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Abstract

It is well known that arteries grow and remodel in response to mechanical

stimuli. Vascular smooth muscle cells are the main mediators of this process,

as they can switch phenotype from contractile to synthetic, and vice-versa,

based on the surrounding bio-chemo-mechanical stimuli. A correct regulation

of this phenotypic switch is fundamental to obtain and maintain arterial

homeostasis. Notch, a mechanosensitive signaling pathway, is one of the main

regulators of the vascular smooth muscle cell phenotype. Therefore, under-

standing Notch dynamics is key to elucidate arterial growth, remodeling, and

mechanobiology. We have recently developed a one-dimensional agent-based

model to investigate Notch signaling in arteries. However, due to its one-

dimensional formulation, the model cannot be adopted to study complex non-

symmetrical geometries and, importantly, it cannot capture the realistic “cell
connectivity” in arteries, here defined as the number of cell neighbors. Notch

functions via direct cell-cell contact; thus, the number of cell neighbors could

be an essential feature of Notch dynamics. Here, we extended the agent-based

model to a two-dimensional formulation, to investigate the effects of cell con-

nectivity on Notch dynamics and cell phenotypes in arteries. The computa-

tional results, supported by a sensitivity analysis, indicate that cell connectivity

has marginal effects when Notch dynamics is dominated by the process of lat-

eral induction, which induces all cells to have a uniform phenotype. When lat-

eral induction is weaker, cells exhibit a nonuniform phenotype distribution

and the percentage of synthetic cells within an artery depends on the number

of neighbors.
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1 | INTRODUCTION

Arteries accommodate their morphology and composition in response to changes in the surrounding mechanical stim-
uli. For example, prolonged hypertension can cause arterial wall thickening and variation of the residual stress.1-4 Simi-
larly, the remodeling and organization of several arterial components, such as collagen fibers, is highly influenced by
mechanical factors.5,6 Although numerous studies have proposed that arteries grow and remodel to maintain homeo-
static levels of mechanical parameters, for example, wall shear stress and circumferential stress (see Humphrey et al7

for a review), the underlying mechanisms are still insufficiently understood. An improved mechanistic understanding
could not only potentiate the development of novel treatments for arterial diseases but also facilitate the design of
tissue-engineered vascular grafts.

Vascular smooth muscle cells (VSMCs) populating the vessel wall are the main mediators of arterial growth and
remodeling. Importantly, these cells exhibit a unique plasticity in terms of their phenotypes, known as synthetic and
contractile. Synthetic VSMCs show high levels of proliferation, migration, and extracellular matrix synthesis, while con-
tractile VSMCs exhibit higher levels of contractility.8,9 While synthetic VSMCs play a fundamental role during blood
vessel development, contractile VSMCs are essential to regulate the vascular tone in fully grown healthy arteries. In the
case of disease or upon injury,10-12 contractile VSMCs can switch phenotype and become synthetic, thereby changing
their behavior and contributing to the morphological changes of the artery. Elucidating the stimuli regulating the
switch between contractile and synthetic VSMCs is therefore fundamental for understanding arterial growth and remo-
deling in health and disease.

Notch signaling is one of the key players in the context of VSMC phenotype regulation. Notch is an evolutionary
conserved cell-cell signaling pathway that is crucial for the development and homeostasis of many human tissues.
VSMCs are known to express three Notch receptors (Notch1, Notch2, and Notch3)13,14 and three Notch ligands
(Jagged1, Jagged2, and Delta-like ligand1, Dll1).14,15 Activation of these Notch receptors by Notch ligands present on
the membrane of neighboring cells leads to translocation of the Notch-IntraCellular domain (NICD) to the cell nucleus
of the receiving cell, which subsequently influences gene expression and thus production of proteins, including Notch
receptors and ligands. Notch activation is often assumed to induce downregulation of Delta-like ligands and
upregulation of Jagged ligands.16,17 For this reason, Delta-like ligands are usually associated with lateral inhibition pro-
cesses giving rise to cell populations with alternating phenotypes, while Jagged ligands are associated with lateral
induction processes that enable a transmission of Notch transactivation to cells located further away from cells origi-
nally initiating the signal.18 In vivo studies have shown that VSMCs mainly express Jagged1.19 Moreover, in one of our
previous studies,20 we have detected very limited expression of Dll1 in VSMCs in vitro, compared to Jagged1 expression.
Therefore, the process of lateral induction is most likely dominant for this type of cells. In VSMCs, Notch3 activation by
Jagged1 upregulates not only the production of Notch3 and Jagged118,21 but also the presence of proteins associated
with cellular contractile features, such as α-smooth muscle actin.18,21,22 For this reason, Notch activation has been
linked to the phenotypic switch from synthetic to contractile VSMCs. In vitro experiments have also shown that VSMCs
downregulate Notch3 and Jagged1 levels in response to cyclic strain.20,23 Together, the influence of Notch on VSMC dif-
ferentiation and the mechanosensitivity of this signaling pathway might contribute to the effects of mechanical stimuli
on VSMC behavior23-26 and could therefore be strongly linked to the regulation of arterial growth, remodeling, and
homeostasis (Figure 1A).

Recently, we have highlighted the potential importance of Notch signaling for arterial homeostasis.20 This was
achieved with an agent-based model for Notch signaling built on previous seminal studies,16,17,27 incorporating both
the effects of mechanics on Notch protein levels and the influence of Notch activation on VSMC phenotype.20 A scheme
of the main assumptions of the computational model for Notch signaling among VSMCs is shown in Figure 1A. The
computational results showed that Notch mechanosensitivity induces a collective phenotypic switch of VSMCs from
synthetic for relatively thin arteries, to contractile for larger arteries. Interestingly, the model also predicted this switch
to correspond approximately with the homeostatic arterial wall thickness observed in human arteries. However, some
limitations of the computational model still need to be addressed. In fact, in that previous study,20 due to the axial sym-
metry and periodicity of arteries, a one-dimensional (1D) model analyzing Notch signaling among transmurally distrib-
uted VSMCs was adopted. Although advantageous in terms of computational costs and simplicity, this 1D approach
cannot capture the actual “cell connectivity” of cells in arteries, here defined as the number of cell neighbors. Notch sig-
naling pathway functions via direct cell-cell contacts (juxtracrine signaling); therefore, cell connectivity is potentially a
very influential parameter for the Notch signaling dynamics.
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Here, we thus extended the previous 1D agent-based model for Notch signaling in arteries to a two-dimensional
(2D) formulation, enabling the investigation of the effects of cell connectivity on the dynamics of Notch signaling and
VSMC phenotypes in arteries. In particular, we analyzed Notch signaling for VSMCs having from 2 to 6 cell neighbors.
The computational results of the 1D and 2D formulations were compared by using the original parameters and by per-
forming a sensitivity analysis.

2 | METHODS

In what follows, the main features of the 2D agent-based model for Notch signaling are summarized, highlighting the
differences with the 1D formulation.20

2.1 | 2D agent-based model for Notch signaling

Built upon previous studies,16,17,20,27,28 the agent-based model describes Notch signaling among cells in arteries by
accounting for the transactivation of Notch3 (N) by Jagged1 (J) or Dll1 (D) present on the membrane of neighboring
cells. Notch transactivation leads to an increase of NICD (I), with consequential effects on the production of the Notch
proteins N, J, and D, which were analyzed for each single VSMC. In Loerakker et al,20 each single cell was indicated
with the index i, such that Ni, Ji, Di, and Ii are the Notch protein levels in the cellular layer i ∈ N, with the cells trans-
murally distributed along a single line through the arterial wall (Figure 1B). Here, to extend the model to a 2D formula-
tion, we added the index j ∈ N to indicate the circumferential position of the cell in the arterial wall. To distinguish
among the cells distributed along the 2 directions in 2D, in what follows, we refer to “row” to indicate a line of cells dis-
tributed along the radial direction and we refer to “column” or “layer” to indicate a line of cells distributed along the
circumferential direction (Figure 1C-E). Therefore, the subscript ij refers to the cell located in the i-th column and j-th
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FIGURE 1 Scheme of the computational model for Notch signaling (A) and the different model formulations (B-E). A, Scheme

showing the main assumptions of the computational model for Notch signaling among Vascular Smooth Muscle Cells. In the model, more

specifically, transactivation of Notch3 by the ligands leads to upregulation of Notch3, Jagged1, and cellular contractile properties. On the

other hand, Notch3 transactivation downregulates Dll1, while the strain experienced by cells (caused by blood pressure) causes

downregulation of Jagged1 and Notch3. B-E, In the 1D agent-based model, all cells have a maximum of two neighbors. For 2D simulations

with a squared lattice, all cells have a maximum of four neighbors, while a hexagonal lattice corresponds to six neighbors. Finally, we depict

a scheme leading to the simulations of arteries with an increasing number of cells along the circumferential direction, going from the inner

to the outer layer of the arterial wall
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row. The variation over time t of the Notch proteins Nij, Jij, Dij, and Iij was described by the following ordinary differen-
tial equations:

dNij

dt
=Npr,mechH

s Iij,λN ,nN
� �

−
M
Mij

Nij kc Dij + Jij
� �

+ kt
XMij

k=1

Dk,ij + Jk,ij
Mk,ij

" #
−γNij, ð1Þ

dJij
dt
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s Iij,λJ ,nJ
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dDij

dt
=DprH

s Iij,λD,nD
� �

−
M
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Nk,ij

Mk,ij

" #
−γDij, ð3Þ

dIij
dt

=
M
Mij

Nijkt
XMij

k=1

Dk,ij + Jk,ij
Mk,ij

−γI Iij: ð4Þ

Here, Npr,mech, Jpr,mech, and Dpr label the production rate of the different Notch proteins; kc and kt, respectively, scale
the cis-inhibition and transactivation rate of Notch ligands with Notch receptors; M is the typical number of cell neigh-
bors of VSMCs, Mij is the number of neighbors of the cell ij, while Mk,ij is the number of neighbors of the neighbor
number k of the cell ij, with k auxiliary index. Similarly, Nk,ij, Jk,ij, and Dk,ij are the Notch proteins present in the neigh-
bor number k of the cell ij (the external Notch proteins available for binding). Finally, γ and γI are the degradation rates
of the Notch proteins and NICD, respectively. Hs is a shifted Hill-type function describing the influence of the NICD
level I on the production of Notch proteins:

Hs I,λ,nð Þ= λ+
1−λ

1+ I
I0

� �n , ð5Þ

where n represents the sensitivity of the Notch protein production rate to the NICD level, while I0 is the transition point
of the Hill-type function from convex to concave. The parameter λ determines the effect of Notch activation on protein
production (upregulation for λ > 1, downregulation for 0 < λ < 1, and no effects when λ = 1). Furthermore, as fitted
from in vitro experiments,20 the production of Notch3 and Jagged1 was assumed to be downregulated by cyclic strain
with an exponential fashion:

Npr,mech =Npr exp ANεð Þ;Jpr,mech = Jpr exp AJεð Þ: ð6Þ

Here, AN and AJ quantify the downregulation of Notch3 and Jagged1 production in response to the strain ε experi-
enced by cells in the arterial wall, while Npr and Jpr indicate the protein production rates when no strain is applied. The
strain experienced by cells in the arterial wall was approximated as

ε= εp
σθ
σp

, ð7Þ

where εp and σp are the average physiological in vivo strain and stress, respectively, which are scaled with the average
circumferential stress σθ in the modeled arterial wall. This last term was approximated with the Laplace's law, such that
σθ = rp/h, where p indicates the blood pressure, r the arterial internal radius, and h the wall thickness. This last term
was computed by assuming that each cell layer is 0.01 mm thick.

For a complete description of the derivation of Equations (1) to (4) from an approach similar to Shaya et al,28 we
refer the reader to the Appendix. We observe that these equations are a generalization of the equations adopted in
Boareto et al17 and Loerakker et al.20 The major difference is represented by the inclusion of the factor M

Mij
, which multi-

plies both the cis-inhibition and transactivation terms. This scaling factor accounts for the effects that having different
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numbers of neighbors causes on the distribution of Notch proteins within a cell and, therefore, on the likelihood of both
cis-inhibition and transactivation events. In particular, assuming that cells equally distribute their Notch proteins
at the interface with their neighbors, cells with different numbers of neighbors also have a different density of
both receptors and ligands at these interfaces, even when they have equal values of total Notch protein content
and, consequently, they have a different likelihood to experience cis-inhibition and transactivation events. Impor-
tantly, when VSMCs within a cell population always have two neighbors (such as for 1D simulations, Figure 1B),
M
Mij

=1 and Equations (1) to (4) become the same as the equations proposed in the studies of Boareto et al17 and
Loerakker et al.20 Nevertheless, compared to Loerakker et al,20 we did not include Jagged polarized clustering, which
refers to the localization of Jagged1 proteins only on the side of VSMCs facing the outer side of the arterial wall. In the
previous model formulation, this had little effects; therefore, for simplicity, Jagged polarized clustering was here
neglected.

2.2 | Boundary/initial conditions and numerical implementation

In addition to VSMCs, similar to Loerakker et al,20 endothelial cells were considered in the model by assuming that the
first layer of VSMCs is in contact with a layer of endothelial cells present on the luminal side (Figure 1C-E). Endothelial
cells were assumed to express a constant value of Jagged JEC, while other Notch proteins were neglected.

When simulating Notch signaling with the 2D formulation, to limit the computational costs, 10 cell rows were con-
sidered. Due to the axial symmetry of arteries, the first row of cells was assumed to be in contact with the last row, con-
sistent with periodic boundary conditions (Figure 1).

As in Loerakker et al20 all simulations were repeated 25 times with different initial conditions of the unknown vari-
ables of Equations (1) to (4), thereby randomly choosing the values of Nij(0), Jij(0), and Dij(0) between 0 and 6000 mole-
cules, and the value of Iij(0) between 0 and 600 molecules for each ij cell considered. The computational results did not
change significantly when the simulations were repeated 100 times.

The differential equations were solved with an explicit scheme (time-step t = 0.01 hour) until t > 250 hours and
until convergence, here identified as the minimum time such that 1

K

P
i, j

dIij
dt tð Þ

��� ���<10−2 , with K the total number of cells
considered.

Once convergence was reached, a specific phenotype was assigned to each VSMC based on their value of Iij: VSMCs
with 0 < Iij < 100 were classified as synthetic (or Sender), while VSMCs with 100 ≤ Iij < 300 were identified as contrac-
tile (or Sender/Receiver). As in Loerakker et al,20 a specific phenotype was not assigned for VSMCs with Iij ≥ 300,
which were just referred to as Receiver cells.

The same parameters as in Loerakker et al20 were considered in the simulations. In that study, arteries at different
locations of the arterial tree were simulated. As the focus of the present study is on the influence of the number of cell
neighbors on Notch signaling in arteries, only the carotid artery of young individuals was here simulated as a represen-
tative artery. An overview of the original model parameters can be found in Table 1, and a discussion of these parame-
ters can be found in the Appendix B. For the sensitivity analysis of the results, these model parameters were varied one
by one, with parameter variations going from −75% to +75% of the original value.

For each parameter set, Notch signaling was simulated for arteries having a different number of cell layers, going
from 1 to 100 layers, corresponding to values of intima-media thickness (IMT) going from 0.01 to 1 mm. We observe
here that muscular arteries also contain a fibrosa layer (such that the total arterial wall thickness is the sum between
the IMT and the fibrosa thicknesses). Nevertheless, the fibrosa is mostly composed by collagenous fibers and sparsely
distributed fibroblasts. Therefore, this layer was excluded from our analysis centered on cell-cell signaling among
VSMCs and, given its relatively small thickness in muscular arteries, we assumed that the arterial stress could be rea-
sonably estimated from the blood pressure, luminal radius, and IMT.

3 | RESULTS

3.1 | 1D and 2D simulations exhibit similar trends also when neglecting periodicity

To get an initial understanding of the computational results deriving from the 2D formulation, we ran simulations by
assuming that all VSMCs, except for cells in the first/last rows and columns, have four neighbors (corresponding to a
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squared lattice). At first, no periodic boundary conditions for the first and last rows of cells were considered (Figure 1C,
without periodicity). In particular, in this case, it was assumed that cells at the boundaries are next to cells with no via-
ble Notch proteins or only extracellular matrix. As shown in Figure 2, with these conditions, the trends observed for the
1D and 2D simulations are similar, but quantitative differences can be observed. In particular, both in 1D and 2D, all
VSMCs are synthetic for relatively small arteries (Figure 2B) and exhibit very low levels of Jagged, Notch, and NICD,
while the levels of Delta are high (Figure 2C-F). The levels of Notch and NICD increase upon increasing the arterial
wall thickness, until almost all VSMCs become contractile (or Sender/Receiver). While this phenotypic switch is
approximately collective for 1D simulations, for which the vast majority of VSMCs become contractile, 2D simulations
without periodic boundary conditions predict that approximately 20% of VSMCs remain synthetic. We observe that this
value depends on the number of rows considered; for example, approximately 35% of cells remain synthetic if six rows
are considered. As shown in Figure 2A, the cells that remain synthetic correspond to the VSMCs present at the bound-
aries of the squared lattice, thereby suggesting that boundary effects are present. This can be explained as follows:
VSMCs present on the first/last rows or last column of the lattice have only three cell neighbors; consequently, they are
not in contact with enough Notch ligands, their Notch transactivation remains low (as their NICD value), and they are
therefore predicted as being synthetic.

TABLE 1 Model parameters for

original simulations
Parameter Value Description

Npr 1400 h−1 Notch3 baseline production

Dpr 100 h−1 Dll1 baseline production

Jpr 1600 h−1 Jagged1 baseline production

JEC 4000 Constant Jagged1 content in ECs

kc 5× 10−4 h−1 cis-inhibition rate

kt 2.5× 10−5 h−1 transactivation rate

γ 0.1 h−1 Notch protein degradation rate

γI 0.5 h−1 NICD degradation rate

λN 2.0 Effect of transactivation on Notch3
production

λD 0.0 Effect of transactivation on Dll1
production

λJ 2.0 Effect of transactivation on Jagged1
production

nN 2.0 Sensitivity of Notch3 production to
transactivation

nD 2.0 Sensitivity of Dll1 production to
transactivation

nJ 5.0 Sensitivity of Jagged1 production to
transactivation

I0 200 Transition point of shifted Hill-type
function Hs

AN −5.79 Sensitivity of Notch3 production to
strain

AJ −4.17 Sensitivity of Jagged1 production to
strain

εp 0.075 Average physiological in vivo strain

σp 107 mmHg Average physiological in vivo stress

p 16 kPa Maximum systolic blood pressure

r 3.2 mm Internal radius of young carotid arteries

Abbreviation: NICD, Notch IntraCellular Domain.
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FIGURE 2 1D and 2D simulations with four neighbors per cell, without periodic boundary conditions, differ because of boundary

effects. A, Example of computational results for one specific set of initial conditions, for values close to the transition thickness. Gray cells

are endothelial cells, blue cells are synthetic (or Sender), while red cells are contractile (or Sender/Receiver). The 2D results are similar to

the 1D results, despite differences that can be observed for the first and last three rows of cells. B, Percentage of synthetic (S) and contractile

(S/R) Vascular Smooth Muscle Cells (VSMCs) for arteries of different intima-media thickness (IMT). 1D simulations exhibit an almost

collective phenotypic switch of VSMCs for the IMT approximately equal to 0.50 mm. For 2D simulations, the switch is not collective

anymore. C-F, Values of Jagged (C), Notch (D), Delta (E), and NICD (F) for arteries of different IMT, averaged over all VSMCs, such that

each point on the horizontal axis refers to simulations of arteries with different IMT. 1D and 2D simulations present similar trends but

predict slightly different values of Notch proteins, particularly at high wall thicknesses
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3.2 | Jagged-Notch lateral induction limits the impact of cell connectivity on Notch
dynamics

The results of the 1D simulations are almost exactly the same as the results obtained with the 2D formulation when the
periodic boundary conditions are included (Figure 3). In this formulation, the VSMCs belonging to the first row are
connected with VSMCs present in the last row (Figure 1B). As a consequence of the periodic boundary conditions, also
the cells at the boundaries have four neighbors (as the vast majority of VSMCs) and therefore they receive enough sig-
nal from their neighbors to become contractile cells when the transition thickness is reached. Consequently, in this
case, a collective switch from synthetic VSMCs for small arterial walls to contractile VSMCs for larger arterial walls can
be observed for both 1D and 2D (Figure 3A,B), which exhibit almost identical results in terms of the average values of
Jagged, Notch, Delta, and NICD (Figure 3C-F). Small differences can be observed only when looking at the percentage
of contractile or synthetic VSMCs for arterial wall thicknesses slightly smaller than the transition level (Figure 3A,B).
These differences are most likely due to the choice of a sharp transition level of NICD discriminating between synthetic
and contractile cells, as in previous studies.17,20 In particular, according to the current model assumptions, when the
NICD levels are close to the discriminating value, very small variations in the NICD value can give rise to larger differ-
ences concerning the assigned VSMC phenotype.

The same conclusions can be drawn when simulating arteries populated by VSMCs having six neighbors each
(Figure 1C), with periodic boundary conditions (Figure 4). The 1D and 2D results are extremely similar, and small dif-
ferences can be seen only when analyzing the percentage of synthetic and contractile VSMCs with arterial wall thick-
nesses that are close to the transition level. The equivalence of the 1D and 2D simulations that appears independent of
the number of neighbors is most likely due to Jagged-Notch lateral induction. In particular, in the model, Notch trans-
activation in one VSMC leads to an upregulation of both Notch and Jagged in that cell, which can then efficiently trans-
activate neighboring cells giving rise to a feedback loop that induces cells to have a uniform value of NICD. Since
VSMCs mainly express Jagged1 as Notch ligand, we chose Dpr � Jpr, which causes the lateral inhibition as induced by
Delta-Notch signaling to have little effects in our simulations compared to lateral induction. Therefore, for these simu-
lations, all cells were induced to have a similar amount of NICD, irrespective of the number of cell neighbors (when
this number is constant throughout the cell population).

3.3 | Cell connectivity affects Notch dynamics when Jagged-Notch lateral induction is
perturbed

Next, we aimed at elucidating whether the equivalence between simulations with VSMCs having a different num-
ber of neighbors is a consequence of the strong effects of lateral induction and the chosen model parameters. To
this aim, we performed a sensitivity analysis, running simulations by varying the model parameters one by one,
with parameter variations going from −75% to +75% of the original parameter values. In Figure 5, for each parame-
ter variation, we show the mean squared error (MSE) resulting from the comparison of the percentage of synthetic
VSMCs for arterial wall thicknesses going from 0.01 to 1 mm, predicted with the simulations adopting different
formulations:

MSE=
1
100

X100
h=1

PS
h,m̂−PS

h,m

� �2 ð8Þ

where PS
h,m̂ and PS

h,m represent the percentage of synthetic cells predicted by the simulations for an artery with h layers
of cells (IMT=h � 0.01 mm), with a cell population having the number of cell neighbors uniform and equal to m̂ and m,
respectively. Different subscripts m̂ and m were adopted to indicate that the MSE was computed between simulations
assuming different numbers of neighbors, with m̂,m∈ 2,4,6f g and m̂ 6¼m.

Except for a few parameter sets, the MSE obtained with different parameter values generally remained comparable
to the MSE obtained with the original parameter values, indicated with a horizontal dashed line (Figure 5). Still, very
large values of MSE were observed when varying the parameters λN, λJ, and nJ, especially for simulations with six
neighbors (Figure 5B,C). Interestingly, variations of these parameters also correspond to large values of the mean stan-
dard deviation of the percentage of synthetic VSMCs with respect to the initial conditions (Figure 6). Therefore, the
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sensitivity analysis indicates that the equivalence of the results obtained with the 1D and 2D simulations with periodic
boundary conditions is lost only for a few parameter variations and, for these parameter variations, the final solution
also strongly depends on the initial conditions.

FIGURE 3 1D and 2D simulations with four neighbors per cell, considering periodic boundary conditions, present very similar

results. A, Example of computational results for one specific set of initial conditions, for values close to the transition thickness. The 1D and

2D results are approximately equivalent. B, Percentage of synthetic (S) and contractile (S/R) Vascular Smooth Muscle Cells (VSMCs) for

arteries of different arterial intima-media thickness (IMT). Both 1D and 2D simulations exhibit an almost collective phenotypic switch of

VSMCs for the IMT approximately equal to 0.50 mm. C-F, 1D and 2D are equivalent in terms of the average values of Notch proteins for

arteries of different IMT
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The parameters λN, λJ, and nJ are all related to the function Hs (Equation [5]), describing the effects of Notch trans-
activation (with the subsequent increase of NICD levels) on the production of Notch (λN) and Jagged (λJ and nJ). When
Hs > 1, Notch transactivation leads to upregulation of the different Notch proteins (depending on the production term
that it multiplies in Equations [1]-[4]); when Hs < 1, Notch transactivation leads to downregulation; and for Hs = 1,
Notch transactivation has no effects on Notch protein production. We observe that the simulations predict that cells
have values of I below 200 (see eg, Figures 2–4F). As shown in Figure 7, for these values of I, the parameter variations
correlated with large differences between the 1D and 2D simulations cause an increase of the Notch upregulation
(Figure 7A) or a decrease of the Jagged upregulation (Figure 7B,C) as a result of Notch transactivation. It appears that

FIGURE 4 1D and 2D simulations with six neighbors per cell, considering periodic boundary conditions, present almost equal

results. A, Example of computational results for one specific set of initial conditions, for values close to the transition thickness. The 1D and

2D results are approximately equivalent for these results, as well as for the percentage of synthetic (S) and contractile (S/R) Vascular Smooth

Muscle Cells in arteries with different thickness (B) and for the average values of Notch proteins for arteries of different intima-media

thickness (C-F)
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these parameter variations disrupt the process of Jagged-Notch lateral induction, which cannot induce a uniform level
of NICD among the VSMCs anymore, and a scattered phenotypic pattern is present within the arterial wall (Figure 8).
In particular, the decrease of Jagged upregulation weakens the process of Jagged-Notch lateral induction because, with
these parameters, VSMCs with transactivated Notch mainly upregulate Notch while keeping Jagged approximately

FIGURE 5 Some parameter variations

cause large differences between 1D and 2D

simulations. The figures show the mean

squared error of the percentage of synthetic

cells as computed by the 1D simulations

against the 2D simulations with four (A) and

six neighbors (B), or as computed by the 2D

simulations with four neighbors against the

2D simulations with six neighbors (C). The

color scheme represents model parameter

variations (horizontal axis) going from

negative (from −75% dark blue to −25% light

blue) to positive (+25% light red to +75% dark

red), and the horizontal dashed lines indicate

the values resulting from the simulations with

the original parameters
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constant. Therefore, these cells rapidly become contractile cells because of high Notch transactivation but, on the other
hand, due to their relatively low level of Jagged, they cannot induce the surrounding cells to become contractile via
transactivation. This causes a major dependence of the simulations on the initial conditions (Figure 6) and on the

FIGURE 6 Some parameter variations

cause large dependence of the computational

results on the initial conditions. The figures

show standard deviation of the percentage of

synthetic cells within the same arterial wall

with respect to different initial conditions.

The color scheme represents model

parameter variations (horizontal axis) going

from negative (from −75% dark blue to −25%
light blue) to positive (+25% light red to

+75% dark red), and the horizontal dashed

lines indicate the values resulting from the

simulations with the original parameters
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number of cell neighbors (Figure 5). A similar mechanism seems to occur also when increasing Notch upregulation as
a result of Notch transactivation (Figures 7A and 8), which also causes the solution to be more dependent on the initial
conditions and on the number of neighbors (Figures 5 and 6). Therefore, it appears that, for an efficient Notch-Jagged
lateral induction process, a correct balance between Notch and Jagged upregulation is necessary. This highlights the
importance of determining the effects of Notch transactivation on Notch expression not only qualitatively but also
quantitatively.

3.4 | Local variations of cell connectivity corresponds to local effects on Notch signaling

So far, all simulations were performed by assuming a constant number of VSMCs along the circumferential direction
and a homogeneous cell distribution. However, small heterogeneities in the cell distribution might appear. These varia-
tions might be caused for example by the arterial geometry, as the arterial inner layer is shorter than the outer layer
(Figure 1D), which can cause the number of cells along the circumferential direction increases when going from the
inner to the outer arterial wall layers (Figure 1D). To investigate whether small heterogeneities in the cell distribution
can potentially affect Notch dynamics in arteries, as a representative case, we assumed that the number of VSMCs pre-
sent along the circumferential direction of the simulated arterial wall portion increases by one cell every three layers in
the radial direction. This rate of increase was chosen to test the effects of a relatively high rate, while limiting the com-
putational costs deriving from choosing higher rates. Periodic boundary conditions were adopted also in these simula-
tions, by assuming that the first row of cells is connected with the last row of cells. We observe that, although the
computational model was obtained by accounting for the length of the interfaces among cells (Appendix A), for simplic-
ity in these latter simulations the length of the interfaces among cells was not considered. Nevertheless, Equations (1) to
(4) are still valid by assuming that cells equally distribute their Notch proteins among their neighbors, irrespective of
the length of the interfaces. This assumption enabled us to focus on the effects of variations in the number of neighbors
rather than the cellular geometry, which can be much more variable. Therefore, the periodic boundary conditions were
implemented by connecting cell-cell neighbors, while neglecting the actual length of the cell-cell interfaces. In Figure 9,
the results of these simulations with the original parameters and the comparison with the simulations with a constant
number of VSMCs through the circumferential direction are reported. We can observe that, in these simulations, some

FIGURE 7 Shape of the shifted Hill-type function Hs(I, λ, n) (Equation [5]) with parameter variations of λN (A), λJ (B), and nJ (C). The

values of Hs increase (A) or decrease (B) together with the values of λN (A) and λJ (B). On the other hand, an inverse proportionality can be

observed for variations of nJ (C) when I < 200, such that Hs(I, λJ, nJ) decreases for increasing values of nJ
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of the VSMCs do not retain the same phenotype as the surrounding neighbors (Figure 9A). This causes the phenotypic
switch from synthetic to contractile VSMCs to be slightly more gradual (Figure 9B). The fact that the average values of
Notch proteins and NICD are unchanged compared to simulations with a constant number of cells through the circum-
ferential direction (Figure 9C-F) indicates that variations of NICD levels of some of the VSMCs compensate each other.
This means that, when looking for example at the results for the IMT equal to 0.48 mm (Figure 9A), while a few VSMCs
have relatively large values of NICD and are thus contractile, this is compensated by low values of NICD of some of the
neighboring cells. As shown in Figure 9A, the VSMCs having different NICD values compared to the neighbors are
located at the boundaries, where the number of cells through the circumferential direction was increased. When this
cell number is increased, cells do not always have six neighbors (because of the different number of cells in different
layers). Cells with a lower number of neighbors are generally in contact with a lower amount of Notch ligands, which
affects their NICD level and phenotype. A similar mechanism occurs for cells with a higher number of neighbors com-
pared to the typical number of cell neighbors, although with an opposite effect. In particular, these cells are strongly

FIGURE 8 Some of the parameter sets cause a weakening of the Jagged-Notch lateral induction process and large differences between

1D and 2D simulations. Results of the simulations for representative initial conditions, for values close to the transition thickness, and for

the parameter variations that were causing major differences between 1D and 2D simulations. These variations can disrupt the process of

Jagged-Notch lateral induction and induce a heterogeneous distribution of Vascular Smooth Muscle Cells in terms of their phenotype both

in 1D and 2D (A and C) or just in case of 1D simulations (B)
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induced to become contractile. In conclusion, the variation of cell connectivity for a few cells alters the process of
Jagged-Notch lateral induction, such that the cell phenotype and the level of NICD is not completely uniform. How-
ever, the effects are very local, and only the cells with a different number of neighbors are affected. This suggests that
local variations on the number of neighbors can occur without disrupting tissue homeostasis.

FIGURE 9 For simulations with increasing number of cells in the arterial circumferential direction, with periodic boundary conditions, some

of the cells exhibit different phenotypes compared to the neighboring cells (A). This causes the Vascular Smooth Muscle Cell (VSMC) phenotypic

switch to be more gradual compared to simulations with a constant number of VSMCs along the circumferential layers (B), although the switch

still occurs at the same intima-media thickness (IMT) (approximately 0.50 mm). C-F) The simulations with an increasing (red) and constant (blue)

number of VSMCs along the circumferential layer predict the same average values of Notch proteins for arteries of different IMT
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4 | DISCUSSION

In this study, we extended a previously developed 1D agent-based model for Notch signaling in arteries to a 2D for-
mulation, thereby enabling the investigation of the Notch signaling dynamics for arteries having different numbers
of cell neighbors and a more realistic cell distribution. The computational results indicate that, as long as periodic
boundary conditions are present (such as in arteries), the number of neighbors has little effect on the predicted phe-
notype of VSMCs. The sensitivity analysis performed within this study indicates that this is most likely due to the
presence of Jagged-Notch lateral induction, which ensures a uniform level of NICD within the entire arterial wall,
dependent upon the arterial wall thickness and independent from the number of neighbors. Parameter variations
weakening the Jagged-Notch lateral induction corresponded to large differences between results obtained with
arteries populated by VSMCs having different cell connectivity (Figure 5). The sensitivity analysis showed that
Jagged-Notch lateral induction is weakened when Notch is much more upregulated than Jagged. This highlights the
importance, for future studies, to determine the effects of Notch transactivation on the Notch expression not only
qualitatively but also quantitatively, as different degrees of Notch upregulation can lead to different Notch signaling
dynamics.

In most of our simulations, we assumed a homogeneous distribution of cells and therefore a uniform number of cel-
lular neighbors. When assuming that the number of cells increases from the inner to the outer layer of the arterial wall,
the simulations predicted that a few VSMCs retain a different phenotype compared to the surrounding cells (Figure 9).
This heterogeneity of VSMC phenotype within the same arterial wall has been observed also experimentally by Christen
et al.29 who observed that healthy and fully developed arterial walls are mostly populated by contractile VSMCs, but
also contain a few synthetic VSMCs. As mentioned in Christen et al,29 this heterogeneity might be caused by genetic
differences among VSMCs within the same population. Nevertheless, the influence of local variations in the numbers
of neighbors might also contribute to the emergence of this phenotypic heterogeneity, as indicated by our simulations
(Figure 9). To investigate this aspect of Notch signaling in arteries further, simulations with a more heterogeneous cel-
lular distribution might be performed, for example, by adopting a similar approach as in Nolan and Lally,30,31 who
investigated arterial remodeling with a 2D agent-based modeling approach considering a heterogeneous distribution of
cells. Nevertheless, our simulations suggest that, although the number of cell neighbors has some very local effect on
the VSMC phenotype, Notch signaling and its implications for arterial homeostasis are hardly affected in the majority
of the arterial wall (Figure 9B).

The strong similarities between the 1D and 2D results for parameters associated with VSMCs in arteries corrobo-
rates the validity of the computational results from Loerakker et al20 where, with the 1D version of the agent-based
model herein extended, we gave a potential explanation for the emergence and stabilization of a homeostatic arterial
wall thickness. Given the similarity between 1D and 2D results and the limited computational time of 1D simulations
compared to 2D, which was generally almost four times slower, the 1D approach could be adopted in future studies on
Notch signaling in the arterial wall. Nevertheless, the results of the sensitivity analysis (Figure 5) indicate that the 1D
simulations should be adopted only when the Jagged-Notch lateral induction process is expected to have a prominent
role. Processes other than lateral induction (upregulation of Notch proteins) or inhibition (downregulation of Notch
proteins) as a result of Notch transactivation can also play a role in the regulation of cellular phenotypic patterns. For
example, by combining experimental and computational techniques, Sprinzak et al (2010) demonstrated that cis-
inhibition of proteins within the same cell can lead to salt-and-pepper patterns without the presence of transcriptional
effects of Notch transactivation. Cis-inhibition is most likely also partly responsible for the salt-and-pepper pattern that
arises in the simulations shown in Figure 8A; in fact, if the same parameters are adopted while diminishing the rate of
cis-inhibition kc, the salt-and-pepper pattern is lost and the 1D simulations become again very similar to the 2D simula-
tions (Figure S1A,B in the Supplementary Information). This suggests that, with the parameter modifications of the
simulations of Figure 8A, Notch upregulation was misbalanced compared to Jagged upregulation and consequently,
cells with high NICD content were prone to increase Notch more than Jagged as a result of Notch transactivation. Due
to cis-inhibition, these cells degrade most of their ligands with the widely available Notch receptors and, therefore, are
not able to transactivate the neighboring cells while they can still receive signal via the remaining Notch receptors.
Therefore, this process can create a salt-and-pepper pattern even in case of lateral induction, which then needs to be
balanced enough to counteract the effects of cis-inhibition. Cis-inhibition has been proven to occur among Notch1 and
Dll1 while, to our knowledge, it still needs to be observed among Notch3 and Jagged1 VSMCs. Verifying such mecha-
nism would be very relevant in future experimental studies, as the absence of cis-inhibition among Jagged1 and Notch3
in VSMCs might be an added control stabilizing the process and effects of lateral induction in VSMCs.
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To maintain the tractability of the computational simulations and limit the computational costs, in the present
study, we restricted our analysis to 2D simulations, although the proposed computational model can also be applied to
3D settings. In particular, Equations (1) to (4) proposed to describe Notch signaling for cells having different cell con-
nectivity are general and applicable to 3D settings. For example, arterial cells and cell neighbors in the direction of the
arterial length could also be considered and simulated, while assuming that the simulated artery is long enough to con-
sider periodic boundary conditions of the system along such direction. Similar to the 2D setting (see Figures 2–4), in
this case the presence of periodic boundary conditions and the process of lateral induction cause cells to have a uniform
phenotype and the 3D simulations to be again equivalent to the 1D simulations, as shown in Figure S1C of the Supple-
mentary Information. In particular, in Figure S1C we show that 1D simulations are equivalent to 3D simulations
obtained by assuming that each VSMC has two neighbors for each of the three dimensions (for a total of six neigh-
bours). This suggests not only that the proposed model can be applied to 3D but also that the findings of this study are
valid also for cellular networks in 3D arteries.

The equations that were identified to extend the 1D agent-based model to a 2D formulation were obtained as a gen-
eralization of the equations proposed in Loerakker et al20 and as a more specific case compared to the equations pro-
posed in Shaya et al.28 In the latter study, Notch signaling among epithelial cells was investigated with a computational
model accounting for the heterogeneity of the contact area of a single cell with its different neighbors. By comparing
the computational results with experiments, they concluded that the Notch-Delta interaction between two neighbors is
proportional to the length of the neighbor contact. In the present study, for simplicity, we assumed all neighbor con-
tacts to have a constant length within the same VSMC population, thereby neglecting this potential feature of Notch
signaling among VSMCs. This assumption is motivated by the fact that it is not yet clear whether Notch signaling
among VSMCs occurs via filopodia or larger cell-cell contacts. Future studies might elucidate this aspect and investigate
the effect of heterogeneous values of neighbor contact lengths on Notch signaling in VSMC populations.

Both here and in Loerakker et al,20 the strain experienced by VSMCs in arteries was only approximated
(Equation [7] for more details) by assuming this strain to be transmurally uniform in the arterial wall. Previous studies
indeed indicate that a uniform strain within arteries is ensured by residual stress.32,33 However, this might not be the
case for arteries undergoing prolonged hypertension, which is known to cause variations of the pre-stress distribu-
tion.2,4,34 Furthermore, tissue-engineered arteries are expected not to exhibit residual stress right upon implantation,
with a consequent heterogeneity of the strain throughout the thickness of the arterial wall. To investigate the effects of
a transmurally heterogeneous strain, the present agent-based model could be coupled with a macroscopic mechanical
analysis of the arterial wall, as previously done in other studies with different agent-based models.30,31,35,36

In conclusion, in this study, we developed a 2D agent-based model for Notch signaling among VSMCs in arterial
walls, enabling the simulation of Notch dynamics with a more physiologically representative distribution of cells. The
main features of the model were tested by simulating arteries with homogeneously distributed cells. The computational
simulations with the original parameter values and the sensitivity analysis suggest that cell connectivity has marginal
effects on Notch dynamics in arteries when Jagged-Notch has a dominant role, while different degrees of cell connectiv-
ity lead to different outcomes when Jagged-Notch lateral induction is disrupted. This disruption process can occur when
Notch is much more upregulated than Jagged as a result of Notch transactivation. Therefore, future experimental stud-
ies should focus on determining the effects of Notch transactivation not only qualitatively, but also quantitatively.
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APPENDIX

Derivation of Equations (1) to (4)
In the present study, we extended the 1D model of Loerakker et al20 to a 2D formulation. The differential equations
describing the time evolution of the Notch proteins in VSMCs were obtained as a less general approach of equations
proposed in Shaya et al,28 and as a generalization of the approach taken in Loerakker et al.20 In what follows, we
describe the procedure to obtain the ordinary differential equation describing the time variation of Notch, Nij. A similar
procedure can be followed for Jij, Dij, and Iij.

Similar to Shaya et al,28 instead of considering immediately the total quantity of Notch proteins in a cell, we start by
modeling the density of Notch ligands. For simplicity of notation, in what follows we indicate with h the cell ij, such
that nh,k is the density of Notch ligands present on the membrane of cell h, at the interface with the single cell neighbor
k. dh,k and jh,k represent analogous quantities for Delta and Jagged. On the other hand, dk,h and jk,h are the density of
Delta and Jagged present on the membrane of the cell k, at the interface with the cell neighbor h. Thus, these two quan-
tities represent the Notch ligands available for binding with the Notch receptor nh,k. The time variation of the density of
Notch receptors can be modeled by

dnh,k

dt
=
Npr,mechHs

Lh
− k̂cnh,k dh,k + jh,k

� �
− k̂t dk,h + jk,h

� �
−γnh,k, ðA1Þ
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where, for simplicity of notation, we have neglected the variables of the function Hs. The first term on the right-hand
side describes the production of Notch which is distributed isotropically over the perimeter of the cell Lh. The second
term describes the cis-inhibition of Notch receptors with Notch ligands within the same cell. The third term represents
the transactivation of Notch receptors in the cell h by Notch ligands in the cell k. The last term represents the degrada-
tion of Notch receptors within the cell h.

We observe that the parameters k̂c and k̂t are not exactly the same as the parameters kc and kt adopted in Boareto
et al17 and Loerakker et al.20 In fact, while the dimension of kc and kt is [molecules-1s-1], the dimension of k̂c and k̂t is
[m1molecules-1s-1]. The parameters kc and kt will be obtained from k̂c and k̂t , respectively, via a normalization
procedure.

The density of Notch ligands nh,k is related to the total amount of Notch ligands Nh =
PMh

k=1
nh,klh,k , where Mh is the

number of neighbors of cell h, and lh,k is the length of the interface between cell h and cell k. Given this relationship,
we can find the time variation of the total amount of Notch receptors:

dNh

dt
=

d
dt

XMh

k=1

lh,knh,k =
XMh

k=1

lh,k
dnh,k

dt
= ðA2Þ

=Npr,mechH
s

PMh

k=1
lh,k

Lh
− k̂c

XMh

k=1

lh,knh,k dh,k + jh,k
� �

− k̂t
XMh

k=1

lh,knh,k dk,h + jk,h
� �

−γ
XMh

k=1

lh,knh,k = ðA3Þ

=Npr,mechH
s− k̂c

XMh

k=1

lh,knh,k dh,k + jh,k
� �

− k̂t
XMh

k=1

lh,knh,k dk,h + jk,h
� �

−γNh: ðA4Þ

By assuming that the rate of diffusion of Notch proteins within the cell membrane is much larger than the rate of
Notch protein binding, production, and degradation, we have that nh,k = nh,k0 for all k, k0 neighbors of the cell h, and
thus Nh = nh,kLh. Similarly, Dh = dh,kLh and Jh = jh,kLh. From this, Equation (A4) becomes

dNh

dt
=Npr,mechH

s− k̂c
Nh

Lh
Dh + Jhð Þ− k̂t

Nh

Lh

XMh

k=1

lh,k dk,h + jk,h
� �

−γNh:

At this point, for simplicity we assume that the length of the interface between each cell neighbor in a single popu-
lation is equal to a constant value l. This assumption is here motivated by the fact that it is not yet clear whether VSMCs
interact with Notch signaling via filopodia, lamellipodia, or larger cell-cell contacts. From this, it follows that lh,k does
not depend on h and k, and Equation (A5) becomes

dNh

dt
=Npr,mechH

s− k̂c
Nh

Lh
Dh + Jhð Þ− k̂t

Nh

Lh

XMh

k=1

Dk + Jk
Mk

−γNh,

where Mk is the number of cell neighbors of the cell neighbor k. Now we normalize k̂c and k̂t with the average perime-
ter of VSMCs L, assuming that this average is constant among different cell populations; we define kc =

k̂c
L and kt = k̂t

L ,
which are equivalent to the parameters adopted in the main text (with the same dimension). Given this definition,
we have

dNh

dt
=Npr,mechH

s−kc
L
Lh

Nh Dh + Jhð Þ−kt
L
Lh

Nh

XMh

k=1

Dk + Jk
Mk

−γNh:

Finally, by introducing M as the average number of cell neighbors and l as the length of each cell-cell contact within
a single cell population, we have L = Ml and Lh = Mhl, such that:
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dNh

dt
=Npr,mechH

s−kc
M
Mh

Nh Dh + Jhð Þ−kt
M
Mh

Nh

XMh

k=1

Dk + Jk
Mk

−γNh: ðA5Þ

which is the equation reported in the main text.
We here observe that, when VSMCs within a population have constantly the same number of neighbors, then

Mk = Mk
0 for each k, k0 cell neighbor and L = Lh = lMh for each VSMC h. In that case, Equation (A5) becomes

dNh

dt
=Npr,mechH

s−kcNh Dh + Jhð Þ−kt
Nh

Mh

XMh

k=1

Dk + Jkð Þ−γNh: ðA6Þ

When Mh = 2 this equation is equivalent to the approach adopted in Boareto et al17 and Loerakker et al.20

Parameter values motivated by experiments
The model parameters for the computational simulations were chosen as in our previous work,20 and similar to the pre-
vious study of Boareto et al.17 As such, the choice of the parameters can be justified on the same grounds, which we
summarize here, approximately following the order of the parameters as reported in Table 1. The values of Notch and
Jagged production rates (Npr and Jpr) were chosen so that the model predicts that each cell contains a few thousands of
proteins as a maximum value, as experimentally motivated.17,37 In a similar fashion, the value of I0 was chosen to
reflect the fact that the value of NICD within the nucleus is usually in the order of a few hundred.17 Since no Delta pro-
tein expression was reported for VSMCs in vivo19 and little expression was observed in vitro,20 a small value for the
Delta production rate (Dpr) was chosen, such that Jpr � Dpr. The Jagged protein content in endothelial cells (JEC) was
then chosen approximately equal to the value of J that had been predicted across cells in arteries without mechanical
stimuli. As experimentally motivated,27 the cis-inhibition rate (kc) was assumed to be one order of magnitude higher
than the transactivation rate (kt). As Notch signaling is known to decay quite quickly,38 the degradation of NICD (γI)
was chosen five times faster than the degradation of other Notch proteins (γ). Although other cross-talking pathways
might be involved, Delta-Notch signaling often mediates lateral inhibition processes and, therefore, Notch trans-
activation has often been assumed to downregulate Delta expression,16,17 which entails λD < 1. On the other hand, as
shown experimentally (see supplementary material of our previous work20), Notch transactivation by external Jagged
proteins upregulates the production of Jagged1 and Notch3, and thus λJ and λN were chosen accordingly (λJ > 1,
λN > 1). As in Boareto et al,17 the values of the Hill coefficients nN and nD were based on the experimental data fitting
performed by Sprinzak et al,27 while a higher value for nJ was chosen to account for Notch crosstalking pathways via
miR200 and Snail.39-41 The sensitivity of Notch3 and Jagged1 production to strain (AN and AJ) were based on the experi-
mental data fitting that we performed in our previous study.20 The average physiological strain (εp) and the radius (r) of
native human carotid arteries were based on experimental data from the literature.42-46 Finally, the average physiologi-
cal stress (σp) was estimated with the Laplace's equation, starting from the physiological systolic pressure (p) and IMT
values reported in the literature.43-46
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