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Loss of large artery compliance is an emerging novel predictor of cardiovascular mortality. Hypoxia-

induced pulmonary hypertension (HPH) has been shown to decrease extralobar pulmonary artery (PA)
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compliance in the absence of smooth muscle cell (SMC) tone and to increase SMC tone in peripheral

PAs. We sought to determine the impact of HPH on extralobar PA tone and the impact of SMC activation

on extralobar PA biomechanics. To do so, C57BL6 mice were exposed to 0 (CTL) or 10 days (HPH) of

hypoxia and isolated vessel tests were performed on extralobar PAs using either a physiological saline

solution (PSS), a vasoconstrictor (U46619), two vasodilators (SNP and Y27632) or calcium free medium

(relaxant solution; VBRS). The vasodilators and relaxant solution had no effect on extralobar artery

diameter suggesting that basal SMC tone is essentially zero in CTL conditions and does not increase

with HPH. HPH caused narrowing, decreased circumferential stretch (l; po0.0001), decreased local

area compliance (CA; po0.0005) and increased incremental elastic modulus (Einc; po0.05) in the

normal tone state (with PSS). In both CTL and HPH conditions, SMC activation decreased Einc

(po0.0005) but also increased wall thickness (po0.05) such that changes in CA with SMC constriction

were minimal; only in HPH PAs was a significant decrease with SMC constriction observed (po0.05).

Our results demonstrate that 10 days of hypoxia does not increase extralobar PA SMC tone and that

HPH-induced decreases in compliance are caused by narrowing, wall thickening and increases in

modulus, not persistent vasoconstriction.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The normal pulmonary circulation is a low resistance, high
capacitance vascular bed. Most of the resistance is generated by
small, peripheral arteries whereas most of the capacitance is
provided by large, extralobar arteries, which act as conduits for
blood flow (Nichols and O’Rourke, 1998). Changes in conduit
pulmonary artery (PA) compliance, or inverse stiffness, are highly
clinically relevant; increased extralobar PA stiffness is an
excellent predictor of mortality in pulmonary arterial hyperten-
sion (Gan et al., 2007; Mahapatra et al., 2006). In prior work, we
have suggested that loss of conduit PA compliance impairs right
ventricular function via increased wave reflections (Tuchscherer
et al., 2007). Understanding the determinants of extralobar,
conduit PA compliance changes may be critical to slowing the
progression of right ventricular dysfunction in pulmonary
hypertension.

Vascular smooth muscle cell (SMC) activity can significantly affect
vascular biomechanical behavior, including elastic modulus and
ll rights reserved.
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ler).
compliance (Bank and Kaiser, 1998; Barra et al., 1993; Cox, 1984;
Hudetz, 1979; Wilkinson et al., 2004). Although the normal
pulmonary vasculature presents little or no resting tone (Barnes
and Liu, 1995), the pulmonary circulation is under active control,
which can be relevant in several lung diseases, such as chronic
obstructive pulmonary disease (Barbera et al., 2003; Weitzenblum
and Chaouat, 2004), cystic fibrosis (Fraser et al., 1999) and obstructive
sleep apnea (Hiestand and Phillips, 2008), conditions that are also
associated with hypoxia, which is known to increase SMC tone in
pulmonary resistance arteries (Jeffery and Wanstall, 2001; Kelly et al.,
2005; Preston, 2007; Robertson et al., 2000; Stenmark et al., 2006;
Thomas and Wanstall, 2003). Chronic hypoxia-induced pulmonary
hypertension (HPH) also has been shown to affect passive mechanics
and SMC function in large pulmonary arteries. In particular, HPH
increases extralobar PA elastic modulus in the absence of SMC tone
(Kobs et al., 2005) and enhances the SMC response to vasoconstrictors
(Bailly et al., 2004; Bialecki et al., 1998; Bonnet et al., 2001). However,
the direct effects of HPH on SMC tone in large, conduit arteries and
the contributions of SMC activation to extralobar PA mechanical
properties have not been reported.

The goals of the present study were to determine the effects of
SMC tone and activation and chronic HPH on the biomechanical
behavior of extralobar pulmonary arteries. To do so, we measured
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pressure–diameter relationships for extralobar PAs harvested
from control mice and those exposed to chronic hypoxia, treated
with an isotonic saline solution, one vasoconstrictor, two
vasodilators or a relaxant solution. We hypothesized that chronic
hypoxia would increase circumferential elastic modulus as well as
decrease local area compliance in normal SMC tone, dilated and
relaxed states. We also hypothesized that the vessel response to
the vasoconstrictor would be heightened after chronic hypoxia.
2. Methods and procedures

2.1. Animal handling

Thirty-two male C57BL6/J mice, 8–10 weeks old at the time of euthanasia with

an average weight of 22.971.4 g, were obtained from Jackson Laboratory (Bar

Harbor, ME). Mice were exposed to 0 (CTL) or 10 days of hypoxia (HPH) in a

hypobaric chamber (380 mmHg). The duration of hypoxia exposure was chosen

based on previous experiments in which differences in extralobar PA biomecha-

nics in the absence of SMC tone were not significant between 10 and 15 days of

hypoxia (Kobs et al., 2005). Mice were euthanized with a lethal interperitoneal

injection of 0.33 mg/g body weight pentobarbital solution, chosen because it does

not affect pulmonary hemodynamics (Benumof, 1985; Kawahara et al., 2005). All

protocols and procedures were approved by the University of Wisconsin

Institutional Animal Care and Use Committee.

2.2. Drugs

The vasodilators used were the nitric oxide donor SNP and the rho-kinase

inhibitor Y27632 (Sigma Chemical, St. Louis, MO). Only the latter agent eliminates

persistent hypoxic vasoconstriction in pulmonary resistance arteries (Nagaoka

et al., 2004; Wang et al., 2007; Wojciak-Stothard, 2008). The vasoconstrictor used

was U46619, an analog of the endoperoxide prostaglandin H2 (Cayman Chemical,

Ann Arbor, MI). Concentrations of drugs (below) are expressed as final molar

concentration in the superfusate bath. The stock solution of SNP was freshly

prepared the morning of experiments in PSS (NaCl 119, KCl 4.7, MgSO4 �7H2O 1.17,

CaCl2 �2H2O 1.6, NaH2PO4 1.18, NaHCO3 24, EDTA 0.03, Dextrose 5.5 mmol/L and

pH 7.6870.17). The stock solution of Y27632 was dissolved in distilled water and

stored at �20 1C until the day of the experiment. The stock solution of U46619

was dissolved in ethanol and then freshly diluted the morning of the experiments

in PSS. Relaxant solution (Van Breemen’s Relaxant PSS) was prepared by

substituting 20 mM MgCl2 �6H2O in place of 1.6 mM CaCl2 �2H2O and adding

2 mM EGTA in PSS solution.

2.3. Experimental setup

After euthanasia, the heart and lungs were excised. The left PA, excised

between the pulmonary trunk and second pulmonary artery bifurcation and

placed in PSS, was always used because it is longer and smaller in diameter than

the right PA and thus end effects of mounting can more appropriately be ignored.

PAs were then mounted in a vessel chamber (LSI; Burlington, VT) on 430 mm outer

diameter cannula tubes to the same suture-to-suture, unstretched length

(2.4 mm) and stretched 140% to approximate in vivo length based on prior

imaging studies and to be consistent with other work (Kobs and Chesler, 2006).

The time delay between vessel harvest and vessel mounting was less than 25 min.

Immediately after mounting, vessels equilibrated to 37 1C in PSS perfusate and

superfusate with a 15 mmHg transmural pressure for 60 min to permit recovery.

The perfusate was aerated with an air–CO2 mixture to maintain the pH at 7.4 and

supplied via a steady flow pump. Superfusate was continuously circulated at a rate

of 15 mL/min. After equilibrium, wall thickness measurements were made at 10�

magnification (resolution¼71.0 mm) at 5, 15, 30 and 60 mmHg using a video

dimension analyzer (Chesler et al., 2004; Kobs et al., 2005). The pressure was then

cycled ten times from 5 to 60 mmHg at 1 Hz for mechanical preconditioning.

Immediately thereafter, either dose response or mechanical testing was

performed. For both protocols, outer diameter was continuously measured at

4� magnification (resolution¼72.0 mm). At the conclusion of experiments, wall

thickness measurements were repeated to confirm accuracy and lack of plastic

deformation.

2.4. Dose response to Y27632, SNP and U46619

Dose response studies were conducted on arteries from 22 mice (n¼11 CTL,

n¼11 HPH) randomly assigned to vasodilator (n¼12) or vasoconstrictor (n¼10)

groups. Following the equilibrium period and preconditioning, the baseline

diameter was determined at a pressure of 15 mmHg. Cumulative U46619,

Y27632 and SNP (10�8
�10�3 M) concentration response curves were created
by increasing the drug superfusate concentration every 30 min or when the rate of

change of vessel diameter was less than 2 mm/min. For the vasodilator group, the

superfusate bath was changed after Y27632 testing, replaced with fresh PSS and

equilibrated until the original baseline diameter was obtained. Then, SNP dose

response testing was performed. From the concentration response curves, the

slope and drug concentrations that induced 50% of the maximum effect (EC50)

were calculated.

The percent change in diameter was defined relative to the outer diameter

(OD) with no drug treatment. The mean logarithmic concentration response

curves to drugs were analyzed by fitting a sigmoidal (logistic) equation

DOD¼
DODmax � ½drug concentration�g

½drug concentration�gþECg
50

ð1Þ

using non-linear regression to obtain a best fit g value (Piamsomboon et al., 2007).

Contraction time was calculated as the time required for the arteries to reach

50% of the minimum diameter (t50) after exposure to U46619.

2.5. Mechanical testing protocol

Mechanical tests were conducted on arteries from 10 mice (n¼5 CTL, n¼5

HPH). Following the equilibrium period and preconditioning, normal SMC tone

state testing was performed; seven, 45-second steps were used with pressures of

10, 20, 30, 40, 50, 60 and 10 mmHg. The measurements during the final step to

10 mmHg were performed to verify the absence of plastic deformation. Each step

was followed by a return to 5 mmHg for 10 times the pressure step duration

(450 s) to eliminate viscoelastic effects (Lakes, 1998). Upstream and downstream

luminal pressures, inner diameter, and left and right wall thicknesses were

recorded. Then, U46619 was added to the superfusate to a concentration of

4.5�10�7 M (EC50). After vessel contraction reached a plateau (�30 min), five

pressure steps of 10, 30, 40, 60 and 10 mmHg were used. The entire seven step

sequence was not used to shorten the duration of constricted state testing. In

preliminary studies at a constant pressure, mouse extralobar PAs treated with

U46619 remained contracted for 120 min. Constricted state testing was completed

within 65 min.

The superfusate was then replaced with fresh PSS (15 min) and circulated

(at least 15 min). Once the vessels returned to baseline, Y27632 was added to the

superfusate [1�10�5 M] and after a subsequent 30 min equilibrium period,

vessels were tested in the dilated state using the same five steps as in the

constricted state. Thereafter, the superfusate was replaced with fresh PSS again

and circulated. Once the vessels returned to the baseline diameter, a relaxant

solution (Van Breemen’s Relaxant PSS) was circulated for a minimum of 45 min

before static testing with the full seven step sequence was performed.

Circumferential stretch (l) was calculated as the ratio of pressure-dependent,

deformed circumference (p OD) to baseline circumference in the normal tone state

at a pressure of 5 mmHg (p OD5). Since PAs are prone to collapse at zero

transmural pressure, which can damage the endothelium, we used a small but

non-zero baseline pressure (5 mmHg) as the reference pressure.

Wall thickness (h) was calculated as a function of pressure assuming

conservation of mass as in (Faury et al., 1999). We used h measured at 60 mmHg

as the reference because curvature effects reduce the precision of the transillu-

mination-based measurement at low pressures.

Midwall stress and strain were calculated using the thin-walled assumption

and Green’s formulation for finite deformation, respectively, as

sm ¼
PRm

h
and em ¼

1

2

Rm

Rm5

� �2

�1

 !
ð2Þ

where Rm is the midwall radius at pressure P and Rm5 is the midwall radius at

P¼5 mmHg in the normal tone state. The advantage of choosing the midwall

stress and strain is that the no-load state can be used as the reference state instead

of the zero-stress state (Zhao et al., 2002). The low and high strain moduli were

determined from the slopes of best fit straight line segments to the low and high

strain regions following established methods (Orr et al., 1982); the strain at the

intersection point of these lines was used to approximate the transition strain

from the low strain region to the high strain region, which also represents

the transition from elastin-dominant behavior to collagen-dominant behavior

(Lammers et al., 2008).

Circumferential incremental elastic modulus (Einc) was calculated from the

pressure–diameter relationship using Hudetz’s modification (Hudetz, 1979) of

Love’s formulation of Young’s modulus (Bergel, 1961) for an orthotropic vessel

having a non-linear stress–strain relation

Einc ¼
DP

DOD
�

2ID2OD

OD2
�ID2

þ
2POD2

OD2
�ID2

ð3Þ

where ID is the inner diameter, P is the pressure at the beginning of the change in

pressure, DP is the change in pressure between 10 and 30 mmHg, a physiologically

relevant range for the mouse pulmonary vasculature (Schwenke et al., 2006), and

DOD is the corresponding change in outer diameter. Finally, local area compliance

(CA) was calculated as the ratio of the cross-sectional area change to pressure

change (Westerhof et al., 2005) between 10 and 30 mmHg.
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2.6. Statistics

Tukey multiple comparisons were used to compare circumferential vessel

stretch in constricted, dilated and relaxed states to the normal state. The

significance of differences in Einc and CA in response to SMC activation and HPH

were assessed using a repeated measures analysis of variance (ANOVA). Values of

po0.05 were considered significant. All statistical analyses were performed using

R software (Foundation for Statistical Computing, USA, version 2.6.2). Data are

presented in terms of means7standard deviation. In addition, we quantified the

accuracy of the measured variables (P, OD, and h) through total uncertainty. The

total uncertainties in P, OD, and h for all the groups were less than the standard

deviations (11%, 14% and 16%, respectively).
Fig. 2. Time at which the extralobar PAs reach 50% of the minimum diameter (t50)

after exposure to U46619. Bars represent mean7 standard deviation.
nnnpo0.0005 vs. CTL. The time to contraction was dramatically shorter in HPH

vessels.

Fig. 3. Wall thickness measured at 60 mmHg in the normal tone state. nnpo0.005

vs. CTL condition. An increase in wall thickness is an important contributor to

HPH-induced loss of compliance.
3. Results

3.1. Dose response to Y27632, SNP and U46619

The Rho kinase inhibitor Y27632 and the nitric oxide donor
SNP produced no significant change in PA diameter for the range
of concentration studied in either the CTL or HPH group (Fig. 1). In
contrast, the thromboxane A2 analog U46619 caused a significant
and reversible reduction in lumen diameter (Fig. 1). The
magnitude of the response was similar in CTL and HPH arteries
(Fig. 1) but HPH arteries contracted significantly more rapidly
than control arteries (po0.0001, Fig. 2).

3.2. Geometric changes

As measured in the normal tone state, HPH caused a
significant increase in h (po0.005; Fig. 3) and reduction in size:
both outer and inner diameters measured at 60 mmHg decreased
with HPH (OD: 1079724 mm CTL vs. 938738 mm HPH, po0.005
and ID: 1047728 mm CTL vs. 872727 mm HPH, po0.001).
Consequently, wall thickness to lumen ratio increased significantly
with HPH (0.01670.002 CTL vs. 0.03870.008 HPH, po0.05).

3.3. Mechanical tests

With increase in pressure, circumferential stretch increased as
expected for all conditions and groups (Fig. 4). In CTL conditions,
PAs stretched more in the normal tone state than in the
constricted state at low pressure (10 mmHg, po0.005) but
Fig. 1. Dose response curve for contraction to U46619 (squares) and dilation to

Y27632 and SNP (circles and triangles, respectively) in CTL (&,J,D) and HPH

(’,K,m) extralobar PAs. No significant differences were evident between CTL and

HPH for any drug or concentrations.
there was no difference for the rest of the pressure range
(30–60 mmHg). After exposure to hypoxia, PAs stretched more
in the normal state than the constricted state at 10 (po0.05) and
30 mmHg (po0.0005).

No significant differences in stretch were evident between the
normal and relaxed states for either CTL or HPH conditions
(Table 1).

For all conditions and groups, the typical ‘‘J’’-shaped strain-
stiffening behavior was evident (Fig. 5). As each vessel was
referenced to the same initial diameter in the normal tone state
regardless of its actual state, negative strains occurred in the
constricted state. No significant differences in either low or high
strain moduli between the normal and the dilated states were
evident for either CTL or HPH conditions (Table 2). HPH increased
low strain modulus in the normal tone state (po0.05) and tended
to increase the high strain modulus. Constriction decreased both
low and high strain moduli for both CTL and HPH groups (Table 2).
HPH also decreased the strain at which the stress–strain curve
transitioned to a steeper slope (0.6970.20 HPH vs. 1.487
0.24 CTL in a normal tone state, po0.005).

Einc increased significantly with HPH (po0.05) and decreased
with constriction (Fig. 6A) following the same pattern as the low
and high strain midwall stress–strain moduli. No changes among
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Fig. 4. Pressure–stretch data. Normal tone (diamonds), constricted (squares) and

dilated (circles) states in CTL (B,&,J) and HPH (~,’,K) extralobar PAs. Curve

fits were based on a modification of Langewouters equation (Langewouters et al.,

1984): l¼ a1tan�1ðPa2Þ [solid line (normal), dashed line (constricted), dotted line

(dilated)]. For CTL and HPH conditions, the largest difference in circumferential

stretch between normal and constricted states occurred within a normal,

physiological range of pressure of 10–30 mmHg.

Table 1

Circumferential stretch (l) as a function of pressure for CTL and HPH extralobar

PAs in normal tone (Normal) and relaxed (Relaxed) states. No significant

differences were evident between normal and relaxed states.

CTL HPH

Normal Relaxed Normal Relaxed

10 mmHg 1.1170.02 1.1070.02 1.0770.02n 1.1070.01

30 mmHg 1.8470.08 1.8170.09 1.4370.06nnn 1.4870.07

40 mmHg 1.9270.09 1.9070.09 1.5370.09nnn 1.5670.08

60 mmHg 1.9870.10 1.9670.10 1.6070.08nnn 1.6270.08

10 mmHg 1.0770.03 1.0870.04 1.0570.03 1.0770.05

n po0.05 vs. CTL;
nnn po0.0005 vs. CTL.

Fig. 5. Midwall circumferential stress (sm)–strain (Sm) data. Normal tone

(diamonds; solid line), constricted (squares; dashed line) and dilated (circles;

dotted line) states in CTL (B,&,J) and HPH (~,’,K) extralobar PAs. Note the

decrease in strain with HPH over the same stress range.

Table 2
Low and high strain tangent moduli (Elow and Ehigh, respectively) of the midwall

circumferential stress–strain curves for normal, constricted and dilated states of

CTL and HPH extralobar PAs.

CTL HPH

Normal Constricted Dilated Normal Constricted Dilated

Elow

(kPa)
6474 28711y 60713 92718n 32710yyy 93714

Ehigh

(kPa)
517730 2807148y 5817188 5437113 157767yyy 597747

n po0.05 vs. CTL condition;
y po0.05 vs. Normal;
yyy po0.0005 vs. Normal.

Fig. 6. (A) Circumferential incremental elastic modulus (Einc) and (B) local area

compliance (CA) from 10 to 30 mmHg for CTL and HPH extralobar PAs.

(CTL—Normal); (CTL—Constricted); (CTL—Dilated); (HPH—Normal);

(HPH—Constricted); (HPH—Dilated); npo0.05 vs. CTL condition; nnnpo0.0005

vs. CTL condition; ypo0.05 vs. Normal state; yyypo0.0005 vs. normal state. SMC

constriction decreased Einc, but also decreased diameter and increased wall

thickness, such that CA changes were only significant in HPH PAs.
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normal, dilated and relaxed states were observed. CA decreased
with HPH (po0.0005); in CTL PAs, CA was not affected by SMC
tone or activation but in the HPH PAs, CA decreased with SMC
constriction (po0.05) (Fig. 6B).
4. Discussion

The goals of this study were to determine the effects of SMC tone
and activation and HPH on changes in biomechanical properties of
mouse extralobar pulmonary arteries. Changes in response to flow,
hormonal stimuli and neural stimuli were not considered. Our major
findings were (1) that extralobar PAs have no appreciable SMC tone,
even after 10 days of chronic hypoxia, (2) that the reduction in
diameter of large, extralobar PAs caused by U46619 is significant in
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a physiological pressure range (10–30 mmHg) but not at higher
pressures (40–60 mmHg) and (3) that PA biomechanics are
significantly altered by HPH and vasoconstriction but not vasodila-
tion or vasorelaxation. An important consequence of these findings
is that HPH-induced loss of compliance is the result of arterial
narrowing, increased wall thickness and increased elastic modulus,
not persistent vasoconstriction.

Y27632 is one of the few vasodilators able to eliminate persistent
hypoxic vasoconstriction in small pulmonary arteries (Barman,
2007; Fagan et al., 2004; Nagaoka et al., 2004). In rats exposed to
3–4 weeks of hypoxia, Y27632 caused rings of large pulmonary
arteries to dilate, which suggests that HPH increased SMC tone
(Nagaoka et al., 2004). The shorter duration of hypoxia used in our
study may explain the discrepancy. Interestingly, this would have to
occur after other remodelling events such as wall thickening and
changes in material properties.

The loss of efficacy of U46619 at higher pressures found here is
consistent with results from Ozaki et al. (1998), who found that
intrapulmonary artery rings only increased wall tension with SMC
activation for pressures of 30 mmHg or less. This is unlikely to be a
time-dependent loss of efficacy since our dose response results
agree with prior work showing a stable and reproducible constric-
tion for 120 min at a constant load (Piamsomboon et al., 2007).

HPH has previously been shown to increase either the
maximum response to U46619 or its potency (e.g., EC50) in
pulmonary arteries (Jeffery and Wanstall, 2001; Kelly et al., 2005),
neither of which were found here. Jeffery and Wanstall found that
the effect of U46619 was dependent on hypoxia duration and that
adaptation can occur: the contractile response was increased after
1 week of hypoxia but returned to control levels after 4 weeks of
hypoxia (Jeffery and Wanstall, 2001). The time to contraction,
which was dramatically shorter in HPH vessels compared to CTL
vessels (Fig. 2), may reflect another aspect of hypoxia duration-
dependence. That is, the early effects of HPH on PA SMCs may
produce a quicker response to vasoactive agents whereas the later
effects result in an increased magnitude of the response.

The third main finding of this study is that HPH and
vasoconstriction significantly alter PA biomechanics but vasodila-
tion and vasorelaxation do not (Fig. 6, Tables 1 and 2). In both CTL
and HPH arteries, vasoconstriction decreased the incremental
elastic modulus (Fig. 6) and the low and high strain moduli
(Table 2). These decreases are likely due to reduced collagen fiber
participation (Barra et al., 1993; Zanchi et al., 1998). The effect of
vasoconstriction on local area compliance was modulated by HPH.

Certain limitations are present in this study. It has been
previously reported that in vitro measurements may differ
considerably from in situ and in vivo measurements of internal
diameter (Zanchi et al., 1998). However, the difference we found
between CTL and HPH diameters should be unaffected. In
addition, residual stresses have been found to exist in rat main
PAs (Fung and Liu, 1991); future investigations into the effects of
HPH on residual stresses in mouse extralobar PAs are warranted.
Finally, we cannot discern which changes in arterial mechanics
and SMC reactivity were caused by chronic hypoxia itself and
which were caused by the chronic hypoxia-induced hypertension.

In summary, independent of SMC tone, 10 days of chronic
hypoxia caused narrowing and stiffening of large, extrapulmonary,
conduit arteries, which may be important factors in the develop-
ment of right ventricular failure in pulmonary hypertension.
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