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ABSTRACT

Background. Bronchopulmonary dysplasia, a complex chronic lung
disease in premature children in which oxidative stress and surfactant
deficiency play a crucial role, is characterized by arrested alveolar and
vascular development of the immature lung. The spatial and temporal
patterns of expression of surfactant proteins are not yet fully established in
newborn infants and animal models suffering from BPD.

Methods. We studied the mRNA expression of surfactant proteins (SP)
A, -B, -C and -D and Clara cell secretory protein (CC10) with RT-PCR and in
situ hybridization and protein expression of CC10, SP-A and -D with
immunohistochemistry in the lungs of a preterm rat model, in which
experimental BPD was induced by prolonged oxidative stress.

Results. Gene expression of all surfactant proteins (SP-A, -B, -C and -
D) was high at birth and initially declined during neonatal development, but
SP-A, -B, and -D mRNA levels increased during exposure to hyperoxia
compared to room-air controls. Peak levels were observed in adult lungs for
SP-A, SP-C and CC10. Except for SP-A, the cellular distribution of SP-B, -C,
-D and CC10, studied with in situ hybridization and/or
immunohistochemistry, did not change in room air nor in hyperoxia.
Exposure to normoxia was associated with high levels of SP-A mRNA and
protein in alveolar type 2 cells and low levels in bronchial Clara cells,
whereas hyperoxia induced high levels of SP-A expression in bronchial Clara
cells.

Conclusions. The increased expression of SP-A mRNA under hyperoxia
could be attributed, at least in part, to an induction of mRNA and protein
expression in bronchial Clara cells. The expanded role of Clara cells in the
defense against hyperoxic injury suggests that they support alveolar type 2
cell function and may play an important role in the supply of surfactant
proteins to the lower airways.
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Expression of surfactant proteins in neonatal hyperoxic lung injury

INTRODUCTION

Bronchopulmonary dysplasia (BPD) is a chronic lung disease that
continues to be a leading cause of mortality and morbidity in preterm infants
with respiratory distress syndrome (RDS) despite improved ventilation
support and surfactant therapy. BPD is defined clinically by the need for
extra oxygen at 36 weeks of gestation, and mainly affects infants born at
less than 30 weeks of gestation with a birth weight less than 1,200 g (3,
15). This multifactorial chronic lung disease is characterized by decreased
alveolarization and abnormal vascularization and associated with surfactant
deficiency, oxidative stress, barotrauma, inflammation, alveolar fibrin
deposition, nutrition, and genetic background (15, 16). The (im)balance
between initiating factors and host characteristics probably determines
whether BPD will occur in a preterm infant. In animal models, including
premature baboons, neonatal mice and rats, exposure to hyperoxia results in
chronic lung disease which closely resembles BPD in preterm infants (5, 7,
11, 26, 31, 32).

Surfactant deficiency and immaturity are pivotal risk factors for
developing RDS and, subsequently, BPD in preterm infants (6). Surfactant
therapy dramatically improves the pathophysiology of BPD in preterm infants
(18) and attenuates injury, induced by oxidative stress in rodents (9, 12, 19,
23). Various studies have reported the expression of surfactant proteins and
CC10 during normal development and under pathological conditions (8, 13,
14, 21, 22, 29, 33), but the temporal and spatial distribution patterns of the
mRNAs of SP-A, -B, -C and -D and CC10 during normal postnatal lung
development and in prolonged hyperoxia in the rat are not fully established.
In our laboratory we investigate the pathophysiology of bronchopulmonary
dysplasia (BPD) to develop new treatment modalities for this chronic lung
disease, using the hyperoxia-exposed preterm rat as a model for
experimental BPD (28, 31). In this study we quantified mRNA expression of
the surfactant protein genes and CC10 during normal rat lung development
and prolonged exposure to hyperoxia with RT-PCR and followed the temporal
and spatial distribution with in situ hybridization. We found that all
surfactant proteins show a high level of expression at birth and decline
during neonatal development in normoxia, whereas the expression of SP-A, -
B and -D, but not SP-C, increases in hyperoxia. CC10 expression was not
different under both experimental conditions. Peak levels were observed in
adult lungs for SP-A, SP-C and CC10. The increased expression of SP-A
mMRNA during exposure to hyperoxia could be attributed to an induction of
SP-A expression in bronchial epithelial Clara cells.
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MATERIALS AND METHODS

Animals. Timed-pregnant and 6 months old male Wistar rats were kept
in a 12 h dark-light cycle and fed a standard chow diet (Special Diet
Services, Witham, Essex, United Kingdom) ad libitum. Breeding pairs were
allowed access for one hour at the day female Wistar rats showed very
specific sexual behaviour: lordosis, hopping and air-flapping. After a
gestation of 21Y? days pregnant Wistar rats were killed by decapitation
(spontaneous birth occurs 22 days after conception) and pups delivered by
hysterectomy through a median abdominal incision to ensure that the delay
in birth between the first and the last pup is only 5 minutes. Immediately
after birth, pups were dried and stimulated. Pups of 2-3 litters, with a
maximum of 12 pups, were pooled and exposed to 100% oxygen in a
transparent 50x50x70 cm Plexiglas chamber for 10 days. In this way
influences of the birth process within and between litters can be avoided and
exposure to hyperoxia can be started within 30 minutes after birth. Pups
were fed by lactating fosters. To avoid oxygen toxicity of the foster mothers,
two groups of 5 pups exposed to room air were included and used to
generate data on room air-exposed controls. Foster mothers were rotated
daily between the 3 cages. The research protocol was approved by the
Institutional Animal Care and Use Committee of the Leiden University
Medical Center.

Tissue preparation. Pups were anesthesized with an intraperitoneal
injection of ketamine (50 mg/kg bodyweight, Ketanest-S™ Parke-
Davis/Pfizer, New York, NY, USA) and xylazine (50 mg/kg bodyweight,
Rompun™, Bayer AG, Leverkusen, Germany). To avoid post-mortem fibrin
deposition in the lungs, heparin (100 units, Leo Pharma, Breda, the
Netherlands) was injected intraperitoneally. After 5 min, pups were
exsanguinated by transection of the abdominal blood vessels. The thoracic
cavity was opened and the lungs were removed, snap-frozen in liquid
nitrogen and stored at -80°C until use for real time RT-PCR. For histology
studies and in situ hybridization, the trachea was cannulated (Bioflow 0.6
mm i.v. catheter, Vygon, Veenendaal, the Netherlands) and the lungs were
fixed in situ via the trachea cannula with buffered formaldehyde (4%
paraformaldehyde in phosphate buffered saline, pH 7.4) at 25 cm H;0
pressure for 3 min. Lungs were removed, fixed additionally in formaldehyde
for 24 h at 4°C, and embedded in paraffin after dehydration in a graded
alcohol series and xylene.

Real-time RT-PCR. Total RNA was isolated from Ilung tissue
homogenates using guanidium-phenol extraction (RNAzol™, Campro
Scientific, Veenendaal, the Netherlands). Briefly, after tissue homogenization
in RNAzol B, RNA was isolated using phenol-chloroform extraction and
isopropanol precipitation. The RNA sample was dissolved in RNase-free water
and quantified spectrophotometrically. The integrity of the RNA was studied
by gel electrophoresis on a 1% agarose gel, containing ethidium bromide.
Samples showing degradation of ribosomal RNA by visual inspection under
UV-light were discarded. First strand cDNA synthesis was performed with the
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SuperScript™ Choice System (Life Technologies, Breda, the Netherlands) by
mixing 2 pg total RNA with 1 pg Oligo(dT)12-18 primer in a total volume of
10 pl. After heating the mixture at 70°C for 10 min, a solution containing 50
mM Tris-HCI (pH 8.3), 75 mM KCl, 3 mM MgCl;, 10 mM DTT, 0.5 mM dNTPs,
0.5 pl RNase inhibitor, and 200 U Superscript Reverse Transcriptase was
added, resulting in a total volume of 20 ul. This mixture was incubated at
42°C for 1 h, total volume was adjusted to 100 pl with RNase-free water,
and stored at -80°C until further use. For real-time quantitative PCR 1 pl
first strand cDNA, diluted 1:10 in RNase-free water, was used in a total
volume of 25 pul, containing 12.5 ul 2x SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) and 200 ng of each primer. Primers,
designed with the Primer Express™ software package (Applied Biosystems,
Foster City CA, USA), are listed in Table 1. PCR reactions, consisting of 95°C
for 10 min (1 cycle), 94°C for 15 sec and 60°C for 1 min (40 cycles), were
performed on an ABI Prism 7700 Sequence Detection System (Applied
Biosystems, Foster City CA, USA). Data were analyzed with the ABI Prism
7700 Sequence Detection System version 1.9 software and quantified using
the comparative threshold cycle method with pB-actin as a housekeeping gene
reference (24). We studied at least 6 animals per experimental group.

Gene Product Primers

Forward primers
SP-A 5'-TACCAGAGCAGGAGGCAACA-3'
SP-B 5'-CCATCCCTCTGCCCTTCTG-3'
SP-C 5'-TCCCAGGAGCCAGTTITCG-3'
SP-D 5'-AAATCTTCAGGGCGGCAAA-3'
CC10 5'-TTACAACATCAGCCCACATCTACA-3'
B-actin 5'-TTCAACACCCCAGCCATGT-3'
Reverse primers
SP-A 5'-CAATACTTGCAATGGCCTCGTT-3'
SP-B 5'-CACCCTTGGGAATCACAGCTT-3'
SP-C 5'-CACGATGAGAAGGCGTTTGA-3'
SP-D 5'-GGCCTGCCTGCACATCTC-3'
CC10 5'-TGTGATGCCGATCTTCATGGT-3'
B-actin 5'- AGTGGTACGACCAGAGGCATACA-3'

Table 1. Sequences of oligonucleotides used as forward and reverse primers for real-time
RT-PCR.

In situ hybridization. Paraffin sections (7-um) from the left upper lobe
were cut and mounted onto SuperFrost plus coated slides (Menzel-Glazer,
Braunschweig, Germany). The in situ hybridization procedure was based on
the method described by Wilkinson (34). Sections were deparaffined,
digested with proteinase K (Roche, Almere, The Netherlands), postfixed in
4% paraformaldehyde, treated with 0.2 M HCI to block endogenous alkaline
phosphatase activity, acetylated with acetic anhydride dissolved in
triethanolamine and hybridized with digoxygenine-labeled probe in
hybridization buffer overnight at 55 °C. cRNA probe concentrations were 20
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ng/section for CC10, SP-B and SP-C, 30 ng/section for SP-A, and 40
ng/section for SP-D. The hybridization buffer contained 9/10 (volume)
hybridization mixture: 50% formamide, 2xSSC, 1x Denhardt’s solution and
10% dextran sulphate and 1/10 (volume) probe solution: 0.1-1 ng/pl cRNA
probe and 1 pg/pl yeast RNA in distilled water. After hybridization, high
stringency washing was performed in 50% formamide/2x SSC at 55 °C.
Sections were treated with RNase A, rinsed in 2x SSC, blocked with lamb
serum (Invitrogen, Paisley, England) and incubated with anti-digoxygenine-
alkaline phosphatase conjugated Fab fragments (Roche, Almere, The
Netherlands) for 2 hours. Sections were washed extensively with Tris-
buffered saline (100 mM Tris, 150 mM NaCl, pH 7.5) and incubated with
NBT/BCIP solution (Roche, Almere, The Netherlands), dissolved in 6%
polyvinyl alcohol, overnight in the dark. The staining reaction was
terminated with TE-buffer (10 mM Tris/HClI, 1 mM EDTA, pH 8.0).
Subsequently, sections were counterstained with nuclear fast red,
dehydrated with an ethanol series, and mounted in Euparal. As a negative
control RNase pretreated sections were used prior to hybridization, which did
not give any staining at all. We studied a minimum of four animals per time-
point.

Digoxygenine-labeled anti-sense cRNA probes to rat SP-A, SP-B, SP-C,
SP-D and CC10 were made by in vitro transcription using pBluescript (SP-A),
pGEM 4z (SP-D) and pCR4-TOPO (SP-B, SP-C and CC10) as vectors,
containing a 662 bp rat SP-A cDNA fragment (17), a 998 bp SP-B fragment,
a 521 bp SP-C fragment, a full length SP-D fragment (27) and a 416 bp
CC10 fragment. Primers used to generate PCR fragments for SP-B, SP-C and
CC10 from a first strand cDNA rat lung (10 days after birth) sample (see
real-time RT-PCR section) were designed with primer3 software and are
listed in Table 2. PCR reactions, consisting of 95°C for 5 min (1 cycle), 95°C
for 1 min, 60°C for 1 min and 72 °C for 1 min (40 cycles) and 72°C for 30
min were performed in the presence of Amplitaq gold (Invitrogen, Paisley,
England) on a Perkin Elmer GeneAmp PCR system 9600 (Perkin Elmer,
Boston, MA, USA). PCR fragments were subsequently cloned into pCR4-TOPO
vector exactly as described by the manufacturer (Invitrogen, Breda, The
Netherlands) and checked by restriction fragment analysis and sequencing.

Gene Product Primers

Forward primers
SP-B 5'-GCCATGGCCAAGTTACATCT-3'
SP-C 5'-TACTCGACAGGTCCCAGGAG-3'
CC10 5'-CAACATCAGCCCACATCTACA-3!
Reverse primers
SP-B 5'-TGCTCACACTTTTGCCTGTC-3'
SP-C 5'-AGCTCTCCACACAAGGTGCT-3'
CC10 5'-TTGGTGTAGGGAGGTCAAGG-3'

Table 2. Sequences of oligonucleotides used as forward and reverse primers for PCR.
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Immunohistochemistry. Parrafin sections (5 ym) from the left upper
lobe were cut and mounted onto SuperFrost plus coated slides (Menzel-
Glazer, Braunschweig, Germany). After deparaffinization sections were
incubated with 0,3% H,0, in methanol to block endogenous peroxidase
activity. After a degraded alcohol series, sections were pretreated for antigen
retrieval prior to antibody incubation. For the dectection of CC10 and SP-A
sections were boiled in 0.01 M sodium citrate (pH 6.0) for 10 min. For the
detection of SP-D sections were digested with proteinase K, 20 mg/ml in a
buffer containing 100 mM Tris/HCI, 50 mM EDTA, pH 8.0 for 30 minutes.
Hereafter sections were incubated overnight with rabbit anti-rat CC10
(C5828-03, United States Biological, Swampscott, MA), rabbit anti-rat SP-A
and mouse anti-rat SP-D (HM3022, Hycult Biotechnology, Uden, The
Netherlands) and stained with EnVision-HRP (Dako, Glostrup, Denmark),
using NovaRed (Vector, Burlingame, CA, USA) as chromogenic substrate.
Sections were counterstained briefly with hematoxylin. SP-B and SP-C
protein expression could not be evaluated due to a limited supply of anti-rat
SP-B and high background activity in incubations with anti-rat SP-D.

Statistical analysis. Values are expressed as mean = SEM. Differences
between groups were analyzed with the Student’s t-test. P-values < 0.05
were considered statistically significant.

RESULTS

RT-PCR

mMRNA expression of SP-A, SP-B, SP-C, SP-D and CC10 was studied in
lungs of hyperoxia-exposed pups on neonatal days 3, 6 and 10, and age-
matched controls on days 1, 3, 6 and 10, and at 6 months of age with
normal pulmonary development (Figure 1). To exclude the effects of birth on
gene expression, mMRNA expression on neonatal day 3 in room air exposed
controls was used as a reference value. The collectins SP-A (Figure 1A) and
SP-D (Figure 1D) showed similar expression patterns during normal neonatal
lung development and in hyperoxia. Highest expression in control lungs was
observed at birth and decreased gradually thereafter. SP-A decreased 2.1-
fold (p = 0.0001) and 1.5-fold (p = 0.0169) on days 6 and 10, respectively,
and SP-D decreased 1.9-fold (p < 0.0001) on day 10, compared to
expression at birth. During exposure to hyperoxia, SP-A and SP-D
expression on day 3 decreased 1.9-fold (p = 0.0038) and 1.25-fold (p =
0.0174), respectively, compared to age-matched controls. Thereafter,
expression of SP-A and SP-D gradually increased in hyperoxia, resulting in
an 1.8-fold (p = 0.0066) and a 2.3-fold (p = 0.0001) increase on day 10 for
SP-A and SP-D, respectively, compared to age-matched controls, indicating
that the magnitude of the effect of hyperoxia on gene expression is related
with the duration of oxygen exposure.
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Figure 1. Relative mRNA expression, determined with RT-PCR, of surfactant proteins A (A),
-B (B), -C (C) and -D (D) and Clara cell secretory protein CC10 (E) in oxygen-exposed
(black bars) and control pups (white bars) in neonatal lungs on days 1, 3, 6, and 10. In F
adult mRNA expression is depicted by black bars and neonatal expression in room air-
exposed controls on day 3 by white bars. Data are expressed as mean + SEM of 9 (day 1)
or 6 (days 3, 6 and 10, and 6 months) rats. *p < 0.05; **p < 0.01; ***p < 0.001 vs. age-
matched controls (A-E) or vs. day 3 room air (F). Ap < 0.05; AAp < 0.01; AAAp < 0.001 vs.

day 1.

The hydrophobic surfactant proteins SP-B (Figure 1B) and SP-C (Figure
1C) showed a similar expression pattern during normal neonatal
development. Expression was highest at birth and decreased thereafter with
a 2.0-fold (p < 0.0001) decrease for SP-B and an 1.4-fold decrease (p =
0.0104) for SP-C on day 10. In hyperoxia, SP-B showed an 1.4-fold (p =
0.0009) increase in expression on day 10, compared to age-matched
controls. Expression of SP-C did not change in hyperoxia. Expression of
CC10 mRNA did not change during normal neonatal lung development and in
hyperoxia (Figure 1E).

In adult lung mRNA expression of SP-A, SP-C, SP-D and CC10 was
increased 6.4-fold (p < 0.0001), 2.0-fold (p = 0.0007), 1.3-fold (p =
0.0446) and 2.4-fold (p < 0.0001), respectively, compared with mRNA
expression on day 3 in room air (Figure 1F).
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In situ hybridization and immunohistochemistry

To investigate whether differential mRNA expression of SP-A, -B, -C, -
D and CC10 could be attributed to changes in gene expression at the cellular
level we studied the spatial and temporal expression of these genes during
normal neonatal lung development until adulthood and in experimental BPD
at the mRNA level with in situ hybridization (SP-A, -B, -C, -D and CC10) and
at the protein level with immunohistochemistry (SP-A, -D and CC10).
Expression was studied in the lung during the first two weeks after birth, in
which the transition from the saccular to the alveolar developmental stage
takes place, in hyperoxia-exposed pups on neonatal days 1, 3, 6 and 10, in
age-matched room-air exposed controls, including day 14, and in adult rat
lungs. As a positive control for Clara cells we studied the expression of CC10
mRNA (Figure 2) and protein (Figure 3) and used this as a reference for
surfactant protein expression in bronchial epithelial Clara cells. From birth
(Figure 2A) onward CC10 mRNA was predominantly, but not exclusively,
expressed at high levels in the bronchial epithelium in non-ciliated cuboidal
cells, consistent with the morphological definition of Clara cells (25), but also
at a low level in alveolar type 2 cells. This pattern of mRNA expression did
not change during postnatal development on days 3, 6 (Figure 2C) and 10
(Figure 2E) until adulthood (Figure 2B) and after exposure to hyperoxia on
days 3, 6 (Figure 2D) and 10 (Figure 2F).
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Figure 2. mRNA expression of Clara cell secretory protein, determined with in situ
hybridization on formaldehyde fixed paraffin sections of rat lungs during normal postnatal
development at birth (A), day 6 (C), day 10 (E) and 6 months (B) and after exposure to
hyperoxia on day 6 (D) and 10 (F) at a 200-fold magnification. br, bronchus; bv, blood
vessel; s, saccule; tb, terminal bronchus.
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In contrast to its mRNA CC10 protein (Figure 3) was absent in alveolar
type 2 cells and was exclusively expressed in bronchial epithelial Clara cells
from birth onward (Figure 3A). This pattern of protein expression did not
change during postnatal development on days 3, 6 (Figure 3C) and 10
(Figure 3E) until adulthood (Figure 3B) and after exposure to hyperoxia on
days 3, 6 (Figure 3D) and 10 (Figure 3F).

Figure 3. Immunohistochemical staining of Clara cell secretory protein on formaldehyde
fixed paraffin sections of rat lungs during normal postnatal development at birth (A), day 6
(C), day 10 (E) and 6 months (B) and and after exposure to hyperoxia on day 6 (D) and 10
(F) at a 200-fold magnifiaction. a, alveolus; br, bronchus; bv, blood vessel; s, saccule; tb,
terminal bronchus.

SP-A mRNA was expressed from birth (Figure 4A) until day 10 (Figure
4G) in alveolar type 2 cells and in the epithelial lining of terminal bronchi and
the alveolar duct, but was absent in the epithelium of more upstream
localized bronchi. A relatively low level of SP-A expression was observed in
bronchial epithelial cells at two weeks after birth and in adult lungs (Figure
4B). Hyperoxia resulted in an induction of SP-A expression in the bronchial
epithelium in Clara cells from day 6 onward (Figure 4F), resulting in a high
level of expression in alveolar type 2 cells and, in contrast to age-matched
controls, in the epithelial lining of the bronchi (Clara cells) on day 10 (Figure
4H). SP-A protein expression at birth was low.
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Figure 4. mRNA expression of surfactant protein A, determined with in situ hybridization on
formaldehyde fixed paraffin sections of rat lungs during normal postnatal development at
birth (A), day 3 (C), day 6 (E) day 10 (G) and 6 months (B) and after exposure to hyperoxia
on day 3 (D), 6 (F) and 10 (H) at a 200-fold magnification. ad, alveolar duct; br, bronchus;
bv, blood vessel; s, saccule; tb, terminal bronchus.

Similar to its mRNA SP-A protein (Figure 5) was expressed from day 3
(Figure 5A) until day 10 (Figure 5E) in alveolar type 2 cells and in epithelial
cells of the alveolar duct and terminal bronchi. Hereafter SP-A protein was
expressed in alveolar type 2 cells and in bronchial epithelial Clara cells (not
shown). At day 3 SP-A expression was similar in hyperoxia-exposed lungs
(Figure 5B) and in age-matched controls (Figure 5A). From day 6 (Figure
5D) onward hyperoxia also resulted in an induction of SP-A expression in the
bronchial epithelium in Clara cells, resulting in a high level of expression in
alveolar type 2 cells and, in contrast to age-matched controls, in the
epithelial lining of the bronchi (Clara cells) on day 10 (Figure 5D and 5F).
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Figure 5. Immunohistochemical staining of surfactant protein A on formaldehyde fixed
paraffin sections of rat lungs during normal postnatal development on day 3 (A), day 6 (C),
day 10 (E) and and after exposure to hyperoxia on day 3 (B), 6 (D) and 10 (F) at a 200-fold
magnifiaction. a, alveolus; br, bronchus; bv, blood vessel; s, saccule; tb, terminal bronchus.

At birth a high level of expression of SP-B was observed in alveolar
type 2 cells and in the bronchial epithelium in Clara cells (Figure 6A).
Hereafter, SP-B expression did not change significantly during normal
neonatal development on days 6 (Figure 6C) and 10 (Figure 6E) until
adulthood (Figure 6B) and after exposure to 100% oxygen on days 6 (Figure
6D) and 10 (Figure 6F).
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Figure 6. mRNA expression of surfactant protein B, determined with in situ hybridization on
formaldehyde fixed paraffin sections of rat lungs during normal postnatal development at
birth (A), day 6 (C), day 10 (E) and 6 months (B) and after exposure to hyperoxia on day 6
(D) and 10 (F) at a 200-fold magnification. br, bronchus; bv, blood vessel; s, saccule; tb,
terminal bronchus.

From birth onward SP-C (Figure 7A) was exclusively present in the
alveolar epithelium, including the alveolar duct and alveolar type 2 cells, but
was absent in the bronchial epithelium on days 6 (Figure 7C) and 10 (Figure
7E) until adulthood (Figure 7B). The SP-C expression pattern did not change
during exposure to hyperoxia for 6 days (Figure 7D) and 10 days (Figure
7F).
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Figure 7. mRNA expression of surfactant protein C, determined with in situ hybridization on
formaldehyde fixed paraffin sections of rat lungs during normal postnatal development at
birth (A), day 6 (C), 10 (E) and 6 months (B) and after exposure to hyperoxia on day 6 (D)
and 10 (F) at a 200-fold magnification. br, bronchus; bv, blood vessel; s, saccule; tb,
terminal bronchus.

Expression of SP-D mRNA was almost complementary to that of the
other collectins SP-A and CC10, showing a high level of expression in
bronchial Clara cells and a very low level of expression in alveolar type 2
cells after birth (Figure 8A) until day 14 (Figure 8B). This pattern of mRNA
expression in the lung did not change after exposure to 100% oxygen (day
10, Figure 8F). In adult lungs SP-D mRNA expression was below the
detection level (not shown).
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Figure 8. mRNA expression of surfactant protein D, determined with in situ hybridization on
formaldehyde fixed paraffin sections of rat lungs during normal postnatal development at
birth (A), day 6 (C), 10 (E) and 14 (B) and after exposure to hyperoxia on day 6 (D) and 10
(F) at a 200-fold magnification. br, bronchus; bv, blood vessel; s, saccule; tb, terminal
bronchus.

At birth SP-D protein expression was relatively low and observed in
alveolar type 2 cells and in the bronchial Clara cells, showing highest
expression in alveolar type 2 cells (Figure 9A). Hereafter, SP-D protein
expression was similar as its mRNA expression, showing a high level of
expression in bronchial epithelial Clara cells and to a lesser extent in alveolar
type 2 cells. This pattern did not change during normal post-natal
development until adulthood and after hyperoxia. However, hyperoxia
reduced the overall expression of SP-D, resulting in a very low expression on
day 10 in both alveolar type 2 cells and in bronchial epithelial cells (Figure
oF).

83



Chapter 3

br BRI X TA AL R
1 4 B He i} 3y gl : 8 |
OBt B . .
. S P i
..I., ;" <f F h;:\
- I3 o hp ) -
- L . « ¥
4 v "‘ Sty
% - r.-, o ' «d b\‘
. '.. .- |- o r:‘! Yy L A S LY
L o § = W ¢ 1A
< Ef AN A - sy X4
o, O IR ey
i .-""“"""\ﬁ
| 7 br
. v
" i
4 e -,
‘ G-V
b 5 o i
3 . [
fa x s
4 4 A,
STy o L E
! = 1
= N Vil
ol < by
b i | brg=
I ' 2 Y
ek _ i A

Figure 9. Immunohistochemical staining of surfactant protein D on formaldehyde fixed
paraffin sections of rat lungs during normal postnatal development at birth (A), day 6 (C),
day 10 (E) and 6 months (B) and after exposure to hyperoxia on day 6 (D) and 10 (F) at a
200-fold magnifiaction. bv, blood vessel; s, saccule; tb, terminal bronchus.

DISCUSSION

Using a preterm rat model we quantified mRNA expression and
investigated the temporal and spatial expression of surfactant proteins (SP)
A, B, C and D, and Clara cell secretory protein (CC10) at the mRNA level of
SP-A, -D and CC10 at the protein level during normal neonatal pulmonary
development and in experimental BPD induced by oxidative stress. mRNA
levels of all surfactant proteins were high at birth and increased after
prolonged exposure to hyperoxia, compared to age-matched controls. Peak
levels were observed in adult lungs for SP-A and SP-C. Expression of CC10
mRNA did not change during normal neonatal lung development and
exposure to hyperoxia, but peaked in adult lung. An upregulation of
surfactant protein expression at the mRNA level after prolonged hyperoxia in
premature rat pups confirms the results obtained for SP-A, -B, -C and/or -D
in neonatal rabbits (8, 13), neonatal rats (33), adult rabbits (14, 30) and
adult rats (21, 22). Our data confirm the observation by White and co-
workers (33) that hyperoxia increases the tissue expression of surfactant
protein mRNAs in newborn rats. However, earlier (at premature birth, at
least 12 hours ahead of the normal birthing period by caesarean section,

84



Expression of surfactant proteins in neonatal hyperoxic lung injury

versus 48 hours of age) and longer (up to 10 days instead of 8 days)
exposure to hyperoxia in this study provides new details on the spatial
location of the increase in cellular expression of SP-A and SP-D. During
hyperoxia, SP-A expression mainly increases in Clara cells, whereas the
location of SP-D expression does not change. The initial decrease in mRNA
expression of the collectins after 3 days of exposure to hyperoxia, compared
to room-air exposed controls, supports the findings in adult rats, in which a
temporarely decrease in expression of SP-A, -B and -C was observed after
12 hours of exposure to 95% oxygen (1). The cellular expression patterns of
SP-A and SP-D mRNA during neonatal development and after exposure to
hyperoxia were confirmed at the protein level, suggesting regulation of gene
expression at a transciptional level. High mRNA expression of CC10 in Clara
cells was also confirmed at the protein level, but the relatively low staining
of its mMRNA in alveolar type 2 cells could not be established at the protein
level, suggesting that our immunohistochemical staining procedure of CC10
is below the detecion level in these cells.

The remarkable upregulation of SP-A and SP-D in preterm rats
exposed to hyperoxia matches the findings in ventilated preterm baboons
(2) and lambs (35). In baboons of 140 days of gestation and ventilated with
100% oxygen for 10 days, the tissue concentration of SP-A was five and of
SP-D sixteen times greater than in normal adults, but this was not
associated with an increased total collectin pool in the lavage, suggesting
regulation at the translational level and inhibition of secretion (2). In
preterm lambs, postnatal changes in surfactant protein gene expression as a
result of hyperoxia are dependent on gestational age (35). Exposure to
hyperoxia had no effect on SP-A, B, and C mRNA levels in lambs at 120 days
of gestation, but increased SP-A and B mRNA, but not SP-C mRNA, levels in
more mature preterm lambs (35), not unlike the findings in this study.

Although, the collectins SP-A and -D show a similar gene expression
profile in whole lungs during normal neonatal development and exposure to
hyperoxia, the cellular expression pattern of both collectins is almost
complementary during the first 10 days after birth: SP-A mRNA is present at
high levels in alveolar type 2 cells and in epithelial cells of terminal bronchi,
whereas SP-D is expressed at high levels in bronchial epithelial Clara cells
and at low levels in alveolar type 2 cells. The increased expression of SP-A
during prolonged hyperoxia was, at least in part, ascribed to an induction of
SP-A mRNA and protein in the bronchial epithelium, whereas the expression
pattern of SP-D did not change significantly after prolonged exposure to
100% oxygen. A similar induction of SP-A mRNA expression in bronchial
epithelial cells after exposure to hyperoxia has been reported in adult rabbits
(14, 30) and in terminal bronchi in newborn rabbits (8), whereas increased
SP-A expression after hyperoxia was attributed to increased expression in
alveolar type 2 cells in newborn (33) and adult rats (22). These data
strongly indicate that both alveolar type 2 cells and bronchial Clara cells are
involved in increased synthesis and secretion of SP-A after oxygen-induced
lung injury.

Data on surfactant protein gene expression in preterm infants
ventilated for RDS are not available, although various studies have
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measured surfactant protein content in bronchoalveolar lavage material.
Beresford and Shaw (4) measured surfactant protein concentrations in
bronchoalveolar lavage by ELISA in a cohort of 50 preterm infants. SP-A, B,
and D concentrations rose significantly during the first postnatal week and
lower broncholaveolar lavage SP-B and SP-D, but not SP-A, concentrations
were associated with worse clinical prognosis. In a prospective study Merrill
et al. (20) analyzed tracheal aspirate samples from 68 infants of 23-30
weeks of gestation who remained intubated for 7-84 days. Most preterm
infants requiring continued ventilatory support after 7 days of age
experienced a deficiency of SP-B and SP-C. Hallman et al. (10) reported that
infants weighing <1,000 g had a strikingly lower SP-A/saturated
phosphatidylcholine ratio during the first week of life if they were going to
die or develop bronchopulmonary dysplasia. These studies suggest that
development of bronchopulmonary dysplasia in preterm infants is associated
with reduced concentrations of surfactant proteins in bronchoalveolar
lavages. This may not be unlike the situation in ventilated preterm baboons,
in whom upregulation of surfactant protein gene expression does not
increase the surfactant protein pool in the airways due to regulation at the
translational level and/or inhibition of secretion (2). We did not measure
surfactant proteins in lung lavages of the hyperoxia exposed preterm rats,
but would expect their concentrations to fall in line with the above described
reports.

Early hyperoxia exposure in preterm rats rapidly increases the
expression of surfactant proteins in the lung, whereby SP-A expression is
expanded in Clara cells while SP-D expression does not shift from its initial
production sites. The expanded role of Clara cells in the defense against
hyperoxic injury suggests that they support alveolar type 2 cell function and
may play an important role in the supply of surfactant proteins to the lower
airways.
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CONCLUSIONS

e mMRNA levels of all surfactant proteins were high at birth and increased
after prolonged exposure to hyperoxia, compared to age-matched
controls.

e SP-A and SP-C mRNA levels peaked in adult lungs.

e Expression of CC10 mRNA did not change during normal neonatal lung
development and exposure to hyperoxia, but peaked in adult lung.

e Similar changes in the cellular expression patterns of CC10, SP-A and
SP-D at the mMRNA and protein level during normal neonatal
development and after exposure to hyperoxia suggests regulation of
gene expression at a transcriptional level.

e The cellular expression pattern of both collectins SP-A and SP-D is
almost complementary during the first 10 days after birth, despite a
similar gene expression profile in whole lungs.

e The increased expression of SP-A under hyperoxia could be attributed,
at least in part, to an induction of expression in bronchial Clara cells.

e The expanded role of Clara cells in the defense against hyperoxic
injury suggests that they support alveolar type 2 cell function and may
play an important role in the supply of surfactant proteins to the lower
airways.

ACKNOWLEDGMENTS

We thank Jo Rae Wright for providing SP-A antibodies and Coos
Batenburg for providing cDNA fragments of rat SP-A and -D. Simone van
Wijngaarden and Kimberly Nieuwland provided excellent techinical
assistance. This study was supported by grant # 920-03-213 from the
Netherlands Organization for Scientific Research (N.W.0.) (S.A.]. ter Horst)
and a grant from the Stichting Prof. A.A.H. Kassenaar Fonds (G.T.M.
Wagenaar and F.]J. Walther), and Grant HL-55534 from the National
Institutes of Health (F.]J. Walther).

87



Chapter 3

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

88

Allfred TF, Mercer RR, Thomas RF, Deng H and Auten RL. Brief 95% 02 exposure
effects on surfactant protein and mRNA in rat alveolar and bronchiolar epithelium. Am
J Physiol 276: L999-L1009, 1999.

Awasthi S, Coalson JJ, Crouch E, Yang F and King RJ. Surfactant proteins A and D
in premature baboons with chronic lung injury (Bronchopulmonary dysplasia).
Evidence for an inhibition of secretion. Am J Crit Care Med 160: 942-949, 1999.
Bancalari E and Gonzalez A. Clinical course and lung function abnormalities during
development of neonatal chronic lung disease. In chronic lung disease in early infancy.
Edited by: Bland RD, Coalson JJ. New York: Marcel Dekker, 2000.

Beresford MW and Shaw NJ. Bronchoalveolar lavage surfactant protein A, B, and D
concentrations in preterm infants ventilated for respiratory distress syndrome receiving
natural and synthetic surfactants. Pediatr Res 53: 663-670, 2003.

Chen Y, Martinez MA and Frank L. Prenatal dexamethasone administration to
premature rats exposed to air or 60% oxygen. J Pediatr 130: 409-416, 1997.

Clark C and Clark LS. The genetics of neonatal respiratory disease. Semin Fetal
Neonatal Med 10: 271-282, 2005.

Coalson JJ. Experimental models of bronchopulmonary dysplasia. Biol Neonate 71:
35-38, 1997.

D’Angio CT, Finkelstein JN, Lomonaco MB, Paxhia A, Wright SA, Baggs RB,
Notter RH and Ryan RM. Changes in surfactant protein gene expression in a
neonatal rabbit model of hyperoxia-induced fibrosis. Am J Physiol 272: L720-L730,
1997.

Engstrom PC, Holm BA and Matalon S. Surfactant replacement attenuates the
increase in alveolar permeability in hyperoxia. J App Physiol 67: 688-693, 1989.
Hallman M, Merritt TA, Akino T and Bry K. Surfactant protein A,
phosphatidylcholine, and surfactant inhibitors in epithelial lining fluid: Correlation with
surface activity, severity of respiratory distress syndrome, and outcome in small
premature infants. Am Rev Respir Dis 144: 1376-1384, 1991.

Han RNN, Buch S, Tseu I, Youngh J, Christie NA, Frndova H, Lye SJ, Post M
and Tanswell AK. Changes in structure, mechanics and insulin-like growth factor-
related gene expression in the lungs of newborn rats exposed to air or 60% oxygen.
Pediatr Res 39: 921-929, 1996.

Holm BA, Notter RH, Siegle J and Matalon S. Pulmonary physiological and
surfactant changes during injury and recovery from hyperoxia. J Appl Physiol 62: 756-
761, 1987.

Horowitz S, Shapiro DL, Finkelstein JN, Notter RH, Johnston CJ and Quible DJ.
Changes in gene expression in hyperoxia-induced neonatal lung injury. Am J Physiol
258: L107-L111, 1990.

Horowitz S, Watkins RH, Auten RL Jr, Mercier CE and Cheng ERY. Differential
accumulation of surfactant protein A, B, and C mRNAs in two epithelial cell types of
hyperoxic lung. Am J Respir Cell Moll Biol 5: 511-515, 1991.

Jobe AH. The new BPD: an arrest of lung development. Pediatr Res 46: 641-643,
1999.

Jobe AH and Bancalari E. Bronchopulmonary Dysplasia. Am J Respir Crit Care Med
163: 1723-1792, 2001.

Lacaze-Masmonteil T, Franslon C, Bourbon J, Raymondjean M and Kahn A.
Characterization of the rat surfactant protein A promoter. Eur J Biochem 206: 613-
623, 1992.

Lemons JA, Bauer CR, Oh W, Korones SB, Papile LA, Stoll BJ, Verter J,
Temprosa M, Wright LL, Ehrenkranz RA, Fanaroff AA, Stark A, Carlo W, Tyson
JE, Donovan EF, Shankaran S and Stevenson DK. Very low birth weight outcomes
of the National Institute of Child health and human development neonatal research
network, January 1995 through December 1996. NICHD Neonatal Research Network.
Pediatrics 107: E1, 2001.



Expression of surfactant proteins in neonatal hyperoxic lung injury

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Matalon s, Holm BA and Notter RH. Mitigation of pulmonary hyperoxic injury by
administration of exogenous surfactant. J Appl Physiol 62: 756-761, 1987.

Merrill JD, Ballard RA, Cnaan A, Hibbs AM, Godinez RI, Godinez MH, Truog WE
and Ballard PL. Dysfunction of pulmonary surfactant in chronically ventilated
premature infants. Pediatr Res 56: 918-926, 2004.

Nogee LM, Wispe JR, Clark JC, Weaver TE and Whitsett JA. Increased expression
of pulmonary surfactant clearance in vivo. Am J Respir Cell Mol Biol 4: 102-107, 1991.
Nogee LM, Wispe JR, Clark JC and Whitsett JA. Increased synthesis and mRNA
expression of surfactant protein A in oxygen-exposed rats. Am J Respir Cell Mol Biol 1:
119-125, 1989.

Novotny WE, Hudak BB, Matalon S and Holm BA. Hyperoxic lung injury reduces
exogenous surfactant clearance in vivo. Am J Respir Crit Care Med 151: 1843-1847,
1995.

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR.
Nucleic Acids Res 29: E45-E45, 2001.

Plopper CG. Lung growth and development. Edited by:McDonald JA. New York: Marcel
Dekker 181-202, 1997.

Roberts RJ, Weesner KM and Bucher JR. Oxygen-induced alterations in lung
vascular development in the newborn rat. Pediatr Res 17: 368-375, 1983.

Shimizu H, Fischer JH, Papst P, Benson B, Lau K, Mason RJ and Voelker DR.
Primary structure of rat pulmonary surfactant protein D: cDNA and deduced amino
acid sequence. J Biol Chem 267: 1853-1857, 1992.

ter Horst SAJ, Wagenaar GTM, de Boer E, van Gastelen MA, Meijers JCM,
Biemond BJ, Poorthuis BJHM and Walther FJ. Pentoxifylline reduces fibrin
deposition and prolongs survival in neonatal hyperoxic lung injury. J Appl Physiol 97:
2014-2019, 2004.

van Tuyl M, Blommaart PE, de Boer PAJ, Wert SE, Ruijter JM, Islam S,
Schnitzer J, Ellison AR, Tibboel D, Moorman AFM and Lamers WH. Prenatal
exposure to thyroid hormone of murine hearts and lungs. Dev Biol 272: 104-117,
2004.

Veness-Meehan KA, Cheng ERY, Mercier CE, Blixt SL, Johnston CJ, Watkins RH
and Horowitz S. Cell-specific alterations in expression of hyperoxia-induced mRNAs
of lung. Am J Cell Moll Biol 5: 516-521, 1991.

Wagenaar GTM, ter Horst SAJ, van Gastelen MA, Leijser LM, Mauad T, van der
Velden PA, de Heer E, Hiemstra PS, Poorthuis BJHM and Walther FJ. Gene
expression profile and histopathology of experimental bronchopulmonary dysplasia
induced by prolonged oxidative stress. Free Radic Biol Med 36: 782-801, 2004.
Warner BB, Stuart LA, Papes RA and Wispé JR. Functional and pathological effects
of prolonged hyperoxia in neonatal mice. Am J Physiol 275: L110-L117, 1998.

White CW, Greene KE, Allen CB and Shannon JM. Elevated expression of
surfactant proteins in newborn rats during adaptation to hyperoxia. Am J Respir Cell
Mol Biol 25: 51-59, 2001.

Wilkinson DG. In situ hybridization. A practical approach. Edited by: Rickwood D,
Hames BD, Oxford:IRL Press at Oxford university press, 1992.

Woods E, Ohashi T, Polk D, lkegami M, Ueda T and Jobe AH. Surfactant
treatment and ventilation effects on surfactant SP-A, SP-B, and SP-C mRNA levels in
preterm lamb lungs. Am J Physiol 269: L209-L214, 1995.

89



	Chapter
	3
	Spatial and temporal expression of surfactant proteins in hy
	BMC Pulm Med 6:8, 2006
	ABSTRACT
	MATERIALS AND METHODS
	Immunohistochemistry. Parrafin sections (5 µm) from the left


