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Editorial on the Research Topic

Neonatal Brain Injury and the Search for New Therapies

Hypoxia-ischemia is largely recognized as a major cause of brain injury in the perinatal period
that can lead to neonatal encephalopathy (1, 2). When this occurs, it frequently leads to neonatal
mortality or to severe long-term neurological deficits in newborns with devastating consequences
both for the baby and its family, contributing to over 50 million disability-adjusted life years
worldwide each year (3). Therefore, the study of the complex relationship among the different
mechanisms/factors involved in the injury of the developing brain and the finding of new
pharmacological approaches are a high priority in perinatal care. Accordingly, the characterization
of peripheral markers would help to predict the development of putative damage, and their
modulation after pharmacological treatments may anticipate its efficacy as a potential therapeutic
intervention for translation to the clinical practice.

The Research Topic “Neonatal Brain Injury and the Search for New Therapies” includes novel
and original contributions in the study of neonatal encephalopathy with the aim to give a
comprehensive and groundbreaking overview of the pathophysiology and treatment of this disease.
Original reports that explore and clarify the prognostic value of biomarkers and specific diagnostic
interventions are included. This collection also highlights the most recent evidences of new targets
for therapeutic intervention. In this Research Topic issue of Frontiers, we bring together a special
collection of 15 articles contributing sound evidence for the key concepts outlined.

Some papers analyzed relevant peculiarities of preterm infants as a sensible population of
patients at risk of brain injury. Ma et al. studied the dynamic functional connectivity in both
term and late preterm infants and observed that the latter preferred to stay in a state with general
weak connectivity between networks; authors also found that this preference declined as maturity
increased. Shaw et al. highlighted that the poor long-term neurodevelopmental and behavioral
outcomes observed in preterm births could be associated to an impaired oligodendrocyte
development; authors concluded that promoting GABAergic action might improve outcomes. In
an exhaustive review, Shandley et al. focused on the key role of nutrition for brain development
in neonatal life, providing a wide-range synopsis regarding the role of nutritive and non-nutritive
feeding in the neonate outcomes, the underlying mechanisms involved in neurophysiology, and
the relationship of abnormal activity with brain injury in preterm and term infants. Terrin et al.
evaluated how protein intake can affect the early cerebral growth in very low birth weight newborns,
showing that several cerebral structures’ measurements were affected by high protein intake when
administered by parental nutrition, encouraging the administration mainly by enteral nutrition.

Three original studies focused on the important topic of the identification of prognostic
factors that could correlate with the ongoing brain damage. Zheng et al. showed that perfusion
magnetic resonance imaging could have an important role in the identification of hypoxic-ischemic
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encephalopathy, regardless of findings on conventional magnetic
resonance imaging, and in the prediction of language and
motor outcomes. Zhu et al., in addition, revealed that multi-
slice radiomic analysis based on apparent diffusion coefficients
metrics could provide more quantitative information on
brain development in neonates with congenital heart diseases,
suggesting that these measurements may be more clinically
helpful to identify atypical brain development in patients. In
an original study, Sweetman et al. investigated the connection
between high cytokines levels observed after innate immune
cell activation, brain injury and the outcome in infants with
neonatal encephalopathy. Authors found that moderate or severe
encephalopathy and mortality were associated with elevated
interleukin-8 and granulocyte-macrophage-colony-stimulating-
factor, pointing out that these cytokines may predict early
outcomes in neonatal brain injury.

Several papers provided new evidence of neuroprotective
strategies. Fernández et al. found that methylene blue, a
guanylyl cyclase inhibitor with free-radical scavenger properties,
reduced the retinal damage induced by perinatal asphyxia in
the neonatal rat. Authors concluded that methylene blue could
regulate key players of inflammation, matrix remodeling, gliosis
and angiogenesis in the eye, whose treatment may prevent
the deleterious visual consequences of perinatal asphyxia.
Yu et al. demonstrated that the intranasal administration of
exogenous interleukin-4 improved myelination and attenuated
the functional deficits in a hypoxia-induced periventricular
leukomalacia model. Kollareth et al. demonstrated that
the acute injection of docosahexaenoic acid triglyceride
emulsion provided a very similar protection as hypothermia
in a neonatal mouse model of hypoxic-ischemic brain
injury, indicating an advantageous treatment in providing
a feasible and effective strategy in patients after hypoxia-
ischemia injury. Purohit et al. demonstrated that the use
of human cord blood derived from unrestricted somatic
stem cells restored aquaporin channel expression, reduced
inflammation and inhibited the development of hydrocephalus
after experimentally induced perinatal intraventricular
hemorrhage in rabbit. Kasala et al. analyzed the effects of
the simultaneous use of morphine and caffeine on brain
development. Authors revealed that the concurrent use of
morphine, administered to premature neonates for pain
control, and caffeine, used for apnea treatment, induced
apoptosis and mitochondrial dysfunction in the developing
brain compared to the individual use of the compounds.
Chan et al. discussed in an appropriate review the links
between the respiratory support of the preterm neonate
and the brain injury patterns. Authors pointed that the use
of animal models are essential resources for studying the

pathophysiology of ventilation-induced brain injury, with
important translational implications that can be helpful to
outline the way to care preterm neonates, with the aim to
improve their neurodevelopmental outcomes.

As of today, advances toward new neuroprotective
interventions in hypoxic-ischemic encephalopathy have been
limited by incomplete understanding of secondary processes.
Alonso-Alconada et al. described that the subventricular
zone could be affected by neonatal asphyxia. In their work,
hypoxic-ischemic piglets showed a decrease in cellularity
together with a reduction in both cell proliferation and
neurogenesis in this neurogenic niche, suggesting that asphyxia
could compromise the replacement of the lost neurons
and the achievement of global repair. In a comprehensive
review article, Kleuskens et al. provided an overview on
the pathophysiology of cerebral hyperperfusion, commonly
observed during the first 1–5 days in asphyctic neonates.
Authors highlighted the gaps in current understanding in
term animals and neonates, analyzing data from both the
hemodynamic changes and the endogenous pathways involved.
They concluded that these findings should be simultaneously
considered together with the brain imagining techniques,
becoming a valuable resource in assessing the impact in
neurodevelopmental outcome.

In summary, this Research Topic provides original
articles and reviews that, together collected, may add
new information on the epidemiology, pathophysiology,
diagnosis and management of brain injury in the neonate,
also identifying relevant treatments for testing in future
clinical trials.
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Perinatal asphyxia (PA) is responsible for a large proportion of neonatal deaths and
numerous neurological sequelae, including visual dysfunction and blindness. In PA,
the retina is exposed to ischemia/reoxygenation, which results in nitric oxide (NO)
overproduction and neurotoxicity. We hypothesized that methylene blue (MB), a guanylyl
cyclase inhibitor, and free-radical scavenger currently used in the clinic, may block this
pathway and prevent PA-induced retinal degeneration. Male rat pups were subjected
to an experimental model of PA. Four groups were studied: normally delivered (CTL),
normally delivered treated with 2 mg Kg-1 MB (MB), exposed to PA for 20 min
at 37◦C (PA), and exposed to PA and, then, treated with MB (PA-MB). Scotopic
electroretinography performed 45 days after birth showed that PA animals had significant
defects in the a- and b-waves and oscillatory potentials (OP). The same animals
presented a significant increase in the thickness of the inner retina and a large
number of TUNEL-positive cells. All these physiological and morphological parameters
were significantly prevented by the treatment with MB. Gene expression analysis
demonstrated significant increases in iNOS, MMP9, and VEGF in the eyes of PA animals,
which were prevented by MB treatment. In conclusion, MB regulates key players of
inflammation, matrix remodeling, gliosis, and angiogenesis in the eye and could be used
as a treatment to prevent the deleterious visual consequences of PA. Given its safety
profile and low cost, MB may be used clinically in places where alternative treatments
may be unavailable.

Keywords: angiogenesis, apoptosis, electroretinography, inner retinal thickness, methylene blue,
perinatal asphyxia

INTRODUCTION

Perinatal asphyxia (PA) is the most severe perinatological problem across the world (World Health
Organization, 1991) and is associated with approximately one-quarter of global neonatal deaths (Liu
et al., 2015). PA generates a transient global ischemic status which could damage the central nervous
system, including the retina (Ferriero, 2004). Depending on the length and intensity of the ischemic
episode, PA sequelae may include attention-deficit hyperactivity disorder, spasticity, epilepsy,
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mental retardation (Herrera et al., 2018), and hearing or visual
dysfunctions, including blindness (Hill, 1991). In 2010, there
were an estimated 1.15 million cases of neonatal encephalopathy,
of which 96% were from low- and middle-income countries
(Mukhtar-Yola et al., 2018). Therapeutic hypothermia is
currently the standard of care for newborns exposed to PA
(Rivero-Arias et al., 2019), but this treatment may require
expensive devices to be properly applied (Dingley et al., 2015)
that could be prohibitive for some developing regions of the
world. Our long-term goal is to investigate and promote the
use of safe and affordable drugs in the prevention of visual loss
associated with PA.

Exposure of the retina to hypoxia/ischemia-reoxygenation
induces the expression of hypoxia-inducible factor-1α (HIF1α)
and its target genes such as vascular endothelial growth factor
(VEGF), adrenomedullin (AM), and inducible nitric oxide
synthase (iNOS), among others (Rey-Funes et al., 2011). VEGF
and AM are angiogenic factors that contribute to the thickening
of the inner layers of the retina (Rey-Funes et al., 2013), whereas
iNOS produces nitric oxide (NO) which reacts with the free
radical superoxide resulting in elevated levels of peroxynitrites
and extensive protein nitration, leading to neuronal cell death
(Rodrigo et al., 2005). Excessive NO formation induces cytotoxic
effects in the retina and is postulated as a key neurotoxic factor
in retinal ischemia (Osborne et al., 2004). Therefore, inhibitors of
NO activity may constitute valuable drugs for preventing retinal
damage in the context of PA.

Most physiological actions of NO are mediated by the
formation of the second messenger cGMP, which is produced
by the action of guanylyl cyclase (Ding and Weinberg, 2007).
Methylene blue (MB) is a guanylyl cyclase inhibitor (Hwang
et al., 1998) which is also able to inhibit NADPH oxidase
and myeloperoxidase enzymes (Heydrick et al., 2007) by either
acting as a free radical scavenger or competing for oxygen
(Atamna et al., 2008). MB exhibits a high safety profile
(Bewick and Pfleiderer, 2014; Landoni et al., 2014) and is
approved for clinical use as an antidote of poison-induced
methemoglobinemia (Wright et al., 1999), in norepinephrine-
refractory hypotension (Sparicio et al., 2004), and for the
surgical management of hyperparathyroidism (Bewick and
Pfleiderer, 2014), among others. MB is on the World Health
Organization’s List of Essential Medicines, the most effective
and safe medicines needed in a health system (World Health
Organization, 2017). Also, MB has been shown to prevent
retinal damage induced by rotenone (Zhang et al., 2006) or
optic neuropathy (Rojas et al., 2009) in animal models. In a
previous article, we showed that MB was able to significantly
reduce morphological and molecular hallmarks of retinal damage
caused by PA when applied preventively to the pregnant
dams before delivery (Rey-Funes et al., 2016). The risks of
suffering PA are well known (Martinez-Biarge et al., 2013)
and the application of MB to high-risk mothers may reduce
vision loss in their children. Nevertheless, we understand that
an efficacious treatment that is applied after PA has been
diagnosed would be better received by patients and the medical
staff. In consequence, this report aimed to demonstrate the
beneficial effects of treating asphyctic newborns with MB

on physiological, morphological, and molecular markers of
retinal damage.

MATERIALS AND METHODS

PA Animal Model
Severe PA was induced using a noninvasive model of hypoxia-
ischemia as described (Loidl et al., 2000). Sprague–Dawley albino
rats with genetic quality and sanitary certification from the
animal facility of our Institution were cared for following the
guidelines published in the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. The procedures
described below were approved by the Ethical Committee of
CICUAL (Comité Institucional para el Uso y Cuidado de
Animales de Laboratorio, Resolution N◦ 2079/07), Facultad de
Medicina, Universidad de Buenos Aires, Argentina. Appropriate
proceedings were performed to minimize the number of animals
used and their suffering, pain, and discomfort. Animals were kept
under standard laboratory conditions at 24◦C, with light/dark
cycles of 12/12 h, and food and water were provided ad libitum.
Thirty timed-pregnant Sprague–Dawley rats were sacrificed
by decapitation and immediately hysterectomized after their
first pups were delivered vaginally. These normally delivered,
non-manipulated pups were used as controls. Full-term fetuses,
still inside the uterus, were subjected to asphyxia performed
by transient immersion of both uterine horns in a water bath
for 20 min at 37◦C. After asphyxia, the uterine horns were
opened, pups were removed, dried of delivery fluids, stimulated
to breathe, and their umbilical cords were ligated. Pups were then
placed for recovery under a heating lamp and given to surrogate
mothers. To avoid the influence of hormonal variations due to
the female estrous cycle, only male pups were included in this
study. One hour after birth, control newborns were randomly
divided into two groups, which received a 50 µl subcutaneous
injection of either saline solution (CTL group, n = 30) or a
dose of 2 mg Kg−1 methylene blue in saline solution (Sigma,
St. Louis, MO, USA; MB group, n = 30). The same procedure
was implemented with asphyctic newborns to generate the other
two experimental groups: asphyctic animals that received saline
(PA group, n = 30) or methylene blue treatment (PA-MB group,
n = 30).

Electroretinograms
Forty-five days after birth, young rats (n = 10 per experimental
group) were subjected to scotopic electroretinography, as
described (Rey-Funes et al., 2017). Briefly, after overnight
adaptation in the dark, rats were anesthetized with 40 mg/Kg
ketamine (Ketamine 50r, Holiday-Scott SA, Beccar, Argentina)
+ 5 mg/Kg xylazine (Kensolr, Laboratorios Köning SA,
Buenos Aires, Argentina) under dim red illumination. An
ophthalmic solution of 5% phenylephrine hydrochloride and
0.5% tropicamide (Fotorretin, Poen, Buenos Aires, Argentina)
was used to dilate the pupils. Rats were placed facing the stimulus
at a distance of 25 cm in a highly reflective environment. A
reference electrode was placed through the ear, a grounding
electrode was attached to the tail, and a gold electrode was placed
in contact with the central cornea. Scotopic electroretinograms

Frontiers in Cellular Neuroscience | www.frontiersin.org 2 June 2020 | Volume 14 | Article 1579

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Fernández et al. Methylene Blue Prevents Retinal Damage

TABLE 1 | Antibodies used in this study.

Primary antibodies

Target Species Dilution Source Reference

GFAP Rabbit polyclonal 1:500 Dako Z0334
HNEJ-2 Mouse monoclonal 1:25 Abcam ab48506
8-OHdG Mouse monoclonal 1:50 Santa Cruz sc-66036

Secondary antibodies

Specificity Label Dilution Source Reference

Donkey anti-rabbit Alexa Fluorr 555 1:200 Invitrogen A31572
Donkey anti-mouse Alexa Fluorr 488 1:600 Invitrogen A21202

(ERG) were recorded from both eyes simultaneously and
20 responses were collected to flashes of unattenuated white light
(1 ms, 1 Hz) from a photic stimulator (light-emitting diodes) set
at maximum brightness. The registered response was amplified
(9 cd s/m2 without filter), filtered (1.5-Hz low-pass filter, 500 Hz
high-pass filter, notch activated), and averaged (Akonic BIO-
PC, Buenos Aires, Argentina). The a-wave was measured as the
difference in amplitude between the recording at onset and the
trough of the negative deflection and the b-wave amplitude was
measured from the trough of the a-wave to the peak of the b-
wave. Values from each eye were averaged, and the resultant
mean value was used to compute the group’s mean a- and b-wave
amplitudes ± SEM. To calculate oscillatory potentials (OP), the
same photic stimulator was used with filters of high (300 Hz)
and low (100 Hz) frequency. The amplitudes of the OP were
estimated by using the peak-to-trough method. The sum of three
OP was used for statistical analysis.

Tissue Processing, Histology, and TUNEL
Rats on the four experimental groups were sacrificed 6 days
postpartum (n = 4 per experimental group). Animals were
decapitated. After enucleating, anterior segments of the
eyes, including the lens, were discarded, and the posterior
segments of the eyes containing the retinas were fixed in 4%
paraformaldehyde in 0.1 M pH 7.4 phosphate buffer at 4◦C for
48 h. Tissues were dehydrated and paraffin-embedded. Tissue
sections (5 µm-thick) were stained for terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) with the in situ Cell
Death Detection POD Kit (Roche, Basel, Switzerland), following
manufacturer’s instructions. Visualization of immunoreactivity
was performed with 0.03% 3,3′diaminobenzidine (Sigma Co, St.
Louis, MO, USA), 3% nickel ammonium sulphate and 0.01%
hydrogen peroxide diluted in 0.1 M buffer acetate, yielding a
black product.

The animals used for electroretinography were
intraperitoneally anesthetized with ketamine/xylazine and
intracardially perfused with the same fixative. The posterior
segments of the eyes were paraffin-embedded, sectioned, and
stained with hematoxylin-eosin to count the number of ganglion
cells and to measure the thickness of the most inner layers of the
retina (IR), which includes the internal limiting membrane, the
retinal optic nerve fiber layer, and the ganglion cell layer (GCL),
as reported (Rey-Funes et al., 2013).

Immunofluorescence and Confocal
Microscopy
Additional tissue sections were dewaxed, rehydrated, and
subjected to antigen retrieval (10 mM sodium citrate, 0.5%
Tween 20, pH 6.0, 30 min at 95◦C). Non-specific binding
was blocked by exposure to 10% normal donkey serum
(Jackson Immunoresearch Laboratories, West Grove, PA, USA)
for 30 min, and then tissue sections were incubated with
primary antibodies (Table 1), overnight at 4◦C. The following
day, the presence of the primary antibody was detected by
incubation with fluorescent secondary antibodies (Table 1) and
counterstained with DAPI (Molecular Probes, Eugene, OR,
USA). These slides were analyzed with a confocal microscope
(TCS SP5, Leica, Badalona, Spain).

Image Analysis
The eyes of four animals of each experimental group were
analyzed. Care was taken on selecting anatomically matched
areas of retina among animals before assays. The central area
of the sagittal plane was chosen for each retina. The thickness
of all layers in the retina was measured in 10 fields using Scion
Image software. Special attention was paid to the inner retina
(IR), which includes the internal limiting membrane, the optic
retinal nerve fiber layer, and the GCL.

TUNEL-positive cells were counted on the retinas of four eyes
per experimental group. Fields were chosen in the central region
of retinal cross-sections and the number of positive cells in ten
fields, 500 µm in length, was recorded.

RNA Extraction and Quantitative
Real-Time PCR
Animals from all experimental groups (n = 4 per experimental
group) were sacrificed at different times after MB treatment (4, 6,
12, 24 h). The posterior chambers of the eyes were homogenized
with TRIzol (Invitrogen, Madrid, Spain) and RNA was isolated
with RNeasy Mini kit including a DNAse I on-column digestion
(Qiagen, Germantown, MD, USA). One microgram of total RNA
was reverse-transcribed into first-strand cDNA using random
primers and the SuperScript III kit (Invitrogen) in a total volume
of 20 µl according to the manufacturer’s instructions. Reverse
transcriptase was omitted in control reactions, where the absence
of PCR-amplified DNA confirmed the lack of contamination
from genomic DNA. Resulting cDNA was mixed with SYBR
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Green PCR Master Mix (Applied Biosystems, Carlsbad, CA,
USA) for quantitative real-time polymerase chain reaction
(qRT-PCR) using 0.3 µM forward and reverse oligonucleotide
primers (Table 2). Quantitative measures were performed using
a 7300 Real-Time PCR System (Applied Biosystems). Cycling
conditions were an initial denaturation at 95◦C for 10 min,
followed by 40 cycles of 95◦C for 15 s and 60◦C for 1 min.
In the end, a dissociation curve was implemented from 60 to
95◦C to validate amplicon specificity. Gene expression was
calculated using relative quantification by interpolation into a
standard curve. All values were divided by the expression of the
housekeeping gene 18S.

Statistical Analysis
All data were analyzed with GraphPad Prism 5 software and
were considered statistically significant when p < 0.05. Values
are expressed as means ± SEM. Normally distributed data
were evaluated by ANOVA followed by either Holm-Sidak or
Newman–Keuls post hoc test.

RESULTS

MB Treatment Prevents Asphyxia-Induced
Modifications of the a- and b-Waves and
the Oscillatory Potentials of the
Electroretinogram
Animals were divided into four experimental groups and
treated as explained in the ‘‘Materials and Methods’’ section.
The overall mortality rate for the asphyctic group was 40%,
similar to previous reports (Loidl et al., 2000). Injection of
MB, a well-known dye (Li et al., 2018), left a blue area
under the skin of treated animals but this stain disappeared
2 or 3 days after injection. Scotopic ERG performed 45 days
after birth showed that those animals that had suffered
PA had a significant (p < 0.001) reduction of the a-
and b-wave amplitude (Figures 1C,E, 2C,E) compared to
those who were born uneventfully (Figures 1A,E, 2A,E).
Treatment of the control animals with MB resulted in a
mild reduction (p < 0.05) in the amplitude of both waves
(Figures 1B,E, 2B,E). Notably, MB treatment of asphyctic
pups resulted in a- (p < 0.05) and b- (p < 0.001) waves

TABLE 2 | Primers used for quantitative real-time polymerase chain reaction
(qRT-PCR) in this study.

Target
gene

Forward primer Reverse primer

iNOS AGGCCACCTCGGATATCTCT GCTTGTCTCTGGGTCCTCTG
IL1β CCTCTGCCAAGTCAGGTCTC GAATGTGCCACGGTTTTCTT
TNFα GAGAGATTGGCTGCTGGAAC TGGAGACCATGATGACCGTA
MMP2 ACCGTCGCCCATCATCAA CCTTCAGCACAAAGAGGTTGC
MMP9 TGTCCAGACCAAGGGTACAGC GAAGAATGATCTAAGCCCAGCG
GFAP GAAGAAAACCGCATCACCAT GGCACACCTCACATCACATC
VEGF GCCAGCACATAGGAGAGATGAGC CAAGGCTCACAGTGATTTTCTGG
PEDF ACCCTCGCATAGACCTTCAG GGCATTTCCCTTGTAGACCG
18S ATGCTCTTAGCTGAGTGTCCCG ATTCCTAGCTGCGGTATCCAGG

The annealing temperature was 60◦C for all primers. 18S was used as a
housekeeping gene.

more similar to the controls than to the PA animals
(Figures 1D,E, 2D,E).

Similar observations were made when studying the
OP (Figure 3). PA-induced a strong loss of complexity
(p < 0.0001) in the OP patterns (Figures 3C,E) whereas MB
treatment significantly (p < 0.001) restored the control pattern
(Figures 3D,E).

MB Treatment Reduces Asphyxia-Induced
Thickening of the Inner Retina and GFAP
Immunoreactivity
It has been previously reported that PA results in morphological
changes of the retina, including a thicker inner retina (IR), and
an increased number of GFAP-positive cellular processes (Rey-
Funes et al., 2016). This was also the case in the present study.
The eyes of the PA group had a significantly (p < 0.0001)
thicker IR (Figures 4C,E) than those of the CTL group
(Figures 4A,E). Treatment of the control newborns with MB
did not change this parameter (Figures 4B,E) but the treatment
of the asphyctic pups significantly (p < 0.0001) prevented this
morphological manifestation of the pathology (Figures 4D,E).
The thickness of all other layers of the retina was measured
and compared but no statistically significant differences were
found among experimental groups (results not shown). The
number of ganglion cells in a specified length (500 µm)
was also compared among experimental groups (Figure 4F).
There was a very significant reduction in the number of
ganglion cells in the PA animals (p < 0.0001) compared to the
control groups. In the PA-MB group, the number of ganglion
cells was significantly higher (p < 0.0001) than in the PA
group (Figure 4F).

Furthermore, GFAP immunostaining showed a marked
increase in GFAP signal in the PA group (Figure 5C)
compared with either the CTL (Figure 5A) or MB
(Figure 5B) groups. Application of MB (Figure 5D) reduced
GFAP expression to levels similar to those observed in
the controls.

MB Treatment Reduces Asphyxia-Induced
Apoptosis in the Ganglion Cell Layer
TUNEL analysis of the retinas (Figure 6) showed that exposure
to PA results in a very significant (p < 0.0001) increase in the
number of apoptotic cells (arrows) in the GCL (Figures 6C,E),
whereas control animals have a very low number of labeled
cells (Figures 6A,E). Postnatal treatment with MB significantly
(p < 0.0001) reduced the number of apoptotic cells in the retina
of asphyctic animals (Figures 6D,E) whereas it had no significant
effect on non-asphyctic retinas (Figures 6B,E). A large number
of apoptotic cells was observed among the neuroblasts that
would develop into the inner (black arrowheads in Figure 6C)
and outer (white arrowheads in Figure 6C) nuclear layers of
the retina of PA animals. These were not seen in control
animals (Figures 6A,B) and were very scarce in MB-treated rats
(Figure 6D).

Also, retina sections were exposed to antibodies against
4-hydroxynonenal (HNEJ-2; Figures 7A–D) and 8-hydroxy-
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FIGURE 1 | Representative scotopic electroretinograms (ERG) showing the a-waves on the four experimental groups: CTL (A), methylene blue (MB; B), perinatal
asphyxia (PA; C), and PA-MB (D). The response of the right eye is represented by red lines and that of the left one by blue lines. Quantification of the a-wave
amplitude, relativized to the CTL group, is represented as a histogram (E). Bars represent the mean ± SEM of all samples (n = 10 animals per group). Asterisks
represent statistically significant differences. *p < 0.05; ***p < 0.001. Statistical test: ANOVA followed by Holm-Sidak post hoc test.

FIGURE 2 | Representative scotopic ERG showing the b-waves on the four experimental groups: CTL (A), MB (B), PA (C), and PA-MB (D). The response of the
right eye is represented by red lines and that of the left one by blue lines. Quantification of the b-wave amplitude, relativized to the CTL group, is represented as a
histogram (E). Bars represent the mean ± SEM of all samples (n = 10 animals per group). Asterisks represent statistically significant differences. *p < 0.05;
***p < 0.001. Statistical test: ANOVA followed by Holm-Sidak post hoc test.

2’-deoxyguanosine (8-OHdG; Figures 7E–H) to further study
tissue damage due to asphyxia. For both markers, there was a
signal increase in the retinas of the PA group (Figures 7C,G)
when compared to the CTL (Figures 7A,E) and the MB group
(Figures 7B,F). Also, in both cases, the application of MB
post-asphyxia resulted in a decrease in the damage markers
(Figures 7D,H).

MB Treatment Modulates Gene Expression
of Key Players in Inflammation, Gliosis,
Matrix Remodeling, and Angiogenesis
Gene expression was studied in the retina for several markers
(Table 2) at different times after MB injection. There was a
clear time-specific modulation that was different for each gene.
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FIGURE 3 | Representative scotopic ERG showing the oscillatory potentials (OP) on the four experimental groups: CTL (A), MB (B), PA (C), and PA-MB (D). The
response of the right eye is represented by a red line and that of the left one by a blue line. Quantification of the relative OP sums, relativized to the CTL group, is
represented as a histogram (E). Bars represent the mean ± SEM of all samples (n = 10 animals per group). Asterisks represent statistically significant differences.
***p < 0.001; ****p < 0.0001. Statistical test: ANOVA followed by Holm-Sidak post hoc test.

FIGURE 4 | Representative histological images of the retina of animals of the four experimental groups: CTL (A) MB (B), PA (C), and PA-MB (D) taken 45 days after
birth. Three layers of the retina are labeled in the pictures for reference: outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL). The thick
black bar demarcates the inner retina (IR). Horizontal bar = 50 µm. Quantification of the IR thickness (E) and the number of ganglion cells per 500 µm (F) are shown
as histograms. Bars represent the mean ± SEM of all samples (n = 4 animals per group, five measurements per animal). Asterisks represent statistically significant
differences, ****p < 0.0001. Statistical test: ANOVA followed by Holm-Sidak post hoc test.

The earliest significant change occurred for iNOS expression
(Figure 8A). At 4 h after treatment, there was a significant
(p < 0.05) increase of iNOS in the PA animals when compared

to CTL and MB groups. Treatment of PA animals with MB
completely prevented iNOS overexpression (p < 0.05). Other
inflammation markers whose expression was modulated by MB
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FIGURE 5 | Representative confocal microscopy images, labeled for GFAP (red), of the retina of animals of the four experimental groups: CTL (A), MB (B), PA (C),
and PA-MB (D), taken 45 days after birth. Three layers of the retina are labeled in the pictures for reference: ONL, INL, and GCL. Nuclei are counterstained with DAPI
(blue). GFAP staining is more intense in the PA group than in all the others. Horizontal bar = 50 µm.

included IL1β at 12 h (Figure 8B) and TNFα at 24 h (Figure 8C).
In both cases, there was no significant increase of expression
in the PA group over controls but there was a significant
(p < 0.05) decrease in the PA-MB group when compared to the
PA animals.

Matrix metalloproteinases (MMP) are key enzymes on tissue
remodeling. We did not see any significant modulation of
MMP2 at any time by either asphyxia or MB treatment
(Figure 8D). On the other hand, MMP9 expression was
significantly (p < 0.05) increased on the PA group at 12 h and
this pathological increase was fully prevented (p < 0.05) by MB
treatment (Figure 8E). Coinciding with these MMP9 changes, we
also found a significant decrease of GFAP expression, a marker of
gliosis, on the PA-MB group when compared to the PA animals
at 12 h (Figure 8F).

Increased angiogenesis is a typical response to
hypoxia/ischemia in the retina (Rey-Funes et al., 2013) and
we studied the expression of a positive regulator, VEGF, and

a negative regulator of angiogenesis, PEDF. At 6 h there was
a significant (p < 0.05) increase of VEGF expression in the
retinas of asphyctic rats, and this increase was significantly
counteracted (p < 0.05) by MB treatment (Figure 8G). Also,
although the expression of PEDF did not change in the PA
group, there was a very significant (p < 0.001) increase in the
PA-MB group when compared to all other experimental groups
(Figure 8H). This PEDF behavior was observed both at 6 h and
at 24 h.

DISCUSSION

In this study, we have shown that MB applied to newborns
that have suffered PA has very significant advantages in retinal
electrophysiology, morphological markers of retinal pathology,
and gene expression modulation, suggesting that this treatment
may be useful in preventing retinal damage and visual loss
associated to PA.
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FIGURE 6 | TUNEL positive cells in the four experimental groups 6 days post-treatment. Representative images of retinas from CTL (A), MB (B), PA (C), and
PA-MB (D) animals. TUNEL positive cells were found mainly in the GCL (arrows), in the precursors of the INL (black arrowheads), and of the ONL (white arrowheads).
Bar = 20 µm. Quantification of the results is shown as a histogram (E). Bars represent the mean ± SEM of all samples (n = 4 animals per group, five measurements
per animal). Asterisks represent statistically significant differences, ****p < 0.0001. Statistical test: ANOVA followed by Holm-Sidak post hoc test.

FIGURE 7 | Representative confocal microscopy images, labeled in green for HNEJ-2 (A–D) or 8-OHdG (E–H), of the retina of animals of the four experimental
groups: CTL (A,E), MB (B,F), PA (C,G), and PA-MB (D,H), taken 6 days after birth. Two layers of the retina are labeled in the pictures for reference: nuclear layer (NL;
animals are too young to distinguish the ONL and the INL yet), and GCL. Nuclei are counterstained with DAPI (blue). Increased staining is found for both HNEJ-2 and
8-OHdG in the PA samples compared to the other groups. Horizontal bar = 100 µm.

This study follows our previous work where we showed
that MB injected into pregnant dams before delivery had
a beneficial impact on the retinal health of the newborns
(Rey-Funes et al., 2016). However, although the risks for
developing PA are well known (Martinez-Biarge et al., 2013;
Bogdanovic et al., 2014), it is difficult to convince the mothers

and the medical staff to apply a preventative treatment just
before delivery. Our current data show that MB treatment
is, at least, as efficient when applied to newborns a few
hours after delivery, once the asphyxia episode has occurred
and it is evident to everyone involved that an intervention
is needed.
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FIGURE 8 | Relative gene expression in the retina of the four experimental groups for iNOS (A), IL1β (B), TNFα (C), MMP2 (D), MMP9 (E), GFAP (F), VEGF (G), and
PEDF (H). Samples were collected at the indicated times after treatment. All data represent the quotient between the gene of interest and the expression of the
housekeeping gene 18S. Bars represent the mean ± SEM of all measurements (n = 6–8). Asterisks represent statistically significant differences as indicated.
*p < 0.05, **p < 0.01; ***p < 0.001. Statistical test: ANOVA followed by the Newman–Keuls post hoc test.

Scotopic ERG showed that PA resulted in a significant
reduction of the amplitude for both a- and b-waves, as well
as a loss of complexity in the OP patterns. It is recognized

that the a-wave is generated by the photoreceptors, the OP
by the cells in the inner nuclear layer (INL), and the b-wave
by the ganglion cells (Jung et al., 2015; Matei et al., 2020;
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Zhai et al., 2020). Different animal models of retinal damage
influence ERG in a model-specific fashion. For instance, models
of blunt ocular trauma (Blanch et al., 2014) or chemical
intoxication (Chen et al., 2013) induce photoreceptor apoptosis
and a-wave disruption. Conversely, ischemic retinopathy models
(Osborne et al., 2004) or optic nerve injury (Rey-Funes et al.,
2017) are characterized by impaired inner retinal function,
showing changes in the b-wave. Therefore, we can conclude
that PA affects all the components of the retinal visual axis.
This was confirmed by the observation of TUNEL-positive
cells in the three anatomical demarcations in the retina and
overexpression of the damage markers NHEJ-2 and 8-OHdG
in rats exposed to PA. Interestingly, the application of MB
was able to normalize the physiological patterns as well as the
morphological telltales of retinal pathology, indicating that this
could constitute a new treatment to prevent visual loss in children
affected by PA.

A common morphological feature observed in all models
of ocular hypoxia/ischemia-reperfusion is the thickening of the
inner layer of the retina due to a pathological increase in gliosis
and angiogenesis (Rey-Funes et al., 2013; Luo et al., 2018).
Gliosis is due to a proliferation of the GFAP-positive processes
of Müller cells (Pekny et al., 2014) whereas the excessive number
of blood vessels reflects a lost balance between proangiogenic and
antiangiogenic factors within the eye environment (Friedlander,
2007). In the present study, both the immunoreactivity and
RNA expression of GFAP was significantly downregulated by
the treatment with MB. The proliferation of reactive astrocytes,
or Müller cells in the case of the retina, is considered an
obstacle for the proper physiological communication among
neighboring neurons (Pekny et al., 2014), so we can consider
that it may contribute to the compromised electrophysiological
recordings we found in PA animals and, perhaps, to the excessive
apoptosis of ganglion cells detected by direct counting and
corroborated by TUNEL. The contribution of MB treatment to
the reduction of retinal gliosis can thus be considered a very
desirable outcome.

Our initial hypothesis was that MB can modulate NO
production and function in the eye and, as a consequence,
could provide neuroprotection for ischemic injuries of the retina,
including PA. Our qRT-PCR results confirm this hypothesis
and show a fast expression of the inducible form of NOS just
4 h after PA, which was prevented by MB. iNOS is a Ca2+

independent isoform of NOS whose expression rises rapidly in
response to inflammatory signals and other injuries, including
ischemia-reperfusion of the retina (Rodrigo et al., 2005). iNOS
produces large amounts of NO which acts as a free radical and
contributes to tissue damage (Toda and Nakanishi-Toda, 2007).
The complete blocking of iNOS induction by MB treatment
points to a mechanistic explanation for the beneficial effects
of MB on preserving retinal function even after suffering
the ischemic insult. Other inflammatory mediators that are
regulated by MB are IL1β and TNFα. The mechanism by
which MB reduces expression of these inflammatory markers
is unknown but it may follow the earlier lowering on iNOS
expression and a general reduction on the inflammatory milieu
of the eye.

Eye angiogenesis must be very tightly controlled to avoid
pathological blood vessel overproduction, which is the cause of
many retinal and choroidal chronic diseases (Lau et al., 2018).
The main proangiogenic factor of the eye is VEGF (Virgili
et al., 2018) whereas the major antiangiogenic factor is PEDF
(Farnoodian et al., 2017). Furthermore, there is a mutually
opposite regulation between these two factors: VEGF can induce
MMP expression, which in turn will degrade retinal PEDF
(Notari et al., 2005). In our analysis, we found a fast upregulation
of VEGF expression within 6 h of PA. This was to be expected
since VEGF is transactivated by HIF-1 transcription factor,
which rapidly signals to the nucleus under hypoxic conditions
(Kurihara et al., 2014). That this upregulation was prevented
by MB treatment suggests a preventive antiangiogenic effect
for MB in the retina. Also, PEDF did not change in the PA
animals but its expression was very significantly elevated in the
PA animals that were treated with MB. This elevation of an
antiangiogenic molecule, together with the downregulation of
VEGF, may partly explain the protective effect of MB on retinal
morphology and physiology.

Another aspect needed for angiogenesis and retinal
thickening is extracellular matrix remodeling. Dynamic changes
in the connective tissue depend on the activity of many proteases,
including MMPs and, in particular, gelatinases (Jabło ńska-
Trypu ć et al., 2016). Interestingly, MMP2 did not respond to
either PA or the treatment with MB but MMP9 expression
increased following PA. It has been shown that hypoxia (Li
and Zheng, 2017) and iNOS (Anavi et al., 2015) can upregulate
MMP9 expression under some conditions, and that MMP9 is a
proangiogenic factor (Djordjevic et al., 2018), so the increased
expression of MMP9 following PA may contribute to enhanced
angiogenesis and the thickening of the IR we observed in these
animals. Also, MMP9 has been implicated in the degradation of
PEDF in the retina (Notari et al., 2005), thus further implicating
this protease in angiogenesis regulation. The fact that MB was
able to completely prevent MMP9 overexpression, probably
through blockade of excessive NO availability, further supports
the protective role of this chemical.

In summary, MB represents an effective treatment to reduce
the physiological, morphological, and molecular telltales of
retinal degeneration following episodes of PA and, given its safety
profile and low cost, it could be used as an alternative therapy to
hypothermia in regions of the world where that intervention may
be unavailable.
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Objective: To investigate the changes of dynamic functional connectivity (DFC) in late

preterm infants, and assess whether these changes are associated with the indicators

measuring the maturity of neonates.

Methods: Resting-state fMRI (rs-fMRI) data of eligible neonates was acquired with a

3.0-T MRI scanner in the Department of Radiology, Daping Hospital, Army Medical

University (Chongqing, China). After the selection of functional connectivity networks

obtained by independent component analysis (ICA), a sliding-window approach was

used to cluster all the windows into different states. Then the differences of temporal

properties of DFC between groups were compared, and the association between these

temporal properties and the degree of maturity was also explored in each state.

Results: Eventually, 34 late preterm and 37 term neonates were included in the final

analysis. Based on their data, 5 components were located in 5 networks: default-mode

(DMN), dorsal attention (DAN), auditory (AUD), sensorimotor (SMN), and visual (VN). Then

four reoccurring state patterns of functional connectivity were identified with the k-means

clustering method. The late preterm group dwelled significantly longer in State III (late

preterm: 33.57 ± 37.64 s, term: 18.50 ± 11.71 s; P = 0.03), which was characterized

by general weaker connectivity between networks. Also, the correlation analysis shows

the degree of maturity is negatively correlated to the dwell time and fractional windows

in State III.

Conclusion: Our findings suggested that compared with term infants, late preterm

infants preferred to stay in a state with general weak connectivity between networks,

but this preference declined as maturity increased.

Keywords: late preterm infants, premature brain injury, fMRI, independent component analysis, dynamic functional

connectivity
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INTRODUCTION

Preterm birth accounts for 11% of all live-births worldwide,
and their survival rate has remarkably increased in recent
few years (1, 2). Preterm infants, even late preterm infants
(born between 34+0 and 36+6 weeks of gestation), are still
at risk for neurodevelopmental impairment. Accounting for
about 75% of all preterm births, late preterm infants are the
largest group of preterm newborns. Severe brain injuries such
as cerebral palsy seldom happen in late preterm infants, but
mild to moderate injuries often occur in this group. According
to recent studies, mild injuries may also lead to developmental
and emotional-behavioral problems in adolescence, involving
language disorder, attention deficit hyperactivity disorder,
developmental coordination disorder, autism spectrum disorder,
and so on (3, 4).

A series of characteristic alterations in the structural and
functional connectivity of brain were identified in many
neurological disorders. By observing these alterations, the
associations across many brain disorders may be revealed (5).
As for neurodevelopmental problems caused by premature birth,
both commonalities and differences in clinical characteristics
have been noticed. Therefore, exploring characteristic alterations
of the connectivity networks in preterm infants may help reveal
mechanisms of various disorders related to premature brain
injury. For instance, lesions in different locations can cause
similar symptoms if these lesions affect the same brain network.
For this reason, we chose to analyze the functional network
connectivity in late preterm neonates.

A recent technique called dynamic functional connectivity
(DFC), assesses temporal variations of functional connectivity
during MRI acquisition by dividing resting-state functional MRI
(rs-fMRI) scans into a series of “sliding windows” (6, 7) and
clustering these windows into several states by k-means method
(6, 8).

We hypothesized that the temporal properties of DFC
between term and late preterm infants were different, and
there were associations between these properties and indicators
measuring maturity.

MATERIALS AND METHODS

Participants
A total of 155 neonates were initially recruited from the
Department of Pediatrics, Daping Hospital, Army Medical
University (Chongqing, China), including 58 term and 97 late
preterm infants. Enrolled patients were initially chosen following
these criteria: neonates without unstable medical condition
or contraindication to MRI, gestational age more than 34
weeks, no acute or chronic diseases, no resuscitation history at
birth, no major congenital malformations, and no congenital
infections. After the acquisition of MRI data, two experienced
experts reviewed the imaging and reported the result together,
infants with definite or suspicious intracranial hemorrhage or
other major structural abnormalities were also excluded in the
following analysis. This step excluded 32 preterm and 3 term
infants, remaining 120 infants in the dataset.

This study was approved by the Ethics Committee of Daping
Hospital, Army Medical University (Chongqing, China). All
study procedures followed the Declaration of Helsinki. Written
informed consent was obtained from every infant’s parents.

Data Acquisition
Scans were collected using a 3.0-T MRI scanner (Siemens,
Germany) during natural sleep in the Department of Radiology,
Daping Hospital, Army Medical University (Chongqing, China).
Infants were transported to MRI scanner, accompanied by a
nurse and a neonatologist. Scanning was immediately done after
the infant was fed to induce drowsiness. Neonatal ear muffs
were used to block out MRI noise. During the examination, each
participant was continuously monitored by an electrocardiogram
and a pulse oximeter and closely observed by the accompanied
neonatologist. Structural images were collected with a turbo-spin
echo (TSE), T2-weighted sequence, TR/TE/flip angle= 3,200/393
ms/150◦, voxel size = 1.25 × 1.25 × 1.95 mm3; 96 transversal
slices, bandwidth = 751 Hz/pixel. Rs-fMRI scans were collected
using a T2-weighted echo-planar imaging (EPI) sequence, field
of view = 220 × 220 mm2, TR/TE/flip angle = 2,000/30 ms/90◦,
voxel size = 3.4 × 3.4 × 3.0 mm3 with no gap, number of slices
= 33. For each neonate, 240 volumes were obtained across the
whole brain.

Preprocessing
The rs-fMRI data was preprocessed using Gretna2.0 (9)
implemented in MATLAB (version R2013b)/SPM12. At the
beginning of preprocessing, the first 10 volumes were removed
to reach a steady state, leaving 230 volumes for each infant.
Slice timing (middle slice as reference slice) was carried out
for correction of acquisition time delay between slices, and
realignment (register to mean) was carried out for correction
of head motion between volumes. Since excessive head motion
can affect DFC analysis (10), conservative inclusion criteria were
chosen to minimize head-motion bias, which means acquisitions
with frame wise displacement (FD) >0.5mm would be removed
(11), as well as the ones with translational movement more than
2mm or rotational movement more than 2◦. According to these
criteria, we excluded 31 late preterm infants and 18 term infants,
and 34 late preterm and 37 term infants were included in the final
analysis. The following steps included reorientation manually,
spatial normalization with EPI template (12), spatially smoothing
with a Gaussian kernel (full width at half-maximum of 4mm).
The flow chart of data processing is shown in Figure 1.

Group Independent Component Analysis
After data preprocessing, a data-driven technique called spatial
independent component analysis (ICA) was performed with
GIFT (version 3.0b) (13, 14) to decompose the data into spatial
independent components. Two steps for data reductions were
run during the analysis, that is, the subject-level and group-
level principal component analysis. ICA was performed under
the component number from 14 to 30 to obtain stable infant
networks (the number estimated by minimum description length
criteria is 14), and at last the component number of 25 was
chosen for its relatively stable and intact network profiles. To
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FIGURE 1 | Flow chart of data processing. The left part shows the overall steps of data processing, and the right part is the detailed sub-steps, including some

important parameters in each step. ICA, independent component analysis; FN, functional networks; DFC, dynamic functional connectivity; FWHM, full width at

half-maximum; PCA, principal component analysis; TRs, times of repetition.

replicate the decomposed independent components, the Infomax
ICA algorithm was repeated for 20 times in ICASSO (15, 16)
and the aggregate spatial maps were generated. With the group
ICA back reconstruction method (17), the subject-specific spatial
maps and their corresponding time courses were then generated.

Functional Networks Selection
To differentiate between resting-state functional networks (FN)
and physiological components, a previously described procedure
was applied (18). Four viewers visually inspected the spatial maps
and average power spectra, and scores from 0 (definite artifact)
to 1 (certain functional network) were given by them based on
these expectations: (1) RSNs should exhibit peak activation in

gray matter, low spatial overlap with vascular, ventricular, and
susceptibility artifacts; (2) Time course should be dominated by
low-frequency fluctuations, with ratio of the integral of spectral
power below 0.10Hz to the integral of power between 0.15 and
0.25Hz (19). Following these criteria, components were divided
into 3 categories: artifact (score = 0), mixed (0 < score < 3),
functional network (score ≥ 3). This procedure resulted in 5
components located in 5 networks, default-mode (DMN), dorsal
attention (DAN), auditory (AUD), sensorimotor (SMN), and
visual (VN), shown in Figure 2.

Additional postprocessing of the selected components was
performed following a previous research (6) to remove remaining
noise sources. Briefly, steps included detrending, filtering with
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FIGURE 2 | Identified networks. Based on the anatomical and functional properties, five components were located in five networks (DMN, DAN, AUD, SMN, VN).

Brighter parts indicate stronger local activity, and under each part is its color bar and peak coordinates.

a cut-off value of low frequency fluctuation set as 0.15Hz,
and despiking.

DFC Analysis
DFC was calculated based on a sliding window approach using
GIFT toolbox. A sliding window length of 22 times of repetition
(TRs) with a Gaussian window Alpha Value of 3 TRs was set,
since this length could provide a good compromise between the
quality of correlation matrix estimation and the ability to resolve
dynamics (6). By sliding the window in a step length of 1 TR along
the 230 TRs length scan, we obtained 208 consecutive windows
across the entire scans. After computing DFC, all the functional
connectivity matrices were transformed to z-score using Fisher’s
z-transformation for further analysis.

K-means method with sqEuclidean distance was used to
regroup similar functional matrices of the different windows into
different states, and the analysis was repeated 150 times to obtain

a relatively stable result. The number of optimal clusters was
calculated following the elbow criterion (6), and the number was
set to be 4.

We investigated the temporal properties of DFC states
derived from the state vector of every infant. Three measures
in subjects were assessed, including: (1) Mean dwell time,
defined as the average number of consecutive windows
belonging to one state before changing to the other state; (2)
fractional windows, defined as the number of total windows
belonging to one state; (3) number of transitions, defined as
the number of times that the state switched from one to
the other.

Statistical Comparisons and Correlations

Analysis
The demographic and clinical data of all initially enrolled
infants were recorded. Statistical analysis was performed
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TABLE 1 | Demographic and clinical data of all initial enrolled patients.

Preterm t/χ2 P Term t/χ2 P

Included Excluded Included Excluded

Demographic data

Number 34 63 37 31

Gestational age (weeks) 35.93 ± 1.34 35.64 ± 0.95 1.11 0.27 40.29 ± 1.06 40.00 ± 0.80 1.04 0.30

Birth weight (kg) 2.03 ± 0.41 2.03 ± 0.23 −0.05 0.96 3.27 ± 0.38 3.29 ± 0.39 −0.19 0.85

SGA infants 11/23 16/47 0.53 0.49 2/35 2/19 0.35 0.62

Delivery method (CS/VD) 9/25 15/48 0.08 0.81 13/24 5/16 0.80 0.40

Twins or triplets 2/32 2/61 0.41 0.61 2/35 0/21 1.18 0.53

Gender (male/female) 15/19 32/31 0.39 0.67 19/18 11/10 0.00 1.00

Days of birth (days) 9.47 ± 2.02 9.48 ± 2.06 −0.01 0.99 9.62 ± 2.30 9.62 ± 1.96 0.00 1.00

PMA (weeks) 37.28 ± 1.34 36.99 ± 0.95 1.10 0.28 41.66 ± 1.13 41.38 ± 0.92 0.96 0.34

Maternal factors

Antenatal steroid 6/28 4/59 3.05 0.16 0 0

PROM 1/33 2/61 0.00 1.00 3/34 1/20 0.23 1.00

DM, GDM, GH or PE 2/32 2/61 0.41 0.61 0/37 1/20 1.79 0.36

Clinical data after birth

Apgar-1min 9.00 ± 1.07 9.24 ± 1.00 −1.09 0.28 9.38 ± 0.86 9.48 ± 0.51 −0.47 0.64

Apgar-5min 9.68 ± 0.48 9.83 ± 0.38 −1.57 0.12 10.00 ± 0.00 9.95 ± 0.22 1.00 0.32

Breast milk/mixed/formula 1/23/10 1/40/22 0.46 0.84 24/10/3 12/8/1 0.88 0.7

Ventilation time (hours) 25.76 ± 28.36 15.81 ± 25.67 1.76 0.08 0.00 ± 0.00 2.29 ± 10.47 −1.00 0.33

Apnea 2/32 2/61 0.41 0.61 0 0

Sepsis 0 0 0 0

Convulsions 0 0 0 0

Hypothermia 1/33 1/62 0.20 1.00 0 0

Student’s t-test or Mann-Whitney U-test was used for continuous variables, while Pearson’s chi-square test was used for categorical variables. SGA, small for gestational age; CS,

cesarean section; VD, vaginal delivery; PMA, postmenstrual age; PROM, premature rupture of the membranes; DM, diabetes mellitus; GDM, gestational diabetes mellitus; GH, gestational

hypertension; PE, preeclampsia.

using Statistical Package for Social Science 24.0 (SPSS
24.0). Differences in the demographic and clinical data
were compared between the final included and excluded
infants, and differences in maturity and temporal properties
of DFC were compared between the late preterm and term
infants. For continuous variables, we used Student’s t-
test for parametric data and Mann-Whitney U-test for
nonparametric data. Pearson’s chi-square test was used
to compare categorical variables. We also carried out
Pearson’s correlation analysis between altered temporal
properties and indicators measuring the maturity
(birth weight, gestational age, postmenstrual age) for
all participants. Significance was set at a P < 0.05 in
all tests.

RESULTS

Demographic and Clinical Characteristics
Recorded characteristics of all initially recruited infants were
compared between the final included and excluded infants,
including demographic characteristics such as gestational age,
days of birth, and postmenstrual age when scanned, some
maternal factors during pregnancy, and clinical data during
hospitalization. No significant differences were found between

TABLE 2 | Demographic characteristics.

Late preterm Term t/χ2 P-value

Number 34 37

Gestational age (weeks) 35.93 ± 1.34 40.29 ± 1.06 −15.27 0.00*

Days after birth (days) 9.47 ± 2.02 9.62 ± 2.30 −0.29 0.77

Postmenstrual age (weeks) 37.28 ± 1.34 41.66 ± 1.13 −14.88 0.00*

Birth Weight (kg) 2.03 ± 0.41 3.27 ± 0.38 −13.38 0.00*

Student’s t-test or Mann-Whitney U-test was used for continuous variables, while

Pearson’s chi-square test was used for categorical variables. Significant results are

marked with a *.

them, as shown in Table 1. These results indicated that
characteristics of the final included and excluded infants were
roughly balanced. Then we compared the indicators measuring
maturity between final included late term and term infants,
which were significantly different between groups, including
gestational age (preterm:35.93 ± 1.34, term:40.29 ± 1.06; P
= 0.00), postmenstrual age when scanned (preterm: 37.28
± 1.34, term:41.66 ± 1.13, P = 0.00), and birth weight
(preterm: 2.03 ± 0.41, term: 3.27 ± 0.38, P = 0.00), as shown
in Table 2.
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FIGURE 3 | Cluster centroids of each state. The total number of occurrences and percentage of total occurrences of each state are listed above each cluster. State I

was dominated by weak connections except the connection between SMN and AUD, State II was characterized by relatively strong positive and negative connectivity,

State III was characterized by general weak connectivity between networks, State IV demonstrated relatively strong positive connections across nearly all networks.

TABLE 3 | Temporal properties.

Preterm Term t P

Dwell time (State I) 10.36 ± 12.67 25.43 ± 33.07 −2.49 0.02*

Dwell time (State II) 14.83 ± 15.96 13.75 ± 34.18 0.17 0.87

Dwell time (State III) 33.57 ± 37.64 18.50 ± 11.71 2.24 0.03*

Dwell time (State IV) 22.12 ± 35.76 21.98 ± 47.00 0.01 0.99

Fractional windows (State I, %) 12.51 ± 17.24 32.89 ± 26.26 −3.89 0.00*

Fractional windows (State II, %) 13.05 ± 12.59 12.69 ± 20.56 0.09 0.93

Fractional windows (State III, %) 48.11 ± 25.69 36.16 ± 23.96 2.02 0.04*

Fractional windows (State IV, %) 26.33 ± 25.17 18.26 ± 26.34 1.32 0.19

Number of transitions 8.21 ± 3.91 8.57 ± 4.32 −0.37 0.71

For continuous variables, student’s t-test was used for parametric data and Mann-Whitney U-test was used for non-parametric data, significant results are marked with a *.

Temporal Properties of Dynamic

Connectivity in Each State
We identified four reoccurring state patterns of functional
connectivity based on the k-means clustering method. As
illustrated in Figure 3, State III, which was characterized by
general weak connectivity, occurred most frequently in all states
(42%), while State II, which was characterized by relatively strong
positive and negative connectivity, occurred least frequently
(13%). More specifically, State III portrayed wide-spread weak
between-network connectivity among all identified networks,
including DMN, DAN, AUD, SMN, and VN, suggesting a rather
static functional activity in State III. Additionally, State I occurred
in 23% and State IV in 22% of all the windows. State IV
demonstrated relatively strong positive connections across nearly
all networks, whereas State I was dominated by weak connections
except the connection between SMN and AUD.

As shown in Table 3, the mean dwell time in State I and State
III was significantly different between groups. Specifically, the
late preterm group showed a significantly shorter mean dwell
time in State I (preterm: 10.36 ± 12.67, term: 25.43 ± 33.07, P
= 0.02), while a significantly longer mean dwell time in state III
(preterm: 33.57± 37.64, term: 18.50± 11.71; P= 0.03). Notably,
as shown in the violin plot in Figure 5B, some infants in the
late preterm group spent extremely long time in State III, while
no one in the term group did. As for the fractional windows,

significant differences between groups were also identified in
State I and State III. No significant group differences were
identified in the mean dwell time or fractional windows in State
II and State IV. The number of transitions was not significantly
different between groups, either.

In summary, these changes indicated that the late preterm
group switched states as frequently as the term infants, but they
stay longer in State III than term infants. Since State III was
characterized by general weak functional connectivity among
all networks, it seemed that late preterm group preferred to
stay in a more inactive state, compared with term neonates.
Between-group comparison of cluster centroids of each state and
the temporal properties of DFC were presented in Figures 4,
5, respectively.

Correlation Between Clinical Data and DFC

Properties
Correlation analysis was carried out to test whether the temporal
properties of DFC were associated with the indicators measuring
the maturity of included infants (gestational age, postmenstrual
age, birth-weight). In line with our hypothesis, the mean dwell
time and fractional time in State III showed a significant negative
correlation with all these maturity indicators, whereas a positive
correlation was found in state I, as shown in Table 4.
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FIGURE 4 | Between-group comparison of cluster centroids of each state.

DISCUSSION

With increasing evidence emphasizing the neurodevelopmental
problems faced by late preterm children (20), there is an
increasing need to explore the possible underlying changes
in their brains. Conventional brain MRI has the potential to
detect even minor structural changes and help clinicians to
make early diagnosis about premature brain injury. However,
some late preterm infants without obvious structural changes
also have developmental and emotional-behavioral problems
in childhood and adolescence. Previous study has provided
evidence for an aberrant structural and functional connectivity in
preterm infants and a long-lasting impact of preterm birth on the
organization of resting-state networks in school-aged children
and adolescents (21, 22). Nonetheless, previous rs-fMRI studies
of premature infants were mostly performed when they reached
term equivalent age (23–25). As for the rapidly developing
newborn brains, the best window for observing abnormalities
may be missed. As far as we know, this is the first study
that applied a DFC method to identify differences in the DFC
properties between late preterm and term neonates, and the
scanning time of all infants was from 34+6 to 43+2 weeks of
postmenstrual age. Results demonstrated that a DFC approach
can capture functional dynamics and reveal DFC characteristics
in both term and late preterm brains across time.

In this study, we mainly focused on the temporal properties
of the DFC, including the mean dwell time, fractional windows
and the number of transitions. Besides, we investigated the
association between these temporal properties and indicators
measuring thematurity. Five networks (DMN,DAN, AUD, SMN,
and VN) were found in included neonates, which demonstrates
a much simpler constitution than the functional networks in

adults. Based on identified networks, four connectivity states
were found across all participants. Significant differences existed
between groups in the time staying in State III, which was
characterized by general weak connectivity. The result indicated
the preference for a weak connectivity state in late preterm
infants. In addition, the correlation analysis showed the degree
of maturation was negatively correlated to the dwell time
and fractional time in state III, whereas state I showed the
opposite result. The late preterm group spent less time in State
I, which was dominated by weak connectivity but relatively
strong connectivity between SMN and AUD. However, cautions
are needed when explaining the result about State I, since
it contains negative connections, and the retest reliability of
negative connections was questioned by a previous research (26).

Since functional connectivity of premature infants of different
gestational age demonstrates different development stages out of
the uterus, it is worth noting that in both groups, SMN shows
a strong connectivity with AUD in all states except State I,
which is in line with the regular sequence of neurodevelopment
of this period. Previous studies have identified multiple RSNs
incorporating cortical and subcortical gray matter regions,
including those located in primary motor and sensory cortices
(e.g., SMN, VN, AUD) and those involving association cortices
(e.g., DMN, DAN, frontoparietal control) (23, 27, 28). It was
reported that networks located in primary sensory and motor
regions are established by term, and these networks demonstrate
less variability between subjects (29). Our findings show that the
connections between SMN and VN are strong in most of states
in both late preterm and term group, which is consistent with the
sequence of networks development identified by previous studies.

The causes and mechanisms of premature brain injury
are so complex, so this study chose strict inclusion criteria to
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FIGURE 5 | Temporal properties of DFC states for the late preterm and term neonates. (A) Percentage of total time that all subjects spent in each state. (B) Mean

dwell time and number of transitions between states were plotted using violin plots. The fractional windows and mean dwell time in State I and State III were

significantly different between groups. It is worth noting that some infants in the late preterm group spent very long time in State III, while no one in the term group did.

make it possible to investigate one of the possible mechanisms.
In addition, this study excluded infants with hemorrhage
to simplify the research condition and facilitate the spatial
normalization process. At the same time, this inclusion criteria
may cause bias for the analysis, since preterm infants have a
significantly higher chance of intracranial hemorrhage than
term infants, which usually occurs within 72 h after birth and
can lead to long-term neurological sequelae (30). Besides, a
unique challenge was placed in image registration in infants,
especially in those with brain injury. Specifically, due to the
rapid changes in the size and cortical folding of brain in early
life, notable heterogeneity exists in the registration process
when we process data from neonates of different maturity. Our
study included patients whose postmenstrual age is between
34+6 weeks and 43+2 weeks, and used the neonatal atlas
for both term and late preterm infants. A narrower period
for gestational-age specific atlas, such as 2–4 weeks, might
make the spatial normalization more precise. In addition, we
found some infants in the late preterm group spent extremely
long time in State III, so the follow-up of neurodevelopment

in these infants is very meaningful for they might have a
higher chance of neurodevelopmental problems. But our study
failed to perform reliable statistical analysis of the follow-up
data due to the low completion rate of follow-up. However,
though there is a lack of direct evidences to support the view
that the length of time in State III is positively associated
with neurodevelopment in the future, indirect evidences
provided by previous studies of static functional connectivity
indicate that preterm birth has persisting developmental
effects on functional connectivity and motor performance in
children, and altered static functional connectivity is related
to motor development in childhood (31, 32). In addition,
studies of DFC in adults have shown that the dwell time in
a weakly connected state is associated with cognitive and
intellectual impairment in a variety of neuropsychiatric
disorders such as Parkinson’s disease, autism and
depression (33–35).

To conclude, this is the first study to assess dynamic
connectivity properties in neonates. Compared to term
neonates, the late preterm group shows a preference for
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TABLE 4 | Correlations between DFC temporal properties and clinical

characteristics.

GA PMA BW

Dwell time (State I) r 0.370 0.406 0.383

P 0.001* 0.000* 0.001*

Dwell time (State II) r −0.109 −0.109 −0.079

P 0.367 0.367 0.511

Dwell time (State III) r −0.338 −0.327 −0.292

P 0.004* 0.005* 0.014*

Dwell time (State IV) r 0.043 0.015 −0.049

P 0.724 0.898 0.685

Fractional windows (State I, %) r 0.529 0.558 0.508

P 0.000* 0.000* 0.000*

Fractional windows (State II, %) r −0.114 −0.120 −0.059

P 0.343 0.319 0.623

Fractional windows (State III, %) r −0.279 −0.285 −0.219

P 0.018* 0.016* 0.067

Fractional windows (State IV, %) r −0.151 −0.169 −0.227

P 0.209 0.158 0.057

Number of transitions r 0.059 0.045 0.084

P 0.627 0.712 0.485

Pearson’s correlation test was used, significant results are marked with a *. GA, gestational

age; PMA, postmenstrual age; BW, birth-weight.

a state with general weak connectivity and the length of
time in that state is negatively correlated to the degree of
maturity. We believe these findings provide new perspectives
for understanding the state-dependent neurophysiological
mechanisms in premature brain injury. However, due to unique
challenges associated with neonatal neuroimaging acquisition

and analysis, further targeted studies were needed in this
high-risk population.
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Many preterm neonates require mechanical ventilation which increases the risk of

cerebral inflammation and white matter injury in the immature brain. In this review,

we discuss the links between ventilation and brain injury with a focus on the

immediate period after birth, incorporating respiratory support in the delivery room

and subsequent mechanical ventilation in the neonatal intensive care unit. This review

collates insight from large animal models in which acute injurious ventilation and

prolonged periods of ventilation have been used to create clinically relevant brain injury

patterns. These models are valuable resources in investigating the pathophysiology

of ventilation-induced brain injury and have important translational implications. We

discuss the challenges of reconciling lung and brain maturation in commonly used large

animal models. A comprehensive understanding of ventilation-induced brain injury is

necessary to guide the way we care for preterm neonates, with the goal to improve

their neurodevelopmental outcomes.

Keywords: ventilation, respiratory support, ventilation-induced brain injury, neurodevelopment, preterm

INTRODUCTION

Respiratory support is a necessary life-saving intervention which has been associated with brain
injury, especially in preterm neonates. Preterm birth, defined as birth prior to 37 completed
weeks of gestation, is a major cause of perinatal mortality and morbidity (1, 2). Almost 1 million
preterm infants who survive the neonatal period suffer adverse neurodevelopmental outcomes (1)
which, in addition to an individual burden, imposes enormous financial and social costs to their
families and society. Many complications associated with prematurity are due to an interruption
of normal organ development that would otherwise proceed to term in utero. For this reason,
the distinction of babies by gestational age (GA) at birth—extremely preterm (<28 weeks), very
preterm (28–<32 weeks), and moderate to late preterm (32–<37 weeks)—helps to identify infant
populations which are most at risk of complications related to preterm birth (3). Notably, the lungs
of very and extremely preterm infants are often too immature to provide adequate respiratory
function required to sustain extrauterine life.
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The lower the GA of the infant at birth, the less mature the
lungs are, and the higher the requirement for respiratory support.
An estimated 2.4 million babies are born very and extremely
preterm worldwide each year (3) and ∼60–95% of these infants
will require respiratory support during their neonatal period
(2, 4–7). At the same time, the brains of these infants who require
respiratory support are at a vulnerable stage of development
and prone to injury. It is this combination of high requirements
for respiratory support and the heightened vulnerability of their
immature brains that increases the risk of ventilation-induced
brain injury (VIBI) in extremely preterm infants.

Importantly, VIBI is likely to ensue as early as when
respiratory support commences in the delivery room. Depending
on GA, ∼34–85% of preterm infants require intubation and
positive pressure ventilation (PPV) to establish lung aeration
immediately after birth (2, 8–10). These statistics exclude non-
invasive forms of ventilation, meaning the total percentage of
preterm infants who need respiratory support immediately after
birth is substantially higher. Despite this high requirement, the
limitations of equipment used in delivery suites mean that a
significant proportion of babies receive inappropriate pressures
or tidal volumes (VT) (11, 12), which can initiate pathways
leading to VIBI (13). Subsequent to this, the duration of
ventilatory support in the neonatal intensive care unit (NICU) is
proportional to the risk of neurodevelopmental impairment and
disorders (5, 14).

Respiratory support exacerbates key pathways of preterm
brain injury: (1) cerebral inflammation and (2) cerebral
hemodynamic instability (13, 15, 16), meaning ventilated
preterm infants are in the unfortunate position of double
jeopardy and are at an increased risk of brain injury. The nature
of VIBI is not fully understood because it is difficult to determine
clinically if brain injury is attributed solely or predominantly to
ventilation. It is in this background that large animal models
have played a vital role in improving our understanding of the
pathogenesis of VIBI and to aid development of therapies.

In this review we will explore the issue of VIBI, how large
animal models have been utilized to investigate VIBI, and the
value of these models to develop much-needed therapies.

PRETERM BIRTH, THE REQUIREMENT

FOR RESPIRATORY SUPPORT, AND HOW

THIS MAY BE INJURIOUS

Prematurity is the key contributor to the need for respiratory
support in newborns. The majority of extremely preterm
newborns will require respiratory support due to inadequate
alveolarization, insufficient surfactant production, and impaired
lung liquid clearance, together with reduced respiratory drive,
weak chest muscles and flexible ribs (16, 17).

Our improved understanding of respiratory transition and
lung function from fetal to newborn life has led to significant
advances in neonatal respiratory care, many of which aim
to reduce the risk of chronic lung diseases and adverse
neonatal outcomes. Despite this, a significant proportion
of preterm infants still develop long-term pulmonary and

neurodevelopmental morbidities due to ventilation-induced
injury. Various methods of respiratory support (e.g., nasal
continuous positive airway pressure, PPV via face mask or
endotracheal tube) have been linked to cerebral inflammation
and neuropathologies in preterm infants, including cystic
periventricular leukomalacia, diffuse white matter injury and
intraventricular hemorrhage (IVH) (14, 18–21). It is essential
to clarify and address the effect ventilation has on the
preterm infant.

Positive Pressure Ventilation in the Delivery

Room
Most infants can independently transition from a fetus to
a newborn, but many preterm infants will require assistance
for this physiologically challenging process. Neonatal transition
involves cardiovascular adaptations and, more importantly,
respiratory adaptations since the newborn is no longer supported
by the placenta for oxygenation (17). Infants who cannot
spontaneously breathe at birth will require PPV which is usually
first delivered non-invasively via a facemask, and infants who are
still unable to initiate stable respiration are intubated (22, 23).
Extremely preterm infants may be electively intubated in the
delivery room in some centers although it has been suggested that
individualized intubation strategies after establishing respiratory
failure may be better to reduce morbidities (24, 25), given that
the process of intubation may itself be injurious and is associated
with neurodevelopmental impairments (26).

A significant proportion of very and extremely infants require
intubation in the delivery room. Despite decreasing percentages
of infants requiring intubation in the delivery room over the past
decades (7, 10), a staggering 31.6–77.7% of very low birth weight
(VLBW) and/or extremely preterm infants continue to require
this invasive intervention (2, 7, 9, 10). Early PPV in the delivery
room has been associated with the development of severe IVH
(20, 21). VLBW infants, mostly born extremely preterm, who
received PPV in the delivery room had a nearly 3-fold increased
likelihood of severe IVH (grades III and IV) than infants who
did not receive PPV (20). However, it could be that the infants
who require higher levels of intervention are sicker and more
vulnerable to brain injury to begin with, hence it is challenging to
accurately determine the extent to which advanced resuscitation
is causal in the progression of brain injury in these infants.

Importantly, despite the high requirement of PPV in the
delivery room, it is likely the least controlled respiratory support a
neonate will ever receive, and this has proven to be inadvertently
injurious to the immature brain (11, 13, 21). Current neonatal
resuscitation guidelines in the delivery room rely on visual
assessment of chest rise to deliver an adequate VT during PPV
where pressure monitoring is unavailable (23, 27, 28). Besides
being subjective, the ability to observe changes in chest wall
movement is reduced when a preterm infant is covered to
maintain body temperature during delivery room resuscitation,
stabilization, and transportation (27). It is challenging even for
experienced clinicians to accurately estimate the VT delivered
(11, 28) and a noticeably expanded chest wall from PPV may
itself be a sign of lung overdistension. Excessively high VT causes
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volutrauma—a major cause of lung inflammation and injury
(16, 29–32). Together, these factors contribute to a suboptimal
ventilation situation that leads to injury of the lung and,
consequently, the brain. Indeed, the use of excessive VT has dire
consequences on the immature brain. Preterm infants<29 weeks
GA who received unintentional high VT ventilation (>6 ml/kg,
where median normal VT is 4.2–5.8 ml/kg) in the delivery room
had a nearly 4-fold higher incidence of IVH than infants who
received normal VT (<6 ml/kg; 51% vs. 13%) (21, 33).

Other mechanisms by which PPV leads to lung injury
are barotrauma (e.g., high airway pressure), atelectrauma
(e.g., repeated opening and closing of collapsed airways), and
biotrauma (30–32, 34). Systemic inflammation secondary to lung
injury can also initiate cerebral inflammation which is a major
cause of brain injury. Inappropriate ventilation pressures and
volumes can also trigger the hemodynamic pathway of injury to
cause hemorrhagic brain injury (13).

Mechanical Ventilation in the Neonatal

Intensive Care Unit
Preterm infants often continue to require respiratory support
after transfer to the NICU. In Australia and New Zealand, up
to 95.0% of very and extremely preterm babies (<32 weeks GA)
and 91.3% of moderate to late preterm infants (32–36 weeks GA)
needed assisted ventilation in the NICU, with each baby receiving
on average 8.8 days of assisted ventilation (2). A cohort study
in South Korea reported that 38.5% of VLBW preterm infants
received>7 days of mechanical ventilation (35). Importantly, the
trends for long-term respiratory support in preterm infants do
not seem to be decreasing (2, 36).

Prolonged periods of mechanical ventilation increases the
risks of IVH (4, 22), periventricular leukomalacia or white matter
injury (4, 6, 19, 35, 37), cerebral palsy (14), and attention deficit
hyperactivity disorder (14) in preterm infants. In a retrospective
analysis of extremely low birth weight infants, most of whom
were extremely preterm, only 24% of infants who were ventilated
for ≥60 days and 7% of those ventilated for ≥90 days survived
without neurodevelopmental impairments (5). All infants who
had been ventilated for ≥120 days and survived suffered some
form of neurodevelopmental impairment (5).

Compared to the initiation of PPV in the delivery room,
PPV in the NICU is much more controlled with sophisticated
equipment and vigilant monitoring of ventilation parameters
(38). The precise cause of VIBI in this setting has not been
thoroughly investigated, with additional confounding factors
such as analgesia and anesthetics (39–41), oxygenation (19),
and a plethora of other NICU interventions for a range
of primary and/or secondary complications that need to
be considered. However, it is known that the duration of
ventilation is an important determinant of neurodevelopmental
morbidities (5, 19, 42).

Attempts to shift management encouraging earlier extubation
or less invasive ventilation strategies have not translated
to improved neurological outcomes in preterm infants (43).
Furthermore, limiting the duration of mechanical ventilation to
reduce complications is not always feasible with preterm infants.

Therefore, it is imperative to devise treatments for unavoidable
brain injury from prolonged respiratory support.

USING ANIMAL MODELS TO INVESTIGATE

VENTILATION-INDUCED BRAIN INJURY

Clinical observations discussed above underpin the need to
understand mechanisms through which respiratory support
causes brain injury, to allow focused clinical strategies or
new therapies aimed at improving outcomes. However, such
investigations are not necessarily achievable in preterm infants
since respiratory support cannot be studied in isolation.
Herein lies the value of using animals for comprehensive
characterization of VIBI through imaging, physiological,
immunohistochemical, and molecular techniques. Animals
can also be used to model various conditions such as growth
restriction and chorioamnionitis to more closely interrogate
VIBI under conditions of compromised pregnancies.

Studies using large animals, most often sheep, to model
ventilation-induced injury can be categorized by experimental
technique (fetal [head-out or in utero ventilation] or neonatal
ventilation) and period/duration of ventilation (acute or chronic)
(Figure 1). These different experimental techniques enable
replication of specific scenarios of preterm respiratory support,
including the initial resuscitation in the delivery room and
prolonged care in the NICU. However, with all models, an
understanding of the strengths and limitations is essential
for appropriate interpretation of the findings and potential
replication in clinical trials.

Balance Between Lung and Brain

Development in Large Animal Models
An inevitable limitation to using large animals to model neonatal
conditions is the difference in developmental milestones of major
organ systems and physiology compared to humans. The animal’s
age cannot be chosen based on gestation duration alone since
an animal at 0.65 gestation is not necessarily developmentally
equivalent to a human at 0.65 gestation. Instead, the crucial
factor is the stage of development of the organ of interest. This
proves challenging for models of VIBI as the developmental
milestones of both the brain and lungs must be considered.
Detailed comparisons of species-specific lung development and
anatomical features have previously been compiled (44–46) and
comparisons for brain development are summarized in Table 1.
This presents a conundrum: how do we balance desired stage of
brain development with lung maturation?

Non-human primate studies have used baboons (Papio papio;
Papio cynocephalus) delivered at 125 days (term is 185 days;
0.68 gestation) which have similar lung development to an
infant born at 26 weeks preterm age (44). At this stage, brain
development is comparable to that of a 26–28 week-old extremely
preterm human infant (51). While these developmental stages
are congruent, there are significant technical challenges as well
as practical, financial and ethical concerns associated with the
use of non-human primates (62). Thus, even though they are
the closest animal models to humans and offer vital insights to
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FIGURE 1 | Experimental models of ventilation-induced injury in sheep outlining the major advantages and disadvantages of each model.

developmental studies (62), non-human primate models of VIBI
are relatively less commonly pursued.

Piglets (Sus scrofa) have been proposed to be suitable for
studying neurodevelopment and cerebral consequences of early
life insults (63). A piglet at 91–94 days gestation (term is 115 days;
0.8 gestation) is physiologically similar to a 23–25 week extremely
preterm infant in terms of lung development and the requirement
for respiratory support for survival (64). Neurodevelopment of
the piglet at this GA is slightly more mature, comparable instead
to a moderate to late preterm human infant (63, 65). Besides
this developmental mismatch, there are significant challenges in
performing fetal surgery and chronic instrumentation in pigs due
to relatively large litters and the large size of the sow. Hence,
piglets have not been widely used in VIBI studies that require
these techniques. The suitability of piglets in postnatal ventilation
studies for VIBI has not been extensively explored.

Similarly, brain maturation in sheep (Ovies aries) advances
more rapidly in late gestation than development of the lungs,
relative to humans. Previous studies in preterm lambs that have
investigated VIBI were performed at the earliest GA at which
the lambs were viable with respiratory support [125 days where
term is 148 days; 0.85 gestation; structural lung development
comparable to a 26–28 week human infant (46, 66)]. However,
a limitation is that the fetal sheep brain development at 125 days

gestation is comparable to a late preterm or term human fetus
on the basis of white matter maturation (60, 61). Studies using
lambs at this gestation have investigated the effect of respiratory
support for up to 4 weeks on chronic lung injury (67), but have
only looked at VIBI up to 24 h of ventilation (68).

Modeling of Acute VIBI
Animal studies to date have focused on VIBI downstream of
lung injury resulting from volutrauma in the delivery room.
The rationale behind these studies is that clinical findings have
shown that variable VT during delivery room resuscitation can
be outside recommended limits (11, 12, 69).

Observed VT during mask ventilation can range from 0 to 31
ml/kg (11, 12, 69) and VT during endotracheal tube ventilation
has been reported to be 3.9–9.6 ml/kg (12). The upper ranges
of these VT are higher than the recommended 4–8 ml/kg for
very and extremely preterm infants (11). This is critical as we
have known for decades that as few as six manual inflations of
high VT (35–40 ml/kg) are enough to induce injury in immature,
surfactant-deficient lungs of preterm lambs (70). Sheep studies
that have investigated acute VIBI have similarly found that brief
periods of high VT ventilation resulted in detectable brain injury
as early as 90min after ventilation onset (13, 15, 16, 71–73).
Importantly, even if recommended VT is delivered, the act of
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TABLE 1 | Comparative gestational ages for key brain development processes in the human, baboon, and sheep.

Developmental process Human (term 40 weeks) Baboon (term 185 days) Sheep (term 148 days)

Weight

Growth spurt 26–28 wk 125–140 d 85–100 d

Cortical folding

Primary ev 26–28 wk ev 125 d ev 71–89 d

Secondary ev 32–34 wk ev 140 d n.d.

Tertiary ev 40–44wk ev 160 d n.d.

Six distinct cortical layers ev 28 wk ev 125 d ev 89 d

Neurogenesis and Gliogenesis

Main neuronal multiplication 10–15 wk n.d. 40–80 d

Main glial multiplication 36–40 wk n.d. 95–130 d

Myelination

Periventricular white matter (preOL predominant) 23–28 wk n.d. 93–99 d

Internal capsule ev 32 wk ev 125 d ev 78–96 d

Superior temporal gyrus Mature at 48 wk Moderate at 160 d n.d.

Cerebellum ev 28 wk ev 125 d ev 80 d

d, days; ev. evident at; n.d., not determined; OL, oligodendrocytes; wk. weeks.
Note that there is often heterogeneity in development not just between different regions in the brain, but within each region. Compiled from refs human and cross-species comparisons
(19, 47–50), baboon (51–53), sheep (54–61).

respiratory support in itself can activate an immune response in
immature respiratory units (30, 31, 34).

To isolate this initial period of injurious respiratory support,
akin to poorly regulated VT in the delivery room, sheep studies
have employed an acute high VT ventilation strategy: 15min
injurious ventilation with stepwise increments of VT to achieve
a high target VT of 10–15 ml/kg, which is 2–3 times the normal
VT of lambs for that GA (125 days of term 148 days; ∼5–7
ml/kg) (13, 15, 16, 71–73). Thereafter, lambs are sustained on
appropriate respiratory support (neonatal model) or returned
to the uterus (head-out model) to allow for the inflammation
and injury pathways to manifest into gross lung/brain injury.
These studies have provided valuable information on the
pathology and mechanisms of acute VIBI (discussed in section
Understanding VIBI From Injurious Respiratory Support in the
Delivery Room).

Chronic Models of VIBI
The majority of animal models used to model VIBI are acute,
focusing on the initial hours after birth. This is mainly due to
inherent problems with maintaining animals for long periods
of time. In particular, the problem with maintaining respiratory
support for long periods of time in newborn animal models is
the inability to control for specific factors, due to the need to
introduce increasing levels of neonatal intensive care—akin to
that of looking after a chronically ventilated preterm infant. To
get around this problem, animal models have utilized respiratory
support via a head-out approach or entirely in utero (Figure 1).
Using these techniques, the intact placental circulation manages
nutrition and gas exchange of the fetus, allowing subtle
mechanisms of respiratory support to be examined. In the head-
out approach, the fetal head and chest are exteriorized, the
fetus is intubated and ventilation with various strategies altering

delivered volume, pressures, respiratory frequencies, or oxygen
content, and then returned to the uterus (74–78). In utero
ventilation (IUV) studies require the fetus to be exteriorized
and instrumented with ventilation tubes and equipment required
for monitoring prior to being returned to the uterus. After a
recovery period for the ewe and fetus, the fetus is ventilated
via the externalized ventilation tubes for various times, although
to date the longest has been 12 h (79–81). IUV has been used
in fetal sheep to study cardiopulmonary physiology (82, 83),
lung mechanics (84), and ventilation-induced lung injury (79,
81, 85). While cerebral physiological responses to IUV have been
investigated previously (86), histopathology of brain injury after
IUV has not been reported.

It is obvious that these in utero models are not designed
with the intention to replicate clinical situations given that
prolonged neonatal studies are more reflective of current clinical
care. Instead, they provide the opportunity to manipulate
specific ventilatory parameters in isolation so that we can better
understand the contribution of a sole variable to lung and brain
injury. Importantly, the IUV model allows ventilation of a fetus
at a younger gestation than would be viable postnatally. This
is advantageous, especially in ovine models, as the stage of
brain development will be more comparable to that of extremely
preterm infants.

UNDERSTANDING VIBI FROM INJURIOUS

RESPIRATORY SUPPORT IN THE

DELIVERY ROOM

Animal Studies That Investigate Pathology

of VIBI
Studies in preterm lambs have characterized acute white matter
changes following 15min of injurious high VT ventilation
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(13, 15, 16, 71–73, 87, 88). High VT ventilation causes a robust
pulmonary inflammatory response which increases systemic
and cerebral inflammation, characterized by elevated IL-6
and IL-8 messenger ribonucleic acid (mRNA) levels in the
periventricular and subcortical white matter of the brain in
ventilated preterm lambs (15, 73, 87). Increased microglial
activation and aggregation, and a higher incidence of vascular
protein extravasation (indicative of a compromised blood-
brain barrier) and cerebral hemorrhage in the same regions
were also observed (15, 73, 88). Injurious ventilation did not
alter expression of myelin basic protein (MBP; oligodendrocyte
marker) in the internal capsule or neuronal nuclei (NeuN;
neuron marker) in the thalamus (89) and did not increase
inflammation or injury in gray matter (90).

Importantly, pathology resultant from injurious ventilation
can be visualized using non-invasive imaging such as magnetic
resonance imaging (MRI) (72, 77, 91) and correlated with
histopathology (89). Magnetic resonance spectroscopy (MRS)
detected acute changes in brain metabolite peak-area ratios
(Lactate/Creatine and Lactate/Choline) in preterm lambs that
received high VT although macroscopic injury was absent
in structural MR images (T1, T2) (72). Alterations in MRS-
detected metabolite levels relate to neuronal damage and
potentially predict subsequent neurodevelopmental impairments
(92, 93). Notably, these MRS changes were observed within
90min of ventilation onset (72). Recent findings suggest that
MRS-detectable changes persist 24 h after injurious ventilation
(77). Diffusion tensor imaging (DTI) perhaps offers the
most sensitive measures of early brain injury. DTI detected
decreased diffusivity measures in the frontal white matter
(axial, radial, and mean) and internal capsule (axial) in
preterm lambs 24 h after injurious ventilation (77). These
parameters have been suggested to correlate with myelination
deficits (77).

Mechanistic Insight From Animal Studies
Several explanations have been put forward to link ventilation
and brain injury. Studies in ventilated preterm lambs have
identified two major pathways of acute VIBI: cerebral
inflammation and hemodynamic instability (13, 15, 16, 77).
Both pathways are proposed to be downstream effects of the
pulmonary consequences following ventilation (13, 15, 16).
Incidentally, these key VIBI pathways mirror those of preterm
brain injury—suggesting compounded risk of injury in
preterm infants. These mechanisms have been reviewed
previously (13).

Briefly, the inflammatory pathway of VIBI involves
upregulation of pro-inflammatory cytokines (e.g., IL-6, IL-
8) and activation of microglia and astrocytes within the
developing white matter of the brain (94). Injurious ventilation
initiates a profound pulmonary inflammatory response caused
by volutrauma, barotrauma, atelectrauma, and/or biotrauma
(30–32, 34). This inflammatory cascade is associated with
systemic inflammation and subsequent localized inflammation
and injury in the white matter involving glia cells (13, 15, 16).
Activated microglia and astrocytes are thought to mediate the
destruction of cells in the oligodendrocyte lineage, contributing

to hypomyelination and diffuse white matter injury that can
underlie long-term neurological sequelae such as cerebral
palsy (94, 95).

The hemodynamic pathway of injury refers to significant
alterations, caused by PPV and atypical to hemodynamic
changes during the transition at birth, to pulmonary blood
flow and consequently cardiac output and cerebral blood
flow (CBF) (15, 16). During PPV, applying a high pressure
into the airways decreases pulmonary capillary transmural
pressure, causing compression of intra-alveolar capillaries, hence
increasing capillary resistance and decreasing pulmonary blood
flow (13, 16). This reduces pulmonary venous return, left
ventricular output, and accordingly alters CBF (13, 15, 16).
Arterial blood pressure variability within a physiological range
is not usually a problem because it is compensated by pressure-
flow autoregulation to sustain a stable CBF. This involves
constriction and dilation of arteries to alter cerebral vasculature
resistance in response to changing perfusion pressures (96).
The autoregulatory plateau, bounded by lower and upper
limits of arterial pressure, has been postulated to be narrower
in preterm infants with decreasing GA (96–98). Moreover,
it has been suggested that preterm delivery or treatments
reflective of clinical care of the preterm infant, including
mechanical ventilation, affects cerebral autoregulation (99).
Prolonged CBF fluctuations for more than 10 to 20 s has
been defined as cerebral hemodynamic instability (100). The
initiation of ventilation in preterm lambs caused CBF instability
in the initial 15min, even when a gentle strategy was used
(71); the variability in CBF amplified when an injurious high
VT strategy was used (15). Clinically, 91% of babies with
respiratory distress syndrome who had fluctuating CBF after
12 h of life subsequently had an IVH (101), highlighting the
critical importance of preventing fluctuations in hemodynamics
immediately after birth.

The relative contribution of each pathway toward the
progression of white matter injury discussed in section Animal
Studies That Investigate Pathology of VIBI is unknown although
a recent study suggests that the hemodynamic pathway
has an additive effect on the inflammatory pathway on
injury progression, but the inflammatory pathway seems to
dominate (77).

UNDERSTANDING VIBI FROM

VENTILATION IN THE NEONATAL

INTENSIVE CARE UNIT

Ventilation studies in preterm baboons and lambs suggest that
the brain injury underlying neurodevelopmental impairments
in chronically ventilated preterm infants involves subtle diffuse
white and gray matter lesions, often without intraventricular or
germinal matrix hemorrhage and overt lesions or infarcts
(19, 51, 102–104). This indicates a potentially distinct
mechanism of injury to acute VIBI sustained in delivery
room settings.

Preterm baboons have been used extensively to study the
impact of prolonged mechanical ventilation (2–4 weeks) on the
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lungs (105–107) and, more recently, the brain (103, 107, 108).
In these studies, preterm baboons (125 days of term 185 days;
0.68 gestation) are cared for with similar interventions to that of
preterm infants in the NICU, including mechanical ventilation
using a gentle strategy tomaintain VT at 4–6ml/kg with adequate
chest motion (51, 106). While not investigating injury from
ventilation per se, the brain injury observed in these animals is not
from any direct insult or influenced by potentiating conditions
associated with preterm birth or an adverse uterine environment.
The subtle neuropathologies from preterm birth and subsequent
intensive care alone closely resemble what is observed clinically
(51, 102, 103, 109). After 14 days of ventilator support, preterm
baboon brains had delayed gyrification (102, 104), reduced brain
weight (102–104), reduced white and gray matter volumes (103,
104), increased white and gray matter injury (51), increased
astrogliosis in the forebrain (103), increased ramified microglia
(103), and a reduction of oligodendrocytes (103, 104) compared
to gestation-matched controls. These histopathological indices
correlated with microstructural and macrostructural changes
detected by ex vivoMRI (109).

Additionally, the effects of shorter durations of controlled
NICU respiratory support have been investigated in sheep.
Preterm lambs (125 days of term 148 days; 0.85 gestation)
ventilated with a non-injurious strategy (VT at 5–7 ml/kg) had
increased IL-8 and connective tissue growth factor (CTGF)
mRNA levels and decreased vascular occludin protein density
in the white matter after 2 h (110). When the length of
ventilation was extended to 24 h, ventilated lambs had increased
astrogliosis within cortical gray matter but otherwise no apparent
neuropathology or changes in glial cell populations compared to
unventilated control lambs (68).

Both the preterm baboon and lamb models discussed are
neonatal ventilation models. However, as mentioned above,
a disadvantage of the neonatal ventilation model is the
intensive care requirements of maintaining a preterm animal for
significant periods of time, making them more akin to human
studies where individual parameters cannot be teased apart
unless large numbers of animals are used, which is financially
unviable. This is where the IUV model may be advantageous if
used for extended periods beyond 24 h.

INFLUENCE OF THE ANTENATAL

ENVIRONMENT ON RESPIRATORY

SUPPORT AND VIBI

Work explored in the previous sections have studied the
pathology and mechanisms of VIBI in preterm but otherwise
healthy animals. The ability to isolate effects of respiratory
support with minimal confounding factors is vital and these
findings provide a foundation to explore therapeutic options
to minimize VIBI which will be discussed in section Bench to
Bedside of this review. However, it is important to consider
that the clinical situation is much more complex—many preterm
infants will have been exposed to adverse uterine environments
which may increase their risk of VIBI.

Adverse Antenatal Conditions Alter

Responses to Postnatal Respiratory

Support
Adverse antenatal conditions such as fetal growth restriction
(FGR) and intrauterine inflammation have independently
been associated with adverse neurodevelopmental outcomes in
preterm infants (111, 112). Further, these infants often require
respiratory support after birth, increasing the risk of brain injury.
Yet, there is a paucity of information on how these antenatal
conditions alter the response these infants have to ventilation and
if this contributes to VIBI.

Fetal Growth Restriction and VIBI

FGR is a condition where the fetus fails to reach its projected
growth potential, often due to placenta insufficiency (112). FGR
fetuses are sometimes delivered preterm to prevent deterioration
in an adverse in utero environment (112), thus many will
require respiratory support due to prematurity. FGR fetuses
have altered cardiovascular and vascular function, most notably
the characteristic “brain-sparing” phenomenon by redirecting
blood flow and oxygen delivery to important organs including
the heart, adrenals, and brain. These adaptations persist to
early postnatal life and may affect how a growth-restricted
infant responds to ventilation. Preterm growth-restricted lambs
ventilated with a gentle non-injurious strategy for 24 h had
disrupted interaction of astrocyte end-feet with cerebral blood
vessels, increased microgliosis, and increased oxidative stress
compared to their unventilated counterparts and to ventilated
preterm appropriately-grown lambs (68). Notably, differences
between growth-restricted and appropriately grown lambs were
evident after 2 h of ventilation (110). This suggests that growth
restricted infants may be at increased risk of VIBI, perhaps in
part due to differences in the neurovascular unit and blood-brain
barrier properties (68, 110).

Intrauterine Inflammation and VIBI

Intrauterine inflammation, which most commonly presents
as chorioamnionitis, is a major cause of preterm birth
(113). Antenatal inflammation alters the vulnerability and
response of the immature brain to ventilation (71, 91,
114). Lipopolysaccharide(LPS)-mediated inflammation in utero
amplified cerebral hemodynamic instability during the initiation
of ventilation in preterm lambs (71). Compared to saline
controls, these lambs that had been exposed to LPS 2 or 4 days
before preterm delivery had increased inflammation, vascular
extravasation, and microhemorrhages in cerebral white matter
regions after ventilation (71). Further, injurious ventilation
increased the number of apoptotic cells (TUNEL+ cells) in
the subcortical white matter of LPS-exposed lambs, compared
to their unventilated counterparts (114). Injurious ventilation
had no obvious acute detrimental effects on white matter (89)
and gray matter (90) compared to injuriously ventilated healthy
preterm lambs and to LPS-exposed lambs that received gentle
ventilation. Brain macro- and microstructure as assessed by
MRI and DTI were similarly not different (89, 91). However,
a novel DTI color map threshold technique detected lower
diffusivity indices in white matter regions of the brain, indicative
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of subtle brain injury in the ventilated lambs that were
exposed to inflammation prior to delivery (91). Importantly,
using a non-injurious ventilation strategy did not mitigate
VIBI in the LPS-exposed lambs (114). Clinically, histologic
chorioamnionitis is associated with a longer cumulative duration
of mechanical ventilation in VLBW infants (35), thereby
increasing the risk of VIBI. However, the combination of
chorioamnionitis and prolonged ventilation has not been
investigated in large animals and the potential cerebral effects
are unknown.

Cerebral Effects of Antenatal Medical

Interventions
Corticosteroid administration is a common antecedent to
preterm birth, where antenatal glucocorticoids (betamethasone
and dexamethasone) are given to accelerate fetal lung maturation
before preterm labor (115). Clinically, antenatal glucocorticoid
administration is suggested to reduce the incidence and severity
of IVH (115) and does not affect subsequent development
of subsequent childhood mental and behavioral disorders in
preterm infants (116). However, information on its interaction
with respiratory support is scant. A recent study found
that antenatal betamethasone improved cerebral hemodynamic
instability in preterm lambs that received 15min of high
VT injurious ventilation followed by 75min non-injurious
ventilation (88). However, there was an increase in the percentage
of amoeboid microglia in the periventricular white matter,
the number of vessel profiles with protein extravasation in
the subcortical white matter, and malondialdehyde levels in
cerebrospinal fluid, suggesting increased inflammation and
oxidative stress in betamethasone-treated animals than their
saline-treated counterparts ventilated with the same protocol
(88). This potential increased risk of VIBI following antenatal
betamethasone administration may lie in the increased lung
compliance and hence susceptibility of the lungs to volutrauma
rather than a direct cerebral effect (88).

It is crucial to consider that antenatal glucocorticoid
administration may have additional interactions with the
conditions mentioned above; for example, growth restricted
fetuses have different hemodynamic responses to antenatal
glucocorticoids compared to appropriately grown fetuses (117).
Maternal betamethasone administration increased fetal cardiac
output and blood flow to major organs whereas cardiac output
was decreased and blood flow to major organs remained
unchanged in control fetuses (118). Furthermore, there were
transient decreases in carotid blood flow, an index for CBF, in
both control and FGR fetuses. While CBF of control fetuses were
stable after returning to baseline levels, FGR fetuses displayed a
persistent rebound increase in carotid blood flow from 10 h after
treatment (119). Whether these altered responses are beneficial
or harmful in the context of VIBI needs to be ascertained.
Indeed, little is known about the combined effects of adverse
antenatal conditions, antenatal glucocorticoid administration,
and postnatal respiratory support on brain injury in the preterm
infant. Large animal models of VIBI may provide a means to
address this.

BENCH TO BEDSIDE

Establishing reliable animal models with reproducible
neuropathology that is reflective of injury seen clinically
expedites efforts to test novel potential interventions and/or
therapeutic candidates. Potential treatments for VIBI and their
mechanisms of actions have recently been discussed in detail by
Barton et al. (120) and this remains an active area of research.

In the delivery room setting, physiological-based cord
clamping (PBCC) can stabilize pulmonary, systemic, and cerebral
circulation in preterm (121, 122) and near-term lambs (123),
essentially mitigating the hemodynamic pathway of injury, but
it is unlikely to prevent VIBI resultant from the inflammatory
pathway. PBCC refers to delaying umbilical cord clamping until
respiration has been initiated and established in the newborn or
providing respiratory support prior to umbilical cord clamping
(121–123). Thus, a therapy that targets both pathways of VIBI,
with a focus on modulating inflammation, is required. To
date, animal experiments have investigated short-term effects
of erythropoietin (EPO) and human amnion epithelial cells
(hAECs) as prophylactic postnatal treatments for VIBI resultant
from acute volutrauma (73, 87, 124). These treatments have
proposed mechanisms of action that make them ideal candidates
for neuroprotection. EPO has anti-inflammatory, anti-apoptotic,
and neurotrophic properties while hAECs are anti-inflammatory
and reparative (120).

When administered to preterm lambs that received 15min
of injurious high VT ventilation, single early low doses of 300
IU/kg and 1,000 IU/kg human recombinant EPO did not reduce
or exacerbate lung and brain injury (124, 125), suggesting that
EPO doses presently used in clinical trials appear to be safe
for preterm infants receiving respiratory support. However, they
appear to not be efficacious as a therapy for VIBI given the
lack of therapeutic potential observed. High doses of EPO of
3,000 IU/kg and 5,000 IU/kg increased cerebrospinal fluid EPO
levels to “neuroprotective levels” [>100 mU/ml (126)] within
2 h of administration (73, 124). These high doses, respectively,
had a protective effect on blood-brain barrier integrity (124)
and differential regional effects on white matter (73) despite
both doses amplifying lung inflammation and injury (125, 127).
Together, these data highlight a complex dose response with
distinct effects on the lungs and brain, indicating that further
investigation is required to elucidate the efficacy of EPO in the
context of a preterm infant requiring respiratory support.

In a similar study, preterm lambs that received high VT

ventilation were administered an intratracheal infusion of 9
× 107 hAECs before ventilation onset and an additional
intravenous dose of 9 × 107 hAECs within 5min of delivery
(total 1.8× 108 hAECs) (87, 128). The cells were able to enter the
brain within 2 h of administration, as detected by fluorescent cell
labeling in the frontal and parietal periventricular and subcortical
white matter of the brain (87). Cell administration reduced
microgliosis and vascular protein extravasation (87), potentially
as a downstream effect of reduced pulmonary inflammation
(128). However, hAECs did not stabilize hemodynamic transition
or modulate systemic inflammation within the brief period of
the experiment, and conversely they induced an increase in
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FIGURE 2 | A multipronged approach is likely necessary to prevent or reduce ventilation-induced brain injury. Only strategies discussed in-text have been included in

the diagram. PPV, positive pressure ventilation; PBCC, physiological-based cord clamping; hAECs, human amnion epithelial cells; EPO, erythropoietin.

pro-inflammatory cytokine mRNA levels within the brain (87,
128). Further long-term effects of hAECs on acute VIBI have
not been investigated to accurately determine the interaction of
hAECs and ventilation on the preterm brain.

Chronic ventilation studies in animals have so far focused
on treatments to reduce lung rather than brain injury. Sheep
fetuses ventilated in utero for 12 h and administered intratracheal
infusion of 3 × 107 hAECs and an intravenous dose of 3 × 107

hAECs at 3 h and 6 h after ventilation onset (total 1.2 × 108

hAECs) demonstrated a reduction in ventilation-induced lung
injury (81), and as such may have the potential to reduce VIBI
but this remains a speculation.

While the above strategies have some promise, it is unlikely
that a single strategy will prevent or reduce VIBI. The key
might lie in a multipronged approach that involves reducing the
requirement for or duration of respiratory support, optimizing
how PPV is administered to avoid adverse effects, and reducing
the sequelae of unpreventable adverse effects of PPV (Figure 2).
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In this regard, researchers in The Netherlands have
investigated the use of caffeine in the delivery room, showing
improved respiratory efforts of preterm infants (24–30 weeks
GA), potentially reducing the need for invasive respiratory
support in this setting (129). Further, spontaneous respiratory
drive is a determinant of effective use of gentle non-invasive
respiratory support (130). However, caffeine administration
to mechanically ventilated preterm infants (23–30 weeks GA)
in the first 5 days of life did not encourage early extubation
or decrease ventilation duration in the NICU (130, 131).
The trial was terminated due to safety concerns, making it
difficult to interpret results and secondary outcome findings of
morbidities including BPD and IVH (130, 131). In contrast,
caffeine had neuroprotective effects in very preterm infants
when assessed at 18 months’ corrected age (132, 133), in part
attributed to earlier discontinuation of PPV and decreased
rates of bronchopulmonary dysplasia (134, 135). The treatment
benefits of caffeine administered in the first 10 days of life
on neurobehavioral and functional cognitive outcomes were
less pronounced at 5- and 11-years follow-up, with only slight
but statistically significant improvements to motor outcomes
observed (136–138). Earlier administration of caffeine within
the first 2 days of life has been associated with improved
neurodevelopmental outcomes at 18 to 24 months’ corrected age
compared to late administration (133) but whether these benefits
persist have not been reported. Certainly, these contradictory
findings highlight the need to better understand the interaction
of caffeine, respiratory support, and neurodevelopmental
outcomes. Independently, caffeine has been postulated to
have neuroprotective properties by reducing inflammation,
reducing periventricular white matter injury, and stabilizing
hemodynamics in preterm infants (133).

Correspondingly, protective ventilation strategies have
reduced brain inflammation and vascular protein extravasation
but do not completely mitigate injury in preterm lambs
(15, 16, 72, 114). Together, these indicate that our current
efforts to minimize the need for respiratory support and,
where respiratory support is necessary, improve the way
PPV is administered are inadequate to prevent VIBI. Large
animal models will likely play a key role in studies focusing on

stimulating respiratory function at birth and optimizing the
delivery of non-invasive respiratory support to minimize lung
and brain inflammation and injury. Additionally, there is an
apparent need to devise treatments and large animal models of
VIBI provide a means to address this.

SUMMARY

This review highlights the necessity of large animal models
when investigating the relationship between invasive respiratory
support, the lungs, and the brain in the preterm infant. These
models provide a powerful research tool; a combination of
physiological, histological, molecular and imaging techniques
provides an integrated picture of the interactions between
respiratory support and the immature brain which is difficult to
obtain in a clinical setting.

Recognizing the consequences of respiratory support on
the immature brain will encourage development of effective
therapies to prevent or treat VIBI in otherwise healthy preterm
infants. VIBI should also be considered when investigating
treatments for other conditions such as FGR, chorioamnionitis,
and hypoxic injury where the compromised infant will often
receive respiratory support.
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Introduction: To limit extrauterine growth restriction, recent guidelines on nutrition of

preterm neonates recommended high protein intake since the first day of life (DOL). The

impact of this nutritional strategy on the brain is still controversial. We aimed to evaluate

the effects of protein intake on early cerebral growth in very low birth weight newborns.

Materials and Methods: We performed serial cranial ultrasound (cUS) scans at 3–7

DOL and at 28 DOL in very low birth weight newborns consecutively observed in the

neonatal intensive care unit. We analyzed the relation between protein intake and cerebral

measurements at 28 DOL performed by cUS.

Results: We enrolled 100 newborns (gestational age 29 ± 2 weeks, birth weight 1,274

± 363 g). A significant (p < 0.05) positive correlation between enteral protein intake and

biparietal diameter (r= 0.490∗∗), occipital–frontal diameter (r= 0.608∗∗), corpus callosum

(length r = 0.293∗, genu r = 0.301∗), caudate head (right r = 0.528∗∗, left r = 0.364∗∗),

and cerebellum (transverse diameter r = 0.440∗∗, vermis height r = 0.356∗∗, vermis

width r = 0.377∗∗) was observed at 28 DOL. Conversely, we found a significant

negative correlation of protein intake given by parenteral nutrition (PN) with biparietal

diameter (r = −0.524∗∗), occipital–frontal diameter (r = −0.568∗∗), body of corpus

callosum (r = −0.276∗), caudate head (right r = −0.613∗∗, left r = −0.444∗∗), and

cerebellum (transverse diameter r = −0.403∗∗, vermis height r = −0.274∗, vermis width

r = −0.462∗∗) at 28 DOL. Multivariate regression analysis showed that measurements

of occipital–frontal diameter, caudate head, and cerebellar vermis at 28 DOL depend

positively on protein enteral intake (r = 0.402∗, r = 0.305∗, and r = 0.271∗) and negatively

by protein parenteral intake (r = −0.278∗, r = −0.488∗, and r = −0.342∗).

Conclusion: Brain development in neonatal life depends on early protein intake.

High protein intake affects cerebral structures’ measurements of preterm newborn

when administered by PN. Positive impact on brain development encourages the

administration of recommended protein intake mainly by enteral nutrition.

Keywords: newborn, VLBW, enteral nutrition, parenteral nutrition, nutrition, amino-acids solution, cranial

ultrasound, cerebral growth
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INTRODUCTION

Extrauterine growth restriction (EUGR) frequently occurs in
preterm neonates during the first weeks after birth (1). The
growth failure in early life is, in turn, associated with an
increased risk of neurological impairment (1). A number of
studies demonstrated that high protein intake may limit EUGR
(2). Thus, current guidelines for preterm newborns recommend
the administration of high macronutrient doses since the first
hours of life, through parenteral route (3, 4). The effect of
this nutritional strategy on brain growth is widely debated. A
limited number of studies investigated the impact of different
nutritional practices on brain volume, using magnetic resonance
imaging (MRI) at term equivalent age (TEA) (5). Considering
inconclusive results of these studies, further research has been
advocated (6). However, MRI is not easy to perform during
the first weeks of life when clinical conditions of newborns
are critical, even if this technique is considered the gold
standard for the study of cerebral structures’ measurements (7).
Recently, it has been demonstrated that cranial ultrasound (cUS)
can be reliably used to monitor cerebral growth in preterm
infants (6, 8–11). The cUS is a low-cost bedside technique,
repeatable as often as necessary, available, and widely used in
the neonatal intensive care unit (NICU) (8). Starting from these
considerations, we aimed to study the effects of high protein
supply on early cerebral volume, through serial cUS examinations
in preterm neonates.

FIGURE 1 | Flow chart. IVH, intraventricular hemorrhage; cUS, cranial Ultrasound; DOL, days of life.

MATERIALS AND METHODS

Study Design and Population
We designed a prospective observational study to assess the
effects of protein intake on brain measures by using two-
dimensional cUS in preterm neonates. All newborns with
gestational age (GA) <32 weeks or body birth weight (BW)
<1,500 g, consecutively admitted to the NICU of Policlinico
Umberto I, La Sapienza University of Rome, were prospectively
included between May 2017 and August 2019. We excluded
infants with major congenital malformations, inborn errors of
metabolism, congenital infections, intraventricular hemorrhage
(IVH) stage ≥3, death, or transfer to other hospital before
72 h of life (12–15).

Collection Data
Prenatal, perinatal, and postnatal data were prospectively
collected for each patient in specific data form. In particular,
GA, BW, gender, type of delivery, twin pregnancy, antenatal
steroid administration, Apgar score at the 1st and 5th min
after birth, pH on cord blood at birth, body temperature at
the 1st h of life, Clinical Risk Index for Babies II score (CRIB
II), death, and need of invasive mechanical ventilation were
recorded (16). Diagnosis of the major morbidities associated
with prematurity, such as necrotizing enterocolitis (Bell stage
≥2), bronchopulmonary dysplasia, IVH, PVL, retinopathy of
prematurity, and sepsis proven by positive cultures, were
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performed according to the standard criteria and recorded in the
reporting form, as previously described (17, 18). Data on daily
enteral and parenteral nutritional intake were collected during
the first week of life. We collected data on parenteral nutrition
(PN) complications. We measured head circumference of the
newborns with a tape measure. We wrapped the tape, holding
it above the eyebrows and the ears and the occipital prominence
at the back of the skull, around the widest possible circumference
of the head.

Nutritional Protocol
Enteral nutrition (EN) was commenced as soon as possible after
birth in a stable newborn. Minimal enteral feeding was started
within 24–48 h after birth at 10–20 mL/kg per day. The amount
was increased by 20–30 mL/kg every day if EN was tolerated.
Maternal milk (MM) without fortifications if available has been
given fresh. Whether MM was not available or sufficient, a
formula specifically for preterm newborns and routinely given in
our NICU was used. Donor breast milk during the study period
was not available.When signs or symptoms of feeding intolerance
such as emesis, vomiting, severe abdominal distension associated
with ileus with visible intestinal loops, blood in the stools,
or systemic disorders (i.e., apnea, bradycardia, inadequate
perfusion, and hemodynamic instabilities) were observed, the
EN was withheld for at least 24 h (19, 20). Preterm MM was
assumed to contain 65 kcal/100mL, 1.5 g of protein/100mL, 3.5 g
of fat/100mL, and 6.9 g of carbohydrate/100mL. Macronutrient
contents of formula and parenteral solutions were calculated
based on the published manufacturers’ recordings (Pre-nidina
Nestlè R©: proteins 2.9 g/dL, lipids 4.0 g/dL, energy 8.1 g/dL,
sodium 51 mg/dL, potassium 119 mg/dL, calcium 116 mg/dL,
phosphorus 77 mg/dL, iron 1.8 mg/dL, zinc 1.2 mg/dL).
Parenteral nutrition was administered at birth in order to
maintain adequate fluid, electrolyte, and nutrient intakes until
exclusive enteral feeding (120 kcal/kg per day) was achieved. The
overall fluid intake administered with enteral and PN started
with 70–90 mL/kg per day and slowly increased by 10–20
mL/kg per day until reaching 150–180mL kg per day. In PN,
we administered 2 g of amino acids (TrophAmine R© 6% Braun
Medical Inc., Irvine, CA, USA) in the first day of life (DOL),
and then we increased protein intake of 1 g/kg per day up to 4
g/kg per day, with 25 kcal per 1 g of proteins (Table S1). Glucose
intake (dextrose injection 10%; Fresenius Kabi, USA) was started
at 6 to 7 g/kg per day and increased of 0.5–1 g/kg per day up to
14 g/kg per day. Lipid (Smoflipd R©; Fresenius Kabi, USA) intake
was started at 1 g/kg per day and increased of 0.5–1 g/kg up to
3.5 g/kg per day. Total energy intake was calculated based on the
cumulative amount of PN and EN in kcal/kg over the early 7 days.
Target dose refers to enteral plus PN; thus, we adjusted intake
from PN according to the amount of EN tolerated.

Cranial Ultrasonography Examination
The transducer frequency of sector probe (Philips EPIQ,
Amsterdam, the Netherlands) was set at 5–10 MHz. Images were
recorded in coronal and sagittal planes, according to standard
procedure. We considered the anterior fontanel the optimal
acoustic window for visualization of the supratentorial structures,

TABLE 1 | Clinical characteristics of study population.

N = 100

Gestational age, weeks 29 ± 2

Birth weight, g 1,274 ± 363

Male sex, n (%) 55 (55)

Cesarean section, n (%) 88 (88)

Twins, n (%) 30 (30)

Antenatal steroids,a n (%) 78 (78)

1-min Apgar score 6 ± 2

5-min Apgar score 8 ± 1

pH at birth 7.3 ± 0.1

Temperature at the 1st hour, ◦C 36.2 ± 0.5

Mortality, n (%) 3 (3)

Invasive mechanical ventilation, n (%) 22 (22)

NEC, n (%) 4 (4)

BPD, n (%) 4 (4)

IVH, n (%) 5 (5)

PLV, n (%) 1 (1)

ROP, n (%) 6 (6)

Sepsis proven by positive cultures, N (%) 10 (10)

Anemia of prematurity, n (%) 22 (22)

Full enteral feeding, days of life 15 ± 13

Star of enteral nutrition, days of life 1 ± 1

Duration of parenteral nutrition, days 15 ± 14

Data were expressed as mean ± standard deviation, when not specified. a Intramuscular
steroids cycle in two doses of 12mg over a 24-h period. NEC, necrotizing enterocolitis
Bell stage ≥2); BPD, bronchopulmonary dysplasia; IVH intraventricular hemorrhage; PLV,
periventricular leukomalacia; ROP, retinopathy of prematurity).

whereas we used mastoid fontanel to evaluate the cerebellum and
cerebellar vermis.

The cUS scans were obtained in enrolled newborns, at
3 to 7 DOL (T0) and at 28 DOL (T1), by two examiners
with high training in cUS, unaware of the nutrition protocol
and study aims. Each measurement was confirmed after an
agreement between the two sonographers. They performed each
measurement three times and then reported the mean value in a
specific data form.

Cerebral structures were measured as previously described
(6, 21–24). Scanning was performed at the bedside with the
infant’s head in supine position. With the anterior fontanel
used as an acoustic window, standard views were obtained in
the coronal and sagittal planes. In brief, intracranial biparietal
diameter was measured in a coronal plane at the level of the
foramen of Monro, and maximum intracranial occipital–frontal
diameter was measured in the midsagittal plane. Maximum
length of corpus callosum was measured in the midsagittal plane
tracing a horizontal line between the extreme margins of the
genu and the splenium. Maximum width of corpus callosum was
measured in the midsagittal plane, separately for genu, body, and
splenium. We visualized caudate nucleus below the floor of the
frontal horn of the lateral ventricle, as a hypoechoic area located
anteriorly to the caudothalamic groove. Width of the caudate
head was measured in the parasagittal plane as the maximum
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FIGURE 2 | Correlation between brain measures at 28 days of life and early protein intake. Enternal nutrition: Bi-Parietal Diameter (r = 0.490, p < 0.001),

Occipital-frontal diameter (r = 0.608, p < 0.001). Parameter nutrition: Bi-parietal diameter (r = −0.524, p < 0.001), Occipital-frontal diameter (r = −0.568, p < 0.001).

extension of this area. Both height and width of the cerebellar
vermis and transverse cerebellar diameter were measured in
axial plane.

Statistical Analysis
Data analysis was performed using IBM the Statistical Package for
the Social Sciences Statistics version 22.0 (SPSS Inc., Chicago, IL,
USA). We checked for normality using Shapiro–Wilk test. The
mean and standard deviation or median and interquartile range
summarized continuous variables. We compared categorical
variable using χ

2 test and paired and unpaired variables by t
test or Mann-Whitney U test. Nutritional intake was related to
the bidimensional measurements of the different brain structures
and cerebral diameters collected during the first week of life (T0)
and at 28 DOL (T1).We performed correlation between variables
by Wilcoxon rank sum tests and by Pearson correlation. To
evaluate the effects of protein intake given by PN in homogenous
population, we selected newborns that were nourished mainly
by PN in the first week of life. In particular, we analyzed
separately patients receiving more than 70% of nutritional

support by PN from 0 to 7 DOL. In this subpopulation, we
calculated the percentile of total protein intake at the first week
of life. Thus, we considered at high protein regimen intake
patients receiving any value equal to or >50th percentile and
at low protein regimen intake those receiving <50th centile
of protein intake. To evaluate the effect of different protein
intake on the size of cerebral structures, we compared newborns
at high protein regimen intake with those at low protein
regimen intake. Multivariable regression analysis was performed
to study the possible influence of confounding variables (i.e.,
BW, gender, cord blood pH, nutritional intake, morbidity)
on linear measurements of structures that were significantly
correlated with protein intake at the first week of life. The level
of significance for all statistical tests was two-sided (p < 0.05).

Ethics
The study was conducted in conformity with the World
Medical Association Declaration of Helsinki for medical research
involving human subjects. This article reports a part of the results
of the study protocol that was approved by the ethics committee
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of Policlinico Umberto I, University La Sapienza of Rome (with
number 5089). We asked parents for consent, and we collected
anonymized data in the database.

RESULTS

During the study period, we considered eligible 108 newborns.
We enrolled 100 patients as shown in Figure 1. In Table 1,
we reported the main demographic and clinical features of the
study population. We observed a significant relation between
head circumference and protein intake given by EN (r = 0.467,
p < 0.001) and PN (r = −0.478, p < 0.001). We found a

TABLE 2 | Correlations between cerebral structures linear measures and protein

intake.

Protein intake in the 1st week of life

Measuresa By EN

(g/kg

By PN

(g/kg

Total

(g/kg

first week) first week) first week)

Corpus callosum

Length 0.293* −0.252 −0.059

Body 0.244 −0.276* −0.198

Genu 0.301* −0.252 0.047

Splenium 0.169 −0.177 −0.105

Caudate head

Right 0.528** −0.613** −0.468**

Left 0.364** −0.444** −0.372**

Cerebellum

Transverse diameter 0.440** −0.403** −0.148

Vermis height 0.356** −0.274* 0.001

Vermis width 0.377** −0.462** −0.387**

aMeasured at 28 days of life. *p<0.05; **p<0.01.

significant correlation between biparietal diameter, occipital–
frontal diameter measured by cUS, and protein intake of
the first week of life (Figure 2). Correlations between linear
measurements of specific brain districts and early protein intake
are reported in Table 2. In particular, length and genu of corpus
callosum, caudate head (right and left), transverse diameter
of cerebellum, and cerebellar vermis (height and width) were
positively correlated with EN protein intake (Table 2). Body
of corpus callosum, caudate head bilaterally, and cerebellum
measures were negatively related with PN protein intake
(Table 2). When we analyzed the total amount (EN + PN) of
protein intake received in the first week of life, we observed
a negative correlation with caudate head bilaterally and with
vermis width (Table 2).

Multivariate regression analysis showed that many linear
measurements of brain structures at 28 DOL (occipital–frontal
diameter, caudate heads, and cerebellar vermis) depended on
nutritional intake (Table 3). Of note, we observed a different
relation with EN (positive) and PN (negative).

Biparietal diameter, corpus callosum, and cerebellum
transverse diameter depended on covariates (i.e., BW, sex, pH at
birth, morbidity), but not by protein intake (Table 3).

Forty-five newborns were nourished mainly by PN in the
first week of life. In this subpopulation, we found that left
caudate head and cerebellar vermis width were smaller in subjects
receiving high protein intake compared with those receiving low
protein intake at 28 DOL, but not at T0 (Table 4, Table S2).
In Table S3, we reported the occurrence of PN complications
according to protein regimen.

DISCUSSION

Brain development in neonatal life depends on early protein
intake. We demonstrate that the route of protein administration
may have different impact on cerebral measurements. Enteral
intake has a positive effect, whereas high dose of amino acids

TABLE 3 | Multivariate analysis of covariate influencing cerebral measures at 28 days of life in preterm newborns.

Dependent variablesa Covariates (model 1) Covariates (model 2)

Birth Male pH at Morbidity§ EN protein Birth Male pH at Morbidity§ PN protein

weight sex birth intake 1st w weight sex birth intake 1st w

Biparietal diameter 0.515* −0.025 0.112 0.094 0.191 0.557* 0.039 0.130 0.091 −0.145

Occipital–frontal diameter 0.204 0.016 −0.023 −0.109 0.402* 0.319* −0.051 −0.004 −0.139 −0.278*

Corpus callosum, length 0.106 0.080 −0.125 −0.213* 0.153 0.169 0.046 −0.141 −0.255* −0.082

Corpus callosum, body 0.130 −0.082 0.235* −0.106 0.036 0.062 −0.111 0.235* −0.104 −0.121

Caudate head width, right 0.247* 0.076 0.079 0.080 0.305* 0.133 0.073 0.054 0.117 −0.488*

Caudate head width, left 0.238 −0.031 0.126 0.230* 0.210 0.072 −0.004 0.090 0.227* −0.427*

Cerebellum transverse diameter 0.320* 0.233* 0.017 −0.004 0.164 0.468* 0.165 0.037 −0.003 −0.110

Cerebellar vermis, height −0.073 0.209 −0.107 0.010 0.300* 0.070 0.117 −0.148 −0.078 −0.247

Cerebellar vermis, width 0.038 0.081 0.019 −0.083 0.271* 0.007 0.052 0.002 −0.171 −0.342*

aMeasured at 28 days of life. §Necrotizing enterocolitis and/or sepsis proven by positive cultures and/or bronchopulmonary dysplasia. *p < 0.05. 1st w, first week of life; EN, enteral
nutrition; PN, parenteral nutrition.
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TABLE 4 | Effects of different protein intake in parenteral nutrition on cerebral

measures.

General High protein Low protein p

characteristics regimen regimen

Number 23 22

Gestational age at birth, weeks 27.6 ± 2.1 28.6 ± 2.5 0.161

Birth weight, g 1,014 ± 287 1,118 ± 320 0.763

Male sex, n (%) 13 (56.5) 14 (63.6) 1.000

Cesarean section, n (%) 21 (91.3) 18 (81.8) 0.311

Twins, n (%) 7 (30.4) 6 (27.3) 1.000

Antenatal steroids,a n (%) 15 (65.2) 19 (86.4) 0.165

1-min Apgar score 5 ± 2 5 ± 2 0.369

5-min Apgar score 8 ± 1 8 ± 1 0.859

pH at birth 7.2 ± 0.1 7.3 ± 0.1 0.387

Temperature at the 1st hour, ◦C 36.0 ± 0.4 36.2 ± 0.5 0.137

Invasive mechanical ventilation,

n (%)

8 (34.8) 10 (45.5) 0.550

NEC, n (%) 0 (0) 1 (4.5) 0.489

Sepsis, n (%) 5 (21.7) 2 (9.1) 0.414

BPD, n (%) 3 (13.0) 0 (0) 0.233

IVH, n (%) 1 (4.3) 4 (18.2) 0.187

IVH stage ≥3, n (%) 0 (0) 3 (13.6) 0.109

PLV, n (%) 0 (0) 0 (0) -

ROP, n (%) 3 (13.0) 13 (13.6) 0.646

Anemia of prematurity, n (%) 10 (43.5) 8 (36.4) 0.428

Mortality, n (%) 1 (4.3) 1 (4.5) 1.000

Full enteral feeding, days of life 22 ± 16 21 ± 11 0.893

Star of enteral nutrition,

days of life

2 ± 2 2 ± 2 0.343

Duration of parenteral

nutrition, days

21 ± 16 20 ± 11 0.807

Cerebral measuresb

Biparietal diameter 66 ± 6 68 ± 6 0.226

Occipital–frontal

diameter

90 ± 14 89 ± 10 0.697

Head circumference 282 ± 29 295 ± 21 0.188

Corpus callosum

Length 38 ± 5 39 ± 3 0.578

Body 2 ± 0 2 ± 0 0.186

Genu 3 ± 1 3 ± 1 0.883

Splenium 3 ± 1 3 ± 1 0.167

Caudate head

Right 5 ± 1 5 ± 1 0.101

Left 5 ± 1 6 ± 1 0.037

Cerebellum

Transverse diameter 42 ± 5 43 ± 5 0.624

Vermis height 10 ± 2 10 ± 2 0.975

Vermis width 7 ± 1 8 ± 2 0.049

Data were expressed as mean ± standard deviation, when not specified. After percentile
calculation, we considered 19.4 g/kg per week (50◦pc) the cutoff value to classify protein
regimen intake as “high” or “low”; an intramuscular steroids cycle in two doses of 12mg
over a 24-h period. aMeasured in mm at 28 days of life. bCRIB II: Clinical Risk Index
for Babies, without temperature measures. NEC, necrotizing enterocolitis Bell stage ≥2;
BPD, bronchopulmonary dysplasia; IVH, intraventricular hemorrhage; PLV, periventricular
leukomalacia; ROP, retinopathy of prematurity.

by PN seems to affect the size of such brain structures during
neonatal life.

Available evidences reported inconclusive results on the
influence of early protein intake on the brain measurements
(25). Differences between protein intake administered through
either EN or PN have not been described in a recent meta-
analysis including 21 randomized controlled trial (RCT) (25).
In an RCT, comparing two groups of adolescents with a history
of prematurity who were assigned to a standard- or high-EN
protocol in the early postnatal life, those fed with preterm
formula (protein 2 g/dL, 80 kcal/dL) showed significantly larger
caudate volumes compared with babies fed by standard term
formula (protein 1.4 g/dL, 68 kcal/dL) (26). The study is focused
on the sole effect of enteral protein intake, whereas the role
of PN was not investigated. Also, among cohort studies in
this field, the relation between protein intake in PN and early
cerebral growth was not clarified (5, 27, 28). Inconclusive results
were also reported by studies that investigated the effects of
early nutritional intake on brain maturation, instead of cerebral
growth. Strømmen et al. (29) in an RCT reported a negative
relation between aggressive nutrition and regional white matter
mean diffusivity to TEA. No definite conclusions were drawn
by Beauport et al. (30), which investigated the effects of total
amounts of nutrients received in early life, without comparing
the impact of protein intake given by PN separately by those of
EN. To the best of our knowledge, we evaluate, for the first time,
separately the role of route of administration of recommended
protein intake on the brain in neonatal age. Our results underline
the importance of protein intake on cerebral growth but, at the
same time, suggest caution in the administration of high doses of
amino acid in the first week of life through PN.

We hypothesize a number of mechanisms that may support
the negative relation between PN intake and brain size. It
is worth mentioning that newborns fed with higher PN are
exposed to an environment, which limits infant’s opportunity
to develop their regulatory capacities (26). Furthermore, the
side effects associated with aggressive PN (i.e., hyperglycemia,
hypoglycemia, metabolic acidosis, elevated serum blood urea
nitrogen, high plasma ammonia concentrations, hyperkalemia)
may affect brain development (31). Recent studies have reported
data on high protein intake delivered by PN leading to increased
levels of specific amino acids, potentially toxic (e.g., glycine,
phenylalanine, methionine) (32). It has also been described
that insufficiency of amino acids, classified as essential, could
represent a major limit for cerebral growth (33). Finally,
an imbalance of amino acid levels may adversely affect
neurotransmitters metabolism (32). In parallel, the positive effect
of EN could be explained by the better composition of protein
delivered through EN thatmay avoid the side effects PN related to
the potential amino acids toxicity and by the balance of essential
and non-essential amino acids.

We observed significant effects of protein intake mainly
on caudate and cerebellar vermis, which are known to be
a very vulnerable part of the brain in preterm infants (26).
Preterm babies showing later neurological problems frequently
present damage of these districts. We believe that protein intake
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may affect the development of this district in a crucial phase
of cerebral growth. Dopamine is a main neurotransmitter of
neonatal brain (34). The caudate structure is highly innervated
by dopamine neurons (35). The direct precursor of dopamine, L-
DOPA, is synthesized from the nonessential amino acid tyrosine
(36). Recently, Mayes et al. (37) reported that hyperalimentation
by PN can result in a paradoxical fall of tyrosine levels. Low
tyrosine levels, affecting dopamine synthesis, may impair the
development of brain districts that directly depend by dopamine
neurons. However, further studies are advocated to clarify the
relation between protein intake and dopamine metabolism in
cerebral growth.

Despite being interesting, the results of this study should
be interpreted taking into account specific limitations. This
is a single-center observational study. We know that the cUS
is a highly operator-dependent imaging modality. In order
to limit associated bias, two different physicians performed a
series of scans using cUS, and each measurement was recorded
only after an agreement between the two investigators. In
addition, the physicians who performed the cUS were unaware
of the nutritional intake received at the time of the cUS
examination. To measure cerebral structures, we used cUS
instead of MRI, considered the gold-standard technique for the
study of brain volumes. To improve the accuracy, we collected
and analyzed only measurements of the cerebral structures
that were previously assessed in a comparative study between
MRI and cUS (6). The use of cUS allowed us to perform
serial measurements of brain structures, avoiding issues of
transporting to the radiological service and the sedation during
the scan session for critical babies. Finally, no data on long-term
neurodevelopment were analyzed in this study. Thus, it is
not possible to establish if the results observed at 28 DOL on
brain measurements may have consequences on the long-term
neurodevelopment. Finally, comparison between high and low
protein intake regimen was performed on a subpopulation
of newborns. This may affect the generalizability of
the results.

In conclusion, we observed that the administration of high
doses of protein by PN is harmful for premature babies,

in line with recent studies on pediatric population, which
suggest avoiding aggressive nutritional practice in critically ill
subjects (38). Positive impact on brain development encourages
the administration of recommended protein intake mainly by
EN. When EN is not possible, a beneficial undernutrition by
parenteral route could be considered as a safe option, particularly
in the first DOL. A challenging issue that should be addressed by
further research is to establish what are the nutritional strategies
promoting growth and brain development without additional
risk for preterm babies.
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Background: Periventricular leukomalacia (PVL) is the major form of brain injury in

premature infants. Currently, there are no therapies to treat PVL. Several studies

suggested that polarization of microglia, a resident macrophage-like immune cell in the

central nervous system, plays a vital role in brain injury and recovery. As an important

mediator of immunity, interleukin-4 (IL-4) has critical effects on many immune cells, such

as astrocytes and microglia. Increasing evidence shows that IL-4 plays a well-established

role in attenuating inflammation in neurological disorders. Additionally, as a noninvasive

and highly effective method, intranasal drug administration is gaining increasing attention.

Therefore, in our study, we hypothesized that intranasal IL-4 administration is a promising

strategy for PVL treatment.

Methods: The therapeutic effects of IL-4 on neuroprotection were evaluated using a

Control group, Hypoxia group, and Hypoxia + IL-4 treatment group. The PVL mouse

model was established by a severe acute hypoxia (SAH) protocol. Exogenous IL-4 was

intranasally administered to investigate its neuroprotective effects. A functional study

was used to investigate neurological deficits, immunohistochemical technology and

Western blotting were used to detect protein levels, and electron microscopy was used

to evaluate myelination.

Results: The results suggested that hypoxia stimulated Iba1+ microglial activation,

downregulated myelin-related gene (NG2, MAG, and MBP) expression, reduced

MBP protein levels, and caused neurological deficits. However, the intranasal

administration of exogenous IL-4 partially inhibited Iba1+ microglial activation,

improved myelination, and alleviated neurological deficits. The mechanistic study

showed that IL-4 improved myelination possibly through the IL-4Ra-mediated

polarization of microglia from the M1 phenotype to the M2 phenotype.
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Conclusion: In summary, our findings demonstrated that the intranasal administration

of exogenous IL-4 improves myelination and attenuates functional deficits in a

hypoxia-induced PVL model. Intranasal IL-4 administration may be a promising strategy

for PVL treatment, for which further mechanistic studies are urgent.

Keywords: IL-4 administration, intranasally, periventricular leukomalacia, remyelination, microglia

INTRODUCTION

According to theWHO’s estimates, births of very preterm infants
(before 32 weeks of gestation) account for more than 2% of all
live births, and the survival rates of these infants are more than
85% (1, 2), which is owing to advancements in obstetric and
neonatal care (3). However, 25–50% of very preterm babies who
survive still exhibit cognitive (4), visual (5), attention (3), and
learning disabilities (6), such as cerebral palsy, which costs ∼1
million dollars per person in the United States (7). Diffuse white
matter injury is the most common form of injury in preterm
birth infants, especially in infants with very low birth weights,
and it is a condition that leads to periventricular leukomalacia
(PVL) (8, 9). Many studies have found that PVL is associated with
disruptions in the normal progression of preoligodendrocytes,
which leads to prominent hypomyelination (10–12). Consistent
with the effects of hypoxia–ischemia, preterm WMI is also
accompanied by significant oxidative damage (13, 14). Microglial
cells are resident macrophage-like cells in the central nervous
system that have vital roles during brain development (15, 16).
To participate in injury responses, immune regulation, and
cytotoxic effects, microglia are capable of acquiring complex
phenotypes (17). M1-polarized phenotypes are related to the
secretion of nitrogen species and pro-inflammatory cytokines
(18); M2-polarized phenotypes are associated with the secretion
of growth factors and anti-inflammatory cytokines (18). Some
studies have found that activated microglia, at least in the initial
phase after injury, are involved in injury to immature white
matter. In the acute phase, activated microglia, such as those
with M1 phenotypes, have harmful effects on neurons and glia
by releasing inflammatory cytokines, generating free radicals, and
enhancing excitotoxicity (19, 20). However, after acute injury,
some microglia, such as those with M2 phenotypes (M2a and
M2c), might promote injury repair by being involved in late
anti-inflammatory responses (21, 22).

Interleukin-4 (IL-4), a cytokine secreted primarily by Th2
cells, eosinophils, basophils, and mast cells, is a critical regulator
of immunity (23, 24). Some studies have shown that IL-4
plays a central role in the production of the anti-inflammatory
factors IL-10 and IL-13 while suppressing the generation of pro-
inflammatory cytokines, such as IL-1, INF-a, and TNF-a (25, 26).
In a focal ischemia model, the administration of exogenous IL-
4 improved the neurological score, increased the spontaneous
polarization, reduced the infarction volume, and decreased the
infiltration of macrophages/microglia (27, 28), especially those
with M2 phenotypes. However, loss of IL-4 increased the number
of cells with the M1 phenotype (Iba1+iNOS+) and decreased the
number of cells with the M2 phenotype (Iba1+Arg+) (28).

In our previous study, the IL-4 concentrations were
significantly lower in asphyxiated newborn mice than in
normoxic mice. Considering that IL-4 is associated with
reduced macrophage/microglia infiltration and altered microglia
phenotype ratios during hypoxia–ischemia injury to the brain,
we tested the hypothesis that IL-4 reduces the release of
pro-inflammatory cytokines, increases the production of anti-
inflammatory factors, and finally reduces injury in a PVL
mouse model.

METHODS AND MATERIALS

Animals
Adult female C57BL/6 mice were purchased from Chongqing
Medical University (Chongqing, China). The mice were housed
under pathogen-free conditions. Water and food were available
ad libitum. The female mice were crossed with age-matched
male mice. Given that male preterm infants show more clinically
relevant injuries and neurological impairments (29), only male
pups were used. The mean anogenital distance from the caudal
aspect of the genital area to the rostral aspect of the anus was used
to assess neonatal gender (the mean distance is 1.9 ± 0.1mm in
males and 0.8 ± 0.1mm in females) (30). The priori sample size
was estimated by adequate statistical analysis. All the procedures
were approved by the Experimental Animal Administration
Committee of the university (followed the Chinese National
Guidelines: GB/T 35892-20181) (31) and performed by qualified
technicians following the 3R Principle: Reduction, Replacement,
Refinement (32).

Establishment of the PVL Model
All the male pups were randomly divided into three groups: the
normoxia group (Control), the hypoxia-induced saline-treated
group (Hypoxia), and the hypoxia-induced IL-4-treated group
(Hypoxia+ IL-4 group). The PVL animal model was established
according to Clayton et al. and Shen et al. with modification
(33, 34). Given the unstable state of C57BL/6 mice under hypoxic
environments, all the male pups were fostered to gestational
age-matched lactating CD1 (ICR) dams at postnatal day 1 (P1).
Briefly, at P3, pups were randomly placed in a sealed chamber
with the mother, and the O2 concentration was maintained at
7.5% by displacement with N2. Hypoxia began at P3 for 24 h;
after 24 h, the hypoxic pups were returned to room air. The
control pups breathed room air during the experiment. Half of
the hypoxic pups were randomly selected to be subjected to IL-
4 administration. After exposure, all the pups were returned to
lactating CD1 (ICR) dams until sacrifice or weaning.
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Administration of Exogenous IL-4
IL-4 (mouse IL-4, 404-ML; R&D Systems) was prepared at a
concentration of 100 ng µl−1 using a 0.45% normal saline
solution and stored at −20◦C. The pups in the Hypoxia group
or the Hypoxia + IL-4 group were intranasally administered
saline or IL-4 at a total dose of 80 ng g−1. The IL-4 treatment
started 6 h after PVL and was repeated at postnatal days 5–
7. Briefly, the mouse heads were fixed vertically, and IL-4 was
administered by a microliter syringe (Hamilton CO., Reno,
Nevada) into one nostril. After administration, the pups were
held for 2min to allow the IL-4 to be absorbed. The control
animals were also administered the same volume of saline using
the same procedure.

Immunohistochemistry and Antibodies
At P4 and P11, mice were transcardially perfused with 4%
paraformaldehyde, and white matter slices were sectioned with
a microtome (Leica), as previously described (35, 36). Briefly,
the slices were transferred to a slide, and fetal bovine serum was
used to block the antigens. Then, the slices were incubated with
primary antibodies for 12–16 h at 4◦C; fluorescent-conjugated
secondary antibodies were applied for 2–3 h at room temperature
in the dark. To detect the maturity of oligodendrocytes, a
human antibody against MBP was used. To detect the location
of IL-4R, a rabbit antibody specific for phosphor-IL-4R was
used. Microscopes (90I, Nikon, Japan) were used to detect the
fluorescence values.

Western Immunoblotting
The white matter was dissected, and the total protein was
extracted with RIPA lysis buffer (Beyotime, Harman, China;
RIPA: protease inhibitors=1,000:1), as previously described. The
same protein amount (20 µg) was loaded onto sodium dodecyl
sulfate-polyacrylamide gels and separated by electrophoresis
(Bio-Rad, CA, USA). The proteins were transferred onto 0.2-
µm PVDF membranes, and the membranes were incubated with
different primary antibodies (see Table S1 for detail parameters)
overnight at 4◦C and with the appropriate secondary antibodies
for 2 h at room temperature. An ECL kit (Millipore, USA) and
an ECL Imaging System (Syngene G: BOX, UK) were used
to detect protein expression. The images were analyzed using
ImageJ software (NIH, Bethesda, Maryland).

Real-Time PCR
The total RNA was extracted from the white matter of the mice
at P4 and P7 according to the procedure of the RNA Extraction
Kit (LS1040, Promega). Real-time PCR was performed using a
CFX96 real-time PCR detection system (Bio-Rad) with SYBR
reagents (QuantiNova SYBR R© Green RT-PCR Kit, Qiagen). The
relative expression of cDNA fragments was normalized using
the average expression value of GAPDH and analyzed using the
comparative CT method (37). Real-time PCR was performed
using the primer sequences shown in Table S2.

ELISA
Whole brain tissues were collected at P7 to examine the
concentration of IL-4 in the brain using a Mouse IL-4 ELISA kit

[High Sensitivity; Neobioscience, EMC003(H)], according to the
manufacturer’s protocols. Briefly, the substrate was added to the
plate and then placed directly in the spectrophotometer (462 nm
wavelength, SpectraMax; Thermo, USA). The spectrophotometer
and software (SoftMax, Release Pro 5) were programmed to
shake the plate to homogenize the color in each well for 4 s
before every reading, and the plate was read every 60 s until
the end of the program. The sample levels were analyzed using
a microtiter plate reader (Thermo, USA). Each sample was
detected in duplicate, and the medians were used for analysis.

Electron Microscopy
Mice at P18 were deeply anesthetized with pentobarbital sodium
(50 mg/kg) and transcardially perfused with ice-cold phosphate-
buffered solution containing 4.0% glutaraldehyde (pH 7.4). The
brains were coronally sliced, and the white matter was dissected
and postfixed for 2 weeks. All the samples were examined with
an FEI transmission electron microscope (Tecnai G2 20 TWIN)
and processed for standard electron microscopy analysis. Briefly,
the white matter was dissected and postfixed for 2 weeks at room
temperature (20◦C). The samples were then dehydrated in 50–
70–80–90–95–100–100% alcohol for 15min each. The samples
were incubated with a mixture solution (acetone:embedding
medium = 1:1) overnight to permeabilize them, and then the
samples were polymerized for 48 h at 60◦C. A microtome (Leica
UC7) was used to slice the tissue into 60- to 80-nm sections.
Finally, uranium-lead (uranium-saturated aqueous solution of
2% acetate, lead citrate, 80096180) was used for staining for
15min each. The slices were observed under a transmission
electron microscope, and images were collected to calculate
the percentage of unmyelinated axons [axons <0.3µm were
excluded (38)] and the g ratio, which was calculated as the axon
diameter divided by the entire myelinated fiber (38, 39).

FACS
Mice were deeply anesthetized and transcardially perfused with
100ml of cold PBS, as described above. The M1 microglia and
M2 microglia in the white matter were detected as previously
described (40). The white matter in the mice in the Control,
Hypoxia, and Hypoxia + IL-4 groups was harvested in FACS
buffer (PBS with 1% FBS and 0.1% sodium azide) in a culture
plate and homogenized with the rubber plunger of a 2-ml syringe
on ice. Then, the cells were centrifuged at 3,000 rpm for 5min at
4◦C and resuspended in FACS buffer. Next, the cells were filtered
through a 100-µm strainer, resuspended in 1ml of FACS buffer
and counted. The cells were stained with fluorochrome-labeled
antibodies against CD45 (Biolegend, 368509, PE) and CD11b
(Biolegend, 101211, APC) on ice for 40min in the dark. The
fluorescence threshold was set on the basis of the reactivity of
the appropriate non-specific, fluorochrome-conjugated isotype
controls. The data of the stained samples were acquired on a
FACSCanto (a BD LSR II flow cytometer) using Diva software
(v6.1.2; Institut Pasteur, Paris). The data were analyzed using
FlowJo V10 software (v7.6.2; Tree Star, Ashland).
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Functional Study
Rotarod testing was conducted as previously described (41, 42).
The functional test was conducted at P30 and P60 with the ANY-
Maze Video Tracking System (ANY-Maze, USA). On the day
before the test, the animals were brought to the testing room
and allowed to rest for 2 h before testing. After a training session
of two consecutive trials before the testing day, the mice were
subjected to test sessions with two speed modes: accelerating
speeds (range, from 0 to 50 rpm) and fixed speeds (fixed, 40
rpm). Each test mode consisted of two trials on the rotarod, with
a maximum of 300 s. Each trial interval lasted more than 1 h.
The time each mouse spent on the rotarod was recorded, and the
average time of each trial was used for analysis (43).

Statistics
In our study, 15–18 mice per group were analyzed in the
functional study, and 4–6 mice per group were analyzed in
the histochemical experiments. All the data are expressed as
the mean ± S.E.M. and were analyzed by ANOVA (followed
by Tukey’s test) or unpaired Student’s t test. GraphPad Prism
(v.8.0.2) software and SPSS (v.20.0.0) software were used for
all the statistical analyses, as appropriate. P < 0.05 was
considered significant.

RESULTS

Severe Acute Hypoxia Causes PVL in
Neonatal Mice
We established the preterm PVL model by placing mice in
severe acute hypoxia or room air conditions, according to the
methods described by Clayton et al. with brief modification (33).
It was observed that reduced myelination due to a disrupted
oligodendrocyte progenitor (preOL) pool contributes to PVL.
Based on the images of the pathological brain specimens, diffuse,
small hemorrhagic spots were clearly observed at the tissue
surface at P4 in the Hypoxia group but were not observed at that
in the Control group (Figure 1A). Regarding protein expression,
hypoxia dramatically decreased the expression of myelin basic
protein (MBP) in the white matter area of P4 mice compared
to that in the white matter area of Control mice as determined
by Western blotting (Figure 1B) and immunohistochemistry
(Figures 1C,E,F). The expression of myelin-related mRNA (Ng2,
Mag, and Mbp) in the white matter of hypoxic mice at P4 was
obviously downregulated compared with that of the control mice
(Figure 1D). These data showed that the PVL model had been
successfully established.

Administration of Exogenous IL-4
Alleviates Functional Deficits in PVL
It is widely reported that IL-4 is closely associated with many
brain injury diseases, such as cerebral infarction (44), transient
focal cerebral ischemia (27, 28), neonatal asphyxia (45), and
hypoxic–ischemic encephalopathy (46). First, we performed a
dose-response experiment at the beginning of our research. We
set the dose of IL-4 to be intranasally administered to a total
of 0, 40, 80, and 120 ng g−1, and functional assessments were
conducted at P30, as shown in Figure S2. Functional differences

were significantly detected in the mice administered 80 and
120 ng g−1 IL-4. Therefore, we reported the concentration
of 80 ng g−1 in the study. To explore the effect of IL-
4 on PVL in a mouse model, the concentration of IL-4 in
the brain tissue and the expression of IL-4R in the white
matter of the mice exposed to control and hypoxia conditions
at P4 were detected. Obviously, decreased levels of IL-4 in
the brain tissue and increased expression of IL-4R in the
white matter were found in the mice exposed to hypoxia
compared to those in the mice exposed to control conditions
(Figures 2A–D). Exogenous IL-4 was intranasally administered
to easily penetrate through the blood–brain barrier. To evaluate
motor coordination and learning, rotarod testing was conducted
with the mice in the Control, Hypoxia, and Hypoxia + IL-4
groups. At P30, the functional study showed that the hypoxic
mice spent less time on the rotarod than the control mice.
However, the administration of exogenous IL-4 caused the
hypoxic mice to spend obviously more time on the rotarod
than the mice exposed to hypoxia and administered saline
(Figure 2E). Comparable results were observed in themice at P60
(Figure 2F).

Administration of Exogenous IL-4
Improves Myelination
The improvements observed in the functional study urged
us to examine the recovery of myelination in the mouse
brain. The expression of MBP in the brain was measured
by immunohistochemistry at P11 and by electron microscopy
at P18. The mice exposed to hypoxia exhibited obviously
delayed myelination in the brain compared to the mice
exposed to control conditions. Interestingly, the intranasal
administration of exogenous IL-4 to the mice exposed to
hypoxia rescued myelination compared with the administration
of saline to the hypoxic mice (Figures 3A–C,G). The g
ratio (calculated as the axon diameter divided by the entire
myelinated fiber) was used to assess the thickness of the
myelin sheath. The microscopy results showed that the hypoxic
mice had thinner myelination and a higher g ratio than the
control mice. However, exogenous IL-4 administration to the
hypoxic mice improved myelination and reduced the g ratio
compared with the administration of saline to the hypoxic
mice (Figures 3D–F,H). These data suggested that the intranasal
administration of exogenous IL-4 rescued the expression of MBP
and improved myelination.

Administration of Exogenous IL-4
Increases the Level of IL-4 in the Brain
To explore the role of IL-4 in the PVL model, the concentration
of IL-4 in the brain at P7 was measured by ELISA. The level
of IL-4 in the brains of mice exposed to hypoxia was lower
than that in the brains of mice exposed to control conditions
(Figure 2D). The intranasal administration of exogenous IL-
4 increased the level of IL-4 in the hypoxic mouse brain
(Figure 2D), indicating that the intranasal administration of IL-4
increased the concentration of IL-4 in the lesion area.
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FIGURE 1 | Severe acute hypoxia causes diffuse white matter injury. (A) Images of pathological brain specimens from the mice in the Control (left) and Hypoxia (right)

groups at P4. Diffuse, small hemorrhagic spots (red arrow) were observed in brain tissue in the Hypoxia group but not in that in the Control group (n = 3 brains for

each group). (B) Western immunoblotting of MBP in the white matter from P4 mice exposed to control or hypoxic conditions. The expression level of MBP (top panel)

in the Hypoxia group was significantly lower than that in the Control group (n = 4 brains for each group, p = 0.01 by unpaired two-tailed t test). The histograms

represent the normalized relative quantitative values between the Control group and Hypoxia group. (C) Normalized relative quantitative values of the

(Continued)
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FIGURE 1 | immunohistochemistry analysis of MBP between the Control group and Hypoxia group. (D) Gene expression analysis of myelin-related mRNA (Ng2, Mag,

and Mbp) in the white matter of P4 mice exposed to control or hypoxic conditions. The gene expression levels of Ng2, Mag, and Mbp in the Hypoxia group were

significantly downregulated compared to those in the Control group (n = 4–5 brains for each group, p = 0.09, 0.04, and 0.03, respectively, by unpaired two-tailed t

test). GAPDH was used to normalize the gene expression levels. (E,F) Immunohistochemistry analysis of MBP in the white matter from the P4 mice exposed to control

(E) or hypoxic (F) conditions. Reduced MBP (green) was shown in the Hypoxia group compared to that in the Control group. The exposure time was 50ms in all the

scopes (n = 4–5 brain per group, p = 0.01 by unpaired two-tailed t test). All the data are expressed as the mean ± S.E.M. MBP, myelin basic protein; Ng2, nerve-glia

antigen 2; Mag, myelin-associated glycoprotein; Mbp, myelin basic protein.

FIGURE 2 | The administration of exogenous IL-4 improves the functional deficits of PVL. (A) Gene expression analysis of the IL-4 receptor in the white matter of the

P4 mice exposed to hypoxia or control conditions. The mRNA levels of the IL-4 receptor were significantly higher in the Hypoxia group than in the Control group (n =

4–5 mice per group, p = 0.008 by ANOVA). (B) Western immunoblotting of IL-4R in the white matter of the P4 mice exposed to control or hypoxic conditions. The

expression level of IL-4R (top panel) in the Hypoxia group was significantly higher than that in the Control group (n = 5 brains for each group, p = 0.01 by unpaired

two-tailed t test). (C) The histograms represent the normalized relative quantitative values between the Control group and Hypoxia group. (D) Concentration of IL-4 in

the P7 brains of the mice in the Control, Hypoxia, and Hypoxia + IL-4 groups (n = 6–7 mice per group, p = 0.0002 and 0.047, respectively, by ANOVA). (E,F),

Rotarod test of the mice in the Control, Hypoxia, and Hypoxia + IL-4 groups at P30 (E) and P60 (F). The mice in the Hypoxia group exhibited shorter times on the

rotarod than those in the Control group in different modes at P30 and P60 (p = 0.01, 0.009; 0.047, 0.001, respectively). However, the administration of IL-4 partially

rescued the time on the rotarod compared to the administration of saline to the hypoxia mice in different modes at P30 and P60 (n = 15–18 mice per group, p =

0.002, 0.027; 0.011, 0.037 by ANOVA). Acc, acceleration pattern; Fixed, fixed pattern.

Regulating the Effect of IL-4, Which Is
Partially Dependent on Microglia
Polarization
Many studies have found that microglia are involved in
the neuroinflammation that protects against brain damage.
To explore the role of microglial polarization in hypoxia,
the microglia in the white matter zone were quantitatively

analyzed by immunohistochemistry and Western blotting
experiments. The quantitative results of the microglia in the
white matter showed that exposure to hypoxia increased the

numbers of Iba+ microglia (Figures 4A–C,G–I). Interestingly,
IL-4 administration slightly decreased the numbers of Iba+

microglia (Figures 4A–C,G). In addition, microglial cells
(CD45+CD11b+) were sorted by FACS (Figure 4D), and the
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FIGURE 3 | Administration of exogenous IL-4 improves myelination. (A–C) Immunohistochemistry analysis of MBP at P11 in the white matter of the Control, Hypoxia,

and Hypoxia + IL-4 groups. The level of MBP in the mice exposed to hypoxia (B) was significantly reduced compared with that in the mice exposed to control

conditions (A) (n = 4–5 brains per group, p = 0.03 by ANOVA). However, the administration of exogenous IL-4 to the mice exposed to hypoxia (C) partly rescued

myelination compared to the administration of saline to the mice exposed to hypoxia (n = 4–6 brains per group, p = 0.04 by ANOVA). The exposure time was 50ms

in all the scopes. (G) Normalized relative quantitative values of the immunohistochemistry analysis of MBP among the Control group, Hypoxia group, and Hypoxia +

IL-4 group. (D–F) Electron microscopy images of the axons in the white matter of the P11 mice in the Control (D), Hypoxia (E), and Hypoxia + IL-4 (F) groups. (H) g

ratio of axon myelination. There was an increased g ratio in the Hypoxia group compared with that in the Control group (n = 3 brains per group, more than 20 axons

were calculated for each brain, p = 0.011 by ANOVA). However, the administration of IL-4 to the mice exposed to hypoxia decreased the g ratio compared to the

administration of saline to the mice exposed to hypoxia (p = 0.047 by ANOVA).

gene and protein expression of iNOS, Arg1, and TNF-a were
detected. Decreased iNOS and TNF-a expression and increased
Arg1 expression were observed in the mice in the Hypoxia+ IL-4
group compared with those in the Hypoxia group (Figures 4E,F),
suggesting that the administration of IL-4 promotes microglial
polarization from the M1 phenotype (CD45+CD11b+, high
iNOS expression) to the M2 phenotype (CD45+CD11b+, high
Arg1 expression).

DISCUSSION

As the most common form of injury in infants with very
low birth weights, PVL represents a large burden to the

health system (7–9). Previous studies have revealed the potent
neuroprotective effects of IL-4 in animal models (27, 28).
Myelination is considered to be correlated with the manifestation
of PVL (10, 11). Therefore, we performed the present study
using the hypoxia model to investigate the effect of IL-4
in PVL. In the present study, we found that the intranasal
administration of exogenous IL-4 improved the myelination of
axons, and the improvement of myelination might partly depend
on microglial polarization in the brain. These results show that
IL-4 is important in modulating the improvement of myelination
in PVL.

As the most potent immune cells in the CNS, microglial
cells play an important role in CNS repair and regeneration
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FIGURE 4 | Immunohistochemistry analysis of Iba1 in the white matter of P7 mice in the Control, Hypoxia, and Hypoxia + IL-4 groups. (A–C) Iba1+ cell staining at P7

in the white matter of the Control, Hypoxia, and Hypoxia + IL-4 groups. The numbers of microglia cells in the mice exposed to hypoxia (B) were significantly increased

compared with those in the mice exposed to control conditions (A) (n = 4–5 brains per group, p = 0.023 by ANOVA). Additionally, the administration of exogenous

IL-4 to mice exposed to hypoxia (C) slightly alleviated the activation of microglia compared to the administration of saline to the mice exposed to hypoxia (n = 4–5

brains per group, no significant difference, ANOVA). The exposure time was 50ms in all the scopes. (G) Normalized relative quantitative values of

(Continued)
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FIGURE 4 | immunohistochemistry analysis of Iba1 among the Control group (A), Hypoxia group (B), and Hypoxia + IL-4 (C) group. (E) mRNA expression of iNOS,

Arg1, and TNF-a in the microglial cells sorted by FACS at P7 from the white matter of the mice in the Control, Hypoxia, and Hypoxia + IL-4 groups. (F) Western

immunoblotting of iNOS, Arg-1, and TNF-a in the microglial cells sorted by FACS at P7 from the white matter of the mice in the Control, Hypoxia, and Hypoxia + IL-4

groups. Increased iNOS and TNF-a expression levels and decreased Arg-1 expression levels were observed in the Hypoxia group compared with the Control group.

However, IL-4 administration reversed the expression of these proteins (n = 4 brains for each group). (D) Microglial cells sorted by FACS. (H) Western immunoblotting

of Iba1 at P7 in the white matter of the mice in the Hypoxia and Hypoxia + IL-4 groups. The expression level of Iba1 in the Hypoxia + IL-4 group was significantly

lower than that in the Hypoxia group (n = 4 brains for each group, p = 0.011 by unpaired two-tailed t test). (I) Normalized relative quantitative values of Western

immunoblotting analysis of Iba1 in the P7 mice between the Hypoxia group and Hypoxia + IL-4 group. FACS, fluorescence-activated cell sorting.

(47, 48). Disruptions of myelination in early stages have
deleterious consequences for the development of neuronal
connectivity, such as in PVL, in both animal models and
human specimens (13). The polarized phenotypes of microglial
cells have distinct roles in the injury and recovery of white
matter. Consistent with previous studies, our results suggested
that hypoxia obviously increased the polarization of microglia
(increased Iba1+ cell activation, increased iNOS expression,
and decreased Arg1 expression) and caused a reduction in
myelination (decreased MBP expression) in the mouse PVL
model. In an in vitro model of inflammation, Chhor V
et al. proved that stimulation with anti-inflammatory cytokines
increased the expression of genes associated with the M2
microglial phenotype (such as Arg1); however, the expression
of genes associated with the M1 phenotype (such as iNOS)
was increased by stimulation with pro-inflammatory mediators
(17). In our study, the gene and protein expression of iNOS,
Arg1, and TNF-a were measured in FACS-sorted microglia by
RT-PCR and Western blotting. In accordance with reported
studies, our findings showed increased iNOS expression levels
in CD45+CD11b+ cells and decreased Arg1 expression levels
in CD45+CD11b+ cells. These results showed that microglial
cells are closely related to myelination disturbances in the PVL
mouse model.

As a T cell-derived mediator, IL-4 plays a critical role in
several neurological disorders (49). Derecki N et al. reported that
IL-4−/− mice exhibited severe learning abnormalities compared
with wild-type mice. In addition, increased production of
IL-4 was detected in mice training in the Morris water
maze compared to that in untrained mice (50). In a focal
ischemia mouse model, Xiong X et al. showed that IL-4
KO mice exhibited larger infarction volumes and worsened
neurological scores than wild-type mice. In our study, our
results showed that the administration of exogenous IL-
4 improved myelination and reduced the polarization of
microglia to the M1 phenotype. Furthermore, IL-4 alleviated
the hypoxia-induced functional impairment in a PVL mouse
model. As an immune cytokine, IL-4 has been reported to
regulate the expression of MHC class II molecules and the
enhancement of macrophage mannose receptor activity (51).
In addition, Chhor V et al. found that stimulation with IL-4
increased the gene expression of M2 markers (such as Arg-
1 and CD206) but did not increase the expression of M1
markers (such as TNF-a, IL-6, and IL-1b). Similarly, our results
showed that the administration of exogenous IL-4 decreased
iNOS expression in CD45+CD11b+ cells and increased Arg1
expression in CD45+CD11b+ cells. These results showed
that IL-4 attenuates myelination disturbances and functional

impairments by regulating microglia polarization in a PVL
mouse model.

However, despite an increasing body of evidence supporting
the beneficial effects of IL-4 in neurological diseases, the effect
of IL-4 in hypoxia-induced brain injuries is under debate
(44). Kim et al. reported that IL-4 levels were increased in
patients with cerebral infarction (44). However, our results
showed reduced IL-4 levels in the hypoxia-induced model. Many
possibilities may explain this controversy. (1) Different tissues
(serum and brain) exhibit different cytokine levels. Due to
interference by the blood–brain barrier, the IL-4 levels in the
brain may differ from those in serum. (2) Different experimental
models (cerebral infarction and PVL models, human, and mouse
models) may generate different IL-4 levels. The IL-4 receptor
alpha chain (IL-4Ra) has been reported to mediate the effects
of IL-4 signaling. When IL-4Ra binds its ligand, IL-4Ra can
dimerize with the gamma chain or the IL-13 receptor alpha1,
producing a type 1 complex or type 2 complex, respectively (52).
In our results, we found increased IL-4Ra protein levels and
decreased IL-4 concentrations in the PVL-induced mouse model.
Part of the reason for these observations is probably because
of compensatory mechanisms. A reduced ligand level would
promote an increase in ligand receptors to reduce changes in
the downstream signaling pathways. The mechanism of cerebral
infarction in patients is obviously different from that in the PVL
mouse model. However, the different effects observed in PVL
models and infarction models remind us that IL-4 might play
distinct roles in different diseases. In addition, our research only
showed the correlation between the administration of exogenous
IL-4 and the alleviation of functional deficits, and we did not
include IL-4−/− transgenic mice in our study. Our team will
address this limitation in our future work. Overall, intranasal IL-
4 administration improved myelination and alleviated functional
deficits, as presented in this study, which might be explained
by the polarization of microglia, including the regulation of
iNOS and Arg1 expression in CD45+CD11b+ cells. These results
might suggest the possibility of treating PVL by targeting the
polarization of microglia.

CONCLUSION

Overall, our findings demonstrated that the intranasal
administration of exogenous IL-4, at least in a hypoxia-induced
PVL model, could improve myelination and attenuate functional
deficits. These results show that intranasal IL-4 administration
may be a new strategy for PVL treatment. Polarization of
microglia is an important but not exclusive mechanism and
needs to be further explored.
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Background: Preterm infants experience rapid brain growth during early post-natal

life making them vulnerable to drugs acting on central nervous system. Morphine

is administered to premature neonates for pain control and caffeine for apnea of

prematurity. Simultaneous use of morphine and caffeine is common in the neonatal

intensive care unit. Prior studies have shown acute neurotoxicity with this combination,

however, little information is available on the mechanisms mediating the neurotoxic

effects. The objective of this study was to determine the effects of morphine and caffeine,

independently and in combination on mitochondrial dysfunction (Drp1 and Mfn2), neural

apoptosis (Bcl-2, Bax, and cell damage) and endothelin (ET) receptors (ETA and ETB) in

neonatal rat brain.

Methods: Male and female rat pups were grouped separately and were divided into

four different subgroups on the basis of treatments–saline (Control), morphine (MOR),

caffeine (CAFF), and morphine + caffeine (M+C) treatment. Pups in MOR group were

injected with 2 mg/kg morphine, CAFF group received 100 mg/kg caffeine, and M+C

group received both morphine (2 mg/kg) and caffeine (100 mg/kg), subcutaneously on

postnatal days (PND) 3–6. Pups were euthanized at PND 7, 14, or 28. Brains were

isolated and analyzed for mitochondrial dysfunction, apoptosis markers, cell damage,

and ET receptor expression via immunofluorescence and western blot analyses.

Results: M+C showed a significantly higher expression of Bax compared to CAFF or

MOR alone at PND 7, 14, 28 in female pups (p < 0.05) and at PND 7, 14 in male pups

(p < 0.05). Significantly (p < 0.05) increased expression of Drp1, Bax, and suppressed

expression of Mfn2, Bcl-2 at PND 7, 14, 28 in all the treatment groups compared to the

control was observed in both genders. No significant difference in the expression of ETA
and ETB receptors in male or female pups was seen at PND 7, 14, and 28.

Conclusion: Concurrent use of morphine and caffeine during the first week of life

increases apoptosis and cell damage in the developing brain compared to individual

use of caffeine and morphine.

Keywords: morphine, caffeine, mitochondrial function, apoptosis, neonatal rat model, brain
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INTRODUCTION

Preterm neonates in the Neonatal Intensive Care Unit (NICU)
are subjected to many essential but painful procedures (1). A
growing focus on the comfort and pain control in the NICU
has led to an exponential increase in opioid administration (2).
Although opioid management for acute pain is thought to be
evidence-based, prolonged use of opioids in neonates remains
a concern secondary to its potential deleterious effects on the
developing brain (3, 4). Caffeine citrate is a standard treatment
for apnea of prematurity (AOP) in the extremely premature
infants. The “Caffeine for Apnea of Prematurity (CAP)” trial
demonstrated safety, tolerability, and efficacy of caffeine for
treatment of apnea, with reduction in bronchopulmonary
dysplasia (BPD) and improvement in survival of 18–21 month
old preterm infants without neurodisability (5). Despite the
widespread clinical use, effects of caffeine on the developing
brain remained controversial. Morphine in association with
caffeine is routinely used in the NICU (6, 7); however, there
are conflicting reports surrounding morphine analgesia and its
long-term neurologic effects in preclinical and clinical studies.
Various in vitro (8, 9) and in vivo studies (10–12) have shown
induced neuroapoptosis because ofmorphine treatment. Chronic
morphine exposure has shown to cause a significant reduction
in brain volume and dendritic growth (13), modification in
synaptic neuroplasticity in limbic system and impairment in
learning throughout adult life (14–16). It has also known to result
in long-lasting neurochemical changes and affects hippocampal
development (17, 18). Results from these studies suggest that
morphine has neurotoxic effects; however, Zhaleh et al. has
shown that use of a low-dose morphine could have suppressive
effects on cytotoxicity (19). Moreover, a clinical study has shown
an association between neonatal low-dose morphine analgesia
and early alterations in cerebral structure as well as short-term
neurobehavioral problems that did not persist into childhood
(20). Conversely, several randomized trials have reported that
short term or long-termmorphine treatment in preterm neonates
did not alter cognitive ability or motor development when
measured at 5 and at 8–9 years of age (21–24).

Limited research exists on the safety and long-term
consequences of caffeine on the developing brain. In vivo
and in vitro studies have shown caffeine induced neuroapoptosis
(25), alteration of astrogenesis (26), and transient motor
impairment (27). Preclinical studies have shown that therapeutic
doses of caffeine may significantly augment the neurotoxicity
of sedative/anesthetic drugs (28), challenging the clinical
assumption that caffeine is safe for premature infants when used
in combination with sedative drugs.

Studies at the molecular level show that the developing rat
brain from PND 1 to PND 7, closely correlates with the timing
of synaptogenesis which is highly susceptible to neuroapoptosis
(29, 30). The opioid and endothelin system modulate neuronal
migration, differentiation andmaturation during this period (31–
34). Endothelin A (ETA) and B (ETB) receptors have been shown
to play an important role in mitochondrial function in an adult
stroke model. Blockage of ETB receptors and activation of ETA

receptors appears to trigger apoptotic processes by modulating

mitochondrial function (34). However, the involvement of
ET receptors in relation to mitochondrial function in an
animal model of drug-induced neurotoxicity is of interest and
remained elusive.

Optimal mitochondrial function is crucial for brain
development and function, including regulation of neurogenesis,
neural stem cell differentiation (35, 36), and development of
synapses (37, 38) which is controlled by mitochondrial fusion
and fission (39). An abnormal increase in fission through
dynamin-related protein 1 (Drp1), leads to mitochondrial
insertion of pro-apoptotic proteins such as Bcl-2 associated
× protein (Bax) triggering apoptosis. Anti- apoptotic proteins
like Bcl-2 bind to Bax to prevent apoptosis, the balance
between pro-apoptotic, and anti-apoptotic proteins on the
mitochondrial membrane determine cell fate (40). Bcl-2 and Bax
are present permanently on the mitochondrial and endoplasmic
reticulum membranes controlling drug-induced mitochondria
mediated apoptosis by regulating the calcium storage (41).
Overexpression of mitofusin-2 (Mfn2) results in suppression
of mitochondrial fragmentation leading to decreased apoptosis
(42–44). Disturbance in fine balance between fusion/fission
results in disturbed mitochondrial morphogenesis leading to
altered development and function of immature synapses of
nerves (37).

Since mitochondria may be the initial and one of the most
vulnerable targets of drug-induced impairment of neuronal
development, we hypothesized that caffeine in association
with morphine would augment neuroapoptosis involving the
activation of a mitochondria-dependent apoptotic cascade. This
would manifest as an increase in the expression of ETA, Drp1,
Bax, cell damage, and decrease in the expression of ETB, Mfn2,
and Bcl-2. We also hypothesized that the central nervous system
(CNS) protein expression would demonstrate gender-specific
differences suggestive of female neuroprotective properties. The
goal of the present study was to use a neonatal rat model
to mimic clinical exposure to caffeine and morphine in the
premature neonates and their effects on different stages of
neurodevelopment through the specific CNS protein analyses.

MATERIALS AND METHODS

Animals
Twenty timed-pregnant Sprague–Dawley rats (Envigo,
Indianapolis, IN) were housed in a room with controlled
temperature (23 ± 1◦C), humidity (50 ± 10%), and light
(6:00A.M−6:00 P.M). All animals were maintained on a 12-h
light/dark schedule. Food and water were available ad libitum.

Experimental Procedures
On PND 3, male and female rat pups were grouped separately
and were divided into four different subgroups on the basis of
treatments–saline (Control), morphine (MOR), caffeine (CAFF),
and morphine + caffeine (M+C) treatment. A total of 192 rat
pups were used for the study. For western blot experiments: four
animals per group (4 groups × 2 genders × 3 time-points = 96
animals (48 Male and 48 Female) and for immunofluorescence
experiments: four animals per group (4 groups × 2 genders ×
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3 time-point = 96 animals (48 Male and 48 Female) were used.
Animal care and experimental procedures were performed in
accordance with the guidelines for animal care and use following
approval by the Institutional Animal Care and Use Committee
(IACUC, MWU file # 3076) of Midwestern University.

Drugs
All drug doses were appropriately scaled keeping in mind the
metabolic differences between rats and humans. All drugs were
administered via a sterile filtered syringe with a 25-gauge needle.
Each pup received treatments by subcutaneous injection with
volumes adjusted as per body weight. Pups in control group were
administered saline as per body weight with volumes ranging
from 8 to 14 µl. The pups were recovered for 30min following
each injection in an incubator maintained at 34.5◦C (nesting
temperature) prior to being returned to their dams.

Caffeine Administration
In clinical practice, caffeine is administered as a bolus of 20mg/kg
followed by daily maintenance doses of 5–10 mg/kg/day for days
to weeks. This standard dosing regimen achieves 6–50µg/mL
of blood caffeine levels which is considered safe for premature
infants (45). Similar levels are reached in a mice model with 100
mg/kg of caffeine citrate subcutaneously (46, 47). Pups in CAFF,
M+C groups were administered 100 mg/kg of caffeine citrate
(Fisher Scientific, Hanover Park, IL) on PND 3 (30) and repeated
every 24 h for a total of 4 days (PND 3–6).

Morphine Administration
In clinical practice, one method of administering morphine for
acute pain is an intermittent bolus of 0.1 mg/kg morphine
every 4 h intravenously. This dosing schedule attains a morphine
level of 50–300 ng/ml in preterm infants to provide analgesic
effects (48, 49). Comparable levels are closely achieved with a
subcutaneous dose of 2 mg/kg/day in a neonatal rat pup model
(50). Pups in MOR, M+C groups were administered 2 mg/kg
of morphine sulfate (Henry Schein Animal Health, Dublin, OH,
USA) on PND 3, repeated every 24 h for a total of 4 days
(PND 3–6).

Euthanasia
On PND 7, 14, and 28, 8 pups from each group of same gender
were euthanized by decapitation, and the brains were removed
for western blot and immunofluorescence analysis. The brain of
each pup was weighed and stored at −80◦C for western blot and
4% paraformaldehyde (PFA) for immunofluorescence analyses.

Determination of CNS Proteins ETA, ETB,

Drp1, Mfn2, Bcl-2, and Bax
Western Blot Analysis

Brain tissues were washed in chilled saline and homogenized
in RIPA buffer (20mM Tris-HCl pH 7.5, 120mM NaCl, 1.0%
Triton X-100, 0.1% SDS, 1% sodium deoxycholate, 10% glycerol,
1mM EDTA, and 1× protease inhibitor, Roche). Proteins were
isolated in solubilized form and concentration was determined
using Folin-Ciocalteu’s Reagent. Solubilized protein (60 µg) was
denatured in Laemmli sample buffer (Bio-Rad, Hercules, CA),

resolved in 10% SDS–PAGE and transferred on nitrocellulose
membrane (Sigma-Aldrich, St. Louis, MO, USA). The membrane
was then blocked with superblock solution for 1 h at room
temperature. The membranes were probed for anti-ETB, anti-
ETA, anti-Drp1, anti-Mfn2, anti-Bcl-2, and anti-Bax (1:1000;
Abcam, Cambridge, MA) primary antibodies overnight at
4◦C. Membranes were then incubated with goat anti-rabbit
and anti-mouse IgG, horseradish peroxidase-conjugated (HRP)
secondary antibody (1:2000; Santa Cruz Biotech., Santa Cruz,
CA, USA) for 2 h at room temperature. β-actin (1:10,000;
Sigma-Aldrich, St. Louis, MO, USA) was used as a loading
control. The chemiluminescence of HRP was visualized with
SuperSignal WestPico Chemiluminescent Substrate (Thermo
Fisher Scientific, Bartlett, IL) using the Kodak Gel Logic 1,500
Imaging System (CarestreamHealth Inc., New Haven, CT). The
protein band intensity indicating the protein expression was
analyzed using ImageJ (NIH) software and graphs were plotted
after normalizing the protein expression with β-actin expression.

Immunofluorescent Analysis

To confirm western blot data, immunofluorescence technique
was used to detect expression of Drp1, Mfn2, Bcl-2, and Bax
markers in rat brain tissues. Rat brains were fixed in 50ml of
4% paraformaldehyde (PFA) in NaPO4 buffer solution for 2 h
at room temperature, and then submerged in 20% sucrose/4%
PFA solution and stored at 4◦C for 48 h. Brains were sliced
into 20µm thick slices using a cryostat (Microtome cryostat
HM 505E; Walldorf, Germany) at −20◦C. Tissue sections were
washed three times with 1× PBS and permeabilized with 1%
Triton X-100 in PBS for 15min at room temperature. Blocking
with 5% BSA in 1× PBS for 1 h at room temperature was
carried out. The brain sections were incubated with anti-Drp1,
Mfn2, Bcl-2, and Bax antibody (1:200 diluted in 1× PBS) at 4◦C
overnight. Sections were washed twice in 1× PBS and incubated
with Alexa Fluor 488-conjugated donkey anti-mouse secondary
antibody and Alexa Fluor 555-conjugated donkey anti-rabbit
secondary antibody (1:200, Abcam, Cambridge, MA) for 1 h
at room temperature in the dark and mounted with prolong
gold anti-fade reagent with DAPI (Cell Signaling Technology,
Danvers, MA, USA). Fluorescence was detected using an inverted
fluorescent microscope (Nikon Eclipse TiE, Melville, NY). All
images for analysis were taken using the same exposure with a
multi-channel ND acquisition using NIS Elements BR imaging
software (Nikon Instruments, Inc., Melville, NY). Analyses were
performed using NIS-Elements 3.01 imaging software from
Nikon Instruments, Inc. (Melville, NY).

Assessment of Cell Damage
Cell damage, a measure of apoptosis, in brains of rat pups was
evaluated using 7-amino actinomycin D (7AAD) assay on PND
7, 14, and 28. Rat pups brains were perfused with chilled 1×
PBS and fixed with 50ml of 4% paraformaldehyde (PFA) solution
for 2 h. Fixed brains were incubated in 20% sucrose/4% PFA
solution, pH 7.4 at 4◦C for 48 h. Brain tissue was sliced into
20µm thick slices at−20◦C using a cryostat (Microtome cryostat
HM 505E; Walldorf, Germany). Tissue sections were blocked
with 4% BSA in 1× PBS for 30min at 4◦C. The brain sections

Frontiers in Pediatrics | www.frontiersin.org 3 September 2020 | Volume 8 | Article 59365

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Kasala et al. Morphine and Caffeine Cause Neuroapoptosis

were incubated with fluorescent DNA binding agent, 7AAD
(0.25µg/mL; Thermo Fisher Scientific, Bartlett, IL) for 15min
at 4◦C. Sections were washed thrice in 1× PBS and mounted
with prolong gold anti-fade reagent with DAPI (Cell Signaling
Technology, Danvers, MA, USA). Fluorescence was detected in a
randomly fashion using inverted fluorescent microscope (Nikon
Eclipse TiE, Melville, NY). Captured microscopic images were
processed with NIS-Elements AR 4.13 software (Nikon, Melville,
NY) and 7AAD positive nuclei were marked and counted. The
data was represented as percent 7AAD positive cells normalized
to the total number of nuclei in each field.

Statistical Analysis
Power analysis was conducted using GraphPad Instat-3.1 with
a beta of 0.8 and alpha of 0.05. The sample size in each group
was N = 4 based upon expected change determined from
results published in literature using similar procedures. Data
are presented as mean ± S.E.M. One-way ANOVA followed by
Bonferroni’s post hoc comparison test was used. A P < 0.05 was
considered to be significant. The statistical analysis was processed
with GraphPad Prism 8.00 (GraphPad, San Diego, CA, USA). All
groups were compared against control and one another.

RESULTS

Effect of Treatment on Brain/Body Ratio
Brain/body weight ratio did not differ between different groups
at different time points in both the genders.

Effect of Treatment on Apoptotic Markers

(Bax and Bcl-2)
Western blot analyses showed a significant (p < 0.01) increase
expression of Bax in both male and female in MOR, CAFF, and
M+C groups compared to control group at PND 7, 14, and
28 (Figure 1A). M+C had a markedly increased Bax expression
compared MOR and CAFF alone at PND 7, 14, and 28 in
female group and at PND 7 and 14 in male group (p < 0.01,
Figure 1A). MOR, CAFF, and M+C groups had a significant
(p < 0.01) decrease in Bcl-2 expression in both male and
female groups compared to control group at PND 7, 14, and
28 (Figure 2A). Expression of Bcl-2 remained unaltered in the
M+C group compared toMOR or CAFF in bothmale and female
groups at different time points. No significant differences in the
expression of these markers were noted between male and female
subgroups. Therefore, these results were further confirmed
with immunofluorescence imaging only in male group. The
qualitative immunofluorescence data of these markers showed
higher expression of Bax (red, Figure 1B) and lower expression of
Bcl-2 (red, Figure 2B) in MOR, CAFF, and M+C treated groups
compared to control.

Effect of Treatment on Mitochondrial

Function (Drp1 and Mfn2)
MOR, CAFF, and M+C groups had a significant (p < 0.01)
increase in Drp1 expression in both male and female groups
compared to control group at PND 7, 14, and 28 (Figure 3A).
MOR, CAFF, and M+C groups had a significant (p < 0.01)

decrease in Mfn2 expression compared to control group in both
male and female groups at PND 7, 14, and 28 (Figure 3B) in
western blot analyses. Expression of Drp1 and Mfn2 remained
unaltered in the M+C group compared to MOR or CAFF group
in both male and female groups at different time points. No
significant differences in the expression of these markers were
noted between male and female groups. Therefore, these results
were further confirmed with immunofluorescence imaging only
in male group. The immunofluorescence data of these markers
showed higher expression of Drp1 (green, Figure S1) and lower
expression of Mfn2 (green, Figure S2) in MOR, CAFF, andM+C
treated groups.

Effect of Treatment on Cell Damage/Cell

Death
No significant differences in the expression of apoptotic and
mitochondrial dysfunction markers were noted between male
and female subgroups, therefore, we assessed the DNA damage
only in male group. Detection of apoptotic cell nuclei, was done
using fluorescent DNA binding agent, 7-amino actinomycin D
(7AAD). 7AAD is a membrane impermeant dye that binds
to double stranded DNA and exhibit dramatic increase in
fluorescence intensity. Apoptosis in cells is known to cause
damage to cell membrane, which allows 7AAD dye enter into the
damaged cells. After staining with 7AAD, apoptotic cells show
red fluorescence, while undamaged cells showed no fluorescence.
No signals of cell death were observed in the control group at
PND 7, 14, and 28 (3.3, 2.5, and 3.0% 7AAD+ cells, respectively).
Treatment withMOR, CAFF, andM+C, significantly (p< 0.001)
increased the number of apoptotic cells on PND 7 (19.7, 18.5, and
22.3% 7AAD+ cells, respectively), PND 14 (24.6, 25.4, and 27.4%
7AAD+ cells, respectively), and PND 28 (24.4, 27.0, and 28.9%
7AAD+ cells, respectively) (Figure 4).

Effect of Treatment on Endothelin

Receptors (ETA and ETB)
Expression of ETA and ETB did not differ between different
groups at different time points in either gender (Figure S3).

DISCUSSION

This is the first study aimed to examine how morphine
in association with caffeine, affect mitochondrial function,
expression of ET receptors and apoptotic markers in a neonatal
rat model. The results provide some insight into the role
of mitochondria in neuroapoptosis induced from the drug
combination. An important consideration in the study design
was to mimic a NICU practice where extremely preterm
neonates are treated with morphine for pain/agitation (1) in
association with caffeine for AOP. The study targeted the peak
synaptogenesis time window of PND 3–6 in a rat pup, which
corresponds to a premature neonate at 26–32 week gestation
(51, 52).

The results demonstrate that concurrent exposure to clinically
relevant doses of morphine and caffeine trigger cell death in
an immature brain that persist at various developmental stages
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FIGURE 1 | Expression of pro-apoptosis marker Bax in rat pups brain. (A) Western blots and densitometry graphs, (B) immunofluorescence images in Control, MOR,

CAFF, and M+C treated pups brain tissues at PND 7, PND 14, and PND 28. (A) All blots are representative of four different experiments with similar results. β-Actin

was used as a loading control. (B) Representative Immunofluorescence microscopy images and fluorescence intensity graphs of Bax. MOR, CAFF, and M+C groups

marked increase in the expression of the pro-apoptosis marker Bax (red) compared to control. Nuclei were stained with DAPI (blue). Bar scale = 100µm. Values are

expressed as mean ± S.E.M. *P < 0.01 vs. Control, #P < 0.01 Vs. MOR and CAFF alone.

(PND 7, 14, and 28) suggesting the potential for long-term
debilitating neurological outcomes. Findings also confirm the
previously reported higher cell death mediated via mitochondria
dependent caspase-3 activation from moderate dose of caffeine
and morphine (30). This is further supported by other studies
where the addition of caffeine to other sedatives such as
midazolam/ketamine/fentanyl/alcohol in PND 3 rat pups has
shown a supra-additive effect, causing more neurotoxicity than
expected (28, 47).

In our study, morphine caused a significant increase in
apoptosis via Bax, possibly by an increase in mitochondrial
fission (via Drp1) and a significant decrease in mitochondrial
fusion (via Mfn2) at PND 7, 14, and 28 in male and female
pups. This may suggest a disturbance in mitochondrial function
from an imbalance in fission/fusion proteins resulting in cell
death. These results are in agreement with previous studies which
have indicated that chronic morphine induces up-regulation of
the Bax and down-regulation of the Bcl-2 protein (8, 53–55).
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FIGURE 2 | Expression of anti-apoptosis marker Bcl-2 in rat pups brain. (A) Western blots and densitometry graphs, (B) immunofluorescence images in Control,

MOR, CAFF, and M+C treated pups brain tissues at PND 7, PND 14, and PND 28. (A) All blots are representative of four different experiments with similar results.

β-Actin was used as a loading control. (B) Representative Immunofluorescence microscopy images and fluorescence intensity graphs of Bcl-2 markers. MOR, CAFF,

and M+C groups marked increase in the expression of the anti-apoptosis marker Bcl-2 (red) compared to control. Nuclei were stained with DAPI (blue). Bar scale =

100µm. Values are expressed as mean ± S.E.M. *P < 0.01 vs. Control.

Further, these studies show that mitochondrial viability plays a
key role in the cell apoptosis (8, 53, 56). While previous studies
involving acute low dose morphine did not find an increase in
cell death, the discriminating factor may be partly explained by
different dosage use and inhibition of apoptosis by activation
of opioid receptors via other pathways like phosphatidylinositol
3-kinase/protein kinase B (PI3K/Akt) (19).

Similar to morphine, our data suggest that caffeine increased
apoptosis via Bax possibly by an increase in mitochondrial fission
(via Drp1) and a significant decrease in mitochondrial fusion
(via Mfn2) at PND 7, 14, and 28 in male and female pups.
This suggests a potential role of mitochondria in the cell death.
Consistent with our results, previous studies have shown that

caffeine has a neurotoxic effect on the immature brain (25, 30,
47). Additionally, we also assessed cell damage with 7AAD assay
and observed significantly increased cell damage in morphine
and caffeine treated animals.

The exact mechanism involved with neurotoxicity from
M+C combination remains unknown. Caffeine stimulates the
respiratory center in the CNS via adenosine receptor inhibition
at therapeutic doses, but at higher doses causes cellular changes
via phosphodiesterase inhibition, Gamma amino butyric acid A
receptor (GABAA) inhibition and release of intracellular calcium
(25, 57). On the other hand, morphine acts on the mu opioid
receptor (MOR), the G protein coupled receptor, mediating pain
and adverse effects, and at high concentrations can activate δ and
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FIGURE 3 | Expression of mitochondrial fission protein Drp1 (A) and mitochondrial fusion protein Mfn2 (B) in rat pup’s brain. Western blots and densitometry graphs

of Control, MOR, CAFF, and M+C treated pups brain tissues at PND 7, PND 14, and PND 28. All blots are representative of four different experiments with similar

results. β-Actin was used as a loading control. Values are expressed as mean ± S.E.M. *P < 0.01 vs. Control.

κ receptors (58). At a cellular level, morphine inhibits adenylate
cyclase decreasing cyclic AMP (Adenosine Monophosphate) and
thereby calcium ion entry into the cell. In theory, considering
the opposite effects of morphine and caffeine on the calcium ion
homeostasis, there should be minimal effect on apoptosis from
this combination. This dysregulation of calcium equilibrium can
be a possible mechanism to trigger apoptosis by increase in pro-
apoptotic mediator via Bax (40) and decrease in anti-apoptotic
mediator via Bcl-2.

Several intrinsic pathways mediating apoptosis signaling act
on the mitochondria leading to release of pro-apoptotic proteins.
In our study, the M+C group had a significant increase in
expression of Drp1 protein and a decrease in expression of Mfn2
protein, suggesting this imbalance in the fission/fusion processes
may play a causal role in the neuroapoptosis induced from this
combination. However, the expression of Drp1 andMfn2 protein
expression did not differ in the M+C group in comparison
to caffeine, morphine groups, suggesting that caffeine did
not augment the neurotoxicity when used in association with
morphine via the mitochondrial processes.

Research has shown the involvement of endothelin (ET) in
CNS development during critical stages of neuronal migration,
organization, and myelination (32, 33). ET receptors also have
extensive involvement in the analgesic actions of opioids such

as morphine (59–62). Mitochondria are important to ET’s role
in the molecular regulation of neurogenesis and angiogenesis
in cerebral ischemia (34). However, the role of endothelin
receptor expression and its relation to mitochondrial function
in neuroapoptosis induced from drugs in a neonatal rat model
was never explored. In our study, the expression of ETA and
ETB did not differ in the M+C group in comparison to other
groups. It can be interpreted that administration of morphine
and caffeine does not affect the expression of brain ETA receptors
and ETB receptors.

Strengths of our Study
This is a pilot study to highlight the effects of morphine and
caffeine, two most commonly used drugs in the NICU on central
nervous system proteins. The study also provides evidence for
the possible mitochondrial mechanism underlyingmorphine and
caffeine induced neuronal damage. In future, this study will
help in exploring the potential protective effect of selective Drp1
inhibitors in neurotoxicity induced from drug combinations
routinely used in the NICU. Caution should be exerted when
using caffeine with morphine in the NICU.

Our study has some important limitations: First, our neonatal
rat model was used to model clinical practice of morphine
and caffeine exposure in the absence of pain or other stress
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FIGURE 4 | DNA Damage: Representative fluorescence microscopy images of brain tissue sections of Control, MOR, CAFF, and M+C treated pups at PND 7, PND

14, and PND 28 and a graph of quantified 7AAD+ cells. Scale bar = 100µm. Values are expressed as mean ± S.E.M. *P < 0.001 vs. Control.

encountered in the NICU. While, some studies reported a model
of neonatal stress and morphine treatment which produces
long lasting neurobehavioral effects in adult rats (16), others
showed that low doses of morphine may protect the brain from
neurodegeneration in the presence of pain (63). Second, animal
brain development is similar to humans, however, translating the
findings from animal studies to humans is difficult and therefore,
clinical studies are needed to address the long-term implications
of morphine in association with caffeine in the preterm infants.
Third, unlike previous studies, which noted specific regional
brain damage based on receptor location, our study utilized the
whole brain homogenates opposed to specific regions for CNS
protein expression. A prior study has shown that caffeine in
association with morphine caused greater cell death in thalamus
than either drug alone at 24 h after drug administration (30).
Further studies exploring thalamic areas for cell death at PND
7, 14 and 28 would be interesting. Additional studies looking
into Drp1/Mfn2 localization and translocation from cytosol to
mitochondria would be valuable.

In summary, we found that early exposure to morphine
and caffeine alone and in association significantly induced
apoptosis and caused disturbance in mitochondrial fission
and fusion proteins suggesting involvement of mitochondrial
dysfunction in apoptosis. Early exposure to morphine and
caffeine combination induced greater apoptosis compared to

morphine and caffeine alone. However, this combination did not
demonstrate significant mitochondrial dysfunction compared
to morphine and caffeine alone. Further molecular studies
exploring other mechanisms of neurotoxicity may play a role
in developing potential neuroprotective agents to minimize
the neurotoxicity.
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NOMENCLATURE

Mitochondrial fission protein (Drp1)

Mitochondrial fusion protein (Mfn2)

Postnatal day (PND)

Bcl-2 associated x protein (BAX)

Endothelin A receptor (ETA)

Endothelin B receptor (ETB)

Neonatal Intensive Care Unit (NICU)

Central nervous system (CNS)

Apnea of Prematurity (AOP)

Caffeine for apnea of prematurity (CAP)

Bronchopulmonary dysplasia (BPD)

Endothelin (ET)

Institutional Animal Care and Use Committee (IACUC)

Midwestern University (MWU)

Paraformaldehyde (PFA)

Phosphate-buffered saline (PBS)

Bovine Serum Albumin (BSA)

Phosphatidylinositol 3-kinase (PI3K)

Protein kinase B (Akt)

Gamma amino butyric acid receptor (GABAA )

7-amino actinomycin D (7AAD)
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Cerebral Pulsed Arterial Spin
Labeling Perfusion Weighted Imaging
Predicts Language and Motor
Outcomes in Neonatal
Hypoxic-Ischemic Encephalopathy
Qiang Zheng 1, Juan Sebastian Martin-Saavedra 2, Sandra Saade-Lemus 2,
Arastoo Vossough 2,3, Giulio Zuccoli 2, Fabrício Guimarães Gonçalves 2,
Colbey W. Freeman 3, Minhui Ouyang 2, Varun Singh 4, Michael A. Padula 2,3,
Sara B. Demauro 2,3, John Flibotte 2,3, Eric C. Eichenwald 2,3, John A. Detre 3,
Raymond Wang Sze 2,3, Hao Huang 2,3 and Misun Hwang 2,3*

1 Yantai University, Yantai, China, 2Children’s Hospital of Philadelphia, Philadelphia, PA, United States, 3University of

Pennsylvania, Philadelphia, PA, United States, 4 Thomas Jefferson University, Philadelphia, PA, United States

Rationale and Objectives: To compare cerebral pulsed arterial spin labeling (PASL)

perfusion among controls, hypoxic ischemic encephalopathy (HIE) neonates with

normal conventional MRI(HIE/MRI⊕), and HIE neonates with abnormal conventional

MRI(HIE/MRI⊖). To create a predictive machine learning model of neurodevelopmental

outcomes using cerebral PASL perfusion.

Materials and Methods: A total of 73 full-term neonates were evaluated. The

cerebral perfusion values were compared by permutation test to identify brain

regions with significant perfusion changes among 18 controls, 40 HIE/MRI⊖ patients,

and 15 HIE/MRI⊕ patients. A machine learning model was developed to predict

neurodevelopmental outcomes using the averaged perfusion in those identified

brain regions.

Results: Significantly decreased PASL perfusion in HIE/MRI⊖ group, when compared

with controls, were found in the anterior corona radiata, caudate, superior frontal

gyrus, precentral gyrus. Both significantly increased and decreased cerebral perfusion

changes were detected in HIE/MRI⊕ group, when compared with HIE/MRI⊖ group.

There were no significant perfusion differences in the cerebellum, brainstem and deep

structures of thalamus, putamen, and globus pallidus among the three groups. The

machine learning model demonstrated significant correlation (p < 0.05) in predicting

language(r = 0.48) and motor(r = 0.57) outcomes in HIE/MRI⊖ patients, and predicting

language(r = 0.76), and motor(r = 0.53) outcomes in an additional group combining

HIE/MRI⊖ and HIE/MRI⊕.

Conclusion: Perfusion MRI can play an essential role in detecting HIE

regardless of findings on conventional MRI and predicting language and motor

outcomes in HIE survivors. The perfusion changes may also reveal important

insights into the reperfusion response and intrinsic autoregulatory mechanisms.
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Our results suggest that perfusion imaging may be a useful adjunct to conventional MRI

in the evaluation of HIE in clinical practice.

Keywords: arterial spin labeling, hypoxic ischemic encephalopathy, neonate, perfusion imaging, perfusion

weighted imaging (PWI)

INTRODUCTION

Hypoxic-ischemic encephalopathy (HIE) represents a significant
cause of mortality and chronic neurological disability in neonates
with heterogeneous short- and long-term outcomes (1). HIE
occurs in ∼2–3/1,000 births in the developed world (1).
Therapeutic hypothermia has shown to reduce morbidity and
mortality and improve neurodevelopmental outcomes in infants
with moderate to severe HIE (2). Nevertheless, a substantial
proportion of affected infants develop neurodevelopmental
disorders. Further studies are therefore needed for early detection
(3), injury assessment (4), injury pattern evaluation (5), and
neurologic outcomes prediction (6).

HIE is currently evaluated with multimodality imaging,
including magnetic resonance imaging (MRI) with T1-/T2-
weighted imaging (T1WI/T2WI) (7), diffusion-weighted imaging
(DWI) (8), diffusion tensor imaging (DTI) (9, 10), magnetic
resonance spectroscopy (4), and arterial spin labeling (ASL)
(11), and other modalities such as contrast-enhanced ultrasound
(12). ASL is a noninvasive perfusion imaging technique that
can assess regional cerebral blood flow (CBF) by magnetically
labeling inflowing blood. Cerebral perfusion plays an essential
role in the diagnosis and prognosis of neonatal HIE (13, 14).
Cerebral perfusion changes may provide prognostic information
with regard to monitoring reperfusion responses and ongoing
injury (13).

Individualized neurodevelopmental outcome predictions in
HIE survivors are critically important in assessing patient
risk and ensuring proper neuroprotective and adjunctive
interventions. Although classification trees have been developed
to predict disability or death in infants with HIE (15), accurate
prognostication remains challenging due to the broad spectrum
of outcomes, ranging from survival with no neurodevelopmental
sequelae to death (16).

Imaging may play a role in neurodevelopmental outcome
prediction in HIE survivors, which could influence therapeutic
decision-making and neuroprotective therapies. However, not all
neonatal HIE patients with normal conventional MRI will have
normal outcome (17, 18). In this regard, perfusion MRI may be
more sensitive than conventional MRI in neonatal HIE. Cerebral
perfusion has previously demonstrated value in predicting HIE
outcomes, and both hypoperfusion (19) and hyperperfusion (20)
may correlate with poor neurodevelopmental outcomes in HIE.

There is a literature gap regarding the evaluation of perfusion
alterations in HIE neonates with normal conventional MRI, and
the relationship between identified acute perfusion changes in
the newborn and neurodevelopmental outcomes. In this study,
our first major aim was to employ pulsed ASL (PASL) to
explore cerebral perfusion changes in HIE neonates with normal
and abnormal conventional brain MRI. We hypothesized that

HIE results in cerebral perfusion changes, even in the absence
of abnormal findings on conventional MRI. Building on this
foundation, the second major aim of this study was to develop
a machine learning (ML) model using cerebral PASL perfusion to
predict neurodevelopmental outcomes.

MATERIALS AND METHODS

Participants and Data Acquisition
Seventy-three full term neonates were identified as a sample of
convenience for a retrospective case-control study following an
IRB-approved protocol, between January 2008 and July 2018.
A waiver of consent/parental permission, assent and HIPAA
authorization has been approved by our IRB. All neonates
had T1WI, T2WI, DWI images and PASL of the brain. For
clarity, T1WI, T2WI, and DWI sequences will be referred as
conventional MRI.

The neonates were divided into three groups: control,
HIE/MRI⊖, HIE/MRI⊕. The patients in HIE/MRI⊖ group were
with clinical HIE and normal conventional MRI, while the
patients from HIE/MRI⊕ group were with clinical HIE and
abnormal conventionalMRI. There was a fourth additional group
combining all HIE patients from the HIE/MRI⊖ and HIE/MRI⊕
groups, called HIE/MRI± group.

The PASL images were acquired with perfusion model
of PICORE Q2T from a Siemens 3T scanner using the
following parameters: bolus time Tl1 = 700ms, inversion time
T1 = 1,800ms, TR/TE = 2,600/14ms, 14 slices, FOV = 200 ×

200mm, 64 × 64 matrix, voxel size=2.8 × 2.8 × 6.0 mm3, flip
angle = 900, 45 label/control image pairs. The reason for not
using pseudo continuous arterial spin label (PCASL) is that only
PASL is clinically available in our retrospective study.

Control Group Selection
Due to the challenge of finding completely healthy subjects in
the context of the inpatient setting and subjects with a clinical
indication for neuroimaging, the control cases were selected
on the basis of not having any neurological alterations in the
recorded neurological examinations (e.g., normal neurological
exams, no seizures) during the length of their hospital stay, as well
as a conventional brain MRI without neurological abnormalities,
and no record of cardiopulmonary arrest, acidemia, or episodes
of desaturation requiring intervention with invasive respiratory
support. The non-neurological clinical indication for brain MRI
was recorded (see Results for all indications).

HIE Cases Selection
HIE cases were preliminarily identified by clinical indication
for brain MRI, including suspected or diagnosed HIE as
well as indications potentially associated (e.g., meconium
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TABLE 1 | The summarization of the outcome data.

Cognitive composite Language composite Motor composite

>80 <80 >80 <80 >80 <80

HIE/MRI⊖ group Patient number: 13 18 2 12 2 17 0

Outcome records: 20

HIE/MRI⊕ group Patient number: 4 6 3 6 3 7 2

Outcome records: 9

HIE/MRI± group Patient number: 17 24 5 23 5 24 2

Outcome records: 29

aA proportion of patients had multiple time point outcomes, so outcome records > patient number.
b If the sum of (>80) and (<80) is smaller than outcome records, that means the data is missing.

aspiration, cardiopulmonary arrest). Next, all cases were
retrospectively reviewed, and only cases categorized as HIE
as per the modified Sarnat criteria by the treating physicians
were included. At our institution, neonatologists use a modified
Sarnat stages scale including: level of consciousness (from
stupor/coma to hyperalert/irritable), spontaneous activity,
posture, tone, abnormalities of the primitive reflexes (e.g., weak
suck or incomplete moro), and autonomic system alterations
(e.g., deviated non-reactive pupils, variable heart rate).

The Bayley-III Scores Acquisition
Developmental assessments were performed using the Bayley
Scales of Infant and Toddler Development, 3rd Edition (21),
which provides cognitive, language, and motor composite scores
at a mean age of 23 months, ranging from 12 to 30 months.
Seventeen HIE neonates had 29 outcome data because a
proportion of patients had multiple time point outcomes. The
outcome data was summarized in Table 1.

Image Preprocessing
The ASL data processing toolbox (ASLtbx) was adopted for PASL
image preprocessing (22). Motion correction by rigid registration
was used to align PASL data to the mean PASL image, temporal-
spatial smoothing was performed to prevent noise propagation,
PASL perfusion difference images were computed by subtracting
the time-averaged signal intensities of control and label images,
and outlier cleaning was applied after perfusion subtraction to
remove outlier PASL acquisition time points (23). The CBF map
for PASL data was calculated by applying the single-compartment
mode (24).

CBF =
6000 · λ · (SIcontrol − SIlabel) · e

TI
T1b

2 · α · TI1 ·M0b
[ml/100g/min] (1)

where SIcontrol and SIlabel were the time-averaged signal intensities
of control and label images, respectively. the blood-brain
partition coefficient λ = 1.10 mL/g for neonates (25, 26), T1b =

1, 825ms for neonates was used for the longitudinal relaxation
time of blood at 3.0 T MRI (27), labeling efficiency α = 0.98
for PASL (24), the bolus time TI1 = 700 ms, and inversion time
TI = 1, 800ms. The factor of 6,000 converts the units fromml/g/s
to the customary ml/100 g/min (28).

M0b is the relaxed equilibrium magnetization of the arterial
blood and calculated from the proton density-weighted imageM0

with fully relaxed blood spins as follows:

M0b = Ri ·M0i · exp(TE/T2i − TE/T2b) (2)

where T2b = 191ms for neonates (27). In our study, the M0b

was calculated on cerebrospinal fluid (CSF), white matter (WM),
and gray matter (GM) separately with i = CSF, WM or GM
in Equation (2). Specifically, RCSF = 0.87, RWM = 1.19,
RGM = 0.98 (29) were the signal ratios of the tissue type used to
blood from a proton density-weighted image, T2CSF = 250ms,
T2WM = 222ms and T2GM = 143ms (30) were used for neonates.
To calculate M0CSF , M0WM , and M0GM , we aligned the T2 image
toM0 space, and segmented the image into the CSF,WM andGM
by thresholds 0.95 and 0.75. M0i was the average signal intensity
of CSF, WM or GM inM0.

Statistical Analysis for Group Comparison
In part A of this study (Figure 1), a Penn-CHOP neonatal brain
atlas (31) was adopted to identify brain regions by statistical
comparison among the control, HIE/MRI⊖, HIE/MRI⊕,
and HIE/MRI± groups. Four comparisons between groups
were performed: (1) control vs. HIE/MRI⊖; (2) HIE/MRI⊕
vs. HIE/MRI⊕; (3) control vs. HIE/MRI⊕; (4) control vs.
HIE/MRI±. CBF maps were aligned to the atlas space by the
bridge of the subject native T2 space. Linear regression was
performed to eliminate the effect of age and gender on the PASL
data before statistical group comparison.

The averaged perfusion values in segmented brain structures
were compared by permutation test to identify brain regions with
statistically significant perfusion changes. The regional CBF map
of each subject was normalized to their own averaged whole brain
CBF value before group comparison. The normalization makes
the CBF values more comparable across different subjects due to
a big variation of the absolute CBF values. Therefore, the CBF
values being quantified in this study are relative perfusion, not
absolute perfusion.
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FIGURE 1 | Flow chart of the processing method. Part A: Four group comparisons of cerebral PASL perfusion. Part B: Two ML experiments for outcome prediction.

In Part B, the ML experiment was not performed in patients from the HIE/MRI⊕ group separately due to limited patients having long-term outcomes in this group. ML,

machine learning.

Machine-Learning-Assisted Outcome
Prediction
In part B of this study (Figure 1), linear regression was used to
predict the cognitive, language, and motor outcomes by leave-
one-out cross-validation with feature dimensionality reduction
by principal component analysis (PCA), where the optimal
feature dimensionality was determined by grid search.

Two ML experiments were performed for predicting
outcomes in patients from HIE/MRI⊖ and HIE/MRI± groups
(Part B in Figure 1), respectively. The ML experiment was not
performed in patients from the HIE/MRI⊕ group separately
due to limited number of patients having long-term outcomes.
The features fed into each ML experiment were slightly different
when used for predicting outcomes.

For the experiment 1 (performed in the HIE/MRI⊖ group),
the feature was a vector of averaged perfusion values from
brain regions with significant perfusion changes obtained by
comparison 1 (Part A in Figure 1).

For the experiment 2 (performed in the HIE/MRI ± group),
the feature was a concatenated vector of averaged perfusion
values from brain regions with significant intra- and inter-
perfusion differences between the four groups. The intra- and
inter perfusion differences were obtained by comparisons 2 and
4, respectively (Part A in Figure 1).

RESULTS

Subjects’ Groups
Controls

A total of 18 neonates (10 males and eight females, age
16 ± 7.4 days at MRI, full term) were included as controls. The
indications for brain MRI in these subjects were the following:
facial hemangioma, assessment of congenital diaphragmatic

hernia (in two cases), periodic breathing, subjective cyanotic
episodes as reported by the caretakers (in four cases), poor
feeding (in two cases), osteogenesis imperfecta, cardiac mass,
cervical lymphangioma, follow-up of herpes simplex virus
infection, follow-up of subdural hygromas, and periauricular
scalp arteriovenous malformation.

HIE Cases

In the HIE/MRI⊖ group, there were 40 neonates (25 males and
15 females, age 8.7± 6.1 days at MRI, full term) with clinical HIE
and normal conventional MRI. Thirty-two neonates underwent
hypothermia therapy in this group. Besides, the HIE/MRI⊕
group consisted of nine mild cases, 11 moderate cases, 0 severe
case, 20 cases with unknown severity.

In the HIE/MRI⊖ group, there were 15 neonates (six males
and nine females, age 6.4 ± 4.5 days at MRI, full term) with
clinical HIE and abnormal conventional MRI. Ten neonates
underwent hypothermia therapy in this group. Besides, the
HIE/MRI⊕ group consisted of one mild cases, five moderate
cases, six severe cases, three cases with unknown severity.

The additional HIE/MRI± group is the combination of
HIE/MRI⊖ and HIE/MRI⊕ groups.

Cerebral ASL Perfusion Changes in Both
HIE/MRI⊖ and HIE/MRI⊕ Groups
Significantly decreased perfusion was found in the HIE/MRI⊖
group, when compared with controls (Table 2A). Decreased
values were seen primarily in the anterior corona radiata,
caudate, superior fronto-occipital fasciculus, superior frontal
gyrus, precentral gyrus.

Both significantly increased and decreased PASL perfusion
changes were detected in the HIE/MRI⊖ group, when compared
with the HIE/MRI⊕ group. Decreased PASL perfusion
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TABLE 2 | Brain regions with significant perfusion differences between control

and HIE/MRI⊖ groups, and between HIE/MRI⊖ and HIE/MRI⊕ groups.

Brain regions Normalized CBF (mean ± sd) p-value

A: Control vs. HIE/MRI⊖ Control HIE/MRI⊖ (p < 0.05)

A.nterior corona radiate 0.96 ± 0.54 0.74 ± 0.29# 0.015

Caudate 1.31 ± 0.34 1.09 ± 0.41# 0.033

Superior fronto-occipital fasciculus 0.99 ± 0.44 0.86 ± 0.36# 0.046

Superior frontal gyrus 1.13 ± 0.34 1.02 ± 0.21# 0.043

Precentral gyrus 1.43 ± 0.25 1.38 ± 0.18# 0.009

B: HIE/MRI⊖ vs. HIE/MRI⊕ HIE/MRI⊖ HIE/MRI⊕ (p < 0.05)

Cingulum hippocampal part 2.33 ± 0.60 1.98 ± 0.43# 0.015

Uncinate fasciculus 1.76 ± 0.65 1.41 ± 0.48# 0.032

Gyrus rectus 1.52 ± 0.52 1.15 ± 0.25# 0.034

Precentral gyrus 1.38 ± 0.18 1.58 ± 0.41* 0.028

Postcentral gyrus 1.40 ± 0.21 1.60 ± 0.36* 0.016

Superior parietal gyrus 1.01 ± 0.32 1.24 ± 0.32* 0.014

Precuneus 1.15 ± 0.42 1.44 ± 0.34* 0.016

Parahippocampal gyrus 2.22 ± 0.47 1.86 ± 0.45# 0.009

Superior occipital gyrus 1.02 ± 0.47 1.36 ± 0.58* 0.020

Middle occipital gyrus 1.04 ± 0.32 1.44 ± 0.48* <0.001

Cuneus 1.43 ± 0.36 1.85 ± 0.54* 0.003

Hippocampus 2.09 ± 0.41 1.77 ± 0.40# 0.008

#Decreased perfusion; *increased perfusion.
Normalized CBF values of different brain regions and p-values for all groups.

values were seen primarily in cingulum hippocampal part,
uncinate fasciculus, gyrus rectus, parahippocampal gyrus, and
hippocampus, while increased PASL perfusion values were seen
primarily in the precentral gyrus, postcentral gyrus, superior
parietal gyrus, superior occipital gyrus, middle occipital gyrus,
and cuneus.

Further comparisons were performed between control
and HIE/MRI⊖ groups (Table 3A) and between control
and HIE/MRI± (Table 3B). Both significantly increased and
decreased PASL perfusion changes were also detected in the
HIE/MRI⊕ group, but only decreased PASL perfusion changes
were detected in the HIE/MRI± group. The brain structures
with significant perfusion changes have big overlaps between
Tables 3A, 2B, and between Tables 2A, 3B.

There were no significant perfusion differences in the
cerebellum, brainstem and deep structures such as the thalamus,
putamen, and the globus pallidus among the control, HIE/MRI⊖
group, and HIE/MRI⊕ group.

Cerebral PASL Perfusion Predicts
Language and Motor Outcomes in Both
HIE/MRI⊖ and HIE/MRI± Groups
Following ML experiment 1 (Part B in Figure 1, HIE/MRI⊖
group) and using the feature vector of averaged perfusion values
from brain regions with significant perfusion changes obtained
by comparison 1 (Part A in Figure 1), the ML-assisted model
demonstrated significant positive correlation values in predicting
language (r = 0.48, p = 0.03) and motor (r = 0.57, p = 0.01)

TABLE 3 | Brain regions with significant perfusion differences between control

and HIE/MRI⊖ groups, and between control and HIE/MRI ± groups.

Brain regions Normalized CBF (mean ± sd) p-value

A: Control vs.

HIE/MRI⊕

Control HIE/MRI⊕ (p < 0.05)

Corpus callosum (body) 1.42 ± 0.24 1.27 ± 0.24# 0.017

Tapetum 1.08 ± 0.31 0.81 ± 0.33# 0.035

Gyrus rectus 1.52 ± 0.45 1.15 ± 0.25# 0.016

Superior parietal gyrus 1.05 ± 0.27 1.24 ± 0.32* 0.017

Precuneus 1.16 ± 0.36 1.44 ± 0.34* 0.008

Superior occipital gyrus 1.03 ± 0.43 1.36 ± 0.58* 0.020

Middle occipital gyrus 1.12 ± 0.40 1.44 ± 0.48* 0.008

Cuneus 1.42 ± 0.49 1.85 ± 0.54* 0.023

B: Control vs.

HIE/MRI±

Control HIE reading ± (p < 0·05)

Anterior corona radiate 0.96 ± 0.54 0.73 ± 0.34# 0.020

Caudate 1.31 ± 0.34 1.08 ± 0.44# 0.026

Superior frontal gyrus 1.13 ± 0.34 1.00 ± 0.22# 0.017

#Decreased perfusion; *increased perfusion.
Normalized CBF values of different brain regions and p-values for all groups.

outcomes in the HIE/MRI⊖ group (p < 0.05), but not significant
correlation in predicting cognitive outcome (p= 0.33). (First row
in Figure 2).

Following ML experiment 2 (Part B in Figure 1, HIE/MRI±
group) and using the concatenated feature vector of averaged
perfusion values from brain regions with significant intra- and
inter- perfusion differences obtained by comparisons 2 and
4 (Part A in Figure 1), the ML-assisted model demonstrated
significant positive correlation values in predicting language
(r = 0.76, p < 0.001) and motor (r = 0.53, p = 0.005)
outcomes in the HIE/MRI± group (p <0.05), but not significant
correlation in predicting cognitive outcome (p = 0.35). (Second
row in Figure 2).

DISCUSSION

HIE is a significant cause of morbidity and mortality in neonates
(1). A considerable proportion of neonatal HIE survivors develop
cognitive, language, and motor disorders. Cerebral perfusion has
previously demonstrated value in predicting HIE outcomes, and
both hypoperfusion (19) and hyperperfusion (20) may correlate
with poor neurodevelopmental outcomes in HIE. ASL perfusion
may play a role in the prediction of neurodevelopmental outcome
in HIE survivors, which could influence therapeutic decision-
making and implementation of neuroprotective therapies.

In this study, cerebral ASL perfusion changes were detected
in different brain regions in HIE patients, regardless of findings
on conventional MRI. Specifically, decreased cerebral ASL
perfusions were detected in HIE/MRI⊖ group when compared
with controls. The clinical significance of cerebral ASL perfusion
changes is further evidenced by the predictive nature of these
values to stratify language and motor outcomes in HIE patients,
and those identified brain structures have been associated with
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FIGURE 2 | Outcome prediction performance in HIE/MRI⊖ group (first line) and HIE/MRI ± group (second line). In the both groups, the predicted outcomes by

machine learning model are significantly correlated with language and motor outcomes, but not with cognitive outcome.

language and motor functions. For instance, the precentral
gyrus is the anatomical location of the primary motor cortex
(32). Caudate nuclei, constituting the subcortical nuclei of basal
ganglia, is responsible for motor control (33) and language (34).
Superior frontal gyrus (35) and corona radiata (36) are also
related to complex motor functions. These are evidences that
ASL perfusion may be more sensitive than conventional MRI,
including DWI, in the neuroimaging evaluation of neonatal HIE.
Therefore, clinicians and radiologists should not rely solely on
conventional MRI sequences in the neuroimaging evaluation
of HIE.

There were no significant perfusion differences in the
cerebellum, brainstem and deep structures such as the thalamus,
putamen, and the globus pallidus among the control, HIE/MRI⊖
group, and HIE/MRI⊕ group. This may serve as an evidence
that the intrinsic autoregulatorymechanisms are able tomaintain
perfusion to these areas of the brain and spare them from
injury in mild to moderate hypoxic-ischemic insults (37) which
constituted the majority of our retrospective cohort. Experiments
performed in animal models have demonstrated that episodes of
prolonged fetal hypoxia result in shunting of blood to vital brain
structures, such as the brainstem, thalami, basal ganglia, and
cerebellum, at the expense of less metabolically active structures,
namely, the cerebral cortex and white matter (38). It should be
noted, however, that prolonged, severe hypoxic ischemic event
leads to permanent injury to the basal ganglia and thalami which
is correlated with poor outcomes (39).

Both significantly increased and decreased PASL perfusion
changes were detected in the HIE/MRI⊕ group, when compared
with the HIE/MRI⊖ group or controls. Cortical structures

are demonstrating increased perfusion in HIE/MRI⊕ group
than HIE/MRI⊖ patients or controls with the exception of
limbic structures including hippocampus, parahippocampal
gyrus, cingulum hippocampal part and corpus callosum. The
reason for cortical hyperperfusion could be due to ongoing
reperfusion response and/or impaired autoregulation. With
regard to decreased perfusion in the limbic system, it would be
worthwhile to explore whether this represents progression to
permanent injury given that these regions have been shown to
be vulnerable to hypoxic ischemic insult (40, 41).

In the present study, we also found both hyperperfusion
and hypoperfusion in those vital brain structures of cerebellum,
brainstem and deep structures in both HIE/MRI⊖ and
HIE/MRI⊕ groups. As shown in Figure 3, the patients with
hypoperfusion in those vital brain structures had Bayley-III
scores lower than 80 implying poor long-term outcomes, while
the patients with hyperperfusion in those regions had good
long-term outcomes with Bayley-III scores >80. This further
demonstrated that hypoperfusion in those vital brain structures
might progress to irreversible brain injury (42) and lead to poor
long-term outcome.

A few limitations existed in the present study. (1) Accessing
completely healthy subjects is challenging in the context of an
inpatient and sick population, thus, subjects with other non-
neurological abnormalities were included as controls. (2) The
developmental assessments were carried out on a small data
size with Bayley-III score in a relatively wide range of age in
composite scores acquisition. (3) The selection of HIE cases was
done on the basis of clinical diagnosis in real time by their
treating physicians, using a fairly standardized clinical scale in
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FIGURE 3 | Axial views of CBF map and T2WI image comparison of different HIE patients with good and poor outcome in the 1st and 2nd rows. Subject A1 is from

HIE/MRI⊕ group, having hyperperfusion in those vital brain structures and Bayley-III scores of cognitive = 105(>80), language = 112(>80), and motor = 97(>80);

Subject A2 is from HIE/MRI⊖ group, having hypoperfusion in those vital brain structures and Bayley-III scores of cognitive = 75(<80), language = 71(<80), and

motor = 76(<80); Subject B1 is from HIE/MRI⊕ group, having hyperperfusion in those vital brain structures and Bayley-III scores of cognitive = 105(>80),

language = 91(>80), and motor = 97(>80); Subject B2 is from HIE/MRI⊖ group, having hypoperfusion in those vital brain structures and Bayley-III scores of

cognitive = 55(<80), language = 47(<80), and motor = 46(<80). The vital brain structures refer to cerebellum, brainstem and deep structures such as the thalamus,

putamen, and the globus pallidus.

place at our institution (as described in the Methods section) that
nonetheless may be subjective and introduces heterogeneity in
the HIE cases. (4) ASL data of neonatal brain is low resolution,
which may raise questions of the validity of perfusion values
in small anatomic structures. In this regard, we believe that
in the future, the robustness can further be improved with
additional data.

Additionally, in the interpretation of our results, we
acknowledge that the timing and degree of reperfusion is
dependent on a wide spectrum of factors including selective
vulnerability of brain regions, the severity of injury incurred,
the extent of reperfusion response, the susceptibility of different
brain regions to reperfusion injury, the timing of injury,
the timing of imaging, and the presence or absence of
subclinical seizures. For instance, brain MRI performed closer
to the termination of therapeutic hypothermia may demonstrate
increased perfusion as a sequelae of restorative perfusion. It
would be interesting to assess in this regard whether the extent
of reperfusion has implications on later outcomes, and whether
this is dependent on gender, age, injury type or duration,
and/or injury severity. Interpretation of brain perfusion also
has inherent challenges, as it is difficult to discern restorative,
beneficial reperfusion from reperfusion injury wherein marked
metabolism perfusion uncoupling can result in high levels of

reactive oxygen species and permanent brain damage. Despite
the complexity of brain perfusion, our results show that it
is indeed an important imaging marker for outcomes in
HIE and that more carefully designed prospective studies are
warranted to prospectively evaluate the spatiotemporal dynamics
of brain perfusion.

In summary, we demonstrate that cerebral perfusion changes
can be detected in HIE patients, including those with normal
conventional MRI, highlighting the value of perfusion imaging
in evaluating suspected HIE. The perfusion changes may reveal
important insights into how individual’s autoregulatory and
reperfusion response to hypoxic insult influences outcomes.
Moreover, these perfusion values significantly correlate with
language and motor outcomes in HIE patients with normal and
abnormal conventional MRI. Therefore, perfusion imaging is
a promising tool for early risk stratification and prediction of
language and motor outcomes in HIE survivors and may be a
useful adjunct to conventional MRI in the evaluation of HIE in
clinical practice.
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Apparent diffusion coefficients (ADC) can provide phenotypic information of brain lesions,

which can aid the diagnosis of brain alterations in neonates with congenital heart diseases

(CHDs). However, the corresponding clinical significance of quantitative descriptors of

brain tissue remains to be elucidated. By using ADC metrics and texture features,

this study aimed to investigate the diagnostic value of single-slice and multi-slice

measurements for assessing brain alterations in neonates with CHDs. ADC images

were acquired from 60 neonates with echocardiographically confirmed non-cyanotic

CHDs and 22 healthy controls (HCs) treated at Children’s Hospital of Nanjing Medical

University from 2012 to 2016. ADC metrics and texture features for both single and

multiple slices of the whole brain were extracted and analyzed to the gestational age.

The diagnostic performance of ADC metrics for CHDs was evaluated by using analysis

of covariance and receiver operating characteristic. For both the CHD and HC groups,

ADC metrics were inversely correlated with the gestational age in single and multi-

slice measurements (P < 0.05). Histogram metrics were significant for identifying CHDs

(P < 0.05), while textural features were insignificant. Multi-slice ADC (P < 0.01) exhibited

greater diagnostic performance for CHDs than single-slice ADC (P < 0.05). These

findings indicate that radiomic analysis based on ADC metrics can objectively provide

more quantitative information regarding brain development in neonates with CHDs. ADC

metrics for the whole brain may be more clinically significant in identifying atypical brain

development in these patients. Of note, these results suggest that multi-slice ADC can

achieve better diagnostic performance for CHD than single-slice.
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1. INTRODUCTION

Congenital heart disease (CHD) leads to childhood morbidity,
affecting six to eight births per million. Among the various
types of CHD, non-cyanotic CHDs are relatively common
(1). Although recent advancements in cardiac surgery have
dramatically increased the survival rates among patients
with CHD, the neurodevelopmental and cognitive features
of such patients remain controversial (2–4). Clinical studies
demonstrated altered pre-surgery brain development in more
than half of neonates with CHD—a known a risk factor
for neurodevelopmental impairment (5, 6). Long-term studies
suggested that these deficits can persist until adolescence and
young adulthood, potentially impacting the individual’s ability
to function in society. Early identification of altered brain
development may aid in elucidating the potential mechanisms
underlying brain dysmaturation in neonates with CHD, which
may in turn allow for timely and appropriate protective
treatments (7).

Functional imaging was used to study brain maturity and
injury in neonates with CHD (8, 9). For example, magnetic
resonance spectroscopy studies showed that neonates with
cyanotic CHD exhibit characteristic decreased ratio of N-
acteyl-aspartate to choline in the thalamus, basal ganglia, and
corticospinal tracts (1). Unfortunately, children are often unable
to tolerate the lengthy scan durations required for functional
imaging, thus its clinical application in pediatric populations
becomes less practical.

Conversely, diffusion weighted imaging (DWI) is routinely
performed for the non-invasive assessment of tissue cellularity
and cellular membrane integrity in clinical settings. DWI detects
the random thermal motion of water molecules in living
tissue (10–12). Diffusion coefficients of water are expressed
as apparent diffusion coefficients (ADC), which reflect water
diffusion and the development of membranes in neuronal
and glial cells. However, further phenotypic information of
lesions remains difficult to obtain through classic methods.
Radiomics utilizes the full potential of the ADC to improve
clinical diagnosis and prognosis through analysing quantitative
factors in brain tissue (13–15). Histogram analysis can be
used to quantify the distribution of signal intensity in
voxels based on routinely acquired clinical ADC. Lesion
heterogeneity is reflected by texture features that describe the
statistical interrelationships between adjacent voxels. Recent
clinical studies have highlighted the potential of radiomics in
aiding the clinical diagnosis of pathologic subtypes of cervical
cancer (16) and predicting the molecular characteristics of
glioblastoma (17).

To our knowledge, very few studies have investigated radiomic
ADC in brain development of neonates with CHDs. Classic
methods normally select regions of interest (ROIs) from only
representative slices, whichmay have resulted in underestimation
of lesion heterogeneity (18). Alternatively, ROIs can be selected
by covering the entire volume of the lesion, allowing for a
complete assessment of tissue characteristics and heterogeneity
in quantitative analysis (19). This study aimed to investigate the
value of single-slice and multi-slice measurements by using ADC

metrics and texture features for assessing brain alterations in
neonates with CHD.

2. PATIENTS AND METHODS

2.1. Participants
This study retrospectively reviewed the preoperative ADC
images of neonates with echocardiographically confirmed non-
cyanotic CHDs treated at Children’s Hospital of Nanjing
Medical University from January 2012 to December 2016 (20).
Neonates with mild neonatal pneumonia or scalp hematoma
exhibiting normal intracranial MRI findings were enrolled as
healthy controls (HCs). Seventy patients were excluded due
to non-related neurological abnormalities or prematurity. All
participants were followed up for 6 months, and those exhibiting
typical development of the nervous system were enrolled as HCs.
The present study was approved by the ethics committee of our
institution (ethic number: 201603005-1).

2.2. Image Acquisition
MR images were acquired by using a Siemens Avanto 1.5T
scanner (Siemens Healthcare, Erlangen, Germany) and a
standard high-definition eight-channel surface head coil. Prior to
scanning, participants received 5% chloral hydrate at a dose of 1
mL/kg via oral administration. MRI scans were obtained during
sleep, with the patient in the supine position. Axial images were
acquired orthogonally to the anterior-posterior commissure line
in a standard fashion. Imaging protocols were as follows: multi-
planar T1-weighted spin-echo (SE) imaging (axial, repetition
time (TR) 4,490 ms, echo time (TE) 7.5 ms; sagittal, TR 4,400
ms, TE 9 ms), axial T2-weighted fast spin-echo (FSE) imaging
(TR 5,570 ms, TE 117 ms), and axial fluid-attenuated inversion
recovery (FLAIR) imaging (TR 6,000 ms, TE 92 ms). Axial DWIs
were acquired in the Z, Y, and X directions (TR 3,200 ms, TE
99 ms) with b values of 0 and 1,000 s/mm2. ADC images were
automatically processed using a standard mono-exponential fit.

2.3. Feature Extraction
Single axial brain slices were selected at the level of
periventricular white matter injury or periventricular
leukomalacia, considering (punctate) white matter injury,
periventricular leukomalacia, and stroke are the most commonly
observed lesions on MRI (18, 21). All CHD patients were
assessed through MR images by experienced neurologists to
confirm having no obvious brain damages. Since the ROIs
containing the entire tumor in each slice of the ADC image
could provide overall information related to the tumor (22),

TABLE 1 | Demographic variables.

Neonates with congenital Health Controls P

Heart disease

Gender (female:male) 22:38 8:4 0.98

Age (days) 10.5 ± 2.9 8.6 ± 4.2 0.07

Gestational age (weeks) 40.6 ± 1.4 40.0 ± 1.3 0.11
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ROIs were drawn on single-slice and multi-slice images by
experienced neuro-radiologists for comparison after excluding
cerebrospinal fluid outside the brain. ADC metrics and texture
features were extracted for only regions of interest, which
include average ADC, minimum ADC, maximum ADC,
peak location of ADC (mode), ADC skewness (asymmetry),
ADC kurtosis (flatness), ADC entropy (randomness), ADC
variance, the 5th–95th percentiles ADC, contrast, dissimilarity,
homogeneity, angular second moment (ASM), and energy
(23–25). Computational feature extraction was performed
by using Python (version 2.7, Python Software Foundation,
Delaware, United States).

2.4. Statistical Analysis
The Kruskal-Wallis test was performed to compare the gender.
The non-parametric unpaired t-test was performed to compare
the ages and gestational ages. The Pearson correlation analysis
was performed to evaluate the correlations between ADC
metrics and gestational age. The independent-samples t-test
was performed to compare group-specific ADC metrics and
texture features. Receiver operating characteristic (ROC) analysis
based on the empirical method was performed to evaluate
the diagnostic performance of ADC metrics for CHDs (26),
where both the area under the curve (AUC) and the Youden
index value (YIV) were analyzed. All statistical analyses

FIGURE 1 | The maps of apparent diffusion coefficients in single- (A,B) and multi-slice (C,D) diffusion weighted images for a neonate with congenital heart disease

(A,C) and a health control (B,D), where regions of interest are highlighted in red.
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FIGURE 2 | Histograms of apparent diffusion coefficients (ADC) in the single- (A,B) and multi-slice (C,D) diffusion weighted images for a neonate with congenital heart

diseases (A,C) and a health control (B,D), where the histograms for multi-slice imaging were given by a selected slice.

were performed by using R (version 3.6.2, R Foundation,
Vienna, Austria).

3. RESULTS

3.1. Demographic Characteristics
Sixty patients with CHDs [38 boys and 22 girls; age mean 10.5
days, standard deviation (SD) 2.91 days] and 22 HCs (14 boys
and eight girls; age mean 8.6 days, SD 4.31 days) were enrolled
in the cohort (Table 1). The malignant cohort included those

with atrial septal defects (N = 38), patent ductus arteriosus
(N = 1), both atrial and ventricular septal defects (N = 2),
ventricular septal defect and patent ductus arteriosus (N = 1),
atrial septal defects and patent ductus arteriosus (N = 18). The
distribution of baseline epidemiological characteristics (gender
P = 0.98, age P = 0.07, gestational age P = 0.11) was balanced
between the CHD and HC groups. Representative ADC images
and normalized histogram patterns for each group are presented
in Figures 1, 2. Visual assessment revealed differences in the
skewness and kurtosis of the histograms for the CHD and NC
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FIGURE 3 | Scatter plots showing negative trend between the gestational age and the mean apparent diffusion coefficients (ADC) for both single- (A) and multi-slice

(B) diffusion weighted imaging.

groups. Skewness was greater in the HC group than in the CHD
group, reflected by greater deviation from a normal distribution,
while bias was greater among the cohort cases. Kurtosis, which
reflects the sharpness of a frequency-distributed curve, more
closely approximated a normal distribution in the CHD group
than in the HC group.

3.2. Correlation Between Features and
Gestational Age
All ADC of the CHD and HC groups were significantly and
inversely correlated with gestational age (r < 0, P < 0.05) in both
single- and multi-slice analyses (Figure 3). In the CHD group,
all single- and multi-slice measurements exhibited a significant
inverse correlation with gestational age (r < 0, P < 0.05), except
for minimum ADC (r > 0, P > 0.05). However, in the HC group,
no measurements exhibited a significant inverse correlation with
gestational age (r < 0, P > 0.05), except for average ADC (r < 0,
P < 0.05).

3.3. Comparison of Single and Multi-Slice
Measurements
ADC metrics were higher in the CHD group than in the
HC group. The significance of ADC metrics is shown in
Figure 4A, which shows that certain ADC measurements
allowed for significant discrimination of the CHD and HC
groups. Figure 4B illustrates that a few ADC metrics show
no significant differences between the two groups. Such
measurements included the 70th–95th percentile ADC for the
single-slice analyses as well as the 10th–95th percentile ADC

for the multi-slice analyses. For both single- and multi-slice
ADC analyses, kurtosis, variance, and skewness allowed for
significant discrimination between the CHD and HC groups.
Additional factors including ADC entropy and average ADC
allowed for discrimination in the multi-slice analysis (P <

0.05, Figure 4D). Skewness and kurtosis were lower in the
CHD group than in the HC group, in accordance with the
results of the visual assessment. Multi-slice DWI revealed higher
entropy and a more randomly distributed histogram in the
HC group than in the CHD group, suggestive of greater
ADC variability.

3.4. Comparison of ADC Metrics and
Texture Features
Unlike the ADC metrics, most texture features showed no
significance between the CHD and HC groups in either the
single- or multi-slice analyses (P > 0.05), including contrast,
dissimilarity, homogeneity, ASM, and energy. However, some
texture features allowed for significant discrimination of the
CHD and HC groups in single-slice measurements (P < 0.05,
Figure 4C).

3.5. Diagnostic Performance
Among all ADC metrics and texture features, the 90th (single-
slice: AUC = 0.70, YIV = 0.33, Figure 5A; multi-slice, AUC
= 0.76, YIV = 0.39, Figure 5B) and 95th percentile ADC
(single-slice: AUC = 0.67, YIV = 0.29, Figure 5C; multi-
slice: AUC = 0.75, YIV = 0.40, Figure 5D) values allowed
for the greatest discrimination between the CHD and HC
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FIGURE 4 | Comparison of the significance level of apparent diffusion coefficients (ADC) and texture features between single- and multi-slice diffusion weighted

imaging in evaluating neonates with congenital heart diseases compared to health controls, given as significant (A) and insignificant (B) in both single- and multi-slice

measurements as well as significant for only single- (C) or multi-slice (D) measurements.

groups (Figure 6). ROC analysis of ADC metrics suggested that
multi-slice measurements exhibited generally greater diagnostic
capabilities than single-slice measurements, except for ADC
entropy, skewness, and kurtosis as well as the 60th and 65th
percentile ADC. ROC analysis also suggested that texture

features were less significant for discrimination than most ADC
metrics (Figure 6). ASM and homogeneity measurements were
more significant for discrimination in multi-slice analyses than
in single-slice analyses, while contrast and dissimilarity were
less significant.
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FIGURE 5 | Receiver operating characteristics analysis with optimal points for the 90th (A,B) and 95th (C,D) apparent diffusion coefficients (ADC), comparing

single-slice measurement (A,C) and multi-slice measurement (B,D) in evaluating neonates with congenital heart diseases compared to health controls.

4. DISCUSSION

Changes in diffusion in the white matter of the perinatal brain
(which may be related to myelination) could be a function

of gestational age (27). This study showed similar univariate
associations between several ADC metrics and the gestational
age. Scatter plots of both measurements (Figure 3) revealed
a linear decline in regional ADC metrics as a function of
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FIGURE 6 | The Area Under the Curve (AUC) and Youden Index Values (YIV) of the apparent diffusion coefficients (ADC) and texture features estimated through

receiver operating characteristics for single- (A) and multi-slice (B) diffusion weighted imaging in evaluating neonates with congenital heart diseases compared to

health controls.

the gestational age in both the CHD and HC groups. This
corresponds to the negative correlation between brain diffusion
measurements and gestational age reported before (28). These
results indicate that radiomics can be used to quantitatively assess
the extent of cerebral myelination in neonates.

In this study, ADC parameters were higher in the CSD group
than in the HC group, suggestive of a regional increase in water
diffusion and higher local free water content in the CSD group
(29). Such differencesmay be caused by chronic hypoxic ischemic
injury due to impaired circulation of oxygenated blood in the
fetal and neonatal brain in the CHD group. Mild hypoxia-
ischemia is reported to result in selective death and arrested
maturation of oligodendrocyte progenitors, possibly leading to
delays in brain myelination (21). In addition, delayed brain
myelination in children with CHDs may lead to immature
development of neurons and glial cells (30, 31). Taken together,
these findings suggest that impaired myelination of axons in
neonates with CHD can result in increased ADC parameters.

The analysis of ADC metrics demonstrated the heterogeneity
of the CHD and HC groups. Indeed, ADC metrics revealed
significant differences between the CHD and HC groups
for single- and multi-slice analyses. Furthermore, values at
the higher end of the cumulative ADC metrics significantly
differed between the two groups, and the ADC histograms
exhibited divergence toward the higher end, suggesting that
the difference between the two groups is mostly observed at
higher ADC. Ninetieth percentile ADC represented the most
stable parameter for discriminating the CHD and HC groups,

in accordance with the findings of a previous study that aimed
to discriminate between radiological indeterminate vestibular
schwannoma and meningioma in the cerebellopontine angle
(32). Such phenomenons were suggested to be potentially caused
by the greater frequency of necrotic or cystic components in
high-grade or malignant tumors (18, 33). Similarly, the results
in this study may be associated with increased water content in
the brain, as reflected by higher ADC and delayed myelination,
in children with CHD.

ADC histograms may be a potential biomarker of alterations
of tissue structure. The lower skewness and kurtosis observed
in the CHD group may reflect an abundance of cystic or
edematous tissue, suggesting that lesions can be characterized
physiologically by assessing the curvature of ADC histograms
(13, 34). Further studies are required to clarify its classification
performance between CHD and HC groups and validate its
application in clinical settings.

This study indicated that the selected texture features were
unable to achieve better diagnostic performance than ADC
metrics. This may be due to substantial overlap in the regional
ADCs for whole slices or whole brains that might lead to
a lack of significant differences in texture features. Recent
advances combined ADCmetrics and texture features to perform
classification for high-risk atypical meningiomas (35). Compared
to ADC metrics that showed significance, texture features was
suggested to have limited contribution to tumor classification.
This finding indicates the limited ability of texture features
for characterizing brain lesion. In summary, ADC metrics may
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aid in the early assessment of brain alterations in neonates
with CHD.

To the best of our knowledge, this is the first study comparing
the diagnostic performance of ADC metrics between single-slice
and multi-slice measurements. One of the most common types
of brain injury seen in these neonates is white matter injury,
which is similar to the pattern of injury observed in preterm
neonates (36). Severe hypoxia-ischemia, presenting in the form
of periventricular leukomalacia, results in neuronal death and
could contribute to a reduction in axonal density (2). Single
layers of periventricular white matter are therefore chosen and
considered representative. Multi-slice measurements provided
more statistically significant ADC parameters for diagnosis than
single-slice measurements. Such multi-slice measurements may
reflect the diffuse state of the brain in neonates with CHD more
accurately than single-slice measurements, which is potentially
due to the structural complexity of the brain and differences in
the distribution of water molecule diffusion in the whole brain.
ADC grayscale values and distributions derived from whole
tumors could provide more quantitative information regarding
the characteristics and heterogeneity of the tissue (15, 32), further
supporting the potential clinical use of multi-slice measurements.
Therefore, preoperative evaluation of the ADC using multiple
slices may provide more useful information for differentiating
patients with CHD from HCs. Meanwhile, given that single-
slice measurements are easier to perform, the optimal technique
should be determined based on individual patient needs in
clinical settings. More detailed studies of functional areas will be
carried out combined with following up.

The present study possesses some limitations of note. Firstly,
performing MRI in healthy neonates is challenging because
they are not normally included in clinical imaging studies.
Consequently, few studies have reported ADC for healthy
neonates, making it difficult to compare our findings with those
of previous researchers (27). In addition, all neonates in our
HC group were considered healthy based on MRI findings, but
this grouping method also included patients with mild neonatal
pneumonia or scalp hematoma. Nonetheless, all patients in the
HC group were followed up for 6 months to confirm that no
subsequent brain diseases occurred. Secondly, our study was
also limited by its cross-sectional design, which did not allow
us to obtain follow-up data regarding the relationship between
ADC metrics and the development of advanced neural function.
However, our preliminary results suggest that ADC metrics
can be used to identify patients with CHDs, highlighting the
need for additional validation studies. Lastly, the influence of
genomic characteristics were not included due to the challenges
associated with collecting such data. Future studies with extended
follow-up periods should therefore assess the impact of genetic

characteristics on neurodevelopmental disorders in children
with CHDs.

5. CONCLUSION

Multi-slice analysis of the whole brain may provide more
significant ADC metrics for the diagnosis of CHDs in neonates
than single-slice analysis. Clinical application of multi-slice
ADC may allow for more accurate diagnosis of CHDs than
visual assessments based on single-slice measurements or
structural imaging.
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A term neonate is born with the ability to suck; this neuronal network is already formed

and functional by 28 weeks gestational age and continues to evolve into adulthood.

Because of the necessity of acquiring nutrition, the complexity of the neuronal network

needed to suck, and neuroplasticity in infancy, the skill of sucking has the unique ability

to give insight into areas of the brain that may be damaged either during or before

birth. Interpretation of the behaviors during sucking shows promise in guiding therapies

and how to potentially repair the damage early in life, when neuroplasticity is high.

Sucking requires coordinated suck-swallow-breathe actions and is classified into two

basic types, nutritive and non-nutritive. Each type of suck has particular characteristics

that can be measured and used to learn about the infant’s neuronal circuitry. Basic

sucking and swallowing are present in embryos and further develop to incorporate

breathing ex utero. Due to the rhythmic nature of the suck-swallow-breathe process,

these motor functions are controlled by central pattern generators. The coordination of

swallowing, breathing, and sucking is an enormously complex sensorimotor process.

Because of this complexity, brain injury before birth can have an effect on these sucking

patterns. Clinical assessments allow evaluators to score the oral-motor pattern, however,

they remain ultimately subjective. Thus, clinicians are in need of objective measures to

identify the specific area of deficit in the sucking pattern of each infant to tailor therapies

to their specific needs. Therapeutic approaches involve pacifiers, cheek/chin support,

tactile, oral kinesthetic, auditory, vestibular, and/or visual sensorimotor inputs. These

therapies are performed to train the infant to suck appropriately using these subjective

assessments along with the experience of the therapist (usually a speech therapist),

but newer, more objective measures are coming along. Recent studies have correlated

pathological sucking patterns with neuroimaging data to get a map of the affected brain

regions to better inform therapies. The purpose of this review is to provide a broad scope

synopsis of the research field of infant nutritive and non-nutritive feeding, their underlying

neurophysiology, and relationship of abnormal activity with brain injury in preterm and

term infants.
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HISTORICAL BACKGROUND

As early as the 1940’s researchers began examining the sucking
behavior of infants. Before this time, the milk ejection, or
“let-down,” reflex was regarded as the predominant method
of breast milk transfer (1, 2). Sucking patterns of infants
were differentiated based on the frequency and intensity of
the sucking, which was found to correlate with whether or
not fluid (breastmilk or formula) is present. These patterns
became known as nutritive and non-nutritive sucking (1, 3–
5). In the 1950’s researchers started to deconstruct the infant
suck into two different skills, suction and expression/compression
(6–8). Based on this deconstruction, research in the 1960’s
focused on evaluating how an infant would modify these two
skills to obtain nutrients using lab-made apparatus’ that would
control when nutrient was released based on the amount of
suction or expression (6). These experiments demonstrated the
incredible learning ability of an infant’s brain to adapt to changing
conditions in line with more recent ideas of brain neuroplasticity
during the early years of life (9–11). Nurses also began noticing
the relationship between feeding as an infant and speaking ability
later in life (12). Concurrently, other groups began looking
into the relationship between brain injury and sucking; they
observed differences between non-nutritive sucking of normal,
term infants, and those who experienced perinatal stress with or
without neurological signs (3).

The 1970’s brought the confirmation that the anatomy and
physiology of the infant, feeding on a pure liquid diet, is
profoundly different than the adult (13). This paved the way
for the field of dysphagia in infants to be studied and treated
differently than in adults. The following decade, dysphagia in
infants and children became a focus of researchers and clinicians
alike as medical care improved outcomes for preterm infants.
Also, neuroscientists and speech therapists began to investigate
the correlation between sucking pattern in infancy and finemotor
skills around 6months, speech-language delays at 18months, and
developmental delay at 24 months (14). In the 1990’s the field
broadened significantly to includemolecular, developmental, and
genetic biology (15, 16).

The new millennia began with trials that confirmed
developmental enhancement interventions and physical
therapy performed on infants with brain injury were not
working well (11, 17, 18), even though success had been seen
with older children (19–21). Another compounding factor was
identification of infants with brain injury by MRI, which is
unreliable as a sole predictor of clinical impairment or prognosis
(22–24). Clearly, interventions need to be tailored to the term
and preterm infants with brain injury and the injury itself
needs other modalities for identification (25). During this
time, the idea of neuroplasticity became the topic of numerous
studies in cerebral palsy research which clearly demonstrates
re-organization of the brain as a result of a prenatal or perinatal
brain insult (26–31). Additionally, brain injury repair is being
elucidated in both human and animal studies (32–36). These
advancements have led to the current research field of identifying
brain injury through evaluation of sucking as well as habilitation
of sucking in infants to potentially repair brain injury.

FIGURE 1 | Waveform pattern of NNS. Graph represents the extent of the

movement of the lever inside the bottle nipple, measuring the expression

component of sucking with 1.0 being the furthest the lever inside the nipple

can move, and 0.5 being half the maximum distance. NNS occurs at up to two

sucks per second in short, fast bursts lasting anywhere from 2 to 12 s with a

pause between bursts of 3–13 s.

NUTRITIVE AND NON-NUTRITIVE

SUCKING

Early in the investigations of infant’s sucking it became clear that
there are two distinct types, namely, nutritive and non-nutritive
sucking. As an infant gains more experience, these sucking
patterns mature in strength and efficiency. The variation within
an individual is small, however there could be fairly significant
interindividual variations. Non-nutritive sucking (NNS) is the
primary pattern seen when an infant sucks on a pacifier, his/her
thumb, or other objects. NNS occurs at up to two sucks
per second (frequency) in short, fast bursts (1, 3, 14, 37). The
bursts can last anywhere from 2 to 12 s (burst duration) with a rest
period (pause) between bursts of 3–13 s [(3, 38); Figure 1]. The
greatest predictors of amature NNS pattern is post-menstrual age
(PMA) and birth weight (39). As the infant ages, the frequency
and burst duration may increase to a NNS pattern considered
more mature, closer to two sucks per second with a duration
between 2–8 s and less inter-burst duration and inter-rest period
variations, hence a smoother, more regular NNS (38, 39). When
breast-feeding, a newborn will begin with NNS until the milk
ejection reflex occurs, then will switch to nutritive sucking (40).
If NNS is not encouraged, by breast-feeding or pacifier use,
for example, it will disappear by 4–5 months of age, however,
fascinatingly it can be found in some adults with degenerative
cerebral diseases (39).

There are several factors which may affect the different
features of a NNS. For example, pacifier characteristics may
impact the way an infant will suck on it. The thickness of the
silicone of a pacifier, therefore, its stiffness, will affect the NNS
pattern of infants. Stiffer pacifiers will elicit fewer sucks per burst,
up to half as many, and also the strength, or amplitude, of each
suck is decreased. The shape of the pacifier or any texture will also
profoundly affect the NNS pattern (41–43).

Nutritive sucking (NS) occurs at a slower pace, about one suck
per second (1, 3), and as the feed continues a burst–pause pattern
emerges. The first minutes of NS are steady with none or very few
short pauses, as the feed continues, bursts appear with a pause
between bursts that gets longer toward the end of the feeding
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FIGURE 2 | Waveform pattern of NS. Graph from the infant Feeding Solution

showing the extent of the movement of the lever inside the bottle nipple

measuring the expression component of sucking with 100% being the furthest

the lever inside the nipple can move, and 50% being half the maximum

distance. A mature NS pattern demonstrates regular, smooth movement

about one suck per second.

FIGURE 3 | Skills required for sucking in infants. (A) Infant at rest with the

nipple inside the mouth. (B) Suction applied to the nipple to draw further into

the mouth to form a teat and the tip of the tongue beginning to compress it.

(C) Expression of the teat by the tongue movement against the hard palate.

[(14, 44); Figure 2]. The rooting reflex, which is the movement
of an infant’s head toward a touch on their cheek accompanied
by mouth gapping, is present at birth for neurologically normal
infants born at 32 weeks gestational age (GA) and older, and
sometimes even very preterm infants will root before 32 weeks
PMA (45). This reflex assists the infant in locating a food source
and will disappear around 6 months old (1).

DEVELOPMENT OF NORMAL SUCKING

ACTIVITY

Nutritive sucking is a highly coordinated activity between
sucking, swallowing, and respiration (37, 46, 47). Sucking and
swallowing skills develop in utero as the fetus regulates amniotic
fluid levels (14, 16, 48, 49) and must be further developed ex
utero to incorporate breathing. For both NS and NNS sucking,
two skills are required, suction and expression/compression
(1, 3, 6, 47, 50). Expression develops first and is the compression
or stripping of the tongue against the hard palate to eject
liquid (Figure 3). Expression/compression, without the suction
component of oral feeding, appears to be present at birth as even
very preterm infants as young as 26 weeks GA, have a coordinated
1:1 expression-swallow pattern, albeit slow, and the swallowing
process is immature (37). Suction is intraoral negative pressure
that draws liquid into the mouth. Suction also requires lowering

FIGURE 4 | Stages of NS. Early stages (1–3) are seen in preterm infants, while

more mature stages (4 and 5) are seen in term infants as well as preterms after

enough experience and maturation. Reprinted with permission from Lau (37).

the jaw to increase the volume of the mouth, closure of the
nasal passage by the soft palate, and a tight seal by the lips to
prevent air inflow. The development and coordination of these
two skills can be measured in five stages: (i) stage 1, no suction
and sporadic/arrhythmic expression; (ii) stage 2, no suction or
weak, sporadic suction and more organized rhythmic expression
pattern; (iii) stage 3, stronger expression, more organized
suction/expression pattern emerging; (iv) stage 4, suction is well-
defined, suction, and expression strength (amplitudes) becoming
more consistent; and (v) stage 5, suction is stronger (increase
amplitude), suction/expression has a defined, rhythmic pattern
[(47, 51); Figure 4].

RELATIONSHIP TO BREATHING

For healthy adults swallowing is dominant to breathing, which
prevents aspiration, and in 75–95% of adults swallowing is
initiated during mid-expiration (52, 53). This pause in breathing
to swallow is termed swallowing apnea, or deglutition apnea.
Infants, however, vary considerably in their swallow-respiration
patterns for inter-infant comparisons as well as inter- and intra-
feeding comparisons. There are nine possible combinations of
swallowing and breathing, with or without pauses: (i) inspiration
(I)-swallow-I; (ii) I-swallow-expiration (E); (iii) E-swallow-I;
(iv) E-swallow-E; (v) I-swallow-pause (P); (vi) P-swallow-I; (vii)
E-swallow-P; (viii) P-swallow-E; and (ix) P-swallow-P. Some
studies combine the swallow patterns with pauses into one
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FIGURE 5 | Anatomy and physiology of the infant during feeding. Unlike the

adult, the epiglottis moves upward toward the soft palate during feeding. The

white indicates the fluid meal and demonstrates how it is made to go around

the epiglottis and into the esophagus. The dotted blue arrow indicates the air

coming from the nasal passage during the feeding and demonstrates its

laminar flow into the trachea.

grouping as a “pause” group (54), others call it “apnea from
multiple swallows (AMS).” In addition, somemay group patterns
by when the swallow occurs, type I having the swallow in-between
phases (I-swallow-E and E-swallow-I), type II having the swallow
within phases (I-swallow-I or E-swallow-E) and type III being
AMS (55–57). As discussed in the next section, the anatomy and
physiology of the infant is profoundly different than in the adult
and allows feeding to be done simultaneously with breathing,
which explains how an infant can have such variable patterns and
not aspirate during feeding.

ANATOMY AND PHYSIOLOGY

The evolution from suckle to mastication as the infant matures
into childhood develops and changes in anatomy, physiology,
and neural networks (15, 16, 48, 52). Unlike adults, an infant’s
epiglottis moves upward to the soft palate, which allows the
trachea to remain open to the nasopharynx to permit constant
breathing during sucking. This has been described as the liquid
being made to go around each side of the epiglottis and flow
into the pharynx and esophagus while still allowing laminar flow
of air through the nasopharynx into the trachea [(15, 52, 55,
58); Figure 5]. The brief pause (350–850ms) in breathing by a
sucking infant, deglutition apnea, has been attributed to neuronal
control rather than an airway protection mechanism, perhaps
in preparation for the more mature swallowing of an adult that
requires aspiration prevention (15, 55).

The coordination of swallowing, breathing and sucking is an
enormously complex sensorimotor process, requiring five cranial
nerves, at least 26 pairs of muscles, the cervical and thoracic
spinal cord as well as at least 10 discrete brain areas (48, 52,

53, 58). Due to the rhythmic nature of the suck-swallow-breathe
process, these motor functions are controlled by central pattern
generators (CPGs) (14, 15, 37, 48, 53, 58). The interneurons of
these CPGs are found in the brainstem, specifically the upper
medullary and pontine areas, and have been shown to be capable
of generating a basic swallow without other input (14, 48, 53).
CPGs are at the core of this complex system. A second level
of controls includes subcortical structures including the basal
ganglia, hypothalamus, cerebellum, amygdala, and tegmental
area of the midbrain with a third level in the suprabulbar cortical
swallowing center (48). Figure 6 is a graphic representation of
the brain network that coordinates sucking and swallowing. For
a more in depth review the reader is directed to Hockman et al.
(59), Diamant (60), Matsuo and Palmer (52), Mistry and Hamdy
(48), Barlow (53), LaMantia et al. (16), Li-Jessen and Ridgway
(61), and Maynard et al. (15).

The integration of these three levels of control in the brain
are required to coordinate the three phases of NS: (i) oral;
(ii) pharyngeal; and (iii) esophageal (15, 47, 48, 58). The oral
phase requires cranial nerves (CN) V and VII to move the
jaw and facial muscles (to latch onto either breast or bottle
nipple) and CN XII for tongue movement to accomplish
suction and expression/compression. The pharyngeal phase
requires CN V, IX, and X for movement of the epiglottis
anteriorly against the soft palate, expansion of the uvula and
elevation of the hyoid bone and larynx to accomplish moving
of liquid into the pharynx. The esophageal phase requires CN
X for peristaltic movement of the esophageal muscles (15, 16,
52, 53, 55). Combined, the sensory and motor neurons that
contribute to these five cranial nerves, sensory or motor relay
nuclei in the brainstem, and their interconnections constitute
the sucking neural circuit (15). This is a highly dynamic
and constantly changing circuit based on chemosensory and
experiential inputs.

SUCKING ACTIVITY IN PRETERM INFANTS

Healthy, term infants are, in general, born with the basic skills to
perform NS, however, a preterm infant is denied the additional
time in utero to develop. After gestational age of 28 weeks, it
seems that sucking and swallowing are sufficient enough to begin
oral feeding; however, they are not coordinated with breathing
usually until 32 weeks PMA, with significant improvement
around 34 weeks PMA (62, 63). In addition to age, clinicians
look for signs of readiness to safely oral feed including, alert state,
weight gain and stable respiration. However, age is not sufficient,
preterm infants must develop in two aspects in order to attain a
safe suck-swallow-breathe behavior for all three phase of the NS:
(i) maturation (GA and PMA) and (ii) experience (14, 62, 64, 65).

During the oral phase, preterm infants have a lower frequency,
volume, and negative pressure during NS compared to their term
counterparts (41, 66). The preterm infant must experience oral
feeding to learn and create the neuronal patterns required since
maturation alone is not adequate. With sufficient maturation,
preterm infants given training and oral feeding experiences as
early as 32 weeks PMA, will progress to more mature sucking

Frontiers in Pediatrics | www.frontiersin.org 4 January 2021 | Volume 8 | Article 59963396

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Shandley et al. Abnormal Sucking and Brain Injury

FIGURE 6 | Sucking and swallowing brain network. Sucking and swallowing is a bilateral process in the brain, each hemisphere has been shown to act both

contralaterally and ipsilaterally, therefore, for simplicity, the black arrows on the right, coronal view of the brain indicate the complex integration and communication

between the areas in only one hemisphere currently believed to be involved in the motor aspects of sucking. CPGs (blue), are at the core of this complex system. A

second level of controls includes subcortical structures including the basal ganglia, hypothalamus (pale olive green), cerebellum, amygdala (purple), and tegmental

area (pink) of the midbrain with a third level in the suprabulbar cortical swallowing center and insula (green). The cranial nerves (CN) required for the motor process of

feeding and swallowing include CN V and VII to move the jaw and facial muscles, CN XII for tongue movement, CN V, IX, and X for movement of the epiglottis,

expansion of the uvula and elevation of the hyoid bone and larynx, and CN X for peristaltic movement of the esophageal muscles.

stages of 3–5 around 34 weeks PMA, less experience will delay
this progress (51, 64).

The preterm infant must also coordinate the pharyngeal and
esophageal phases. The timing of pharyngeal peak pressure and
the relaxation of the upper esophageal sphincter (UES) must
evolve through both maturation and experience as well. Usually
by the time a preterm infant is 34 weeks PMA, given enough
experience, pharyngeal pressure is at its peak and the UES is able
to fully and rapidly relax open. Younger preterm infants are at
risk for dysphagia until this time because the pharyngeal pressure
is lower and the UES is slower to relax open and does not open
completely (67).

There is relatively little known about NNS in preterm infants
in large part because it does not necessarily have an implication
for NS performance until about 38 weeks PMA (44, 65, 68, 69).
It is important, however, as a therapeutic action for the infant to
help promote regulation of state (calm, sleepy, alert, fussy, crying,
etc.) and lessen distress (39, 44). Similarly to NS, NNS is present
around 28 weeks PMA and the frequency, volume, and negative
pressure increases as the preterm infant ages (69). The pauses
between bursts during NNS become shorter and more regular
(less variation) and the bursts have increased frequency of sucks
and longer duration with increasing PMA (39).

ASSESSMENTS

Routinely for many decades, clinicians, often speech therapists or
nurse feeding specialists, have used a gloved finger and inserted
it into the infant’s mouth to gauge their sucking ability by
considering the strength, rhythmicity, frequency and duration of
sucks and bursts (14). This method is used to assess if an infant
is ready to orally feed; whether they are able to get nutrition or if

there is another issue causing clinical symptoms (such as failure-
to-thrive). It is also used by lactation consultants to evaluate
latch and sucking to aid in successful breast-feeding. Yet, this
is a subjective judgement highly dependent upon the clinician’s
experience, tactile sensitivity, and how long the infant sucks on
their finger. Going one step further, the Infant-Driven Feeding
Scale was developed in an attempt to quantify the subjective
assessments of the rater (70).

The Neonatal Oral-Motor Assessment Scale (NOMAS),
developed in themid-1980s, is a common observational tool used
to assess jaw and tongue movement with qualitative results of
normal sucking, disorganized sucking, or dysfunctional sucking
pattern (71–74). A dysfunctional pattern is believed to be a sign
of neurological impairment (75, 76), however it is controversial
(71, 74). One problem lies in the NOMAS relying purely on
the training and experience of the rater performing the scale
because it is only an observation of how the infant feeds. A
second problem arises when the NOMAS is compared to a
later neurologic assessment. There are many different neurologic
assessments done at different ages, and depending on which of
them the NOMAS is compared to (BSID most commonly, early
motor repertoire, or MOS, CRIB, Dubowitz, and NNNS to name
a few), this can change how well the NOMAS score predicts
the outcome of the neurologic assessment. A third problem
comes from the variable chronological and gestational ages of the
infants and/or preterms used in each study; there is not a routine
age when the NOMAS is performed, nor are there consistent
longitudinal scores taken for each infant in each study. Clinicians
are in need for objective measures of the sucking pattern of each
neonate in order to tailor therapies to improve primary measures
along with improving secondary outcomes, such as weight gain
or increase in feeding volume.
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QUANTITATIVE MEASURES

One of the earliest known reports of quantifying neonatal sucking
was published in 1865 by Herz, who measured negative intraoral
pressure using a mercury manometer attached to a nipple (77).
Other similar methods for quantifying early sucking can be found
in the literature from the late 1800s through to the early 1900s
[see (77) for review]. More recently, there has been an increasing
number of technological solutions to advance the quantification
of sucking activity (78).

Kron et al. published their seminal work for quantifying
early sucking in 1963. Their interest in neonatal sucking
was motivated by the desire to better understand the role
of infant sucking in psychological development—specifically,
personality formation (77). The researchers used a specially
constructed nipple fused at the tip with rubber tubing that
required active sucking (negative intraoral pressure) to release
the flow of liquid. Continuous graphic output of the pressures
within the mouth of the infant were recorded from a pressure
transducer fixed between the flow device and the specialized
nipple. Sucking variables included number of sucks per minute,
volume consumed per minute and average pressure per suck,
per minute. Based on results, the authors concluded that term
infants altered their rate of sucking to increase the amount of
liquid consumed on the second and third days of life. Further
analyses suggested that infant sucking adaptations were a result
of both maturation and a learning effect from the reinforcement
of sucking at the breast or bottle. The instrumentation they
used became known as the Kron Nutritive Sucking Apparatus
(KNSA) (Figure 7).

Medoff-Cooper and colleagues used customized software to
expand the sucking parameters that could be derived from the
KNSA, in a 5 minute sucking session. These included number
of sucks per session, sucking duration (interval from first to
last suck in session), number of bursts in session (2-s pause
defined separation of 2 bursts), mean burst duration, within-
burst suck frequency, and mean maximum sucking pressure,
among others (83). Following analyses, the authors concluded
that for preterm infants, different aspects of sucking matured at
different maturational ages. In a subsequent study by Bromiker
et al. (84), suck rate, suck-to-burst ratio and time between
bursts were used to investigate the influence of preterm infant
feeding practice on feeding development at term. The authors
found that earlier introduction of oral feeding resulted in
greater feeding organization at term age; again highlighting
the influence of learning and practice on the development
of sucking skills.

Medoff-Cooper et al. went on to use the Nutritive Sucking
Apparatus (NSA) (Figure 7), a modification of the KNSA, to
investigate the relationship between preterm infant early sucking
patterns and neurodevelopmental outcomes at 1 year corrected
age (79). For this study, the researchers included a suck maturity
index (SMI) to correlate sucking and developmental outcomes.
The SMI was a composite score that included number of sucks,
mean sucks per burst, and mean maximum pressure across
all bursts. The authors found that sucking performance at 40
weeks PMA was significantly correlated to a standardized test

of development at 1 year. They concluded that standardized
assessment of neonatal sucking could serve as a means of early
screening for the risk of developmental delay.

Ongoing modifications of the NSA have been published
under the device name Medoff-Cooper Nutritive Sucking
Apparatus (M-CNSA) (85). M-CNSA was used to investigate
the effectiveness of a multi-sensory intervention on sucking
organization of premature infants. The intervention group
demonstrated significantly increased number of sucks, sucks per
burst and maturity index by Day 7, as compared to premature
infants receiving standard of care. The current evolution of
the M-CNSA is now marketed under the device name Neonur
(86), which houses a unit between a standard bottle and nipple
that includes a pressure sensor, a signal processor and an
on board flash memory drive. Following collection of sucking
performance data, the memory drive data are downloaded to
a PC and the data is processed via MATLABr (MathWorks,
Natick, Massachusetts). Sucking parameters recorded include
those previously detailed in Bromiker et al. (84).

To better understand the relationship between sucking,
swallowing and breathing, Mizuno and Ueda modified bottle
nipples, routinely used in the nursery, to measure negative
intraoral pressure (80). A silicone tube was inserted inside
the nipple and connected to a microsemiconductor pressure
transducer (Figure 7). Level of milk flow was dependent on
the strength of the suction and expression component of
the suck. They calculated sucking pressure, frequency, and
duration as well as sucking efficiency. At the same time,
they measured coordination of swallowing and respiration by
recording pharyngeal pressure via an open silicone catheter
placed transnasally at the oropharynx and connected to a
transducer. Similar to Bromiker et al., they found that for healthy
preterm infants, sucking pressure, frequency and duration
matured with age. They also reported that the coordination of
breathing and swallowing also matures with age.

In 2011, Lang et al. published work using the Orometer
[(81); Figure 7]. The device they developed included an analytical
system for analysis of suck data, the Suck Editor. They
demonstrated the feasibility of their approach with a cohort of
healthy term infants, confirming the work of others that specific
aspects of sucking change with age. The authors concluded that
quantitative measures of oral-motor function might serve as a
proxy for neurodevelopment. In subsequent investigations using
the Orometer and accompanying software, factor analysis of the
more than 40 metrics collected by the system, identified seven
factors that that best represent feeding skills as measured by the
device: suck vigor, endurance, resting, irregularity, frequency,
variability, and bursting (87). However, it is not clear the
degree to which these specific measures might be sensitive
to neurodevelopment.

Tamilia et al. advanced the field significantly by developing
quantitative measures of sucking behavior that included
indices reflective of motor coordination and control, which
are particularly sensitive to neurological issues and overall
neurodevelopmental status (88). Chief among these was a
measure of movement smoothness. Smoothness is considered
a characteristic of coordinated movement (89), and measures
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FIGURE 7 | Technological solutions to assess neonatal sucking. Schematic diagrams of some technological solutions used to measure sucking during bottle feeding

in infants. (Left) Non-portable measuring apparatuses [KNSA (77), NSA (79), and Mizuno-Ueda system (80)]: pressure transducers (PTs) are used to measure sucking

pressures exerted on a nipple, which is not connected to a regular feeding bottle, but to a reservoir containing milk via a flow-regulating capillary tube or regular

catheter. The milk reservoir is always kept at the mouth level to eliminate net hydrostatic pressure (unlike in regular bottle-feeding sessions). Regular nipples were used

in NSA and Mizuno & Ueda’s systems, while a stiff nipple was used in KNSA. (Right) Portable measuring solutions: feeding bottles instrumented with pressure

transducers (PTs) to measure different sucking pressures [Orometer (81) and SuMOD (82): via air-filled catheters] or tongue movement (nFS; via a lever). These

solutions were designed to be attached to regular bottles for easy use in clinical settings. Orometer measures the suction component of sucking; nFS measures

tongue movement (related to the expression component); while SuMOD measures suction and expression components separately (enabling coordination

assessment). nFS is a wireless solution, while Orometer and SuMOD require wired connection to an acquisition system.

of smoothness have been used to quantify motor learning,
development, and recovery in the reaching movements of
healthy individuals, persons diagnosed with Parkinson’s
disease, and individuals post-stroke among others (90, 91).
Smoothness is derived from the speed profile of a movement
(88). Uncoordinated, immature movement is characterized
by intermittent acceleration and deceleration—or multiple
submovements—on the way to a target, therefore, the
more intermittent accelerations and decelerations, the more
“unsmooth” the movement (91). As with other cyclic and
oscillating movements, Tamilia et al. emphasized the importance
of analyzing and reporting the coefficient of variability of sucking

parameters, rather than just the mean, since variability serves
as a correlate of the organization and maturation of a motor
skill (82). They also introduced novel measures to quantify the
coordination between suction and expression movements by
using a dynamic system approach, which allows investigation
into the emergence of coordination patterns during infancy,
and they showed how these measures may help characterize the
feeding behavior of infants at risk for later neurodevelopmental
delays. To measure both suction and expression, Tamilia et al.
developed and used a portable sucking monitoring device
(SuMOD), which was designed to be easily integrated on to
any regular feeding bottle (Figure 7). Along with the device,
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they developed an analytical automated system for the data
analysis (82).

Capilouto et al. reported the use of sonomicrometry to
measure the resultant compressive forces applied to the nipple
during non-nutritive and nutritive sucking (92). Their work
represented a shift from measurement of intraoral pressures to
a focus on the role of the lingual musculature in driving safe
and efficient feeding. The approach was grounded in animal
models of tongue muscle disuse atrophy that documented
multiple changes in rat tongue musculature between dam
reared rat pups and intravenously fed (IV) rat pups from
the same litter (93–96). Following sacrifice and excision
of tongue muscle the IV fed group was found to have
significantly fewer tongue muscle fibers, smaller fibers, and fewer
motoneurons driving the muscle. The researchers concluded
that same thing might be happening with infants non-orally
fed for an extended period of time; such as preterm or sick
term infants.

To test their aims, Capilouto et al. instrumented a standard
pacifier and a flow through nipple with piezoelectric crystals
strategically located to enable direct measurement of nipple
deformation kinematics in response to forces of the tongue.
After controlling for weight and PMA, they found significant
differences in tongue force during NS and clinically significant
differences in posterior tongue thickness between full term
and preterm infants beginning to feed. Full term infants
demonstrated greater tongue force and greater posterior tongue
thickness as compared to healthy preterm infants (92, 97).

The use of sonomicrometry to examine sucking performance
presented a number of challenges including the cumbersome
nature of the computer equipment required to collect the data
which required multiple people at bedside. The unsustainability
of this approach took the team back into the lab to consider
alternative ways to measure tongue movement on the nipple. The
result was nfantr Feeding Solution (nFS; NFANT Labs, Marietta
GA, USA) (Figure 7), a non-invasive device for quantifying
neonatal and infant sucking performance cleared by the FDA for
use in the NICU. nFS consists of a disposable nfant coupling that
connects a standard bottle to a standard nipple. The coupling
houses a cantilever mechanism for measuring tongue movement
on the nipple. The nfant SSB Sensor connects to the coupling
and wirelessly transmits real-time data on nipple movement to
a tablet via the nfant Mobile App. nFS addresses a significant
limitation of other devices as the real-time feedback of sucking
performance allows the healthcare team to see the immediate
impact of an intervention to improve feeding (98). Following
a feeding, waveforms of NNS and NS nipple movement are
transmitted to the HIPAA protected nfant Cloud Database and
the signals converted via custom algorithms, to identify key
features and measures that describe sucking performance.

Recently, Capilouto et al. compared objective metrics of
nutritive sucking performance via nFS between preterm and full
term infants at discharge (99). They found that suck frequency
accounted for 28% of the variance in feeding-related length
of stay (FRLOS) for preterm infants, while suck smoothness
accounted for 34% of the variance in FRLOS for full term
infants. The researchers concluded that suck frequency may

be an important intervention target to consider for preterm
infants having difficulty transitioning to full oral feeding. They
concluded further, that suck smoothness might be a sensitive
marker for identifying infants at risk for feeding difficulties. The
utility of nFS for quantifying sucking performance pre- and post-
intervention has also been demonstrated (100).

SUCKING ACTIVITY IN INFANTS WITH

BRAIN INJURY

The location in the brain stem of the CPG that controls sucking
and swallowing corroborates studies that have found brain
stem injury results in feeding difficulties. Quattrocchi et al.
found a strong association between infratentorial, specifically
brain stem, lesions on MRI and a diagnosis of oral motor
dysfunction in infants with a hypoxic-ischemic injury (101).
Because sucking and swallowing is a highly organized process
that requires several different areas of the brain, injuries in
other areas result in feeding problems as well. Martinez-Biarge
found an association between basal ganglia and thalamic (BGT)
and mesencephalic injuries with feeding impairment. Infants
with severe BGT and mesencephalic injuries had an 84%
probability of having a feeding impairment and severe BGT
injury with pontine involvement had a 91% probability of
getting a gastrostomy or having a nasogastric tube for at least 6
months (102).

Some longer-term studies have found a relationship between
feeding performance and better neurodevelopmental outcomes.
Mizuno and Ueda found a significant correlation between
improved NS patterns over two examinations performed 2 weeks
apart and better neurodevelopmental outcome at 18 months
of age (103). Medoff-Cooper et al. measured NS parameters
at 34 and 40 weeks PMA and found a positive correlation
between a more mature pattern and a better BSID-II score
(both MDI and PDI subscales) at 12 months of age (79). These
evaluations of feedings were over a short period, demonstrating
not only the rapid ability of an infant to learn to feed which
speaks to neuroplasticity, but it also implies there may be
a very short window of opportunity to improve outcomes
for infants.

Tamilia et al. demonstrated a correlation between
microstructural abnormalities in the brain measured by
MRI/DTI and sucking pattern variations. Specifically, motor
tracts with poor integrity correlated with sucking patterns
of lower smoothness and increased irregularity (31). This
pilot study demonstrates the potential to identify brain injury
through the analysis of nutritive sucking. Tamilia et al. used
nFS to investigate the relationship between nutritive sucking
and microstructural brain abnormalities (31). Using the
accelerometer data captured via nFS, active feeding was analyzed
using in-house software developed in MATLAB (82). Results
indicated that specific sucking parameters were correlated with
microstructural integrity of the sensorimotor tracts that control
neonatal oral feeding (Figure 8). Specifically, low smoothness
values as well as high sucking irregularity and low smoothness
variability were associated with reduced microstructural
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FIGURE 8 | Correlation of abnormal NS patterns with integrity of sensorimotor fibers in infants with established in infants with established brain injury [from Tamilia

et al. (31)]. (A) Anatomically defined regions of interest overlaid on the T1 MRI of a female 4 day old preterm infant. On the left, regions of interest for the motor tracts;

in the middle, regions of interest for the sensory tracts; on the right, regions of interest corresponding to the corpus callosum. (B) Corpus callosum (magenta) overlaid

on the fractional anisotropy color-maps. (C) Axial view of the motor (in yellow) and sensory (in purple) tracts reconstructed via probabilistic diffusion imaging

tractography, along with the regions of interest used for their delineation. Neural tracts and regions of interest are overlaid on the patient’s MRI that shows ischemic

injury in the right frontal lobe. (D) The values of nutritive sucking smoothness and irregularity are predictive of the fractional anisotropy and mean diffusivity values,

respectively, for the motor tracts. High smoothness in the nutritive sucking pattern, which is indicative of good sucking skills, is associated with high-fractional

anisotropy, which is indicative of intact neural tracts. High irregularity in nutritive sucking, which is indicative of poor sucking skills, is associated with high-mean

diffusivity, which is indicative of low integrity of neural tracts. (E) Two bursts of nutritive sucking from patients 3* and 8*. The left waveform demonstrates a poor NS

behavior of patient 3* characterized by low smoothness and high irregularity (i.e., presence of multiple peaks); while the right waveform demonstrates a good NS

behavior of patient 8* characterized by the smooth and regular nutritive sucking pattern.

integrity. Researchers concluded that quantitative assessment
of sucking at the bedside could potentially result in earlier
diagnosis of diffuse white matter brain injuries. Identifying brain
abnormalities while in the NICU could serve to inform NICU
care and take advantage of neural plasticity when the benefits
would be greatest.

THERAPIES

Infants that are unable to feed orally are deprived of the
pleasurable oral sensation, instead they experience unpleasant
sensations of a nasal-gastric tube, suctioning to prevent
aspiration and/or tracheal intubation which makes them
resistant, and even defensive, to oral feeding (58). Along
with the motor restrictions this causes, the sensory inputs are
detrimental to their oromotor development (14). It is vital to
train infants to suck in order to feed orally and these are
some examples of therapies applied: (i) Kinesthetic: a passive
range of motion movement of the arms and/or legs during
NNS. (ii) Visual stimulation: eye to eye contact during sucking.
(iii) Vestibular: gentle horizontal rocking during sucking. (iv)
Auditory reinforcement: an adapted pacifier is used to play
soothing music (Pacifier Activated Lullaby, or PAL) or the
mother’s voice when the NNS reaches a threshold strength.

The threshold can be increased as the infant gets stronger to
further encourage development of a NNS (104). (v) Sensorimotor
stimulation: A broad term that describes several techniques that
can be used in various combinations to stimulate and/or reinforce
an infant’s suck. These techniques fall into one of three categories,
oral/intraoral (O/IO), perioral (PO), or extraoral inputs and can
vary between training times of 3–30min, 2–4 times per day, for
10–14 days. O/IO includes gum and tongue stimuli ranging from
a therapist’s finger to a pulsating pacifier, PO consists of stroking
or stimulating an infant’s cheeks and/or lips, and extraoral entails
tactile input to the head, neck, trunk, and/or limbs (54, 104).
(vi) Oral support: The act of supporting the cheeks and chin
during feeding. A novel example of this is using Kinesio Tape to
apply a small force to a muscle by connecting the insertion and
origin points to facilitate proper movement for sucking (105).
(vii) Swallowing program: Placing a liquid bolus (either with a
controlled flow nipple, a dropper or the like) on the tongue to
stimulate a swallow response to encourage NS.

These therapies may be used in combination or sequentially
to work toward the more advanced NS techniques. Fucile et al.
found that oral (O) therapy for 15 minutes twice a day resulted
in more mature sucking stages in both suction and expression
components. However, tactile/kinesthetic (T/K) therapy of the
same frequency and duration, did not improve sucking stages
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but did improve the swallow-respiration pattern by decreasing
apnea-inducing pauses and increasing the safer, more adult-like,
intra-expiration swallow pattern. Interestingly, combining O and
T/K did not result in compounding effects probably because
the frequency and duration of therapy did not change, only
the type of therapy, therefore, the combination therapy preterm
infants received half the amount of O and T/K therapies as their
single-therapy counterparts (54). It appears that NNS training
alone does not have a significant effect on primary outcomes
of sucking measures, which may have consequences later in life
such as speech and developmental delay (104). However, it does
result in clinically significant secondary outcomes of reduced
hospital stay, transition from tube to bottle, and improved
feeding performance (increased milk volume) (106–109).

A commercially available “pulsating” pacifier used for training
an infant to non-nutritively suck, the NTrainer, has been shown
to be effective (110, 111). The logic behind the device is to
stimulate the nerves involved inNNS and, thus, the CPG, in order
to form a functional, effective NNS pathway using the principle
“neurons that fire together, will wire together.” This therapy is
effective in increasing the rates of NNS bursts, cycles, cycles per
burst resulting in more daily oral feeds (110, 111). With the
NTrainer, preterm infants showed an accelerated time to oral feed
and time to discharge when it was used for 20minutes up to four
times per day until full oral feeding (112); however, in longer
term follow up, NTrainer therapy did not result in improvement
in cognition, language or motor skills (113). While NNS does
accelerate the development of preterm infants while in the NICU,
it does not appear to have any long term lasting effects on further
brain development.

FUTURE DIRECTIONS

Development of the field of brain neuroimaging in correlation
with sucking patterns needs further confirmation and
advancement. The quantitative study of sucking in many
abnormal conditions could provide valuable insights to advance
our knowledge as well as inform therapies. For instance,
oligohydramnios or esophageal atresia that may prevent a fetus
from swallowing in utero; what affect does this have on their NS
and NNS ability as neonates. Are their effective therapies and
why are they effective or not within the context of what we know
about the development of sucking. This would also apply to the
study of the sucking activity of neonates and infants with other
conditions, such as Prader-Willi, Down syndrome or Spinal
Muscular Atrophy (SMA), to name a few.

Bromiker et al. compared nutritive sucking parameters in
Israeli and American preterm infants and found American
infants had more mature NS patterns (more sucks, a higher rate
of sucks, more sucks per burst, and a shorter interburst width)
at 34 weeks PMA which the authors attributed to oral feedings
being initiated on average almost 2 weeks sooner (84). This
supports the notion that oral feeding training should begin very
early, while the infant is still in the NICU. The concept of using
different imaging modalities such as magnetoencephalography
(MEG) or high-density electroencephalography (HD-EEG) to

identify brain abnormalities that might be missed using
more routine imaging such as cranial ultrasound and MRI
should be explored. The passive techniques of HD-EEG and
MEG are safe and effective and may show promise in this
fragile population.

There are currently animal studies that are using positron
emission tomography (PET) imaging to localize metabolically
deficient areas of the brain caused by neuroinflammation,
hypoxic-ischemic encephalopathy (HIE), and endotoxin
exposure (114–116). The drawback with PET is the radioactive
isotope exposure, however, these studies have had exposures
8–12x less than a CT scan. A potential expansion of the use of
PET, which could complement MRI data, could be in neonates
with brain injury. There is currently no data correlating PET and
sucking activity in neonates leaving this a large potential area
for exploration.

A recent study by Badran et al. shows promise in using non-
invasive vagus nerve stimulation (VNS) that targets the auricular
branch, transcutaneous auricular VNS, or taVNS. Fifty-seven
percent of the infants in their study that had previously failed
oral feeding therapies attained full oral feeds after an average
of 16 days of taVNS treatment (117). The idea that VNS along
with motor activity can stimulate neuroplasticity, improve motor
function, facilitate neurogenesis and reorganization as well as
restoring brain function in both human and animal studies,
makes this a promising line of inquiry.

Another major area requiring development is in training a
neonate to suck correctly, using both expression/compression
and suction. Feeding training in NICUs currently focuses
on secondary outcomes; weight gain, hospital discharge time,
etc., with little regard for the primary ability to use both
suction and expression/compression in a rhythmic fashion for
a mature NS pattern. The next step beyond this would be
exploring whether the proper NS pattern aids in repairing
the brain injury, or at least re-wire the circuitry around
the damage. Neuroplasticity in infants is also still being
elucidated, perhaps this advancement could lend insight there
as well. Inconsistent results for developmental scales and the
like may also improve with a focus on primary measures
of NS.

CONCLUSION

The idea of a brain injury affecting the oral feeding of an infant
has been around for decades. The flip side of that idea, the
notion that we can identify a brain injury through analysis of
how an infant sucks, could be instrumental in the identification
of neonates in need of therapies and habilitation. Being able to
do this very early in life, before any conventional scales or testing
can be performed and even at the bedside while the neonate is
still in the NICU, could take full advantage of neuroplasticity
in early infancy and potentially guide clinicians in the repair of
brain injury.

The window for training an infant to suck with a mature
NS pattern is likely short, a few weeks, most of which could be
done while still in the NICU. This concept of early oral feeding
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training could likely greatly diminish or even eliminate the need
for ongoing therapy and compliance after discharge home. Only
time will tell if a mature NS pattern will lead to better long term
neurocognitive, speech, and developmental outcomes for infants
with brain injury; however, having an infant that can orally feed
efficiently would be a great step forward to ease the stress on
families taking their infant home.
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1 Institute of Human Nutrition, Columbia University Irving Medical Center, New York, NY, United States, 2Department of

Pediatrics, Vagelos College of Physicians and Surgeons, Columbia University Irving Medical Center, New York, NY,
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Therapeutic hypothermia (HT) is a currently accepted treatment for neonatal asphyxia

and is a promising strategy in adult stroke therapy. We previously reported that acute

administration of docosahexaenoic acid (DHA) triglyceride emulsion (tri-DHA) protects

against hypoxic-ischemic (HI) injury in neonatal mice. We questioned if co-treatment with

HT and tri-DHA would achieve synergic effects in protecting the brain from HI injury.

Neonatal mice (10-day old) subjected to HI injury were placed in temperature-controlled

chambers for 4 h of either HT (rectal temperature 31–32◦C) or normothermia (NT,

rectal temperature 37◦C). Mice were treated with tri-DHA (0.375 g tri-DHA/kg bw,

two injections) before and 1 h after initiation of HT. We observed that HT, beginning

immediately after HI injury, reduced brain infarct volume similarly to tri-DHA treatment

(∼50%). Further, HT delayed 2 h post-HI injury provided neuroprotection (% infarct

volume: 31.4 ± 4.1 vs. 18.8 ± 4.6 HT), while 4 h delayed HT did not protect

against HI insult (% infarct volume: 30.7 ± 5.0 vs. 31.3 ± 5.6 HT). HT plus tri-DHA

combination treatment beginning at 0 or 2 h after HI injury did not further reduce infarct

volumes compared to HT alone. Our results indicate that HT offers similar degrees

of neuroprotection against HI injury compared to tri-DHA treatment. HT can only be

provided in tertiary care centers, requires intense monitoring and can have adverse

effects. In contrast, tri-DHA treatment may be advantageous in providing a feasible and

effective strategy in patients after HI injury.

Keywords: DHA, hypothermia, hypoxic-ischemic injury, neuroprotection, omega-3 fatty acids, stroke

INTRODUCTION

Hypoxic-ischemic (HI) brain injury is a serious occurrence that frequently results in death
or significant long-term neurologic disability in both neonates and adults (1–3). Currently,
therapeutic hypothermia (HT) is the only established treatment for neonates with HI
encephalopathy (4). Selective head cooling with cooling caps or whole body cooling with passive
cooling (turning radiant warmers/incubators off), cool packs and/or commercially available cooling
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blankets are used for treatment in neonatal HI encephalopathy
(5, 6). With regard to acute ischemic stroke in adults, tissue-
type plasminogen activator (tPA) is the only drug approved by
the U.S. Food and Drug Administration (FDA) (7). However, the
narrow therapeutic window and the risk of hemorrhage aremajor
limitations of tPA treatment, resulting in only 8–10% of adult
stroke patients eligible for this drug (8). Preclinical studies and
small scale clinical trials in adults after stroke have shown that HT
substantially diminishes the degree of neural damage, reduces the
rate of mortality and improves neurofunctional recovery (9–11).

The major molecular mechanisms affected by HT include
decreased free-radical production, reduction of blood–brain
barrier disruption, decreased excitatory amino acid release and
attenuation of cell mediated inflammatory responses to cerebral
ischemia (12, 13). Additionally, HT induces the inhibition of
neuronal apoptosis through both mitochondrial based intrinsic
pathways and receptor mediated extrinsic pathways (14).
However, HT remains a complex medical approach, as it requires
intense monitoring and is available only in tertiary care centers
(15). Pilot studies on HT in stroke have shown that adult patients
have less tolerance to cooling than neonates and HT may also
induce unfavorable systemic effects, such as shivering, immune
suppression, and pneumonia (16, 17). Combining HT with other
treatment methods may help in reducing the adverse effects from
HT as well as reaching multiple molecular targets in the setting of
HI insult to obtain an increase in therapeutic time windows and
an enhanced repair in long-term recovery (18).

As one of the major omega-3 polyunsaturated fatty acids
(PUFA) in the brain, docosahexaenoic acid (DHA) is essential
for development and function of the brain (19). DHA has
been shown to reduce inflammation, excitotoxicity and to
prevent brain volume loss in different animal models of HI
injury (20–22). Studies from our laboratory showed that acute
administration of triglyceride (TG) emulsions containing only
DHA (tri-DHA) reduces brain injury and preserves short- and
long-term neurological outcomes in neonatal mice (23, 24).

Based on these findings, we questioned if co-treatment with
HT and tri-DHA would achieve synergic effects in protecting
the brain from HI injury. We validated the neuroprotective
efficacy of HT against HI injury in the neonatal model previously
described by our laboratory (23, 25). Our results showed that
tri-DHA provides similar degrees of neuroprotection as that of
HT and combining HT with tri-DHA emulsion does not offer
additional therapeutic benefit in HI injury.

MATERIALS AND METHODS

Ethics Statement
All research studies were carried out according to protocols
approved by the Columbia University Institutional Animal Care
and Use Committee (IACUC) in accordance with the Association
for Assessment and Accreditation of Laboratory Animal Care
guidelines (AAALAC).

Abbreviations: DHA, docosahexaenoic acid; h, hours; HT, hypothermia; NT,
normothermia; TG, triglycerides; HI, hypoxic-ischemic; SPMs, specialized pro-
resolving mediators; Tri-DHA, DHA TG emulsion.

Materials
DHA TG oil was purchased from Nu-Chek Prep, Inc. (Elysian,
MN). Egg yolk phosphatidylcholine was obtained from Avanti
Polar-Lipids, Inc. (Alabaster, AL). Radiolabeled [3H]-cholesteryl
hexadecyl ether was purchased from PerkinElmer (Boston, MA)
([3H]CEt) (NET 85900).

Lipid Emulsions
Tri-DHA emulsions (10 g by TG weight/100mL emulsion)
were made in our laboratory with DHA TG oil and egg yolk
phospholipids (PL) by sonication as previously detailed (23). The
emulsions were analyzed for the amount of TG and PL using
commercial kits (Wako Chemicals USA, Inc., Richmond, VA).
The TG:PL mass ratio was 5.0 ± 1.0, similar to VLDL-sized
particles. To prepare radiolabeled emulsions, [3H]CEt was added
to the TG-PL mixture before sonication (25).

Animal Procedures
Unilateral Cerebral Hypoxia-Ischemia Injury
Three-day-old C57BL/6J neonatal mice were purchased from
Jackson Laboratories (Bar Harbor) with their birth mother. We
used the Rice-Vannuci method of mild HI brain injury modified
to 10-day old (p10) mice, as previously described (23). An initial
pilot study on gender differences showed no significant changes
in infarct volumes after HI injury between male and female
mice. Hence, both male and female mice were used for these
experiments and we did not separate our data by gender in the
present study. Briefly, HI brain injury was induced by permanent
ligation of the right common carotid artery. After 1.5 h of
recovery, mice were exposed to hypoxic insult (humidified 8%
O2/92% N2, Tech Air Inc., NY) for 15min. Since HI brain
injury in neonatal mice is associated with an endogenous drop in
body core temperature (26), mice are kept at 37 ± 0.3◦C during
hypoxia to avoid hypothermia during the hypoxia period.

HT and Tri-DHA Treatments
Immediately after HI injury, pups were kept for 4 h
in temperature controlled chambers with either HT or
normothermia (NT), reaching rectal temperatures of 31–
32◦C or 37◦C, respectively (23). We observed that pups placed
in circulating air chambers set at 27◦C maintained target rectal
temperature 31–32◦C. For the NT group, pups were placed in
chambers set at 32◦C, based on the protocol from our previous
studies (23, 24). As the core temperature in neonatal rodents
could be affected by distance from the dam (27), the pups were
kept separately from the dam during the 4 h HT or NT treatment
period. Sequential temperature measurements were obtained
immediately after hypoxia (0 h) followed by 1, 2, 3, and 4 h
during HT (probe type: RET-4; Physitemp Instruments, Clifton,
NJ). Tri-DHA treatment [0.375 g tri-DHA/kg bw, intraperitoneal
(i.p.), two injections, 1 h apart] was based on the protocol from
our previous studies on tri-DHA neuroprotection against HI
injury in neonatal mice (23, 24).

To investigate whether combined treatment of HT with tri-
DHA emulsion enhances neuroprotection in HI damage, animals
subjected to HT were administered with tri-DHA emulsion
(0.375 g tri-DHA/kg bw, 2 injections, i.p.) at the beginning
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of HT and at 1 h after initiation of HT. NT or HT control
animals received saline injections. Following 4 h NT, pups in
the control group were returned to the dam. Pups in the HT
group underwent slow rewarming by increasing the chamber
temperature at a rate of 0.1–0.2◦C per minute till the pups
reached a rectal temperature of 37◦C, and were then returned to
the dam.

Uptake and Distribution of Radiolabeled Tri-DHA

Emulsion Particles in HT Mice
Using radiolabeled tri-DHA emulsion, we determined whether
HT affects the absorption and distribution of emulsion particles
after i.p. injection. Naïve neonatal mice injected with radiolabeled
tri-DHA emulsion (0.375 g tri-DHA/kg bw, i.p., single injection)
were immediately subjected to 4 h of either HT (n = 3) or NT
(n = 7). The use of a single bolus injection to study emulsion
distribution was based on previously established protocols from
our laboratory (25, 28). Animals were sacrificed after 4 h of HT or
NT and radioactivity in peritoneal fluid, blood, organs and tissues
assessed by measuring the levels of [3H]CEt.

Tissues and organs were homogenized using a Polytron Tissue
Disruptor (Omni TH, Kenneswa, GA) and the radioactivity
measured by liquid scintillation spectrometry (29). The samples
were suspended in scintillation fluid (Ultima Gold scintillation
fluid, PerkinElmer, Boston, MA), mixed and 3H dpm assayed in
a PerkinElmer Tri-Carb liquid scintillation spectrometer 5110
TR. Tissue uptake was expressed as percent of total recovered
dose/organ for all the organs analyzed.

HT and Tri-DHA Therapeutic Time Windows
We determined the therapeutic window of HT after HI injury
in mice: (1) 2 h delayed HT - pups placed with dam for 2 h
after HI and then subjected to HT; (2) 4 h delayed HT - pups
placed with dam for 4 h after HI and then subjected to HT. To
investigate whether combined treatment of HT with tri-DHA
emulsion prolongs the therapeutic window in HI injury, animals
subjected to HT (2 or 4 h delayed after HI) were administered
with tri-DHA emulsion (0.375 g tri-DHA/kg bw, 2 injections, i.p.)
at the beginning of HT and at 1 h after initiation of HT. NT or
HT control animals received saline injections. After the treatment
period, pups in NT or HT groups were returned to the dam as
described above.

Neuropathological Outcomes
At 24 h after HI insult, the animals were sacrificed and brains
were harvested. Coronal slices of 1mm were cut by using a brain
slicer matrix. Slices were immersed in a PBS solution containing
2% triphenyltetrazolium chloride (TTC) at 37◦C for 25min. TTC
is taken up into living mitochondria, which converts it to a
red color. Unstained areas that appeared white were defined as
infarct regions whereas viable regions appeared red. Using Adobe
Photoshop andNIH Image J imaging applications, planar areas of
infarction on serial sections were summed to obtain the volume
(mm3) of infarcted tissue. Infarct areas were expressed as % of
the total area of the ipsilateral hemisphere (24). In a separate
cohort of mice treated with HT or HT plus tri-DHA immediately
after HI, brain atrophy at 7 days after HI injury was detected

by Nissl staining, as previously described. The entire brain was
sectioned every 200µm and the thickness of each coronal slice
was 50µm. Sections were then incubated in a solution of 0.1%
cresyl violet (Sigma-Aldrich, St. Louis, MO, USA) for 7min. After
a quick rinse in H2O, slides were differentiated in 70% (v/v)
ethanol with a few drops of acetic acid, followed by dehydration
in graded ethanol and two changes of xylene. The sections were
then mounted with Fisher ChemicalTM PermountTM Mounting
Media (30).

Statistical Analyses
Values are mean ± SEM. One-way ANOVA followed by post hoc
Newman-Keuls multiple comparison test was applied to evaluate
differences among the groups.

RESULTS

HT Does Not Affect Absorption or Organ

Distribution of Tri-DHA Emulsion Particles
There was no mortality in animals subjected to NT or HT
protocols. Table 1 summarizes results of sequential temperature
measurements in HT animals. Radiolabeled experiments showed
that at 4 h after i.p. injection, ∼96% of the injected emulsion
exited the peritoneal cavity in both NT and HT mice. Further,
no significant differences were observed in the organ distribution
of tri-DHA emulsion particles in NT vs. HT mice. The highest
uptake of emulsion particles was in the liver (44–47% of
recovered dose of radiolabeled emulsion), followed by muscle
(20–23%) and heart (8–9%) in both NT and HTmice. The lowest
uptake of emulsion particles was in the brain (<0.3% of recovered
dose) in both NT and HT animals (data not shown).

HT or Tri-DHA Treatment After HI Injury

Provides Similar Degrees of

Neuroprotection
We evaluated neuroprotective effects of HT plus tri-DHA
treatment beginning immediately after HI injury. HT or tri-
DHA showed significant reduction (∼50%) in brain infarct
volumes compared to saline treated NT animals (Figures 1A,B).
Combination of treatments with HT and tri-DHA immediately
after HI injury did not provide any additional benefits compared
to HT treatment alone (Figures 1A,B).

TABLE 1 | Rectal temperature measurements immediately after hypoxia (0 h) and

at 1, 2, 3, and 4 h during hypothermia (HT) in mice subjected to hypoxic-ischemic

(HI) injury.

HT HT + tri-DHA

End of hypoxia (0 h) 35.2 ± 0.48 35.6 ± 0.41

1 h after HI 32.0 ± 0.16 32.2 ± 0.25

2 h after HI 31.4 ± 0.24 32.0 ± 0.17

3 h after HI 31.0 ± 0.19 32.1 ± 0.15

4 h after HI 31.6 ± 0.26 31.8 ± 0.28

Temperatures (◦C) are expressed as mean ± SEM. n = 7–9.
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FIGURE 1 | Effect of hypothermia (HT) and tri-DHA on infarct volume: Infarct volume (A) and representative TTC stained cerebral sections (B) in mice treated with

normothermia (NT) + saline (n = 21), HT + saline (n = 20), tri-DHA (n = 21) or HT + tri-DHA (n = 11) beginning immediately (0 h) after hypoxic-ischemic (HI) injury (%

infarct volume: NT + saline- 33.2 ± 4.8, HT + saline- 14.9 ± 4.8, 0 h tri-DHA- 14.9 ± 4.5, 0 h HT + tri-DHA- 15.0 ± 7.0). Values are mean ± SEM. *p < 0.05;

Representative Nissl-stained cerebral coronal sections from mice treated with NT + saline, HT + saline or HT + tri-DHA beginning immediately (0 h) after HI injury (C).

Neuroprotection by HT plus tri-DHA administration
beginning immediately after HI injury was maintained at 7
days after ischemic insult. Nissl staining demonstrated greater
preservation of the ipsilateral hemisphere in HT or HT plus tri-
DHA treated mice compared to the control group. However, the
combination did not offer any therapeutic advantage compared
to HT treatment alone. Representative Nissl stained sections are
shown in Figure 1C.

HT Plus Tri-DHA Treatment After HI Injury

Does Not Extend the Therapeutic Time

Window
In the present study, we performed delayed HT treatment
protocols to determine the therapeutic window for
neuroprotection after ischemic injury. HT delayed 2 h post-HI

showed reduced brain infarct volumes compared to NT animals.
Further, HT plus tri-DHA treatment did not offer significant
additional protection over that provided by HT alone beginning
at 2 h after HI injury although there was a tendency for slightly
more reduction in infarct size (% infarct volume: 31.4 ± 4.1 NT
+ saline vs. 18.8± 4.6 HT+ saline vs. 12.7± 4.0 HT+ tri-DHA)
(Figures 2A,B). HT treatment delayed to 4 h after HI insult
did not offer protection against ischemic injury. Combining
HT and tri-DHA treatment with a delay of 4 h after HI injury
did not extend the therapeutic window of HT. Although we
observed an increase in infarct volume in animals treated with
4 h delayed HT + tri-DHA combination, the difference was not
significant compared to NT or HT alone groups (Figures 2C,D).
Thus, our results indicate that combined treatment of tri-DHA
emulsion with HT does not provide additional significant benefit
in neuroprotection in ischemic injury.
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FIGURE 2 | Therapeutic windows of hypothermia (HT) and tri-DHA: Infarct volume (A) and representative TTC stained cerebral sections (B) in mice treated with

normothermia (NT) + saline (n = 22), HT + saline (n = 22) or HT + tri-DHA (n = 21) beginning at 2 h after hypoxic-ischemic (HI) injury (% infarct volume: NT + saline-

31.4 ± 4.1, 2 h delayed HT + saline- 18.8 ± 4.6, 2 h delayed HT + tri-DHA- 12.7 ± 4.0); Infarct volume (C) and representative TTC stained cerebral sections (D) in

mice treated with normothermia (NT) + saline (n = 19), HT + saline (n = 23) or HT + tri-DHA (n = 10) beginning at 4 h after hypoxic-ischemic (HI) injury (% infarct

volume: NT + saline- 30.7 ± 5.0, 4 h delayed HT + saline- 31.3 ± 5.6, 4 h delayed HT + tri-DHA- 41.3 ± 5.5). Values are mean ± SEM. *p < 0.05, **p < 0.01.

DISCUSSION

In this study, our results show that HT administration exerts
similar degrees of neuroprotection as that of tri-DHA. Further,
combined treatment of HT with tri-DHA emulsion does not
confer additional neuroprotection.

Therapeutic HT is a means of neuroprotection well
established in the management of acute ischemic brain

injuries such as anoxic encephalopathy after cardiac arrest and
perinatal asphyxia (31). Randomized trials have shown that HT
is also effective in improving neurological outcomes in traumatic
brain injury patients (32). Neuroprotective benefits of systemic
HT following ischemic stroke have been reported in clinical
trials (9, 11). However, the use of HT for acute stroke treatment
is still controversial and is limited by logistical challenges
(9, 33).
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HT initiated immediately after HI insult is neuroprotective
and the degree of neuroprotection decreases linearly with the
delay of initiation of cooling (34, 35). In neonatal mouse models
of HI injury, HT beginning at 0 or 2 h after HI provides
neuroprotection (26), while no studies have assessed the effect
of HT when delayed by more than 2 h in mice. Our results
showed that HT is neuroprotective up to 2 h after HI injury and
the protection is lost with prolonged 4 h delay in treatment. In
contrast, in a neonatal rat model, Sabir et al. (35) showed that
HT delayed up to 6 h after HI insult provides neuroprotection.
This may be related to differences in pathways of ischemic
injury progression and neuroprotection in mice vs. rats (36).
The basal metabolic rate per kg of body weight is seven times
greater in mice than in humans (37) and this may play a
major role in providing longer treatment windows for HT in
humans in response to HI injury. Therefore, neuroprotection
with 2 h delayed treatment in our protocol in mice may translate
into longer time windows with HT in humans. Of relevant
interest, after we reported a 2 h treatment window in neonatal
mice (23), in pilot studies we documented a 6 h therapeutic
window for omega-3 emulsion treatment in an adult stroke
model (unpublished data). Since myelination is still occurring
in the neonatal brain and the water content of the neonatal
brain is greater than that of the mature brain, injury has a
different appearance and time-course in the neonatal brain than
in the adult brain. Cell death mechanisms have been shown to
be different in the developing brain compared to that in the
adult (38). The mechanisms of mitochondrial permeabilization
are age-dependent and while Cyclophilin D is critical in the
adult brain, B-cell lymphoma 2 (BCL-2) associated X (BAX)-
related mechanisms dominate in the immature brain (39). Stroke
triggers a robust inflammatory response in both adult and
neonatal brain. Compared to the adult, microglial activation
in neonates is much more rapid following ischemic injury. In
the adult brain there is also a considerable contribution of
infiltrating peripheral immune cells to the brain after stroke
injury (40). In contrast, little infiltration of peripheral cells is
seen acutely after neonatal stroke (41). Thus, these findings
suggest differences in neonatal and adult central nervous system
immune responses to injury (42, 43). We assume that these
differences in ischemic injury pathophysiology and the efficacy
of omega-3 fatty acids to act through these molecular pathways
account for the differences in therapeutic windows observed
between neonates and adults. Our present results also suggest
that HT offers a very similar therapeutic window as tri-
DHA treatment. A therapeutic window shorter than 6 h is
recommended in neonates with HI encephalopathy (44, 45).
However, few studies have demonstrated that HT initiated at
6–24 h after birth may also have benefits (46). The effective
therapeutic window for HT in adult stroke patients is still not
known (11, 14).

We tested whether DHA might add better neuroprotection
as an adjuvant therapy to enhance the efficacy of HT after HI
injury. Our results suggest that combining HT and tri-DHA
does not enhance neuroprotection or extend the therapeutic
window of treatment after HI injury. This is similar to recent
findings from studies in newborn piglet models of HI injury,

which showed that combined treatment of HT plus DHA had
no additional benefits than HT alone or DHA alone treatment
in reducing brain injury, oxidative stress, and inflammatory
markers following HI insult (47, 48). However, another study
in a neonatal rat model of HI injury reported that HT
plus DHA synergistically reduced brain infarct volume and
improved behavioral performances (49). Of interest, the inability
to markedly enhance neuroprotection by HT plus tri-DHA
treatment is not attributed to a reduction of absorption and
distribution of tri-DHA emulsion particles, as demonstrated
by our radiolabeled experiments. Additionally, low uptake of
emulsion particles in the brain does not affect tri-DHA mediated
neuroprotection in HI injury (25). Recent data from our
laboratory have shown that injected tri-DHA emulsion is initially
mainly taken up by the liver, which is then metabolized and
secreted to plasma pools of lysophosphatidylcholine and non-
esterified fatty acids, facilitating DHA brain transport (25).
Further, we reported that tri-DHA administration increased
DHA content in brain mitochondria and also induced a
significant increase in DHA levels in blood and DHA derived
specialized pro-resolving mediators (SPMs) in brain. Tri-
DHA administration also increased blood levels of EPA and
EPA derived SPMs in brain (24, 25). These rises in DHA,
EPA, and SPMs derived from DHA and EPA might also
contribute and explain the neuroprotective actions observed
for DHA.

Both DHA and HT share common pathways of
neuroprotection against HI injury. DHA or HT downregulate
pro-apoptotic BAX and upregulate anti-apoptotic BCL-2,
resulting in reduced cytochrome c release and decreased
caspase activation (20, 50). DHA or HT promote activation
of AKT that stimulates cell proliferation (51, 52). Further,
it has been reported that in experimental stroke, DHA or
HT treatment induce a decrease in microglial activation
and pro-inflammatory cytokines such as interleukin 1β (IL-
1β), IL-6 and tumor necrosis factor alpha (TNF-α) (53, 54).
Additionally, both treatments inhibit nuclear factor kappa B
(NF-κB), a transcription factor that activates many inflammatory
signaling pathways (55, 56). DHA or HT have also been
shown to prevent accumulation or release of excitotoxic amino
acids such as glutamate (57, 58). Both DHA or HT limit
reperfusion-driven acceleration in mitochondrial ROS release
and protect against mitochondrial membrane permeabilization
(24, 59). Thus, we speculate that overlapping neuroprotective
mechanisms of DHA and HT render the combined treatment
ineffective in providing enhanced neuroprotection in HI
brain injury.

Previously, we reported a significant impairment in
the behavioral outcomes of neonatal mice subjected to
HI injury, while animals treated either with tri-DHA or
neuroprotectin D1 (NPD1) had reduced infarct size with
preservation of neurofunctional outcomes (24, 30). While in
this study we did not measure neurofunctional outcomes
following HI injury in the different groups, given the
similar histological findings of HI injury and subsequent
neuroprotection by HT or tri-DHA, we would predict similar
levels of preservation of neurofunctional outcomes by both
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treatments. Furthermore, we did not delineate the potential
molecular mechanisms of DHA compared to HT (10, 20).
Still these limitations do not negate the significance of our
work, demonstrating that post-HI tri-DHA administration
provides similar degree of neuroprotection as that of
HT treatment.

Currently, HT is the only established treatment for moderate
to severe encephalopathy in infants (60) and is a promising
strategy still under investigation for stroke therapy in adults
(61). Successful clinical translation of HT for stroke requires
the control of different key parameters of HT therapy including
onset time, duration, depth of HT and rewarming speed (14).
Although cooling a patient is simple in concept, it is a complex
medical procedure that involves coordination of efforts from
specially trained health care staff along with preparedness for
the management issues that may arise with HT (15, 62). Using
HT as a treatment for stroke usually requires settings in a
tertiary care hospital and is associated with high financial
costs (63). Our findings show that HT or injection of tri-
DHA emulsion reduce infarct volume and the degree of
neuroprotection is similar for both treatments. Omega-3 fatty
acids are safe and well tolerated in humans without major
adverse effects (64–66). Intravenous injections are a common
feasible procedure, which can be easily performed in primary
care settings. Thus, if our results using omega-3 rich lipid
emulsions prove effective in treating stroke in humans, acute
omega-3 therapy could be considered as an alternative cost-
effective therapy for HT after ischemic organ injuries such
as stroke.
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Worldwide neonatal hypoxic-ischemic encephalopathy (HIE) is a common cause of

mortality and neurologic disability, despite the implementation of therapeutic hypothermia

treatment. Advances toward new neuroprotective interventions have been limited

by incomplete knowledge about secondary injurious processes such as cerebral

hyperperfusion commonly observed during the first 1–5 days after asphyxia. Cerebral

hyperperfusion is correlated with adverse neurodevelopmental outcome and it is a

process that remains poorly understood. In order to provide an overview of the existing

knowledge on the pathophysiology and highlight the gaps in current understanding

of cerebral hyperperfusion in term animals and neonates with HIE, we performed a

systematic research. We included papers scoping for study design, population, number

of participants, study technique and relevant findings. Methodological quality was

assessed using the checklist for cohort studies from The Joanna Briggs Institute. Out

of 2,690 results, 34 studies were included in the final review—all prospective cohort

studies. There were 14 studies of high, 17 moderate and 3 of low methodological quality.

Data from the literature were analyzed in two main subjects: (1) Hemodynamic Changes

subdivided into macro- and microscopic hemodynamic changes, and (2) Endogenous

Pathways which was subdivided into N-methyl-D-aspartate/Mitogen activated protein

kinase (NDMA/MAPK), Nitric Oxide (NO), prostanoids and other endogenous studies.

Cerebral hyperperfusion in term neonates with HIE was found to be present 10–30min

after the hypoxic-ischemic event and was still present around day 10 and up to 1

month after birth. Cerebral hyperperfusion was also characterized by angiogenesis and

cerebral vasodilation. Additionally, cerebral vasodilation was mediated by endogenous

pathways such as MAPK through urokinase Plasminogen Activator (uPA), by neuronal

NO synthase following NMDA and by prostanoid synthesis. Future research should

elucidate the precise role of NMDA, MAPK and prostanoids in cerebral hyperperfusion.
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Moreover, research should focus on possible interventions and the effect of hypothermia

on hyperperfusion. These findings should be taken into account simultaneously with

brain imagining techniques, becoming a valuable asset in assessing the impact in

neurodevelopmental outcome.

Keywords: cerebral hyperperfusion, cerebral vasodilation, hyperemia, hypoxic-ischemic encephalopathy (HIE),

neonatal encephalopathy, perinatal hypoxia-ischemia

HIGHLIGHTS

- What is already known? Cerebral hyperperfusion in term
neonates with hypoxic-ischemic encephalopathy is often
seen after the acute phase, occurring 6–15 h after the HI-
event. Cerebral hyperperfusion is correlated with adverse
neurodevelopmental outcome.

- What this review adds? Cerebral hyperperfusion is present
10–30 minutes after the hypoxic-ischemic event and persisted
around day 10 and up to 1 month after birth. Cerebral
hyperperfusion may be characterized by angiogenesis and
cerebral vasodilation. A rise in prostanoids may contribute to
vasodilatation trough MAPK. Another finding is that NMDA
induces vasodilatation and the cerebroprotective effects of
hypothermia therapy are not mediated by NMDA.

- What is still unknown? Future research needs to be developed
about the precise role of NMDA, MAPK, prostanoids in
cerebral vasodilation, and possible interventions.

INTRODUCTION

Hypoxic-ischemic encephalopathy (HIE) is one of the main
causes of neonatal death and developmental psychomotor
disorders in the pediatric population. The incidence of HIE is
∼1–8 per 1,000 live births in technically advanced countries
and is up to 26 per 1,000 live births in less developed countries
(1). Despite the widespread use of therapeutic hypothermia, a
large proportion of infants will suffer from neurodevelopmental
impairments, especially in the case of severe HIE (2). Therefore,
new synergistic therapies need to be developed.

For clinicians, it is important to understand the
pathophysiology of injury after the HI-event, due to

Abbreviations: AMPA, 2-(aminomethyl)phenylacetic acid; LRP, Lipoprotein-
Related Protein; ASL, Arterial Spin Labeling; MABP, Mean Arterial Blood
Pressure; BCAO, Bilateral Carotid Artery Occlusion; MAPK, Mitogen activated
protein kinase; cAMP, Cyclic Adenosine Monophosphate; MCA, Middle Cerebral
Artery; CBF, Cerebral Blood Flow; MRI, Magnetic Resonance Imaging; CFOE,
Cerebral Fractional Oxygen Extraction; NIRS, Near-Infrared Spectroscopy;
cGMP, Guanosine 3’,5’-cyclic Monophosphate; NMDA, N-methyl-D-aspartate;
CO, Cardiac Output; (n)NO, (neuronal) Nitric Oxide; CORM-A1, Carbon
Monoxide Release Molecule-A1; PACAP, Pituitary Adenylate Cyclase-Activating
Peptide; CrO2, Cerebral Oxygen Saturation; PRISMA, Preferred Reporting Items
for Systematic Reviews and Meta-Analysis; CSF, Cerebral-Spinal Fluid; PRx,
Pressure Reactivity; DWI, Diffusion-Weighted Imaging; RI, Resistance Index; GA,
Gestational Age; uPA, Urokinase Plasminogen Activator; HIE, Hypoxic-Ischemic
Encephalopathy; US, Ultrasound; HO/CO, Heme Oxylase/Carbon Monoxide;
Vd, Diastolic Velocity; KA, Kainite; VEGF, Vascular Endothelial Growth Factor;
KYNA, Kynurenine Acid; VTQ, Virtual Touch Quantification.

its relevance in developing novel therapies and because
neuroimaging has shown that subsequent brain injury evolves
over the course of days, if not weeks (3). In the process of
neonatal encephalopathy, a hypoxic-ischemic event, with
intermitting anoxia or acute hypoxia, leads to a decreased
cerebral perfusion, if the event occurs for long enough. This
decreased perfusion sets a time-related pattern of injury
pathways in motion, which is divided into distinct phases
(4, 5). Figure 1 provides a schematic overview of the phases
of injury in HIE. After the hypoxic-ischemic event, there
is the acute phase of injury, which is followed by a latent
phase of injury. After ∼6–15 h, there is a secondary phase. A
tertiary phase occurs weeks after the hypoxic-ischemic event.
More extensive:

- The acute phase, also known as “primary energy failure,”
is characterized by anaerobic metabolism, oxidative stress,
neuronal cell death, and excitotoxicity. In the process of
excitotoxicity, a surplus in the amount of the excitatory
amino acid glutamate leads to overstimulation of the 2-
(aminomethyl)phenylacetic acid (AMPA), kainite (KA), and
N-methyl-D-aspartate (NMDA) receptors. Overstimulation
of AMPA and KA causes an influx of sodium (Na+) and
chloride (Cl−), which leads to an increased cellular osmolality.
Overstimulation of NMDA triggers the influx of calcium (Ca2+),
which leads to apoptosis and necrosis (4). The mitogen activated
protein kinase (MAPK) signaling pathway is overactivated after
the hypoxic-ischemic event, leading to neuronal apoptosis.
Prostanoids also play a role in the hypoxic-ischemic event:
stimulating prostanoid-receptors may be neuroprotective
and prevent neuronal cerebellar injury (4). Depending on
the duration of decreased perfusion and the presence or
absence of medical intervention, a partial recovery with
reperfusion occurs from 30 to 60min after the hypoxic-ischemic
event (6).

- The latent phase of injury follows after the acute phase,
which may last from 1 to 6 h. This latent phase is characterized by
neuroinflammation and the continuation of activated apoptotic
cascades. In neonates with moderate to severe HIE, the latent
phase is followed up by the secondary phase, also known as
“secondary energy failure” (4).

- The secondary phase occurs within ∼6–15 h and is
characterized by cytotoxic edema, excitotoxicity and cerebral
hyperperfusion (7).

- The tertiary phase occurs in the weeks or
months following primary energy failure. It involves
remodeling of the injured brain, astrogliosis, and late cell
death (8).
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FIGURE 1 | Schematic overview of the phases of injury in Hypoxic-Ischemic Encephalopathy (HIE), adapted from Douglas-Escobar et al. (4) and Hassell et al. (5).

In this review, we focused on pathophysiology of cerebral
hyperperfusion, often seen in the secondary phase of HI-injury,
and not on the adverse outcome itself. Cranial ultrasound
(cUS) and brain Magnetic Resonance Imaging (MRI) are
the most used imaging techniques in neonates with HIE.
Cerebral hyperperfusion seen on Arterial Spin Labeling
(ASL) MRI is correlated with an adverse neurodevelopmental
outcome (2, 9). To understand cerebral hyperperfusion,
it is essential to elucidate when this phenomenon takes
place and what the underlying mechanisms leading to
hyperperfusion are. Understanding the pathophysiological
mechanisms behind these observations will provide an
insight into how cerebral hyperperfusion is associated with
(adverse) outcome.

Given that this topic is prone to rapid changes in what
is known to the scientific community, the review intents
to provide a summary of the methods, models and studies
already existing. With this paper we hope to create a
platform that allows researchers to come up with novel
ideas, using this review as a gateway for new research.
This study aims to provide an overview of hemodynamic
changes in cerebral hyperperfusion and endogenous
pathways leading to cerebral hyperperfusion in term neonates
with HIE.

METHODS

Study Design
A systematic review was performed following the steps of
the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement (10). Prior to initiation,
the systematic review protocol was registered in PROSPERO
(https:///www.crd.york.ac.uk/PROSPERO), registration number
CRD42020152957. Because the studies in this systematic review
were considered to be heterogeneous regarding study population,
study technique and study outcome, we refrained from
statistically pooling the data in a meta-analysis and performed a
best evidence synthesis. The results of this systematic review will
be described in a narrative manner.

Inclusion and Exclusion Criteria
To systematically review the pathophysiology of hyperperfusion
in term neonates with hypoxic-ischemic encephalopathy, we
conducted a search including papers in which term neonates
(>36 weeks’ GA) had a diagnosis of HIE caused by perinatal
asphyxia, with or without hypothermia treatment. We also
included animal studies with models of perinatal HIE at term
equivalent age, because pathophysiology is more thoroughly
studied in animal models. We excluded reviews, articles on
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preterm neonates (<36 weeks’ GA), articles with pooled data on
both term and preterm neonates, articles on adults and articles
on neonates with main pathology that alters the brain physiology
(main cerebral hemorrhage, metabolic disorders, main cardiac
abnormalities or chromosomic disorders). We also excluded
articles with data on NIRS or MRI when they did not report
effects on vascular resistance, (re)perfusion or cerebral blood
volume. No date restrictions were applied. We limited the search
to English articles only. When analyzing results, the authors
considered rats and mouses as “small animals” and piglets and
lambs as “large animals.”

Since autoregulation is not the scope of this review, we
did not include articles on this topic specifically. If the reader
would like to have an in-depth overview of cerebral vascular
autoregulation (CVAR) studies using NIRS in neonates and given
that autoregulation is not the main focus of the review, we would
like to refer to the paper of Thewissen et al. (11).

Search Strategy
The research question was defined according to the PICOTS
system (Supplementary Appendix 1). The main search terms
were Hypoxic-Ischemic Encephalopathy (HIE), Vasodilation and
(Re-)perfusion. Besides title and abstract, MeSH-terms were
used for all search terms (Supplementary Appendixes 2–4). A
medical librarian with systematic review experience helped in
developing the search strategy.

Data Sources, Studies Selections, and
Data Extraction
Medline (PubMed) and Embase were searched from inception
to December 12, 2018, with similar search strategies. Two
researchers (D.K. and K.A.) independently analyzed all abstracts
after removing duplicates while appraising the in- and exclusion
criteria. The full text of potentially eligible studies was then
assessed for inclusion using the same inclusion and exclusion
criteria. If an inconsistency occurred during the abstract or
full text analysis, a consensus was reached in a meeting or
by the involvement of a third researcher (J.D.). Data were
extracted and reviewed by D.K. and A.H. The characteristics
of the included studies were recorded using data extraction
forms, which included the following characteristics: study design,
population, number of participants, study technique and relevant
findings. Before submission of the review, the search was repeated
in Medline and Embase for additional articles.

Methodological Quality
The Checklist for Cohort Studies from The Joanna Briggs
Institute Critical Appraisal Tools was used to assess the
methodological quality of the individual studies (12). The
methodologic quality was assessed independently by two
researchers (D.G.K. and A.H.), and disagreements were resolved
in a meeting or by the consideration of a third researcher
(J.D). We calculated the score and added up “Yes” as 1; “No”
as 0 and “Unclear” as 0. Quality was calculated as the added
up score, divided by the number of questions answered with
“Yes,” “No” or “Unclear.” (Non-Applicable was not taken into
account.) For example, 7 of 11 questions were answered with

Yes and 1 question was answered with Non-Applicable. The
calculated score is 7/(11–1) = 7/10 = 70%. A score of ≥80% was
considered a study of high quality. A score between 60 and 80%
was considered as moderate quality, whereas a score of≤60%was
considered to be of low quality. These cut-off values were agreed
with the research team.

Best-Evidence Synthesis
A best-evidence synthesis was performed since the outcome
measures of the included studies were too heterogeneous for a
meta-analysis. We used the guidelines from Proper et al. (13)
to synthesize the methodologic quality of the studies and to
be able to reach conclusions regarding the pathophysiology of
cerebral hyperperfusion. The guideline consists of the following
three levels:

1. Strong evidence: consistent findings in multiple (≥2) high-
quality studies;

2. Moderate evidence: consistent findings in one high-quality
study and at least one low-quality study, or consistent findings
in multiple low-quality studies;

3. Insufficient evidence: only one study available or inconsistent
findings in multiple (≥2) studies.

Results were considered to be consistent when a minimum of
75% of the studies showed results in the same direction, which
was defined according to significance (p < 0.05). If there were
two ormore high-quality studies, the studies of lowmethodologic
quality were disregarded in the evidence synthesis.

RESULTS

The search in Medline and Embase provided 3,253 results.
Figure 2 provides a detailed overview of study screening and
selection. The additional search in Medline and Embase before
submission of the review did not provide further articles.

Data from the literature were analyzed and presented
below in two main subjects: (1) Hemodynamic Changes
subdivided into macro- and microscopic hemodynamic changes,
and (2) Endogenous Pathways which was subdivided into
NDMA/MAPK, NO, prostanoids, and other endogenous studies.
This makes that the review has a total of six themes.

A total of 34 studies were eligible for the review; 12
hemodynamic changes studies and 22 endogenous pathway
studies. In total, 44 human newborns and 334 animals (169 large
animals; 165 small animals) were included in the hemodynamic
changes studies. In the endogenous pathway studies, there were
no human newborns studies included. A total of 775 animals
(656 large animals; 119 small animals) in the endogenous
pathway studies were studied; in five studies (14–18) the
number of included animals in the study was unknown. All
studies were prospective cohort studies. A separate subject
about human studies was not made because there were not
enough human studies for that. Characteristics, relevant findings
and methodological quality of each study are summarized in
Tables 1, 2.

There were 14 studies of high, 17 studies of moderate
and three studies of low methodological quality (Tables 1, 2).
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FIGURE 2 | PRISMA flow diagram of the study selection (10).

Table 3 shows the critical review of the studies, presenting the
questions to assess methodological quality and the answers to
these questions.

Macroscopic Hemodynamic Changes
Ten studies were included describing hemodynamic changes
on a macrovascular level (Figure 3). Regarding small animal
studies, Manole et al. (25), showed that after the hypoxic-
ischemic (H-I) event cerebral blood flow (CBF) increases within
5min and subsided after 10min (studied with MRI). Wang
et al. (23) used virtual touch tissue quantification (VTQ),
histological staining and ultrasound to determine the severity

of brain damage from HIE. In the asphyxia group, the diastolic
velocity (Vd) was significantly increased 3 h post carotid ligation
compared to the ischemia group, leading to a lower resistance
index (RI) of the right MCA, indicating that the elasticity
of the cerebral blood vessels decreases. This study suggests
that there is a consistent correlation among histological and
hemodynamic changes, VTQ values and neurodevelopmental
outcome. Additionally, another small animal study showed in
what regions hyperperfusion takes place. The study of Buckley et
al. (21), showed hyperperfusion in both hemispheres, and more
pronounced in the contralateral hemisphere (studied with diffuse
correlation spectroscopy).
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TABLE 1 | Study characteristics hemodynamic studies, relevant findings, and methodological quality.

References Design Population; no. Technique Relevant findings Methodological

quality

MACROSCOPIC HEMODYNAMIC STUDIES

Jinnai et al. (19) Prospective cohort Piglets; N = 26 Near-infrared TRS ↓CBV within 24 h after the HI-insult, longer duration of LAEEG

after insult is associated with a greater decrease in the HT group

High

Wu et al. (20) Prospective cohort Human newborns,

gestational age 38,8 ± 2

weeks; N = 20

Electrical velocimetry,

transcranial doppler

During the rewarming phase after HI: ↑CO due to ↑HR; ↑MCA

peak systolic value; no changes in CrO2 and CFOE, suggesting

cerebral flow metabolism coupling remained intact during

rewarming

High

Buckley et al. (21) Prospective cohort Rat pups; N = 46 Diffuse correlation

spectroscopy

↑CBF after 5–10min after the HI-insult in both hemispheres, more

pronounced in the contralateral hemisphere

Moderate

Nakamura et al. (22) Prospective cohort Piglets; N = 21 Near-infrared TRS,

Histologic staining

Increased CBV up to 6 h after HI insult indicated more marked

histopathological brain damage

Moderate

Wang et al. (23) Prospective cohort Rat pups; N = 90 Color Doppler

Ultrasound, VTQ,

HE-staining

After asphyxia, ↑Vd of the MCA, ↓Vs and ↓RI of the MCA after

3 h; consistent with the pathological findings

Low

Chakkarapani et al. (24) Prospective cohort Piglets; N = 51 aEEG Cerebrovascular Pressure Reactivity ([PRx; the correlation

coefficient between intracranial and mean arterial blood pressure

(MABP)]; PRx is impaired during HI, latent phase, secondary PRx

peak (after 6 h) is correlated with severe neuropathology

Moderate

Manole et al. (25) Prospective cohort Rat pups; N = 17 ASL-MRI After 8,5–9min of asphyxial CA, subcortical hyperemia at 5min

was followed by a return of CBF to baseline values by 10min,

absence of cortical hyperemia after CA (cortical hypoperfusion)

High

Leffler et al. (26) Prospective cohort Piglets; N = 24 Radioactively labeled

microspheres

Reactive hyperemia throughout the brain (except the cerebrum),

peaking by 5min and subsiding by 20min of reperfusion

Moderate

Rosenberg et al. (27) Prospective cohort Neonatal lambs; N = 31 Radioactively labeled

microspheres

2–5 h after asphyxia, ↑CBF, cerebral oxygen delivery ↓ and

cerebral oxygen consumption remained stable due to a

proportional increase in CFOE; impaired cerebral autoregulation.

Second finding: postasphyxia cerebral vasodilation is not

attributed to the evolution of gross cerebral edema

Moderate

Rosenberg et al. (28) Prospective cohort Neonatal lambs; N = 9 Radioactively labeled

microspheres

↑CBF immediately after asphyxia, cerebral oxygen delivery ↑,

cerebral oxygen consumption ↓, CFOE ↓

Moderate

MICROSCOPIC HEMODYNAMIC STUDIES

Shaikh et al. (29) Prospective cohort Human newborns (N = 24);

rat pups (N = 12)

ASL-MRI study ↑CBF around day 10 of life and up to 1 month of life; ↑VEGF

expression 24-48 h after the HI-event, ↑endothelial cell count 7

and 11 days after the HI-event

High

Domoki et al. (30) Prospective cohort Piglets; N = 7, 1–2 days old Closed cranial window,

Laser-speckle imaging

Marked cortical hyperemia in 5/7 piglets, ↑pial artery diameters

and arterial flow velocity

High

aEEG, amplitude-integrated electroencephalogram; ASL-MRI, arterial spin-labeled magnetic resonance imaging; CA, cardiac arrest; CBF, cerebral blood flow; CBV, cerebral blood volume; CFOE, cerebral fractional oxygen extraction;
CO, cardiac output; CrSO2, regional cerebral oxygen saturation; HE, hematoxylin and eosin; HI, hypoxic ischemic; HT, hypothermia; HR, heart rate; LAEEG, low-amplitude electroencephalography; MCA, middle cerebral artery; MRI,
magnetic resonance imaging; TRS, time resolved spectroscopy; Vd, diastolic velocity; VEGF, vascular endothelial growth factor; VTQ, virtual touch tissue quantification.
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TABLE 2 | Study characteristics endogenous pathway studies, relevant findings, and methodological quality.

References Design Population; no. Technique Relevant findings Methodological

Quality

NMDA/MAPK

Dang et al. (31) Prospective cohort Piglets; N = 25 H-MRS, DWI The glutamate level in the basal ganglia underwent a “two-phase” change after

HI: the first rise in glutamate after 0–6 h and second rise in glutamate after

24–30 h, due to reperfusion injury

High

Armstead et al. (32) Prospective cohort Rat pups; N = 65 Closed Cranial Window Treatment with Plasminogen Activator Inhibitor peptide EEIIMD prevents the

impairment of vasodilator responses to hypercapnia and hypotension after HI, by

upregulating p38 MAPK

High

Kiessling et al. (33) Prospective cohort Piglets; N = 90 Closed Cranial Window Inhibition of Urokinase Plasminogen Activator and Integrin prevents impairment

of cerebrovasodilation after HI

Moderate

Armstead et al. (34) Prospective cohort Rat pups; N = 54 Closed Cranial Window Urokinase Plasminogen Activator impairs cerebrovasodilation through LRP and

MAPK

High

Bari et al. (35) Prospective cohort Piglets; N = 53 Closed Cranial Window Kynurenine acid (KYNA) attenuates NMDA-induced pial artery dilatation;

NMDA-induced arteriolar dilatation can be inhibited by KYNA

High

Philip et al. (36) Prospective cohort Newborn lambs; N = 42 Closed Cranial Window Protein thyrosine kinase and MAPK impairs NMDA-induced cerebrovasodilation

by nociceptin/orphanin FQ activation

Moderate

Jagolino et al. (37) Prospective cohort Newborn lambs; N = 119 Closed Cranial Window Protein thyrosine kinase, MAPK and nociceptin/orphanin FQ impair hypercapnic

cerebrovasodilation

Moderate

Perciaccante et al. (38) Prospective cohort Piglets; N = 60 Intravital microscopy (1) Hypothermia fails to preserve cerebral arteriolar dilatation to NMDA during

and following ischemia; (2) Cerebral vascular responsiveness to an excitatory

neurotransmitter is intact despite the reduced metabolic rate during hypothermia

Moderate

Armstead et al. (39) Prospective cohort Piglets; N = 42 Closed Cranial Window Nociceptin/Orphalin FQ and NMDA contribute to the impairment of hypotensive

cerebrovasodilation

High

Taylor et al. (40) Prospective cohort Newborn lambs; N = 20 Microinjection into the

brain, Doppler imaging

(1) Local microinjection with NMDA increases both local and global CBF within

minutes of injection; (2) Most marked increases in the right midbrain,

diencephalon and temporal lobe; (3) Alterations in echotexture are primarily due

to intracellular cytoplasmic changes and microscopic hemorrhage

High

NO

Hsu et al. (14) Prospective cohort Postpartum day-7 rat

pups; N = ?

Electron microscopy,

doppler imaging

Microvascular damage post HI is contributed by neurnal NOS, nNOS underwent

a “two-phase” change after HI: first rise in nNOS directly after the HI-event

(swollen nucleoli, CBF↓); second rise 3 h after reoxygenation (overactive

microglia, ↑CBF)

Moderate

Domoki et al. (41) Prospective cohort Piglets; N = 45 Closed Cranial Window NMDA-induced vasodilation is mediated by endothelium-independent nitric

oxide release and activation of neuronal NOS positive neurons

Moderate

Dorrepaal et al. (42) Prospective cohort Newborn lambs; N = 16 unknown Inhibition of NOS by N-nitro-L-arginine (NLA) restores autoregulation of cerebral

bloodflow, suggesting a role for nitric oxide-induced vasodilation in the

impairment of autoregulation

Moderate

Wilderman et al. (15) Prospective cohort Piglets; N = ? Closed Cranial Window Neuronally derived NO contributes to hypoxic pial artery dilatation, through the

formation of cGMP and the subsequent release of methionine enkephalin and

leucine enkephalin

Moderate

(Continued)
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TABLE 2 | Continued

References Design Population; no. Technique Relevant findings Methodological

Quality

Armstead et al. (16) Prospective cohort Piglets, N = ? Closed Cranial Window Contribution of Kca channel activation to hypoxic cerebrovasodilation is not

mediated by NO/cGMP

Low

PROSTANOID

Taniguchi et al. (17) Prospective cohort Rat pups, cell-specific

knockout mouse pups; N
= ?

unknown Prostaglandin E2 EP4 receptor is cerebroprotective, it improves cerebral

perfusion in both the contralateral and ipsilateral hypoxic-ischemic hemispheres

Moderate

Pourcyrous et al. (43) Prospective cohort Piglets; N = 15 Radioactive

microsphere CBF

determination

(1) Brain stem bloodflow increases at 1min of asphyxia, is maintained at 5min of

asphyxia and increases more during reventilation than bloodflow to cerebrum

and cerebellum; (2) Inhibition of prostanoid production with indomethacin does

not limit vasoconstriction

High

Leffler et al. (26) Prospective cohort Piglets; N-12 Radioactive

microsphere CBF

determination

The failure of hypercapnia to dilate pial arterioles after cerebral ischemia results

from the inability of this stimulus to increase cerebral vasodilator prostanoid

synthesis

Moderate

Leffler et al. (18) Prospective cohort Piglets; N = ? Closed Cranial Window (1) Prostanoid in cortical subarachnoid CSF increase during acute hypoxia

combined with hypercapnia coincident with dilatation of the pial vessels; (2)

Systemic indomethacin decreases pial artery dilatation in response to combined

hypoxia and hypercapnia

Low

OTHER

Parfenova et al. (44) Prospective cohort Piglets; N = 26 Intravital microscopy,

closed cranial window

CO, produced by astrocytes, has antioxidant effects (HO/CO and CORM-A1)

and is cerebroprotective in neonatal asphyxia

High

Wilderman et al. (45) Prospective cohort Piglets, N = 65 Closed Cranial Window cAMP contributes to hypoxic pial artery dilatation; endogenous PACAP

modulates cAMP-induced opioid release, thereby contributing to hypoxic pial

artery dilatation

High

Rosenberg et al. (28) Prospective cohort Newborn lambs; N = 16 Radioactive

microsphere CBF

determination

(1) Immediately after 5min of asphyxia, increased CBF up to 60min of

reperfusion; (2) Damage by oxygen free radicals during postasphyxia cerebral

reperfusion is important to the genesis of late postasphyxia bloodflow and

oxygen metabolism abnormalities (treatment with activated polyethylene glycol

catalase increases the CBF significantly 5min postasphyxia)

Moderate

cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; CO, carbon monoxide; CORM-A1, CO-releasing molecule-A1; CSF, cerebrospinal fluid; DWI, diffusion-weighted imaging; HI, hypoxia ischemia;
H-MRS, proton magnetic resonance imaging; HO, heme oxylase; Kca, calcium sensitive K-channel; LRP, lipoprotein-related protein; MAPK, mitogen-activated protein kinas; NMDA, n-methyl-d-aspartate, NO, nitric oxide, NOS, nitric
oxide syntases; PACAP, pituitary adenylate cyclase-activating peptide.
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TABLE 3 | Methodological analysis of the included studies.

Study 1. Were the

two groups

similar?

2. Were the

exposures

measured

similarly to

both groups?

3. Was the

exposure

measured

reliably?

4. Were

confounding

factors

identified?

5. Were

strategies to

deal with

confounding

factors stated?

6. Were the

groups/

participants free

of the outcome

at the

beginning?

7. Were the

outcomes

measured

reliably?

8. Was the follow

up time

reported and

long enough?

9. Was

follow up

complete?

10. Were

strategies to

address

incomplete

follow up

utilized?

11. Was

appropriate

statistical

analysis

used?

MACROSCOPIC HEMODYNAMIC STUDIES

Jinnai et al. (19) + + + + + + + + + NA + 10/10 = 100%

Wu et al. (20) + + + + – – + + + NA + 8/10 = 80%

Buckley et al. (21) + + – + – + + + ? – + 7/11 = 63%

Nakamura et al.

(22)

+ + + + – + + – – NA ? 6/10 = 60%

Wang et al. (23) ? + ? – NA + ? + – NA + 4/9 = 44%

Chakkarapani et al.

(24)

+ + + – NA + ? – + NA + 6/9 = 67%

Manole et al. (25) + + + + – + + – + NA + 8/10 = 80%

Leffler et al. (46) + – – – – + + + + NA + 6/10 = 60%

Rosenberg et al.

(27)

+ + + – NA + + – + NA + 7/9 = 78%

Rosenberg et al.

(28)

+ + + – NA + + – + NA ? 6/9 = 67%

MICROSCOPIC HEMODYNAMIC STUDIES

Shaik et al. (29) + – + + + – + + + NA + 8/10 = 80%

Domoki et al. (30) + + + + – + + + + NA + 9/10 = 90%

ENDOGENOUS STUDIES—NMDA/MAPK

Armstead et al. (32) + + + + – + + – + NA + 8/10 = 80%

Kiessling et al. (33) + + + – NA + + – + NA + 7/9 = 78%

Armstead et al. (34) + + + + – + + – + NA + 8/10 = 80%

Bari et al. (35) + + + + – + + – + NA + 8/10 = 80%

Philip et al. (36) + + + – NA + + – + NA + 7/9 = 78%

Jagolino et al. (37) + – + + – + + ? + NA + 7/10 = 70%

Armstead et al. (39) + + + + – + + – + NA + 8/10 = 80%

Taylor et al. (40) + + + + + + + – + NA + 9/10 = 90%

ENDOGENOUS STUDIES—NO

Hsu et al. (14) – ? + – NA + + + + NA + 6/9 = 67%

Domoki et al. (41) + + + – NA + + ? + NA + 7/9 = 78%

Dorrepaal et al. (42) ? + + – NA + + – + NA + 6/9 = 67%

Wilderman et al.

(15)

– ? + + – + + – + NA + 6/10 = 60%

Armstead et al. (16) – ? + – NA + + – + NA + 5/9 = 56%

(Continued)
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TABLE 3 | Continued

Study 1. Were the

two groups

similar?

2. Were the

exposures

measured

similarly to

both groups?

3. Was the

exposure

measured

reliably?

4. Were

confounding

factors

identified?

5. Were

strategies to

deal with

confounding

factors stated?

6. Were the

groups/

participants free

of the outcome

at the

beginning?

7. Were the

outcomes

measured

reliably?

8. Was the follow

up time

reported and

long enough?

9. Was

follow up

complete?

10. Were

strategies to

address

incomplete

follow up

utilized?

11. Was

appropriate

statistical

analysis

used?

ENDOGENOUS STUDIES—PROSTANOID

Taniguchi et al. (17) – ? + + – + + + + NA + 7/10 = 70%

Pourcyrous et al.

(43)

+ + + + + + + – + NA + 9/10 = 90%

Leffler et al. (46) + + + – NA + + – + NA ? 6/9 = 67%

Leffler et al. (18) – ? + – NA + + – + NA + 5/9 = 56%

ENDOGENOUS STUDIES—OTHER

Parfenova et al. (44) + + + + + + + + + NA + 10/10 = 100%

Dang et al. (31) + + + + – + – + + NA + 8/10 = 80%

Perciaccante et al.

(38)

? + + + – + + – + NA + 7/10 = 70%

Wilderman et al.

(45)

+ ? + + + + + – + NA + 8/10 = 80%

Rosenberg et al.

(28)

+ + + – NA + + – + NA + 7/9 = 78%

+ Yes, – No, ? Unclear, NA Not Applicable.
The subsequent following items were assessed: (1). Were the two groups similar and recruited from the same population? (2). Were the exposures measured similarly to assign people to both exposed and unexposed groups? (3). Was
the exposure measured in a valid and reliable way? (4). Were confounding factors identified? (5). Were strategies to deal with confounding factors stated? (6). Were the groups/participants free of the outcome at the start of the study
(or at the moment of exposure)? (7). Were the outcomes measured in a valid and reliable way? (8). Was the follow up time reported and sufficient to be long enough for outcomes to occur? (9). Was follow up complete, and if not, were
the reasons to loss to follow up described and explored? (10). Were strategies to address incomplete follow up utilized? (11). Was appropriate statistical analysis used?
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FIGURE 3 | Macroscopic hemodynamic changes associated with an HIE event (21, 24, 25, 27, 28).

Moving to large animal studies, Rosenberg studied cerebral
blood flow (CBF) in 1986 (28) and in 1988 (27). Rosenberg
et al. (27) showed that CBF was increased 2 h after the H-I
event, although the increase was attenuated. The same group (28)
demonstrated that reactive hyperemia was followed by a period
of hypoperfusion. Cerebral oxygen delivery increased, while
cerebral oxygen consumption was significantly decreased when
compared to control, suggesting mitochondrial dysfunction.
Additionally, cerebral fractional oxygen extraction (CFOE)
decreased. CBF increased in response to induced hypoxia at 2–
5 h after HI, but the increase is attenuated and is insufficient
to maintain oxygen delivery. Cerebral oxygen consumption
remained stable due to a proportional increase in CFOE
(27). Another large animal study showed that an increased
CBF subsided after 20min of reperfusion (26) (studied with
radiolabeled microspheres).

The study of Chakkarapani et al. (24) investigated cerebral
perfusion by using cerebrovascular pressure reactivity (PRx).
In this study, PRx was shown to be impaired during and
after a H-I event. The study mentioned that a secondary
PRx peak happened after 6.5 h in the normothermia group
and after 11.5 h in the hypothermia group and that this was

predictive of severe neuropathology and greater insult severity.
Nakamura et al. (22), showed that an increased CBF within
6 h after the hypoxic-ischemic event indicates more marked
histopathological damage [studied with near-infrared time-
resolved spectroscopy (TRS)].

One large animal study investigated in what regions
hyperperfusion takes place. Leffler et al. (26), studied
hyperperfusion with radioactive-labeled microspheres. This
study showed that hyperperfusion was present in the cerebellum,
diencephalon, mesencephalon, medulla and spine.

Regarding human newborns, the study of Wu et al. (20)
suggested reasons why CBF was increased. Wu et al. (20) used
electrical velocimetry and transcranial doppler and indicated that
there was an increased cardiac output (CO) in the rewarming
phase after hypoxia-ischemia, which was due to an increase
in heart rate. This study also showed an increase in the peak
systolic velocity of the middle cerebral artery (MCA). The
study of Shaikh et al. (29) studied both macroscopic and
microscopic hemodynamic changes. This study included term
asphyxiated newborns treated with hypothermia. In this study,
regional CBF was studied around day 10 and around 1 month
of life using MRI and ASL. They found that there was an
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FIGURE 4 | Microscopic hemodynamic changes associated with an HIE event (29).

FIGURE 5 | Endogenous pathways associated with NMAD and MAPK (32–35, 38, 40).
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FIGURE 6 | Endogenous pathways associated with NO (14, 41, 42).

increased cerebral blood flow around day 10 in life and around
1 month of life, with no reported information between those
two points.

Microscopic Hemodynamic Changes
Two articles also described hemodynamic changes on a
microvascular level (29, 30). Shaikh et al. (29), the same
study as in the macroscopic hemodynamic changes paragraph,
studied angiogenesis in a small animal model of neonatal
encephalopathy. They found that Vascular Endothelial Growth
Factor (VEGF) was expressed in the first days of life of
postmortem human brain tissue and rat pups after the
hypoxic-ischemic event. Moreover, the count of endothelial
cells was increased on 7 and 11 days after hypoxia-ischemia,
indicating that there is active angiogenesis after hypoxia-ischemia
(Figure 4).

Regarding large animals, Domoki et al. (30), studied
microvascular hemodynamics with laser-speckle imaging. In five
out of seven animals, marked cortical hyperemia was found
30min after the initiation of hypoxia, with an increase in pial
arteriolar diameters, simultaneously with arteriolar flow velocity.
However, bilateral carotid artery occlusion (BCAO) could not
elicit cortical ischemia and the data does not demonstrate a
statistically significant effect.

Endogenous Pathways—NMDA/MAPK
In this section, we highlighted studies that described the effects
of N-methyl-D-aspartate (NMDA) or mitogen activated protein

kinase (MAPK). Figure 5 is a graphical representation of these
pathways. The current literature shows that in the process of
neuronal excitotoxicity, overstimulation of the NMDA receptor
by glutamate triggers the influx of calcium, which leads to
apoptosis and necrosis. The MAPK-pathway plays also an
important role in neonatal HIE because the overstimulation
of this pathway also leads to apoptosis and necrosis. There
were three studies (32–34) that all described that Urokinase
Plasminogen Activator (uPA) impairs cerebral vasodilation.

Regarding small animal studies, Armstead et al. (34)
described that uPA impairs cerebral vasodilation through
lipoprotein-related protein (LRP) and the ERK isoform of
MAPK. Additionally, Armstead et al. (32) confirms this with
a uPA inhibitor and suggests that upregulation of p38 MAPK
(a class of MAPK that reacts to stress stimuli) prevents
cerebral vasodilation.

Moving to large animal studies, Kiessling et al. (33) described
that inhibition of uPA could prevent vasodilatation, suggesting
new therapeutic possibilities for clinical practice. On top of
that, three other studies (36, 37, 39) described the effects
of nociceptin/orphanin FQ and of Protein Tyrosine Kinase,
showing that both can partially prevent hypotensive pial
dilation impairment, when coadministred with the NMDA
antagonist MK801.

The Doppler imaging study of Taylor et al. (40) described
that local microinjection with NMDA resulted in increased
local and global CBF within minutes of injection. Bari et
al. (35) found that NMDA-induced arteriolar dilatation can
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FIGURE 7 | Endogenous pathways associated with prostanoids (17, 18, 43, 46).

be inhibited by Kynurenine acid (KYNA). KYNA is a non-
competitive antagonist to NMDA receptors and an antagonist to
glutamate receptors, suggesting that KYNA attenuates NMDA-
induced pial artery dilatation. The study of Perciaccante et
al. (38), a study in which the population underwent intravital
microscopy, suggests that hypothermia does not affect cerebral
arteriolar dilatation to NMDA during and following ischemia,
indicating that the cerebroprotective effects of hypothermia
therapy are not mediated by NMDA. The study of Dang et
al. (31), using proton magnetic resonance spectroscopy (1H-
MRS) and diffusion-weighted imaging (DWI), showed that the
glutamate level in the basal ganglia underwent a “two-phase”
change after HI: first a rise in glutamate after 0–6 h and secondly
a rise in glutamate after 24–30 h, due to reperfusion injury.

Endogenous Pathways—NO
Nitric Oxide (NO) plays a major role in vessel dilatation.
According to the study of Hsu et al. (14), a study with small
animals that underwent Doppler imaging, neuronal NO synthase
(nNOS) suffered a “two-phase” change after HI (Figure 6).
The first rise in nNOS is directly after the HI-event and is
characterized by swollen nuclei and a decreased CBF. The
second rise in nNOS happens 3 h after reoxygenation and is
characterized by overactive microglia and an increased CBF.

In large animal models, the study of Domoki et al.
(41) described the relation between NO and NMDA.

This study concluded that NMDA-induced vasodilation
is mediated by endothelium-independent NO release
and activation of nNOS positive neurons. Dorrepaal et
al. (42) showed that neuronally derived NO contributes
to hypoxic pial artery dilatation (Figure 6), through the
formation of cGMP (cyclic guanosine monophosphate)
and the subsequent release of methionine enkephalin
and leucine enkephalin. The study of Armstead et al. (16)
showed that the contribution of calcium-activated potassium
channels to hypoxic cerebral vasodilation is not mediated
by NO/cGMP.

Endogenous Pathways—Prostanoids
Prostanoids may be neuroprotective in neonatal HIE by
stimulating the prostanoid E2 receptor (Figure 7). Four studies
showed the effects of prostanoids on cerebral blood flow and
vasodilation. Taniguchi et al. (17) showed that activation of
the prostaglandin E2 EP4 receptor in small animals improved
cerebral perfusion in both hemispheres and is therefore
neuroprotective. In large animal studies that considered pial
vessel mechanisms, Leffler et al. (18) showed that prostanoids
were increased in subarachnoid CSF during acute hypoxia
combined with hypercapnia, while Pourcyrous et al. (43) showed
that inhibition of prostanoid production with indomethacin
decreases pial artery dilation in response to combined hypoxia
and hypercapnia. In another study from the same group,
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Leffler et al. (46), they showed that hypercapnia didn’t result
in dilation of pial arterioles after cerebral ischemia, because
of the inability of hypercapnia to increase cerebral vasodilator
prostanoid synthesis.

Endogenous Pathways—Other
Three large animal studies did not fit the two main topics
mentioned above. One study that focused on oxygen free
radicals: Rosenberg et al. (47) showed that in damage by oxygen
free radicals following hypoxia-ischemia, cerebral reperfusion
plays a relevant role in the genesis of late postasphyxia blood
flow and oxygen metabolism abnormalities. Treatment with
polyethylene glycol catalase with oxygen free radicals increases
the CBF significantly 5min after the hypoxic-ischemic event,
probably due to increased endothelial permeability. Another
study focused on carbon monoxide (44). Carbon monoxide,
produced by astrocytes, has antioxidants effects by heme
oxylase/ carbon monoxide (HO/CO) and carbon monoxide
release molecule-A1 (CORM-A1). HO/CO and CORM-A1 are
neuroprotective in perinatal asphyxia, reducing brain oxidative
stress and protecting against cerebrovascular dysfunction caused
by prolonged neonatal asphyxia. The last study focused on
cyclic adenosine monophosphate (cAMP): Wilderman et al.
(45) concluded that cAMP contributes to hypoxic pial artery
dilatation. Endogenous pituitary adenylate cyclase-activating
peptide (PACAP) modulates cAMP-induced opioid release,
thereby contributing to hypoxic pial artery dilatation.

Best-Evidence Synthesis
Overall, we found strong evidence in the studies regarding
macroscopic and microscopic hemodynamic changes, the
studies regarding NMDA/MAPK and the studies that did not
fit the topics and were named in the “other” paragraph.
We found moderate evidence in the studies with data on
NO and prostanoids. There were no studies that reported
insufficient evidence.

There were only two studies that reported data on human
neonates (both high-quality studies): Wu et al. (20) and Shaikh
et al. (29). Wu et al. (20) mentioned in the macroscopic
hemodynamics paragraph, studied 20 human newborns that
underwent electrical velocimetry and transcranial doppler.
This study indicated that there was an increased cardiac
output (CO) in the rewarming phase after hypoxia-ischemia,
which was due to an increase in heart rate. This study also
showed that the peak systolic velocity of the middle cerebral
artery (MCA) was increased. Through NIRS measurements,
Wu et al. (20) also mentioned that there were no changes
in regional cerebral oxygen saturation (CrO2) or cerebral
fractional oxygen extraction (CFOE), suggesting that cerebral
flow metabolism coupling remained intact during rewarming.
Shaikh et al. (29), mentioned in the microscopic hemodynamics
paragraph, included 24 term asphyxiated newborns treated with
hypothermia. In this study, regional CBF was studied around day
10 and around 1 month of life using MRI and ASL. They found
that there was an increased cerebral blood flow around day 10
in life and around 1 month of life, with no reported information
between those two points (29).

DISCUSSION

Cerebral hyperperfusion seen in term neonates with hypoxic-
ischemic encephalopathy (HIE) has been correlated with
an adverse neurodevelopmental outcome (2, 9, 22–24).
In order to understand how cerebral hyperperfusion is
correlated with an adverse outcome, we must understand
the pathophysiology. We reviewed current literature on the
pathophysiology of cerebral hyperperfusion in term neonates
with HIE.

Cerebral hyperperfusion may be increased up to 2–5 h after
the hypoxic-ischemic event. Moreover, a secondary pressure
reactivity peak may be predictive of severe neuropathology.
Additionally, therapeutic hypothermia was shown to cause
a 5-h delay in cerebral hyperperfusion (11.5 h instead of
6.5 h). Moreover, hyperperfusion is present in the cerebellum,
diencephalon, mesencephalon, medulla and spine. Microscopic
cerebral hyperperfusion was found to start 10–30min after the
initiation of hypoxia and was still observed around day 10 and
around 1month after birth.Moreover, after the hypoxic-ischemic
event, VEGF is expressed and the endothelial cell count is
increased, suggesting that angiogenesis is activated after hypoxia-
ischemia. On the subject of NMDA and MAPK’s endogenous
pathway, we found that a rise in uPA can reduce cerebral
vasodilation trough MAPK and that Nociceptin/Orphanin
FQ contributes to the impairment of cerebral vasodilation.
Moreover, NMDA induces vasodilation and hypothermia fails
to preserve cerebral dilatation. Due to the reperfusion, there is
a second rise in the excitatory amino acid glutamate after 24–
30 h and it was also found that NMDA-induced vasodilation
is mediated by nNOS through the formation of cGMP.
Regarding prostanoids, they were found to be increased during
hypoxia-ischemia and their synthesis’ inhibition does not limit
vasoconstriction. Lastly, prostanoid synthesis may contribute to
vasodilation and improve perfusion by the prostaglandin E2
EP4 receptor.

This review suggests that cerebral hyperperfusion may be
characterized by angiogenesis and cerebral vasodilation.

Cerebral vasodilation may be mediated by MAPK through
uPA, by NMDA through nNOS and by prostanoid synthesis.
Inhibition of prostanoid synthesis with indomethacin and
inhibition of uPA may limit cerebral vasodilation and therefore
may limit cerebral hyperperfusion. By understanding the
pathophysiology, we can recognize and comprehend clinical
patterns on diagnostic techniques earlier. Early diagnostics of
cerebral hyperperfusion in neonates with HIE, can be beneficial
for the development of new therapeutics.

There are several diagnostic techniques to detect cerebral
hyperperfusion in neonates with HIE. Cranial Ultrasound
(cUS) is a powerful and inexpensive alternative tool for MRI.
cUS is widely available and can be repeated as often as
necessary. cUS has no side effects, and, when performed by
an experienced sonographer, provides a wealth of anatomical
and functional information. According to Salas et al. (48),
characteristic cUS findings of a term neonates with HIE are
an increased echogenicity in the thalami, an enhanced gray-
white matter differentiation and slit-like ventricles due to edema
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from the cortical structures. Duplex Ultrasonography (DUS)
typically shows decreased resistance index (RI) values (<0.60),
as decreased RI values are highly predictive of poor prognosis
with either death or severe disability. The study of Archer et al.
(49) also described that a very low RI, corresponding to “luxury
hyperperfusion,” was correlated with an adverse outcome. One
study in our search described a decreased RI of the right MCA in
the asphyxia group, compared to the ischemia group (23). This
study suggests that with hypoxic-ischemic injury, the elasticity of
the brain tissue decreases, and these results are consistent with
the pathological findings.

Brain Magnetic Resonance Imaging (MRI) is one of the
most used techniques in neonates with HIE and is useful to
predict long-term outcomes. In the study of Wintermark et al.
(2), 18 asphyxiated neonates underwent MR imaging and ASL-
PI (perfusion imaging by arterial spin labeling). In neonates
treated with hypothermia, hyperperfusion occurred on day 2–
3 in brain areas subsequently exhibiting injury. In neonates
with normothermia, hyperperfusion occurred on days 1–6.
This study also suggests that early hyperperfusion is correlated
with later brain injury even in infants treated with induced
hypothermia. Given that this study was not reviewing the
pathophysiology but only hemodynamics, we excluded this study
in the results. The finding that hypothermia delays the occurrence
of hyperperfusion is also found in the study of Chakkarapani et
al. (24). In this study, using cerebrovascular pressure reactivity
(PRx) in piglets, a secondary PRx peak was associated with severe
neuropathology and with greater insult severity and happened
after 6.5 h in the normothermia group and after 11.5 h in the
hypothermia group.

In the study of De Vis et al. (9), where 28 neonates diagnosed
with HIE were assessed using MR imaging, 1H-MRS, and ASL
MRI, the main finding is that basal ganglia and thalami perfusion
is higher in neonates with an adverse outcome. We have not
found studies that investigated perfusion in the basal ganglia and
the thalami specifically.

Limitations
There are several limitations in this systematic review. At
first, when assessing the methodological quality of the included
studies, we made several assumptions: we defined newborn
animals as ≤7 days old, according to the Medline definition
of “perinatal care.” Studies with newborns >7 days old were
excluded. When studies did not describe the age of the
participated animals, we answered questions 1 and 2 in the
critical appraisal as unknown. Additionally, when gender or
weight was not described in the study, we assumed that
this was a normal distribution of men and female animals
and a normal weight. In most of the studies, there was no
baseline table for the participating animals, so we assumed
that they were healthy newborns without any outcome in
the beginning of the study. In agreement with the research
team, a follow-up time of ≥24 h was considered to be long
enough for cerebral hyperperfusion to occur. Second, because
the included studies were too heterogeneous for a meta-analysis,
we narratively described the studies and used Proper guidelines

for the best-evidence synthesis. For a systematic review, a
meta-analysis would be favorable because the precision and
accuracy of estimates can be optimized as more data is used,
which also means that it may increase the statistical power
to detect an effect. Only a few studies in our search were
studies on human neonates. The aim of this review is to give
an overview of the knowledge so far and make way for new
research ideas, which can come from both human and animal
populations. The fact that some of the studies considered in
this review were related to animal models, means that age-
estimation and correlations to human newborn models may
pose as a challenge for future research. Moreover, one must
consider the fact that small and large animals have different
pathophysiologic mechanisms, and that should be taken into
account when considering the different results. Finally, in five
studies (14–18) the number of animals participated in the study
is unknown, therefore generalization to other animal studies was
impossible. Because of various limitations, the results have to be
treated with caution.

CONCLUSION

The main findings are that cerebral hyperperfusion is
present 10–30min after the hypoxic-ischemic event and
persisted around day 10 and up to 1 month of life. Cerebral
hyperperfusion may be characterized by angiogenesis and
cerebral vasodilation. We found that a rise in prostanoids
can reduce cerebral vasodilation trough MAPK and that
Nociceptin/Orphanin FQ contributes to the impairment of
cerebral vasodilation. Moreover, NMDA induces vasodilation
and the cerebroprotective effects of hypothermia therapy
are not mediated by NMDA. Due to reperfusion, there is a
second rise in the excitatory amino acid glutamate after 24–
30 h and it was also found that NMDA-induced vasodilation
is mediated by nNOS through the formation of cGMP.
Regarding prostanoids, they were found to be increased during
hypoxia-ischemia and their synthesis’ inhibition does not limit
vasoconstriction. Lastly, prostanoid synthesis may contribute
to vasodilation and improve perfusion by the prostaglandin E2
EP4 receptor.

Implications and Suggestions for Future
Research
The exact mechanism of cerebral hyperperfusion is not known
yet, but we showed why it is clinically important. To develop
new therapeutics for neonatal HIE, future research about the
role of NMDA and MAPK and the implications of agents
that can inhibit uPA or prostanoids, such as indomethacin in
cerebral vasodilation needs to be developed. Given that there
were only three studies (24, 29, 38) that described the effect
of hypothermia therapy on cerebral hyperperfusion, evidence is
limited and therefore, future research should also focus on this.
Moreover, further research is required to translate these findings
into clinical practice. These findings should be taken into account
simultaneously with brain imagining techniques, as they present
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themselves as a valuable asset in assessing the neurodevelopment
throughout days/weeks after the hypoxic-ischemic event.
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Preterm birth is associated with poor long-term neurodevelopmental and behavioral

outcomes, even in the absence of obvious brain injury at the time of birth. In

particular, behavioral disorders characterized by inattention, social difficulties and anxiety

are common among children and adolescents who were born moderately to late

preterm (32–37 weeks’ gestation). Diffuse deficits in white matter microstructure are

thought to play a role in these poor outcomes with evidence suggesting that a

failure of oligodendrocytes to mature and myelinate axons is responsible. However,

there remains a major knowledge gap over the mechanisms by which preterm birth

interrupts normal oligodendrocyte development. In utero neurodevelopment occurs in an

inhibitory-dominant environment due to the action of placentally derived neurosteroids on

the GABAA receptor, thus promoting GABAergic inhibitory activity and maintaining the

fetal behavioral state. Following preterm birth, and the subsequent premature exposure

to the ex utero environment, this action of neurosteroids on GABAA receptors is greatly

reduced. Coinciding with a reduction in GABAergic inhibition, the preterm neonatal

brain is also exposed to ex utero environmental insults such as periods of hypoxia and

excessive glucocorticoid concentrations. Together, these insults may increase levels of

the excitatory neurotransmitter glutamate in the developing brain and result in a shift in

the balance of inhibitory: excitatory activity toward excitatory. This review will outline the

normal development of oligodendrocytes, how it is disrupted under excitation-dominated

conditions and highlight how shifting the balance back toward an inhibitory-dominated

environment may improve outcomes.

Keywords: preterm (birth), oligodendrocyte, GABA, glutamate, neurosteroids

INTRODUCTION

The incidence of preterm birth has stubbornly remained at ∼8%, with the majority (∼74%)
of these deliveries falling into the moderate to late preterm range (32–36 weeks of gestation)
(1). Although short-term outcomes are good, these neonates have markedly disrupted brain
development that persists into later life (2). In addition to major preterm birth related disorders,
such as cerebral palsy and bronchopulmonary dysplasia, there is a well-established body of evidence
supporting the notion that preterm infants born in the moderate to late range are also much more
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likely to develop neurodevelopmental morbidities and learning
disorders that become apparent at around school age (3–9). These
disorders include internalizing disorders (such as anxiety and
depression), inattentive attention deficit hyperactivity (ADHD)
disorder and poor social skills (10). These disorders can be
observed from pre-school age through to adulthood (10), but
importantly, often occur in the absence of overt brain injury
at the time of birth. Development of these disorders leads to
significant socioeconomic burden for these individuals as well as
for their families and the healthcare system (11). Thus, there is
an urgent need to develop therapeutic strategies to reduce these
negative effects of moderate to late preterm birth and we propose
that this needs to be done in the early neonatal period.

Moderately to late preterm born neonates frequently
already have, or will develop, subtle deficits in white matter
tracts not visible on routine MRI (1, 12, 13) which persist
beyond the time of full term, and despite further post-term
development of myelination, behavioral disorders emerge in
later life (1, 2, 7, 13). This review will examine the processes
surrounding oligodendrocyte development, specifically in
the late gestation fetus, and how premature exposure to
the ex utero environment disrupts this process. We will
also cover studies showing moderate to late gestation is
characterized by an inhibitory tone in the developing brain that
is subsequently lost following preterm birth. This inhibitory
tone is maintained by the placentally derived neurosteroid,
allopregnanolone (5α-pregnane-3α-ol-20-one) and its actions
on the γ-aminobutyric acid a (GABAA) receptor, which plays a
key role in oligodendrocyte development in utero (14). Finally,
we will also discuss some approaches that promote maturation
of the oligodendrocyte lineage and myelination in the newborn
brain resulting in improved neurodevelopmental outcomes.

OLIGODENDROCYTE DEVELOPMENT

Oligodendrocytes progress through a number of morphological
and functional changes, from their origins as neural stem
cells, to mature oligodendrocytes capable of myelin production
(Figure 1). This is a highly regulated process that has already
been described in detail elsewhere (15, 16). Briefly, neural
stem cells commit to the oligodendrocyte lineage and become
oligodendrocyte precursor cells (OPCs) under the influence of
transcription factors including Olig1/2, NKX2.2, and Sox10 (16,
17). From here, OPC expansion is heavily influenced by growth
factors such as platelet derived growth factor (PDGF), which
promote proliferation but inhibit differentiation (16, 18, 19).
This ensures that a large pool of OPCs are created before
they are committed to differentiation, which is an irreversible
process. Thus, oligodendrocyte differentiation is driven by a
loss of this “inhibition to differentiate” environment, likely by
promoting expression of microRNAs that prevent transcription
of differentiation inhibitors (16, 20, 21). Once OPCs have
matured into pre-oligodendrocytes (pre-OLs) they differentiate
under the control of a number of transcription factors, but one
of the most crucial is known as myelin regulatory factor (Myrf )
(16, 22). Expression of Myrf, and its interaction with Sox10, in

differentiating oligodendrocytes induces the activation of genes
encoding lipid structural proteins such as phosphodiesterase
Enpp6, and thus enables the production of myelin (23). Deletion
or inactivation of the Myrf gene prevents the generation
of differentiated oligodendrocytes (23), without affecting pre-
existing oligodendrocytes or myelin, and is associated with
a subsequent impairment of learning ability, highlighting the
integral role that this transcription factor, and oligodendrocyte
development in general, plays in normal neurodevelopment.

Oligodendrocyte development is also driven by extracellular
signals (16), such as endogenous glucocorticoids and
neurotransmitters. A study in adult mice found that
oligodendrocyte progenitors and mature oligodendrocytes
express glucocorticoid receptors, leading the authors to suggest
that glucocorticoids are involved in the differentiation processes
of oligodendrocytes (24). Furthermore, the presence of steroid
hormone cofactors that increase the transcriptional activity
of glucocorticoid receptors is expressed in oligodendrocyte
progenitor cells but not mature oligodendrocytes, thus
strengthening the notion that glucocorticoids play a role in
driving differentiation (24). It is important to note that whilst
normal physiological levels of glucocorticoids, such as cortisol,
are required for oligodendrocyte development, levels above
normal may be detrimental due to the high expression of
these receptors. Meanwhile, the neurotransmitter GABA is also
involved in oligodendrocyte differentiation and myelination
through activation of GABAA and GABAB receptors (25).
In a hypoxic mouse study, addition of GABAergic drugs
tiagabine and vigabatrin increased the number of mature
oligodendrocytes, whilst addition of a GABAA receptor
antagonist prevented this (26). Additionally, it was shown in a
purified rat oligodendrocyte progenitor culture that addition of
GABA accelerates oligodendrocyte differentiation by promoting
branching andmyelin protein expression (27). Importantly, these
effects can be blocked by a GABAB receptor-specific antagonist
(27). Furthermore, GABAergic neurons establish synaptic
connections with oligodendrocytes to control differentiation and
migration and ultimately induce the wrapping of axons (25).

The translation of myelin proteins such as myelin–associated
glycoprotein (MAG), myelin oligodendrocyte glycoprotein
(MOG), myelin basic protein (MBP), and myelin proteolipid
protein (PLP) is reliant on contact with axons for the wrapping
of myelin to occur (16, 28). Despite OPCs appearing in the fetal
brain at ∼10 weeks of gestation, it is not until ∼30 weeks of
gestation when the myelination of axons begins (16). Therefore,
oligodendrocyte development may be markedly impacted by
preterm birth during these final stages of maturation and
myelination. Importantly, preclinical studies show that myelin
proteins, such as MBP and PLP, are reduced in animals exposed
to moderate to late gestation perinatal insults such as growth
restriction and preterm delivery, whilst those expressed at
earlier stages of the lineage are unaffected (29–34). This is to be
expected given the developmental timeline, but critically, these
relative reductions persist throughout life. The key question then
becomes, how does preterm birth prevent this expansive pool of
OPCs and pre-OLs from maturing and producing myelin? We
propose the ex utero environment plays a crucial role in ongoing
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FIGURE 1 | Characterizing oligodendrocytes throughout the lineage. Oligodendrocytes originate from pre-progenitor (OPP) neural cells and are committed to the

oligodendrocyte pathway under the influence of NKx2.2, Olig1/2, and Sox10. Once committed to the pathway, stage specific markers of oligodendrocytes allow for

characterization of the lineage. Progenitor (OPC) and pre-oligodendrocytes (Pre-OL) feature stage-specific growth factor receptors (platelet derived growth factor

receptor alpha; PDGFRα), surface antigens (neural/glial antigen 2; NG2) and cell adhesion molecules (polysialylated-neural cell adhesion molecule; PSA-NCAM), whilst

premyelinating oligodendrocytes possess enzymes for lipid synthesis (galactocerebrosidase; GalC/O1). Finally, myelinating oligodendrocytes are characterized by the

presence of myelin proteins such as myelin-associated glycoprotein (MAG), myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), and proteolipid

protein (PLP). Oligodendrocytes at this final stage of the lineage are the only ones capable of producing myelin and must also have contact with neuronal axons to

perform this role. Figure created with BioRender.com.

deficits as the biological immaturity of the brain at the time
of birth predisposes preterm neonates to respond poorly to ex
utero insults such as increased cortisol, and periods of hypoxia,
all in the absence of protective placental neurosteroid support.
Furthermore, while oligodendrocyte development is heavily
influenced by transcription factors and growth factors (16), it is
also regulated by extracellular signals (16), hence a perturbation
in these signals may affect the development of the lineage.

Perturbations to Oligodendrocyte

Development After Preterm Birth
Following preterm birth, the newborn is exposed to the ex utero
environment earlier than if it had remained in utero until term.

Oligodendrocytes are highly sensitive to adverse conditions and
are frequently injured by chemical and mechanical damage,
which can occur following early delivery and the consequent
premature exposure to the ex utero environment (35, 36).
Substantive evidence indicates that ex-premature children
experience impaired learning, and a loss of myelination is
evident suggesting a causal pathway (13, 37–41). In infants born
<27 weeks, diffuse microstructure alterations are observed on
fractional anisotropy at term equivalence age in regions such
as the corpus callosum and frontal cortex white matter when
compared to term controls (38). Similarly, myelination deficits
can be observed at term equivalence age in infants born <30
weeks and diagnosed with periventricular leukomalacia (PVL)
(42). As the gestational age at the time of birth increases, these
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white matter alterations become much harder to detect using
routine imaging techniques whilst poor learning and behavioral
outcomes remain evident (13, 43).

Post-mortem human studies have identified the relatively
subtle effect of moderate to late preterm birth on the
oligodendrocyte population, with the expression of Olig2-labeled
cells significantly increased in areas with increased astrocytes,
indicating injury (44). Additionally, myelination is sparse in
these brains (44). Double-labeling of the Olig2 cells with
stage-specific markers of the lineage revealed that the pre-
oligodendrocyte population was increased in areas of injury,
whilst the immature oligodendrocyte population was unaffected
(44). This distinctive feature of moderate to late preterm birth-
related white matter injury highlights that there is an imbalance
in the oligodendrocyte lineage following preterm birth, with
an increased percentage of pre-oligodendrocytes and a lower
percentage of immature oligodendrocytes (44). In addition,
whilst total neuron number is unaffected in areas indicative
of white matter injury, the number of GABAergic neuronal
cells is significantly decreased (45). It is possible that this
loss of GABAergic neurons may contribute to the “arrest”
in oligodendrocyte maturation due to a lack of the synaptic
coupling with oligodendrocytes that induces myelin production
and wrapping of axons, or due to the loss of GABA production
which may lead to a shift away from an inhibitory dominant
environment, and a shift toward an excitatory (glutamate)
dominant environment. Thus, the primary characteristic of
oligodendrocyte failure in the preterm brain is suggested to be
an expansion of the pre-oligodendrocyte population, which is
then unable to develop further, resulting in a net loss of ongoing
myelination (39, 46, 47). There remains a major knowledge gap
over the mechanisms that lead to this failure and how long it may
persist for, and thus there is a current lack of effective therapies to
combat preterm-birth related deficits in myelination. Below we
present evidence to suggest that ex utero factors in the immediate
postnatal period such as increased cortisol, periods of hypoxia,
increases in excitability and loss of nurturing neurosteroids
impact upon the overall biological immaturity of the preterm
brain to result in a failure of oligodendrocytes to mature.

IMPORTANCE OF IN UTERO

NEUROSTEROID CONCENTRATIONS

Neurosteroids are steroid hormones that not only protect
the fetal brain but also form a key neuromodulatory system
that regulates excitability and development during at least the
second half of gestation in long gestation species including
human, sheep and guinea pigs (14, 33, 48–50). In these species,
progesterone production by the placenta provides precursors for
the production of these neuroactivemetabolites that influence the
fetal brain (14, 50, 51). This placenta-brain interaction is critical
in maintaining fetal brain excitability and development at least in
late gestation. Allopregnanolone is the key neurosteroid during
gestation with levels supported by the high level of placental
progesterone production and metabolism (52, 53). This leads to
allopregnanolone levels in the fetal circulation and brain that are

markedly higher than in the neonate after birth and in the adult
brain (33, 54). There is a marked decline in allopregnanolone
levels following the fetal to neonatal transition in both preterm
and term neonates (33). Therefore, preterm birth leads to
a premature decline in allopregnanolone levels with animal
studies showing this contributes to the reduced myelination
that is associated with adverse patterns of behavior in the
offspring (31, 33, 34). Importantly, although replacement with
allopregnanolone analogs improves outcomes (55), progesterone
treatment of neonates while raising allopregnanolone levels
in the fetal circulation, does not appear to fully reverse the
adverse effects of preterm birth on brain development (31). This
may be because local levels in the brain are not adequately
elevated or that progesterone may be metabolized to other
steroids, in this instance cortisol (31), that are not effective
in improving outcomes. These observations suggest that both
progesterone production by the placenta and its metabolism to
allopregnanolone is required to produce the nurturing steroid
environment of the fetal brain.

Allopregnanolone Promotes

Oligodendrocyte Development
Allopregnanolone is one of the major agonists of the GABAA

receptor and elevated gestational levels in the fetal brain
markedly increase the activity of inhibitory GABAergic pathways.
Stimulation of the GABAA receptor in early gestation invokes an
excitatory action, however this undergoes a switch to inhibitory
(56). In species such as the guinea pig, non-human primate,
and human this switch occurs at around 0.6 of gestation
(57, 58), however in other rodent species, such as the rat
and mouse, the switch occurs postnatally (59, 60). The switch
is controlled by the developmentally regulated change in the
expression of two co-transporters, the potassium chloride co-
transporter (KCC2) and the sodium potassium chloride co-
transporter (NKCC1), which control the influx and efflux of
chloride (61, 62). In guinea pigs, non-human primates, and
humans the marked decline in allopregnanolone after birth
results in a consequent fall in GABAergic inhibition (33,
48). Therefore, it can be hypothesized that preterm birth
leads to reduced GABA-mediated inhibitory tone, which may
lead to reduced trophic drive for ongoing myelination. The
sensitivity of GABAA receptors to allopregnanolone and other
agonists is determined by the subunit composition of the
receptors (63). The presence of α4–6 and δ-subunits in the
GABAA receptor complex increases sensitivity to neurosteroid
binding (50) and therefore receptors containing these subunits
are important in driving trophic processes. Glial cells, and
importantly oligodendrocytes, express GABAA receptors that
are stimulated by extrasynaptic GABA released from nearby
presynaptic terminals, with this stimulation strengthened by
the co-binding of allopregnanolone (64). The GABAA receptor
subtypes expressed in oligodendrocytes remains unclear and
requires investigation, however allopregnanolone has been
shown to stimulate both oligodendrocyte precursor and mature
cells (65), supporting a gliotrophic interaction with GABAA

receptors on these cells. Together these findings suggest that
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the supportive effects attributed to GABAergic pathways in the
fetus are mediated by extrasynaptic allopregnanolone-sensitive
receptors (65–67), supporting the contention that GABAergic
pathways have a major role in oligodendrocyte development that
is prematurely lost following preterm birth. Thus, we suggest that
GABAA receptor action has at least two key stimulatory roles in
late gestation, (i) increasing maturation of oligodendrocytes and
(ii) enhancing myelin production by mature cells.

ROLE OF ENVIRONMENTAL INSULTS IN

FAILURE OF OLIGODENDROCYTES TO

MATURE

Increased Cortisol
Neonatal intensive and special care units are inherently, but
unavoidably, stressful for the preterm neonate. Repeated painful
but necessary medical procedures, such as drug administration,
heel prick blood collection, and respiratory management,
as well as over-stimulation due to noise and light, have the
potential to increase circulating cortisol concentrations in the
preterm neonate (10, 68, 69). This increased cortisol in the
neonatal period may be a key contributor to ongoing deficits
in oligodendrocyte development, with evidence pointing to
excess glucocorticoid-induced damage to oligodendrocytes
that impedes their myelinating capability (70). Recently
published embryonic rat spinal cord and cerebral cortex in
vitro studies utilizing corticosterone, dexamethasone, and the
glucocorticoid-receptor antagonist Mifepristone shows that
prolonged exposure to glucocorticoids induces a dose-dependent
reduction in myelination, which is prevented by Mifepristone
(70). Interestingly, infection and chorioamnionitis associated
utero-placental inflammation, a major cause of preterm birth,
may also increase cortisol exposure. Placental cell culture studies
have shown that infection-induced cytokines suppress placental
11β-hydroxysteroid dehydrogenase type 2 (HSD2) expression
which would increase the passage of cortisol to the fetus (71). This
increase in cortisol exposure may suppress allopregnanolone
synthesis and potentiate the effects of inflammation on
oligodendrocytes by lessening allopregnanolone-induced
protection. Alternatively, some earlier studies have shown
that neonatal treatment with lipopolysaccharide induced
inflammation and raised allopregnanolone concentrations in the
brain (72). The mechanism involved in this response is unclear
and further studies of the potentially protective neurosteroid
responses to infection are warranted.

We have also shown in vivo that increases in cortisol
are associated with numerous other perinatal compromises,
including intrauterine growth restriction, maternal stress
exposure, pharmacological inhibition of allopregnanolone
synthesis, and preterm birth (31, 32, 34, 73–79). In each of
these cases there is a clear relationship between increased
cortisol, decreased allopregnanolone, and mature myelin
loss in vulnerable regions such as the hippocampus and
cerebellum that are developing rapidly during the period of
exposure. Furthermore, these stressful perinatal environments
have long-lasting effects as we have also demonstrated that

childhood-equivalent age behavior is affected by these in utero
and immediate postnatal period exposures to abnormally
high cortisol. Specifically, moderate to late gestation maternal
stress exposure in guinea pigs increases maternal cortisol
concentrations and reducesmyelination in the fetal hippocampus
(73). This deficit in myelination, as evidenced by reduced MBP
immunostaining, persists until at least childhood-equivalent
age, suggesting an ongoing loss of oligodendrocytes or a
maturational arrest in their development (75, 76). Additionally,
guinea pigs that are born preterm have increased salivary
cortisol concentrations in the first 24 h of life, which remains
elevated for males until at least childhood-equivalent age. This is
associated with hyperactive behavior and deficits in hippocampal
myelination (Figure 2) (34, 77).

Low neurosteroid environments, such as following preterm
birth, and increased glucocorticoid action appear to have
complex interactions. For example, in human hepatocyte
cultures treatment with finasteride increased the action of
cortisol on the glucocorticoid receptor, whilst overexpressing
the enzyme responsible for neurosteroid synthesis (5α-Reductase
type 1) dampened the effect of cortisol in these cultured
cells (80). In vivo we have shown that pharmacologically
increased plasma cortisol in preterm delivered male guinea
pig neonates at term equivalence age is associated with
an exacerbated reduction at the early and late stages of
the oligodendrocyte lineage in the cerebellum. This was
demonstrated by decreased Olig2, PDGFRα, and PLP protein
expression (31). Furthermore, in prenatally stressed rats,
exaggerated corticosterone responses to immune challenge with
IL-1β were prevented with allopregnanolone pre-treatment,
suggesting an attenuation of the stress response by neurosteroids
(81). Repeated maternal betamethasone administration in late
gestation guinea pigs also negates the protective effect of
neurosteroids by reducing their synthesis in the placenta (82).
A single course of betamethasone is standard clinical practice
when there is a risk of preterm birth, as the glucocorticoid
exposure is required to accelerate fetal lung development. Despite
this finding in the guinea pig placenta, in humans exposure
to a single course of betamethasone is not associated with an
alteration in the neurosteroid synthesis enzymes 5α-reductase
type 1 and 2 in the placenta (83), presumably due to the
repeated vs. single course administration. Additionally, a study
in rabbits using a single course of betamethasone based on
the recommended human dose revealed no adverse effects of
betamethasone on GABAergic and glutamatergic neurogenesis
(84). However, a recent population-based retrospective cohort
study in Finland has identified a significant increase in behavioral
disorders in children that were exposed to a single course of
betamethasone in utero (85). The significant increase was evident
in both the preterm and term populations that were exposed
to betamethasone, compared to age-equivalent children that
were not exposed. This disconcerting finding highlights the
detrimental effect that inappropriate glucocorticoid exposure in
the perinatal period may have on later neurodevelopment.

These long-lasting impacts of glucocorticoids may be
mediated by epigenetic changes in the immature preterm brain.
Stress in pregnancy for example has been shown to increase
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FIGURE 2 | Increased cortisol in the preterm neonate is associated with poor outcomes. Male guinea pigs born preterm (GA62; blue bars) have (A) higher salivary

cortisol concentrations as a neonate (24 h old) and as a juvenile (corrected postnatal day 25), (B) decreased area coverage of myelin basic protein (MBP) in the CA1

region of the hippocampus, and (C) exhibit hyperactive behavior by spending more time mobile in the open field and inner zone when compared to term born (GA69;

white bars) age-matched controls. Adapted from (34, 77). *p < 0.05, n = 4–10.

methylation of the GAD1 gene, responsible for the conversion
of glutamate to GABA, in hippocampal GABAergic neurons
(86). A hyperactive phenotype was observed in these same
mice at juvenile age but was prevented by Clozapine, an
anti-psychotic but also a DNA-demethylation drug, supporting
the link between stress-induced methylation changes in the
brain and long-term behavior (87). Glucocorticoids have
also been shown to affect histone acetylation, with synthetic
glucocorticoid exposure in male guinea pig fetuses increasing
acetylation in the hippocampus, suggesting that transcriptionally
silenced genes are possibly becoming activated following
inappropriate glucocorticoid exposure (88, 89). Furthermore,
ill-timed glucocorticoid exposure in the fetal guinea pig
induces permanent changes in functioning of the hypothalamic-
pituitary-adrenal (HPA) axis and behavior that are passed
down to the F1 offspring, again suggesting a role of epigenetic
modifications (90, 91). However, whether these effects specifically
target the transcription of regulators of the oligodendrocyte
lineage or play a role in their failure to produce myelin following
preterm birth is not clear and warrants investigation.

Periods of Hypoxia
Perinatal hypoxia, due to adverse events during labor or as a
result of inadequate lung maturation for example, is relatively
common in the preterm delivered population compared to term-
born neonates (92). There is no doubt that hypoxia contributes
to white matter injury in the preterm neonate (92). In particular,
there is an extensive number of studies, in both human and
animal models, supporting the notion that pre-OLs in particular
are highly susceptible to hypoxic-related cell death following
activation of caspase-3 (26, 47, 93, 94). Conversely, OPCs exhibit
a robust response to hypoxia whereby the OPC pool is expanded
as compared to the depletion of pre-OL cells (26, 39). This
response means that a replenished population of pre-OL cells
is created, but these new pre-OLs then fail to mature further,
ultimately resulting in a net loss of myelin (39). Double labeling
NG2 positive oligodendrocytes with the proliferation marker
Ki67 in the neonatal rat cerebellum identifies the OPC pool of
oligodendrocytes as those expanding in response to hypoxia,

whilst the expression of mature oligodendrocyte markers was
reduced for at least 20 days (26). Another neonatal rat model of
hypoxia showed similar findings, with loss of the pre-OL pool
by caspase-3 mediated cell death in the acute period, followed
by a robust regeneration but a subsequent failure of this new
cell population to mature (47). This type of oligodendrocyte
injury is seen clinically in white matter lesions of deceased
preterm neonates, where there is a lower percentage of immature
oligodendrocytes compared to controls (94), andMRI assessment
of myelination in children and adolescents born preterm. These
studies have identified diffuse white matter microstructure
deficits linking this acute loss of preOLs with a long-term
reduction in myelin (41).

Damage due to hypoxic ischemic events is strongly linked with
an increase in glutamate receptor activation, and a subsequent
flow of excess calcium ions into the cell, leading to cell death in
vitro (95–99). Decreased ATP during hypoxia leads to a reversal
of glutamate transporters (100), with the result being an increase
in extracellular glutamate release, primarily from astrocytes
(99). Thus, there is increased glutamate which can then readily
activate a-amino-3-hydroxy-5-methyl-isoxazolepropionic acid
(AMPA) and kainate receptors located on oligodendrocytes
(98, 101, 102), and N-methyl-D-aspartate (NMDA) receptors
on myelin sheaths (102–104). In a sheep model of hypoxia,
repeated umbilical cord occlusion resulted in marked glutamate
efflux in the cerebral white matter where subjects with the
greatest increases in extracellular glutamate following occlusion
also had brain injury representative of PVL, suggesting a
key role of glutamate (105). In utero, the fetus is protected
from hypoxic periods by placentally-derived GABAergic agonist
neurosteroids, such as allopregnanolone, which are much
lower in the ex utero environment (106–108). The protective
action of allopregnanolone has been demonstrated in late
gestation fetal sheep following umbilical cord occlusion where
allopregnanolone was increased in the fetal brain in response
to asphyxia and, importantly, was shown to play a key role in
protecting the fetal brain from asphyxia-induced cell death in
vulnerable regions including the hippocampus and cerebellum
(108). Infusion of finasteride (an inhibitor of allopregnanolone
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synthesis), in addition to umbilical cord occlusion, significantly
increased the amount of caspase-3mediated cell death in neurons
and astrocytes throughout the fetal brain, an effect that was
lessened in the presence of normal gestational allopregnanolone
concentrations (107). Interestingly, when a double infusion of
finasteride and alfaxalone (an allopregnanolone analog) was
performed, the effects of finasteride on behavioral activity and
cell death were not seen, again highlighting the protective role of
neurosteroids (109). Whilst these studies did not investigate the
specific effect on oligodendrocytes, subsequent studies performed
in the guinea pig show that inhibition of neurosteroid synthesis
significantly decreases myelination in the subcortical white
matter and experimentally induced growth restriction reduces
myelination in the hippocampus (32). Altogether, these late
gestation preclinical studies support the protective nature of
allopregnanolone and therefore has implications for the preterm
neonate where exposure to hypoxic periods often occurs in the
relative absence of allopregnanolone.

Disruption to Sleep-Wake-Like Cycling
As oligodendrocytes produce myelin, their cell membrane
expands to eventually support a membrane of 100 times their
original size (15, 110). Understandably, this is a very high-energy
demanding process, which under normal circumstances would
take place whilst the fetus is in utero (1, 111, 112). In the case
of preterm birth, this process takes place in the stimulating ex
utero environment. Interestingly, oligodendrocytes of fetal origin
are highly sensitive to glucose deprivation, exhibiting a failure
to differentiate under these conditions, whilst oligodendrocytes
of adult origin are relatively unaffected (113). Marked effects
of glucose depletion are observed across the lineage in vitro,
with low glucose concentrations inhibiting OPC differentiation
and migration, reducing cell numbers across the lineage, and
preventing myelination (114, 115). Glucose deprivation not only
affects development and survival of oligodendrocytes, but also
the morphology of surviving cells with reductions in branching
and thinning of processes (116). Glucose levels are higher during
sleep than wake (117) supporting the importance of the sleep-
wake cycle during this period, and the contribution of fetal
sleep-like states to promoting myelination.

Microarray results have identified subsets of genes that
are differentially expressed in oligodendrocytes depending
on sleep or wake state (118–120). During sleep, immature
oligodendrocytes have a higher expression of genes associated
with cell proliferation, including Nrg2 (Neuregulin 2) which
is essential for OPC proliferation through its activation of
ErbB (Epidermal growth factor) family receptors (121, 122).
Conversely, mature oligodendrocytes have a higher expression
of genes related to phospholipid synthesis and myelination,
such as Pllp (plasma membrane proteolipid) and Opalin
(Oligodendrocytic myelin paranodal and inner loop protein)
during sleep (121). Thus, the fetal sleep-like state, at least
partially regulated by high levels of neurosteroids andGABAergic
inhibitory activity (14), may be important for proliferation of
OPCs and production of myelin by mature oligodendrocytes.
Conversely, genes increased during periods of wakeful-like
activity have roles in cell differentiation (121), which is consistent

with the increase in glutamate during this state (123). Glutamate
signaling through AMPA receptors promotes differentiation
of oligodendrocytes whilst inhibiting OPC proliferation. This
therefore has implications for the preterm neonate, where a loss
of neurosteroid-GABA activity and exposure to the ex utero
conditions interrupts the normal sleep-wake cycle, potentially
affecting the expression of “sleep” genes, and contributing to the
failure of mature oligodendrocytes to myelinate.

We have demonstrated that the neurosteroid-GABAA

interaction regulates excitability in fetal life and has a major
role in maintaining the fetal “sleep-like” states. In sheep,
treatment with finasteride, an inhibitor of neurosteroid synthesis
(5a-reductase type 1 and 2) at ∼0.88 of gestation (130 days
out of a 147 day pregnancy) triggers an arousal-like and
hyperactive state in fetal behavioral patterns (14, 49, 55).
Similarly, fetal arousal behavior is also increased following
treatment with trilostane, an inhibitor of progesterone synthesis
(3β-hydroxysteroid dehydrogenase) and thus subsequent
allopregnanolone synthesis (124, 125). Importantly, fetal
behavior returns to normal following a subsequent infusion with
progesterone (125). Therefore, when a neonate is born premature
it is separated from this neurosteroid-rich environment, and
the supportive fetal inhibition dominated “sleep-like” state
is lost.

ENVIRONMENTAL INSULTS LEAD TO

GLUTAMATE EXCITOTOXICITY

Glutamate, the main excitatory neurotransmitter of the CNS,
is also involved in oligodendrocyte development, but this is
limited to the proliferative stage of OPCs where glutamate
guides migration through activation of AMPA receptors (65,
126). Conversely, increased glutamate present at the later
stages of oligodendrocyte development promotes a rather
hostile response. The expression of NMDA, AMPA and kainate
receptors on oligodendrocytes makes them especially sensitive
to increased extracellular glutamate and subsequent excitotoxic
damage following excessive activation of the receptors in
vitro (96–98, 103). In cultured oligodendrocytes, overactivation
of ionotropic glutamate receptors results in an influx of
calcium ions into the cell, the generation of reactive oxygen
species (ROS) and activation of cell death pathways (95,
127). Interestingly, accumulation of ROS in oligodendrocytes
following AMPA receptor overactivation is higher than in
neurons (95), highlighting the increased susceptibility of
oligodendrocytes to fluctuations in extracellular glutamate
which is then further compounded by their inability to resist
oxidative stress. Of the three receptor families, AMPA receptors
(particularly those lacking the GluR2 subunit) may pose the
greatest danger as activation of this receptor family results in the
highest influx of calcium ions (95, 96). AMPA receptors undergo
a developmental switch from highly calcium permeable GluR2-
lacking receptors in early development, to GluR2-containing
calcium impermeable receptors postnatally (128). However, it
has been suggested that neurological insults can decrease the
expression of the GluR2-subunit (129), for example global
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ischemia increases the expression of genes that suppress GluR2
gene expression, thus increasing the permeability of AMPA
receptors to calcium and the risk of excitotoxic cell death
(130). Relative protein levels of the AMPA receptor subunits
GluR1-GluR4 are differentially developmentally regulated in the
human brain from mid gestation through to early childhood
(131). Of note, the period where preterm birth may occur
(between 25 and 37 weeks) shows low expression of the
GluR2 subunit and thus highlights a vulnerable window for
excitotoxic damage due to the increased potential for calcium
influx (131). Furthermore, it has also been confirmed that AMPA
receptors are expressed on developing human oligodendrocytes
that populate fetal white matter within this preterm period
of 23–32 weeks (132). These authors further demonstrated
that addition of an AMPA-kainate receptor antagonist prevents
calcium influx and glutamate excitotoxic cell death (132).
Thus, these studies suggest that preOLs in particular are
very susceptible to glutamate-induced oxidative stress due
to the presence of GluR2-lacking AMPA receptors, which is
exacerbated by their low expression of antioxidant enzymes
and reduced capability to scavenge free radicals (133, 134).
These observations are especially noteworthy given that human
and animal studies suggest this stage of the lineage is the
most adversely affected by preterm birth. Conversely, there
is data to suggest mature oligodendrocytes are sensitive to
glutamate excitotoxicity. Administration of glutamate in a rat
model of spinal cord injury activated cell death pathways
in mature oligodendrocytes, as evidenced by increased co-
localized labeling of the mature oligodendrocyte cell marker
CC1 [also known as adenomatous polyposis coli (APC)] with
caspase-3 (135). Damage was most evident 6 h following
administration but persisted for at least 1 week after the
glutamate exposure.

It is interesting to note that each of the environmental
insults discussed above is associated with a downstream
increase in glutamate activity (Figure 3). Briefly, increased
cortisol concentrations are linked with reductions in GABAergic
neurosteroid interactions and a shift toward a glutamate
dominated environment, increased wake and arousal periods are
associated with raised glutamate concentrations, and hypoxia
triggers a release of intracellular glutamate into the extracellular
space. Currently available data regarding glutamate levels in the
preterm infant are minimal and conflicting. In preterm infants
without signs of brain injury, magnetic resonance imaging of
the right frontal lobe at term equivalent age has shown that
preterm birth at <27 weeks is associated with lower GABA and
glutamate concentrations compared to term controls at 42 weeks
post-menstrual age (136). Conversely, a recent prospective study
involving preterm infants born<32 weeks showed that glutamate
concentrations in the frontal lobe rises with increasing postnatal
age, and furthermore that GABA concentrations correlated
negatively with increasing gestational age at birth (137). The
authors of this study speculated that preterm birth may therefore
accelerate neurotransmitter production prematurely after early
exposure to extra-uterine stresses (137). Thus, based on the
most recent study increasing glutamate in the postnatal period

may play a key role in the failure to myelinate following
preterm birth.

Increasing GABAergic Action to Prevent

Glutamate Excitotoxicity
The second half of gestation is a period of dramatic changes
in the GABAergic system, with the density of GABAergic
neurons peaking at full term and the migration of GABAergic
neurons occurring throughout mid-gestation and into the
early postnatal period. Therefore, preterm birth occurs at
a vulnerable developmental window where the GABAergic
system is not yet fully matured and ready for exposure
to the ex utero environment. As discussed above, there is
substantive evidence that overactivation of glutamate receptors
on oligodendrocytes increases calcium ion flow into the cell,
resulting in activation of cell death pathways. In the preterm
neonate, we propose that targeting the immature GABAergic
system by increasing action on GABAA receptors may prevent
this damaging excitatory input and create a normal balance of
inhibition:excitation. Organotypic cerebellar slice studies show
that targeting the GABAA receptor using allopregnanolone or
GABA itself promotes oligodendrocyte maturation and the
production of myelin (26, 64, 65, 138, 139). Furthermore, drugs
that act by increasing the available concentration of GABA
either by preventing it’s metabolism (Vigabatrin) or by inhibiting
its’ reuptake into astrocytes (Tiagabine) are able to increase
the development of mature oligodendrocytes following hypoxia-
mediated depletion (26). Seemingly, this restoration of the
lineage is due to the action of GABA on oligodendrocyte GABAA

receptors, as blocking these receptors using Bicuculline prevents
the improvement in maturation (26). We have also demonstrated
in vivo that increasing stimulation of GABAA receptors with
GABAA receptor agonists following perinatal compromise is
associated with an increase in myelination, and importantly a
return to normal behavioral outcomes. In our model of prenatal
stress, myelination deficits seen in juvenile guinea pigs exposed
to stress in utero were restored by increasing neurosteroidogenic
capacity in the week following spontaneous term birth (140).
Furthermore, and highly pertinent to the search for potential
therapies, we were also able to restore normal behavior and
oligodendrocyte development in guinea pig offspring born
premature. Moderately preterm (GA62; term = GA69) guinea
pigs were administered the allopregnanolone analog Ganaxolone
in the week following birth, resulting in increased myelination
in the hippocampus and overlying subcortical white matter
and a normal behavioral phenotype at childhood-equivalent
age (Figure 4) (55). These data highlight how restoring
inhibitory GABAergic action following insults such as hypoxia,
excessive glucocorticoids, and early exposure to the ex utero
environment can rectify or prevent perturbed oligodendrocyte
maturation and ultimately increase the production of myelin.
Thus, pharmacologically promoting GABAergic activity in
the preterm neonatal brain warrants continued attention
to determine feasibility for preventing myelination deficits
and improving behavioral outcomes. Furthermore, approaches
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FIGURE 3 | (A) The moderate to late gestation in utero neural environment is characterized by a dominance of GABAergic activity, which plays a key role in promoting

oligodendrocyte maturation and myelination. (B) The preterm ex utero environment is characterized by a loss of GABAergic activity following a reduction in placental

neurosteroid supply. Subsequently, this loss disrupts the fetal “sleep” state, and may also coincide with additional adverse insults, including excessive glucocorticoid

concentrations and periods of hypoxia. The resulting increase in glutamate action increases the amount of calcium ions flowing into the oligodendrocyte, thus

preventing its normal development and production of myelin. Figure created with BioRender.com.

FIGURE 4 | Ganaxolone (GNX) 5 mg/kg by subcutaneous injection daily for 1 week following preterm birth restores mature myelin coverage in (A) the CA1 region of

the hippocampus, and (B) the overlying subcortical white matter at childhood-equivalent age (corrected postnatal day 28). Behavior was also restored toward a term

born phenotype for (C) the distance traveled, and (D) the time spent mobile in the open field arena. (*p < 0.05, n = 4–10). Adapted from (55).

targeting GABAA receptor specific subtype compositions may
allow the selective targeting of appropriate stages of the
oligodendrocyte lineage to improve myelination.

CONCLUSIONS

Moderate to late gestation preterm birth is associated with
poor neurodevelopmental and behavioral outcomes. Diffuse
deficits in myelination that persist into later life are relatively

common among those born preterm. Post-mortem and animal
studies identify an arrest in oligodendrocyte maturation in the
neonatal preterm brain, highlighting a key role of the postnatal
environment in oligodendrocyte dysfunction. Environmental
insults in the immediate ex utero period, such as hypoxia
and increased glucocorticoid exposure, have a compounding
effect on biological immaturity of the preterm neonatal
brain. The vulnerability of these neonates at disadvantage
is further increased by the premature loss of neurosteroids
that increase GABAergic action in the developing brain to
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promote oligodendrocyte maturation and protect these cells
from damaging insults. There appears to be a common
downstream effect of these events that involves increases in
extracellular glutamate and an overactivation of glutamate
receptors on oligodendrocytes. This in turn results in a
failure of oligodendrocytes to mature and produce myelin.
Preclinical studies suggest that increasing GABAergic action,
and thereby dampening the effect of glutamate, may enable
oligodendrocytes to mature despite adverse events. Therefore,
increasing GABAergic action in the immediate neonatal period
may be a feasible avenue for targeted therapy following preterm
birth to prevent myelination deficits and subsequent poor
behavioral outcomes.
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Aim: To investigate the relationship between cytokines associated with innate immune

cell activation and brain injury and outcome in infants with NE compared to

neonatal controls.

Methods: Serum and CSF biomarkers associated with

activated neutrophils and monocytes [Interleukin-8 (IL-8) and

Granulocyte-Macrophage-Colony-Stimulating-Factor (GM-CSF)] were serially measured

using duplex immunoassays on days 1, 3 and 7 in term newborns with NE and controls.

Results were compared to grade of encephalopathy, seizures, MRI brain imaging,

mortality and Bayley Score of Infant and Toddler Development (Bayley-III) at 2 years

of age.

Results: Ninety-four infants had serum samples collected with 34 CSF samples. NE

Grade II/III was significantly associated with elevated on day 2 serum IL-8. Mortality

was best predicted by elevated day 1 IL-8. GM-CSF was initially elevated on day 1

and abnormal MRI imaging was associated with decreased day 2 GM-CSF. Elevated

GM-CSF at day of life 6–7 correlated negatively with composite cognitive, language and

motor Bayley-III scores at 2 years.

Conclusion: Moderate or severe NE and mortality was associated with elevated IL-8.

Day 2 GM-CSF could predict abnormal MRI results in NE and Bayley-III. Therefore,

these cytokines are altered in NE and may predict early outcomes and further implicate

inflammatory processes in NE.

Keywords: outcomes, cytokines, therapeutic hypothermia, neonatal brain injury, perinatal asphyxia,

hypoxic-ischemic encephalopathy
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INTRODUCTION

Neonatal encephalopathy (NE) can result in long-term
neurodevelopmental impairment in term infants. Therapeutic
hypothermia (TH) is the only standard treatment but morbidity
remains elevated at 50% (1–3). Systemic inflammation and a
dysregulated immune response are features of NE (4, 5). Elevated
leukocytes are associated with adverse neurodevelopmental
outcome in infants with NE (6). We have previously reported
the alteration of vascular endothelial growth factor (VEGF) and
erythropoietin (Epo), two cytokines associated with hypoxia in
NE infants, and the use of these cytokines as markers of severity
of hypoxia-ischemia and brain injury (7).

Infants with NE also present systemic inflammation, therefore
we were interested in cytokines associated with innate immune
cell activation such as Interleukin-8 (IL-8) and granulocyte-
macrophage colony-stimulating factor (GM-CSF). IL-8 and GM-
CSF stimulate neutrophils and monocytes in both adults and
neonates (8). IL-8 is a chemotactic cytokine that mainly facilitates
neutrophil recruitment and activation during immunological
responses at the site of inflammation (9). IL-8 concentrations in
the serum of neonates with perinatal asphyxia are significantly
higher than levels in control newborns on day 1 of life and has
been suggested as a suitable candidate biomarker in NE (10–12).

GM-CSF is a member of the βc family of glycoprotein
cytokines that has potent effects in stimulating the proliferation,
maturation and function of haematopoietic cells as well as
regulating multiple biological processes such as native and
adaptive immunity, inflammation, normal and autoimmunity
but is also thought to exert biological effects on non-
haematopoietic cells (13). Imbalance of GM-CSF may induce
chronic inflammation and brain inflammation (14, 15). Spath
et al. described that the excess production of GM-CSF induces
reactive oxygen species (ROS) by brain-infiltrating phagocytes
leading to spontaneous brain inflammation and neurological
disease (14).

We hypothesized that infants with NEmay have altered serum
and cerebrospinal fluid (CSF) cytokines associated with leukocyte
activation (GM-CSF and IL-8) and may reflect severity of brain
injury in NE. The objective of this study was to investigate the
relationaship between serum biomarkers and outcome suh as
severity of encephalopathy, seizures, MRI brain, mortality and
neurodevelopment in infants with NE.

MATERIALS AND METHODS

Ethical Approval
Ethical committee approval was received from the National
Maternity Hospital, Dublin, a tertiary referral, University-
affiliatedMaternity hospital in 2011. In all cases written informed
consent was taken from parents of infants enrolled in the study.

Abbreviations: NE, neonatal encephalopathy; CP, cerebral palsy; VEGF, vascular
endothelial growth factor; Epo, erythropoietin; IL-8, interleukin-8; GM-CSF,
granulocyte-macrophage colony-stimulating factor; CSF, cerebrospinal fluid; TH,
therapeutic hypothermia; BG, basal ganglia; W, watershed; BG/W, combined basal
ganglia/watershed.

Patient Groups
Weprospectively recruited infants withNE and neonatal controls
as previously described (7, 16). The following study groups
were enrolled: Neonatal Controls: Serum samples from term
healthy control infants following normal delivery with normal
Apgar scores, normal neurological examination and postnatal
course; Neonatal Encephalopathy: Infants were divided into
subgroups according to the grade of clinical encephalopathy
according to the classification of Sarnat and Sarnat as follows:
(a) NE 0/I: infants who required resuscitation following
delivery with no neurological signs or mild encephalopathy; (b)
NE II/III: moderate/severe encephalopathy (17). Infants with
congenital abnormalities or evidence ofmaternal substance abuse
were excluded.

All infants had serial cranial ultrasounds performed within the
first 24 h of life and those with NE had an MRI brain within the
first 10 days of life. MRIs were scored and reported independently
by a pediatric radiologist as either “normal” or “abnormal”
and classified with the Barkovich score (18). Seizures were
diagnosed clinically based on recognition by nursing/medical
staff of abnormal paroxysmal, repetitive and stereotypical events.
Infants with NE also had continuous video EEG monitoring or
aEEGmonitoring over the first 3 days of life and were graded in a
blinded fashion as having a “normal” or “abnormal” EEG by the
electrophysiologist (GB) (19).

NE infants were followed up at 18–24 months of age and
had a Bayleys Score of Infant Development III performed by a
developmental psychologist (MS). Composite cognitive, language
andmotor developmental scores were grouped as normal (>90 in
each category) or at risk or abnormal (<90 in each category).

Magnetic Resonance Imaging
All infants with NE were examined on a 1.5T scanner and all
were examined before day 10 of life. The sequences used were:
Diffusion with ADC Map, T1 in axial and sagittal planes, T2 in
axial plane, gradient echo and spectroscopy.

Serum and CSF Sampling
Serum samples were collected from infants at risk of NE at 1,
2, 3, and 7 days of life. At each time point 1.2mL of serum
were collected either from a peripheral venous or arterial catheter
sample and were centrifugated (3,000 rpm at 4◦C × 5min) and
the supernatant was stored at−80◦Cuntil batch cytokine analysis
was carried out. CSF samples were similarly centrifugated and
the supernatant stored at−80◦C. Frozen serum and CSF samples
were thawed at room temperature, then kept on ice until ready to
assay (7).

Cytokine Analysis
Interleukin-8 and GM-CSF were determined by immunoassay
using commercial kits (Human Ultra-Sensitive IL-8 and Human
Ultra-Sensitive GM-CSF R©, Meso Scale Diagnostic, MA, USA).
All blockers and wash buffers were prepared and validated
according to manufacturer’s guidelines. The assays employed a
sandwich immunoassay format where capture antibodies were
coated in a patterned array on the bottom of the wells of
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a singleplex plate. The samples were analyzed on these pre-
coated plates according to themanufacturer’s instructions using a
SECTOR R© Imager where a voltage applied to the plate electrodes
causes the captured labels to emit light and the intensity of
emitted light provides a quantitative measure of analytes in the
sample. Reproducibility was good with calculated concentration
%CV < 5% for standards in the quantitative range of the
assays (7).

Statistical Analysis
Statistical analysis was carried out using the PASW statistical
package version 18 (www.ibm.com/SPSS_Statistics). Significance
was assumed for values of p < 0.05. We divided the timing of
biomarker sampling into 5 blocks; day 1 (D1), day 2 (D2), day
3 (D3), days 4 and 5 (D4–5) and days 6, 7, and 8 (D6–8). The
majority of the serum samples were taken over days 1–3 of life.
A score of 3 or 4 for the combined Basal Ganglia/Watershed
Barkovich score was coded as severe brain injury. Histogram
analysis of the serum and CSF biomarker data revealed a non-
normal distribution. Therefore medians (IQRs) were employed
to describe the data and non-parametric tests, theMann-Whitney
U and Kruskal-Wallis test were used for comparative analysis
with outcomes of TH, seizure occurence, grade of NE, MRI brain
result, mortality. Bayley-III outcomes at 18–24 months of age
were correlated with serum and CSF biomarker concentrations in
the first week of life via Spearman correlation. Receiver Operating
Characteristic (ROC) curves and cut-off values were calculated
for all outcomes.

RESULTS

Clinical Outcomes
The study enrolled a total of 94 term neonates including controls
(n = 12) and infants exposed to perinatal asphxia with NE 0-
III (n = 82). There were serum samples from 94 neonates (n
= 247 total serum samples) and 34 neonates with NE had CSF
samples collected during their NICU admission. The neonatal
controls had a mean gestational age of 39.4± 1.2 weeks and birth
weight of 3.5± 0.4 kg with 6males. All were born by spontaneous
vaginal delivery with Apgar scores at both 1 and 5min of 9
± 1 and had normal neurological examinations. There were
no significant differences between controls and NE cases with
regard to gestational age, birth weight, gender or outborn status.
Infants with NE were significantly more likely to be delivered
by lower segment cesarean section or instrumental delivery and
had significantly lower Apgar scores at 1 and 5min compared
to controls.

The decision to perform a lumbar puncture was made by
the treating neonatologist based on a clinical suspicion of
sepsis/meningitis. Thirty-nine infants required TH in accordance
with the TOBY (Total Body Hypothermia for Neonatal
Encephalopathy) criteria (20) and were treated for 72 h duration
and 4 infants died. The grades of encephalopathy according
to Sarnat and Sarnat (17) were as follows: Infants exposed to
perinatal asphyxia but with no neurological signs (denoted as
grade 0, n = 6); Mild NE (grade I, n = 23); Moderate NE
(grade II, n = 42); Severe NE (grade III, n = 11). The NE group

II/III were significantly more likely to be outborn, have lower
1, 5, and 10min Apgar scores, have clinical seizures, undergo
TH, have abnormal MRI brain imaging and had significantly
lower admission pH, admission bicarbonate and larger base
excess values compared to NE group 0/I. However, there were no
significant differences between the NE groups 0/I and II/III with
regard to gestational age, birth weight, gender, mode of delivery,
multiplicity, mortality, cord pH, cord base excess and cord lactate
values, as previously described (7).

Serum Biomarker Data
GM-CSF and IL-8 concentration were measured on serum
samples from NE infants and controls. GM-CSF levels were not
significantly different in NE patients vs. controls during first week
of life. On the contrary, IL-8 was significantly higher on day 1
(p = 0.0017), 2 (p = 0.0048), and 3 (p = 0041) in NE patients
compared to controls. IL-8 concentration in NE infants serum
was significantly lower on day 7 compared to day 1 (p= 0.0005),
day 2 (p= 0.0012), and day 3 (p= 0.0017) of life (Table 1).

Infants who underwent TH had significantly elevated IL-8
levels on day 3 (p = 0.008) (Table 2a). GM-CSF concentration
was not altered. Grade II/III NE was significantly associated with
elevated serum IL-8 levels on days 2 and 6–8 (p = 0.02, cut-
off level 34.23 pg/mL) (Table 2a). Seizures were not significantly
associated with any of the serum or CSF biomarkers investigated,
whereas mortality was associated with high concentration of
GM-CSF (p= 0.035) and IL-8 (p= 0.01) on day 1 (Table 2b).

Magnetic Resonance Imaging Findings
MRI brain scans were performed on 66 infants (patients with
normalMRI n= 35). Barkovich scores were available for theMRI
brain scans of 64 infants with NE with the following results: Basal
Ganglia (BG) score: 1 (n = 3);2 (n = 2); 3 (n = 2); 4 (n = 6).
Watershed (W) score=1 (n = 7);2 (n = 3); 4 (n = 3); 5 (n = 3).
Combined Basal Ganglia/Watershed (BG/W) score=1 (n = 5); 2
(n = 10); 3 (n = 6); 4 (n = 1). There were significantly higher
levels of serum GM-CSF on day 3 in infants with BG/W scores of
3/4 compared to those who scored 1/2 [1 (0.5–2.8) vs. 0.4 (0.2–
0.7) pg/mL; p = 0.03]. GM-CSF levels increased over time in
neonates with normal MRI brain. Abnormal MRI brain imaging
was significantly associated with decreased GM-CSF levels on day
2 (p= 0.001) and day 3 (p= 0.01) compared to normalMRI brain
image, whereas IL-8 concentration was not altered (Table 2b).

Neurodevelopmantal Followup (Bayley-III)
Neurodevelopmental assessments at 18–24 months of age were
performed on 43 infants of the 53 infants with NE II/III originally
recruited. Composite cognitive, language and motor Bayley-III
scores were calculated and divided into normal (Bayley III>90)
and abnormal (Bayley III < 90) categories. 21, 30, and 12%
demonstrated cognitive, language and motor delay, respectively.
The diagnoses were as follows: 7 (16%) were diagnosed with a
disability, including cerebral palsy (CP. n = 1) and autism (n =

2). Bayley scores < 90 in either cognition, motor, or language
were detected in 17 (40%): 14 (32%) language, 7 (16%) cognitive,
and 6 (14%) motor domain. Infants with disability had more
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TABLE 1 | GM-CSF and IL-8 concentrations in controls and NE infants over the first week of life.

Cytokine Control NE D1 NE D2 NE D3 NE D6–8

GM-CSF (pg/mL) 0.56 (0.08) 0.59 (0.05) 0.62 (0.06) 1.06 (0.17) 0.65 (0.09)

IL8 (pg/mL) 35.86 (7.0) 133.81** (23.3) 137.53** (29.2) 149.07** (30.2) 49.86** (10.1)

Serum concentrations of GM-CSF and IL-8 in NE patients (n = 82) expressed as pg/mL (day 1–7) vs. controls (n = 12) were measured by duplex cytokine analysis in the first week of

life. (**p < 0.01 using the Mann–Whitney test).

TABLE 2 | Associations between serum biomarker values of cases infants and outcome measures of (a) TH and NE grade and (b) MRI brain and mortality.

Biomarker Day of life TH NE Grade

Yes No p 0/I II/III p

(a)

IL-8 2 65.7 (47.3–142.2) 37.7 (21.8–267.5) 0.12 33.5 (21.8–59.6) 75.3 (44.4–232.6) 0.02

3 68.4 (46.5–153.2) 32.5 (17.7–85.9) 0.008 32.5 (18.3–59.1) 66 (36.7–145) 0.07

6–8 30.5 (21.8–45.9) 44.9 (28.3–124.4) 0.26 9.1 x 35.7 (25.2–49.3) 0.01

(b)

Biomarker Day of life MRI Survival

Abnormal Normal p No Yes p

GM-CSF 1 0.48 (0.29–0.67) 0.36 (0.26–0.73) 0.63 1.21 (0.54–1.56) 0.41 (0.29–0.74) 0.035

2 0.39 (0.2–0.63) 0.7 (0.41–1.19) 0.001 0.31 (0.19–0.48) 0.54 (0.35–0.81) 0.13

3 0.56 (0.36–0.97) 1.21 (0.64–1.47) 0.01 0.54x 0.69 (0.45–1.23) 0.33

IL−8 1 74.8 (27–444.5) 86 (40.6–154.2) 0.91 1834.2 (283.2–4932.3) 72.3 (35.6–181.7) 0.01

3 81.6 (23.7–253.3) 56.1 (38.9–94.6) 0.69 300 x 55.6 (32.7–112.8) 0.05

Medians and IQRs of (a) TH vs. no TH and grade of NE and (b) normal vs. abnormal MRI and survival in NE are listed in each column, followed by a p-value for each comparison; Days

without significant results excluded; x= no interquartile range available due to small sample numbers. All analysis used the Mann-Whitney U-test for comparisons of non-parametric data.

abnormalities on discharge examination and brain MRI, with
longer hospital stay (p < 0.001).

GM-CSF and IL-8 concentration did not correlate with
cognitive and motor Bayley III scores. Elevated GM-CSF, but
not IL8 concentration on days 4–5 of life correlated negatively
with composite language (p= 0.0242) Bayley III scores at 2 years
(Figure 1).

Cerebrospinal Fluid Biomarker Data
Thirty-four infants had CSF samples collected with the following
grades of encephalopathy: NE 0/I (n= 5); NE II/III (n= 29). CSF
samples were taken on median (IQR) day 4 (1.8–5.0). Seventeen
infants in this group required TH, 22 infants developed clinical
seizures and 1 infant died. The median (IQR) for GM-CSF was
0.096 (0.06–0.28) pg/mL and for IL-8 was 236.02 (58.94–545.56)
pg/mL. There were no significant associations found between
either of the CSF biomarkers and TH, seizure occurence, NE
grade, MRI result, Bayley-III score or mortality. There was no
significant association between CSF biomarkers and the presence
of severe brain injury on MRI imaging (grade 3 or 4 BG/W
Barkovich Score).

DISCUSSION

In this study we found a significant association between
decreased levels of GM-CSF on days 2 and 3 and abnormal

MRI brain imaging. GM-CSF regulates cell growth and promotes
proliferation of granulocytes and monocytes/macrophages (21).
It has been previously reported that preterm infants who later
develop CP have significantly lower levels of GM-CSF compared
to controls (22) while term infants who are later diagnosed with
CP have significantly higher levels of GM-CSF in their newborn
heelprick samples compared to matched controls (23).

Marlow et al. (24) found that there was no detrimental
effect of GM-CSF treatment on 2-year neurodevelopmental
outcomes in a randomized control trial of preterm infants
in which prophylactic GM-CSF was used to prevent sepsis.
Similar to our cohort, Okazaki et al. (25) found no difference
between levels of serum GM-CSF in severe NE infants who
had TH (n = 5) compared to mild NE infants, who did not
have TH (n = 5) and to controls (n = 4). In a previous
cohort of infants with NE from our group we found increased
GM-CSF on day 1 was associated with adverse outcomes (5).
Despite the small numbers of infants who died in our current
cohort, we found a significant association between elevated
GM-CSF and IL-8 on day 1 of life with mortality. Spath et
al. (14) have recently demonstrated that excess production
of GM-CSF induced spontaneous brain inflammation and
neurological dysfunction in an animal model by the production
of ROS. We have previously found that neonatal neutrophils
derived from umbilical cord blood had increased ROS and
activation following GM-CSF treatment in vitro compared
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FIGURE 1 | Correlation between GM-CSF and IL8 and neurodevelopmental outcome. Bayley developmental score was performed on NE infants at 2 years of age

and correlated with GM-CSF and IL-8 concentrations obtained by duplex cytokine analysis. Graphs showing mean (± SEM) GM-CSF, at the top, and IL-8, at the

bottom, concentration values between normal (circles) and abnormal (squares) Bayley score from NE neonates divided by cognitive (A), language (B), and motor (C)

(*p < 0.05 using the Mann-Whitney test).

with either granulocyte colony-stimulating factor (G-CSF) or
lipolysaccharide (8).

We found significant association between elevated day 2 IL-
8 levels and grade II/III NE. This is in keeping with previous
research showing elevation of IL-8 levels in asphyxiated term
infants compared to healthy control infants on day 1 with levels
equilibrating by day 4 of life (10, 11). In the first days of life
in healthy newborns cytokines are stable and not significantly
altered (26). Opposite to Bartha et al. (27) findings where
IL-8 production in the brain was associated with abnormal
neurodevelopmental outcomes inNE, we found that levels of IL-8
are not associated with abnormal neurodevelopmental outcomes,
this discrepancy can be explained because in the Bartha study
neurodevelopmental outcome was considered abnormal if the
infant died, whereas in the present study these patients were
excluded. High concentration of IL-8 in the CSF of term infants
have been correlated with severe encephalopathy (27, 28). Term
infants with abnormal outcomes in the short (11) and long-term
using MRI-defined neuroabnormalities and adverse neurological
outcome (27) have been reported to have significantly higher
postnatal serum and newborn heelprick IL-8 levels compared
to infants with normal outcomes. Nelson et al. (23) found
significantly higher levels of IL-8 in the newborn heelprick
samples of 31 infants who subsequently developed spastic CP
compared to 65 term controls. IL-8 also appeared to correlate
significantly with NE-induced seizures and may serve as a
biomarker for earlier detection of brain damage in neonatal

seizures (29). However, these studies were all done in the pre-
TH era.

In this study, infants who underwent TH had significantly
elevated serum and IL-8 levels on day 3 compared to those who
did not receive TH. Our findings are supported by previous work
by Jenkins et al. who found significantly higher levels of IL-8 in
TH compared to normothermic infants with NE at most time
points over the first 80 h of life. Infants following TH with better
outcomes at 12 months showed uniform down regulation of IL-8
from their peak levels observed at 24 h to their nadir at 36 h (30).

GM-CSF and IL-8 aremarkers of brain injury in situations like
stroke and neurodegenerative disorder. In this study we showed
the association of serum GM-CSF and IL-8 levels with survival
and brain damage, and the importance of the follow up of these
cytokines in the first days of life in neonatal encephalopathy.
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Intraventricular hemorrhage (IVH) is a severe complication of preterm birth associated
with cerebral palsy, intellectual disability, and commonly, accumulation of cerebrospinal
fluid (CSF). Histologically, IVH leads to subependymal gliosis, fibrosis, and disruption of
the ependymal wall. Importantly, expression of aquaporin channels 1 and 4 (AQP1 and
AQP4) regulating respectively, secretion and absorption of cerebrospinal fluids is altered
with IVH and are associated with development of post hemorrhagic hydrocephalus.
Human cord blood derived unrestricted somatic stem cells (USSCs), which we previously
demonstrated to reduce the magnitude of hydrocephalus, as having anti-inflammatory,
and beneficial behavioral effects, were injected into the cerebral ventricles of rabbit
pups 18 h after glycerol-induced IVH. USSC treated IVH pups showed a reduction in
ventricular size when compared to control pups at 7 and 14 days (both, P < 0.05).
Histologically, USSC treatment reduced cellular infiltration and ependymal wall disruption.
In the region of the choroid plexus, immuno-reactivity for AQP1 and ependymal
wall AQP4 expression were suppressed after IVH but were restored following USSC

Abbreviations: IVH, Intraventricular hemorrhage; PHH, Post-hemorrhagic hydrocephalus; USSC, Unrestricted somatic
stem cells; SVZ, Sub-ventricular zone; AQP1, Aquaporin 1; AQP4, Aquaporin 4; TGF-β, Transforming growth factor
beta; IL-10, Interleukin-10; MMP-9, Matrix-metalloproteinase-9.
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administration. Effects were confirmed by analysis of mRNA from dissected choroid
plexus and ependymal tissue. Transforming growth factor beta (TGF-β) isoforms,
connective tissue growth factor (CTGF) and matrix metalloprotease-9 (MMP-9) mRNA,
as well as protein levels, were significantly increased following IVH and restored towards
normal with USSC treatment (P < 0.05). The anti-inflammatory cytokine Interleukin-10
(IL-10) mRNA was reduced in IVH, but significantly recovered after USSC injection
(P < 0.05). In conclusion, USSCs exerted anti-inflammatory effects by suppressing
both TGF-β specific isoforms, CTGF and MMP-9, recovered IL-10, restored aquaporins
expression towards baseline, and reduced hydrocephalus. These results support the
possibility of the use of USSCs to reduce IVH consequences in prematurity.

Keywords: unrestricted somatic stem cells, intraventricular hemorrhage, hydrocephalus, aquaporin (AQP),
choroid plexus, ependymal wall, cerebral palsy, white matter injury

INTRODUCTION

Intraventricular hemorrhage (IVH) arises from rupture of
immature and developing blood vessels in the germinal matrix of
premature infants. IVH occurs in up to 25% of preterm neonates
where 10% of events are further complicated by hydrocephalus
(Campos-Ordonez et al., 2014; Koschnitzky et al., 2018). A recent
NIH workshop on post-hemorrhagic hydrocephalus (PHH)
reported that IVH affected neonates develop somatic growth
impairment, white matter damage, motor dysfunction and
neurocognitive deficiency (Koschnitzky et al., 2018). Moreover,
IVH is associated with prolonged neonatal hospitalization and
increased lifelong medical care costs (Christian et al., 2016).
Presently, since only palliative therapies exist, mitigation of
IVH related co-morbidities would reduce patient mortality and
significantly reduce health care costs due to late effects of IVH on
preterm newborns.

The magnitude of ventricular dilation correlates with
morphological and functional damage proportional to the
degree of subependymal gliosis, fibrosis and disruption of
the ependymal lining (Karimy et al., 2017). Mechanistically,
post hemorrhagic hydrocephalus (PHH) arises from either
over secretion or impaired absorption of cerebrospinal fluid
(CSF). The latter is due in part to blood obstructing arachnoid
villi associated with fibro-proliferative responses, inflammation
and sub-ependymal gliosis. Subtypes of ungated aquaporin
water channels represent another important pathway governing
CSF homeostasis, as does the glymphatic drainage system
(Gunnarson et al., 2004; Zelenina, 2010; Verkman et al., 2017).
AQP1 and AQP4 are associated with CSF hypersecretion and
reduced absorption respectively (Verkman et al., 2017). AQP1 is
expressed primarily along the choroid plexus epithelial lining
and, in knockout studies using mice, the loss of AQP1 function
reduced CSF production and intraventricular pressure (Oshio
et al., 2005; Trillo-Contreras et al., 2019).

AQP4 channels are predominantly expressed on the surface
of ependymal cells lining the lateral and third ventricles
and along astrocyte foot processes surrounding capillaries
(glia limitans). AQP4 channels function primarily to absorb
CSF and interstitial fluid (ISF) of the brain parenchyma

(Amiry-Moghaddam and Ottersen, 2003; Lehmann et al., 2004;
Papadopoulos and Verkman, 2013). AQP4 knockout mice
develop ventricular enlargement and increased intracranial
pressure (ICP) suggesting a protective role of AQP4 in
maintaining normal ventricular volume (Bloch et al., 2005;
Filippidis et al., 2012). In a recent study on double-knockout
mice for both AQP1 and AQP4, the preponderance of CSF
accumulation was attributed to failure of AQP4 mediated
CSF resorption rather than excessive AQP1 mediated CSF
production (Igarashi et al., 2014; Trillo-Contreras et al., 2019).
Taken together, these observations underscore the importance of
aquaporin channels in CSF homeostasis.

In PHH, free hemoglobin and iron contribute to
inflammation and result in increased toll-like receptor (TLR)
expression which correlates with hypersecretion of CSF (Gao
et al., 2014; Gram et al., 2014; Karimy et al., 2017). Further,
studies with CSF show up-regulation of TGFβ isoforms (Cherian
et al., 2004a) which in turn stimulate production of extracellular
matrix (Whitelaw et al., 2002). However, few studies have
examined the changes in TGF-β isoforms relative to the
progression of subependymal gliosis and fibrosis (Kitazawa and
Tada, 1994; Douglas et al., 2009; Kaestner and Dimitriou, 2013).
Therefore, experiments correlating changes in TGF-β isoforms
and CNS scarring after PHH would be informative.

Currently, there are no effective clinical treatments for
PHH except removal of CSF by surgical diversion. Nonsurgical
cell based therapies represent an emerging opportunity to
prevent acute and long-term morbidity associated with PHH
in the preterm neonate. Preclinical investigations of PHH
created by injection of exogenous blood into the ventricles,
evaluated the effects of mesenchymal stem cells (MSCs).
These reports showed improved myelination, neuroprotection
and less apoptosis (Liu et al., 2010; Ahn et al., 2014; Mukai
et al., 2017). To expand upon these observations, our group
investigated unrestricted somatic stem cells (USSCs) from
human cord blood that were engineered to express the luciferase
reporter gene, confirmed a stable non-teratogenic phenotype
and successfully tracked USSC in vivo migration in a rabbit
model of intraventricular hemorrhage IVH (Vinukonda
et al., 2019). We selected USSCs because they release growth
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factors and cytokines with known neuroprotective and axonal
growth promoting functions at higher levels than MSCs
and for their anti-inflammatory and immunomodulatory
properties. Released peptides include leukemia inhibitory
factor (LIF), vascular endothelial growth factor (VEGF;
Jin et al., 2000; Sun et al., 2003) and stromal cell-derived
factor-1, which induces homing of neural stem cells to
ischemic brain regions (Imitola et al., 2004; Kogler et al.,
2005) and stimulates axonal sprouting after spinal cord injury
(Opatz et al., 2009).

On the basis of USSC functions and our prior report
(Vinukonda et al., 2019), we hypothesized that USSC
administration would stabilizes the aquaporin water channels
in the choroid plexus and ependymal wall resulting in reduced
hydrocephalus after IVH. Further, we hypothesized that
USSC administration would also suppress inflammation
in the choroid plexus (TLR2, TLR4 and NF-kB) as well as
ventricular wall matrix reorganization (TGF-β isoforms, matrix
metalloproteinase-9, MMP-9), and promote anti-inflammatory
cytokine (Interleukin-10; IL-10) expression which collectively
would contribute to the attenuation of PhH after IVH.

MATERIALS AND METHODS

Human Cord Blood Derived Unrestricted
Somatic Stem Cell Isolation
USSCs were isolated from human umbilical cord blood
mononuclear cells according to the methods of Kogler and
colleagues as we have previously described (Kogler et al., 2004;
Liao et al., 2014; Vinukonda et al., 2019). USSCs were transduced
with a lentivirus carrying GFP-luciferase gene prepared using
the lenti-viral construct, pSico PolII-eGFP-Luc2 (generously
provided by Dr. Glenn Merlino at the National Cancer Institute)
to enable in vivo identification while enabling the cells to
retain their functionality (Liao et al., 2014). To ensure the
rigor, reproducibility, and authentication of this biological
reagent, we created multiple vials of frozen USSC stock from
one batch of this isolated reagent and characterized the cells
for cell-specific expression markers using microarray gene
expression analysis to reconfirm fidelity with the parent USSC
phenotype (Liao et al., 2014).

Glycerol-Induced Interventricular
Hemorrhage Followed by the Development
of Post Hemorrhagic Hydrocephalus in
Premature Rabbit Kits
Timed pregnant New Zealand white rabbits (Oryctolagus
cuniculus) were purchased from Charles River Laboratories
Incorporation (Wilmington, MA, USA) and premature rabbit
pups were delivered by cesarean-section at E29 gestational age
(term gestation = 32 days). Newborn pups were maintained and
fed according to our previously published methods (Georgiadis
et al., 2008; Chua et al., 2009). At 3–4 h of postnatal age,
newborn pups were treated with 50% intraperitoneal glycerol:
water (6.5 g/kg) which induced IVH in approximately 70%
of all treated pups (Georgiadis et al., 2008; Chua et al., 2009;

Vinukonda et al., 2019). Head ultrasound was performed at the
24 h postnatal age to determine the presence and severity of
IVH [Acuson Sequoia C256, ultra-sonographic Imaging System
(Siemens Corp., Washington, DC, USA)]. The grades of IVH
were defined based on the ventricular volume (length, breadth
and depth in coronal and sagittal views) and pups were classified
as: (i) no gross IVH; (ii) moderate, gross IVH (70–150 mm3);
or (iii) severe IVH (151–250 mm3) filling both ventricles
completely. In our model the severe grade of IVH pups are
at high risk for the development of hydrocephalus. Therefore,
we included only moderate and severe IVH pups in the USSC
treatment group and IVH saline group (Chua et al., 2009; Dohare
et al., 2019). Hydrocephalus was defined as a ventricle area that
measures more than three standard deviations (SD) above the
mean for age in pups without IVH. The New York Medical
College Institutional Animal Care and Use Committee (IACUC)
approved all interventions.

Anatomical Localization of Intracerebral
Ventricular (ICV) Administered USSCs
USSCs were administered into the cerebral ventricle using the
following coordinates from the Bregma: 1 mm posterior, 4 mm
lateral and 3 mm deep (1 × 106 cells in 10 µl normal saline
to each ventricle) as we previously published (Vinukonda et al.,
2019). We confirmed the presence and anatomical location
of migrated USSCs in rabbit tissues at different postnatal
ages using methods published previously (Vinukonda et al.,
2019). Representative live animal bioluminescence imaging
(BLI), coronal slice BLI and USSC specific immunostaining
images are shown in Supplementary Figures 3G–L. Briefly, the
sections were stained to identify the USSCs using anti-human
nuclei (hNuc) antibody (Cat #MAB 1218, EMD Millipore, USA)
and counter stained with diamidino-phenylindole (DAPI). We
confirmed USSC survival and migration as previously described
in our recent publication (Vinukonda et al., 2019). To determine
whether USSCs could migrate from the point of administration,
we tested for the presence or absence of USSCs in other organs:
liver, spleen, heart and lung using USSC bioluminescence as well
as specific immunostaining on representative sectionsmade from
each organ. The data confirmed no immune reactivity indicating
no sustained trapping of exogenously administered USSCs in
other organs (Vinukonda et al., 2019).

Assignment of Rabbit Pups to
Experimental Groups, Initial Tissue
Collection and Processing for Endpoint
Studies
At 24 h after birth, pups with moderate or severe IVH littermates
were alternately assigned to either IVH-saline or IVH-USSC
administration in birth order from each litter; the cycle was
repeated until all affected pups were accounted for. Similarly, the
no IVH control pups were assigned as unaffected control pups.
Replicate animal experiments were conducted until the sample
size for each treatment category was achieved for all assays
performed. Each intervention group was targeted to receive five
to six pups for analysis except for animals sacrificed solely for

Frontiers in Cellular Neuroscience | www.frontiersin.org 3 April 2021 | Volume 15 | Article 633185155

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Purohit et al. USSC Stem Cells Reduce Post-hemorrhagic Hydrocephalus

laser dissection of the lining of the choroid plexus. In laser
dissected tissue, we used four pups per group for mRNA analysis
(sp. aquaporins, TLR4, TLR2 and NF-kB) to avoid excessive
wastage of animals using this technique.

We collected rabbit forebrain tissue samples from the three
experimental groups of rabbit pups at postnatal days 3, 7 and 14
(Georgiadis et al., 2008; Vinukonda et al., 2010, 2019). Soon, after
rabbit pups were put to death, their brains were quickly removed
and cut into a single 3 mm coronal slice at the mid-septal
nucleus (using a brain matrix slicer, Cat #BSRAS001-1, Zivic
Instruments, Pittsburg, PA, USA) starting from the cranial end
of the frontal lobe. The sub-ventricular zone (SVZ) was manually
dissected under a microscope (described below) or the entire
3 mm coronal slice was directly snap-frozen on dry ice and stored
in −80◦C until tissues were used for RNA isolation or lysates
for Western blot or ELISA analyses. The remaining part of the
forebrain was directly processed, fixed and mounted as a coronal
block for immunohistochemistry (IHC), cresyl violet or H&E
staining described below. Supplementary Figure 1 illustrates the
protocol timeline and the process of tissue harvesting.

Hematoxylin-Eosin (H&E) Staining and
Ventricle Cross Sectional Area
To measure the ventricular cross sectional area, coronal brain
sections were stained by either Hematoxylin-Eosin (H&E) or
cresyl violet methods as previously described (Chua et al., 2009;
Gram et al., 2014; Ley et al., 2016; Vinukonda et al., 2019). After
staining the images were created using an EOVSmicroscope with
a measuring graticule using a digital scanning camera attached
to the microscope (Life-Technology-Thermo Fisher Scientific,
Waltham, MA, USA). To measure the cross-sectional area of
the ventricles, and whole forebrain parenchyma in the three
experimental groups, we used Image-J software following our
previously published methods (Chua et al., 2009; Vinukonda
et al., 2019). As shown in Supplementary Figure 1C, we first
measured total brain area and then measured each ventricle area.
To calculate brain parenchymal area, we subtracted the mean
ventricular area of both ventricles from the total region. The final
data are presented as mean ± SEM.

Immunohistochemistry (IHC) and Image
Analysis for AQP1 Expression
Immunohistochemical staining was performed as we previously
described (Braun et al., 2007; Vinukonda et al., 2010). Briefly, the
tissue was fixed in 4% paraformaldehyde in phosphate buffered
saline (0.1M PBS; pH: 7.4) for 18 h followed by cryoprotection by
immersing slices in 15% sucrose in 0.1 M PBS for 24 h and then
another 24 h in 30% sucrose. Finally, the cryoprotected tissues
were frozen into optimum cutting temperature compound
(Sakura, Japan; Cat #23-730-571, Thermo Fisher Scientific) for
20 µm sectioning and staining. The fixed sections were hydrated
in 0.01 M phosphate buffered saline (PBS) and incubated with
the primary antibodies overnight at 4◦C followed by a secondary
antibody for 1 h at room temperature. After washing, the
sections were mounted with mounting media—slow fade Light
Anti-fade reagent (Molecular probes, Invitrogen, CA, USA) and
then visualized microscopically. AQP1 staining was performed

using mouse monoclonal antibody (Cat #NB600-749, Novus
Biologicals, Littleton, CO, USA) and AQP4 immunostaining
was done using mouse monoclonal antibodies (Cat #ab9512,
Abcam, Cambridge, UK1). The sections were counter stained
with diamidino-phenylindole (DAPI) to identify nuclei density
to facilitate structural boundaries of the brain. The fluorescence
signals for immunoreactivity were imaged at 4×, 10× and
20× objectives, using a Nikon Eclipse 90i microscope a Nikon
DS-Qi1Mc camera, and NISE elements AR 4.20 software (Nikon
Instruments, Japan).

Multiple images of the entire choroid plexus were obtained
in the lateral ventricle for AQP1 expression in all experimental
groups. Each image was analyzed for AQP1 pixel intensity
using Image-J software (RasbandWS, USA; NIH, Bethesda, MD,
USA2, 1997–2016). To quantify pixel fluorescence intensity of
AQP1, the image was opened in the Image-J window and a
region of interest was drawn around the choroid epithelium
using the software tool (Supplementary Figure 1E). The
integrated pixel density was normalized to the area measured
and compared across experimental groups. To calculate themean
AQP1 intensity, we averaged two to three serial sections from
each rabbit pup (six pups per group). This data are presented as
mean± SEM. The investigator was blinded to the group until the
analysis was completed.

Enzyme-Linked Immunosorbent Assay for
MMP-9 Expression in the Dissected Tissue
Lysate
Using the coronal brain slices at the level of the mid-septal
nucleus (Vinukonda et al., 2010, 2019), approximately 200 mg of
frozen tissue was homogenized in 500 µl of 1× lysis buffer from
2× stock buffer provided by manufacturer (CODE #EL-lysis,
Ray Biotech). The tissue homogenates were made using Minilys
homogenizer (Bertin Technologies, MD, USA) and Precellys
lysing kit for soft tissue homogenizing ceramic beads (1.4 mm,
part #91-PCS-CK14; Bertin Technologies, MD, USA). The lysed
samples were incubated for 30 min by shaking at 4◦C, following
spin down in a microfuge at 10,000 rpm speed for 5 min at
(4◦C) and the clear supernatant was transferred into a clean
tube. The total protein concentration was determined using
the BCA protein assay kit (Cat #23227, Pierce, Thermo Fisher
Scientific, Waltham, MA, USA). Each sample was diluted into a
final concentration of 250 ng/µl. Finally, 100 µl aliquots were
created and stored at−80◦C to avoid repeated freeze-thaw cycles
until performing antibody array/ELISA testing. The assay was
performed using 100 µl aliquots according to the manufacturer’s
protocol for the three experimental groups at postnatal day
14. Matrix-metalloproteinase-9 (MMP-9) quantification was
assessed using the manufactures protocol (Cat #QAL-CYT-1,
Ray Biotech, Norcross, GA, USA); quantification was determined
using the software program provided in the kit protocol. Data
were presented as mean ± SD after being normalized to
protein concentration.

1www.abcam.com
2http://imagej.nih.gov/ij/
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Quantification of Normal and Reactive
Astrocyte Cell Density
To investigate the effect of USSC infusion on astrocyte cell
density in coronal brain sections, we used a primary antibody
(mouse monoclonal GFAP; Cat #G6171, St. Louis, MO, USA)
and counter-stained sections with DAPI nuclear staining at
postnatal day 14. Since the brain hemorrhage and resultant
reactive gliosis is non-uniform around the ventricle (sub-
ventricular and periventricular white matter) we counted all
positive cells in the entire subventricular zone SVZ and
periventricular zone (PVZ) area. The cell counting on fixed
sections was done as described previously (Vinukonda et al.,
2010). Two investigators (blinded for experimental groups)
determined the cell density using Image-J software with grid.
We counted four sections in each pup and five pups from each
group. Data was presented in scatter plot as mean cell count
(mean ± SEM).

Sample Preparation for RNA Isolation From
Laser Microdissection of Choroid Plexus
Real-time TaqMan gene expression assays for AQP1 were
performed on postnatal day 3 using lasermicro-dissected choroid
plexus tissue sections. Briefly, the sample was embedded in
optimal cutting temperature (OCT) compound, snap frozen in
liquid nitrogen and stored at−80◦C. Serial coronal sections were
made at the level of mid-septal nucleus (18–20 µm thickness)
containing the choroid plexus in the lateral ventricles cut at
−20◦C using a cryostat (Leica-Germany). The sections were
mounted on polyethylene naftelato (PEN) membrane slides
(2.0 µm Leica Microsystems 3P, Germany). Laser capture
microdissection was performed using a LMD6500 Leica laser
microdissector (Leica-Germany). The CP was viewed on its
monitor using a 20× objective and microsamples of the CP
were selected using the software tool. Laser dissected CP from
both lateral cerebral ventricles are shown in Supplementary
Figure 1D. The collection tube caps were preloaded with
50 µl of RLT plus buffer and immediately processed for
RNA extraction.

Microscopic Dissection of Ependymal Wall
SVZ Tissue for RNA Isolation
SVZ tissue samples were harvested at the level of the mid-septal
nucleus from 3 mm thick coronal slice on postnatal days 3, 7 and
14. We chose this level because the germinal matrix is noticeable
at this location and is a useful landmark to reproducibly dissect
homogenous tissues from all experimental groups. Slices were
separated into wax-coated petri dishes containing sterile cold
PBS and stabilized with sterile head pins so that the lateral
ventricle could be viewed under a dissecting microscope. As
shown in the Supplementary Figures 1F,G, we dissected a
region of 0.5–1 mm size reflecting the ependymal wall using
fine microdissection scissors along the lateral side of both lateral
ventricle walls. Immediately after dissection of the tissue, samples
were snap frozen in liquid nitrogen and stored it at −80◦C, until
further processing.

Total RNA Isolation and cDNA Synthesis
Total RNA extraction was performed using three different
isolation procedure kits to optimize extraction from various
tissues quantities obtained after microdissections. Briefly, after
homogenization, RNA was precipitated with 70% alcohol and
purified total RNA was collected using a spin column following
the manufacturer’s protocol. We have used three specific RNA
isolation kits based on the types and amount of sample used
for the isolation: (i) the ‘‘RNeasy-plus micro kit’’ (Cat #74034,
Qiagen) specific for micro-dissected cryosections, was used for
extraction of RNA from the laser dissected sample collected
into RLT-plus buffer containing sterile Eppendorf tube. (ii) The
‘‘RNeasy micro kit’’ (Cat #74004, Qiagen) was used for RNA
extraction tissue samples collected using microscope from the
SVZ; and (iii) we used the ‘‘RNeasy mini kit’’ (Cat #74104) for
the larger 3 mm thick total coronal slice. RNA was eluted into
RNase free water, the quality and quantity were assessed using
a Nano-Dropr Spectrophotometer ND-2000C (Thermo Fisher
Scientific, Waltham, MA, USA). The first-strand complementary
DNA (cDNA) was synthesized by using 1 µg of total RNA
with oligo-dT primers using the transcriptor high fidelity
cDNA synthesis kit (Cat #05081955001, Roche Diagnostics,
Indianapolis, IN, USA). In the case of RNA extracted from laser-
dissected samples, quantity was not measured, and the total
amount was used to make cDNA due to the lower quantity of
total RNA from this tissue.

TaqMan Gene Expression Assay
The TaqMan gene expression was performed using ABI quanta
studio (Thermo Fisher Scientific, Waltham, MA, USA) as
previously described (Vinukonda et al., 2010, 2019). The mRNA
transcript levels were determined by two-step quantitative real
time TaqMan PCR using the TaqMan chemistry reaction mix
purchased from Roche (Cat #04913850001, Roche, Indianapolis,
IN, USA). The following single tube TaqMan probe-primer
mixes were used: Oc03395705_m1 (AQP4), Oc04096741_m1
(AQP1), Oc03395687_g1 (CTGF), Oc03397520_m1 (MMP-
9), Oc03824728_s1 (TLR2), Oc03398503_m1 (TLR4),
Oc03398424_m1 (TGFb2), Hs01086000_m1 (TGFb3),
Oc03396940_m1 (IL-10), Oc03823402_g1 (GAPDH; Thermo
Fisher Scientific, Waltham, MA, USA) as described previously
(Vinukonda et al., 2010). Analysis was completed using the
efficiency corrected ∆∆CT method and the data was presented
in percentages (Livak and Schmittgen, 2001; Schmittgen, 2001).

Statistical Methods
To determine differences in cell counts between the three
groups, we used one-way ANOVA to compare treatments.
Comparisons between groups on day 3, 7 and 14 were
conducted using one way ANOVA using GraphPad Prism-6
(GraphPad Software, CA, USA). All post hoc comparisons
were done using Tukey multiple comparison testing and
P-values < 0.05 were considered significant. While gender
differences are an important component of biological variation,
since there is no published evidence of gender difference causing
IVH and in an effort to minimize animal exploitation, we did not
perform a gender-specific analysis of our data sets.
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FIGURE 1 | Intracerebroventricular unrestricted somatic stem cells (USSC) administration reduced cross sectional area of lateral ventricles in post-hemorrhagic
hydrocephalus (PHH). (A) Representative Hematoxylin and Eosin (H&E) stained coronal section on postnatal day 7 at two levels (rostral forebrain: level-1 and caudal
forebrain: level-2) with and without USSC administration, showing ventricular size in normal healthy control, intraventricular hemorrhage (IVH) saline control and single
dose USSC (2 × 106 cells/dose) injected (left panel A). (B) Ventricular area on postnatal day 14 in normal healthy control, IVH saline control and single dose USSC
(2 × 106 cells/dose) injected (right panel B). The stitched images are taken at low power for both postnatal ages from 20 µm sections. The scale bar in all images is
1 mm. Images were scanned using EVOSr FL Auto Imaging System (Thermo Fisher Scientific, Waltham, MA, USA). (C,D) Scatter plots with bar graphs showing
cross-sectional area of lateral ventricles measurement on postnatal day 7 (C) and 14 (D). The mean cross sectional measured on two alternate sections taken from
hippocampus towards the rostral side of the coronal block made at the level of mid-septal nucleus (total ventricular area is the sum of the left and right values at
level-2 that are averaged from two alternate section for each pup). Each symbol in the experimental groups represent one rabbit pup (*P < 0.05 for control vs. IVH
and **P < 0.05 for IVH vs. USSCs; the values represent mean ± SEM; n = 6 in each group for both postnatal days 7 and 14). P-values were derived by one-way
ANOVA with Tukey’s multiple comparisons test.

RESULTS

USSCs Significantly Reduced Ventricular
Enlargement After Intraventricular
Hemorrhage
We assessed the cross-sectional area of the lateral ventricles
and the brain parenchymal area on coronal sections taken at
the level of the mid-septal nucleus on postnatal days 7 and
14. Representative H&E images are depicted in Figure 1A for
day 7 and in Figure 1B for day 14; the mean ventricular area is
presented as shown in Figures 1C,D. We found a significantly
higher mean ventricular area in IVH pups with PHH when

compared with the no IVH controls at postnatal days 7 and 14
(mean ventricular area for day 7 was 5 ± 0.5 mm2 in control vs.
51 ± 10 mm2 in IVH; and for day 14 was 8 ± 0.6 mm2 in control
vs. 54 ± 7 mm2 in IVH, P < 0.05 for both). Importantly, USSC
administration via the ICV route attenuated the ventricular
enlargement caused by hemorrhage at both postnatal ages 7 and
14 days (mean ventricular area was 51 ± 10 mm2 in IVH
vs. 12 ± 4 mm2 in USSC injected IVH pups at postnatal
day 7 and for day 14 was 54 ± 7 mm2 in IVH vs. 21 ±

6 IVH + USSC injected pups; Figures 1C,D, P < 0.05 for
both). USSC-treated IVH pups showed a reduction in ventricular
area (∼60%) when compared to non-treated animals at 7 and
14 days. To confirm that the attenuated ventricular area was the

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 April 2021 | Volume 15 | Article 633185158

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Purohit et al. USSC Stem Cells Reduce Post-hemorrhagic Hydrocephalus

functional effect of USSCs rather than the glycerol injected in
the peritoneal cavity, we assessed ventricular cross-sectional area
measurements among healthy controls (no glycerol injected, no
IVH) vs. glycerol injected but no IVH rabbit pups on postnatal
day 14 (Supplementary Figures 3A–D). There was no significant
difference between two groups for either total brain area or
for mean ventricular area on postnatal day 14 (Supplementary
Figures 3C,D).

The mean total brain area (parenchyma + ventricles) was
comparable across the experimental groups, whereas the brain
parenchymal area alone was significantly reduced after IVH on
postnatal day 14 (Supplementary Figures 2A,B, P < 0.05 for
brain parenchyma Ctrl vs. IVH). Taken together, this data
indicated that the reduction in the ventricular area after USSC
injection in IVH pups is mediated by USSC stem cells and does
not arise as a primary result of changes in brain parenchymal
volume after PHH.

Morphological and Histological Changes
of the Lateral Ventricle Ependymal Wall
and Choroid Plexus Epithelium in PHH
The morphological damage is dependent on massive RBC
extravasation into the parenchyma and the lateral ventricles
(physical damage) followed by subsequent secondary toxicants
released by RBC degradation (cellular and molecular damage).
Since the area and gross damage is variable, for consistency
of comparisons, we specifically focused on the ventricle wall
around the GM, CPE and CP at level-2 (multiple sections starting
from hippocampus towards rostral side) with anatomically
matched sections taken from the mid-septal nucleus. H&E
stained coronal sections of the lateral ventricles were used to
evaluate epithelial cell changes and ependymal wall integrity in
the lateral ventricle walls and the choroid plexus epithelial (CPE)
border. Representative images around the germinal matrix of the
lateral ventricles and CPE in the lateral ventricle are depicted
in Figure 2. As shown in panel A, low power (4×) and B
high power (20×; top to bottom), the control pups with no
IVH showed an intact multicellular dense ependymal layer and
preserved CSF brain parenchymal barrier (Figures 2A,B, top
panel). Whereas, in IVH pups with PHH, this ependymal layer
was disrupted and detached indicating damaged CSF and brain
parenchymal barriers (Figures 2A,B, middle panel). Importantly,
with USSC treatment, this damage was partially recovered, and
some areas showed less ependymal cell damage (Figures 2A,B,
bottom panel). Further, we assessed histopathological changes
on H&E stained coronal sections in CPE, as shown in
Figure 2C. The choroid plexus (CP) sections from IVH pups
showed prominent structural damage when compared with no
IVH pups who had well-organized and preserved blood CSF
barrier. The epithelial cell lining of the CP was intact in the
controls (Figure 2C, top), whereas in IVH pups, the cells were
reduced in number, disorganized and undergoing cell death.
The cells were also flattened and lost their normal layered
appearance (Figure 2C, middle). The CP was also filled with
blood at multiple areas of fibrosis surrounded by histiocytes
(inflammatory cells). Importantly, after USSC administration,

we noted partial recovery of the integrity of the CPE border
(Figure 2C, bottom).

USSC Administration Significantly
Improved Homeostasis of Aquaporin-1
Expression in the Choroid Plexus
Following Experimentally Induced PHH
AQP1 is a non-gated membrane transport protein primarily
expressed in the choroid plexus epithelium (CPE) facing the
ventricular cavities where it secrets 80% of the total CSF. We
investigated whether IVH causes changes in AQP1 expression
in the CPE during the progression of PHH. We performed
AQP1 immunostaining on fixed coronal section on postnatal
day 7 and 14 (Figure 3). AQP1 immunoreactivity decreased
in early injury on day 7 when compared with no IVH
controls, whereas USSC administration improved it towards
normal (Figure 3A) and significantly restored levels to near
normal by day 14 (Figure 3B). We also show sections
with AQP1 staining (not merged with DAPI) in the CP
to illustrate reduced and discontinuous AQP1 expression in
IVH pups compared to control and USSC treated pups
(Figure 3C); on Image-J measurements of the integrated
AQP1, pixel density was reduced (P < 0.05, Supplementary
Figure 2C). The secondary antibody Alexa-594 alone was
used as negative control for AQP1 expression and showed
no immunoreactivity in the CP (Supplementary Figure 2F).
Pathological conditions such as IVH mediated injury can
enhance short-term vulnerability of other aquaporins as well. To
this end, we also examined immunostained coronal sections from
IVH pups with AQP4 antibody and found weak to no immune-
reactivity for AQP4 staining in this region (Supplementary
Figures 2D,E).

To test whether AQP1 mRNA expression in the CP would
also change in IVH pups with and without USSC treatment, we
performed real time TaqMan assays using rabbit-specific probes
on cDNA made from laser dissected CP sections from coronal
slices (Karimy et al., 2017). Consistent with our observation
in AQP1 immunoreactivity, the AQP1 mRNA levels were also
reduced (Figure 4A) in IVH pups on postnatal day 3 (100± 14 in
control vs. 27 ± 10 in IVH) but were significantly improved by
USSC administration (83 ± 14; Figure 4A, P < 0.05). Taken
together, these results demonstrated that AQP1 expression on
the choroid plexus progressively decreased in early postnatal
age after IVH but was significantly restored toward normal
levels after USSC administration. Importantly, the AQP4 mRNA
expression in real time PCR showed high Ct (cycle threshold)
detection values in CP and was not measurable after IVH.

USSC Administration Increases Toll-Like
Receptors (TLRs) and NF-KB Expression in
Choroid Plexus Epithelium Following
Experimentally Induced PHH
Recent studies have demonstrated that IVH derived metabolites
can cause CPE inflammation resulting in CSF hypersecretion
and the development of PHH. Prior studies had shown that this
hypersecretion was mediated by activated TLR-NF-kB pathways
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FIGURE 2 | Histopathological recovery after USSC administration in germinal matrix and choroid plexus in the lateral ventricles after PHH. (A,B) Representative
H&E stained coronal sections at the level of mid-septal nucleus after USSC administration. Note: the normal intact ependymal wall in control low power (black arrow,
top panel-A; 4×) and high power (top panel-B; 20×) vs. the damaged wall after IVH (red arrow middle panel A; 4× and panel-B; 20×). Compare effects after USSC
injection showing recovered germinal matrix (bottom panel A and B; 4× and 20× images). The arrow shows normal and damaged areas. The Scale bar for panel (A)
500 µm and for panel (B) is 50 µm. (C) Representative H&E stained coronal section with choroid plexus showing normal intact choroid epithelium in control shown
in black arrow (top panel-C; 20×), damaged choroid plexus (CP) filled with blood shown in black arrow, histiocytic and damaged epithelium in IVH (middle image
panel–C; 20×) compare to effects of USSC injection showing partial recovery in the CP (panel-C; 20× image). The arrow shows normal vs. damaged areas. The
scale bar for all images is 100 µm, USSC: 2 × 106 cells/dose. All images were taken using Olympus microscope model BX43F (Olympus Corporation-Life Sciences).

(Gram et al., 2014; Karimy et al., 2017). Therefore, we tested
whether IVH alters expression of TLRs and whether USSCs
affected TLR levels as an index of inflammation. We performed
real time TaqMan gene expression assay using rabbit specific
mRNA probes for TLR2, TLR4, NF-kB using cDNA made with
laser dissected CP from day 3 IVH pups with and without USSC
and compared them with naïve controls (Figures 4B,D). We
found significantly increased levels of TLR2 (100 ± 4 in control
vs. 207 ± 24 in IVH, P < 0.05) and a trend toward increased
TLR4 after early injury in IVH pups. With USSC administration
at the early time point, both TLR mRNAs as well as the
levels of the proinflammatory marker NF-kB were unaffected,
Taken together the laser dissected CP mRNA expression data
suggests that during the early injury phase, IVH activates TLR-
NF-kB inflammation cascades. It is also evident, that a single
dose of USSCs was not sufficient to suppress the TLRs’ action
at an early stage of therapy and may require multiple doses
of USSCs and later study time points (7–14 day) to fully
characterize changes.

USSCs’ Administration Significantly
Enhanced Aquaporin-4 Expression in the
Ependymal Lining of the Lateral Ventricles
Following Experimentally Induced PHH
AQP4 is expressed in brain parenchyma and ependymal cells
lining the lateral ventricles and facilitates the transport of
excess water out of the ventricle. Increased expression of
AQP4 is reported in various disease states, such as stroke and
hydrocephalus (Mao et al., 2006; Paul et al., 2011). Up-regulated
AQP4 is associated with excess water in the interstitial spaces,
as a compensatory response to ease CSF elimination. To test
whether AQP4 expression is altered in the ependymal layer
lining the lateral ventricles and brain parenchyma, we first
immune-stained the coronal sections using an AQP4 specific
antibody on postnatal day 7 and 14. This was followed by
quantification of AQP4 mRNA expression, from dissected SVZ
tissue and from coronal slices at the level of the mid-septal
nucleus on postnatal days 3, 7 and 14 in all the three
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FIGURE 3 | USSC administration recovered aquaporin1 (AQP1) expression in the choroid plexus after PHH. (A) Representative immunofluorescence image of
cryosections labeled with AQP1 specific antibody (arrows showing choroid epithelium immunoreactivity) on postnatal days 7. Strong AQP1 immunoreactivity in the
control (blue arrows), reduced signal (yellow arrows) in IVH followed by recovered expression (blue arrows), and images from left to right respectively at postnatal
day 7. CPE (Choroid plexus epithelial cells). Images were taken at 20× objective; blue = DAPI stain, 20 µm sections. Scale bar 100 µm. (B) Strong AQP1
immunoreactivity in the control (blue arrows), reduced signal (yellow arrows) in IVH followed by recovered expression (blue arrows), and the images from left to right
respectively at day 14. Images were taken at 20× objective; blue = DAPI stain, 20 µm sections. Scale bar 100 µm. (C) Representative immunofluorescence image of
cryosections labeled with aquaporin1. As seen in the high power image (panel-B above), the strong AQP1 immunoreactivity is evident over the entire choroid plexus
in the control, reduced signal in IVH followed by recovered strong AQP1 expression observed in images from left to right respectively at day 14. Images were taken at
4× objective; 20 µm sections. The scale bar is 500 µm. Fluorescence images were taken using “Nikon Eclipse 90i microscope” (Nikon Instruments, Japan).

experimental groups. The immune-reactivity for AQP4 in the
lateral ventricle ependymal layer was reduced in IVH on
both postnatal days 7 and 14 when compared with healthy
controls (Figures 5A,B), whereas USSC administration partially
improved the AQP4 immuno-reactivity (Figures 5A,B). We also
observed reduced AQP4 expression on the lateral ventricular
ependymal wall in IVH pups compared to control and USSC
treated pups over the entire ventricular wall at low power
image with single staining with AQP4 and not merged with
DAPI (Figure 5C). The secondary antibody Alexa-594 alone
was used as negative control for AQP4 expression. As shown in
Supplementary Figures 3E,F, the ventricular wall in the lateral
side and in GM region showed no immunoreactivity. It has
been reported that under pathological conditions, AQP1 is also
expressed in the ventricular ependymal wall as well as in the
brain parenchyma. To this end, we immune-stained coronal
sections for AQP1 expression in three experimental groups. We

found AQP1 immuno-signals in the ependymal wall and brain
parenchyma in IVH pups compared to a sparse to no expression
in control and USSC treated rabbit pups on postnatal day 7
(Supplementary Figure 2G).

To confirm our immunostaining data, we evaluated samples
for AQP4 mRNA expression in ependymal wall tissue (from
dissected SVZ) and total coronal brain slices to see the regional
and time dependent expression of AQP4 during critical periods
of progression of hydrocephalus. In IVH pups, AQP4mRNAwas
significantly reduced in both ependymal wall tissue and brain
parenchyma on postnatal day 3 (100± 14 in control vs. 54± 7 in
IVH for SVZ and 100 ± 18 in control vs. 49 ± 4 in IVH for
parenchyma), whereas USSC administration partially improved
it (113 ± 15 for USSC treated SVZ and 89 ± 7 in parenchyma;
Figures 6A,B, P < 0.05 all pairwise comparisons). Similar
trends were seen on postnatal day 7, in both dissected SVZ and
brain parenchyma RNA. By postnatal day 14, AQP4 expression
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FIGURE 4 | USSC administration mitigates AQP1 expression and does not suppress toll like receptors (TLRs) in choroid plexus epithelium during early IVH injury at
postnatal day 3. (A–D) Scatter plot bar graphs showing TaqMan gene expression assay using laser dissected choroid plexus RNA at postnatal day 3. (A) Reduced
AQP1 mRNA expression in IVH compared with healthy controls in laser dissected tissue region; after the USSC treatment, expression was recovered to normal
(*P < 0.05 for Ctrl vs. IVH, **P < 0.05 for IVH vs. USSCs; n = 4 in each group). (B) Increased mRNA levels for TLR-2 after IVH independent of USSC treatment
(*P < 0.05 for Ctrl vs. IVH and Ctrl vs. USSC; n = 4 in each group). (C–D) For both TLR4 and NF-kB mRNA, levels were comparable between the three interventional
groups. (p –ns). The data represent mean ± SEM; for postnatal day 3. P-values were derived by one-way ANOVA with Tukey’s multiple comparisons test.

was significantly reduced in dissected SVZ in IVH pups but
was partially improved by USSC administration (Figure 6A,
P < 0.05).

AQP1 is mainly expressed on the choroid plexus epithelial
lining and is involved in CSF secretion but under certain
pathological conditions, it can also be expressed in the brain
parenchyma. We next investigated AQP1 mRNA expression
in the dissected SVZ and found increased levels on postnatal
day 7 and 14, whereas USSC administration diminished this
increase at both time points and was significant by postnatal
day 14 (for day 7: 118 ± 16 control, 293 ± 45 in IVH
and 197 ± 57 in USSC; for day 14: 147 ± 12 in control,
280 ± 50, 156 ± 26 in USSC treated pups; Figure 6C,
P < 0.05). Similar results in mRNA expression were seen
in coronal brain slices on day 3, the AQP1 levels decreased
in IVH and improved partially by USSC infusion (for
day 3: 100 ± 26 in control, 29 ± 4 in IVH and 83 ± 9 in
USSC; Figure 6D, P < 0.05 for both). In general, for the one

AQP1 expression, the CT (cycle threshold) level was 75% higher
than for AQP4.

USSC Administration Suppressed Gliosis
and Fibrosis in SVZ After PHH
The subventricular zone astrocytes and the lateral ventricular
wall ependymal cells arise from radial glial progenitor cells.
Radial glial progenitor cell proliferation and maturation
continues from early postnatal ages through maturity. An
early inflammatory reaction due to hemorrhagic blood,
blood components and altered TGF-β isoforms contribute to
astrocytosis and scar formation, which are thought to adversely
affect astrocyte lineage differentiation and proliferation during
PHH. To evaluate the effects of USSC treatment, we assessed
normal vs. reactive astrocyte cell counts in healthy controls and
hemorrhagic pups with and without USSC administration on
postnatal day 14. We found a significantly increased number of
normal and reactive astrocytes (GFAP + astrocyte cell density)
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FIGURE 5 | USSC administration improved aquaporin4 (AQP4) expression in the ependymal-lining layer of the ventricle after PHH. (A) Immunofluorescence image
of cryosections labeled with AQP4 specific antibody (arrows showing immunoreactivity along the ventricular wall) at postnatal days 7. Strong AQP4 immunoreactivity
was observed on postnatal day 7 in the control, reduced signal in IVH followed by recovered intensify of expression in USSC treated pups around the germinal matrix
(GM); images from left to right respectively (panel A). Images were taken at GM region (20× objective; n = 5 in each group); 20 µm sections. V, ventricle; VW, ventricle
wall; GM, germinal matrix. The scale bar is 100 µm. (B) Strong AQP4 immuno-reactivity on day 14 in the control, reduced signal after IVH followed by recovery of
intensity of expression after USSC treatment and increased cellularity (blue = DAPI); images from left to right respectively. Images were taken at lateral ventricular wall
(20× objective; n = 5 in each group); 20 µm sections. V, ventricle; VW, ventricle wall; GM, germinal matrix. The scale bar is 100 µm. (C) Immunofluorescence images
of cryosections labeled for AQP4. The AQP4 in the ventricle wall was higher as seen in panel (B) in the control group and showed reduced and discontinuous signal
after IVH followed by recovered to strong AQP4 expression after USSC treatment. The images were from left to right for control, IVH and IVH USSC injected pups
respectively at day 14. Images were taken covering the major ventricular area at 10× objective (n = 5 in each group) 20 µm sections. V, ventricle; VW, ventricle wall,
GM, germinal matrix. The scale bar is 200 µm. Fluorescence images were obtained using “Nikon Eclipse 90i microscope” (Nikon Instruments, Japan).

in IVH pups compared with controls on postnatal day 14 (for
normal astrocytes in control 164.2 ± 2 vs. 305 ± 63 in IVH and
reactive astrocytes in control 252 ± 41 vs. 743 ± 144 in IVH;
Figure 8D, P < 0.05 for both). USSC administration resulted in
significantly suppressed reactive astrocytosis on postnatal day
14 (mean cell density 743 ± 144 in IVH vs. 334 ± 47 in USSC
treated pups; Figure 8D, P < 0.05).

Transforming growth factor-beta (TGF-β) is a multi-potent
growth factor and cytokine. Altered expression of TGF-β
isoforms are associated with astrocyte differentiation, scar
formation and extracellular matrix tissue remodeling (Gomes
et al., 2005; Hsieh et al., 2010). TGF-β dependent mechanisms
are implicated in CNS fibrotic pathologies and subependymal
gliosis in post hemorrhagic animal models. To investigate
the changes in TGF-β expression in the SVZ, we dissected
the lateral ventricle wall from the brain parenchyma and

assessed mRNA levels of TGF-β isoforms (TGF-β2 and TGF-
β3) including connective tissue growth factor (CTGF). CTGF,
also known as CCN2, is a modular matricellular protein of the
CCN family of extracellular matrix-associated heparin-binding
proteins and is critically involved in wound repair and fibrotic
disease (Hall-Glenn and Lyons, 2011).

After PHH, the TGF-β2 isoformsmRNA levels were increased
on postnatal days 7 and 14 (for day 7: 109 ± 21 control,
209 ± 16 in IVH and 136 ± 25; Figure 7A, P < 0.05 for
day 7) while TGF-β3 isoforms were elevated in both USSC
and PHH groups on day 3 (Figure 7B, P < 0.05). In contrast,
by postnatal day 14, TGF-β3 levels significantly increased in
IVH pups but were reduced after USSC treatment (for day 3:
100 ± 11 control, 199 ± 31 in IVH and 260 ± 33 in USSC;
for day 14: 168 ± 19 in control, 321 ± 47 and 187 ± 34 in
USSC treated pups; Figure 7B, P < 0.05). Further, CTGF
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FIGURE 6 | USSC administration altered the expression of the AQP4 and AQP1 mRNA in Sub-ventricular zone (SVZ) and brain parenchyma in PHH. (A,B) Scatter
plot with bar graphs showing TaqMan gene expression assay in microscopic dissected SVZ and coronal slice tissue mRNA for AQP4 expression. (A) SVZ dissected
tissue mRNA showed reduced expression in IVH pups compared with controls at days 3 and 14 for AQP4, whereas after USSC treatment, the AQP4 expression
was elevated to normal or above IVH group at both postnatal ages (*P < 0.05 for Ctrl vs. IVH, **P < 0.05 IVH vs. USSCs, n = 5 in each group). The data represent
mean ± SEM; for each group for three postnatal days 3, 7 and 14. P-values were derived by one-way ANOVA with Tukey’s multiple comparisons test. (B) Similar
comparisons in coronal slice mRNA showed reduced AQP4 expression in IVH on day 3 that recovered to normal levels after USSCs at all time points (*P < 0.05 for
Ctrl vs. IVH, **P < 0.05 IVH vs. USSCs, n = 5 in each group). The data represent mean ± SEM; for each group for three postnatal days 3, 7 and 14. P-values were
derived by one-way ANOVA with Tukey’s multiple comparisons test. (C,D) Scatter plot with bar graphs showing TaqMan gene expression assay in dissected SVZ
and coronal slice tissue mRNA for AQP1 expression. (C) SVZ dissected tissue mRNA on postnatal day 3 for AQP1 showed increased expression in USSC treated
pups compared with controls and IVH pups (*P < 0.05 for Ctrl and **P < 0.05 IVH vs. USSCs, n = 6 in each group). Significantly, increased AQP1 expression
occurred in IVH pups on day 7 and 14 compared to controls. After USSC, this increase was significantly reduced on day 14 (*P < 0.05 for Ctrl vs. IVH, **P < 0.05
IVH vs. USSCs, n = 5 in each group). The data represent mean ± SEM; for each group for three postnatal days 3, 7 and 14. P-values were derived by one-way
ANOVA with Tukey’s multiple comparisons test. (D) AQP1 mRNA expression in the coronal slice RNA showed reduced AQP1 expression in IVH on day 3 and
recovered levels after USSC administration (*P < 0.05 for Ctrl vs. IVH, **P < 0.05 IVH vs. USSCs, n = 5 in each group). Comparable AQP1 expression was observed
on postnatal day 7 and 14. The data represent mean ± SEM; for each group for three postnatal days 3, 7 and 14. P-values were derived by one-way ANOVA with
Tukey’s multiple comparisons test.

mRNA in the SVZ at day 3 was also significantly increased in
IVH pups compared with healthy controls but was reduced in
PHH after USSC treatment (for day 3: 100 ± 23 in control
vs. 250 ± 90 in IVH and 135 ± 19 in USSC; Figure 7C,
P < 0.05). While in the brain parenchymal, RNA was reduced
for CTGF expression on postnatal day 3 (100 ± 16 control,
47 ± 6 in IVH and 117 ± 17 in USSC (Figure 7D,
P < 0.05). Immune-reactivity for CTGF around the lateral
ventricle showed similar patterns and was reduced after USSC
treatment (data not shown). This data suggests early fibrosis
after post injury in the ependymal wall rather than brain
parenchymal area.

Further, we also evaluated whether USSC administration
had any effect on the expression of extracellular matrix
(ECM) inflammatory scar protein MMP-9. MMPs are primary
components of neuro-inflammation, tissue reorganization and
blood-brain barrier (BBB) disruption proteins (Rosell et al.,
2006; Vella et al., 2015). Therefore, we assessed the expression
of MMP-9 in the coronal lysate from healthy controls and
hemorrhagic pups with and without USSC treatment at postnatal
day 14, using a cytokine array assay. We found a significant
increase in MMP-9 protein expression in IVH pups compared
to normal healthy controls, whereas USSC administration
significantly reduced MMP-9 protein expression (Figures 8A,B,
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FIGURE 7 | USSC administration suppressed the expression of TGF-β isoforms and connective tissue growth factor (CTGF) mRNA in SVZ in PHH. (A,B) Scatter
plot with bar graphs showing TaqMan gene expression assay in microscopic dissected SVZ tissue for TGF-β isoforms 2 and 3 mRNA. (A) Increased TGF-β2 isoform
mRNA was observed in IVH pups on postnatal 7th day, whereas it reduced after USSC treatment (∗P < 0.05, Ctrl vs. IVH, n = 5 in each group). (B) Increased
TGF-β3 expression was observed on day 3 in IVH pups with and without USSC treatment (∗P < 0.05, Ctrl vs. IVH, **P < 0.05 for Ctrl vs. USSC, IVH vs USSC, Ctrl
vs. USSC, n = 5 in each group). On postnatal day 14, TGF-β3 significantly increased in IVH pups compared to control and was reduced to normal levels after USSC
treatment (∗P < 0.05, IVH vs. USSC, **P < 0.05 for IVH vs. USSC, n = 5 in each group). The data represent mean ± SEM; for each group for three postnatal days 3,
7 and 14. P-values were derived by one-way ANOVA with Tukey’s multiple comparisons test. (C,D) Scatter plot with bar graphs showing TaqMan gene expression
assay in microscopic dissected SVZ tissue and total coronal slice for CTGF mRNA levels. (C) CTGF mRNA was increased in IVH pups on day 3 in SVZ and
suppressed to normal levels after USSC treatment and was comparable on 7th and 14th day (*P < 0.05 for Ctrl vs. IVH and **P < 0.05 for IVH vs. USSC at day 3,
n = 5 in each group). (D) CTGF mRNA was increased in coronal slice on day 14 after IVH while USSC administration reduced CTGF after IVH on day 14
(*P < 0.05 for Ctrl vs. IVH and **P < 0.05 for IVH vs. USSC on day 3, n = 5 in each group). The data represent mean ± SEM; for each group for three postnatal days
3, 7 and 14. P-values were derived by one-way ANOVA with Tukey’s multiple comparisons test.

P < 0.05). Of note, the elevation in MMP-9 mRNA expression in
SVZ on postnatal day 3 was comparable in IVH pups whether
they received USSC treatment or not (100 ± 6 in control,
401± 95 in IVH and 491± 98 IVHUSSC; Figure 8C, P< 0.05 vs.
control). This early response can be attributed to ependymal
and parenchymal damage as well as an immediate response
of exogenous USSCs to the new pathological environment. In
contrast, on postnatal day 14, the increase of MMP-9 was
significantly reduced after USSC treatment compared with IVH
saline controls (Figure 8B). Taken together, the MMP-9 data
suggests that active ECM remodeling exists early in hemorrhage
and that USSCs produce an anti-inflammatory effect by day
14 which may contribute to less structural remodeling.

To further evaluate anti-inflammatory activity of USSCs, we
investigated steady-state levels of the anti-inflammatory cytokine

IL-10 mRNA in the three experimental groups on postnatal days
3, 7 and 14. We observed significantly reduced IL-10 mRNA
levels in hemorrhagic pups compared to normal healthy controls
on postnatal day 3. After ICV USSC administration, there was
a significant increase on postnatal day 3 above control and IVH
groups (100± 11 in control, 24.59± 7 in IVH and 165± 41 IVH
USSC; Figure 8E, P < 0.05).

DISCUSSION

This is the first study evaluating the effects of USSCs on
the density of aquaporin water channels 1 and 4 in the
choroid plexus epithelium and lateral ventricular ependymal wall
after IVH-induced hydrocephalus. We demonstrated that after
experimentally induced IVH, USSC administration attenuated
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FIGURE 8 | USSC administration suppressed inflammation and enhanced anti-inflammatory cytokine IL-10 mRNA expression in SVZ after PHH. (A) Rabbit cytokine
array laser scanned images showing reduced MMP-9 expression after USSC treatment. The representative images are for MMP-9 expression in control, IVH pups
with and without USSCs (boxed area = sample loaded as quadruplicates at postnatal day 14). (B) Bar graph shows increased MMP-9 protein expression in IVH
pups compared to control pups, whereas USSC treated pups showed significantly reduced expression on postnatal day 14 (*P < 0.05 Ctrl vs. IVH as well as IVH vs.
USSC pups, n = 5 pups in each group). The data represent mean ± SD. Assay using rabbit cytokine Array (Ray Biotech., Cat #QAL_CYT-1). (C) Scatter plot with bar
graph for TaqMan gene expression assay in microscopic dissected SVZ tissue for MMP-9 mRNA was higher in IVH pups with and without USSC treatment on
postnatal day 3 (*P < 0.05 for Ctrl vs. IVH and **P < 0.05 for IVH vs. USSC group, n = 5 pups in each group). The data represent mean ± SEM; for postnatal day 3.
P-values were derived by one-way ANOVA with Tukey’s multiple comparisons test. (D) Total astrocyte cell count showing that normal and reactive astrocytes
increased in IVH whereas after USSC treatment, a reduction in reactive astrocyte cell density was observed on day 14 (*P < 0.01 Ctrl vs. IVH and Ctrl vs. USSC for
normal astrocytes and *P < 0.05 for IVH vs. Ctrl, **P < 0.05 for IVH vs. USSC both groups for reactive, n = 5 pups in each group). (E) Bar graphs show TaqMan
gene expression assay in microscopic dissected SVZ tissue for IL-10 mRNA. IL-10 mRNA reduced in IVH pups compared to no IVH controls on day 3; whereas
USSC injected pups with IVH showed significantly enhanced IL-10 mRNA expression (*P < 0.05 Ctrl vs. IVH, **P < 0.05 for IVH vs. USSC, n = 5 pups in each
group). USSC treated pups showed elevated IL-10 mRNA levels on day 14 (*P < 0.05 USSC vs. other two groups, n = 5 pups in each group), The data represent
mean ± SEM; for each group for three postnatal days 3, 7 and 14. P-values were derived by one-way ANOVA with Tukey’s multiple comparisons test.

ventricular cross sectional area dimensions on postnatal ages
7 and 14 days, reduced cell infiltration and reduced denudation
of ependymal cells from the lateral ventricle walls and
choroid plexus (Figures 2B,C). Moreover, USSCs restored
the reduced AQP1 immunoreactivity of the choroid plexus
back up towards baseline (Figure 3). By comparison, in the
SVZ, the converse pattern occurred where USSCs lowered the
elevated AQP1 mRNA on days 7 and 14 after PHH back
down toward normal (Figure 6C). After PHH, reduced levels
of AQP4 immunoreactivity increased along the ependymal wall
lining of the lateral ventricles and in the SVZ to nearly normal
by day 14 after USSC treatment (Figures 5A,B and Figure 6A).
Viewed together, our AQP1 and AQP4 data correlates with
a reduced magnitude of hydrocephalus after USSC treatment

consistent with improved CSF fluid homeostasis. This is
significant as aquaporin’s are ungated transporters that function
passively moving water in proportion to their cell surface
density. Our observations do not preclude other mechanisms
of CSF resorption via the glymphatic system or via arachnoid
villi. Evaluation of those processes will be conducted in
future work.

Inflammation is a key determinant of CNS injury where
PHH is associated with generalized neuroinflammation (Del
Bigio et al., 2003; Deren et al., 2009). PHH is characterized as
a nonspecific reactive proliferation of astrocytes and microglia
arising in part from lysis of RBCs followed by release of heme
and iron (Strahle et al., 2014). PHH-induced inflammation is
associated with subependymal gliosis, fibrosing arachnoiditis
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and meningeal fibrosis (Cherian et al., 2004a,b). We found
that mRNA expression of TGF-β2 and TGF-β3 increased
in the SVZ after PHH and that USSC infusion attenuated
the expression of these inflammatory isoforms compared to
untreated PHH controls (day 14; Figures 7A,B). USSCs also
reduced the ECM inflammatory scar protein MMP-9 but not
its mRNA (Figures 8B,C) and the density of reactive astrocytes
(Figure 8D). The elevation of the anti-inflammatory cytokine
IL-10 in both the SVZ and CP following USSC administration
(Figure 8E) was consistent with this moderating pattern.

CTGF can cooperate with TGF-β to induce sustained
fibrosis (Mori et al., 1999) and to exacerbate extracellular
matrix production in association with other fibrosis-inducing
conditions (Brigstock, 2010). The anti-inflammatory effects of
USSCs were also evident as a reduction in CTGF mRNA in
the SVZ on day 3 (Figure 7C) and in coronal slices of the
brain parenchyma on day 14 (Figure 7D) as compared to
elevated levels after IVH, respectively. TLR and NF-kB pathway
mediated inflammation were not significantly altered by USSCs
on day 3 (Figures 4C,D) suggesting an absent or time-dependent
effect or perhaps, an insufficient quantify of cells. Taken
together, our observations support an interpretation that USSCs
contribute to an anti-inflammatory and regenerative process
after injury.

USSCs are novel stem cell that possess significant highly
anti-inflammatory and immunomodulatory capacities that have
not been investigated in any IVH models of PHH. The earliest
preclinical animal studies with PHH focused on mesenchymal
stem cells (MSCs) in neonatal and adult models where, unlike
our endogenous blood model, the injury was established by
injection of exogenous blood (Ahn et al., 2013, 2014; Zhu et al.,
2014). Human cord blood derived USSCs are more primitive
than MSCs and do not express HLA phenotypic markers that
will cause rejection in xenographic transplantation. Putative
additional advantages over MSCs are that USSCs possess a
higher regenerative and neuroprotective potential as shown in
multiple CNS injury models (Kogler et al., 2004; Vinukonda
et al., 2019). Beyond these findings, we selected USSCs because
they release multiple growth factors and cytokines (Kogler et al.,
2005; Mukai et al., 2017). These factors are likely to be involved
in cell lineage and differentiation of multiple CNS progenitor
cells in the subventricular zone both during development and
in the CNS repair after injury (Hatzistergos et al., 2010; Ko
et al., 2018). The current report extended our prior observations
that demonstrated migration of USSCs to areas of injury
and less severe hydrocephalus plus improved motor function
(Vinukonda et al., 2019).

Our choice of a rabbit model of PHH was based on a
range of pragmatic considerations. Rabbits have a gyrencephalic
brain with a perinatal growth plan similar to newborn infants.
Moreover, both are vulnerable to vascular injury immediately
after birth leading to IVH and development of PHH (Ballabh,
2010, 2014). The pups are large and easy to work with and
most conveniently, show glycerol-induced spontaneous rupture
of the germinal matrix vasculature creating a reproducible form
of IVH (Georgiadis et al., 2008; Chua et al., 2009). Significantly,
PHH injury in the CNS of rabbit pups mimics cellular and

behavioral effects analogous to observations in human infants
including reducedmyelination, ventricle dilation and subsequent
behavioral deficits and motor impairments (Chua et al., 2009;
Vinukonda et al., 2010).

The limitations of this study include the fact that we
did not directly measure the rate of CSF turnover and so,
could not parse the contributions of the other routes of CSF
elimination/production in homeostasis. An additional limitation
is that we identified beneficial correlations, yet, we do not know
precisely what factors are induced or released by USSCs to
produce the observed effects or what mechanism of release exist
or how they are activated. Lastly, due to the complexities of the
mechanisms examined, we elected only one dose of cells and
one timing of the intervention to enable a discovery focused
on putative pathways; optimized dosing will be examined in
future works as the current report is clearly encouraging as a
potential therapy. Other long-term transplant safety concerns,
such as tumor formation, chronic rejection, etc. have not been
reported thus far but will also be addressed in the future. Finally,
AQ5 plays a role primarily in the generation of saliva, tears and
pulmonary secretions (Sveinsdottir et al., 2014). To maintain
focus in this report, it was neither studied by us in the context of
CSF production nor were other channels: AQ0, AQ2, or AQ6 but
are now considerations for future work on this topic.

The development of PHH is a common problem in premature
infants and remains a major public health concern in the
United States and around the world due to its catastrophic impact
on long-term neurodevelopmental outcomes. Cell-based therapy
is a promising therapeutic modality. USSCs may someday prove
to be an alternative as a therapeutic approach in preterm
neonates with IVH.

In conclusion, this is the first mechanistic report using human
cord blood derived USSCs in the treatment of experimentally
induced IVH and PHH. USSCs demonstrated anti-inflammatory
effects, restored aquaporin channel expression, and mitigated the
severity of PHH. Overall, these results support the continued
investigation of the reparative qualities of human cord blood
derived USSCs as therapy for severe IVH and for attenuation of
PHH that may someday lead to clinical use.
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SUPPLEMENTARY FIGURE 1 | Diagrammatic representation of methods and
samples collection procedures. (A) The image showing premature rabbit pups
delivered from New Zealand, white rabbit (at E29 gestational age, term 32 days).
Image showing eight healthy and similar size premature rabbit pups. (B)
Diagrammatic representation of experimental protocols performed at different
postnatal ages. At 3–4 h of postnatal age, newborn pups were treated with 50%
intraperitoneal glycerol: water (6.5 g/kg) to induce cerebral hemorrhage. At 24 h of
age single dose USSC was injected (1 × 106 cells/dose in each lateral ventricle.
The samples for immunohistochemistry (IHC), PCR and lysate preparation were
collected on postnatal days 3, 7 and 14. The ventricular cross sectional area was
measured on postnatal day 7 and 14. (C) Representative of cresyl violet stained
coronal section used for measuring total brain area (dotted lines) and ventricle
area (marked with continuous line). The coronal sections were scanned using
EVOS imaging microscope system (XL core 1000 auto scanner, Thermo Fisher
Scientific, Waltham, MA, USA). The mean cross sectional was measured at the
level of mid-septal nucleus. The mean cross sectional area was measured on
two alternate sections taken from the hippocampus towards the rostral side from
the coronal block made at the level of the mid-septal nucleus (total ventricular
area is sum of the left and right at level-2 and then averaged for two alternate
sections for each pup); 20 µm coronal sections. LV, left ventricle; RV, right
ventricle. (D) H&E stained representative coronal section showing both lateral
ventricles with choroid plexus. The choroid plexus was laser dissected for RNA
isolation. (E) Immunofluroscence stained coronal section on slide showing choroid
plexus immune-signal (selected with yellow dotted lines) stained for
AQP1 expression and measured for pixel intensity using image-J software. The
mean pixel intensity was normalized with area measured for each image. (F–H)
Representative images for thick coronal slice and section on slide stained with
H&E and AQP4 antibody. The direct measurements of thick coronal slice (F) and
H&E stained section labeled ependymal wall dissected (dotted lines in red (G)
represents 0.5–1 mm thick microscopic, dissected tissue) and dense
AQP4 expression on the ependymal wall (H).

SUPPLEMENTARY FIGURE 2 | (A,B) Scatter plot with bar graph showing total
brain area and parenchymal area at postnatal day 14. (A) Comparable total brain
area in experimental groups on postnatal day 14 in normal healthy control, IVH
saline control and IVH USSC injected pups (single dose USSC (2 × 106

cells/dose). Scatter plot with bar graphs shows total brain area measured on two

alternate sections taken from the hippocampus towards the rostral side from the
coronal block made at the level of mid-septal nucleus. (B) Reduced brain
parenchymal area in IVH pups on postnatal day 14. Scatter plot with bar graphs
shows total brain parenchymal area that was derived by subtraction of lateral
ventricular cross sectional area from total brain area (ventricular cross sectional
area data from Figure 1B and total brain area data from supplement Figure 2A).
Both the total brain area and the ventricular cross sectional area are measured on
two alternate sections taken from the hippocampus towards the rostral side from
the coronal block made at the level of mid-septal nucleus). Each symbol in the
experimental groups represent a rabbit pup (∗P < 0.05 for control vs. IVH; the
values represent mean ± SEM; n = 6 in each group for both postnatal day 14).
P-values were derived from one-way ANOVA with Tukey’s multiple comparisons
test. (C) Scatter plot showing mean expression for AQP1 pixel intensity measured
using Image-J software (∗P < 0.05 for control vs. IVH and IVH vs. USSCs; the
data represent mean ± SEM, n = 6 controls, 4 IVH saline and 4 IVH USSC). Each
symbol in the experimental groups represent a single rabbit pup. P-values were
derived by one-way ANOVA with Tukey’s multiple comparisons test. (D,E)
Representative immunofluorescence images of cryosections labeled with AQP4.
Weak to no AQP4 expression in the choroid plexus (CP); 20 µm sections. The
scale bar is 100 µm. (F) Representative immunofluorescence image of
cryosections labeled with negative control Donkey anti-mouse secondary
antibody in CP. No AQP1 signal is seen with secondary antibody alone.
Secondary antibody, Alexa-Flour 594, donkey anti-mouse (Cat #A21203,
Invitrogen Thermo Fisher Scientific, Waltham, MA, USA). Highly cross-adsorbed
secondary antibody with minimal cross reactivity to rabbit tissue20 µm sections.
The scale bar is 100 µm. (G) Representative immunofluorescence image of
cryosections labeled with AQP1 in lateral ventricular ependymal wall. Weak to no
AQP1 expression in the lateral ventricular wall around the germinal matrix (GM). All
images were taken at 20× objective; blue = DAPI stain; 20 µm sections. The
scale bar is 100 µm.

SUPPLEMENTARY FIGURE 3 | (A,B) Representative hematoxylin and eosin
(H&E) stained coronal section on postnatal day 14 at forebrain level-2 with and
without glycerol injected no IVH pups. The total brain area and ventricular area
was comparable in normal healthy control vs. glycerol injected no IVH control. The
stitched images taken at low power for both postnatal ages; 20 µm sections. The
scale bar is 1 mm. (C,D). Representative scatter plot with bar graphs shows
cross-sectional area of lateral ventricles measurement (C) and total brain area (D)
on postnatal day 14. The mean cross sectional measured on two alternate
sections taken from the hippocampus towards the rostral side from the coronal
block made at the level of the mid-septal nucleus (total ventricular area is sum of
the left and right at level-2 and averaged for two alternate section for each pup).
Each symbol in the experimental groups represent a rabbit pup (no significant
differences in healthy control vs. glycerol no IIVH control; the values represent
mean ± SEM; n = 4 in each group). (E,F) Representative immunofluorescence
image of cryosections labeled with negative control for AQP4 Donkey anti-mouse
secondary antibody in lateral ventricle wall. No AQP4 signal with secondary
antibody alone cryosections stained on the lateral ventricle on the lateral side (E)
and ventricle wall around the GM (F). Secondary antibody, Alexa-Flour 594,
donkey anti-mouse (Cat #A21203, Invitrogen Thermo Fisher Scientific, Waltham,
MA, USA). Highly cross-adsorbed secondary antibody with minimal cross
reactivity to rabbit tissue. 20 µm sections. The scale bar is 100 µm. (G–J)
Bioluminescence live image (BLI) of USSC administration by
intracerebroventricular injection in IVH premature rabbit pups. (G) Representative
BLI live image for IVH pup after single dose of USSC (right image) and no USSC
injected negative control pup (left image). The strong red fluorescence signal
indicates highest USSC density at postnatal day 3 (2 × 106 cells/dose). (H) BLI
image showing dispersed USSC over postnatal day 7 and day 14 (H). (I,J)
Bioluminescence (BLI) and anatomical structures. (I) Image of brain coronal slice
from day 3 IVH USSC injected pups, showing strong BLI signal (I), and the IVH-
saline control pup no USSC injected coronal slice show no BLI signals. (J)
Coronal thick slices of brain showing blood in the ventricles. (K,L) Representative
Immunofluroscence images of cryosections for tracking intracerebral ventricular
(ICV) delivered USSC stem cells. (K) Using a human-specific nuclear antibody the
illustration shows the USSCs (green) and rabbit cells (DAPI—blue in L). The data
indicates healthy live cells in the rabbit brain parenchyma. Note: DAPI stains both
rabbit and Human cells whereas human-nuclear antibody stains only human
USSC cells. All images were taken at 20× objective; blue = DAPI stain; 20 µm
sections. The scale bar is 100 µm.
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Cellular and tissue damage triggered after hypoxia-ischemia (HI) can be generalized
and affect the neurogenic niches present in the central nervous system. As
neuroregeneration may be critical for optimizing functional recovery in neonatal
encephalopathy, the goal of the present work was to investigate the neurogenic
response to HI in the neurogenic niche of the subventricular zone (SVZ) in the neonatal
piglet. A total of 13 large white male piglets aged <24 h were randomized into two
groups: i) HI group (n = 7), animals submitted to transient cerebral HI and resuscitation;
and ii) Control group (n = 6), non-HI animals. At 48 h, piglets were euthanized, and the
SVZ and its surrounding regions, such as caudate and periventricular white matter, were
analyzed for histology using hematoxylin-eosin staining and immunohistochemistry by
evaluating the presence of cleaved caspase 3 and TUNEL positive cells, together with
the cell proliferation/neurogenesis markers Ki67 (cell proliferation), GFAP (neural stem
cells processes), Sox2 (neural stem/progenitor cells), and doublecortin (DCX, a marker
of immature migrating neuroblasts). Hypoxic-ischemic piglets showed a decrease in
cellularity in the SVZ independent of cell death, together with decreased length of
neural stem cells processes, neuroblast chains area, DCX immunoreactivity, and lower
number of Ki67 + and Ki67 + Sox2 + cells. These data suggest a reduction in both
cell proliferation and neurogenesis in the SVZ of the neonatal piglet, which could in turn
compromise the replacement of the lost neurons and the achievement of global repair.

Keywords: newborn, neonatal brain, hypoxia-ischemia, neurogenesis, subventricular zone

INTRODUCTION

During embryonic development, the formation of the central nervous system (CNS) results from
a tightly regulated balance between the processes of apoptosis and neurogenesis, which occurs
accomplished in time and space (1, 2). At the time of birth, however, the human brain is not yet
fully developed [almost 2/3 of the cells are produced after birth; (3)], so intrapartum-related insults
like hypoxia-ischemia (HI) may disbalance the apoptosis-neurogenesis equilibrium, obstructing the

Frontiers in Pediatrics | www.frontiersin.org 1 April 2022 | Volume 10 | Article 793189171

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://www.frontiersin.org/journals/pediatrics#editorial-board
https://doi.org/10.3389/fped.2022.793189
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fped.2022.793189
http://crossmark.crossref.org/dialog/?doi=10.3389/fped.2022.793189&domain=pdf&date_stamp=2022-04-28
https://www.frontiersin.org/articles/10.3389/fped.2022.793189/full
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pediatrics#articles


fped-10-793189 April 29, 2022 Time: 13:42 # 2

Alonso-Alconada et al. Hypoxia-Ischemia Reduces SVZ Neurogenesis

proper maturational process and leading to life-long sequelae (4).
Neonatal HI triggers a series of complex and harmful metabolic
cascades that lead to generalized cellular and tissue damage and
affect numerous gray and white matter brain regions, but less is
known about the effect of HI on the neurogenic niches.

In the CNS, the two neurogenic niches that retain neural
stem cells and progenitors with regenerative potential are the
subgranular zone of the hippocampal dentate gyrus and the
subventricular zone (SVZ) of the lateral ventricle (5). To date,
controversy exists around how HI modifies the neurogenic
response of the newborn brain. While some reports indicate
that HI suppresses the endogenous genesis of neural stem cells
and progenitors (6, 7), other studies point out in the opposite
direction, suggesting that neurogenesis is increased in the SVZ
after HI (8, 9).

Post-injury neurogenesis is a complex process that can be
affected by a number of factors, including the duration, type,
location, and intensity of damage (10). For instance, the SVZ has
shown to be stricken after severe HI (6), whereas in moderate
brain injury, neurogenesis was stimulated (9, 11). The period
of time since the insult also modulates the neurogenic response
to damage: after an initial phase of decreased cell proliferation
accompanied by extensive cell death in the rodent SVZ (6, 12),
the morphology of the ipsilateral SVZ has shown to increase its
size, a phenomenon attributed to augmented cell proliferation
(8, 9, 11). Since HI typically occurs at a time when these niches
are actively generating new brain cells, we hypothesize that the
endogenous neurogenic capability of the SVZ contributing to the
plasticity of the newborn brain and/or to tissue remodeling could
be compromised if this area is affected.

As described, most of the work on neural stem cells and
progenitors of the SVZ has been conducted in rodents. The
newborn piglet SVZ shares many anatomical similarities with
the SVZ in the human infant, and the SVZ persists beyond
fetal development serving as a source of piglet new cells (13).
The aim of this study was to investigate if HI affects the SVZ
of the neonatal piglet by evaluating its possible changes in
cellularity, cell death, cell proliferation, and neurogenesis early
after a quantified global cerebral hypoxic-ischemic insult.

MATERIALS AND METHODS

All experimentation was in accordance with UK Home Office
Guidelines [Animals (Scientific Procedures) Act 1986] and
approved by the Animal Care and Use Committee of University
College London Biological Services and Institute of Neurology.

Animal Experiments and Surgical
Preparation
Thirteen large white male piglets aged <24 h were included
in this study. Briefly, piglets were sedated with intramuscular
midazolam (0.2 mg/kg), and arterial O2 saturation was
monitored (Nonin Medical). Isoflurane anesthesia (4% vol/vol)
was applied via a facemask during tracheostomy and intubation
and was maintained (3% during surgery, 2% otherwise).
Piglets were mechanically ventilated to maintain arterial partial

pressures of O2 (PaO2; 8–13 kPa) and CO2 (PaCO2; 4.5–6.5 kPa)
allowing for temperature correction of the arterial blood sample.

An umbilical venous catheter was inserted to infuse
maintenance fluids (10% dextrose, 60 ml/kg/day), fentanyl (3–
6 µg/kg/h), and antibiotics (benzylpenicillin 50 mg/kg and
gentamicin 2.5 mg/kg, every 12 h). An umbilical arterial catheter
was inserted for continuous heart rate (HR) and mean arterial
blood pressure (MABP) monitoring and 6-h blood sampling to
measure PaO2, PaCO2, pH, electrolytes, glucose (3–10 mmol/L),
and lactate (Abbott Laboratories). Bolus infusions of colloid
(Gelofusin, B Braun Medical Ltd.) and inotropes maintained
MABP >40 mmHg. Arterial lines were maintained by infusing
0.9% saline solution (Baxter, 1 ml/h) with heparin sodium (1
IU/ml) to prevent line blockage. Both common carotid arteries
were surgically isolated at the level of the fourth cervical vertebra
and encircled by remotely controlled vascular occluders (OC2A,
In Vivo Metric). After surgery, piglets were positioned prone in a
plastic pod with their heads immobilized.

Cerebral Hypoxia-Ischemia
Before insult, piglets were randomized into two groups, using
a computer-generated randomization sequence and opaque
sequentially numbered envelopes. The hypoxic-ischemic (HI,
n = 7) insult was performed according to the original hypoxia-
ischemia protocol with transient carotid artery occlusion and
contemporaneous hypoxia (14–16). Non-HI animals were not
positioned in the scanner nor were subjected to hypoxia or
ischemia, serving as controls (Control, n = 6).

A magnetic resonance spectroscopy (MRS) surface coil was
secured to the cranium, and the animal was positioned in a 9.4
Tesla Agilent MRI scanner, while in the MRI scanner, transient
HI was induced by remote occlusion of both common carotid
arteries, using inflatable vascular occluders, and reducing the
fraction of inspired oxygen (FiO2) to 12% (vol/vol).

During HI (n = 7), cerebral energetics were monitored
every 2 min by phosphorus (31P) MRS, and the β-
nucleotide triphosphate (β-NTP; mainly ATP) peak height
was automatically measured. When β-NTP peak height had
fallen to 40% of baseline, FiO2 was adjusted in order to
stabilize β-NTP at that level for 12.5 min. At the end of this
12.5-min period, the occluders were deflated and FiO2 was
normalized; 31P spectra were acquired for a further 1 h to
monitor recovery from HI. The time integral of the decrement
of β-NTP/EPP [EPP = exchangeable phosphate pool = inorganic
phosphate + phosphocreatine + (2γ + β)-NTP] during HI and the
first 1 h of resuscitation quantified the acute energy depletion.
Piglets were maintained normothermic (rectal temperature
38.5◦C) throughout the entire experiment by using a warmed
water mattress (Tecotherm) above and below the animal.
All animals received continuous physiological monitoring
(SA instruments) and intensive life support throughout
experimentation.

Histology and Immunohistochemistry
At 48 h, piglets were euthanized with pentobarbital, and the brain
was fixed by cardiac perfusion with cold 4% paraformaldehyde,
dissected out, and post-fixed at 4◦C in 2% paraformaldehyde
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FIGURE 1 | Magnified image of coronal section of the SVZ at bregma –2.0 (A) and –4.0 (B) brain levels sampled in this study. H&E staining. LV, lateral ventricle; SVZ,
subventricular zone; DL-SVZ, dorsolateral-SVZ; L-SVZ, lateral-SVZ. Original magnification 40×. Scale bar: 500 µm.

for 7 days; 5-mm-thick coronal slices of the right hemisphere,
starting from anterior to the optic chiasma, were embedded in
paraffin, sectioned to 5 µm thickness, and stained with H&E to
validate the bregma for analysis.

For each animal, 2 levels (bregma −2.0 and −4.0) were
evaluated. There were five regions of interest, namely, the
SVZ, which was in turn divided into 3 subareas (Figure 1):
roof, dorsolateral-SVZ (DL-SVZ, close to the periventricular
white matter), and lateral-SVZ (L-SVZ, apposed to the caudate
nucleus); and the caudate nucleus and the periventricular white
matter, both being SVZ-surrounding regions (Figure 1).

Hematoxylin-Eosin Staining
Paraffin-embedded brain samples were stained following the
automated procedure corresponding to Hematoxylin-Eosin
(H&E) staining by a Shandon Varistain V24-4 (Thermo Electron
Corporation, United States) using Harris hematoxylin (Shandon
Gill 2 Hematoxylin, Thermo Scientific, United States) and eosin Y
(Shandon Eosin-Y Alcoholic, Thermo Scientific, United States).

Histological Examination of Cell Death in
Hematoxylin-Eosin Samples
Histological changes were evaluated in the SVZ (roof, DL-
SVZ, and L-SVZ), caudate nucleus, and periventricular white
matter brain regions at both bregma −2.0 and −4.0 levels
(Supplementary Figures 1, 2) by using H&E staining and
analyzed with Fiji/ImageJ image software. For each animal, level,
and section, a total of fifteen non-overlapping microphotographs
(3 from each area) were taken at 400 × magnification in
a light field optical microscope (Olympus BX50F4, Japan).
A blinded histologist counted morphologically well-preserved
cells (undamaged), together with cells with apoptotic or necrotic
features. Apoptotic-like cells were characterized by the presence
of nuclear karyorrhexis and low cytoplasmic change, whereas
necrotic cells were identified by a pyknotic nucleus or no nucleus,
along with a swollen, eosinophilic cytoplasm (17). We did not

count apoptotic nor necrotic profiles that were within or adjacent
to blood vessels to avoid including apoptotic/necrotic endothelial
and white blood cells. The undamaged, apoptotic and necrotic
cell count was averaged from 3 high-power fields from 3 slides
from the same region in each animal, and values are given as
cells per mm2.

Transferase-Mediated Incorporation of
Digoxigenin-Labeled Nucleotide
DNA fragmentation was revealed by using the terminal
deoxynucleotidyl transferase-mediated incorporation of
digoxigenin-labeled nucleotide (TUNEL) assay (Roche, Burgess
Hill, United Kingdom). Briefly, in situ end-labeling of fragmented
DNA was carried out on brain slices that were first deparaffinated,
hydrated, pretreated in 3% H2O2, and subjected to a protease-K
digestion (Promega, Southampton, United Kingdom). TUNEL
was visualized using avidin-biotinylated horseradish complex
(ABC, Vector Laboratories, Peterborough, United Kingdom) and
diaminobenzidine/H2O2 (DAB, Sigma, Poole, United Kingdom)
enhanced with CoSO4 and NiCl2. Finally, TUNEL sections
were dehydrated and cover-slipped with DPX (VWR, Leighton
Buzzard, United Kingdom).

Caspase 3 Immunohistochemistry
After deparaffination, antigen retrieval was performed using a
pH 6 solution of 10 mM sodium citrate + 0.05% Tween20 in
distilled water where samples were boiled 3 times before being
kept for 20 min at 95–98◦C. After cooling at room temperature,
the endogenous peroxidase was blocked, and samples were
incubated in 5% bovine serum albumin blocking buffer. Brain
slices were then incubated with primary antibody rabbit anti-
Caspase 3 (1:100, 9661 L, Cell Signaling, United States)
overnight. The next day, samples were incubated with a biotin-
conjugated secondary antibody (1:500, goat anti-rabbit, 65-6140,
Invitrogen, United States) for 1 h at room temperature followed
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by horseradish peroxidase-streptavidin conjugate (1:500, 43-
4323, Thermo Fisher, United States) plus diaminobenzidine.
Right after, sections were counterstained with hematoxylin and
mounted with DPX.

An investigator blind to the treatment group performed the
quantitative analyses of caspase 3 expression. For each level,
section, and brain region, caspase-3 positive cells were counted
in three fields (at 40 × magnification, with an area of 0.077 mm2)
and the average was converted into counts per mm2.

Fluorescent Immunohistochemistry
Brain slices for fluorescence immunohistochemistry were
managed as detailed in the “Immunohistochemistry” section
until incubation with primary antibody. For single labeling,
radial-glia/neural stem cells were identified using an anti-glial
fibrillary acidic protein (GFAP) antibody to assess neurogenic
activity close to the ventricular wall (mouse anti-GFAP, 1:100,
MA5-12023, Thermo Fisher, United States); an anti-doublecortin
(DCX) antibody was used to identify young neurons/neuroblasts
(mouse anti-DCX, 1:50, sc-271390, Santa Cruz Biotechnology,
United States); cell proliferation was identified by an anti-Ki67
antibody (mouse anti-Ki67; 1:50, STJ96966, St Johns Labs,
United Kingdom). Double immunohistochemical staining was
used to detect the cellular co-localization of Ki67 with Sox2
(neural stem/progenitor cells; 1:100, Santa Cruz Biotechnology,
United States). Immunoreactivity was revealed using Alexa
Fluor 488 and Texas Red (1:300, Thermo Fisher, United States)
secondary antibodies incubated in the dark for 1 h at room
temperature. After final washes, fluoromount aqueous mounting
medium (F4680, Sigma) was added, and each section was covered
by a cover slip. Negative controls received identical treatment
except for the omission of primary antibodies and showed no
specific staining.

Histological Evaluation of Markers of
Neurogenesis
Sections were examined using Fiji/ImageJ image software, and
analyses and quantifications were performed by two independent
investigators blinded to the treatment group. We extended the
analysis including the cell-dense band of DCX + young neurons
along the walls of the lateral ventricle levels (Supplementary
Figure 3). The SVZ is further subdivided into roof, dorsolateral-
SVZ (DL-SVZ, close to the periventricular white matter), and
lateral-SVZ (L-SVZ, apposed to the caudate nucleus). For each
animal, level, and section, a total of nine non-overlapping
microphotographs (3 from each area) were taken at 200 × or
400 × magnification.

The length of the GFAP positive cells processes lining the SVZ
was measured and averaged using Fiji/ImageJ software in three
separate microscopic fields at 40 × in the roof, DL-SVZ, and
L-SVZ areas with a fluorescence laser microscope. The software
was previously calibrated, and the mean length of the processes
was obtained after 6 random measurements (Supplementary
Figure 4) for each photograph (18). Values are given as µm.

Quantification of Ki67 + and Sox2 + Ki67 + cells
was performed in three non-adjacent fields of view at

20 × magnification along the DL-SVZ and L-SVZ edges of
the lateral ventricle (18, 19). In each case, the mean of Ki67 + and
Sox2 + Ki67 + cells were divided by the area to obtain a
measurement of cells per mm2.

From sections stained with H&E, photomicrographs were
obtained, and the area of neuroblast chains in the SVZ [high
density of cells that take up hematoxylin that corresponds to
DCX, (20)] was traced and measured in square millimeters.

For DCX fluorescent immunohistochemical evaluation, all
the immuno-positive areas along the SVZ were digitalized, and
whole fluorescence was obtained because of the confluence of the
expression (21). Neuroblasts generated from type 2 progenitors
express markers of the neuronal lineage like DCX from their first
expression of neuronal lineage and during migration, well before
they mature as neurons, so DCX thus is a good early marker in
human fetal brain and also in animal studies of neural cell lineage
in neurepithelium (22).

Statistical Analysis
A two-tailed, unpaired Student’s t-test was performed for
comparisons; data were considered significantly different if
p < 0.05. Bar graphs appear as mean with 95%CI. Statistical
analysis was performed using the Graphpad Prism 8 software
package (GraphPad Software, Inc., La Jolla, CA, United States).

RESULTS

Hypoxia-Ischemia Induced a Decrease in
Cellularity in the Neonatal Piglet
Subventricular Zone, Caudate Nucleus,
and Periventricular White Matter
In the sagittal section, the SVZ can be easily identified using
conventional histological stains as an aggregation of small darkly
stained cells located immediately adjacent to the ventricles and
descending along the length of the dorsolateral (DL, close to the
periventricular white matter) and lateral (L-SVZ, close to the
caudate nucleus) walls of the lateral ventricle (Figure 1).

We first evaluated the cellularity of the SVZ, caudate nucleus,
and periventricular white matter quantifying the number of
morphologically well-preserved (undamaged) cells. After a HI
event, the cellularity of the SVZ of the neonatal piglet was
reduced. The roof (p < 0.01), the L-SVZ (p < 0.01), and
the DL-SVZ (p < 0.05) subareas showed significantly lower
counts of morphologically well-preserved cells after neonatal
HI (Figure 2, upper graph). Quantitative evaluation of the
caudate nucleus (p < 0.05) and periventricular white matter’s
cellularity (p < 0.001) confirmed the decrease in well-preserved
cells in the asphyctic piglet in both SVZ-surrounding regions
(Figure 2, lower graph).

The Neonatal Piglet Subventricular Zone
Is Resistant to
Hypoxia-Ischemia-Induced Cell Death
Although the SVZ appeared swollen at 48 h of recovery from HI,
H&E-stained samples revealed less death in this area, suggesting
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FIGURE 2 | Representative microphotographs of the subventricular zone (SVZ), caudate nucleus (CDT), and periventricular white matter (PvWM) brain regions from
control and HI piglets. The piglet SVZ is a highly cellular area with small and closely situated to each other round cells (A). SVZ appeared swollen at 48 h after HI but
with very less or absent necrotic or apoptotic features (B). In CDT, well-demarcated cells (black arrows) with well-defined nucleolus (seen in the inset at
630 × magnification), and dense neuropil were observed in control piglets (C). In contrast, in HI animals (D) cells with necrotic (black arrowheads) and apoptotic
(white arrow) features were present (seen in the inset at 630 × magnification), with diffuse edematous matrix and hypodense neuropil. In PvWM, black arrows identify
examples of morphologically undamaged oligodendrocytes (E). (F) Shows damaged cells (white arrows) together with diffuse edema and disrupted neuropil from an
HI-injured piglet. Graphs: HI reduced the cellularity of the roof (**p < 0.01), L-SVZ (**p < 0.01), and DL-SVZ (*p < 0.05) subareas of the SVZ, an effect also observed
in CDT (*p < 0.05) and PvWM (***p < 0.001) cell counts. LV, lateral ventricle; SVZ, Subventricular zone; CDT, caudate nucleus; PvWM, periventricular white matter.
H&E staining. Original magnification 400×. Scale bar: 100 µm.

that these cells are relatively resistant to damage. A quantitative
evaluation later revealed that damaged cells (either with necrotic
or apoptotic features) were rarely observed in the SVZ of control
(Figure 2A) or HI group (Figure 2B): values were very low for
necrotic- (0–0.8 cells per mm2) or apoptotic-like cells (0.7–1.2
cells per mm2) for both experimental groups, with no differences
between control and HI in the three SVZ subareas evaluated
(roof, DL-SVZ, or L-SVZ). The absence of cell death in the SVZ
was further confirmed when studying TUNEL immune-stained
slices from both control and HI piglets (Figures 3A,B).

Later, we focused on the caudate nucleus and periventricular
white matter. In H&E-stained samples, we observed extensive
cell death in both the caudate nucleus (Figure 2D) and
periventricular white matter (Figure 2F) after HI. Caudate

nucleus and periventricular white matter of HI piglets showed
increased perivascular and pericellular space suggesting edema.
Additional changes in the surrounding neuropil included
swelling of endothelial cells. Damaged cells appeared necrotic
in appearance (nuclear pyknosis with a swollen, eosinophilic
cytoplasm) and also apoptotic (fragmented, rounded, dense
chromatin with minimal cytoplasmic change) (Figures 2D,F).
Quantification of characteristic morphologically altered cell
nuclei and cytoplasm revealed notorious necrotic and apoptotic
processes in the caudate nucleus and periventricular white
matter after HI: caudate nucleus showed high counts of necrotic
(Control:2.3 ± 12.6 vs. HI: 99.31 ± 77.4 cells per mm2; p < 0.01)
and apoptotic (Control:1.9 ± 11.2 vs. HI: 6.8 ± 11.0 cells per
mm2; p < 0.002) cell death, and an increase was observed
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FIGURE 3 | Representative microphotographs of TUNEL immunostaining in the SVZ, caudate nucleus (CDT), and periventricular white matter (PvWM) brain regions
from control (A,C,E) and HI (B,D,F) piglets. SVZ from both experimental groups showed no signs of cell death, as no TUNEL positive nuclei were observed (A,B). In
CDT and PvWM, however, immunoreactive cells are observed after HI, especially in the former [black arrows, (D)]. LV, lateral ventricle; SVZ, subventricular zone;
CDT, caudate nucleus; PvWM, periventricular white matter. Original magnification 400×. Scale bar, 100 µm.

for periventricular white matter for necrosis (2.9 ± 11.4 vs.
99.5 ± 52.2 cells per mm2; p < 0.05) or apoptosis (2.6 ± 10.4
vs. 1.2 ± 3.5 cells per mm2; p < 0.05). The lack of DNA
fragmentation described above for the SVZ (Figures 3C,E)
contrasted with the obvious presence in the caudate nucleus
and periventricular white matter after HI (Figures 3D,F) using
TUNEL immunohistochemistry.

Caspase 3 Expression in the
Subventricular Zone Is Maintained After
Hypoxia-Ischemia
Immunohistochemical staining showed that caspase-3 was
present in the SVZ of both control and HI animals (Figure 4). In
the ependymal layer, most of the cells appear positively stained.
Ependymal cells can be distinguished by their location, larger
nuclei, ciliated apical domain, and organization in a simple
epithelium. These cells were not included in the counts.

Caspase-3 + cells were also observed in the zone immediately
subjacent to the ependymal layer of control and HI piglets
(Figures 4A,B), but the quantitative analysis did not reveal
differences in the counts per mm2 in the three SVZ subareas
(Figure 4, graph). Further, caspase-3 + nuclei were from non-
pyknotic cells. Caudate nucleus and periventricular white matter
from control piglets showed a low presence of caspase-3,
contrasting with extensively labeled HI samples.

Hypoxia-Ischemia Reduced the Length
of Glial Fibrillary Acidic Protein + Cells
Processes
The process length of GFAP + cells (radial-glia like cells or
type 1 or neural stem cells) in the SVZ was measured in the
three SVZ subareas (i.e., roof, DL-SVZ, and L-SVZ) to assess the
neurogenic activity close to the ventricular wall. GFAP + cells
showed a large cytoplasm with thin processes that can extend
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FIGURE 4 | Representative microphotographs of Caspase-3 immunostaining in SVZ, caudate nucleus (CDT), and periventricular white matter (PvWM) brain regions
from control (A,C,E) and HI (B,D,F) piglets. Caspase 3 positive cells can be observed in the SVZ of both experimental groups (black arrows), including the
ependymal layer and the underneath SVZ (A,B). Caspase-3 immunoreactivity was also evident in CDT (D) and PvWM (F) from HI animals. Graph: no differences
were observed in caspase-3 positive cell counts in the roof, L-SVZ, or DL-SVZ subareas of the SVZ between control and HI piglets. LV, lateral ventricle; SVZ,
subventricular zone; CDT, caudate nucleus; PvWM, periventricular white matter. Original magnification 400×. Scale bar: 100 µm.

several micrometers away from the ependyma lining the lateral
ventricle toward the inner brain parenchyma (Figure 5). The
length of GFAP + processes differed from each SVZ subarea being
longer in the roof and decreasing its size when getting away from
this area along the DL- and L-SVZs. When comparing control
and HI groups, HI significantly (p < 0.01 for roof and DL-SVZ;
p < 0.05 for L-SVZ) reduced the length of GFAP + processes in
the three subareas of the SVZ (Figure 5, graph).

Hypoxia-Ischemia Diminished Cell
Proliferation in the Subventricular Zone
Ki67-positive cells were present as individual or small clusters
of cells in the SVZ of both control and HI piglets, extending
several cells thick from the ependymal layer along the DL-SVZ
and L-SVZ edges of the lateral ventricle (Figure 6A). Control
animals showed slightly higher values of Ki67 + cells in the L-SVZ
(63.89 ± 19.01 cells per mm2) than in the DL-SVZ (44.13 ± 9.33
cells per mm2). HI reduced cell proliferation by half in both
L-SVZ (31.94 ± 6.98 cells per mm2; p < 0.001 vs. control) and

DL-SVZ (19.44 ± 8.65 cells per mm2; p < 0.001 vs. Control)
regions (Figure 6, upper graph).

Consistent with this finding, we also observed a significant
decrease in the number of Sox2 + Ki67 + cells in the same
regions after HI. Neural stem/progenitor cells (Sox2 +) appeared
in control (Figure 6C) and HI (Figure 6D) piglets, with more
presence in the L-SVZ. Its proliferation, determined by Sox2 and
Ki67 double labeling, was also affected after HI, with a significant
decrease in the number of Sox2 + Ki67 + cells in both L-SVZ
(p < 0.0001 vs. control) and DL-SVZ (p < 0.0001 vs. control)
subareas (Figure 6, lower graph).

Neuroblast Chain Area and Doublecortin
Staining Are Reduced After
Hypoxia-Ischemia
Control animals showed an abundance of neuroblast chains
(assessed by H&E staining; Figures 7A,B) and DCX + neuroblasts
(immunofluorescence; Figures 7C,D). Both techniques gave us a
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FIGURE 5 | Fluorescent microphotographs of GFAP immune-stained samples from control and HI piglets. GFAP reveals the length of the processes of
radial-glia/neural stem cells in the SVZ (A). HI [(B) and graph] significantly reduced the length of GFAP + processes in the three subareas of the SVZ: roof
(∗∗p < 0.01), DL-SVZ (∗∗p < 0.01), and L-SVZ (∗p < 0.05). LV, lateral ventricle; SVZ, subventricular zone; CDT, caudate nucleus; PvWM, periventricular white matter.
Original magnification 400×. Scale bar: 100 µm.

strong positive correlation between the area of neuroblast chains
and DCX immunofluorescence (R2 = 0.6447, p < 0.0001). HI
displayed a significant reduction in the area of neuroblast chains
(H&E, p = 0.0003) and DCX immunofluorescence (p = 0.0044)
compared with control animals (Figure 7, graph).

DISCUSSION

In this study, hypoxic-ischemic piglets showed a decrease in
cellularity in the SVZ independent of cell death at 48 h.
Furthermore, HI decreased the length of GFAP + processes, the
neuroblast chains area, DCX immunoreactivity, and the number
of Ki67 + and Ki67 + Sox2 + cells, thus suggesting that, early
after the HI event, a reduction in both cell proliferation and
neurogenesis occurs.

Cellular and tissue damage triggered after HI can be
generalized and affect the neurogenic niches present in the central
nervous system. Levison et al. (6) described that moderate-to-
severe HI reduced 20% of the total cells from the SVZ in rodents,
so we first wanted to explore if HI could reduce the cellularity in
the SVZ of the newborn piglet. The porcine SVZ is structurally
similar to its human counterpart, made up of a crowd of small
cells closely situated to each other, adjacent to the ependyma
of the lateral ventricles and extending toward the inner brain
parenchyma. In our model, HI reduced the number of cells in
the piglet SVZ without increasing cell death, as the quantification
of necrotic or apoptotic profiles was minimal or absent, later
confirmed by the rare presence of TUNEL-positive cells. In the
same manner, Morton et al. (18) found no differences in cell
death within the SVZ in hypoxic brains using a porcine model
of hypoxia-only injury, thus indicating that cell death is not
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FIGURE 6 | Fluorescent microphotographs of Ki67 [cell proliferation, (A,B)], Sox2/Ki67 [neural stem/progenitor cell proliferation, (C,D)], and DAPI [nuclei, (E,F)]
immune-stained samples from control and HI piglets. Ki67 positive cells (green) are abundant in the control piglet (A), whereas HI (B) significantly reduced its counts
by half in L-SVZ and DL-SVZ (both ∗∗∗p < 0.001). Double Sox2 (red) + /Ki67 (green) + cells are observed in control animals; again, HI reduced neural
stem/progenitor cell counts in L-SVZ and DL-SVZ (both ∗∗∗p < 0.001). DAPI immunostaining reveals total nuclei. LV, lateral ventricle; SVZ, subventricular zone; CDT,
caudate nucleus; PvWM, periventricular white matter. Original magnification 400×. Scale bar: 100 µm.

a major underlying mechanism in the reduction of cellularity
in the piglet SVZ.

Similarly, the rodent SVZ became swollen during recovery
from perinatal HI (as seen here), but few of those cells died (7,
23), with cell death values of approximately 0.3% of the total
SVZ cells. The same authors also evaluated caspase 3 activation,
describing no differences in the percentage of active caspase-3-
positive cells in either the ipsilateral or contralateral SVZs after HI
in rodents (7, 23). In our work, control animals showed abundant
immunoreactivity for caspase-3 in the SVZ neurogenic niche,
but HI did not affect the cell counts. Indeed, caspase-3 positive
nuclei were observed in non-pyknotic cells, so we cannot rule
out a possible non-apoptotic role of this enzyme (24, 25) in
the piglet SVZ. Despite the most recognized role of caspase-3,
i.e., its capacity of inducing DNA fragmentation, its activation

modulates a number of biological processes that do not cause cell
death, including dendritic pruning, cell differentiation, and cell
proliferation (26, 27).

Whereas the piglet SVZ could be a brain region resilient
to HI-induced cell death, SVZ-surrounding regions like the
periventricular white matter and caudate nucleus appeared
vulnerable to HI. As previously reported by our group in
piglets (16) and by other authors in rodents (23), in this study
we show cellular degenerative changes in both brain regions
at 48 h after HI, with low counts of morphologically well-
preserved cells and high values of apoptotic and necrotic profiles,
confirmed with immunohistochemical techniques. Unlike
“mature tissues” like the caudate nucleus or periventricular
white matter, those containing neuronal precursors like
the SVZ have their particular architecture, functions, and
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FIGURE 7 | Neuroblast evaluation through hematoxylin and eosin staining [H&E, (A,B)] and doublecortin immunohistochemistry [DCX, (C,D)] from control and HI
piglets. The abundant presence of neuroblasts in control animals (A,C) is reduced after HI (B,D). Graphs: the average neuroblast chains area (∗∗∗p < 0.001) and
fluorescent intensity of DCX expression (∗∗p < 0.01) in the SVZ was significantly reduced after HI. LV, lateral ventricle; H&E, hematoxylin and eosin staining; DCX,
doublecortin; AU, arbitrary units Original magnification 100×. Scale bar: 500 µm.

fates (12). Together with the presence of large blood vessels
affording rapid reperfusion after HI (28), neurogenic tissues
often have lower oxygen levels compared with others, and
their cells considerably rely upon anaerobic respiration (29),
thus providing resistance to hypoxic phenomena. In vitro
studies support the evidence for strong homeostatic controls
over SVZ cells (30) and their resistance to pro-death stimuli
after brain injury (23), especially when compared with the
vulnerability of mature cells located in adjacent gray and
white matter brain regions. These special features of SVZ
cells could be partially attributed to their high levels of
cytoplasmic glycogen (31) and antiapoptotic proteins (32),
which could act as substrate during HI and ameliorate cell death
cascades, respectively.

If cell death was not a prominent mechanism in the
piglet SVZ after HI, we wondered if the reduction in SVZ
cellularity could be related to a decrease in its neurogenic
potential. In the SVZ, neurogenesis originates from a primary
progenitor with morphological and functional characteristics

of a glial cell, which expresses glial fibrillary acidic protein
(GFAP) (33). GFAP was used as a surrogate for radial glia,
and these GFAP + cells appeared in control animals showing a
triangular shape and exhibiting long and thin processes toward
the brain parenchyma. As radial glia can give rise to neural
stem cells, among other cell types, we wanted to assess the
neurogenic activity close to the ventricular wall, showing that
HI significantly reduced the average length of the processes
of GFAP + radial-glia like cells when compared with control
animals, an observation also described in piglets submitted to
hypoxia only (18).

Neural stem cells give rise to type 2 progenitors that undergo
rapid proliferation responsible for most of the expansion of
the pool of newly generated cells. The piglet SVZ exhibits high
postnatal cell proliferation potency even at 6–7 or 32 weeks of
age (34). This capacity was also observed in our samples from
control animals, showing noticeable Ki67 + cell counts in both L-
and DL-SVZ areas. However, HI induced a significant reduction
in cell proliferation in the SVZ of animals post-HI, whose
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counts diminished by half compared with control. Consistent
with this finding, we also found a reduction in the number of
Sox2 + Ki67 + cells. As stated in the introduction, previous
works in rodents have described that HI can either decrease
(6, 7) or increase the regenerative capacity of the SVZ (9,
11). Later works suggested a possible sequential pattern in
which asphyxia decreased SVZ cell proliferation at 24 h after
HI, followed by an increase in cell division 7 days after the
injury in the neonatal rat (35). The other neurogenic niche,
the hippocampal subgranular zone, displayed a similar behavior
after HI, presenting an initial decrease in cell proliferation
continued by a subsequent increase after the injury (36). As a
limitation of this work, we assessed only the short-term effects
of HI in the neonatal piglet SVZ: the long-term effects are
unknown, including a potential increase in cell proliferation
or in neurogenesis in the SVZ after the initial decrease
observed in this work.

In this study, the relative high abundance of neuroblasts
revealed by H&E and DCX immunostaining in the SVZ of control
animals was drastically reduced after HI. DCX is considered a
marker of neuronal lineage/migrating neuroblasts. Its expression
is thought to be specific for newly generated neurons, since
nearly all DCX-positive cells express early neuronal antigens
but lack antigens specific for glial, undifferentiated, or apoptotic
cells (22, 37). The described biphasic pattern has also been
described for DCX after traumatic brain injury: normothermic
animals showed a reduction in DCX at 72 h after the
injury, with subsequent recovery to their basal values at
7 days (38).

Altogether, these results suggest that neurogenesis is reduced
early after neonatal HI in the SVZ of the postnatal piglet, when
HI-induced cell death is still ongoing in certain regions of the
brain, which could compromise the replacement of the lost
neurons and the achievement of global repair.
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