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Abstract

Background: Necrotizing enterocolitis (NEC) is an inflammatory gastrointestinal disease primarily affecting preterm
neonates. Neonates with NEC suffer from a degree of neurodevelopmental delay that is not explained by prematurity
alone. There is a need to understand the pathogenesis of neurodevelopmental delay in NEC. In this study, we assessed
the macroscopic and microscopic changes that occur to brain cell populations in specific brain regions in a neonatal
mouse model of NEC. Moreover, we investigated the role of intestinal inflammation as part of the mechanism
responsible for the changes observed in the brain of pups with NEC.

Methods: Brains of mice were assessed for gross morphology and cerebral cortex thickness (using histology). Markers
for mature neurons, oligodendrocytes, neural progenitor cells, microglia, and astrocytes were used to quantify their cell
populations in different regions of the brain. Levels of cell apoptosis in the brain were measured by Western blotting and
immunohistochemistry. Endoplasmic reticulum (ER) stress markers and levels of pro-inflammatory cytokines (in the ileum
and brain) were measured by RT-gPCR and Western blotting. A Pearson test was used to correlate the levels of cytokines
(ELISA) in the brain and ileum and to correlate activated microglia and astrocyte populations to the severity of NEC.

Results: NEC pups had smaller brain weights, higher brain-to-body weight ratios, and thinner cortices compared to
control pups. NEC pups had increased levels of apoptosis and ER stress. In addition, NEC was associated with a
reduction in the number of neurons, oligodendrocytes, and neural progenitors in specific regions of the brain. Levels
of pro-inflammatory cytokines and the density of activated microglia and astrocytes were increased in the brain and
positively correlated with the increase in the levels pro-inflammatory cytokines in the gut and the severity of NEC
damage respectively.

Conclusions: NEC is associated with severe changes in brain morphology, a pro-inflammatory response in the brain that
alters cell homeostasis and density of brain cell populations in specific cerebral regions. We show that the severity of
neuroinflammation is associated with the severity of NEC. Our findings suggest that early intervention during NEC may
reduce the chance of acute neuroinflammation and cerebral damage.
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Background

Necrotizing enterocolitis (NEC) is the most severe gastro-
intestinal neonatal emergency that primarily affects preterm
infants with very low and extremely low birth weight [1, 2].
NEC is characterized by an inflammation of the small and/
or large bowel with varying severity of mucosal injury, ne-
crosis, and intestinal perforation [1]. Despite advances in
neonatal intensive care, the mortality of babies with NEC
has remained unchanged over the years and it has been re-
ported to be 30-50% [3]. The morbidity rates for NEC sur-
vivors are also high and include not just poor long-term
gastrointestinal outcomes, but also neurodevelopmental
delay [4]. A systematic review of the literature showed that
more than 50% of infants with NEC have neurodevelop-
mental delay, with significantly worse neurodevelopmental
outcome than prematurity alone [5]. Moreover, among
patients diagnosed with NEC, those that are surgically man-
aged have been reported to have worse mental and psycho-
motor developmental index scores compared with
age-matched control [5, 6].

The effects of NEC on the neonatal brain have only par-
tially been characterized. A population-based observational
study conducted on very low birth weight infants showed
that those who developed NEC had a three-fold increased
risk of severe head growth failure [7]. Some studies employ-
ing brain magnetic resonance imaging (MRI) have shown
white matter and cortical abnormalities in infants with NEC
[8—11]. Interestingly, infants with severe NEC that requires
surgery have been reported to have significantly more brain
injury on MRI compared to infants with NEC managed
medically [9]. Recently, two experimental studies have inves-
tigated the effects of NEC on the brain of neonatal piglets
and neonatal mice, respectively [12, 13]. Sun et al. reported
that neonatal piglets with NEC developed acute brain injury
with changes to hippocampal gene expression that poten-
tially mediate neuroinflammation [12]. Nifo et al. showed
that mouse pups with NEC develop impaired myelination
and cognitive dysfunction with microglial activation [13].
However, to date, details of the localized effects of NEC on
the density and homeostasis of the different populations of
brain cells in different brain regions remain uncharacterized.
Moreover, the pathogenesis of neurodevelopmental delay in
NEC remains partially characterized.

In this study, we employed a neonatal mouse model of
NEC, to assess the macroscopic and microscopic changes
that occur to brain cell populations in specific brain regions.
Moreover, we investigated whether the severity of intestinal
damage secondary to NEC correlated to the severity of
neuroinflammation.

Methods

Animal model

Following ethical approval (AUP# 32238), 5-day-old
C57BL/6 mice (n =45, NEC group) were removed from
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their mothers to avoid breastfeeding and were induced
NEC by gavage feeding of hyperosmolar formula (15¢g
Similac + 75 mL Esbilac), hypoxia (5% O, for 10 min, 3
times a day), and oral administration of lipopolysacchar-
ide (LPS) (4 mg/kg/day), as previously described [14, 15].
A group of 5-day-old mouse pups (n = 38, control group)
that were left with their mothers and were not subjected
to the NEC induction protocol served as control. We
also included breastfed mice exposed to episodic hypoxia
alone (5% O, for 10 min, 3 times a day) as a control. On
day 9 of life, pups from all groups were weighed (Ohaus
CS Scale) and then sacrificed by cervical decapitation.
Their brain and intestine were harvested for analysis.

Gut histology

The ileum, which is the intestinal segment most affected by
NEC, was harvested, formalin-fixed, paraffin-embedded,
sectioned at 5 pm, and stained with hematoxylin and eosin.
The histology slides (n =45, NEC group; n =38, control
group) were blindly assessed by three independent investi-
gators using a validated scoring system [15].

Brain gross anatomy and histology

The whole brain was bluntly dissected, harvested, and
weighed (Ohaus CS Scale). Mouse groups were compared
for brain weight and brain-to-body weight ratio. The brain
of pups from each experimental group was formalin-fixed,
paraffin-embedded, and sectioned at 5-pum thickness in
coronal orientation. The level of the sections for all sam-
ples used in this study was located between — 1.5 and -
1.9 mm from the bregma zero coordinate (anteroposterior
view) [16] (Additional file 1: Figure S1).

Cerebral cortex thickness

Cortical thickness was assessed in both NEC and control
groups (n =13, NEC; n =13, control) using hematoxylin
and eosin staining by measuring the distance between
two points (on the anterior and posterior aspects of the
cortex, respectively) by an independent investigator as
described previously [17].

Immunohistochemistry of brain cell populations

Sections from all groups (n = 6 pups, 4 sections per sam-
ple per marker) were analyzed for cellular density of the
following populations using immunohistochemistry: ma-
ture neurons, oligodendrocytes, neural progenitor cells,
microglia, and astrocytes (Table 1). Slides were de-paraf-
finized in xylene twice for 5 min then in graded concen-
trations of ethanol (100% x2 for 5 min, 95% x 2 for
3 min, and 75% for 2 min). After de-paraffinization, anti-
gen retrieval was performed using 10-mM sodium cit-
rate buffer (Sodium Citrate, Bio Basic Canada Inc.), pH
6. Primary antibodies (Table 1) were diluted in
animal-free blocker (Animal-Free Blocker (5x), Vector
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Table 1 Antibodies used for immunohistochemistry and Western blotting

Primary antibody  Description Species  Dilution ~ Company Catalog number
NeuN Mature neurons Mouse 1:100 EMD Millipore Sigma MAB377

Olig2 Oligodendrocytes/progenitors Rabbit 1:200 abcam ab109186

Sox2 Neural progenitor cells Rabbit 1:400 abcam ab97959

Ibal Microglia/macrophages Rabbit 1:4000 abcam ab178847

GFAP Astrocytes/ependymal cells Rabbit 1:200 Dako 20047046

IL-6 Interleukin-6 Rabbit 1:1000 abcam ab7737

TNFa Tumor necrosis factor-alpha Rabbit 1:1000 Cell Signaling Technology 11948

GAPDH Glyceraldehyde 3-phosphate dehydrogenase Rat 1:1000 Santa Cruz Biotechnology ~ sc-32233

B-actin Beta-actin Rabbit 1:1000 Cell Signaling Technology 4970

3 Cleaved caspase-3 Rabbit 1:500 Cell Signaling Technology 9930

BiP immunoglobulin-binding protein Rabbit 1:1000 Cell Signaling Technology 3177

CHOP CCAAT-enhancer-binding protein homologous protein Rabbit 1:1000 Cell Signaling Technology 2895
Laboratories Inc.), added to each section, and incubated =~ commonly increased during NEC [23, 24], using

for 1 h. Slides were then washed in phosphate-buffered sa-
line (PBS, Wisent Inc.) for 5 min. Anti-rabbit IgG (Imm-
PRESS HRP Anti-Rabbit IgG (Peroxidase) Polymer
Detection Kit, Vector Laboratories Inc.) was used as a sec-
ondary antibody. Staining was developed using DAB per-
oxidase (ImmPACT DAB Peroxidase (HRP) Substrate,
Vector Laboratories), and then slides were mounted in
xylene-based mounting media. Slides were imaged using a
slide scanner (3D Histech Pannoramic 250 Flash II Slide
Scanner). Individual fields within the cerebral cortex,
hippocampus, and basal ganglia/thalamus were acquired at
x 20 magnification in Pannoramic Viewer (3D Histech) im-
aging software. To span the cerebral cortex and basal gan-
glia/thalamus regions, 7-8 non-overlapping fields per
region were imaged. In the hippocampus, 3 non-overlap-
ping fields spanning the entire coronal hippocampus were
imaged. Quantitative analysis of NeuN", Olig2®, Sox2",
and GFAP" cells was conducted using a semi-automatic
image analysis method in Image] as described previously
[18]. Cells with positive staining (brown) in each field were
counted, and cells with negative staining (blue) were ex-
cluded by the software. Ibal® cells were quantified using a
semi-automatic image analysis method based on the mor-
phological features of activated amoeboid microglia as de-
scribed previously [19-22]. Activated microglia were
filtered by intensity thresholding and the size and number
of pixels of the cell and its surroundings. The number of
cell bodies counted by the software was used as the num-
ber of activated microglia.

Inflammatory response in gut and in brain samples

To investigate the degree of inflammatory response in
the intestine and in the brain, we analyzed the gene
and protein expression of IL-6 and TNFa, cytokines

RT-qPCR, Western blotting, and ELISA.

Apoptosis and endoplasmic reticulum stress in brain
samples

To investigate cell apoptosis in the brain of NEC pups, the
protein expression of cleaved caspase 3 (CC3), and the im-
munohistochemistry of CC3"* cells to analyze regional
density, and to study the severity of endoplasmic
reticulum (ER) stress in the brain, which is a protective
mechanism that maintains cellular homeostasis, we mea-
sured by analyzing the gene and protein expression of BiP
(immunoglobulin-binding protein) and CHOP (CCAA
T-enhancer-binding protein homologous protein) that are
common markers in the ER stress pathway [25].

Gene expression (RT-qPCR)

RNA was isolated from whole brain samples using Trizol
reagent (TRIzol™ Reagent, Invitrogen™) following the
manufacturer’s recommended protocol. Purified RNA
was quantified using a NanoDrop™ spectrophotometer
(Thermofisher Scientific), and 1 pg of RNA was used for
c¢DNA synthesis (qScript cDNA Supermix, Quantabio).
qPCR experiments were conducted with SYBR™ Green
Master Mix (Wisent) for 40 cycles (denaturation: 95 °C,
annealing: 58 °C, extension: 72°C) using the following
primer sequences (Additional file 5: Table S1). Melt
curve plots were generated to determine the target spe-
cificity of the primers. AACT method was used to deter-
mine normalized relative gene expression of both
cytokines. All experiments were conducted with n=6
samples for each marker.

Protein expression (Western blotting and ELISA)
To analyze the level of IL-6, TNFa, CC3, BiP, and
CHOP in the brain, proteins were extracted from brain
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samples using Cell Extraction Buffer (Invitrogen™) sup-
plemented with Proteinase Inhibitor Cocktail Tablet
(cOmplete Tablets, EDTA-free, EASYpack, Roche). The
total protein yield was determined by Pierce Bradford
assay (Pierce™ BCA Protein Assay Kit, ThermoFisher
Scientific). IL-6 and TNFa expression was measured
from 10 pg of protein using anti-IL-6 and anti-TNFa
antibodies (Table 1) and detected using enhanced
chemo-luminescence (Pierce™, ECL Western Blotting
Substrate, ThermoFisher Scientific). GAPDH and
[B-actin served as loading controls (Table 1). All experi-
ments were conducted in #n = 4 samples.

For correlation analysis between cerebral and intes-
tinal IL-6 (=7 NEC, n =8 control) and TNFa (n=6
NEC, n=7 control) protein expression, we opted for
a more sensitive assay (BioLegend Mouse IL-6 ELISA
MAX™ Standard and BioLegend Mouse TNFa ELISA
MAX™ Standard). Following the manufacturer’s rec-
ommended protocol, the absorbance was read on a
spectrophotometer at 450 nm and 570 nm. Concentra-
tions were quantified according to a standard curve
of either IL-6 or TNFa proteins provided by the
manufacturer.

Statistical analysis

We compared the brain weight, cortex thickness, cell
population density, and gene and protein expression
between the experimental groups using parametric
and non-parametric tests, as appropriate. Data are
presented as mean+SD or median (interquartile
range) as appropriate. Mean + SD was used to repre-
sent gene expression and Western blotting quantifica-
tion data. For correlation analysis, we used the
Pearson correlation coefficient and reported the p
value, Pearson r, and 95% confidence interval. p < 0.05
was considered significant.

Results

Experimental NEC affects brain morphology and cerebral
cortex thickness

The brain of neonatal mice with NEC was smaller and
weighed less (260 mg + 38) than that of the breastfed
control pups [336 mg (308-342 mg), p < 0.0001, Fig. 1a,
b] and the hypoxia group [320 mg (315-340mg), p =
0.01, Additional file 2: Figure S2A]. Moreover, the
brain/body weight ratio of NEC pups was higher [7.1%
(6.8-7.6)] than that of breastfed control pups [5.6%
(5.0-6.3), p<0.0001, Fig. 1c] and hypoxia group [5.3%
(4.8-5.9), p=0.002, Additional file 2: Figure S2A].
Compared to breastfed control, the cerebral cortex of
NEC pups was thinner (618 pm * 65) than that of con-
trol (692 um * 89, p = 0.02, Fig. 1d, e).
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Experimental NEC induces apoptosis and ER stress in the
neonatal brain

Compared to breastfed control, the brain of pups with
NEC had increased apoptosis as shown by higher levels
of CC3 protein expression (p = 0.04, Fig. 2a, d and Add-
itional file 2: Figure S2B). More CC3" cells were found
in the hippocampus [NEC group 317 (148—411); control
group 6 (4-17); p<0.0001)], in the basal ganglia/thal-
amus [NEC group 295 (142-510); control group 3 (1-8);
p<0.0001], and in the cerebral cortex [NEC group 135
(58-319); control group 4 (2-13); p <0.0001] (Fig. 2b).
The density of CC3" cells increased in the brain of pups
exposed to hypoxia only in comparison with that of
breastfed control (p <0.0001) in the hippocampus [hyp-
oxia group 130 (67-258)], basal ganglia/thalamus [hyp-
oxia group 146 (82-247)], and the cerebral cortex
regions [hypoxia group 82 (33—184)]; however, CC3" cell
density was less in the brain of pups with NEC (p =
0.002, p<0.0001, p=0.01, in the hippocampus, basal
ganglia/thalamus, and cerebral cortex, respectively Add-
itional file 2: Figure S2C, D). In addition, compared to
breastfed control, the brain of NEC pups had increased
levels of BiP (p =0.001; p =0.03) and CHOP (p < 0.0001;
p=0.02) gene and protein expression, respectively
(Fig. 2¢, d Additional file 2: Figure S2E).

Experimental NEC affects density of different cell
populations in specific cerebral regions

Mature neurons

Compared to controls, the brain of pups with NEC had
fewer mature neurons in the hippocampus [NEC group
77 (36-118); breastfed group 167 (118-328); hypoxia
group 114 (86-168); p<0.0001 vs. breastfed group,
Fig. 3a; p=0.01 vs. hypoxia only, Additional file 3:
Figure S3A] and in the region of the basal ganglia/thal-
amus [NEC group 162 (75-304); breastfed group 300
(199-439); hypoxia group 258 (171-334); p < 0.0001 vs.
breastfed group, Fig. 3b; p =0.0002 vs. hypoxia only,
Additional file 3: Figure S3A]. Conversely, a similar dis-
tribution of mature neurons was found in the cerebral
cortex [NEC group 236+ 129; breastfed group 250
(179-360); hypoxia group 242 (265-308); p =0.16 vs.
breastfed group, Fig. 3¢c; p > 0.99 vs. hypoxia only, Add-
itional file 3: Figure S3A].

Oligodendrocytes

In pups with NEC, we observed a fewer number of oli-
godendrocytes in the hippocampus [NEC group 55
(28-94); breastfed group 207 (155-310); hypoxia
group 95 (77-126); p<0.0001 vs. breastfed group,
Fig. 3d; p=0.0001 vs. hypoxia only, Additional file 3:
Figure S3B], in the basal ganglia/thalamus [NEC
group 60 (27-110); breastfed group 188 (136-303);
hypoxia group 117 (95-146); p <0.0001 vs. breastfed
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Fig. 1 Experimental NEC induces macroscopic changes in the brain. a Representative photos of harvested brains of NEC and breastfed control pups at

9 days of life. b Compared to breastfed control, NEC pups had significantly lower brain weights. The brain of both NEC and control pups were weighed
immediately after harvest. ¢ Compared to breastfed control, NEC pups had higher brain-to-body weight ratios. Body weights were measured prior to brain
harvest. d Hematoxylin and eosin-stained coronal sections of NEC and breastfed control brains were used for the cerebral cortex thickness measurements.
Blue arrows indicate the anatomical boundary between the cerebral cortex and the hippocampus where the cortex thickness measurements were
initiated. @ Compared to breastfed control, the cerebral cortex of NEC pups was thinner. Scale bar = 500 um
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group, Fig. 3e; p < 0.0001 vs. hypoxia only, Additional file 3:
Figure S3B], and in the cerebral cortex [NEC group 58
(31-92); breastfed group 212 (132-354); hypoxia group 96
(80—121); p < 0.0001 vs. breastfed group, Fig. 3f; p < 0.0001
vs. hypoxia only, Additional file 3: Figure S3B].

Neural progenitor cells

Compared to breastfed control, pups with NEC had
fewer number of Sox2" neural progenitor cells in the
hippocampus [NEC group 53 (15-205); breastfed
group 406 (299-502); hypoxia group 254 (178-346)];
p <0.0001 vs. breastfed group, Fig. 3g; p <0.0001 vs.
hypoxia only, Additional file 3: Figure S3C], in the re-
gion of the basal ganglia/thalamus [NEC group 42
(12-174); breastfed group 573 (470-685); hypoxia group
283 (181-378); p<0.0001 vs. breastfed group, Fig. 3h;
p <0.0001 vs. hypoxia only, Additional file 3: Figure S3C],
and in the cerebral cortex [NEC group 29 (5-158); control
group 620 (556-755); hypoxia group 314 (213-402);

p<0.0001 vs. breastfed group, Fig. 3i; p<0.0001 vs.
hypoxia only, Additional file 2: Figure S3C].

Pups with NEC develop a neuroinflammatory response
Compared to breastfed control, the brain of pups with
NEC had increased gene expression and protein levels
of IL-6 (p=0.001, p=0.03) and TNFa (p=0.002,
p=0.02; Fig. 4a and Additional file 4: Figure S4A).
Gene expression of IL-6 and TNFa was not signifi-
cantly different between breastfed controls and
hypoxia-only controls (p =0.97 for IL-6; p=0.99 for
TNFa; Additional file 4: Figure S4B).

Microglia

In comparison with breastfed control, pups with NEC
had more activated amoeboid microglia in the hippo-
campus [NEC group 58 (36-116); breastfed group 12
(5-26); hypoxia group 13 (6-22); p<0.0001 vs.
breastfed group, Fig. 4b; p <0.0001 vs. hypoxia only,
Additional file 3: Figure S3D], in the basal ganglia/
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thalamus [NEC group 59 (30-108); breastfed group
10 (3—21); hypoxia group 11 (6—16); p < 0.0001 vs. breast-
fed group, Fig. 4c; p<0.0001 vs. hypoxia only, Add-
itional file 3: Figure S3D], and in the cerebral cortex [NEC
group 63 (41-95); breastfed group 18 (10-36); hypoxia
group 9 (2-16); p<0.0001 vs. breastfed group, Fig. 4d;
p <0.0001 vs. hypoxia only, Additional file 3: Figure S3D].

Astrocytes
Compared to breastfed control, the brain of NEC pups
had an increased number of astrocytes in the

hippocampus [NEC group 205 (115-379); breastfed
group 9 (2-26); hypoxia group 92 (51-221); p <0.0001
vs. breastfed group, Fig. 4e; p=0.01 vs. hypoxia only,
Additional file 3: Figure S3E], in the basal ganglia/thal-
amus [NEC group 157 (87-287); breastfed group 1 (0—
4); hypoxia group 97 (58-201); p <0.0001 vs. breastfed
group, Fig. 4f; p = 0.02 vs. hypoxia only, Additional file 3:
Figure S3E], and in the cerebral cortex [NEC group 180
(94-337); breastfed group 5 (1-17); hypoxia group 134
(60-226); p<0.0001 vs. breastfed group, Fig. 4g; p=
0.0007 vs. hypoxia only, Additional file 3: Figure S3E].
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Fig. 3 Experimental NEC affects brain cell populations in a region-
specific manner. a—c Immunohistochemistry images of mature
neurons in breastfed control and NEC pups (left) using the antibody
NeuN (Table 1) and their quantification (right). a Compared to
breastfed control, the number of mature neurons was reduced in
the hippocampus (a) and in the basal ganglia/thalamus in NEC pups
(b). ¢ Differences in the number of neurons between NEC and
breastfed control pups were not significant in the cerebral cortex.
d-f Immunohistochemistry images of oligodendrocytes in breastfed
control and NEC pups using the antibody Olig2 (Table 1) (left) and
their quantification (right). Compared to breastfed control, the
number of oligodendrocytes was reduced in the hippocampus (d),
in the basal ganglia/thalamus (e), and in the cerebral cortex of NEC
pups (f). g-i Immunohistochemistry images (left) of neural
progenitor cells in breastfed control and NEC pups using the
antibody Sox2 (Table 1) and their quantification (right). Compared to
breastfed control, the number of neural progenitor cells was
reduced in the hippocampus (g), in the basal ganglia/thalamus (h),
and in the cerebral cortex of NEC pups (i). Scale bar= 100 um

Correlation of cytokine levels in the ileum and brain of
NEC and control pups

First, we confirmed that compared to breastfed control,
neonatal mice undergoing the NEC induction protocol
developed severe bowel injury (Fig. 5a). Compared to
breastfed control, NEC-induced pups scored higher on
the intestinal severity score [control group 0 (0-0); NEC
group 2(2-2); p < 0.0001; Fig. 5b).

Correlation of severity of inflammation in the intestine to
the brain

Compared to breastfed control, we found increased levels
of IL-6 in the brain [NEC group 3.3 pg/mg (3—3.4 pg/mg);
control group (1.96 pg/mg + 0.8 pg/mg); p = 0.004; Fig. 5c]
and ileum of NEC pups [NEC group 11.4 pg/mg (8.8-12.4
pg/mg); control group (4.8 pg/mg + 3.1 pg/mg); p = 0.0003;
Fig. 5d]. In addition, compared to breastfed control, we
found an increase in the levels of TNFa in the brain [NEC
group 1.8 pg/mg (1.3-2.0 pg/mg); control group 1.3 pg/mg
(1.1-1.6 pg/mg); p = 0.04; Fig. 5e] and ileum of NEC pups
[NEC group 10.3 pg/mg (7.7-13.0 pg/mg); control group
3.7 pg/mg (0.5-7.0 pg/mg); p = 0.005; Fig. 5f]. We observed
a positive correlation between the level of IL-6 in the ileum
and in the brain [p=0.02, r=0.61 (95% CI 0.14 to 0.85);
Fig. 5g]. Similarly, we observed a positive correlation
between the level of TNFa in the ileum and in the brain
[p=0.01, r=0.66 (95% CI 0.17 to 0.89); Fig. 5h].

Correlation of microglia and astrocytes with intestinal
severity score

As the intestinal severity score increased, i.e., the sever-
ity of NEC (0 = no damage, 3 = severe), the number of
both activated microglia [p=0.001, r=0.77 (95% CI
0.43-0.92); Fig. 5i] and astrocytes [p =0.0001, r=0.83
(95% CI 0.56-0.94); Fig. 5j] increased in the
hippocampus.
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Discussion

Our study shows that experimental NEC impairs the
architecture of the neonatal brain, induces changes in
cell state, including apoptosis and ER stress, and
changes their density in specific regions of the brain.

These changes are occurring during a neuroinflamma-
tory response in the brain that is proportional to the
severity of the inflammatory reaction in the intestine
mediated by the activity of pro-inflammatory
cytokines.
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In the present study, neonatal mice with NEC had matter impairment in the brain is independent of pre-
smaller and lighter brains in comparison with control  maturity, but dependent on comorbid conditions, such
pups. This experimental observation matched clinical as NEC [27, 28]. In our model, we found that the
and MRI studies demonstrating that human preterm in-  brain-to-body weight ratio was greater in pups with
fants have smaller structural volumes of cerebral tissue NEC in comparison with control. This suggests that
in comparison with term controls, especially if they de- NEC brains are large relative to their body size. This
velop surgical NEC [7, 11, 26]. However, these changes finding could be attributable to various factors, which
do not seem to be simply dictated by the degree of pre- include on the one hand cerebral edema secondary to
maturity. In fact, previous studies have shown that white ~LPS administration and on the other hand
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undernutrition. Administration of LPS has been shown
to lead to cerebral structural changes and increased
brain water content leading to edema in mice [29, 30].
An increase in brain hydration has also been reported in
the neonatal piglet model of NEC [31]. Despite provid-
ing similar caloric content of formula milk to breast milk
in the mouse model of NEC, the NEC induction proto-
col has been shown to decrease the body weight of
mouse pups [14]. Therefore, undernutrition may have an
effect on brain size in our model possibly due to a brain
sparing effect. Nonetheless, the role that NEC plays in
brain weight deficit remains unresolved.

Our macroscopic data indicated that the brain of pups
with NEC has decreased cortical thickness compared to
control. Cortical thickness is a brain morphometric
measure that correlates with the number of neurons and is
indicative of individual cognitive ability [32]. Normal neuro-
development in humans is associated with a progressive in-
crease in cortical thickness during childhood [33], whereas
in preterm infants, long-term cognitive impairment is asso-
ciated with reductions in the cortical volumes of the gray
and white matter [34, 35]. The observed differences in cor-
tical thickness could be attributed to impairment in myelin
deposition similar to that recently reported by Nifo et al.
[13]. In this study, pups with impaired myelination in mid-
brain, hippocampus, and subcortical regions had cognitive
dysfunction confirmed by behavioral studies [13]. The dif-
ferences we observed in the present study for the cortical
thickness of NEC pups could also suggest a similar pattern
of neurodevelopmental delay early on in postnatal life.

In our model, we characterized the effects of NEC on
the cellular homeostasis of the brain, by studying apop-
tosis and ER stress. Interestingly, we found higher levels
of CC3 expression, as well as increase in BiP and CHOP
gene and protein levels in the brain. These findings are
in line with our previous study that reported an increase
in intestinal expression of BiP and CHOP in neonatal
mice with gut injury [36]. The specific role of ER stress
in the brain and in the gut of pups with NEC remains
unclear. It is known that ER stress is typically a protect-
ive response that promotes cell survival. However, if un-
controlled or prolonged, ER stress commits the cell to a
pathway of apoptosis [37]. In our study, the role of ER
stress in the NEC brain seems to be non-protective due
to the increased levels of BiP and CHOP proteins that
mediate ER stress-associated apoptosis [25, 38, 39], the
increase in CC3 protein that mediates programmed cell
death, and the presence of pro-inflammatory amoeboid
microglia. Further studies are needed to elucidate the
interaction between brain inflammation and altered cel-
lular homeostasis.

In our model, we characterized NEC-associated brain
damage by studying the main brain cell populations in
cerebral regions that control cognitive processes such as
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learning and memory formation, namely the hippocam-
pus, the basal ganglia/thalamus, and the cerebral cortex
[40-42] (Additional file 6: Table S2). Our results indi-
cated depletion in the number of mature neurons, oligo-
dendrocytes, and neural progenitor cells in the brain of
pups with NEC during a critical time of neurodevelop-
ment. Interestingly, neuronal loss has also been reported
in the hippocampus of neonatal piglets with NEC [31].
The causes of neuronal depletion could be the result of
excessive cell degradation or lack of neurogenesis. Neur-
onal degradation has been linked to factors that predis-
pose infants to NEC, such as hypoxic-ischemic injury
[43, 44]. Hypoxic-ischemic injury has been shown to
cause neuronal cell loss through increased apoptosis and
to promote an inflammatory response leading to neur-
onal loss and axonal degeneration [43, 44]. However, our
data indicated that NEC induced more severe injury
compared to hypoxic stress alone.

In the present study, we also found that NEC pups had
fewer oligodendrocytes than control in all three brain re-
gions. The main function of this brain cell population is to
create myelin, which provides support and insulation to the
neurons of the brain necessary for neural conduction [45].
As discussed, previous studies in the mouse model of NEC
have revealed impaired myelination in the NEC brain in
mice [13]. Interestingly, neonatal NEC in human babies is
reported to adversely affect myelination of the brain, result-
ing in white matter abnormalities that induce poor and de-
layed neural conduction [9, 13, 46]. As for neuronal
depletion, the decline in oligodendrocytes could be the re-
sult of excessive cell degradation or lack of neurogenesis.
Oligodendrocyte loss has been reported in response to
TNFa exposure [47], a phenomenon that is exacerbated by
cytokine secretion from activated microglia and astrocytes
[48, 49]. As we observed an increase in the number of acti-
vated microglia and astrocytes, the changes occurring in
the density of these cell types could possibly contribute to
the oligodendrocyte loss in NEC brains. In fact,
TLR4-dependent microglia activation in the brain of NEC
pups has been shown to lead to a loss of oligodendrocyte
progenitor cells [13]. This depletion in progenitor pools can
ultimately lead to the decrease in the number of oligoden-
drocytes leading to the observed impairment in myelination
in NEC both in mice and in humans.

As we observed a decrease in the number of neurons and
oligodendrocytes, we next investigated the density of Sox2*
neural progenitor cells that can differentiate into these cell
types [50, 51]. Sox2" neural progenitor cells are highly con-
centrated in the hippocampus of neonatal brains [43]. We
found a decrease in the number of Sox2" neural progenitor
cells not only in the hippocampus, but also in the basal
ganglia/thalamus and cerebral cortex. These findings indi-
cate that during experimental NEC, there is impairment in
neurogenesis as there are less neural progenitor cells in
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these brain regions. Reduction in the number of neural pro-
genitor cells has also been experimentally observed with
systemic inflammation in neonatal mice administered bac-
teria or LPS [52, 53]. Alterations in neurogenesis marked
by depletion in early progenitor populations of the hippo-
campus can lead to poor memory performance in adult life
[52, 54]. Children who suffered from NEC as infants may
also experience cognitive impairments later in life [4, 55—
57]. Specifically, not only do some NEC survivors suffer
from poor neurodevelopmental outcome at 18—22 months
[6, 8], but some also suffer from poor educational, motor,
cognitive, and behavioral performance outcomes later on in
early childhood [55-57].

Investigating the effects of experimental NEC on the
brain, we evaluated whether the brain could be affected by
an inflammatory response like the one that occurs in the
intestine. Indeed, we found that inflammatory cytokines
IL-6 and TNFa gene and protein expression levels in the
brain of NEC pups were higher than in control indicating
that a neuroinflammatory response had been initiated.
Moreover, we found activated amoeboid microglia and as-
trocytes in the brain of NEC pups. In particular, activated
microglia produce pro-inflammatory cytokines including
TNFa and IL-6 and become phagocytic in order to re-
move damaged or dying cells, leading to neural degener-
ation [19, 58]. Activated microglia have been reported to
have a central role in white matter damage in neonatal
mice [59]. This phenomenon was observed in the mouse
model of NEC, where TLR-4 mediated activation of
microglia contributed to white matter damage in mice
[13]. The increase in the number of astrocytes, a process
called reactive astrocytosis, can be induced by activated
microglia in the late inflammatory phase [60]. Also, neu-
roinflammatory astrocytes release toxic factors that could
lead to progressive neuronal loss [60, 61]. Our findings re-
lated to the regional distribution of microglial and astro-
cyte activation are in line with prior published reports in
rodent models of hypoxia-ischemia-induced neonatal
brain injury [62, 63]. Excessive astrocyte and microglia
activation is known to exacerbate white matter and peri-
ventricular injury [62, 64].

When we evaluated whether there was a correlation
between the bowel and the brain inflammatory response
in NEC pups, we found that IL-6 and TNFa expression
was upregulated in the ileum, the region of the intestine
most affected by NEC, as well as in the brain of the
same pups. Increase in the levels of these cytokines has
also been reported in surgical specimens of necrotic in-
testine from human babies with NEC [65], and experi-
mentally in the neonatal piglet model, where IL-6 levels
were elevated in the brain and the gut [31]. Moreover,
we found a positive correlation between the severity of
bowel damage and the number of microglia and astro-
cytes in the hippocampus. This suggests that there is
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communication between the damaged intestine and the
brain, potentially through the gut-brain axis. Clinically, it
is known that infants with NEC have worse neurodeve-
lopmental outcome compared to infants with spontan-
eous intestinal perforation [66], which further implicates
that systemic inflammation associated with NEC severely
affects neurodevelopmental outcome. Experimentally, it
has recently been reported that the brain injury observed
in neonatal mice with NEC is mediated by TLR4 signal-
ing [13]. In this study, the authors found that the TLR4
ligand, HMGBI1, which is released by the intestine dur-
ing NEC, was detected in the microglia of NEC pups
and in the serum of NEC infants [13]. Moreover, there
has been evidence reported for other gut-initiated sys-
temic inflammatory diseases in neurodegenerative disor-
ders. For example, gut dysbiosis reported in irritable
bowel syndrome, which is caused by gut barrier dysfunc-
tion, secretion of pro-inflammatory cytokines, and LPS,
can trigger neuroinflammation in the hippocampus and
cerebellum [67]. Recent clinical studies have investigated
the gut-brain axis in the neonatal and pediatric popula-
tion and have shown that intestinal dysbiosis precedes
late-onset neonatal sepsis and NEC [68]. Moreover, there
is strong epidemiologic and experimental evidence link-
ing NEC and long-term psychomotor disabilities of
very-low-birth-weight infants [68]. We hypothesize that
there is a communication between necrotic or inflamed
intestinal tissue that releases cytokines that signal the
resident macrophages of the brain to activate and mount
an immune response. This immune response leads to
the further secretion of cytokines in the brain, compos-
itional changes in the brain cell populations, and impair-
ment in neurogenesis. Changes that occur during the
early phase of acute inflammation can be related to
microglia activation, while late-phase astrocytosis can
lead to the structural changes in the brain [60, 69]. The
findings of our study can help elucidate the effects of an
immune response in the brain, potentially mediated
through a gut-brain axis.

The modulation of the immune system and vagal
nerve activity by microbial components are increasingly
being recognized as the most common pathway linking
intestinal dysbiosis and neurological development [70].
Modulation of the immune system by microbial metabo-
lites, most commonly short-chain fatty acids, can
prevent microglia activation and subsequent neuroin-
flammation [71, 71]. Microbial components can also
directly influence vagal nerve activity and lead to neuro-
toxic events in the brain [70]. The influence of gut
microbiota in NEC patients on neurodevelopmental out-
comes still remains uncharacterized, although there is
increasing evidence for host-microbiota interactions that
can epigenetically alter brain function and lead to
changes in cognition [70, 72].
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Further studies are needed to confirm our hypothesis of
the involvement of a gut-brain axis, as our experimental
findings hold an important translational value. In fact, sev-
eral maneuvers could be considered to counteract the ef-
fects of brain damage secondary to NEC. Recently,
Moschopoulos et al. have suggested that NEC bowel in-
jury initiates systemic inflammation with signals from gut
microbes that are transduced to the brain and the limbic
system via the enteric nervous system, autonomic nervous
system, and hypothalamic-pituitary axis [73]. The authors
proposed that infants with advanced NEC should be
treated with bowel resection rather than primary periton-
eal drainage, as the sustained injurious effect of the
remaining necrotic bowel is detrimental to the neonatal
brain [73]. The earlier the surgical intervention, the less
likely a cytokine storm produced by the diseased gut
would affect the preterm brain. The concept of blocking a
systemic inflammatory response mediated by pro-inflam-
matory cytokines during NEC is also supported by the
positive effects of mild controlled hypothermia. We have
shown that this maneuver has proven to slow the effects
of necrotic bowel injury on distant organs by altering cel-
lular metabolism [74] and that in infants with NEC it is a
safe and feasible therapeutic intervention [75]. In this
study, Hall et al. showed that mild controlled hypothermia
resulted in a significant decrease in pro-inflammatory cy-
tokines, with an absence of a rebound inflammatory re-
sponse after rewarming [75]. These findings are in line
with those showing the role of therapeutic hypothermia in
cases of neonatal encephalopathy as a neuroprotective
therapy [43, 76]. Lastly, a pharmacological therapy using
drugs that would attenuate microglia activation and their
potential detrimental effect could be envisaged [63, 77].
Oral administration of antioxidants has shown promising
ability to attenuate white matter injury and improve cog-
nitive behavior in mice [13, 78, 79]. However, the direct
pharmacological depletion of damaging activated micro-
glia has yet to be tested in experimental models of NEC.

We acknowledge that this study has some limitations.
The experiments were designed to assess the changes
that occur in mouse pups at the end of the NEC induc-
tion protocol, but not to evaluate the progression of
brain injury in the neonatal period or in the long term.
Further studies are underway to investigate whether the
severity of brain injury in NEC pups remains the same
over time. Moreover, our assessment of homeostasis and
density of different cell populations can be indicative of
changes observed in myelination and cognitive deficits.
However, our study lacks functional tests that could as-
sess if the changes observed in the brain cell populations
have an impact on the whole brain and are responsible
for cognitive impairment. In addition, in this initial
study, we focused on the macroscopic and microscopic
changes that occur in the brain of NEC pups and
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hypothesized that a gut-brain axis may be involved. We
acknowledge that this study did not assess the micro-
biome in the intestine of pups with NEC compared to
control, which is an important aspect in the evaluation
of the gut-brain axis. Additional studies are being con-
ducted to identify the pathways involved in the patho-
genesis of NEC-induced brain injury.

Conclusions

In this study, we have provided experimental evidence of
an association between NEC and brain injury in a mouse
model of NEC. Our data show that NEC is associated with
macroscopic changes in the brain and changes in cell state,
as well as with depletion of neurons, oligodendrocytes, and
progenitor cells in a region-specific manner. We also found
that NEC is associated with neuro-inflammation, mediated
by microgliosis and astrocytosis processes. The observation
that the degree of neuroinflammation increases with the se-
verity of NEC suggests a possible role of the gut-brain axis.
These findings are relevant translationally as they highlight
potential areas of improvement in the management of in-
fants with NEC.

Additional files

Additional file 1: Figure S1. Level of brain histology sections with
outline of specific brain regions. (PDF 4450 kb)

Additional file 2: Figure S2. Effect of hypoxia on brain morphology
and apoptosis. (PDF 8950 kb)

Additional file 3: Figure S3. Effect of hypoxia on brain cell populations.
(PDF 2850 kb)

Additional file 4: Figure S4. The effect of hypoxia on the level of
pro-inflammatory cytokines in the brain. (PDF 2120 kb)

Additional file 5: Table S1. Primer sequences used for RT-qgPCR
experiments. (DOCX 13 kb)

Additional file 6: Table S2. Brain region and description. (DOCX 13 kb)

Abbreviations

BiP: Immunoglobulin-binding protein; CC3: Cleaved caspase-3; CHOP: CCAAT-
enhancer-binding protein homologous protein; ELISA: Enzyme-linked
immunosorbent assay; ER: Endoplasmic reticulum; Ibat: lonized calcium-
binding adaptor protein-1; IL-6: Interleukin-6; LPS: Lipopolysaccharide;

MRI: Magnetic resonance imaging; NEC: Necrotizing enterocolitis;

ROS: Reactive oxygen species; TNFa: Tumor necrosis factor-alpha

Acknowledgements

The authors would like to thank Areti Tzanetakis, Louise Montalva, Ornella
Pellerito, Alyssa Belfiore, Adrienne Sulistyo, Benjamin Liu, Mark Stasiewicz, and
Andreea Matei for their technical help in protein and RNA extractions and
quantification experiments. The authors would also like to thank Heather
Whetstone and Tsu Huang for technical help in histology and
immunohistochemistry experiments.

Funding

This work was supported by Dr. Augusto Zani's start-up funds from The Hospital
for Sick Children and by the Canadian Institutes of Health Research (CIHR)
Foundation Grant (FDN-148447).

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


https://doi.org/10.1186/s12974-019-1481-9
https://doi.org/10.1186/s12974-019-1481-9
https://doi.org/10.1186/s12974-019-1481-9
https://doi.org/10.1186/s12974-019-1481-9
https://doi.org/10.1186/s12974-019-1481-9
https://doi.org/10.1186/s12974-019-1481-9

Biouss et al. Journal of Neuroinflammation (2019) 16:97

Authors’ contributions

GB, LA, JSO, and SS conducted the harvesting, dissections, and brain and

body weight measurements. GB, VDC, JG, AR, and NS, conducted the
immunohistochemistry experiments and imaging. GB and LA conducted the RNA
and protein extractions. LA and BL conducted RT-gPCR. GB and BL conducted
Western blotting. BL, JSO, SS, and EZR were involved in the animal breeding and
induction of the NEC model in mice. GB and JSO conducted ELISA experiments
and analysis. GB, LA, and AZ designed and conceptualized all experiments. GB, LA,
AP, and AZ revised the intellectual content of the manuscript. GB, LA, and AZ
wrote and edited the manuscript. All authors approved the final manuscript.

Ethics approval and consent to participate

All procedures were approved by the Animal Care Committee (ACC) of the
Hospital for Sick Children (AUP# 32238) and were in accordance with the
policies and guidelines of the Canadian Council on Animal Care.

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

'Developmental and Stem Cell Biology Program, PGCRL, The Hospital for Sick
Children, 686 Bay Street, Toronto, Ontario M5G 0A4, Canada. “Division of
General and Thoracic Surgery, The Hospital for Sick Children, 555 University
Avenue, Toronto, Ontario M5G 1X8, Canada. *Translational Medicine
Program, PGCRL, The Hospital for Sick Children, 686 Bay Street, Toronto,
Ontario M5G 0A4, Canada. “Department of Surgery, University of Toronto,
Toronto, Ontario, Canada.

Received: 7 February 2019 Accepted: 16 April 2019
Published online: 10 May 2019

References

1. Zani A, Pierro A. Necrotizing enterocolitis: controversies and challenges.
F1000Research. 20154 pii: F1000 Faculty Rev-1373.

2. Singh R, Shah B, Allred EN, Grzybowski M, Martin CR, Leviton A. The
antecedents and correlates of necrotizing enterocolitis and spontaneous
intestinal perforation among infants born before the 28th week of
gestation. J Neonatal Perinatal Med. 2016;9:159-70.

3. Hall NJ, Eaton S, Pierro A. Necrotizing enterocolitis: prevention, treatment,
and outcome. J Pediatr Surg. 2013:48:2359-67.

4. Mutanen A, Pierro A, Zani A. Perioperative complications following surgery
for necrotizing enterocolitis. Eur J Pediatr Surg. 2018;28:148-51.

5. Rees CM, Pierro A, Eaton S. Neurodevelopmental outcomes of neonates
with medically and surgically treated necrotizing enterocolitis. Arch Dis
Child Fetal Neonatal Ed. 2007;92:F193-8.

6. Hintz SR, Kendrick DE, Stoll BJ, Vohr BR, Fanaroff AA, Donovan EF, et al.
Neurodevelopmental and growth outcomes of extremely low birth weight
infants after necrotizing enterocolitis. Pediatrics. 2005;115:696-703.

7. Regev RH, Arnon S, Litmanovitz |, Bauer-Rusek S, Boyko V, Lerner-Geva L, et
al. Association between neonatal morbidities and head growth from birth
until discharge in very-low-birthweight infants born preterm: a population-
based study. Dev Med Child Neurol. 2016;58:1159-66.

8. Shah DK, Doyle LW, Anderson PJ, Bear M, Daley AJ, Hunt RW, et al. Adverse
neurodevelopment in preterm infants with postnatal sepsis or necrotizing
enterocolitis is mediated by white matter abnormalities on magnetic
resonance imaging at term. J Pediatr. 2008;153:170-5.

9. Merhar SL, Ramos Y, Meinzen-Derr J, Kline-Fath BM. Brain magnetic resonance
imaging in infants with surgical necrotizing enterocolitis or spontaneous intestinal
perforation versus medical necrotizing enterocolitis. J Pediatr. 2014;164:410-2.

10. Lee |, Neil JJ, Huettner PC, Smyser CD, Rogers CE, Shimony JS, et al. The
impact of prenatal and neonatal infection on neurodevelopmental
outcomes in very preterm infants. J Perinatol. 2014;34:741-7.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Page 13 of 14

Shin SH, Kim EK, Yoo H, Choi YH, Kim S, Lee BK; et al. Surgical necrotizing
enterocolitis versus spontaneous intestinal perforation in white matter injury
on brain magnetic resonance imaging. Neonatology. 2016;110:148-54.

Sun J, Pan X, Christiansen LI, Yuan XL, Skovgaard K, Chatterton DEW, et al.
Necrotizing enterocolitis is associated with acute brain responses in preterm
pigs. J Neuroinflammation. 2018;15:180.

Nifio DF, Zhou Q, Yamaguchi Y, Martin LY, Wang S, Fulton WB, et al. Cognitive
impairments induced by necrotizing enterocolitis can be prevented by
inhibiting microglial activation in mouse brain. Sci Transl Med. 2018;10:237.
Zani A, Cordischi L, Cananzi M, De Coppi P, Smith W, Eaton S, et al.
Assessment of a neonatal rat model of necrotizing enterocolitis. Eur J
Pediatr Surg. 2008;18:423-6.

Zani A, Zani-Ruttenstock E, Peyvandi F, Lee C, Li B, Pierro A. A spectrum of
intestinal injury models in neonatal mice. Pediatr Surg Int. 2016;32:65-70.
Konsman J-P. The mouse brain in stereotaxic coordinates. 2nd ed. New
York: Academic Press; Psychoneuroendocrinology. 2003.

Lucas MM, Lenck-Santini PP, Holmes GL, Scott RC. Impaired cognition in rats with
cortical dysplasia: additional impact of early-life seizures. Brain. 2011;134:1684-93.
Jensen EC. Quantitative analysis of histological staining and fluorescence
using ImageJ. Anat Rec. 2013;296:378-81.

Kreutzberg GW. Microglia: a sensor for pathological events in the CNS.
Trends Neurosci. 1996;19:312-8.

Hovens IB, Nyakas C, Schoemaker RG. A novel method for evaluating
microglial activation using ionized calcium-binding adaptor protein-1 staining:
cell body to cell size ratio. Neuroimmunol Neuroinflammation. 2014;1:82-8.
Hernandez-Rabaza V, Agusti A, Cabrera-Pastor A, Fustero S, Delgado O,
Taoro-Gonzalez L, et al. Sildenafil reduces neuroinflammation and restores
spatial learning in rats with hepatic encephalopathy: underlying
mechanisms. J Neuroinflammation. 2015;12:195.

Ferndndez-Arjona MDM, Grondona JM, Ferndndez-Llebrez P, Granados-
Durén P, Lépez-Avalos MD. Microglia morphological categorization in a rat
model of neuroinflammation by hierarchical cluster and principal
components analysis. Front Cell Neurosci. 2017;11:235.

Yang G, Bao P, Zhang L, Lyu Z, Zhou B, Chen K; et al. Critical role of myeloid
differentiation factor 88 in necrotizing enterocolitis. Pediatr Res. 2014;75:707-15.
Cho SX, Berger PJ, Nold-Petry CA, Nold MF. The immunological landscape
in necrotising enterocolitis. Expert Rev Mol Med. 2016;18:¢12.

Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: cell life and
death decisions. J Clin Invest. 2005;115:2656-64.

Parikh NA, Lasky RE, Kennedy KA, McDavid G, Tyson JE. Perinatal factors and
regional brain volume abnormalities at term in a cohort of extremely low
birth weight infants. PLoS One. 2013;8:268204.

Bonifacio SL, Glass HC, Chau V, Berman JI, Xu D, Brant R, et al. Extreme
premature birth is not associated with impaired development of brain
microstructure. J Pediatr. 2010;157:726-32.

Shim SY, Jeong HJ, Son DW, Jeong JS, Oh SH, Park SY, et al. Altered
microstructure of white matter except the corpus callosum is independent
of prematurity. Neonatology. 2012;102:309-15.

Cao C, Yu X, Liao Z, Zhu N, Huo H, Wang M, et al. Hypertonic saline reduces
lipopolysaccharide-induced mouse brain edema through inhibiting
aquaporin 4 expression. Crit Care. 2012;16:R186.

Cardoso FL, Herz J, Fernandes A, Rocha J, Sepodes B, Brito MA, et al.
Systemic inflammation in early neonatal mice induces transient and lasting
neurodegenerative effects. J Neuroinflammation. 2015;12:82.

Brunse A, Abbaspour A, Sangild PT. Brain barrier disruption and region-
specific neuronal degeneration during necrotizing enterocolitis in preterm
pigs. Dev Neurosci. 2018:40:198-208.

Dickerson BC, Fenstermacher E, Salat DH, Wolk DA, Maguire RP, Desikan R,
et al. Detection of cortical thickness correlates of cognitive performance:
reliability across MRI scan sessions, scanners, and field strengths.
Neuroimage. 2008;39:10-8.

Shaw P, Kabani NJ, Lerch JP, Eckstrand K, Lenroot R, Gogtay N, et al.
Neurodevelopmental trajectories of the human cerebral cortex. J Neurosci.
2008;28:3586-94.

Peterson BS, Vohr B, Staib LH, Cannistraci CJ, Dolberg A, Schneider KC, et al.
Regional brain volume abnormalities and long-term cognitive outcome in
preterm infants. J Am Med Assoc. 2000;284:1939-47.

Soria-Pastor S, Padilla N, Zubiaurre-Elorza L, Ibarretxe-Bilbao N, Botet F,
Costas-Moragas C, et al. Decreased regional brain volume and
cognitive impairment in preterm children at low risk. Pediatrics.
2009;124:1161-70.



Biouss et al. Journal of Neuroinflammation

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2019) 16:97

Li B, Zani A, Lee C, Zani-Ruttenstock E, Zhang Z, Li X, et al. Endoplasmic
reticulum stress is involved in the colonic epithelium damage induced by
maternal separation. J Pediatr Surg. 2016;51:1001-4.

Wang YW, Zhou Q, Zhang X, Qian QQ, Xu JW, Ni PF, et al. Mild endoplasmic
reticulum stress ameliorates lipopolysaccharide-induced neuroinflammation
and cognitive impairment via regulation of microglial polarization. J
Neuroinflammation. 2017;14:233.

Sprenkle NT, Sims SG, Sénchez CL, Meares GP. Endoplasmic reticulum stress
and inflammation in the central nervous system. Mol Neurodegener. 2017;
12:42-60.

Thornton C, Baburamani AA, Kichev A, Hagberg H. Oxidative stress and
endoplasmic reticulum (ER) stress in the development of neonatal hypoxic-
ischaemic brain injury. Biochem Soc Trans. 2017;45:1067-76.

Herrero MT, Barcia C, Navarro JM. Functional anatomy of thalamus and
basal ganglia. Childs Nerv Syst. 2002;18:386-404.

Gilmore JH, Shi F, Woolson SL, Knickmeyer RC, Short SJ, Lin W, et al.
Longitudinal development of cortical and subcortical gray matter from birth
to 2 years. Cereb Cortex. 2012;22:2478-85.

Eichenbaum H. Prefrontal-hippocampal interactions in episodic memory.
Nat Rev Neurosci. 2017;18:547-58.

Hagberg H, Mallard C, Ferriero DM, Vannucci SJ, Levison SW, Vexler ZS, et al. The
role of inflammation in perinatal brain injury. Nat Rev Neurol. 2015;11:192-208.
Qing L, Black SM. Neonatal hypoxic-ischemic brain injury: apoptotic and
non-apoptotic cell death. J Neurol Neuromedicine. 2016;1:5-10.

Barkovich AJ. Concepts of myelin and myelination in neuroradiology. AJNR
Am J Neuroradiol. 2000;21:1099-109.

Jiang ZD, Wang C, Chen C. Neonatal necrotizing enterocolitis adversely
affects neural conduction of the rostral brainstem in preterm babies. Clin
Neurophysiol. 2014;125:2277-85.

Jurewicz A, Matysiak M, Tybor K, Kilianek L, Raine CS, Selmaj K. Tumour
necrosis factor-induced death of adult human oligodendrocytes is
mediated by apoptosis inducing factor. Brain. 2005;128:2675-88.

Zajicek JP, Wing M, Scolding NJ, Compston DA. Interactions between
oligodendrocytes and microglia: a major role for complement and
tumour necrosis factor in oligodendrocyte adherence and killing. Brain.
1992;115:1611-31.

Bradl M, Lassmann H. Oligodendrocytes: biology and pathology. Acta
Neuropathol. 2010;119:37-53.

Graham V, Khudyakov J, Ellis P, Pevny L. SOX2 functions to maintain neural
progenitor identity. Neuron. 2003;39:749-65.

Ellis P, Fagan BM, Magness ST, Hutton S, Taranova O, Hayashi S, et al. SOX2, a
persistent marker for multipotential neural stem cells derived from embryonic
stem cells, the embryo or the adult. Dev Neurosci. 2004,26:148-65.

Bland ST, Beckley JT, Young S, Tsang V, Watkins LR, Maier SF, et al. Enduring
consequences of early-life infection on glial and neural cell genesis within
cognitive regions of the brain. Brain Behav Immun. 2010,24:329-38.

Smith PLP, Hagberg H, Naylor AS, Mallard C. Neonatal peripheral immune
challenge activates microglia and inhibits neurogenesis in the developing
murine hippocampus. Dev Neurosci. 2014;36:119-31.

Bilbo SD, Levkoff LH, Mahoney JH, Watkins LR, Rudy JW, Maier SF. Neonatal
infection induces memory impairments following an immune challenge in
adulthood. Behav Neurosci. 2005;119:293-301.

Johnson S, Wolke D, Hennessy E, Marlow N. Educational outcomes in
extremely preterm children: neuropsychological correlates and predictors of
attainment. Dev Neuropsychol. 2011,36:74-95.

van der Ree M, Tanis JC, Van Braeckel KNJA, Bos AF, Roze E. Functional
impairments at school age of preterm born children with late-onset sepsis.
Early Hum Dev. 2011;87:821-6.

Pike K, Brocklehurst P, Jones D, Kenyon S, Salt A, Taylor D, et al. Outcomes
at 7 years for babies who developed neonatal necrotising enterocolitis: the
ORACLE Children Study. Arch Dis Child Fetal Neonatal Ed. 2012,97:F318-22.
Arcuri C, Mecca C, Bianchi R, Giambanco |, Donato R. The
pathophysiological role of microglia in dynamic surveillance,
phagocytosis and structural remodeling of the developing CNS. Front
Mol Neurosci. 2017;10:191.

Tahraoui S, Marret S, Bodenant C, Leroux P, Dommergues M, Evrard P, et al.
Central role of microglia in neonatal excitotoxic lesions of the murine
periventricular white matter. Brain Pathol. 2001;11:56-71.

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L,
et al. Neurotoxic reactive astrocytes are induced by activated microglia.
Nature. 2017;541:481-7.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

Page 14 of 14

Bi F, Huang C, Tong J, Qiu G, Huang B, Wu Q, et al. Reactive astrocytes secrete
Icn2 to promote neuron death. Proc Natl Acad Sci. 2013;110:4069-74.

Selip DB, Jantzie LL, Chang M, Jackson MC, Fitzgerald EC, Boll G, et al.
Regional differences in susceptibility to hypoxic-ischemic injury in the
preterm brain: exploring the spectrum from white matter loss to selective
grey matter injury in a rat model. Neurol Res Int. 2012;2012:1-11.
Lechpammer M, Manning SM, Samonte F, Nelligan J, Sabot E, Talos DM, et
al. Minocycline treatment following hypoxic/ischaemic injury attenuates
white matter injury in a rodent model of periventricular leucomalacia.
Neuropathol Appl Neurobiol. 2008,34:379-93.

Billiards SS, Haynes RL, Folkerth RD, Trachtenberg FL, Liu LG, Volpe JJ, et al.
Development of microglia in the cerebral white matter of the human fetus
and infant. J Comp Neurol. 2006;497:199-208.

Viscardi RM, Lyon NH, Sun CCJ, Richard Hebel J, Hasday JD. Inflammatory
cytokine mRNAs in surgical specimens of necrotizing enterocolitis and
normal newborn intestine. Pediatr Pathol Lab Med. 1997:17:547-59.
Wadhawan R, Oh W, Hintz SR, Blakely ML, Das A, Bell EF, et al.
Neurodevelopmental outcomes of extremely low birth weight infants with
spontaneous intestinal perforation or surgical necrotizing enterocolitis. J
Perinatol. 2014;34:64-70.

Daulatzai MA. Chronic functional bowel syndrome enhances gut-brain axis
dysfunction, neuroinflammation, cognitive impairment, and vulnerability to
dementia. Neurochem Res. 2014;39:624-44.

Sherman MP, Zaghouani H, Niklas V. Gut microbiota, the immune system,
and diet influence the neonatal gut-brain axis. Pediatr Res. 2015;77:127-35.
Sochocka M, Diniz BS, Leszek J. Inflammatory response in the CNS: friend or
foe? Mol Neurobiol. 2017;54:8071-89.

Lu J, Claud EC. Connection between gut microbiome and brain development
in preterm infants. Dev Psychobiol. 2018. https//doi.org/10.1002/dev.21806.
Emny D, Hrabé de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, David E, et
al. Host microbiota constantly control maturation and function of microglia
in the CNS. Nat Neurosci. 2015;18:965-77.

Stilling RM, Dinan TG, Cryan JF. Microbial genes, brain & behaviour - epigenetic
regulation of the gut-brain axis. Genes Brain Behav. 2014;13:69-86.
Moschopoulos C, Kratimenos P, Koutroulis I, Shah BV, Mowes A, Bhandari V.
The neurodevelopmental perspective of surgical necrotizing enterocolitis:
the role of the gut-brain axis. Mediat Inflamm. 2018;2018:1-8.

Stefanutti G, Pierro A, Parkinson EJ, Smith W, Eaton S. Moderate
hypothermia as a rescue therapy against intestinal ischemia and reperfusion
injury in the rat. Crit Care Med. 2008;36:1564-72.

Hall NJ, Eaton S, Peters MJ, Hiorns MP, Alexander N, Azzopardi DV, et al.
Mild controlled hypothermia in preterm neonates with advanced
necrotizing enterocolitis. Pediatrics. 2010;125:300-8.

Jenkins DD, Lee T, Chiuzan C, Perkel JK, Rollins LG, Wagner CL, et al. Altered
circulating leukocytes and their chemokines in a clinical trial of therapeutic
hypothermia for neonatal hypoxic ischemic encephalopathy. Pediatr Crit Care
Med. 2013;14:786-95.

Jantzie LL, Todd KG. Doxycycline inhibits proinflammatory cytokines but not
acute cerebral cytogenesis after hypoxia-ischemia in neonatal rats. J
Psychiatry Neurosci. 2010;35:20-32.

Kannan S, Dai H, Navath RS, Balakrishnan B, Jyoti A, Janisse J, et al.
Dendrimer-based postnatal therapy for neuroinflammation and cerebral
palsy in a rabbit model. Sci Transl Med. 2012;4:130ra146.

Nance E, Porambo M, Zhang F, Mishra MK, Buelow M, Getzenberg R, et al.
Systemic dendrimer-drug treatment of ischemia-induced neonatal white
matter injury. J Control Release. 2015;214:112-20.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1002/dev.21806

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animal model
	Gut histology
	Brain gross anatomy and histology
	Cerebral cortex thickness
	Immunohistochemistry of brain cell populations

	Inflammatory response in gut and in brain samples
	Apoptosis and endoplasmic reticulum stress in brain samples
	Gene expression (RT-qPCR)
	Protein expression (Western blotting and ELISA)
	Statistical analysis

	Results
	Experimental NEC affects brain morphology and cerebral cortex thickness
	Experimental NEC induces apoptosis and ER stress in the neonatal brain
	Experimental NEC affects density of different cell populations in specific cerebral regions
	Mature neurons
	Oligodendrocytes
	Neural progenitor cells

	Pups with NEC develop a neuroinflammatory response
	Microglia
	Astrocytes

	Correlation of cytokine levels in the ileum and brain of NEC and control pups
	Correlation of severity of inflammation in the intestine to the brain
	Correlation of microglia and astrocytes with intestinal severity score


	Discussion
	Conclusions
	Additional files
	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

