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Intrauterine inflammation alters fetal cardiopulmonary
and cerebral haemodynamics in sheep
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Key points

e Intrauterine inflammation impairs fetal pulmonary vascular development and increases
cerebral metabolism in fetal sheep. Whether these structural and metabolic changes have
functional consequences for fetal cardiopulmonary and cerebral haemodynamics is presently
unknown.

e We demonstrated that intra-amniotic administration of lipopolysaccharide increased fetal
pulmonary vascular resistance, and reduced pulmonary blood flow and carotid arterial oxygen
content in the fetus and caused a transient increase in fetal cerebral blood flow. These effects
occurred over a time course consistent with previously observed effects on pulmonary vascular
development and cerebral metabolism.

e Our data suggest that pathophysiological changes in cardiopulmonary and cerebral
haemodynamics observed in fetuses exposed to intrauterine inflammation may be present
and detectable in human pregnancies, offering potential for detecting fetuses affected by intra-
uterine inflammation.

Abstract Intrauterine inflammation impairs fetal pulmonary vascular development and increases
cerebral metabolic rate in fetal sheep. We hypothesized that these structural and metabolic effects
of intrauterine inflammation would be accompanied by reduced fetal pulmonary blood flow and
increased cerebral perfusion. Fetal sheep were instrumented at 112 days of gestation (term is 147
days) for measurement of cardiopulmonary and cerebral haemodynamics. At 118 days ewes were
randomly assigned to receive intra-amniotic lipopolysaccharide (LPS, 20 mg from Escherichia coli;
n=7) or saline (control, 4 ml; n = 6). Fetal haemodynamic data were recorded continually from
1 h before intra-amniotic LPS or saline, until 144 h after. Fetal arterial blood was sampled before,
and periodically after, intra-amniotic LPS or saline. End-diastolic and mean pulmonary blood
flows were significantly lower than control from 48 and 96 h after LPS exposure, respectively,
until the end of the experiment. Carotid blood flow was transiently increased at 96 and 120 h
after LPS exposure. Carotid arterial oxygen content was lower than control from 48 h after
intra-amniotic LPS. Fetal arterial lactate concentration was higher than control between 4 and
12 h after intra-amniotic LPS. Experimental intrauterine inflammation reduces pulmonary blood
flow in fetal sheep, over a time course consistent with impaired pulmonary vascular development.
Increased carotid blood flow after LPS administration may reflect an inflammation-induced
increase in cerebral metabolic demand.
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Abbreviations At/Et, pulmonary arterial acceleration/ejection time ratio; BCA, brachiocephalic artery; CaO,, carotid
arterial oxygen content; CaBF, carotid blood flow; CVR, cerebral vascular resistance; LPS, lipopolysaccharide; MPA,

main pulmonary artery; Ppcs, brachiocephalic arterial pressure; Pyps, main pulmonary arterial pressure; PaBF,

pulmonary arterial blood flow.

Introduction

Histological chorioamnionitis is a common antecedent of
human preterm birth, present in up to 75% of deliveries
<30 weeks (Lahra & Jeffery, 2004; Lahra et al. 2009). In
many cases histological chorioamnionitis results in a fetal
inflammatory response defined by funisitis, fetal vasculitis
and increased concentrations of pro-inflammatory cyto-
kines within the fetal blood and amniotic fluid (Gotsch
et al. 2007).

Clinical and experimental studies demonstrate that the
fetal inflammatory response is associated with altered
development of many organ systems including the lungs
and brain (Watterberg et al. 1996; Grether & Nelson,
1997; Hannaford et al. 1999; Moss et al. 2002; Nitsos
et al. 2006; Hansen-Pupp et al. 2008; Gavilanes et al.
2009; Westover et al. 2012). These developmental effects
may directly increase or decrease the risk of neonatal
disease, or they may interact with postnatal events to
contribute to altered risk of neonatal morbidity. For
example, histological chorioamnionitis decreases the risk
of respiratory distress syndrome (Hannaford et al. 1999),
probably as a result of precocious stimulation of surfactant
production (Bachurski et al. 2001; Moss et al. 2002), but
chorioamnionitis appears to interact with postnatal events
such as oxygen exposure and mechanical ventilation to
increase the risk of bronchopulmonary dysplasia (BPD)
and pulmonary hypertension (Jobe & Ikegami, 2001;
Woldesenbet & Perlman, 2005). Chorioamnionitis has also
been implicated in the pathogenesis of intraventricular
haemorrhage (IVH) (De Felice et al. 2001; Yanowitz et al.
2002, 20044a), periventricular leukomalacia (PVL) (Zupan
et al. 1996; Yanowitz et al. 2002, 2004 b) and cerebral palsy
(de Vries et al. 1988; Zupan ef al. 1996; Yanowitz ef al.
2006), but the mechanistic basis for these associations is
not completely understood.

Experimental studies investigating fetal inflammatory
response syndrome in preterm sheep have demonstrated
abnormal pulmonary vascular development (Kallapur
et al. 2003, 2004), cerebral inflammation (Nitsos et al.
2006; Gavilanes et al. 2009) and increased cerebral oxygen
consumption prior to preterm birth (Gavilanes er al.
2009; Andersen et al. 2011). Whether these structural
and metabolic changes have functional consequences for
cardiopulmonary and cerebral haemodynamics in the
fetus in utero is presently unknown.

The aim of our experiment was to examine the effect
of intrauterine inflammation on fetal cardiopulmonary
and cerebral haemodynamics. We hypothesized that intra-
uterine inflammation would reduce pulmonary blood

flow but increase cerebral perfusion in preterm fetal
sheep.

Methods

Fetal surgery

All  procedures were approved by the relevant
Animal Ethics Committee. At 112 & 1 (mean = standard
deviation) days of gestation (term is ~147 days), pre-
gnant ewes bearing singleton or twin fetuses under-
went aseptic surgery under general anaesthesia (2%
isoflurane in oxygen: Bomac Animal Health, Hornsby,
NSW, Australia) for instrumentation as described in
detail previously (Polglase et al. 2005). For twin pre-
gnancies only one fetus underwent instrumentation and
experimentation. Local anaesthetic (Marcaine, 12.5 mg;
Astra Zeneca, North Ryde, NSW, Australia) was injected
S.C. prior to making a paramedial incision in the maternal
abdominal wall to access the pregnant uterus. The fetal
head was delivered through a uterine incision and poly-
vinyl catheters containing heparinized saline were inserted
into the fetal brachiocephalic artery (BCA), via the right
brachial artery, and main pulmonary artery (MPA) for
subsequent measurement of arterial pressures and peri-
odic collection of arterial blood samples (from the BCA).
A catheter was inserted into the amniotic cavity for later
administration of lipolysaccharide (LPS) or saline, and to
measure amniotic fluid pressure for adjustment of fetal
arterial pressure. Flow probes (Transonic systems, Ithaca,
NY, USA) were placed around the left MPA (size: 4 mm)
and left carotid artery (size: 3 mm) for measurement
of pulmonary and carotid arterial blood flows (PBF
and CaBF), respectively. Ewes received post-operative
analgesia (transdermal fentanyl patch; 75 ugh™': Janssen
Cilag, North Ryde, NSW, USA) for 3 days and 1.v. anti-
biotics (Engemycin; 500 mg; Schering-Plough, Upper
Hutt, New Zealand) once daily for 3 days. Ewes were
allowed 6 days to recover after surgery before experiments
began. At the completion of the experiment, ewes were
killed via a pentobarbital sodium overdose.

Experimental protocol

At ~118 days of gestation fetal arterial and amniotic
catheters were attached to pressure transducers (ADIns-
truments, Castle Hill, NSW, Australia) and flow
probes were attached to a flow meter (Transonic sys-
tems) for digital recording of cardiopulmonary and
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cerebral haemodynamics using Powerlab 8000 hardware
and Labchart Pro v7.3.1 software (ADInstruments). A
fetal arterial blood sample was collected for blood
gas measurement (ABL30; Radiometer, Copenhagen,
Denmark). Ewes were randomized to receive intra-
amniotic LPS (Escherichia coli 055:B5, 20 mg; Sigma
Aldrich, NSW, Australia; n=7) or saline (controls; 4 ml;
n = 6) via the amniotic catheter. It has been demonstrated
previously that in twin pregnant sheep the response
to intra-amniotic LPS exposure is confined to the
LPS-exposed fetus (Gantert et al. 2012). Fetal blood gas
measurements were taken at 2, 4, 8, 12 and 24 h, and then
at daily intervals for 6 days after intra-amniotic LPS or
saline.

Fetal cardiopulmonary and cerebral haemodynamic
data analysis

Fetal cardiopulmonary and cerebral haemodynamic
recordings began ~1h prior to intra-amniotic adminis-
tration of LPS or saline and continued uninterrupted
for 6 days. During the first 24 h after intra-amniotic LPS
or saline, blood flows and pressures were determined
by averaging three 60s epochs taken 20 min apart at
0, 4, 8, 12 and 24h. Data from 2 to 6days were
analysed by averaging three 60s epochs taken 20 min
apart at 6 h intervals, beginning at 02:00 h. Due to the
difficulty associated with maintaining brachiocephalic
arterial catheter patency, pressure in the brachiocephalic
artery (Ppcy) and cerebral vascular resistance (CVR)
were recorded in 4 of 7 LPS-exposed fetuses and 5 of 6
controls.

Calculations

All blood flow data are expressed relative to estimated
fetal body weight at the time of measurement, calculated
using an established method (Alexander, 1978; Lumbers
et al. 1985). Carotid arterial oxygen content (CaO,)
was calculated based on measurements made from
blood sampled at the base of the carotid artery (the
site of the tip of the BCA catheter) according to the
equation:

Ca0O; = (([Hb] x Sa0, x 1.36) + (PaO, x 0.003))

Cerebral oxygen delivery was calculated as the product
of carotid arterial blood oxygen content x CaBE. CVR was
calculated according to the equation:

CVR = (Cerebral perfusion pressure/mean CaBF)

Carotid arterial pulse amplitude was calculated by sub-
tracting peak carotid arterial blood flow during ventricular
systole from carotid arterial blood flow at the beginning
of ventricular systole. Left pulmonary arterial acceleration
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Table 1. Fetal body weights and relative organ weights of control
and LPS-exposed fetal sheep at 125 days of gestation

Control LPS
Body weight (kg) 2.87 + 0.16 2.99 + 0.27
Lung (g kg~ ") 340 + 3.8 320 + 25
Brain (g kg~") 15.1 + 0.6 145 + 0.4
Heart (g kg™") 6.7 + 0.4 7.7 £ 03
Liver (g kg~ ") 374+ 18 350 + 3.8
Spleen (g kg=") 20+ 04 21+ 04
Thymus (g kg=") 46 + 03 36 + 0.6

Values are means 4+ SEM.

time/ejection time ratio (At/Et) was calculated from the
left pulmonary artery flow waveform by dividing the time
interval from the beginning of ventricular systole and the
achievement of peak flow (At) by the time interval from the
beginning of ventricular systole to the end of ventricular
systole, as previously described (Subhedar et al. 1998;
Azpurua et al. 2010). All calculations were performed in
Labchart Pro v7.3.1.

Statistical analysis

Data are presented as mean = SEM. Statistical analyses
were undertaken using Sigmaplot (v12.0; Systat software,
Washington, DC, USA). Serial data were compared
between groups by two-way ANOVA with repeated
measures, using treatment (LPS vs. saline) and time
as factors. The Holm-Sidak post hoc test was used for
time-point and group comparisons where effects were
identified by ANOVA. Fetal body weights and relative
organ weights were compared using an unpaired t test.
Statistical significance was defined as P < 0.05.

Results
Fetal weights and sex at autopsy

Fetal body weights and relative organ weights were
not different between control and LPS-exposed fetuses
(Table 1). The ratio of males to females was 1:1 in the
control group and 5:2 in the LPS group. The ratio of
singletons to twins was 2:1 in the control group and 4:3 in
the LPS group.

Fetal blood gas and acid base status

Fetal PaO, and SaO, were not different between control
and LPS-exposed fetuses (Fig. 1A and B, respectively).
CaO, was lower in LPS-exposed fetuses from 48h
than in control (P =0.01; Fig. 1C). Fetal haemoglobin
concentration did not differ statistically between groups.
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Fetal arterial lactate concentrations were increased at Fetal cardiopulmonary and cerebral haemodynamics
4, 8 and 12 h after LPS administration but returned to
control levels by 24h (P < 0.05; Fig. 1D). Arterial pH
was lower and PaCO, was higher in LPS-exposed fetuses
(P <0.05; Fig. 1E and F), but differences were present
prior to intra-amniotic injection.

Fetal pulmonary blood flow was lower than control from
96 h after LPS administration (P = 0.04; Fig. 2B) until the
end of the recording period. End-diastolic PBF was lower
in LPS-exposed fetuses than in control (P < 0.05; Fig. 2C)
from 48 h until the end of the recording period. Heart
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Figure 1. Fetal blood gas and acid-base status

Pa0; (A), Sa0; (B), Ca0; (C), arterial lactate concentration (D), pH (E) and PaCO; (F) in control (filled circles) and
LPS-exposed fetal sheep (open circles) after intra-amniotic injection. Data are mean & SEM. *P < 0.05 control vs.
LPS.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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rate and At/Et did not differ between groups (P = 0.6 and
0.9, respectively; Fig. 2C and D). Main pulmonary arterial
pressure across all time points was 39 = 1 mmHg in the

LPS group and 40 + 4 mmHg in controls (P = 0.80).
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Figure 2. Fetal heart rate and pulmonary
haemodynmaics

Heart rate (A), left pulmonary arterial blood flow
(PBF) (B), end-diastolic PBF (C) and left pulmonary
arterial acceleration-to-ejection time ratio (At/Et)
(D) in control (filled circles) and LPS-exposed fetal
sheep (open circles) after intra-amniotic injection.
Data are mean + SEM. *P < 0.05 control vs. LPS.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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CaBF tended to be higher in the LPS group than control
at48,72and 144 h (P < 0.08; Fig. 3A) and was significantly
increased at 96 and 120h after LPS administration
(P < 0.05; Fig. 3A). Cerebral vascular resistance was lower
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in LPS-exposed fetuses between 48 and 96 h after LPS
administration (P < 0.05, Fig. 3B). Carotid arterial pulse
amplitude tended higher in LPS-exposed fetuses than
controls, from 48 h after LPS exposure (P = 0.06; Fig. 3C)
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until the end of the experiment. Cerebral oxygen delivery
did not differ between groups (P = 0.85; Fig. 3D). Ppca
across all time points was 35 + 3 mmHg in the LPS group
vs.36 £ 1 mmHgin controls (P = 0.50, data not shown).
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Figure 3. Fetal cerebral haemodynamics
Carotid blood flow (CaBF) (A), cerebral vascular
resistance (CVR) (B), carotid arterial (Ca) pulse
amplitude (C) and cerebral oxygen delivery (D) in
control (filled circles) and LPS-exposed fetal sheep
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Hours after intra-amniotic injection

L L L]
0 4 8 144

(open circles) after intra-amniotic injection. Data
are mean # SEM. *P < 0.05 control vs. LPS,

§P = 0.06 control vs. LPS, #P < 0.08 control vs.
LPS.
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Discussion

Intrauterine inflammation increased fetal pulmonary
vascular resistance, reduced PBF and increased cerebral
perfusion. Our data demonstrate that the previously
identified structural changes to the pulmonary vascular
bed (Kallapur et al. 2003, 2004; Polglase et al. 2010)
and increased cerebral metabolism (Andersen et al. 2011)
following exposure to intrauterine inflammation have
functional consequences for fetal cardiopulmonary and
cerebral haemodynamics that occur over a similar time
course.

Preterm infants exposed to histological chorio-
amnionitis are at increased risk of persistent pulmonary
hypertension, a condition characterized by increased
resistance to PBF (Woldesenbet & Perlman, 2005;
Woldesenbet et al. 2008). We have previously shown
that pulmonary vascular resistance and main pulmonary
arterial pressure (Pyps) are increased, and PBF and left
ventricular output are reduced during the immediate
neonatal period, in preterm lambs exposed to LPS in utero
(Polglase et al. 2010; Galinsky et al. 2013). In the fetus,
PBF was reduced 4 days after LPS exposure. This was
caused by an increase in pulmonary vascular resistance
2 days after LPS exposure, as indicated by a reduction in
end-diastolic PBE, which is an indicator of downstream
resistance to PBF (Polglase et al. 2005). These data support
previous observations that intra-amniotic LPS exposure at
a similar time in gestation impairs pulmonary vascular
development. Following intra-amniotic LPS exposure
at 119days of gestation, fetal sheep display reduced
expression of pulmonary vascular growth factors and
endothelial nitric oxide synthase from 2 days (Kallapur
et al. 2003, 2004). Adventitial fibrosis and smooth muscle
hypertrophy of pulmonary resistance arterioles is evident
from 4days (Kallapur et al. 2004). These molecular
and structural changes to the pulmonary vascular bed
probably underlie the physiological changes to PBF in
LPS-exposed fetal sheep that occur over a similar time
course. Taken collectively, our previous studies (Galinsky
et al. 2013) and the results presented here confirm that
intrauterine inflammation induces persistent changes in
cardiopulmonary haemodynamics in the fetus and pre-
term neonate, which are probably attributable to vascular
remodeling, as previously demonstrated (Kallapur et al.
2003, 2004).

In humans, fetal pulmonary artery Doppler wave-
form assessment has been used to assess fetal pulmonary
perfusion (Subhedar et al. 1998; Azpurua et al. 2010).
Specifically, fetal pulmonary arterial At/Et increases with
gestational age (Chaoui et al. 1998). This is due to an
increase in the At interval and a progressive reduction
in pulmonary vascular resistance (Rasanen et al. 1996;
Chaoui et al. 1998). Since PBF was lower and pulmonary
vascular resistance was higher in LPS-exposed fetuses

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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than controls we expected to observe a lower At/Et in
the LPS-exposed group, but there was no difference
between groups. This suggests that assessment of mean and
end-diastolic PBF may provide a more accurate assessment
of pulmonary perfusion and vascular resistance in the fetus
than At/Et.

We have previously demonstrated that CaBF is increased
in LPS-exposed preterm lambs immediately after delivery
(Polglase et al. 2012b; Galinsky etal. 2013). In LPS-exposed
fetuses, increased carotid blood flow was observed at 4
and 5 days after intra-amniotic LPS-exposure. This was
caused by a reduction in cerebral vascular resistance,
indicating that inflammation-induced changes in cerebral
haemodynamics can be detected before birth. The increase
in CaBF was associated with a reduction in CaO,. A
reduction in CaQ, is known to increase CaBF in the
fetus (Jones & Traystman, 1984; Peebles ef al. 2003; Feng
et al. 2009): maintaining adequate oxygen delivery by
increasing perfusion is a protective mechanism to ensure
metabolic demand by the fetal brain is met (Jones &
Traystman, 1984). Thus, fetuses in our study compensated
for reduced CaO, by increasing carotid blood flow to
maintain cerebral oxygen delivery at the level observed in
controls.

We have demonstrated previously that fetal cerebral
metabolic demand is increased at 2 and 4 days after
intra-amniotic LPS injection (Andersen et al. 2011).
The alterations in CaBF observed in this study follow a
consistent time course; however, the increased CaBF did
notresult in a net increase in cerebral oxygen delivery. This
raises the possibility that the elevated oxygen demand by
the brain of a fetus exposed to intrauterine inflammation
may be unmet despite the increased cerebral blood flow,
potentially contributing to brain injury, which is common
in preterm infants exposed to intrauterine inflammation
(Ellison et al. 2005; Inder et al. 2005).

In this study, histological chorioamnionitis was
modelled using a single injection of LPS into the amniotic
cavity of pregnant sheep (Jobe ef al. 2000; Newnham ef al.
2002; Nitsos et al. 2002). This causes a fetal inflammatory
response that is tolerated without fetal demise or clinical
symptoms in the ewe (Kramer et al. 2001; Newnham
et al. 2002; Nitsos et al. 2002). This model of intrauterine
inflammation causes alterations in fetal pulmonary and
cerebral development that are commonly observed in
infants exposed to histological chorioamnionitis (Willet
et al. 2000; Moss et al. 2002; Nitsos et al. 2006; Gavilanes
et al. 2009). The transient increase in arterial lactate
concentration observed between 4 and 12h after LPS
exposure supports previous observations (Nitsos et al.
2002) and may be a consequence of altered placental
and/or fetal metabolism resulting in increased release of
lactate into the fetal circulation. The reduction in CaO,
resulted from a slight reduction in oxygen saturation and
haemoglobin levels after LPS exposure and is consistent
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with previous studies (Nitsos et al. 2002; Feng et al.
2009).

Although the sexes of our fetuses were not exactly
balanced between groups this is unlikely to be a major
confounder of our study. We have recently shown that the
physiological transition at birth is not different between
males and females (Polglase et al. 2012a). Furthermore,
a recent analysis of data from a series of studies in sheep
(Kramer et al. 2001, 2005, 2007, 2009; Kallapur et al. 2007,
2009; Kunzmann et al. 2007; Sweet et al. 2008; Kunzmann
etal. 2010) showed no differences in lung structural effects
or inflammatory responses between male and female fetal
sheep (Lambermont et al. 2012).

Alterations in pulmonary and cerebral haemodynamics
observed in our study may contribute to the increased
incidence of chroniclung disease and neurodevelopmental
abnormalities observed in preterm infants exposed
to intrauterine inflammation. Our data suggest that
pathophysiological changes in cardiopulmonary and
cerebral haemodynamics observed in fetuses exposed
to intrauterine inflammation may be present, and
detectable, in human pregnancies, offering potential for
detecting fetuses affected by intrauterine inflammation
and thus predisposed to an increased risk of postnatal
disease.
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