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Abstract

Blood vessels grow and remodel in response to mechanical stimuli. Many computational models capture this process
phenomenologically, by assuming stress homeostasis, but this approach cannot unravel the underlying cellular mechanisms.
Mechano-sensitive Notch signaling is well-known to be key in vascular development and homeostasis. Here, we present a
multiscale framework coupling a constrained mixture model, capturing the mechanics and turnover of arterial constituents,
to a cell-cell signaling model, describing Notch signaling dynamics among vascular smooth muscle cells (SMCs) as
influenced by mechanical stimuli. Tissue turnover was regulated by both Notch activity, informed by in vitro data, and a
phenomenological contribution, accounting for mechanisms other than Notch. This novel framework predicted changes
in wall thickness and arterial composition in response to hypertension similar to previous in vivo data. The simulations
suggested that Notch contributes to arterial growth in hypertension mainly by promoting SMC proliferation, while other
mechanisms are needed to fully capture remodeling. The results also indicated that interventions to Notch, such as external
Jagged ligands, can alter both the geometry and composition of hypertensive vessels, especially in the short term. Overall,
our model enables a deeper analysis of the role of Notch and Notch interventions in arterial growth and remodeling and could
be adopted to investigate therapeutic strategies and optimize vascular regeneration protocols.

Keywords Constrained mixture model - Notch signaling - Growth and remodeling - Mechanobiology - Artery - Jagged
ligands

1 Introduction growth and remodeling (G&R) has been captured by numer-

ous computational models using one of two basic approaches

Blood vessels grow and remodel in response to changing
mechanical stimuli. It is generally hypothesized that this
phenomenon serves to establish and maintain mechanical
homeostasis (Humphrey 2008). Such mechano-regulated
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(reviewed in Cyron and Humphrey (2017); Ambrosi et al.
(2019)). Kinematic growth models emphasize consequences
of growth by describing changes in the shape and size of a
body (Rodriguez et al. 1994); constrained mixture models
(CMMs) focus more on processes of G&R by accounting for
the production and removal of individual tissue constituents
having distinct mechanical properties and stress-free config-
urations in evolving tissue states (Humphrey and Rajagopal
2002). CMMs have been successful in capturing the asso-
ciated mechanobiology and similarly immunobiology, thus
increasing our understanding of vascular G&R in health, dis-
ease, and regeneration. For example, they have been adopted
to predict how the alignment of new collagen fibers affects
the stability of enlarging intracranial aneurysms (Baek et al.
2006). Conversely, they have predicted important features of
the in vivo development of tissue-engineered vessels from
polymeric scaffolds and enabled the systematic assessment
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of scaffold parameters (Miller et al. 2015; Drews et al.
2020). In most cases, these CMMs have described tissue
production and removal using phenomenological constitu-
tive relations, not accounting directly for the cellular mecha-
nisms underlying mechano-regulated G&R (e.g., Baek et al.
2006, 2007; Valentin et al. 2009, 2011; Latorre et al. 2019;
Latorre and Humphrey 2020). Notwithstanding the insights
gained using this approach, phenomenological modeling
does not allow direct investigation of the consequences of
pathological mutations or targeted interventions. Including
more detailed mechanistic behavior of cells will enhance the
modeling capabilities. For this reason, cell signaling models
have been coupled with tissue-level G&R models to yield
more mechanistic understanding of the G&R (Virag et al.
2015, 2023; Aparicio et al. 2016; Marino et al. 2017; Kes-
havarzian et al. 2018; Irons et al. 2021, 2022). Such models
demand significant information on the many parallel sign-
aling pathways, which is often not available. An alternate
strategy, therefore, is to augment phenomenological G&R
models with details on single signaling pathways that are
particularly important in particular processes.

One of the main pathways responsible for vascular
development and homeostasis is juxtacrine Notch signaling
among the vascular smooth muscle cells (SMCs) within
the medial layer (Iso et al. 2003; Gridley 2007; Baeten
and Lilly 2017). In the canonical Notch pathway, Jagged
or Delta-like ligands interact with membrane-bound Notch
receptors of adjacent cells, resulting in the cleavage of the
Notch intracellular domain (NICD), which then translocates
to the nucleus to regulate the transcription of Notch target
genes. Numerous studies have revealed that Notch strongly
influences the behavior of SMCs in health and disease (Iso
et al. 2003; Gridley 2007; Del Monte et al. 2011; Baeten
and Lilly 2017; Masek and Andersson 2017; Li and Kong
2020; Ristori et al. 2021; Karakaya et al. 2022b), including
during many instances of G&R. The Notch pathway is also
increasingly recognized as mechano-sensitive (Stassen et al.
2020, Karakaya and Van Asten et al. 2022a). For example,
Notch signaling between SMCs responds to changes in
strain by altering the expression of Notch receptors and
Jagged ligands (Morrow et al. 2005; Loerakker et al. 2018;
Karakaya et al. 2022a). This mechano-sensitivity, combined
with its influence on SMC behavior, makes the Notch
pathway a strong candidate to be one of the key mechanisms
responsible for mechano-regulated G&R in blood vessels.

Several computational models of Notch signaling have
been developed to increase our understanding of Notch-
regulated processes in various tissues (Binshtok and Sprin-
zak 2018). The mechano-sensitivity of Notch has also been
included in recent models to predict the phenotype of SMCs
(Loerakker et al. 2018; Ristori et al. 2020; Van Asten and
Ristori et al. 2022). Simulations with these models have
suggested that Notch mechano-sensitivity may be one of the
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key mechanisms in both the establishment (Loerakker et al.
2018) and maintenance (Van Asten and Ristori et al. 2022)
of arterial homeostasis, given its role in modulating the SMC
phenotype. For example, we have recently adopted this model
to show that the sensitivity of Notch to mechanical strain at
mean blood pressure may explain, in part, the thickening of
the arterial wall in response to hypertension (Van Asten and
Ristori et al. 2022). Yet, the tissue-scale G&R necessary for
modeling homeostasis was only implied, not modeled explic-
itly. Thus, it was not possible to investigate the full feedback
cycle involving Notch signaling, tissue-level G&R, and wall
mechanics to simulate the establishment and maintenance of
arterial homeostasis and to understand the role of Notch in
these processes.

Here, we develop a multiscale computational framework
combining Notch signaling dynamics with tissue-level G&R
to understand better the role of Notch signaling in the mech-
ano-regulated G&R of blood vessels. Coupling the Notch
model to a CMM extends the capabilities of these individual
models, enabling us to explore effects of Notch interventions
and study the role of Notch in long-term vascular homeosta-
sis. This coupling was informed by in vitro data obtained from
human coronary artery SMCs. G&R was assumed to depend
not only on Notch, but also on a combination of other factors,
grouped together in a phenomenological contribution. The
multiscale framework was first tested by simulating hyperten-
sive arteries and subsequently adopted to investigate effects
of interventions to the Notch pathway. This application was
motivated by previous studies suggesting that Notch could
serve as a therapeutic target in vascular disease (Zhou et al.
2015; Zhu et al. 2017; Davis et al. 2018; Morris et al. 2019;
Ristori et al. 2021) and regeneration (Carlson et al. 2007;
Zohorsky and Mequanint 2021; Tiemeijer and Ristori et al.
2022a; Karakaya and Van Asten et al. 2022a, Tiemeijer and
Sanlidag 2022b). The model predicted that Notch mainly con-
tributes to arterial thickening in response to hypertension by
promoting SMC proliferation and that other mechanisms are
necessary to fully capture remodeling. The simulations further
suggested that presenting external Jagged ligands to SMCs
primarily affects the arterial composition in the early stages
of adaptation. Taken together, our model is a step forward in
including mechano-sensitive Notch signaling in a computa-
tional G&R framework and may serve as a tool to predict the
effects of Notch and Notch interventions on arterial G&R.

2 Methods
2.1 Constrained mixture model
Following the theory of constrained mixtures (Humphrey

and Rajagopal 2002; Latorre and Humphrey 2018a), the
arterial wall was modeled as a continuum consisting of the
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structurally significant constituents collagen, elastin, and
SMCs. The model accounts for the distinct rates of turnover
of these constituents, as well as their individual material
properties and natural (i.e., stress-free) configurations. Once
the constituents are deposited, they are assumed to deform
with the mixture. In this section, we discuss the evolving
kinematics, mass densities, the strain energy functions, the
stresses, and the constituent-specific behaviors of this model.
The CMM formulation presented here is based on Latorre
et al. 2018b, which was adapted to model the arterial wall as
a single layer. The novelty lies in the coupling of this CMM
to a computational Notch model (Sect. 2.2) to account for
Notch-regulated tissue production (see Sect. 2.4).

2.1.1 Kinematics

Deformations of the mixture are captured by the deformation
gradient tensor F. The constituents are deposited into the
mixture with constituent-specific deposition stretches G“,
which were assumed to be constant and symmetric. The
deformation of a constituent a, which was deposited at time
7, from its natural configuration to the configuration of the
mixture at time s is then expressed as:

o _ —1 o
Fn(r)(s) = F(s)F (r)G". (1)
The associated right Cauchy-Green tensor is defined as:
Cri () = Fy (9F;, (), 2)

where superscript T denotes the transpose. Equation (2) may
be rewritten as:

. . . . -7 -1
Figure 1A shows the evolving configurations of the mixture ~ Cj,(s) = G"F~" (2)C()F~ (1)G* 3)
at three G&R times. Configuration f(0), at G&R time s = 0,
is tal'<en as the bomeqstatlc reference conﬁgura.tlon, while with C(s) = FT ($)F(s).
p(s) is the configuration at the current G&R time s. The
configurations at intermediate times 7 are denoted as f(7),
with 0 < 7 < 5. Figure 1A also shows the natural configuration
of constituents a deposited at time 7, labeled as f;(r), with
a = ¢ for collagen, @« = m for SMCs, and a = e for elastin.
Fig.1 (A) Schematic represen-
tation of the evolving arterial A Sz T
geometry in the CMM. (B) a = ” —
gPCR data correlating Notch3 Bn(T) G ' F‘; . (s)
gene expression to collagen !
gene expression (left) and
KI67 gene expression (right) in
human coronary artery SMCs. F(T)
The data on collagen expres- 3
sion were obtained from both
synthetic and contractile SMCs,
while the data on K167 expres-
sion were obtained from syn- B(0) B(1) B(s)
thetic SMCs. All values were
normalized to the geometric
mean of the contractile group
to obtain relative expression F(S)
values. The lines indicate the
fits through the data, used as B
the Notch stimulus functions for
c Q m s::
f:ollagen (Y5, and SMCs (Y}) 24 . . . < 150 . .
in Egs. (32) and (33) a x in vitro data contractile SMCs * .% o in vitro data
% o in vitro data synthetic SMCs ] fitted Notch stimulus Y%
%3 fitted Notch stimulus Y5 a2
= £ 100
= Z o
© el
el g 50 °
81t = °
N = | :
g | @% 5 s 8
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Normalized Notch3 expression

Normalized Notch3 expression
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2.1.2 Mass density and strain energy evolution

Constituents may be produced or removed during the G&R
process. The evolution of the referential mass density of
each constituent (i.e., constituent mass per unit reference
volume of the mixture), is given by:

s

Pr(s) = / m(T)g* (s, T)dx, )

—0o0

where mp(7) is the referential rate of mass density production
of constituent « at time =, while g*(s, 7) is a survival function
indicating the fraction of constituent « deposited at time =
that is still present at time s. The initial referential mass
densities are calculated as p%(0) = ®%p, where @ are the
initial constituent mass fractions and p is the mass density
of the mixture. We followed the common assumption
(Latorre and Humphrey 2018a) that this density is constant
and coincides with the true mass densities of each of the
constituents (i.e., their current mass per current volume).
Similarly, the evolution of the strain energy function per
unit reference volume of the mixture can be written for each
constituent as:

N

Wa(s) = % / me(2)g (s, r)WC‘(CZ(T)(s))dT, ©)

—00

where W is the strain energy function per unit volume of
constituent a.

2.1.3 Stresses

The time scale of tissue G&R is assumed to be much
longer than that of the tissue’s mechanical response.
Consequently, while the volume of the tissue can change
between G&R time points, the tissue is assumed to be
incompressible during transient deformations due to
loading at each fixed G&R time. The Cauchy stress of the
mixture is therefore given by:

o(s)= Y 6"(s) = po)I, (6)

with o® the Cauchy stress of constituent @ and p(s) a
Lagrange multiplier associated with the incompressibility
constraint, which needs to be determined from the
equilibrium equations and boundary conditions.

From the strain energy function in Eq. (5), we can derive
the second Piola—Kirchhoff stress for each constituent at the
mixture level, namely:

@ Springer

IWE(s)

S*(s) =2 3CG)

@)
We rewrite Eq. (7) using the chain rule as:

0W“<CZ(,)(s)> 9CE\(9)

0C(s)

a _ 2 ’ o a
SORS / RO 60—

®)
To determine the derivative in the last term of Eq. (8), we
rewrite the right Cauchy-Green tensor from Eq. (3) as:

Ci,($) = GF (1)  G"F ' (7) : C(s), )
where the symbol © denotes the crossed dyadic product,
(A ©B);yy = AyBj, and find:

aCZ(T)(s) GaF—T GaF—T 10
oCG) () 0O (7). (10)

Substituting this expression into Eq. (8) and rearranging,
we obtain:

§*(s) = 1; / m(D)" (5, OF (068" (s (9) ) GF 7 (),
(11)

where we have introduced the second Piola—Kirchhoff stress
at the constituent level (derived from W%), defined as:

—00

oW (e )

_ N\ (12)
ace _(s)

S"(CZ(T)(S)> =2

By performing the usual push-forward operation, we
obtain the Cauchy stress tensor at the mixture level:

o(s) = %F(s)sa(smf(s), (13)

with the volume ratio J(s) = detF(s). Using Eq. (11), we
obtain:

6% (s) = ﬁ /_ ; m(2)g"(s, D)F(s)F G§* (CZ(T)(S))G“F_TFT(s)dr.
14
Finally, using Eq. (1), this reduces to:

o“(s) = ﬁ [ m M) (5, DF (98 (€2 () ) oL (s)d.
as)

2.1.4 Constituent-specific behavior

Next, constitutive relations for the hyperelastic response,
rate of mass density production, and survival of each of
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the constituents need to be prescribed. As elastin (@ = e)
is mainly produced during development and degraded very
slowly, we adopted the common assumption that elastin does
not turn over during a hypertensive G&R process. As such,
the referential mass density of elastin (Eq. (4)) simplifies to:

Ps) = p(0) =2 g (16)

and the referential strain energy density of elastin at the
mixture level (Eq. (5)) becomes:

(4

g PR ece

Wes) = fw (C*(s)). (17
A neo-Hookean function was assumed for the elastin-

dominated amorphous material at the constituent level:

WW@Fgwwd—% (18)

with ¢¢ the shear modulus. We obtain the following second
Piola—Kirchhoff stress at the constituent level (analogous to

Eq. (12) with C*(s) = C<, (5)):

oWe(Ce(s))

Sces) =2
Substituting Eq. (19) into Eq. (15) and simplifying using
Egs. (16) and (17) gives the Cauchy stress contribution of
elastin:

€ e

cf = pRTF(s)GeG"FT(s), (20)

with F(s)G® = F(s) = F; ©
of elastin from its natural configuration to the current
configuration (analogous to F:(T)(S) in Eq. (1)).

We considered 2 families of collagen fibers in a symmetric
helical arrangement, similar to previous studies (Holzapfel
et al. 2000; 2002; Baek et al. 2006), at an angle of ¢ with
respect to the axial direction. In addition, similar to prior
studies (Humphrey et al. 2007; Valentin and Humphrey,
2009; Latorre and Humphrey 2018a, b), we assumed that the
SMCs are oriented in the circumferential direction and only
contribute to the stress in that direction. Following previous
studies (Latorre and Humphrey 2018a, b), a Fung-type
constitutive function was selected to describe the hyperelastic
response of collagen and SMCs:

(s) representing the deformation

W%%m®)=£%GWPKﬁQ®—IY]—Q @

where a = ¢, m for collagen and SMCs, respectively, c’f and

c; are constituent-specific material parameters and A7 (s)
n(t)

represents the stretch at time s of the collagen fibers or SMCs
deposited at time 7 in their respective directions with respect

to their natural configurations. Substituting this expression
into Eq. (12) and applying the chain rule, we obtain the
contributions of collagen and SMCs to the second
Piola—Kirchhoff stress at the constituent level:

Yo ja2 a2
oW (Anm(s)) Wi ® (M ) 1)
042, (5) 0 () T

§e(Co0) =2

exp [cg (’1:(27) - 1)2] a‘*®a“”
(22)
where a® is the unit vector of the direction of constituent a,
defined in the stress-free configuration (7). Equation (22)
can be substituted into Eq. (15) to find the corresponding
Cauchy stresses. Similar to previous bio-chemo-mechanical
models of vascular G&R (Aparicio et al. 2016; Marino
et al. 2017; Keshavarzian et al. 2018, 2019; Irons and
Humphrey 2021), the active stress generated by SMCs was
not considered in the present model.
Removal of constituents is modeled with the following
exponential survival function:

(s, 7) = exp<— / ‘ k"’(t)dt), 23)

with k* the degradation rate given by:
k(1) = k2 (1 + (Ao ()?), 24)

where Ao indicates the deviation of pressure- and axial
force-induced intramural stress from a homeostatic target:

Ao(t) = (25)

c(t)—75,
G,

Here, & represents a scalar measure of the intramural stress
(defined in Sect. 2.4) and subscript o denotes the original
value.

The referential rate of production of the constituents, m;, is
regulated by a stimulus function Y*:

mp(7) = my()Y*(7) = k*(7)pp(7)Y*(2) (26)

where the (generally evolving) nominal production rate
mj, can be written in terms of the degradation rate &% and
the referential mass density pz. Classically, the stimulus
function Y“is determined phenomenologically and depends
on deviations in stress from homeostatic target values. In
the present study, Y* is partly determined mechanistically:
in addition to deviations in stress, Y* also depends on the
Notch signaling activity in the SMCs. Thus, the definition of
Y* will be given in more detail in Sect. 2.4, after describing
the Notch signaling model.

@ Springer
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2.2 Notch signaling model

A previously developed model for cell-cell Notch
signaling (Loerakker et al. 2018) was used herein to
inform the tissue-scale G&R in the CMM. This model
is based on prior studies (Sprinzak et al. 2011; Boareto
et al. 2015), and has proven useful in investigating roles
of Notch in hypertensive remodeling independent of
tissue-level G&R (Van Asten and Ristori et al. 2022).
Briefly, the model considers a one-dimensional array of
SMCs in the radial direction of the arterial wall. Previous
computational analysis from our group indicated that
this one-dimensional array is sufficient to represent the
signaling occurring in 2D and 3D in arteries (Ristori et al.
2020). The content of several Notch-related proteins is
tracked in each SMC individually using the following set
of rate equations (ordinary differential equations):

dN;
J o
— =Norexp (AyEg)H* (1 A p) = keN; (D, + 7))
D_,+D_ ,+J_,+J;
J-1 J+1 J-1 J+l
_ka/< 2 ) _klN/(].ml +Jim) - VN/'

@7)

daJ; ‘ N_, +N,,

— = o exp(A Egg)H* (I, A p) = k.S N; = k,g(%) -7J;
(28)

dD./' s N;‘—l + N/+1

i = Dol A D) = kDN, = kD === ) = 7D; (29)

dl Dy +Djy +Ji o+

7; = kth< 3 > +kNiJy = 111,
(30)

where N;, J;, D;, and I; represent the content of Notch,
Jagged, Delta, and NICD in cell j, respectively, and k, and
k. are rate parameters for trans-activation (between receptors
and ligands of adjacent cells) and cis-inhibition (between
receptors and ligands of the same cell), respectively. The
parameters J,,; and J,,, represent the number of soluble and
immobilized Jagged ligands available per SMC, respectively.
The autoregulatory effects of Notch activation on the
production of Notch, Jagged and Delta, are included by
multiplying the base production rates of these proteins (N,

7o

J,r» and D)) with a Hill function accounting for the Notch
transcriptional activity following trans-activation:
1-A
HSIL,Ap)=A+ —————,
L+ (/1) ev

where A determines the changes in protein production due
to trans-activation, /, defines the transition point between
a convex and a concave response of the Hill function, and
p indicates how sensitive the protein production is to the

@ Springer

NICD content. The mechano-sensitivity of Notch and Jagged
in VSMCs (Morrow et al. 2005; Loerakker et al. 2018) is
included by modulating the production of these proteins
using an exponential function dependent on the normal
Green—Lagrange strain of the SMCs in the circumferential
direction, E,,, and on the mechano-sensitivity parameters
Ay and A, for Notch and Jagged, respectively. Protein
degradation is described with the degradation parameters
yand y;.

Analogous to a previous approach (Tiemeijer and Ristori
et al. 2022a), Egs. (27) and (30) were modified from earlier
works (Loerakker et al. 2018; van Engeland et al. 2019;
Ristori et al. 2021; Van Asten and Ristori et al. 2022) to
incorporate effects of external Jagged ligands, either soluble
(J,,p) or immobilized to a surface (J;,,). In the current model,
Notch receptors not only can interact with cell-bound
Jagged and Delta ligands, but also with external Jagged
ligands (Eq. (27)). Based on experimental observations,
it was assumed that interactions between Notch receptors
and immobilized Jagged ligands lead to Notch activation
and release of NICD (Beckstead et al. 2009; Bhattacharyya
et al. 2014; Manokawinchoke et al. 2017), while soluble
Jagged ligands inhibit Notch signaling by occupying Notch
receptors without activating them (Caolo et al. 2011;
Xiao et al. 2013; Zhou et al. 2015). As a result, binding
between Notch and J;, could result in Notch activation
and consequential increase in NICD in Eq. (30) (second
term), while binding between Notch and J,,, only elicited a
decrease in the free Notch content (Eq. 27, fourth term). It
was assumed that the external ligands have the same affinity
to Notch as native, cell-bound ligands. As the interaction
rate k, depends on the receptor-ligand affinity (Luca et al.
2017), the interactions between Notch receptors and external
Jagged ligands were assumed to occur at the same k; as trans-
interactions. k, 2017). Furthermore, a constant content of
external Jagged ligands was assumed by assigning constant
values to J,; and J,,,. This assumption was made as we are
interested in the effects of external Jagged when they still
have a significant contribution to G&R, and not when their
concentration has diminished over time.

2.3 Experimental data

To correlate tissue formation with different levels of Notch
activity in the model, data from in vitro experiments,
obtained in our previous study (Karakaya et al. 2022b),
were analyzed and used as input. The methods for cell
culture, induction of Notch signaling, and qPCR analysis
are described in detail in our previous work (Karakaya
et al. 2022b). Briefly, human coronary artery SMCs
(Lonza) were cultured for a minimum of 7 days, according
to the manufacturer’s protocol, in human vascular muscle
cell basal medium (Gibco) supplemented with either
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5% smooth muscle growth supplement (Gibco) to obtain
synthetic SMCs or 1% smooth muscle differentiation
supplement (Gibco) to obtain contractile SMCs. Data from
contractile and synthetic cells were used to correlate Notch
activity with collagen synthesis, while only data from
synthetic cells were used to correlate Notch activity with
proliferation. Cell-culture plates were coated with 2.2 pg/
cm? of bovine fibronectin (Thermo Fisher Scientific). For
Notch signal activation, 50 pg/ml Recombinant Protein G
(Thermo Fisher Scientific) was added to the fibronectin-
coated plates, followed by the immobilization of 2 pg/ml
Recombinant Human Jagged1-Fc Chimera Protein (R and
D systems) to Protein G. Synthetic and contractile SMCs
were subsequently seeded on either fibronectin-coated or
Jagged1-Fc immobilized plates, and cultured for 3 days in
their corresponding media. Samples were collected in RLT
buffer, and RNA was isolated using the RNeasy mini kit
(Qiagen) according to the manufacturer’s protocol. 165 ng
of RNA was used to synthesize cDNA with a reaction
including 50 ng random primers (Promega), 10 mM dNTPs
(Invitrogen), 5 X first strand buffer (Invitrogen), 0.1 M
DTT (Invitrogen) and M-MLV Reverse Transcriptase
(Invitrogen). qPCR was run on a CFX 384 Thermal Cycler
(Bio-Rad) with iQ SYBR Green Supermix (Bio-Rad). Ct
values of COLIAI, COL3Al, KI67, and NOTCH3 were
normalized for the housekeeping gene B2M (PrimerDesign).
The resulting data were normalized to the geometric mean
of the contractile group and calculated with comparative
C method to obtain relative expression values (Schmittgen
and Livak 2008).

2.4 Coupling and implementation

In the present study, a multiscale framework was
established by coupling the CMM for arterial G&R to the
Notch signaling model. The coupling was bi-directional,
with information from the CMM serving as input for the
Notch model, and vice versa. The strain-sensitivity of
Notch (Egs. (27) and (28)) enabled straightforward
coupling from the CMM to the Notch model. Specifically,
the Green—Lagrange strains of the SMCs in circumferential
direction were used as input for the Notch model, defined
as: Egy = 5(42 — 1), where 4, := A% (s) is the SMC
stretch corresponding to the deformation F’:(T)(s) in
Fig. 1A. For simplicity, the stretches from the cohorts of
SMCs, deposited at times 7, were averaged by dividing the
sum of these stretches by the number of cohorts. We
included only the 2000 most recently deposited cohorts
because older cohorts were assumed not to contribute
significantly to the stretch as most of their material was
already removed. In addition, the thickness & calculated

after each time step in the CMM was used to update the
number of SMCs, M, in the radial array of SMCs in the
Notch model. In particular, M was computed as i/h, where
h, is the SMC thickness assumed to be 2 pm. Thus, M was
determined independent of the SMC density. This
approach was chosen for simplicity as determining M as a
function of the SMC density would require more uncertain
assumptions about the 3D SMC arrangement. This
simplification is not expected to influence the results as
previous analysis has shown that the predicted Notch
activity was not significantly affected by the number of
SMC layers (Ristori et al. 2020). The value of #, was based
on the initial number of SMCs in radial direction: M, = 16,
estimated from histological data (Lacolley et al. 2017), and
the initial thickness: 2, = 0.032 mm (Bersi et al. 2017).

To couple the Notch model to the CMM, the influence
of Notch activity on the rate of mass production of
collagen and SMC proliferation was accounted for by
introducing Notch stimulus functions for SMCs (YY) and
collagen (Y5,). These functions were fitted to the in vitro
data correlating Notch3 expression to both collagen
expression and SMC proliferation. SMC proliferation was
quantified by the expression of the proliferation marker
KI67 (Sect. 2.3 and Fig. 1B). Notch3 expression was
taken as a measure for Notch activity, given the known
upregulation of this gene in response to Notch activation
in SMCs (Loerakker et al. 2018). In the model, Notch
activity was represented by the NICD content /. This
resulted in the following functions fitted to the in vitro
data, visualized in Fig. 1B:

Y7 = 472167 (32)

Y, = 03161 - 1)+ 1 (33)

normalized such that Y3 (I =1) = Y{(/ = 1) = 1. These
correlations assume that the measured changes in collagen
and KI67 expression were a result of only changes in Notch
signaling. In the case of KI67, this is motivated by the fact
that we compared synthetic SMCs in the control group to
Jagged-induced synthetic SMCs. Thus, the variation in
KI67 expression was a direct result of Notch activity. On the
other hand, in the case of collagen, we compared synthetic
and contractile cells with and without Jagl coating. The
observed changes in collagen expression might therefore also
have been caused by differences in culture media used for
synthetic and contractile cells. Nevertheless, the correlations
obtained by comparing the data for each phenotype
separately were very similar (Fig. 1B). This suggests that
the changes in collagen expression can to a large extent be
explained by changes in Notch activity. As Notch is not the
only pathway regulating arterial G&R, the Notch stimulus
functions were combined with phenomenological stimulus
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functions, in which all other mechanisms involved in arterial
G&R were lumped together. This resulted in a combined
stimulus function Y* which can be substituted into Eq. (26)
to regulate mass production:

Y(r) = Y3(r) + Yi(v) + YZW(T) - 2. (34)

The phenomenological stimulus functions were
formulated based on previous CMMs:

Y%(r) = 1 + K" Ac(1) 35)

Y7 (1) =1-K" Az, (7) (36)

where K% and K¢ are constituent-specific gain parameters.
Recall that Ae indicates the deviation in pressure- and axial

force-induced intramural stress (Eq. (25)); Az similarly gives
the deviation in flow-induced wall shear stress 7,

7,(t)—1,, Q(T)}"i

Az, (1) = — 0 N 1 (37)

with Q the cardiac output and r the luminal radius. The
influence of Notch signaling on SMC contractility was
not considered. When experimental data describing this
influence become available, future studies might incorporate
SMC activity in the CMM.

To explore the compatibility of the combined stimulus
function, we investigated two different hypotheses for
the definition of the scalar measure of the intramural
stress, o. For the first hypothesis, we assumed that the
phenomenological stimuli Y respond to changes in stress
in both the circumferential and axial directions by taking
the trace of the Cauchy stress, consistent with previous
studies (Latorre and Humphrey 2018a, b)

E = tr(d) = 600 + GZZ (38)

where a plane-stress state was inherently assumed, such that
the radial component is very small compared to the other con-
tributions: 6, < 649 and o, < o,. For the second hypothe-
sis, we assumed that only changes in the circumferential stress
affected Y¢, consistent with the concept that SMCs mainly
feel circumferential mechanical stimuli:

G =0y (39

The vessel was modeled as a thin-walled cylinder, with
the mean stresses in the circumferential (o) and axial
(o,,) directions given as a function of the blood pressure
P and axial force on the vessel f:

Pr
%00 = - (40)
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with & the wall thickness. The initial value of the pressure,
P, was determined from the initial geometry, composition,
and material properties, such that the vessel was in
mechanical equilibrium in the reference configuration, and
approximately equal to 14.4 kPa.

The deformation gradient tensor of the mixture was
defined as:

F(s) = diag (47, 45, A7), (42)

with 47, 4, and A7 indicating the stretch ratios of the mixture
from the reference configuration to the current configuration
in radial, circumferential, and axial directions, respectively.
The solution of the CMM was found by solving the Laplace
Egs. (40) and (41) for 4; and f;, at each time point with a step
size of 0.1 days using a trust-region-dogleg algorithm. The
hereditary integrals in Egs. (4) and (5) were approximated
using the Simpson’s rule for numerical integration, while the
integral in Eq. (23) was estimated by multiplying the time-
averaged degradation rate k* with the time step. The vessel
was assumed not to deform in axial direction, resulting in
the constant axial stretch A” = 1. The radial stretch followed
from the assumption of incompressibility: A7 = 1/(4747).
Subsequently, the wall thickness was calculated as

h=Ah (43)

ro’

and the luminal radius was calculated as

hY\
r:/l:;<r,,+30>—§. (44

The system of ordinary differential equations ((27)—(30))
in the Notch model was solved for each SMC in the vessel
wall individually, using an explicit time integration scheme
with a time step of 0.05 h.

Parameter values for the CMM, the Notch model, and
the coupling are given in Table 1. These values were in part
derived from prior studies (Boareto et al. 2015; Bersi et al.
2017; Loerakker et al. 2018; Latorre et al. 2019; Irons et al.
2021) and in part determined in the present study (Sect. 3.2).

3 Results

3.1 The Notch model is compatible with the CMM
when collagen production does not depend
on axial stress

In previous CMMs, G&R was regulated by changes in the
mechanical target variables of intramural stress and wall
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Table 1 Parameter values for the combined model. The parameter
values for the CMM were based on measurements in Bersi et al.
(2017) and subsequent regression performed in Latorre et al. (2019)
for the murine infrarenal abdominal aorta. Mass fractions ®F were
derived from Irons et al. (2021) and the gain parameters K¥ and ng
used in Figs. 3, 4, 5, 6 were determined via regression in Sect. 3.2.
The parameter values for the Notch model were based on previous
models in Boareto et al. (2015) and Loerakker et al. (2018)

Constrained mixture model

c* 114 kPa

[c5, ¢S] [450 kPa, 3.51]

[, e [343 kPa, 1.23]

[G¢. G5 G [1/GGe, 1.96, 1.73]

(G, G¢] [1.17,1.2]

Gr 1.17

h, 0.032 mm

[k, k™) [1/10, 1/10] day™!

(K7 K: ] [0.55, 1.65] (Fig. 2)
[32.6, 0] (Figs. 3,
4,5,6)

Ky, K7 ] [0.473, 1.41] (Fig. 2)
[50, 50] (Figs. 3,
4,5,6)

M, 16

P, 14.4 kPa

r, 0.417 mm

p 1050 kg/m?

(] 30.7°

[@¢, DS, D] [0.079, 0.595, 0.326]

Notch model

[Ay.A;] [-5.79,—-4.17]

I 200

[k, k] [2.5,5.01 10 h!

[N,2 1D, [1400, 1600, 100]

(Pn-Ps>PD] [2.0, 5.0, 2.0]

Y371 [0.1,0.5]

[An» Ags Ap] [2.0, 2.0, 0.0]

shear stress (Egs. (25) and (37)). The addition of the Notch
contribution in the current model introduced an additional
target variable, namely circumferential strain of the SMCs.
To understand the consequences of this addition, we first
assessed the compatibility of the Notch contribution with
the target variables in the CMM by comparing the two
definitions of the intramural stress in Egs. (38) and (39).
As previous phenomenological CMMs have been tested in
diverse contexts of vascular G&R, including hypertension
(Humphrey 2021), we similarly simulated hypertensive aor-
tic G&R (Fig. 2). The parameters for the Notch stimulus
functions were based on the in vitro experiments (Fig. 1B),
while the gain parameters of the phenomenological stimulus
functions were derived from Latorre et al. (2019) (Table 1).

Surprisingly, adopting the first hypothesis (¢ = tr(c))
resulted in a predicted total degradation of collagen (Fig. 2F,
dashed line). This result can be explained by the following
cascade of events. The increase in pressure (Fig. 2A) caused
an initial increase in both A, (Fig. 2B) and Ac (Fig. 2E),
resulting in an increase in collagen (Fig. 2F) and smooth
muscle content (Fig. 2G). In particular, the decrease in Notch
activity in response to the increased 4, (Eq. (32)) induced
a large increase in SMC content (Fig. 2G). This caused a
relatively steep increase in thickness (Fig. 2H), resulting in
a decrease in the axial stress (Fig. 2D), following Eq. (41).
This decrease in axial stress subsequently rendered Ac < 0
(Fig. 2E) which, in addition to the Notch response (Eq. 33),
contributed to a reduction in collagen content via Eq. (35). As
the collagen fibers were oriented diagonally, they contributed
to the stress in axial direction. A decrease in the collagen
content therefore reduced the axial stress further. As such, a
positive feedback loop emerged in which the collagen con-
tent kept decreasing until it was completely removed from
the tissue (Fig. 2F). This effect could not be compensated
for by the increase in SMC content (Fig. 2G) as the SMCs
were oriented only circumferentially. The removal of colla-
gen from the tissue prevented the vessel from recovering its
homeostatic mechanical state (Fig. 2B, E).

By contrast, when stress homeostasis for the phenom-
enological contribution was assumed to depend only on the
circumferential stress (6 = o), the coupled simulations
predicted more realistic results (Fig. 2). With this definition,
we saw a similar decrease in axial stress after an initial small
increase (Fig. 2D). However, this decrease in axial stress
did not reduce the collagen content because the axial stress
no longer contributed to Ac. Therefore, a positive feed-
back loop between the decrease in axial stress and collagen
content failed to emerge. Collagen content still decreased
slightly because of the Notch stimulus function (Eq. (33)),
which lowered collagen production upon a reduction in
Notch activity in response to the increase in 4, (Fig. 2B).
Nevertheless, the large increase in SMC content, partly
caused by Notch (Eq. (32)), allowed the vessel to reach a
state much closer to the original mechanical homeostasis
(Fig. 2B, E). Overall, these simulations suggest that, with
the current assumptions for the Notch model as informed by
the in vitro data, the two models are compatible only when
collagen production does not depend on axial stress. This
assumption was thus adopted for all subsequent simulations.

3.2 A computational model combining a Notch
stimulus with a phenomenological stimulus can
capture in vivo arterial G&R in hypertension

Next, we analyzed whether the present framework

combining Notch-driven and phenomenological stimulus
functions can capture in vivo arterial responses to
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Fig.2 Predicted time course of blood vessel properties in response to (A) blood pressure, (B) circumferential SMC stretch, (C) circumfer-
hypertension for two definitions of the intramural stress (&), regulat- ential stress, (D) axial stress, (E) deviation in intramural stress, (F)
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Fig.3 The computational framework can mimic arterial G&R in of SMCs, (H) wall thickness, and (I) luminal radius. All quantities
response to hypertension. The predicted time course of blood vessel were normalized to their original values at time s = 0, except in (B,
properties is shown in terms of (A) blood pressure, (B) circumferen- D and E). The open circles represent the in vivo data by Bersi et al.
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NICD content, averaged over the SMCs, indicating Notch activity, wall shear stress (dashed lines), and Notch signaling (dotted lines) to
(D) stimulus functions for collagen, (E) stimulus functions for SMCs, the stimulus functions for collagen and SMCs are shown in (D, E)

(F) referential mass density of collagen, (G) referential mass density
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hypertension. As in the previous simulations (Fig. 2), the
parameters of the Notch stimulus functions were derived
from the in vitro experiments (Fig. 1B). Parameters for the
phenomenological stimulus functions were determined via
regression of published data on hypertensive remodeling
of the murine infrarenal abdominal aorta (Bersi et al.
2017) and subsequent analysis (Latorre et al. 2019). First,
a pressure profile was imposed similar to the one observed
experimentally (Fig. 3A). The gain parameters K{‘j and Kf ,
with « =m,c, from Eqs. (35) and (36) were the“n
determined from experimental data on evolving collagen
mass density, SMC mass density, wall thickness, and
luminal radius (Fig. 3F-I). The normalized SMC and
collagen mass densities were calculated from the reported
area fractions of SMCs and collagen (Bersi et al. 2017)
and the cross-sectional areas of the media in the loaded
state (Latorre et al. 2019).

The combined model was able to capture the
experimentally observed changes in thickness and
constituent mass densities in response to hypertension
(Fig. 3). The elevated blood pressure (Fig. 3A) increased
circumferential SMC stretch and intramural stress
(Fig. 3B). These increases in stretch led to a decreased
expression of Notch receptors and Jagged ligands
(Egs. (27) and (28)). Consequently, Notch activity was
reduced, represented by a lower NICD content (Fig. 3C),
which gave rise to an increase in SMC proliferation and
a decrease in collagen synthesis, dictated by the Notch
stimulus functions (Fig. 3D and E) that were informed by
the in vitro experiments (Eqgs. (32) and (33)). Regarding
the phenomenological component of the model, the
increase in intramural stress caused an increase in both
SMC proliferation and collagen synthesis (Fig. 3D and
E), in accordance with Eq. (35). The combination of all
stimuli (Eq. (34)) resulted in an increase in collagen and
SMC mass densities (Fig. 3F and G), thereby causing
an increase in wall thickness (Fig. 3H). The thickening
of the wall lowered the stresses (Eqgs. (40), (41)) and
reduced the pressure-induced increase in strain (Fig. 3B),
ultimately stabilizing wall thickness at a new equilibrium
value (Fig. 3H). Despite this equilibrium in thickness, the
individual stimulus functions did not reach a value of one
(Fig. 3D, E), due to the different target variables driving
these stimulus functions (i.e., SMC strain, intramural
stress, and wall shear stress). As the composition of the
tissue, and thereby its mechanical properties, can change,
these target variables may not all be fully restored to
their original values, illustrated by 4, in Fig. 3B. Recall,
therefore, that the term homeostasis implies “similar to”
rather than “the same as,” hence homeostatic quantities
tend to be restored toward, but not precisely to, original
values. This indicates that arterial adaptation may seek to

find a compromise in maintaining these target variables. In
summary, these simulations demonstrate the ability of the
combined model, including a mechanistic description of
mechano-sensitive Notch signaling based on independent
in vitro experiments, to predict key features of in vivo
arterial adaptation to hypertension.

The model was nevertheless not able to predict the
increase in internal radius observed in the experiments
(Fig. 31). This may have been due, in part, to the lack of
inflammation in the model, which was present at low levels
in the experiments (Bersi et al. 2017). Given that previous
phenomenological CMMs have been able to predict small
increases in radius even without considering inflammation
(Valentin et al. 2009, Irons et al. 2021), these findings
together suggest that adding explicit Notch signaling to the
model reduced the sensitivity of adaptations of radius. A
possible explanation for this is that the prescribed Notch
signaling attempted to restore SMC stretch (not previously
considered) to its original value while radius is typically
thought to be regulated primarily by changes in wall shear
stress (Humphrey 2008). Although wall shear stress is
known to influence Jagged and Notch in endothelial cells
(Mack et al. 2017; Driessen et al. 2018), this phenomenon
was not included in the current Notch model. In addition,
active SMC stress, not modeled here, affects the radius
and is partly controlled by Notch signaling. Future efforts
should therefore investigate whether adding the effects of
shear stress on Notch in endothelial cells and active SMC
stress regulated by Notch could improve the predicted
evolution of the radius.

The combined model further predicted changes in
intramural circumferential stress that were lower than those
in the experimental data set (Fig. 3B). This was likely a
consequence of the relatively high gain parameters of the
phenomenological stimulus functions (Table 1), rendering
the model very sensitive to changes in pressure. As a result,
even small increases in intramural stress due to hypertension
caused large increases in collagen production (Fig. 3D) and
SMC proliferation (Fig. 3E). Related to this, the high gain
parameters may also explain the slight overestimation of
the predicted thickness in the early stages of adaptation
(Fig. 3H) as they were responsible for the rapid increase in
SMC proliferation and collagen production (Fig. 3D-G) in
response to the relatively steep increase in pressure during
the first few days.

Taken together, our results demonstrate that the combina-
tion of specific mechanistic (Notch) and phenomenological
(remaining) stimuli can capture the increase in thickness
and constituent mass densities observed in arterial hyperten-
sion. Nevertheless, the model could be expanded in future
to refine the Notch model with the aim of improving predic-
tions of evolving radius and intramural stress.
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3.3 Notch mechano-sensitivity mainly contributes
to smooth muscle cell proliferation
during adaptation to hypertension

To gain more insight into the roles of Notch signaling in
arterial adaptation to hypertension, we compared
predictions of three related models. The first was the
combined model, including both the phenomenological
and Notch stimulus functions; the second was
phenomenological only, with the Notch contribution
deactivated (Y, = 1); the third included only the Notch
stimulus functions, without the phenomenological
contribution (Y% = Yj =1). The phenomenological
functions Y depended on the circumferential stress only
(Eq. 39), even when the Notch contribution was
deactivated, to allow for consistent comparisons among
the different contributions to Y* within this study (recall
Sect. 3.1). This, together with the newly fitted gain
parameters (Sect. 3.2), explains the different predictions
given by the phenomenological models described here and
in Latorre et al. (2019), in particular for intramural stresses
and luminal radius.

These simulations showed that Notch signaling contrib-
uted primarily to the proliferation of SMCs. The Notch-
only model predicted a substantial increase in SMC mass
density (Fig. 4D) and a small decrease in collagen mass
density (Fig. 4C) due to an initial increase in SMC stretch

(Fig. 4B). The increase in SMC proliferation (Fig. 4D)
was in line with the in vivo data (Bersi et al. 2017) and
contributed to the thickening of the arterial wall (Fig. 4E).
This thickening lowered SMC stretch (Fig. 4B), revealing
a negative feedback mechanism driving Notch-regulated
G&R, aimed at restoring the original SMC stretch levels.
This role of Notch in SMC proliferation was also demon-
strated in the combined model by the value of the Notch
stimulus function for SMC: Y7 > 1 (Fig. 3E). The phenom-
enological stimulus function driven by intramural stress,
Y7, was synergistic with Notch and also contributed to
SMC proliferation, especially at early time points (Fig. 3E).

The simulations further revealed that mechano-sensitive
Notch signaling could explain arterial growth, but not
remodeling, in response to hypertension. Remarkably, the
model with only Notch stimulus functions, informed by
independent in vitro data, captured both the new equilibrium
thickness and its temporal profile reasonably well (Fig. 4E).
This suggests that the negative feedback mechanism between
SMC stretch and Notch-regulated G&R may be an important
factor in arterial thickening in response to hypertension. Yet,
the Notch-only model did not capture the experimentally
observed changes in constituent mass densities (Fig. 4C
and D). In fact, as the hypertension-induced increase in
SMC stretch reduced Notch activity and consequently
downregulated collagen production (Eq. (33)), collagen mass
density was underestimated (Fig. 4C) and SMC mass density

A Cc
1.8 25
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S QQQ
i 1.4 =
A <1
1.2
1
0 10 20 0 10 20 30
Time (days) Time (days)
D F
3.5 1.2
3
b 1 1 o o o
. o
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? ............ o
o —— Combined 1 o oo
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',-“0 - Notch
16— 0.9
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Fig.4 The contribution of Notch signaling to arterial adaptation
to hypertension is revealed by comparing three different models: a
phenomenological-only model (dashed lines), in which G&R is regu-
lated only by the phenomenological stimulus functions; a Notch-only
model (dotted lines), in which G&R is regulated only by the Notch
stimulus functions; and the combined model (dashed lines), in which
G&R is regulated by both. The results are shown in terms of (A)
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blood pressure, (B) circumferential SMC stretch (top) and deviation
in intramural stress (bottom), (C) referential mass density of collagen,
(D) referential mass density of SMCs, (E) wall thickness, and (F)
luminal radius. All quantities were normalized to their original values
at time s = 0 except in (B). The open circles represent in vivo data by
Bersi et al. (2017)
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was overestimated (Fig. 4D) in the attempt to reach the wall
thickness (Fig. 4E) needed for restoring the original SMC
stretch (Fig. 4B). Simulations with the phenomenological-
only model showed that further contributions were needed
to capture more accurately the experimentally observed
changes in constituent mass densities. In particular, the
lack of Notch-driven collagen production was compensated
for by an increase in collagen production, driven by the
phenomenological stimulus functions (Figs. 4C and 3D).
Taken together, these simulations suggest that Notch
mainly contributes to SMC proliferation in hypertensive
vessels. Thus, Notch mechano-sensitivity might be key
for arterial growth in response to hypertension, but other
mechanisms are needed to fully capture remodeling.

3.4 Notch interventions can alter both arterial
geometry and composition in hypertension

The simulations in Fig. 3 and 4 demonstrated that our
combined model captured in vivo arterial adaptations to
hypertension well, similar to existing phenomenological
CMMs (Valentin et al. 2009, Latorre et al. 2019).
The main benefit of the combined model compared to
phenomenological-only models is that it enabled us to
examine potential effects of interventions to the Notch
pathway on arterial G&R. To further this understanding,
here we investigated potential effects resulting from the
addition of soluble and immobilized Jagged ligands to SMCs

715
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in a hypertensive arterial wall. Such interventions have
previously been suggested as treatment for vascular diseases
(Xiao et al. 2013; Caolo et al. 2011) or in the context of
vascular regeneration (Carlson et al. 2007; Zohorsky and
Mequanint 2021; Karakaya and Van Asten et al. 2022a,
Tiemeijer and Sanlidag 2022b).

In our simulations, soluble Jagged ligands primarily
affected the transient G&R during hypertensive stimulation
reducing the long-term equilibrium thickness and collagen
mass density (Fig. 5). These soluble Jagged ligands were
assumed to be able to bind to Notch receptors without acti-
vating them. Hence, they prevented cell-bound ligands from
binding to and activating the Notch receptors, thus lower-
ing the NICD content compared to the control simulation
without soluble Jagged ligands (Fig. 5B). Interestingly, this
decrease in Notch activity caused a temporary increase in
SMC proliferation without affecting the final equilibrium
SMC mass density (Fig. 5D). It also resulted in a general
decrease in collagen mass density, especially in the short
term (Fig. 5C). Due to the temporal increase in SMC density
and decrease in collagen density, the thickness over time
was only marginally smaller compared to the control simula-
tion (Fig. SE). These simulations suggested further that this
process is dose-dependent, with a higher concentration of
soluble Jagged ligands resulting in more pronounced effects.

Immobilized Jagged ligands had the opposite effect com-
pared to their soluble counterparts in the simulations. These
ligands were assumed to bind and activate Notch receptors,
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Fig.5 The simulations indicate that soluble Jagged ligands cause an
increase in SMC proliferation and decrease in collagen density. These
effects are dose-dependent and especially evident in the short-term.
The effects of different concentrations of immobilized Jagged are
compared in terms of (A) blood pressure (top) and circumferential
SMC stretch (bottom), (B) NICD content, averaged over the SMCs,
indicating Notch activity, (C) referential mass density of collagen,

Time (days)

Time (days)

(D) referential mass density of SMCs, (E) wall thickness, and (F)
luminal radius. All quantities were normalized to their original values
at time s = 0 except the circumferential SMC stretch ((A) bottom).
The values of J,,, represent the constant number of soluble Jagged
ligands available to each SMC, where J 0 is the control simula-
tion without soluble Jagged ligands
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Fig.6 The simulations indicate that immobilized Jagged ligands
cause a decrease in SMC proliferation and increase in collagen den-
sity. These effects are dose-dependent and more pronounced in the
short-term, although also still present in the long-term. The effects
of different concentrations of immobilized Jagged are compared in
terms of (A) blood pressure (top) and circumferential SMC stretch
(bottom), (B) NICD content, averaged over the SMCs, indicating

thereby increasing the NICD levels (Fig. 6B). This caused a
higher collagen production (Fig. 6C) and lower SMC prolif-
eration (Fig. 6D), especially in the early stages of adaptation.
The effects of immobilized Jagged ligands on both collagen
and SMC mass density remained in the long term, albeit
less pronounced as time progressed (Fig. 6C and D). The
arterial wall was predicted to become slightly thicker as a
result of the changes in constituent mass densities (Fig. 6E).
Again, the extent of these effects was shown to depend on
the concentration of Jagged ligands (Fig. 6). These results
also suggest that changes in Notch signaling do not neces-
sarily translate directly into intuitive changes in geometry.
A decrease in Notch activity, for example, may be expected
to cause thickening due to SMC proliferation, but in our
simulations resulted in a small decrease in thickness due to
a substantial decrease in collagen content.

Interestingly, our simulations predicted that Notch-
mediated G&R was much more sensitive to immobilized
than to soluble Jagged ligands. A concentration of soluble
Jagged ligands of about an order of magnitude higher than
immobilized Jagged ligands was needed to achieve similar
changes in constituent mass densities (Figs. 5 and 6). This
finding may indicate that there was a large number of Notch
receptors compared to ligands on the SMCs. In that case,
the soluble Jagged ligands occupying Notch receptors would
not have a large effect because there would be plentiful free
Notch receptors left for cell-bound ligands to activate. On
the other hand, the immobilized Jagged ligands would find a
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Notch activity, (C) referential mass density of collagen, (D) referen-
tial mass density of SMCs, (E) wall thickness, and (F) luminal radius.
All quantities were normalized to their original values at time s = 0
except the circumferential SMC stretch ((A) bottom). The values of
J;,, represent the constant number of immobilized Jagged ligands

available to each SMC, where J;,, = 0 is the control simulation with-
out immobilized Jagged ligands

lot of potential Notch receptors to which to bind, maximizing
their effect. Furthermore, the changes caused by external
Jagged primarily occurred in the early phases of adaptation.
This was caused by other mechanisms, here captured in the
phenomenological stimulus functions, compensating for the
effects of external Jagged in the long term.

In summary, and in contrast to a purely phenomenological
approach, the combined model also enabled us to investigate
potential effects of interventions to the Notch pathway on
arterial G&R. Our model predicted that Notch-mediated
G&R is more sensitive to immobilized than to soluble
Jagged ligands, and that introducing these external Jagged
ligands primarily affected the arterial wall composition in
the short-term.

4 Discussion

To advance our understanding of the role of Notch signaling
in hypertensive remodeling, we developed a multiscale
computational framework by coupling a model for mechano-
sensitive Notch signaling to a CMM of arterial mechanics
and G&R. The deposition and degradation of collagen
and the proliferation of SMCs were thereby described
by a combination of phenomenological and mechanistic
contributions. The latter were based on mechano-sensitive
Notch signaling and informed by independent in vitro
data. The phenomenological contributions were mediated
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by stress homeostasis and accounted for mechanisms
and pathways other than Notch. The combined model
was able to capture evolving changes in abdominal aortic
thickness and wall composition in response to induced
hypertension in a common mouse model. Importantly,
our simulations suggested that Notch mechano-sensitivity
contributes primarily to such thickening by increasing SMC
proliferation. The model also enabled the investigation of
interventions in the Notch pathway: simulations showed that
external Jagged ligands may alter arterial wall composition
and thickness in hypertensive arteries.

The combined model presented here provides a step
forward in integrating mechano-sensitive Notch signaling
and arterial G&R in a computational framework. While
many existing G&R frameworks have adopted a fully
phenomenological description of tissue production and
removal (e.g., Baek et al. 2006, 2007, Valentin et al. 2009,
2011, Latorre et al. 2019; Latorre and Humphrey 2020),
our combined model includes the contribution of one key
cellular mechanism. An important advantage of this model
is that it can address the role of Notch in arterial G&R and
simulate both pathological mutations and pharmacological
interventions. Similarly, other models have included cellular
mechanisms underlying mechano-regulated G&R, such as
TGF-B, interleukins, PDGF, and MMPs (Aparicio et al.
2016; Marino et al. 2017; Keshavarzian et al. 2018; Khosravi
et al. 2020; Irons and Humphrey 2020). Some of them have
considered one-way feedback between tissue mechanics
and cellular mechanisms (Khosravi et al. 2020; Irons and
Humphrey 2020), without input from the cell behavior
back to the tissue’s mechanical state, thereby limiting
the application of these models to the analysis of short-
term behavior. Here, by capturing the full bi-directional
feedback, we can predict long-term G&R and the response
to sustained perturbations. A few recent models have also
considered multiscale feedback, as, for example, in the
context of aneurysm development (Aparicio et al. 2016),
tissue engineering (Keshavarzian et al. 2019), and arterial
adaptation (Irons et al. 2021, 2022). None of these models so
far focused on Notch signaling despite the well-recognized
role of Notch in vascular morphogenesis, homeostasis, and
pathogenesis (Iso et al. 2003; Gridley 2007; Del Monte
et al. 2011; Baeten and Lilly 2017; Masek and Andersson
2017; Li and Kong 2020; Ristori et al. 2021; Karakaya et al.
2022a). Thus, our model adds to the development of more
mechanistic descriptions of G&R by considering Notch
signaling, one of the key mediators of vascular homeostasis.

The combination of a mechanistic and a phenomenologi-
cal approach in our model enabled us to isolate the Notch
pathway and analyze its contribution to changes in geometry
and composition compared to other mechanisms. Despite its
important role, Notch signaling contributes only partially to
the general G&R process, acting in concert with many other

pathways such as angiotensin, TGF-f, integrins, WNT, and
VEGTF, to name a few (reviewed in LaFoya et al. 2016).
Here, we therefore used a parallel phenomenological con-
tribution to account for any mechanisms other than Notch.
Notwithstanding the advantage of focusing on a single path-
way, an important limitation of this approach is that the phe-
nomenological and Notch contributions were treated sepa-
rately as independent factors. Crosstalk between Notch and
other pathways that were represented phenomenologically
was not considered. This crosstalk can result in complex
responses that may be synergistic with or antagonistic to the
individual behavior of the isolated Notch pathway. Whereas
this approach can be contrasted with other models wherein
multiple key pathways were considered together (Khosravi
et al. 2020; Irons and Humphrey 2020), the present results
suggest that it would be of interest to consider many dif-
ferent pathways individually, as done herein for Notch, to
begin to understand better the complex interactions across
pathways, noting that sub-pathway analyses have similarly
proven insightful (Estrada, et al. 2021).

Previous computational studies have also investigated
the role of mechano-sensitive Notch signaling in the con-
text of arterial G&R. For example, simulations suggested
that Notch mechano-sensitivity may be key in establishing
a homeostatic thickness in healthy arteries (Loerakker et al.
2018). Subsequently, Notch mechano-sensitivity was also
implicated in arterial thickening in response to hypertension
(Van Asten and Ristori et al. 2022). In the present study,
this finding was confirmed (Fig. 3H), and we were able to
predict the role of Notch mechano-sensitivity in more detail,
by capturing changes in arterial wall composition in addi-
tion to geometry. This more detailed analysis highlighted
that Notch mainly contributes to hypertensive G&R by pro-
moting SMC proliferation. While the model suggested that
Notch can explain hypertensive thickening reasonably well
(Fig. 4E), it did not capture the reported changes in compo-
sition (Fig. 4C, D). Particularly, while the decrease in col-
lagen production in response to a reduction in Notch activity
(Fig. 1B, 3D, 4C) is consistent with previous in vitro results
(Lilly and Kennard 2009; Lin and Lilly 2014), an increase in
collagen content is expected in hypertensive arteries (Bersi
et al. 2017). This suggests that other mechanisms are also
involved in hypertensive aortic remodeling, demonstrated in
the model by the fact that the phenomenological contribu-
tion was necessary to capture the experimentally observed
changes in constituent mass densities (Figs. 3D, E, 4C, D).
Caution should therefore be used when modeling just one
pathway, as other mechanisms need to be accounted for
as well. Overall, the simulations revealed that Notch may
influence vessel wall thickness in response to hypertension
mainly by regulating SMC proliferation, while collagen pro-
duction might depend on other mechanisms.
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The choice of target variables for mechanical homeosta-
sis is still debated (Cyron and Humphrey 2017; Eichinger
et al. 2021), and may be context dependent. Our simulations
revealed that the choice of the target variables was crucial
to achieve realistic adaptive responses to hypertension when
the phenomenological contribution was combined with our
Notch signaling model (Fig. 2). In particular, there appears
to be a need for consistency across scales—assuming that
Notch is mechano-regulated by circumferential stretch alone
required us to assume that the phenomenological response
was similarly regulated by circumferential, not biaxial, stress
(Fig. 2). Although SMCs, key regulators of vascular G&R
(Owens et al. 2004), are oriented mainly in the circumfer-
ential direction, they are yet subjected to biaxial loading
(Caulk et al. 2019) and vascular adaptations tend to depend
strongly on changes in the axial direction (Humphrey et al.
2009). There is, therefore, a pressing need for more data on
the biaxial responsiveness to guide further model develop-
ment across tissue and cell scales. In addition, to facilitate
the comparison between computational and in vivo data
(Bersi et al. 2017), here the target variables were calculated
at systolic pressure, while previous analysis suggested that
sensitivity of Notch to mean pressure might result in more
realistic predictions (Van Asten and Ristori et al. 2022).
This choice, given the higher systolic versus mean pressure,
may have exacerbated the response of Notch to hyperten-
sion, thereby enhancing the Notch-mediated wall thickening,
resulting in the decrease in axial stress that led to the posi-
tive feedback loop causing the unrealistic complete removal
of collagen (Fig. 2).

Combining different target variables also indicated that
a wall thickness equilibrium can be achieved even when
the individual target variables are not restored to their
original values (Fig. 3). In particular, our model includes
a stress-related target variable for the phenomenological
contribution and a strain-related target variable for Notch
signaling. The simulations revealed that the adaptation
response to hypertension may not be able to restore both
to their original values (Fig. 3B), as the composition, and
thereby the mechanical properties, of the tissue can change
during adaptation. This suggests that a compromise among
the different individual targets may be found (e.g., via the
combined stimulus function in Eq. (34)) or, possibly, that
in vivo vessels aim to restore a different, yet unidentified,
target variable. These conclusions were reached by
assuming that Notch is sensitive to strain, based on previous
experiments (Morrow et al. 2005; Loerakker et al. 2018).
However, strain was chosen in these previous studies as
it can directly be measured in vitro, which does not rule
out that Notch may be sensitive to stress instead, similar
to the phenomenological contribution. Nevertheless, given
the similarity between computational and in vivo data,
our results show that incorporating multiple biological
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mechanisms regulated by different target variables is a
feasible approach for G&R frameworks.

Compared to previous phenomenological models (e.g.,
Latorre et al. 2019), our model was less able to predict the
time course of changes in intramural stress (Fig. 3B) and
luminal radius (Fig. 3I) in response to hypertension. This
limitation may be a result of the approach chosen for the
correlation between Notch activity and tissue formation.
In particular, this correlation was determined by fitting the
Notch stimulus functions (Egs. (32) and (33)) to independent
in vitro data (Fig. 1B). While these in vitro data may reveal
general qualitative trends about up- or downregulation of
certain genes in response to Notch, they may be considered
as only an estimation of the quantitative behavior expected
in vivo. A possible alternative approach would be fitting
the parameters of the Notch stimulus functions to in vivo
data. However, given that pure phenomenological models
can already capture G&R in response to hypertension
very well, fitting the parameters without additional data
demonstrating the fundamental role of Notch in this
context would incorrectly minimize the contribution of the
Notch stimulus functions in hypertension. Detailed data
on the effects of Notch manipulations (e.g., knock-outs)
on changes in arterial geometry and composition would
therefore be required. Unfortunately, existing data are
currently insufficient, as they often report only changes in
thickness and not wall composition or associated mechanical
properties (Boulos et al. 2011; Ragot et al. 2016; Dave et al.
2022). This highlights a clear need for more quantitative data
on the role of Notch in in vivo remodeling to obtain stronger
correlations and further refine the model assumptions and
parameters.

The in vitro experiments informing the present combined
model showed that a reduction in Notch3 activity promoted
SMC proliferation (Fig. 1B). This is not in line with previous
findings showing an increase in SMC proliferation due to
Notchl activity in the rat pulmonary artery (Havrda et al.
2006), mouse aorta (Li et al. 2009), and human coronary
artery (Morrow et al. 2010), and due to Notch3 activity in
the rat aorta (Campos et al. 2002; Sweeney et al. 2004).
Furthermore, while increased proliferation is a common
feature of hypertension, it was found to be accompanied
by higher, rather than lower, levels of Notch activity in
pulmonary artery hypertension (Li et al. 2009; Qiao et al.
2012; Xiao et al. 2013; Morris et al. 2019). Notch is well-
known to show differential outcomes depending on context,
location, cell type, and receptor-ligand pair (Boucher
et al. 2012; Stassen et al. 2020; Karakaya et al. 2022b).
Our in vitro data correlated Notch3 expression in human
coronary artery SMCs to their proliferation. Thus, the
difference in Notch receptor and cell type compared to prior
studies may explain some of the described inconsistencies.
The predictions from the current model may therefore be less
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accurate for other cell types or locations in the vasculature.
This re-emphasizes the need for more context-specific data
relating Notch to tissue formation. Such data could easily be
incorporated in the current framework by adapting only the
Notch stimulus functions (Egs. (32) and (33)).

To investigate the potential effects of Notch interventions
on hypertensive aortic G&R, we simulated the addition of
soluble and immobilized Jagged ligands (Fig. 5, 6). In case
of immobilized Jagged, our model predicted a decrease in
SMC proliferation and an increase in collagen production
due to higher Notch activity, which is consistent with human
in vitro and in vivo experimental findings in keratinocytes,
dental pulp cells, and periodontal ligament cells (Beckstead
et al. 2009; Manokawinchoke et al. 2017; Suwanwela et al.
2019). On the other hand, soluble Jagged ligands in the
model caused an increase in SMC proliferation due to a
reduction in Notch activity, which disagrees with previous
in vitro results in human coronary artery SMCs and in vivo
results in the murine pulmonary artery and in a murine vein
graft (Caolo et al. 2011; Xiao et al. 2013; Zhou et al. 2015).
The agreement between simulations and experiments in
case of immobilized Jagged and disagreement in case of
soluble Jagged may suggest that other mechanisms of the
Notch pathway are involved. For example, interactions
between soluble Jagged and other receptors not currently
present in the model, such as Notch2, might compensate
for the decrease in Notch3 activation due to soluble Jagged,
given the known compensatory roles of Notch2 and Notch3
in SMCs (Wang et al. 2012; Baeten and Lilly 2017).

The ability of the model to predict the consequences
of Notch interventions may have applications in vascular
pharmacology and regenerative medicine. For example,
inhibiting Notch via soluble Jagged ligands or y-secretase
inhibitors has been suggested as a treatment for both
pulmonary arterial hypertension (Li et al. 2009; Xiao
et al. 2013) and extracranial vascular malformations
(Davis et al. 2018). Notch inhibition has also been shown
to inhibit neointima formation (Caolo et al. 2011) and
regress abdominal aortic aneurysms (Sharma et al. 2019).
By predicting such interventions (Figs. 5 and 6), the model
may serve as a tool for exploring the therapeutic potential
of Notch and guiding future experiments. In the context
of vascular regeneration, Notch signaling has also been
identified as a possible target (Carlson et al. 2007; Zohorsky
and Mequanint 2021; Karakaya and Van Asten et al. 2022a,
Tiemeijer and Sanlidag 2022b). For example, Jagged ligands
can be immobilized to biomaterials (Putti et al. 2019a, b),
a method that has been used to control the differentiation
of keratinocytes (Beckstead et al. 2009), dental pulp cells
(Manokawinchoke et al. 2017) and coronary artery SMCs
(Zohorsky et al. 2021). Immobilizing ligands to scaffolds
may similarly aid in the improvement of tissue-engineered
vascular grafts. Our simulations (Figs. 5, 6) imply that this

would primarily affect the early composition of these grafts
and thereby their mechanical properties, which might help to
prevent cases of graft dilatation (Tara et al. 2015; Yang et al.
2016) or stenosis (Koobatian et al. 2016; Khosravi et al.
2020). Combined models may aid in systematic and efficient
optimization of scaffold design to minimize the need for
expensive and time-consuming trial-and-error experiments.

In conclusion, this study represents another step
forward in vascular simulation by including effects of
mechano-sensitive Notch signaling in a computational
G&R framework. The mechanistic description led to
the suggestion that Notch contributes primarily to SMC
proliferation in aortic adaptation to hypertension and that
other mechanisms are necessary to fully capture remodeling.
In addition, external Jagged ligands can affect the short-term
composition of the arterial wall. Future studies should seek
to improve the model further by implementing context-
specific in vivo data on Notch signaling and by considering
effects of other pathways and their crosstalk with Notch. The
model can serve as a time- and cost-efficient tool to inspire
new treatment strategies for vascular diseases or to optimize
current methods in vascular regenerative medicine.

Authors contributions JVA, JDH, and SL conceptualized the study,
JVA developed the model and performed the simulations, JVA and
ML wrote the code, JVA, TR, JDH, and SL analyzed the data from
the simulations, CK analyzed the experimental data, JVA wrote the
original manuscript and prepared the figures, all authors reviewed the
manuscript, FPTB, CMS, TR, JDH, and SL supervised the study.

Funding This project has received funding from the European
Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (Grant agreement No. 802967 and
771168) and from the Marie-Sklodowska-Curie Global Fellowship
(grant number 846617).

Availability of data and materials All data and computational codes
are available at https://doi.org/10.4121/22040729.

Declarations

Conflict of interests The authors declare that they have no known
competing interests that could have appeared to influence the work re-
ported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

@ Springer


https://doi.org/10.4121/22040729
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

1586

J.G. M. van Asten et al.

References

Ambrosi D, Ben Amar M, Cyron CJ et al (2019) Growth and remodel-
ling of living tissues: perspectives, challenges and opportunities.
J R Soc Interface 16:20190233. https://doi.org/10.1098/rsif.2019.
0233

Aparicio P, Thompson MS, Watton PN (2016) A novel chemo-mech-
ano-biological model of arterial tissue growth and remodelling.
J Biomech 49:2321-2330. https://doi.org/10.1016/j.jbiomech.
2016.04.037

Baek S, Rajagopal KR, Humphrey JD (2006) A Theoretical model
of enlarging intracranial fusiform aneurysms. J Biomech Eng
128:142-149. https://doi.org/10.1115/1.2132374

Baek S, Valentin A, Humphrey JD (2007) Biochemomechanics of cer-
ebral vasospasm and its resolution: II. Constitutive relations and
model simulations. Ann Biomed Eng 35:1498-1509. https://doi.
org/10.1007/s10439-007-9322-x

Baeten JT, Lilly B (2017) Notch signaling in vascular smooth muscle
cells. In: Advances in pharmacology. pp 351-382

Beckstead BL, Tung JC, Liang KJ et al (2009) Methods to promote
Notch signaling at the biomaterial interface and evaluation in a
rafted organ culture model. J Biomed Mater Res Part A 91A:436—
446. https://doi.org/10.1002/jbm.a.32214

Bersi MR, Khosravi R, Wujciak AJ et al (2017) Differential cell-matrix
mechanoadaptations and inflammation drive regional propensities
to aortic fibrosis, aneurysm or dissection in hypertension. J R Soc
Interface 14:20170327. https://doi.org/10.1098/rsif.2017.0327

Bhattacharyya A, Lin S, Sandig M, Mequanint K (2014) Regulation
of vascular smooth muscle cell phenotype in three-dimensional
coculture system by jaggedl-selective notch3 signaling. Tissue
Eng Part A 20:1175-1187. https://doi.org/10.1089/ten.tea.2013.
0268

Binshtok U, Sprinzak D (2018) Modeling the notch response. In:
Advances in experimental medicine and biology. pp 79-98

Boareto M, Jolly MK, Lu M et al (2015) Jagged-delta asymmetry in
Notch signaling can give rise to a sender/receiver hybrid pheno-
type. Proc Natl Acad Sci 112:E402-E409. https://doi.org/10.1073/
pnas.1416287112

Boucher J, Gridley T, Liaw L (2012) Molecular pathways of notch
signaling in vascular smooth muscle cells. Front Physiol 3:1-13.
https://doi.org/10.3389/fphys.2012.00081

Boulos N, Helle F, Dussaule J-C et al (2011) Notch3 Is essential for
regulation of the renal vascular tone. Hypertension 57:1176-1182.
https://doi.org/10.1161/HYPERTENSIONAHA.111.170746

Campos AH, Wang W, Pollman MJ, Gibbons GH (2002) Determinants
of notch-3 receptor expression and signaling in vascular smooth
muscle cells. Circ Res 91:999-1006. https://doi.org/10.1161/01.
RES.0000044944.99984.25

Caolo V, Schulten HM, Zhuang ZW et al (2011) Soluble jagged-1
inhibits neointima formation by attenuating notch-herp2 signaling.
Arterioscler Thromb Vasc Biol 31:1059-1065. https://doi.org/10.
1161/ATVBAHA.110.217935

Carlson ME, O’Connor MS, Hsu M, Conboy IM (2007) Notch signal-
ing pathway and tissue engineering. Front Biosci 12:5143-5156.
https://doi.org/10.2741/2554

Caulk AW, Humphrey JD, Murtada S-I (2019) Fundamental roles of
axial stretch in isometric and isobaric evaluations of vascular
contractility. ] Biomech Eng 141:1-10. https://doi.org/10.1115/1.
4042171

Cyron CJ, Humphrey JD (2017) Growth and remodeling of load-bear-
ing biological soft tissues. Meccanica 52:645-664. https://doi.org/
10.1007/s11012-016-0472-5

Dave JM, Chakraborty R, Ntokou A et al (2022) JAGGED1/NOTCH3
activation promotes aortic hypermuscularization and stenosis in

@ Springer

elastin deficiency. J Clin Invest 132. https://doi.org/10.1172/JC114
2338

Davis RB, Pahl K, Datto NC et al (2018) Notch signaling path-
way is a potential therapeutic target for extracranial vascu-
lar malformations. Sci Rep 8:17987. https://doi.org/10.1038/
$41598-018-36628-1

del Monte G, Casanova JC, Guadix JA et al (2011) Differential notch
signaling in the epicardium is required for cardiac inflow develop-
ment and coronary vessel morphogenesis. Circ Res 108:824-836.
https://doi.org/10.1161/CIRCRESAHA.110.229062

Drews JD, Pepper VK, Best CA et al (2020) Spontaneous reversal
of stenosis in tissue-engineered vascular grafts. Sci Transl Med.
https://doi.org/10.1126/scitranslmed.aax6919

Driessen RCH, Stassen OMIJA, Sjoqvist M et al (2018) Shear stress
induces expression, intracellular reorganization and enhanced
Notch activation potential of Jaggedl. Integr Biol 10:719-726.
https://doi.org/10.1039/C8IB00036K

Eichinger JF, Haeusel LJ, Paukner D, et al (2021) Mechanical homeo-
stasis in tissue equivalents: a review. Biomech Model Mechano-
biol 20:833-850. https://doi.org/10.1007/s10237-021-01433-9

Estrada AC, Irons L, Rego BV et al (2021) Roles of mTOR in thoracic
aortopathy understood by complex intracellular signaling interac-
tions. PLOS Comput Biol 17:¢1009683. https://doi.org/10.1371/
journal.pcbi. 1009683

Gridley T (2007) Notch signaling in vascular development and physiol-
ogy. Development 134:2709-2718. https://doi.org/10.1242/dev.
004184

Havrda M, Johnson M, O’Neill C, Liaw L (2006) A novel mechanism
of transcriptional repression of p27kipl through Notch/HRT2
signaling in vascular smooth muscle cells. Thromb Haemost
96:361-370. https://doi.org/10.1160/TH06-04-0224

Holzapfel GA, Gasser TC, Ogden RW (2000) A new constitutive
framework for arterial wall mechanics and a comparative study
of material models. J Elast 61:1-48. https://doi.org/10.1023/A:
1010835316564

Holzapfel GA, Gasser TC, Stadler M (2002) A structural model for the
viscoelastic behavior of arterial walls: Continuum formulation and
finite element analysis. Eur J Mech - A/Solids 21:441-463. https://
doi.org/10.1016/S0997-7538(01)01206-2

Humphrey JD (2008) Vascular adaptation and mechanical homeostasis
at tissue, cellular, and sub-cellular levels. Cell Biochem Biophys
50:53-78. https://doi.org/10.1007/s12013-007-9002-3

Humphrey JD (2021) Constrained mixture models of soft tissue growth
and remodelling—twenty years after. J Elast 145:49-75. https://doi.
org/10.1007/s10659-020-09809-1

Humphrey JD, Rajagopal KR (2002) A constrained mixture model for
growth and remodeling of soft tissues. Math Model Methods Appl
Sci 12:407-430. https://doi.org/10.1142/50218202502001714

Humphrey JD, Baek S, Niklason LE (2007) Biochemomechanics of
cerebral vasospasm and its resolution: I. A new hypothesis and
theoretical framework. Ann Biomed Eng 35:1485-1497. https://
doi.org/10.1007/s10439-007-9321-y

Humphrey JD, Eberth JF, Dye WW, Gleason RL (2009) Fundamen-
tal role of axial stress in compensatory adaptations by arteries. J
Biomech 42:1-8. https://doi.org/10.1016/j.jbiomech.2008.11.011

Irons L, Latorre M, Humphrey JD (2021) From transcript to tissue:
multiscale modeling from cell signaling to matrix remodeling.
Ann Biomed Eng. https://doi.org/10.1007/s10439-020-02713-8

Irons L, Estrada AC, Humphrey JD (2022) Intracellular signal-
ing control of mechanical homeostasis in the aorta. Biomech
Model Mechanobiol 21:1339-1355. https://doi.org/10.1007/
$10237-022-01593-2

Irons L, Humphrey JD (2020) Cell signaling model for arterial mecha-
nobiology. PLOS Comput Biol 16:¢1008161. https://doi.org/10.
1371/journal.pcbi. 1008161


https://doi.org/10.1098/rsif.2019.0233
https://doi.org/10.1098/rsif.2019.0233
https://doi.org/10.1016/j.jbiomech.2016.04.037
https://doi.org/10.1016/j.jbiomech.2016.04.037
https://doi.org/10.1115/1.2132374
https://doi.org/10.1007/s10439-007-9322-x
https://doi.org/10.1007/s10439-007-9322-x
https://doi.org/10.1002/jbm.a.32214
https://doi.org/10.1098/rsif.2017.0327
https://doi.org/10.1089/ten.tea.2013.0268
https://doi.org/10.1089/ten.tea.2013.0268
https://doi.org/10.1073/pnas.1416287112
https://doi.org/10.1073/pnas.1416287112
https://doi.org/10.3389/fphys.2012.00081
https://doi.org/10.1161/HYPERTENSIONAHA.111.170746
https://doi.org/10.1161/01.RES.0000044944.99984.25
https://doi.org/10.1161/01.RES.0000044944.99984.25
https://doi.org/10.1161/ATVBAHA.110.217935
https://doi.org/10.1161/ATVBAHA.110.217935
https://doi.org/10.2741/2554
https://doi.org/10.1115/1.4042171
https://doi.org/10.1115/1.4042171
https://doi.org/10.1007/s11012-016-0472-5
https://doi.org/10.1007/s11012-016-0472-5
https://doi.org/10.1172/JCI142338
https://doi.org/10.1172/JCI142338
https://doi.org/10.1038/s41598-018-36628-1
https://doi.org/10.1038/s41598-018-36628-1
https://doi.org/10.1161/CIRCRESAHA.110.229062
https://doi.org/10.1126/scitranslmed.aax6919
https://doi.org/10.1039/C8IB00036K
https://doi.org/10.1007/s10237-021-01433-9
https://doi.org/10.1371/journal.pcbi.1009683
https://doi.org/10.1371/journal.pcbi.1009683
https://doi.org/10.1242/dev.004184
https://doi.org/10.1242/dev.004184
https://doi.org/10.1160/TH06-04-0224
https://doi.org/10.1023/A:1010835316564
https://doi.org/10.1023/A:1010835316564
https://doi.org/10.1016/S0997-7538(01)01206-2
https://doi.org/10.1016/S0997-7538(01)01206-2
https://doi.org/10.1007/s12013-007-9002-3
https://doi.org/10.1007/s10659-020-09809-1
https://doi.org/10.1007/s10659-020-09809-1
https://doi.org/10.1142/S0218202502001714
https://doi.org/10.1007/s10439-007-9321-y
https://doi.org/10.1007/s10439-007-9321-y
https://doi.org/10.1016/j.jbiomech.2008.11.011
https://doi.org/10.1007/s10439-020-02713-8
https://doi.org/10.1007/s10237-022-01593-2
https://doi.org/10.1007/s10237-022-01593-2
https://doi.org/10.1371/journal.pcbi.1008161
https://doi.org/10.1371/journal.pcbi.1008161

A multiscale computational model of arterial growth and remodeling including Notch signaling 1587

Iso T, Hamamori Y, Kedes L (2003) Notch signaling in vascular devel-
opment. Arterioscler Thromb Vasc Biol 23:543-553. https://doi.
org/10.1161/01.ATV.0000060892.81529.8F

Karakaya C, van Asten JGM, Ristori T et al (2022a) Mechano-regu-
lated cell—cell signaling in the context of cardiovascular tissue
engineering. Biomech Model Mechanobiol 21:5-54. https://doi.
org/10.1007/s10237-021-01521-w

Karakaya C, van Turnhout MC, Visser VL et al (2022b) Notch signal-
ing regulates strain-mediated phenotypic switching of vascular
smooth muscle cells. Front Cell Dev Biol 10:1-19. https://doi.
org/10.3389/fcell.2022.910503

Keshavarzian M, Meyer CA, Hayenga HN (2018) Mechanobiological
model of arterial growth and remodeling. Biomech Model Mecha-
nobiol 17:87-101. https://doi.org/10.1007/s10237-017-0946-y

Keshavarzian M, Meyer CA, Hayenga HN (2019) In silico tissue engi-
neering: a coupled agent-based finite element approach. Tissue
Eng Part C Methods 25:641-654. https://doi.org/10.1089/ten.tec.
2019.0103

Khosravi R, Best CA, Allen RA et al (2016) Long-Term functional effi-
cacy of a novel electrospun poly(Glycerol Sebacate)-based arterial
graft in mice. Ann Biomed Eng 44:2402-2416. https://doi.org/10.
1007/s10439-015-1545-7

Khosravi R, Ramachandra AB, Szafron JM et al (2020) A computa-
tional bio-chemo-mechanical model of in vivo tissue-engineered
vascular graft development. Integr Biol 12:47-63. https://doi.org/
10.1093/intbio/zyaa004

Koobatian MT, Row S, Smith RJ Jr et al (2016) Successful endothe-
lialization and remodeling of a cell-free small-diameter arterial
graft in a large animal model. Biomaterials 76:344-358. https://
doi.org/10.1016/j.biomaterials.2015.10.020

Lacolley P, Regnault V, Segers P, Laurent S (2017) Vascular smooth
muscle cells and arterial stiffening: relevance in development,
aging, and disease. Physiol Rev 97:1555-1617. https://doi.org/
10.1152/physrev.00003.2017

LaFoya B, Munroe JA, Mia MM et al (2016) Notch: a multi-func-
tional integrating system of microenvironmental signals. Dev Biol
418:227-241. https://doi.org/10.1016/j.ydbio.2016.08.023

Latorre M, Humphrey JD (2018a) A mechanobiologically equilibrated
constrained mixture model for growth and remodeling of soft tis-
sues. ZAMM-J Appl Math Mech/zeitschrift Fiir Angew Math Und
Mech 98:2048-2071. https://doi.org/10.1002/zamm.201700302

Latorre M, Bersi MR, Humphrey JD (2019) Computational modeling
predicts immuno-mechanical mechanisms of maladaptive aortic
remodeling in hypertension. Int J Eng Sci 141:35-46. https://doi.
org/10.1016/j.ijjengsci.2019.05.014

Latorre M, Humphrey JD (2018b) Critical roles of time-scales in soft
tissue growth and remodeling. APL Bioeng 2:026108. https://doi.
0rg/10.1063/1.5017842

Latorre M, Humphrey JD (2020) Numerical knockouts—In silico assess-
ment of factors predisposing to thoracic aortic aneurysms. PLOS
Comput Biol 16:¢1008273. https://doi.org/10.1371/journal.pcbi.
1008273

Li X, Zhang X, Leathers R et al (2009) Notch3 signaling promotes
the development of pulmonary arterial hypertension. Nat Med
15:1289-1297. https://doi.org/10.1038/nm.2021

Li Z, Kong W (2020) Cellular signaling in abdominal aortic aneu-
rysm. Cell Signal 70:109575. https://doi.org/10.1016/j.cellsig.
2020.109575

Lilly B, Kennard S (2009) Differential gene expression in a coculture
model of angiogenesis reveals modulation of select pathways and
a role for Notch signaling. Physiol Genomics 36:69-78. https://
doi.org/10.1152/physiolgenomics.90318.2008

Lin C-H, Lilly B (2014) Notch signaling governs phenotypic modula-
tion of smooth muscle cells. Vascul Pharmacol 63:88-96. https://
doi.org/10.1016/j.vph.2014.09.004

Loerakker S, Stassen OMJA, ter Huurne FM et al (2018) Mechano-
sensitivity of Jagged-Notch signaling can induce a switch-type
behavior in vascular homeostasis. Proc Natl Acad Sci 115:E3682—
E3691. https://doi.org/10.1073/pnas. 1715277115

Luca VC, Kim BC, Ge C et al (2017) Notch-Jagged complex struc-
ture implicates a catch bond in tuning ligand sensitivity. Science
355:1320-1324. https://doi.org/10.1126/science.aaf9739

Mack JJ, Mosqueiro TS, Archer BJ et al (2017) NOTCHI1 is a mecha-
nosensor in adult arteries. Nat Commun 8:1620. https://doi.org/
10.1038/s41467-017-01741-8

Manokawinchoke J, Nattasit P, Thongngam T et al (2017) Indi-
rect immobilized Jaggedl suppresses cell cycle progres-
sion and induces odonto/osteogenic differentiation in human
dental pulp cells. Sci Rep 7:10124. https://doi.org/10.1038/
s41598-017-10638-x

Marino M, Pontrelli G, Vairo G, Wriggers P (2017) A chemo-mechano-
biological formulation for the effects of biochemical alterations on
arterial mechanics: the role of molecular transport and multiscale
tissue remodelling. J R Soc Interface 14:20170615. https://doi.org/
10.1098/rsif.2017.0615

Masek J, Andersson ER (2017) The developmental biology of genetic
Notch disorders. Development 144:1743-1763. https://doi.org/10.
1242/dev.148007

Miller KS, Khosravi R, Breuer CK, Humphrey JD (2015) A hypothesis-
driven parametric study of effects of polymeric scaffold prop-
erties on tissue engineered neovessel formation. Acta Biomater
11:283-294. https://doi.org/10.1016/j.actbio.2014.09.046

Morris HE, Neves KB, Montezano AC et al (2019) Notch3 signalling
and vascular remodelling in pulmonary arterial hypertension. Clin
Sci 133:2481-2498. https://doi.org/10.1042/CS20190835

Morrow D, Sweeney C, Birney YA et al (2005) Cyclic strain inhibits
notch receptor signaling in vascular smooth muscle cells in vitro.
Circ Res 96:567-575. https://doi.org/10.1161/01.RES.00001
59182.98874.43

Morrow D, Cullen JP, Liu W et al (2010) Alcohol inhibits smooth
muscle cell proliferation via regulation of the Notch signaling
pathway. Arterioscler Thromb Vasc Biol 30:2597-2603. https://
doi.org/10.1161/ATVBAHA.110.215681

Munoz X, Muiioz X, Obach V et al (2007) Association of spe-
cific haplotypes of GAS6 gene with stroke. Thromb Haemost
98:406-412. https://doi.org/10.1160/TH06-04-0224

Owens GK, Kumar MS, Wambhoff BR (2004) Molecular regulation
of vascular smooth muscle cell differentiation in development
and disease. Physiol Rev 84:767-801. https://doi.org/10.1152/
physrev.00041.2003

Putti M, de Jong SMJ, Stassen OMJA et al (2019a) A supramolecular
platform for the introduction of Fc-fusion bioactive proteins
on biomaterial surfaces. ACS Appl Polym Mater 1:2044-2054.
https://doi.org/10.1021/acsapm.9b00334

Putti M, Stassen OMJA, Schotman MJG et al (2019b) Influence of
the assembly state on the functionality of a supramolecular jag-
ged1-mimicking peptide additive. ACS Omega 4:8178-8187.
https://doi.org/10.1021/acsomega.9b00869

Qiao L, Xie L, Shi K, et al (2012) Notch Signaling Change in Pul-
monary Vascular Remodeling in Rats with Pulmonary Hyperten-
sion and Its Implication for Therapeutic Intervention. PLoS One
7:e51514. https://doi.org/10.1371/journal.pone.0051514

Ragot H, Monfort A, Baudet M et al (2016) Loss of notch3 signaling
in vascular smooth muscle cells promotes severe heart failure
upon hypertension. Hypertension 68:392—400. https://doi.org/
10.1161/HYPERTENSIONAHA.116.07694

Ristori T, Stassen OMJA, Sahlgren CM, Loerakker S (2020) Lateral
induction limits the impact of cell connectivity on Notch signal-
ing in arterial walls. Int j Numer Method Biomed Eng 36:1-21.
https://doi.org/10.1002/cnm.3323

@ Springer


https://doi.org/10.1161/01.ATV.0000060892.81529.8F
https://doi.org/10.1161/01.ATV.0000060892.81529.8F
https://doi.org/10.1007/s10237-021-01521-w
https://doi.org/10.1007/s10237-021-01521-w
https://doi.org/10.3389/fcell.2022.910503
https://doi.org/10.3389/fcell.2022.910503
https://doi.org/10.1007/s10237-017-0946-y
https://doi.org/10.1089/ten.tec.2019.0103
https://doi.org/10.1089/ten.tec.2019.0103
https://doi.org/10.1007/s10439-015-1545-7
https://doi.org/10.1007/s10439-015-1545-7
https://doi.org/10.1093/intbio/zyaa004
https://doi.org/10.1093/intbio/zyaa004
https://doi.org/10.1016/j.biomaterials.2015.10.020
https://doi.org/10.1016/j.biomaterials.2015.10.020
https://doi.org/10.1152/physrev.00003.2017
https://doi.org/10.1152/physrev.00003.2017
https://doi.org/10.1016/j.ydbio.2016.08.023
https://doi.org/10.1002/zamm.201700302
https://doi.org/10.1016/j.ijengsci.2019.05.014
https://doi.org/10.1016/j.ijengsci.2019.05.014
https://doi.org/10.1063/1.5017842
https://doi.org/10.1063/1.5017842
https://doi.org/10.1371/journal.pcbi.1008273
https://doi.org/10.1371/journal.pcbi.1008273
https://doi.org/10.1038/nm.2021
https://doi.org/10.1016/j.cellsig.2020.109575
https://doi.org/10.1016/j.cellsig.2020.109575
https://doi.org/10.1152/physiolgenomics.90318.2008
https://doi.org/10.1152/physiolgenomics.90318.2008
https://doi.org/10.1016/j.vph.2014.09.004
https://doi.org/10.1016/j.vph.2014.09.004
https://doi.org/10.1073/pnas.1715277115
https://doi.org/10.1126/science.aaf9739
https://doi.org/10.1038/s41467-017-01741-8
https://doi.org/10.1038/s41467-017-01741-8
https://doi.org/10.1038/s41598-017-10638-x
https://doi.org/10.1038/s41598-017-10638-x
https://doi.org/10.1098/rsif.2017.0615
https://doi.org/10.1098/rsif.2017.0615
https://doi.org/10.1242/dev.148007
https://doi.org/10.1242/dev.148007
https://doi.org/10.1016/j.actbio.2014.09.046
https://doi.org/10.1042/CS20190835
https://doi.org/10.1161/01.RES.0000159182.98874.43
https://doi.org/10.1161/01.RES.0000159182.98874.43
https://doi.org/10.1161/ATVBAHA.110.215681
https://doi.org/10.1161/ATVBAHA.110.215681
https://doi.org/10.1160/TH06-04-0224
https://doi.org/10.1152/physrev.00041.2003
https://doi.org/10.1152/physrev.00041.2003
https://doi.org/10.1021/acsapm.9b00334
https://doi.org/10.1021/acsomega.9b00869
https://doi.org/10.1371/journal.pone.0051514
https://doi.org/10.1161/HYPERTENSIONAHA.116.07694
https://doi.org/10.1161/HYPERTENSIONAHA.116.07694
https://doi.org/10.1002/cnm.3323

1588

J.G. M. van Asten et al.

Ristori T, Sjoqvist M, Sahlgren CM (2021) Ex vivo models to deci-
pher the molecular mechanisms of genetic notch cardiovascular
disorders. Tissue Eng Part C Methods 27:167-176. https://doi.
org/10.1089/ten.tec.2020.0327

Rodriguez EK, Hoger A, McCulloch AD (1994) Stress-dependent
finite growth in soft elastic tissues. J Biomech 27:455-467.
https://doi.org/10.1016/0021-9290(94)90021-3

Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by
the comparative CT method. Nat Protoc 3:1101-1108. https://
doi.org/10.1038/nprot.2008.73

Sharma N, Dev R, Ruiz-rosado JDD et al (2019) Pharmacologi-
cal inhibition of Notch signaling regresses pre- established
abdominal aortic aneurysm. Sci Rep. https://doi.org/10.1038/
$41598-019-49682-0

Sprinzak D, Lakhanpal A, LeBon L et al (2011) Mutual inactiva-
tion of notch receptors and ligands facilitates developmental
patterning. PLoS Comput Biol 7:¢1002069. https://doi.org/10.
1371/journal.pcbi. 1002069

Stassen OMJA, Ristori T, Sahlgren CM (2020) Notch in mecha-
notransduction—from molecular mechanosensitivity to tissue
mechanostasis. J Cell Sci 133:jcs250738. https://doi.org/10.
1242/jcs.250738

Suwanwela J, Hansamuit K, Manokawinchoke J et al (2019) Gene
expression profiling of Jagged1-treated human periodontal liga-
ment cells. Oral Dis 25:1203-1213. https://doi.org/10.1111/odi.
13065

Sweeney C, Morrow D, Birney YA et al (2004) Notch 1 and 3 recep-
tors modulate vascular smooth muscle cell growth, apoptosis and
migration via a CBF-1/RBP-Jk dependent pathway. FASEB J
18:1421-1423. https://doi.org/10.1096/1.04-1700fe

Tara S, Kurobe H, Maxfield MW et al (2015) Evaluation of remod-
eling process in small-diameter cell-free tissue-engineered arte-
rial graft. J Vasc Surg 62:734—743. https://doi.org/10.1016/j.jvs.
2014.03.011

Tiemeijer LA, Sanlidag S, Bouten CVC, Sahlgren CM (2022b) Engi-
neering tissue morphogenesis: taking it up a Notch. Trends Bio-
technol 40:945-957. https://doi.org/10.1016/j.tibtech.2022.01.007

Tiemeijer LA, Ristori T, Stassen OMIJA et al (2022a) Engineered pat-
terns of Notch ligands Jagl and D14 elicit differential spatial con-
trol of endothelial sprouting. iScience 25:104306. https://doi.org/
10.1016/j.is¢i.2022.104306

van Asten JGM, Ristori T, Nolan DR et al (2022) Computational
analysis of the role of mechanosensitive Notch signaling in arte-
rial adaptation to hypertension. J] Mech Behav Biomed Mater
133:105325. https://doi.org/10.1016/j.jmbbm.2022.105325

Valentin A, Humphrey JD (2009) Evaluation of fundamental hypoth-
eses underlying constrained mixture models of arterial growth and
remodelling. Philos Trans R Soc A Math Phys Eng Sci 367:3585—
3606. https://doi.org/10.1098/rsta.2009.0113

Valentin A, Humphrey JD, Holzapfel GA (2011) A multi-layered com-
putational model of coupled elastin degradation, vasoactive dys-
function, and collagenous stiffening in aortic aging. Ann Biomed
Eng 39:2027-2045. https://doi.org/10.1007/s10439-011-0287-4

@ Springer

van Engeland NCA, Suarez Rodriguez F, Rivero-Miiller A et al (2019)
Vimentin regulates Notch signaling strength and arterial remod-
eling in response to hemodynamic stress. Sci Rep 9:12415. https://
doi.org/10.1038/341598-019-48218-w

Virag L, Wilson JS, Humphrey JD, KarSaj I (2015) A computational
model of biochemomechanical effects of intraluminal thrombus
on the enlargement of abdominal aortic aneurysms. Ann Biomed
Eng 43:2852-2867. https://doi.org/10.1007/s10439-015-1354-z

Virag L, Horvat N, Kar$aj I (2023) A computational study of bio-
chemo-mechanics of thrombus-laden aneurysms. J Mech Phys
Solids 171:105140. https://doi.org/10.1016/j.jmps.2022.105140

Wang Q, Zhao N, Kennard S, Lilly B (2012) Notch2 and notch3 func-
tion together to regulate vascular smooth muscle development.
PLoS ONE 7:e37365. https://doi.org/10.1371/journal.pone.00373
65

Xiao Y, Gong D, Wang W (2013) Soluble jagged] inhibits pulmonary
hypertension by attenuating notch signaling. Arterioscler Thromb
Vasc Biol 33:2733-2739. https://doi.org/10.1161/ATVBAHA.
113.302062

Yang X, Wei J, Lei D et al (2016) Appropriate density of PCL nano-
fiber sheath promoted muscular remodeling of PGS/PCL grafts
in arterial circulation. Biomaterials 88:34—47. https://doi.org/10.
1016/j.biomaterials.2016.02.026

Zhou X, Xiao Y, Mao Z et al (2015) Soluble Jagged-1 inhibits reste-
nosis of vein graft by attenuating Notch signaling. Microvasc Res
100:9-16. https://doi.org/10.1016/j.mvr.2015.01.009

Zhu G, Wang J, Song M et al (2017) Overexpression of jagged]l ame-
liorates aged rat-derived endothelial progenitor cell functions and
improves its transfusion efficiency for rat balloon-induced arterial
injury. Ann Vasc Surg 41:241-258. https://doi.org/10.1016/j.avsg.
2016.10.030

Zohorsky K, Mequanint K (2021) Designing Biomaterials to modulate
notch signaling in tissue engineering and regenerative medicine.
Tissue Eng Part B Rev 27:383-410. https://doi.org/10.1089/ten.
teb.2020.0182

Zohorsky K, Lin S, Mequanint K (2021) Immobilization of jaggedl
enhances vascular smooth muscle cells maturation by activating
the notch pathway. Cells 10:2089. https://doi.org/10.3390/cells
10082089

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1089/ten.tec.2020.0327
https://doi.org/10.1089/ten.tec.2020.0327
https://doi.org/10.1016/0021-9290(94)90021-3
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/s41598-019-49682-0
https://doi.org/10.1038/s41598-019-49682-0
https://doi.org/10.1371/journal.pcbi.1002069
https://doi.org/10.1371/journal.pcbi.1002069
https://doi.org/10.1242/jcs.250738
https://doi.org/10.1242/jcs.250738
https://doi.org/10.1111/odi.13065
https://doi.org/10.1111/odi.13065
https://doi.org/10.1096/fj.04-1700fje
https://doi.org/10.1016/j.jvs.2014.03.011
https://doi.org/10.1016/j.jvs.2014.03.011
https://doi.org/10.1016/j.tibtech.2022.01.007
https://doi.org/10.1016/j.isci.2022.104306
https://doi.org/10.1016/j.isci.2022.104306
https://doi.org/10.1016/j.jmbbm.2022.105325
https://doi.org/10.1098/rsta.2009.0113
https://doi.org/10.1007/s10439-011-0287-4
https://doi.org/10.1038/s41598-019-48218-w
https://doi.org/10.1038/s41598-019-48218-w
https://doi.org/10.1007/s10439-015-1354-z
https://doi.org/10.1016/j.jmps.2022.105140
https://doi.org/10.1371/journal.pone.0037365
https://doi.org/10.1371/journal.pone.0037365
https://doi.org/10.1161/ATVBAHA.113.302062
https://doi.org/10.1161/ATVBAHA.113.302062
https://doi.org/10.1016/j.biomaterials.2016.02.026
https://doi.org/10.1016/j.biomaterials.2016.02.026
https://doi.org/10.1016/j.mvr.2015.01.009
https://doi.org/10.1016/j.avsg.2016.10.030
https://doi.org/10.1016/j.avsg.2016.10.030
https://doi.org/10.1089/ten.teb.2020.0182
https://doi.org/10.1089/ten.teb.2020.0182
https://doi.org/10.3390/cells10082089
https://doi.org/10.3390/cells10082089

	A multiscale computational model of arterial growth and remodeling including Notch signaling
	Abstract
	1 Introduction
	2 Methods
	2.1 Constrained mixture model
	2.1.1 Kinematics
	2.1.2 Mass density and strain energy evolution
	2.1.3 Stresses
	2.1.4 Constituent-specific behavior

	2.2 Notch signaling model
	2.3 Experimental data
	2.4 Coupling and implementation

	3 Results
	3.1 The Notch model is compatible with the CMM when collagen production does not depend on axial stress
	3.2 A computational model combining a Notch stimulus with a phenomenological stimulus can capture in vivo arterial G&R in hypertension
	3.3 Notch mechano-sensitivity mainly contributes to smooth muscle cell proliferation during adaptation to hypertension
	3.4 Notch interventions can alter both arterial geometry and composition in hypertension

	4 Discussion
	References




