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Neuropathology in intrauterine growth
restricted newborn piglets is associated
with glial activation and proinflammatory
status in the brain
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Abstract

Background: The fetal brain is particularly vulnerable to intrauterine growth restriction (IUGR) conditions evidenced
by neuronal and white matter abnormalities and altered neurodevelopment in the IUGR infant. To further our
understanding of neurodevelopment in the newborn IUGR brain, clinically relevant models of IUGR are required. This
information is critical for the design and implementation of successful therapeutic interventions to reduce
aberrant brain development in the IUGR newborn. We utilise the piglet as a model of IUGR as growth restriction occurs
spontaneously in the pig as a result of placental insufficiency, making it a highly relevant model of human IUGR. The
purpose of this study was to characterise neuropathology and neuroinflammation in the neonatal IUGR piglet brain.

Methods: Newborn IUGR (< 5th centile) and normally grown (NG) piglets were euthanased on postnatal day 1
(P1; < 18 h) or P4. Immunohistochemistry was utilised to examine neuronal, white matter and inflammatory
responses, and PCR for cytokine analysis in parietal cortex of IUGR and NG piglets.

Results: The IUGR piglet brain displayed less NeuN-positive cells and reduced myelination at both P1 and P4
in the parietal cortex, indicating neuronal and white matter disruption. A concurrent decrease in Ki67-positive
proliferative cells and increase in cell death (caspase-3) in the IUGR piglet brain was also apparent on P4. We
observed significant increases in the number of both Iba-1-positive microglia and GFAP-positive astrocytes in
the white matter in IUGR piglet brain on both P1 and P4 compared with NG piglets. These increases were associated
with a change in activation state, as noted by altered glial morphology. This inflammatory state was further evident
with increased expression levels of proinflammatory cytokines (interleukin-1β, tumour necrosis factor-α) and decreased
levels of anti-inflammatory cytokines (interleukin-4 and -10) observed in the IUGR piglet brains.

Conclusions: These findings suggest that the piglet model of IUGR displays the characteristic neuropathological
outcomes of neuronal and white matter impairment similar to those reported in the IUGR human brain. The activated
glial morphology and elevated proinflammatory cytokines is indicative of an inflammatory response that may
be associated with neuronal damage and white matter disruption. These findings support the use of the piglet as a
pre-clinical model for studying mechanisms of altered neurodevelopment in the IUGR newborn.
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Introduction
A large proportion of intrauterine growth-restricted
(IUGR) infants exhibit adverse long-term neurological
outcomes such as sensory, learning and attention diffi-
culties, behavioural issues, school failure, psychiatric
disorders, epilepsy and cerebral palsy [1–4]. Clinical
imaging studies in IUGR infants demonstrate structural
alterations and changes in grey and white matter vol-
ume [5–7]. Structural changes that persist at 1 year of
age are associated with developmental disabilities [6, 8]
that persist well into adulthood [9]. However, few stud-
ies have focused on mechanisms of brain damage in the
IUGR neonate. This being pertinent as no therapeutic
interventions are currently available to prevent or treat
brain damage in the IUGR newborn. Determining the
underlying mechanisms behind grey and white matter
damage in the IUGR infant will help guide the develop-
ment and choice of suitable therapies to protect and
promote healthy brain development in the vulnerable
IUGR brain.
Neuronal and white matter impairment have been dem-

onstrated in several animal models of IUGR [10–13].
However, mechanisms of neurodevelopmental impairment
in the IUGR neonate are complex and not well under-
stood. A number of mechanisms proposed to be involved
in mediating cellular damage in the IUGR brain include
excitotoxicity, oxidative stress, necrotic and apoptotic
neurodegeneration and neuroinflammation [14, 15]. Neu-
roinflammation is regarded as a key mechanism in several
neurodegenerative disorders and preliminary studies sug-
gest it may also mediate abnormal brain development in
the IUGR neonate [16]. Activation of glial cells exacer-
bates neuroinflammation and brain injury. In the IUGR
brain, evidence suggests that the major inflammatory me-
diators are activated microglia, reactive astrocytes and
proinflammatory cytokines [16]. In the preterm rodent
model of hypoxic-ischemic (HI), the sustained presence of
activated microglia and proinflammatory cytokines in the
brain following an acute HI event has been associated
with ongoing white matter and neuronal damage [17],
though few studies have examined the potential negative
impact of neuroinflammation in IUGR animal models.
Of the limited studies investigating inflammation in the

IUGR brain, varying results have been reported [16]. Post-
natal examination in different IUGR models has shown in-
creased numbers of microglia and astrogliosis [18–23]
while others report little change [20, 23, 24]. Only one
study to date has examined the cytokine response in the
IUGR brain [25]. In the guinea pig hypoxemic IUGR
model, inflammatory cytokines are up-regulated in the
fetal brain at 64–65 days gestation (full gestation = ~
65 days) and related to severity of brain injury as demon-
strated by increased apoptosis and neuronal loss at this
time point [25]. These studies were largely carried out in
small animal models. Given the conflicting results, it is es-
sential to examine whether this potential inflammatory
state is associated with ongoing neuronal and white mat-
ter impairment in a more translatable model. This infor-
mation will be critical for the design and implementation
of successful therapeutic interventions to protect the
IUGR newborn brain. Evidence from fetal sheep studies
has led to clinical trials of in utero interventions to reduce
IUGR [26, 27]. However, there are pros and cons with all
animal models; i.e. varying degrees of brain maturation at
birth. The piglet is regarded an appropriate animal to
examine altered brain development arising from compris-
ing perinatal events [28–30]. The newborn piglet is similar
to the human newborn infant in size, development, circu-
lation, metabolism and cerebral maturation. The piglet
brain is gyrencephalic and has a similar grey to white mat-
ter ratio [31] as well as brain growth spurt in the perinatal
period similar to the human [32]. Furthermore, growth re-
striction in the piglet occurs spontaneously obviating the
need for surgical induction of growth retardation. The pig-
let model of IUGR mimics many of the human patho-
physiological outcomes associated with IUGR including
asymmetrical growth restriction with brain sparing [33].
Asymmetrical growth restriction is the most common
form of growth restriction in humans and occurs in
around 70–80% of all IUGR newborns [34]. Disruption to
fetal growth occurs mainly in the third trimester for
asymmetric growth restriction with fetal circulatory redis-
tribution occurring; that is blood flow is selectively redir-
ected to the brain away from other peripheral organs to
the brain resulting in ‘brain sparing’. Inadequate fetal
growth in pigs is caused by alterations associated with pla-
cental insufficiency which is the most common cause of
IUGR in the human population [33]. Therefore, data ob-
tained from the piglet model translates well to human
IUGR pathology.
In the current study, we used the spontaneously

growth-restricted piglet as a model of human IUGR to
examine neuropathology and neuroinflammatory media-
tors at birth (P1) and at postnatal day 4 (P4). We
hypothesised that inflammation would be prevalent in
the IUGR piglet brain not only on P1 but also on P4 and
would be associated with ongoing neuronal and white
matter disruption.

Materials and methods
Animals and tissue preparation
Large White piglets were obtained from The University of
Queensland Gatton Piggery. Approval for this study was
granted by The University of Queensland Animal Ethics
Committee (MED/UQCCR/132/16/RBWH) and was car-
ried out in accordance with National Health and Medical
Research Council (NHMRC) guidelines (Australia) and
ARRIVE guidelines.
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Term piglets were born spontaneously and collected
on first day of life (postnatal day 1 (P1); < 18 h). IUGR
piglets were defined by birth bodyweight (< 10th per-
centile) [35–37]. Litter-matched pairs were obtained
from multiple sows (n = 11). The IUGR piglet model is
well-established and characterised by our group and
others [11, 33]. This model is caused by placental
insufficiency [33]; the most common cause of IUGR in
the human population. On either P1 (NG n = 6; IUGR
n = 6) or P4 (NG n = 6; IUGR n = 6) (equal males and
females in each group), piglets were euthanased via an
intracardiac injection of sodium pentobarbital
(650 mg/kg; Lethabarb, Virbac, Australia). The brain
was immediately removed, weighed, hemisected and
coronally sliced. The right hemisphere sections were
immersion fixed in 4% paraformaldehyde as previously
described [38]. The parietal cortex from the left hemi-
sphere was snap frozen in liquid nitrogen and stored
at − 80 °C for molecular studies.

Immunohistochemistry
Brain sections from the right hemisphere were embed-
ded in paraffin and coronally sectioned 6 μm apart at
the level of the brain containing the parietal cortex (Pig
stereotaxic map, A 5.5 mm; Felix 1999). Sections were
dewaxed and rehydrated using standard protocol. The
rehydrated slides underwent heat-induced epitope re-
trieval in 10 mM citrate buffer (pH 6) at 80 C for
20 min before cooling to room temperature (RT).
Tissue sections were blocked with 5% donkey serum

in phosphate-buffered saline (PBS) with 0.5% Triton-X
100 for 1 h at RT. Immunohistochemistry was per-
formed on brain sections for visualisation of microglia
(ionised calcium-binding adaptor molecule-1; Iba-1;
1:1000, ab5076; Abcam, Queensland, Australia), astro-
cytes (glial fibrillary astrocytic protein; GFAP; 1:1000,
Z0334, Dako), neurons (NeuN; 1:1000, ab177487;
Abcam), proliferating cells (Ki67; 1:200, ab15580;
Abcam) and apoptotic cells (cleaved Caspase-3; 1:500,
#9661; Cell Signalling). Co-localisation studies were also
conducted for the inflammatory cytokines IL-1β (1:100,
ab9722; Abcam), TNF-α (1:200, AF-410; R&D Systems,
Minneapolis, MN), IL-18 (1:100, ab71495; Abcam), IL-4
(1:100, ab9622; Abcam) and nuclear factor-kappa beta
(NF-kB p65: 1:500, ab16502; Abcam). Primary antibodies
were incubated at 4 °C for 20 h. Slides were washed in
tris-buffered saline followed by incubation with
species-specific secondary fluorophores at RT for 1 h
(Alexafluor 488, Alexafluor 594; 1:1000, Molecular
Probes, Invitrogen Australia, Victoria, Australia). Tissue
was then washed, counterstained with 4′,6-diamidi-
no-2-phenylindole (DAPI) and mounted with Prolong
Gold antifade (Molecular Probes, Invitrogen Australia,
Victoria, Australia). Negative control sections without
primary antibodies were processed in parallel. All stain-
ing was conducted in triplicate for each animal at each
time point.

Luxol fast blue and Fluoro Jade C staining
We assessed the general myelination status of IUGR
brains at P1 and P4 using Luxol fast blue (LFB) staining.
Tissue sections underwent standard dewaxing and rehy-
dration followed by overnight immersion in LFB solution
at 57 °C. Sections were then immersed in 95% ethanol
and differentiated in 0.05% lithium carbonate followed
by 70% ethanol until grey and white matter could be dis-
tinguished and nuclei decolourized. Tissue was proc-
essed and stained simultaneously to minimise variability
of LFB staining.
To investigate the number of degenerating neurons,

Fluoro Jade C (FJC) was used. This is a dye that specif-
ically stains all degenerating neurons [39]. Dewaxed
and rehydrated slides were incubated in 0.006% potas-
sium permanganate solution for 5 min. Slides were
rinsed in PBS for 2 min then transferred to a 0.0001%
solution of FJC (Merck Millipore, Germany) dissolved
in 0.1% acetic acid vehicle, containing DAPI to counter-
stain the nuclei for 15 min. Slides were washed 2 × 1
min in PBS followed by air drying on a slide warmer at
50 °C for 5 min. Slides were cleared with xylene for
1 min before being coverslipped with DPX mounting
media (Sigma-Aldrich).

Image analysis
Analysis of immunolabelled sections were performed
using an Olympus BX41 light microscope with a DP70
camera as previously described [40]. Photomicrographs
(881.2 μm× 663.5 μm) of grey matter (parietal cortex)
and white matter (intragyral white matter-IGWM; sub-
cortical white matter-SCWM; periventricular white
matter-PVWM) regions were captured for analysis.
Four pictomicrographs were captured in each respect-
ive area in three sequential sections (50 μm apart) for
each animal.
All tissue was imaged and analysed under blind condi-

tions by KKC and JAW and manual counts for NeuN,
FJC, Caspase-3, Ki67 and Iba-1 were performed. For
LFB staining, slides were scanned using a Leica SCN400
Slide Scanner with a × 20 objective and analysed as pre-
viously reported [41]. Briefly, the WM was automatically
outlined using the wand tool in ImageJ software; FIJI
(NIH Bethesda, USA). Incidental border regions, such as
large blood vessels, were excluded from the analysis.
Scanned images were converted to greyscale to deter-
mine the staining intensity from 0 to 127 (0, white; 255,
black). This range was divided into quartiles and the per-
cent area (% area) calculated for each quartile. The me-
dian grey level of each quartile (14.5, 46.0, 78.5 and
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111.0) was then multiplied by % area/100 in each quar-
tile, to give the total myelin index. Therefore, the ratio is
defined as myelination index (%).
GFAP-positive astrocytes in the WMTs were quanti-

fied using densitometry by thresholding the intensity of
GFAP labelling using ImageJ (Image Processing and
Analysis in Java; National Institutes of Health, Bethesda,
MD, USA). Areal density was expressed as a percentage
of the whole white matter for each region covered.
Quantitative polymerase chain reaction
The Pig Inflammatory Cytokines & Receptors RT2 Pro-
filer™ PCR Array (Qiagen, Hilden, Germany) profiles the
expression of 84 key genes mediating the inflammatory
response. Total RNA was purified using the RNeasy Tis-
sue Mini Kit (Qiagen) from 30 mg of the parietal cortex.
Total RNA concentration and quality was determined
via UV spectroscopy using a NanoDrop (ND-1000 sys-
tem). cDNA was synthesised from the purified total
RNA via reverse transcription using the RT2 First Strand
Kit (Qiagen). Synthesised cDNA were pooled for each
group (total four groups: P1 NG n = 6, IUGR n = 6; P4
NG n = 6, IUGR n = 6), giving equal cDNA concentra-
tions from each animal in the pooled sample. Pooled
cDNA was added to the RT2SYBR Green Mastermix and
pipetted into the Pig Inflammatory Cytokines & Recep-
tors RT2 Profiler™ PCR Array. Polymerase chain reaction
(PCR) was performed using a Rotor-Gene Q real-time
cycler (Qiagen). The amplified transcripts were quanti-
fied with the comparative CT method using Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) mRNA
expression levels for normalisation. The same CT
threshold value was used across all arrays to allow accur-
ate comparison between runs.
Statistical analysis
Two-way ANOVA with the post-hoc Sidak analysis
was used to determine differences between NG and
IUGR animals at each age (Graph Pad Prism 5.0
software, San Diego, California, USA). Results were
expressed as mean ± SEM with statistical significance
accepted at p < 0.05.
Table 1 Piglet bodyweight and brain weight

Piglet groups P1

IUGR (n = 6)

Bodyweight in kilogrammes (mean ± SEM) 0.873 ± 47.16

Brain weight in grams (mean ± SEM) 27.83 ± 1.142

Brain:body weight (g/kg) 32.1 ± 1.302

Piglet bodyweight and brain weight. IUGR piglets had significantly lower mean bod
mean brain weight was observed only at P4 in IUGR piglets compared to NG. IUGR
bodyweight ratio in comparison to respective NG groups. Values are the mean ± SE
Results
Body weight was significantly reduced in the IUGR
piglets in comparison to NG at P1 (p = 0.0004) and P4
(p < 0.0001) (Table 1). Brain to body weight ratio was
also significantly different between IUGR and NG at
both P1 (p < 0.0001) and P4 (p < 0.0001) indicating
asymmetric growth restriction in the IUGR piglets.

Neuronal disruption in the IUGR piglet brain
Using immunohistochemistry, we examined the expres-
sion of healthy mature neurons labelled with NeuN, a
neuronal nuclei marker. We demonstrated a 25.4% and
23.0% reduction in NeuN-positive cells in the IUGR par-
ietal cortex in comparison with NG on P1 (p = 0.0267)
and P4 (p = 0.0307) respectively (Fig. 1a, c). Qualitatively,
we observed alterations in neuronal morphology as well
as in the expression patterns of NeuN staining in the
IUGR brain. NeuN-positive cells appeared to be smaller
in size and displayed a hollow staining pattern, suggest-
ive of a loss in cell nucleus expression, when compared
with NG controls (Fig. 1a). We have previously shown
impaired neuronal morphology in the IUGR piglet brain
[11]; however, it was not clear whether the neurons were
degenerating and undergoing cell death. Therefore, in
the current study, we also examined neuronal degener-
ation using FJC. There was significant co-localisation of
FJC with NeuN-positive cells (Fig. 1b), with these
double-labelled cells displaying a more dense/shrunken
morphology when compared with only NeuN-positive
cells. We demonstrated a significant increase in FJC-
positive cells in the IUGR parietal cortex on both P1
(41.3%, p = 0.0009) and P4 (34.7, p = 0.0114) in compari-
son to NG (Fig. 1b, d). To determine whether apoptotic
cell death was concurrently occurring in the IUGR
brains, we used the apoptotic marker cleaved caspase-3.
We found the number of caspase-3-positive cells were
significantly increased in IUGR parietal cortex at both
P1 (42.7%, p = 0.0104) and P4 (43.8%, p = 0.0003) (Fig. 1e,
f ) compared with NG piglets indicating a state of apop-
totic cell death in the IUGR brain. Ki67 immunolabelling
was used to determine the number of proliferating cells
in the parietal cortex. At P1, there was a significant in-
crease in Ki67-positive cells in IUGR parietal cortex in
comparison to NG (42.4%, p = 0.0267) (Fig. 1g, h).
P4

NG (n = 6) IUGR (n = 6) NG (n = 6)

1.507 ± 111.7*** 0.770 ± 41.57 1.973 ± 157.4****

30.48 ± 0.8878 27 ± 0.8375 32.19 ± 1.102**

20.63 ± 1.246**** 35.35 ± 1.263 16.63 ± 0.860****

yweight when compared to NG piglets in both age groups. Significantly lower
piglets in both age groups demonstrated significantly higher brain to
M. **p < 0.01; ***p < 0.001; ****p < 0.0001 IUGR versus NG



Fig. 1 Altered expression of neurodevelopmental markers in the parietal cortex of IUGR newborn piglets. a Immunofluorescent staining of
mature neurons using the neuron-specific nuclear marker NeuN in NG and IUGR brains at P4. NG brains displayed robust NeuN expression
throughout the cortex, while IUGR consistently showed lower levels of expression. Scale bars = 100 μm. Quantification of expression found a
decreased number of NeuN-positive labelled cells in IUGR at both P1 and P4 compared with age-matched NG brains (c). b Representative
staining of degenerating neurons (Fluoro-Jade C positive cells, green) observed in both NG and IUGR brains at P4 (scale bar = 50 μm). FJC-positive
cells displayed distinct staining of cell bodies and processes. These cells co-localised with neurons displaying lower expression of NeuN (see insets;
NeuN-positive cells, red). d IUGR brains displayed significantly higher numbers of FJC-positive cells at both P1 and P4 when compared
with NG. e Representative image of apoptotic cells (caspase 3-postive, magenta) in the cortex of both NG and IUGR at P1 and P4 (scale
bar = 200 μm; DAPI, blue). f IUGR displayed higher apoptotic cell counts at both ages investigated. g Cellular proliferation was observed
using Ki67 (scale bar = 50 μm). IUGR displayed higher expression at P1, while there was an observed increase in Ki67-postive cells in P4
NG brains (h). For a IUGR (P1 and P4 n = 6) and NG (P1 n = 5; P4 n = 6). Values are presented as mean ± SEM. Two-way ANOVA with Sidak post-hoc
test, significance between IUGR and age-matched NG *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001
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However, at P4, a reversal of this pattern occurred with
a marked and significant decrease in Ki67-positive cells
in the IUGR parietal cortex when compared with NG
(63.2%, p < 0.0001).

White matter disruption in the IUGR piglet brain
Luxol fast blue (LFB) staining was used to observe mye-
lination in the IGWM of the parietal lobe as well as
deeper white matter regions including SCWM and
PVWM. In NG brains, LFB staining revealed dense,
well-organised white matter fibres, typical of the mye-
lination pattern for a developing brain (Fig. 2b(1–4)).
Yet in the IUGR brain, the myelination pattern ap-
peared to be associated with a loss of axonal fibres
(Fig. 2e(1–4)). Results reported are for all regions
combined. The IUGR brains had significantly de-
creased myelination staining (i.e. less LFB staining), as
indicated by the higher percentage for the first quar-
tile at both P1 (p = 0.0030) and P4 (p = 0.0430)
(Fig. 2c). Furthermore, decreased myelination status
was evident by the myelin index at both P1 (p =
0.0094) and P4 (p = 0.0271) in IUGR brains in
Fig. 2 Decreased myelination status in white matter of IUGR newborn piglets
stained with Luxol fast blue (LFB) in P1 and P4 NG compared with IUGR (d, e)
across all white matter (WM) regions in NG brains (b(1–4)), while IUGR display
bar = 500 mm). c IUGR brains presented greater areas with significantly lower
displayed a decreased myelin status as shown by the myelin index at
(P1 n = 5; P4 n = 6). Values are presented as mean ± SEM. Two-way ANOVA w
*p < 0.05; **p < 0.005
comparison to age matched NG (Fig. 2f ). These data
confirm our previous findings in the IUGR piglet of
decreased white matter staining suggesting impaired
myelination in the IUGR brain [11].
Glial cell disruption and inflammation in the IUGR piglet
brain
In the NG brains, GFAP-positive astrocytes in the white
matter tracts (WM) of the parietal region demonstrated
multiple long branching processes from the cell body typ-
ical of normal astrocyte morphology. In the IUGR brains,
many GFAP-positive astrocytes displayed morphology
suggestive of a reactive state with larger cell bodies and
fewer, retracted processes (Fig. 3). GFAP-positive astrocyte
density was significantly increased in the IUGR brain in
IGWM (p = 0.0111), SCWM (p = 0.0456) and PVWM (p
= 0.0327) compared with NG brains on P1 (Fig. 3b, d, f ).
On P4, GFAP-positive astrocyte density remained signifi-
cantly increased in the IUGR brain in all white matter re-
gions, IGWM (p < 0.0001), SCWM (p = 0.0034) and
PVWM (p = 0.0002) (Fig. 3b, d, f ).
. a, b Representative images demonstrating high expression of myelin
brains (scale bar = 10 mm). The degree of LFB staining was consistent
ed overall lower levels with variability between WM regions (e(1–4); scale
LFB staining, as indicated by percentage area for the first quartile. f IUGR
both P1 and P4 in IUGR. For c, f IUGR (P1 and P4 n = 6) and NG
ith Sidak post-hoc test, significance between IUGR and age-matched NG



Fig. 3 Increased astrogliosis in white matter of IUGR newborn piglets. a Representative images of astrocytes (GFAP) in the intragyral (a), subcortical (c)
and periventricular (e) white matter regions in P4 NG and IUGR brains. Astrocytes in NG displayed long extended processes and small cell bodies,
typical of ramified astrocytes (see NG bottom panels). Astrocytes in IUGR white matter displayed morphology characteristic of glia in activated states,
with enlarged cell bodies and thickened processes (see IUGR bottom panels). Scale bar is 100 μm in low magnification images (top panels) and 20 μm
in high magnification images (bottom panels). b, d, f Quantification of GFAP expression using densitometry showed an increase in GFAP expression in
all white matter regions investigated at both P1 and P4 in IUGR when compared with age-matched NG brains. For b, d, f IUGR (P1 and P4 n = 6) and
NG (P1 and P4 n = 6). Values are presented as mean ± SEM. Two-way ANOVA with Sidak post-hoc test, significance between IUGR and age-matched
NG *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001. IGWM intragyral white matter, SCWM subcortical white matter, PVWM periventricular
white matter
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Number of microglia in the WM tracts of the par-
ietal region were determined by Iba-1-positive cell
counts. Ramified/resting microglia were characterised
by light round or oval cell bodies with fine symmet-
rical extended processes, and activated microglia by
darker cell bodies and thickened retracted processes
(Fig. 4a–c). Iba-1-positive cells in the white matter
regions of NG and IUGR examined typically pos-
sessed primary processes oriented in the direction of
the axon bundles, with the finer processes orthogon-
ally oriented. Significant increases in numbers of
Iba-1-positive ramified microglia were only observed be-
tween IUGR and NG in the PVWM at P4 (p = 0.0136;
Fig. 4i).
Significant increases in Iba-1-positive activated

microglia were evident in the IUGR brain both on
P1 and P4 in the IGWM (P1, p = 0.0003; P4, p = 0.0009;
Fig. 4d, e), and PVWM (P1, p = 0.0017; P4, p = 0.0011;
Fig. 4h, i) when compared to NG. No significant dif-
ferences in Iba-1-positive activated microglia were evi-
dent in SCWM between IUGR and NG for either
time point (Fig. 4f, g); however, a trend towards an



Fig. 4 Increased microglial activation in WM of IUGR newborns. a–c representative images of microglial expression in the intragyral white matter
(IGWM), subcortical white matter (SCWM) and the periventricular white matter (PVWM) of P4 control and IUGR brains. d, e Increased microglial
activation was noted in the IGWM of IUGR brains at both P1 and P4, with no significant difference in the number of ramified cells based on
morphological analysis. f, g No significant difference in microglial morphology was noted in the SCWM in IUGR compared with control at P1 and
P4. h, i Increased microglial activation was noted in the PVWM of IUGR brains at both P1 and P4. At P4, there was also an increase in the number
of ramified microglia in IUGR brains compared with control. For d–i IUGR (P1 n = 6; P4 n = 6) and control (P1 n = 6; P4 n = 6). Values are presented
as mean ± SEM. Two-way ANOVA with Sidak post-hoc test, significance between IUGR and age-matched controls *p < 0.05; **p < 0.005
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increase in numbers was apparent in the IUGR brain
at P1 and P4.
Using a PCR array panel of 84 inflammatory genes,

we observed altered expression of both pro- and
anti-inflammatory cytokines in the IUGR parietal cor-
tex relative to NG at both P1 and P4 (Fig. 5a). There
was a marked increase of chemokine and cytokine
mRNAs displaying up-regulated expression in IUGR
brains at P4 when compared with P1(Fig. 5b, c). There
was an increase in the percentage of down-regulated
interleukin mRNAs in IUGR animals at P4 when com-
pared with P1 (Fig. 5d). These findings show the dy-
namic neuroinflammatory alterations in response to
IUGR and indicate an ongoing age-associated inflam-
matory state which may be driven by elevated
expression of chemokines and cytokines. The proin-
flammatory mediators IL-1β, IL-6 and TNF-α showed
high up-regulation in IUGR at P1 when compared
with NG (Fig. 5e). By P4, there appeared to be some
modulation in the degree of up-regulation; however,
higher expression of these common markers was
maintained compared with NG. Anti-inflammatory
mediators IL-4, IL10 and TGF-β2 tended towards a
decrease in expression both at P1 and P4 (Fig. 5f ).
To identify cell types that expressed these pro-
and anti-inflammatory markers, we performed double
immunohistochemistry using cell-specific markers:
NeuN (neurons), GFAP (astrocytes) and Iba-1
(microglia). Our qualitative observations found that
proinflammatory cytokines IL-1β, IL-18 and TNF-α
(Fig. 5g, h, i) were primarily co-localised to neurons
in the IUGR parietal cortex with fewer cells and
lower expression noted in NG piglets. GFAP-positive
astrocytes co-localised with IL-1β were only ob-
served in the PVWM (Fig. 5g, b), which was in con-
trast to astrocytes expressing IL-18 and TNF-α that
were observed in the parietal cortex (Fig. 5b, h, i).
Low labelling of the anti-inflammatory cytokine IL-4
was observed in IUGR brains, in contrast to the high
expression in NG (Fig. 5j). We also observed high
expression of NF-κB p65 which is induced by TNF-α
and IL-1β to initiate an inflammatory response.
NF-κB p65 was found to co-localise with neurons
and microglia in P4 IUGR cortex (Fig. 5k). Qualita-
tively, we observed close interaction between
NF-κB-positive microglia and NF-κB-positive neu-
rons, with microglial processes appearing to wrap
around the neuronal cells (Fig. 5k).



Fig. 5 Altered expression of inflammatory mediators at P1 and P4 in IUGR newborn brains. a Heat map of inflammatory profiler array at P1 (first
column) and P4 (second column) demonstrating altered expression of pro- and anti-inflammatory mediators in the cortex relative to age-matched
controls. IUGR demonstrated an increase in the number of cytokines (b) and chemokines (c) that are up-regulated from P1 to P4. Interleukins and
receptors displayed a general down-regulation of expression levels from P1 to P4 in IUGR brains. Expression of well-characterised proinflammatory
(e) and anti-inflammatory (f) mediators at P1 and P4 relative to age-matched controls. IUGR demonstrated high expression of IL-1β (g), IL-18 (h) and
TNF-α (i), which was co-localised to neurons (NeuN) and astrocytes (GFAP; arrow heads in b of g, h). Low expression of these proinflammatory
mediators was noted in NG brains. j Low expression of IL-4 was observed in IUGR brains, in contrast to the high neuronal expression observed in NG.
k IUGR displayed NF-kB staining in neurons and microglia as indicated by arrow heads. High expression was observed in microglial processes that
were in close proximity to neurons expressing NF-kB (arrow). For (g–k) scale bar = 50 μm, for high magnification images (a, b) scale bar = 20 μm
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Discussion
The current study demonstrates neurodevelopmental
abnormalities of both grey and white matter which may
be associated with the observed inflammatory response
in the newborn IUGR piglet brain. Neuronal degener-
ation and cell death were evident in the parietal lobe of
the P1 and P4 IUGR piglet brain. The persistent inflam-
matory state as noted by activated microglia, astrocytes
and proinflammatory cytokines may be responsible for
ongoing or exacerbation of neuronal and white matter
disruption in the IUGR brain.
Neuronal disruption in the IUGR piglet brain
At the macroscopic level, significant alterations in brain
volume and structure are observed in the human popula-
tion [5–7]. Cortical grey matter volume in IUGR infants is
28% less than that of age-equivalent healthy term-born in-
fants [5]. While disturbances to the cortical grey matter in
the IUGR infant are noted in the human population at a
macroscopic level, evidence of alterations in neuronal
architecture at the immunohistochemical level has been
drawn from IUGR animal studies, with altered cortical
neuronal morphology reported in the fetal sheep and
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piglet brain [10, 11]. In the current study, we observed de-
creased neuronal number that was associated with neur-
onal degeneration and in some instances cell death
suggesting impairment of neuronal development rather
than a delay in neuronal maturation in the IUGR brain.
Both neuronal degeneration and apoptotic cell death were
evident at P1 and P4 in the IUGR piglet brain which may
be indicative of ongoing impairment that extends beyond
that which occurred during fetal life. An increase in apop-
totic cells have also been reported in both the IUGR fetal
sheep and postnatal rat [10, 18]. Furthermore, multiple
IUGR animal studies have demonstrated decreased num-
bers of neuronal cell counts in IUGR brains [12, 13, 25,
42]. In contrast to the current study, no degenerating neu-
rons were observed in the IUGR fetal sheep [10]. This
could be due to the time point of brain analysis (fetal vs
postnatal) or the method of detection. Alves de Alencar
Rocha et al. used morphological identification of ‘un-
healthy’ NeuN-positive cells rather than direct measure-
ment of degenerating neurons with FJC staining. Further
to this, while noting disrupted neuronal morphology,
these authors did not observe a reduction in total neur-
onal cell number in the fetal sheep brain; although they
report increased apoptosis through cleaved caspase-3 la-
belling in the late-onset growth restriction model.
We found no co-localisation of Ki67-positive prolifer-

ating cells with NeuN-positive cells in our piglet brains
(data not shown); it is possible that some of these prolif-
erating cells are immature neurons attempting to regen-
erate. This theory is supported by a study in an IUGR
guinea pig model demonstrating Ki67-positive cells in
subventricular zone of the IUGR fetal brain were pre-
dominantly immature neurons [24]. They also reported
increased Ki67-positive cells in the IUGR fetal brain
similar to our findings on day of birth in the parietal
cortex. The impaired newborn brain may be subject to
not only altered cellular proliferation but also degener-
ation of immature neurons. Whether the increase in
proliferating cells we observed in the current study at P1
are immature neurons remains to be determined. In
contrast by P4, we demonstrated a decrease in proliferat-
ing cells. A reduction in Ki67-positive proliferative cells
has also been reported in an IUGR rat model postnatally
at both P3 and P10 [18]. Whether this decrease in prolif-
eration persists long-term and what effect it has on neu-
rodevelopmental outcomes remains to be determined.
The parietal cortex processes sensory information as

well as processing of language and mathematics. As
IUGR neonates are shown to exhibit poor neurosensory
development, increased rates of language impairments
and lower IQ on the mathematics scale [43, 44], this
may represent vulnerability of the parietal cortex. Cere-
bral blood perfusion is not uniform in the IUGR brain
and redirection from regions such as the frontal lobe
towards the basal ganglia occurs over time [45]. This re-
distribution may lead to a disturbance in regional brain
development that may account for certain disabilities in
the IUGR infant. Future studies in pre-clinical animal
models are warranted to explore whether certain re-
gions of the brain are selectively susceptible to neur-
onal and white matter disruption and accordingly
inflammatory events.

White matter disruption in the IUGR piglet brain
White matter disruption is reported to be a major
neuropathological feature of the IUGR brain. In this and
previous studies, we have demonstrated white matter
disruption in the IUGR piglet brain at several fetal time
points and postnatally [11]. Our data suggests that even
when the fetus has been removed from the compro-
mised in utero environment, disruption to white matter
development appears to be ongoing. Like the human
brain, the piglet brain is already undergoing myelination
[46]. It is well-established from preterm studies that cer-
tain oligodendrocyte populations are vulnerable to dam-
age. Some linages may be more vulnerable than others
to IUGR conditions which would affect the structure
and function of myelination in the IUGR brain. Further
characterisation of myelin/oligodendrocyte disruption in
the piglet model may be beneficial to distinguish damage
to specific oligodendrocyte populations. Determining the
mechanisms behind this white matter disruption will aid
in the development of treatments to reduce or prevent
this ongoing damage.

Neuroinflammation in the IUGR piglet brain
Neuroinflammation is prevalent in the neonatal
hypoxic-ischemic brain and regarded as a key mechan-
ism in the progression of brain injury [47–49]. The
IUGR piglet brain also demonstrates evidence of a neu-
roinflammatory response with increased astrocyte dens-
ity, increased numbers of activated microglia and
elevated proinflammatory cytokines with concomitant
decreased anti-inflammatory cytokines. These results are
consistent with small animal studies demonstrating an
inflammatory response in the IUGR brain with increased
microglial activation and astrogliosis [18, 19, 21, 22, 25].
Activation of microglia and reactive astrocytes can pro-
duce excessive levels of proinflammatory cytokines such
as TNF-α and IL-1β that are toxic to neurons and white
matter [50, 51]. However, activated microglia can exist
in differing forms: M1 (classic activation; toxic) and M2
(alternative activation; neuroprotective). Depending on
the type of insult and the evolution of damage, micro-
glial phenotype can switch over time between M1 and
M2 [52–54]. To date, no studies have examined micro-
glial phenotypes in the IUGR brain. Distinguishing the
microglial phenotype would be beneficial to determine
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the ratio of M1 to M2 microglia and therefore the ability
to therapeutically exploit these cell types to protect the
IUGR neonatal brain.
In this study, we show that neurons are also significant

sources of these proinflammatory cytokines in P4 IUGR
brains. We demonstrated an increase in neuronal IL-1β
in the IUGR brain with no detectable expression on
microglia or astrocytes in the parietal cortex. In a rodent
model of neonatal encephalopathy, neurons are the first
cells to produce excessive levels of IL-1β, earlier than
microglia and astrocytes [55]. Savard et al. further work
shows IL-1β plays a major role in neuronal self-injury
through matrix metalloproteinase (MMP)-9 [56]. We
observed IL-1β co-localised with not only neurons but
also astrocytes in the PVWM, indicating a potential
vulnerable region. Neuronally expressed TNF-α in ro-
dent brain results in microglial activation and an up-
regulation of downstream target molecules that leads to
peripheral cell infiltration and exacerbation of the in-
flammatory state [57]. We demonstrate TNF-α not only
on neurons but also on astrocytes in the IUGR piglet
brain, which may indicate an exacerbated inflammatory
state. TNF-α has been shown to induce IL-6 production
in astrocytes [58]; we demonstrated a sustained increase
in IL-6 gene expression in the IUGR brain supporting
this heightened response. We also observed high expres-
sion of NF-κB in both microglia and neurons. NF-κB
can induce activation of microglia into an inflammatory
state that is also neurotoxic [59]. The close interaction
we observed between NF-κB-positive microglia and
NF-κB-positive neurons may implicate a neurotoxic state
in the brain where the microglial processes appeared to
wrap around the neuronal cells. The exact mechanisms
by which these inflammatory cells induce cellular injury
are still not known. However, it is evident that IUGR
brains up to P4 display elevated expression of proinflam-
matory cytokines which is likely contributing to ongoing
injury in the brain.
Our findings of increased astrocytic density and alter-

ation in astrocyte morphology are also consistent with
IUGR animal studies in sheep and rats [10, 21, 22]. As-
trocytes are not only involved in inflammatory events in
the brain but are involved in the support and mainten-
ance of neurons, as well as playing a significant role in
blood-brain barrier (BBB) dynamics. The BBB is critical
to protecting the neonatal brain from toxic substances
and maintaining the homeostatic environment. Inflam-
mation, as well as damage to astrocytic endfeet which
ensheath the BBB may contribute to BBB compromise
in the IUGR brain [60]. In the developing brain, proin-
flammatory cytokines, TNF-α and IL-1β, can activate
MMPs, which accelerate the disruption of the BBB [61].
Microglia are capable of indirectly modulating BBB per-
meability, by releasing a variety of cytotoxic agents
including cytokines, MMPs, nitric oxide and reactive
oxygen species [62]. Our finding of astrogliosis, in-
creased microglia and up-regulation of proinflammatory
cytokines (TNF-α, IL-1β and IL-6) in the IUGR brain
may contribute to BBB damage as recently demonstrated
in the sheep IUGR model [60, 63]. Further studies to
characterise the extent of BBB disruption in the IUGR
piglet brain are warranted.

Conclusion
While damage to the IUGR fetal brain is known to occur
during gestation, it is thought that with removal of the
fetus from the compromised environment—birth—dam-
age will cease. Contrary to this, our study demonstrates
disruption and damage to brain development continues
for several days after birth. We found ongoing neuronal
and white matter impairment in the newborn IUGR pig-
let brain with cellular degeneration and death. This
disruption/damage was associated with a neuroinflam-
matory response with increases in activated microglia,
astrocyte density and increased levels of proinflamma-
tory cytokines suggestive of a key role of inflammation
in the progression of neuronal and white matter impair-
ment in the IUGR brain. Confirming these mechanisms
of injury will help inform suitable postnatal treatment
options to reduce brain injury in the IUGR newborn.

Abbreviations
CXCL10: C-X-C chemokine motif 10; DAPI: 4′,6-Diamidino-2-phenylindole;
FJC: Fluoro Jade C; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase;
GFAP: Glial fibrillary astrocytic protein; HI: Hypoxic-ischemic; Iba-1: Ionised
calcium-binding adaptor molecule-1; IGWM: Intragyral white matter; IL: Interleukin;
IUGR: Intrauterine growth restriction; LFB: Luxol Fast Blue; MMP: Matrix
metalloproteinase; NF-κB: Nuclear factor-kappa beta; NG: Normally grown;
P: Postnatal day; PBS: Phosphate-buffered saline; PCR: Polymerase chain
reaction; PVWM: Periventricular white matter; RT: Room temperature;
SCWM: Subcortical white matter; TNF: Tumour necrosis factor

Acknowledgements
We would like to thank Kishen Sukumar for some laboratory assistance. The
authors acknowledge the Research Histology Facility from IHBI (QUT).

Funding
A Royal Brisbane and Women’s Hospital Research Grant, Children’s Hospital
Foundation Innovation Grant (number 50217) and National Health and
Medical Research Council Project Grant (APP1147545) supported this work.
STB was supported by a Lion’s Medical Research Fellowship. Funding bodies
did not influence the design of the study nor collection, analysis, interpretation
of data and drafting of the manuscript.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions
JW is the principle investigator and was involved in attaining funding,
experimental designs, critical revision and drafting of the manuscript.
KML undertook Luxol Fast Blue staining, analysis and interpretation. SM
conducted the animal experiments, collated the data and edited the
manuscript. KG conducted animal experiments and edited the manuscript. PC
was involved in attaining funding, critical revision and editing the manuscript.
STB was involved in attaining funding, critical revision and editing the
manuscript. KC was involved in attaining funding and responsible for all



Wixey et al. Journal of Neuroinflammation            (2019) 16:5 Page 12 of 13
laboratory aspects of the project, data analysis, interpretation and editing
the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Animal care, handling and experiments were approved by The University of
Queensland Animal Ethics Committee (MED/UQCCR/132/16/RBWH) and was
carried out in accordance with National Health and Medical Research Council
(NHMRC) guidelines (Australia) and ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1UQ Centre for Clinical Research, Faculty of Medicine, The University of
Queensland, Herston, QLD 4029, Australia. 2Institute of Health Biomedical
Innovation (IHBI), Queensland University of Technology, Brisbane, Australia.
3Perinatal Research Centre, Royal Brisbane and Women’s Hospital, Herston,
QLD 4029, Australia.

Received: 3 October 2018 Accepted: 17 December 2018

References
1. Geva R, Eshel R, Leitner Y, Valevski AF, Harel S. Neuropsychological outcome

of children with intrauterine growth restriction: a 9-year prospective study.
Pediatrics. 2006;118:91–100.

2. Ozanne SE, Fernandez-Twinn D, Hales CN. Fetal growth and adult diseases.
Semin Perinatol. 2004;28:81–7.

3. Jarvis S, Glinianaia SV, Torrioli MG, Platt MJ, Miceli M, Jouk PS, Johnson
A, Hutton J, Hemming K, Hagberg G, et al. Cerebral palsy and
intrauterine growth in single births: European collaborative study.
Lancet. 2003;362:1106–11.

4. Freire G, Shevell M, Oskoui M. Cerebral palsy: phenotypes and risk
factors in term singletons born small for gestational age. Eur J Paediatr
Neurol. 2015;19:218–25.

5. Tolsa CB, Zimine S, Warfield SK, Freschi M, Sancho Rossignol A, Lazeyras F,
Hanquinet S, Pfizenmaier M, Huppi PS. Early alteration of structural and
functional brain development in premature infants born with intrauterine
growth restriction. Pediatr Res. 2004;56:132–8.

6. Esteban FJ, Padilla N, Sanz-Cortes M, de Miras JR, Bargallo N, Villoslada
P, Gratacos E. Fractal-dimension analysis detects cerebral changes in
preterm infants with and without intrauterine growth restriction.
Neuroimage. 2010;53:1225–32.

7. Padilla N, Alexandrou G, Blennow M, Lagercrantz H, Aden U. Brain
growth gains and losses in extremely preterm infants at term. Cereb
Cortex. 2015;25:1897–905.

8. Padilla N, Falcon C, Sanz-Cortes M, Figueras F, Bargallo N, Crispi F, Eixarch E,
Arranz A, Botet F, Gratacos E. Differential effects of intrauterine growth
restriction on brain structure and development in preterm infants: a
magnetic resonance imaging study. Brain Res. 2011;1382:98–108.

9. Eikenes L, Martinussen MP, Lund LK, Lohaugen GC, Indredavik MS, Jacobsen
GW, Skranes J, Brubakk AM, Haberg AK. Being born small for gestational age
reduces white matter integrity in adulthood: a prospective cohort study.
Pediatr Res. 2012;72:649–54.

10. 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. 2017;39:141–55.

11. Kalanjati VP, Wixey JA, Miller SM, Colditz PB, Bjorkman ST. GABAA receptor
expression and white matter disruption in intrauterine growth restricted
piglets. Int J Dev Neurosci. 2017;59:1–9.

12. Mazur M, Miller RH, Robinson S. Postnatal erythropoietin treatment
mitigates neural cell loss after systemic prenatal hypoxic-ischemic injury. J
Neurosurg Pediatr. 2010;6:206–21.
13. Mallard C, Loeliger M, Copolov D, Rees S. Reduced number of neurons in
the hippocampus and the cerebellum in the postnatal guinea-pig following
intrauterine growth-restriction. Neuroscience. 2000;100:327–33.

14. Rees S, Harding R, Walker D. The biological basis of injury and
neuroprotection in the fetal and neonatal brain. Int J Dev Neurosci.
2011;29:551–63.

15. Miller SL, Huppi PS, Mallard C. The consequences of fetal growth
restriction on brain structure and neurodevelopmental outcome. J
Physiol. 2016;594:807–23.

16. Wixey JA, Chand KK, Colditz PB, Bjorkman ST. Review: Neuroinflammation in
intrauterine growth restriction. Placenta. 2017;54:117–24.

17. Carty ML, Wixey JA, Reinebrant HE, Gobe G, Colditz PB, Buller KM. Ibuprofen
inhibits neuroinflammation and attenuates white matter damage following
hypoxia–ischemia in the immature rodent brain. Brain Res. 2011;1402:9–19.

18. Pham H, Duy AP, Pansiot J, Bollen B, Gallego J, Charriaut-Marlangue C, Baud
O. Impact of inhaled nitric oxide on white matter damage in growth-
restricted neonatal rats. Pediatr Res. 2015;77:563–9.

19. Black AM, Armstrong EA, Scott O, Juurlink BJ, Yager JY. Broccoli sprout
supplementation during pregnancy prevents brain injury in the newborn
rat following placental insufficiency. Behav Brain Res. 2015;291:289–98.

20. Campbell LR, Pang Y, Ojeda NB, Zheng B, Rhodes PG, Alexander BT.
Intracerebral lipopolysaccharide induces neuroinflammatory change and
augmented brain injury in growth-restricted neonatal rats. Pediatr Res.
2012;71:645–52.

21. Olivier P, Baud O, Bouslama M, Evrard P, Gressens P, Verney C. Moderate
growth restriction: deleterious and protective effects on white matter
damage. Neurobiol Dis. 2007;26:253–63.

22. Olivier P, Baud O, Evrard P, Gressens P, Verney C. Prenatal ischemia and
white matter damage in rats. J Neuropathol Exp Neurol. 2005;64:998–1006.

23. Tolcos M, Bateman E, O'Dowd R, Markwick R, Vrijsen K, Rehn A, Rees S.
Intrauterine growth restriction affects the maturation of myelin. Exp Neurol.
2011;232:53–65.

24. Tolcos M, Markwick R, O'Dowd R, Martin V, Turnley A, Rees S. Intrauterine
growth restriction: effects on neural precursor cell proliferation and
angiogenesis in the Foetal subventricular zone. Dev Neurosci. 2015;37:453–63.

25. Guo R, Hou W, Dong Y, Yu Z, Stites J, Weiner CP. Brain injury caused by
chronic fetal hypoxemia is mediated by inflammatory cascade activation.
Reprod Sci. 2010;17:540–8.

26. Alers NO, Jenkin G, Miller SL, Wallace EM. Antenatal melatonin as an
antioxidant in human pregnancies complicated by fetal growth restriction—a
phase I pilot clinical trial: study protocol. BMJ Open. 2013;3:e004141.

27. Miller SL, Yawno T, Alers NO, Castillo-Melendez M, Supramaniam VG, VanZyl
N, Sabaretnam T, Loose JM, Drummond GR, Walker DW, et al. Antenatal
antioxidant treatment with melatonin to decrease newborn
neurodevelopmental deficits and brain injury caused by fetal growth
restriction. J Pineal Res. 2014;56:283–94.

28. Miller SM, Sullivan SM, Ireland Z, Chand KK, Colditz PB, Bjorkman ST.
Neonatal seizures are associated with redistribution and loss of
GABAA alpha-subunits in the hypoxic-ischaemic pig. J Neurochem.
2016;139:471–84.

29. Bjorkman ST, Miller SM, Rose SE, Burke C, Colditz PB. Seizures are associated
with brain injury severity in a neonatal model of hypoxia-ischemia.
Neuroscience. 2010;166:157–67.

30. Radlowski EC, Conrad MS, Lezmi S, Dilger RN, Sutton B, Larsen R,
Johnson RW. A neonatal piglet model for investigating brain and
cognitive development in small for gestational age human infants. PLoS
One. 2014;9:e91951.

31. Conrad MS, Dilger RN, Johnson RW. Brain growth of the domestic pig (Sus
scrofa) from 2 to 24 weeks of age: a longitudinal MRI study. Dev Neurosci.
2012;34:291–8.

32. Dobbing J, Sands J. Comparative aspects of the brain growth spurt. Early
Hum Dev. 1979;3:79–83.

33. Bauer R, Walter B, Brust P, Fuchtner F, Zwiener U. Impact of asymmetric
intrauterine growth restriction on organ function in newborn piglets. Eur J
Obstet Gynecol Reprod Biol. 2003;110(Suppl 1):S40–9.

34. Sharma D, Shastri S, Sharma P. Intrauterine growth restriction: antenatal and
postnatal aspects. Clin Med Insights Pediatr. 2016;10:67–83.

35. Bauer R, Walter B, Hoppe A, Gaser E, Lampe V, Kauf E, Zwiener U. Body
weight distribution and organ size in newborn swine (sus scrofa
domestica)—a study describing an animal model for asymmetrical
intrauterine growth retardation. Exp Toxicol Pathol. 1998;50:59–65.



Wixey et al. Journal of Neuroinflammation            (2019) 16:5 Page 13 of 13
36. Cox P, Marton T. Pathological assessment of intrauterine growth restriction.
Best Pract Res Clin Obstet Gynaecol. 2009;23:751–64.

37. Peleg D, Kennedy CM, Hunter SK. Intrauterine growth restriction:
identification and management. Am Fam Physician. 1998;58:453–60.
466-457

38. Kalanjati VP, Miller SM, Ireland Z, Colditz PB, Bjorkman ST. Developmental
expression and distribution of GABA(a) receptor alpha1-, alpha3- and beta2-
subunits in pig brain. Dev Neurosci. 2011;33:99–109.

39. Schmued LC, Stowers CC, Scallet AC, Xu L. Fluoro-Jade C results in ultra
high resolution and contrast labeling of degenerating neurons. Brain Res.
2005;1035:24–31.

40. Wixey JA, Reinebrant HE, Spencer SJ, Buller KM. Efficacy of post-insult
minocycline administration to alter long-term hypoxia-ischemia-induced
damage to the serotonergic system in the immature rat brain.
Neuroscience. 2011;182:184–92.

41. Ihara M, Polvikoski TM, Hall R, Slade JY, Perry RH, Oakley AE, Englund E,
O'Brien JT, Ince PG, Kalaria RN. Quantification of myelin loss in frontal lobe
white matter in vascular dementia, Alzheimer's disease, and dementia with
Lewy bodies. Acta Neuropathol. 2010;119:579–89.

42. Ruff CA, Faulkner SD, Rumajogee P, Beldick S, Foltz W, Corrigan J, Basilious
A, Jiang S, Thiyagalingam S, Yager JY, Fehlings MG. The extent of
intrauterine growth restriction determines the severity of cerebral injury and
neurobehavioural deficits in rodents. PLoS One. 2017;12:e0184653.

43. Murray E, Fernandes M, Fazel M, Kennedy SH, Villar J, Stein A. Differential
effect of intrauterine growth restriction on childhood neurodevelopment: a
systematic review. BJOG. 2015;122:1062–72.

44. Cosmi E, Fanelli T, Visentin S, Trevisanuto D, Zanardo V. Consequences
in infants that were intrauterine growth restricted. J Pregnancy. 2011;
2011:364381.

45. Hernandez-Andrade E, Figueroa-Diesel H, Jansson T, Rangel-Nava H,
Gratacos E. Changes in regional fetal cerebral blood flow perfusion in
relation to hemodynamic deterioration in severely growth-restricted fetuses.
Ultrasound Obstet Gynecol. 2008;32:71–6.

46. Pond WG, Boleman SL, Fiorotto ML, Ho H, Knabe DA, Mersmann HJ, Savell
JW, Su DR. Perinatal ontogeny of brain growth in the domestic pig. Proc
Soc Exp Biol Med. 2000;223:102–8.

47. Ferriero DM. Neonatal brain injury. N Engl J Med. 2004;351:1985–95.
48. Wixey JA, Reinebrant HE, Buller KM. Inhibition of neuroinflammation

prevents injury to the serotonergic network after hypoxia-ischemia in the
immature rat brain. J Neuropathol Exp Neurol. 2011;70:23–35.

49. Wixey JA, Reinebrant HE, Buller KM. Post-insult ibuprofen treatment
attenuates damage to the serotonergic system after hypoxia-ischemia in
the immature rat brain. J Neuropathol Exp Neurol. 2012;71:1137–48.

50. Cai Z, Pang Y, Xiao F, Rhodes PG. Chronic ischemia preferentially causes
white matter injury in the neonatal rat brain. Brain Res. 2001;898:126–35.

51. Biran V, Joly L-M, Heron A, Vernet A, Vega C, Mariani J, Renolleau S,
Charriaut-Marlangue C. Glial activation in white matter following ischemia in
the neonatal P7 rat brain. Exper Neurol. 2006;199:103–12.

52. Cherry JD, Olschowka JA, O'Banion MK. Neuroinflammation and M2
microglia: the good, the bad, and the inflamed. J Neuroinflammation.
2014;11:98.

53. Hu X, Li P, Guo Y, Wang H, Leak RK, Chen S, Gao Y, Chen J. Microglia/
macrophage polarization dynamics reveal novel mechanism of injury
expansion after focal cerebral ischemia. Stroke. 2012;43:3063–70.

54. Bonestroo HJ, Nijboer CH, van Velthoven CT, Kavelaars A, Hack CE, van Bel F,
Heijnen CJ. Cerebral and hepatic inflammatory response after neonatal
hypoxia-ischemia in newborn rats. Dev Neurosci. 2013;35:197–211.

55. Savard A, Lavoie K, Brochu ME, Grbic D, Lepage M, Gris D, Sebire G.
Involvement of neuronal IL-1beta in acquired brain lesions in a rat model of
neonatal encephalopathy. J Neuroinflammation. 2013;10:110.

56. Savard A, Brochu ME, Chevin M, Guiraut C, Grbic D, Sebire G. Neuronal self-
injury mediated by IL-1beta and MMP-9 in a cerebral palsy model of severe
neonatal encephalopathy induced by immune activation plus hypoxia-
ischemia. J Neuroinflammation. 2015;12:111.

57. Janelsins MC, Mastrangelo MA, Park KM, Sudol KL, Narrow WC, Oddo S,
LaFerla FM, Callahan LM, Federoff HJ, Bowers WJ. Chronic neuron-specific
tumor necrosis factor-alpha expression enhances the local inflammatory
environment ultimately leading to neuronal death in 3xTg-AD mice. Am J
Pathol. 2008;173:1768–82.

58. Sawada M, Suzumura A, Marunouchi T. TNF alpha induces IL-6 production
by astrocytes but not by microglia. Brain Res. 1992;583:296–9.
59. Frakes AE, Ferraiuolo L, Haidet-Phillips AM, Schmelzer L, Braun L, Miranda CJ,
Ladner KJ, Bevan AK, Foust KD, Godbout JP, et al. Microglia induce motor
neuron death via the classical NF-kappaB pathway in amyotrophic lateral
sclerosis. Neuron. 2014;81:1009–23.

60. 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. 2015;45:55–65.

61. Sadowska GB, Chen X, Zhang J, Lim YP, Cummings EE, Makeyev O, Besio
WG, Gaitanis J, Padbury JF, Banks WA, Stonestreet BS. Interleukin-1beta
transfer across the blood-brain barrier in the ovine fetus. J Cereb Blood
Flow Metab. 2015;35:1388–95.

62. da Fonseca AC, Matias D, Garcia C, Amaral R, Geraldo LH, Freitas C, Lima FR.
The impact of microglial activation on blood-brain barrier in brain diseases.
Front Cell Neurosci. 2014;8:362.

63. 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. 2017;39:323–37.


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animals and tissue preparation
	Immunohistochemistry
	Luxol fast blue and Fluoro Jade C staining

	Image analysis
	Quantitative polymerase chain reaction
	Statistical analysis

	Results
	Neuronal disruption in the IUGR piglet brain
	White matter disruption in the IUGR piglet brain
	Glial cell disruption and inflammation in the IUGR piglet brain

	Discussion
	Neuronal disruption in the IUGR piglet brain
	White matter disruption in the IUGR piglet brain
	Neuroinflammation in the IUGR piglet brain

	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

