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(HPH) is caused by living at
high altitudes and is a complication of many lung diseases,
including chronic obstructive pulmonary disease (1, 13, 16),
cystic fibrosis (10), and obstructive sleep apnea (13), which
contributes significantly to morbidity and mortality. Pulmonary
vascular remodeling due to chronic HPH increases conduit
pulmonary artery (PA) stiffness (4, 20, 21, 23, 34, 42). Conduit
PA stiffening likely increases wave reflections to impair right
ventricular systolic function, much like aortic stiffening impairs left ventricular systolic function (18, 29, 33). Our laboratory has previously shown that HPH increases wave reflections in the mouse pulmonary circulation (44). Recent evidence
showing that conduit PA stiffness is a strong predictor of
mortality in PA hypertension (12, 30) further supports the
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importance of PA stiffness to pulmonary and right ventricular
function.
The dominant morphological changes in conduit PAs in
response to HPH are accumulation of collagen and elastin (20,
21) and wall thickening (4, 20, 21, 23). Stiffening of the
extralobar PAs has been shown to be linked with accumulation
of collagen and elastin (4, 20, 21, 23, 42). Previous attempts to
understand the individual roles of collagen and elastin in
arterial mechanical function have focused on correlative relationships during HPH progression (20, 21) or ex vivo degradation of one component before mechanical testing (23). A
disadvantage of the first approach is that, if elastin also increases during HPH progression, the impact of either protein
alone cannot be discerned; a disadvantage of the second approach is that degradation of one component may alter potentially important interactions between the two (9).
We sought a novel way to test our hypothesis that vascular
collagen accumulation is a major cause of extralobar PA
stiffening in HPH. To do so, we used a strain of mouse
genetically engineered to have collagenase-resistant type I
collagen (Col1a1). We predicted that this defect would allow
us to create a condition in which changes in vascular collagen
content were decoupled from other changes in the pulmonary
vasculature caused by hypoxia. Type I collagen is a fibrillar
collagen subtype that plays a dominant role in the composition
and strength of arteries (3, 14). The amount of the type I
collagen in an artery is regulated by the activities of matrix
metalloproteinases (MMPs) and tissue inhibitors of MMPs
(35). COL1A1 is the gene that encodes for the ␣1 chains of the
triple helix type I collagen molecules (46). The homozygous
collagenase-resistant Col1a1 mouse (Col1a1R/R) synthesizes
collagen type I that is resistant to collagenase cleavage between
Gly775 and Ile776 sites of the ␣1 chains, which is the site of
action of human MMPs (28). This collagen degradation-resistant property of the Col1a1R/R mice has been shown to cause
dermal fibrosis (28), impaired postpartum involution of the
uterus (28), and impaired wound healing (2). Homozygous
Col1a1 mice that do not show the mutant characteristic are
classified as Col1a1⫹/⫹; in these animals collagen type I is
degraded normally.
In this study, Col1a1⫹/⫹ and Col1a1R/R mice were made
chronically hypoxic to promote vascular collagen accumulation; some were allowed to recover to decouple collagen
content from other pulmonary vascular changes. Mechanical
and biological properties of extralobar PAs were examined.
We predicted that the PA collagen content would increase with
exposure to hypoxia in both Col1a1⫹/⫹ and Col1a1R/R mice,
resulting in PA stiffening. With recovery, we anticipated that
the collagen content would decrease to near-normal levels in
Col1a1⫹/⫹ mice, returning arterial stiffness to normal levels. In
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role of collagen in extralobar pulmonary artery stiffening in response
to hypoxia-induced pulmonary hypertension. Am J Physiol Heart Circ
Physiol 299: H1823–H1831, 2010. First published September 17,
2010; doi:10.1152/ajpheart.00493.2009.—Hypoxic pulmonary hypertension (HPH) causes extralobar pulmonary artery (PA) stiffening,
which potentially impairs right ventricular systolic function. Changes
in the extracellular matrix proteins collagen and elastin have been
suggested to contribute to this arterial stiffening. We hypothesized
that vascular collagen accumulation is a major cause of extralobar PA
stiffening in HPH and tested our hypothesis with transgenic mice that
synthesize collagen type I resistant to collagenase degradation
(Col1a1R/R). These mice and littermate controls that have normal
collagen degradation (Col1a1⫹/⫹) were exposed to hypoxia for 10
days; some were allowed to recover for 32 days. In vivo PA pressure
and isolated PA mechanical properties and collagen and elastin
content were measured for all groups. Vasoactive studies were also
performed with U-46619, Y-27632, or calcium- and magnesium-free
medium. Pulmonary hypertension occurred in both mouse strains due
to chronic hypoxia and resolved with recovery. HPH caused significant PA mechanical changes in both mouse strains: circumferential
stretch decreased, and mid-to-high-strain circumferential elastic modulus increased (P ⬍ 0.05 for both). Impaired collagen type I degradation prevented a return to baseline mechanical properties with
recovery and, in fact, led to an increase in the low and mid-to-highstrain moduli compared with hypoxia (P ⬍ 0.05 for both). Significant
changes in collagen content were found, which tended to follow
changes in mid-to-high-strain elastic modulus. No significant changes
in elastin content or vasoactivity were observed. Our results demonstrate that collagen content is important to extralobar PA stiffening
caused by chronic hypoxia.
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contrast, the vascular collagen content in Col1a1R/R mice was
expected to remain high after recovery, resulting in a persistent
elevation in arterial stiffness. This experimental strategy was
designed to allow us to investigate the role of collagen in
extralobar PA stiffening in HPH.
MATERIALS AND METHODS

AJP-Heart Circ Physiol • VOL

Fig. 1. Isolated vessel mechanical testing system. VDA, video dimension
analyzer; DAQ, data-acquisition system; CCD, charge-coupled device; P1 and
P2, pressure transducers from which average intravascular pressure P ⫽ (P1 ⫹
P2)/2 was calculated.

(LSI) for automatic detection of outer diameter (OD) along a single
line at the approximate middle, lengthwise, of the vessel. A superfusate pump (Ismatec, Glattbrugg, Switzerland) was used to provide
pH-adjusted PSS (pH ⫽ 7.4) at 37°C in the vessel bath.
Immediately after mounting, the PAs were pressurized to 5 mmHg.
The unstretched lengths were measured from suture to suture, and
then the vessels were stretched 140% to prevent buckling at higher
pressures. The average unstretched length of the harvested PAs was
1.98 ⫾ 0.04 mm, with no differences between strain or exposure
condition. Cannula ends were held fixed so that all testing was
performed with a constant vessel length. Next, PAs were allowed to
equilibrate at 15 mmHg for 30 min. Wall thickness (h) was measured
at higher magnification (⫻10) at three different transmural pressures:
5, 30, and 60 mmHg. After another 30-min equilibrium, sinusoidal
pressurization cycles from 15 to 30 mmHg and 45 to 60 mmHg (10
cycles for each pressure range) were applied at 1 Hz for preconditioning. Then pressure steps of 15, 20, 30, 40, 50, 60, and 15 mmHg
were applied for 45 s each after a resting pressurization at 5 mmHg for
450 s. The vessels were allowed to rest for 10 times the loading period
between each step to reduce the effects of viscoelasticity (22). Vessel
plastic deformation was checked at the final 15-mmHg step. Insignificant differences in OD (⬍1%) compared with the first 15-mmHg step
were observed, indicating absence of plastic deformation. Pressure
and OD were sampled at 1 Hz through LabView (National Instruments, Austin, TX) and sent to a data-acquisition system (National
Instruments). OD measured at 40 s into each step was used for the
mechanical property calculations.
Vasoactive experiments were also performed in which vessels were
treated with a potent vasoconstrictor U-46619 (4.5 ⫻ 10⫺7 M;
Cayman Chemical, Ann Arbor, MI), vasodilator Y-27632 (1 ⫻ 10⫺5
M; Sigma-Aldrich, St. Louis, MO), or a calcium- and magnesium-free
medium (MP Biomedicals, Solon, OH) at a fixed pressure of 15
mmHg.
Mechanical properties calculation. The arteries were assumed to
be at a fixed length, homogeneous, and incompressible (20, 21, 36).
The overall stiffness is represented by circumferential stretch () at
each pressure:
⫽

 ⫻ OD
 ⫻ OD5

⫽

OD
OD5

(1)

where OD5 is the OD at 5 mmHg to approximate the no-load state.
Assuming conservation of mass and no axial extension (8), the h as
a function of pressure was calculated as:
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Animal handling. Breeding pairs of Col1a1tmJae mice (28) on the
B6/129 background were obtained from Jackson Laboratory (Bar
Harbor, ME). Genotyping by polymerase chain reaction was performed on DNA extracted from tail biopsies (Wizard SV Genomic
DNA Purification System, Promega, Madison, WI) using primers
indicated in the strain information provided by the Jackson Laboratory, as previously described (49).
Col1a1⫹/⫹ and Col1a1R/R mice were randomized into three
groups: 42 days of normoxia (normoxia), 32 days of normoxia
followed by 10 days of hypoxia (hypoxia), and 10 days of hypoxia
followed by 32 days of recovery (recovery). The randomization was
stratified by sex to ensure approximately equal numbers of male and
female mice for each group. All mice were 16 –18 wk old at the time
of euthanization. Hypoxia was created in an environmentally controlled chamber in which nitrogen was mixed with laboratory air until
an oxygen concentration of 10% was reached; oxygen levels were
measured with a sensor in the chamber (Servoflo, Lexington, MA) and
used to control a relay valve on the nitrogen gas inflow line via a
custom-built closed-loop control system. The flow rate of the (constant flow) air mixture was adjusted to maintain the carbon dioxide
level at ⬍600 ppm. Mice in the normoxia and recovery conditions
were placed in identical environmental chambers with the same
overall airflow, but without forced nitrogen (21% O2). Temperature,
oxygen and carbon dioxide concentrations, and humidity were
checked daily. Twelve-hour on/off light conditions and normal diet
and water were provided. The chambers were opened for no more than
30 min once per 2 days for regular animal care and maintenance. All
procedures were approved by the University of Wisconsin-Madison
Institutional Animal Care and Use Committee.
In vivo pressure measurement. In vivo pressure measurements were
conducted to confirm development of HPH in response to chronic
hypoxia and resolution of HPH after an extended period of normoxia.
The mice were anesthetized with urethane (1 mg/g intraperitoneal),
intubated, and placed on a ventilator (Harvard Apparatus, Holliston,
MA). The apex of the right ventricle was localized after removing the
chest wall, and a 1.4 F pressure-tip catheter (Millar Instruments,
Houston, TX) was introduced using a 20-gauge needle. After instrumentation was established and right ventricular pressure readings
were stable, the catheter was advanced to main PA. PA pressure was
recorded and analyzed with commercially available software (Notocord, Croissy Sur Seine, France) with the animal breathing room air.
Isolated vessel mechanical testing. Mice were euthanized with an
overdose of 50 mg/ml pentobarbital by intraperitoneal injection. Then
a midline sternotomy was performed, and the heart and lungs were
removed. Extralobar conduit PAs were harvested from the pulmonary
trunk to the first branches under microscopy. Left PAs were used for
mechanical testing and saved for histology after testing.
The mechanical testing system was set up as shown in Fig. 1. PAs
were mounted on 410-m-diameter glass cannulas in a vessel chamber [Living System Instrumentation (LSI), Burlington, VT]. Care was
taken to avoid vessel collapse during harvest and mounting. Desired
pressures were applied by perfusion of physiological saline solution
(PSS) using a servo-control pump (LSI). Pressure transducers were
placed in-line next to the cannulas to record pressures on both sides of
the vessel. The average pressure, P, was used for all material and
mechanical property calculations. A charge-coupled device camera
(IonOptix, Milton, MA) connected to an inverted microscope (Olympus, Center Valley, PA) was used to take images of the vessel at ⫻4
magnification. These images were sent to a video dimension analyzer

ROLE OF COLLAGEN IN LARGE PULMONARY ARTERIAL STIFFENING

h⫽
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2

关OD ⫺ 兹OD2 ⫺ OD260 ⫹ 共OD60 ⫺ 2h60兲2兴

(2)

where OD60 and h60 are the OD and h measured at 60 mmHg,
respectively.
Midwall stress () and strain (ε) were calculated using the thinwalled assumption and Green’s formulation for finite deformation,
respectively:
⫽P
⫽

冉

Dm

(3)
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2
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冊

(4)

%changes ⫽

OD ⫺ ODN
ODN

⫻ 100%

(5)

where OD is in response to the drug, and ODN is the OD at a normal
tone state (PSS alone) at the same pressure.
Biochemical assays. To correlate the mechanical behavior with
collagen and elastin content, biochemical assays were performed on
left and right PAs from additional groups of mice. Tissue homogenates were assayed for hydroxyproline (OHP) content, which is one of
the most abundant amino acids in collagen and is often used as a
marker for collagen content (39), using standard techniques (5, 47).
The Fastin elastin assay (Biocolor, Carrickfergus, UK) was performed
according to the manufacturer’s instructions. The total tissue OHP and
elastin content are presented as micrograms per vessel.
Histology. After mechanical testing, left PAs were fixed in 10%
formalin at 15 mmHg and preserved in 70% ethanol. The vessels were
then embedded in agar gel, sectioned, and stained with picrosirius red.
Statistics. All results are presented as means ⫾ SE. The association
between PA stretch and exposure condition was analyzed using a
linear mixed-effect model with repeated measures (generalized least

squares). For each mouse strain, a two-way comparison of factors was
performed (exposure condition and pressure), which led to the construction of contrast matrices that were used to investigate changes in
stretch as functions of these factors. No violations of the normality
assumption were found. The Benjamini-Hochberg method was used to
adjust for multiple comparisons between exposure conditions. A
compound symmetry correlation structure was assumed between repeated measurements.
In vivo pressures, h, E1, E2, vasoactivity, and biochemical results
were analyzed by two-way ANOVA and Tukey’s multiple comparisons. Goodness of fit was evaluated by computing Akaike’s information criterion measures. Model assumptions were validated using
standard model validation techniques.
The nonparametric Spearman rank correlation test with a permutation analysis (permutation size M ⫽ 10,000) was used to compute
the Spearman’s correlation coefficient (rs) and P values for correlations between the averages of E1 or E2, and averages of collagen or
elastin content for both strains combined using SAS version 9.2. To
assess linearity, a simple linear correlation coefficient (R2) was determined for the averages of E1 or E2, and averages of collagen or elastin
content for both strains combined using Microsoft Excel.
All other analyses were performed using R (http://www.r-project.
org/) version 2.5.1. P ⬍ 0.05 was considered significant.
RESULTS

In vivo pressure. In response to hypoxia, PA systolic pressure increased for both Col1a1⫹/⫹ and Col1a1R/R mice (P ⬍
0.01, Table 1). With recovery, PA systolic pressures of both
strains decreased (P ⬍ 0.05). In the normoxic condition, the
Col1a1R/R mice had lower PA pressures than Col1a1⫹/⫹
mice (P ⬍ 0.05) and had a larger relative increase in mean
PA pressure with exposure to hypoxia (25% increase for
Col1a1⫹/⫹ vs. 56% increase for Col1a1R/R). With recovery,
mean PA pressure decreased by a similar amount in both
strains (⬃24%), which brought the Col1a1⫹/⫹ mice PA pressure back to normal levels, but left the Col1a1R/R mice with a
slight elevation in mean PA pressure. The heart rate under
anesthesia with urethane was not affected by strain or exposure
condition (Table 1).
Diameter and wall thickness. The OD of Col1a1⫹/⫹ PAs at
5 mmHg were 592 ⫾ 19, 607 ⫾ 11, and 575 ⫾ 8 m in the
normoxic, hypoxic, and recovery groups, respectively. In
Col1a1R/R, these values were 561 ⫾ 19, 578 ⫾ 15, and 604 ⫾
9 m, respectively. No differences were significant. To assess
physiologically relevant wall thickening, we compared h measured optically at 30 mmHg (Fig. 2). The increases in h with
hypoxia in both strains were significant (P ⬍ 0.001), as were
the decreases with recovery (P ⬍ 0.01 vs. hypoxia). No
significant differences were found between the two strains for

Table 1. HR and PA pressures obtained in vivo
PA Pressure, mmHg
Mouse Strain

Exposure

HR, beats/min

Systolic

Diastolic

Mean

Col1a1⫹/⫹

Normoxia
Hypoxia
Recovery
Normoxia
Hypoxia
Recovery

577 ⫾ 16
577 ⫾ 26
570 ⫾ 13
528 ⫾ 45
586 ⫾ 12
551 ⫾ 22

28.7 ⫾ 2.0
36.9 ⫾ 1.3*
29.2 ⫾ 0.6†
22.1 ⫾ 0.8‡
31.9 ⫾ 1.6*
24.8 ⫾ 1.0†

16.7 ⫾ 1.8
19.6 ⫾ 2.3
15.0 ⫾ 1.1
10.4 ⫾ 0.4‡
18.6 ⫾ 1.5*
13.2 ⫾ 2.1

22.1 ⫾ 2.0
27.6 ⫾ 1.7
21.1 ⫾ 0.5
15.6 ⫾ 0.6‡
24.4 ⫾ 1.4*
18.4 ⫾ 1.6

Col1a1R/R

Values are means ⫾ SE; N ⫽ 5–7 per group. HR, heart rate; PA, pulmonary artery. P ⬍ 0.05 for *hypoxia or recovery vs. normoxia, †recovery vs. hypoxia,
and ‡Col1a1R/R vs. Col1a1⫹/⫹.
AJP-Heart Circ Physiol • VOL
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where Dm is the midwall diameter, and Dm5 is the midwall diameter
at 5 mmHg. 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 (48). From the obtained stress-strain curves,
elastic modulus at low strain (E1) was calculated as the slope of the
curve for 0 ⱕ ε ⱕ 1.0, and the modulus at mid-to-high strain (E2) was
calculated as the slope for 1.0 ⱕ ε ⱕ 1.6. We did not compute a
high-strain modulus as done previously (20), because moduli are most
appropriately compared over the same strain range, and the maximum
strains found here for each group were quite different. The 1.0 ⱕ ε ⱕ
1.6 range allowed us to calculate an elastic modulus for all six groups.
At higher strain, we could only calculate moduli for the normoxic
groups.
Vasoactivity analysis. In response to treatment with the vasoconstrictor U-46619, the vasodilator Y-27632, or the calcium- and magnesium-free medium, the percent changes of the diameter were calculated as:

H1825
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any exposure condition. Histology images also showed medial
and adventitial thickening with hypoxia and thinning with
recovery in both mouse strains (Fig. 3).
Stretch and elastic moduli. PA circumferential stretch was
analyzed to compute the vessel overall stiffness, where lower
stretch at a given pressure indicates a stiffer vessel. As shown
in Fig. 4, PA circumferential stretch decreased with hypoxia in
both Col1a1⫹/⫹ and Col1a1R/R mice (P ⬍ 0.001 for pressures ⱖ 20
mmHg vs. normoxia). With recovery, the stretch of Col1a1⫹/⫹
PAs significantly increased compared with the hypoxic condi-

Fig. 3. Representative histology images of the PAs of Col1a1⫹/⫹ mice exposed to normoxia (A), hypoxia (B), and recovery (C), and Col1a1R/R mice exposed
to normoxia (D), hypoxia (E), and recovery groups (F). Collagen is stained red. For all images, the scale bar is the same (see F); the lumen faces the top of the
image, and the adventitia faces the bottom.
AJP-Heart Circ Physiol • VOL
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Fig. 2. Pulmonary artery (PA) wall thickness (h) measured at 30 mmHg.
Col1a1, collagenase-resistant type I collagen. Values are means ⫾ SE; N ⫽
7–12 per group. P ⬍ 0.05 for *hypoxia or recovery vs. normoxia, and
†recovery vs. hypoxia.

tion, but was still lower than that of the normoxia group (P ⬍
0.01 for pressures ⱖ 20 mmHg vs. hypoxia and normoxia). In
contrast, Col1a1R/R PA stretch in recovery remained at a
similar level to that of the hypoxia group (P ⬍ 0.001 for
pressures ⱖ 20 mmHg vs. normoxia).
The circumferential stress-strain relationships were obtained
for both strains of mice (Col1a1⫹/⫹ and Col1a1R/R) for the
three different exposure conditions (normoxia, hypoxia, and
recovery) (Fig. 5). In the Col1a1⫹/⫹ mice, hypoxia shifted the
stress-strain curve leftward, indicating stiffening of the artery,
and recovery shifted the curve rightward, toward normoxia.
The same leftward shift occurred in the Col1a1R/R mice with
hypoxia; however, during recovery, the curve was further
shifted leftward, indicating additional stiffening of the artery.
We compared tangent elastic moduli of these stress-strain
curves for fixed strain ranges in which there was significant
overlap between groups. In particular, we calculated a lowstrain tangent circumferential elastic modulus for 0 ⱕ ε ⱕ 1.0
(E1) and a mid-to-high-strain modulus for 1.0 ⱕ ε ⱕ 1.6 (E2).
As shown in Fig. 6, E1 did not vary significantly except with
recovery in Col1a1R/R mice. In contrast, E2 increased with
hypoxia and decreased with recovery in the Col1a1⫹/⫹ mice
and increased with hypoxia and increased further with recovery
in the Col1a1R/R mice (all P ⬍ 0.001).
Between mouse strains, E1 and E2 were similar in the
normoxic condition. However, E2 increased less with hypoxia
for the Col1a1R/R PAs than the Col1a1⫹/⫹ PAs. With recovery, E2 was much greater in the Col1a1R/R mice than in the
Col1a1⫹/⫹ mice (P ⬍ 0.001), and E1 was increased as well
(P ⬍ 0.05).

ROLE OF COLLAGEN IN LARGE PULMONARY ARTERIAL STIFFENING
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essentially no relationships between E1 and elastin content (R2 ⫽
0.19, rs ⫽ 0.03, P ⫽ 0.83; Fig. 8A), E1 and collagen content (R2 ⫽
0.05, rs ⫽ 0.06, P ⫽ 0.79), or E2 and elastin content (R2 ⫽ 0.23,
rs ⫽ ⫺0.11, P ⫽ 0.73). E2 and collagen content showed a linear
relationship (R2 ⫽ 0.87), but the correlation was not significant
(rs ⫽ 0.46, P ⫽ 0.39) due to the large standard errors for each
group mean (Fig. 8B), which were taken into account with the
permutation analysis.
DISCUSSION

Fig. 4. Stretch () of PAs of Col1a1⫹/⫹ (A) and Col1a1R/R (B) mice exposed
to normoxia, hypoxia, and recovery. Values are means ⫾ SE; N ⫽ 7–12 per
group. P ⬍ 0.05 for *hypoxia or recovery vs. normoxia, and †recovery vs.
hypoxia.

Vasoactivity. Significant constriction was observed in response to treatment with U-46619 for all groups (P ⬍ 0.01 vs.
normal tone state). On average, the percent change in diameter
was ⫺35% with no significant differences between groups
(Col1a1⫹/⫹ normoxia ⫺29 ⫾ 4, hypoxia ⫺36 ⫾ 3, recovery
⫺37 ⫾ 6%; Col1a1R/R normoxia ⫺36 ⫾ 6, hypoxia ⫺34 ⫾ 5,
recovery ⫺38 ⫾ 3%; n ⫽ 6 – 8 per group). No significant
changes in diameter were found for any groups in response to
treatment with Y-27632 or calcium- and magnesium-free medium (P ⬇ 1 vs. normal tone state; n ⫽ 4 – 8 per group).
OHP/collagen and elastin content. OHP content of both
Col1a1⫹/⫹ and Col1a1R/R PAs increased with hypoxia, but the
changes reached significance only in Col1a1⫹/⫹ mice (P ⬍
0.05; Fig. 7). After recovery, the OHP content of the
Col1a1⫹/⫹ PAs tended to decrease, whereas OHP in the
Col1a1R/R PAs increased further and became higher than that
in the normoxic group (P ⬍ 0.05). The elastin content of
Col1a1⫹/⫹ PAs for normoxia, hypoxia, and recovery were 9.86 ⫾
2.11, 8.77 ⫾ 1.52, and 10.68 ⫾ 1.77 g/vessel, respectively,
and that of Col1a1R/R PAs for normoxia, hypoxia, and recovery
were 10.52 ⫾ 2.32, 8.14 ⫾ 0.64, and 9.91 ⫾ 0.79 g/vessel,
respectively (n ⫽ 4 –9 per group). The differences in elastin
content between exposures and between the two mouse strains
were not significant, and no trends were evident.
Mechanobiological correlations. The PA structure-function
relationships were further assessed by correlating E1 and E2
with the elastin and collagen (OHP) content. There were
AJP-Heart Circ Physiol • VOL

Fig. 5. Midwall stress () vs. strain (ε) curves of PAs of Col1a1⫹/⫹ (A) and
Col1a1R/R (B) mice exposed to normoxia, hypoxia, and recovery. The shaded
areas are the two strain ranges in which we calculated elastic moduli E1 and E2.
Values are means ⫾ SE; N ⫽ 7–12 per group.
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The present study demonstrates that HPH significantly increases collagen content and mid-to-high-strain elastic modulus in extralobar PAs and that impaired degradation of collagen
type I leads to even greater increases in collagen content and
elastic modulus during recovery.
Hypoxia-induced pulmonary hypertension. Measurements of
in vivo PA pressure indicate the successful development of
pulmonary hypertension with hypoxia in both Col1a1⫹/⫹ and
Col1a1R/R mice, as shown by numerous other studies with
other strains of mice (7, 25, 31). Interestingly, in the normoxic
condition, the Col1a1R/R mice had lower mean PA pressures
than Col1a1⫹/⫹ mice and had a larger relative increase in mean
PA pressure with exposure to hypoxia. In response to hypoxia,
distal arteriolar muscularization and narrowing are largely
responsible for increases in mean PA pressure and pulmonary
vascular resistance (44). Collagen degradation is known to play
an active role in this process; in particular, mRNA levels of

H1828
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MMP-8, which has substrate affinity for fibrillar collagens type
I and III, increases rapidly and significantly in response to
chronic hypoxia (6). The inability of this enzyme to degrade
collagen type I in the Col1a1R/R mice may play a role in the
relatively large increase in PA pressure in this strain.
With recovery, the PA pressures of the Col1a1⫹/⫹ mice
returned to normal levels, as previously shown to occur in rats
(26, 27, 38). In the Col1a1R/R mice, the mean PA pressures
after recovery tended to be higher than normal levels, which

Fig. 7. PA hydroxyproline (OHP) content. Values are means ⫾ SE; N ⫽ 4 –7
per group. *P ⬍ 0.05 for hypoxia or recovery vs. normoxia.
AJP-Heart Circ Physiol • VOL

Fig. 8. Mechanobiological correlations between E1 and elastin content (A) and
E2 and collagen (OHP) content (B). Values are means ⫾ SE.

supports the important roles of both smooth muscle cell (SMC)
apoptosis and collagen degradation in recovery (40).
Geometric changes of PAs. The remodeling of large-conduit
PAs was confirmed by h measurements and histology. Both
strains of mice showed increased h in response to hypoxia and
reduced h after recovery (Figs. 2 and 3). These results are
consistent with observations of hypoxia-induced remodeling in
the conduit PAs of mice (20, 21), rats (4, 11), and calves (23).
Effects of hypoxia and recovery on arterial stiffness. In both
Col1a1⫹/⫹ and Col1a1R/R mice, chronic hypoxia decreased
circumferential stretch (Fig. 4) and increased circumferential
elastic modulus in a mid-to-high-strain range (E2; Fig. 6B). It
had no effect on circumferential elastic modulus in a low-strain
range (E1) in either mouse type (Fig. 6A). In previous studies
on mice (20, 21), rats (4, 42), and calves (23), chronic hypoxia
has been found to increase elastic modulus. In some of these
studies, modulus in a low-strain range was calculated (20, 23),
and in these cases chronic hypoxia increased the modulus.
However, as we will discuss below, in both of these prior
works, significant elastin changes were also found, which were
correlated with the changes in low-strain modulus (20, 23).
With recovery, Col1a1⫹/⫹ PA stretch and E2 returned toward normal. In PA segments from rats, the elastance (slope of
the pressure-volume relationship) (42) and wall stress (27)
have previously been found to return to normal with recovery
from hypoxia. As predicted, PA stretch and E2 did not return to
normal levels in Col1a1R/R mice. Indeed, PA stretch stayed at
hypoxic levels, and E2 increased further. Also, in the Col1a1R/R
mice only, E1 increased with recovery (Fig. 6A). We discuss
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Fig. 6. Tangent circumferential elastic moduli E1 (A) and E2 (B) of PAs of
Col1a1⫹/⫹ and Col1a1R/R mice exposed to normoxia, hypoxia, and recovery.
Values are means ⫾ SE; N ⫽ 7–12 per group. P ⬍ 0.05 for *hypoxia or
recovery vs. normoxia, †recovery vs. hypoxia, and #Col1a1R/R vs. Col1a1⫹/⫹.
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(24), elastin synthesis may be particularly sensitive to modulation by hypoxia during this time of rapid growth.
Role of cellular content in arterial stiffness. Direct quantification of PA SMC content was not performed in this study.
While it has been demonstrated that hypoxia induces SMC
hypertrophy and hyperplasia in intralobar PAs (17, 32),
changes in SMC content or activity in extralobar PAs in
response to hypoxia are not well studied. Previous work in our
laboratory showed no significant changes in the SMC content
of mouse extralobar PAs exposed to 10 days of hypoxia (20,
21). Here, we measured the vasoactive response of PAs isolated from Col1a1⫹/⫹ and Col1a1R/R mice, but no changes
were evident between groups or strains. These results suggest
negligible changes in SMC content or activity in extralobar
PAs in response to hypoxia and recovery.
Different remodeling responses to hypoxia in Col1a1⫹/⫹
and Col1a1R/R mice. Because differences in PA pressure existed in normoxia between the two strains of mice, and because
other potentially unknown consequences of the collagen type I
defect could complicate the comparison, we focused our attention on comparisons between exposure conditions for each
strain rather than between strains. However, we can make a
few observations. First, the relative increase in E2 with hypoxia
is greater in the Col1a1⫹/⫹ mice compared with the Col1a1R/R
mice, but the greater relative increase in mean PA pressure in
the Col1a1R/R strain would seem to suggest that the opposite
should occur. One possible explanation is that, since the
collagen degradation resistance of the Col1a1R/R mice impedes
normal collagen turnover, it may prevent some degree of
collagen synthesis during hypoxia, resulting in less vascular
remodeling. This suggestion is consistent with the OHP results,
where the average increase in collagen content in hypoxic
Col1a1R/R PAs tended to be less than in hypoxic Col1a1⫹/⫹
PAs, despite a larger increase in mean PA pressure.
Second, because of the greater increase in E2 with hypoxia
in the Col1a1⫹/⫹ mice and smaller increase in E2 with hypoxia,
but continued increase in E2 with recovery, in the Col1a1R/R
mice, E2 and the stress-strain curves are similar in the
Col1a1⫹/⫹ hypoxic and Col1a1R/R recovery groups. It is important to note, however, that the in vivo PA pressures in these
two groups (Col1a1⫹/⫹ hypoxic and Col1a1R/R recovery) are
different (Table 1), so the in vivo behavior of these arteries
should be quite different.
Third, we note that the trends in the relationships between E2
and OHP suggest different slopes for the two mouse strains. In
particular, for the same OHP value, E2 tends to be higher in the
Col1a1⫹/⫹ arteries compared with the Col1a1R/R arteries. We
speculate that the nongenetically modified form of collagen
type I in the Col1a1⫹/⫹ arteries is more effectively crosslinked than the defective collagen type I, but we did not
quantify cross-link density in the present study.
Limitations and perspectives. In this study, we did not
examine the changes in content of collagen subtypes (e.g.,
types I vs. III), but focused instead on the relationship between
total collagen and PA stiffness. Since type I collagen is the
major collagen subtype in PAs (3), a defect in type I collagen
should translate into a defect in total collagen content. This has
been largely confirmed by our results. Nevertheless, differences in collagen subtype content between the two strains in
response to the defect may occur and may partly explain
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the likely biological explanations for these mechanical changes
below.
Role of collagen content in arterial stiffness. In addition to
decreasing arterial stretch and increasing mid-to-high-strain modulus, hypoxia induced collagen accumulation in Col1a1⫹/⫹ mice
and tended to increase collagen in the Col1a1R/R mice; increases
in collagen with HPH were found previously in mice (20, 21) and
rats (38). We hypothesized that, while breakdown of most
extracellular matrix proteins (including collagen type I) would
occur in Col1a1⫹/⫹ PAs during recovery, the resistance of
collagen type I to degradation in the Col1a1R/R mice would
prevent the reduction in PA collagen content in this strain and
cause persistent PA stiffening. We tested this hypothesis by
correlating E2 with collagen content (OHP). Previously, collagen content has been found to correlate well with mid-strain
elastic modulus (21) and better with high-strain elastic modulus (20), whereas elastin content correlates well with changes
in low-strain behavior (20, 23). We did not find a significant
relationship between OHP and low-strain behavior (E1) as
expected, but did find a strongly linear but not significant
relationship between collagen content and E2 (Fig. 8). We
attribute the lack of significance to several factors. First, as
noted below, we were unable to perform a vessel-to-vessel
correlation, which would have provided a more powerful test
of the relationship. Second, the OHP assay ignores other
potentially important changes in the extracellular matrix, such
as cross-linking, changes in orientation, and changes in density
(15). Nevertheless, the linear trend in the relationship supports
our hypothesis.
The role of collagen in the increase in E1 in the Col1a1R/R
recovery group is unclear. One possibility is that increased
activity of matrix-degrading enzymes in the Col1a1R/R mice
altered the load-bearing capacity of elastin, such that the stiffer
collagen fibers were recruited at lower loads.
Role of elastin content in arterial stiffness. The biochemical
assay results for elastin suggest that the PA elastin content did
not change with hypoxia or recovery for either strain of mice.
On average, the elastin levels in single-mouse PAs were twice
the detection limit of the Fastin elastin assay (5 g), despite
their small size and thin walls. In prior semiquantitative measurements of elastin by histology, our group showed that
percent elastin in the extralobar PAs remained constant with
hypoxia, but, because of wall thickening, elastin content increased (20, 21). Differences between the biochemical assay
used here and previous histological measurements could be due
to structural changes in elastic lamina that alter histological
appearance without changing content. Prior studies using biochemical methods to determine the effect of chronic hypoxia
on elastin content in extralobar arteries are not in agreement;
using an assay for desmosine, Merklinger et al. (31) found no
change, whereas Poiani et al. (38) found an increase.
All of these prior studies were performed in adult mice and
rats. Studying the biomechanics of newborn calf extralobar
arteries, Lammers et al. (23) showed a significant increase in
low-strain elastic modulus with chronic hypoxia that was
dependent on elastin. However, it is well known that newborn
animals develop more severe pulmonary hypertension than
adults with more dramatic vascular changes (36, 37, 45). Since
the neonatal period is associated with significant elastin accumulation in the pulmonary trunk even in normoxic conditions
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baseline mechanobiological differences between PAs from
Col1a1R/R and Col1a1R/R mice.
The results of collagen and elastin content assays were
presented as microgram per vessel rather than per dry tissue
weight. Vessels were dissected based on anatomic landmarks,
and the same criteria for removing attached airway tissues were
used. Despite this, OHP content was found to be dependent on
the dissection technique of the individual experimenter, so we
only present data for arteries harvested by one author (Z.
Wang). Possibly due to the resulting smaller sample sizes and
larger standard error, we were not able to obtain statistical
significance for the increase in Col1a1R/R hypoxic group (P ⫽
0.14). In addition, we were not able to do vessel- or mousespecific mechanobiological correlations, as done previously
(20, 21), which would have been more powerful. Nevertheless,
the trends agreed with our expectations that changes in collagen content with hypoxia and recovery would follow changes
in stiffness (mid-to-high-strain elastic modulus).
These results show that collagen content is important to PA
stiffness. Potential adverse effects of PA stiffening are increased wave reflections and consequent right ventricular systolic dysfunction. If a similar relationship exists between collagen content and PA stiffness in patients with PA hypertension, anti-collagen accumulation agents (19, 37, 41, 43) might
be an effective adjunct therapy worth pursuing.
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