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Abstract

Background/Purpose: Babies born with congenital diaphragmatic hernia (CDH) are high-risk patients. The mortality
of patients with CDH remains high, essentially due to severe pulmonary hypoplasia and pulmonary hypertension. In
addition, a surfactant deficiency is considered to contribute to the pathophysiology of CDH. The aim of the present study
is to compare the expression of surfactant protein A (SP-A) in hypoplastic lungs of fetal rats with CDH induced by Nitrofen
with that in normal lungs. using an immunohistochemical method.

Methods: Pulmonary hypoplasia associated with CDH was induced in fetal Sprague Dawley (SD) rats by administering
Nitrofen (100 mg/kg in 1 ml olive oil) to pregnant adult rats on day 9 of gestation. As a control, 1 ml of olive oil without
Nitrofen was administered to other pregnant SD rats. Immunohistochemical examination of the fetal lungs was performed
using anti-SP-A monoclonal antibody.

Results: Nitrofen-exposed fetuses showed significantly lower body weights and lung weights than control fetuses. The
lungs of the fetuses with Nitrofen-induced CDH had severely collapsed alveoli as well as bleeding in the alveoli. The
expression of surfactant in the alveoli in the fetuses with CDH was significantly different from that in the controls.
Conclusions: The hypoplastic lungs in rats with Nitrofen-induced CDH showed a reduced level of SP-A. This suggests

that prophylactic administration of surfactant at birth might be beneficial in human cases of CDH.
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Introduction

Neonates with congenital diaphragmatic hernia
(CDH) exhibit a high mortality rate despite intensive
medical and surgical management including extracorpo-
real membrane oxygenation and high-frequency oscilla-
tory ventilation. Congenital diaphragmatic hernia is
characterized by a diaphragmatic defect, pulmonary
hypoplasia, and pulmonary hypertension. Pulmonary
hypoplasia and persistent pulmonary hypertension are
considered to be the principal causes of high mortality
and morbidity in infants with CDH. The associated
pulmonary hypoplasia is accompanied by an underlying
biochemical deficiency that bears similarities to
respiratory distress syndrome (RDS) in premature
newborns. Alveolar type II cells produce and secrete a
complex mixture of lipids and proteins called pulmonary

surfactant, which functions to keep the alveoli from
collapsing at the end of expiration. Surfactant protein A
(SP-A) is a major protein component of surfactant.

Wigglesworth et al. have reported that by histologi-
cal, morphological, and quantitative biochemical criteria,
fetuses and newborns with CDH show many similarities
to the premature, surfactant-deficient newborn with
RDS". Exogenous surfactant is frequently used as a
supplement in RDS therapy, with high efficacy. Glick et
al. described three high-risk newborns with prenatally
diagnosed CDH who were successfully treated with
exogenous surfactant therapy shortly after birth”.

The embryotoxicity of Nitrofen in rats and mice is
well known” and many investigators have used the
Nitrofen-induced CDH model to study the pathogenicity
of CDH*?.

The aim of this study is to compare the expression of
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surfactant in the hypoplastic lungs of fetal rats with CDH
to that in normal lungs using an immunohistochemical
method. For this purpose, a rat model of pulmonary
hypoplasia in association with Nitrofen-induced CDH was
studied.

Materials and methods

Rat model

Adult Sprague-Dawley (SD) rats were bred in our
laboratory after controlled overnight matings. Pregnancy
was verified by positive smears and the day of verification
was designated day 0. Water and food were supplied ad
libitum. These rats were divided into two groups: a
Nitrofen-exposed group and a control group. The control
group received 1 ml of olive oil intragastrically on day 9
of gestation, while the Nitrofen-exposed group received
100 mg per kg bodyweight of Nitrofen (2, 4
dichlorophenyl-p-nitrophenyl ether; WAKO Chemical,
Osaka, Japan) diluted in 1 ml of pure olive oil on the
same day and by the same method.

Fetuses were delivered by cesarean section under
general anesthesia and decapitated on day 21. After a
physical examination and weighing, the fetuses were
dissected for inspection of their diaphragmatic hernias.
Lungs from the fetuses with Nitrofen-induced CDH and
the control fetuses were studied by the immunohisto-
chemical method. The fetal lungs were fixed in buffer
formalin and then embedded in paraffin. They were
sectioned to a thickness of 5 zm.

Immunohistochemical study

The immunohistochemical examination of the lungs
was performed using anti-SP-A monoclonal antibody,
which was purified from rats supplied by Dr. T. Akino and
Dr. Y. Kuroki, from the Department of Biochemistry,
Sapporo University School of Medicine, Sapporo, Japan®.
After deparaffinization and rehydration, all sections
were treated with 0.3% hydrogen peroxide in methanol
for 30 min to inhibit endogenous peroxidase, and were
subsequently incubated at room temperature and treated
with the reagents listed below in order. The sections
were washed with phosphate-buffered saline (PBS) after

each treatment.
1) 1.0% normal bovine serum albumin (BSA) for

30 min.
2) rat anti-mouse SP-A diluted 1/500 in 1% BSA

for 1 h.

3) biotinylated rabbit anti-rat diluted 1/200 in PBS
for 30 min.

4) avidin-biotin complex diluted 1/100 in PBS for
30 min.

5) 3,3-diaminobenzidine tetrachloride containing
0.05% H202 for 10 min.

The sections were then washed, stained with
hematoxylin as a control stain, dehydrated, cleared in
xylene, and mounted.

Controls were set up with PBS containing 1.0%
normal BSA instead of the primary antisera.

After the sections were stained, they were examined
under a light microscope.

The data are reported as the mean =+ standard
deviation. Differences were tested by Student's t test. P
values less than 0.05 were considered to be statistically
significant.

This experiment was conducted in accordance with
the Guide for Care and Use of Laboratory Animals of
Kagoshima University.

Results

In the control group, three pregnant rats were given 1
ml of pure olive oil on day 9. Thirty-three fetuses were
delivered by cesarean section on Day 21. None of the
fetuses had CDH.

In the Nitrofen-exposed group, six pregnant rats were
given 100 mg/kg of Nitrofen in 1 ml of olive oil on day 9.
Fifty-eight fetuses were delivered and 32 of these fetuses
had CDH (65.5%). Eighteen fetuses (31.0%) had right-
sided diaphragmatic hernias, 12 had left-sided ones, and
two had bilateral ones.

The mean body weight of fetuses born from Nitrofen-
exposed rats (4.2+0.3 g) differed significantly from that
of the control fetuses (5.6+0.4 g) (P<0.05). The mean
total lung weight of the Nitrofen-exposed fetuses (89.1+
20.1 mg) also differed significantly from that of the
control fetuses (148.3+16.4 mg) (P<0.05). The total lung
weight/body weight ratio (mg/g) was 21.2 in the
Nitrofen-exposed fetuses and 26.5 in the control fetuses
(P<0.05). Thus, Nitrofen-exposed fetuses showed
significantly lower body weights, total lung weights, and
total lung weight/body weight ratios than the control
fetuses.

Figures 1 parts A) and B) show a fetal rat with a
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Fig. 1. A) A bottom view of diaphragm from a transversely-sectioned
fetal rat with CDH. There is a right-sided postero-lateral muscular
defect allowing intra-abodominal organs to fill the left hemithorax.

D; defect of diaphragm. B) A left sided view of another rat with
several ribs removed. The small intestine, and liver can be seen in
left hemithorax. Int; small intestin, Liv.; liver, L; lung, D; diaphragm.

Fig. 2

Fig. 2. A microscopic view of a typical example of a diaphragmatic

hernia in a fetal rat. A part of the liver and lung can be seen in the
same thoracic cavity. Liv.; liver, L; lung, D; diaphragm, H; heart, C;
costae.

Fig. 4%

g

Fig. 3. Microscopic findings in control lung. Hematoxin & Eosin staining (A) and immunohistochemical staining with SP-A antibody (B and C).
An arrow indicates an alveolar type II pneumocyte (C). Original magnification: 100X for A, 200X for B and 400X for C

Fig. 4. Microscopic findings in hypoplastic lung with Nitrofen-induced CDH. Hematoxin & Eosin staining (A) and immunohistochemical staining
with SP-A antibody (B and C). Original magnification: 100X for A, 200X for B and 400X for C.
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congenital diaphragmatic hernia. Figure 1A is a bottom
view of the diaphragm from a transversely-sectioned fetal
rat with CDH. There is a right-sided postero-lateral
muscular defect that allows intra-abdominal organs to fill
the left hemithorax. FigurelB is a view of another rat
with several ribs removed. The small intestine and liver
can be seen in the left hemithorax. Overall, the lesion is
strikingly similar to a human one.

Figure 2 shows a typical example of a diaphragmatic
hernia in a fetal rat. Portions of the liver and lung can be
seen in the same thoracic cavity.

Microscopic examination of the lungs from the
control group showed the structure of the alveoli was
normal and the structure of the lungs displayed
characteristics of the terminal sac phase (Fig. 3A). The
pulmonary alveolar surface and the alveolar type II
pneumocytes were stained by anti-SP-A monoclonal
antibody (Fig. 3 B, C).

Microscopic examination of the lungs from fetuses
with CDH showed the affected lungs had severely
collapsed alveoli as well as bleeding in the alveoli and
thick muscularized walls (Fig. 4). The structure of the
lungs displayed characteristics of the pseudoglandular
phase. The alveolar type I and II pneumocytes were not
detected and the expression of surfactant in the alveoli
was not prominent (Fig. 4 B, C).

Discussion

Despite major advances in neonatal resuscitation and
intensive care, newborns with CDH still have high
morbidity and mortality rates. Lung hypoplasia and
persistent pulmonary hypertension are considered to be
the principal causes of high mortality and morbidity in
infants with CDH.

The pathogenesis of CDH with pulmonary hypoplasia
is poorly understood. So far, most researchers have
speculated that a diaphragmatic defect in the viviparous
term allows the intrathoracic cavity to be occupied by the
intra-abdominal organs, causing obstruction of normal
pulmonary growth and resulting in lung hypoplasia.
Some animal models with surgically induced CDH were
produced in accordance with this hypothesis. In 1967, de
Lorimier et al. induced CDH in fetal lambs”. At term, the
lungs of these lambs were hypoplastic, showing a 23% to
75% reduction in lung weight and air capacity compared
with normal lungs. Subsequently, a number of other

researchers created experimental animal models to study
the effects of CDH. Our study also used rabbits as
surgical experimental animals, although with some
limitations. What all these experiments have in common
is the need for surgical intervention in a relatively late
stage of lung development, because any earlier, the fetus
is too small to be operated on successfully.

Since 1971, the embryotoxicity of Nitrofen in rats and
mice has been well known®. In 1984, Iritani reported the
successful generation of neonatal CDH in mice after oral
administration of Nitrofen for prolonged periods during
gestation”. Nitrofen is an herbicide with potent
teratogenic activity in mice and rats. After exposure to
Nitrofen, several malformations were observed in mice
and rats, affecting the heart, kidneys, diaphragm, and
lungs. Manson reported that Nitrofen exerts a
teratogenic effect via alterations in the thyroid hormone
status™.

Kluth et al. reported that most hernias occurred after
100 mg/kg of Nitrofen on days 9 and 11'. Left-sided
hernias were observed only after exposure to Nitrofen on
day 9. We gave 100 mg/kg of Nitrofen to pregnant rats on
day 9, which resulted in left-sided hernias, right-sided
hernias, and bilateral hernias.

Respiratory distress syndrome is caused by a
surfactant deficiency, due to a decrease in surfactant
synthesis or release by alveolar type II pneumocytes. A
surfactant deficiency has been considered to contribute
to the pathophysiology of CDH. Moya reported that
there are decreased surfactant components in amniotic
fluid in many pregnancies complicated by CDH, which
may reflect fetal lung immaturity or hypoplasia'.
Exogenous surfactant is frequently used as a supplement
in RDS therapy, with high efficacy. Glick et al. described
three high-risk newborns with prenatally diagnosed CDH
who were successfully treated with exogenous surfactant
therapy shortly after birth”. Lotze et al reported tracheal
aspirate surfactant protein-A concentrations were initially
low in infants with CDH on extracorporeal membrane
oxygenation”. The results of our study support these
findings by the Nitrofen-induced CDH rat model.

Pulmonary surfactant is a complex mixture of lipids
and proteins, and plays a role in reducing the surface
tension of the alveolar interface. Surfactant protein A (SP-
A) is a major protein component of surfactant and a
glycoprotein with a reduced denatured molecular mass of
26-38 kDa in the rat”. Our immunohistochemical study
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showed a reduction of SP-A within the hypoplastic lungs
of rats with Nitrofen-induced CDH.

Phospholipids are the major components of pulmo-
nary surfactant, making up 80-90% of its weight.
Pulmonary SP-A binds sphingomyelin and disaturated
phosphatidylcholine (DSPC).

Cogo et al. were the first to measure surfactant DSPC
Kinetics in newborn infants with CDH. These patients
exhibited significantly lower DSPC in their tracheal
aspirate™®.

Utsuki et al. determined the level and distribution of
lung surfactant using the monoclonal antibody to
sphingomyelin and DSCP”. They revealed that
surfactant phospholipid in Nitrofen-treated fetuses was
mainly in the form of intracellular granules, probably
causing the hypoplastic lungs and then CDH, in contrast
to the uniform distribution of surfactant phospholipid on
the pulmonary alveolar surface in control fetuses. These
findings support the results of our study.

Because treating pulmonary hypoplasia and pulmo-
nary hypertension in newborns with CDH is difficult,
antenatal tracheal ligation and glucocorticoid administra-
tion have been used in an attempt to prevent pulmonary
hypoplasia and pulmonary hypertension. Kitano et al.
showed the induction of proliferative lung growth by fetal
tracheal occlusion in the rat model of Nitrofen-induced
CDH"™. Mann et al. report that a combination of prenatal
maternal glucocorticoids and postnatal NO inhalation
significantly improved the survival rate of newborn rats
with Nitrofen-induced CDH”. However, these proce-
dures are not as successful when put into practice on
humans.

Conclusion

Solving each clinical problem brought about by
pulmonary hypoplasia and hypertension will lead to the
improvement of the prognosis of infants with CDH. Our
study showed that hypoplastic lungs in rats with Nitrofen-
induced CDH showed a reduced level of SP-A. This
suggests that prophylactic administration of surfactant at
birth might be beneficial for human cases of CDH.
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