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ABSTRACT: Intratracheal lipopolysaccharide (LPS) causes acute
inflammation and injurious mechanical ventilation results in pulmo-
nary and systemic inflammation. We aimed to determine in preterm
lungs if continuous positive airway pressure (CPAP) protects against
pulmonary and systemic inflammation, compared with conventional
mechanical ventilation (CMV) after intratracheal LPS. Preterm fe-
tuses were exposed to maternal betamethasone and Epostane 36 h
before delivery at 133 d gestational age (term � 150 d). Lambs were
intubated and randomized to receive gentle CMV (tidal volume 8
mL/kg) or CPAP with 8 cm H2O pressure. Surfactant (10 mg/kg)
mixed with 1 mg LPS or saline was instilled into the trachea at 15
min. Blood gas status, ventilation variables, and arterial pressures
were recorded for 3 h. Static pressure-volume curves and lung and
systemic inflammation were assessed postmortem. CPAP lambs had
elevated Paco2 and minute ventilation compared with the CMV lambs.
Cytokine mRNA was increased in the lungs and liver of CPAP and
CMV lambs relative to unventilated controls. Intratracheal LPS ampli-
fied the cytokine mRNA responses of IL-1�, IL-6, and IL-8 in the lung
and liver. Blood neutrophils decreased similarly after LPS in CPAP and
CMV groups. Cytokine markers of lung injury or the systemic response
to intratracheal LPS were not decreased by CPAP relative to CMV, in
preterm lambs. (Pediatr Res 65: 67–71, 2009)

Mechanical ventilation of lungs from volumes below the
normal functional residual capacity (FRC) cause injury

by repetitively opening collapsed lung units (1,2). Similarly,
ventilation with lung volumes that approach or exceed total
lung capacity will stretch the lungs and cause injury (3,4). The
preterm fetal lung is particularly vulnerable to lung injury
during the transition from a fluid-filled lung to airway breath-
ing because surfactant deficiency increases the pressures re-
quired to open the lung, the lung aerates nonuniformly, and
the delicate tissues of the preterm lung are easily stretched
(5,6). The use of continuous positive airway pressure (CPAP)
is being advocated for transitioning the preterm fetal lung to
air breathing as a way to decrease lung injury (7,8). Although
CPAP can cause lung injury in sepsis models (9), CPAP can
decrease indicators of lung injury in preterm lambs (10)

compared with conventional mechanical ventilation (CMV)
and its use has been associated with decreased bronchopul-
monary dysplasia (11).
Prior exposure of the adult lung to pro-inflammatory medi-

ators such as endotoxin amplifies lung injury caused by ven-
tilation from low lung volumes or elevated lung volumes
(9,12,13), and the mediators can enter the systemic circulation
and cause systemic inflammatory responses (14,15). Term-
ventilated lambs do not leak endotoxin from the airspaces into
the systemic circulation unless the lungs are over-stretched
(16). In contrast, preterm lungs leak endotoxin or IL-1 with
conventional ventilation (16,17). Chorioamnionitis is associ-
ated with many preterm deliveries before 32 wk gestational
age, and inflammatory mediators are present in the fetal lung
(18,19). We hypothesized that spontaneous breathing with
CPAP would protect the preterm lung and minimize a sys-
temic inflammatory response to intratracheal lipopolysaccha-
ride (LPS) in comparison with CMV.

METHODS

The investigations were approved by the Animal Ethics Committees of the
University of Western Australia and Cincinnati Children’s Hospital Medical
Center. Twin bearing Merino ewes were treated with betamethasone (0.5
mg/kg, Celestone Chronodose, Schering-Plough, New South Wales, Austra-
lia) and Epostane (20 mg V, Sanobi-Synthelabo, Malvern, PA) about 36 h
before euthanasia by penetrating captive bolt and exsanguination at 133 d
(term 150 d). The pretreatment with corticosteroids and the progesterone
inhibitor is necessary to stimulate breathing after delivery of preterm lambs
(10,20). The lambs were randomized to treatment groups before delivery. The
lambs were delivered rapidly, intubated, and received either gentle CMV or
CPAP using 8 cm H2O pressure (21). The initial ventilation settings for the
CMV lambs were a peak pressure of 30 cm H2O, a positive end-expiratory
pressure (PEEP) of 5 cm H2O, and a rate of 40 breaths/min using heated and
humidified 40% oxygen with an inspiratory time of 0.7 s. Peak inspiratory
pressures were adjusted in CMV groups to target Paco2 at 50 to 60 mm Hg
with no changes in other ventilator settings. CPAP was delivered via a
disposable bubble CPAP device provided by Fisher and Paykel Healthcare
(Auckland, New Zealand) using heated, humidified 40% oxygen and with the
CPAP set to 8 cm H2O. A loading dose (20 mg/kg IV) of caffeine was given
within the first 5 min to CMV and CPAP lambs to stimulate spontaneous
breathing in CPAP lambs. FiO2 was adjusted for all lambs to target Pao2 at 40
to 100 mm Hg.

At 15 min of age, lambs received 10 mg/kg intratracheal surfactant
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either 1 mg LPS (Escherichia coli 055:B5, Sigma-Aldrich) or saline (Sal).
The surfactant was given to distribute the endotoxin to the lungs (22). The
lambs continued on CPAP or ventilation to 3 h of age. The lambs had
umbilical arterial and venous catheters placed soon after birth, and CMV
lambs were anesthetized throughout the ventilation procedures with a contin-
uous umbilical venous infusion of Remifentanil (0.05 �g/kg/h; Ultiva, Glaxo
Smith Kline Ltd., Victoria, Australia) and Propofol (0.1 mg/kg/h: Repose,
Norbrook Laboratories Ltd., Victoria, Australia).

Blood-gas status, ventilation variables, and arterial pressures were re-
corded regularly. VT values were measured continuously with Florian respi-
ratory monitors (Acutronic Medical Systems, Hirzel, Switzerland) (20). Ox-
ygen index (OI) was calculated as FiO2 � 100 � mean airway pressure/PaO2.

The animals were ventilated with 100% oxygen for 3 min at 3 h of age then
heavily sedated with pentobarbital (20 mg/kg) before clamping of the tracheal
tube to facilitate lung collapse by oxygen absorption. After 3 min, the lambs
received a lethal dose of pentobarbital (100 mg/kg). A group of eight
unventilated euthanized lambs were studied for comparison with the CMV
and CPAP groups.

Measurements. After opening the chest, a deflation pressure-volume curve
was measured following gas inflation to 40 cm H2O pressure (10). Three
pooled saline lavages of the left lung were used to recover bronchoalveolar
lavage fluid (BALF). Protein (23), and cell counts and differentials using
cytospins were measured from the BALF. Total RNA was isolated from lung
and liver, and 10 �g of total RNA was used for IL-1�, IL-6, IL-8, and TLR-4
quantitation using RNAse protection assays (24,25). LPS was measured in
plasma collected after 3 h of ventilation using a Limulus amebocyte lysate
assay (Bio Whittaker, Walkersville, MD) (16).

Data analysis and statistics. Results are shown as mean (SEM). Statistics
were analyzed using SigmaStat 3.5 (Systat Software Inc., San Jose, CA). For
normally distributed data, a two-way or three-way ANOVA with the Holm-
Sidak multiple comparison procedure was used for comparisons between
ventilation groups using time, treatment, and ventilation strategy as variables.
Significance was accepted as p � 0.05.

RESULTS

Ventilation and blood pressure. The animals randomized to
each group had similar body weights and cord blood gas

values (Table 1). The respiratory status of the LPS and
saline-exposed lambs on CPAP was worse than for the CMV
lambs. The CPAP lambs had higher Paco2 values and some-
what lower VT (Fig. 1). However, the CPAP lambs had higher
respiratory rates such that minute ventilation at 120 min of age
for the CPAP lambs was 395 � 44 mL/kg compared with
250 � 25 mL/kg for the CMV lambs (p � 0.04). This high
minute ventilation in the face of elevated Paco2 indicates
significant lung immaturity, inefficient ventilation, and respi-
ratory failure in the CPAP lambs. The peak inspiratory pres-
sures for the CMV lambs were 21.1 � 1.7 cm H2O at 120 min.
All lambs survived to the 3 h study. Pao2 was not different
between groups throughout the ventilation protocol. Average
values were CPAP/SAL: 69.9 � 8.3 mm Hg; CPAP/LPS:
64.1 � 8.1 mm Hg; CMV/SAL: 54.4 � 8.4 mm Hg; and
CMV/LPS: 72.8 � 15.9 mm Hg.
There were no differences between the LPS and saline-

exposed CMV groups for Paco2, VT, or oxygenation index.
The CPAP group exposed to LPS had higher Paco2 values
than the saline-exposed lambs on CPAP, but VT and oxygen-
ation index were similar over the 3 h study. Blood pressures
tended to decrease after birth in all groups, but the mean blood
pressures were not different between CMV and CPAP groups
or with LPS exposure (Fig. 2). Heart rates were consistently
higher for the CPAP lambs than for control lambs with mean
values of 237 � 8 beats/min for CPAP lambs and 149 � 7
beats/min for CMV lambs at 120 min (p � 0.001). LPS did
not change heart rates. There were also no differences in the
deflation volumes of the pressure-volume curves measured

Figure 1. Paco2, tidal volume (VT) ad-
justed for lamb body weight and oxygen-
ation index (OI � mean airway pressure �
FiO2 � 100/Pao2) in lambs given either
intratracheal saline (F) or LPS (E) at 15
min during ventilation with either CMV
(A–C) or CPAP (D–F). Data are shown as
mean � SEM.

Table 1. Delivery data

Nonventilated controls

CPAP CMV

Saline LPS Saline LPS

Number 8 8 8 8 7
Body wt (kg) 3.6 � 0.2 3.7 � 0.2 3.6 � 0.2 3.6 � 0.2 3.9 � 0.2
Cord blood pH 7.35 � 0.02 7.38 � 0.02 7.39 � 0.01 7.40 � 0.01 7.40 � 0.03
Cord blood Paco2 (mm Hg) 51.8 � 2.9 53.2 � 3.7 52.7 � 2.2 55.9 � 1.8 52.1 � 3.9
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after the 3 h of CMV or CPAP (Fig. 3). Therefore, the
intratracheal dose of 1 mg LPS had minimal effects on the
respiratory status of the preterm lambs.
Inflammation—lung. The total protein in BALF was

increased for the CMV and CPAP groups relative to the
unventilated comparison lambs, but there was no increased
protein because of LPS exposure (Table 2). The LPS
exposure did increase the numbers of inflammatory cells in
the BALF with CMV and CPAP. Most of these cells were
monocytes and few granulocytes were present. Cytokine
mRNA for IL-1�, IL-6, and IL-8 increased similarly in the
lungs of the CPAP and CMV groups. The LPS exposure
amplified the increase in mRNA for the three pro-
inflammatory cytokines. The mRNA for the TLR-4 receptor
also increased more with the LPS exposures than with
CMV or CPAP alone. The indications of mild lung injury
were increased with the LPS exposure similarly in the
CMV and CPAP lungs.
Inflammation—systemic. The neutrophils in the blood did

not change with CMV or CPAP at 1.5 or 3 h relative to cord
blood neutrophil numbers (Fig. 4). In contrast, the blood
neutrophil numbers decreased similarly in CMV and CPAP
lambs exposed to intratracheal LPS. The mRNA expression
for the pro-inflammatory cytokine IL-1� increased in liver
with CMV or CPAP and LPS exposure further increased
IL-1� mRNA in the CPAP group. IL-6 mRNA also was
increased in liver in the LPS exposed CMV and CPAP groups.

There were only small changes in expression of TLR-4
mRNA in the liver. LPS was not detected in the plasma at 3 h
of age in the LPS exposed lambs.

DISCUSSION

The preterm surfactant deficient lung is easily injured with
CMV during the transition at birth from a fluid-filled lung to
an aerated lung (26,27). The initiation of ventilation with birth
can cause nonuniform inflation and small airway stretch (5,6).
Although the use of PEEP can improve oxygenation (28), it
may not protect the lungs from injury (29). Negative pressure
ventilation improves oxygenation and decreases injury rela-
tive to CMV in rabbits made surfactant deficient by lung
lavage (30). Similarly, high frequency ventilation using suf-
ficient mean airway pressure can protect the preterm and
surfactant deficient adult lung from injury (31,32). CPAP
combines airspace distention with spontaneous ventilation and
can decrease lung injury relative to CMV in preterm lambs
(10,21). Contrary to our hypothesis and previous studies,
we did not find a decrease in indicators of lung injury or
systemic inflammatory responses in preterm lambs sup-
ported on CPAP relative to CMV. Intratracheal LPS am-
plified the indicators of lung injury and systemic responses
modestly without differential effects between the CPAP and
CMV groups.
We asked if CPAP would protect the newborn from the

pro-inflammatory mediator LPS in the lungs because many
preterm infants are born with inflamed lungs (33). Ventilation
of inflamed adult lungs can release inflammatory mediators to
the systemic circulation and cause multi-system organ failure
(34). In term lambs, short-term gentle ventilation of lungs
exposed to intratracheal LPS (10 mg) caused lung inflamma-
tion, but minimal systemic responses (16). In contrast, high
tidal volume ventilation of term lambs or gentle ventilation of
preterm lambs exposed to a 100-fold lower dose of intra-
tracheal LPS (0.1 mg) or IL-1� (50 �g/kg) caused lung
inflammation and systemic responses with detection of LPS

Figure 3. Deflation pressure-volume curves for CMV groups receiving
saline (E) or LPS (F), CPAP groups receiving saline (‚) or LPS (Œ) and
nonventilated controls (f). Group mean � SEM shown. *p � 0.05 all
ventilation groups compared with nonventilated controls.

Figure 2. Mean arterial pressure in lambs given either intratracheal saline
(F) or LPS (E) at 15 min during ventilation with either CMV (A) or CPAP
(B). Data are shown as mean � SEM.
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in the plasma (17). In many centers, the initial respiratory
care of preterm infants now is focused on the use of CPAP
and avoidance of CMV (8), as a less invasive and poten-
tially less injurious treatment. A large, randomized, con-
trolled trial reported early benefits to CPAP relative to
CMV despite an increase in pneumothorax rate, but no
differences in death or BPD at 36 wk (8). One benefit could
be decreased systemic effects if the inflamed preterm lung
were not ventilated. We find no support for a protective
effect of CPAP in these lambs exposed to intratracheal LPS
at 15 min of age.
There are a number of caveats and limitations to the

study. These lambs were exposed to betamethasone as
fetuses to prepare them to breathe (10,20). This is clinically
relevant as most women at risk of preterm delivery receive
antenatal corticosteroids (35). Fetal exposure to betametha-
sone will thin the mesenchyme of the lungs and increase the
potential lung gas volume, but not increase surfactant pools
within the 36 h interval between maternal treatment and
delivery used here (36,37). Such an effect is suggested
because the gas volume measured with 40 cm H2O distend-
ing pressure was about 70 mL/kg in these 133 d gestational
age lambs, whereas lambs bred concurrently for a different
study and not exposed to betamethasone had lung volumes

of about 50 mL/kg (29). We did not measure the amount of
surfactant because the animals received 10 mg/kg surfac-
tant to help distribute the LPS to the distal lung. However,
the saturated phosphatidylcholine in the lambs studied in
parallel by us was 2 to 3 �mol/kg, a very low surfactant
amount (21). The lambs used for this study were surfactant
deficient based on the pressures required to ventilate the
CMV lambs, the inspired oxygen requirement of all groups,
and the high Paco2 and minute ventilation values resulting
from spontaneous ventilation by the CPAP lambs. Fetal
betamethasone exposure also decreases epithelial perme-
ability of the lungs (38). In contrast to a previous report
(16), LPS was not detected in plasma of the CMV lambs,
possibly because of the betamethasone effect on epithelial
permeability. The inflammatory cell recruitment to the
BALF also was minimal with LPS exposure, and maternal
betamethasone treatments will initially decrease monocyte,
and presumably neutrophil, responses in sheep (39). How-
ever, pro-inflammatory cytokine mRNA levels were similar
in these lungs to studies without antenatal betamethasone
exposures (29). Our results demonstrating systemic effects
of LPS from the airspaces suggest that antenatal cortico-
steroids will not protect the systemic circulation from
inflamed lungs. Also, the injury caused within the first 15
min before LPS administration may have confounded the
results, however, this seems unlikely due to the similarity
of inflammation markers in the saline control groups of
both CPAP and CMV lambs.
It is worth emphasizing that spontaneous ventilation with 8

cm H2O CPAP did not decrease the indicators of lung injury
relative to the gentle CMV in the groups not exposed to LPS.
The difference between this study and our previous reports
with preterm lambs demonstrating subtle differences between
CPAP and CMV is that the CPAP lambs in the current study
had high Paco2 values and respiratory distress indicated by
tachypnea with ineffective breathing and high minute ventila-
tion (10,21). It is possible that the difference in Paco2 between
CMV and CPAP lambs may have confounded the results,
however, the Paco2 levels are within levels widely observed
clinically. The clinical correlate is that CPAP may not protect
the lung from injury when significant lung immaturity/
surfactant deficiency is present. The low 10 mg/kg dose of

Figure 4. The number of neutrophils in the blood in lambs given either
intratracheal saline (IT Sal) or LPS (IT LPS) at 15 min during ventilation
with either CMV or CPAP. Samples were taken from cord blood (baseline;
black bars) and at 1.5 h (white bars) and 3 h (hatched bars). Data are
shown as mean � SEM *p � 0.05 from baseline value.

Table 2. Lung and systemic inflammation

Nonventilated controls

CPAP CMV

Saline LPS Saline LPS

Lung total protein (mg/mL) 0.16 � 0.04 0.39 � 0.19* 0.58 � 0.14* 0.42 � 0.12* 0.44 � 0.13*
BALF inflammatory cells

(�106/kg body wt)
3.1 � 1.0 4.1 � 0.7 13.3 � 3.8*† 4.6 � 1.4 7.1 � 1.9†

Lung IL-1� mRNA 1.0 � 0.4 9.2 � 2.7* 29.3 � 4.4*† 20.7 � 9.9* 35.6 � 4.8*†
Lung IL-6 mRNA 1.0 � 0.1 8.0 � 4.4* 38.7 � 6.7*† 8.2 � 4.3* 35.1 � 8.4*†
Lung IL-8 mRNA 1.0 � 0.1 10.3 � 3.3* 38.4 � 6.7*† 11.4 � 5.1* 54.1 � 11.1*†
Lung TLR-4 mRNA 1.0 � 0.1 2.3 � 0.4 4.4 � 0.3*† 2.2 � 0.4 7.1 � 3.1*†
Liver IL-1� mRNA 1.0 � 0.4 7.7 � 2.3* 18.3 � 1.6*† 14.8 � 2.8* 15.6 � 2.0*
Liver IL-6 mRNA 1.0 � 0.3 1.2 � 0.2 2.8 � 0.1*† 1.7 � 0.3 2.9 � 0.8*†
Liver TLR-4 mRNA 1.0 � 0.1 1.4 � 0.2 1.9 � 0.2 1.5 � 0.1 1.7 � 0.1

mRNA expressed as fold increase from nonventilated controls.
* p � 0.05 from nonventilated controls.
† p � 0.05 from respective saline group.
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surfactant seemed to have no effect on respiratory distress or
Paco2 values in these lambs.

Based on this study, CPAP will not protect the moderately
preterm lung from injury in spontaneously breathing lambs
with significant respiratory distress. CPAP also will not pro-
tect the lung or the body from effects of pro-inflammatory
mediators in the lungs. Variables that no doubt modulate these
findings are the amount of lung maturation, the exposure
history to corticosteroids, and the techniques used to ventilate
the preterm lung.
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