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Abstract Arteries can adapt to sustained changes in blood
pressure and flow, and it is thought that these adaptive
processes often begin with an altered smooth muscle cell
activity that precedes any detectable changes in the pas-
sive wall components. Yet, due to the intrinsic coupling
between the active and passive properties of the arterial wall,
it has been difficult to delineate the adaptive contributions of
active smooth muscle. To address this need, we used a novel
experimental-computational approach to quantify adaptive
functions of active smooth muscle in arterial rings excised
from the proximal descending thoracic aorta of mice and
subjected to short-term sustained circumferential stretches
while stimulated with various agonists. A new mathematical
model of the adaptive processes was derived and fit to data
to describe and predict the effects of active tone adaptation.
It was found that active tone was maintained when the artery
was adapted close to the optimal stretch for maximal active
force production, but it was reduced when adapted below the
optimal stretch; there was no significant change in passive
behavior in either case. Such active adaptations occurred only
upon smooth muscle stimulation with phenylephrine, how-
ever, not stimulation with KCI or angiotensin II. Numerical
simulations using the proposed model suggested further that
active tone adaptation in vascular smooth muscle could play
a stabilizing role for wall stress in large elastic arteries.
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1 Introduction

Arteries exhibit a remarkable ability to adapt to long-term
(days to months) changes in hemodynamic loading, often
manifested as an altered caliber in response to changes
in flow or an altered thickness in response to changes in
pressure. These long-term adaptations necessarily involve
changes in extracellular matrix, via both remodeling and
turnover, which in many cases are complemented by changes
in vessel-level vasoactivity (Langille and Dajnowiec 2005;
Dajnowiec and Langille 2007; Valentin et al. 2009). Although
not studied previously in arteries, the arteriolar wall can
adapt to short-term (hours) changes in induced vasoac-
tivity (Martinez-Lemus et al. 2004, 2009). It has been
suggested that these short-term adaptations occur via changes
in intracellular proteins within, and interactions between, the
vascular smooth muscle cells (SMCs) prior to any detectable
changes in the passive matrix. Taken together, these observa-
tions at different scales (arterioles to arteries) over different
periods (from hours to months) suggest complex intrinsic
interactions between the passive and active properties of the
vascular wall.

Short-term adaptive functions have been studied primar-
ily in small resistance arteries or arterioles (Buus et al.
2001; Bakker et al. 2002, 2004, 2008; Martinez-Lemus et al.
2004; Martinez-Lemus 2008; Tuna et al. 2013). These studies
reveal two key stimuli for adaptation: the level of mechanical
strain imposed on the vessel, and hence the SMCs (i.e., the
configuration to which the SMCs must adapt), and the level
of chemical activation of the actomyosin apparatus (i.e., the
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contractile state that the SMCs can respond with). In cases
wherein intact vessels were studied using a pressure myo-
graph, the induced mechanical strain was regulated through
the luminal pressure and the actomyosin interaction through
the use of pharmacological agonists. When adapted for only
a few hours, the primary change was a reorganization of
the SMCs that affected the overall geometry of the vessel
(Martinez-Lemus et al. 2004). When subjected to perturbed
mechanical or chemical stimuli for longer durations, up to
several days, changes were observed in both the active con-
tractile and the passive properties of the wall (Bakker et al.
2004).

Vascular SMC actomyosin activity can be regulated via
changes in blood flow (actually the resulting wall shear
stress), which alters the production of vasoactive molecules
by the endothelial cells. For example, high flow results
in endothelial production of nitric oxide synthase (eNOS),
which catalyzes the generation of the potent vasodilator,
nitric oxide; in contrast, low flow results in endothelial pro-
duction of the potent vasoconstrictor, endothelin-1. That
is, nitric oxide inhibits, whereas endothelin-1 heightens
actomyosin interactions within the SMCs. In a study of adap-
tations by mesenteric arteries to 1- or 3-day changes in flow,
it was found that the passive and active length—tension rela-
tionships for the adapted vessels changed in response to low
flow (i.e., high SMC activation), but not high flow (low SMC
activation), thus suggesting that actomyosin interactions are
necessary for vascular adaptation (Tuna et al. 2013).

Whereas there are many studies of adaptations of the pas-
sive properties of large arteries to altered hemodynamics,
experimental data are limited on adaptations of active tone.
Although SMCs in large arteries are thought to exhibit pri-
marily a synthetic, not contractile, phenotype, Arner et al.
(1984) reported significant changes in both the active and pas-
sive length—tension relationships of abdominal aortic vessels
adapted to long-term (6 weeks) changes in pressure and flow.
When pressure and flow were reduced, the inner diameter and
wall thickness adapted via inward hypotrophic remodeling
(reduction in lumen diameter and decreased cross-sectional
area); when pressure and flow were increased, the inner diam-
eter and wall thickness adapted via outward hypertrophic
remodeling (increase in lumen diameter and increased cross-
sectional area). The mean passive stretch—stress relationship
revealed an increase in stiffness after adaptation in both
cases, albeit more dramatic in the low pressure/flow case.
The maximal active stress decreased in the low pressure/low
flow case while there was only a small decrease in the
high pressure/high flow case. Hence, similar to resistance
arteries, changes in passive and active properties can occur
during chronic adaptations in large elastic arteries. Together,
these findings across scales support the hypothesis that both
mechanical stimuli and active cellular sensing are necessary
for active tone adaptation in large arteries.
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In the present work, we study experimentally and compu-
tationally the acute (< 10h) adaptations in active tone of arte-
rial rings excised from the thoracic aorta of the mouse. Data
were collected during in vitro chemo-mechanical manipula-
tions of arterial rings that did not cause significant changes
in the passive matrix properties. Simulations were performed
using a mathematical model that was informed by experi-
mental data and used to predict mechanical mechanisms by
which the murine aorta adapted its active properties acutely.

2 Methods
2.1 Experimental protocol

Arterial rings from the proximal descending thoracic aorta
(DTA) were harvested from 10- to 14-week-old mice. The
experiments were performed using two myograph systems:
a multi-channel muscle myograph (MYOBATH-4, World
Precision Instruments, Sarasota, USA) and a Mulvany—
Halpern myograph (620M multi-wire myograph system,
Danish MyoTechnology, Aarhus, Denmark). In both sys-
tems, arterial rings were mounted on two pins, one connected
to a micrometer and the other to a force transducer. The rings
were held in an open organ bath with Krebs—Ringer bicar-
bonate buffer solution at 37° C and continuously oxygenated
with 95% O, and 5% CO; to maintain a pH of 7.4. The
arterial rings were stretched to ~20% of their resting cir-
cumference and equilibrated for 30 min in the buffer solution.
To precondition the arterial rings, two high K™ contractions
were induced by adding 80 mM potassium chloride (KCI)
and recording the active tension development for 5 min.

The protocol to study possible adaptations consisted of
three phases: (1) measurement of passive and active (using
high K+ induced contractions) length—tension relationships,
(2) exposure to one of three vasoconstrictors for 180 min
at either low (lower than optimal muscle stretch) or near
optimal muscle stretch, and (3) a repeat measurement of the
active and passive length—tension relationships to identify
changes, if any, following adaptation. The passive length—
tension experiments were performed by stretching the rings
to the desired value(s) of stretch and measuring the associated
force(s) following equilibration for 3 min at each stretch. The
active relations were obtained by contracting the ring sample
with 80mM KCI and then recording data for Smin at the
prescribed stretch; the high K+ was then washed out and the
ring relaxed for 5 min. The contraction steps were repeated at
different muscle stretches until exceeding the optimal value,
which was indicated by the development of maximal active
tension.

During the adaptation phase, each aortic ring was stretched
to the desired ‘“adaptation stretch,” equilibrated for 3 min,
and then contracted using one of the three vasoconstric-
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Fig. 1 Isometric active tension development of a representative arter-
ial ring that was excised from the proximal DTA of a mouse and held
near its optimal value of circumferential stretch. Results are for stim-
ulation with 80 mM KCl and its relaxation following a washout (lef?),

tors: 80mM KCl, 2uM phenylephrine (PE), or 100 nM
angiotensin II (Ang II), which tended to result in very dif-
ferent contraction dynamics (Fig. 1). The change in active
tone during adaptation with PE at low stretch was measured
at two different times, 2 and 3 h after beginning the pertur-
bation. After each adaptation step, the bath was washed out
three times. The load-free inner diameter for each ring was
estimated by measuring the distance between the pins touch-
ing the inner wall of the ring without any significant increase
in tension.

2.2 Mathematical model

An existing semi-phenomenological mathematical model
based on a structurally motivated description of the smooth
muscle contractile unit was coupled with a new kinetic model
of active tone adaptation to study potential roles of short-term
adaptations in large elastic arteries. A parameter sensitivity
analysis was performed to assess which parameters could be
involved in the active tone adaptation.

2.2.1 The smooth muscle contractile unit model

The SMC model built upon a prior model of contractility
(Murtada et al. 2010, 2012) that describes the contractile
apparatus as a network of contractile units (CU). Referring to
Fig. 2, two characteristic features of the SMC were modeled
to account for the kinematics during isometric contraction:
an average elongation of an attached cross-bridge ucp and
the deformation of passive surrounding elements (pSE) upsg,
here representing the actin cortex. The intracellular myosin
and actin filaments were assumed to be arranged as CUs
and to interact through attached cross-bridges. Two types
of cross-bridges were assumed to form, a stronger cycling
cross-bridge represented by the elastic stiffness parameter

| m f/ L

stimulation with 2 uM PE (middle), then stimulation with 100nM Ang
1I (right). The attenuated response to Ang II was not a function of the
order of stimulation

kamp and a weaker non-cycling cross-bridge represented by
the elastic stiffness parameter kay (Stalhand et al. 2008;
Murtada et al. 2010; Bol et al. 2012). Thus, the total stiffness
of all attached myosin cross-bridges in a half of a CU is

Lm

kicp = . (nampkamp + namkam) . ()
m

where Ly, is the length of a myosin filament, §, is the dis-
tance between the myosin monomers heads, and namp and
naMm are the fractions of attached strong and weak myosin
cross-bridges. By assuming a particular normalized overlap
distance Ly, between the actin (thin) and myosin (thick) fil-
aments, the total stiffness kicy of a number of CUs (N¢y)
in series can be expressed as

ki
2Ncu’

@

keu = Lo

The total active force F, produced by Ncy CUs in series,
with a pSE at each end (cf. Fig. 2), can be expressed as

kicukpse

> (3)
2kicu + kpsE

Fy =2 (ucNcu + upsg)

where upsE is the elongation and kpsE is the average stiffness
of a pSE. Hence, the current length Igyic of the SMC model
is

Ismc = Lsmc + 2Ncu(ucB + ufs) + 2upsg, 4

where Lgyc is the reference length of the SMC model and u
means filament sliding between the myosin and actin within a
CU. Using Eqgs. (2, 3) and (4), the active first Piola-Kirchhoff
stress P, becomes
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Fig. 2 Schematic diagram of the proposed smooth muscle cell model,
where CUs consist of thick myosin filaments of length L, and thin
actin filaments with a relative filament overlap Lg,. The myosin and
actin filaments interact through strong (kamp, 7amp) and weak (kam,

Py = FaNcr = (Ag — 1 —2Ncuuss)
LtokicBkpSE
Liokic + Ncukpse)

x L N 5
SMCZ( CF (5)

where Ncr is the contractile fiber density (CF/unit area),
Ao = Ismc/Lsmc is the stretch of the representative SMC
model, and uss = ugs/Lsmc is the normalized filament slid-
ing.

Filament sliding can occur either by cycling the cross-
bridges or due to an externally imposed deformation. Thus,
the normalized filament sliding can be additively described
as ifs = ug + ig,, where ug is the relative filament slid-
ing linked to the elongation of the active cross-bridges and
the pSE and ug] is the relative filament sliding caused by
changes in Ag. The kinetics of the filament sliding caused by
the cycling cross-bridges is described by the evolution law

a_C
2 _ g (R - R

o (6)

where f§ is a fitting parameter and F; is the total driving
force in a CU caused by the cycling of cross-bridges; this
driving force F. represents the sum of all forces that arise
due to the power stroke from a single cycling cross-bridge.
Hence, if an attached cycling cross-bridge with elastic stiff-
ness kamp elongates a distance ups due to a power stroke, the
total driving force in a CU can be expressed as

>

number cycling x-bridges

Fe

- Lny
kAMp”ps = Lfo(s_nAMpkAMpups-
m

(N
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nam) cross-bridges and have a total elastic stiffness of kcp. The CUs
form contractile fibers (CFs) via connections, through dense bodies,
with a passive surrounding element (pSE) element along each side that
have an average elastic stiffness kpsg

The myosin cross-bridges are highly dynamic, continuously
attaching and detaching to the actin filaments when acti-
vated. Thus, any change in stretch Ag is assumed to be
taken up by the mechanical filament sliding u}, whereby
agt?g =5 A}CU % The aforementioned filament overlap Lio
is described by a Gaussian function that depends on filament
sliding ugs with a maximal filament overlap at an optimal

filament sliding ﬁgp ' That is,

(i7"’

Ly (i) = e 20n0/tm)” ®)
where s, > 0 is a fitting parameter and Ly, is the aver-
age length of a myosin filament. The relationship between
filament overlap and myosin filament length was motivated
because a more uniform filament overlap distribution would
be obtained with shorter myosin filament length.

2.2.2 Estimating values of elastic stiffness

The recruitment of attached cross-bridges can be determined
using models of the kinetics of cross-bridge interactions such
as the HM model (Hai and Murphy 1988) or the HHM model
(Mijailovich et al. 2000). In the present model, the fractions
of attached cross-bridges were set as constants at their steady-
state values (ﬁ AMp, 11 AM) , as suggested previously (Murtada
et al. 2012). The rate of active tension development was thus
regulated mainly by the fitting parameter § in the evolution
law for filament sliding by prescribing constant values for
the other parameters in Egs. (5, 6, 7).
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The elastic stiffness of attached strong cross-bridges
kamp was determined through the evolution law for fila-

ment sliding at steady-state and optimal stretch kgpt 6)
(PaOPt/NCF - F. = 0), thus giving

opt
a

©))

kamp =
P L ~ - opt ’
S iaMp Ly ups NeF

m

where P, P! is the active stress at optimal stretch and Z?g ‘=

Lso (szs = ﬁ?sp t) = 1 is the filament overlap at optimal
stretch. The elastic stiffness of the weak attached cross-
bridges was set as kam = 0.3kamp (Murtada et al. 2012).
With kamp and kam known, the elastic stiffness of the pas-
sive serial elastic component was obtained through the active
stress equation (5)

ZL_,OptPOplktCB
kpSE = g7 fo ~9 (10)

= opt opt
e LsmcLg, keBNcF — 2Py Ncu

—opt —opt —opt opt —opt
where P = 2Ncy P +2i 0%y = (AQP — 1 — 2Nyl
is the average steady-state elastic elongation of all attached
cross-bridges at optimal muscle stretch.

2.3 Parameter sensitivity study

A sensitivity analysis was conducted to investigate relative
contributions of particular values of the different model para-
meters on the magnitude and behavior of the active tone. The
parameters studied were: the elastic stiffness of the passive
surrounding element kpsg, the length of the myosin filament
L, the number of CUs in series Ncy, and the fraction of
attached strong cross-bridges namp. Based on this sensitiv-
ity study, the model parameter(s) able to mimic changes in
active tone observed in the experiments were used as targets
for the adaptation model.

2.3.1 Phenomenological adaptation model

The adaptation of active tone was modeled phenomenolog-
ically, with the magnitude of the parameters identified as
important through the parameter sensitivity analysis modu-
lated via a dimensionless parameter g € [0, 1]. A system
of two simple logistic differential equations, based on equa-
tions used to describe population dynamics and biological
growth (Tsoularis and Wallace 2002), was used to describe
the evolution of the adaptation parameter ¢. The rate of adap-
tation of ¢ was assumed to depend on two key factors: the
stretch in the circumferential direction Ay that corresponds to
the mechanical state at which the SMCs were adapting and
the concentration of the agonist [Ag] that triggered and set

the rate of the adaptation. The agonist could be given exoge-
nously or could correspond to an autocrine chemical stimulus
generated by the SMCs when sensing a change in mechani-
cal environment. The governing differential equations in the
adaptation model are thus

(1 - ‘i[Ag])

dq

—=q(@—q)- (11
ot t[Ag]

and

3 Ty —

A (12)
ot T

where g[ag] is a function of the agonist concentration dag] =

1— [Ag]
[Ag]+Clag]

gr = a (Ag —Agpt) + 1. The functions g[a,] and i

and g, is a function of the adaptation stretch

were set 5o that g[ag] ([Ag] =0) = 4 ()»0 _ kgpt) _

1. The parameter Cpa, is the concentration of the ago-

nist [Ag] that sets 50% of the maximal rate of adaptation
— 19

( a_q B
at [Ag]:C[Ag] . 2 t N
T[ag] and 7, are time constants describing the rate of adapta-

), a;, is a fitting parameter, and
max
tion to the agonist concentration [Ag] and/or the stretch g,
which are set to equal values.

2.3.2 Parameter estimation from data

The mathematical model of the contractile apparatus was for-
mulated so that most model parameters could be associated
with measureable values and obtained from experimental
data found in the literature or collected herein. The fitting
parameter § in the filament sliding evolution law was fit to
data on the development of isometric contraction for 1 to
5 min at the optimal length. The parameter sg, was fit to
stretch-tension data extracted after 5 min of isometric con-
traction at different stretches. The parameters a;, and 7] in
the adaptation model were fit to data measured at 2 and 3h
of adaptation at the low stretch. All model parameters were
fitted using a least-square regression method.

2.4 Predictions of vascular adaptation by an intact
vessel

To consider effects of active tone adaptation in the murine
thoracic aorta in response to acute changes in pressure, we
developed a model for a closed cylindrical vessel endowed
with passive properties that result from multiple families
of fibers and active properties that result from the SMC—
adaptation model. Assuming isochoric responses in short-
term adaptations (hours), the equilibrium equations for an
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incompressible artery having closed ends and subjected to
luminal pressure P and axial force f can be written as

Pr;

Fo — T

0, A —wr?P = f, (13)

oy =

where A (= 7 (r02 — rlz)) is the current cross-sectional area

of the vessel, r; is the current inner radius, r, is the current
outer radius, and o, and oy are the axial and circumferential
Cauchy stresses. Due to the incompressibility constraint, the
volume of the artery can be expressed as
2 2 2 2
V=m (ro —n ) lyessel = T (Ro —(Ro — H) ) Lyessel
(14)

where lyessel and Lyesse] are the current and reference axial
length of the vessel. With /yessel = A7 Lyessel, the current inner
radius can be inferred as

R2 — (R, — H)?
riz\/rg_—o (A" ) (15)
Z

where ro = Ag Ro.

The total Cauchy stress in the arterial wall was described
as the sum of the passive and active stresses, where the passive
response was described by the strain energy function W}, and
the active response was described using the proposed SMC
model oriented (on average) in the circumferential direction,
thus

= I+2F8W FT
=P aC

Ag [(/\9 — 1 —2Ncuyitss)

LiokicBkpsE
2 (LiokicB + Ncukpse

x Lsmc )NCF] e e (16)

where p is a Lagrange multiplier that enforces the incom-
pressibility, F is the deformation gradient tensor, and C =
FTF the right Cauchy—Green tensor. The passive behavior of
the arterial wall was modeled using a two-fiber family model

(Holzapfel et al. 2000)
= —(11—3)+ Z [exp |:c12‘ (I}f— 1)2]_1]
17)

k12

where I} = trC and I}f = MK . CMK, with M¥ =
(O, sin oe(];, cos ag) a unit vector describing the orientation
of fiber family k through the angle ozg computed relative to
the axial direction. For simplicity, these fibers were assumed

to be oriented in circumferential and axial directions, thus
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a) = % and o} = 0. This assumption phenomenologi-

cally accounts for the typical diagonal orientation of collagen
fibers while allowing the model to capture possible effects of
lateral cross-links that have yet to be quantified rigorously.
Other descriptions could be used similarly, including differ-
ent fiber types and orientations for the media and adventitial
in a bilayered model.

The closed vessel was initially pressurized to 90 mmHg at
a constant axial stretch (A, = 1.5), which was followed by
a sustained decrease in pressure to consider possible adap-
tive changes in diameter and circumferential Cauchy stress.
Three different cases of adaptation were simulated: that for
a passive vessel without active SMC, that for a vessel with
active SMCs, and that for an active vessel with active SMCs
which could adapt.

3 Results
3.1 Experimental data and parameter estimation
3.1.1 Control length—tension phase

The mean optimal value of the muscle stretch was estimated
under baseline conditions to be )\gpt = 1.604, which pro-
duced a mean maximal active tension T;fp " = 1.438 mN/mm.
These values were determined by fitting a Gaussian function
to data from isometric tests wherein the aortic rings were
contracted at different values of stretch using 80 mM KCl
(Fig. 3). The Gaussian function was,

—(2g=b)*

T, =ae 22 (18)

where a corresponds to the maximal active tension TaOpt after
Smin of contraction, b corresponds to the optimal stretch
Ae , and ¢ describes the width of the active tension distrib-
ution for different stretches. Best-fit values (mean + SEM)
of these parameters as well as those describing the baseline
passive length—tension behavior are listed in Table 1. Note,
therefore, that two passive parameters A and B described the
mildly exponential passive behavior (Fig. 3), which for the
ring tests was given by

Ty = A (%D 1), (19)

Note that these two uniaxial relations, (18) and (19), were
used to quantify and then compare the active and passive
length—tension responses before and after adaptation in the
ring tests. Circumferential stresses were calculated from ten-
sions by setting the unloaded baseline value of wall thickness
to 105 um, with the media occupying 70 % of the wall (Fer-
ruzzi et al. 2015) resulting in a mean maximal active first
Piola—Kirchhoff stress of P,” = 19.57kPa.
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Fig. 3 Mean circumferential tension—stretch results in passive (leff)
and active (right) states for aortic rings subjected to three different
loading histories: (circle) n = 16 control vessels, (square) n =8
vessels following 3 h of adaptation at a low stretch, and (diamond) n
= 8 vessels following 3 h of adaptation near the optimal value of stretch.
The curves show functional behaviors resulting from the assumed expo-
nential (passive) and Gaussian (active) type relations, given in Eqs. 19

Table 1 Best-fit parameters for the passive and active tension—stretch
behavior based on experimental data from individual arterial rings
excised from mouse proximal DTA (n = 16 for control rings and n = 8
for rings adapted at either low stretch (LS) or near optimal stretch (OS)

Active tension [mN/mm)]

1 1.2 14 1.6 1.8 2
Stretch [-]

and 18, respectively, together with the mean best-fit model parameters
given in Table 1. These behaviors are represented as: (solid line) for con-
trols, (dashed line) following adaptation at low stretch, and (dash-dotted
line) following adaptation near the optimal stretch. The contractions in
the active tension—stretch plot were induced by 80 mM KClI, and the
adaptations occurred while stimulated with 2 uM PE (cf. Fig. 1)

and stimulated with PE during adaptation). Shown, too, are normal-
ized changes (“after” relative to “before”) in the active tension—stretch
behavior for each type of test following adaptation

a (mN/mm) b(-) c(-) Uafer / Abefore Dafter / boefore Cafter / Cbefore A (mN/mm) B (-)
Control 1.438 +£0.039 1.604 +0.036 0.431£0.123 - - - 3.8354+0.413 1.430+0.103
Adapt LS 1.065+£0.050 1.544 £0.060 0.650+0.091 0.736 £0.020 0.947 +£0.029 1.541+0.282 3.421 £0.720 1.519£0.123
Adapt OS 1.415+£0.083 1.57854+0.023 0.413 +0.022 0.9856 £0.020 1.0059 +0.022 1.0676 £0.093 3.493 £0.614 1.571 £0.141

3.1.2 Adaptation step

Recalling the very different contractile responses to the three
agonists (KCl, PE, and Ang II; Fig. 1), note that aortic
rings adapted at low stretch (below the optimal stretch) dur-
ing a sustained PE-induced contraction showed a significant
decrease in the magnitude of the isometric active tone over
large range of stretches due to adaptation. As a result, the
active length—tension relationship was less “bell-shaped” fol-
lowing adaptation at low stretch (Fig. 3). In contrast, there
was no significant change in the active length—tension behav-
ior in rings adapted close to optimal stretch (Fig. 3), and there
was no significant change in the passive behavior in rings
adapted at either the low or optimal stretch (Fig. 3). A sum-
mary of all of the best-fit parameters for Egs. (18) and (19)
is given in Table 1. Finally, no significant differences were
found in the magnitude of the isometric active tone at optimal
muscle stretch in rings adapted (1) during KCl-induced con-
tractions at either the low or optimal stretch (no shown), (2)
during Ang I exposure at low stretch, or (3) when maintain-
ing the rings passive at low stretch, all for 180-min adaptation
periods (Fig. 4).

3.1.3 SMC model parameter fitting and behavior

Parameters in the SMC model that could be associated with
physically measureable values were taken from the literature
(see Table 2). Note, however, that due to the non-striated
arrangements of myosin filaments in SMCs, the number of
CUs in series can be difficult to estimate. Herein, the number
of CUs in series was assumed to be Noy = Lsmc/ 2Lm).
Other parameters were fit to the experimental data collected
in the present study. The elastic stiffness of the strong cross-
bridges and the passive elastic stiffness were found to be
kamp = 1.423 x 1073 N/m and kpsg = 4.371 - 107* N/m
through Eqgs. (9) and (10). The parameter 8 in the evolution
law for filament sliding was fit to the isometric active stress
development data, namely 8 = 1.616 x 10* s~!, see Fig. 5.

Predicted changes in the maximal magnitude of the active
tone were only achieved by altering the values of the length
of the myosin filaments L,, and the fraction of the attached
strong cross-bridges 7iamp (Fig. 6). Changing the myosin
length was also able to capture the flattening of the “bell-
shaped” active stretch—stress relationship observed in the
adaptation experiments (cf. Fig. 3) and was chosen as the tar-
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Fig. 4 Maximum (normalized) active tension developed when the arte-
rial rings were exposed to 80 mM KCI following adaptations at one of
two different stretches while stimulated with one of three agonists: low
stretch (LS) versus near the optimal stretch (OS) while stimulated with
2 uM phenylephrine (PE), relaxed with no contraction (RIx), stimulated
with 80 mM KCI (KCl), or stimulated with 2 WM angiotensin II (Ang
II). Note that each value of tension was normalized with the respective
the control maximal active tension before adaptation. The PE groups
represent mean behaviors with n = 8 per group and the other groups
with n = 4 per group; the error bars show the SE of the mean

get in the SMC-adaptation model, L,, = Zm -q (Ao, [Ag], 1)
where L,, is the original value of the myosin length. The
fitting parameter a, in the adaptation model was found to
a; = 0.691 and the time constant 7[5y = 2.230 - 103 s by
(1) fitting the coupled SMC-adaptation model to data col-
lected at 120 and 180min at low stretch (Ap = 1.191) and
(2) assuming that the isometric active tension development
triggered by PE had reached steady state within 120 min of
contraction. The half-activation parameter C [Ag] for adapta-
tion achieved with PE was set to the same concentration as the
half-activation concentration for active tension development
with PE (Davis et al. 2012). A summary of all the material
parameters used in the SMC model is given in Table 2.

3.2 Model simulations of active tone adaptation
3.2.1 Arterial rings

A simulated adaptation was triggered by setting the concen-
tration of the agonist [Ag] = 2 M and stopped by setting
[Ag] = 0. With the fitted values in the adaptation model,
an altered behavior due to a change in active tone could
be simulated for different values of adaptation stretches and
after different durations of stretch adaptations (Fig. 7). When
simulating a change in active tone after 180 min of adapta-
tion at different adaptation stretches, the model was able to
reproduce experimental observations (Fig. 8). The complete
change in model-predicted active stretch—stress behaviors

@ Springer

after 0, 60, 120, and 180 min of stretch adaptations is shown
in Fig. 9. The active stress behavior for a sudden perturbation
in stretch was also simulated. The model vessel was initially
contracted at optimal stretch, and the effect of the filament
overlap on the adaptation was simulated by changing the
stretch to different values and holding it constant for a longer
time, see Fig. 10.

3.2.2 Cylindrical vessels

The possible effects of active tone adaptation were stud-
ied further by implementing the proposed SMC adaptation
within a model of a closed-ended aorta having an unloaded
outer diameter R, = 827um and unloaded wall thickness
H = 105um (Ferruzzi et al. 2015). This model vessel
was loaded with an internal pressure of 90 mmHg at a fixed
axial stretch A, = 1.5. Because of the fixed axial stretch,
we focused on equilibrium in the circumferential direction,
namely Eq. (13). The material parameters in the passive
fiber-reinforced model were determined by fitting the present
passive experimental data (Fig. 3), but scaled such that the
circumferential stretch was Ay = kgpt for 90mmHg and
Az = 1.5,

By simulating a pressure drop from 90 to 80 mmHg, the
change in outer diameter and circumferential Cauchy stress
was studied for a passive vessel, a vessel with active smooth
muscle that did not adapt, and a vessel with active smooth
muscle that did adapt (Fig. 11). It was found that the adaptive
function of the active smooth muscle tone had a stabilizing
effectin the vessel, which reduced the overall change in stress
due to the pressure drop. When pressure decreased, the active
tone in the vessel reduced through adaptive remodeling, thus
resulting in a partial recovery of the reduced outer diameter
and circumferential stress (Fig. 11).

3.3 Discussion

Given the continuing lack of information on possible roles
of adaptation of smooth muscle contractility in large artery
remodeling, we performed novel short-term adaptation
experiments on the murine DTA and developed an associ-
ated biomechanical model that was shown both to describe
the experimental data well and to allow simulations of pos-
sible adaptations under hypotensive conditions.

Sustained 3-h contractions of aortic rings at their optimal
stretch did not result in any adaptive changes, thus suggesting
that the muscle is inherently adapted to function best at its
optimal stretch. Conversely, sustained exposures to phenyle-
phrine at a stretch lower than the optimal value resulted
in a marked adaptation in active tone. Interestingly, expo-
sures to KCI did not result in an adaptive response when
contracted for 3h at low stretch. Although levels of base-
line contractions were similar for KCI and PE (cf. Fig. 1),
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Table 2 Parameter values for the coupled smooth muscle contraction—adaptation model

Parameter Description Value References

Smooth muscle model

L Myosin filament length 0.3 x 107° (m) Liu et al. (2013); Devine
and Somlyo (1971)

Sm Distance between myosin monomer 1.45 x 108 (m) Xu et al. (1996)

Lsmc SMC length 10~* (m) Humphrey (2002)

Ncu Number of CU in series in a CF Lsmc/(Ly)

Ncr Number of CF over a unit area 244 x 10'2 (1/m?2) Devine and Somlyo (1971)

Ups Average elongation caused by P-S 7 x 1079 (m) Sweeney and Houdusse (2010)

LAMp Fraction of attached strong x-bridges 0.389 (-) Murtada et al. (2012)

NAM Fraction of attached weak x-bridges 0.556 (-) Murtada et al. (2012)

kamp Elastic stiffness of strong x-bridges 1.423 x 1073 (N/m) Eq. (9)

kam Elastic stiffness of weak x-bridges 0.3kamp Murtada et al. (2012)

kpse Elastic stiffness of pSE 4371 x 10~* (N/m) Eq. (10)

B Fitting parameter to ifg, 1.616 x 10* (1/s) Fitting to experiments

Sfo Fitting parameter for filament overlap 3.919 x 10710 (m) Fitting to experiments

ﬁ?f Filament sliding for max filament overlap 1.753 x 1073 (-) Eq. 4)

i ! Maximal elongation of elastic components 0.02 (-) Arner (1982)

)»gpl Muscle stretch for maximal active tension 1.604 (-)

Taopt Maximal active tension for DTA 1.438 (mN/mm)

fpt Maximal active 1st PK stress for DTA 19.57 x 10° (Pa)

R, Unloaded outer diameter 827 x 10~%(m) Ferruzzi et al. (2015)

H Unloaded wall thickness 105 x 107 (m) Ferruzzi et al. (2015)

hm Medial wall thickness ratio 0.7 (-) Ferruzzi et al. (2015)

Adaptation model

Clag] Concentration of agonist for 50 % adaptation rate
a;, Fitting parameter to stretch adaptation

T[Ag] Time constant related to agonist

19 Time constant for adaptation

Passive model

e Isotropic elastic modulus
c'f Material parameter for fibers
clz‘ Material parameter for fibers

2 x 1079 (M)
0.691 (-)
2.230 x 103 (s)

TAg]

16.03 x 103 (Pa)
34.93 x 103 (Pa)
0.007 (=)

Davis et al. (2012)
Fitting to experiments

Fitting to experiments

Fitting to experiments
Fitting to experiments

Fitting to experiments

See text for equations and further descriptions of the parameters

the magnitude of contraction was significantly lower in the
KCl versus the PE case at low stretch. It would be useful
in future studies, therefore, to study possible adaptations at
low stretch under similar levels of contractility. It should be
noted that high KCI induces contraction through membrane
depolarization, which mainly causes contraction by increas-
ing the intracellular calcium concentration and thus myosin
light chain kinase activity. In contrast, PE-induced contrac-
tion may occur through calcium sensitization in addition to
an increase in intracellular calcium concentration, which is
regulated by a network of signaling pathways that trigger
other events such as actin polymerization. Studies have also
shown that stretch of the vascular wall stimulates actin poly-

merization (Albinsson et al. 2004). Hence, these inherent
differences between KCl- and PE-induced contractions, such
as catalyzing actin polymerization, may have a role in acute
adaptations of the active tone in the DTA and merit further
study.

Angiotensin II binds mainly to two receptors, the AT1
receptor, which results in vasoconstriction as well as gen-
eral growth and remodeling via the turnover of extracellular
matrix, and the AT?2 receptor, which can induce vasodilation
and inhibit effects of AT1 receptor binding. The AT receptor
is member of the transmembrane family of G-protein (alpha-
subunit)-coupled receptors, which in mice can be divided
into two subgroups, AT1a and AT1b. The AT1a receptor is
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Fig. 5 Smooth muscle model (—) was fit to isometric active first
Piola—Kirchhoff stress data (o) extracted near the optimal value of cir-
cumferential stretch. Shown are the early development of active stress
upon stimulation (/eff) and the mean active stretch—stress behavior fol-
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lowing 5min of contraction (right). Note that it was assumed that no
adaptation occurs within the initial 5 min of stimulation, hence yielding
the virgin behavior. This fit was obtained by setting kamp = 1.423 x
1073 N/m, kpsg = 4.371 x 107*N/m, and 8 = 1.616 x 10* s~!
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Fig. 6 Model-predicted active stress—stretch behaviors when setting the values of k,sg (upper left), L (upper right), Ncy (lower left), and 7iamp
(lower right) to 80, 100, or 120 % of their original values. The active stress is given as first Piola—Kirchhoff stress in kPa
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Fig. 7 Model-predicted (lines) changes in active stress generation at
the optimal circumferential stretch (s = 1.604) for vessels previously
adapted at particular values of stretch (from 1.191 to 1.604) for dura-
tions ranging from O to 5h. The model parameters were obtained by
fitting mean experimental data (circle) for n = 4 aortic rings adapted at
Ag = 1.191 for 2 and 3 h. It was assumed that the steady-state isometric
active tone triggered through PE contraction was reached before 2 h of
contraction. The error bar represents the standard error of the mean

Model: DTA
O  Exp: DTA

Normalized active stress [-]

0.6

1.1 12 13 14 15 16 17
Stretch [-]

Fig. 8 Model-predicted (/ines) values of normalized active stress gen-
eration at the optimal stretch when previously adapted for 3 h at different
values of stretch (abscissa). Experimental data (circle) are shown for
comparison; note that the model was not fit to all of these data, but
rather was based on limited data shown in Fig. 7. As expected, the
model predicts that there would be no change in active stress genera-
tion at the optimal stretch if the vessel were “adapted” at the optimal
stretch (cross-over of horizontal and vertical lines), consistent with the
experimental findings

considered to have a major role in regulating cardiovascular
functions, including growth and remodeling through matrix
turnover within the arterial wall, whereas the AT 1b receptor
is linked to contractile responses to agonist stimulation (Zhou
et al. 2003a). The murine DTA exhibited a very weak, tran-
sient isometric active force generation when contracted with
Ang 1II, consistent with other reports in the literature (Rus-
sell and Watts 2000, Zhou et al. 2003b). Hence, no overall
change in active tone was observed in the attempt to adapt
the vessel with Ang II. It is likely that a strong active contrac-
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Fig. 9 Comparison of predicted (/ines), following O, 1, 2, and 3h
of adaptation at Ay = 1.191, and measured, following O (cicle) and
3 (square) h of adaptation, active stretch—stress behaviors. The active
stress is given as first Piola—Kirchhoff stress in kPa
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Fig. 10 Model prediction of active stress generation for a sudden
change in isometric stretch Ay. The model was initially contracted at

the optimal stretch (Agp ' = 1.604) for 1h and then perturbed by chang-
ing the stretch to a value from Ay = 1.2-1.7 and holding that stretch
constant for the subsequent 9 h

tion is necessary for active tone adaptation in vascular SMC,
which would explain why there was no adaptation at either
the optimal or the low stretch during Ang II stimulation. It
may be that there are too few AT 1b receptors in the DTA, as
suggested previously (Zhou et al. 2003a).

The model prediction of changes in active tone versus
adaptation stretch (Fig. 8) suggests that the optimal stretch
appears to be a preferred state, not only for maximal active
tension generation but also where no acute adaptive changes
occur. Of course, any changes from the optimal muscle length
will be expected to affect SMC tone and thus circumferential
stress. Pilot attempts to study adaptation at high stretches (not
shown) suggested a possible increase of active tone, but these
experiments were difficult to perform without damaging the
arterial rings due to the high local contact stresses at the pins
that held the specimens within the myograph.
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Fig. 11 Model-predicted changes in outer diameter (left) and mean
circumferential Cauchy stress (right) of a closed vessel pressurized at
90mmHg at an axial stretch A, = 1.5. The evolution of these quantities
was simulated following a sudden decrease in pressure to 80 mmHg after

No significant horizontal shifts in the active length—
tension behavior were observed after any active tone adap-
tation (p > 0.05 for both groups). The main change was in
the magnitude of the active length—tension behavior adapted
near low stretch (p < 0.00005). A parameter sensitivity
study revealed that a change in myosin length mimicked the
changes in active tone after adaptation at low stretch most
accurately. Recall that only a few of the parameters in the
proposed mathematical model were fit to the current isomet-
ric contraction, length—tension, and adaptation data. Most of
the parameters were inferred from information in the litera-
ture.

The elastic stiffness of the cycling cross-bridges in the
smooth muscle cells was calculated to be 1.345pN/nm for
the proposed model. In skeletal muscle, the elastic stiff-
ness of cross-bridges has been estimated to be 1-2.2 pN/nm
(Barclay 1998) and 2 pN/nm (Huxley and Tideswell 1996);
hence, the current value is within a reasonable range. The
cortical stiffness may allow a cell to adjust its stiffness to
its neighboring environment. Associated values for human
mesenchymal stem cells have been estimated to be 2kPa
(Tee et al. 2011) which, by considering a cortical thickness
of 50-2000nm (Bray and White 1988), can also be given
as 0.1-4.0pN/nm. The model value of the passive cortical
stiffness was 0.4371 pN/nm, which lies within a reasonable
range. The thin and thick filaments in the present model were
modeled as rigid. Given that the stiffness of the myofilaments
has been shown to be in the same range as the stiffness of the
cross-bridges (Edman 2009), the approximated mean elastic-
ity presented here would more accurately represent the mean
for the myofilaments plus the cross-bridges. The cytoskeleton
consists of microtubules, intermediate filaments, and actin
filaments, all of which contribute to the passive stiffness in
SMCs. That actin filaments are part of both the CU and the
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2h for a vessel with no active smooth muscle (passive), with unchang-
ing active smooth muscle, or with active smooth muscle that adapts.
Note that the smooth muscle activity, if any, was triggered at 1 h, which
was 1 h prior to the step decrease in pressure

actin cortex was addressed, in part, in the present work by
introducing the pSEs. Martinez-Lemus et al. (2009) discuss
the possible impact of the actin cytoskeleton and its abil-
ity to polymerize and depolymerize during adaptation. In the
present model, only the change in pSEs representing the actin
cortex during adaptation was explored.

The isometric contraction using PE-induced contraction is
different in many ways from that due to KCl-induced contrac-
tion. One aspect is that it takes longer to reach steady state
for a PE-induced contraction compared with KCl-induced
contraction (see Fig. 1). The isometric force was in fact still
increasing after one hour of PE-induced contraction. Con-
sequently, it was difficult to establish if the measured active
force was only isometric force development or a sum of active
force development and a decrease in active force due to active
tone adaptation. The material parameters in the adaptation
model were determined based on an assumption that steady-
state active force during PE-induced contraction was reached
before 2 h of contraction at low stretch and thus fit only to the
change in active tone measured at 2 and 3h of PE-induced
contraction.

Using the proposed mathematical model, it was found that
changes in the length of the myosin filaments were able to
explain the observed change in magnitude of the active tone.
Studies have reported a mean length for myosin ranging from
0.1-0.2 pum (Liu et al. 2013) to 0.6 um (Devine and Somlyo
1971). In a recent study, the length of the myosin filament
was observed to have a dynamic character during contrac-
tion and relaxation in sheep pulmonary and rabbit carotid
arterial SMC (Liu et al. 2013), thus suggesting a dynamic
myosin length could be involved in the active tone adap-
tation as suggested in the present work. Yet, assuming a
fixed pool of myosin monomers, the dynamic myosin fila-
ment length would also affect the myosin filament density
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during adaptation. Similar to myosin length, the myosin fila-
ment density varies between contraction and relaxation. The
average myosin filament density in porcine tracheal smooth
muscle is about 60.8 filaments/jm? in a relaxed state and
148.4 filaments/pm? in a contracted state (Herrera et al.
2002). Similarly, the mean myosin filament density in rabbit
portal-anterior mesenteric vein was estimated between 160—
328 filaments/um? (Devine and Somlyo 1971). In the present
work, a constant value of 244 filaments/um? was used for the
filament density.

By simulating a pressure drop for closed-ended aorta,
it was found that the adaptive function had a stabilizing
effect for the circumferential Cauchy stress in the vessel.
The recovery in stress for a vessel with an adaptive function
was nevertheless relatively small in response to a sudden
pressure drop. The model predictions were based on adap-
tation tests conducted on ring samples. The importance of
the biaxial (circumferential and axial) state of stress state
has been shown previously to have a key role in determining
both the passive mechanical behavior of the arterial wall (Fer-
ruzzi et al. 2013) and long-term adaptive changes in response
to altered hemodynamic loading (Humphrey et al. 2009).
There is a need to extend the present work to biaxial settings
both experimentally and theoretically, e.g., using a 3D finite
element framework (Murtada and Holzapfel 2014). The ori-
entation of the vascular smooth muscle cells can also play an
important role in dictating the magnitude of active tension.
Hence, a change in the orientation of the smooth muscle cells
during adaptation could affect the active tone measured in the
circumferential direction. Again, future studies are needed,
for we did not assess the role of SMC orientation either exper-
imentally or theoretically. Moreover, we emphasize that the
present study focused only on changes in contractile prop-
erties within a time frame wherein major changes in passive
properties were unlikely. Hence, there is also a need for future
studies to investigate possible intermediate-term changes in
biaxial active properties and their possible contributions to
overall arterial adaptation.

4 Summary

SMCs subjected to sustained, short-term contractions at their
optimal circumferential stretch do not adapt, hence sug-
gesting that this length is a homeostatic value. In contrast,
acute, but evolving, adaptive changes in active tone were
observed in vascular SMCs when aortic rings were exposed
to sustained phenylephrine-induced contractions at a reduced
circumference stretch. We conclude that adaptations in active
tone may be important in large (murine) arteries just as they
are in resistance arteries, not just in long-term adaptations
as known for many years, but also in short-term adaptations
that have not been quantified previously. Because of the com-

plexity of the contractile apparatus, and its complementary
role in remodeling the passive extracellular matrix, mathe-
matical models will continue to help in the interpretation of
experimental findings and provide increasing insight.
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