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2018.—Fetal growth restriction (FGR) and prematurity are associated
with high risk of brain injury and long-term neurological deficits. FGR
infants born preterm are commonly exposed to mechanical ventila-
tion, but it is not known whether ventilation differentially induces
brain pathology in FGR infants compared with appropriate for gesta-
tional age (AGA) infants. We investigated markers of neuropathology
in moderate- to late-preterm FGR lambs, compared with AGA lambs,
delivered by caesarean birth and ventilated under standard neonatal
conditions for 24 h. FGR was induced by single umbilical artery
ligation in fetal sheep at 88-day gestation (term, 150 days). At
125-day gestation, FGR and AGA lambs were delivered, dried,
intubated, and commenced on noninjurious ventilation, with surfac-
tant administration at 10 min. A group of unventilated FGR and AGA
lambs at the same gestation was also examined. Over 24 h, circulating
pH, PO2, and lactate levels were similar between groups. Ventilated
FGR lambs had lower cerebral blood flow compared with AGA lambs
(P � 0.01). The brain of ventilated FGR lambs showed neuropathol-
ogy compared with unventilated FGR, and unventilated and ventilated
AGA lambs, with increased apoptosis (caspase-3), blood-brain barrier
dysfunction (albumin extravasation), activated microglia (Iba-1), and
increased expression of cellular oxidative stress (4-hydroxynonenal).
The neuropathologies seen in the ventilated FGR brain were most
pronounced in the periventricular and subcortical white matter but
also evident in the subventricular zone, cortical gray matter, and
hippocampus. Ventilation of preterm FGR lambs increased brain
injury compared with AGA preterm lambs and unventilated FGR
lambs, mediated via increased vascular permeability, neuroinflamma-
tion and oxidative stress.

blood-brain barrier; FGR; IUGR; neuroinflammation; oxidative stress

INTRODUCTION

Fetal growth restriction (FGR) describes the pregnancy con-
dition in which a fetus does not grow to its genetic potential,
affecting up to 9% of all pregnancies (21). FGR is associated

with stillbirth, and in survivors is strongly linked to prematu-
rity, neonatal mortality, and morbidities (4). Past infancy, FGR
is acknowledged as a significant contributor toward deficits in
neurological, cardiovascular, and metabolic functions (8, 53).

Placental insufficiency is the principal cause of FGR result-
ing in progressive reduction in transfer of oxygen and nutrients
to the developing fetus (21). Chronic hypoxia induces redistri-
bution of fetal cardiac output resulting in body growth restric-
tion with “brain sparing” in an attempt to ensure adequate
oxygenation of essential organs (particularly brain and heart),
but brain sparing is not totally neuroprotective (18, 35). FGR is
associated with specific impairments in brain structure and
function, where neurodevelopmental deficits depend on the
fetal age at onset of poor placental function (early or late)
detected by ultrasound imaging, severity of growth restriction,
and gestation at birth (35). Early onset FGR, generally diag-
nosed in midpregnancy, is more likely to be linked with severe
placental dysfunction and a greater degree of growth restriction
(20). Brain development is also profoundly compromised in
early onset FGR, as demonstrated in both human imaging
studies and experimental animal studies (2, 13). Assessment of
the neuropathology associated with early onset FGR is often
confounded by the strong link between the presence of early
placental dysfunction and FGR, with preterm birth (22). When
FGR infants are delivered prematurely, they are likely to
require neonatal intensive care, including resuscitation at birth
and invasive mechanical ventilator support over the first days
of life. Mechanical ventilation, particularly when poorly con-
trolled, is associated with inflammation and lung and brain
injury in appropriately grown preterm infants (12). The onset
of ventilation increases early biomarkers of neuropathology in
late-onset FGR lambs (1), but the interactions between chronic
in utero compromise arising from early onset placental dys-
function and neonatal ventilation on the brain have not been
well studied.

In this study we examined the short-term (24 h) effects of
ventilation in preterm lambs with early onset FGR. There is an
association between intensity and duration of mechanical ven-
tilation and brain injury, and we hypothesized that mechanical
ventilation in the neonatal period may exacerbate neuropathol-
ogy associated with early onset FGR. To test this hypothesis,
we used our early onset (0.6 gestation) placental insufficiency
and FGR sheep model (2), with lambs delivered preterm and
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ventilated using standard clinical care conditions for 24 h. We
then examined the effects of neonatal ventilation on brain
injury in the premature growth-restricted lamb using estab-
lished physiological, histological, biochemical, and tissue im-
munohistochemistry methods. This would assist in designing
targeted therapies for brain injury in vulnerable infants.

METHODS

Ethics Approval

Experiments complied with the National Health and Medical Re-
search Council of Australia guidelines for the care and use of animals
for scientific purposes and were approved by Monash Medical Centre
Animal Ethics Committee A.

Surgery to Induce FGR

Single umbilical artery ligation (SUAL) was the experimental
procedure used to induce FGR, as reported by us previously (38, 48).
At 88 days gestation (term is 150 days), pregnant twin-bearing
Border-Leicester Merino crossbred ewes underwent sterile surgery
induced with sodium thiopentone (Pentothal; Bomac Laboratories,
Auckland, New Zealand) and maintained under 1–2.5% isoflurane
(Isoflo; Abbott Australasia, Botany, NSW, Australia). The first fetus
exposed from the uterus was assigned as the control fetus [appropriate
for gestational age (AGA)] in which the umbilical cord was manip-
ulated (the outer sheath was opened and umbilical artery identified)
but not ligated. In the second fetus, two silk sutures were tied tightly
around one of the umbilical arteries (SUAL), ~1 cm apart, 3–4 cm
from the fetal body. A single lumen polyethlyene catheter (inner
diameter: 0.5 mm; outer diameter: 1.0 mm; Critchley Electrical,
Kingsgrove, NSW, Australia) was inserted into the femoral artery of
each of the AGA and FGR fetus, and catheters were exteriorized
through an incision in the right flank of the ewe. A maternal jugular
vein catheter was also implanted via an incision in the jugular groove
of the right side of the neck. The ewe was recovered from anesthesia
and surgery and provided analgesia (paracetamol suppository; Pan-
adol; GSK).

Fetal Monitoring

For 3 consecutive days after surgery, antibiotics (ampicillin and
Engemycin; Austrapen; CSL) were administered intravenously to the
ewe. Fetal blood samples were taken daily for assessment of fetal
well-being, until 10 days postsurgery. The partial pressures of arterial
oxygen (PaO2

), carbon dioxide (PaCO2
), oxygen saturation (SaO2

), pH,
hematocrit, glucose, HCO3

�, and lactate were measured (ABL 700
blood gas analyzer; Radiometer, Copenhagen, Denmark). At fetal
gestational age 123 and 124 days, betamethasone (Celestone Chrono-
dose; Schering Plough) was administered to the ewe to mature the
lungs before planned preterm delivery, as previously described (49);
this is equivalent to that used in human preterm pregnancies (2 doses
of 11.4 mg im 24 h apart).

Lamb Delivery and Ventilation

At 125 days gestation, ewes were placed under general anesthesia,
as above, and a caesarean delivery performed to first access the head
and chest of each fetus, in turn. A transonic flow probe (size 4;
ADInstruments) was placed and secured around the carotid artery of
the fetus to measure carotid blood flow as an index of cerebral blood
flow (CBF). The umbilical cord was clamped and cut, and the lamb
was delivered. The lamb was dried, weighed, and transferred to an
infant warmer (Fisher and Paykel) where each lamb was intubated
(4.0-mm cuffed endotracheal tube), lung liquid was passively drained,
and ventilation commenced. Umbilical venous and artery single lu-
men polyurethane catheters (size 5 mm) were inserted and secured

using silk sutures. A pulse oximeter probe (Masimo, Irvine, CA) was
placed around the tail for measurement of transcutaneous oxyhemo-
globin saturation levels (SpO2

). Near infrared spectroscopy (Fore-
Sight Tissue Oximeter; CAS Medical Systems, Branford, CT) was
used for continuous recording of cerebral oxygenation using a small
sensor, which was placed over the head (the frontoparietal brain
region) and covered with a lightproof (aluminum foil) dressing.
Cerebral oxygenation was expressed as tissue oxygenation index (%)
at 0.5 Hz. Cerebral oxygen extraction was then calculated using CBF,
SpO2

, and tissue oxygenation index as previously described (40).
Ventilation of FGR and AGA lambs (vent FGR and vent AGA)

was initiated using assisted control ventilation (Babylog 8000 plus;
Dräger, Lüberk, Germany) with an initial peak inspiratory pressure of
30 cmH2O and positive end-expiratory pressure of 5 cmH2O for the
first 10 min. The inspired oxygen fraction (FIO2

) commenced at 0.3 but
was adjusted to maintain SpO2

between 85 and 95% after initial
resuscitation. All lambs received prophylactic surfactant (100 mg/kg;
Curosurf, Chiesi Pharma, Italy) via the endotracheal tube at 10 min
after birth. Lambs were subsequently ventilated for 24 h using volume
guarantee mode with a tidal volume (VT) set at 5–7 ml/kg. The
settings for lamb ventilation were based on previous studies of
preterm lambs from our group, which are known not to result in
significant lung injury (10, 46). Throughout ventilation, rectal tem-
perature of the lamb was monitored and maintained within normal
range (38.5–39.5°C), and lambs were kept lightly sedated by contin-
uous infusion of Alfaxan (2–4 mg·kg�1·min�1; Jurox, Rutherford,
NSW, Australia) via the umbilical vein catheter. Lamb well-being was
assessed by regular arterial blood gas measurements via samples
collected from the umbilical arterial catheter. At the completion of the
experiment, lambs were humanely killed by intravenous pentobarbital
sodium overdose (100 mg/kg iv; Valabarb, Rutherford). All ventila-
tion and physiological parameters were digitally acquired using Pow-
erlab (1 kHz) and Laboratory Chart 8 software (ADInstruments,
Castle Hill, Australia).

A separate cohort of animals was euthanized without ventilation
(unvent AGA and FGR) at the time of delivery (at 125 days)
immediately after the cord was cut.

Brain Processing

After euthanasia at around 24 h after delivery, cerebrospinal fluid
(CSF) was collected using a 3-ml syringe and 18-gauge needle, and
the brain was then removed and weighed. The left brain hemisphere
was divided into four sections (anterior to posterior) and frozen for
analysis. The right brain hemisphere was coronally cut into 5-mm
slices/blocks and fixed in formalin for 48–72 h and then embedded in
paraffin (ProSci Tech; Thuringowa, QLD, Australia) for histological
and immunohistochemistry analysis.

Histological Staining

Hematoxylin and eosin (H&E; cat. no. HH-1NPR and EOA1-1L;
Amber Scientific, WA, Australia) staining was performed to examine
for the presence of gross neuropathology. Thioflavin T (cat. no.
T3516-25G; Sigma, St. Louis, MO) staining was performed to assess
for the deposition of amyloid within the brain. After serial hydrations,
sections were immersed in 1% thioflavin for 30–60 min, dehydrated,
coverslipped, and assessed under fluorescent microscopy. Congo red
stain was also used to confirm the presence of amyloid presence in
tissue sections. With this technique, amyloid deposits stain red and
cell nuclei blue. Briefly, sections were deparaffinized, rehydrated, and
stained in Congo red solution for 15–20 min at room temperature.
After being rinsed in distilled water, the sections were quickly
differentiated in alkaline alcohol solution and counterstained with
Gill’s hematoxylin for 30 s. After being rinsed in tap water for 2 min,
the sections were dehydrated, cleared, and coverslipped.
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Molecular Assessment and Cytokine Assays

Concentrations of intercellular adhesion molecule, vascular cell
adhesion molecule, interleukin (IL)-3, IL-6, neuron-specific enolase,
Decorin, interferon-�, IL-17A, IL-21, IL-8, IP-10, monokine induced
by gamma, secreted frizzled-related protein, tumor necrosis factor-�,
and vascular endothelial growth factor A were assessed in lamb serum
and CSF samples using a human 5-plex and an ovine 10-plex quan-
tibody array following the manufacturer’s instructions (Crux Biolab,
Scoresby, VIC, Australia). Ovine brain-derived neurotrophic factor,
nerve growth factor, and amyloid precursor protein (26) ELISAs were
also conducted on homogenized brain tissue.

Immunohistochemistry of Brain Tissue Sections

Single label immunohistochemistry. Immunohistochemistry (IHC)
utilizing selective antibodies for imaging-specific antigens in brain
tissue was conducted. Cellular apoptosis was assessed using activated
caspase-3 (cat. no. AF835; R&D Systems, Minneapolis, MN), astro-
cytes were assessed using glial fibrillary acidic protein (GFAP; cat.
no. G3893; Sigma-Aldrich), cerebral inflammatory cells were evalu-
ated using ionized calcium-binding adapter molecule 1 (Iba-1; cat. no.
019-19741; Wako Pure Chemical Industries, Osaka, Japan), blood-
brain barrier (BB) integrity was assessed by staining with albumin
(cat. no. S4265-2ML; Sigma-Aldrich), and oxidative stress was as-
sessed using 4-hydroxynonenal (4HNE, 100 �l; cat. no. 393207;
Merck). Briefly, for IHC, brain blocks containing cortical gray matter
(CGM), subcortical white matter (SCWM), periventricular white
matter (PVWM), subventricular zone (SVZ), external capsule, hip-
pocampus, and corpus callosum (7) were sectioned at 10 �m at the
level of the striatum. Serial sections were placed on SuperFrost glass
slides (Menzel Glaser) and dewaxed in xylene followed by rehydra-
tion in serial ethanol solutions. Antigen retrieval was carried out by
heating in citric acid buffer (pH 6) for 15 min (3 � 5 min) and
allowing the sections to remain in the hot buffer at room temperature
for a further 20 min, followed by incubation in 0.3% hydrogen
peroxide buffer in 50% methanol. Nonspecific binding was blocked
by animal serum (goat or rabbit serum in BSA). Respective primary
antibody was then added and sections incubated at 4°C overnight. The
following day, sections were incubated in the appropriate secondary
antibody followed by streptavidin horseradish peroxidase (2 ml,
1:200; cat. no. GERPN1051; Amersham Bioscience). Staining was
visualized using 3,3=-diaminobenzidine (Pierce Biotechnology, Rock-
ford, IL), and sections were coverslipped using mounting medium
(DEPX; Merck, Kilsyth, Australia).

Vascular and astrocyte double label fluorescent IHC. First, endog-
enous peroxidases were blocked with 0.3% hydrogen peroxide in 50%
methanol, and sections were then washed with sodium borohydride
(10 mg/ml) in PBS to reduce autofluorescence. Sections were subse-
quently treated with a serum-free protein blocker (DAKO, Campbell-

field, VIC, Australia) and incubated with monoclonal anti-GFAP
(1:200; Sigma) and laminin (1:200; Sigma-Aldrich) to identify astro-
cyte processes (end-feet) associated with blood vessels. Fluorescent
secondary antibodies were used to study the astrocyte blood vessel
interface.

Quantitative Analysis of Brain Injury

Sections were viewed at a magnification of �400 using light
microscopy (Olympus BX-41) and examined in a blinded fashion by
two investigators (A. Malhotra and M. Castillo-Melendez). Immuno-
reactive cell counts and/or density of stain were assessed in three
fields of view within regions of interest on two slides per animal to
give six fields of view per region per animal, for which an average was
then calculated. Manual counts of GFAP-positive astrocytes, Iba-1
(activated or amoeboid microglia), caspase-3 (cell death), and 4-HNE
(oxidative stress) were undertaken. Albumin IHC, GFAP-laminin
double label, and H&E staining for neuropathological features were
assessed descriptively and semiquantitatively. The percentage of end-
feet perivascular astrocyte coverage of blood vessels was determined
using GFAP and laminin; total number of laminin-positive blood
vessels was first manually counted, after which only the blood vessels
showing association with astrocyte end-feet (coverage) were counted.
The percentage of blood vessels in close contact with GFAP-positive
astrocytes was then calculated from the total number of blood vessels
counted per field of view and expressed as percent astrocyte end-feet
blood vessel coverage as previously described (16).

Statistics

Data are presented as means � SE. Statistical comparisons were
carried out using GraphPad Prism (version 5.0a; GraphPad Software,
San Diego, CA). Body and organ weights, cell counts, and density
staining were all analyzed by two-way ANOVA and Bonferroni post
hoc tests for multiple comparisons between groups. Blood gas data
werre analyzed by two-way repeated measures ANOVA and Tukey
posttest using SigmaPlot (version 12; Systat Software, San Jose, CA).
Significance was accepted at P 	 0.05.

RESULTS

Baseline Characteristics

A total of 24 lambs (n � 6 per group for unvent AGA,
unvent FGR, vent AGA, and vent FGR) were studied. There
were five fetal losses (3 AGA and 2 FGR) and one neonatal
death (FGR), and data are not included from these animals.
Body weight and organ weight-to-body weight ratios are
shown in Table 1. SUAL induced placental insufficiency and
FGR; body weight at birth in FGR lambs was reduced by ~15%

Table 1. Body and organ weight data of lamb groups

Unvent AGA Unvent FGR Vent AGA Vent FGR

Male:female 3:3 2:4 3:3 3:3
Body weight, kg 2.8 � 0.1 2.4 � 0.2* 3.0 � 0.2 2.5 � 0.2*
Brain weight, g 45.9 � 1.7 45.1 � 0.5 43.9 � 0.9 43.9 � 1.9
Brain/body weight, g/kg 16.4 � 0.7 19.5 � 1.6* 14.8 � 0.7 17.9 � 1.0*
Liver weight, g 86.3 � 9.4 70.4 � 8.2 127.3 � 10.7* 94.4 � 12.5*
Liver/body weight, g/kg 30.2 � 1.9 29.2 � 2.1 42.1 � 1.5* 37.4 � 3.1*
Lung weight, g 88.7 � 7.9 78.0 � 6.1 93.6 � 4.6 80.0 � 15.2
Lung/body weight, g/kg 31.4 � 2.0 33.0 � 2.0 31.6 � 2.2 31.4 � 4.2
Heart weight, g 22.3 � 1.4 19.6 � 1.4 26.7 � 1.8 20.4 � 2.8
Heart/body weight, g/kg 7.9 � 0.1 8.2 � 0.2 8.9 � 0.6 8.1 � 0.8

Data are expressed as ratio or means � SE. AGA, appropriate for gestational age; FGR, fetal growth restriction; unvent, unventilated; vent, ventilated.
*Significant differences (two-way ANOVA) between FGR and AGA lamb group in body weights (P � 0.02) and brain-to-body weight ratios (P � 0.008) and
between ventilated and unventilated lamb groups in liver-to-body weight ratios (P � 0.0002).
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as compared with AGA lambs [2.4 vs. 2.8 kg (unvent); 3.0 vs.
2.5 kg (31); P � 0.02, two-way ANOVA]. Brain-to-body
weight ratios were also significantly increased in FGR lamb
groups as compared with AGA animals (P � 0.008, two-way
ANOVA). Ventilation caused a significant increase in liver-to-
body weight ratios in both AGA and FGR lambs (P � 0.0002,
two-way ANOVA).

Physiological Parameters and Ventilation Requirements

Fetal blood gas parameters following SUAL induction have
previously been reported for the unvent AGA and FGR groups
(2), and the fetal blood gases for the ventilated groups were
comparable to previously reported data. In brief, while there
were no significant differences in pH, PaCO2

, PaO2
, or SaO2

in
the first 7 days after SUAL-induced FGR onset in either AGA
or FGR lambs, there was a significant difference (P 	 0.05) in
PaO2

, and SaO2
on day 10 after the onset of FGR. Blood gas

parameters after birth are shown in Table 2, for the vent AGA
vs. vent FGR lambs. Overall, there was a significant time-
related influence on pH and PCO2; and time and growth-related
influence on lactate and HCO3

� (two-way ANOVA, P 	 0.05).
There were no significant differences in the ventilation require-

ments of the FGR lambs as compared with AGA lambs
throughout the experiment (Table 3).

Figure 1 summarizes the changes in cerebral tissue oxygen-
ation index, cerebral oxygen extraction, and CBF in vent AGA
and vent FGR lambs. There was a significant difference in the
mean cerebral blood flow measured as carotid blood flow,
wherein CBF was lower in the vent FGR lambs over the
duration of the study (P � 0.01) compared with vent AGA
lambs. Tissue oxygenation index also tended to be lower in the
FGR lambs over the duration of the experiment and cerebral
oxygen extraction higher in the FGR group (P � 0.12 and P �
0.06, respectively).

Neuropathology

We first stained all brains with H&E to assess whether there
were areas of gross neuropathology associated with FGR
and/or ventilation. Our baseline group of animals, the unvent
AGA lambs, demonstrated normal structural integrity and
white matter organization, with no evidence of red blood cell
(RBC) infiltration (hemorrhage) in any brain region examined
(Fig. 2, A and E, shows normal white matter within PVWM).
In the vent AGA group, we observed accumulation of (RBCs
and inflammatory cell cuffs around some capillaries within the
SCWM and PVWM (Fig. 2, C and G); however, these were
confined to the capillary lumen. Unvent FGR brains showed a
mild degree of infiltration of RBCs, accompanied by perivas-
cular infiltrates of inflammatory cells within the white matter
(SCWM and PVWM) consistent with microbleeds (Fig. 2, B
and F). In the vent FGR group, we observed large numbers of
RBCs (Fig. 2, D and H) within the vascular lumen (consistent
with vascular congestion) as well as RBC infiltration into the
brain parenchyma within the SCWM and PVWM, which was
accompanied by a loss of the capillary wall (Fig. 2J) and
inflammatory cell infiltrates (Fig. 2, K and L). Vent FGR
animals also displayed WM disorganization, hypocellularity,
and cavity formation in the PVWM (Fig. 2I) consistent with
periventricular leukomalacia (Fig. 2I).

We examined for the presence of axonal injury using two
standard staining techniques. Axonal injury was not observed
in any AGA brains, whether vent or unvent (Fig. 3, A–C). In
contrast, axonal injury (positive for thioflavin staining) was
present in four out of six unvent FGR brains and five out of six
vent FGR brains (Fig. 3). This axonal injury was observed
across a number of brain regions but was quite irregular in both

Table 2. Blood gas measurements in the first 24 h after
birth

1 h 6 h 12 h 24 h

pHT

Vent AGA 7.30 � 0.01 7.45 � 0.02 7.35 � 0.04 7.36 � 0.05
Vent FGR 7.27 � 0.03 7.47 � 0.04 7.37 � 0.05 7.33 � 0.06

PO2, mmHg
Vent AGA 38.0 � 5.9 47.3 � 5.9 34.6 � 3.1 39.0 � 3.2
Vent FGR 35.3 � 3.2 34.9 � 2.0 38.2 � 4.2 41.8 � 3.6

PCO2
T, mmHg

Vent AGA 51.3 � 4.4 39.8 � 2.7 58.7 � 7.1 45.6 � 6.4
Vent FGR 52.2 � 2.9 35.1 � 4.3 49.9 � 3.5 37.6 � 9.6

LactateT/G, mmol/l
Vent AGA 3.5 � 0.3 2.1 � 0.3 1.6 � 0.1 1.4 � 0.2
Vent FGR 4.2 � 0.5 3.0 � 0.2 1.8 � 0.1 1.8 � 0.3

HCO3
�T/G, mmol/l

Vent AGA 27.9 � 2.0 27.5 � 0.7 31.2 � 1.2 24.3 � 6.0
Vent FGR 23.6 � 2.3 25.5 � 1.5 27.4 � 1.6 15.9 � 0.8

All values are displayed as means � SE. AGA, appropriate for gestational
age; FGR, fetal growth restriction; vent, ventilated. Two-way ANOVA showed
significant (P 	 0.05) time-related influences (T) on pH and PCO2 and
time-related and FGR-related (T/G) influence on lactate and HCO3

�.

Table 3. Ventilation requirements in the first 24 h after birth

1 h 6 h 12 h 24 h

Compliance, ml·g�1·cmH2O�1

Vent AGA 0.016 � 0.02 0.016 � 0.02 0.018 � 0.008 0.02 � 0.013
Vent FGR 0.011 � 0.003 0.016 � 0.0006 0.011 � 0.001 0.008 � 0.001

Peak pressure, cmH2O
Vent AGA 16.8 � 1.6 21 � 1.6 21 � 2.6 25 � 3.4
Vent FGR 18.6 � 6.4 20 � 3.6 19.6 � 3.4 26 � 6.4

Tidal volume, ml/kg
Vent AGA 5.2 � 0.3 4.9 � 0.3 5.0 � 0.3 5.6 � 0.5
Vent FGR 5.2 � 0.4 5.0 � 0.1 4.6 � 0.3 4.8 � 1.0

FIO2
, %

Vent AGA 40.0 � 11.2 22.6 � 1.0 26.0 � 5 31.0 � 10
Vent FGR 36.5 � 10.5 22 � 1.2 27.6 � 4.0 52.8 � 15

All values are displayed as means � SE. No significant differences seen. AGA, appropriate for gestational age; FGR, fetal growth restriction; vent, ventilated.
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size and position and predominantly within white matter re-
gions (Fig. 3 shows staining within the SCWM). Thioflavin
staining of amyloid deposits were identified by the presence of
apple green fluorescence (Fig. 3, F and I), showing compact
plaques with homogeneous material radiating from the center
of the plaques (Fig. 3I). We confirmed the presence of axonal
injury within FGR brains using Congo red staining (Fig. 3, D,
E, G, and H) under light and fluorescent microscopy, in which
dense masses of axonal retraction were observed.

Immunohistochemistry

Neuroinflammation was assessed by the presence of astro-
gliosis (GFAP-positive staining) and activated microglia (Iba-
1-positive staining). Astrocyte cell counts were similar across
the unvent AGA, unvent FGR, and vent AGA groups for all
brain regions examined, with the exception of a significant

astrogliosis within cortical gray matter in vent AGA brains,
compared with unvent AGA brains (P 	 0.05; Fig. 4). The
brains of vent FGR lambs demonstrated profound astrogliosis,
with increased GFAP-positive cell density compared with all
other groups, in the respective brain regions examined (P 	
0.05) (Fig. 4). A similar finding was also seen for activated
microglia within the PVWM, SCWM, and SVZ, wherein vent
FGR brains showed significantly higher numbers of activated
microglia compared with all other groups (Fig. 5).

During our quantification of microglia and astrocytes, we
observed that the morphology of these glial cells appeared
different across groups (Fig. 4A). While microglia cell counts
were unchanged, microglia in unvent FGR, vent AGA, and
vent FGR brains were shifted toward an activated (amoeboid)
state, characterized by swollen ramified cells with a larger cell
body and shorter, thick processes. In contrast, unvent AGA

1 2 3 4 5 7 11 15 19 24

0.5

1.0

1.5

2.0

Time (hrs from birth)

Ce
re

br
al

 B
lo

od
 F

lo
w

 (m
l/k

g/
m

in
)

AGA
FGRAGA vs. FGR, p=0.01

1 2 3 43 5 7 11 15 19 2411

60

70

80

90

100

Time (hrs from birth)

Ti
ss

ue
 o

xy
ge

na
tio

n 
in

de
x 

(%
)

AGA vs. FGR, p=0.12

1 2 3 43 5 7 11 15 19 2411
0.0

0.1

0.2

0.3

0.4

Time (hrs from birth)

Ce
re

br
al

 o
xy

ge
n 

ex
tra

ct
io

n AGA vs. FGR, p=0.06
A                                          B                                            C

Fig. 1. Graphs showing cerebral tissue oxygenation index (A), oxygen extraction (B), and blood flow (C) measurements of ventilated lambs in the first 24 h after
birth. Open circles: Appropriate for gestational age (AGA) lambs; solid circles: fetal growth restriction (FGR) lambs (n � 6 each group). All values are means �
SE. There was significant overall difference in cerebral blood flow between AGA and FGR lambs (P � 0.01, two-way ANOVA).
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Fig. 2. Representative photomicrographs of hematoxylin and eosin staining of preterm lamb brains. A: unventilated (unvent) appropriate for gestational age
(AGA). B: ventilated (vent) appropriate for gestational age (AGA). C: unvent fetal growth restriction (FGR). D: vent FGR, n � 6 each group. E–H: corresponding
higher magnification images for A–D. I–L: vent FGR lamb brains showing periventricular leukomalacia (PVL), loss of vascular integrity, perivascular
inflammatory cuffs, macrophage infiltration, neutrophil infiltration, and infiltration of red blood cells near blood vessels (BV).
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brains showed resting microglia cells with small cell bodies
and many branching processes in all regions examined. Simi-
larly, the astrocytes within the unvent FGR, and vent AGA
brains were more likely to appear reactive as evidenced by cell
body hypertrophy, loss of astrocyte domain, and overlapping
astrocytic processes (Fig. 4A).

This neuropathology was accompanied by a disrupted inter-
action of astrocyte end-feet with cerebral blood vessels, which
was only evident in FGR brains; thus we consequently studied
this association using GFAP-laminin double label immunoflu-
orescence (Fig. 6). Although it was apparent that FGR led to

dissociation of the astrocyte foot processes from the blood
vessels in response to ventilation in a number of FGR animals
(as represented in Fig. 6B), quantification of this association
did not demonstrate a significant difference in the percent
coverage of blood vessels overall (Fig. 6C).

Disruption of the astrocyte barrier associated with compro-
mise of the BBB was examined using albumin staining. We did
not observe albumin extravasation into brain parenchyma sur-
rounding blood vessels in any of the unvent AGA brains;
however, semiquantitative analyses showed that there was
BBB disruption (albumin extravasation) within the SCWM and
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Fig. 3. Representative photomicrographs of Congo red staining under light microscopy (A, D, and G), Congo red staining under fluorescent microscopy (B, E,
and H), and thioflavin staining (C, F, and I). A–C: unnventilated (unvent) appropriate for gestational age (AGA). D–F: unvent fetal growth restriction (FGR).
G–I: vent FGR lambs.
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Fig. 4. A: representative photomicrographs
of astrogliosis seen in subcortical white mat-
ter (SCWM) of unventilated (unvent) and ven-
tilated (vent) appropriate for gestational age
(AGA) and fetal growth restriction (FGR)
lambs using glial fibrillary acidic protein
(GFAP) immunoassay (n � 6). B: significant
differences (*P 	 0.05) seen in periventricular
white matter (PVWM), SCWM, hippocampus
(Hippo), cortical gray matter (CGM), and sub-
ventricular zone (SVZ) of vent FGR lambs
compared with unvent AGA, unvent FGR,
and vent AGA; significant differences (#P 	
0.05) vent FGR compared with unvent AGA;
and significant differences (^P 	 0.05) vent
AGA as compared with unvent AGA lambs
in respective brain regions.
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PVWM of the vent FGR lambs, to a greater extent than in vent
AGA and unvent FGR animals (Fig. 7), suggesting BBB
disruption associated with growth restriction.

Caspase-3-mediated cell death was examined (Fig. 8), and it
was noted that caspase-3 staining was present within all groups
and brain regions examined. Ventilation increased caspase-3-
mediated cell death in the AGA group, with a significant
elevation in cell counts within the PVWM (unvent AGA vs.
vent AGA; P 	 0.05). The most notable increase in caspase-
3-mediated apoptosis was seen in the vent FGR group, in
which caspase-3 cell counts increased twofold increased in
PVWM, CGM, and SVZ regions of vent FGR, compared with
unvent AGA and unvent FGR (P 	 0.05 for all). Furthermore,
ventilation increased cellular apoptosis in vent AGA brains
compared with unvent FGR within the PVWM and CGM and

SVZ (P 	 0.05), indicative that ventilation per se exacerbates
neuropathology in FGR offspring.

We examined cellular oxidative stress in the form of lipid
peroxidation (Fig. 9) in white matter brain regions (PVWM and
SCWM) of all groups, via immunohistochemistry for 4-HNE, one
of the most bioactive and widely studied lipid peroxidation prod-
uct. 4HNE-positive cells were significantly increased number
(P 	 0.05) in the PVWM and SCWM of vent FGR lambs as
compared with unvent and vent AGA lambs, and vent FGR was
significantly increased above unvent FGR (P 	 0.05).

Cytokine Analysis

There was no significant change (data not shown) in any
of the cytokines studied in serum or CSF in the FGR or
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Fig. 5. A: representative photomicrographs of
activated microglia seen in subcortical white
matter (SCWM) of unventilated (unvent) and
ventilated (vent) appropriate for gestational age
(AGA) and fetal growth restriction (FGR)
lambs (n � 6) using Iba-1 immunoassay. B:
significant differences (*P 	 0.05) seen in
Iba-1 staining in periventricular white matter
(PVWM), SCWM, and subventricular zone
(SVZ) of vent FGR lambs compared with un-
vent AGA, unvent FGR, and vent AGA lambs
in respective brain regions.
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Fig. 6. Top row: astrocyte proliferation in lamb groups as seen on low magnification with glial fibrillary acidic protein (GFAP) fluorescent staining. A:
representative photomicrographs of GFAP-Laminin double-label fluorescent immunohistochemistry showing astrocyte (28) relationship with blood vessel (green
vessel wall) in an unventilated (unvent) appropriate for gestational age (AGA) lamb brain. B: note detachment of astrocyte foot processes from the vessel wall
in ventilated (vent) fetal growth restriction (FGR) lamb brain. Scale bar � 100 �m. C: graph comparing blood vessel astrocyte coverage between groups.
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ventilated group as compared with unventilated controls or
FGR lambs.

DISCUSSION

We examined short-term markers of neuropathology in re-
sponse to early neonatal care and mechanical ventilation in
FGR and AGA preterm lambs. Our results demonstrate that
ventilation in preterm FGR lambs induces neuropathology
compared with AGA lambs, with an increase in neuroinflam-
mation, oxidative stress, altered BBB structure, and cell death.
This is critical information, which provides knowledge on the
injurious pathways behind the increased neurological deficits
seen in preterm FGR infants and provides insight for targeted
strategies to improve outcomes in this vulnerable cohort of
infants.

This study is the first to mimic an early onset placental
insufficiency/FGR (0.6 gestation), and subsequent preterm de-
livery at ~0.8 gestation, with standard neonatal care and non-
injurious mechanical ventilation to examine the effects of the
first 24 h of life on markers of neuropathology. Early onset
FGR in the human presents in the second trimester of preg-
nancy and is associated with a higher risk of neurological
deficits including motor, cognitive, and behavior dysfunctions
(13). This may be contributed by the in utero compromise to
brain development, with the period from 24 to 32 wk gestation
being the period at high risk for white matter damage (7). We
undertook the technique to induce FGR during this vulnerable
developmental period and before the onset of myelination in
the periventricular white matter of the sheep brain, when
preoligodendrocytes are the predominant cell type (7). The
majority of infants who are diagnosed with early onset FGR
will be born preterm, with the mean gestational age for deliv-
ery of this cohort of infants between 32 and 34 wk (27). We
delivered our cohort of lambs at 125–127 days gestation, which
is a moderate preterm age for lung maturity and late preterm,
near term age with respect to brain development (6, 33). This

timing in the sheep presents a neurodevelopmental stage when
cortical myelination is quite advanced but the white matter
remains highly vulnerable to injury. Indeed, we observed that
white matter areas within FGR lamb brains that received
ventilation were highly susceptible to oxidative stress, elevated
inflammatory cell activation, and apoptosis-mediated cell
death. The neonatal delivery and care of FGR lambs encom-
passed all aspects of neonatal intensive care management in the
preclinical environment, including thermoregulation, surfac-
tant therapy, mechanical ventilation, fluid therapy, and antibi-
otics, enabling us to study the effects of standard early neonatal
management on brain pathology. An interesting finding was an
increase in liver-to-body weight ratio with ventilation in FGR
and AGA groups, which we consider most likely to be due to
the fluid therapy in this experiment and a relatively immature
renal system (50).

During the 24-h period of neonatal care we noted that the
FGR lambs demonstrated a reduced mean carotid blood flow
(as a surrogate for cerebral blood flow) compared with AGA
lambs. This is in keeping with our previous work to show that
in the fetal and early newborn period, FGR lambs have a
significantly lower CBF than appropriately grown lambs (36,
39). These results are at odds with clinical data obtained in the
first 3 days of life indicative of elevated cerebral oxygenation
in preterm small for gestational age infants using near infrared
spectroscopy (17). In part, these differing observations proba-
bly reflect a degree of heterogeneity in the small for gestational
age human infants, including duration and degree of fetal
hypoxia, and also the techniques used to measure cerebral
hemodynamics (carotid flow in sheep versus near infrared
spectroscopy assessment of cortical vessels in humans). Re-
flecting this, clinical and animal studies have shown that there
are brain region-specific changes in cerebral blood flow in
growth-restricted fetuses, and cerebral hemodynamic change
with advancing fetal compromise (23, 36). We would argue
that the decrease in CBF observed in the this study is explained
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Fig. 7. Representative photomicrograph of in-
creased blood brain barrier permeability (34)
seen in the cortex of a vent fetal growth restric-
tion (FGR) lamb brain using albumin immuno-
assay. Table shows number of animals (out of
total in each group) with albumin extravasation
in brain tissue. AGA, appropriate for gestational
age lamb.
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Fig. 8. A: representative photomicrographs of
cell death using caspase-3 immunostain seen in
periventricular white matter (PVWM) of un-
ventilated (unvent) and ventilated (vent) appro-
priate for gestational age (AGA) and fetal
growth restriction (FGR) lambs. B: significant
differences (*P 	 0.05) in caspase immunore-
activity in vent FGR lamb brains as compared
with unvent AGA and unvent FGR; significant
differences (#P 	 0.05) between vent AGA
compared with unvent AGA; and significant
differences (^P 	 0.05) between vent FGR
compared with unvent AGA lambs in respec-
tive brain regions (n � 6 each group).
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by structural cerebrovascular adaptations that occur in response
to chronic in utero hypoxia, with a significant decrease in
vascular density in white matter brain regions in FGR lambs
(15). Furthermore, we observed profound neuroinflammation
within FGR brains exposed to ventilation, often accompanied
by disassociation of astrocyte end-feet from blood vessels. A
critical role of the astrocytes is to regulate cerebral blood flow,
which they do via connections with blood vessels (24). We
showed an overall decrease in tissue oxygenation within the
FGR brain and increased cerebral oxygen extraction. Com-
bined, these findings are physiologically important and indic-
ative that the developing FGR brain is very sensitive to altered
cerebral hemodynamics that arise from routine neonatal care,
and these can impact on cerebral metabolism and potentially
contribute to subsequent brain injury seen in this high-risk
population.

There is evidence to suggest that early invasive ventilation in
premature infants (who are appropriately grown) is associated
with increased risk of intraventricular hemorrhage (3) and
white matter injury (12, 42), particularly when the ventilation
is not well controlled. It is likely that ventilation-induced brain
injury in preterm infants arises due to disruption of the BBB,
mediated via central inflammation and oxidative stress (11).
We saw evidence of reduced BBB integrity in response to
ventilation, most notable in the FGR cohort of animals. This is
in agreement with our previous findings of altered BBB struc-
ture and function in FGR neonates (1, 15). Structural integrity
of the BBB is critical to ensure peripheral inflammatory cells
and RBCs cannot access the developing brain. Similar effects
of increased BBB permeability have also been noted with
ventilation of well grown preterm lambs (9), but here we show
that FGR increases the vulnerability for a compromised BBB,
potential RBC translocation, and subsequent intraventricular
hemorrhage and white matter damage.

Neuroinflammation plays a central role in the development
of brain injury in FGR infants (26, 52). Until now it has not
been well defined whether the neuroinflammation present in
the FGR brain was primarily antenatal in origin as a result of
placental insufficiency or initiated by postnatal interventions,
including ventilation, or indeed a combination of both. In
preterm infants, Leviton et al. (28) proposed a two-hit model of
inflammation, born small and exposed to postnatal systemic
inflammation. In preterm lambs, our group has shown that
ventilation increases systemic and cerebral inflammatory mark-

ers (9) and that the combination of antenatal chorioamnionitis
and postnatal ventilation is associated with an exacerbation of
inflammatory markers and increased brain injury (10, 43).
Results from this study now further demonstrate that the
two-hit model of inflammation and brain injury is appropriate
for FGR offspring wherein ventilation exacerbates gliosis in
FGR preterm lambs. Thus the combination of chronic antenatal
hypoxia and postnatal ventilation appears to have additive
adverse effects on the FGR brain, which together may contrib-
ute to long-term neurological deficits.

The contribution of microglia and astrocytes is complex, as
they mediate both neurorepair and damage (5, 19, 47). In the
perinatal brain, it is however increasingly well described that
microglial activation is a first critical step in the progression of
neuroinflammation and contributes to white matter injury (19).
An upregulation of activated astrocytes and microglia in re-
sponse to standard ventilation in preterm FGR infants is likely
to be a contributor toward increased cellular apoptosis as
observed in this study. Microglia act as a neuropathology
sensor in the central nervous system and can rapidly detect
subtle changes in brain tissue both in the developing and adult
brain (30). In the activated form, microglia cells produce a
plethora of proinflammatory cytokines and chemokines, which
have been implicated in the pathogenesis of a number of
pathological conditions, including cerebral palsy (25). Micro-
glia also play an indispensable role in building the normal brain
architecture and are known to be involved in myelination,
phagocytosis of apoptotic neurons, axonal pruning, and the
development of vascular and axonal networks (44). Given the
crucial role of microglia in regulating brain development,
maturation, and network connectivity, modifications to micro-
glia cells in the developing FGR brain could alter on-going
developmental processes and thereby have impact on normal
brain structure. This neuroinflammatory response may well be
amenable to umbilical blood cell therapy as seen in a preterm
brain injury model reported previously (29).

Ventilation increased oxidative stress, as measured by
4HNE within the FGR lamb brains. This is interesting, espe-
cially in the context of similar ventilation requirements be-
tween the FGR and AGA animals. Increased expression of
oxidative stress markers is seen in brain injury associated with
FGR (45, 51). Our group has previously shown an increase in
oxidative stress markers in serum and brain tissue of FGR
lambs (38). Similarly, increased oxidative stress markers have
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Fig. 9. A: representative photomicrographs
of oxidative stress using 4-hydroxynonenal
(4-HNE) immunostain seen in periventricu-
lar white matter (PVWM) of unventilated
(unvent) and ventilated (vent) appropriate for
gestational age (AGA) and fetal growth re-
striction (FGR) lambs. B: significant differ-
ences (*P 	 0.05) in 4HNE immunoreactiv-
ity in vent FGR lamb brains as compared
with unvent AGA, unvent FGR, and vent
appropriate for gestational age (AGA) lambs
(n � 6 each group). SCWM, subcortical
white matter.
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been seen in hypoxic and ventilation-induced brain injury
models of preterm birth (14, 41). An upregulation of lipid
peroxidation within the immature brain may be catastrophic for
white matter development (7, 38). It is possible the FGR lamb
brain has a reduced antioxidant capacity (54), which is unable
to respond to another stressful state (ventilation) leading to a
heightened response as seen here. In this respect it will be
important to follow-up on the potential for antioxidant thera-
pies, such as melatonin, to mitigate antenatal and postnatal
contributions to neuropathology in FGR offspring (38).

We used two markers of axonal injury, thioflavin and Congo
red; both of which confirm the presence of abnormal amyloid
deposition occurring in response to axonal damage and local
accumulation of amyloid precursor protein. Previously we
have shown amyloid precursor protein deposition in term
unventilated FGR lamb brains (38), and in this study we
examined whether ventilation might specifically induce axonal
injury in FGR or AGA lambs. Our results are indicative that
some, but not all, FGR brains show evidence of axonal injury
within white matter regions, but that ventilation per se did not
exacerbate axonal injury. This observation also supports the
two-hit model of brain injury in FGR offspring, with this
underlying white matter injury and axonal damage induced
during the period of chronic hypoxia in utero and additional
neuroinflammatory compromise possibly initiated with neona-
tal ventilation.

We did not see any significant or characteristic cytokine
profiles in blood, CSF or brain tissue in this study. We have
previously seen some increase in IL-8, a proinflammatory
cytokine in brief periods of mechanical ventilation in (late
onset) FGR preterm lambs (1). This suggests a brain-specific
neuroinflammatory process and further highlights the case to
identify and develop organ specific biomarkers for the detec-
tion and assessment of FGR-related brain injury (32).

We acknowledge the limitations of this study. By delivering
these lambs at 125 days of gestation we were able to replicate
the effects of ventilation on brain development equivalent to
late preterm human gestation; however, lung development is
slightly more immature in the sheep at this age (equivalent to
28–30 wk gestation), such that we could not maintain the
lambs past 24 h. Human infants born preterm would likely be
exposed to longer periods of invasive or noninvasive ventila-
tion and other neonatal interventions (e.g., caffeine therapy,
therapy for patent ductus arteriosus), which we have not
accounted for, and may separately influence brain develop-
ment. All animals were exposed to antenatal glucocorticoids,
which also would be likely to affect our observations within the
brain (37). These findings do however give us an indication of
mechanisms and mediators of early brain pathology that may
be potentially modifiable in FGR infants.

Perspectives and Significance

Preterm growth-restricted lambs when ventilated show an
increased risk of brain injury, especially in white matter brain
regions, as compared with well-grown and unventilated
growth-restricted lambs. Neuroinflammation and oxidative
stress are upregulated and are likely to contribute to cerebro-
vascular compromise and apoptosis-mediated cell death. This
fits in well with the two-hit hypothesis wherein chronic in utero
hypoxia and a second stress of neonatal ventilation combine to

result in neuropathology associated with FGR. Targeted ther-
apies to mitigate the effects of ventilation on the growth-
restricted infant brain need to be evaluated with this informa-
tion in mind.

ACKNOWLEDGMENTS

We thank Dalibor Stanojkovic and Jamie Mihelakis for assistance with
animal surgeries and experiments.

GRANTS

This study was supported by a National Health and Medical Research
Council (NHMRC) Project Grant (APP1083520), Cerebral Palsy Alliance
Research Grant (PG0414), Royal Australasian College of Physicians Research
Scholarship (to A. Malhotra), NHMRC Career Development Fellowship (to
G. R. Polglase), Australian Research Council Future Fellowship (to S. L.
Miller), and Victorian Government’s Operational Infrastructure Program.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

A.M., G.J., and S.L.M. conceived and designed research; A.M., M.C.-M.,
B.J.A., A.E.S., I.N., Y.P., A.A.d.A.R., M.C.F., G.R.P., G.J., and S.L.M.
performed experiments; A.M., M.C.-M., B.J.A., and S.L.M. analyzed data;
A.M., M.C.-M., B.J.A., and S.L.M. interpreted results of experiments; A.M.,
M.C.-M., and B.J.A. prepared figures; A.M. drafted manuscript; A.M., M.C.-
M., B.J.A., A.E.S., I.N., Y.P., A.A.d.A.R., M.C.F., G.R.P., G.J., and S.L.M.
edited and revised manuscript; A.M., M.C.-M., B.J.A., A.E.S., I.N., Y.P.,
A.A.d.A.R., M.C.F., G.R.P., G.J., and S.L.M. approved final version of
manuscript.

REFERENCES

1. Allison BJ, Hooper SB, Coia E, Jenkin G, Malhotra A, Zahra V,
Sehgal A, Kluckow M, Gill AW, Yawno T, Polglase GR, Castillo-
Melendez M, Miller SL. Does growth restriction increase the vulnera-
bility to acute ventilation-induced brain injury in newborn lambs? Impli-
cations for future health and disease. J Dev Orig Health Dis 8: 556–565,
2017. doi:10.1017/S204017441700037X.

2. Alves de Alencar Rocha AK, Allison BJ, Yawno T, Polglase GR,
Sutherland AE, Malhotra A, Jenkin G, Castillo-Melendez M, Miller
SL. Early- versus late-onset fetal growth restriction differentially affects
the development of the fetal sheep brain. Dev Neurosci 39: 141–155, 2017.
doi:10.1159/000456542.

3. Aly H, Hammad TA, Essers J, Wung JT. Is mechanical ventilation
associated with intraventricular hemorrhage in preterm infants? Brain Dev
34: 201–205, 2012. doi:10.1016/j.braindev.2011.04.006.

4. Ananth CV, Friedman AM. Ischemic placental disease and risks of
perinatal mortality and morbidity and neurodevelopmental outcomes.
Semin Perinatol 38: 151–158, 2014. doi:10.1053/j.semperi.2014.03.007.

5. Avila-Muñoz E, Arias C. Cholesterol-induced astrocyte activation is
associated with increased amyloid precursor protein expression and pro-
cessing. Glia 63: 2010–2022, 2015. doi:10.1002/glia.22874.

6. Back SA, Riddle A, Hohimer AR. Role of instrumented fetal sheep
preparations in defining the pathogenesis of human periventricular
white-matter injury. J Child Neurol 21: 582–589, 2006. doi:10.1177/
08830738060210070101.

7. Back SA, Riddle A, McClure MM. Maturation-dependent vulnerability
of perinatal white matter in premature birth. Stroke 38, Suppl 2: 724–730,
2007. doi:10.1161/01.STR.0000254729.27386.05.

8. Barker DJ. Adult consequences of fetal growth restriction. Clin Obstet
Gynecol 49: 270–283, 2006. doi:10.1097/00003081-200606000-00009.

9. Barton SK, Melville JM, Tolcos M, Polglase GR, McDougall AR,
Azhan A, Crossley KJ, Jenkin G, Moss TJ. Human amnion epithelial
cells modulate ventilation-induced white matter pathology in preterm
lambs. Dev Neurosci 37: 338–348, 2015. doi:10.1159/000371415.

10. Barton SK, Moss TJ, Hooper SB, Crossley KJ, Gill AW, Kluckow M,
Zahra V, Wong FY, Pichler G, Galinsky R, Miller SL, Tolcos M,
Polglase GR. Protective ventilation of preterm lambs exposed to acute
chorioamnionitis does not reduce ventilation-induced lung or brain injury.
PLoS One 9: e112402, 2014. doi:10.1371/journal.pone.0112402.

R1192 BRAIN INJURY IN PRETERM GROWTH RESTRICTION

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00171.2018 • www.ajpregu.org
Downloaded from www.physiology.org/journal/ajpregu at Monash Medical Centre (130.194.020.173) on May 20, 2019.

https://doi.org/10.1017/S204017441700037X
https://doi.org/10.1159/000456542
https://doi.org/10.1016/j.braindev.2011.04.006
https://doi.org/10.1053/j.semperi.2014.03.007
https://doi.org/10.1002/glia.22874
https://doi.org/10.1177/08830738060210070101
https://doi.org/10.1177/08830738060210070101
https://doi.org/10.1161/01.STR.0000254729.27386.05
https://doi.org/10.1097/00003081-200606000-00009
https://doi.org/10.1159/000371415
https://doi.org/10.1371/journal.pone.0112402


11. Barton SK, Tolcos M, Miller SL, Roehr CC, Schmölzer GM, Moss TJ,
Hooper SB, Wallace EM, Polglase GR. Ventilation-induced brain injury
in preterm neonates: a review of potential therapies. Neonatology 110:
155–162, 2016. doi:10.1159/000444918.

12. Barton SK, Tolcos M, Miller SL, Roehr CC, Schmölzer GM, Davis
PG, Moss TJ, LaRosa DA, Hooper SB, Polglase GR. Unraveling the
links between the initiation of ventilation and brain injury in preterm
infants. Front Pediatr 3: 97, 2015. doi:10.3389/fped.2015.00097.

13. Baschat AA. Neurodevelopment after fetal growth restriction. Fetal
Diagn Ther 36: 136–142, 2014. doi:10.1159/000353631.

14. Brew N, Azhan A, den Heijer I, Boomgardt M, Davies GI, Nitsos I,
Miller SL, Walker AM, Walker DW, Wong FY. Dopamine treatment
during acute hypoxia is neuroprotective in the developing sheep brain.
Neuroscience 316: 82–93, 2016. doi:10.1016/j.neuroscience.2015.12.022.

15. Castillo-Melendez M, Yawno T, Allison BJ, Jenkin G, Wallace EM,
Miller SL. Cerebrovascular adaptations to chronic hypoxia in the growth
restricted lamb. Int J Dev Neurosci 45: 55–65, 2015. 10.1016/j.ijdevneu.
2015.01.004.

16. Castillo-Melendez M, Yawno T, Sutherland A, Jenkin G, Wallace
EM, Miller SL. Effects of antenatal melatonin treatment on the cerebral
vasculature in an ovine model of fetal growth restriction. Dev Neurosci 39:
323–337, 2017. doi:10.1159/000471797.

17. Cohen E, Baerts W, Alderliesten T, Derks J, Lemmers P, van Bel F.
Growth restriction and gender influence cerebral oxygenation in preterm
neonates. Arch Dis Child Fetal Neonatal Ed 101: F156–F161, 2016.
doi:10.1136/archdischild-2015-308843.

18. Cohen E, Baerts W, van Bel F. Brain-sparing in intrauterine growth
restriction: considerations for the neonatologist. Neonatology 108: 269–
276, 2015. doi:10.1159/000438451.

19. Czeh M, Gressens P, Kaindl AM. The yin and yang of microglia. Dev
Neurosci 33: 199–209, 2011. doi:10.1159/000328989.

20. Figueras F, Gratacos E. Stage-based approach to the management of
fetal growth restriction. Prenat Diagn 34: 655–659, 2014. doi:10.1002/
pd.4412.

21. Gagnon R. Placental insufficiency and its consequences. Eur J Obstet
Gynecol Reprod Biol 110, Suppl 1: S99–S107, 2003. doi:10.1016/S0301-
2115(03)00179-9.

22. Goldenberg RL, Culhane JF, Iams JD, Romero R. Epidemiology and
causes of preterm birth. Lancet 371: 75–84, 2008. doi:10.1016/S0140-
6736(08)60074-4.

23. Hernandez-Andrade E, Benavides-Serralde JA, Cruz-Martinez R.
Can anomalies of fetal brain circulation be useful in the management of
growth restricted fetuses? Prenat Diagn 32: 103–112, 2012. doi:10.1002/
pd.2913.

24. Howarth C. The contribution of astrocytes to the regulation of cerebral
blood flow. Front Neurosci 8: 103, 2014. doi:10.3389/fnins.2014.00103.

25. Kaur C, Rathnasamy G, Ling EA. Biology of microglia in the devel-
oping brain. J Neuropathol Exp Neurol 76: 736–753, 2017. doi:10.1093/
jnen/nlx056.

26. Korzeniewski SJ, Romero R, Cortez J, Pappas A, Schwartz AG, Kim
CJ, Kim JS, Kim YM, Yoon BH, Chaiworapongsa T, Hassan SS. A
“multi-hit” model of neonatal white matter injury: cumulative contribu-
tions of chronic placental inflammation, acute fetal inflammation and
postnatal inflammatory events. J Perinat Med 42: 731–743, 2014. doi:10.
1515/jpm-2014-0250.

27. Lees C, Marlow N, Arabin B, Bilardo CM, Brezinka C, Derks JB,
Duvekot J, Frusca T, Diemert A, Ferrazzi E, Ganzevoort W, Hecher
K, Martinelli P, Ostermayer E, Papageorghiou AT, Schlembach D,
Schneider KT, Thilaganathan B, Todros T, van Wassenaer-Leemhuis
A, Valcamonico A, Visser GH, Wolf H. Perinatal morbidity and mor-
tality in early-onset fetal growth restriction: cohort outcomes of the trial of
randomized umbilical and fetal flow in Europe (TRUFFLE). Ultrasound
Obstet Gynecol 42: 400–408, 2013. doi:10.1002/uog.13190.

28. Leviton A, Fichorova RN, O’Shea TM, Kuban K, Paneth N, Dam-
mann O, Allred EN; ELGAN Study Investigators. Two-hit model of
brain damage in the very preterm newborn: small for gestational age and
postnatal systemic inflammation. Pediatr Res 73: 362–370, 2013. doi:10.
1038/pr.2012.188.

29. Li J, Yawno T, Sutherland A, Loose J, Nitsos I, Bischof R, Castillo-
Melendez M, McDonald CA, Wong FY, Jenkin G, Miller SL. Preterm
white matter brain injury is prevented by early administration of
umbilical cord blood cells. Exp Neurol 283: 179 –187, 2016. doi:10.
1016/j.expneurol.2016.06.017.

30. Ling EA, Ng YK, Wu CH, Kaur C. Microglia: its development and role
as a neuropathology sensor. Prog Brain Res 132: 61–79, 2001. doi:10.
1016/S0079-6123(01)32066-6.

31. Lio A, Rosati P, Pastorino R, Cota F, Tana M, Tirone C, Aurilia C,
Ricci C, Gambacorta A, Paladini A, Mappa I, Buongiorno S, Zannoni
GF, Romagnoli C, Vento G. Fetal Doppler velocimetry and bronchopul-
monary dysplasia risk among growth-restricted preterm infants: an obser-
vational study. BMJ Open 7: e015232, 2017. doi:10.1136/bmjopen-2016-
015232.

32. Malhotra A, Ditchfield M, Fahey MC, Castillo-Melendez M, Allison
BJ, Polglase GR, Wallace EM, Hodges R, Jenkin G, Miller SL.
Detection and assessment of brain injury in the growth-restricted fetus and
neonate. Pediatr Res 82: 184–193, 2017. doi:10.1038/pr.2017.37.

33. McIntosh GH, Baghurst KI, Potter BJ, Hetzel BS. Foetal brain devel-
opment in the sheep. Neuropathol Appl Neurobiol 5: 103–114, 1979.
doi:10.1111/j.1365-2990.1979.tb00664.x.

34. Mestan KK, Check J, Minturn L, Yallapragada S, Farrow KN, Liu X,
Su E, Porta N, Gotteiner N, Ernst LM. Placental pathologic changes of
maternal vascular underperfusion in bronchopulmonary dysplasia and
pulmonary hypertension. Placenta 35: 570–574, 2014. doi:10.1016/j.
placenta.2014.05.003.

35. Miller SL, Huppi PS, Mallard C. The consequences of fetal growth
restriction on brain structure and neurodevelopmental outcome. J Physiol
594: 807–823, 2016. doi:10.1113/JP271402.

36. Miller SL, Supramaniam VG, Jenkin G, Walker DW, Wallace EM.
Cardiovascular responses to maternal betamethasone administration in the
intrauterine growth-restricted ovine fetus. Am J Obstet Gynecol 201:
613.e1–613.e8, 2009. doi:10.1016/j.ajog.2009.07.028.

37. Miller SL, Sutherland AE, Supramaniam VG, Walker DW, Jenkin G,
Wallace EM. Antenatal glucocorticoids reduce growth in appropriately
grown and growth-restricted ovine fetuses in a sex-specific manner.
Reprod Fertil Dev 24: 753–758, 2012. doi:10.1071/RD11143.

38. Miller SL, Yawno T, Alers NO, Castillo-Melendez M, Supramaniam
VG, VanZyl N, Sabaretnam T, Loose JM, Drummond GR, Walker
DW, Jenkin G, Wallace EM. Antenatal antioxidant treatment with
melatonin to decrease newborn neurodevelopmental deficits and brain
injury caused by fetal growth restriction. J Pineal Res 56: 283–294, 2014.
doi:10.1111/jpi.12121.

39. Polglase GR, Allison BJ, Coia E, Li A, Jenkin G, Malhotra A, Sehgal
A, Kluckow M, Gill AW, Hooper SB, Miller SL. Altered cardiovascular
function at birth in growth-restricted preterm lambs. Pediatr Res 80:
538–546, 2016. doi:10.1038/pr.2016.104.

40. Polglase GR, Dawson JA, Kluckow M, Gill AW, Davis PG, Te Pas AB,
Crossley KJ, McDougall A, Wallace EM, Hooper SB. Ventilation onset
prior to umbilical cord clamping (physiological-based cord clamping)
improves systemic and cerebral oxygenation in preterm lambs. PLoS One
10: e0117504, 2015. doi:10.1371/journal.pone.0117504.

41. Polglase GR, Miller SL, Barton SK, Baburamani AA, Wong FY,
Aridas JD, Gill AW, Moss TJ, Tolcos M, Kluckow M, Hooper SB.
Initiation of resuscitation with high tidal volumes causes cerebral hemo-
dynamic disturbance, brain inflammation and injury in preterm lambs.
PLoS One 7: e39535, 2012. doi:10.1371/journal.pone.0039535.

42. Polglase GR, Miller SL, Barton SK, Kluckow M, Gill AW, Hooper SB,
Tolcos M. Respiratory support for premature neonates in the delivery
room: effects on cardiovascular function and the development of brain
injury. Pediatr Res 75: 682–688, 2014. doi:10.1038/pr.2014.40.

43. Polglase GR, Nitsos I, Baburamani AA, Crossley KJ, Slater MK,
Gill AW, Allison BJ, Moss TJ, Pillow JJ, Hooper SB, Kluckow M.
Inflammation in utero exacerbates ventilation-induced brain injury in
preterm lambs. J Appl Physiol (1985) 112: 481–489, 2012. doi:10.
1152/japplphysiol.00995.2011.

44. Pont-Lezica L, Béchade C, Belarif-Cantaut Y, Pascual O, Bessis A.
Physiological roles of microglia during development. J Neurochem 119:
901–908, 2011. doi:10.1111/j.1471-4159.2011.07504.x.

45. Reid MV, Murray KA, Marsh ED, Golden JA, Simmons RA, Grins-
pan JB. Delayed myelination in an intrauterine growth retardation model
is mediated by oxidative stress upregulating bone morphogenetic protein
4. J Neuropathol Exp Neurol 71: 640–653, 2012. doi:10.1097/NEN.
0b013e31825cfa81.

46. Skiöld B, Wu Q, Hooper SB, Davis PG, McIntyre R, Tolcos M, Pearson
J, Vreys R, Egan GF, Barton SK, Cheong JL, Polglase GR. Early
detection of ventilation-induced brain injury using magnetic resonance spec-
troscopy and diffusion tensor imaging: an in vivo study in preterm lambs.
PLoS One 9: e95804, 2014. doi:10.1371/journal.pone.0095804.

R1193BRAIN INJURY IN PRETERM GROWTH RESTRICTION

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00171.2018 • www.ajpregu.org
Downloaded from www.physiology.org/journal/ajpregu at Monash Medical Centre (130.194.020.173) on May 20, 2019.

https://doi.org/10.1159/000444918
https://doi.org/10.3389/fped.2015.00097
https://doi.org/10.1159/000353631
https://doi.org/10.1016/j.neuroscience.2015.12.022
https://doi.org/10.1016/j.ijdevneu.2015.01.004
https://doi.org/10.1016/j.ijdevneu.2015.01.004
https://doi.org/10.1159/000471797
https://doi.org/10.1136/archdischild-2015-308843
https://doi.org/10.1159/000438451
https://doi.org/10.1159/000328989
https://doi.org/10.1002/pd.4412
https://doi.org/10.1002/pd.4412
https://doi.org/10.1016/S0301-2115%2803%2900179-9
https://doi.org/10.1016/S0301-2115%2803%2900179-9
https://doi.org/10.1016/S0140-6736%2808%2960074-4
https://doi.org/10.1016/S0140-6736%2808%2960074-4
https://doi.org/10.1002/pd.2913
https://doi.org/10.1002/pd.2913
https://doi.org/10.3389/fnins.2014.00103
https://doi.org/10.1093/jnen/nlx056
https://doi.org/10.1093/jnen/nlx056
https://doi.org/10.1515/jpm-2014-0250
https://doi.org/10.1515/jpm-2014-0250
https://doi.org/10.1002/uog.13190
https://doi.org/10.1038/pr.2012.188
https://doi.org/10.1038/pr.2012.188
https://doi.org/10.1016/j.expneurol.2016.06.017
https://doi.org/10.1016/j.expneurol.2016.06.017
https://doi.org/10.1016/S0079-6123%2801%2932066-6
https://doi.org/10.1016/S0079-6123%2801%2932066-6
https://doi.org/10.1136/bmjopen-2016-015232
https://doi.org/10.1136/bmjopen-2016-015232
https://doi.org/10.1038/pr.2017.37
https://doi.org/10.1111/j.1365-2990.1979.tb00664.x
https://doi.org/10.1016/j.placenta.2014.05.003
https://doi.org/10.1016/j.placenta.2014.05.003
https://doi.org/10.1113/JP271402
https://doi.org/10.1016/j.ajog.2009.07.028
https://doi.org/10.1071/RD11143
https://doi.org/10.1111/jpi.12121
https://doi.org/10.1038/pr.2016.104
https://doi.org/10.1371/journal.pone.0117504
https://doi.org/10.1371/journal.pone.0039535
https://doi.org/10.1038/pr.2014.40
https://doi.org/10.1152/japplphysiol.00995.2011
https://doi.org/10.1152/japplphysiol.00995.2011
https://doi.org/10.1111/j.1471-4159.2011.07504.x
https://doi.org/10.1097/NEN.0b013e31825cfa81
https://doi.org/10.1097/NEN.0b013e31825cfa81
https://doi.org/10.1371/journal.pone.0095804


47. Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta
Neuropathol 119: 7–35, 2010. doi:10.1007/s00401-009-0619-8.

48. Supramaniam VG, Jenkin G, Loose J, Wallace EM, Miller SL.
Chronic fetal hypoxia increases activin A concentrations in the late-
pregnant sheep. BJOG 113: 102–109, 2006. doi:10.1111/j.1471-0528.
2005.00791.x.

49. Sutherland AE, Crossley KJ, Allison BJ, Jenkin G, Wallace EM,
Miller SL. The effects of intrauterine growth restriction and antenatal
glucocorticoids on ovine fetal lung development. Pediatr Res 71: 689–
696, 2012. doi:10.1038/pr.2012.19.

50. Sutherland MR, Ryan D, Dahl MJ, Albertine KH, Black MJ. Effects
of preterm birth and ventilation on glomerular capillary growth in the
neonatal lamb kidney. J Hypertens 34: 1988–1997, 2016. doi:10.1097/
HJH.0000000000001028.

51. van Vliet E, Eixarch E, Illa M, Arbat-Plana A, González-Tendero A,
Hogberg HT, Zhao L, Hartung T, Gratacos E. Metabolomics reveals
metabolic alterations by intrauterine growth restriction in the fetal rabbit
brain. PLoS One 8: e64545, 2013. doi:10.1371/journal.pone.0064545.

52. Wixey JA, Chand KK, Colditz PB, Bjorkman ST. Review: Neuroin-
flammation in intrauterine growth restriction. Placenta 54: 117–124, 2017.
doi:10.1016/j.placenta.2016.11.012.

53. Yanney M, Marlow N. Paediatric consequences of fetal growth restric-
tion. Semin Fetal Neonatal Med 9: 411–418, 2004. doi:10.1016/j.siny.
2004.03.005.

54. Zhang H, Li Y, Wang T. Antioxidant capacity and concentration of
redox-active trace mineral in fully weaned intra-uterine growth retardation
piglets. J Anim Sci Biotechnol 6: 48, 2015. doi:10.1186/s40104-015-
0047-7.

R1194 BRAIN INJURY IN PRETERM GROWTH RESTRICTION

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00171.2018 • www.ajpregu.org
Downloaded from www.physiology.org/journal/ajpregu at Monash Medical Centre (130.194.020.173) on May 20, 2019.

https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.1111/j.1471-0528.2005.00791.x
https://doi.org/10.1111/j.1471-0528.2005.00791.x
https://doi.org/10.1038/pr.2012.19
https://doi.org/10.1097/HJH.0000000000001028
https://doi.org/10.1097/HJH.0000000000001028
https://doi.org/10.1371/journal.pone.0064545
https://doi.org/10.1016/j.placenta.2016.11.012
https://doi.org/10.1016/j.siny.2004.03.005
https://doi.org/10.1016/j.siny.2004.03.005
https://doi.org/10.1186/s40104-015-0047-7
https://doi.org/10.1186/s40104-015-0047-7

