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IntroductIon: Intrauterine growth restriction (IUGR) is 
associated with high rates of neonatal morbidity. IUGR babies 
are often born preterm and are, therefore, exposed to ante-
natal glucocorticoids. antenatal glucocorticoids significantly 
improve overall survival rates of preterm infants, but there is a 
paucity of information about their effects on IUGR Infants.
Methods: We induced IUGR in sheep by single umbilical 
artery ligation (sUaL), or sham in control fetuses. To half the 
ewes, we administered betamethasone (BM) on d 5 (BM1) and 
6 (BM2) following surgery, and collected fetal lung tissue on d 7. 
results: sUaL alone was associated with higher circulating 
fetal cortisol levels (2.8 ± 0.4 vs. 1.0 ± 0.4, P = 0.001) as compared 
with controls but not with changes in lung morphology or sur-
factant protein (SP) gene expression. BM was associated with 
a significant reduction in lung tissue density (P = 0.048). There 
were no significant differences between groups in lung DNa 
concentration or septal crest density. SP-A, SP-B, and SP-C gene 
expressions were significantly increased in control and sUaL 
fetuses that were administered BM. 
dIscussIon: These results show that in sUaL fetuses, mater-
nal BM is associated with acceleration of fetal lung structure, as 
occurs in normally grown fetuses, and that BM induces sP pro-
duction, an effect not observed in sUaL-induced IUGR fetuses 
alone.

About 10% of North American women and 6% of European 
women give birth preterm, before 37-wk gestation (1). 

Women who are likely to give birth before 34 wk, whether 
spontaneously or iatrogenically, receive antenatal glucocorti-
coids (2). Antenatal glucocorticoids accelerate fetal lung matu-
ration and thereby decrease the incidence of several neonatal 
morbidities such as respiratory distress syndrome, as well as 
necrotizing enterocolitis and intraventricular hemorrhage (3). 
Glucocorticoids promote the production of lung surfactant, 
accelerate the differentiation of alveolar epithelial cells, and 
induce the resorption of lung liquid at birth (4). However, in 
contrast to these beneficial effects, glucocorticoids may also 
inhibit alveolarization in the premature fetal lung (5) and 
thereby contribute to suppression of lung maturation and the 
subsequent development of bronchopulmonary dysplasia (6).

Intrauterine growth restriction (IUGR) is a significant com-
plication of pregnancy associated with increased risks of peri-
natal mortality and morbidity, including compromised lung 
development such as respiratory distress syndrome (7) and 
long-term impaired lung function in children (8) and adults 
(9). In experimental studies, structural changes in the IUGR 
fetal lung have been reported that may underlie impaired lung 
function. For example, studies in sheep have found that IUGR 
results in fewer, larger alveoli with thicker alveolar septa, and 
therefore impaired blood–gas exchange, which persists into 
adulthood (10,11). Functionally, these structural lung effects 
in IUGR sheep are reflected by reduced lung compliance and 
increased chest wall compliance in sheep—changes that may 
compromise respiratory function (12).

Structural changes associated with IUGR may be similar 
to the alveolar arrest caused by glucocorticoids. It is, there-
fore, possible that higher levels of endogenous glucocorti-
coids in the IUGR fetus as compared with the appropriately 
grown fetus (13) may underlie some of these structural 
and functional lung changes observed in association with 
IUGR. This is significant because clinically the IUGR fetus 
has an increased risk of being born preterm (7) and is likely 
to be treated with  antenatal  glucocorticoids. However, it is 
not known whether antenatal glucocorticoids provide sig-
nificant additive benefit to lung architecture and matura-
tion of the IUGR fetus. In a recent review examining IUGR 
infants who had received glucocorticoids and those who 
had not, it was suggested that  glucocorticoid administra-
tion does not improve neonatal outcomes following IUGR 
(14). In particular, there was no difference in the incidence 
of respiratory distress syndrome or neonatal death between 
IUGR infants treated with glucocorticoids and those who 
were not. We undertook this study to examine lung mor-
phological changes in fetal sheep to assess the separate and 
combined effects of IUGR and antenatal glucocorticoids. 
We hypothesized that IUGR and antenatal glucocorticoids 
similarly regulate lung maturation in the preterm fetus and 
when combined, glucocorticoids would not provide addi-
tive benefit to lung maturation in growth-restricted preterm 
fetuses.
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RESULTS
Of the 23 ewes that underwent surgery, four single umbilical 
artery ligation (SUAL) fetuses and one control fetus died fol-
lowing surgery. Of the remaining 18 ewes, 10 received vehicle 
(saline) and 8 received betamethasone (BM). Thus the num-
bers of fetuses in each group were: control, n = 10; SUAL-
alone, n = 10; control + BM, n = 8; and SUAL + BM, n = 8. All 
animals were used for the analysis of fetal arterial samples and 
body and organ weights. Histological analysis was performed 
on seven animals in all groups, whereas gene expression levels 
were measured in six animals in all groups.

Fetal Arterial Blood Gas Status
Basal blood gas and pH values were assessed on d 5, immediately 
before BM1. As compared with all control fetuses, basal arterial 
partial pressure of oxygen was significantly reduced in all SUAL 
fetuses (22.6 ± 1.2 mm Hg vs. 19.2 ± 0.7 mm Hg, respectively; P = 
0.01). Basal glucose levels were significantly reduced in all SUAL 
fetuses as compared with all the controls (0.49±0.02 mmol/l vs. 
0.62 ± 0.03 mmol/l, respectively; Table 1).

BM administration did not alter fetal oxygenation in con-
trol animals (Table 1). BM administration in SUAL animals 
as compared with controls was associated with decreased fetal 
arterial partial pressure of oxygen, at the time point BM2 + 12 h 
(16.7±1.4 mm Hg vs. 21.2 ± 0.7 mm Hg, respectively; P = 0.02) 
and fetal arterial O2 saturation at BM1 + 12 h (38.6 ± 5.7% vs. 
55.4 ± 4.1%, P = 0.02), BM2 + 12 h (39.1 ± 5.5% vs. 57.3 ± 2.3%, 
P = 0.02), and BM2 + 24 h (36.3 ± 6.6% vs. 55.8 ± 4.3%, P = 0.01). 
BM administration resulted in more than threefold increase in 
fetal arterial glucose levels in control and SUAL fetuses and 
more than twofold increase in lactate in control and SUAL 
fetuses (Table 1).

Fetal Plasma Cortisol Concentration
Fetal circulating cortisol concentrations were unchanged 
over time in control, control + BM, and SUAL + BM fetuses 
(P = 0.49, P = 0.05, P = 0.65, respectively; Table 1). As com-
pared with basal values, cortisol levels in SUAL-alone animals 
were elevated over the course of the experiment (P = 0.001; 
Table 1).

Fetal Body and Lung Weights
At the time of postmortem, 115 ± 0.4 d, fetal body weight was 
significantly reduced following fetal treatment (control as 
compared with SUAL; P = 0.01) or maternal treatment (vehicle 
as compared with BM; P = 0.006; Table 2). The fetal brain:body 
weight ratios were significantly increased with both fetal treat-
ment (P = 0.005) or maternal treatment (P = 0.02; Table 2). 
Absolute fetal lung weight was significantly reduced with 
maternal treatment (P = 0.01) and lung:body weight ratios 
were significantly increased with fetal treatment (P = 0.03; 
Table 2).

Lung Morphology
Figure 1 shows lung architectural data for all four groups of 
fetuses. At 0.8 gestation in fetal sheep, the percentage area 

of lungs occupied by lung parenchyma (tissue density) was 
not significantly altered by fetal treatment (P = 0.31) but was 
significantly reduced with maternal treatment (P = 0.048; 
Figure 1a). The proportion of septal crests was not altered 
by fetal treatment (P = 0.09) or maternal treatment (P = 0.5; 
Figure 1b and Figure 2a) and lung DNA content did not differ 
with fetal treatment (P = 0.24) or maternal treatment (P = 0.2; 
data not shown). The proportion of Ki67-positive cells within 
the lungs was significantly reduced following maternal treat-
ment with BM (P < 0.001; Figure 2b and Figure 3).

SP Gene Expression
There was no significant effect of fetal treatment on surfactant 
protein (SP) gene expression (Figure 4). BM administration 
was associated with a significant increase in SP-A (P < 0.001), 
SP-B (P = 0.009), and SP-C (P = 0.03) mRNA expression. There 
was no effect of maternal treatment on SP-D mRNA expression 
(P = 0.41; Figure 4).

DISCUSSIOn
This study demonstrates that 1 wk of SUAL-induced IUGR 
alters lung weight relative to fetal body weight but does not 
affect lung structure. The administration of BM, in the dos-
ing regimen used clinically, was associated with structural lung 
changes, in both control and SUAL fetuses. SUAL-induced 
IUGR alone did not alter the lung expression of SP mRNAs, 
whereas BM significantly increased the expression of SP-A, 
SP-B, and SP-C in normally grown and SUAL fetuses. Previous 
studies have examined the effects of either IUGR or glucocor-
ticoid administration separately on promoting lung structure 
and biochemical changes, but a high proportion of human 
IUGR babies are born preterm (7) and exposed to antenatal 
glucocorticoids, and therefore this study sheds important light 
on their combined effects.

The duration of SUAL in this study was relatively short (1 wk) 
but was associated with the key features of human IUGR, 
namely altered fetal growth, fetal hypoxemia, and increased 
levels of circulating cortisol, reflecting SUAL-induced IUGR 
as an appropriate model of human IUGR (15–17). Despite 
increased cortisol concentrations, 1 wk of SUAL-induced 
IUGR alone did not alter fetal lung morphology. This is sup-
ported by a previous study in sheep in which umbilicoplacen-
tal embolization was used to induce IUGR (10). Following 20 d 
of umbilicoplacental embolization, tissue density and alveolar 
size and number were unaffected. However when these ani-
mals were studied postnatally, tissue density was increased at 
8 wk of age whereas at 2 years of age the IUGR lung had fewer, 
larger alveoli (10,11). This suggests that while no structural 
changes are present in fetal tissue, experimental IUGR may 
induce morphological changes later in life.

SP gene expression was not altered by the SUAL procedure 
alone. This finding confirms a previous study in sheep that used 
20 d of umbilicoplacental embolization to induce IUGR (18). 
However, this has not been a consistent finding. Using umbili-
coplacental embolization to induce IUGR earlier in pregnancy, 
Gagnon and colleagues reported an increase in mRNA for SP-A 
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and SP-B (19). In contrast, in a recent study where carunclectomy 
was used to induce IUGR, a reduction in fetal lung expression 
of SP-A, SP-B, and SP-C mRNA was reported (20). The differ-
ences between these experimental models of IUGR most likely 
reflect the timing of IUGR, rather than the method of induc-
ing IUGR. Because glucocorticoids induce the production of 

SPs (21,22), the hypercortisolemia induced by IUGR in this and 
other studies (18–20) would be expected to increase SP mRNA 
expression. Another known regulator of SPs is fetal oxygenation 
(23). However, this effect is likely to mediate SPs when induced 
at a later gestational age (23), which may explain why no effect 
of moderate hypoxemia, induced by SUAL, was observed in our 

table 1. Fetal arterial parameters

Basal BM1 + 6 h BM1 + 12 h BM1 + 24 h BM2 + 6 h BM2 + 12 h BM2 + 24 h

SaO
2
 (%)

 Control 59.6 ± 2.7 Control 61.7 ± 2.5 55.4 ± 4.1 58.6 ± 2.3 63.0 ± 2.1 57.3 ± 2.3 55.8 ± 4.3

 SUAL 52.0 ± 2.8 SUAL alone 55.3 ± 3.4 50.0 ± 4.0 54.2 ± 2.4 57.0 ± 4.1 46.6 ± 5.1 47.6 ± 3.2

Control + BM 61.7 ± 3.3 58.1 ± 4.1 61.5 ± 6.3 61.3 ± 6.5 63.1 ± 6.3 65.2 ± 3.5

SUAL + BM 52.3 ± 2.2 38.6 ± 5.7*,** 54.2 ± 4.4 46.3 ± 4.7 39.1 ± 5.5** 36.3 ± 6.6*,**

PaO
2
 (mm Hg)

 Control 22.8 ± 1.1 Control 23.4 ± 0.9 20.9 ± 1.5 18.8 ± 2.1* 23.8 ± 1.2 21.2 ± 0.7 21.0 ± 1.4

 SUAL 19.2 ± 0.7** SUAL alone 20.5 ± 1.3 19.1 ± 1.3 18.5 ± 1.0 22.1 ± 1.6 18.7 ± 1.3 17.5 ± 1.6

Control + BM 23.8 ± 1.2 22.7 ± 1.5 23.6 ± 2.1 23.6 ± 1.9 23.6 ± 1.4 23.7 ± 1.3

SUAL + BM 20.8 ± 0.8 16.9 ± 1.1 21.2 ± 1.5 18.9 ± 1.2 16.7 ± 1.4** 16.4 ± 1.6

PaCO
2
  

(mm Hg)

 Control 48.3 ± 1.1 Control 49.0 ± 1.2 51.4 ± 0.8* 49.9 ± 0.6 47.0 ± 1.4 50.9 ± 1.2* 50.8 ± 1.0*

 SUAL 48.1 ± 1.0 SUAL alone 48.5 ± 1.2 50.4 ± 0.9 48.7 ± 1.3 46.5 ± 1.5 51.4 ± 0.7* 51.1 ± 1.8*

Control + BM 47.7 ± 1.2 46.1 ± 1.7** 46.0 ± 1.7 46.9 ± 2.1 44.8 ± 2.0** 44.8 ± 0.9**

SUAL + BM 48.1 ± 0.8 49.6 ± 1.0 48.1 ± 0.7 50.5 ± 1.3 48.3 ± 2.6 51.0 ± 1.7

pH

 Control 7.35 ± 0.00 Control 7.35 ± 0.01 7.34 ± 0.01* 7.35 ± 0.01* 7.36 ± 0.01 7.34 ± 0.01* 7.34 ± 0.01*

 SUAL 7.35 ± 0.01 SUAL alone 7.35 ± 0.01 7.34 ± 0.01 7.34 ± 0.01 7.36 ± 0.01 7.33 ± 0.01* 7.33 ± 0.01*

Control + BM 7.33 ± 0.01 7.34 ± 0.01 7.35 ± 0.02 7.35 ± 0.01 7.36 ± 0.03 7.38 ± 0.01**

SUAL + BM 7.31 ± 0.01** 7.31 ± 0.01** 7.33 ± 0.01 7.33 ± 0.01 7.34 ± 0.01 7.32 ± 0.02

Glucose 
(mmol/l)

 Control 0.62 ± 0.03 Control 0.80 ± 0.05* 0.88 ± 0.04* 0.68 ± 0.04 0.78 ± 0.07* 0.81 ± 0.04* 0.55 ± 0.05

 SUAL 0.49 ± 0.02** SUAL alone 0.68 ± 0.06*,** 0.73 ± 0.05* 0.50 ± 0.04 0.65 ± 0.07* 0.69 ± 0.05* 0.47 ± 0.06

Control + BM 1.89 ± 0.20*,** 1.68 ± 0.22*,** 1.36 ± 0.08*,** 2.39 ± 0.19*,** 2.30 ± 0.22*,** 1.62 ± 0.10*,**

SUAL + BM 1.42 ± 0.13*,** 1.16 ± 0.21* 0.97 ± 0.09*,** 1.58 ± 0.18*,** 1.52 ± 0.25*,** 1.04 ± 0.13*,**

Lactate 
(mmol/l)

 Control 1.05 ± 0.03 Control 1.14 ± 0.05 1.20 ± 0.06 1.20 ± 0.06 1.28 ± 0.06 1.28 ± 0.08 1.23 ± 0.13

 SUAL 1.11 ± 0.05 SUAL alone 1.36 ± 0.11 1.37 ± 0.12 1.26 ± 0.08 1.47 ± 0.18 1.70 ± 0.24 1.67 ± 0.34

Control + BM 2.57 ± 0.15*,** 2.37 ± 0.19*,** 1.97 ± 0.15** 3.08 ± 0.64*,** 3.69 ± 1.10*,** 2.16 ± 0.26*

SUAL + BM 2.45 ± 0.17** 2.78 ± 0.47*,** 1.74 ± 0.17** 2.55 ± 0.21** 2.65 ± 0.35* 4.96 ± 1.55*,**

Cortisol (ratio 
of basal value)

 Control 1.00 Control 0.91 ± 0.06 1.12 ± 0.06 0.98 ± 0.12 1.25 ± 0.20 1.41 ± 0.51

 SUAL 1.00 SUAL 1.22 ± 0.20 1.15 ± 0.14 2.31 ± 1.81* 2.53 ± 1.04* 2.87 ± 1.28*

Control + BM 1.53 ± 0.20 1.18 ± 0.14 1.64 ± 0.37 2.03 ± 0.24 2.38 ± 0.38

SUAL + BM 1.20 ± 0.20 1.08 ± 0.16 1.21 ± 0.17 1.67 ± 0.27 1.40 ± 0.15

Values are means ± se.

BM, betamethasone; PacO
2
, partial pressure of carbon dioxide; PaO

2
, partial pressure of oxygen; saO

2
, arterial oxygen saturation; sUaL, single umbilical artery ligation.

*P < 0.05 as compared with basal within treatment group; **P < 0.05 as compared with control within time point.
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study. Thus, in the majority of animal models IUGR does not 
induce SP gene expression, which may underlie the impaired 
lung function in these infants immediately following birth.

In contrast, maternal administration of BM was associated 
with structural and functional changes in normally grown 
and growth-restricted fetuses. These effects in the normally 
grown fetus have been described previously (5,21,22,24), how-
ever, the relative importance of exogenous glucocorticoids in 
the growth-restricted fetus is poorly understood. With regard 

to the structural changes, these were comparable to those 
observed in control fetuses. This observation would suggest 
that antenatal steroids would be expected to reduce respiratory 
distress syndrome in preterm IUGR babies, as is observed in 
normally grown infants.

This study was undertaken in fetal sheep during the late 
canalicular and early saccular stage of lung development, 
approximating 26 wk of human lung development (25), and 
thus experimentally represents a common clinical scenario. 
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Figure 1. Fetal lung architectural data. (a) Fetal lung tissue density was reduced following BM administration. (b) Septal crest density was not signifi-
cantly different between treatment groups. Values are means ± SE; *P < 0.05 for maternal treatment (vehicle as compared with BM); n = 7/group. BM, 
betamethasone; SUAL, single umbilical artery ligation.
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Figure 2. Histology of fetal lung tissue. (a) Photomicrographs showing Hart's elastin staining (stained dark) and (b) Ki67 immunoreactivity (stained 
brown) in (A) control, (B) SUAL alone, (C) control + BM, and (D) SUAL + BM. Bar = 50 µm. BM, betamethasone; SUAL, single umbilical artery ligation.

table 2. Fetal body weights and organ weights

Control SUAL alone Control + BM SUAL + BM

Body weight (kg) 1.99 ± 0.11 1.68 ± 0.11** 1.64 ± 0.10* 1.41 ± 0.10*,**

Brain:body weight (g/kg) 17.66 ± 0.7 21.53 ± 1.4** 20.80 ± 0.7* 24.02 ± 1.5*,**

Lung weight (g) 69.11 ± 3.3 62.46 ± 2.7 56.21 ± 2.9* 59.26 ± 4.6*

Lung:body weight (g/kg) 36.24 ± 1.4 38.87 ± 2.7** 34.69 ± 1.9 42.51 ± 2.8**

Gestation at postmortem (d) 114.9 ± 0.7 114.9 ± 0.7 115.1 ± 0.8 115.1 ± 0.8

Values are means ± se.

BM, betamethasone; sUaL, single umbilical artery ligation.

P < 0.05: *significant effect of maternal treatment (vehicle as compared with BM), **significant effect of fetal treatment (control as compared with sUaL).
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At this point in development, the fetal lung consists of primi-
tive alveoli as the airway walls thin and the surface area for 
gas exchange increases (26). It also represents a development 
stage of significant cellular proliferation. Glucocorticoids are 
known to inhibit cell proliferation in a number of tissues (27), 
including the lung (28). Thus, the reduced cell proliferation 
we observed in both control and SUAL fetuses treated with 
BM was not surprising but may result in the arrest of nor-
mal development. We also expected to observe a decrease 
in the proportion of septal crests in response to glucocorti-
coid administration (24,29). The septal crests represent the 
developing alveoli, and exogenous glucocorticoids decrease 

alveolar septa at the expense of future lung growth and devel-
opment (29). The changes to alveolarization, as demonstrated 
by a reduction in the septal crest proportions, are thought to 
take longer than 48 h (30). In this study, we did not observe 
a reduction in septal crest number, most likely because there 
was a short interval between glucocorticoid exposure and tis-
sue collection. This lack of an effect over a short (48 h) time 
interval has been reported previously (30). In contrast, when 
the interval between glucocorticoid exposure and lung assess-
ment is longer, such as 7 d, changes to alveolarization are 
observed (24).

In addition to structural effects, glucocorticoids also induce 
maturation of the pulmonary surfactant system (22). We con-
firmed such effects in this study, in SPs A, B, and C in both con-
trol and SUAL fetuses. This increase confirms previous reports 
in normally grown animals (22). Of interest, only BM and not 
SUAL had an effect on SPs. This would further suggest that 
antenatal glucocorticoids confer lung function benefits in the 
preterm IUGR fetus, as they do in the normally grown preterm 
fetus.

The administration of glucocorticoids to the ewe resulted 
in fetal hyperglycemia, with circulating fetal glucose levels 
increased threefold. Such an effect has been documented 
previously in normally grown fetal sheep following glucocor-
ticoid administration (31). It is known that glucocorticoids 
increase maternal plasma glucose levels (32), with maxi-
mum levels reached 8 h following administration (33). In 
this study, we found that fetal glucose levels were increased 
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within 6 h after the first BM injection and maximal levels 
were observed following the second BM exposure. As com-
pared with their control twins, SUAL fetuses were relatively 
hypoglycemic before BM administration and hyperglycemia 
following glucocorticoid administration was attenuated in 
the SUAL fetuses. This finding may be due, at least in part, 
to an increase in the glycolytic activity of the IUGR placenta 
(34) limiting transfer capability of glucose across the com-
promised placenta.

The time course undertaken in this study—1 wk between 
the onset of SUAL-induced IUGR and postmortem, incor-
porating BM administration on d 5 and d 6—was chosen 
because we had previously demonstrated that this results in 
asymmetric growth restriction and fetal hypoxemia (15,17) 
and because we wished to replicate a common clinical sce-
nario, the preterm IUGR baby that is exposed to gluco-
corticoids for a short period before birth (35). We also did 
not want our animals to deliver in response to BM—which 
occurs in sheep (36), nor did we want to confound experi-
mental outcomes with the administration of progestogen to 
prevent preterm labor (36). However, a limitation of this time 
course may be that it was not long enough to observe sig-
nificant changes in some measures of lung morphometry and 
surfactant production.

In summary, we have shown that in SUAL fetuses, maternal 
BM is associated with acceleration of fetal lung structure, as 
occurs in normally grown fetuses, and that BM induces SP 
production, an effect not observed in SUAL-induced IUGR 
fetuses alone. Thus, although it has been reported that ante-
natal glucocorticoids do not improve a range of clinical out-
comes in IUGR babies (14), we feel that it is premature to 
abandon such therapy until we better understand the risks 
and benefits.

METHODS
Fetal Surgery
Experimental procedures were approved by the Monash Medical 
Centre Animal Ethics Committee. Surgery was performed on 23 
twin-bearing Border-Leicester Merino crossbred ewes at ~108 d ges-
tational age (term, 145–147 d). All ewes received intravenous ampicil-
lin (1 g) before the induction of anesthesia with intravenous 20 mg/ kg 
sodium thiopentone (Pentothal; Bomac Laboratories, Auckland, 
New Zealand). General anesthesia was maintained with 2% isoflu-
rane (Isoflo; Abbott, Sydney, Australia) in oxygen and nitrous oxide 
(70:30). Under aseptic conditions, each fetus was exteriorized to 
allow the insertion of sterile polyvinyl catheters containing saline into 
the femoral artery (inner diameter 0.8 mm, outer diameter 1.5 mm; 
Dural Plastics, Sydney, Australia) and the amniotic sac (inner diam-
eter 1.5 mm, outer diameter 2.7 mm; Dural Plastics). The umbilical 
arteries were identified and a small incision made in the sheath sur-
rounding the umbilical cord ~3 cm from the fetal abdomen. SUAL 
was performed in one twin by placing two ligatures around one of 
the two umbilical arteries. The cord was manipulated but not ligated 
in the control twin. The fetuses were then returned to the uterus and 
catheters were exteriorized via an incision in the flank of the ewe.

Experimental Procedures
Fetal arterial blood samples were taken each day following surgery 
for analysis of partial pressure of oxygen and carbon dioxide, pH, and 
oxygen saturation of hemoglobin using an ABL 700 blood gas analyzer 
(Radiometer, Copenhagen, Demark). On d 5 following surgery, ewes 

received either 11.4 mg BM intramuscular (termed BM1; Celestone 
Chronodose; Schering Plough, Sydney, Australia) or an equal volume 
of saline and then received a second dose of 11.4 mg BM or saline 24 h 
later on d 6 (termed BM2). This dosing regimen reflects the clinical 
use of BM (37,38). Thus, there were four treatment groups: control, 
SUAL-alone, control + BM, and SUAL + BM. Fetal arterial blood 
samples were collected 24 h before each BM dose as well as 6 h and 
12 h after BM1 and BM2. On day 7, animals were killed with maternal 
injection of pentobarbitone (Lethabarb; Virbac, Peakhurst, Australia) 
and fetal lungs were collected for analysis.

Fetuses were weighed before the fetal lungs were removed, weighed, 
and drained of liquid. The left bronchus was ligated and random por-
tions of the left lung were snap-frozen and stored at −70 °C. The right 
lung was fixed with 4% paraformaldehyde instilled at 20 cm H2O via 
the trachea and then postfixed in Zamboni’s fixative and processed for 
light microscopy.

The right lung was separated into cranial, middle, and caudal lobes 
and sliced at 5-mm intervals. Three slices from each lobe were chosen 
at random, cut into 2-cm2 sections, and embedded in paraffin wax. 
One block from each of the three right lung lobes was then randomly 
selected and sectioned as slices of 5-µm thickness before being incu-
bated at 60 °C, dewaxed, and rehydrated. Sections were stained with 
hematoxylin and eosin or Hart’s resorcin–fuschin stain to identify elas-
tin and the presence of septal crests. The percentage of area occupied 
by tissue was calculated by image analysis (Image-Pro Plus, Bethesda, 
MD) and septal crest density was measured using point counting and 
expressed as a proportion of tissue area (39). All counting was under-
taken by a single observer (A.E.S.) blinded to the experimental group. 
Five fields of view for each section were used in the analyses.

Ki67 immunohistochemistry was used to identify proliferating cells 
(40). Antigen retrieval was undertaken in citric acid buffer (0.01 mol/l, 
pH 6.0) using a microwave oven (4 × 5 min) followed by incubation 
for 30 min. Sections were then rinsed in Tris-buffered saline (TBS; 
0.1 mol/l, pH 7.6) with 0.1% Triton X-100 before endogenous per-
oxidase activity was blocked by incubating sections in 3% hydrogen 
peroxide for 10 min at room temperature. Nonspecific binding was 
blocked by incubating sections in 5% normal goat serum in TBS with 
0.3% Triton X-100 for 30 min and then incubating overnight at 4 °C 
in a 1:100 dilution of rabbit monoclonal anti-Ki67 (Thermo Scientific, 
Barrington, IL) antibody in TBS with 2% normal goat serum and 
0.1% Triton X-100. Sections were then rinsed in TBS and incubated 
in a 1:500 dilution of biotinylated goat anti-rabbit secondary anti-
body for 90 min at room temperature. Sections were again rinsed 
in TBS before incubation with streptavidin horseradish peroxidase 
(1:200) and visualization using diaminobenzidine complex. Sections 
were then counterstained with hematoxylin. Ki67-positive cells were 
counted and expressed as a percentage of the total number of cells 
within each field of view.

Tissue DNA concentrations were measured using a fluorometric 
DNA assay. Briefly, tissue samples (~500 mg) were homogenized in 
ice-cold sodium phosphate buffer (3 mol/l NaCl, 0.05 mol/l Na2HPO4, 
0.05 mol/l NaH2PO4·2H2O, 0.002 mol/l EDTA, pH 7.4) and centri-
fuged for 5 min at 3,500 r.p.m. (4 °C). A 1:5 dilution of the supernatant 
was used to measure DNA. An EDTA solution (0.002 mol/l) and fluo-
rochrome (Hoechst 33258; 2.5µg/ml in 0.125 mol/l NaH2PO4·2H2O, 
3 mol/l NaCl, pH 7.4) were added to each standard and sample in trip-
licate before measuring fluorescence using an excitation wavelength 
of 356 nm and an emission wavelength of 480 nm.

Total RNA was extracted from fetal lung tissue using an RNeasy 
Midi Kit (Qiagen, Doncaster, Australia) per the manufacturer’s 
guidelines. cDNA was synthesized using 1 µg of DNase-treated RNA 
with the Superscript III First Strand Synthesis System (Invitrogen, 
Mulgrave, Australia). SP-A, SP-B, SP-C, SP-D, and 18S ribosomal RNA 
were amplified by quantitative real-time PCR using a Fast Real-Time 
PCR system (7900HT; Applied Biosystems, Mulgrave, Australia). 
Reactions containing 5 l SYBR Green (Applied Biosystems), 1 l prim-
ers (Table 3), 0.5 l cDNA, and 3.5 l nuclease-free water were loaded 
in triplicate into a 384-well plate using a liquid handling instrument 
(Corbett Research CAS1200; Qiagen). A control reaction containing 
all reagents except the cDNA template was included to test for reagent 
contamination. The mean threshold (CT) value for each sample was 
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calculated and the mean CT value for 18S was subtracted (CT). The 
CT value was then normalized (2–CT) and expressed relative to the 
mean mRNA levels of the gene of interest in samples from the control 
group.

Fetal plasma cortisol concentrations were determined using an 
established in-house radioimmunoassay. The assay sensitivity was 
3.7 ng/ml and the inter- and intra-assay coefficients of variation were 
15.1% and 8.4%, respectively. There was no cross-reactivity with 
BM (41).

Statistical Analysis
Data are presented as means ± SE. Statistical analyses were under-
taken using SigmaPlot (Systat Software, Chicago, IL). A two-way 
ANOVA was undertaken on normally distributed data, with fetal 
treatment (control or SUAL) and maternal treatment (vehicle or 
BM) as fixed variables for analysis of fetal body weight, lung weight, 
lung:body weight ratio, tissue density, cell proliferation, DNA con-
centration, and septal crest densities. Data pertaining to SP mRNA 
levels were normalized by log-transform before parametric analysis. 
Post hoc least significant difference test was performed as required. 
Three-way repeated-measures ANOVA was used to examine fetal 
arterial parameters and cortisol changes over time, with a least sig-
nificant difference post hoc test. Where significant interactions were 
detected between factors, differences between groups were isolated 
with one- or two-way ANOVA. Statistical significance was accepted 
when P < 0.05.
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