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ABSTRACT. It has been reported that estradiol-178 (E2)
stimulates rat and rabbit fetal lung maturation; however,
E2 was not directly administered to the fetus in these
experiments. Therefore, we used the chronically instru-
mented fetal sheep to study the effects of 14 days of
continuous E2 infusion on fetal lung maturation. Animals
were instrumented on days 104-106 of gestation, then
infused with either saline or E2 (100 pg/day) from 111 to
127 days of gestation. Fetal plasma concentrations of E2,
estrone, and cortisol, and tracheal fluid phosphatidylcho-
line:sphingomyelin ratios and phosphatidylcholine flux
were measured daily in E2-infused (n = 8) and saline-
infused (n = 6) control animals. At 127 days of gestation,
fetuses were sacrificed and lung tissue samples obtained
for biochemical and morphological analyses. Plasma E2
levels rose from 0.045 = 0.001 (x = SE) to 7.45 £ 5.31
ng/ml (p < 0.05) in E2-infused animals whereas levels
remained < 0.06 ng/ml in saline-infused animals. Plasma
estrone concentrations also were significantly elevated by
E2 infusion. Plasma contisol concentrations increased from
0.58 % 0.08 to 0.88 * 0.40 ug/dl in E2-treated fetuses
during the last week of infusion whereas values in control
animals were unchanged. The ratio of acetone-precipitated
phosphatidylcholine to sphingomyelin and the flux of ace-
tone-precipitated phosphatidylcholine in tracheal fluid
were not affected by E2 infusion. Fetal lung tissue phos-
pholipid content was also unaffected by E2 infusion. Fur-
thermore, there was no consistent effect of E2 infusion on
the histological structure of the fetal lung tissue as deter-
mined by morphometric methods. Therefore, we conclude
that prolonged elevations in plasma E2 in the early to
middle 3rd trimester of gestation, i.e., prior to 128 days of
gestation, do not stimulate lung maturation in the intact
ovine fetus. (Pediatr Res 22: 145-149, 1987)
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RDS of the newborn is caused by inadequate surfactant pro-
duction by type II cells of the lung alveolus (1). However, the
factor(s) responsible for the regulation of fetal lung maturation
remains unclear. A better understanding of the mechanisms
which regulate fetal lung maturation might lead to better treat-
ments to prevent or ameliorate neonatal RDS. It is now well
documented that the differentiation of the fetal lung type II cell
can be accelerated by treatment of the fetus or the mother with
various hormones (2). Several investigators have suggested that
estrogens might play a role in fetal lung maturation. The fetal
and maternal plasma concentrations of estrogen not only rise
during the last half of human gestation (3, 4), but this rise in
estrogen levels precedes the increase in surfactant production by
fetal lung. Furthermore, low levels of urinary and umbilical cord
blood estrogens in neonates have been reported to correlate
positively with an increased incidence of RDS (5, 6).

Khosla and coworkers (7, 8) have reported that injection of
pregnant rabbits with 75 ug/day of estradiol-178 resulted in a
stimulation of lung phosphatidylcholine content and choline
incorporation into PC of fetal lung slices. Estrogen administra-
tion to the pregnant doe also resulted in the increased activity of
fetal lung cholinephosphate cytidylyltransferase, an enzyme that
may be rate limiting in the synthesis of PC (9). Gross et al. (10)
also have reported that treatment of fetal rat lung explants in
organ culture with 10~ M estrogen results in increased incor-
poration of [*H]acetate into PC and phosphatidylglycerol (10).
Recently, Thuresson-Klein et a/. (11) have reported a marked
stimulation of fetal rat lung type II cell differentiation by estrogen
injection into the amniotic sac. Thus, there is considerable
evidence, obtained from studies using various animal models,
both in vive and in vitro, that estrogen can stimulate differentia-
tion of fetal lung type II cells.

In most of the in vive studies cited above, relatively large
amounts of estrogen were used and in most instances the estrogen
was administered to the mother. The resulting fetal plasma
estrogen concentrations were not determined in these studies.
Although some maternally administered estrogen (i.e. estradiol)
may cross the placenta, the placenta has been shown to be
relatively impermeable to transplacental transport of estrogens
(12); furthermore, transplacental estrogen reaching the fetus is
either rapidly conjugated, converted to E1, a weak estrogen, or
rapidly cleared by the fetal placenta (12-15). Therefore, we used
the chronically instrumented fetal sheep to study the effects of
prolonged fetal estrogen infusion on several aspects of the differ-
entiation of the fetal lung type II cell. We determined that, in
this species, prolonged elevation of fetal plasma unconjugated
estrogen prior to the surge of surfactant synthesis and release
that occurs late in gestation (16, 17) does not affect the differ-
entiation of the fetal lung type II cell.

MATERIALS AND METHODS

Animals. Fourteen pregnant ewes of mixed Western breed
were studied between the 106th and 127th days of gestation.
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There were 12 singleton and two twin pregnancies. The surgical
procedures used in this study have been described in detail
previously (17, 18). Briefly, using sterile techniques and under
spinal anesthesia supplemented with iv pentobarbitol (15 mg/
kg), polyvinal catheters were inserted on the 104-106th days of
gestation into the fetal trachea after ligation and the fetal femoral
artery and vein. The tracheal catheter was attached to a soft
plastic bag of 300 ml capacity which was placed into the amniotic
sac, providing a reservior for the continuous collection of tracheal
fluid. A second catheter attached to the reservoir was exteriorized
for the purpose of sampling. After closing the uterine incisions
and maternal abdomen, catheters were implanted in the maternal
femoral artery and vein. All catheters were brought out to the
flank through a subcutaneous tunnel and maintained in a canvas
pouch attached to the skin with steel pins. Each animal was
returned to the laboratory and maintained in a separate stall with
water and feed allowed ad libitum throughout the study period.
The catheters were flushed daily with 0.15 M NaCl containing
250 and 500 U/ml of heparin for the maternal and fetal catheters,
respectively. The catheters were sealed with sterile pins. Penicillin
(600,000 U) and streptomycin (0.5 g) were given to the mother
on the day of surgery and for the next 2 postoperative days. The
fetus received 50 mg of Ampicillin iv every other day throughout
the experiment. All of the fetuses included in the study remained
healthy as determined by intermittent measurement of arterial
blood gases, heart rate, and mean arterial pressure. The pregnant
ewe was monitored in a similar fashion. Premature labor did not
occur in any of the animals included in this study.

Experimental protocol. In eight animals, E2 (Steraloids, Inc.,
Pawling, NY) was infused constantly through the femoral venous
catheter of the fetus with a Harvard constant infusion pump at
a rate of 100 ug/day beginning on day 111 of gestation (i.e at
least 5 days postoperatively) and terminating on the 127th day
of pregnancy. The dose of E2 was chosen to achieve plasma
levels of unconjugated estrogens substantially greater than that
normally seen in the fetal sheep remote from term and close to
those observed at term in the fetal sheep (19). The concentration
of the infusate was 100 ug of E2/ml and consisted of 0.9 ml of
sterile 0.15 M NaCl and 0.1 ml of a stock solution of E2 in
ethanol (1 mg/ml). Control animals (n = 6) were infused with
0.15 M Na(l at the same rate and volume. Using sterile precau-
tions, tracheal fluid samples were collected daily before and
during the infusion period by emptying the tracheal reservoir at
approximately the same time of day, between 0900 and 1200 h.
The tracheal fluid samples were collected into chilled plastic
syringes then transferred to glass tubes and immediately centri-
fuged at 700 X g for 5 min to remove cells and debris. The
supernate was frozen at —20° C until the time of assay. Heparin-
ized blood samples (3.0 ml) were collected daily in sterile syringes
for the first 5 days postoperative and every other day beginning
on day 111 of gestation from the fetal femoral artery catheter
and the plasma, immediately separated from red blood cells,
which were resuspended in sterile saline and returned to the fetus
(18). An additional 1.0 ml of unheparinized blood was obtained
in a similar manner and the serum separated from the red blood
cells and the clot. All plasma samples were frozen at —20° C until
assay.

At the end of the infusion period (day 127 of gestation) the
ewe was anesthetized with iv ketamine (10 mg/kg) supplemented
with iv pentobarbitol. The fetus was delivered by cesarian section
and sacrificed immediately by injection of sodium pentobarbitol
(300 mg/ml) into the femoral venous catheter. The mother then
was sacrificed by rapid injection of 12 ml of the sodium pento-
barbitol solution into the femoral venous catheter. Tissue sam-
ples were obtained from the right upper lobe of the lung of the
mother and fetus and were fixed in glutaraldehyde (2.5%) for
morphological analysis. Lung tissue samples also were taken for
phospholipid analysis. At the time of sacrifice, the mean fetal
weights (£SD) of control and E2-treated fetuses were 2498 + 414
and 2033 + 673, respectively, and the male to female ratios were
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1:5 and 1:7, respectively. The weights of control and E2-treated
fetuses were not statistically different (p = 0.17); the lower mean
weight in the experimental animals is reflective of two twin
fetuses.

Assays. Plasma samples were assayed for unconjugated E1 and
total unconjugated estradiol (estradiol-17a plus E28) by RIA
using an antibody that measures both the 17« and 178 epimers
of E2 (20). 17B8-E2 reacts 100% and 17a-E2 cross reacts 14%
with the antiserum. The validation for the determinations of E1
and E2 by RIA in ovine plasma has been reported (18). Cortisol
was measured using a slight modification of a RIA method
previously described (21). Tritiated, rather than iodinated cortisol
was used as the assay tracer; nonantibody-bound tracer was
separated from antibody-bound tracer by use of a suspension of
dextran-coated charcoal. The intra- and interassay coefficients of
variation were less than 10%. With the dilution and assay vol-
umes used, the least detectable amount of cortisol was 0.1 ug/dl.

Phospholipid analysis. Lung tissue samples were obtained from
three control and three E2-treated fetuses, homogenized in dis-
tilled water, and an aliquot removed for protein determination
using the method of Lowry e al. (22). Aliquots of the tissue
homogenates were extracted using chloroform-methanol (23).
The proportion of DSPC in the lipid extract was determined
using the method of Mason e al. (24). The amount of lipid
phosphorous was determined using a colorimetric assay (25).

Tracheal fluid samples were also extracted using chloroform-
methanol as described above, followed by acetone precipitation
as described by Gluck et al. (26). The acetone-precipitated frac-
tion was dissolved in chloroform, applied to thin-layer silica gel
H sheets (Eastman Kodak 13179, Eastman Kodak Co., Roches-
ter, NY) and the phospholipids separated employing the solvent
system chloroform:methanol:water (65:35:4). Following chro-
matography, the thin-layer plates were dried in air, the phospho-
lipids localized by exposure to iodine vapors and scraped. PC
and S were then quantitated by assaying for inorganic phospho-
rus (25). The data are expressed as the ratio of acetone-precipi-
tated PC/S and as the flux of acetone-precipitated phosphatidyl-
choline (ug/h).

Morphology. Lung tissues were also fixed and embedded for
electron microscopy using methods described previously (27).
The right upper lobe was quickly sliced into 1-mm fragments
with a razor blade, fixed in glutaraldehyde (2.5%) in phosphate
buffer (0.1 M, pH 7.4), and embedded in plastic resin. Repre-
sentative 1-u thick sections from each animal were cut with glass
knives then stained with toluidine blue. These sections were used
for a morphometric analysis of changes in the relative amount
of epithelium, connective tissue, blood vessels, and lumen in the
fetal lung tissue. Three thick sections, obtained from three dif-
ferent pieces of tissue, from each animal were then analyzed at

- 400x with a light microscope containing an eyepiece grid with

100 point intersections. Only areas of peripheral lung were
examined, areas which included large airways or large blood
vessels were not scored. Each point on the grid was scored as to
its location on lumen, epithelium, blood vessel, or connective
tissue. Three areas, chosen at random, were analyzed on each
section (100 points/area, total of 300 points per section). The
data are expressed as the volume density (%), or proportion of
the tissue volume, occupied by each component.

Statistical methods. In order to compare the results of these
studies with those previously reported from our laboratories (17),
the data for maternal and fetal hormones and fetal tracheal
phospholipids were grouped into 5-day intervals, beginning at
106 days of gestation (except for the last time point which
represents a 2-day interval, i.e. days 126 and 127 of gestation).
The average of all measurements during each interval for each
animal was utilized to determine the mean and SE for all animals
in each 5-day period. Differences between control and estrogen-
treated animals were evaluated by repeated measures of two-way
analysis of variance, with Newman-Keuls comparisons to iden-
tify differences at specific points (28). The relationship between
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plasma estrogen (E2 and El) and tracheal PC flux and the PC/S
ratio was evaluated by linear regression analysis. The morpho-
metric data and tissue phospholipid data were compared using
Student’s unpaired ¢ test (28). Data are presented as the mean
and SEM.

RESULTS

Hormones. We determined the fetal plasma concentrations of
unconjugated estrogen in five of the saline-infused controls and
seven of the E2-infused fetal sheep throughout the study period
as described above. Although the rate of infusion of E2 in
different animals was similar, there was marked variability in the
plasma concentrations of estrogens achieved; therefore, the data
were analyzed as the natural logarithm of the plasma E2 concen-
tration. A similar variation in plasma E2 was observed in indi-
vidual animals studied longitudinally. As illustrated in Figure 1,
plasma levels of nonconjugated E2 in treated fetuses rose nearly
200-fold soon after the E2 infusion was started, increasing from
a mean of 0,045 + 0.001 ng/ml pre-E2 treatment to 7.45 £ 5.31
ng/ml (p < 0.01) at 116-120 days of gestation, and remained
unchanged thereafter. In contrast, plasma E2 levels in control
fetuses remained less than 0.06 ng/ml throughout the study
period and were significantly lower than values in treated animals
(p < 0.05). Plasma levels of unconjugated E1 (Fig. 2) also were
elevated in treated fetuses, rising from 108 + 16 to 344 + 62 pg/
ml by 111-115 days of gestation (p < 0.05), and remained
relatively unchanged thereafter. Because the variability in these
measurements was quite large, likely reflective of the variable
conversion of E2 to E1 by the fetus (15), values were not
significantly different after 116 days of gestation even though
they remained elevated. There were no significant alterations of
plasma E1 levels in the control fetuses.

We also examined the effect of E2 infusion on fetal plasma
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Fig. 1. Plasma concentrations of unconjugated E2 in fetal sheep
infused with saline (@&—@®) or E2 (O---O) from 111 to 127 days of
gestation. The data are expressed as the natural logarithm of the pg/ml
of plasma E2. The period of E2 infusion is shown by the hatched bar.
Asterisks indicate a significant difference (p < 0.05) between saline- (n
= 5) and E2-infused animals (n = 7). Values are the mean + SE.
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Fig. 2. Plasma concentrations ot unconjugated El in fetal sheep
infused with saline (@&——@, n = 5) or estradiol (E2) (O—-0, n = 7).
The data are expressed as the natural logarithm of the pg/ml of plasma
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Fig. 3. Plasma concentrations of cortisol (¢g/dl) in fetal lambs infused
with saline (n = 5, ®&—®) or E2 (n = 7, O-—C). The period of E2
infusion is indicated by the hatched bar. Values are the mean * SE.

levels of cortisol (Fig. 3), a hormone that has been shown to
stimulate fetal lung maturation (29, 30) in this species. Although
there was a tendency for plasma concentrations of cortisol to rise
more rapidly near the end of the study period in the E2-infused
fetuses (n = 7), this did not achieve statistical significance (p >
0.05) and values were not significantly different from values for
control fetuses (n = 5). Cortisol levels in the control fetuses also
were not significantly changed throughout the period of study.

Phospholipids. The ratio of acetone-precipitated PC/S in tra-
cheal effluent varied in both E2-infused and control fetus during
the gestational period studied (Fig. 4). However, none of these
changes was significant. Furthermore, the PC/S values in E2-
infused and control groups were not significantly different from
each other throughout the experiment and were not correlated
with the plasma levels of E2 or El.

As with the PC/S values, the flux of acetone-precipitable PC
in tracheal fluid was also variable, particularly early in gestation
(Fig. 5). Variability in PC flux also occurred in individual animals
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Fig. 5. The phosphatidylcholine flux (ug PC/h) in tracheal fluid col-
lected from saline- (@&——®, n = 6) or E2-infused animals (O~~~O, n =
8). The infusion period is indicated by the hatched bar. Values are the
mean + SE.

studied longitudinally. No significant changes in PC flux oc-
curred during the study period and no significant differences
between the E2 group and the control group were found. The
PC/S levels were not significantly correlated with either E1 or
E2 plasma levels. There was also no observed effect of E2-
treatment on the volume of tracheal fluid collected.

The phospholipid content of fetal lung tissues collected after
the infusion period in three treated and three control fetuses are
shown in Table 1. The total phospholipid per mg protein, total
PC per mg protein, and the DSPC to total PC ratio were
unchanged by E2 treatment of the fetus.

Morphology. We used light microscopic morphometric tech-
niques to examine sections of lung tissues obtained from six of
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the control and five of the estrogen-iniused fetuses included in
the study. Slides were masked, coded, and evaluated by two
investigators. No consistent effect of estrogen-infusion on the
volume density occupied by lumen, epithelium, connective tis-
sue, or blood vessels was evident (Table 2). The lung tissue was
relatively mature morphologically on day 127 of gestation as has
been described previously (31). Some of the fetal lung tissue
samples were thin sectioned and examined by electron micros-
copy. The fetal lung tissues contained differentiated type II cells;
however, no consistent ultrastructural differences between lung
tissue from control and E2-infused fetuses were observed (data
not shown).

DISCUSSION

Estrogen has been shown to stimulate fetal lung maturation in
the rat and rabbit species (7-11). In one study, this effect was
shown to be direct when estrogen was added to explants of rat
fetal lung maintained in serum-free media (10). However, in that
in vitro study, the effect of estrogen was not as great as had been
observed previously in in vivo studies (7-9). In addition, very
high concentrations of estrogen were required to obtain stimu-
latory effects. Since transplacental transfer of estrogen from the
maternal to the fetal compartment is limited (12) and fetal
metabolism of estrogen is rapid (13-15), and since fetal estrogen
concentrations were not determined in prior iz vivo studies, the
results of those studies may have reflected a mechanism other
than that mediated directly by estrogen. Therefore, we utilized
the chronically instrumented fetal sheep model in which estrogen
could be infused directly into the fetal circulation. In this manner,
we were able to study the effects of prolonged elevations in
plasma concentrations of unconjugated estrogen on fetal lung
maturation in vivo at a time prior to the natural occurrence of
fetal lung maturation in the sheep (16, 17).

To utilize the model effectively, we examined several param-
eters of fetal lung maturation, i.e. the rate of surfactant secretion
into tracheal fluid, the tracheal fluid ratio of acetone-precipitable
PC/S, lung tissue phospholipid content, and lung morphology.
We determined that elevated plasma estrogen levels had no effect
on any of these factors. However, it is possible that, because of
the variability in PC/S ratios and in PC flux, a small effect of
estrogen on these parameters may have been observed.

The lung of the sheep fetus has been shown to be responsive
to glucocorticoids (30, 32, 33). It is of interest that the estrogen
infusion was associated with a slight increase in plasma cortisol

Table 1. Phospholipid of lung tissues from control and estrogen-
infused fetuses (mean + SE)

Control Estrogen-infused
(n=73) (n=3)
I  Total phospholipid  98.9 + 14.9 120.5 £ 21.1
(nmol POs/mg
protein)
II  Total PC (nmol 61.7 £ 13.7 60.0 £ 10.8
PO./mg protein)
111 % DSPC of total 433+ 46 397+ 39
PC

Table 2. Morphometry of fetal sheep lung tissue (mean + SE)

Volume density (%)
Control Estrogen-infused
Parameter (n==6) (n=25)
Lumen 42.6 £ 10.9 428 +8.5
Epithelium 19.5+ 4.6 207+ 3.7
Connective tissue 282+ 84 28777
Blood vessels 9.8+ 1.5 8.1+3.1
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levels; however, this was not associated with accelerated fetal
lung maturation. The slight increase in cortisol levels we observed
in the E2-infused fetuses may not have been of sufficient mag-
nitude to stimulate lung maturation. Furthermore, the fetal sheep
lung may require other hormones, in addition to glucocorticoids,
to achieve lung differentiation; this is supported by the observa-
tion that the infusion of exogenous glucocorticoids into the sheep
fetus will not reverse the inhibitory effects of hypophysectomy
on fetal lung maturation (32).

Normal values for fetal lamb tracheal surfactant flux during
this interval of gestation have been reported by Platzker et al.
(30) and Taeusch et al. (33). Direct comparisons of our data and
that of the previous reports are difficult because Platzker et al.
(30) measured surface activity, then converted that biophysical
parameter to a DSPC concentration, and Taeusch et al. (33)
measured DSPC concentration. If ones uses the assumption of
Platzker et al. (30) for DSPC concentration and further assumes
that acetone-precipitated PC is enriched with DSPC (approxi-
mately 75%), then our flux results are in reasonable agreement.
The apparent decrease in flux over gestation seen in our data is
not statistically or biologically significant and always remained
within the normal range described in these previous studies.

Our findings concerning the effects of estrogen on surfactant
production in the fetal sheep are not in agreement with the
findings of investigators who have used the fetal rat or rabbit.
The reasons for this discrepancy are not clear. We infused
estrogen at a stage in fetal sheep lung maturation that is consid-
ered comparable to the stages of fetal lung development previ-
ously studied in the rat and rabbit and is prior to morphological
and biochemical maturation in the sheep fetus (16, 17, 31). The
plasma levels of estrogen that we achieved in the E2-infused
animals are about two orders of magnitude less than the 107> M
dose that was effective in the rat in vitro studies; however, it is
difficult to imagine a physiological situation in which fetal
plasma estrogen would reach such high levels. In fact, in the
sheep fetus, plasma concentrations of unconjugated E2 and El
do not attain the levels attained in these experiments until the
onset of parturition, values reported to range from 75 to >400
pg/ml (19). It is possible that in the sheep fetus receptors for
estrogen are not present during the time period we studied or
that estrogen acts via the release of or in association with other
hormones, e.g. prolactin, which have been associated with
changes in lung maturation.

Taeusch ef al. (33) reported that the response of the fetal sheep
lung to dexamethasone infusion was variable, with some fetuses
showing no response in surfactant production while others
showed a marked response, which in some cases appeared to be
transient. Examination of the results from individual fetuses in
our study did not indicate that a similar phenomenon occurred.
Furthermore, the data of Taeusch et al. (33) are suggestive that
the grouping of our data into 5-day blocks would not keep us
from identifying a significant but transient effect, since the effects
observed in their study were at least 5 days in duration.

In this study, we have produced a substantial increase in
plasma concentrations of unconjugated E2 and El in the fetal
blood for a 2-wk period. Nevertheless, in this intact animal
model, we were unable to detect any effect of elevated plasma
estrogens on a number of different parameters of lung matura-
tion. We therefore conclude that, in the sheep, estrogen does not
stimulate fetal lung maturation over the period prior to 128 days
of gestation. The possibility remains, however, that estrogen may
exert stimulatory effects on lung maturation later in gestation.
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