%Jm% S T IR K )RS |

Tokyo Women's Medical University - Information & Knowledge Database

https://twinkle.repo.nii.ac.jp

Reprint: Morphological characterization of
pulmonary microvascular disease in
bronchopulmonary dysplasia caused by hyperoxia
in newborn mice

S&8: eng

AR

~EH: 2021-02-02

F—7— K (Ja):

*—7— K (En):

{EB & : NAKANISHI, Hidehiko, MORIKAWA, Shunichi,
KITAHARA, Shuji, YOSHII, Asuka, UCHIYAMA, Atsushi,
KUSUDA, Satoshi, EZAKI, Taichi

X=)L7 FLR:

=

http://hdl.handle.net/10470/00032764




= = W E KRS 89(Extral): E123-E133, 2019.7

Medical Molecular
https://doi.org/10.1007/s00795-018-0182-2

ORIGINAL PAPER

® CrossMarl

Morphological characterization of pulmonary
microvascular disease in bronchopulmonary dysplasia
caused by hyperoxia in newborn mice

Hidehiko Nakanishi’ - Shunichi Morikawa? - Shuji Kitahara®3 . Asuka Yoshii**. Atsushi Uchiyama' -
Satoshi Kusuda' - Taichi Ezaki?

Received: 15 November 2017 / Accepted: 21 January 2018
© The Japanese Society for Clinical Molecular Morphology 2018

Abstract

Purpose Pulmonary microvascular injury is associated with the pathogenesis of bronchopulmonary dysplasia (BPD). To
characterize the mechanisms of pulmonary vascular disease resulting from BPD, we studied the ultrastructural changes
affecting pulmonary microvasculature.

Methods Newborn ICR mice were exposed to 85% hyperoxia or normoxia for 14 days, and then normal air replacement
conditions for the following 7 days. At postnatal day (P)14 and P21, lungs were harvested for ultrastructural examination
and assessment of pulmonary hypertension.

Results The ultrastructure of pulmonary microvasculature in the hyperoxia-exposed lungs revealed a collapsed capillary
lumen. This was due to the abnormal morphology of endothelial cells (ECs) characterized by heterogeneously thick cyto-
plasm. Compared to normal air controls, the specimens displayed also remarkably thick blood—air barriers (BABs), most of
which were occupied by EC layer components. Structural changes were accompanied by increased pulmonary artery medial
thickness and right ventricular hypertrophy (RVH). Moreover, abnormalities in ECs persisted even after exposure to 7 days
of normal air replacement conditions. Results were confirmed by morphometric quantification.

Conclusion Our results suggest that the abnormal morphology of capillary ECs and thick BABs correlates with
pulmonary artery remodeling and RVH. These ultrastructural changes might represent possible mechanisms of secondary
pulmonary hypertension in BPD.

Keywords Bronchopulmonary dysplasia - Hyperoxia - Newborn - Pulmonary hypertension - Pulmonary microvascular
disease

Introduction

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s00795-018-0182-2)
contains supplementary material, which is available to
authorized users.

Bronchopulmonary dysplasia (BPD) is a chronic lung dis-
ease of prematurely born infants caused by oxygen toxicity,

mechanical ventilation, and infection, and is characterized
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by decreased alveolarization and dysregulated development
of the pulmonary microvasculature [1-3]. Above all, abnor-
mal pulmonary microvascular injury might be linked to the
pathogenesis of BPD [3], and in some cases of severe BPD,
as shown in rodent models [4—7], impairments of develop-
ing pulmonary vasculature may cause serious pulmonary
vascular diseases such as secondary pulmonary hyperten-
sion (PH), which contributes significantly to morbidity and
mortality among prematurely born infants [§—11].
Microvascular injuries observed in BPD are generally
demonstrated by abnormal immunohistochemical staining
pattern and/or intensity of endothelial cell (EC) markers [4,
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5, 12, 13], the barium angiogram technique, or scanning
electron microscopy of corrosion casts [6, 14]. However, the
actual morphological changes to the pulmonary microvas-
culature at the cellular level, including ECs, blood—air bar-
riers (BABs), and other cellular components, in the injured
developing lung remain poorly understood. A few early
studies used electron microscopy to investigate pulmonary
changes caused by hyperoxia [15-17] or administration of
antiangiogenic compounds [18]; however, as these studies
mostly investigated adult animal models or a different stage
of BPD, limited information is available on the changes in
the severely injured developing lung.

In this study, we sought to characterize the morphological
changes in pulmonary vascular disease secondary to BPD
caused by oxygen toxicity. To this end, we studied ultras-
tructural changes in pulmonary microvasculature, such as
ECs and BABs, and assessed PH in response to injury to
the developing lung in both the saccular and alveolar stages
[19], using lungs from newborn mice exposed to hyperoxia
for 14 days after birth followed by 7 days of normal room-air
replacement conditions.

Materials and methods
Experimental design

Time-dated pregnant ICR mice were purchased from Japan
SLC Inc. (Shizuoka, Japan). Within 12 h of birth, the pups
from pairs of mothers were pooled and randomly divided
into two litters that were continuously exposed to either air
or 85% oxygen for 14 days (Air-14d and O,-14d, respec-
tively), and then to normal air replacement conditions for
the following 7 days (Air-21d and O,-Air 21d, respectively).
During hyperoxic exposure, the mothers from paired litters
were swapped every 48 h between air and oxygen conditions
to diminish the effects of breathing high levels of oxygen.
To expose the pups to hyperoxic conditions, a plastic case
(34 cm x 24 cm X 24 cm) was prepared as an oxygen cham-
ber, and oxygen was supplied with a home oxygen condenser
(TO-90-7H; Teijin Pharma Ltd., Tokyo, Japan), which had
an oxygen enrichment film for generating oxygen-rich gas
from air. The oxygen concentration in the chamber was
measured using an electrochemical analyzer (OX-21; Atom
Medical, Tokyo, Japan). According to preliminary tests, the
oxygen flow required to maintain an 85% oxygen concentra-
tion in the chamber was 4 L/min. The relative humidity and
temperature in the exposure chamber were approximately
60% and 22 °C, respectively. The room was lighted for
12 h per day. The mice had continuous access to food and
water, and their cages were cleaned every 4 days. All ani-
mal experiments were approved by the Animal Experiment
Committee, Tokyo Women’s Medical University (TWMU)
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(Approval number: AE17-40). Experiments were performed
in accordance with the legislation of the Institute of Labo-
ratory Animals for Animal Experimentation at TWMU.1.

Tissue preparation

To obtain lung samples, pups were weighed and then anes-
thetized with an intraperitoneal injection of a mixture of
ketamine (87 mg/kg body weight) and xylazine (13 mg/kg
body weight). After a thoracotomy to allow the lungs to
collapse, the trachea was cannulated with a 0.61-mm outer-
diameter polyethylene tube, the lungs were inflated with 4%
paraformaldehyde in PBS at 22 cm H,O pressure for 30 min,
and the airway was ligated while the lungs were distended.
The pup was then submerged in fixative for 1 day at 4 °C.
Next, the lungs were dissected from the body and stored at
4 °C in PBS for subsequent processing and analyses. For
cryosectioning, tissues were immersed in a graded series of
sucrose in PBS (up to 30%) at 4 °C overnight. Subse-
quently, the tissues were embedded in Tissue-Tek O.C.T.
compound (Sakura Finetek, Tokyo, Japan), snap-frozen in
liquid nitrogen, and stored at — 80 °C. Cryosections (20 pwm)
were made on silane-coated glass slides, air-dried for at least
2 h, and immunostained. For paraffin sections, the tissues
were embedded in paraffin after sequential dehydration in
a graded ethanol series, and 6-um-thick sections were
prepared.

Transmission electron microscopy (TEM)

Lungs were rapidly dissected from anesthetized animals, cut
into small pieces (~ 1 mm®) in fixative solution composed
of 2.5% glutaraldehyde in 0.1 M phosphate buffer (PB; pH
7.4), and further fixed in the same fixative at 4 °C for 24 h.
After treatment with 1% osmium tetroxide in 0.1 M PB, the
lung pieces were dehydrated in a graded series of ethanol
aqueous solution and embedded in epoxy resin (epon 812
resin; TAAB Laboratories, Aldermaston, UK) using propyl-
ene oxide as the intermediate solvent. Epoxy 0.5-pm, semi-
thin sections were stained with toluidine blue and examined
under a light microscope for a quick check of lung structure
after each treatment. The pieces were further sectioned into
70-nm-thick, ultrathin sections, contrasted with uranyl ace-
tate and lead citrate, and examined under a Hitachi H-7000
electron microscope (Hitachi, Tokyo, Japan).

Analysis of lung structure

The degree of lung injury and its recovery during alveo-
lar development was quantified using stereological meth-
ods and by determining the mean chord length (Lm), % air
space volume density (% AVD), and secondary septal den-
sity, as reported previously [13]. To this end, we followed
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a systematic sampling approach described by Tschanzand
and Burri [20], and obtained three 0.044-mm? images from
randomly oriented transverse sections of the left lung that
excluded large airway and vascular structures. Lm was
determined as described below using a BZ-9000 all-in-one
microscope (Keyence Co., Osaka, Japan). First, six horizon-
tal lines, 30 um apart, were drawn in the section images, the
length of the lines over airspaces between the intersections
with alveolar walls was measured, the median length of one
lung field was determined, and finally, the mean value was
calculated using three fields per animal. Employing ImageJ
[21] and a custom-written macro, % AVD was determined
using the point counting method detailed by Weibel [22] on
the basis of three fields per animal. Secondary septal den-
sity was determined using the Cell Counter tool in ImagelJ
on three fields per animal. Pulmonary image data were
acquired and processed by an observer blinded to treatment
and exposure group of the lung specimens. Hematoxylin and
eosin (H&E)-stained sections of distention-fixed, paraffin-
embedded left lung tissue were used for structural studies.

Immunofluorescence staining of endothelial
cells

Cryosections were incubated in 5% Block Ace (Dainippon
Seiyaku, Osaka, Japan) to avoid nonspecific staining and
were successively incubated at 4 °C overnight with an anti-
CD31 rabbit polyclonal antibody (1:100, ab15537; Abcam,
Cambridge, UK) in PBS containing 1% BSA (Sigma, St
Louis, MO, USA). After several washes with PBS, speci-
mens were incubated with combinations of a fluorescent
Cy3-conjugated anti-rabbit secondary antibody (1:200;
Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at
room temperature. Immunostained sections were examined
using a Leica TCS-SL confocal laser-scanning microscope
(Leica Microsystems, Wetzlar, Germany). Negative controls,
in which PBS was substituted for primary antibodies, were
included for each tissue section.

Assessments of pulmonary microvasculature
% Fluorescent volume density (% FVD)

To quantify CD31 immunohistochemical results, the areal
density of pulmonary microvascular cells in mouse pup
lungs was analyzed using standard methods [22]. Using the
systematic sampling method detailed above, immunofluo-
rescence images of the peripheral lung were obtained, while
avoiding the large airway and vessels. Following filtration
and segmentation procedures, % FVD was determined by
dividing the number of fluorescent pixels by the total num-
ber of pixels in the image [13]. Median % FVD of three
images per pup lung section was used for analysis.

Ultrastructural measurement by TEM

Non-overlapping ultrathin section images were captured
using Adobe Photoshop ver. 13.0.1. (Adobe Systems Inc.
San Jose, CA, USA), and six capillaries in the alveolar
wall per animal for each treatment group were analyzed.
To quantify the ultrastructural features of pulmonary micro-
vasculature, we measured and calculated the following four
parameters.

= BAB thickness (um) Total BAB thickness was measured
on five different BAB portions per capillary, using the
scale tool in Adobe Photoshop (version 13.0.1.). The
mean of total BAB thickness from each group was used
in the analysis.

= Proportion of EC layer components in BAB (%) The
thickness of EC and alveolar epithelial cell (AEC) layer
components in the BAB was measured, and the thickness
of EC layer components relative to total BAB (%) was
calculated. The mean value from each group was used in
the analysis.

= Thickness of EC cytoplasm (um) To quantify abnormal
morphological changes EC cytoplasm in pulmonary cap-
illaries, the thickness of five circumferentially different
cytoplasmic portions per capillary was measured, and the

mean from each group was used in the analysis.

= Standard deviation (SD) of the thickness of EC cyto-
plasm To quantify abnormal morphological changes in
the EC cytoplasm in pulmonary capillaries, the SD of
the thickness of five circumferentially different cytoplas-
mic portions per capillary was calculated, and the mean
from each group was used in the analysis. High SD vari-
ance indirectly suggests that ECs have heterogeneously
thick cytoplasmic components and a collapsed capillary
lumen. Conversely, low SD variance suggests that ECs
present a similar thickness circumferentially and that the
capillary lumen is well preserved.

Assessments of pulmonary hypertension
Right ventricle (RV) hypertrophy

Hearts were removed and dissected to isolate the free wall
of the RV from the left ventricle (LV) and septum (S). RV
hypertrophy was calculated as the ratio of RV weight over
LV + S weight (RV/[LV + S]) [23].

Arterial wall thickness
Vessel wall thickness was measured on pulmonary arter-

ies (20-100 pum) associated with terminal and respiratory
bronchioles on H&E-stained lung sections by an observer
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blinded to the identity of the slides. Three vessels per pup
lung were assessed for MT and external arterial diam- eter
(ED). MT was expressed as the percentage of ED, MT% =
[MT x 2 x 100]/ED.

Statistical analysis

Statistical analysis was performed using JMP® 12 software
(SAS Institute Inc., Cary, NC, USA). Data are presented as
means = SDs, and treatment groups were compared using a
factorial model of analysis of variance. When significant dif-
ferences were detected, Dunnett’s test for normal distribution
or Steel-Dwass test for non-normal distribution was used as
post hoc test with Air-14d or -21d as a control. Significance
was determined at P<0.05.

Results

Hyperoxic exposure is associated with
disruption of alveolar development in the
injured newborn lung

To evaluate morphological changes in alveolarization, we
compared lung structures of animals exposed to hyperoxia
for 14 days with those from animals subjected to hyper-
oxia followed by normal air replacement conditions for 7
days. Consistent with previous reports [4, 5, 7, 24-26],

the peripheral airways of injured pup lungs exhibited a less
complex interstitial structure and fewer secondary septa or
alveoli than the lungs of air-breathing control pups. Even
after exposure to normal air replacement conditions, the
abnormal alveolar structures did not recover to control levels
(Fig. 1). As shown in Supplementary Fig a—c, these struc-
tural changes were quantitatively confirmed by the Lm, %
AVD, and secondary septal density.

Disruption of pulmonary microvasculature
persists during the recovery phase

Exposure of newborn rodent lungs to hyperoxia causes
abnormal pulmonary microvascular development [13, 24].
However, a little is known about the morphological changes
to the pulmonary microvasculature, including ECs, BAB,
and other cellular components. Here, we assessed the ultra-
structural changes in the pulmonary microvasculature, as
well as changes in staining pattern of the EC marker CD31
in each group (Air-14d, Air-21d, O,-14d, and O,-Air 21d).
As shown in Fig. 2, microvascular EC staining was less
abundant in hyperoxia-exposed (O,-14d) than in air-exposed
(Air-14d) lungs. Stereological quantification revealed that
chronic exposure to 85% oxygen caused a decrease in %
FVD of CD31-stained ECs in the periphery of injured lungs.
In the lungs of pups allowed to recover under normal air
replacement conditions (O,-Air 21d), % FVD remained low

Air-14d 0,-14d Air-21d 0,-Air 21d
~ p A Y,
A 'r\_ B )«P
~ \/

Fig. 1 Effects of hyperoxia on alveolar development. Toluidine blue
staining of lung sections from animals exposed to 85% oxygen for
14 days (0,-14d) indicated larger distal airspace areas and fewer
secondary septa as compared to air-exposed control lungs (Air-14d

and Air-21d). These abnormal structural changes persisted even
under normal air replacement conditions (for 7 days) after hyperoxia
(Oz-Air 21d). Closed scale bar, 100 um; open scale bar, 20 pm
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Air-14d

Air-21d

0,-Air 21d

Fig. 2 Quantification of the effects of hyperoxia on pulmonary
micro- vasculature in newborn mouse lungs. a CD3]
immunofluorescence  staining of  pulmonary  microvascular
endothelial cells in the periph- ery of 14- and 21-day-old mouse pup
lungs treated as indicated. Compared to air-exposed lungs (Air-14d),
lungs exposed to 85% oxy- gen (O,-14d) presented a lower CD31
signal. CD31 staining was par- tially restored in animals subjected to
normal air replacement condi- tions after hyperoxic exposure (O,-Air
21d), but did not reach control

when compared with that of normally developing lungs
(Air-21d).

As shown in Fig. 3, ultrastructural analysis of pulmo-
nary capillaries at the cellular level revealed that chronic
exposure to 85% oxygen disrupted normal microvascular
structure, especially with regard to EC layer components.
ECs presented a heterogeneously thick and irregular cyto-
plasm, with well-developed basal infoldings. Moreover, red
blood cells (RBCs) inside the alveolar capillary seemed to
be stuck in the capillary lumen, suggesting collapsed capil-
laries and altered pulmonary microcirculation. BABs from
injured lungs, comprising EC, AEC, and the basal lamina,
were much thicker than those of air-exposed lungs, and
most BABs were filled with abnormal mitochondria-rich EC
layers. In contrast, BAB basal lamina layers in hyperoxia-
exposed lungs were not significantly different from those in
controls. Even in the lungs of animals exposed to normal air
replacement conditions, ECs presented a heterogeneously
thick cytoplasm rich in organelles, collapsed alveolar capil-
laries, and EC layers occupying most of the BABs.

To confirm these ultrastructural findings, BABs, ECs,
and AECs were quantified. As shown in Fig. 4a, b, expo-
sure to 85% oxygen (O,-14d) was associated with a 2.5-fold
increase in BAB thickness as compared with air-control ani-
mals (Air-14d). The proportion of EC components in the
BAB was 1.8-fold higher in hyperoxia-exposed (O,-14d)

% FVD

T
101 1

Air 14 0, Air21  OyAir
d 14d d 21d

levels (Air-21d). Arrow heads in insets indicate blood vessels. Scale
bar, 75 um. b Chronic exposure to 85% oxygen (O,-14d) caused a
decrease in the percentage of fluorescent volume density (% FVD) of
endothelial cells in the peripheral lung. In the lungs of animals sub-
jected to normal air replacement conditions after hyperoxia (O,-Air
21d), % FVD npartially improved, but did not reach control levels
(Air-21d). Data are expressed as means + SDs; *P < 0.05 vs. Air-14d,
TP <0.05 vs. Air-21d; n = 6 in each group

than in air-breathing (Air-14d) lungs. In animals exposed
to a 7-day recovery under normal air replacement condi-
tions (O,-Air 21d), BAB thickness and the proportion of EC
components in BABs were lower than in hyperoxia-exposed
animals, but they did not return to air-control levels (Air-
21d). Additionally, as shown in Fig. 4c, EC mean cytoplasm
thickness was 3.5-fold higher, and the standard deviation
(SD) of EC cytoplasm per capillary was 6.5-fold larger in
hyperoxia-exposed than in air-breathing lungs. These results
suggested that ECs in the injured developing lung present
a heterogeneously thick and irregular cytoplasm, resulting
in the collapse of alveolar capillaries. Following exposure
to normal air replacement conditions after hyperoxic expo-
sure, EC cytoplasm thickness partially improved as com-
pared to oxygen-exposed lungs, but the SD per capillary
remained larger than that of air-control lungs (Fig. 4d). As
shown in Fig. 3, the thickness of the basal lamina layer in
BAB was similar between the groups (Air-14d, 0.05+0.01;
0,-14d, 0.07+0.02; Air-21d, 0.05+0.003; and O,-Air, 21d
0.05 £ 0.030 um; P = 0.34).

Hyperoxic exposure increases pulmonary
artery thickness and RV mass index

To estimate the progression of secondary PH caused
by hyperoxia, we examined the structure of pulmonary
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Fig. 3 Transmission electron microscopic ultrastructure of pulmo-
nary endothelial cells (ECs). a, b Pulmonary capillaries in air-breath-
ing pup lungs (Air-14d, Air-21d) displayed thin blood—air barriers
(BABs) and a wide capillary lumen with red blood cells inside. ECs
in the alveolar capillary had thin and uniform cytoplasm. ¢ Pulmo-
nary capillaries of hyperoxia-exposed pup lungs (O,-14d) displayed
remarkably thick BABs and a collapsed capillary lumen, made of
ECs with a heterogeneously thick cytoplasm. d Pulmonary capil-
laries from animals subjected to normal air replacement conditions
after hyperoxia (O,-Air 21d) presented partially restored thin BABs,

arteries associated with terminal bronchioles and respira-
tory bronchioles [14, 27, 28], as well as RV hypertrophy.
As shown in Fig. 5, the ED of the pulmonary artery was
similar between all groups (Air-14d, 43 + 6; 0,-14d, 41
+11; Air-21d, 50£9; and O,-Air 21d, 51 +9 pm;

P =0.16). Exposure to 85% oxygen for 14 days caused

a 2.5-fold increase in MT% relative to control animals.
Compared to hyperoxia-exposed lungs, the lungs of ani-
mals subjected to normal air replacement conditions after
hyperoxic exposure showed a partial decrease in MT%, but
without reaching control levels (Fig. 5b). As shown in Fig.
Sc, exposure to 85% oxygen for 14 days caused a 1.4- fold
increase in the RV/(LV + S) weight ratio as compared to
the air-control ratio. Even in animals subjected to nor- mal
air replacement conditions after hyperoxic exposure, the
RV/(LV + S) weight ratio remained high and failed to
return to the air-control level.
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but persistent abnormal EC morphology and a heterogeneously thick
cytoplasm. Scale bar (black), 1.0 um. e, f Under higher magnification,
BABs from air-breathing pup lungs (Air-14d and Air-21d) displayed
a clearly differentiated three-layered structure comprised alveolar epi-
thelial cells (AECs), basement membrane (BM), and ECs. g In hyper-
oxia-exposed lungs (O,-14d), BABs were much thicker, and inter-
estingly, ECs occupied most of the space. h Normal air replacement
conditions after hyperoxia (O,-Air 21d) appeared to partially restore
BAB thickness. Scale bar (white), 0.35 pm. Black arrowheads denote
the parts of BABs magnified in the lower panels

Discussion

This study aimed to investigate the morphological charac-
teristics of pulmonary vascular disease secondary to BPD.
This is caused by oxygen toxicity and can be mitigated by
subsequent normal air replacement. Actually previous
animal studies have shown that exposure to hyperoxia in
the neonatal period causes lung structural changes that
are similar to the histology seen in human infants with
BPD; that is, reduced complexity of the distal lung with
decreased alveolar number and vascular growth [2, 4-7].
We found that continuous inhalation of a high level of
oxygen by newborn mice during the terminal stage of lung
development disrupted the pulmonary microvasculature at
the cellular level. In particular, ECs in the alveolar wall
presented a heterogeneously thick and irregular cytoplasm,
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Fig. 4 Quantification of ultrastructural changes during alveolar
development. a BAB thickness was measured in each group using
five different portions of BAB per capillary, and the mean value was
calculated. Normal air replacement conditions (O»-Air 21d) partially
restored the low BAB thickness of hyperoxia-exposed lungs (O,-14d).
b The proportion of EC layer components in BABs was calculated in
each group. In air-exposed pup lungs, BAB was composed of three
clearly visible layers consisting of AECs, BM, and ECs. In hyperoxia-
exposed lungs (O,-14d), BAB was mostly occupied by ECs. In the
group subjected to normal air replacement conditions after hyper-
oxia (O,-Air 21d), BAB was still occupied by a thick EC layer. ¢
The mean thickness of EC cytoplasm per pulmonary capillary was

causing the capillary lumen to collapse. In addition, BABs
were significantly thicker than those of air-control lungs,
possibly because of a remarkable increase in EC layer
components. Furthermore, even in the peripheral lungs of
animals subjected to normal air replacement conditions
after hyperoxic exposure, ECs maintained the abnormal
morphology. In adult rodent models of hyperoxic lung
injury, a persistent abnormal morphology of ECs and
BABs accompanied by increased subcellular organelles
was still observed in normal air replacement conditions
after hyperoxia [15, 17]. These impairments of pulmo-
nary vasculature may cause serious pulmonary vascular
diseases such as secondary PH.
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measured and calculated for each group. We measured five different
cytoplasmic portions of EC per lung and calculated the mean value.
Normal air replacement conditions (O»-Air 21d) partially restored
the increased EC cytoplasm thickness of hyperoxia-exposed lungs
(0,-14d). d SD of the thickness of EC cytoplasm, measured at five
different points per capillary. Hyperoxic exposure (O,-14d) was asso-
ciated with large SD values compared with air-exposed lungs (Air-
14d); SD remained high even after exposure to normal air replace-
ment conditions (O,-Air 21d). Data are expressed as means+ SDs (a,
b, ¢) or medians (d); *P < 0.05 vs. Air-14d, P <0.05 vs. Air-21d; n=
6 capillaries per group

BPD complicated with PH is one of the significant inde-
pendent risk factors for delayed neurodevelopmental out-
come in premature infants, and should be prevented for
intact survival of premature infants [11]. Actually, our ani-
mal models of pulmonary microvascular injuries accompa-
nied by persistent increased pulmonary arterial medial thick-
ness and right ventricular hypertrophy even after exposure
to normal air replacement conditions might depict PH with
BPD. Therefore, these animal experiments could be the ideal
model to find out the treatment strategy for PH with BPD
in future study.

Our study is unique in that we focused on the ultrastruc-
tural characterization of the pulmonary microvasculature
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Fig. 5 Effect of hyperoxia on the thickness of pulmonary arteries
associated with terminal and respiratory bronchioles. a H&E-stained
lung sections indicating the thickness of pulmonary arteries associ-
ated with terminal and respiratory bronchioles. Hyperoxic exposure
(0,-14d) was associated with increased medial wall thickness of
pulmonary arteries. Normal air replacement conditions after hyper-
oxia (Oy-Air 21d) failed to decrease medial wall thickness when
compared with air-breathing lungs (Air-21d). Scale bar, 50 um. b
Medial wall thickness was measured on pulmonary arteries associ-
ated with terminal bronchioles and respiratory bronchioles (20—100

um) using the same sections depicted in (a). Three vessels per pup
lung were assessed for medial thickness (MT) and external arte-
rial diameter (ED). MT was expressed as a percentage of ED,
MT% = [MT x 2 x 100]/JED. Hyperoxic exposure (O,-14d) was asso-
ciated with increased MT% at approximately 40-50-um diameter

specifically in the injured developing mouse lung. In addi-
tion, our results on the ultrastructural changes in ECs and
BABs were confirmed by morphometric analyses, suggest-
ing that ECs in the alveolar wall might represent not only
the main site of injury but also a therapeutic target in the
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of the pulmonary artery as compared to air exposure (Air-14d and
Air-21d). MT% in lungs subjected to normal air replacement condi-
tions (O,-Air 21d) was still higher than that in air-breathing lungs
(Air-21d). Data are expressed as means + SDs; *P <0.05 vs. Air-
14d, P < 0.05 vs. Air-21d; 1 = 6 for each group. ¢ Assessment of
right ventricular hypertrophy. Hearts were removed and dissected to
separate the free wall of the right ventricle (RV) from the left ven-
tricle (LV) and septum (S). RV hypertrophy was calculated as the
RV/(LV + S) weight ratio. Hyperoxic exposure (O,-14d) was associ-
ated with increased RV/(LV + S), compared with the air-control (Air-
14d). Exposure to normal air replacement conditions after hyperoxia
(O,-Air 21d) did not significantly lower the RV/(LV+ S) value. Data
are expressed as means+ SDs; *P < 0.05 vs. Air-14d, P < 0.05 vs.
Air-21d; n = 4 for each group

injured developing lung. Ultrastructural changes in pulmo-
nary microvasculature in lungs injured by hyperoxia expo-
sure or antiangiogenic drug administration have been previ-
ously reported; however, TEM revealed the contradictory
results [15—18]. Kistler et al. [16] demonstrated that BAB
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thickness in adult rat lungs was remarkably increased after
48 h of exposure to hyperoxia. This was attributed largely to
the progressive enlargement of the interstitial space rather
than thicker EC layers, as demonstrated in our newborn
mice models. Cho et al. [18] have reported enlarged capil-
laries with multiple RBCs in the lumen in developing mouse
lungs injured by antiangiogenic agents, while studies on
injured developing rat lungs have reported the disruption of
endothelial tight junctions [29, 30], a phenomenon we could
not confirm at the cellular level in 14-day hyperoxia-exposed
newborn mouse lungs. This apparent discrepancy might be
because of differences in animal age (newborn or adult),
oxygen exposure time and concentration, and the timing of
injury. In particular, we exposed developing mouse lungs to
hyperoxia for 14 days after birth, in both the saccular and
alveolar stages, and our injury model might be more severe
than others.

The ultrastructural changes observed in the present
study might contribute to secondary PH in BPD. A possible
mechanism involving thick BABs and collapsed alveolar
capillaries posits that the former might cause impaired gas
exchange and worsen hypoxic or hypercapnia conditions.
Ahlfeld et al. [31] demonstrated that impairment of alveolar
capillary septal development caused by hyperoxia correlated
significantly with reduced functional gas exchange, as deter-
mined by carbon monoxide diffusing capacity in neonatal
mouse pups. Consequently, their report might support our
hypothesis that ultrastructural changes observed in thick
BABs correlate with an impaired gas exchange function.
The latter causes abnormal vasoreactivity in the pulmonary
microvasculature, finally leading to secondary PH, indicated
here by the increased RV/(LV + S) weight ratio and thickness
of small pulmonary arteries. On the contrary, collapsed alve-
olar capillaries have been also suggested to impair pulmo-
nary microcirculation by obstructing RBC movement, thus
leading to secondary PH. However, pulmonary capillaries in
the alveolar wall lack muscular components and offer little
resistance. Moreover, as capillary diameter is usually smaller
than that of RBCs and the RBCs passing through capillaries
are distorted, we should prove the obstructing RBC move-
ment by other methods. Therefore, further research will be
needed to confirm this hypothesis.

There are some limitations to our study. Because we
exposed developing mouse lungs to hyperoxia in both the sac-
cular and alveolar stages, our BPD model might have exhib-
ited more severe structural changes than other animal models
of BPD. Numerous reports have demonstrated that signaling
pathways such as the vascular endothelial growth factor and
transforming growth factor beta pathways play important
roles in vasculogenesis and alveologenesis in the developing
lung [4, 12, 13, 32]. The exact mechanisms responsible for
microvascular injury to BABs and ECs observed in this study
remain unknown. Therefore, further research on abnormal

microvasculature should focus on which signal transduction
pathways correlate with abnormal EC morphological changes
and on how disrupted BABs can be reorganized by modulat-
ing these signaling pathways. Our future direction of possi-
ble mechanistic targets might be TGF-f} signaling pathway.
Nakanishi et al. observed that TGF-f signaling was increased
in the hyperoxia-exposed mouse pup lung, and that modula-
tion of TGF-P signaling with a neutralizing antibody improved
alveolar and microvascular development in newborn mice
with hyperoxic lung injury [13]. Furthermore, Bachiller et al.
reported that TGF-f might also modulate pulmonary nitric
oxide signaling in the injured developing lung [33]. Although
our animal model is focusing on lung injuries in more chronic
phase than their reports, the strategy for modulation of TGF-
signaling even in later phase of lung injuries might be prom-
ising treatment for abnormal structural changes of ECs and
BAB:s.

Conclusion

Pulmonary capillaries in the injured newborn mouse lung
presented thick BABs consisting of ECs with abnormal mor-
phology, which persisted following subsequent exposure to
normal air replacement conditions. These ultrastructural
changes might cause abnormal pulmonary microcirculation
and finally lead to secondary PH in BPD. Future studies
should focus on novel strategies to modulate signaling path-
ways involved in EC stability.
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