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Background: Prenatal or postnatal systemic inflammation 
can contribute to the development of bronchopulmonary dys-
plasia (BPD). We investigated whether prenatal intra-amniotic 
(i.a.) inflammation or early postnatal systemic inflammation 
can induce BPD in a rat model.
Methods: One microgram of lipopolysaccharide (LPS) or 
vehicle was injected into the amniotic sacs 2 d before delivery 
(E20). After birth, 0.25 mg/kg of LPS or vehicle was injected into 
the peritoneum of pups on postnatal day (P)1, P3, and P5. On 
P7 and P14, peripheral blood (PB), bronchoalveolar lavage fluid 
(BALF), and lung tissue were obtained and analyzed.
Results: Postnatal i.p. injections of LPS significantly increased 
neutrophil counts in PB and BALF on P7 and P14. Similarly, pro-
inflammatory cytokine and angiogenic factor transcript levels 
were increased in the lung by i.p. LPS on P7. Alveolar and pul-
monary vascular development was markedly disrupted by i.p. 
LPS on P14. However, pretreatment with i.a. LPS significantly 
negated the detrimental effects of postnatal i.p. LPS on PB and 
BALF neutrophil counts and on lung proinflammatory cytokine 
expression and histopathological changes.
Conclusion: Exposure to early postnatal systemic LPS 
induces BPD, an arrest in alveolarization, in neonatal rats. 
Preceding exposure to i.a. LPS protects the lungs against BPD 
triggered by postnatal systemic inflammation.

The incidence of bronchopulmonary dysplasia (BPD) has not 
changed over the past decade despite enormous improve-

ments in preterm newborn care (1). Meanwhile, the clinical 
manifestation and pathology of BPD have evolved from “old 
BPD” to the so-called “new BPD” as neonatal medicine has 
advanced and clinical practices have become more sophisti-
cated (2). Antenatal corticosteroids, pulmonary surfactants, 
and noninvasive ventilation technologies have allowed for the 
use of lower concentrations of oxygen and less mechanical 
ventilation in clinical practice for very preterm infants com-
pared with previous treatment strategies (3). Furthermore, 
compared to presurfactant era, current BPD occurs in more 

immature infants born at 22 to 26 wk’ gestation whose lungs 
are in the late canalicular or early saccular phase of lung devel-
opment (4). These changes in clinical practice and epidemiol-
ogy subsequently led to changes in the clinical manifestation 
and histopathology of BPD (5,6). “New BPD” exhibits less air-
way epithelial damage, airway smooth muscle hyperplasia, and 
fibroproliferative changes than “old BPD.” Therefore, alveolar 
and pulmonary vascular hypoplasia has replaced the classic 
histopathological findings of “old BPD” and has become a hall-
mark of “new BPD” (6).

Inflammation plays a central role in the pathogenesis of BPD 
(7). Inflammation can be evoked by infectious organisms, oxi-
dative stress, or mechanical ventilation (8). Oxidative stress 
from using a high oxygen concentration and baro/volutrauma 
with mechanical ventilation are, to date, considered the most 
crucial pathogenetic factors for BPD (9,10). However, because 
less oxygen and noninvasive ventilation are becoming the stan-
dard of care for very preterm infants, sources of inflammation 
other than oxidative stress and mechanical injury such as cho-
rioamnionitis and postnatal infection are becoming increas-
ingly important as pathogenetic factors for BPD.

Classic rodent models of BPD have been established by 
exposure to hyperoxia and/or mechanical ventilation (11,12). 
However, to simulate “new BPD,” as is found in this postsur-
factant era, a new animal model in which BPD is induced by 
means other than hyperoxia or mechanical injury is required. 
In this study, we tested whether BPD can be induced in rats 
by the administration of prenatal intra-amniotic (i.a.) lipopoly-
saccharide (LPS), postnatal i.p. LPS, or both without hyperoxia 
exposure (Figure 1). The interaction between i.a. LPS and i.p. 
LPS in developing BPD and inflammation was also investigated.

RESULTS
Survival Rate
The survival patterns in each group until postnatal day (P)7 
are presented in Figure 2. Few fetal deaths (1/86) occurred 
in the i.a. vehicle-treated groups. However, the i.a. LPS-
treated groups showed a modest fetal death rate of 12.2% 
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(11/90). After birth, 51.7% (30/58) of the animals in the i.a. 
vehicle (V) followed by i.p. LPS-treated groups (V+LPS) and 
49.0% (24/49) of the animals in the i.a. LPS followed by i.p. 
LPS-treated groups (LPS+LPS) died after the first i.p. LPS 
injection. In contrast, 88.9% (24/27) of the animals in the 
i.a. vehicle followed by i.p. vehicle-treated groups (V+V) 
and 86.7% (26/30) of the animals in the i.a. LPS followed 
by i.p. vehicle-treated groups (LPS+V) survived the first 7 
d after birth. In all groups, no further mortality occurred 
beyond P7.

White Blood Cell and Neutrophil Counts in Bronchoalveolar 
Lavage Fluid and Peripheral Blood
Postnatal i.p. LPS significantly increased the total white blood 
cell (WBC) counts in the bronchoalveolar lavage fluid (BALF) 
at P7 and P14 (Figure 3a). The total BALF neutrophil counts 
on P7 were significantly higher in the V+LPS group com-
pared with the other groups (Figure 3b,c). The total BALF 
neutrophil counts were markedly decreased in all groups on 
P14 compared with those at P7. However, the V+LPS group 
had a significantly higher number of BALF neutrophils than 
the V+V group. Similar findings were observed with the total 
WBC or neutrophil counts in peripheral blood (PB) on P7 
(Figure 3d,e). Notably, the V+V group had the highest total 
PB WBC and neutrophil counts on P14 among the groups.

Alveolar Development
The i.p. LPS-treated groups showed large and simple distal 
air spaces, the hallmark of disrupted alveolarization, on P7. 
The alveolarization proceeded on P14, as indicated by small 
and complex distal air spaces in all groups except the V+LPS 
group. In the V+LPS group, distal airspaces remained large 
and simple on P14, similar to their appearance on P7, indi-
cating an arrest in alveolarization (Figure 4a). Morphometric 
assessment was consistent with these microscopic findings. 
The mean cord length (Lm), which is an indicator of the aver-
age alveolar size, was significantly greater in the i.p. LPS-
treated groups than in the i.p. vehicle-treated groups on P7. 
The Lm was decreased on P14 as the lungs developed in all 
groups, but the V+LPS group had the greatest Lm among the 
groups (Figure 4b). In contrast, the alveolar surface area (SA) 
was significantly smaller in the V+LPS group than in the i.p. 
vehicle-treated groups on P7. The SA was increased on P14 
as the lungs developed in all groups. However, the i.p. LPS-
treated groups had a smaller SA than the i.p. vehicle-treated 
groups (Figure 4c). The alveolar wall thickness (WT) was 
significantly thinner in the i.p. LPS-treated groups compared 
with the V+V group on P7. The WT was thinned on P14 as the 

Figure 1.  Schematic outline of the experimental protocol. Intra-amniotic LPS (1.0 μg/sac) or vehicle was administered on E20. Postnatal i.p. LPS (0.25 mg/
kg/d) or vehicle was administered on P1, P3, and P5. BALF and PB collection and lung harvesting were performed on P7 and P14. BALF, bronchoalveolar 
lavage fluid; IA, intra-amniotic; IP, intraperitoneal; PB, peripheral blood; V, vehicle.
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Figure 2.  Survival rates in the experimental groups. Fetal death mostly 
occurred in the intra-amniotic (i.a.) LPS-treated groups. After birth, most 
of the deaths occurred in the i.p. LPS-treated groups. Nearly half of 
the rats in the i.p. LPS-treated groups died during the first several days 
after birth. In all groups, no further mortality occurred beyond P7. Gray 
solid line, V+V; gray dashed line, LPS+V; black dashed line, V+LPS; black 
solid line, LPS+LPS. Group abbreviation: V+V, i.a. vehicle followed by i.p. 
vehicle-treated group; LPS+V, i.a. LPS followed by i.p. vehicle-treated 
group; V+LPS, i.a. vehicle followed by i.p. LPS-treated group; LPS+LPS, 
i.a. LPS followed by i.p. LPS-treated group. The arrowhead indicates i.a. 
LPS (1.0 μg/sac), and the arrows indicate postnatal i.p. LPS (0.25 mg/kg/d) 
administrations.
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lungs developed in all groups except the V+LPS group. The 
WT of the V+LPS group changed little between P7 and P14 
and was the thickest on P14 (Figure 4d).

Pulmonary Vascular Development
A considerably lower number and density of blood vessels were 
observed in the i.p. LPS-treated groups compared with the i.p. 
vehicle-treated groups on P7 and P14 (Figure 5a). The vessel 
density but not vessel number was significantly lower in the 
V+LPS group than in the LPS+LPS group. On P14, the num-
ber and density of the vessels remained significantly low in the 
i.p. LPS-treated groups compared with the i.p. vehicle-treated 
groups. The number and density of the vessels of the V+LPS 

group were significantly lower compared with the LPS+LPS 
group (Figure 5b,c).

Real-Time Quantitative RT-PCR
Proinflammatory cytokine (TNF-α, IL-1β, IL-6, IL-12A) and 
angiogenic factor (VEGF, hypoxia-inducible factor (HIF-1α)) 
transcript levels in the lung tissues were significantly higher in 
the V+LPS group than in the V+V group on P7 (Figure 6a). 
Similarly, TNF-α, IL-12A, and VEGF transcript levels on P14 
were significantly higher in the V+LPS group than in the V+V 
group (Figure 6b). However, no differences in proinflamma-
tory cytokine and angiogenic factor levels between the V+V 
and LPS+LPS groups were found on P7 and P14 (Figure 6a,b).

Figure 3.  Bronchoalveolar lavage fluid and peripheral blood white blood cell and neutrophil counts. (a, b, d, e) Gray bars denote P7 and black bars P14. 
(a) The total BALF WBC counts were higher in the i.p. LPS-treated groups than in the i.p. vehicle-treated groups on P7 and P14. (b) The V+LPS group had 
higher BALF neutrophil counts than in other groups on P7 and in the V+V group on P14. (c) Representative light microscopic images of the cytospin BALF 
samples on P7. A marked increase in the number of neutrophils in the BALF cytospin sample from the V+LPS group is observed compared with the other 
groups. The arrows indicate neutrophils. Diff-Quik (Sysmex, Kobe, Japan) stained. Original magnification ×400. The bar indicates 50 μm. (d, e) The total 
PB WBC and neutrophil counts were highest in the V+LPS group on P7. On P14, the total WBC and neutrophil counts in PB were reduced compared with 
P7, and the V+V group had the highest number of total WBC and neutrophil counts in PB. Group abbreviation: V+V, i.a. vehicle followed by i.p. vehicle-
treated group; LPS+V, i.a. LPS followed by i.p. vehicle-treated group; V+LPS, i.a. vehicle followed by i.p. LPS-treated group; LPS+LPS, i.a. LPS followed by i.p. 
LPS-treated group. The data are the mean ± SEM (N = 5–6 in each group). *P < 0.05 vs. V+V, ** P < 0.05 vs. LPS+V, †P < 0.05 vs. LPS+LPS, ‡P < 0.05 vs. V+LPS. 
BALF, bronchoalveolar lavage fluid; PB, peripheral blood; V, vehicle; WBC, white blood cell.
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DISCUSSION
A number of animal models of neonatal lung injury or BPD 
with an emphasis on postnatal inflammation have been 
reported (13). Furthermore, combination models using two 
or more different stimuli to induce lung injury have been 
reported, including our previous studies (14–17). However, 
few animal models of BPD have combined prenatal and post-
natal inflammation. We combined prenatal i.a. LPS and post-
natal i.p. LPS as stimuli to induce lung injury in this study. 
Prenatal i.a. LPS was administered on E20, which corresponds 
to the late canalicular stage of rat lung development, and post-
natal i.p. LPS was administered on P1, P3, and P5, which cor-
respond to the saccular and early alveolar stages (18). In this 
fetal and neonatal rat model, early postnatal i.p. LPS signifi-
cantly inhibited lung development, whereas prenatal i.a. LPS 
alone did not affect lung development. These findings suggest 
a direct detrimental effect of early postnatal systemic inflam-
mation on lung development. The degree of impaired alveolar 
and pulmonary vascular development paralleled the degree of 
pulmonary and systemic inflammation.

Based on the previous study (14), we used 1.0 μg of LPS 
for the i.a. injection. For the postnatal i.p. injection, we used 
0.25 mg/kg LPS. Although the route of administration dif-
fered, 1.0 μg i.a. LPS is comparable to 0.4–0.5 mg/kg because 
the mean fetal weight of the rats on E20 was 2.0–2.5 g (19). 
Therefore, we used a 1.6–2.0 times lower dose of LPS for the 
postnatal i.p. LPS injection than that for the i.a. injection. 
This lower dose was used because in our preliminary study, 
the postnatal i.p. injection of 0.5 mg/kg LPS on P1 killed all rat 
pups within 24 h.

Intra-amniotic LPS affects the fetal innate immune system dif-
ferently than systemically administered LPS (20). Intra-amniotic 
LPS directly contacts the respiratory tract, gastrointestinal 
tract, and skin and stimulates the local innate immune system. 
However, systemically introduced LPS induces an overwhelm-
ing systemic inflammatory response syndrome leading to high 
mortality (21). Consistent with these reports, our findings sug-
gest that i.a. and i.p. LPS administration have differential effects 
on lung development and mortality. In our study, both BALF 
neutrophil counts and lung proinflammatory cytokine levels 

Figure 4.  Alveolar development and morphometric data. (a) Representative light microscopic images of the rat lungs on P7 and P14. Apparently thinned 
septal walls were observed in the V+LPS group compared with other groups on P7, and markedly large and simple airspaces were observed in the V+LPS 
group compared with other groups on P14. Hematoxylin and eosin stained; original magnification ×100. Bars, 200 μm. (b–d) Gray bars denote P7 and 
black bars P14. (b) The mean cord length (Lm), indicating the average alveolar size, was greater in the i.p. LPS-treated groups than in the i.p. vehicle-
treated groups on P7. The Lm was decreased on P14 as the lungs developed in all groups, but V+LPS group had the highest Lm among the groups. (c) The 
alveolar surface area (SA) was smaller in the V+LPS group than in the i.p. vehicle-treated groups on P7. The SA increased on P14 as the lungs developed in 
all groups, but the i.p. LPS-treated groups had a smaller SA than the i.p. vehicle-treated groups. (d) The alveolar wall thickness (WT) was thinner in the i.p. 
LPS-treated groups than in the V+V group on P7. The WT was thinned on P14 as the lungs developed in all groups except the V+LPS group, and the V+LPS 
group had the thickest WT on P14. Group abbreviation: V+V, i.a. vehicle followed by i.p. vehicle-treated group; LPS+V, i.a. LPS followed by i.p. vehicle-
treated group; V+LPS, i.a. vehicle followed by i.p. LPS-treated group; LPS+LPS, i.a. LPS followed by i.p. LPS-treated group. The data are the mean ± SEM 
(N = 6–7 in each group). *P <0.05 vs. V+V, **P < 0.05 vs. LPS+V, †P < 0.05 vs. LPS+LPS. V, vehicle.
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were similar with or without i.a. LPS administration, suggest-
ing that i.a. LPS alone might not induce inflammatory changes. 
Alternatively, the inflammatory changes might have returned to 
control levels on P7 after an initial increase after i.a. LPS adminis-
tration. Regardless of the induction of inflammation, i.a. LPS did 
not alter lung development, whereas i.p. LPS did. Further studies 
will be necessary to determine whether the significant disrup-
tion of lung development by postnatal i.p. LPS was due to severe 
inflammation or to the timing of the LPS injection.

Another interesting finding of our study is that i.a. LPS 
attenuated the detrimental effects of subsequent postnatal i.p. 
LPS on systemic and pulmonary inflammation. Additionally, 
the i.a. LPS significantly reduced the inhibitory effects of i.p. 
LPS on alveolar and pulmonary vascular development. These 
findings suggest that the i.a. inflammation may protect the 
process of lung development from the postnatal systemic 
inflammation. These beneficial effects of i.a. LPS pretreatment 
might be related to endotoxin tolerance. Endotoxin tolerance 
has been demonstrated in preterm animals in the context 
of chorioamnionitis (20,22). Repeated exposure to i.a. LPS 
decreased the expression of proinflammatory cytokines and 

toll-like receptor 4 in the lungs compared with a single i.a. LPS 
exposure in preterm lambs (20). Repeated i.a. LPS exposure 
has also been shown to induce cross-tolerance to other toll-like 
receptor agonists (23). Furthermore, a single i.a. LPS exposure 
led to lung remodeling similar to that found in BPD in the pre-
term lamb fetuses, whereas repeated i.a. LPS exposure did not 
(24,25). Our and others’ findings suggest that i.a. LPS may pro-
tect preterm lungs against subsequent inflammatory stimuli by 
inducing immune tolerance.

Structural maturation of the lungs includes a reduction of 
the alveolar septal thickness and restructuring of the double 
capillary system to a single capillary system (18). In this study, 
i.p. LPS led to alveolar wall thinning on P7, which was preco-
cious compared with the control group. This precocious lung 
maturation was followed by an arrest in alveolar and pulmo-
nary vascular development. These findings suggest that early 
postnatal systemic inflammation may induce precocious lung 
maturation at the expense of developmental potential.

Proinflammatory cytokine and angiogenic factor mRNA 
expression was markedly induced on P7 in the lungs of rats 
exposed to i.p. LPS without preceding i.a. LPS exposure. The 

Figure 5.  Pulmonary vascular development. (a) Representative light microscopic images of von Willebrand factor (vWF) immunohistochemistry of rat 
lung sections on P7 and P14. Apparently fewer blood vessels and decreased vWF staining were observed in the V+LPS group compared with the other 
groups on P7 and P14. The arrows indicate vessels. vWF staining was visualized with a DAB reaction (brown color). Light hematoxylin and eosin staining 
was used as a counterstain. Original magnification, ×400. Bars = 50 μm. (b, c) Gray bars denote P7 and black bars P14. (b) The number of blood vessels per 
HPF was significantly lower in the i.p. LPS-treated groups than in the i.p. vehicle-treated groups on P7 and P14. On P14, the V+LPS group had a signifi-
cantly lower number of vessels per HPF than the LPS+LPS group. (c) The vascular density, which was expressed as the ratio of the vWF-positive area to the 
total area of the lung parenchyma, was significantly lower in the i.p. LPS-treated groups than in the i.p. vehicle-treated groups on P7 and P14. The V+LPS 
group had a significantly lower vascular density than the LPS+LPS group on P7 and P14. Group abbreviation: V+V, i.a. vehicle followed by i.p. vehicle-
treated group; LPS+V, i.a. LPS followed by i.p. vehicle-treated group; V+LPS, i.a. vehicle followed by i.p. LPS-treated group; LPS+LPS, i.a. LPS followed by i.p. 
LPS-treated group. The data are the mean ± SEM (N = 6–7 in each group). *P < 0.05 vs. V+V, **P < 0.05 vs. LPS+V; †P < 0.05 vs. LPS+LPS. HPF, high-powered 
field; V, vehicle. DAB, diaminobenzidine.
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increase of proinflammatory cytokines by i.p. LPS was mark-
edly attenuated by i.a. LPS. The protective effect of i.a. LPS was 
also notable by the proinflammatory cytokine levels found in 
our study. The increased proinflammatory cytokines and angio-
genic factors may be involved in altered lung development. 
Inflammation-induced nuclear factor κB activation impairs 
branching morphogenesis in the developing lung (26); how-
ever, little is known regarding the exact mechanisms by which 
a variety of proinflammatory cytokines and angiogenic factors 
alter the normal alveolar and pulmonary vascular development, 
either alone or in concert. Although angiogenic factor (VEGF, 
HIF-1α) mRNA expression was increased in the lungs, pulmo-
nary vascular development was markedly inhibited. Thus, the 
increased mRNA expression of these angiogenic factors may 
be a consequence of a reparative or compensatory response to 
counteract inflammation or of a direct effect of LPS (27).

Previous studies have reported that early- or late-onset 
sepsis increases the risk of BPD in human preterm infants 

(28,29). We here demonstrated that early postnatal systemic 
inflammation induces alveolar and pulmonary vascular devel-
opmental arrest, which is a hallmark of new BPD, in a neo-
natal rat model. Additionally, previous studies observed that 
preterm infants exposed to histological chorioamnionitis were 
protected against BPD (30). Our findings showed attenuated 
inflammation and less disruption of lung development by i.a. 
LPS administration. Therefore, our results provide experimen-
tal evidence for their clinical observations.

In this study, a rat model was used, which implies the need 
of further studies in larger animals that are anatomically and 
physiologically similar to human preterm infants. Although a 
partial protection against adverse effects of postnatal i.v. LPS 
that was endowed by prenatal i.a. LPS has been demonstrated 
in a preterm lamb model (31), there have been few larger ani-
mal models that show both the individual and combined effects 
of prenatal and postnatal inflammation on lung development. 
Additionally, experiments using inflammatory stimuli other 
than LPS would help validate our findings because human pre-
term infants are exposed to many complex inflammatory stim-
uli besides LPS in utero or after birth. However, a full assessment 
of alveolar development was possible using the neonatal rat 
because alveolarization occurs from P4 to P14 in the rat (18).

Our rat model of BPD induced by early postnatal i.p. LPS 
morphologically resembles new BPD of human preterm 
infants. Therefore, this model can be used to explore the mech-
anism how various inflammatory stimuli alter normal lung 
development and to search for novel therapies for BPD that 
target inflammation.

METHODS
Animal Experiments
The animal experimental protocol was approved by the Seoul National 
University Bundang Hospital Institutional Animal Care and Use 
Committee (BA1201-096/003-01). On E20 (term 22.5 d), pregnant 
Sprague-Dawley rats were anesthetized by isoflurane inhalation. After 
making a midline abdominal incision, 1 μg of LPS (Escherichia coli 
0111:B4; Chemicon International, Temecula, CA) dissolved in 0.1 ml 
of saline or the same volume of vehicle (saline) was injected into the 
amniotic sacs under direct visualization. Each pregnant rat received 
either LPS or vehicle. After recovery, pups were spontaneously deliv-
ered 2–2.5 d after the injections. At 10–12 h after birth, pups from 
each treatment group were randomly re-assigned to dams from the 
same treatment group to balance the litter sizes. The rat pups were i.p. 
injected with either 0.25 mg/kg of LPS dissolved in 0.1 ml of saline or 
the same volume of vehicle on P1, P3, and P5 to encompass the saccu-
lar and early alveolar stages of lung development in the rat (18). This 
experimental protocol led to four treatment groups: (i) i.a. vehicle fol-
lowed by i.p. vehicle-treated group (V+V); (ii) i.a. LPS followed by i.p. 
vehicle-treated group (LPS+V); (iii) i.a. vehicle followed by i.p. LPS-
treated group (V+LPS); and (iv) i.a. LPS followed by i.p. LPS-treated 
group (LPS+LPS). Throughout the experiment, the rat dams reared 
pups that were allocated to a single group only. A total of 176 fetal 
rats from 13 pregnant rats were used in the experiment. A schematic 
outline of the experimental protocol is presented in Figure 1.

Bronchoalveolar Lavage Fluid and PB Collection and Cell Counts
On P7 and P14, BALF and PB were collected from the rat pups. Five 
to six rat pups per group were used for BALF collection at each time 
point. The methods for BALF collection and cytospin preparation was 
described previously (32). The cytospin samples were stained with Diff-
Quik (Sysmex, Kobe, Japan) to allow the identification of different cell 
types. To obtain differential counts, 200–300 cells were manually counted 

Figure 6.  Inflammatory cytokine and angiogenic factor mRNA expression 
in lung tissue. The transcript levels of proinflammatory cytokines (TNF-α, 
IL-1β, IL-6, IL-12A) and angiogenic factors (VEGF, HIF-1α) on (a) P7 (b) and 
P14. The transcript levels of TNF-α, IL-1β, IL-6, IL-12A, VEGF, and HIF-1α in 
the lung tissue were significantly higher in the V+LPS group than in the 
V+V group on P7. The transcript levels of TNF-α, IL-12A, VEGF remained 
significantly higher in the V+LPS group than in the V+V group on P14. The 
mRNA expression of each group is presented as the relative value to that 
of the V+V group. Black bars, V+V; dark gray bars, LPS+V; gray bars, V+LPS; 
light gray bars, LPS+LPS. Group abbreviation: V+V, i.a. vehicle followed by 
i.p. vehicle-treated group; LPS+V, i.a. LPS followed by i.p. vehicle-treated 
group; V+LPS, i.a. vehicle followed by i.p. LPS-treated group; LPS+LPS, 
i.a. LPS followed by i.p. LPS-treated group. The data are the mean ± SEM 
(N = 6–7 in each group). *P < 0.05 vs. V+V. HIF, hypoxia-inducible factor.
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on each glass slide at ×200 magnification. The number of each WBC type 
was calculated as the percentage of each WBC multiplied by the total 
number of WBCs in the BALF. For BALF collection, a different set of 
animals from those used for histological analysis was used to avoid pos-
sible interference of the BALF procedure with the histological analysis. 
PB was directly drawn from the left ventricle under anesthesia immedi-
ately before opening the chest wall for lung harvest on P7 and P14. Six 
to seven rat pups per group were used to collect PB at each time point. 
The total WBC count of collected PB was performed with the Hemavet 
950FS analyzer (Drew Scientific, Dallas, TX). A differential cell count 
was manually performed on each PB smear slide at ×400 magnification 
using the same method as for BALF.

Tissue Preparation and Immunohistochemistry
On P7 and P14, rat pups were anesthetized, and their lungs were 
harvested and prepared for immunohistochemistry and histological 
analyses, as previously described (14,33). For immunohistochemical 
evaluation of von Willebrand factor (vWF), the deparaffinized lung 
sections were incubated with polyclonal rabbit antihuman vWF anti-
body (DakoCytomation, Glostrup, Denmark) and a biotin-labeled 
donkey antimouse secondary antibody (Jackson ImmunoResearch 
Laboratories, West Grove, PA). Immune complexes were visualized 
using diaminobenzidine (Vector Laboratories, Burlingame, CA). 
Light hematoxylin and eosin was applied as a counterstain.

Evaluations for Alveolar and Pulmonary Vascular Development
Four random, nonoverlapping fields per animal in two distal lung sec-
tions were captured at ×100 magnification to assess alveolar develop-
ment. The extent of alveolarization was objectively assessed using the 
Lm and SA, as previously described (14,33). To measure the WT, four 
random, nonoverlapping high-powered fields (HPFs) per animal in 
two distal lung sections were captured. The WT was measured using 
scale in random five areas on each HPF. A total of 20 WT measure-
ments from five random areas on four random HPFs were performed 
for each animal. For pulmonary vascular development assessment, 
images of vWF-stained slides were captured at ×400 magnification. 
The number of vWF-positive vessels (<100 μm in size) per HPF was 
counted. The vascular density was expressed as the ratio of the vWF-
positive area to the total area of lung parenchyma. Color threshold-
ing of the gray–black diaminobenzidine staining was performed 
using the differential interference contrast image analysis function 
of Image-Pro Plus software (Media Cybernetics, Rockville, MD). At 
least five counts from five fields were performed for each animal, and 
the fields were randomly chosen in areas not containing large airways 
or vessels. Six to seven rat pups were examined per group.

Real-Time Quantitative RT-PCR
Lung tissues were lysed in RNA isolation reagent (RNA-Bee; Tel-
Test, Friendswood, TX) and sonicated with an ultrasound sonicator 
(Ultrasonic Processor; Cole Parmer Instruments, Vernon Hills, IL). 
Total RNA was extracted using an RNeasy Mini kit (Qiagen, Valencia, 
CA) and quantified using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA). Equal amounts of RNA from each 
sample were used to synthesize first-strand cDNA by reverse tran-
scription (High Capacity RNA-to-cDNA Kit; Applied Biosystems/Life 
Technologies, Carlsbad, CA). Real-time PCR amplification was per-
formed using TaqMan Universal PCR Master Mix (Applied Biosystems/
Life Technologies). Rat glyceraldehyde-3-phosphate dehydrogenase was 
used for gene expression normalization. The PCR probe sets for rat glyc-
eraldehyde-3-phosphate dehydrogenase, TNF-α, IL-1β, IL-6, IL-12A, 
VEGF, and HIF-1α were purchased from Applied Biosystems (TaqMan 
Gene Expression Assay kits). Six to seven rat pups were examined per 
group.

Statistical Analyses
The data are expressed as the mean ± SEM. Comparisons were per-
formed by Kruskal–Wallis ANOVA, and post-hoc differences were 
assessed by the Mann–Whitney U-test. P values <0.05 were consid-
ered significant.
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