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In utero inflammation may accelerate fetal lung maturation
but may also play a role in the pathogenesis of chronic lung
disease. We examined the impact of endotoxin, a potent proin-
flammatory stimulus, on structural and functional maturation of
preterm sheep lungs. Date bred ewes received 20 mg Escherichia
coli endotoxin or saline by ultrasound guided intra-amniotic
injection at 119 d gestation. A comparison group of animals
received 0.5 mg/kg betamethasone, a known maturational agent,
at 118 d gestation. Lambs were delivered by cesarean section at
125 d (term 5 150 d) and ventilated for 40 min. Lung function
data are reported elsewhere. Total and differential white cell
counts were performed on amniotic fluid and fetal lung fluid
samples. Morphometric analyses were performed on inflation
fixed right upper lobes. Total cell count increased slightly but not
significantly in both amniotic fluid and fetal lung fluid. Both
endotoxin and betamethasone had similar effects on alveolariza-

tion: average alveolar volume increased by approximately 20%
and total alveolar number decreased by almost 30%. Both treat-
ments led to thinning of alveolar walls, although this was statis-
tically significant in the betamethasone-treated group only. Al-
though antenatal endotoxin leads to striking improvements in
postnatal lung function, this may be at the expense of normal
alveolar development. (Pediatr Res 48: 782–788, 2000)

Abbreviations
RDS, respiratory distress syndrome
BPD, bronchopulmonary dysplasia
PEEP, positive end expiratory pressure
RUL, right upper lobe
FLV, fixed lobe volume
PF, volume fraction of lung parenchyma
SV, surface area per unit volume of alveoli and alveolar ducts

RDS is a major cause of morbidity and mortality in preterm
neonates (1). Although most infants who develop RDS will
recover, up to 20% will subsequently develop BPD (2). BPD
has traditionally been attributed to barotrauma and oxidant
injury, associated with prolonged mechanical ventilation and
supplemental oxygen support (3), however, there is mounting
evidence to suggest that perinatal inflammation may play a
vital role in the pathogenesis of chronic lung disease. Elevated
levels of the proinflammatory cytokines IL-6, IL-8, and IL-1b
in amniotic fluid are strongly predictive of BPD in preterm
neonates delivered within 5 d of amniocentesis (4). Tracheal
lavage neutrophil count and elastase activity are significantly
higher during the first week of life in intubated neonates who
subsequently develop BPD, compared with those who do not

develop BPD (5, 6). Paradoxically, a number of clinical and
animal-based studies suggest that antenatal exposure to inflam-
matory mediators may accelerate fetal lung maturation.
Watterberg et al. reported that infants exposed prenatally to
chorioamnionitis had elevated lavage IL-1b from d 1 and an
increased risk of developing BPD, despite having a decreased
incidence of RDS (7). Antenatal exposure to IL-1a up-
regulates production of surfactant protein A (SP-A) and SP-B
mRNA in fetal rabbits (8).

We hypothesized that intra-amniotic endotoxin might ma-
ture the fetal lung and we found that intra-amniotic endotoxin
improved lung function after preterm birth more than did
antenatal betamethasone (9). The improved lung function was
associated with a 10-fold increase in the amount of surfactant
lipids in alveolar lavages and 3-fold increases in lung gas
volumes. A concern with any lung maturation strategy or with
lung injury is that alveolarization may be suppressed. Antena-
tal glucocorticoids interfere with alveolarization (10), and ven-
tilation of the preterm lung results in disrupted alveolarization
in preterm ventilated baboons (11) and sheep (12) and in
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infants that die of BPD (13). For this study, we hypothesized
that the early lung maturation resulting from endotoxin would
be associated with a disruption in alveolarization. We have
compared the effects of intra-amniotic endotoxin with antenatal
betamethasone on lung morphometry.

METHODS

Fetal treatment. Protocols were approved by the Animal
Ethics Committees at the Children’s Hospital Medical Center
in Cincinnati and the Western Australian Department of Agri-
culture. Date bred Merino ewes were randomized to receive 20
mg of Escherichia coli 055:B5 endotoxin (Difco, Sparks, MD,
U.S.A.; 10 mg/mL in saline) or saline by ultrasound guided
intra-amniotic injection at 119 d gestation. A comparison
group of animals was randomized to receive 0.5 mg/kg beta-
methasone (Celestone Chronodose; Schering, NSW, Australia)
or saline by maternal intramuscular injection at 118 d gesta-
tion. This betamethasone dose and a 7-d treatment-to-delivery
interval has previously been shown to improve postnatal lung
function in preterm lambs (14).

At 125 d gestation ewes were sedated, the fetal head was
exposed through midline abdominal and uterine incisions, a
tracheotomy was performed, and a 4.5-mm endotracheal tube
was secured in place (15). Samples of amniotic and fetal lung
fluid were collected for total and differential cell counts. Ani-
mals were delivered and the umbilical cord cut.

Postnatal measurements. Following delivery, lambs were
weighed, dried, and placed on infant ventilators (BP200;
Bournes, Riverside, CA) set to deliver 100% oxygen at a rate
of 40 breaths per minute, inspiratory time 0.75 s, and PEEP 3
cm H2O. Peak inspiratory pressure was initially set at 35 cm
H2O. Animals were ventilated for 40 min to evaluate the effect
of antenatal treatment on postnatal lung function. Clinical and
lung function data from these animals have been reported (9).

Morphometry. As lung maturation is known to vary between
regions of the lung (16), all morphometric assessments were
performed on the RUL. The RUL was fixed at a pressure of 30
cm H2O via bronchial instillation of 4% phosphate-buffered
paraformaldehyde. All morphometric assessments were per-
formed blind by the same observer (K.E.W.). Measurements
were made on all animals. FLV was measured by volume
displacement (17). Each lobe was then cut into 5-mm serial
slices and three slices were randomly chosen for morphometric
examination (18). Measurements were made on each of three 5
mm hematoxylin and eosin (H&E)-stained sections per lobe.

Volume fraction of lung parenchyma (PF 5 alveoli and
alveolar ducts), nonparenchyma (NPF 5 conducting airways
1 blood vessels 1 perivascular interstitium), interlobular septa
(ISF, forming the distinct lobulation of the lungs), and pleura
(PLF) were estimated by superimposing a linear point counting
grid (464 lines/928 points) onto enlarged photographic prints
of 5 mm sections. Volume fraction is equal to Pi/Pt, where Pi
represents the number of test points hitting the structure of
interest (e.g. parenchyma) and Pt is the total number of points
hitting the reference space (total of all compartments). Total
volumes of parenchyma and other compartments were derived
from volume fraction multiplied by fixed lobe volume.

Digitized images from 10 nonoverlapping parenchymal
fields were captured from each 5 mm section using a Sony
3CCD color video camera interfaced with a Leica DMLS
microscope and a Macintosh 8100/80AV computer. Images
were examined at a final magnification of X950. The number
of points that fell on airspace and on alveolar septal tissue and
the number of air/tissue tissue/air intercepts were counted by
superimposing a linear point counting grid (21 lines/42 points).
The surface area of alveoli and alveolar ducts per unit volume
of parenchyma (SV) was determined using the formula SV 5 2
I0/Lr, where I0 is the number of intercepts with the air tissue
interface and Lr is the length of the test line within the
reference volume. Total alveolar surface area is equal to SV *
PF * FLV. Alveolar wall thickness was determined as volume
per unit area of alveolar surface according to the formula
AWF/SV, where AWF is the volume fraction of alveolar wall
tissue. Alveolar number per unit volume (NV) was calculated
according to the method of Weibel (19) using the equation:

NV 5 NA
3⁄2/~B * AF

1⁄2!* D (1)

where NA 5 number of alveoli per unit area, AF 5 volume
fraction of alveolar airspace (estimated by point counting at
X950), both determined on digitized images, B 5 shape con-
stant describing alveolar shape (1.55), and D 5 distribution
variable of the characteristic linear dimension of the alveoli
(5 1). In transverse section, alveoli were identified as those
structures opening onto a common airspace (alveolar duct). In
cross-section, alveoli were defined as those structures wholly
enclosed by respiratory epithelium. Relative size and the pres-
ence of secondary alveolar septa distinguished alveolar ducts
from alveoli. Size and morphology (wall thickness and cellu-
larity) were used to distinguish alveoli from saccules. Ambig-
uous structures were rejected. Total number of alveoli (NT) in
the right upper lobe was calculated by multiplying lobe volume
by NV. Average alveolar volume (VA) was calculated by
dividing total alveolar volume (FLV * PF * AF) by total
alveolar number.

Total and differential cell counts. Amniotic and lung fluid
samples were centrifuged at 167 g for 5 min. Supernatants
were removed and cell pellets re-suspended in 1 mL PBS. One
aliquot (100 mL) was reserved for cytopreparations and the
remaining suspension used to determine total white cell count
using a hemocytometer. Fifty-microliter aliquots were centri-
fuged onto glass slides in a cytocentrifuge at 167 g for 5 min.
Once dry, the cytospins were stained with Leishman’s stain
(BDH, Poole, U.K.) to enable identification of different cell
types. Two to three hundred cells were counted and different
cell populations were expressed as a percentage of total count.

Statistical analyses. The effect of antenatal treatment on
morphometric parameters was examined by one-way ANOVA.
Where the difference between treatment groups was significant,
posthoc pairwise comparisons between the control group and
individual treatment groups were performed using Dunnett’s
multiple comparison test. Total cell counts in control and
endotoxin-treated animals were compared by unpaired t test,
and differential cell counts were compared using Mann-
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Whitney rank sum test. Statistical significance was accepted at
p , 0.05.

RESULTS

Postnatal outcome. Growth and lung function data in these
animals have been reported in detail (9), however, a brief
summary is included for completeness (Table 1). Average birth
weight was 14% lower in the betamethasone-treated group but
was not affected by intra-amniotic endotoxin. Both betametha-
sone and endotoxin treatment resulted in significant improve-
ments in postnatal lung function. Endotoxin treatment led to a
50% increase in compliance and a 100% increase in lung gas
volume (V40). The response to betamethasone treatment was
less pronounced, with only a 50% increase in V40 (p , 0.05).

Lung morphometry. Fixed lobe volume and parenchymal
volume were similar in control and treated animals (Table 2).
However, both endotoxin and betamethasone treatment re-
duced the volume of interstitial tissue: interlobular septal vol-
ume decreased by 50% in endotoxin treated animals (p , 0.05)
and pleural volume decreased by a similar amount in beta-
methasone treated animals (p , 0.05; Table 2). Nonparenchy-
mal volume was also significantly reduced in endotoxin-treated
animals (p , 0.05).

At 118–119 d gestation, when antenatal treatments were
administered, alveolar formation was clearly well underway in
the fetal sheep lung (Fig. 1). Those animals exposed to endo-
toxin or betamethasone before delivery at 125 d gestation had
larger alveoli with slightly thinner walls than control animals
(Fig. 2). Lung parenchyma comprises alveolar wall tissue,
alveolar airspace, and alveolar duct space. Alveolar ducts
represented the largest proportion, or volume fraction, of pa-
renchyma at 40–50% (Table 2). Volume fraction of alveolar
ducts was 10–15% higher in endotoxin- and betamethasone-
treated groups compared with controls (p , 0.05 for both
treatment groups versus control). Conversely, volume fraction
of alveolar wall tissue was 10–15% lower in endotoxin- and
betamethasone-treated animals compared with controls (p ,
0.05 for both groups versus control). The volume fraction of
alveolar airspace represented 25–30% of parenchyma and did
not change with treatment (Table 2).

Alveolar wall thickness averaged 3.4 mm in control animals
and about 10% less in treated animals, however, this difference
was statistically significant only in the betamethasone-treated
group (p , 0.05; Table 2). Alveolar surface area per unit
volume (surface fraction) did not change significantly with
treatment. Total alveolar surface area of the RUL averaged
15–20% greater in the control group compared with either
treated group, but this difference was not statistically signifi-
cant (Table 2).

Average alveolar volume was 20% greater in both the
betamethasone- and endotoxin-treated groups than in the con-
trol group (p , 0.05 for both treated groups versus control; Fig.
3). As a result of the increase in alveolar volume, alveolar
numerical density (number per unit volume) was 20–30%
lower in treated animals, although this difference was statisti-
cally significant in the endotoxin group only (p , 0.05; Fig. 3).
Total alveolar number averaged 550 million in the control
group and about 30% less in both the endotoxin- and beta-
methasone-treated groups (p , 0.05 versus control, Fig. 3).

Total and differential cell counts. Cell counts were per-
formed on five control and five endotoxin-treated animals.
Endotoxin exposure was characterized primarily by a signifi-
cant influx of neutrophils and, to a lesser extent, macrophages
(Table 3). The pattern of cellular influx was similar in amniotic
and fetal lung fluid. Total white cell count in both the amni-
otic and fetal lung fluid increased with endotoxin treatment,
although the differences were not statistically significant
(Table 3).

DISCUSSION

We examined changes in lung structure after intra-uterine
exposure to the proinflammatory stimulus endotoxin, and com-
pared these with structural changes associated with the potent
lung maturational agent betamethasone. Both agents induced
significant structural changes in the lung parenchyma and in
other compartments. The impact of intra-amniotic endotoxin
on lung structure was comparable both in nature and in mag-
nitude to that of betamethasone. The lungs of endotoxin- and
betamethasone-treated animals were characterized by fewer,
larger alveoli with thinner walls. In addition to these effects on
alveolar structure, both antenatal treatments also caused a
decrease in the volume of interstitial tissue (pleura and inter-
lobular septa).

The most striking effect of antenatal treatments, both endo-
toxin and betamethasone, was a marked reduction in alveolar
number. Animals were treated at 118 or 119 d gestation, when
alveolar formation is already underway in fetal sheep (20).
Alveolarization begins with the appearance of crests or ridges
(secondary alveolar septa) on the previously smooth, thick
walls of existing airspaces (21). The outgrowth of secondary
septa is an active process, associated with heightened prolifer-
ation of fibroblasts and endothelial cells, and a pronounced
increase in tissue mass (22). In rats, both prenatal (23) and
postnatal (24) exposure to dexamethasone has been shown to
profoundly inhibit alveolar septation. In a recent study, we
found evidence to suggest that alveolar septation was also
impaired in preterm sheep delivered 48 h after a single direct
fetal injection of betamethasone (25). Burri (26) proposed that

Table 1. Birth weight and 40-min lung function data

Treatment M/F
Birth weight

(kg)
Compliance

(mL/cm H2O zkg) V40 (mL/kg)

Control 6/8 2.66 6 0.08 0.24 6 0.02 22.4 6 4.7
Endotoxin 5/5 2.58 6 0.06 0.37 6 0.03* 46.4 6 4.2*
Betamethasone 9/1 2.30 6 0.09* 0.30 6 0.03 34.3 6 6.0*

V40, lung volume at pressure of 40 cm H2O.
* p , 0.05 vs. control.

784 WILLET ET AL.



the formation of secondary alveolar septa is possible only when
the supporting primary septa is “immature” and that glucocor-
ticoids, by promoting precocious differentiation of alveolar
epithelial cells, abolish the ability of these cells to proliferate
and form secondary alveolar septa. It is interesting to note that
despite impaired alveolar development, the lungs of beta-
methasone-treated animals are functionally superior to those of
control animals (9), an observation that points to a complex
relationship between acinar structure and lung function.

We anticipated that endotoxin exposure, resulting in a proin-
flammatory response in the fetal lung, might interfere with
alveolarization. Two general mechanisms are possible. Endo-
toxin could “stress” the fetus and elevate fetal cortisol resulting
in clinical lung maturation and decreased alveolarization. This
is the sequence suggested by Watterberg et al. (27) for preterm
infants that are exposed to amnionitis and have a lower risk of
RDS but an increased risk of BPD. However, these animals had
low cord plasma cortisol levels (9) and we have other mea-
surements indicating no elevations of fetal plasma cortisol
values for times from 5 h to 7 d after intra-amniotic endotoxin
(unpublished data). The other possibility is that proinflamma-
tory cytokine elevations can disrupt alveolarization. Trans-
genic mice that overexpress IL-6, IL-11, TNF-a or TGFa in

the lung epithelium have poor alveolarization (28–31), and
infants developing BPD have chronically elevated proinflam-
matory cytokines in airway samples (32).

Estimation of alveolar number from two-dimensional sec-
tions may be associated with errors relating to differences in
alveolar size (33). The probability of a structure appearing in
any two-dimensional plane is proportional to its height. The
larger an alveolus, the greater the probability it will be counted
(i.e. counting is biased in favor of larger structures). Because
both endotoxin- and betamethasone-treated animals had larger
alveoli than their control counterparts, alveolar number may
have been overestimated in treated animals, thus lessening the
apparent effect of treatment on alveolarization. Similarly, as-
sumptions about alveolar shape may also lead to errors in
estimates of alveolar number (19). The shape coefficient (b)
relates volume to cross-sectional area, and is inversely related
to e, the ratio of diameter to length (height) (19). Weibel
estimated a value of 1.55 for b in mature alveoli. In immature
(shallow) alveoli, where the ratio of diameter to height is larger
(i.e. e increases), b would be expected to be smaller. Using a
shape coefficient of 1.55 in immature lungs may lead to an
overestimation of alveolar number, although it is not possible
to determine the extent of this effect. There are no published
data in immature lungs either estimating an alveolar shape
constant or examining the appropriateness of b 5 1.55.

In addition to changes in the gas exchange region of the
lung, antenatal endotoxin also led to a significant reduction in
nonparenchymal volume. It is unlikely that endotoxin treat-
ment interferes with airway and/or vascular development per
se: the decrease in nonparenchymal volume more likely reflects
a decrease in perivascular interstitium. Following birth, fetal
lung liquid is rapidly absorbed from the alveolar lumen, tem-
porarily pooling in the lung interstitium (perivascular space,
interlobular septa and pleura) before being cleared from the
lung via the pulmonary circulation (34). During the first 20 min
after birth, some 50–80% of fluid volume disappears from the
airspaces (35). In term rabbits, volume of perivascular “cuffs”
peaks at 30 min postdelivery (36), decreasing to prenatal size
within 2–4 h. In the present study, lung fixation probably
coincided with peak interstitial pooling of lung liquid. Reduced
nonparenchymal volume after 40 min of ventilation may indi-
cate decreased interstitial pooling in endotoxin-treated animals.

Table 2. Lung morphometry

Control
(n 5 14)

Endotoxin
(n 5 10)

Betamethasone
(n 5 10)

Fixed lobe volume (mL) 14.3 6 0.6 12.9 6 0.7 13.5 6 0.8
Parenchymal volume (mL) 10.2 6 0.5 10.0 6 0.7 10.1 6 0.7
Nonparenchymal volume (mL) 2.2 6 0.1 1.7 6 0.1* 2.0 6 0.2
Interlobular septal volume (mL) 1.6 6 0.1 0.84 6 0.07* 1.2 6 0.2
Pleural volume (mL) 0.37 6 0.02 0.27 6 0.03 0.18 6 0.04*
Alveolar wall volume fraction (%) 29.6 6 0.8 24.8 6 0.9* 25.6 6 1.3*
Alveolar airspace volume fraction (%) 28.3 6 0.5 26.5 6 0.8 28.7 6 0.8
Alveolar duct volume fraction (%) 42.1 6 1.1 48.7 6 0.8* 45.7 6 1.7*
Alveolar wall thickness (mm) 3.4 6 0.1 3.1 6 0.1 3.0 6 0.1*
Surface fraction (mm2/mm3) 87.2 6 2.0 80.0 6 2.5 83.7 6 2.6
Total surface area (mm2) 2374 6 138 2037 6 38 1918 6 159

Data represent mean 6 SEM.
* p , 0.05 vs. control group.

Figure 1. Light micrograph of H&E-stained 5-mm section of lung paren-
chyma: unventilated control animal at 119 d gestation (#99–52). Alveolar
formation is clearly well established, with numerous secondary alveolar septa
forming along the walls of alveolar ducts. Original magnification 120X.
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A decrease in interlobular septal and pleural volumes is con-
sistent with this concept. Betamethasone-treated animals also
had reduced interstitial volumes, which is in agreement with
previous findings in steroid treated preterm sheep (25). De-
creased interstitial volume may reflect more rapid clearance of
lung liquid from the interstitium in treated animals. Different
rates of fluid clearance may partly contribute to the improve-
ment in postnatal lung function with antenatal treatment. Vari-

ability in the volume of lung fluid in the airspaces, and perhaps
to a lesser extent in the lung interstitium, will impact on lung
function. There are no published data examining the impact of
antenatal interventions on the kinetics of postnatal fetal lung
liquid clearance during mechanical ventilation following pre-
term birth.

Animals were ventilated for a period of 40 min following
delivery, during which lung function was determined (9).
Despite comparable lung structure, the lungs of endotoxin-
treated animals were functionally better than those of beta-
methasone-treated animals. The difference in lung function
between the two treated groups may be due to differential
effects of endotoxin and betamethasone on the surfactant sys-
tem. Endotoxin treatment induced an almost 10-fold increase
in alveolar saturated phosphatidylcholine pool size as well as
seven- to ninefold increases in SP-A and SP-B, considerably
greater than the increases induced by betamethasone (9). Find-
ings from a number of previous studies by our group suggest
that glucocorticoids improve lung function both by accelerat-
ing structural maturation (37) and by increasing production and
secretion of surfactant (38), the predominant influence on lung
function at the time of delivery depending on the treatment to
delivery interval. In the present study, where delivery occurred
6–7 d after treatment, effects on the surfactant system may be
the predominant influence on lung function.

Figure 2. Light micrographs of H&E-stained 5-mm sections of lung paren-
chyma: animals delivered at 125 d and ventilated for 40 min. Panel A: Control
animal (#98–11). Panel B: Endotoxin-treated animal (#98–125). Panel C:
Betamethasone-treated animal (#98–30). Lung samples from control animals
had smaller alveoli with slightly thicker walls compared with lung samples
from endotoxin- or betamethasone-treated animals. Original magnification
300X.

Figure 3. Alveolar number and volume. Values represent group mean 6 SEM
for control (saline) and endotoxin- (endo) and betamethasone- (beta) treated
animals. Panel A: Alveolar number per unit volume of parenchymal tissue.
Panel B: Average alveolar volume. Panel C: Total alveolar number in the right
upper lobe. Significant increase in alveolar volume and decrease in both
alveolar numerical density and total alveolar number with endotoxin treatment.
Significant increase in alveolar volume and decrease in total alveolar number
with betamethasone treatment. * p , 0.05.
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The time course of the systemic inflammatory response to
endotoxin administration is well characterized in adult animals,
although there is not much information about fetal responses.
In adult animals, significant neutrophil sequestration is evident
in the lungs within 6 h of exposure (39). At this time point, the
migrating neutrophils are almost solely confined to the vascu-
lature. The cellular influx peaks by around 24 h and, at this
time, neutrophils are seen in both the interstitium and in the
airspaces (39). By 48 h almost all neutrophils are recoverable
by bronchoalveolar lavage (40). Our findings are consistent
with this pattern: we found neutrophils in peripheral airspaces
of endotoxin-treated animals, although there were no inflam-
matory cells in alveolar or airway walls and there was no
evidence of overt inflammatory changes in the lung tissue (9).

Although there is evidence to suggest that perinatal inflam-
mation plays a role in development of BPD in very preterm
infants, there is also mounting evidence to suggest that intra-
uterine exposure to inflammatory stimuli may accelerate fetal
lung maturation before delivery. Our findings in preterm sheep
support this argument. Although antenatal endotoxin exposure
leads to greatly increased production of surfactant components
and a striking improvement in postnatal lung function, as is
thought to be the case with antenatal glucocorticoids, these
maturational changes may occur at the expense of normal
alveolar development.
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