scarce quantitative information in the literature
about the activation role of Ca2+ on EC IP3Rs at low cytosolic Ca2+

concentrations.
Depending on the level of detail required, Ca2+ release via ER

IP3R can be modeled by using different approaches including Markov
models, gating models and modal models [31]. De Young-Keizer model
developed a framework [32–34] for describing the kinetics of the IP3R
channel release in the ER, which provided the basis for the development
of stochastic models for studying CICR and Ca2+ propagation phenom-
ena (from puffs to waves) within the cytosol [35–39]. On the other
hand, gating models provide a minimalistic description of the Ca2+

release due to IP3Rs activation which is particularly suitable for the
incorporation into whole-cell dynamics models [31,40,41].

With respect to vascular ECs, some relevant modeling studies were
carried out towards the characterization of endothelial Ca2+ response to
agonist stimulation. Wiesner et al. [42] proposed a mathematical model
for describing the calcium dynamics originating in endothelial after
thrombin intervention. This work provided a detailed description of
the kinetics involved from the membrane receptor to the induced Ca2+

release. The modeling of the IP3R channels followed a previous study
carried out on rat basophilic leukemia cells [43]. The work by Wiesner
al. laid the foundation for the development of other models [44–47],
which were used for investigating the effects of different agonists and
shear stress on the EC Ca2+ dynamics. Since the activation of IP3Rs
by exogenous agonists can only occur via signaling mediators in the
cytosol, the predictive capacity of the corresponding model is hindered
by uncertainties associated with the multiple kinetics involved.

To the best of our knowledge, there is no established modeling
framework that can quantitatively capture the endothelial cytosolic
Ca2+ dynamics induced by IP3Rs activation. Through this work, we
aim to identify and characterize the EC modeling components that
are necessary for accurately describing the intracellular Ca2+ elevation
across various IP3 stimulation levels. For doing so we leverage on the
experimental data obtained by direct stimulation of IP3Rs by Carter and
Ogden [30], which allow us to exclude the uncertainties associated with
the kinetics regulating the ligand-induced IP3 cytosolic production from
the model. Despite the heterogeneous behavior observed in different
stimulations involving the IP3R pathways [14,29,30], we hypothesize

2+
2

the existence of a ‘reference’ model able to capture the mean Ca
transient features across an EC population. We test this hypothesis
by assessing the performance (in terms of fitting and validation) of a
minimalistic Ca2+ dynamics framework which uses a gating function
for regulating the IP3-induced Ca2+ release in the cytosol. We then
further speculate that cellular variability may be explained as deviation
in some of its parameters defining cellular functions such as Ca2+

sequestration and cytosolic buffering. The identified model will ulti-
mately enable us to the estimate physical quantities which are difficult
to measure directly from the experiment.

2. Methods

2.1. Mathematical model

2.1.1. Experimental conditions and stimulation
The mathematical model is defined by considering the experimental

conditions adopted by Carter and Ogden [30]. In brief, isolated ECs
from porcine thoracic aorta were stimulated with different concen-
tration of IP3 in whole cell patch-clamp settings (holding membrane
potential of 0 mV). Since the EC holding membrane potential was
0 mV, the contribution of transmembrane ionic currents driven by the
potential gradient can be ignored in the cytosolic Ca2+ concentration
balance (membrane hyperpolarization elevates the cytosolic Ca2+ by
increasing Ca2+ influx, as shown in [30]). Caged IP3 (P-4 and P-5
isomers) was released in the cytosol by means of photolysis lasting
∼ 1 ms. Therefore the cell stimulation consisted in a pulse increase
of the average cytosolic IP3 concentration (𝑖), whose dynamics can be
modeled with a first-order kinetics reaction equation:

𝑖 = 𝑖0𝑒
−𝑘id(𝑡−𝑡r), (1)

where 𝑖0 is the initial cytosolic IP3 concentration after 1 ms pulse
of near UV light, 𝑘id is the IP3 dissociation rate constant due to the
interaction with other cytosolic components, and 𝑡r is the release time.

2.1.2. Ca2+ store release
For the considered dynamics, the variation in free Ca2+ concen-

tration across the cytosol is not considered significant and therefore
the currents between the cytosol and the ER and the extracellular
space can be expressed as function of the average free cytosolic Ca2+

oncentration (𝑐c). For the sake of brevity, from here onwards we omit
he ‘free’ in front of cytosolic Ca2+, whilst the bounded cytosolic Ca2+

s indicated as ‘buffered’ cytosolic Ca2+. The Ca2+ dynamics triggered
y the activation of the IP3-dependent store channels is the result of
he simultaneous interaction between different channels, pumps and
xchanger expressed at membrane, cytosolic and ER levels. Here we
apture the key characteristics of IP3R-mediated Ca2+ release by em-
loying a minimalistic approach which incorporates a gating variable.
he endogenous Ca2+ release flux from ER due to IP3Rs activation (𝐽ef,
ee Fig. 1) is made dependent on the cytosolic levels of IP3 and Ca2+

hrough the following expressions [31,40,41,48]

ef = 𝑘ef
𝑖𝑛ia

𝐾𝑛ia
ia + 𝑖𝑛ia

𝑐𝑛ca
c

𝐾𝑛ca
ca + 𝑐𝑛ca

c
ℎ, (2)

𝑑ℎ
𝑑𝑡

= 1
𝜏ci

(
𝐾𝑛ci

ci

𝐾𝑛ci
ci + 𝑐𝑛ci

c
− ℎ), (3)

where ℎ is a gating variable representing the activation state of IP3 re-
ceptors, 𝑘ef is the nominal ionic flux, 𝜏ci is the time constant governing
the channel inactivation, whist 𝐾ia, 𝐾ca, 𝐾ci and exponents 𝑛ia, 𝑛ca and
𝑛ci are the coefficients of the corresponding Ca2+-dependent activation
and inactivation functions, with the latter generally reflecting the level
of cooperativity between ligand and receptors [47]. Here, due to the
lack of experimental evidence, we assume that 𝐾ci and 𝜏ci are 𝑖-
ndependent and 𝑐c-independent, respectively. Eq. (2) implies assuming
he interaction between IP3 and IP3Rs instantaneous [49], and that the

Ca2+ release flux is proportional to the fraction of open channels, which
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Fig. 1. Key components of the cellular Ca2+ dynamics model. 𝐽ef: ER IP3-sensitive Ca2+ release flux; 𝐽le: ER Ca2+ leakage flux to cytosol; 𝐽se: ER Ca2+ sequestration flux; 𝐽ex: Ca2+

extrusion flux from cytosol; 𝐽bc: Ca2+ buffering flux.
is inline with previous work [42]. In the considered experiment, the
time-length associated with the Ca2+ store release is extremely short
(∼ 1 s) and therefore it is reasonable to assume that the variation
in Ca2+ concentration in the ER (𝑐s) is minimal and does not impact
the Ca2+ current from ER. Consequently, the membrane Ca2+ influx
associated with store-depletion can also be considered negligible. We
highlight that the IP3-mediated Ca2+ release is not made proportional
to the difference in average Ca2+ concentration between the store and
the cytosol because the latter is not necessarily representative of the
Ca2+ gradient nearby the channels. The Ca2+ leakage from the ER to
the cytosol (𝐽le, see Fig. 1) is accounted for as

𝐽le = 𝑘le(𝑐s − 𝑐c), (4)

where 𝑘le indicates the permeability of the ER membrane while 𝑐s, as
explained above, is assumed to be constant.

2.1.3. Ca2+ sequestration, extrusion and buffering
Ca2+ re-uptake into ER occurs via SERCA pump (𝐽se, see Fig. 1) and

this process can generally be described as Ca2+-activation function [31,
42,47]

𝐽se = 𝑉se
𝑐𝑛se
c

𝐾𝑛se
se + 𝑐𝑛se

c
, (5)

where 𝑉se is the nominal flux and 𝐾se and 𝑛se are the activation
function coefficients corresponding to the Ca2+ sequestration from the
cytosol. More complex formulations for these pumps can be found in
literature [31,47].

Furthermore, Ca2+ can be extruded from the cytosol by membrane
proteins such as PMCA and NCX. Despite such pumps and exchangers
playing a physiologically essential role in the Ca2+ depletion from the
cytosol, in the considered experiment their contribution to the cytosolic
Ca2+ balance is limited [30]. In ECs, the Ca2+ extraction rate of the
membrane pumps remains low also because their characteristic time
for full activation is considerably higher than the considered time-
frame [26,50]. Due to this, together with the fact that the functioning
of such proteins in ECs is poorly characterized and distinguished in
literature, the contribution to the cytosolic Ca2+ balance of these
cellular components is considered negligible.

Different types of intracellular buffers, such as calmodulin and
fluorescence dye, act by dampening the variation in free cytosolic Ca2+
3

concentration. There are different ways for including this effect into
the model. A classical approach treats the (averaged in space) buffered
cytosolic Ca2+ concentration (𝑐b) as an independent variable, whose
rate of change is determined via [42,47]

𝐽cb =
𝑑𝑐b
𝑑𝑡

= 𝑘ba𝑐c(𝐵T − 𝑐b) − 𝑘bd𝑐b, (6)

where 𝑘ba and 𝑘bd are, respectively, the association and dissociation
rate constants for Ca2+ binding to cytosolic proteins whilst 𝐵T is the
concentration of the total buffering proteins present in the cytosol.
However, in the considered experiments [30], the variation in cytosolic
free Ca2+ appeared proportional to the change in the total (free plus
buffered) cytosolic Ca2+. Therefore, Ca2+ buffering may be also approx-
imated as an instantaneous process and simply accounted for by means
of a parameter 𝛽cb representing the fraction of non-buffered Ca2+ with
respect to the total. In this case, the rate of change in the cytosolic Ca2+

concentration can be expressed as
𝑑𝑐c
𝑑𝑡

= 𝛽cb(𝐽ef + 𝐽le − 𝐽se), (7)

where 𝛽cb can be assumed to be constant or, alternatively, defined
through the following expression [51,52]

𝛽cb =

(

1 +
𝑘∗bd𝐵T

(𝑘∗bd + 𝑐c)2

)−1

, (8)

in which 𝑘∗bd is the corresponding Ca2+ dissociation constant due to
buffering. If the Ca2+ buffering is instead treated as a dynamic process,
the ionic mass balance yields
𝑑𝑐c
𝑑𝑡

= 𝐽ef + 𝐽le − 𝐽se −
𝑑𝑐b
𝑑𝑡

. (9)

2.1.4. Solving the Ca2+ dynamics
The solution of the Ca2+ dynamics can be obtained, depending on

the adopted Ca2+ buffering approach, by solving either the system of
Eqs. (3) and (7) for the variables ℎ and 𝑐c or the system of Eqs. (3),
(6) and (9) for the variables ℎ, 𝑐c and 𝑐b. The time evolution of IP3
concentration 𝑖 is considered independent from cytosolic Ca2+ concen-
tration and therefore Eq. (1) is computed before the Ca2+ dynamics.
In this study we consider five Ca2+ dynamics model variants, each of
them governed by a set of parameters 𝒑 to be determined (see Table 1).
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Table 1
Model variants for representing Ca2+ dynamics in EC. For each model variant, the fixed parameters are
reported in Section 3.
Model variant Ca2+ dynamics Eq. Parameters p to be determined

Baseline (3) and (7) 𝑘le, 𝜏ci, 𝑘ef, 𝛽cb, 𝑉se, 𝐾se, 𝑛se, 𝑘id
Civar (3) and (7) 𝑘le, 𝜏ci, 𝑘ef, 𝛽cb, 𝑉se, 𝐾se, 𝑛se, 𝑘id, 𝐾ci, 𝑛ci
Ci&cavar (3) and (7) 𝑘le, 𝜏ci, 𝑘ef, 𝛽cb, 𝑉se, 𝐾se, 𝑛se, 𝑘id, 𝐾ci, 𝑛ci, 𝐾ca, 𝑛ca
𝛽cbvar (3) and (7) 𝑘le, 𝜏ci, 𝑘ef, 𝑘∗bd, 𝑉se, 𝐾se, 𝑛se, 𝑘id, BT
Dynbuff (3), (6) and (9) 𝑘le, 𝜏ci, 𝑘ef, 𝑘bd, 𝑉se, 𝐾se, 𝑛se, 𝑘id, BT, 𝑘ba
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For any model variant, the Ca2+ dynamics equations can be re-written
in the following compact form
𝑑𝒙
𝑑𝑡

= 𝒇 (𝒙, 𝑡;𝒑) (10)

where 𝒙 is the vector of the Ca2+ dynamics variables. The system of
ODEs representing the Ca2+ dynamics is integrated over time by using
the function ‘odeint’ from the python library NumPy, with time-step
𝛥t = 0.001 s (this value was set after appropriate time-convergence
analysis).

2.2. Model parameter identification

Here we present the methodology for identifying the set of pa-
rameters for each model variant that best fit the mean EC population
features. We devise an optimization problem in which the solution is
the set of model parameters 𝒑 that minimizes the discrepancy (quan-
tified by a cost function) between the features of the simulated Ca2+

transient and the corresponding measurements across an EC popula-
tion. A set of model parameters is accepted only if the error (see
Section 2.2.1) with respect to the experimental mean population data
is below a certain ‘ad-hoc’ threshold. Four features of the Ca2+ con-
entration transient are considered for the fitting: the ‘Peak’, ‘Max
lux’, ‘Termination rate per unit of flux’ (see Fig. 2) and ‘Flux ratio’
btained from two consecutive stimulations with interpulse interval
𝑡𝑖𝑛𝑡𝑒𝑟 (see Figure 4 in [30]). The first three features were recorded
cross the IP3 stimulation range 0.2–16.0 μM, whilst the latter feature
as evaluated with a first 𝑖 impulse at 0.8 μM, followed by a second

mpulse at 0.7 μM, as documented in [30]. The feature Flux ratio can
e numerically evaluated as ratio between the values of the gating
ariable ℎ obtained immediately (1 time-step 𝛥t) after the two consec-
tive stimulations (separated by a interpulse 𝛥𝑡𝑖𝑛𝑡𝑒𝑟). According to the
xperimental study, 16.0 μM of IP3 is high enough to saturate all the
orresponding store receptors, and therefore no IP3 stimulation beyond
uch level is considered. Details on the feature extraction from Ca2+

oncentration time-recordings are reported in the Appendix.

.2.1. Cost function
The cost function 𝑡𝑜𝑡 to be minimized is made of two components

𝑡𝑜𝑡 = 𝑑𝑎𝑡𝑎 + 𝑠𝑢𝑚
con). 𝑑𝑎𝑡𝑎 is the sum of all relative errors of the

imulated features (𝑦̂) with respect to average values from experimental
ata (𝑦̄):

𝑑𝑎𝑡𝑎 =
7
∑

𝑗=1

3
∑

𝑘=1

|

|

|

𝑦̂𝑘𝑗 − 𝑦̄𝑘𝑗
𝑦̄𝑘𝑗

|

|

|

+
5
∑

𝑙=1

|

|

|

𝑦̂4𝑙 − 𝑦̄4𝑙
𝑦̄4𝑙

|

|

|

(11)

here 𝑗 indicates an IP3 stimulation level 𝑖0 ∈ {0.2, 0.4, 0.8, 1.4, 2.0,
.0, 16.0 μM}, 𝑙 identifies a interpulse interval 𝛥𝑡𝑖𝑛𝑡𝑒𝑟 ∈ {5.0, 10.0, 15.0,
0.0, 25.0 s}, whilst the superscript (𝑘) refers to a Ca2+ transient feature
Peak, Max flux, Termination rate per unit of flux, Flux ratio). To notice
hat, on the right side of Eq. (11), the first term refers to the relative
rror associated with the features Peak, Max flux and Termination rate
er unit of flux (𝑘 = 1, 2, 3) whilst the second term with the feature Flux
atio (𝑘 = 4).

𝑠𝑢𝑚
con accounts for the physical constraints that the Ca2+ transient

race must satisfy. These are introduced to refine and accelerate the
earch by discarding solutions which do not lie within the expected
hysical value ranges (see Table 2).
4

i

Each constraint contribution is included into the cost function as an
ndividual penalty (𝑖

con):

𝑖
con = 𝜅𝛥𝑦con, (12)

here 𝜅 is the penalty parameter (1.0e6) and 𝛥𝑦con defines the distance
f the variable/feature with respect to the allowed interval boundary.
et of parameters that yield a ‘First decline rate’ (see Fig. 2) lower than
5.0 μM/s are also discarded in the optimization process. According to
easurements (see Figure 3 in [30]), this latter feature is sparse with

espect to Peak, and therefore is used only for discarding undesirable
olutions.

.2.2. Optimization algorithm
The parameter set 𝒑 is identified by minimizing the cost function

hrough the covariance matrix adaptation evolution strategy (CMA-
S) [53,54]. The search stops when either the cost function goes below
‘ad-hoc’ threshold (chosen to be 3.5 after empirical evaluation) or

he number of iterations employed by the search-algorithm go above a
re-set maximum number of iterations (500). A scheme illustrating the
low of information in the optimization algorithm is reported in the
ppendix (see Fig. 11). Given the high number of model parameters
nd due to the stochastic nature of the search algorithm, the optimizer
ay lead to different optimal set of parameters for the same model

ariant. Therefore, for any model variant, multiple cases (1,000) are
sed for identifying the most likely space of parameters. Since any
onsidered model parameter 𝑝𝑚 ∈ 𝒑 can be only positive, we express
t as 𝑝𝑚 = 𝑝0𝑚𝑒

𝛼𝑚 (or in vectorial form 𝒑 = 𝒑0𝑒𝜶), where 𝑝0𝑚 ∈ 𝒑0 is a
onstant (kept fixed during the optimization process) whilst 𝛼𝑚 ∈ 𝜶 is
he term through which the parameter 𝑝𝑚 is varied. At the start of the
earch 𝛼𝑚 is set to zero for each parameter and then updated by the
ptimization algorithm.

. Results

Here we target the identification of the parametric space for each
odel variant, and the assessment of their performance by employ-

ng the quantitative experimental data from the study Carter and
gden [30]. For doing this, different model variants are considered

introduced from the simplest to the most complex). This allows to
dentify the model components which are essential for capturing the
xperimentally-observed EC behavior. The model is then used for mak-
ng predictions on how EC variability may impact the IP3-induced Ca2+

ynamics.

.1. Baseline model

We start by considering the simplest model, defined as ‘Baseline’
odel for which Ca2+ buffering can be approximated as an instanta-
eous and Ca2+-independent process (𝛽cb is constant). Furthermore,
or this model, we assume that Ca2+ affects the IP3Rs in the same
anner as reported in [47] (we fix 𝐾ci = 1.0 μM, 𝑛ci = 3.8, 𝐾ca =
.0 μM). The coefficients for the 𝑖-dependent activation function of the
R Ca2+ flux are directly taken from [30] (we fix 𝐾ia = 1.6 μM, 𝑛ia =
.8). As anticipated earlier, the Ca2+ concentration in the ER (𝑐s) can
e considered constant, equal to 3000 μM (similarly to what found

n [47]). The model parameters (𝑘le, 𝜏ci, 𝑘ef, 𝛽cb, 𝑉se, 𝐾se, 𝑛se, 𝑘id) are
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Fig. 2. Features measured from EC cytosolic Ca2+ concentration transient. The Termination rate per unit of flux is evaluated by dividing the Max flux by the ‘Termination rate’,
ith the latter being the inverse of 10%–90% rise time (𝛥𝑡10−90%).
Table 2
Imposed constraints in the optimization procedure. 𝛥𝑐c,fin is the difference in cytosolic Ca2+ concentration between the final
(𝑡 > 20.0 s) and initial time step. ∀𝑡: at any time; ∀𝑗: for any IP3 stimulation level.
Description Variable/feature Min Max

Cytosolic Ca2+ concentration 𝑐c (μM), ∀𝑡, ∀𝑗 0.0 40.0
Initial cytosolic Ca2+ concentration 𝑐c (μM) at 𝑡 = 0 𝑠, ∀𝑗 0.05 0.25
Variation of Cytosolic Ca2+ concentration across transient 𝛥𝑐c,fin (μM), ∀𝑗 – 1.0
Relative variation of cytosolic Ca2+ concentration across transient 𝛥𝑐c,fin

𝑦̄1𝑗
(–), ∀𝑗 – 25%

Max flux 𝑦̂2𝑗 (μM/s), ∀𝑗 – 250.0
Max flux at 16.0 μM IP3 stimulation level 𝑦̂27 (μM/s) 100.0 250.0
Peak at 16.0 μM IP3 stimulation level 𝑦̂17 (μM) 10.0 30.0
Flux ratio for 5.0 s interpulse interval 𝑦̂41 (–) – 0.2
Flux ratio for 10.0 s interpulse interval 𝑦̂42 (–) – 0.4
Flux ratio for 5.0 s interpulse interval 𝑦̂41 (–) – 𝑦̂42
Table 3
Initial parameter set and geometric mean of the parameter set cases for the Baseline model.
– 𝑘le (s−1) 𝜏ci (s) 𝑘ef (μM/s) 𝛽cb (–) 𝑉se (μM/s) 𝐾se (μM) 𝑛se (–) 𝑘id (s−1)

Initial (𝒑0) 1.0e−6 2.0 2.0e2 1.3e−1 5.0 1.5e−1 2.0 1.0
Geometric mean 4.4e−7 7.378e−2 1.585e3 1.882e−1 1.935e1 3.628 3.579 2.207e−1
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identified by solving the optimization problem described in Section 2.2.
Around 15% of the cases were discarded because their cost function did
not satisfy the imposed error threshold within the maximum number of
iterations of the optimizer (500).

Fig. 3 compares the curves of 10 different model parameter sets
(obtained from 10 solutions of the optimization problem) and the
solution obtained from the model with the geometric mean of (all)
the parameters against the mean population experimental values. The
geometric mean (for a given model variant) is obtained by averaging
the variable term of the parameter 𝛼𝑚 (and not the final parameter
alue 𝑝𝑚) across all the parameter sets obtained as solution of the
ptimization problem. Table 3 reports the initial/guess value and ge-
metric mean for each parameter of the Baseline model, obtained by
onsidering 847 cases/solutions.

As anticipated, the adopted optimization procedure leads to the
dentification of the parameter space for the Baseline model by compar-
ng the simulated EC dynamics due to IP3Rs activation against the mean
esponse features extracted from the cell population. This optimization
roblem yields multiple solutions as reflected in the parameter space
eported in Fig. 4.
5

EC cytosolic Ca2+ transient is known to depend on the Ca2+ inacti-
ation time constant (𝜏ci) and the IP3 dissociation rate constant (𝑘id),
hich for the Baseline model appear to fall in well defined range of
alues.

The predictive capacity of the Baseline model is also assessed by
onsidering another Ca2+ transient feature, the First decline rate, which
eflects the rate of Ca2+ removal from the cytosol after stimulation.
arter and Ogden [30] extracted this feature from experimental time
ecordings of Ca2+ concentration for different IP3 stimulation levels and
eported it as function of Ca2+ Peak. This feature appears extremely
eterogeneous across the EC population and therefore the extracted
verage trend can be considered less representative than the other
opulation features. Fig. 5 shows a comparison between the model pre-
ictions and experimentally reported values. Despite its simplicity, the
aseline model can reproduce, from a quantitative point of view, values

n line with the main trend of the experimentally recorded traces. These
esults confirm that, for the considered EC Ca2+ dynamics, extrusion
echanisms (NCX and PMCA fluxes) do not play a fundamental role. In

he same figure we report the Pearson correlation coefficient between
his feature and the model parameters, evaluated for each stimulation
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Fig. 3. Comparison between the experimental mean against 10 simulated cases and geometric mean of the Baseline model.
Fig. 4. Density parameter space for the Baseline model (presented as 1 parameter vs 1 parameter). In each subplot the red cross indicates the geometric mean.
level. As expected, the parameter governing the Ca2+ sequestration
process 𝐾se stands out, indicating that pumps with high sensitivity with
respect to cytosolic Ca2+ level (low 𝐾se) are responsible for sharp Ca2+

concentration drops. Altogether these results indicate that the Baseline
model is able to capture the mean population features of the considered
Ca2+ dynamics, constituting a first reference model.

3.2. Ca2+ effect on IP3Rs activation

The Ca2+ dynamics under analysis is initiated by an IP3-induced
stimulation of the intracellular Ca2+ stores. Here we numerically inves-
tigate how the dependency of IP3-induced ER Ca2+ release on cytosolic
Ca2+ affects the overall EC dynamics. For doing this we consider, with
6

respect to the baseline model, the following variants (i) ‘variable’ Ca2+

inactivation component (Civar) and (ii) ‘variable’ Ca2+ inactivation
and activation components (Ci&cavar). The parameters of these Ca2+-
dependent functions are included into the model parameter set to
be identified through the optimization algorithm (as in Section 3.1).
For only a fraction of the cases (672/1000 for Civar, 642/1000 for
Ci&cavar) a solution for the optimization problem was found (cost
function below the threshold). The fittings for these two model variants
against experimental curves and their parameter spaces are reported in
the Appendix (see Figs. 13 and 16, and Figs. 14 and 17, respectively).
With respect to the Baseline model, the variant Civar provides a slightly
better estimate in terms of averaged First decline rate (see Fig. 15 in
the Appendix). Table 4 reports the geometric mean (geometric standard
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Fig. 5. Baseline model validation for 10 model cases/parameter sets and the geometric mean and Pearson correlation coefficient between simulated feature (First decline rate)
and parameters.
Fig. 6. Role of Ca2+ on IP3Rs function: experimental vs numerical data. In the experiment by Carter and Ogden [30], the cytosolic Ca2+ concentration was increased by
membrane hyperpolarization before agonist intervention. The ‘Normalized max flux’ was evaluated as a ratio between the Max flux obtained at the imposed (through membrane
hyperpolarization) cytosolic Ca2+ concentration and the Max flux obtained at basal (before membrane hyperpolarization) cytosolic Ca2+ concentration.
d
c

f
d

deviation) of the parameter set cases across the considered model
variants. For most of the simulated cases of this model variant, the
sensitivity (𝐾ci) of the inactivation function seems to be just below 1.0
μM (see Figs. 14 and 17 in the Appendix), whilst the distribution of
the exponent of the Hill equation (𝑛ci) appears to be more sparse. On
the contrary, a function for ER Ca2+ release which accounts for both
Ca2+-activation and -inactivation effects (Ci&cavar) does not improve
the discrepancy with respect to experimental recordings (fitting and
validation in the Appendix, respectively Figs. 16 and 18). The Ca2+

inactivation time constant (𝜏ci) does not significantly change across the
considered models while the IP3 dissociation rate constant (𝑘id) appears
to be reduced for the two more complex variants.

The Ca2+-dependency of the IP3-induced ER Ca2+ release was ex-
7

perimentally assessed by Carter and Ogden by considering different r
pre-stimulation cytosolic Ca2+ levels. The predictions from the Baseline
model and the other variants (obtained from the previous fittings)
are compared against these experimental data to identify the most
appropriate relationship between IP3-induced ER Ca2+ release and cy-
tosolic Ca2+ concentration (see Fig. 6). The Baseline and Civar models,
espite overestimating the ‘Normalized max flux’ for cytosolic Ca2+

oncentration below 1.0 μM, are able to capture the main trend of the
experimental data. On the other hand, the introduction of a biphasic
function accounting for the Ca2+ activation component (Ci&cavar)
leads to very similar results. We conclude that the inclusion of the pro-
posed Ca2+-dependent activation component into the ER Ca2+ release
unction does not improve its predictive capacity (and therefore it is
iscarded in the following) while the Baseline model can be considered

epresentative of the Civar model.
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Fig. 7. Effects of cytosolic Ca2+ buffering on the cell Ca2+ dynamics. The reported curves correspond to the geometric mean of the considered model variants with IP3 stimulus
1.4 μM.
Fig. 8. Role of IP3Rs’ sensitivity to IP3 (𝐾ia) on the cell cytosolic Ca2+ transient. The reported curves correspond to the geometric mean of the considered model variants.
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3.3. Role of cytosolic Ca2+ buffering on Ca2+ elevation

Here we investigate the role of cytosolic Ca2+ buffering on the
model’s dynamics. Two variants, with respect to the Baseline model,
are considered: (i) the buffering parameter 𝛽cb depends via Eq. (8)
n cytosolic Ca2+ concentration (𝛽cbvar) and (ii) buffering considered
s a dynamic process (Dynbuff), with the buffered cytosolic Ca2+

oncentration obtained by solving Eq. (6). Note that in the latter case
he cell dynamics is obtained by solving Eq. (6) in conjunction with
qs. (3) and (9). For the variants 𝛽cbvar and Dynbuff a solution for
he optimization problem was found, respectively, in 774 and 708 (out
f 1000) cases (in the Appendix: see Figs. 19 and 22 for their fitting
gainst experimental data, see Figs. 20 and 23 for their parameter
paces). Table 5 summarizes the geometric mean (across the parameter

2+
8

ets) for each model variant of cytosolic Ca buffering. Among the b
onsidered models, the changes in Ca2+ inactivation time constant (𝜏ci)
nd IP3 dissociation rate constant (𝑘id) are limited. On the other hand,
he non-constant buffering effect (associated with the two variants)
educes the necessary Ca2+ sequestration and the maximum store Ca2+

fflux (𝑉se and 𝑘ef are significantly smaller for the two variants). Fig. 7
hows the Ca2+ dynamics (through the time-recordings of 𝑐c and ℎ)
cross the considered models for different buffering conditions (∼ 50%
ominal parameter value – ∼ 200% nominal parameter value). For
ll approaches, an increase in the buffering capacity of the cytosolic
roteins reduces the Ca2+ Peak but it does not significantly alter the
econdary recovery phase (after 4 s). Furthermore, the transient of
he gating variable ℎ is similar across the model variants, indicating
hat the (modeled) store Ca2+-dependent inactivation is not remarkably
ffected by the adopted buffering approach. In the Baseline model,
uffering plays a more limited action in compensating the Ca2+ increase
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Fig. 9. Role of IP3 dissociation rate constant 𝑘id on the cell cytosolic Ca2+ transient. The reported curves correspond to the geometric mean of the considered model variants.
Table 4
Geometric mean (geometric standard deviation) of the parameter set cases for the
considered model variants.

Baseline Civar Ci&cavar
(847 cases) (672 cases) (642 cases)

𝑘le (s−1) 8.8e−8 (5.462) 7.3e−8 (5.741) 7.1e−8 (5.355)
𝜏ci (s) 4.535e−2 (1.247) 4.874e−2 (1.282) 5.018e−2 (1.555)
𝑘ef (μM/s) 2.162e3 (3.580) 2.167e3 (3.491) 2.265e3 (3.036)
𝛽cb (–) 1.586e−1 (3.553) 1.559e−1 (3.445) 1.668e−1 (2.953)
𝑉se (μM/s) 1.159e1 (3.954) 1.172e1 (3.973) 1.116e1 (3.920)
𝐾se (μM) 2.489 (1.166) 1.894 (1.253) 1.916 (1.436)
𝑛se (–) 4.392 (1.101) 4.802 (1.175) 4.837 (1.180)
𝑘id (s−1) 1.904e−1 (1.068) 1.516e−1 (1.165) 1.498e−1 (1.155)
𝐾ci (μM) 1.0a 7.630e−1 (1.235) 7.759e−1 (1.170)
𝑛ci(–) 3.8a 4.851 (2.146) 5.125 (2.260)
𝐾ca (μM) – – 1.409e−1 (8.363)
𝑛ca(–) – – 2.597 (1.655e1)

a: value imposed and not obtained from fitting.

Table 5
Geometric mean of the parameter set cases for the considered model variants.

– Baseline 𝛽cbvar Dynbuff
(847 cases) (774 cases) (708 cases)

𝑘le (s−1) 8.779e−8 (5.462) 2.704e−8 (3.842) 3.488e−8 (3.737)
𝜏ci (s) 4.535e−2 (1.247) 4.509e−2 (1.184) 4.406e−2 (1.459)
𝑘ef (μM/s) 2.162e3 (3.580) 5.874e2 (2.302) 6.310e2 (2.397)
𝛽cb (–) 1.586e−1 (3.553) – –
𝑘∗bd (μM) – 6.517e2 (1.372e1) –
𝑘bd (s−1) – – 1.155e3 (1.689e1)
𝑉se (μM/s) 1.159e1 (3.954) 3.141 (2.471) 3.457 (2.856)
𝐾se (μM) 2.489 (1.166) 2.454 (1.141) 2.540 (1.242)
𝑛se (–) 4.392 (1.101) 4.438 (1.100) 4.315 (1.124)
𝑘id (s−1) 1.904e−1(1.068) 1.882e−1 (1.038) 1.895e−1 (1.048)
𝐵T (μM) – 7.943e1 (2.486e1) 5.589e1 (2.274e1)
𝑘ba(μM−1s−1) – – 1.184e1 (1.546e1)

after IP3Rs activation. In this case, indeed, the Ca2+ sequestration
flux (𝐽se) has a much higher peak than in the buffering variants.
These results suggest that, upon IP3Rs stimulation, two cells with
remarkably different Ca2+ sequestration capacity can still exhibit a very
similar Ca2+ response, as long as there is a cytosolic Ca2+ buffering
compensation.

Despite the Ca2+ store IP3-sensitivity function for porcine aortic EC
being well-defined in [30], it is important to assess its role on the
9

overall cell dynamics. We therefore numerically explore, for all the
buffering approaches, how the variability in IP3Rs’ sensitivity to IP3
may affect the EC Ca2+ response to different IP3 stimulation levels (see
Fig. 8). As expected, an increase in IP3Rs’ sensitivity to IP3 (corre-
sponding to a 𝐾ia reduction) makes the cell more responsive to low
concentration of stimulating agent. The Ca2+ peaks obtained with IP3
stimuli 1.4 μM and 10.0 μM are relatively similar (∼30% difference) for
𝐾ia = 1.0 μM, whilst they are significantly different (>100% difference)
for higher 𝐾ia. Also in this case, no substantial changes in the Ca2+ tran-
sients are recorded between the different buffering approaches. Given
the results of the comparison with experimental data, the reported
variants (with more sophisticated buffering approach) may also serve
as reference model. However, the increased model complexity (larger
number of parameters with respect to the Baseline) does not provide a
significantly better description of the Ca2+ dynamics under analysis.

3.4. Role of IP3 dissociation and Ca2+ inactivation time constants on Ca2+
dynamics

The IP3 dissociation rate constant (𝑘id) and the Ca2+ inactivation
time constant (𝜏ci) are expected to play an important role on the cell
dynamics. The impact of the former on the Ca2+ transient is assessed
by means of Fig. 9 (for different stimulation levels and buffering ap-
proaches). Surprisingly, the IP3 rate of dissociation plays an important
role on the Ca2+ response amplitude (Peak) only upon low IP3 stimula-
tion levels. For higher IP3 stimuli, the 𝑘id impacts only the second part
of the Ca2+ decline/recovery phase whilst the previous part of the tran-
sient seems unaffected. Upon high stimulation levels, cytosolic Ca2+

concentration decline faster for high 𝑘id (0.38 s−1) which is, from a
qualitative point of view, more inline with the experimentally recorded
single-cell traces (see Figure 2B-C in [30]) than for the intermediate
𝑘id case (0.19 s−1). Values of 𝑘id in the range 0.15–0.19 s−1 were
identified through the parameter optimization procedure as geometric
mean for the Baseline model and the other variants as they guarantee a
better fit over the whole range of IP3 stimulation. However, in case the
experimentally-derived mean population Peak [30] was overestimated
for low IP3 stimulation levels (or a more complex IP3 dynamics takes
place), a higher IP3 dissociation rate constant would represent a more
appropriate choice. While the impact of 𝑘id on the Ca2+ transient
seems the same across all buffering approaches, the same cannot be
said regarding the parameter 𝜏 (see Fig. 10). For the Baseline model
ci



Computers in Biology and Medicine 164 (2023) 107111A. Coccarelli and S. Pant

a
c
t
p
s
g
f
T
v
n

C
o
b
I

Fig. 10. Role of Ca2+ inactivation time constant 𝜏ci on the cell cytosolic Ca2+ transient. The reported curves correspond to the geometric mean of the considered model variants.
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nd upon medium-high stimulation levels, the Ca2+ inactivation time
onstant can significantly modulate the amplitude of the signal but
he other two variants appear almost insensitive with respect to this
arameter. Interestingly, for different buffering approaches, almost the
ame geometric mean of 𝜏ci was found (∼0.045 s). The Ca2+-dependent
ating variable (ℎ) sharply drops after the stimulation in a similar
ashion across all buffering approaches (see Fig. 12 in the Appendix).
he discrepancy in 𝜏ci-sensitivity between the Baseline and the other
ariants may be explained as result of the significant difference in the
ominal ionic flux (𝑘ef). Since the magnitude of 𝑘ef for the Baseline

model is significantly higher than for the variants, a variation in IP3Rs
inactivation time will have a much bigger impact on the cytosolic Ca2+

balance.

4. Discussion and limitations

Through this work we defined a minimalistic modeling framework
for quantifying the EC Ca2+ dynamics induced by IP3Rs activation. For
doing this, we hypothesized the existence of a reference model able to
the capture the average Ca2+ transient features from the cell population
used in the study by Carter and Ogden [30]. This experimental protocol
enabled the characterization of the Ca2+ efflux following the IP3Rs
activation across a range of stimulation levels. The proposed structure
of Baseline model, which considers the cell variables homogeneously
distributed in space, allowed a more than satisfactory fitting against
four features of the time-recorded Ca2+ traces. Furthermore, the val-
idation against the measured First decline rate and Normalized max
flux corroborated its predictive capacity. These results together indicate
that IP3-induced EC dynamics, despite involving diffusive phenomena
across the cytosol, can be captured with a good level of accuracy by
a lumped modeling approach. Model variants led to similar results
under most of the aspects, indicating that the Baseline model can
constitute a reference framework for capturing the key features of
the considered Ca2+ dynamics. Whilst variations in the description of
IP3Rs Ca2+-dependent inactivation (Civar) can reduce the discrepancy
with respect to measurements, the inclusion of a simple IP3Rs Ca2+

activation effect (Ci&cavar) does not substantially improve the IP3Rs
a2+-dependent function in terms of accuracy. Supported by findings
n other types of cells, more complex mathematical constructs could
e used in future for better describing the bidirectional link between
P , Ca2+ and Ca2+ store release. Mak et al. [55] investigated the
10

3 s
IP3 dependence of the Ca2+ sensitivity (of the ER receptors) at sin-
le channel level in isolated Xenopus oocyte nuclei by employing a
iphasic Hill equation. Whilst the Ca2+-activation effect appeared to
e independent from 𝑖, the dissociation constant describing the Ca2+

nhibitory role increased with higher 𝑖. The IP3-dependent effect on the
Ca2+ inhibitory role may be accounted for by defining the parameter
𝐾ci as dependent (via activation function) on IP3 concentration 𝑖. The
inclusion of more sophisticated Ca2+ buffering did not significantly
alter the shape of Ca2+ response, even though the Ca2+ sequestration
function is reduced. The proposed framework was meant to provide
a detailed description of the Ca2+ efflux due to IP3Rs activation by
minimizing the model complexity. For this reason, a very simplified
description of the cytosolic Ca2+ removal mechanisms was adopted.

heir description accounts for a simple dependency on intracellular
a2+ concentration via activation function and does not take into
onsideration the delay in the activation of such cell components nor
he interaction with other ions. This is expected to affect, at least in
art, the shape of the second phase of the Ca2+ recovery transient.
onsidering an additional Ca2+ removal mechanism with different Ca2+

ensitivity (for representing Ca2+ extrusion) in the model identification
id not lead to any significant improvement (results not shown). This
tudy confirmed that, for the considered experiment, Ca2+ extrusion
echanisms do not play a pivotal role in shaping the IP3-induced

ytosolic Ca2+ elevation. Different Ca2+ sequestration and extrusion
apacities may explain the heterogeneity in the Ca2+ recovery phase
bserved across the EC population. Since the activation of such cell
omponents affects in a minimal way the Ca2+ efflux following the
P3Rs activation, its detailed analysis is considered beyond the scope
f this work.

Through the proposed approach, we were also able to explore
arameters characterizing the IP3-induced store Ca2+ release. The IP3
issociation rate constant (𝑘id) within the EC cytosol obtained from
he parameter optimization process appeared to be significantly lower
han what estimated/used in other cell models (1.0 s−1 in [56], 1.25
−1 in [52], 2.0 s−1 in [42]). Here we showed that 𝑘id affects the
eak of the Ca2+ transient only for low stimulation levels. As ex-
ected, higher values of IP3 dissociation rate constant are associated
o a faster cytosolic Ca2+ decline, but in this case the discrepancy
ith the experimental data for low IP3 stimuli increases. Despite the
vidence for the regulatory role of Ca2+ and PLC on the cytosolic IP3
ynamics [56], this feedback mechanism is not mentioned in the con-
idered experiment [30] and its role remains uncertain. Furthermore,
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the manipulation of the system by introducing fluorescent dye and/or
altering the electrolytic balance may also have a significant impact on
the IP3 rate of dissociation. To justify the reported results, one could
peculate that the lower IP3 dissociation rate constant (with respect to
ther cell types) may be due to the fact that, since IP3 represents in ECs
he primary pathway for agonist stimulation, it needs to be metabolized
y cytosolic proteins at slower rate to enable its signaling at low
oncentrations. This might be the case, as well as a more complex IP3
ynamics taking place, and therefore future studies are necessary for
ddressing this question. This study also led to a first estimate of the
a2+-inactivation time constant associated to IP3Rs, which appeared to
e consistent across all the model variants.

In the considered settings, the membrane potential was kept equal
o 0 mV throughout the experiment with the aim to isolate the store
a2+ efflux. Behringer and Segal [13] investigated the controversial
ole of membrane potential on Ca2+ response to ACh in endothe-
ial tubes. They showed that, under submaximal activation of mus-
arinic receptors, membrane potential modulates Ca2+ influx through
he plasma membrane channels in accord with the electro-chemical
riving force. On the other hand, previous experimental evidence [57]
ndicated that, for isolated ECs from small resistance vessels, mem-
rane potential does not seem to play a significant role on sustained
uscarinic agonist-induced cytosolic Ca2+ elevation. In pressurized

at mesenteric arteries, Ca2+ influx through TRPV4 channels plays a
rimary role in EC cytosolic Ca2+ elevation [13,14]. However, de-
pite their activation is associated with mechanisms of Ca2+-induced
a2+-release at IP3Rs, these do not seem to significantly contribute
o ACh-evoked relaxations [14]. The complexity and uncertainty as-
ociated with the role of membrane potential in the regulation of
ndothelial cytosolic Ca2+ motivated our choice of considering the
implified setting by Carter and Ogden [30] where membrane potential
as kept constant equal to 0 mV. Despite IP3Rs activity depends
rimarily on cytosolic IP3 and Ca2+ levels, it may be affected by
nteraction with other organelles such as mitochondria [58] and other
actors such as oxidative stress [59]. Furthermore, Wilson et al. sug-
ested that also pressure, by altering the cell geometry, can affect the
a2+ diffusive environment near IP3 receptor micro-domains, limiting
he IP3-mediated Ca2+ signals as pressure increases. Therefore, future
tudies investigating the interaction between EC Ca2+ store release and
ther cytosolic and membrane components are warranted.

. Conclusions

To conclude, the proposed minimalistic modeling framework aims
o be a reference tool for quantifying and deciphering vascular endothe-
ial function. The comparison between model variants and experimental
ata shed the light on the role of different cellular components on
he considered Ca2+ dynamics. The framework, alongside its identified
arameter space, lay the foundation for future combined experimental
nd computational approaches targeting the analysis and quantification
f ECs’ activity and its effects on blood vessel contractility and perme-
bility. The devised model could indeed be combined with other models
epresenting SMCs’ Ca2+ dynamics and contraction [60–62] for quanti-
ying the interaction between functionally different vascular cells, the
esulting wall stress level and lumen deformation. These theoretical
indings may also contribute to the development of new models for
tudying the blood–brain barrier function [63]. Furthermore, this work
ight help in the analysis of Ca2+ intercellular communications and
a2+ wave propagation across cellular networks such as in [64].
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Appendix

Ca2+ transient features extraction

Experimental data
Here we report the method for extracting the statistics from the

datasets reported in [30]. Digitization of data from plot images was
carried out by employing the open-source tool ‘WebPlotDigitizer’.

Peak. Here the dependency between the Ca2+ peak and IP3 concentra-
tion (𝑖) was established by fitting the population data reported in Figure

A in [30] (considered IP3 concentration range: 0.2–16.0 μM) with the
ollowing function

= 𝑘0ln(𝑖∕𝑖𝑛𝑜𝑟𝑚)3 + 𝑘1ln(𝑖∕𝑖𝑛𝑜𝑟𝑚)2 + 𝑘2ln(𝑖∕𝑖𝑛𝑜𝑟𝑚) + 𝑘3, (13)

here 𝑖𝑛𝑜𝑟𝑚 = 1.0 μM, 𝑘0 = 6.57e−2 μM, 𝑘1 = −0.56 μM, 𝑘2 = 3.99 μM
nd 𝑘3 = 9.48 μM. We highlight that the selected interpolation function
eads to a significantly better fitting than linear and quadratic functions.

ax flux. The population data reporting the maximum Ca2+ release
rom stores against IP3 (𝑖) concentration was fitted by Carter and Ogden
ith the following Hill equation (see Figure 3B in [30]):

= 𝑘4
𝑖𝑛ia

𝑖𝑛ia +𝐾𝑛ia
ia

, (14)

where 𝑘4 = 200.0 μM/s, 𝑛ia = 3.8 and 𝐾ia = 1.6 μM. This relationship
was obtained by considering IP3 stimulation up to 16.0 μM. Beyond this
concentration, the max Ca2+ release response recorded was extremely
variable among cells and therefore was not included.

Termination rate per unit of flux. Carter and Ogden fitted the measure-
ments of Termination rate per unit flux against IP3 concentration (𝑖)
with a single site binding curve (see Figure 5C in [30])

𝑦 = 𝑘6
𝑘7

𝑘7 + 𝑖
+ 𝑘8, (15)

where 𝑘6 = 0.5 μM−1 𝑘7 = 0.38 μM and 𝑘8 = 0.1 𝜇 M−1.

Flux ratio. For this feature, the measurements reported in Figure 5C
in [30] well-fit with the following function of the interpulse interval
(𝛥𝑡𝑖𝑛𝑡𝑒𝑟):

𝑦 = 𝑘9𝛥𝑡
2
𝑖𝑛𝑡𝑒𝑟 + 𝑘10𝛥𝑡𝑖𝑛𝑡𝑒𝑟 + 𝑘11, (16)

where 𝑘9 = −1.1e−4, 𝑘10 = 2.2e−2 and 𝑘11 = −4.3e−3.

First decline rate. Here the dependency between the first rate of decline
and the Ca2+ Peak (𝑃𝑐) was established by fitting with a quadratic
function the data reported in Figure 3 A in [30]

𝑦 = 𝑘12𝑃
2
𝑐 + 𝑘13𝑃𝑐 + 𝑘14, (17)

where 𝑘12 = −0.003 μM−1s−1, 𝑘13 = −0.127 s−1 and 𝑘14 = 0.218 μM/s.

Simulated data

Features from the simulated Ca2+ transient were extracted as fol-
lows. The time point corresponding to the Peak was first identified
(by using the Numpy function ‘argmax’), which allowed to calculate
the rise time (as peak time minus stimulation time). This allowed to
evaluate the time points corresponding to 10% and 90% rise time. The
Termination rate was evaluated as inverse of the difference between
two time points. The Max flux was evaluated as the time derivative
of the trace around (averaged over the following 10 time steps) the
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point corresponding to 10% rise time. The Termination rate per unit
of flux was obtained by dividing the Termination rate by the Max
flux. The First decline rate was evaluated as the time derivative of
the trace around (averaged over the following 10 time steps) the point
corresponding to the lowest time derivative of the trace.

Flow-chart for model parameters identification

Fig. 11 reports a scheme illustrating the flow of information in the
optimization algorithm.
12
Role of time constant on Ca2+-dependent gating variable

In Fig. 12 we report how the Ca2+ inactivation time constant 𝜏ci
affects the transient of the Ca2+-dependent gating variable for different
buffering approaches.

Model variants fitting, parameter space and validation

Below the plots of the experimental fitting (see Figs. 13, 16, 19 and
22), parameter space (see Figs. 14, 17, 20 and 23) and experimental
validation (see Figs. 15, 18, 21 and 24) for all the considered model
variants (except for the Baseline) are reported.
Fig. 11. Scheme illustrating the procedure for estimating the model parameters (𝒑).
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Fig. 12. Role of Ca2+ inactivation time constant 𝜏ci on the Ca2+-dependent gating variable transient. The reported curves correspond to the geometric mean of the considered
model variants.
Fig. 13. Comparison between the experimental mean against 10 model cases/parameter sets and geometric mean of the Civar model.
13
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Fig. 14. Density parameter space for the Civar model (presented as 1 parameter vs 1 parameter). In each subplot the red cross indicates the geometric mean.
Fig. 15. Civar model validation for 10 simulated cases and the geometric mean and Pearson correlation coefficient between simulated feature and parameters.
14
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Fig. 16. Comparison between the experimental mean against 10 model cases/parameter sets and geometric mean of the Ci&cavar model.
Fig. 17. Density parameter space for the Ci&cavar model (presented as 1 parameter vs 1 parameter). In each subplot the red cross indicates the geometric mean.
15
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Fig. 18. Ci&cavar model validation for 10 simulated cases and the geometric mean and Pearson correlation coefficient between simulated feature and parameters.
Fig. 19. Comparison between the experimental mean against 10 model cases/parameter sets and geometric mean of the 𝛽cbvar model.
16
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Fig. 20. Density parameter space for the 𝛽cbvar model (presented as 1 parameter vs 1 parameter). The red cross in the subplot indicates the geometric mean.
Fig. 21. 𝛽cbvar model validation for 10 simulated cases and the geometric mean and Pearson correlation coefficient between simulated feature and parameters.
17
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Fig. 22. Comparison between the experimental mean against 10 model cases/parameter sets and geometric mean of the Dynbuff model.

Fig. 23. Density parameter space for the Dynbuff model (presented as 1 parameter vs 1 parameter). The red cross in the subplot indicates the geometric mean.
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Fig. 24. Dynbuff model validation for 10 simulated cases and the geometric mean and Pearson correlation coefficient between simulated feature and parameters.
References

[1] Q. Lin, et al., Inositol 1,4,5-trisphosphate receptors in endothelial cells play an
essential role in vasodilation and blood pressure regulation, J. Am. Heart Assoc.
8 (2019) e011704, http://dx.doi.org/10.1161/JAHA.118.011704.

[2] T.A. Longden, et al., Local IP3 receptor–mediated Ca2+ signals compound to
direct blood flow in brain capillaries, Sci. Adv. 7 (2021) eabh0101.

[3] M.S. Taylor, M. Francis, Decoding dynamic Ca2+ signaling in the vascular
endothelium, Front. Physiol. 5 (2014) 447.

[4] E.J. Behringer, Calcium and electrical signaling in arterial endothelial tubes: New
insights into cellular physiology and cardiovascular function, Microcirculation 24
(2021) e12328.

[5] J. Paltauf-Doburzynska, et al., Histamine-induced Ca2+ oscillations in a human
endothelial cell line depend on transmembrane ion flux, ryanodine receptors and
endoplasmic reticulum Ca2+-ATPase, J. Physiol. 524.3 (2000) 701–713.

[6] R. Kohler, et al., Expression of ryanodine receptor type 3 and TRP channels in
endothelial cells: comparison of in situ and cultured human endothelial cells,
Cardiovasc. Res. 51 (1) (2001) 160–168.

[7] L. Borisova, et al., How structure, Ca signals, and cellular communications
underlie function in precapillary arterioles, Circ. Res. 105 (2009) 803–810.

[8] C. Wilson, et al., Mitochondrial ATP production provides long-range control of
endothelial inositol trisphosphate-evoked calcium signaling, J. Biol. Chem. 294
(3) (2019) 737–758.

[9] T.D. Carter, D. Ogden, Acetylcholine-stimulated changes of membrane potential
and intracellular Ca2+ concentration recorded in endothelial cells in situ in the
isolated rat aorta, Pflugers Arch. 428 (1994) 476–484.

[10] Y.N. Tallini, et al., Propagated endothelial Ca2+ waves and arteriolar dilation in
vivo: Measurements in Cx40BAC-GCaMP2 transgenic mice, Circ. Res. 101 (2007)
1300–1309.

[11] P. Bagher, et al., Regulation of blood flow in the microcirculation: Role of
conducted vasodilation, Acta Physiol. 202 (3) (2011) 271–284.

[12] S. Mumtaz, et al., The mechanism of agonist induced Ca2+ signalling in intact
endothelial cells studied confocally in in situ arteries, Cell Calcium 49 (2011)
66–77.

[13] E.J. Behringer, S.S. Segal, Membrane potential governs calcium influx into
microvascular endothelium: integral role for muscarinic receptor activation, J.
Physiol. 593 (20) (2015) 4531–4548.

[14] H.R. Heathcote, M.D. Lee, X. Zhang, C.D. Saunter, C. Wilson, J.G. McCarron,
Endothelial TRPV4 channels modulate vascular tone by Ca2+-induced Ca2+
release at inositol 1,4,5-trisphosphate receptors, Br. J. Pharmacol. 176 (2019)
3297–3317, http://dx.doi.org/10.1111/bph.14762.

[15] J. Ledoux, et al., Functional architecture of inositol 1,4,5-trisphosphate signaling
in restricted spaces of myoendothelial projections, Proc. Natl. Acad. Sci. USA
105 (28) (2008) 9627–9632.

[16] Y. Kansui, et al., Enhanced spontaneous Ca2+ events in endothelial cells
reflect signalling through myoendothelial gap junctions in pressurized mesenteric
arteries, Cell Calcium 44 (2008) 135–146.

[17] M. Oike, et al., Calcium entry activated by store depletion in human umbilical
vein endothelial cells, Cell Calcium 16 (1994) 367376.
19
[18] M. Sedova, et al., Capacitative Ca2+ entry is graded with degree of intracellular
Ca2+ store depletion in bovine vascular endothelial cells, J. Physiol. 523.3
(2000) 549–559.

[19] M. Freichel, et al., Lack of an endothelial store-operated Ca2+ current impairs
agonist-dependent vasorelaxation in TRP4–/– mice, Nat. Cell Biol. 3 (2) (2001)
121–127.

[20] D.X. Zhang, et al., Transient receptor potential vanilloid type 4–deficient mice
exhibit impaired endothelium-dependent relaxation induced by acetylcholine in
vitro and in vivo, Hypertension 53 (2009) 532–538.

[21] I.F. Abdullaev, et al., Stim1 and Orai1 mediate CRAC currents and store-operated
calcium entry important for endothelial cell proliferation, Circ. Res. 103 (11)
(2008) 1289–1299.

[22] R.K. Adapala, et al., PKC-alpha mediates acetylcholine-induced activation of
TRPV4-dependent calcium influx in endothelial cells, Am. J. Physiol. Heart Circ.
Physiol. 301 (2011) H757–H765.

[23] K.A. Dora, C.J. Garland, Linking hyperpolarization to endothelial cell calcium
events in arterioles, Microcirculation 20 (3) (2013) 248–256.

[24] X. Ma, et al., Functional role of TRPV4-KCa2.3 signaling in vascular endothelial
cells in normal and streptozotocin-induced diabetic rats, Hypertension 62 (2009)
134–139.

[25] S. Earley, J.E. Brayden, Transient receptor potential channels in the vasculature,
Physiol. Rev. 95 (2015) 645–690.

[26] A. Klishin, et al., Time-dependent modulation of capacitative Ca2+ entry signals
by plasma membrane Ca2+ pump in endothelium, Am. J. Physiol. Cell Physiol.
274 (43) (1998) C1117–C1128.

[27] M.A. Lillo, et al., Critical contribution of Na+-Ca2+ exchanger to the Ca2+-
mediated vasodilation activated in endothelial cells of resistance arteries, FASEB
J. 32 (4) (2018) 2137–2147.

[28] J.G. McCarron, et al., The endothelium solves problems that endothelial cells do
not know exist, Trends Pharmacol. Sci. 38 (4) (2017) 322–338.

[29] C. Wilson, et al., Clusters of specialized detector cells provide sensitive and high
fidelity receptor signaling in the intact endothelium, FASEB J. 30 (5) (2016)
2000–2013.

[30] T.D Carter, D. Ogden, Kinetics of Ca2+ release by InsP3 in pig single aortic
endothelial cells: evidence for an inhibitory role of cytosolic Ca2+ in regulating
hormonally evoked Ca2+ spikes, J. Physiol. 504 (1) (1997) 17–33.

[31] G. Dupont, M. Falcke, V. Kirk, J. Sneyd, Models of calcium signalling, 2016.
[32] J. Keizer, G.W. De Young, Two roles for Ca2+ in agonist stimulated Ca2+

oscillations, Biophys. J. 61 (3) (1992) 649–660.
[33] G.W. De Young, J. Keizer, A single-pool inositol 1,4,5-trisphosphate-receptor-

based model for agonist-stimulated oscillations in Ca2+ concentration, Proc. Natl.
Acad. Sci. USA 89 (1992) 9895–9899.

[34] J. Keizer, G.W. De Young, Simplification of a realistic model of IP3-induced Ca2+
oscillations, J. Theoret. Biol. 166 (1994) 431–442.

[35] J. Shuai, et al., A kinetic model of single and clustered IP3 receptors in the
absence of Ca2+ feedback, Biophys. J. 93 (2007) 1151–1162.

[36] S. Rudiger, et al., Hybrid stochastic and deterministic simulations of calcium
blips, Biophys. J. 93 (2007) 1847–1857.

[37] P. Cao, et al., A stochastic model of calcium puffs based on single-channel data,
Biophys. J. 105 (2013) 1133–1142.

http://dx.doi.org/10.1161/JAHA.118.011704
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb2
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb2
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb2
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb3
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb3
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb3
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb4
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb4
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb4
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb4
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb4
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb5
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb5
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb5
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb5
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb5
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb6
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb6
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb6
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb6
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb6
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb7
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb7
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb7
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb8
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb8
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb8
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb8
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb8
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb9
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb9
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb9
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb9
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb9
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb10
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb10
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb10
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb10
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb10
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb11
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb11
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb11
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb12
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb12
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb12
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb12
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb12
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb13
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb13
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb13
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb13
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb13
http://dx.doi.org/10.1111/bph.14762
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb15
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb15
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb15
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb15
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb15
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb16
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb16
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb16
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb16
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb16
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb17
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb17
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb17
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb18
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb18
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb18
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb18
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb18
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb19
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb19
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb19
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb19
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb19
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb20
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb20
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb20
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb20
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb20
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb21
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb21
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb21
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb21
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb21
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb22
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb22
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb22
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb22
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb22
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb23
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb23
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb23
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb24
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb24
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb24
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb24
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb24
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb25
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb25
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb25
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb26
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb26
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb26
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb26
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb26
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb27
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb27
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb27
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb27
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb27
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb28
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb28
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb28
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb29
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb29
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb29
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb29
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb29
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb30
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb30
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb30
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb30
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb30
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb31
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb32
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb32
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb32
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb33
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb33
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb33
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb33
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb33
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb34
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb34
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb34
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb35
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb35
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb35
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb36
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb36
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb36
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb37
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb37
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb37


Computers in Biology and Medicine 164 (2023) 107111A. Coccarelli and S. Pant
[38] P. Cao, et al., A deterministic model predicts the properties of stochastic calcium
oscillations in airway smooth muscle cells, PLoS Comput. Biol. 10 (8) (2014)
e1003783.

[39] M. Ruckl, et al., Modulation of elementary calcium release mediates a transition
from puffs to waves in an IP3R cluster model, PLoS Comput. Biol. 11 (1) (2015)
e1003965.

[40] A. Atri, et al., A single-pool model for intracellular calcium oscillations and waves
in the Xenopus laevis oocyte, Biophys. J. 65 (1993) 1727–1739.

[41] G. Dupont, L. Combettes, Modelling the effect of specific inositol 1,4,5-
trisphosphate receptor isoforms on cellular Ca2+ signals, Biol. Cell. 98 (3) (2006)
171–182.

[42] T.F. Wiesner, et al., A mathematical model of cytosolic calcium dynamics in
human umbilical vein endothelial cells, Am. J. Physiol. Cell. Physiol. 270 (1996)
1556–1569.

[43] T. Meyer, L. Stryer, Molecular model for receptorstimulated calcium spiking,
Proc. Natl. Acad. Sci. USA 85 (1988) 5051–5055.

[44] T.F. Wiesner, et al., A mathematical model of the cytosolic-free calcium response
in endothelial cells to fluid shear stress, Proc. Natl. Acad. Sci. USA 94 (1997)
3726–3731.

[45] A. Schuster, et al., Modelling the electrophysiological endothelial cell response
to bradykinin, Eur. Biophys. J. 32 (2003) 370–380.

[46] M.J. Plank, et al., Atherosclerosis and calcium signalling in endothelial cells,
Prog. Biophys. Mol. Biol. 91 (3) (2006) 287–313.

[47] H.S. Silva, A. Kapela, N.M. Tsoukias, A mathematical model of plasma membrane
electrophysiology and calcium dynamics in vascular endothelial cells, Am. J.
Physiol. Cell. Physiol. 293 (2007) C277–C293, http://dx.doi.org/10.1152/ajpcell.
00542.2006.

[48] Y.X. Li, J. Rinzel, Equations for InsP3 receptor-mediated [Ca2+]i oscillations
derived from a detailed kinetic model: a Hodgkin-Huxley like formalism, J.
Theoret. Biol. 166 (4) (1994) 461–473.

[49] J.S. Marchant, C.W. Taylor, Rapid activation and partial inactivation of inositol
trisphosphate receptors by inositol trisphosphate, Biochemistry 37 (33) (1998)
11524–11533.

[50] M. Sedova, L.A. Blatter, Dynamic regulation of [Ca2+]i by plasma membrane
Ca2+-atpase and Na+/Ca2+ exchange during capacitative Ca2+ entry in bovine
vascular endothelial cells, Cell Calcium 25 (5) (1999) 333–343.
20
[51] J. Wagner, J. Keizer, Effects of rapid buffers on Ca2+ diffusion and Ca2+
oscillations, Biophys. J. 67 (1994) 447–456.

[52] C.C. Fink, et al., Determination of time-dependent inositol-1,4,5-trisphosphate
concentrations during calcium release in a smooth muscle cell, Biophys. J. 77
(1999) 617–628.

[53] N. Hansen, et al., A method for handling uncertainty in evolutionary optimization
with an application to feedback control of combustion, IEEE Trans. Evol. Comput.
13 (1) (2009) 180–197, http://dx.doi.org/10.1109/TEVC.2008.924423.

[54] N. Hansen, The CMA Evolution Strategy: A Tutorial arXiv:1604.00772.
[55] D.O. Mak, et al., Inositol 1,4,5-trisphosphate activation of inositol trisphosphate

[correction of tris-phosphate] receptor Ca2+ channel by ligand tuning of Ca2+
inhibition, Proc. Natl. Acad. Sci. U.S.A. 95 (26) (1998) 15821–15825.

[56] L.D. Gaspers, et al., Hormone-induced calcium oscillations depend on cross-
coupling with inositol 1,4,5-trisphosphate oscillations, Cell Rep. 9 (4) (2014)
1209–1218.

[57] K.D. Cohen, W.F. Jackson, Membrane hyperpolarization is not required for
sustained muscarinic agonist-induced increases in intracellular Ca2+ in arteriolar
endothelial cells, Microcirculation 12 (2) (2005) 169–182.

[58] X. Zhang, et al., Hydrogen peroxide depolarizes mitochondria and inhibits IP3-
evoked Ca2+ release in the endothelium of intact arteries, Cell Calcium 84
(2019) 102108.

[59] J.T. Lock, et al., Protein S-glutathionylation enhances Ca2+-induced Ca2+ release
via the IP3 receptor in cultured aortic endothelial cells, J. Physiol. 590.15 (2012)
3431–3447.

[60] A. Kapela, et al., A mathematical model of Ca2+ dynamics in rat mesenteric
smooth muscle cell: Agonist and NO stimulation, J. Theoret. Biol. 253 (2008)
238–260.

[61] Y. Yamazaki, Y. Kamiyama, Mathematical model of wall shear stress-dependent
vasomotor response based on physiological mechanisms, Comput. Biol. Med. 45
(2014) 126–135.

[62] A. Coccarelli, D.H. Edwards, A. Aggarwal, P. Nithiarasu, D. Parthimos, A
multiscale active structural model of the arterial wall accounting for smooth
muscle dynamics, J. R. Soc. Interface 15 (2018) 20170732, http://dx.doi.org/
10.1098/rsif.2017.0732.

[63] M. De Bock, et al., Endothelial calcium dynamics, connexin channels and
blood–brain barrier function, Progr. Neurobiol. 108 (2013) 1–20.

[64] E. Boileau, C.H. George, D. Parthimos, A.N. Mitchell, S. Aziz, P. Nithiarasu,
Synergy between intercellular communication and intracellular Ca2+ handling in
arrhythmogenesis, Ann. Biomed. Eng. 43 (10.1007/s10439-014-1243-x) (2015)
1614–1625.

http://refhub.elsevier.com/S0010-4825(23)00576-0/sb38
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb38
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb38
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb38
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb38
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb39
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb39
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb39
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb39
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb39
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb40
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb40
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb40
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb41
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb41
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb41
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb41
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb41
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb42
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb42
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb42
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb42
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb42
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb43
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb43
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb43
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb44
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb44
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb44
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb44
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb44
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb45
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb45
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb45
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb46
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb46
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb46
http://dx.doi.org/10.1152/ajpcell.00542.2006
http://dx.doi.org/10.1152/ajpcell.00542.2006
http://dx.doi.org/10.1152/ajpcell.00542.2006
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb48
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb48
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb48
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb48
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb48
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb49
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb49
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb49
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb49
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb49
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb50
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb50
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb50
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb50
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb50
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb51
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb51
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb51
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb52
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb52
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb52
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb52
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb52
http://dx.doi.org/10.1109/TEVC.2008.924423
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb55
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb55
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb55
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb55
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb55
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb56
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb56
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb56
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb56
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb56
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb57
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb57
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb57
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb57
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb57
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb58
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb58
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb58
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb58
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb58
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb59
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb59
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb59
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb59
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb59
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb60
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb60
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb60
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb60
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb60
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb61
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb61
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb61
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb61
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb61
http://dx.doi.org/10.1098/rsif.2017.0732
http://dx.doi.org/10.1098/rsif.2017.0732
http://dx.doi.org/10.1098/rsif.2017.0732
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb63
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb63
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb63
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb64
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb64
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb64
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb64
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb64
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb64
http://refhub.elsevier.com/S0010-4825(23)00576-0/sb64

	On the Ca2+ elevation in vascular endothelial cells due to inositol trisphosphate-sensitive store receptors activation: A data-driven modeling approach
	Introduction
	Methods
	Mathematical model
	Experimental conditions and stimulation
	Ca2+ store release
	Ca2+ sequestration, extrusion and buffering
	Solving the Ca2+ dynamics

	Model parameter identification
	Cost function
	Optimization algorithm


	Results
	Baseline model
	Ca2+ effect on IP3Rs activation
	Role of cytosolic Ca2+ buffering on Ca2+ elevation
	Role of IP3 dissociation and Ca2+ inactivation time constants on Ca2+ dynamics

	Discussion and limitations
	Conclusions
	Declaration of competing interest
	Appendix
	Ca2+ transient features extraction
	Experimental data
	Simulated data

	Flow-chart for model parameters identification
	Role of time constant on Ca2+-dependent gating variable
	Model variants fitting, parameter space and validation
	References


