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Background: Exposure of neonatal mice to hyperoxia 
results in pulmonary vascular remodeling and aberrant phos-
phodiesterase type 5 (PDE5) signaling. Although glucocorti-
coids are frequently utilized in the NICU, little is known about 
their effects on the developing pulmonary vasculature and on 
PDE5. We sought to determine the effects of hydrocortisone 
(HC) on pulmonary vascular development and on PDE5 in a 
neonatal mouse model of hyperoxic lung injury.
Methods: C57BL/6 mice were placed in 21% O

2
 or 75% O

2
 

within 24 h of birth and received HC (1, 5, or 10 mg/kg sub-
cutaneously every other day) or vehicle. At 14 d, right ven-
tricular hypertrophy (RVH), medial wall thickness (MWT), lung 
morphometry, and pulmonary artery (PA) PDE5 activity were 
assessed. PDE5 activity was measured in isolated pulmonary 
artery smooth muscle cells exposed to 21 or 95% O

2
  ±  100 

nmol/l HC for 24 h.
Results: Hyperoxia resulted in alveolar simplification, 
RVH, increased MWT, and increased PA PDE5 activity. HC 
decreased hyperoxia-induced RVH and attenuated MWT. HC 
had dose-dependent effects on alveolar simplification. HC 
decreased hyperoxia-induced PDE5 activity both in vivo and in 
vitro.
Conclusions: HC decreases hyperoxia-induced pulmonary 
vascular remodeling and attenuates PDE5 activity. These find-
ings suggest that HC may protect against hyperoxic injury in 
the developing pulmonary vasculature.

Bronchopulmonary dysplasia (BPD) remains one of the 
most common complications of prematurity. Despite 

advances in neonatal care and increased survival of infants 
born extremely premature, the incidence of BPD has remained 
relatively unchanged (1). Anywhere from 22 to 68% of infants 
born prematurely will go on to develop BPD, increasing mor-
tality, morbidity, and health care costs (1–3). One well-known 
complication of BPD is the development of pulmonary hyper-
tension (PH). Of those infants with moderate to severe BPD, 
up to 25%, will progress to develop PH (4–7). The outcomes for 
infants with BPD-associated PH are significantly worse when 
compared with infants with BPD alone (6,8). BPD infants 

with PH are at risk for development of further cardiovascular 
complications, including right ventricular hypertrophy (RVH) 
and right heart failure. The best treatment options for BPD-
associated PH remain unknown.

In order to study the pulmonary and vascular processes 
underlying BPD, we utilized the murine model of hyperoxic 
lung injury. The murine lung at the time of birth is histologi-
cally similar to the lung of a premature human infant born at 
24–28 wk of gestation (9). We have previously reported that 
2-wk exposure of neonatal mice to hyperoxia results in path-
ological changes similar to anomalies seen in human infants 
with BPD and BPD-associated PH (10), including develop-
ment of RVH, remodeling of small pulmonary arteries, and 
alveolar simplification (10–12). An additional finding in the 
murine model of hyperoxic lung injury is increased activation 
of phosphodiesterase type 5 (PDE5) in the small pulmonary 
arteries (10). PDE5 is the major phosphodiesterase isoform in 
lung vasculature that catalyzes the conversion of cyclic guano-
sine monophosphate to its inactive form guanosine 59-mono-
phosphate (GMP), ultimately resulting in vasoconstriction. 
Although sildenafil, a PDE5 inhibitor, is sometimes used in the 
treatment of infants with BPD-associated PH, its use in those 
patients is not well studied (13,14). Additionally, sildenafil now 
comes with a black box warning against its use in children, fur-
ther underscoring the need for additional neonatal PH thera-
pies (15).

Glucocorticoids have been historically used in neonatal care 
for the treatment of pressor-resistant hypotension and adrenal 
insufficiency, as well as for BPD treatment and prophylaxis. 
Although these medications continue to be used with some 
frequency in the NICU (16), their effects on neonatal pulmo-
nary vasculature remain largely unknown. Glucocorticoids 
have been reported to attenuate PH in meconium aspiration 
syndrome, a disease with a strong inflammatory component 
(17,18). Prenatal glucocorticoids have been found to improve 
postnatal transition in lambs with persistent pulmonary 
hypertension of the newborn (19). Our lab has previously 
demonstrated that postnatal hydrocortisone (HC) improves 
oxygenation, attenuates oxidative stress, and decreases hyper-
oxia-induced PDE5 activation in a sheep model of persistent 
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pulmonary hypertension of the newborn (20). In addition, HC 
treatment of isolated pulmonary artery smooth muscle cells 
(PASMC) attenuated PDE5 activity induced by 24-h hyperoxia 
exposure (21). In the current study, we set out to determine the 
effects of HC on pulmonary vasculature, lung architecture, and 
vascular PDE5 activity in a mouse model of hyperoxic lung 
injury, which more closely approximates the preterm pulmo-
nary vasculature.

RESULTS
HC Attenuates Hyperoxia-Induced RVH and Ameliorates 
Remodeling of Small PAs in Neonatal Mice
As previously described (10), hyperoxia mice demonstrated 
RVH as measured by the Fulton’s index (125 ± 4% vs. normoxia 
vehicle) (Figure 1). Treatment with all doses of HC led to sig-
nificant decreases in Fulton’s index (90 ± 3, 83 ± 7, and 87 ± 3% 
for 1, 5, and 10 mg/kg, respectively, vs. hyperoxia-vehicle mice) 
(Figure 1). Interestingly, treatment with 5 and 10 mg/kg HC 
resulted in a small but statistically significant increase in RVH 
in normoxia when compared with vehicle-treated animals 
(117 ± 4 and 113 ± 8%, respectively, vs. normoxia vehicle).

In addition to development of RVH and consistent with our 
previously published findings (10), hyperoxia was associated 
with a modest but significant increase in medial wall thick-
ness (119 ± 10% vs. normoxia vehicle) as demonstrated in 
Figure 2a. This was significantly attenuated by the 1 and 5 mg/
kg doses of HC (73 ± 3, 84 ± 5% vs. hyperoxia-vehicle mice) as 
shown in Figure 2a. Representative vessel images are shown 
in Figure 2b.

Treatment with Higher HC Doses Has Adverse Effects on Alveolar 
Growth in Hyperoxia-Exposed Mice
To evaluate the effects of oxygen and HC exposure on alveolar 
growth, mean alveolar area and mean chord length were mea-
sured in hematoxylin-stained lung sections. Similar to previ-
ous reports (10,22), hyperoxia exposure increased both mean 

alveolar area and mean chord length (137 ± 3 and 128 ± 4%, 
respectively, vs. normoxia vehicle) (Figure 3). Alveolar sim-
plification was worsened in hyperoxic animals treated with 
10 mg/kg HC but was not significantly affected by lower HC 
doses (Figures 3 and 4). Of note, 10 mg/kg HC dose exposure 
in normoxic mice resulted in statistically significant increases 
in mean alveolar area and mean chord length as demonstrated 
in Figure 3a, b (127 ± 10 and 111 ± 3%, respectively, vs. nor-
moxia vehicle). Representative lung sections are shown in 
Figure 4. Furthermore, we investigated the effects of steroid 
treatment on elastin, an important mediator of alveolar devel-
opment, but did not observe any significant differences in 
parenchymal elastin content in HC-treated animals (Figure 5).

Effects of HC Treatment on Body Weight Are Variable and Dose 
Dependent.
Given the well-described association between poor somatic 
growth and both prolonged oxygen exposure and glucocorti-
coid treatment in rodents (23,24), we sought to determine the 
effects of oxygen and steroid exposure on body weight in neo-
natal mice in our model. In the current study, we did not find 

Figure 1.  Hydrocortisone attenuates RVH induced by 14 d of hyper-
oxia exposure in neonatal mice. Mice exposed to 75% O2 (hyperoxia) or 
room air (normoxia) ± hydrocortisone (1, 5, or 10 mg HC) or sterile water 
(vehicle) were killed and hearts were dissected (n = 4–20 per group; black 
columns: vehicle, gray: 1 mg HC, hatched: 5 mg HC, dotted: 10 mg HC). 
Fulton’s index was measured as the weight of the right ventricle (RV) 
divided by the weight of the left ventricle plus septum (LV + S). Data are 
shown as mean ± SEM, *P < 0.05 vs. normoxia vehicle, †P < 0.05 vs. hyper-
oxia vehicle. RVH, right ventricular hypertrophy; HC, hydrocortisone.
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Figure 2.  Hydrocortisone ameliorates remodeling of small pulmonary 
arteries in a dose-dependent manner in hyperoxia-exposed neonatal 
mice. Mice exposed to 75% O2 (hyperoxia) or room air (normoxia) ± hydro-
cortisone (1, 5, or 10 mg HC) or sterile water (vehicle) were killed and 
lungs were inflation fixed (n = 5–16 per group). (a) Pulmonary hyperten-
sion was assessed by medial wall thickness (MWT) of small PAs (black 
columns: vehicle, gray: 1 mg HC, hatched: 5 mg HC, dotted: 10 mg HC). 
(b) Representative H&E-stained lung sections (magnification 40×) 
for normoxia vehicle, normoxia + 1 mg HC, hyperoxia vehicle, and 
hyperoxia + 1 mg HC mice. Data are shown as mean ± SEM, *P < 0.05 
vs. normoxia vehicle, †P < 0.05 vs. hyperoxia vehicle. Bar = 50 μm. HC, 
hydrocortisone.
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any significant effects of hyperoxia on body weight (Figure 6). 
The effects of HC treatment on body weight were variable. 
The 1 mg/kg dose of HC was associated with a statistically 

significant decrease in body weight in normoxic animals 
(84 ± 2% vs. normoxia vehicle) as shown in Figure 6. Only the 
10 mg/kg dose of HC resulted in significant decrease in weight 
in hyperoxia-exposed animals (82 ± 3% vs. hyperoxia vehicle) 
(Figure 6).

Figure 3.  Hydrocortisone effects on alveolar simplification are dose 
dependent. Mice exposed to 75% O2 (hyperoxia) or room air (nor-
moxia) ± hydrocortisone (1 mg HC, 5 mg HC, or 10 mg HC) or sterile water 
(vehicle) were killed and lungs were inflation fixed (n = 5–17 per group). 
Hematoxylin-stained sections were imaged at 20×, and (a) mean alveolar 
area (black columns: vehicle, gray: 1 mg HC, hatched: 5 mg HC, dotted: 
10 mg HC) and (b) mean chord length (black columns: vehicle, gray: 1 mg 
HC, hatched: 5 mg HC, dotted: 10 mg HC) were measured using Scion 
software. Data are shown as mean ± SEM, *P < 0.05 vs. normoxia vehicle, 
†P < 0.05 vs. hyperoxia vehicle. HC, hydrocortisone.
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Figure 4.  Hyperoxia-induced alveolar simplification is worsened by high 
dose hydrocortisone but is not affected by lower dose hydrocortisone. 
Mice exposed to 75% O2 (hyperoxia) or room air (normoxia) ± hydrocor-
tisone (1, 5, or 10 mg HC) or sterile water (vehicle) were killed and lungs 
were inflation fixed. Hematoxylin-stained sections were imaged at 20×. 
Representative hematoxylin-stained lung sections are shown for normoxia 
vehicle (a), normoxia + 1 mg HC (b), normoxia + 10 mg HC (c), hyperoxia 
vehicle (d), hyperoxia + 1 mg HC (e), and hyperoxia + 10 mg HC mice 
(f). Bar = 200 μm. HC, hydrocortisone.
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Figure 5.  Hydrocortisone does not affect parenchymal elastin content. 
Mice exposed to 75% O2 (hyperoxia) or room air (normoxia) ± hydrocorti-
sone (1, or 10 mg HC) or sterile water (vehicle) were killed and lungs were 
inflation fixed. Lung sections were stained with the Verhoeff–van Gieson 
stain and imaged at 40×. (a) Representative elastin-stained lung sections 
are shown for normoxia vehicle, normoxia + 1 mg HC, normoxia + 10 mg 
HC, hyperoxia vehicle, hyperoxia + 1 mg HC, and hyperoxia + 10 mg HC 
mice. Bar = 25 μm. (b) Elastin was calculated as percentage of elastin area/
percentage tissue area. HC, hydrocortisone.
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Figure 6.  Hyperoxia exposure leads to decreased body weight and this is 
further reduced by treatment with variable doses of hydrocortisone. Mice 
exposed to 75% O2 (hyperoxia) or room air (normoxia) ± hydrocortisone 
(1, 5, or 10 mg HC) or sterile water (vehicle) were killed and body weight 
was obtained (n = 7–25 per group; black columns: vehicle, gray: 1 mg HC, 
hatched: 5 mg HC, dotted: 10 mg HC). Data are shown as mean ± SEM, 
*P < 0.05 vs. normoxia vehicle, †P < 0.05 vs. hyperoxia vehicle. HC, 
hydrocortisone.
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HC Treatment Attenuates Hyperoxia-Induced Vascular PDE5 
Activity in Both Neonatal Mice Pulmonary Artery (PA) and in 
Isolated Primary PASMC
To elucidate the potential mechanisms through which HC 
attenuates cardiovascular remodeling induced by hyperoxia 
exposure, we investigated the effects of HC treatment on 
vascular PDE5 activity both in vivo and in vitro. Our lab has 
previously demonstrated that exposure to hyperoxia results 
in increased PA PDE5 activity in neonatal sheep and mice as 
well as in isolated fetal sheep PASMC (10,25,26). In agreement 
with our previous reports, PDE5 activity was upregulated in 
PAs from hyperoxia-exposed mice (167 ± 29% vs. normoxia-
vehicle mice) (Figure  7a) (10). Treatment with 1 mg/kg HC 
resulted in significant decreases in vascular PDE5 activity 
(40 ± 13% vs. hyperoxia vehicle) (Figure 7a). We then exam-
ined the effects of HC on PDE5 activity in isolated mouse 
PASMC to determine if HC was acting specifically on the 
smooth muscle as we have previously described (20,21). A 
24 h exposure of isolated PASMC to 95% O2 increased PDE5 
activity (244 ± 47 vs. 21% untreated) (Figure 7b) while treat-
ment with 100 nmol/l HC significantly attenuated that activity 
(34 ± 10 vs. 95% untreated) (Figure 7b).

Furthermore, we found that the effects of HC on PDE5 acti-
vation are rapid, occurring within 90 min of hyperoxia expo-
sure (Figure 8).

DISCUSSION
BPD is an important cause of long-term morbidity and mor-
tality in formerly premature infants. Development of PH 
can complicate the clinical course of BPD, further worsen-
ing outcomes (5,7). Optimal treatments for BPD-associated 
PH have not been established. While glucocorticoids have 
been previously utilized in the treatment of BPD, very little 
is currently known about their effects on the developing 
pulmonary vasculature. We have previously demonstrated 
that HC treatment improves oxygenation and normalizes 

PDE5 activity in the sheep model of persistent pulmonary 
hypertension of the newborn (20,21). In the current study, 
we sought to determine the effects of HC on pulmonary vas-
cular development and on PDE5 signaling in a mouse model 
of hyperoxic lung injury. We found that HC treatment of 
neonatal mice decreased markers of PH, namely RVH and 
remodeling of small PAs, with dose-dependent effects on 
alveolar development. In addition, HC treatment normal-
ized vascular PDE5 activity both in vivo and in vitro.

We utilized the murine model of hyperoxic lung injury to 
approximate the disease seen in infants with BPD. Similar to 
the previous work from our lab, 14-d exposure of neonatal 
mice to hyperoxia resulted in significant RVH and remodeling 
of small PAs compared with mice raised in normoxic condi-
tions (Figures 1 and 2) (10). HC treatment led to significant 
decreases in RVH at all doses in hyperoxia-exposed mice 
(Figure 1). Interestingly, treatment with higher doses of HC 
was associated with development of RVH in normoxic ani-
mals, an effect that was not seen at the lowest dose (Figure 1). 
Although long-term, postnatal exposure to glucocorticoids 
has been associated with left ventricular hypertrophy in for-
merly premature infants with chronic lung disease, little is 
known about the effects of these drugs on the developing 
right ventricle (RV) (27,28). Another study has previously 
shown trends toward increased right ventricular chamber 
diameter with dexamethasone treatment of healthy neonatal 
rats (29). An additional vascular finding of PA remodeling 
associated with hyperoxia exposure was also attenuated by 
treatment with lower doses of HC but unchanged in animals 
treated with the highest dose (Figure 2). While there was a 
trend toward increasing medial wall thickness with increas-
ing HC doses in normoxia-exposed mice, this was not sta-
tistically significant (Figure 2). Collectively, these findings 
might indicate that steroids at higher doses have isolated 
effects on the RV, independent of other vascular effects. The 
underlying causes and implications of these RV alterations 

Figure 7.  Hydrocortisone treatment attenuates PDE5 activation induced by hyperoxia exposure in neonatal mice and in isolated PASMC. (a) Mice 
exposed to 75% O2 (hyperoxia) or room air (normoxia) ± hydrocortisone (1, 5, or 10 mg HC) or sterile water (vehicle) were killed and PA protein was 
harvested. PDE5 specific activity was measured as the sildenafil-inhibitable fraction of total cGMP hydrolysis and normalized for total milligram of protein 
(n = 5–9 per group, black columns: vehicle, white: 1 mg HC). Data are shown as mean ± SEM, *P < 0.05 vs. normoxia vehicle, †P < 0.05 vs. hyperoxia vehicle. 
(b) PASMC isolated from healthy 14-d neonatal mice were exposed to 95% O2–5% CO2 or 21% O2–5% CO2 for 24 h and total protein was harvested. PDE5 
specific activity was measured as the sildenafil-inhibitable fraction of total cGMP hydrolysis and normalized for total milligram of protein (n = 5–7 per 
group; black columns: untreated, white: 100 nmol/l HC). Data are shown as mean ± SEM, *P < 0.05 vs. 21% untreated, †P < 0.05 vs. 95% untreated. PDE5, 
phosphodiesterase type 5; PASMC, pulmonary artery smooth muscle cells; HC, hydrocortisone; cGMP, cyclic guanosine 59-monophosphate.
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in otherwise healthy animals receiving glucocorticoids are 
not yet clear and deserve further investigation.

In addition to aberrant cardiovascular remodeling, BPD 
is also characterized by arrested alveolar growth and alveo-
lar simplification (30,31). This was evidenced in our model 
as demonstrated by increased mean alveolar area and chord 
length in animals exposed to chronic hyperoxia (Figure  3) 
(24). Glucocorticoids alone have been known to adversely 
affect alveolar growth, with HC being reported as less detri-
mental compared with dexamethasone (22,32). In our study, 
we observed dose-dependent effects of HC on alveolar growth 
with worsening alveolar simplification associated with increas-
ing HC doses during hyperoxia exposure (Figures 3 and 4). 
This effect was not seen, however, at the lowest HC dose used 
in these studies (Figures 3 and 4). Under normoxic conditions, 
only the 10 mg/kg dose of HC was associated with increased 
alveolar simplification (Figures 3 and 4).

To investigate potential mechanisms through which 
steroids impair alveolar development, we sought out to 
determine the effects of hyperoxia and HC treatment on 
parenchymal elastin content. Elastin plays an essential role 
in distal lung development, however, the effects of hyperoxia 
on elastin are not clear, with some investigators reporting 
that hyperoxia exposure leads to decreased lung elastin (33), 
with other groups reporting no differences (34). Similarly, 
steroids have been reported to either increase or have no 
effects on lung elastin (35,36). We found no differences in 
parenchymal elastin content between animals exposed to 
either normoxia or hyperoxia, and no effects of steroid treat-
ment on lung elastin (Figure 5). The exact pathways involved 
in the dose-dependent steroid impairment of alveolar devel-
opment in our model remain unclear and deserve further 
investigation.

Given concerns about effects of glucocorticoid treatment on 
somatic growth, we also examined effects of HC treatment on 
body weight. Postnatal growth failure is a common side-effect 
seen in infants receiving prolonged courses of dexamethasone 
(37). Similar effects on body weight have been reported in 
rodents treated with dexamethasone (32). In addition, chronic 
hyperoxia exposure of neonatal mice has also been associated 
with poor weight gain (23,24). In the current study, we did 
not observe any adverse effects of oxygen exposure on body 
weight, findings that might potentially be explained by the 
stress of injections affecting the growth of normoxia-exposed 
animals. HC treatment decreased somatic growth in two 
groups: normoxic animals receiving 1mg/kg HC and hyper-
oxic mice treated with 10 mg/kg HC (Figure 6).

The exact mechanisms contributing to development of PH 
in BPD remain unclear. One potential pathway contributing 
to vasoconstriction is activation of PDE5. PDE5 is the primary 
phosphodiesterase in the lung vasculature and contributes 
to vasoconstriction by degrading cyclic GMP (cGMP). Our 
lab has previously demonstrated increased PDE5 activity in 
the murine model of hyperoxic lung injury (10,38). We also 
demonstrated that hyperoxia-induced RVH and PA remodel-
ing can be partially reversed with PDE5 inhibitor, sildenafil, 
underscoring the importance of aberrant cGMP signaling in 
the development of PH in this model (10). In order to deter-
mine whether the vascular effects of glucocorticoids seen in 
our model are associated with attenuation of PDE5, we inves-
tigated PDE5 activity under in vivo and in vitro following HC 
treatment. Consistent with our previous findings, chronic 
hyperoxia exposure of neonatal mice resulted in increased 
PA PDE5 activity (Figure 7a) (10). 1 mg/kg of HC, the lowest 
dose used in these studies, was sufficient to attenuate PDE5 
activation (Figure 7a). In isolated mouse’s PASMC, treatment 
with 100 nmol/l HC normalized PDE5 activity induced by 
24-h exposure to 95% O2 (Figure 7b). Of note, the dose of HC 
used in in vitro experiments is equivalent to levels achieved 
after physiologic replacement dosing in neonates, suggesting 
that relatively low doses of HC are sufficient to attenuate aber-
rant PDE5 activation (39). The mechanisms underlying these 
effects of glucocorticoids on PDE5 are currently unknown. 
However, we speculate that these effects are nongenomic in 
nature, as demonstrated by rapid attenuation of PDE5 activ-
ity with HC treatment during 90 min of hyperoxia exposure 
(Figure 8). In addition, we have previously shown that PDE5 
is activated under conditions of increased oxidative stress (25). 
Based on our previous findings that HC decreases markers of 
oxidative stress in the sheep model of persistent pulmonary 
hypertension of the newborn (20,21), we speculate that HC 
impacts PDE5 activity via similar pathways in the murine 
model. Further studies are needed to determine the precise 
mechanisms of HC attenuation of PDE5 activity and whether 
these HC effects are mediated by the glucocorticoid receptor.

In conclusion, we have shown that HC treatment of hyper-
oxia-exposed neonatal mice decreases pulmonary vascular 
remodeling. We speculate that these effects might be due, 
at least in part, to attenuation of hyperoxia-induced PDE5 

Figure 8.  Hydrocortisone attenuation of hyperoxia-induced PDE5 activity 
is rapid. PASMC isolated from healthy 14-d neonatal mice were exposed to 
95% O2–5% CO2 or 21% O2–5% CO2 for 90 min and total protein was har-
vested. PDE5 specific activity was measured as the sildenafil-inhibitable 
fraction of total cGMP hydrolysis and normalized for total milligram of 
protein (n = 4–11 per group; black columns: untreated, white: 100 nmol/l 
HC). Data are shown as mean ± SEM, *P < 0.05 vs. 21% untreated, †P < 0.05 
vs. 95% untreated. PDE5, phosphodiesterase type 5; PASMC, pulmonary 
artery smooth muscle cells; HC, hydrocortisone; cGMP, cyclic guanosine 
59-monophosphate.
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activity. These findings provide new insights into the effects of 
glucocorticoids on the developing neonatal pulmonary vascu-
lature. These findings are novel as these are the first studies 
of HC in a model of PH with accompanying lung disease. We 
acknowledge that lack of hemodynamic and long-term follow 
up data is a limitation of the current study. Further studies will 
be necessary to determine cardiovascular effects of neonatal 
steroid treatment on myocardial and alveolar development 
as the mice move toward adulthood as well as to determine 
the smallest dose of glucocorticoid that results in attenuation 
of hyperoxia-induced PDE5 activity, while avoiding aberrant 
effects on alveolar development.

METHODS
Animal Protocols
This study was approved by the Institutional Animal Care and Use 
Committee at Northwestern University. Aged-matched C57Bl/6 mice 
(Charles River, Wilmington, MA)#8232;were placed in room air (nor-
moxia) or 75% O2 (hyperoxia) in a Plexiglass chamber (Biospherix, 
Lacona, NY) within 24 h of birth (10,40). Dams were rotated every 
24 h between normoxia and hyperoxia cages to prevent toxicity. Pups 
received one of three doses of HC (1, 5, or 10 mg/kg) (Pfizer, New 
York, NY) subcutaneously every other day or equivalent volume of 
vehicle (sterile water) for 14 d. The pups were killed after 14 d of 
exposure.

Measurement of RVH
Mouse hearts were dissected to separate the RV from the left ventricle 
plus septum. Fulton’s Index (RV weight divided by left ventricle plus 
septum weight) was used to assess RVH (40).

Measurement of Medial Wall Thickness
Mouse lungs were inflation fixed at 25 cm H2O with 4% formalin, 
stained with hematoxylin and eosin, and imaged using an Olympus 
BX40 microscope (40×). Six to eight images per animal were taken 
and analyzed in a blinded fashion. Medial wall thickness was mea-
sured as the ratio of the area of small PA wall over the total PA area 
(40,41).

Measurement of Alveolar Area
Lung sections were stained with hematoxylin overnight, and lung 
morphometry images were taken with an Olympus BX40 microscope 
(20×). Six to eight nonoverlapping images per animal were taken and 
analyzed in a blinded fashion. Mean alveolar area was measured using 
Scion software (Scion Corporation, Frederick, MD).

Quantification of Elastin Content
Lung sections were stained for elastin with Verhoeff–van Gieson stain 
(Polysciences, Warrington, PA) and imaged using an Olympus BX40 
microscope (40×). Six to eight nonoverlapping images per animal 
were obtained and analyzed in a blinded fashion. Elastin was quanti-
fied with the NIH ImageJ program and calculated as percentage of 
elastin area/percentage tissue area.

PA Protein Isolation
PA protein was isolated using an iron particle infusion (10). As pre-
viously described, iron particle-containing solution was infused into 
the RV, resulting in lodging of the small iron particles (0.2 μm) into 
the small PAs (42). The lungs were then inflated with 1% w/v of aga-
rose, chilled in cold phosphate buffered saline, and minced. After 
treatment with collagenase (80 U/ml) and manual dissociation, the 
vessels were lysed in 1× Mg lysis buffer (Upstate, Charlottesville, VA) 
containing a protease inhibitor cocktail (Sigma, St. Louis, MO) and 
a phosphatase inhibitor cocktail (EMD Biosciences, San Diego, CA), 
followed by sonication. Released iron particles were removed with a 
Dynal magnetic particle concentrator (Invitrogen, Grand Island, NY).

Cell Culture
Primary cultures of PASMCs from small PAs of normoxic 14-d mice 
were prepared as previously described (43). Briefly, a slurry of 0.5% 

(w/v) agarose + 0.5% iron particles in M199 media was infused into 
the pulmonary vascular bed via the RV, resulting in lodging of 0.2 
μmol/l iron particles in small PAs. The lungs were then inflated with 
agarose, removed, and dissociated. The iron-containing vessels were 
pulled down with a magnet, treated with collagenase (80 U/ml), and 
dissociated. The resulting PASMC cultures were maintained in M199 
media with 20% fetal bovine serum and antibiotics (M199 complete 
media) at 37 °C in a humidified atmosphere with 5% CO2–95% air. 
All experiments were performed using cells between passages 2 and 
4. PASMC were placed in serum-free media and exposed to 21 or 
95% O2 ± 100 nmol/l HC (Sigma) (diluted in serum-free media) for 
24 h. Additional PASMC cultures were placed in serum-free media 
and exposed to 21 or 95% O2 ± 100 nmol/l HC (Sigma) for 90 min. 
PASMC were harvested for analysis using 1× Mg lysis buffer (Upstate, 
New Hartford, NY) supplemented with a protease inhibitor cocktail 
(Sigma) and a phosphatase inhibitor cocktail (EMD Biosciences, 
Billerica, MA). Cell extracts were sonicated and protein concentra-
tion was determined using the Bradford assay (44).

PDE5 Activity Assay
PA protein was assayed for cGMP hydrolytic activity using a commer-
cially available kit (Enzo, Farmingdale, NY) as previously described 
(25). Briefly, PA protein was purified over a Centri Spin 10 column to 
remove any free phosphates (Princeton Separations, Adelphia, NJ). 
Purified protein concentrations were determined using the Bradford 
method (44). Samples were assayed in duplicate for cGMP hydrolytic 
activity using a commercially available colorimetric cyclic nucleotide 
phosphodiesterase assay kit (Enzo) with and without sildenafil (100 
nmol/l, Sigma-Aldrich, St. Louis, MO). Results are shown as PDE5-
specific pmol cGMP hydrolyzed/minute/mg total protein.

Statistical Analysis
All data are expressed as means  ±  SEM, with “n” representing the 
number of animals in each group. Significance was set at P < 0.05. 
Differences between groups were analyzed by ANOVA with post-hoc 
Bonferroni’s analysis using Prism software (Graphpad Software, San 
Diego, CA).
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