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Albeit seldom considered explicitly, the vasoactive state of a cen-
tral artery can contribute to luminal control and thereby affect the
in vivo values of flow-induced wall shear stress and pressure-
induced intramural stress, which in turn are strong determinants
of wall growth and remodeling. Here, we test the hypothesis that
diminished vasoactive capacity compromises effective mechano-
adaptations of central arteries. Toward this end, we use consistent
methods to re-interpret published data on common carotid artery
remodeling in a nonpharmacologic mouse model of induced
hypertension and a model of connective tissue disorder that
results in Marfan syndrome. The mice have identical genetic
backgrounds and, in both cases, the data are consistent with the
hypothesis considered. In particular, carotid arteries with strong
(normal) vasoactive capacity tend to maintain wall thickness and
in vivo axial stretch closer to homeostatic, thus resulting in pas-
sive circumferential wall stress and energy storage close to nor-
mal. We conclude that effective vasoactivity helps to control the
biomechanical state in which the cells and matrix turnover, thus
helping to delineate mechano-adaptive from maladaptive remod-
eling. Future analyses of experimental data and computational
models of growth and remodeling should account for this strong
coupling between smooth muscle contractile capacity and central
arterial remodeling. [DOI: 10.1115/1.4052888]
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1 Introduction

Arteries exhibit a remarkable ability to adapt to changing
hemodynamic loads, acutely via vasoactive changes that regulate
luminal caliber and chronically via a turnover of cells and matrix
within vaso-altered states that often modifies the geometry, com-
position, properties, and function [1,2]. Complementary roles of
vasoactivity and arterial remodeling are well-known in the small-
est arteries, that is, arterioles [3,4], but there has been much less
attention to similar relationships in central arteries. Central arterial
remodeling is fundamental, of course, to cardiovascular health
and diverse diseases [5], and thus merits continued investigation.

We recently reported a novel observation in the descending tho-
racic aorta of wild-type mice rendered hypertensive via two-to-
four weeks of infusion of angiotensin II, namely, a remarkable
spectrum of arterial remodeling ranging from near adaptive to
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grossly maladaptive [6]. The maladaptive aortas were character-
ized histopathologically by a dramatic over-thickening of the
wall, primarily via marked accumulations of medial and espe-
cially adventitial collagen. Immuno-staining revealed modest
decreases in the maladapted aortas in smooth muscle «-actin and
smooth muscle myosin heavy chain, two key markers of a con-
tractile phenotype [7]. Importantly, however, vessel-level vaso-
constriction was significantly impaired in the maladapted aortas
and we uncovered a strong correlation between the degree of mal-
adaptation, reflected by aberrant wall thickening and loss of
mechanical functionality, and diminishing vasoconstrictive
capacity. This observation may be thought to simply reflect a
modulation from a contractile-to-synthetic phenotype consistent
with the increase in matrix, but it also emphasizes the importance
of smooth muscle contractile capacity in determining the biome-
chanical state in which the cells and matrix turnover. In particular,
given the longstanding observation that the degree of vascular
growth and remodeling depends in large part on deviations in
flow-induced wall shear stress 7,, and pressure-induced intramural
stress gy from normal homeostatic values [8], it is critical to note
that smooth muscle cell contractile capacity contributes directly to
both of these stresses, mean values of which can be calculated via

w0 PalP.C)
 na(P,C)*’ ‘T h(P,C)

Ty

where ais the deformed luminal radius and /4 the deformed wall
thickness, with ¢ the dynamic viscosity, Q the volumetric flowrate, P
the pressure, and C the contractility, thus emphasizing both the (pas-
sive) pressure and the (active) contractile control of geometry and
thus stress.

Although chronic infusion of angiotensin II is commonly used
to induce hypertension in mice, exogenous angiotensin not only
increases blood pressure, it is also highly pro-inflammatory and
inflammation can play a key role in the associated aortic remodel-
ing [9,10]. In this technical brief, we test the hypothesis that the
aforementioned strong correlation between maladaptive aortic
wall remodeling and diminished smooth muscle contractile
capacity holds in another well-accepted mouse model of hyperten-
sion that is driven by altered hemodynamics, not exogenously
stimulated inflammation, and it similarly holds for a different cen-
tral artery. Noting that diminished smooth muscle cell contractil-
ity also manifests in central arteries of mouse models of
compromised elastic fiber integrity [11,12], we also contrasted
carotid properties and smooth muscle contractility in a mouse
model of Marfan syndrome.

2 Methods

The data upon which we base the present analyses were
reported previously for adult male mice [13—15]. Briefly, in the
first of these studies, a ligature was placed around the aorta
between the brachiocephalic and left common carotid arteries,
thus locally constricting the aortic arch and increasing pulse pres-
sure in the right common carotid artery relative to both the contra-
lateral left common carotid artery and control carotids. The
carotid arteries were excised either before (n = 18) or at multiple
times after aortic constriction (n=4 at 7days, n=>5 at 10days,
n=4 at 14days, and n=7 at 35-56 days), then biomechanically
phenotyped via a series of active protocols to assess smooth mus-
cle (in response to 107> M phenylephrine) and endothelial (107>
M carbamylcholine chloride) function as well as multiple passive
(107> M sodium nitroprusside and EGTA 2 x 107> M) pressure-
diameter and axial force-length protocols to quantify the passive
biaxial mechanical properties. In the second of these studies, com-
mon carotid arteries were excised from a mouse model of Marfan
syndrome (MFS), thus allowing assessments of the effects of het-
erozygous (Fhnl™®'*) and homozygous (Fbnl™$%"R) mutations
that reduce the amount of normal fibrillin-1 [16]. Noting that
fibrillin-1 is an elastin-associated glycoprotein that contributes
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Fig. 1 Individual passive geometric (a, €) and mechanical (b-d, -h) properties plotted versus maximum percent active change
in outer diameter (AOD) for common carotid arteries from mice 7 (n=4), 10 (n=5), 14 (n=4), or 35-56 (n=7) days following
transverse aortic constriction surgery resulting in local systolic hypertension (HT) or pooled normotensive (NT; n = 18) contra-
lateral vessels. The maximally active contracted and passive diameters were recorded after adding, respectively, phenylephrine
(PE) and later sodium nitroprusside (SNP) plus EGTA to the specimen bath while the vessels were pressurized at 80 mmHg and
held at their individual in vivo axial stretch ratio. Mean values = SD for the NT and HT groups are shown as black and green bars,
respectively. The best-fit linear regression models for the pooled NT and HT data are shown using Pearson’s correlation for stat-
istically significant-strong (p<0.05 and |p|> 0.5 - solid lines) correlations. Statistically significant-moderate (p<0.1 and |p|> 0.35)
correlations were also tested and plots without regression lines failed to reach significance at either level.

both to elastic fiber stability and to mechanosensing, we studied
carotids from 17 Fbnl mice (n=6 Fbnl™'", n=4 Fbnl™**, and
n="7 Fbnl™""¢®) Only vessels that demonstrated uniform endo-
thelial and smooth muscle function in response to vasoreactants and
completed biaxial mechanical testing are included herein. Thus sam-
ple sizes and experimental results differ slightly from prior reports
[13-15].

Consistent with the aforementioned study on angiotensin II-
induced hypertensive remodeling of the thoracic aorta, we used
the same four-fiber family constitutive model [6,15,17] to quantify
passive metrics that reflect the biomechanical phenotype. These
include biaxial wall stress, material stiffness, and energy storage
under consistent conditions for a common distending pressure of
100 mmHg and the group-specific energetically preferred value of
the in vivo axial stretch ratio. The associated best-fit values of the
material parameters were determined via nonlinear regression to
minimize the sum-of-the-squares differences between experimen-
tally measured and theoretically calculated pressure and axial force.
The percent change in outer diameter or axial force were calculated
as 100 x |passive value — contracted valuel|/|passive value| with the
contracted and passive values represented by the response to phen-
ylephrine and sodium nitroprusside plus EGTA, respectively. Pas-
sive metrics were then plotted versus the specimen-specific
maximum percent active change in diameter or force under isobaric
and axially isometric conditions. Possible correlations were
assessed using the Pearson correlation coefficient, p, with statistical
significance indicated as strong (p <0.05 and |p| > 0.5—solid
lines) or moderate (p < 0.1 and |p| > 0.35).

3 Results

Figure 1 shows measured or computed specimen-specific values
of passive wall thickness, outer diameter, circumferential and
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axial wall stress, circumferential and axial material stiffness,
stored energy, and the in vivo axial stretch ratio as a function of
the maximum vasoconstrictive reduction in outer diameter at 0
(i.e., normotensive controls), 7, 10, 14, or 35+ days after trans-
verse aortic constriction. Amongst the eight metrics shown, note,
in particular, the following mean normotensive values at
100 mmHg: 35.0 = 0.53 um (wall thickness), 1.68 £ 0.07 (in vivo
axial stretch ratio), 0.12 +=0.03MPa (circumferential stress),
28.9 = 8.21 kPa (stored energy), and 32.9 = 8.43% (percent vaso-
active change in outer diameter). As it can be seen, when consid-
ering the longitudinal hypertensive data together with their
control data, there were multiple strong correlations (|p| > 0.05,
p < 0.05) between passive metrics and the degree of vasoconstric-
tion, with values of wall thickness higher (p =-0.75; Fig.1(a))
and in vivo axial stretch ratio lower (p =0.74; Fig. 1(h)), circum-
ferential (p =0.80; Fig. 1(b)) and axial (p =0.70; Fig. 1(f)) wall
stress lower, and energy storage lower (p =0.81; Fig. 1(d)) than
normal in cases of low vasoconstriction. The lower than homeo-
static values of passive circumferential wall stress in cases of low
smooth muscle contractility suggested a failed mechano-
adaptation, resulting from an over-thickening of the wall given
the pressure elevation and a decrease in the in vivo axial stretch
ratio. Importantly, this failed mechano-adaptation in cases of low
smooth muscle contractility is also associated with a dramatic loss
of energy storage ability, noting that energy storage represents a
key functionality of central arteries. Interestingly, correlations
were absent for axial stiffness (Fig. 1(g)) but present for circum-
ferential stiffness (Fig. 1(c)), which is generally a highly
mechano-regulated quantity in central arteries [18,19], even in
hypertension [10].

Figure 2 shows similar data for carotid arteries from control,
heterozygous, and homozygous mice with fibrillin-1 deficiency.
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Fig.2 Individual passive geometric (a, €) and mechanical (b-d, f-h) properties glotted versus maximum percent active change

in outer diameter (AOD) of carotid arteries from Fbn1™9** (n=4) and Fbn1™

/mgR (n = 9) Marfan Syndrome (MFS) mice and

their wild-type (WT) Fbn1*/* (n=7) controls. The mean values + SD for WT and MFS mice are shown as black and red bars,
respectively. The best-fit linear regression models are shown using Pearson’s correlation for the pooled WT and MFS data
when statistically significant moderate correlations (p<0.1 and |p|>0.35 - dashed lines) were found. Statistically significant-
strong (p<0.05 and |p| > 0.5 - solid lines) correlations were also tested and plots without regression lines failed to reach signif-

icance at either level.

Trends for energy storage (p =0.46; Fig. 2(d)) and axial wall
stress (p = 0.44; Fig. 2(f)) were similar to those in Fig. 1, but the
correlations were not as strong as in the case of aortic constriction.
For circumferential stiffness (p =-0.38; Fig. 2(¢)), the statistically
significant but moderate trends were reversed from those seen in
aortic constriction. It is well known that circumferential stiffness
tends not to be mechano-regulated well in cases of thoracic aort-
opathy [10], including MFS. On average, the Marfan carotid
arteries had a greater vasoactive capability ( 32.7% in terms of
reduction in diameter) than did the hypertensive carotids (
19.3%), though less than their wild-type ( 39%) controls.

In addition to inducing a change in outer diameter, the
exchange of vasoreactants resulted in a net change in the axial
force required to maintain the vessel at a fixed length during pres-
surization; this is thought to be due to the helical arrangement of
smooth muscle cells in the media [7]. When data from the hyper-
tensive carotids and their normotensive controls were plotted
against measured or computed specimen-specific values of pas-
sive geometry or mechanics (Fig. 3), a strong relationship
emerged between the maximum percent change in axial force and
circumferential stress (p =0.60; Fig. 3(b)) and circumferential
stiffness (p =0.58; Fig. 3(c)), with weak correlations with wall
thickness (p=-0.45; Fig 3(a)) and axial stretch (p=0.46;
Fig. 3(%)); no such correlations were found for these passive met-
rics for the Marfan group (data not shown). Likewise, no signifi-
cant differences were found for the mean values of the change in
axial force between the hypertensive and Marfan groups.

Histological analysis of HT carotids revealed a progressive wall
thickening with time largely due to cell proliferation, glycosami-
noglycan accumulation, and collagen accumulation, especially in
the adventitia (quantified in [13,14]). Moreover, an inflammatory
response progressed with remodeling time based on measurements
of monocyte chemoattractant protein-1 (MCP-1), also shown
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previously. Figure 4 displays representative histological features
of HT and NT vessels stained with Hematoxylin and Eosin (H&E)
or Picro-Sirius Red (PSR); both stains suggested an outward,
hypertrophic remodeling response based on increases in the inner
diameter and wall thickness [14]. In contrast, carotids from Mar-
fan mice and wild-type controls were histologically similar when
compared in brightfield images using H&E or the elastic fiber
stain, Verhoeff-Van Gieson (VVG; Fig. 5). This is not surprising
given the mild mechanical phenotype observed in the carotid
arteries of these mice [15].

4 Discussion

Prior findings in the thoracic aorta of hypertensive mice
revealed a strong correlation between overall arterial remodeling
and smooth muscle contractile capacity [6]. This finding was
interpreted primarily as reflecting graded reductions in the
pressure-induced circumferential wall stress via differential
degrees of smooth muscle cell contraction, thus implicating a
stress-driven remodeling of the wall that ranged from adaptive
(with strong contractility) to maladaptive (with poor or absent
contractility), consistent with both a prior theoretical biomechani-
cal prediction [20] and a recent model of immuno-mechanical
mediation of remodeling [21]. The present data for both a differ-
ent central artery (common carotid) and different mouse models
(a model of induced hypertension and a model of a connective tis-
sue disorder) are consistent with the prior finding, thus supporting
the associated hypothesis.

Prior studies by Stergiopulos and colleagues focused on the
common carotid artery in a rat model of hypertension induced by
an aortic constriction between the renal arteries [22,23]. They
measured active and passive biomechanical properties over short
( 7days) and longer ( 56days) periods and reported that
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Fig. 3 Individual passive geometric (a, €) and mechanical (b-d, f-h) properties plotted versus maximum percent change in

active axial force (AF) of carotid arteries taken from mice 7 (n = 4), 10 (n=5), 14 (n = 4), and 35-56 (n = 7) days following trans-
verse aortic coarctation surgery resulting in local systolic hypertension (HT) or their pooled normotensive (NT; n= 18) contra-
lateral vessels. The maximally contracted and passive axial forces were recorded after adding phenylephrine (PE) and later
sodium nitroprusside (SNP) with EGTA to the media respectively at 80 mmHg and the in vivo axial stretch ratio. The mean val-
ues=SD for the NT and HT groups are shown as black and green bars, respectively. The best-fit linear regression models for
the pooled NT and HT data together are shown using Pearson’s correlation when statistically significant-strong (p<0.05 and
|p|>0.5 - solid lines) or moderate correlations (p<0.1 and |p|> 0.35) were found. Plots without regression lines failed to reach

significance at either level.

10 Days HT
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Fig. 4 (Left-to-right) Representative histological images of common carotid arteries from normotensive (NT) mice or 7, 10,
14, or 35-56 days following transverse aortic constriction surgery resulting in local systolic hypertension (HT). (Top) Hematox-
ylin and Eosin (H&E) stained brightfield images and (bottom) Picro-Sirius Red (PSR) stained darkfield images using cross-
polarized light to illustrate collagen through birefringence. Scale bars are 200 um. The medial-adventitial separations after

14 days of HT reflect an important sectioning artifact, revealing an underlying structural vulnerability at this interface.

contractile capacity was increased during the short term but
restored toward normal over the long-term, with near mechano-
adaptation based on restoration of wall stress toward normal.
Hence, their findings of a robust vasoactive capability associating
with mechano-adaptation are consistent with our findings, though
two apparent differences are noted. First, although they induced
hypertension in 8—9-week-old male rats, wall thickness and inner
radius increased disproportionally during the 8-week study period

044503-4 / Vol. 144, APRIL 2022

in the control animals, thus resulting in a progressive increase in
circumferential wall stress given the near-constant mean arterial
pressure, implying that wall stress was not yet homeostatic at the
beginning of the experiments. We recently showed that the aorta
reaches biomechanical maturity by 8 weeks in the mouse [24].
Second, they did not report any gross over-thickening, and thus no
maladaptation, which may have resulted from the different species
or methods of inducing hypertension.
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Fbnmers Fbn1msRimgR

Fig. 5 (Left-to-right) Representative histological images of
carotid arteries from Fbn1*’*, Fbn1™9"* and Fbn1m9%/meR
mice, respectively. (Top) Hematoxylin and Eosin-H&E and (bot-
tom) Verhoeff Van Gieson-VVG stained cross section. Scale
bars are 50 um.

Microscopic, morphological, and mechanical data from our
prior study on the time course of carotid artery remodeling follow-
ing transverse aortic constriction showed that HT vessels undergo
outward and hypertrophic remodeling through an accumulation of
extracellular matrix (collagen and ground substance) and cellular
mass [14]. Although it is not possible to infer causality from such
data given the absence of immunostaining for contractile proteins
and lack of identification of signaling pathways, the current find-
ings, in combination with our prior histo-mechanical data, are
consistent with a failed stress-mediated remodeling response.
Indeed, Kuang et al. [25] reported central artery (ascending aorta)
remodeling following transverse constriction of the aortic arch,
also noting a gross over-thickening (maladaptation) with related
inflammatory involvement evidenced by increased MCP-1 and
interleukin-6 (IL-6). The dataset from which we took the hyper-
tensive data did not measure the presence of inflammatory cells or
inflammatory cytokines such as IL-6, but did report a progressive
increase in MCP-1 with an associated marked adventitial accumu-
lation of collagen [14]. It is likely, therefore, that those vessels
that maladapted had inflammatory cell involvement, not unlike
that in angiotensin II infusion models (cf. [9,10]). Importantly,
there is increasing evidence that excessive wall stresses may serve
as a stimulus for inflammation, thus suggesting that the mechano-
adaptive responses seen in vessels with greater smooth muscle
cell contractile capacity may have resulted from a contraction-
associated reduction in wall stress below a threshold value that is
needed to stimulate inflammation [21]. This provocative hypothe-
sis merits further investigation.

Whereas our original observation was for aortic remodeling in
the context of hypertension [6], we sought herein to test our
hypothesis in another central artery, the common carotid, using
both a different model of induced hypertension and a connective
tissue disorder in which vasocontractility is compromised
[13—-15]. The latter (MFS) included a more modest reduction in
vasoconstrictive capacity and no appreciable difference in blood
pressure. Rather, any altered mechano-mediation of wall geome-
try and properties was expected due to compromised mechano-
sensing, which is emphasized in the ascending aorta and much
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less so in the common carotid artery [11,15]. Trends in a few of
the key metrics were nonetheless consistent with the current
hypothesis, although not as strongly correlated, likely due to the
lack of a strong mechano-stimulus. Considering that the mean val-
ues of circumferential stress were similar between MFS and wild-
types, the mechano-stimulus was likely sensed well by these cells.

In summary, although causality is difficult to establish in vascu-
lar mechanics and mechanobiology, the present findings support
complementary findings in the literature that suggest that dimin-
ished smooth muscle cell contractile capacity can contribute to
maladaptive central artery remodeling due to a failure to reduce
wall stress to levels that allow effective mechanoadaptive remod-
eling. Given that vasodilators can be used to treat hypertension
and reduce the hemodynamic load in patients afflicted with Mar-
fan syndrome, our findings support the speculative hypothesis that
it will be beneficial to preserve contractility in large arteries while
reducing it in arterioles, the former to protect against maladaptive
remodeling and the latter to reduce increases in total peripheral
resistance that drive hypertension via an insidious feedback
loop [5].
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