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Abstract
Hypoxia impairs normal neonatal pulmonary artery remodeling and alveolar development. Matrix
metalloproteinase-2 (MMP-2), which regulates collagen breakdown, is important during
development. Our objective was to test the hypothesis that hypoxia attenuates the normal postnatal
increase in MMP-2 and evaluate alveolar development and pulmonary arterial remodeling in
Mmp2−/− mice. C57BL/6 wild-type (WT), Mmp2+/−, Mmp2−/−, and MMP-inhibited (with
doxycycline) mice were exposed to hypoxia (12% O2) or air from birth to 2 wk of age. Pulmonary
arterial remodeling, alveolar development, and vascular collagen and elastin were evaluated. MMP-2
was estimated by quantitative real-time polymerase chain reaction, enzyme-linked immunosorbent
assay, immunohistochemistry, and zymography. We observed that 1) in WT mice, hypoxia led to
thicker-walled pulmonary arteries and impaired alveolarization, accompanied by decreased MMP-2
and increased tissue inhibitor of metalloproteinases-2 (TIMP-2); 2) Mmp2−/− mice in air had thicker-
walled arteries, impaired alveolarization, and increased perivascular collagen and elastin compared
with WT; 3) hypoxia further inhibited alveolarization but did not alter arterial thickening in
Mmp2−/− mice. Mmp2+/− and MMP-inhibited mice also had thicker-walled arteries than WT in air,
but alveolarization was not different. We conclude that hypoxia reduces the postnatal MMP-2
increase in the lung, which may contribute to abnormal pulmonary arterial remodeling and impaired
alveolarization.

Chronic hypoxia leads to abnormal pulmonary arterial remodeling with excessive collagen and
elastin deposition (1), similar to that observed in persistent pulmonary hypertension of the
newborn (2), bronchopulmonary dysplasia (BPD) (3), and congenital heart disease (4,5).
Chronic hypoxia also permanently inhibits alveolar development (6,7), which normally begins
in late gestation in humans and postnatally in mice (8,9).

The hypoxia-induced effects on pulmonary arterial remodeling and alveolarization suggest that
hypoxia alters extracellular matrix (ECM) turnover. Matrix metalloproteinases (MMPs)
regulated by tissue inhibitors of metalloproteinases (TIMPs) regulate ECM turnover (10), and
only specific MMPs can initiate collagen breakdown (11). The gelatinases (MMP-2 and
MMP-9) degrade collagen more efficiently than other MMPs (12). MMP-2 is the predominant
gelatinase in the developing lung (13), and the fetal human lung has a proteolytic profile with
higher MMP-2 compared with the adult lung (14). Pro-MMP-2 (72 kD) is converted to an
active form (66 kD) that in turn cleaves many substrates, including collagen, fibronectin, and
elastin (15). The other gelatinase, MMP-9, is chiefly expressed by inflammatory and epithelial
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cells (16) and not by pulmonary arteries (17). MMP-2 activity is primarily regulated at the
level of activation of pro-MMP-2 by TIMP-2 and MMP-14 (18 –20). TIMP-2 potentiates
MMP-2 activation at low concentrations and inhibits it at higher concentrations (21).

In the current study, we focused on MMP-2 because of its substrate specificity, presence in
large amounts in the developing lung, and localization in pulmonary arteries. We hypothesized
that hypoxia reduces the high levels of MMP-2 that are required for normal neonatal pulmonary
arterial remodeling and alveolarization, leading to persistent fetal-like, thicker-walled arteries
and impaired alveolar development.

METHODS
All protocols were approved by the institutional animal care and use committee. All
experiments were performed with at least six samples for each experimental condition.

Animal models
Mmp2−/−, Mmp2+/−, and wild-type (WT, Mmp2+/+) C57BL/6 mice were exposed to
normobaric 12% O2 (hypoxia) or air (normoxia) from birth with their dam for 2 wk, as
described previously (22). The Mmp2−/− mouse (23) was kindly provided by Drs. David Corry
and Farrah Kheradmand, Baylor College of Medicine, Houston, TX. Similar air and hypoxic
exposures were performed in WT mice given doxycycline (MMP-2 inhibitor). Doxycycline
was administered at 20 μg/g body weight intraperitoneally daily (5 μL volume), similar to doses
used in adult animals (24). After completion of air or hypoxia exposures, lungs were inflation-
fixed and the right ventricle (RV) perfused with 10% formalin at 20 cm H2O pressure. Coronal
5 μm sections from apex to base of both lungs were made.

Lung morphometry
For all measurements, all slides were stained at the same time, and observers were masked to
slide identity.

Immunohistochemical staining
Immunohistochemical staining was performed using a primary antibody for pro-MMP-2 and
a horseradish peroxidase-labeled streptavidin biotin kit (LabVision Corporation, Fremont,
CA). Nonspecific immunoglobulin G and omission of primary antibody were used as controls.
Six ×400 fields from six mice per group were evaluated. Thresholds for positive antibody
staining in comparison with nonimmune serum controls were defined using image analysis
software (MetaMorph v.6.2, Universal Imaging Corporation, Downingtown, PA). Positive
pixels were expressed as percentages of total tissue area, excluding air spaces (25).

Alveolar development
Alveolar development was evaluated by mean linear intercepts (MLI) (26) and radial alveolar
counts (RAC) (27). Six ×100 hematoxylin– eosin-stained lung fields per mouse were evaluated.
To understand the temporal sequence of alveolar development, lungs from 1 d, 14 d, young
adult (8 –12 wk) mice were analyzed.

Vascular morphometry
For vascular morphometry, pulmonary arteries 20 –150 μm in external diameter were analyzed
in ×400 fields. At least 20 pulmonary arteries were evaluated per section (22). The wall
thickness (%) of each artery was expressed as a percentage of the vessel diameter:
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The thickness of the RV compared with that of the left ventricle (RV/LV free wall thickness
ratio) was determined as an index of RV hypertrophy (22). RV pressures are difficult to measure
in newborn mice, and RV pressures were measured only in adult Mmp2−/− and WT mice by
RV needle puncture.

Vascular collagen and elastin
Vascular collagen and elastin were measured in sections stained with picric acid Sirius red or
Verhoeff’s elastic tissue stain, respectively, by image analysis (28). Collagen staining was
measured and expressed as a percentage of the total vessel and perivascular area, and elastin
staining was measured and expressed as a percentage of the vessel area. Twenty arteries were
evaluated per section.

Measurements of MMP-2, TIMP-2, and MMP-14. Zymograms and reverse zymograms
Lungs were homogenized in 1 mL of T-PER (Pierce, Rockford, IL) and centrifuged at 12,000
×g for 5 min. The supernatant was analyzed for gelatinases by zymography and for TIMPs by
reverse zymography. Similar protein concentrations (10 μg/lane) were loaded on gels.
Zymograms (10% w/gelatin) or reverse zymograms (10% w/gelatin + 3.5 μg/10 mL MMP-2)
were renatured, developed, and Coomassie blue stained and destained as per standard protocol
(BioRad, Hercules, CA). Zymograms detect pro-MMP-2 and active MMP-2 not associated
with TIMP-2. Reverse zymograms detect TIMPs as a darker band where the TIMPs prevent
the MMP-2 incorporated in the gel from gelatin digestion. Quantitation was performed by
densitometry in comparison with known standards.

Measurements of MMP-2, TIMP-2, and MMP-14. Enzyme-linked immunosorbent assay
Active and total MMP-2 were measured by enzyme-linked immunosorbent assay (ELISA;
Amersham Pharmacia Biotech, Piscataway, NJ). Total MMP-2 was measured by addition of
p-aminophenylmercuric acetate, which fully activates pro-MMP-2. The amount of active
MMP-2 detected by ELISA reflects active MMP-2 not bound to TIMP-2 in vivo.

Measurements of MMP-2, TIMP-2, and MMP-14. Quantitative real-time polymerase chain
reaction

RNA was extracted using Trizol from homogenized whole mouse lung, and quantitative real-
time polymerase chain reaction (PCR) was performed using the Bio-Rad iCycler System as
described previously (29). The primer sequences were MMP-2: sense: 5′
CCCCGATGCTGATACTGA 3′ and antisense 5′ CTGTCCGCCAAATAAACC 3′; TIMP-2:
sense: 5′ CACGCT-TAGCATCACCCA 3′ and antisense 5′ TGACCCAGTCCATCCAGAG
3′; MMP-14: sense 5′ GCAGTATGGCTACCTACCTCC 3′ and antisense 5′
TTGCCTGTCACTTGTAAACC 3′; and 18S RNA: 5′-GTCTGCCCTATCAACTTTCG-3′
and 5′-ATGTGGTAGCCGTTTCTCA-3′.

RESULTS
MMP-2 and TIMP-2 in developing mouse lung

Mmp2−/− mice had a survival disadvantage because, of the first 100 survivors beyond 1 wk of
age, only 35 (35%) were Mmp2−/−, and of the subsequent 180 survivors, 57 (32%) were
Mmp2−/− (against an expected 50% from breeding Mmp2+/− with −/− mice). Mortality in
Mmp2−/− mice was maximal on d 1 and comparable with WT thereafter, indicating no healthy
survivor effect after d 1.

Immunohistochemical analysis of WT air mouse lungs demonstrated pro-MMP-2 staining in
the perivascular area, the tunica media, and intima, as well as in the interstitium (Fig. 1A). The
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pro-MMP-2 staining was reduced in WT mice exposed to hypoxia (Fig. 1A, B, and C).
Zymograms showed that total and active MMP-2 increased in WT air lung extracts from 1 d
to 3 d and remained elevated through 14 d (Fig. 1D). Hypoxia attenuated this normal postnatal
increase in total and active MMP-2 (Fig. 1D). Reductions in total and active MMP-2 by hypoxia
at 3 and 14 d were confirmed by ELISA (Fig. 1E and F). MMP-2 mRNA was lower in WT
hypoxia compared with WT air lungs at 1 d but not at subsequent time points (Fig. 1G). MMP-9
was detected in lung extracts (Fig. 1D), but densitometric quantitation of the MMP-9 did not
reveal statistically significant effects of postnatal age or hypoxia, although there was a trend
toward increase on d 3 (P = 0.18).

Administration of doxycycline reduced total MMP-2 (control 160 ± 14 vs doxycycline 104 ±
16 ng/mL/mg protein, p < 0.05) as well as active MMP-2 (control 52 ± 4 vs doxycycline 41 ±
5 ng/mL/mg protein, p < 0.05) as measured by ELISA in lung extracts at 14 d. At 14 d, both
TIMP-2 protein concentrations (Fig. 2A and B) and TIMP-2 mRNA expression were higher in
WT hypoxia than in WT air lungs (Fig. 2C). TIMP-2 protein levels increased in both WT air
and WT hypoxia lungs from 3 to 14 d (Fig. 2B).

MMP-14 mRNA increased from 1 to 3 d and then decreased by 14 d in WT air lungs (data not
shown). MMP-14 was decreased on hypoxic exposure at 1 d but was similar to air control at
subsequent time points (data not shown).

MMP-2 absence impairs alveolarization
At 14 d of age, WT mice in air had small alveoli with numerous secondary crests (Fig. 3A),
and hypoxic WT mice had larger alveoli and reduced septation (Fig. 3B). Mmp2−/− air mice
had large alveoli (Fig. 3C), and hypoxia further increased alveolar size in this genotype (Fig.
3D). Increased MLI and a lower RAC were noted in WT hypoxia mice and Mmp2−/− air mice
compared with WT air mice (Fig. 3E and F). Hypoxia further increased MLI and reduced RAC
in Mmp2−/− mice. Alveolar development and the effects of hypoxia in doxycycline-exposed
and Mmp2+/− mice were not different from WT mice (Fig. 3E and F).

At 1 d of age, alveolar development was similar in WT and Mmp2−/− mice (Fig. 3G). MLI
decreased with advancing age in both genotypes. Mmp2−/− mice in air had greater MLI than
WT air mice at both 14 d and 8 –12 wk of age, indicating persistence of impaired alveolar
development.

MMP-2 deficiency leads to thicker-walled pulmonary arteries but not RV hypertrophy
At 14 d of age, WT air mice had thin-walled pulmonary arteries (Fig. 4A and E), and WT
hypoxic mice had thicker-walled arteries (Fig. 4B and E). Mmp2−/− air mice had thicker-walled
arteries (Fig. 4C and E), and hypoxia did not further increase pulmonary arterial thickness in
this genotype (Fig. 4D and E). Hypoxia increased RV/LV thickness ratio in WT mice and in
Mmp2−/− mice (Fig. 4F). Despite the increased pulmonary arterial thickness noted in
Mmp2−/− air mice, the RV/LV thickness ratio in Mmp2−/− air mice was not different from the
WT air mice. Wall thickness and RV/LV thickness ratio at 14 d in doxycycline-exposed and
Mmp2+/− air mice were not different from Mmp2−/− air mice, with thicker-walled pulmonary
arteries than WT air mice but no RV hypertrophy (Fig. 4E and F).

Mmp2−/− air mice had thicker-walled pulmonary arteries than WT at 1 d and 14 d, but this
increase did not persist into adult life (Fig. 4G). In air-exposed adult mice of both genotypes,
RV pressures were similar (median, 6 mm Hg; range, 4 –12 mm Hg), and the RV/LV ratios
(data not shown) were comparable with WT mice.
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MMP-2 deficiency increases pulmonary arterial collagen and elastin
At 14 d of age, WT mice in air had collagen primarily in the perivascular region (Fig. 5A).
Hypoxic WT mice had increased collagen (Fig. 5B and E). Mmp2−/− air mice had increased
collagen compared with WT air or WT hypoxia mice (Fig. 5C and E), and hypoxia did not
further increase collagen in Mmp2−/− mice (Fig. 5D and E).

At 14 d of age, WT mice in air had elastin primarily in the elastic laminae (Fig. 6A); hypoxic
WT mice had increased elastin (Fig. 6B and E). Mmp2−/− air mice had increased elastin
compared with WT air or WT hypoxia mice (Fig. 6C and E), and hypoxia further increased
elastin in Mmp2−/− mice (Fig. 6D and E).

DISCUSSION
The main findings of our study are that chronic hypoxia reduced active MMP-2 in lungs of
neonatal mice and resulted in phenotypic changes (thicker-walled pulmonary arteries and
collagen and elastin accumulation) similar to those seen in Mmp2−/− mice in air. Mmp2−/− mice
exposed to hypoxia had no further increase in pulmonary arterial thickness or collagen. These
results suggest that a hypoxia-mediated reduction in MMP-2 activity may contribute to
attenuation of normal postnatal pulmonary arterial remodeling. We also found that hypoxia
increased lung TIMP-2 at 2 wk of age in WT mice, which may contribute to reduced MMP-2
activity. Our study also demonstrates a disconnect between pulmonary arterial remodeling and
RV hypertrophy in Mmp2−/− mice. These results generate the hypothesis that over-expression
or increased activation of MMP-2 can attenuate both hypoxia-induced pulmonary arterial
thickening and impaired alveolarization.

Our study is the first to establish that MMP-2 deficiency results in thicker-walled pulmonary
arteries and increased vascular collagen and elastin accumulation in newborn mice. Postnatally,
pulmonary arteries remodel and become thinner in air-exposed mice. This process is inhibited
by hypoxia, leading to persistent fetal-like, thicker-walled arteries. Conversely, in adult
animals, hypoxic pulmonary arterial remodeling is an active process in which normally thin
vessels accumulate matrix. In adult rodents, hypoxia increases MMP-2 in pulmonary arteries
(17) and lung extracts (30), and MMP-2 inhibition attenuates hypoxic pulmonary vascular
remodeling (11). In contrast, our results in newborn mice demonstrated that not only did
hypoxia prevent normal increases of MMP-2 but also that MMP-2 absence and inhibition
slowed normal remodeling with persistence of thicker-walled pulmonary arteries.

Interestingly, the abnormal pulmonary arterial remodeling in newborn Mmp2−/− mice in air
was not associated with RV hypertrophy and did not persist into adult life. It is possible that
the increased pulmonary arterial wall thickness may have led to lower compliance without
increases in vascular resistance and pulmonary hypertension. Rosiglitazone-treated hypoxic
adult rats have increased MMP-2 in pulmonary arteries and decreased arterial remodeling,
without a reduction in pulmonary hypertension, indicating a disconnect between pulmonary
arterial thickening and pulmonary hypertension (31). Our data also suggest a disconnect, but
in the opposite direction: decreased MMP-2 in thicker-walled pulmonary arteries and no RV
hypertrophy in newborn Mmp2−/− mice in air.

The fetal lung has a dominant proteolytic profile with high MMP-2, whereas the adult lung
exhibits a more antiproteolytic profile with decreased MMP-2 (14). Thus, MMPs appear to
play different roles in neonatal and adult hypoxia-induced pulmonary arterial remodeling.
Hypoxic pulmonary arterial remodeling is more marked in neonatal compared with adult
animals for the same degree of hypoxia (32). The results of this study add to these differences
in underlying disease mechanisms.
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Other investigators (14,33) have evaluated MMP-2 in the developing lung during hypoxia.
Gebb et al. (33) showed that MMP-2 by zymography was lower at 3% compared with 21%
O2 in fetal rat lung explants despite no change in MMP-2 mRNA levels, indicating that hypoxia
suppressed MMP-2 activity at the postmRNA level. Ryu et al. (14) subjected neonatal (P2)
and adult CD-1 mice to 2 wk of hypoxia and showed that neonatal, but not adult, mouse lungs
had moderately increased total MMP-2 by Western blot, although pro-MMP-2 by ELISA was
not different. These results differ from those of our study and of Gebb et al. (33), perhaps
because of differences in methods. It is possible that MMP-2 activity may have decreased
without changes in pro-MMP-2 levels in the study by Ryu et al. (14).

Mmp2−/− mice had more perivascular collagen deposition than WT mice exposed to either air
or hypoxia, indicating that MMP-2 is involved in vascular collagen turnover. The excess
perivascular collagen may not contribute to pulmonary vascular resistance because Mmp2−/−

mice in air do not have RV hypertrophy. Hypoxia increased perivascular collagen in WT mice,
likely because of hypoxia-induced reductions in MMP-2 and collagen turnover. We have
shown recently that increased perivascular collagen in the lung of hypoxia-exposed WT
neonatal mice is primarily the result of decreased turnover because collagen mRNA expression
does not increase, whereas elastin accumulation is the result of both increased gene expression
and reduced turnover (28). Vascular elastin levels were greater in Mmp2−/− than in WT mice
under air conditions, consistent with the data indicating MMP-2 degrades elastin (15).
Increased elastin in hypoxic Mmp2−/− mice indicates that mechanisms independent of MMP-2
regulate elastin during hypoxia. We have reported that an increase in endothelin-1 with hypoxia
decreases collagen turnover and increases elastin expression (28), indicating that endothelin-1
and MMP-2 may interact in modulating ECM changes with hypoxia.

Our study adds to the body of evidence implicating MMPs in alveolar development. Alveolar
development in the Mmp2−/− and Mmp14 −/− mice is abnormal despite normally branching
morphogenesis (34,35). Atkinson et al. (35) suggested that the impaired alveolarization in the
Mmp2−/− mouse was transient, although our results indicate that, although modest, these mice
do not have fully normal alveolarization even at 8 –12 wk. Adult Timp2−/− mice have a
relatively normal phenotype despite no MMP-2 activation (36), but transient changes may have
occurred in the first 2 weeks of age. We observed that doxycycline administration as well as
Mmp2+/− genotype, associated with partial MMP-2 inhibition, led to arterial remodeling but
did not inhibit alveolarization. This disconnect in findings between partial and total MMP-2
inhibition suggests a threshold effect in which arterial thickening is more dependent on MMP-2
activity than is alveolar development. We speculate that this may be related to the increased
ECM in pulmonary arteries compared with the alveoli or the predominance of MMP-2
compared with MMP-9 in the vasculature.

Our study is clinically relevant because we observed that MMP-2 absence leads to inhibited
alveolarization and abnormal arterial remodeling, characteristics of BPD (37). Low MMP-2
in preterm infant airways is associated with subsequent BPD (38), and our study suggests that
reductions in MMP-2 are not just a prognostic marker but may also be a contributor to the
pathogenesis of BPD. Limitations of our study include the use of a newborn mouse model,
which may not closely resemble the human equivalent, and the analysis of whole lung
homogenates, which does not identify the cells responsible for the abnormalities in arterial and
alveolar development. Further support for a key role of MMP-2 in mediating effects of hypoxia
on the newborn lung would require the use of MMP-2 overexpression systems to evaluate
prevention or reversal of hypoxia-induced abnormalities in arterial remodeling and
alveolarization.
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Figure 1.
MMP-2 in the developing postnatal WT mouse lung and the effects of hypoxia (12% O2). (A,
B) Immunohistochemical staining for proMMP-2 (brown) in lung sections from 14 d mice
exposed to (A) air or (B) hypoxia (magnification, ×400; calibration bars = 50 μm). (C) Pro-
MMP-2 staining quantitation as percent of tissue area (n = 6 mice/gp; mean ± SE; *p < 0.001).
(D) Zymogram of lung extracts from mice exposed to air or hypoxia for 1, 3, and 14 d from
birth. (E) Total MMP-2 measured by ELISA from lung extracts of mice exposed to air or
hypoxia (Hyp) from 1 d for up to 14 d (n = 6 mice/gp; mean ± SE, *p < 0.05 vs air at same
time point). (F) Active MMP-2 measured by ELISA from same samples as E (n = 6 mice/gp;
mean ± SE, *p < 0.05 vs air at same time point). (G) Mmp2 mRNA by competitive real-time
PCR in homogenized lungs from mice exposed to air or hypoxia from 1 d for up to 14 d (n =
6 mice/gp; mean ± SE, *p < 0.05 vs air at same time point).
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Figure 2.
TIMP-2 in the developing postnatal WT mouse lung and the effects of hypoxia. (A) Reverse
zymogram for TIMPs in lung extracts from 14 d mice exposed to air or hypoxia from birth.
(B) Densitometric quantitation of reverse zymograms for TIMP-2 from lung extracts of mice
exposed to air or hypoxia (Hyp) from 1 d up to 14 d (n = 6 mice/gp; mean ± SE, *p < 0.05 vs
air at same time point). (C) Timp2 mRNA by competitive real-time PCR in homogenized lungs
from mice exposed to air or hypoxia from 1 d up to 14 d (n = 6 mice/gp; mean ± SE, *p < 0.05
vs air at same time point).
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Figure 3.
MMP-2 and alveolar development in WT and Mmp2−/− mice. (A–D) Representative
photomicrographs of mouse lungs from WT (A, B) and Mmp2−/− mice (C, D) after 14 d of air
(A, C) or hypoxia (B, D) exposure (magnification, ×100; calibration bars = 250 μm). Alveoli
are small and well developed with many secondary crests in WT air mice (A), large with fewer
secondary crests in WT hypoxia mice (B) and Mmp2−/− air (C) mice, and are much larger with
minimal septation in Mmp2−/− hypoxic mice (D). (E) MLI and (F) RAC at 14 d of age in WT
(+/+) mice given either vehicle or doxycycline (Dox), Mmp2+/−, and Mmp2−/− mice after air
and hypoxic (Hyp) exposure (mean ± SE; n = 6 mice/gp; *p < 0.05 vs corresponding WT
controls, §p < 0.05 vs corresponding air). (G) MLI in WT and Mmp2−/− mice at 1 d, 14 d, and
8 –12 wk of age (mean ± SE; n = 6 mice/gp; *p < 0.05 vs WT at same time point).
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Figure 4.
MMP-2 and pulmonary arterial remodeling in WT and Mmp2−/− mice. (A–D) Representative
photomicrographs of mouse lung pulmonary arteries from WT (A, B) and Mmp2−/− mice (C,
D) after 14 d of air (A, C) or hypoxic (B, D) exposure (magnification, ×400; calibration bars
= 50 μm; PA, pulmonary artery; Br, bronchus). The wall thickness of the pulmonary artery is
less in the WT air mice (A) than in WT hypoxia (B), Mmp2−/− air (C), or Mmp2−/− hypoxic
mice (D). (E) Wall thickness (%) of pulmonary arteries and (F) right ventricle/left ventricle
(RV/LV) thickness ratio at 14 d of age in WT mice given either vehicle or doxycycline (Dox),
Mmp2+/−, and Mmp2−/− mice after air and hypoxic exposure (mean ± SE; n = 6 mice/gp; *p <
0.05 vs corresponding WT controls, §p < 0.05 vs corresponding air). (G) Wall thickness (%)
in air exposed WT and Mmp2−/− mice at 1 d, 14 d, and 8 –12 wk of age (mean ± SE; n = 120
vessels/gp; *p < 0.05 vs WT at same time point).
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Figure 5.
Perivascular collagen in 14 d WT and Mmp2−/− mice. (A–D) Representative photomicrographs
of picric acid-Sirius red stained sections (collagen is stained red) of pulmonary arteries from
WT (A, B) and Mmp2−/− mice (C, D) after 14 d of air (A, C) or hypoxic (B, D) exposure
(magnification, ×400; calibration bars = 50 μm; PA, pulmonary artery; Br, bronchus). Collagen
in the perivascular area is least in the WT air mice (A), increased in WT hypoxia (B), and further
increased in Mmp2−/− air (C) and in Mmp2−/− hypoxic mice (D). (E) Collagen area measured
by quantitative image analysis at 14 d of age in WT and Mmp2−/− mice after air and hypoxic
exposure (mean ± SE; n = 6 mice/gp; *p < 0.05 vs corresponding WT controls, §p < 0.05 vs
corresponding air).
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Figure 6.
Vascular elastin in 14 d WT and Mmp2−/− mice. (A–D) Representative photomicrographs of
elastic tissue stained sections (elastin is stained black) of pulmonary arteries from WT (A, B)
and Mmp2−/− mice (C, D) after 14 d of air (A, C) or hypoxia (B, D) exposure (magnification,
×400; calibration bars = 50 μm; PA, pulmonary artery; Br, bronchus). Elastin is least in the
WT air mice (A), increased in WT hypoxia (B), further increased in Mmp2−/− air (C), and is
maximal in Mmp2−/− hypoxic mice (D). (E) Elastin area measured by quantitative image
analysis at 14 d of age in WT and Mmp2−/− mice after air and hypoxic exposure (mean ± SE;
n = 6 mice/gp; *p < 0.05 vs corresponding WT controls, §p < 0.05 vs corresponding air).
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