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Tracheal occlusion (TO) in fetal lambs induces pulmonary
hyperplasia but has negative effects on type II cells. The purpose
of this study was to determine whether antenatal steroids could
reverse the adverse effects of TO on lung maturation in fetal
lambs. Sixteen time-dated pregnant ewes (term, 145 d) and 24 of
their fetuses were divided into six groups: 1) TO at 117 d
gestation; 2) TO at 117 d with a single maternal intramuscular
injection of 0.5 mg/kg betamethasone 24 h before delivery; 3)
TO at 117 d and release of the occlusion 2 d before delivery; 4)
TO and release of the occlusion with maternal steroids; 5)
unoperated controls without antenatal steroid treatment; and 6)
unoperated controls, littermates of groups 1–4, treated with
antenatal steroids. All fetuses were killed at 137 d gestation.
Outcome measurements consisted of lung weight–to– body
weight ratio; lung morphometry determined by mean terminal
bronchial density; and assessment of type II pneumocytes by in
situ hybridization to the mRNA of surfactant proteins B and C.
Lung weight–to–body weight ratio and mean terminal bronchial
density were significantly different among groups with TO and
controls, indicating increased lung growth and structural matu-

ration. The density of type II pneumocytes was markedly de-
creased by TO. Release 2 d before sacrifice significantly in-
creased the density and surfactant activity of type II
pneumocytes, but to levels still far from controls. Steroids alone
had an effect similar to release. An additive effect was noted with
steroids and 2-d release resulting in type II cell density compa-
rable to controls. After fetal TO, a single maternal intramuscular
dose of 0.5 mg/kg of betamethasone 24 h before delivery allows
partial recuperation of the type II pneumocytes, an effect that is
potentiated by 2-d release. (Pediatr Res 50: 495–501, 2001)

Abbreviations
TO, fetal tracheal occlusion
S, antenatal steroids
R, release of the tracheal occlusion
SP-C, surfactant protein C
SP-B, surfactant protein B
MTBD, mean terminal bronchial density
wLW/BW, wet lung weight–to–body weight ratio
dLW/BW, dry lung weight–to–body weight ratio

Congenital diaphragmatic hernia remains an important cause
of neonatal morbidity and mortality despite advances in neo-
natal care (1–3). Pulmonary hypoplasia, pulmonary hyperten-
sion, and surfactant deficiency are all major contributors, al-
though the degree of pulmonary hypoplasia is the most
important predictor of survival (4–8).

TO has been shown to accelerate fetal lung growth, resulting in
hyperplastic lungs (9–12). These lungs, however, were discov-
ered to be deficient in type II pneumocytes and thus surfactant
(13–16). We have previously shown that releasing the occlusion 1

wk before delivery results in a full recovery of type II pneumo-
cytes (17). Partial recovery of the type II pneumocytes is seen with
release of the occlusion 2 d before delivery (17).

The disadvantages of requiring a tracheal release procedure so
close to term are evident, with risks of premature labor and fetal
death. The possibility of avoiding such an intervention, by finding
an alternative means of achieving type II cell maturation, was
explored. Antenatal steroids were considered. They are given
routinely to women in premature labor to accelerate fetal lung
maturation and thus avoid respiratory distress syndrome in their
premature newborns (18, 19). Also, some animal studies have
demonstrated a beneficial effect of antenatal corticosteroids on
lung maturation and compliance, with increases in surfactant
markers in premature and hypoplastic lung models (20–23).

We thus set out to determine whether antenatal corticoste-
roids alone or in combination with tracheal release 2 d before
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delivery could reverse the negative effects of TO on type II
pneumocytes in the fetal lamb model.

METHODS

Fetal surgical procedure. Time-dated pregnant mixed-breed
ewes were obtained (n � 16). The fetal lambs (n � 24) were
divided into six groups. Group 1 (n � 4) underwent TO, either
by ligation or balloon. Group 2 (n � 4) also underwent TO, but
the ewe was administered a dose of betamethasone (S) 24 h
before sacrifice. Group 3 (n � 3) underwent TO and release of
the occlusion (R) 2 d before sacrifice. Group 4 (n � 4) was
similar to group 3, but the ewe was given betamethasone.
Groups 5 (n � 4) and 6 (n � 5) consisted of unoperated on
control lambs, littermates of the nonsteroid and steroid groups,
respectively. TO procedures were performed at 116–118 d
gestation (term, 145 d). Tracheal release procedures were
performed at 135–137 d gestation, always 2 d before sacrifice.
Steroids were administered to the ewe as a single intramuscular
dose of 0.5 mg/kg of betamethasone 24 h before delivery. Ewes
and fetuses were sacrificed at 137–139 d gestation, except one
that was sacrificed at 135 d in group 1. All procedures were
approved by the McGill University Animal Care Committee.

Details of the operative procedures have been published (9, 17).
For the TO procedures, the ewe was induced with i.v. pentobar-
bital, and anesthesia was maintained with halothane. A midline
incision was used to gain access to the uterus. Through a small
hysterotomy, the fetal neck was opened transversely, and the
trachea was isolated. TO was accomplished either by ligation of
the trachea or by passage of a Swan-Ganz catheter, tunneled s.c.
from the ewe’s flank, through a small tracheal puncture, with
saline inflation of the balloon until snug. Ligation was used in
groups remaining occluded until birth because of the diminished
risk of technical failure with this technique. Before closure of the
hysterotomy, the uterus was instilled with warm saline, liquamy-
cin, gentamicin, and cefazolin.

The tracheal release procedure was accomplished under i.v.
sedation with thiopental and local anesthesia. A small incision
was made in the ewe’s flank over the end of the Swan-Ganz
catheter. The balloon port was opened, the balloon deflated,
and the catheter cut, before closing the wound with staples. The
ewes were sacrificed using a lethal dose of i.v. pentobarbital,
which was also injected into each umbilical cord.

Preparation of the lungs. At sacrifice, the condition of the
trachea was noted, and body, lung, liver, and heart weights
were recorded. Specimens were taken from the right middle
lobe for wet-to-dry lung weight analysis. For this, a small piece
of lung tissue was resected, weighed, and left to air-dry for a
minimum of 1 wk. When completely desiccated, the tissue was
reweighed and weighed again 24 h later to make sure there was
no change, and the wet-to-dry ratio thus obtained was used to
calculate a total dry lung weight (24–26). The lingula was
removed for later electron microscopy (not included in this
paper), and the remainder of the lungs was fixed in 10%
formalin at 25 cm H2O pressure for 24–48 h.

Histologic analysis. The formalin-fixed lungs were cut in
transverse sections 3–5 mm thick. Random blocks of 1–2 cm were
taken from each upper and lower lobe, embedded in paraffin,

sectioned (5 �m), and stained with hematoxylin and eosin. These
slides were used to assess the MTBD, a morphometric method
based on the principle that the number of terminal bronchioles in
a given high-power field is inversely proportional to the number
of alveoli supplied by each bronchiole (16, 27). At a magnification
of �100, 20 random nonoverlapping fields were examined for
each animal (approximately five per lobe). Slides were examined
by two observers trained in the technique and blinded to the group
being examined.

In situ hybridization. The mRNA of SP-B and SP-C were
used as markers of type II pneumocytes. Sheep-specific cDNA
probes for SP-B and SP-C were donated by Dr. Fred Possmayer
(University of Western Ontario, London, Ontario, Canada). Com-
plementary RNA probes were labeled with [3H]-uracil triphos-
phate and [3H]-cytosine triphosphate (DuPont Canada, Markham,
Ontario, Canada) as previously described (28). Hybridization
methods have been described previously (13). Hybridization was
performed overnight at 54°C in 50% formamide, 0.3 M NaCl, 10
mM Tris-HCl (pH 8.0), 1 mM EDTA, 1� Denhardt’s solution,
10% dextran sulfate, 0.5 mg/mL yeast tRNA, and 120 ng/mL of
cRNA probe in a moist chamber containing 0.3 M NaCl and 50%
formamide. After hybridization, the sections were treated with
RNase. The final wash was performed in 0.1% SDS for 30 min at
68°C. Slides were dipped in NBT-2 photographic emulsion (East-
man Kodak, Rochester, NY, U.S.A.), stored 6 d for SP-C and 16 d
for SP-B until development, then counterstained with hematoxy-
lin and eosin before photomicrography. Nonspecific binding and
background were evaluated using sense probes on one section
from each animal. For each animal, one section from at least three
different lobes was analyzed. The density of alveolar cells ex-
pressing SP-B or SP-C mRNA was evaluated by counting the
number of cells expressing SP-B and SP-C mRNAs on five
random fields of each section. Cells were considered positive if
five or more silver grains were observed over the cell. Bronchial
cells expressing SP-B, likely representing Clara cells, were not
counted. To account for the variable degree of alveolar distension
induced either by TO or by lung fixation, the data were corrected
by dividing the mean density by the tissue-to-air space fraction.
This fraction was evaluated by the point-counting method on two
fields of each section (29). In addition, the amount of SP-B and
SP-C mRNA per cell, a reflection of type II cell activity, was
determined for each section by counting the number of silver
grains per positive cell in 10 randomly selected type II cells.

Statistical analysis. Results of the wLW/BW and dLW/BW
and of the MTBD values were expressed as the mean � SEM.
These were compared using the Mann-Whitney U test, with
p � 0.05 representing statistical significance.

Results of the in situ hybridization were expressed as mean
� SEM. To obtain homogeneity of the variances in the statis-
tical analysis, data for the density of SP-B and SP-C positive
cells were transformed to a logarithm. Factorial ANOVA was
used to compare the different groups. Statistical significance
was accepted at � � 0.05.

RESULTS

Analysis of the wLW/BW revealed a significant increase in
lung weight by TO when compared with control lungs (p �
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0.02 steroid groups, p � 0.01 nonsteroid groups). Tracheal release
significantly diminished this positive effect on lung growth (p �
0.03 steroid groups, p � 0.04 nonsteroid groups), but in the
nonsteroid groups, TO�R lung weights were still significantly
higher than those of controls (p � 0.04; Table 1). To correct for
a possible fluid retention effect in the TO groups, the dLW/BW
was also obtained when possible. This measurement, only avail-
able in the three steroid groups, similarly revealed that TO sig-
nificantly increased lung weight (p � 0.02), but release did not
significantly alter this positive effect (Table 1).

Results of the lung morphometry study for all groups is
shown in Table 2. TO results in significant decreases in the
MTBD, signifying increased alveolar development and com-
plexity (p � 0.03 steroid groups, p � 0.02 nonsteroid groups).
Tracheal release does not significantly alter this effect, and
steroids demonstrate no effect on lung morphometry.

Type II pneumocyte density and function were assessed by
in situ hybridization to the mRNA of SP-C and SP-B. Figure 1
shows a typical example of SP-C mRNA expression in these
lungs, and Figures 2 and 3 demonstrate the results of the

Figure 1. Lung sections were hybridized with radiolabeled antisense cRNA probes that were later detected by autoradiography (white grains on a dark field;
background activity is seen as single dots, whereas a cluster of �5 dots over a cell is counted as a type II pneumocyte). A dramatic decrease in type II cell density
is observed in the TO group. A partial recovery is noted with either antenatal steroid administration alone or release of the occlusion, and an additive effect is
noted with the use of the two together.

Table 1. Lung weight–to–body weight ratio

Group No steroid

With steroid

wLW/BW dLW/BW

TO 7.02 � 0.32* (n � 5) 6.98 � 0.44* (n � 4) 0.57 � 0.05* (n � 4)
TO � R 3.93 � 0.49*† (n � 3) 3.00 � 0.16† (n � 4) 0.57 � 0.04* (n � 4)
Control 2.62 � 0.20 (n � 5) 3.08 � 0.20 (n � 5) 0.27 � 0.03 (n � 5)

Lung weight was expressed as a percentage of body weight (mean � SEM).
* p � 0.05 different from controls.
† p � 0.05 different from TO.
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semiquantitative analysis. TO causes a significant decrease in
the density of cells expressing SP-C mRNA when compared
with controls (� � 0.01). The density of such cells is signifi-
cantly increased by a 2-d period of release (� � 0.01), although
levels are still lower than in control lungs (Fig. 2). Steroids
increased the density of SP-C mRNA-positive cells (� � 0.01).
The combined effect of the release and steroids were additive,
bringing the density of type II cells to levels comparable to
those of control animals. As for expression of SP-C mRNA per
positive cell, 2 d of release augmented individual cell activity
significantly (� � 0.01; Fig. 3). Steroid treatment alone also
significantly increased the individual cellular expression of
SP-C mRNA (� � 0.05), although this effect of the steroids
was not as pronounced as the augmentation in density of the
SP-C-positive cells.

Similar results were obtained for SP-B, with TO resulting in
a significant decrease in the density of alveolar cells producing
SP-B (Fig. 4). Also, an increase in the density of these cells
was noted with 2 d of release alone (� � 0.01) and with
steroids alone (� � 0.01), the effects of which were additive
(Fig. 5). With respect to individual cellular activity, tracheal

release resulted in significant increases (� � 0.01), but steroids
showed no significant effect (Fig. 6).

DISCUSSION

TO results in hyperplastic lungs with increases in total lung
DNA and protein, increased airspaces, and a parallel growth of
the pulmonary vasculature (9–12). It thus appears to be a
promising treatment strategy for congenital diaphragmatic her-
nia when the primary problem is one of pulmonary hypoplasia.
The mechanism responsible for this accelerated growth is
unclear. It has been postulated that distension of the airspaces
by the accumulating lung fluid stimulates cell division and that
certain growth factors play a role (30–33). As for the defi-
ciency in type II pneumocytes noted in these lungs, it has been
suggested that TO, by providing a constant stimulus for
growth, drives undifferentiated cells and type II cells to differ-
entiate into type I cells in an accelerated fashion (17, 18). Such
a phenomenon is seen during times of lung injury, in which the
type II cells differentiate into type I cells to reconstitute the
alveolar lining (34). The drive for growth may occupy the type
II cells, thus preventing them from fulfilling their role of
surfactant production.

Regardless of mechanism, efforts have been directed toward
prevention of this deleterious effect. Releasing the TO 1 mo
before delivery leads to full recovery of type II cells, as does 1
wk of release, with only a partial loss of the growth effects of
the occlusion (16, 17). By withdrawing the stimulus for accel-
erated growth, type II cells are able to divert their energy into
surfactant production. Recent efforts have been directed toward
minimizing the risks of the TO and release procedures by
developing endoscopic surgical techniques (16, 35–37). De-

Table 2. Lung morphometry: MTBD

Group No steroid Steroid

TO 1.6 � 0.1* (n � 4) 1.7 � 0.1* (n � 4)
TO � R 1.4 � 0.2* (n � 3) 1.9 � 0.3* (n � 4)
Controls 3.2 � 0.1 (n � 4) 3.2 � 0.2 (n � 5)

MTBD, representing the number of terminal bronchioles per high-power
field (mean � SEM), is inversely proportional to the degree of lung develop-
ment and complexity.

* p � 0.05 different from controls.

Figure 2. Density of cells expressing SP-C mRNA as determined by in situ
hybridization (mean � SEM cells per �20 field). TO results in a dramatic
decrease in type II cell density, with a significant recovery noted when the
occlusion is released. Furthermore, a significant increase in type II cell density
is observed across the groups when steroids are added. F � 4.38 for an � �
0.05; F � 8.18 for an � � 0.01.

Figure 3. The relative abundance of SP-C mRNA in type II cells, determined
by in situ hybridization, is expressed as mean � SEM grains/cell. Release of
the occlusion results in a significantly increased number of grains per cell.
Steroids have a similar effect across the groups. F � 4.38 for an � � 0.05;
F � 8.18 for an � � 0.01.
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spite these advances, premature labor remains an important,
although certainly diminished, risk (37, 38). Avoiding a tra-
cheal release procedure, which is performed so close to term,
would be ideal. Inasmuch as steroids are known to accelerate
fetal lung maturation in premature infants, we set out to
determine whether the same result could be obtained in a TO
model. Also, we looked at whether the use of steroids could
potentiate the effect of 2-d tracheal release. The potential
advantages of a 2-d release period combined with steroids, as
opposed to a 1-wk release period, are that the longer occlusion
time would allow for greater lung growth, and more impor-
tantly, if premature labor were to result from the tracheal
release procedure, it would be easier to control labor for 2 d
than for 1 wk while waiting for the type II cells to mature
sufficiently. Although earlier studies suggested that, in the
sheep, maternally administered steroids did not cross the pla-
centa and thus would not work on the fetus (39, 40), recent
studies have proven otherwise (21, 41). The dose, route of
administration, and timing of the steroids given in our study
have been shown to have a significant effect on lung maturation
in a premature sheep model (21). We did not give a longer

course of maternal steroids because of the risk of inducing
premature labor and delivery (39, 40).

In addition to using the standard wLW/BW to assess lung
growth, we calculated and compared the dLW/BW. We feel that
this is more accurate because it removes the variable of retained
lung fluid. Despite attempts to passively drain the lungs of their
fluid at sacrifice, this is almost certainly incomplete.

We chose to use SP-C as the main marker of type II cells
because this surfactant protein is produced exclusively in type
II cells (42). SP-B was used adjunctively to ensure that the
observed effect was not limited only to the SP-C gene. Al-
though SP-B is expressed in bronchial (Clara) cells as well as
type II cells (42), only the alveolar expression of SP-B, repre-
senting the type II cells, was taken into account in this study.

In contrast with our previous publication, we were able to
show a positive effect of 2-d release on both SP-C mRNA
activity per cell as well as on the density of SP-C mRNA-
expressing cells (17). Our results show that in a TO model, a
single maternal intramuscular dose of 0.5 mg/kg of betametha-
sone, combined with release of the TO 2 d before delivery,
results in a near complete recovery of the type II pneumocytes.

Figure 4. Lung sections were hybridized with radiolabeled antisense cRNA probes that were later detected by autoradiography (white grains on a dark field;
background activity is seen as single dots, whereas a cluster of �5 dots over a cell is counted as an SP-B-positive cell). TO produces a marked decrease in
SP-B-positive cells. Note the relative preservation of SP-B-positive cells lining the bronchioles (representing Clara cells). The administration of steroids or release
of the TO results in a partial recovery of SP-B-positive cells, whereas the combination of the two modalities results in a complete recovery.
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Although steroids have been used for many years to accel-
erate lung maturation in premature labor, their mechanism of
action has remained unclear. Most of the studies conducted
have looked at the effect of steroids on total levels of SP-B and
SP-C mRNAs using Northern blot analysis (43–45). These
have demonstrated increased levels, but it was not clear

whether this was caused by an increase per cell or an increase
in the number of cells expressing the surfactant protein
mRNAs. In addition to demonstrating a potential benefit of
steroids in the TO model, our results shed some light on the
mechanism of action of antenatal steroids to accelerate lung
maturation in premature labor. Our study has demonstrated that
steroids act rapidly (within 24 h) to principally increase the
number of cells expressing the surfactant protein mRNAs.

In conclusion, our study demonstrates that antenatal steroids
given shortly before birth increase the number and function of
type II cells in the lungs of fetal sheep undergoing TO.
Unfortunately, steroids alone result in only a partial compen-
sation for the dramatic decrease in type II cells observed with
TO. However, the combination of a short period of occlusion
release and antenatal steroids is beneficial, and we can specu-
late that the increased number of type II cells, combined with
the increased activity of those cells, will lead to a clinically
relevant improvement in surfactant function. This must now be
tested in an animal model of congenital diaphragmatic hernia
with careful attention paid to surfactant activity and function.

Although TO has been used with some success in human
fetuses with congenital diaphragmatic hernia, the deleterious
effects on type II cells have not been addressed (46). The
optimal treatment of the human fetus with bad-prognosis con-
genital diaphragmatic hernia should include a reversible
method of TO and maternal betamethasone administration.
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