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ARTICLE INFO ABSTRACT

Keywords: Agonist-induced Ca®* signaling is essential for the regulation of many vital functions in endothelial cells (ECs).
Ca: ‘ily?ariucsn A broad range of stimuli elevate the cytosolic Ca?* concentration by promoting a pathway mediated by inositol
Endothelial cells

1,4,5 trisphosphate (IP;) which causes Ca?* 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 Ca** response to different IP;
stimulation levels. A suitable description of Ca®*-regulatory function of inositol 1,4,5 trisphosphate receptors
(IP;Rs) 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
Ca?* buffering, as well as Ca* store IP,-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 Ca?* store sensitivity to IP;). The results, in terms of experimental
fitting and validation, support the proposed minimalistic model as a reference framework for the quantification
of the EC Ca?" dynamics induced by IP;Rs activation.

Inositol trisphosphate-sensitive store receptors
Vascular function

Quantitative biology

Data-driven modeling

1. Introduction

Among the myriad of pathways regulating vascular function, Ca?*
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 Ca2t 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 Ca®* [7,8]. On the other hand, Ca?* release from endoplasmic
reticulum (ER) due to activation of IP;Rs plays a prominent role in
several exogenous ligand-induced pathways. Among these, the Ca%*
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 IP;, which is then followed
by a cytosolic Ca%* elevation. The initial increase in cytosolic Ca%+
is caused by IP; binding to its receptor on ER which enables a store
IP;-mediated Ca2* release [13]. The activation of a single IP;R on ER
initiates the store Ca2* release as a localized Ca2* blip, which may
expand to neighboring IP;Rs generating a wider signal, defined as Ca®*
puff. For rising IP; concentration levels, this signal can augment in
frequency and propagate to other IP;R clusters. The increase in Ca%*
nearby the IP;R favors the ER Ca?* release through a positive feedback
mechanism, defined as Ca2t-induced Ca2t-release (CICR) mechanism.
Depending on the intracellular conditions and stimulation level, this
signal may further propagate causing a transient global cell elevation
in Ca?*, denoted as Ca®* wave, that can activate different types of
membrane channels [14]. Whilst RyRs in the SR generate local Ca%*
signaling events (denoted as ‘sparks’) allowing the communication with
the juxtaposed plasma membrane, IP;Rs 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 Ca?* events appear
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to originate from ER IP;Rs 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 Ca?* influx through an capacitative entry mechanism
(CCE) that serves for sustaining the cytosolic Ca®* elevation and ulti-
mately enables ER Ca?* refilling [3,17,18]. This store-operated effect
involves the activation of transient receptor potential (TRP) channels
located on the EC plasma membrane, whose activation under agonist
intervention was characterized in different studies [19-25]. Once the
agonist effect vanishes, Ca?* extrusion and re-sequestration through
Nat*-Ca?*+ exchanger (NCX) and Ca®* ATPase pumps (PMCA) retake the
cytosolic Ca%* concentration to its original basal level [26,27].

To operate as an effective sensor, the endothelium is endowed
with different cell phenotypes [28], which may exhibit remarkably
heterogeneous Ca?* responses to agents involving the IP;R pathway
such as ACh [14,29]. However, Carter and Ogden [30] showed that
the dependency between the maximum IP;Rs Ca?* flux and cytosolic
IP; concentration across a porcine aortic EC population can be well
captured through an activation function which is regulated by the Ca*
concentration. Therefore the EC discrepancy in the response to ACh
may not only be explained with different expression levels of in IP;R
isoforms, but also due to other cellular components involved in Ca%*
buffering, extrusion and store sequestration. Furthermore, this study
well documented the inhibitory role of Ca?* on IP;Rs by considering
a broad range (up to saturation level) of IP; stimulations and showed
that IP;Rs inhibition occurs independently of the level of IP; 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 Ca?* on EC IP;Rs at low cytosolic Ca?*
concentrations.

Depending on the level of detail required, Ca®* release via ER
IP;R 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 IP;R
channel release in the ER, which provided the basis for the development
of stochastic models for studying CICR and Ca?* propagation phenom-
ena (from puffs to waves) within the cytosol [35-39]. On the other
hand, gating models provide a minimalistic description of the Ca?*
release due to IP;Rs 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 Ca%* 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 Ca?*
release. The modeling of the IP;R 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 Ca?* dynamics. Since the activation of IP;Rs
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
Ca?* dynamics induced by IP;Rs activation. Through this work, we
aim to identify and characterize the EC modeling components that
are necessary for accurately describing the intracellular Ca®* elevation
across various IP; stimulation levels. For doing so we leverage on the
experimental data obtained by direct stimulation of IP;Rs by Carter and
Ogden [30], which allow us to exclude the uncertainties associated with
the kinetics regulating the ligand-induced IP; cytosolic production from
the model. Despite the heterogeneous behavior observed in different
stimulations involving the IP;R pathways [14,29,30], we hypothesize
the existence of a ‘reference’ model able to capture the mean Ca2*
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transient features across an EC population. We test this hypothesis
by assessing the performance (in terms of fitting and validation) of a
minimalistic Ca?* dynamics framework which uses a gating function
for regulating the IP;-induced Ca®* 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 Ca?*
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 IP; 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 Ca®* concentration
balance (membrane hyperpolarization elevates the cytosolic Ca®* by
increasing Ca?* influx, as shown in [30]). Caged IP; (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 IP; concentration (i), whose dynamics can be
modeled with a first-order kinetics reaction equation:

i = ige~kid=1), )

where i, is the initial cytosolic IP; concentration after 1 ms pulse
of near UV light, k;q is the IP; dissociation rate constant due to the
interaction with other cytosolic components, and ¢, is the release time.

2.1.2. Ca?* store release

For the considered dynamics, the variation in free Ca%* 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 Ca%*
concentration (c.). For the sake of brevity, from here onwards we omit
the “free’ in front of cytosolic Ca?*, whilst the bounded cytosolic Ca%*
is indicated as ‘buffered’ cytosolic Ca®*. The Ca®* dynamics triggered
by the activation of the IP;-dependent store channels is the result of
the simultaneous interaction between different channels, pumps and
exchanger expressed at membrane, cytosolic and ER levels. Here we
capture the key characteristics of IP;R-mediated Ca2* release by em-
ploying a minimalistic approach which incorporates a gating variable.
The endogenous Ca?* release flux from ER due to IP;Rs activation (Jq,
see Fig. 1) is made dependent on the cytosolic levels of IP; and Ca*
through the following expressions [31,40,41,48]

fica

< h, (2)
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where 4 is a gating variable representing the activation state of IP; re-
ceptors, ke is the nominal ionic flux, z; is the time constant governing
the channel inactivation, whist K;,, K.,, K.; and exponents n;,, n., and
ng; are the coefficients of the corresponding Ca?*-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 K, and 7 are i-
independent and c.-independent, respectively. Eq. (2) implies assuming
the interaction between IP; and IP;Rs instantaneous [49], and that the
Ca?* release flux is proportional to the fraction of open channels, which
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Fig. 1. Key components of the cellular Ca?* dynamics model. J,;: ER IP,-sensitive Ca?* release flux; Ji.: ER Ca?* leakage flux to cytosol; J,.: ER Ca®* sequestration flux; J,: Ca**

extrusion flux from cytosol; Jy,.: Ca®* buffering flux.

is inline with previous work [42]. In the considered experiment, the
time-length associated with the Ca* store release is extremely short
(~ 1 s) and therefore it is reasonable to assume that the variation
in Ca2* concentration in the ER (¢s) is minimal and does not impact
the Ca?* current from ER. Consequently, the membrane Ca?* influx
associated with store-depletion can also be considered negligible. We
highlight that the IP;-mediated Ca®* 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
Ca?* gradient nearby the channels. The Ca?* leakage from the ER to
the cytosol (J},, see Fig. 1) is accounted for as

Jie = kje(es — o), C)]

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

2.1.3. Ca?* sequestration, extrusion and buffering

Ca?* re-uptake into ER occurs via SERCA pump (J,,, see Fig. 1) and
this process can generally be described as Ca®*-activation function [31,
42,47]

n,
cl'se

. . (5)

Jse = Vsew
where V. is the nominal flux and Ky, and ng are the activation
function coefficients corresponding to the Ca?* sequestration from the
cytosol. More complex formulations for these pumps can be found in
literature [31,47].

Furthermore, Ca®* 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 Ca®* depletion from the
cytosol, in the considered experiment their contribution to the cytosolic
Ca2t+ balance is limited [30]. In ECs, the Ca2t 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*+

concentration. There are different ways for including this effect into
the model. A classical approach treats the (averaged in space) buffered
cytosolic Ca2t concentration (cp) as an independent variable, whose
rate of change is determined via [42,47]

dCb

Jebp = —= = kvace(Br = ¢b) = kpac. ©

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

de,

d_tc = Peb et + Jie — Jse)s )

where g4, can be assumed to be constant or, alternatively, defined
through the following expression [51,52]

-1
k¥ B
bd~T

={1+— , (8)
ﬁcb < (klid + Cc)z )
in which kj, is the corresponding Ca?* dissociation constant due to
buffering. If the Ca2* buffering is instead treated as a dynamic process,
the ionic mass balance yields

de, dey
dar = ef+J1e_Jse_E-

9
2.1.4. Solving the Ca®* dynamics

The solution of the Ca** dynamics can be obtained, depending on
the adopted Ca?* buffering approach, by solving either the system of
Egs. (3) and (7) for the variables i and ¢, or the system of Egs. (3),
(6) and (9) for the variables A, ¢. and c,. The time evolution of IP;
concentration i is considered independent from cytosolic Ca%* concen-
tration and therefore Eq. (1) is computed before the Ca?* dynamics.
In this study we consider five Ca%* dynamics model variants, each of
them governed by a set of parameters p to be determined (see Table 1).
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Model variants for representing Ca?>* dynamics in EC. For each model variant, the fixed parameters are

reported in Section 3.

Model variant Ca** dynamics Eq.

Parameters p to be determined

Baseline (3) and (7)
Civar (3) and (7)
Ci&cavar (3) and (7)
pvar (3) and (7)
Dynbuff (3), (6) and (9)

Kies Teis Kegs Bebs Vies Kses Mses Kig

Kies Teis Keps Pebs Vses Kses Mses Kias Keis i

Kies Teis Kefs Bevs Vies Kses Nser Kias Keis eis Keas Nea
kle! Teis kef! k;d’ Vse! Kse) Nges kid’ BT

Kies Teis Keps Kids Vses Kses Mses Kias Brs Kpa

For any model variant, the Ca®* dynamics equations can be re-written
in the following compact form

dx

E = f(xa t’P) (10)
where x is the vector of the Ca2* dynamics variables. The system of
ODEs representing the Ca%* dynamics is integrated over time by using
the function ‘odeint’ from the python library NumPy, with time-step
At = 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 Ca%+
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 Ca?* con-
centration transient are considered for the fitting: the ‘Peak’, ‘Max
flux’, ‘Termination rate per unit of flux’ (see Fig. 2) and ‘Flux ratio’
obtained from two consecutive stimulations with interpulse interval
At;,., (see Figure 4 in [30]). The first three features were recorded
across the IP; stimulation range 0.2-16.0 pM, whilst the latter feature
was evaluated with a first i impulse at 0.8 pM, followed by a second
impulse at 0.7 pM, as documented in [30]. The feature Flux ratio can
be numerically evaluated as ratio between the values of the gating
variable h obtained immediately (1 time-step At) after the two consec-
utive stimulations (separated by a interpulse 4t;,,,,). According to the
experimental study, 16.0 pM of IP; is high enough to saturate all the
corresponding store receptors, and therefore no IP; stimulation beyond
such level is considered. Details on the feature extraction from Ca?*
concentration time-recordings are reported in the Appendix.

2.2.1. Cost function

The cost function £,,, to be minimized is made of two components
(Lior = Lyaa + LY. Lyy, is the sum of all relative errors of the
simulated features ($) with respect to average values from experimental

data (7):

73 gk _ ok 5 o4 4

Vi—Y; Vi =)

_ i 1~
£dum_22‘ ok ‘+Z| 4
k=1 Y =1 i

p=t= 5

| (an

where j indicates an IP; stimulation level i, € {0.2, 0.4, 0.8, 1.4, 2.0,
5.0, 16.0 pM}, I identifies a interpulse interval 4¢,,,, € {5.0, 10.0, 15.0,
20.0, 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
that, on the right side of Eq. (11), the first term refers to the relative
error associated with the features Peak, Max flux and Termination rate
per unit of flux (k = 1,2, 3) whilst the second term with the feature Flux
ratio (k = 4).

£ accounts for the physical constraints that the Ca?* transient
trace must satisfy. These are introduced to refine and accelerate the
search by discarding solutions which do not lie within the expected
physical value ranges (see Table 2).

Each constraint contribution is included into the cost function as an
individual penalty (£!_):

con

L= kAyeon, 12)

con

where « is the penalty parameter (1.0e6) and A4y, defines the distance
of the variable/feature with respect to the allowed interval boundary.
Set of parameters that yield a ‘First decline rate’ (see Fig. 2) lower than
—5.0 uM/s are also discarded in the optimization process. According to
measurements (see Figure 3 in [30]), this latter feature is sparse with
respect to Peak, and therefore is used only for discarding undesirable
solutions.

2.2.2. Optimization algorithm

The parameter set p is identified by minimizing the cost function
through the covariance matrix adaptation evolution strategy (CMA-
ES) [53,54]. The search stops when either the cost function goes below
a ‘ad-hoc’ threshold (chosen to be 3.5 after empirical evaluation) or
the number of iterations employed by the search-algorithm go above a
pre-set maximum number of iterations (500). A scheme illustrating the
flow of information in the optimization algorithm is reported in the
Appendix (see Fig. 11). Given the high number of model parameters
and due to the stochastic nature of the search algorithm, the optimizer
may lead to different optimal set of parameters for the same model
variant. Therefore, for any model variant, multiple cases (1,000) are
used for identifying the most likely space of parameters. Since any
considered model parameter p, € p can be only positive, we express
it as p,, = pe% (or in vectorial form p = p%e®), where p? € p® is a
constant (kept fixed during the optimization process) whilst «,, € a is
the term through which the parameter p,, is varied. At the start of the
search «,, is set to zero for each parameter and then updated by the
optimization algorithm.

3. Results

Here we target the identification of the parametric space for each
model variant, and the assessment of their performance by employ-
ing the quantitative experimental data from the study Carter and
Ogden [30]. For doing this, different model variants are considered
(introduced from the simplest to the most complex). This allows to
identify the model components which are essential for capturing the
experimentally-observed EC behavior. The model is then used for mak-
ing predictions on how EC variability may impact the IP;-induced Ca?*
dynamics.

3.1. Baseline model

We start by considering the simplest model, defined as ‘Baseline’
model for which Ca?* buffering can be approximated as an instanta-
neous and Ca®*-independent process (B is constant). Furthermore,
for this model, we assume that Ca2* affects the IP;Rs in the same
manner as reported in [47] (we fix K; = 1.0 pM, ny; = 3.8, K, =
0.0 pM). The coefficients for the i-dependent activation function of the
ER Ca?* flux are directly taken from [30] (we fix K;, = 1.6 uM, n;, =
3.8). As anticipated earlier, the Ca%* concentration in the ER (c) can
be considered constant, equal to 3000 pM (similarly to what found
in [47]). The model parameters (kie, 7¢is Kefs Bebs Vser Kses Mses kig) are
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Fig. 2. Features measured from EC cytosolic Ca?* concentration transient. The Termination rate per unit of flux is evaluated by dividing the Max flux by the ‘Termination rate’,

with the latter being the inverse of 10%-90% rise time (4t,,_gs)-

Table 2

Imposed constraints in the optimization procedure. Ac.g, is the difference in cytosolic Ca?* concentration between the final
(r > 20.0 s) and initial time step. V¢: at any time; V,: for any IP; stimulation level.

Description

Variable/feature Min Max

Cytosolic Ca®* concentration

¢ (UM), V1, Vj 0.0 40.0

Initial cytosolic Ca%* concentration ¢ (M) at1=0 s, Vj 0.05 0.25
Variation of Cytosolic Ca** concentration across transient Ace fin (M), Vj - 1.0
Relative variation of cytosolic Ca%* concentration across transient AC;% ), vj - 25%
Max flux j}f (uM/s), Vj - 250.0
Max flux at 16.0 pM IP; stimulation level jf% (uM/s) 100.0 250.0
Peak at 16.0 pM IP; stimulation level j}% (uM) 10.0 30.0
Flux ratio for 5.0 s interpulse interval j/? -) - 0.2
Flux ratio for 10.0 s interpulse interval ﬁg -) - 0.4
Flux ratio for 5.0 s interpulse interval O - 9
Table 3
Initial parameter set and geometric mean of the parameter set cases for the Baseline model.
- ke (s71) 7 (8) ks (RM/S) Peb ) Vie (WM/5) K (pM) nge (=) kig (571
Initial (p®) 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 1.935el 3.628 3.579 2.207e-1

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 «,, (and not the final parameter
value p,,) across all the parameter sets obtained as solution of the
optimization problem. Table 3 reports the initial/guess value and ge-
ometric mean for each parameter of the Baseline model, obtained by
considering 847 cases/solutions.

As anticipated, the adopted optimization procedure leads to the
identification of the parameter space for the Baseline model by compar-
ing the simulated EC dynamics due to IP;Rs activation against the mean
response features extracted from the cell population. This optimization
problem yields multiple solutions as reflected in the parameter space
reported in Fig. 4.

EC cytosolic Ca* transient is known to depend on the Ca2* inacti-
vation time constant (z;) and the IP; dissociation rate constant (k;q),
which for the Baseline model appear to fall in well defined range of
values.

The predictive capacity of the Baseline model is also assessed by
considering another Ca?* transient feature, the First decline rate, which
reflects the rate of Ca?* removal from the cytosol after stimulation.
Carter and Ogden [30] extracted this feature from experimental time
recordings of Ca?* concentration for different IP; stimulation levels and
reported it as function of Ca®* Peak. This feature appears extremely
heterogeneous across the EC population and therefore the extracted
average trend can be considered less representative than the other
population features. Fig. 5 shows a comparison between the model pre-
dictions and experimentally reported values. Despite its simplicity, the
Baseline model can reproduce, from a quantitative point of view, values
in line with the main trend of the experimentally recorded traces. These
results confirm that, for the considered EC Ca?* dynamics, extrusion
mechanisms (NCX and PMCA fluxes) do not play a fundamental role. In
the same figure we report the Pearson correlation coefficient between
this 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.
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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 Ca%* sequestration
process K, stands out, indicating that pumps with high sensitivity with
respect to cytosolic Ca?* level (low Kj,) are responsible for sharp Ca?*
concentration drops. Altogether these results indicate that the Baseline
model is able to capture the mean population features of the considered
Ca%* dynamics, constituting a first reference model.

3.2. Ca?* effect on IP;Rs activation

The Ca?* dynamics under analysis is initiated by an IP;-induced
stimulation of the intracellular Ca%* stores. Here we numerically inves-
tigate how the dependency of IP;-induced ER Ca?* release on cytosolic
Ca®* affects the overall EC dynamics. For doing this we consider, with

respect to the baseline model, the following variants (i) ‘variable’ Ca2+
inactivation component (Civar) and (ii) ‘variable’ Ca®* inactivation
and activation components (Ci&cavar). The parameters of these Ca%*-
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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deviation) of the parameter set cases across the considered model
variants. For most of the simulated cases of this model variant, the
sensitivity (K,;) of the inactivation function seems to be just below 1.0
pM (see Figs. 14 and 17 in the Appendix), whilst the distribution of
the exponent of the Hill equation (n.;) appears to be more sparse. On
the contrary, a function for ER Ca?* 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 (z ;) does not significantly change across the
considered models while the IP; dissociation rate constant (k;q) appears
to be reduced for the two more complex variants.

The Ca®*-dependency of the IP;-induced ER Ca?* release was ex-
perimentally assessed by Carter and Ogden by considering different

pre-stimulation cytosolic Ca®* 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 IP;-induced ER Ca?* release and cy-
tosolic Ca2* concentration (see Fig. 6). The Baseline and Civar models,
despite overestimating the ‘Normalized max flux’ for cytosolic Ca*
concentration below 1.0 pM, are able to capture the main trend of the
experimental data. On the other hand, the introduction of a biphasic
function accounting for the Ca®* activation component (Ci&cavar)
leads to very similar results. We conclude that the inclusion of the pro-
posed Ca?*-dependent activation component into the ER Ca?* release
function does not improve its predictive capacity (and therefore it is
discarded in the following) while the Baseline model can be considered
representative of the Civar model.
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3.3. Role of cytosolic Ca®* buffering on Ca®* elevation

Here we investigate the role of cytosolic Ca®* buffering on the
model’s dynamics. Two variants, with respect to the Baseline model,
are considered: (i) the buffering parameter S, depends via Eq. (8)
on cytosolic Ca2t concentration (Bpvar) and (ii) buffering considered
as a dynamic process (Dynbuff), with the buffered cytosolic Ca2*
concentration obtained by solving Eq. (6). Note that in the latter case
the cell dynamics is obtained by solving Eq. (6) in conjunction with
Egs. (3) and (9). For the variants fvar and Dynbuff a solution for
the optimization problem was found, respectively, in 774 and 708 (out
of 1000) cases (in the Appendix: see Figs. 19 and 22 for their fitting
against experimental data, see Figs. 20 and 23 for their parameter
spaces). Table 5 summarizes the geometric mean (across the parameter
sets) for each model variant of cytosolic Ca%* buffering. Among the

considered models, the changes in Ca%* inactivation time constant (zei)
and IP; dissociation rate constant (k;q) are limited. On the other hand,
the non-constant buffering effect (associated with the two variants)
reduces the necessary Ca?* sequestration and the maximum store Ca%+
efflux (V. and k¢ are significantly smaller for the two variants). Fig. 7
shows the Ca?* dynamics (through the time-recordings of ¢, and h)
across the considered models for different buffering conditions (~ 50%
nominal parameter value — ~ 200% nominal parameter value). For
all approaches, an increase in the buffering capacity of the cytosolic
proteins reduces the Ca?* Peak but it does not significantly alter the
secondary recovery phase (after 4 s). Furthermore, the transient of
the gating variable & is similar across the model variants, indicating
that the (modeled) store Ca2t-dependent inactivation is not remarkably
affected by the adopted buffering approach. In the Baseline model,
buffering plays a more limited action in compensating the Ca®* increase



A. Coccarelli and S. Pant

Computers in Biology and Medicine 164 (2023) 107111

_z3 Baseline 3 Bepvar 3 Dynbuff

z E —— kig=0.095 5!

<| ¢ kig=0.19 571

; ; 2 2 2

- —— kig=0.38 57

3 ]

gl B [‘fg ' f-\ Y

= ©

n (]

a o

=) Jol- . . . : 0= . . . . 0+ . . . . .
0 5 10 15 20 0 5 10 15 20 25 0 5 10 15 20 25

— = 25 25 25

|2

3| & 201 20 20+

7 § 151 15 151

=]

2|+ 10 10 101

: S ] > k ]

| g

= 3 o4 . . : : 0 : . | o : . : : :
0 5 10 15 20 0 5 10 15 20 25 0 5 10 15 20 25

=) < 30 30 30

!

Q¢

S| ¢ 201 20 20

2| &

2|0

3

E |3 104 10 10

a8

L —_————— -

&) S o+ . . : : 0 , . . : . o . . : ; :
0 5 10 15 20 0 5 10 15 20 25 0 5 10 15 20 25

Time t (s) Time t (s) Time t (s)

Fig. 9. Role of IP, dissociation rate constant k;y on the cell cytosolic Ca* 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
(847 cases)

Civar
(672 cases)

Ci&cavar
(642 cases)

kie (s71) 8.8¢-8 (5.462) 7.3e-8 (5.741) 7.1e-8 (5.355)
4 (s) 4.535e—2 (1.247) 4.874e—2 (1.282) 5.018e2 (1.555)
ket (UM/s) 2.162¢3 (3.580) 2.167¢3 (3.491) 2.265¢3 (3.036)
By O 1.586e—1 (3.553) 1.559e—1 (3.445) 1.668e—1 (2.953)
Vie (uM/s) 1.159€1 (3.954) 1.172€1 (3.973) 1.116el (3.920)
Ky (uM) 2.489 (1.166) 1.894 (1.253) 1.916 (1.436)

e () 4.392 (1.101) 4.802 (1.175) 4.837 (1.180)

kig (571 1.904e—1 (1.068) 1.516e—1 (1.165) 1.498e—1 (1.155)
Ky (uM) 1.0° 7.630e—1 (1.235) 7.75%-1 (1.170)
(=) 3.8 4.851 (2.146) 5.125 (2.260)
Kea (uM) - - 1.409e-1 (8.363)
Nea ) - - 2.597 (1.655€1)

a: value imposed and not obtained from fitting.

Table 5

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

Baseline
(847 cases)

Bepvar
(774 cases)

Dynbuff
(708 cases)

ke (571 8.779%-8 (5.462)  2.704e—8 (3.842) 3.488e-8 (3.737)
7 (5) 4.535e-2 (1.247)  4.509e-2 (1.184) 4.406e—2 (1.459)
ket (uM/5) 2.162€3 (3.580) 5.874e2 (2.302) 6.310e2 (2.397)
B O 1.586e-1 (3.553) - -

Kty (WMD) - 6.517¢2 (1.372e1) -

kg (571 - - 1.155e3 (1.68%1)
Ve (uM/s) 1.159%1 (3.954) 3.141 (2.471) 3.457 (2.856)

Ky (uM) 2.489 (1.166) 2.454 (1.141) 2.540 (1.242)

nee () 4.392 (1.101) 4.438 (1.100) 4.315 (1.124)

kig (571 1.904e—1(1.068) 1.882e—1 (1.038) 1.895e—1 (1.048)
By (M) - 7.943el (2.486e1)  5.589l (2.274el)

fepa (WM s71)

1.184el (1.546el)

after IP;Rs activation. In this case, indeed, the Ca?* sequestration
flux (Js.) has a much higher peak than in the buffering variants.
These results suggest that, upon IP;Rs stimulation, two cells with
remarkably different Ca®* sequestration capacity can still exhibit a very
similar Ca?* response, as long as there is a cytosolic Ca®* buffering
compensation.

Despite the Ca* store IP;-sensitivity function for porcine aortic EC
being well-defined in [30], it is important to assess its role on the

overall cell dynamics. We therefore numerically explore, for all the
buffering approaches, how the variability in IP;Rs’ sensitivity to IP;
may affect the EC Ca?* response to different IP; stimulation levels (see
Fig. 8). As expected, an increase in IP;Rs’ sensitivity to IP; (corre-
sponding to a K;, reduction) makes the cell more responsive to low
concentration of stimulating agent. The Ca?* peaks obtained with IP,
stimuli 1.4 uM and 10.0 pM are relatively similar (~30% difference) for
K;, = 1.0 pM, whilst they are significantly different (>100% difference)
for higher Kj,. Also in this case, no substantial changes in the Ca* 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 Ca%* dynamics under analysis.

3.4. Role of IP; dissociation and Ca?* inactivation time constants on Ca®*
dynamics

The IP; dissociation rate constant (k;q) and the Ca2t inactivation
time constant (z ;) are expected to play an important role on the cell
dynamics. The impact of the former on the Ca* transient is assessed
by means of Fig. 9 (for different stimulation levels and buffering ap-
proaches). Surprisingly, the IP; rate of dissociation plays an important
role on the Ca®* response amplitude (Peak) only upon low IP; stimula-
tion levels. For higher IP; stimuli, the k;y impacts only the second part
of the Ca®* decline/recovery phase whilst the previous part of the tran-
sient seems unaffected. Upon high stimulation levels, cytosolic Ca?*
concentration decline faster for high kiy (0.38 s~!) 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
kg case (0.19 s~1). Values of k;q in the range 0.15-0.19 s~! 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 IP; stimulation. However, in case the
experimentally-derived mean population Peak [30] was overestimated
for low IP; stimulation levels (or a more complex IP; dynamics takes
place), a higher IP; dissociation rate constant would represent a more
appropriate choice. While the impact of kiq on the Ca?* transient
seems the same across all buffering approaches, the same cannot be
said regarding the parameter 7; (see Fig. 10). For the Baseline model
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Fig. 10. Role of Ca?* inactivation time constant z,; on the cell cytosolic Ca?* transient. The reported curves correspond to the geometric mean of the considered model variants.

and upon medium-high stimulation levels, the Ca®* inactivation time
constant can significantly modulate the amplitude of the signal but
the other two variants appear almost insensitive with respect to this
parameter. Interestingly, for different buffering approaches, almost the
same geometric mean of z; was found (~0.045 s). The Ca2t-dependent
gating variable (h) sharply drops after the stimulation in a similar
fashion across all buffering approaches (see Fig. 12 in the Appendix).
The discrepancy in z.-sensitivity between the Baseline and the other
variants may be explained as result of the significant difference in the
nominal ionic flux (kef). Since the magnitude of k. for the Baseline
model is significantly higher than for the variants, a variation in IP;Rs
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 Ca®* dynamics induced by IP;Rs activation. For
doing this, we hypothesized the existence of a reference model able to
the capture the average Ca?* transient features from the cell population
used in the study by Carter and Ogden [30]. This experimental protocol
enabled the characterization of the Ca?* efflux following the IP;Rs
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 Ca2t traces. Furthermore, the val-
idation against the measured First decline rate and Normalized max
flux corroborated its predictive capacity. These results together indicate
that IP;-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 Ca®* dynamics. Whilst variations in the description of
IP;Rs Ca2+-dependent inactivation (Civar) can reduce the discrepancy
with respect to measurements, the inclusion of a simple IP;Rs Ca®*
activation effect (Ci&cavar) does not substantially improve the IP;Rs
Ca%*-dependent function in terms of accuracy. Supported by findings
on other types of cells, more complex mathematical constructs could
be used in future for better describing the bidirectional link between
IP;, Ca’* and Ca’* store release. Mak et al. [55] investigated the
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IP; dependence of the Ca?* sensitivity (of the ER receptors) at sin-
gle channel level in isolated Xenopus oocyte nuclei by employing a
biphasic Hill equation. Whilst the Ca®*-activation effect appeared to
be independent from i, the dissociation constant describing the Ca%*
inhibitory role increased with higher i. The IP;-dependent effect on the
Ca2* inhibitory role may be accounted for by defining the parameter
K. as dependent (via activation function) on IP; concentration i. The
inclusion of more sophisticated Ca’* buffering did not significantly
alter the shape of Ca®* response, even though the Ca%* sequestration
function is reduced. The proposed framework was meant to provide
a detailed description of the Ca®* efflux due to IP;Rs activation by
minimizing the model complexity. For this reason, a very simplified
description of the cytosolic Ca?* removal mechanisms was adopted.
Their description accounts for a simple dependency on intracellular
Ca?* concentration via activation function and does not take into
consideration the delay in the activation of such cell components nor
the interaction with other ions. This is expected to affect, at least in
part, the shape of the second phase of the Ca®* recovery transient.
Considering an additional Ca%* removal mechanism with different Ca%+
sensitivity (for representing Ca%* extrusion) in the model identification
did not lead to any significant improvement (results not shown). This
study confirmed that, for the considered experiment, Ca®* extrusion
mechanisms do not play a pivotal role in shaping the IP;-induced
cytosolic Ca®* elevation. Different Ca?* sequestration and extrusion
capacities may explain the heterogeneity in the Ca?* recovery phase
observed across the EC population. Since the activation of such cell
components affects in a minimal way the Ca®* efflux following the
IP;Rs activation, its detailed analysis is considered beyond the scope
of this work.

Through the proposed approach, we were also able to explore
parameters characterizing the IP;-induced store Ca?* release. The IP;
dissociation rate constant (k;q) within the EC cytosol obtained from
the parameter optimization process appeared to be significantly lower
than what estimated/used in other cell models (1.0 s~! in [56], 1.25
s71 in [52], 2.0 s~! in [42]). Here we showed that k;4 affects the
peak of the Ca?* transient only for low stimulation levels. As ex-
pected, higher values of IP; dissociation rate constant are associated
to a faster cytosolic Ca?* decline, but in this case the discrepancy
with the experimental data for low IP; stimuli increases. Despite the
evidence for the regulatory role of Ca?* and PLC on the cytosolic IP,
dynamics [56], this feedback mechanism is not mentioned in the con-
sidered 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 IP; rate of dissociation. To justify the reported results, one could
speculate that the lower IP; dissociation rate constant (with respect to
other cell types) may be due to the fact that, since IP; represents in ECs
the primary pathway for agonist stimulation, it needs to be metabolized
by cytosolic proteins at slower rate to enable its signaling at low
concentrations. This might be the case, as well as a more complex IP;
dynamics taking place, and therefore future studies are necessary for
addressing this question. This study also led to a first estimate of the
Ca%*-inactivation time constant associated to IP;Rs, which appeared to
be consistent across all the model variants.

In the considered settings, the membrane potential was kept equal
to 0 mV throughout the experiment with the aim to isolate the store
Ca®* efflux. Behringer and Segal [13] investigated the controversial
role of membrane potential on Ca?* response to ACh in endothe-
lial tubes. They showed that, under submaximal activation of mus-
carinic receptors, membrane potential modulates Ca?* influx through
the plasma membrane channels in accord with the electro-chemical
driving force. On the other hand, previous experimental evidence [57]
indicated that, for isolated ECs from small resistance vessels, mem-
brane potential does not seem to play a significant role on sustained
muscarinic agonist-induced cytosolic Ca®* elevation. In pressurized
rat mesenteric arteries, Ca®* influx through TRPV4 channels plays a
primary role in EC cytosolic CaZ* elevation [13,14]. However, de-
spite their activation is associated with mechanisms of Ca%*-induced
Ca®*-release at IP4Rs, these do not seem to significantly contribute
to ACh-evoked relaxations [14]. The complexity and uncertainty as-
sociated with the role of membrane potential in the regulation of
endothelial cytosolic Ca2*t motivated our choice of considering the
simplified setting by Carter and Ogden [30] where membrane potential
was kept constant equal to 0 mV. Despite IP;Rs activity depends
primarily on cytosolic IP; and Ca®* levels, it may be affected by
interaction with other organelles such as mitochondria [58] and other
factors such as oxidative stress [59]. Furthermore, Wilson et al. sug-
gested that also pressure, by altering the cell geometry, can affect the
Ca%* diffusive environment near IP; receptor micro-domains, limiting
the IP;-mediated Ca?* signals as pressure increases. Therefore, future
studies investigating the interaction between EC Ca* store release and
other cytosolic and membrane components are warranted.

5. Conclusions

To conclude, the proposed minimalistic modeling framework aims
to be a reference tool for quantifying and deciphering vascular endothe-
lial function. The comparison between model variants and experimental
data shed the light on the role of different cellular components on
the considered Ca?* dynamics. The framework, alongside its identified
parameter space, lay the foundation for future combined experimental
and computational approaches targeting the analysis and quantification
of ECs’ activity and its effects on blood vessel contractility and perme-
ability. The devised model could indeed be combined with other models
representing SMCs’ Ca2+ dynamics and contraction [60-62] for quanti-
fying the interaction between functionally different vascular cells, the
resulting wall stress level and lumen deformation. These theoretical
findings may also contribute to the development of new models for
studying the blood-brain barrier function [63]. Furthermore, this work
might help in the analysis of Ca?* intercellular communications and
Ca2t 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 Ca?* peak and IP; concentra-
tion (i) was established by fitting the population data reported in Figure
3 Ain [30] (considered IP; concentration range: 0.2-16.0 pM) with the
following function

y = koln(i /igrm)’ + k110G /i orm)? + koI /i orm) + K3 13)

where i, = 1.0 pM, ky = 6.57e—2 uM, k; = —0.56 pM, k, = 3.99 uM
and k; = 9.48 uM. We highlight that the selected interpolation function
leads to a significantly better fitting than linear and quadratic functions.

Max flux. The population data reporting the maximum Ca?* release
from stores against IP; (i) concentration was fitted by Carter and Ogden
with the following Hill equation (see Figure 3B in [30]):

iMa

y=k 14)

T
i"a + K
where k, = 200.0 pM/s, n;, = 3.8 and K;, = 1.6 pM. This relationship
was obtained by considering IP; stimulation up to 16.0 uM. Beyond this
concentration, the max Ca?* 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 IP; concentration (i)
with a single site binding curve (see Figure 5C in [30])

k
T+ kg,
1

kg + 1s)

y=ke
where kg = 0.5 pM~! k; = 0.38 pM and kg = 0.1 g ML,

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

y = koAf?

inter

where kg = —1.1e—4, k;y = 2.2e-2 and k;; = —4.3e-3.

+ k104t i, + k11 (16)

First decline rate. Here the dependency between the first rate of decline
and the Ca?* Peak (P,) was established by fitting with a quadratic
function the data reported in Figure 3 A in [30]

Y=k P2+ k3P + kyy 17)

where k;, = —=0.003 pM~1s71, k;; = —0.127 s~! and k4 = 0.218 pM/s.
Simulated data

Features from the simulated Ca?* 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.

Computers in Biology and Medicine 164 (2023) 107111
Role of time constant on Ca+-dependent gating variable

In Fig. 12 we report how the Ca?* inactivation time constant 7
affects the transient of the Ca®*-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.

Initialized Model Parameters p

J

Solve Ca 2* Dynamics

dx .
dt - f(x' 'p)

U

Find New Model

Extract Simulated
Ca 2* Transient
Features y

Parameters p
via CMA-ES

U

Experimentally
Measured Data

Evaluate Cost
function L,,,

Defined Model Parameters p

Fig. 11. Scheme illustrating the procedure for estimating the model parameters (p).
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Fig. 12. Role of Ca?* inactivation time constant z; on the Ca?*-dependent gating variable transient. The reported curves correspond to the geometric mean of the considered

model variants.
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