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Fundamental Roles of Axial
Stretch in Isometric and
Isobaric Evaluations of
Vascular Contractility
Vascular smooth muscle cells (VSMCs) can regulate arterial mechanics via contractile
activity in response to changing mechanical and chemical signals. Contractility is tradi-
tionally evaluated via uniaxial isometric testing of isolated rings despite the in vivo envi-
ronment being very different. Most blood vessels maintain a locally preferred value of
in vivo axial stretch while subjected to changes in distending pressure, but both of these
phenomena are obscured in uniaxial isometric testing. Few studies have rigorously ana-
lyzed the role of in vivo loading conditions in smooth muscle function. Thus, we evaluated
effects of uniaxial versus biaxial deformations on smooth muscle contractility by stimulat-
ing two regions of the mouse aorta with different vasoconstrictors using one of three test-
ing protocols: (i) uniaxial isometric testing, (ii) biaxial isometric testing, and (iii) axially
isometric plus isobaric testing. Comparison of methods (i) and (ii) revealed increased
sensitivity and contractile capacity to potassium chloride and phenylephrine (PE) with
biaxial isometric testing, and comparison of methods (ii) and (iii) revealed a further
increase in contractile capacity with isometric plus isobaric testing. Importantly,
regional differences in estimated in vivo axial stretch suggest locally distinct optimal
biaxial configurations for achieving maximal smooth muscle contraction, which can only
be revealed with biaxial testing. Such differences highlight the importance of considering
in vivo loading and geometric configurations when evaluating smooth muscle function.
Given the physiologic relevance of axial extension and luminal pressurization, we
submit that, when possible, axially isometric plus isobaric testing should be employed to
evaluate vascular smooth muscle contractile function. [DOI: 10.1115/1.4042171]
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Introduction

Arterial vasoactivity is an important consideration when inves-
tigating mechanisms that prevent or drive cardiovascular disease.
Maintenance of smooth muscle tone contributes to vascular
homeostasis in many ways: it modulates systemic blood pressure,
it regulates local blood perfusion to tissues, and it can prevent
pressure overloading of the microcirculation and associated organ
damage. Endothelial cells and vascular smooth muscle cells
(VSMCs) work together to regulate the local mechanical environ-
ment in part by modulating vasoactivity [1]. Impaired regulation
of vascular tone can manifest due to dysfunction of either cell
type: endothelial dysfunction (e.g., decreased production of endo-
thelial nitric oxide synthase) impairs vascular relaxation and con-
tributes to the development of hypertension [2], and loss of
smooth muscle function can predispose to thoracic aortic aneu-
rysm and dissection [3–5]. Thus, rigorous evaluation of arterial
contractility is essential for understanding vascular health and
disease.

Length-dependent vascular smooth muscle contractility was
shown in the 1960s to exhibit maximal active tension at an opti-
mal value of circumferential stretch [6], a finding that has become
fundamental to understanding arterial mechanics and physiology.
Experimental protocols seeking to characterize contractile dys-
function of blood vessels often employ uniaxial isometric condi-
tions, which do not mimic in vivo conditions [7]. The arterial wall
and hence VSMCs are exposed in vivo to axial extension and

circumferential distension, with these cells in turn modulating cir-
cumferential geometry in response to changing chemical cues and
mechanical demands. To understand better the physiological
behavior of vascular smooth muscle in vivo, it is prudent to evalu-
ate function under conditions that resemble the in vivo loading
and geometric configuration of the tissue. Here, we compare three
well-known experimental methods: uniaxial isometric testing,
biaxial isometric testing, and axially isometric plus isobaric
(biaxial isometric–isobaric) testing, in two aortic regions subject
to different in vivo conditions to investigate the influence of
mechanical loading on overall contractile behavior. Such a com-
parison suggests that the maximum contractile response of vascu-
lar smooth muscle is achieved under an optimal biaxial stretch
condition that depends on aortic region.

Materials and Methods

Vessel Isolation. All animal procedures were approved by the
Yale Institutional Animal Care and Use Committee. Male wild-
type C57BL/6J mice were obtained from Jackson Laboratories
and euthanized at 18.9 6 1.0 weeks of age by intraperitoneal injec-
tion of Beuthanasia-D (150 mg/kg). Immediately following eutha-
nasia, the heart was perfused with Hank’s buffered saline solution
(HBSS, Gibco) via a left ventricular puncture, and the aorta was
excised and separated into the descending thoracic aorta (DTA),
which spans from the left subclavian artery to the diaphragm, and
the infrarenal abdominal aorta (IAA), which spans from the left
renal artery to the iliac bifurcation. DTA segments were shortened
to include only the first 4–5 pairs of intercostal arteries. Each seg-
ment was carefully cleaned of loose perivascular tissue and
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branches were ligated using individual threads from 9-0 nylon
suture. For uniaxial isometric testing, two ring segments were cut
from the distal region of each isolated vessel and the remaining
vessel segment was used for one of two biaxial testing protocols.
In total, 14 mice were used for this study.

Uniaxial Isometric Testing. Ring segments (n¼ 7 DTA, n¼ 7
IAA) were mounted on opposing posts in a multichannel muscle
myograph [8] and submerged in a 10 ml open organ bath at 37 �C
in Krebs–Ringer solution (123 mM NaCl, 4.7 mM KCl, 1.2 mM
MgCl2, 20 mM NaHCO3, 1.2 mM KH2PO4, 5.6 mM glucose, and
2.5 mM CaCl2) oxygenated with 95% O2 and 5% CO2 to maintain
a pH of 7.4. The unloaded ring circumference was estimated by
increasing the distance between the mounting posts until the
force increased above its zero baseline. The segments were
stretched circumferentially (defined as the ratio of loaded post-to-
postdistance to unloaded post-to-postdistance) to 1.1 and allowed
to equilibrate for 15 min, and thereafter contracted for 5 min by
adding 100 mM KCl followed by washout for 10 min with
Krebs–Ringer solution to reorient the smooth muscle cells toward
an in vivo configuration, hereafter referred to as “active pre-
conditioning.” This procedure was repeated at a circumferential
stretch of 1.2. The optimal circumferential stretch was determined
by measuring active force generation in response to 100 mM KCl
at multiple values of circumferential stretch and inferring the
stretch at which active force was maximal. Thereafter,
dose–response curves were generated for KCl and phenylephrine
(PE) by separate serial addition of each to obtain the desired vaso-
constrictor concentration in the organ bath. Active dose–response
curves for KCl were generated from 0 to 100 mM in increments of
20 mM; dose–response curves for PE were generated from 10�11

M to 10�4 M with each increment increasing one order of magni-
tude. Segments were stimulated for 5 min at each concentration
with each of the vasoconstrictors.

Biaxial Isometric Testing. Vessel segments (n¼ 5 DTA, n¼ 5
IAA) were mounted on a custom computer-controlled biaxial test-
ing apparatus [9] and submerged in Krebs–Ringer solution,
warmed to 37 �C, and bubbled with 5% CO2 as described for uni-
axial testing. Unloaded axial length was determined as the length
at which the segment ceases to buckle when unloaded axially at a
transmural pressure of 10 mmHg, thus allowing determination of
axial stretch, kz ¼ l=L, where l is the loaded length, and L is the
unloaded length. Vessels then underwent two isobaric active pre-
conditioning contraction cycles at transmural pressures of
40 mmHg and 60 mmHg and axial stretches of either 1.10 and
1.20 (DTA) or 1.15 and 1.30 (IAA), respectively. The different
axial stretches were based on previous observations of regional
differences in estimated in vivo values [10]. Active precondition-
ing was performed by stimulating the specimens for 15 min with
100 mM KCl followed by a 10 min washout with fresh Krebs solu-
tion. The estimated in vivo axial stretch was then determined by
identifying the value of kz at which axial force remains nearly
constant over the range of pressurization from 80 to 100 mmHg.
Vessels were subsequently pressurized to 90 mmHg and extended
to the estimated in vivo value of axial stretch. Preliminary experi-
ments suggested minimal differences in contractile function
between 70 and 90 mmHg when vessels were within 5% of the
estimated in vivo stretch (data not shown); thus, 90 mmHg was
chosen based on its closeness to mean arterial pressure. Basal
diameter (i.e., diameter prior to addition of vasoconstrictors) was
recorded, then biaxial isometric dose–response curves were gener-
ated for KCl and PE by raising the luminal pressure to maintain
outer diameter constant despite different degrees of smooth mus-
cle contraction. For example, if the diameter of a DTA segment at
90 mmHg is 1300 lm, then addition of 5 mM KCl may require a
pressure increase of 3 mmHg to maintain the diameter at 1300 lm.
Dose–response curves for KCl were generated from 0 to 60 mM
every 5 mM up to 20 mM and every 20 mM thereafter. The small

initial step change was chosen based on preliminary observations
of increased Kþ sensitivity in biaxial isometric testing.
Dose–response curves for PE were generated from 10�11 M to
either 10�5 M (DTA) or 10�4 M (IAA) with each increment
increasing by one order of magnitude. Segments were stimulated
for a minimum of 5 min or until equilibration at each concentra-
tion with each vasoconstrictor.

Following active testing, the bath was changed to room temper-
ature HBSS, which reduces SMC tone [11], and passive mechani-
cal preconditioning was performed by pressurizing the vessels
from 10 to 140 mmHg for four cycles at the estimated in vivo
stretch after which the true unloaded configuration was recorded.
Such passive preconditioning has previously been shown to mini-
mize viscoelastic behavior without inducing damage such that a
quasi-static state can be assumed during cyclic loading [12]. Note
that active preconditioning, which involves high-potassium stimu-
lation at fixed geometric conditions to facilitate reorientation of
VSMCs toward their in vivo configuration, is distinct from passive
preconditioning, which involves cyclic loading without a smooth
muscle contribution.

Biaxial Isometric–Isobaric Testing. Vessel segments (n¼ 7
DTA, n¼ 5 IAA) were mounted and preconditioned in the same
manner as described for biaxial isometric testing. The in vivo
axial stretch was estimated, and vessels were pressurized to
90 mmHg and extended to the estimated in vivo value of axial
stretch. Dose–response curves for KCl and PE were generated
separately by adding each in series and allowing the diameter to
reach a steady-state minimum value at a constant pressure of
90 mmHg. Dose–response curves for KCl were generated from 0
to 100 mM every 20 mM; dose–response curves for PE were gen-
erated from 10�10 M to either 10�5 M (DTA) or 10�4 M (IAA)
with each increment increasing by one order of magnitude. Seg-
ments were stimulated for a minimum of 5 min or until equilibra-
tion (often up to 15 min) at each concentration with each of the
vasoconstrictors. Vessels were rendered passive by switching the
solution to room temperature HBSS, and passive preconditioning
was performed by cyclically loading the vessels from 10 to
140 mmHg at the estimated in vivo axial stretch for four cycles.
The true unloaded configuration was then determined as described
for biaxial isometric testing.

Mechanical Analysis. Unloaded wall thickness and axial ring
segment length were determined for the ring samples using a cus-
tom MATLAB program to analyze digital pictures of the specimens.
The axial vessel length and unloaded outer diameter of the biaxial
specimens were measured with the biaxial testing apparatus, as
usual [10].

For uniaxial testing, loaded geometry was determined by first
calculating the loaded inner circumference

Ci ¼ pDp þ 2Dp þ 2Lp (1)

where Dp is the diameter of the mounting posts, and Lp is the
measured length between the posts. An effective inner diameter
was calculated from this relation and, consequently, an effective
circumferential stretch was

kuni
h ¼

di;eff þ h

Do � H
(2)

where di;eff ¼ Ci=p is the effective inner diameter, Do is the
unloaded outer diameter as determined from biaxial testing, h is
the loaded thickness, and H is the unloaded thickness. Assuming
incompressibility (krkhkz ¼ 1), and equal deformations in radial

and axial directions in the uniaxial ring test (kuni
r ¼ kuni

z ), the cir-

cumferential stretch can be calculated as kuni
h ¼ 1=ðkuni

r Þ
2
. With

the radial stretch ratio defined as h=H, the loaded thickness was
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then expressed as h ¼ H=
ffiffiffiffiffiffiffi
kuni

h

q
, and the effective circumferential

stretch kuni
h was solved numerically using the MATLAB subroutine

fsolve. Values of uniaxial circumferential force prior to begin-
ning the dose–response tests were considered to be passive, and
active force was calculated as the difference between total and
passive force. Note that passive preconditioning was not
performed under uniaxial testing conditions to maintain general
consistency with similar studies in the literature. The total circum-
ferential Cauchy stress was calculated in the ring tests at each con-
dition as

runi
h ¼

f uni
h

2Hkuni
r Lkuni

z

¼ f uni
h

2HL
kuni

h (3)

where f uni
h is the measured circumferential force, and L is the

unloaded ring length. Note that active circumferential stress is cal-
culated similar to active force, that is, active stress (Druni

h Þ equals
the difference between total and passive stress.

For biaxial testing, circumferential stretch was calculated as the
ratio of loaded midwall diameter to unloaded midwall diameter,
kbiax

h ¼ di þ hð Þ= Di þ Hð Þ. The mean total value of circumferen-
tial Cauchy stress was calculated using Laplace’s Law

rbiax
h ¼ Pa

h
(4)

where P is the transmural pressure, a is the loaded inner radius,
and h is the loaded wall thickness, which can be calculated assum-
ing incompressibility. This mean value represents the actual value
reasonably well because of residual stresses in the arterial wall
[13]. The active stress for biaxial isometric testing was calculated
as Drbiax

h ¼ DPa=h; with 90 mmHg the initial value of P. For
biaxial isometric–isobaric testing, the basal stress was calculated
using the loaded geometry prior to stimulation with any vasocon-
strictor, with total stress calculated using Eq. (4) for each equilib-
rium configuration and active stress calculated as the absolute
value of the difference between total and passive stress (noting
that isobaric testing results in decreasing stress whereas isometric
testing results in increasing stress); the effective circumferential
force production was derived with a simple force balance
approach using known loaded geometries and calculated circum-
ferential stresses at passive and active states.

The axial stress can be calculated from

rbiax
z ¼ fz þ Ppa2

p aþ hð Þ2 � a2

� � (5)

where fz is the axial force and Ppa2 accounts for the pressure act-
ing on the cannula due to pressurization. Passive and active axial
stresses were calculated similarly. Axial force is measured
directly and does not need to be calculated.

Fig. 1 Dose–response data collected for DTA (black) and IAA (gray) using three different classes of mechanical testing proto-
cols (left-to-right) to assess responses to KCl ((a)–(c)) and PE ((d)–(f)). Direct quantitative comparison between methods is dif-
ficult since each experimental framework naturally yields different quantities: circumferential force (uniaxial isometric testing;
(a), (d)), transmural pressure (biaxial isometric testing; (b), (e)), and outer diameter (biaxial isometric–isobaric testing; (c), (f)).
Data are presented as mean 6 SEM.
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The concentration corresponding to 50% of the maximum force
generation, or [EC50], a metric used to evaluate the sensitivity of
cells to a particular vasoconstrictor [14], was calculated by nonlin-
ear regression analysis, namely

Dri
h ¼ Dri

h;0 þ
Dri

h;max � Dri
h;0

� �

1þ e
�log

½EC50�
C½ �

� �� �
� kHillð Þ

� � (6)

where i¼ {uni, biax}, Dri
h;0 is prescribed as the minimum active

stress, and Dri
h;max is the maximum observed active stress genera-

tion for the given protocol i, noting that the absolute maximum
may be slightly higher than the observed maximum, ½C� is the
concentration of the vasoconstrictor in mol/L, and kHill is
the Hill constant governing the slope of the sigmoidal curve.
Nonlinear regression was performed with the MATLAB subroutine
lsqnonlin to estimate [EC50] and kHill.

Statistics. To test for normality, data were mean centered and
variance scaled, and a one-sample Kolmogorov–Smirnov test was
performed. The Kolmogorov–Smirnov test suggested that all data
were normally distributed; thus, a two-way analysis of variance
with a Tukey’s posthoc comparison was performed to test differ-
ences between protocol and aortic region. The statistical analysis
was performed only on metrics that were appropriate for compari-
son across the three groups; namely, normalized mechanical

metrics, including stretch and stress as well as measures of con-
tractile sensitivity and strength. All data are presented as mean-
6 standard error of the mean (SEM).

Results

Data from uniaxial isometric, biaxial isometric, and biaxial
isometric–isobaric testing of segments of DTA and IAA are
shown in Fig. 1 in terms of changes in circumferential force,
transmural pressure, and outer diameter in response to increasing
concentrations of KCl (Figs. 1(a)–1(c)) or PE (Figs. 1(d)–1(f)). To
facilitate equal comparison across groups, normalized values of
Cauchy wall stress are shown in Fig. 2. Table 1 lists all observed
and computed metrics, and Table 2 lists all relevant p-values for
statistical comparison across testing protocols and regions.

Axial Extension Alters Sensitivity to Vasoconstrictors. In
DTA segments, the optimal uniaxial stretch for maximal active
force development was a modest 1.35 6 0.03. In contrast, the esti-
mated in vivo midwall circumferential stretches during biaxial
isometric testing were 1.62 6 0.03 during KCl stimulation and
1.64 6 0.02 during PE stimulation. The slight difference in opti-
mal stretch between vasoconstrictors could be due to minimal loss
in tone over the course of testing. Though statistical comparison
between vasoconstrictors was not the focus of this study, a two-
tailed paired t-test was performed between vasoconstrictors for
the relaxed circumferential stretch of the DTA during biaxial

Fig. 2 Active circumferential stress responses to KCl ((a), (b)) or PE ((c), (d)) in the DTA ((a), (c)) and
IAA ((b), (d)) normalized to the maximum change in circumferential stress for uniaxial isometric (uniax
isom), biaxial isometric (biax isom), and biaxial isometric–isobaric (biax isom-isob) testing. Note that
calculation of Cauchy stress facilitates direct comparison across methods. These results suggest a
markedly different sensitivity of potassium channels due to axial loading (uniaxial versus biaxial test-
ing) and ability to change configuration (isometric or fixed diameter versus isobaric or fixed pressure
testing) while a-adrenergic receptors were less sensitive to the type of mechanical loading. Data are
presented as mean 6 SEM.
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protocols, and the differences were not statistically significant
(p¼ 0.30 and 0.10 for isometric and isobaric protocols, respec-
tively), suggesting that loss of tone was negligible. Calculating
the active circumferential stress and normalizing it to the maxi-
mum value revealed a qualitatively increased sensitivity to KCl
and PE when comparing biaxial isometric and uniaxial isometric
testing (Figs. 2(a) and 2(c)). Regression analysis revealed
decreased [EC50] values (i.e., increased sensitivity) for KCl

(39.62 6 2.00 mM versus 10.73 6 1.03 mM) when comparing uni-
axial versus biaxial isometric testing (Fig. 3(a)), suggesting a criti-
cal role of axial stretch in VSMC response to KCl. Similar but
less dramatic differences were observed for responses to PE.

For the IAA, the optimal circumferential stretch under uniaxial
isometric testing conditions was 1.22 6 0.03. Similar to the DTA,
the circumferential stretch value increased for biaxial isometric
testing to 1.58 6 0.04 during KCl stimulation and 1.62 6 0.03

Table 1 Summary of all observed and calculated metrics for the DTA and IAA in response to KCl or PE using three experimental
testing protocols. Data are presented as mean 6 SEM.

DTA IAA

Uniaxial
Biaxial

isometric
Biaxial
isobaric Uniaxial

Biaxial
isometric

Biaxial
isobaric

n¼ 7 n¼ 6 n¼ 7 n¼ 7 n¼ 5 n¼ 5

Unloaded passive configuration
Outer diameter (lm) 946 6 11 890 6 32 929 6 17 681 6 8 645 6 17 681 6 15
Thickness (lm) 120 6 3.5 115 6 2.8 125 6 4.1 99 6 3.9 100 6 2.4 101 6 3.9
Axial length (mm) 0.87 6 0.06 5.07 6 0.14 5.28 6 0.10 0.84 6 0.05 5.58 6 0.36 4.61 6 0.12

Fixed loaded configuration for active testing
Axial stretch 0.86 6 0.01 1.46 6 0.03 1.45 6 0.02 0.91 6 0.01 1.69 6 0.02 1.64 6 0.03

Potassium
chloride

Loads and configurations
Relaxed pressure (mmHg) — 90 6 0.0 90 6 0.0 — 90 6 0.0 90 6 0.0
Pressure at maximal contraction (mmHg) — 120 6 2.7 90 6 0.0 — 112 6 2.8 90 6 0.0
Relaxed outer diameter (lm) 1218 6 33 1301 6 46 1316 6 17 803 6 22 897 6 18 909 6 11
Outer diameter at maximal contraction (lm) 1218 6 33 1301 6 46 983 6 17 803 6 22 897 6 18 658 6 17
Maximum change in outer diameter (%) — — �25 6 1.1 — — �28 6 2.3
Relaxed wall thickness (lm) 104 6 2.8 49 6 2.0 55 6 21 89 6 4.0 38 6 1.4 41 6 2.0
Wall thickness at maximal contraction (lm) 104 6 2.8 49 6 2.0 75 6 3.0 89 6 4.0 38 6 1.4 60 6 4.7

Stress calculations
Circumferential calculations
Relaxed circumferential stretch 1.35 6 0.03 1.62 6 0.03 1.57 6 0.03 1.22 6 0.03 1.58 6 0.03 1.50 6 0.03
Circumferential stretch at maximal contraction 1.35 6 0.03 1.62 6 0.03 1.13 6 0.03 1.22 6 0.03 1.58 6 0.03 1.04 6 0.06
Maximum change in circumferential stretch (%) — — �28 6 1.3 — — �31 6 2.8
Relaxed circumferential stress (kPa) 30 6 3.8 149 6 9.2 133 6 5.9 23 6 5.4 132 6 5.5 122 6 5.7
Circumferential stress at maximal contraction (kPa) 42 6 4.1 197 6 10.8 66 6 3.5 35 6 5.2 163 6 3.1 54 6 5.7
Maximum change in circumferential stress (kPa) 13 6 1.1 48 6 4.0 �68 6 4.0 12 6 0.5 31 6 3.3 �68 6 4.4
Active circumferential force (mN) 1.9 6 0.1 3.9 6 0.4 18 6 1.0 1.7 6 0.1 2.9 6 0.4 14 6 1.1

Axial calculations
Relaxed axial force (mN) — 12.0 6 1.0 13 6 0.5 — 5.9 6 0.8 10 6 0.5
Axial force at maximal contraction (mN) — 8.2 6 1.1 15 6 0.6 — 4.3 6 1.0 10 6 0.5
Maximum change in axial force (%) — 33.1 6 4.5 7.6 6 2.2 — 31.4 6 8.8 0 6 1.8
Relaxed axial stress (kPa) — 134 6 7.3 127 6 6.3 — 122 6 10.8 147 6 9.3
Axial stress at maximal contraction (kPa) — 138 6 8.7 99 6 5.6 — 121 6 12.1 114 6 9.1
Maximum change in axial stress (kPa) — 3.3 6 1.6 �27 6 09 — �0.7 6 1.8 �32.3 6 1.2

Dose–response parameters
Hill constant �6.62 6 0.31 �11.29 6 1.99 6.75 6 0.32 �7.16 6 0.35 �17.47 6 3.36 7.90 6 0.61
[EC50] (mM) 39.62 6 2.00 10.73 6 1.03 23.58 6 2.46 38.81 6 1.17 14.03 6 2.80 18.80 6 0.86

Phenylephrine Loads and configurations
Relaxed pressure (mmHg) — 90 6 0.0 90 6 0.0 — 90 6 0.0 90 6 0.0
Pressure at maximal contraction (mmHg) — 120 6 2.5 90 6 0.0 — 121 6 2.4 90 6 0.0
Relaxed outer diameter (lm) 1218 6 33 1314 6 46 1329 6 18 803 6 22 917 6 21 917 6 14
Outer diameter at maximal contraction (lm) 1218 6 33 1314 6 46 942 6 39 803 6 22 917 6 21 479 6 23
Maximum change in outer diameter (%) — — �29 6 2.3 — — �48 6 1.9
Relaxed wall thickness (lm) 104 6 2.8 48 6 1.9 78 6 3.2 89 6 4.0 37 6 1.3 84 6 7.9
Wall thickness at maximal contraction (lm) 104 6 2.8 48 6 1.9 119 6 11.1 89 6 4.0 37 6 1.3 181 6 18.7

Stress calculations
Circumferential calculations
Relaxed circumferential stretch 1.35 6 0.03 1.64 6 0.02 1.59 6 0.03 1.22 6 0.03 1.62 6 0.03 1.51 6 0.03
Circumferential stretch at maximal contraction 1.35 6 0.03 1.64 6 0.02 1.07 6 0.03 1.22 6 0.03 1.62 6 0.03 0.68 6 0.04
Maximum change in circumferential stretch (%) — — �32 6 2.6 — — �55 6 2.6
Relaxed circumferential stress (kPa) 30 6 3.5 152 6 9.1 136 6 4.6 24 6 5.8 139 6 6.3 124 6 5.7
Circumferential stress at maximal contraction (kPa) 40 6 4.5 202 6 9.9 59 6 5.1 52 6 7.2 185 6 4.8 19 6 3.7
Maximum change in circumferential stress (kPa) 11 6 1.4 50 6 3.1 �77 6 5.7 28 6 1.8 47 6 2.0 �105 6 4.6
Active circumferential Force (mN) 1.6 6 0 2 4.0 6 0.3 22 6 2.0 3.7 6 0.2 4.1 6 0.3 26 6 0.9

Axial calculations
Relaxed axial force (mN) — 10.5 6 0.8 13 6 0.4 — 5.5 6 0.9 9 6 0.6
Axial force at maximal contraction (mN) — 7.0 6 0.7 15 6 0.5 — 3.2 6 1.1 10 6 0.6
Maximum change in axial force (%) — 33.6 6 1.2 18 6 2.5 — 52.1 6 15.0 17 6 2.0
Relaxed axial stress (kPa) — 128 6 7.7 124 6 5.3 — 121 6 12.9 140 6 9.9
Axial stress at maximal contraction (kPa) — 134 6 6.9 100 6 5.0 — 120 6 13.6 112 6 10.0
Maximum change in axial stress (kPa) — 5.7 6 1.7 �24 6 1.5 — �0.2 6 1.0 �27 6 4.7

Dose response parameters
Hill constant �3.16 6 0.56 �9.90 6 2.45 2.73 6 0.35 �2.24 6 0.12 �6.28 6 1.14 1.76 6 0.07
[EC50] (nM) 83.06 6 17.75 14.59 6 2.26 53.73 6 11.08 509.92 6 147.97 72.97 6 8.42 303.56 6 77.52
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during PE stimulation. Similar to the DTA, a two-tailed paired t-
test between vasoconstrictors for the relaxed circumferential
stretch of the IAA during biaxial protocols suggested that loss of
tone, though small, was statistically significant (p¼ 0.01 and 0.06

for isometric and isometric–isobaric protocols, respectively).
Active circumferential stress values revealed increased sensitivity
to both KCl and PE when comparing biaxial isometric to uniaxial
isometric testing. [EC50] values were significantly decreased

Table 2 Calculated p-values from two-way analysis of variance accounting for differences between testing protocol and aortic region

Relaxed configuration Potassium chloride Phenylephrine

kh kz rh rz jDrhj jDrzj [EC50] jDrhj jDrzj [EC50]

Method comparisons
DTA uniax isom Versus DTA biax isom 0.0000 0.0000 0.0000 — 0.0000 — 0.0000 0.0000 — 0.0031

DTA uniax isom Versus DTA biax isom-isob 0.0001 0.0000 0.0000 — 0.0000 — 0.0030 0.0000 — 0.8796
DTA biax isom Versus DTA biax isom-isob 0.8808 1.0000 0.4597 0.9028 0.0009 0.0000 0.0000 0.0001 0.0000 0.0438

IAA uniax isom Versus IAA biax isom 0.0000 0.0000 0.0000 — 0.0025 — 0.0000 0.0105 — 0.0095

IAA uniax isom Versus IAA biax isom-isob 0.0000 0.0000 0.0000 — 0.0000 — 0.0002 0.0000 — 0.9977
IAA biax isom Versus IAA biax isom-isob 0.5414 0.6279 0.8963 0.2179 0.0000 0.0000 0.1835 0.0000 0.0000 0.0506

Regional comparisons
DTA uniax isom Versus IAA uniax isom 0.0442 0.5302 0.9572 — 1.0000 — 1.0000 0.0121 — 0.0030

DTA biax isom Versus IAA biax isom 0.9618 0.0000 0.4405 0.7120 0.0108 0.2158 0.7229 0.9862 0.3480 0.0063

DTA biax isom-isob Versus IAA biax isom-isob 0.5756 0.0000 0.7700 0.3425 1.0000 0.0803 0.7370 0.0001 0.6992 0.0018

Numbers in bold denote statistical significance defined as p< 0.05. Metrics for the relaxed configuration were taken from data prior to KCl stimulation,
noting that comparisons for data prior to PE stimulation yielded similar results.

Fig. 3 Variation in [EC50] ((a), (c)) and maximum change in circumferential stress
((b), (d)) in response to KCl ((a), (b)) and PE ((c), (d)) as evaluated by uniaxial isometric
(uniax isom), biaxial isometric (biax isom), and biaxial isometric–isobaric (biax isom-
isob) testing of murine DTA and IAA. Maximum change in circumferential stress is
largest in biaxial isometric–isobaric testing and best reflects the true in vivo capability
of VSMCs to regulate the mechanical environment. Data are presented as mean-
6 SEM. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 denote differences between testing pro-
tocols. (#) p < 0.05, (##) p < 0.01, (###) p < 0.001 denote differences between aortic
regions.
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(38.81 6 1.17 mM versus 14.03 6 2.80 mM) when comparing uni-
axial versus biaxial isometric protocols (Figs. 3(a) and 3(c)).
Again, similar observations were noted for the response to PE.

Axial Extension Increases Contractile Capacity and
Suggests a Regionally Distinct Optimal Biaxial Configuration
for Achieving Maximal Smooth Muscle Response. In addition
to contractile sensitivity, changes in contractile strength were
evaluated in terms of the maximum change in circumferential
stress. For the DTA, the maximum change in circumferential
stress in response to KCl under isometric conditions increased
with axial extension (12.7 6 1.1 kPa at kz¼ 0.86 6 0.01 versus
48.3 6 4.0 kPa at kz¼ 1.46 6 0.03, Figs. 3(b) and 3(d)). Similar
observations held for PE, supporting the hypothesis that axial
stretch augments VSMC contractility. For the IAA, contractile
capacity similarly increased with axial extension, from
12.4 6 0.5 kPa at kz¼ 0.91 6 0.01 in uniaxial isometric testing to
31.3 6 3.3 kPa at kz¼ 1.69 6 0.02 in biaxial isometric testing. PE-
induced contractility also increased with axial stretch in the IAA.

Maximum contractility is typically evaluated at an optimal cir-
cumferential stretch in uniaxial tests. Our results suggest that the
optimal configuration for achieving true maximum contractility
requires biaxial stretch and that the optimal condition differs
between aortic regions. “Optimal” is defined by the basal or
relaxed condition prior to addition of vasoconstricting agents. In
both aortic regions, maximum contractility was higher under biax-
ial conditions despite the basal circumferential stretch being sig-
nificantly higher than the optimal circumferential stretch in
uniaxial conditions (e.g., for DTA prior to KCl stimulation,
kh¼ 1.35 6 0.03 versus 1.62 6 0.03 in uniaxial isometric versus
biaxial isometric testing, respectively). Notably, the axial stretch
in biaxial testing conditions was significantly higher in the IAA
compared to the DTA (Fig. 4). Despite the regional difference in
axial stretch, the basal axial stress did not differ between regions,
suggesting an optimal state of stress to achieve maximal contrac-
tility that depends on locally distinct configurations.

Physiologic Changes in Configuration Further Alter
Contractile Sensitivity and Strength. Unlike biaxial isometric
testing, biaxial isometric–isobaric testing allows the vessel diame-
ter to decrease under a constant pressure of 90 mmHg in response

to stimulation of VSMCs. Sensitivity to KCl and PE decreases in
both segments when comparing isometric–isobaric to isometric
conditions, though the decrease is not statistically significant in
the IAA (Fig. 3(a)). Interestingly, [EC50] values were still lower
for biaxial isometric–isobaric testing than for uniaxial isometric
testing for KCl, while they were not significantly different in
response to PE. Given the differences between these methods
(i.e., fixed circumferential and unconstrained axial configuration
in uniaxial testing versus unconstrained circumferential and
fixed axial configuration in biaxial isometric–isobaric testing),
comparisons should be drawn with caution. Similarly, the maxi-
mum change in circumferential stress was highest in biaxial
isometric–isobaric testing for both vasoconstrictors in both aortic
regions (Figs. 3(b) and 3(d)). It should be noted that this change is
a reduction in stress in biaxial isometric–isobaric testing but an
increase in uniaxial and biaxial isometric testing (Table 1).
Increases in contractile strength from uniaxial isometric to biaxial
isometric–isobaric conditions were similar between regions for
both KCl and PE and captured well the regional difference in
response to PE. Comparison of biaxial protocols also facilitates
evaluation of changes in axial stress. Maximum change in axial
stress in the DTA in response to KCl was larger with biaxial
isometric–isobaric testing compared to biaxial isometric testing
(3.3 6 1.6 kPa versus �27 6 0.9 kPa, respectively). Similar obser-
vations held for the response to PE as well as for all responses in
the IAA.

Discussion

Axial loading is critical to arterial growth and remodeling, serv-
ing both as a driver and indicator in development, adaptation, and
disease [15–17]. In regulating the local mechanical environment,
it is important that smooth muscle cells respond appropriately to
contractile stimuli, which is frequently assessed through uniaxial
ring tests wherein axial stretch is neglected. Although the effect of
axial loading on VSMC tone has been studied in arteries [18–21],
it has not been evaluated in the context of different vasoconstric-
tors or different experimental testing conditions. Here, we demon-
strate that maximum smooth muscle contractility depends on both
circumferential and axial stretch and that such an optimal configu-
ration reveals differences in vasoconstrictor sensitivity when

Fig. 4 Optimal biaxial configuration of aortic segments prior to KCl stimulation. Cir-
cumferential (a) and axial stretches (b) were higher in biaxial testing protocols (biax
isom, biax isom-isob) compared to uniaxial testing (uniax isom). Axial stretches in
biaxial testing were larger in IAA segments compared to DTA segments, suggesting
regionally distinct optimal biaxial configurations for achieving maximal smooth mus-
cle contractility. Data are presented as mean 6 SEM. (*) p < 0.05, (**) p < 0.01, (***)
p < 0.001 denote differences between testing protocols. (#) p < 0.05, (##) p < 0.01, (###)
p < 0.001 denote differences between aortic regions.
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evaluated under physiologically relevant pressurization. The DTA
and IAA underwent one of three activation protocols: (i) uniaxial
isometric testing, (ii) biaxial isometric testing, and (iii) axially iso-
metric plus isobaric testing. These different protocols address two
considerations: first, the influence of axial deformation on the con-
tractile behavior of VSMCs and, second, the physiologic rele-
vance of fixed geometry versus fixed loading conditions, noting
that neither need be constant in vivo.

We first investigated the role of axial deformation in the sensi-
tivity and strength of the VSMC contractile response to KCl and
PE. Comparisons of isometric protocols in uniaxial versus biaxial
testing revealed statistically significant increases in sensitivity to
both KCl and PE when segments are stretched circumferentially
and axially to their estimated in vivo values. Length dependence
of sensitivity is well documented in VSMCs [14], but uniaxial
testing has previously evaluated such dependencies primarily in
the circumferential direction, with few exceptions addressing
axial extension [7,22]. Importantly, a study comparing uniaxial
and biaxial isometric testing between carotid and iliac arteries
found no differences between protocols [7], but determination of
in vivo axial stretches was not reported, and the experimental pro-
cedure differed significantly from that which is detailed here.
Thus, the differences as a function of testing protocol observed
herein do not necessarily conflict with previous results.

Similarly, maximum change in circumferential stress was
increased in biaxial isometric testing compared to uniaxial isomet-
ric testing in response to both KCl and PE despite the circumfer-
ential stretch being markedly higher in the biaxial configuration.
A recent study used a finite elasticity framework [23] to investi-
gate the effects of axial stretch on KCl-induced VSMC contractil-
ity using both uniaxial isometric and biaxial isometric–isobaric
experimental data of mouse DTA [8,24]. It was demonstrated
that when using a VSMC model with only a circumferential-
dependent description of the myosin and actin filament overlap
[25], the model was able to predict the magnitude of active tone
observed in uniaxial isometric contraction but not in biaxial
isometric–isobaric contractions. However, when including radial
and axial stretch dependencies in the model based on experimen-
tal observations of filament lattice spacing-dependent myosin fila-
ment polymerization [26], the model was able to accurately
simulate both uniaxial isometric and biaxial isometric–isobaric
contractions. Our experimental data confirm these model simula-
tions and suggest that microstructural organization of myosin and
actin filaments could play an important role in biaxial stretch-
sensitive VSMC contractility.

In addition to quantifying roles of axial stretch in vasoactivity,
comparing biaxial isometric and isobaric testing allows one to
quantify roles of geometric changes in regulating vasoactivity.
First, alterations in the mechanical environment were of similar
orders of magnitude but in different directions; circumferential
stress increases during isometric testing and decreases during iso-
baric testing due to VSMC contraction. Allowing vessels to
change diameter under a constant load increases contractile
capacity as measured by the change in circumferential stress, but
decreases sensitivity to both KCl and PE regardless of aortic
region, noting that the difference in response to KCl in the IAA
was not statistically significant. One previous study addressed this
issue in canine carotid arteries and reported that maximum con-
tractile force occurs at 100 mmHg [22], but axial stretch was not
reported and vasoconstrictor sensitivity was not investigated.
Although results from each testing protocol may be equally “true”
in that cells respond differently under isometric versus isobaric
conditions, isobaric testing may mimic better in vivo VSMC
mechanosensitivity and mechanoregulation. Indeed, a key func-
tion of VSMCs is to maintain a target value of wall shear stress on
the endothelium, which is achieved by modulating the diameter of
the vessel [1]. The maximum change in wall shear stress,
sw ¼ 4lQ= pa3ð Þ, may be estimated from the observed change in
inner diameter from isobaric testing (given a constant flow rate).
The target value of sw has been observed in multiple species

and vascular locations, with the set-point depending on local
physiologic flow rates [27]. Isometric testing does not reveal
contraction-mediated changes in wall stress that would be
“sensed” by mural cells in vivo, which is thought to be important
in aortic diseases related to cellular mechanotransduction [28].
Thus, we assert that axially isometric plus isobaric testing is nec-
essarily superior given both the extra data available for analysis
and its greater relevance to in vivo interpretation.

We also sought to delineate possible regional variations in axial
dependence of contractility. Regionally dependent responses to
vasoconstrictors have been reported under uniaxial [29–31] and
biaxial [20] testing conditions. In general, imposing axial stretch
showed expected regional differences without revealing new or
unexpected observations. For example, it is expected that the IAA
has lower sensitivity but stronger overall contractility than the
DTA in response to PE, which is captured well in both uniaxial
isometric and biaxial isobaric testing (Fig. 3, Table 2). While this
may seem unremarkable, it is important that these observations
remain consistent across protocols despite the regional difference
in axial stretch that is imposed in biaxial but not uniaxial proto-
cols. Similar changes in contractile sensitivity and strength
between regions despite differences in axial stretch suggest that
optimal VSMC function depends on proper maintenance of
locally preferred mechanical environments. Importantly, relaxed
values of axial stress were not different between regions under
biaxial testing despite differences in configuration, further sup-
porting a critical role of axial stretch in the maintenance of a
locally preferred mechanical environment and mechanically medi-
ated VSMC function.

Of note, as VSMCs in the DTA and IAA derive from the same
embryonic origin [32], it seems likely that regional responses
depend more on mechanical environment than inherent cellular
differences, though constitutive differences in the perivascular
environment (e.g., abdominal versus thoracic cavity) could play a
role. Further studies should examine carefully the mechanisms of
regional differences when evaluating contractile behavior in the
ascending thoracic aorta, of which VSMCs derive from the neural
crest and second heart field [32]. Additionally, it is unknown how
structural differences between thoracic and abdominal aorta may
contribute to regional variations in contractility. Small but statisti-
cally significant differences in collagen orientation between
regions have been reported in apolipoprotein E-null mice [33],
which could influence the ability of smooth muscle cells to
deform the matrix during contraction (assuming the observation
holds for wild type mice). Similarly, thoracic segments of apolipo-
protein E-null mice have thicker medial layers and thus more elas-
tin but proportionally lower smooth muscle content than
abdominal segments [34], which may explain the slightly higher
changes in stress achieved in the IAA. Furthermore, key vasoac-
tive receptors are in many cases differentially expressed between
vascular regions, which clearly drive disparate regional contractile
responses to specific vasoconstrictors [35].

Mechanosensitivity may be affected by changes in local tissue
mechanical properties or by changes in the cell “sensing” appara-
tus, either in transmembrane proteins such as integrins or by dif-
ferences in intracellular signaling. Observed differences between
testing protocols suggest axial mechanosensitivity of VSMCs, but
such differences may occur either because cells are sensing
changes in the local mechanical environment due to axial stretch-
ing or because physical stretch of the cells directly alters vasoac-
tive channels and receptors. Mechanosensitivity of ion channels
and G-protein coupled receptors has been reported in vascular
smooth muscle cells [36,37], suggesting that the physical altera-
tions of the vessel segments may have a direct impact on cellular
mechanosensing, perhaps via conformational changes of key ion
channels and vasoactive receptors. Alternatively, it is possible
that physical stretch does not alter the conformation of ion chan-
nels and vasoactive receptors, but rather intracellular calcium han-
dling may depend directly on cellular sensing of the mechanical
environment, which changes with axial stretch. Such a distinction
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is difficult to delineate experimentally, but should nonetheless be
a topic of further investigation.

Various limitations herein warrant a brief discussion. First, sen-
sitivity to PE was highly variable in the IAA. While this created
difficulty in achieving statistical power when comparing methods,
this variability appears to be an inherent property of the IAA
rather than a limitation of the method because the responses to
KCl produced relatively little variability. Second, the study was
limited to male mice only. The role of sex hormones in regulation
of vascular tone has been demonstrated extensively [38].
Although sex differences in vascular tone have been observed in
multiple species, observed differences in maximal contractility
have not been studied in detail. Sex differences in response to PE
have been reported in rat thoracic aorta using uniaxial tests [39].
Various studies demonstrate sex differences in contractility under
pathogenic conditions in mice, but baseline sex differences are
negligible [40]. Given these observations, sex differences should
be considered in future studies using the axially isometric plus
isobaric protocol.

Conclusion

Understanding the contractile capability of vascular smooth
muscle is critical to evaluating both the in vivo mechanical envi-
ronment within the vascular wall and its overall mechanical func-
tion. We submit that the best test for evaluating smooth muscle
contractility requires biaxial deformations, and the methods offer
considerable new information regarding the ability of vascular
smooth muscle to regulate the mechanical environment by closely
mimicking in vivo loading and changes in configuration. Given
axially dependent differences in vasoconstrictor sensitivity, which
are not observed under uniaxial testing, biaxial tests are particu-
larly useful. These observations have important implications when
attempting to model active wall mechanics [23,41]. Data reporting
quantitative descriptions of vascular sensitivity and strength under
nonphysiologic conditions should be interpreted with caution
when informing mechanistic models of smooth muscle-mediated
biomechanical behavior of arteries. Future studies should incorpo-
rate biaxial contractility frameworks to identify changes in smooth
muscle function that may not otherwise be observed and, in so
doing, provide greater clarity in calculating in vivo mechanical
conditions, which are critical in directing cell signaling.
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