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Editorial on the Research Topic

Experimental and Clinical Approaches in the Pursuit of Novel Therapeutic Strategies for

Perinatal Brain Injury and Its Neurological Sequelae

Brain injuries during the perinatal period—resulting from encephalopathy-related asphyxia,
prematurity, fetal growth restriction, antenatal toxicity exposure, neonatal stroke, systemic
infections, and metabolic abnormalities—are a significant cause of adverse neurodevelopmental
outcomes, and such injuries occur at different times during the perinatal period and in different
clinical settings (Leaw et al., 2017). Perinatal brain injury causes developmental impairment
and permanent neurological deficits such as cerebral palsy, autism, and intellectual disability in
children, and these are major burdens to those afflicted, their families, and society as a whole.
The progression of perinatal brain injury depends on the balance between persistent injury and
the repair response, which can be modulated by external therapy (Nair et al., 2021; Song et al.,
2021). Interventions against brain injury using hypothermia or recombinant human erythropoietin
during the neonatal period have shown promising results in reducing the prevalence of cerebral
palsy and other neurological sequelae such as autism, intellectual disability, and retinopathy of
prematurity (Shankaran et al., 2012; Song et al., 2016). However, these interventions are not
successful in all cases, especially in very preterm infants, and the current therapy for preterm
brain injury is still mainly supportive (Juul et al., 2020). Therefore, there is a pressing need for a
better understanding of the mechanisms of perinatal brain injury in order to develop strategies
for conducting comparative and translational studies on how to reduce brain injuries and how to
promote injury repair and improve neurological outcomes in both term and preterm infants.

This Research Topic is dedicated to understanding the influence of perinatal brain injuries on
neurological complications, specifically the insult-induced cell death and inflammation signaling
pathways. From this wider understanding, novel experimental intervention strategies could be
hypothesized and developed. This Research Topic comprises 16 articles representing the work
of 131 authors, including 7 animal studies, 3 clinical studies, 5 reviews, and 1 meta-analysis. Of
the 7 animal studies, the majority used rodents, and 1 study used fetal sheep. Hypoxic-ischemic
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brain injury was the most frequently used experimental model
(3 articles) in this Research Topic collection. Other models
included fetal growth restriction (FGR) (2 articles), germinal
matrix hemorrhage (1 article), and perinatal toxicity exposure
(1 article).

Hypoxic ischemic encephalopathy is a subtype of perinatal
brain injury and is one of the major contributors to global
neonatal morbidity and mortality. Brain injury resulting from
birth asphyxia-related hypoxia-ischemia (HI) is associated with
the development of cerebral palsy and cognitive deficits in those
who survive such injuries (Zhang et al., 2020). HI induces
neuronal cell death (Thornton et al., 2017) that persists for
a long period and is related to inflammation and epigenetic
dysregulation (Ma and Zhang, 2015; Albertsson et al., 2018).
Recently, drugs used for the treatment of type 2 diabetes were
found to have neuroprotective properties and therapeutic efficacy
against neurological sequelae in an HI model, thus showing
promising clinical translation potential (Rocha-Ferreira et al.,
2018). Poupon-Bejuit et al. summarize recent findings on the
use of diabetes drugs for the treatment of neonatal HI brain
injury and indicate that diabetes drugs might be considered for
clinical translation as a potential treatment. Epigenetic regulation
plays an essential role during development, and perinatal insult-
induced brain injury and subsequent pathological processes have
been associated with lasting disruptions to the epigenetic control
of gene expression contributing to neurological dysfunction.
Bustelo et al. reviewed the current understanding of epigenetic
mechanisms in perinatal HI brain injury and the potential clinical
implications in terms of prognostic evaluation and therapeutic
interventions. However, knowledge on the role of epigenetics in
HI is still very limited and more efforts are needed for continued
explorations in this area. Inflammation has been suggested to be
a major etiological factor in perinatal brain injury (Hagberg et al.,
2015), and innate lymphoid cells have been shown to play an
important role in neuroinflammation (Nazmi et al., 2018). Zelco
et al. investigated whether type 2 innate lymphoid cells contribute
to the development of preterm brain injury in a mouse HI model.
They found that even though innate lymphoid cells accumulate
in the injured brain hemisphere, type 2 innate lymphoid cells
do not contribute to the development of brain injury in the
mouse model of preterm brain injury. High-mobility group box 1
(HMGB1) promotes neurite outgrowth and thus promotes brain
development under physiological conditions. However, under
pathological conditions, HMGB1 can act as a pro-inflammatory
factor and can promote brain damage. Sun et al. studied the
role of HMGB1 in neonatal rat HI-induced brain injury and
found that it can lead to an imbalance in microglial polarization,
suggesting that HMGB1 might be used as a therapeutic target
against neonatal HI brain injury. To test whether perinatal HI
results in deficits in complex cognitive and executive function,
Maxwell et al. used a touchscreen platform to assess cognitive
function in mice at postnatal day (P)70 (adulthood) following
neonatal HI administered at P10 and showed that HI insult in the
neonatal period is sufficient to cause long-lasting impairments in
cognition and learning processes.

Preterm intraventricular hemorrhage (IVH) occurs in nearly
half of infants born at <26 weeks’ gestation, and 50–75% of

survivors of IVH develop neurological disabilities. Moreover,
around 25% of non-disabled survivors develop psychiatric
disorders and problems with executive function (Luu et al.,
2009; Stoll et al., 2015). Currently, no widely accepted effective
prevention or treatment is available for preterm IVH, although
recent studies have shown promising results. A previous
clinical study showed that postnatal insulin-like growth factor-1
replacement might be a potential treatment for reducing
comorbidities of prematurity (Ley et al., 2019). Following that
study, Horsch et al. performed further post-hoc analyses to
evaluate the effect of the replacement therapy on the incidence
of brain injury in extremely preterm infants. They found that
the potential protective effect of insulin-like growth factor-1
replacement on the occurrence of IVH was most pronounced
in infants with no evidence of IVH at the start of treatment.
To investigate the mechanisms and therapeutic strategies for
IVH, Jinnai et al. established an intracranial collagenase injection
model in P5 rats, which developed moderate brain injury
affecting both the gray and white matter. These animals
developed hyperactivity and showed reduced anxiety in the
juvenile stage, which are relevant observations for mimicking
IVH in preterm human infants. Post-hemorrhagic ventricular
dilatation is a significant cause of death and disability, but few
therapeutic options have so far been tested and new therapies are
urgently needed for these infants. Mahoney et al. carried out a
meta-analysis of 10 trials and concluded that drainage irrigation
and fibrinolytic therapy appear to be the most likely candidates
for improving outcomes after IVH.

FGR is a common complication of pregnancy often associated
with neurological impairments, and there are currently no
treatments for FGR. Kitase et al. established a novel FGR rat
model that gradually restricted uterine/placental blood flow,
which resulted in a 20% reduction in body weight among the
offspring. They further investigated the potential of stem cell
therapy for reversing the neurological impairment induced by
FGR and found that intravenous administration of umbilical
cord-derived mesenchymal stromal cells led to a significant
amelioration of the reduced number of neurons and impaired
behaviors induced by FGR. Glucocorticoids have been used
prenatally to prevent complications in preterm infants, and
Sutherland et al. investigated whether antenatal betamethasone
altered brain development in a sheep model of FGR. They found
that betamethasone administration resulted in independent
subtle adverse effects on white matter development, which
indicated that antenatal glucocorticoids should be administered
with caution. The impact of toxic chemical exposure during
the perinatal period on brain development has also attracted
much attention. Newville et al. report that perinatal opioid
(methadone) exposure exaggerated the peripheral immune
responses and exacerbated inflammatory signaling, which in
part contributed to neurological injury. Treatments to reduce
inflammation could rescue the poor neural outcomes as a
result of perinatal opioid exposure. Prenatal alcohol exposure
is associated with different physical, behavioral, cognitive, and
neurological impairments, and Almeida et al. summarize the
current animal models of fetal alcohol spectrum disorders,
including phenotypic features and neurodevelopmental deficits
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as well as the methodologies used to evaluate behavioral and
anatomical alterations produced by prenatal alcohol exposure
in rodents.

Perinatal brain injury-related neurological sequelae studies
are also included in this collection. Wang et al. report that
brainstem auditory evoked potentials at the age of 6 months
can predict developmental delays in cognitive and motor skills,
and thus they propose that the assessment of brainstem auditory
evoked potentials may be used as a potential indicator for
neurodevelopment. Xie et al. carried out a meta-analysis of
expression datasets and identified a set of preeclampsia-driven
molecular triggers that shift the developing brain toward a
risk of autism spectrum disorders, and Yang et al. evaluated
the effectiveness and safety of a clonidine adhesive patch for
children with tic disorders in a real-world setting. O’Dea et al.
summarize non-neurological organ dysfunction, which not only
has a negative effect on the long-term outcome of neonatal brain
injury, but may also influence the efficacy of treatments in the
acute phase. Further evidence-based research is needed in order
to optimize the management of brain injury, prevent further
organ dysfunction, and reduce neurodevelopmental impairment.

In summary, this Research Topic has gathered contributions
from the groups working in the field of perinatal brain injury and

neurological sequelae, with an emphasis on perinatal etiologies of
neonatal brain injury. Insight into the mechanisms that underlie
the onset and progression of neonatal brain injury might help
to identify new avenues for therapeutic intervention. We firmly
believe that this is a significant period for research on all aspects
of perinatal brain injuries and better preventions and treatments
for these injuries will be forthcoming in the very near future.
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Neonatal hypoxic-ischemic (HI) encephalopathy is a severe disease for which there is
currently no curative treatment. Recent evidence suggests that high-mobility group box
1 (HMGB1) protein can promote neuroinflammation after stroke in adult rodents, but its
role in perinatal hypoxic-ischemic brain damage (HIBD) remains largely uninvestigated.
In the present work, the potential role of HMGB1 in the pathogenesis of HIBD was
explored. A HIBD model was established in postpartum day 7 rat pups. HMGB1
expression, the cellular distribution of HMGB1, and microglial activation were all
evaluated. Glycyrrhizin (GL), an inhibitor of HMGB1, was used to investigate whether
the inhibition of HMGB1 modulated microglial M1/M2 polarization or attenuated brain
damage after HI. HAPI microglial cells and primary neurons were cultured in vitro and an
oxygen-glucose deprivation model was established to evaluate the effects of different
microglial-conditioned media on neurons using GL and recombinant HMGB1. Results
showed that the expression of HMGB1 was increased in both the ipsilateral cortex and
peripheral blood 72 h after HI. Immunofluorescence analyses showed that HMGB1 in the
cortex was primarily expressed in neurons. This increase in cortical HMGB1 expression
72 h after HI was characterized by increased co-expression with microglia, rather than
neurons or astrocytes. The expression of both M1 and M2 microglia was upregulated
72 h after HI. The administration of GL significantly suppressed M1 microglial polarization
and promoted M2 microglial polarization. Meanwhile, GL pretreatment significantly
alleviated brain edema and cerebral infarction. In vitro experimentation showed that
HMGB1-induced M1-conditioned media aggravated neuronal damage, but this effect
was neutralized by GL. These findings suggest that HMGB1 may result in an
imbalance of M1/M2 microglial polarization in the cortex and thus cause neuronal
injury. Pharmacological blockade of HMGB1 signaling may attenuate this imbalanced
polarization of microglia and thus could be used as a therapeutic strategy against brain
injury in HIBD.
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INTRODUCTION

Although neonatal resuscitation has been strongly promoted in
recent years, moderate to severe hypoxic-ischemic brain damage
(HIBD) still occurs after asphyxia (Barkhuizen et al., 2017). The
pathogenesis of HIBD is complex, and there currently exists no
effective treatment except for hypothermia. Even with timely
hypothermia, more than 40% of neonates who experience severe
asphyxia in the perinatal period still exhibit adverse outcomes, or
even die as a result (Wu et al., 2016).

The expression of pro-inflammatory factors is higher in the
developing brain than in the mature brain (Kaur et al., 2017).
Given that HIBD is a pathological condition of the developing
brain, it is hypothesized that inflammation, primarily mediated
by microglia, may play an important role in HIBD after perinatal
asphyxia. Microglia-related neuroinflammation is reported to
be associated with the release of cytokines and additional
inflammatory mediators, leading to secondary neuronal injury
(Umekawa et al., 2015). Microglia can be classified into two
main forms: M1-type (pro-inflammatory) and M2-type (anti-
inflammatory) (Colton, 2009). M1 microglia promote neuronal
death by expressing pro-inflammatory mediators, such as
interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and
inducible nitric oxide synthase (iNOS). In contrast, M2 microglia
promote tissue repair and support neuronal survival through the
secretion of anti-inflammatory cytokines such as transforming
growth factor-β (TGF-β), interleukin-10 (IL-10), and arginase-
1 (Olah et al., 2011; Patel et al., 2013). Normally, there exists a
careful balance of pro-inflammatory M1 and anti-inflammatory
M2 microglia (Jin et al., 2019). Both in vitro and in vivo
experiments have proved that correction of a polarization
imbalance of M1/M2 microglia can inhibit the release of pro-
inflammatory cytokines and decrease neurotoxicity (Weinstein
et al., 2010; Xia et al., 2015; Zhou et al., 2019). In vivo studies
have reported an imbalance of microglial M1/M2 polarization
after hypoxic-ischemic (HI) exposure (Weinstein et al., 2010;
Bhalala et al., 2014). However, the exact mechanism underlying
this M1/M2 microglia imbalance after HI in neonatal models
remains unclear.

High-mobility group box 1 (HMGB1) is a chromatin-
associated protein widely expressed in the nuclei of brain
cells, which, under physiological conditions, promotes neurite
outgrowth and thus brain development (Merenmies et al.,
1991; Guazzi et al., 2003; Liu et al., 2010). Under pathological
conditions, HMGB1 can act as a pro-inflammatory factor,
promoting brain damage (Wang et al., 1999; Zhang et al.,
2011; Andersson et al., 2018). Studies have demonstrated
that HMGB1 is involved in the pathogenesis of ischemic
stroke in adult rodents, activating microglia and promoting
neuroinflammation (Ye et al., 2019). In immature animal models,
it was reported that HMGB1 translocated from nuclear to
cytosolic compartments after HI (Zhang et al., 2016), and the
translocation of HMGB1 was primarily in neurons along with
release from apoptotic cells (Chen et al., 2019). This translocation
may enable the action of HMGB1 as a proinflammatory cytokine
that contributes to HI injury in the developing brain (Zhang
et al., 2016). Unfortunately, the above studies mainly explored

the cellular localization changes of HMGB1 after HI, further
mechanism by which HMGB1 aggravates brain injury in HIBD
is still unclear.

The objective of the present study was to explore whether
HMGB1 played an important role in regulating the phenotypic
balance of M1/M2 microglia in the cortex of neonatal SD
rats after HI exposure, and whether the HMGB1 inhibitor,
glycyrrhizin (GL), could modulate microglial M1/M2
polarization after HI in vivo and in vitro. We found that
HMGB1 was upregulated in microglia after HI. Furthermore,
HMGB1 was able to regulate the M1/M2 phenotypic polarization
of microglia, leading to cortical injury.

MATERIALS AND METHODS

Animals and Ethical Permission
All experiments were performed in accordance with the
guidelines for experimental animal use of Central South
University. The protocol was approved by the ethics committee
of the Third Xiangya Hospital of Central South University (No.
2016-S006). Perinatal Sprague-Dawley (SD) rats were purchased
from Central South University (China). All rats were housed in a
12-h light/dark cycled facility with free access to food and water.

HIBD Animal Model and Drug
Administration
The Rice and Vannucci HIBD model was induced with minor
modifications in postpartum day 7 (P7) rat pups of both genders.
In brief, rat pups were anesthetized with isoflurane and the left
common carotid artery was permanently ligated with 5–0 silk
sutures. Pups were returned to the dam for a 2 h recovery before
initiation of a 2 h hypoxia exposure (37◦C, 8% O2/92% N2). The
sham-operation control animals were given only a small incision
on the left side of the neck and the left common carotid artery
was isolated without artery ligation or hypoxia treatment.

SD rat pups were randomly divided into three groups:
sham + PBS, HI + PBS, and HI + GL. In the HI + GL
group, GL was administered 1 h before artery ligation (20 mg/kg,
i.p.). In the other two groups, an equal volume of 0.01M PBS
was administered.

Primary Neuron Cultures and
Microglial-Conditioned Media Treatment
Cells from the microglia-like cell line HAPI (highly aggressive
proliferating cell type) were seeded into 6-well plates at
1 × 105/mL and incubated overnight in high-glucose Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal bovine
serum (FBS). Then, an oxygen-glucose deprivation (OGD) model
was established to mimic the in vivo HI process. HAPI cells
were divided into the following three groups: OGD + PBS,
OGD + GL, and OGD + r-HMGB1. In brief, PBS (0.01M),
GL (55 µM), and recombinant HMGB1 (r-HMGB1, 10 ng/mL)
were added to the respective cell groups for 2 h. The cells’
medium was then replaced with glucose-free Earle’s balanced salt
solution, and they were placed in an oxygen- deprived incubator
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(93% N2/5% CO2/2% O2) at 37◦C for 12 h. Finally, the culture
supernatant was collected, one part was used for an ELISA,
and the other was used as a conditioned medium (CM) for
primary neurons.

Primary cortical neurons were obtained from P1 rat pups. In
brief, the cortices of P1 rats were isolated, digested by trypsin, and
filtered using a 50 µm sterile nylon filter. Cells were then placed
in 24-well plates pre-coated with poly-L-lysine in a neurobasal
medium with 10% FBS and B27 supplement. The cells were
placed in an incubator (37◦C, 5% CO2) to differentiate for 7 days.
At this point, the neuronal medium was removed and substituted
with the aforementioned CM from HAPI microglial cells. To
analyze the effects of CM on cell viability, neurons were cultured
with this microglial CM for 24 h.

Cell Viability and Neurite Length
Measurement
Primary cortical neurons were seeded in 96-well plates at a
density of 5 × 103 cells/well. After culturing with microglial CM
for 24 h, a cell viability assay was performed using a cell-counting
kit (CCK-8; Beyotime, China). The optical density was read at a
wave length of 450nm using an EnVision Xcite microplate reader
(PerkinElmer, United States). Cell viability was calculated using
the following formula:

Cell viability (%) =
optical density of treated group
optical density of control group

× 100

For neurite length measurement, three digital images were taken
per well after microtubule-associated protein 2 (MAP-2) and
4′, 6′- diamidino-2-phenylindole (DAPI) immunostaining.
Using the plugins NeuronJ and ImageScience, Image J
software was then used to calculate the average neurite
length of MAP-2- positive neurons in every image following the
instructions provided.

Western Blotting
Western blotting was used to assess the expression of
HMGB1, ionized calcium-binding adaptor molecule 1 (Iba-
1), and β-actin in the cortex. Briefly, frozen cortex samples
were completely homogenized in lysis buffer containing
Phenylmethanesulfonyl fluoride (PMSF, Beyotime, China,
ST505) and Radio Immunoprecipitation Assay (RIPA, Beyotime,
China, P0013B) and centrifuged at 12,000 rpm for 15 min at
4◦C. The supernatant was collected and contained the total
protein extracted from the tissue. The quantity of protein in
the samples was determined using a BCA protein assay kit
(Beyotime, China), according to the manufacturer’s instructions.
Samples (30 µg per lane) were separated by 12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked with 5% defatted milk for 2 h at room
temperature (temperature of 20–25◦C) and, then incubated
overnight at 4◦C with primary antibodies: rabbit anti-HMGB1
(1:1000 dilution, Abcam, ab18256), rabbit anti-Iba1 (1:100
dilution, Abcam, ab178847), and rabbit anti-β-actin (1:2000
dilution, Proteintech, 14395-1-AP). After three washes in

PBST (0.01M PBS containing 0.1% Tween-20), the membranes
were incubated with secondary antibodies (goat anti-rabbit
IgG, IRDye R© 800CW Conjugated, 1:5000 dilution) at room
temperature for 2 h. Finally, visualization of the blotted protein
bands was accomplished using an infrared laser imaging system
(Odyssey CLx, LI-COR, United States) and was quantified by
densitometry. The relative expression levels of protein were
normalized by the ratio of target protein (HMGB1 and Iba-1)
to β-actin.

Enzyme-Linked Immunosorbent Assay
(ELISA)
Under anesthesia, whole blood samples were collected from
the left ventricles of the rats before transcardial perfusion.
Subsequently, samples were centrifuged at 3000 rpm for 10 min
at room temperature. The supernatants were collected and frozen
at −80◦C for further analyses. Before analysis, the samples
were centrifuged again, and the supernatant was used for the
ELISA assay. HMGB1 concentration was determined using an
HMGB1 ELISA kit (Chondrex, United States, 6160), following
the manufacturer’s protocol.

For the in vitro experiment, the culture supernatant from
HAPI microglia was collected for the ELISA. The concentrations
of TNF-α, IL-1β, and IL-10 were determined using the following
ELISA kits: TNF-α (Thermo Fisher, United States, 88-7340-
22), IL-1β (R&D Systems, United States, DY501-05), and IL-
10 (Abcam, United States, ab218796). All measurements were
performed following the manufacturers’ protocols.

Immunofluorescence Staining
Animals were anesthetized and, transcardially perfused with
0.01M PBS and 4% paraformaldehyde (PFA). The brains
were then removed and post-fixed in 4% PFA immediately.
After dehydration with a sucrose gradient, 20 serial coronal
sections were cut across the middle of hemisphere. Sections
were then washed three times with 0.01M PBS, blocked
with 5% bovine serum albumin (BSA), and used for active
HMGB1, Iba1, neuronal nuclei (NeuN), glial fibrillary acidic
protein (GFAP), CD86, and CD206 staining. The sections were
then incubated overnight at 4◦C with the following primary
antibodies: rabbit anti-Iba1 (1:100 dilution, Abcam, ab178847),
rabbit anti-NeuN (1:300 dilution, Abcam, ab177487), mouse
anti-HMGB1 (1:500 dilution, Gene Tex, GT348), mouse anti-
GFAP (1:300 dilution, Cell Signaling, 3670T), rabbit anti-
HMGB1 (1:1000 dilution, Abcam, ab18256), rabbit anti-CD86
(1:200 dilution, Proteintech, 13395-1-AP), rabbit anti-CD206
(1:500 dilution, Abcam, ab125028), and mouse anti- Iba1 (1:500
dilution, Abcam, ab15690). After three washes in 0.01M PBS,
the sections were incubated with Cy3-conjugated goat anti-rabbit
IgG (1:2000 dilution, Boster Biological Technology, BA1032) or
FITC-conjugated goat anti-mouse IgG (1:2000 dilution, Boster
Biological Technology, BA1101) for 1 h at room temperature.
After three washes in 0.01M PBS, these were then covered with
diamidino-2-phenylindole (DAPI, 1:1000, Beyotime, C1002)
for 5 min. For each staining, five non-overlapping digital
microscopic images of cortical areas were randomly captured

Frontiers in Cellular Neuroscience | www.frontiersin.org 3 December 2019 | Volume 13 | Article 50610

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


fncel-13-00506 December 10, 2019 Time: 15:1 # 4

Sun et al. Post-HIE Microglial Expression of HMGB1

using a fluorescence microscope (IX71, OLYMPUS, Japan). The
number of positive cells was determined using Image-Pro Plus 6.0
(Media Cybernetics, United States).

The cultured cortical neurons were fixed with 4% PFA for
24 h after culturing in microglial-CM. They were then incubated
with rabbit anti-MAP2 antibodies (1:200 dilution, Proteintech,
17490-1-AP) overnight at 4◦C. After three washes in 0.01M
PBS, they were incubated with Cy3-conjugated goat anti-rabbit
IgG (1:2000 dilution, Boster Biological Technology, BA1032) and
then covered with DAPI. Digital microscopic images were taken
using the aforementioned IX71 fluorescence microscope.

Reverse Transcription and qRT-PCR
Under deep anesthesia, the brains of the rats were removed
and the cerebral cortex was rapidly separated and snap-frozen
in liquid nitrogen. Total RNA was isolated using TRIzol
reagent (Invitrogen, United States). The first-strand cDNA was
synthesized using the Reverse Transcription System (Toyobo,
Osaka, Japan), according to the manufacturer’s protocol. The
relative expression level of mRNA was then assessed using
the SYBR Green Real-time PCR Master Mix Kit (Toyobo,
Osaka, Japan) and quantified using the Mastercycler R© ep realplex
qRT-PCR system (Eppendorf, Germany) with glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as the reference gene. All
primers used in the qRT-PCR reactions were purchased from
Sangon Biotech (China). The sequences of the primer pairs
are described as follows: TNF-α (forward: 5′-GCA TGA TCC
GAG ATG TGG AAC TGG-3′; reverse: 5′-CGC CAC GAG CAG
GAA TGA GAA G-3′); IL-6 (forward: 5′-AGG AGT GGC TAA
GGA CCA AGA CC-3′; reverse: 5′-TGC CGA GTA GAC CTC
ATA GTG ACC-3′); IL-1β (forward: 5′-ATC TCA CAG CAT
CTC GAC AAG-3′; reverse: 5′-CAC ACT AGC AGG TCG TCA
TCC-3′); iNOS (forward: 5′-AGA TCC CGA AAC GCT ACA
CTT-3′; reverse: 5′-TGC GGC TGG ACT TCT CAC TC-3′);
arginase-1 (forward: 5′-ACA TCA ACA CTC CGC TGA CAA
CC-3′; reverse: 5′-GCC GAT GTA CAC GAT GTC CTT GG-
3′); TGF-β (forward: 5′-GGC ACC ATC CAT GAC ATG AAC
CG-3′; reverse: 5′-GCC GTA CAC AGC AGT TCT CTG-3′);
IL-4 (forward: 5′-CAA GGA ACA CCA CGG AGA ACG AG-
3′; reverse: 5′-CTT CAA GCA CGG AGG TAC ATC ACG-3′);
GAPDH (forward: 5′-GAC ATG CCG CCT GGA GAA AC-3′;
reverse: 5′-AGC CCA GGA TGC CCT TTA GT-3′). The relative
expression of mRNA was calculated using the 2−11Ct method.

Infarct Ratio Calculation
The rat brains were rapidly removed 3 days post-HI and frozen
in a freezer at −20◦C for 20 min. They were then taken out
and four 1.5 mm thick sections were sliced. These sections were
placed in 2% TTC staining solution, and incubated at 37◦C for
20 min in the dark. Finally, the stained brain slices were placed on
a drape for photographing. The aforementioned Image-Pro Plus
6.0 software was used to calculate the volume of each section. The
following formula was used to calculate infarct ratio:

Ratio of infarct =
infarct volume

total section volume
× 100

Brain Water Content
Rats were sacrificed under anesthesia24 h after HI. The brains
were bisected to generate two hemispheres (ipsilateral and
contralateral to the injury) which were then immediately weighed
(wet weight). The hemispheres were then put in an oven (105◦C)

FIGURE 1 | Expression of HMGB1 in the cerebral cortex after HI. (A) Western
blot bands of HMGB1 expression in the cerebral cortex of P7 SD rats at
different time points from 12 h to 7 days after HI. (B) Quantitative analyses of
the western blot bands (relative OD value) at different time points from 12 h to
7 days after HI, comparing to the sham group (n = 5 for each group). The
expression of HMGB1 dramatically increased 24 h after HI and peaked 72 h
after HI. Bars represent the mean ± SEM. ∗P < 0.05 compared to the sham
group.

FIGURE 2 | Expression of HMGB1 in serum after HI. HMGB1 level in the
peripheral blood detected by ELISA was increased significantly 12, 24, and
48 h after HI exposure with a peak level 24 h after HI comparing to the sham
group (n = 10 for each group except n = 9 for the 12 and 24 h group). The
serum level of HMGB1 7 days after HI was decreased to a similar level of the
sham group. Bars represent the mean ± SEM. ∗P < 0.05 compared to the
sham group.
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for 48 h and weighed again (dry weight). The following formula
was used to calculate brain water content:

Brain water content (%) =

[
wet weight − dry weight

wet weight

]
× 100

Statistical Analysis
All data are shown as means ± SEM. Data from the different
experimental groups were analyzed using one-way ANOVA and
the Tukey test for post hoc comparisons. Statistical Package for
the Social Sciences 19.0 (SPSS, IBM, United States) and GraphPad
Prism 5.0 (GraphPad, San Diego, CA, United States) were used
for this statistical analysis. A p-value < 0.05 was considered
statistically significant.

RESULTS

HMGB1 Was Upregulated in Both the
Cerebral Cortex and Serum After HI
To investigate the effect of HI on HMGB1, we examined the
expression of HMGB1 in the ipsilateral cerebral cortex and
peripheral blood by western blotting and ELISA, respectively.
Western blot analysis revealed that the expression of HMGB1
was increased in the ipsilateral cerebral cortex 48 h after HI,
peaked 72 h after HI, and subsequently decreased to baseline level
compared to the sham group (both p < 0.05) (Figures 1A,B).
ELISA results revealed that the expression of HMGB1 was rapidly
up-regulated in serum after HI, peaking at 24 h and gradually
returning to a normal level (51.72 ± 8.32, 72.43 ± 16.38,

FIGURE 3 | Co-expression of HMGB1 and neural cells in the cerebral cortex after HI. (A,C,E) Double immunofluorescent labeling for HMGB1 with NeuN (A), Iba-1
(C) and GFAP (E) in the cerebral cortex 72 h after HI. Scale bars = 20 µm. NeuN, Iba-1 and GFAP positive cells are red, HMGB1 positive cells are green and merged
cells are yellow. (B,D,F) Statistical results of NeuN+/HMGB1+, Iba-1+/HMGB1+ and GFAP+/HMGB1+ cell numbers in 0.18 mm2 area (n = 6 for each group).
Iba-1+/HMGB1+ cell numbers significantly increased after HI. There were no significant changes in NeuN+/HMGB1+ and GFAP+/HMGB1+ cell numbers after HI
compared to the sham group. Bars represent the mean ± SEM. ∗∗P < 0.01, ns, no significance compared to the sham group.
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59.32 ± 12.18 vs. 25.78 ± 3.58 ng/mL at 12, 24, 48 h post-HI
compared to sham group respectively; all p < 0.05) (Figure 2).

Cortical HMGB1 Expression Was
Increased in Microglia, but Not in
Neurons or Astrocytes
As HMGB1 is widely expressed in the brain, we then explored
in which type of cells HMGB1 was up-regulated. Double-labeled
immunofluorescence of HMGB1 was performed in neurons,
microglia, and astrocytes. In the sham group, cortical HMGB1
was primarily expressed in neurons (NeuN+/HMGB1+)
(267.40 ± 36.04/0.18 mm2), with low expression in microglia
(Iba1+/HMGB1+) (22.72 ± 3.17/0.18 mm2) and astrocytes
(GFAP+/HMGB1+) (5.40 ± 0.97/0.18 mm2) (Figures 3A,C,E).
However, 72 h after HI, HMGB1 was increased in microglia
[56.36± 9.13/0.18 mm2 (HI) vs. 22.72± 3.17/0.18 mm2 (Sham),
p < 0.01], but not in neurons [267.40 ± 36.04/0.18 mm2 (HI)
vs. 276.90 ± 34.98/0.18 mm2 (Sham), p > 0.05] or astrocytes
[(5.40 ± 0.97/0.18 mm2 (HI) vs. 6.52 ± 0.41/0.18 mm2 (Sham),
p > 0.05] (Figures 3B,D,F).

Microglial Activation Occurred in the
Cerebral Cortex After HI
Previous studies have shown that microglia are activated
in the pathophysiology of HIBD (Ferrazzano et al., 2013;

Cengiz et al., 2019), and HMGB1, a pro-inflammatory factor, is
upregulated in these activated microglia. Therefore, we explored
whether microglial activation was induced in the cerebral cortex
after HI. Immunofluorescence (Figures 4A,B) and western
blot (Figures 4C,D) experiments showed that 72 h after HI
injury, the expression of Iba-1, a marker of microglia, was
significantly higher in the HI group than in the sham group
(p < 0.01 and, p < 0.05, respectively). Meanwhile, microglial
morphology changed from branch to amoeba-like after HI
exposure. These changes demonstrated that cortical microglia
were activated 72 h after HI.

HMGB1 Inhibition Altered M1/M2
Microglial Polarization and Cytokine
Transcription
Having observed microglial activation, we further analyzed the
M1/M2 polarization of microglia in the cerebral cortex and
investigated if this was affected by GL, a specific inhibitor
of HMGB1. We first used western blotting to detect whether
the expression of HMGB1 in the cerebral cortex could be
inhibited by GL pretreatment (Figures 5A,B). It was showed
that GL could effectively attenuate the expression of HMGB1
in the cerebral cortex 72 h after HI. Then Iba1+/CD86+ and
Iba1+/CD206+ co-staining were used to identify M1 and M2
phenotypes, respectively (Figures 6A–D). The results showed

FIGURE 4 | Expression of microglia in the cerebral cortex after HI. (A) Immunofluorescent labeling of microglia (Iba-1) in the cerebral cortex 72 h after HI. The
morphology of microglia changed from branch in sham group (white narrow arrows) to ameba-like in HI group (white wide arrows) after HI exposure. Scale
bar = 20 µm. (B) Quantitative analyses of Iba-1 fluorescence intensity (relative OD value) showed that there was an increased expression of Iba-1 (n = 6 for each
group). (C) The expression of Iba-1 in the cerebral cortex detected by western blot 72 h after HI. (D) Quantitative analyses of the western blot bands (relative OD
value) revealed that there was a significantly increase in the expression of Iba-1 (n = 6 for each group). Bars represent the mean ± SEM. ∗P < 0.05 compared to the
sham group, ∗∗P < 0.01 compared to the sham group.
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that the expression of both M1 and M2 phenotypes was
significantly increased 72 h after HI [37.00 ± 6.29 cells/0.18mm2

(Sham + PBS) vs. 126.60 ± 23.74 cells/0.18mm2 (HI + PBS);
23.60 ± 6.94 cells/0.18mm2 (Sham + PBS) vs. 61.20 ± 8.12
cells/0.18mm2 (HI + PBS), p < 0.01 and p < 0.05, respectively].
When rats were pretreated with GL, the number of M1 microglia
(Iba1+/CD86+ cells) significantly reduced [126.60 ± 23.74
cells/0.18 mm2 (HI + PBS) vs. 56.80 ± 9.12 cells/0.18 mm2

(HI + GL), p < 0.05] (Figures 6A,B), while the number
of M2 microglia (Iba1+/CD206+ cells) significantly increased
[61.20 ± 8.12 cells/0.18 mm2 (HI + PBS) vs. 127.60 ± 20.60
cells/0.18 mm2 (HI+ GL), p < 0.05] (Figures 6C,D).

We then detected the mRNA expression of M1 and M2
inflammatory factors using qRT-PCR. Results showed that the
mRNA expression of M1 and M2 functional cytokines was
significantly increased in the HI + PBS compared to the
sham + PBS group 72 h after HI (p < 0.05, Figures 7A,B). The
mRNA expression of M1 functional cytokines (iNOS, TNF-α,
and IL-1β) was significantly decreased in the HI + GL group
compared to the HI + PBS group (all p < 0.05, Figure 7A).
In contrast, the mRNA expression of M2 functional cytokines
(arginase1, IL-4, and TGF-β) was significantly increased in the
HI + GL group compared to the HI + PBS group (all p < 0.05
except for arginase1, Figure 7B).

HMGB1 Aggravated Microglial-Induced
Neurotoxicity in vitro
To further elucidate the effect of HMGB1 on microglial
phenotype, an OGD model of HAPI microglial cells was
established in vitro. The effects of r-HMGB1 and its inhibitor
GL, on the phenotypic changes of HAPI microglial cells
were examined (Figure 8A). ELISA analysis showed that GL
significantly reduced the expression of the M1-associated
inflammatory cytokines TNF-α [66.44 ± 4.84 pg/mL
(OGD + PBS) vs. 35.08 ± 2.94 pg/mL (OGD + GL),
p < 0.05] and IL-1β [113.00 ± 2.99 pg/mL (OGD + PBS)
vs. 62.21± 2.85 pg/mL (OGD+ GL), p < 0.05], and significantly
increased the expression of the M2-associated inflammatory
cytokine IL-10 [97.89 ± 3.08 pg/mL (OGD + PBS) vs.
221.90 ± 5.43 pg/mL (OGD + GL), p < 0.05]. In contrast,
r-HMGB1 significantly increased the expression of TNF-α
[66.44 ± 4.84 pg/mL (OGD + PBS) vs. 119.00 ± 2.70 pg/mL
(OGD + r-HMGB1), p < 0.05] and IL-1β [113.00 ± 2.99 pg/mL
(OGD + PBS) vs. 173.60 ± 2.77 pg/mL (OGD + r-HMGB1),
p < 0.05], and significantly reduced the expression of IL-10
[97.89 ± 3.08 pg/mL (OGD + PBS) vs. 49.37 ± 3.98 pg/mL
(OGD+ GL), p < 0.05]. These results indicated that under OGD
conditions, HMGB1 promoted the polarization of microglia to a
M1-like phenotype. In contrast, inhibition of HMGB1 promoted
the polarization of microglia to a M2-like phenotype.

Next, the effect of different CM from HAPI microglial cells
on neurons was examined (Figures 8B–D). We defined CM
from M1 and M2-like phenotypes, as M1-CM and M2-CM,
respectively. We first used MAP2 as a marker to explore the
effects of different CMs on the length of nerve dendrites using an
immunofluorescence assay. It was noted that the mean neurite

FIGURE 5 | Effect of GL on the expression of HMGB1 in the cerebral cortex
after HI. (A) Western blot bands of HMGB1 expression in the cerebral cortex
72 h after HI. (B) Quantitative analyses of the western blot bands (relative OD
value) showed that GL effectively inhibited the expression of HMGB1 in the
cerebral cortex 72 h after HI (n = 5 for each group). Bars represent the
mean ± SEM. ∗P < 0.05.

length of MAP2-positive cells significantly decreased in the
presence of M1-CM. In contrast, the mean neurite length of
MAP2-positive cells significantly increased in the presence of
M2-CM (Figures 8B,C). The survival of cortical neurons was
then evaluated using a CCK-8 assay. This showed that M1-CM
from the OGD+ r-HMGB1 group significantly reduced the cell
viability of the primary cortical neurons, while M2-CM from the
OGD + GL group significantly increased the cell viability of the
primary cortical neurons, compared to the OGD + PBS control
group (Figure 8D). These results suggested that HMGB1 could
aggravate microglial-induced neurotoxicity in OGD conditions.

HMGB1 Inhibition Alleviated HI-Induced
Brain Injury
As HMGB1 induced microglial polarization to an M1 phenotype,
leading to increased neurotoxicity, we then explored whether
inhibition of HMGB1 could attenuate HI-induced brain damage
using edema assessment and cerebral infarction detection
(Figures 9A–D). As shown in Figure 9A, the ipsilateral side of
the brain was visibly edematous 72 h after HI insult. Pretreatment
with GL alleviated this edema and morphological damage in
the HI group. As shown in Figure 9B, the water content
of the ipsilateral hemispheres was significantly increased in
the HI group compared to the sham group. The inhibition
of HMGB1 significantly alleviated the water content of the
ipsilateral hemispheres in the HI group (p < 0.05). TTC staining
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FIGURE 6 | Effect of GL on M1 and M2 phenotypes of microglia in the cerebral cortex after HI. (A) Immunofluorescent labeling of M1 phenotype (Iba-1+/CD86+) in
the cerebral cortex 72 h after HI. Scale bars = 20 µm, Iba-1 positive cells are red, CD86 positive cells are green, DAPI-stained nuclei are blue and merged cells are
yellow. (B) The statistical results of Iba-1+/CD86+ cell numbers in 0.18 mm2 area. The expression of M1 phenotype significantly increased after HI. While it had a
decrease in HI + GL group compared to HI + PBS group. (C) Immunofluorescent labeling of M2 phenotype (Iba-1+/CD206+) in the cerebral cortex 72 h after HI.
Scale bars = 20 µm, Iba-1 positive cells are red, CD206 positive cells are green, DAPI-stained nuclei are blue and merged cells are yellow. (D) The statistical results
of Iba-1+/CD206+ cell numbers in 0.18 mm2 area. The expression of M2 phenotype significantly increased after HI and it had an increase in HI + GL group
compared to HI + PBS group. N = 6 for each group, bars represent the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01.

showed that HI insult substantially increased ipsilateral infarct
size, which was reversed by pretreatment with HMGB1 inhibition
(p < 0.05, Figures 9C,D). These results suggested that the
inhibition of HMGB1 could alleviate HI-induced brain damage.

DISCUSSION

The present study investigated whether HMGB1 has a role
in the pathogenesis of neonatal rat HIBD, focusing on the
polarization of microglia. It was found that HMGB1 led to
an imbalance in M1/M2 microglial polarization in the cortex,
thus aggravating brain damage. This was alleviated by inhibiting
HMGB1 with GL in HIBD.

HMGB1, a damage-associated protein, mediates
neuroinflammation and brain damage in many neurological
diseases including ischemic stroke (Angelopoulou et al., 2018;
Paudel et al., 2018; Ye et al., 2019). Previous studies demonstrated

that HMGB1 increased early at 3 h in serum and decreased in
cerebral cortex after HI (Chen et al., 2019). Similarly, we found
that HMGB1 was upregulated in peripheral blood after HI insult.
But in our study, ipsilateral cortical HMGB1 also increased
and serum HMGB1 increased 12 h after HI, inconsistent with
the aforementioned results. These different results may be
due to the different temperatures and different severity of
injury after suffering from HI. It is suggested that pathological
change and cerebral metabolic rate are different under different
temperatures, and different temperatures can even affect clinical
efficacy in hypothermia-treated HIE (Kim et al., 2014). And due
to individual variation in animals, different severity of brain
injury may occur, which could also lead to the discrepancy above.

Besides the serum and cortical upregulation of HMGB1, we
also found that the expression of HMGB1 increased in peripheral
blood much earlier than in the brain. There are two potential
mechanisms underlying this experimental phenomenon. One
possibility is that the early increase of peripheral HMGB1
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FIGURE 7 | Effect of GL on M1 and M2 functional cytokines in the cerebral cortex after HI. (A) The mRNA levels of M1 functional cytokines (iNOS, IL-1β, and TNF-α)
were detected using qRT-PCR 72 h after HI. Results showed that the mRNA expression of M1 functional cytokines all increased after HI. While there was a
significant decrease in HI + GL group compared to HI + PBS group. (B) The mRNA levels of M2 functional cytokines (Arg-1, IL-4, and TGF-β) were detected using
qRT-PCR 72h after HI. Results showed that the expression of M2 functional cytokines all increased after HI and there was a higher level in HI + GL group compared
to HI + PBS group. N = 6 for each group, bars represent the mean ± SEM, ∗P < 0.05, ∗∗P < 0.01, ns, no significance.

comes from brain tissue damage. As a typical damage-associated
protein, HMGB1 could be released from damaged or necrotic
brain tissue after HI insult, directing blood-brain barrier (BBB)
breakdown and entering peripheral blood immediately, leading
to a rapid increase of peripheral HMGB1 (Faraco et al., 2007;
Ye et al., 2019). In addition, stimulation such as surgery and HI
insult may have induced the release of HMGB1 from peripheral
organs, causing peripheral HMGB1 to increase rapidly (Jellema
et al., 2013; Terrando et al., 2016). The increased peripheral
HMGB1 could in turn damage BBB and enter the brain, along
with HMGB1 from the damaged brain tissue to lead to an
increase of cerebral HMGB1. Our previous study showed that
serum HMGB1 levels were significantly elevated in persistent
pulmonary hypertension of the newborn (PPHN) and decreased
dramatically after PPHN resolution (Tang et al., 2019). A meta-
analysis by Le et al. (2018) demonstrated that circulating blood
HMGB1 levels increased in ischemic stroke, with a higher
HMGB1 level indicating a more serious condition. The rapid rise
observed in peripheral HMGB1 after HI suggested that HMGB1
is sensitive to HI insult, and may potentially be useful as a
biomarker in the early stage of HIBD.

In our study, we found that HMGB1 was widely expressed in
the neurons of neonatal rat brains. However, the upregulation of
HMGB1 after HI was characterized by an increased expression
in microglia, but not in neurons or astrocytes. Several studies
have demonstrated that HMGB1 can be transferred from the
nucleus of the neuron to the cytoplasm or released extracellularly
by stimulation such as brain ischemia (Qiu et al., 2008; Zhang
et al., 2016; Chen et al., 2019) and subarachnoid hemorrhage
(Sun et al., 2014). Under severe cerebral ischemic conditions,
neuronal cells undergo apoptosis or necrosis by the induction of
a number of pathways (Thal et al., 2011). As a result, HMGB1
could be released from necrotic neurons and interact with
microglia as an extracellular cytokine (Frasch and Nygard, 2017).
Based on the above research, it is therefore likely that HMGB1
was transferred extracellularly from neuronal nuclei or released
from necrotic neurons after HI insult. This neuronal HMGB1
could then serve as an extracellular factor, binding to microglia
and, resulting in the increase of HMGB1+/Iba1+ cells. As a
group of innate immune cells in the central nervous system,
it is known that microglial-mediated neuroinflammation plays
an important role in the pathogenesis of many neurological
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FIGURE 8 | Effect of HMGB1 on microglia-induced neurotoxicity in vitro. (A) HAPI microglia was pretreated with r-HMGB1 or GL and then undergoing OGD for 24 h.
The expression of TNF-α, IL-1β and IL-10 in culture supernatant was measured by ELISA (n = 4 wells per group). (B) Immunofluorescent staining of primary cortical
neurons (MAP2, green) with DAPI (blue) 48 h after incubation with different CM from HAPI microglial medium. Scale bars = 20 µm. (C) Quantitative analyses of
relative neurite length of primary neurons after immunofluorescent staining using ImageJ. N = 4 wells for each group, 3 digital microscopic images for each well.
(D) Cell viability of primary neurons 48 h after incubation with different CM from HAPI microglial medium using CCK8 method (n = 4 wells for each group). Bars
represent the mean ± SEM, ∗P < 0.05, ∗∗∗P < 0.001.
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FIGURE 9 | Effect of GL treatment on HI-induced brain injury. (A) Whole brain photos showing cerebral edema 24 h after HI. Gray arrows indicate sites of significant
edema. Cerebral edema area in HI + GL group was smaller than HI + PBS group. (B) The brain water content measurement showed that the ipsilateral brain water
content in HI + GL group was significantly lower compared to the HI + PBS group (n = 6 for each group). (C) TTC staining of all treatment groups 72 h after HI.
Normal tissues were red or pink, while infract tissues were white. The white area in HI + GL group was smaller than HI + PBS group. (D) Statistical results showed
that the ratio of infract volume in HI + GL group was significantly lower compared to HI + PBS group (n = 5 for each group). Bars represent the mean ± SEM,
∗P < 0.05, ∗∗P < 0.01.

diseases, including HIBD (Fonken et al., 2016; Zhang et al.,
2016; Kigerl et al., 2018). As an important inflammatory
factor, the binding of HMGB1 to microglia could further
promote this neuroinflammation (Sun et al., 2018), in turn
triggering an inflammation cascade response and, aggravating
brain damage. Further, the in vitro experiments in our study
showed that HMGB1 increased the neurotoxicity of neurons
under the condition of OGD (Figure 8). It is implied that the
increase of HMGB1+/Iba1+ cells may result in a decrease of
HMGB1+/NeuN+ cells. However, we did not find a decrease in
the number of HMGB1+/NeuN+ cells 72 h after HI. Due to the
sustained neuroinflammation, there is a great possibility that the
number of HMGB1+/NeuN+ cells will decrease after 72 h post
HI. Thus, inhibition of HMGB1 expression may help to reduce
neuroinflammation.

Studies have shown that microglia can be activated after HI
stimulation (Ohsawa and Kohsaka, 2011; Serdar et al., 2019).
In our study, HI insult resulted in an increased expression of
Iba-1 and a change in microglial morphology from branch to
ameba-like. These results indicated that cortical microglia were
activated after HI, consistent with previous research (Harry, 2013;
Cengiz et al., 2019). Microglia can be differentiated into different
subtypes after activation. The two main subtypes are M1 and M2
microglia, characterized by pro-inflammatory (neurotoxic) and
anti- inflammatory (neuroprotective) phenotypes, respectively

(Olah et al., 2011; Patel et al., 2013). In this study, the HMGB1
inhibitor GL was used to investigate the effect of HMGB1 on
the M1/M2 polarization of microglia during the pathogenesis of
HIBD. The results showed that the expression of both M1 and
M2 microglia was significantly increased 72 h after HI. Inhibition
of HMGB1 by GL reduced the expression of the M1 phenotype
and promoted the expression of the M2 phenotype, indicating
that HMGB1 was involved in the imbalance of M1/M2 microglial
polarization in HIBD.

In addition, an in vitro experiment was conducted to mimic
the HI process in vivo. We investigated the polarization state of
microglia and the effect of microglia on HMGB1 expression in
neurons during the process of OGD. We found that HMGB1
promoted the polarization of microglia to an M1 phenotype,
enhancing the expression of pro-inflammatory factors such as
TNF-α and IL-1β, and resulting in a decrease in neuronal activity
and dendritic length. However, the above phenomenon could
be neutralized by inhibiting HMGB1 with GL. We conducted
further animal experiments and found that HMGB1 inhibition
could reduce brain edema and cerebral infarction area after HI.
The above effects of HMGB1 are similar to those reported by
Gao et al. (2018) and Sun et al. (2018). Taken together, these
findings suggest that HMGB1 may cause neuroinflammation and
neuronal damage by inducing an imbalance of M1/M2 microglial
polarization, leading to brain damage.
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There exists a number of limitations of our study. As different
pathological changes occur at different time points after HI
(Park et al., 2018), the window of time during which post-HI
treatment is administered has a significant impact on prognosis.
Unfortunately, in our study, GL was only administered as a pre-
treatment before HI and not at different time points after HI. In
addition, this study did not explore the underlying mechanisms
and specific pathways by which HMGB1 regulates the M1/M2
polarization of microglia. Finally, this study only examined the
acute phase of HI (0–72 h), whereas it is known that, perinatal HI
has a long-term effect on the development of the nervous system
in children (Papazian, 2018; Sanches et al., 2019). This study did
not investigate the effects of HMGB1 on the development of the
brain in the late phase of HI. The aforementioned points therefore
need to be addressed in further research.

CONCLUSION

Our findings suggest that HMGB1 may lead to an imbalance of
M1/M2 microglial polarization in the cortex and thus neuronal
injury. Such findings suggest that pharmacological blockade of
HMGB1 signaling may attenuate this imbalanced polarization of
microglia and thus could be used as a therapeutic strategy against
brain injury in HIBD.
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Fetal growth restriction (FGR) is a common complication of pregnancy often associated
with neurological impairments. Currently, there is no treatment for FGR, hence it is
likely these babies will be delivered prematurely, thus being exposed to antenatal
glucocorticoids. While there is no doubt that antenatal glucocorticoids reduce neonatal
mortality and morbidities, their effects on the fetal brain, particularly in FGR babies,
are less well recognized. We investigated the effects of both short- and long-term
exposure to antenatal betamethasone treatment in both FGR and appropriately grown
fetal sheep brains. Surgery was performed on pregnant Border-Leicester Merino
crossbred ewes at 105–110 days gestation (term ∼150 days) to induce FGR by single
umbilical artery ligation (SUAL) or sham surgery. Ewes were then treated with a clinical
dose of betamethasone (11.4 mg intramuscularly) or saline at 113 and 114 days
gestation. Animals were euthanized at 115 days (48 h following the initial betamethasone
administration) or 125 days (10 days following the initial dose of betamethasone) and
fetal brains collected for analysis. FGR fetuses were significantly smaller than controls
(115 days: 1.68 ± 0.11 kg vs. 1.99 ± 0.11 kg, 125 days: 2.70 ± 0.15 kg vs.
3.31 ± 0.20 kg, P < 0.001) and betamethasone treatment reduced body weight in
both control (115 days: 1.64 ± 0.10 kg, 125 days: 2.53 ± 0.10 kg) and FGR fetuses
(115 days: 1.41 ± 0.10 kg, 125 days: 2.16 ± 0.17 kg, P < 0.001). Brain: body
weight ratios were significantly increased with FGR (P < 0.001) and betamethasone
treatment (P = 0.002). Within the fetal brain, FGR reduced CNPase-positive myelin
staining in the subcortical white matter (SCWM; P = 0.01) and corpus callosum (CC;
P = 0.01), increased GFAP staining in the SCWM (P = 0.02) and reduced the number
of Olig2 cells in the periventricular white matter (PVWM; P = 0.04). Betamethasone
treatment significantly increased CNPase staining in the external capsule (EC; P = 0.02),
reduced GFAP staining in the CC (P = 0.03) and increased Olig2 staining in the SCWM
(P = 0.04). Here we show that FGR has progressive adverse effects on the fetal brain,
particularly within the white matter. Betamethasone exacerbated growth restriction in the
FGR offspring, but betamethasone did not worsen white matter brain injury.
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INTRODUCTION

Fetal growth restriction (FGR) has many etiologies but most
commonly occurs as a result of placental dysfunction, and is a
major cause of perinatal mortality and, in survivors, morbidities
related to pulmonary, cardiovascular and neurological structure
and function (Malhotra et al., 2019). The presence of placental
dysfunction is a defining feature of FGR (Gordijn et al.,
2016), resulting in a reduction in the amount of oxygen and
nutrients reaching the fetus, thus reducing fetal growth. As a
result, the growth-restricted fetus is hypoxic, hypoglycaemic and
hypercortisolemic (McMillen et al., 2001; Lipsett et al., 2006)
and it is these states that are thought to contribute to the
increased morbidities associated with FGR. The fetus mounts an
adaptive response to chronic hypoxia (Giussani, 2016), which
involves altered cardiovascular output to preferentially spare
vital organ development in the brain and heart, called brain
sparing. This term is however a misnomer and brain sparing
does not guarantee normal development in the growth-restricted
fetus (Miller et al., 2016). FGR is strongly associated with
developmental deficits in brain structure and function, with
long-term sequelae including reduced motor skills, memory
and cognition, and altered neuropsychological behaviors (Miller
et al., 2016). The most significant neurological problems are
linked to themost severely affected growth-restricted infants who
are born preterm (Schreuder et al., 2002; Baschat, 2014).

Infants at risk of preterm birth before 34 weeks gestation
will be exposed to antenatal glucocorticoids via maternal
administration to improve neonatal survival (Crowley, 2000).
The beneficial effects of antenatal glucocorticoids—either
betamethasone or dexamethasone—are well proven; a single
course of antenatal glucocorticoids administered to at-risk
pregnancies <34 weeks increases infant survival by 50% and
decreases the rate of respiratory distress syndrome (RDS)
by about the same degree (Crowley, 2000). Glucocorticoids
promote lung maturation by increasing the production of
surfactant, promoting lung structural maturation and enhancing
the clearance of lung liquid (Liggins, 1994; Wallace et al., 1995).
At the cellular level, endogenous and exogenous glucocorticoids
mediate organ maturation via regulation of cell proliferation,
differentiation, and apoptosis, and glucocorticoids are powerful
mediators of vascular function (Fowden et al., 1998; Yang and
Zhang, 2004; Michael and Papageorghiou, 2008). These cellular
effects are critical in the lung to promote neonatal survival
after preterm birth, but antenatal glucocorticoids also act on the
developing brain. Exogenous glucocorticoids increase cerebral
vascular resistance leading to decreased cerebral blood flow
(Schwab et al., 2000; Miller et al., 2007) and impair cerebral
oxygen delivery in a region-specific manner (Schwab et al.,
2000). These changes in cerebral blood flow are associated
with altered electrocortical activity, suggestive of dysfunctional
complex neuronal activity and disturbed cerebral metabolism
(Schwab et al., 2001). Dexamethasone, in particular, induces
acute EEG hyperexcitability and sustained alterations in ovine
fetal sleep patterns (Davidson et al., 2011). At the cellular
level, synthetic glucocorticoids disrupt myelination within the
brain of appropriately grown fetal sheep (Antonow-Schlorke

et al., 2009), and reduce the neuronal number in fetal primates
(Uno et al., 1990).

While multiple studies have examined the effects of antenatal
glucocorticoids on the brain of appropriately grown (and
otherwise healthy) fetuses, the effects of glucocorticoids on the
developing FGR brain are less documented. In the absence of
exogenous glucocorticoid exposure, we have shown significant
neuropathology in growth-restricted fetal sheep and newborn
lambs that includes whitematter hypomyelination, axonal injury,
neuroinflammation, increased cellular apoptosis, and altered
vascularization (Miller et al., 2014; Castillo-Melendez et al.,
2015; Alves de Alencar Rocha et al., 2017). The hemodynamic
response of the FGR fetus is markedly different from that
of the appropriately grown fetus (Schwab et al., 2000; Miller
et al., 2007), mimicking differences seen between FGR and
normally grown human fetuses (Wallace and Baker, 1999).
The appropriately grown fetus responds to betamethasone
with vasoconstriction, decreased cardiac output and decreased
cerebral blood flow (Miller et al., 2009). In contrast, the
FGR fetus responds with widespread systemic vasodilatation,
increased cardiac output and increased blood flow to all major
organs including the brain (Miller et al., 2009). Following
betamethasone, cerebral blood flow in the FGR fetus shows a
biphasic response, with an initial vasoconstriction followed by
a prolonged increase in brain blood flow (Miller et al., 2007).
This closely mimics what is seen clinically where betamethasone
causes increased placental and cerebral blood flow in the FGR
fetus (Wallace and Baker, 1999; Edwards et al., 2002), indicative
of systemic vasodilatation. It remains unknown whether these
differential hemodynamic responses in the FGR vs. appropriately
grown fetus have an exacerbating effect on neuropathology.

Therefore, in the current study, we examined whether
antenatal betamethasone induced brain injury in growth-
restricted fetal sheep and if neuropathology was exacerbated in
FGR compared to appropriately grown fetuses. We collected
brains for histological analysis both immediately following
glucocorticoid exposure and at 10 days following glucocorticoid
administration to determine whether longer exposure to
antenatal glucocorticoids would further impact neuropathology.
We hypothesized that exposure to antenatal betamethasone
would induce a greater degree of white matter brain injury in
FGR fetuses compared to appropriately grown fetuses, and that
this would remain evident 10 days later.

MATERIALS AND METHODS

Experimental procedures were approved by the Monash
Medical Centre Animal Ethics Committee A (MMCA2010/23,
MMCA2011/39), and complied with the National Health and
Medical Research Council Australia Code of Practice for the Care
and Use of Animals for Scientific Purposes.

Surgery was performed on 34 singleton- or twin-bearing
Border-Leicester Merino crossbred ewes at 105–110 days
gestation (term 150 days). Ewes in the 125-day cohort were given
medroxyprogesterone acetate (MPA; 300 mg intramuscularly;
i.m.; Pfizer, Australia) 1 day before surgery to prevent preterm
labor in response to glucocorticoid exposure (Jenkin et al., 1985).
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On the day of surgery, all ewes received an intravenous (i.v.)
dose of ampicillin (Austrapen, 1g, CSL, Limited, Australia) before
the induction of anesthesia with sodium thiopentone (Pentothal,
20 mg/kg, i.v.; Bomac Laboratories Limited, New Zealand).
General anesthesia was maintained with 2.5% isoflurane (Isoflo,
Abbott Private Limited, Australia) in oxygen and nitric oxide
(70:30). Each fetus was exteriorized and the umbilical cord
exposed before a small incision was made in the sheath
surrounding the umbilical cord, approximately 3 cm from the
fetal abdomen, to allow for single umbilical artery ligation
(SUAL) to induce FGR. We have previously used this model
to successfully induce FGR in sheep (Miller et al., 2007, 2012,
2014). Control fetuses had their cordmanipulated but not ligated.
All fetuses were implanted with a femoral artery catheter [inner
diameter (ID) 0.8 mm, outer diameter (OD) 1.5 mm, Dural
Plastics, Australia] and a catheter in the amniotic sac (ID 1.5 mm,
OD 2.7 mm, Dural Plastics, Australia). Ewes received a jugular
vein catheter (ID 1.5 mm, OD 2.7 mm, Dural Plastics, Australia)
for the administration of antibiotics.

For 3 days following surgery, ampicillin was given to the ewe
(500 mg i.v.) and into the fetal amniotic sac (500 mg into each
amniotic catheter) and a daily fetal blood sample was taken for
analysis of blood gas parameters (ABL700 blood gas analyzer,
Radiometer, Denmark) to monitor fetal wellbeing. Ewes were
then treated with a clinical dose of betamethasone (11.4 mg
i.m.; Celestone Chronodose, Schering Plough, Australia) or an
equal volume of saline at 113 and 114 days gestation. Fetal blood
samples were collected throughout the experimental period
to monitor fetal wellbeing. Animals were euthanized (sodium
pentobarbitone; Lethabarb, Virbac, Australia) at either 115 days
(24 h following the second betamethasone administration) or
125 days (11 days following the second dose of betamethasone).
Fetal brains were removed, weighed and the two hemispheres
cut sagitally before the right hemisphere was fixed in 4%
paraformaldehyde and later processed for histological analysis
and pieces of the left hemisphere snap-frozen and stored at
−70◦C for future studies.

Fetal brain sections were analyzed in duplicate using
glial fibrillary acidic protein (GFAP; mouse anti-rabbit;
diluted 1:400; Sigma–Aldrich, St. Louis, MO, USA), 2′,3′-
cyclic-nucleotide 3′-phosphodiesterase (CNPase; mouse
anti-human; diluted 1:300; Sigma–Aldrich, St. Louis, MO,
USA), oligodendrocyte transcription factor 2 (Olig2; mouse
anti-human; diluted 1:1,000; MerckMillipore, Australia) and
myelin basic protein (MBP; rat monoclonal; diluted 1:100;
MerckMillipore, Australia). Briefly, sections were dewaxed and
rehydrated before antigen retrieval was carried out in citric acid
buffer (0.1 M; Sigma-Aldrich, Australia). The sections were
incubated overnight at 4◦C with primary antibody followed
by secondary antibody (MBP goat anti-rat; diluted 1;500;
Vector Laboratories, Burlingame, CA, USA; GFAP, CNPase,
Olig2 goat anti-mouse; diluted 1:200; Vector Laboratories,
Burlingame, CA, USA) and streptavidin horseradish peroxidase
(diluted 1:200; GE Healthcare, USA) before being visualized
with diaminobenzidine (DAB; Thermo Fisher Scientific,
Waltham, MA, USA). Negative controls that omitted the
primary antibody were included in each run. The sections were

viewed at 400× magnification (Olympus BX-41, Japan) with
three fields of view used for each region from each section.
Images were analyzed using ImageJ software (National Institutes
of Health, USA).

Data are expressed as mean ± standard error of the mean
(SEM) and analyzed by three-way analysis of variance (ANOVA)
with fetal growth (control or FGR), maternal glucocorticoid
treatment (vehicle or BM) and age (115 days or 125 days) as fixed
variables (GraphPad Prism 8, GraphPad Software Inc., La Jolla,
CA, USA). Fetal blood parameters were analyzed over time using
a four-way repeated measures ANOVA (SigmaStat 12, Systat
Software, USA). Where significant interactions were observed,
differences between groups were isolated using a one-way
ANOVA or mixed model with Tukey’s multiple comparison
test performed as required. Statistical significance was accepted
when P < 0.05.

RESULTS

Fetal arterial blood samples were taken over the experimental
period to monitor fetal wellbeing (Table 1). Baseline values
were combined for all control and all FGR animals. The FGR
groups (FGR and FGR+BM) were hypoxic compared to control
animals (control and control+BM) at baseline recording (mean
PaO2 19.6 ± 0.8 mmHg vs. 23.0 ± 0.6 mmHg; P < 0.001).
Following betamethasone, both partial pressure of oxygen
(PaO2) and oxygen saturation (SaO2) were significantly reduced
in the 115 days FGR+BM fetuses. There were no significant
differences in oxygen levels in any other group (Table 1).
FGR fetuses were hypoglycaemic at baseline when compared to
control fetuses. Following each betamethasone administration,
both control and FGR fetuses in both the 115 days and
125 days cohort had significantly higher glucose levels. This
persisted at post mortem in the 115 days fetuses but had
returned to baseline values by post mortem in the 125 days
fetuses. Fetal lactate levels were also significantly increased
in all fetuses exposed to betamethasone. FGR+BM fetuses
had increased lactate levels at post mortem in the 115 days
cohort (Table 1).

Fetal weights at the time of post mortem are shown in
Figure 1. FGR fetuses weighed significantly less than controls
(P < 0.001) while betamethasone treatment also significantly
reduced fetal body weight (P < 0.001). FGR did not affect fetal
brain weight (P = 0.59), but the brain:body weight ratios were
increased in all FGR fetuses compared to controls (P < 0.001),
indicative of brain sparing. Betamethasone reduced fetal brain
weight (P = 0.007) and increased brain:body weight ratios
(P = 0.002). Fetal age (115 days vs. 125 days) had a significant
effect on weight parameters (Figure 1).

Within the fetal brain, the number of Olig2 positive
oligodendrocyte lineage cells (Figure 2) was significantly
reduced in FGR fetuses when compared to control in the
periventricular white matter (PVWM; P = 0.04). Betamethasone
treatment caused a significant decrease in oligodendrocyte
lineage cells within the subcortical white matter (SCWM;
P = 0.04). Oligodendrocyte cell counts were significantly
increased in 125 days brains compared to 115 days brains in
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FIGURE 1 | Fetal weights at post mortem. Fetal body weight (A), brain
weight (B) and the brain: body weight ratio (C) at post mortem. Data are
presented as mean ± SEM.

the SCWM (P = 0.001), corpus callosum (CC; P < 0.001) and
PVWM (P < 0.001).

We utilized two staining markers of myelination density
within the developing brain, CNPase, and MBP. There was
significantly less CNPase-positive myelin in FGR fetuses
compared to control within the SCWM (P = 0.009) and CC
(P = 0.01; Figure 3). Betamethasone administration significantly
increased CNPase-positive myelin staining in the external
capsule (EC; P = 0.02) but did not alter staining in any other
region examined. Overall, MBP density was not changed by FGR
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or betamethasone administration (Figure 4). Over the 10 days
of study, the degree of myelination was significantly increased
from 115 days to 125 days gestation, as evidenced by increased
density of staining for both CNPase and MBP (Figures 3, 4).
Interestingly, we observed that MBP-positive myelin density
was increased >10-fold in the PVWM of control brains from
115 days to 125 days gestation, consistent with this period being
critical for myelin production, however, within the FGR brains
MBP-positive myelin density was increased ∼5-fold within the
PVWM over the same period. Both CNPase and MBP staining
appeared to be disorganized in FGR brains, with interrupted
tracts present within the white matter.

We assessed GFAP immunoreactivity as a measure of
astrogliosis within the fetal brain (Figure 5). Astrogliosis was
evident within the SCWM in FGR brains (P = 0.02). Conversely,
astrocyte staining intensity was significantly reduced following
betamethasone administration within the CC (P = 0.03),
contributed by a significant reduction in astrocytic staining
within control brains between the control and control+BM
125 days cohort (P = 0.04).

DISCUSSION

We set out to examine whether a single course of antenatal
betamethasone altered white matter brain development in fetal
sheep that were either appropriately grown or compromised
by FGR. We administered a course of 2 maternal injections of
betamethasone separated by 24 h and assessed fetal cerebral white
matter at 48 h post initial exposure to antenatal glucocorticoids
(115 days gestation), or 10 days later (125 days gestation) in a
separate cohort. Our results confirm that placental insufficiency
and subsequent FGR adversely affects white matter brain
development and, for the first time, we show that antenatal
betamethasone does not exacerbate white matter deficits in FGR
offspring. That is, a single course of betamethasone caused
detrimental effects on fetal growth and brain development,
but these were similar in appropriately grown and FGR
fetuses. Within the developing brain, betamethasone exposure
significantly reduced the number of oligodendrocyte lineage cells
but promoted CNPase-positive myelin density in an area-specific
manner within the cerebral white matter. Betamethasone
demonstrated anti-inflammatory effects within control brains
only, as evidenced by decreased astrocyte density within the CC.
Reassuringly, our results do not support our hypothesis that
antenatal glucocorticoids worsen white matter injury in FGR
fetuses, but rather demonstrate that neuropathology associated
with FGR is present antenatally and is principally caused by
placental insufficiency.

A clinical course of antenatal betamethasone significantly
reduced body weight in both appropriately grown and FGR
fetuses (Figure 1). Unsurprisingly, the most severe growth
restriction was observed in the FGR+BM cohort, weighing 35%
less than control fetuses at 125 days gestation. Single and
repeat courses of antenatal glucocorticoids reduce body weight
in fetal sheep (Sloboda et al., 2000; Miller et al., 2007, 2012),
with a dose-dependent effect (Ikegami et al., 1997). A large
population-based Finnish study confirms that birth weight is

significantly reduced in infants exposed to antenatal steroids in
infants born preterm, near-term or at term (Rodriguez et al.,
2019). This study did not stratify for infants with FGR, but
noted that 44% of their glucocorticoid-exposed infants were
born at term and therefore unnecessarily received steroids. A
dose-dependent relationship on fetal growth is also present in
human infants exposed to single and repeat courses of antenatal
steroids (Murphy et al., 2012).

FGR was induced via a model of placental insufficiency
that produced fetal hypoxia and hypoglycemia and resulted
in reduced body weight of 15.6% at 115 days and 18%
at 125 days compared to appropriately grown controls, and
with apparent brain sparing. Despite brain sparing, white
matter pathology was observed, with a decrease in total
oligodendrocytes within the PVWM, and reduced myelin
density (CNPase-positive) within the subcortical white matter
and CC. The decrease in the oligodendrocyte pool within
the PVWM is important, as injury to this brain region is
highly associated with neurodevelopmental deficits (Volpe,
2009), and is a common imaging abnormality in growth-
restricted infants (Padilla-Gomes et al., 2007). We observed
sparse MBP-positive mature myelin staining at 115 days in
the fetal sheep brain, but this was greatly increased by
125 days, confirming previous findings (Back et al., 2006;
Antonow-Schlorke et al., 2009). Importantly, while control
brains demonstrated a >10-fold increase in MBP-positive myelin
density over this period, the FGR brains showed only a
5-fold increase in myelination, potentially contributed by the
decrease observed in the oligodendrocyte pool. This significant
myelination period between 115 days and 125 days gestation
in the fetal sheep brain is approximately equivalent to white
matter development in the human brain between 30–36 weeks
(Back et al., 2006; Alves de Alencar Rocha et al., 2017), and
this also corresponds to a high-risk period for preterm birth
(and steroid exposure) in FGR infants (Lees et al., 2013).
Our results also confirm that there are significant regional
differences in the maturation of cerebral white matter and
that third-trimester placental insufficiency adversely impacts
white matter development. Reassuringly we did not find that
antenatal glucocorticoids exacerbated white matter pathology
in the FGR group, however, betamethasone did independently
impact brain development in both appropriately grown controls
and FGR fetuses.

The administration of betamethasone significantly reduced
the number of oligodendrocyte lineage cells within the
subcortical white matter in both control and FGR brains, with
the lowest number of oligodendrocytes observed in the FGR+BM
cohort. We did not observe any change to MBP-positive
myelination with betamethasone exposure at either 115 days or
125 days. This is surprising in light of findings by Antonow-
Schlorke and colleagues (Antonow-Schlorke et al., 2009) who
demonstrated acute deficits in MBP-positive myelination with
a single dose of betamethasone in sheep, but also showed
no lasting deficits unless repeat steroids were administered.
Similarly, a study in baboons shows that repeat courses of
steroids have more profound adverse effects on the cerebral
white matter than a single course (Shields et al., 2012). An
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FIGURE 2 | Olig2 immunoreactivity. The number of Olig2 positive cells in the subcortical white matter (SCWM; A), corpus callosum (CC; B), external capsule
(EC; C) and periventricular white matter (PVWM; D) and photomicrographs of the SCWM from 115 days control (E), fetal growth restriction (FGR; F), control+BM
(G), FGR+BM (H) and 125 days control (I), FGR (J), control+BM (K) and FGR+BM (L) fetuses. Data are presented as mean ± SEM, scale bar = 50 µm.

unexpected finding was that betamethasone exposure induced
a significant overall increase in CNPase-positive myelin density
within the external capsule, and sub-analysis shows that this
was contributed by an acute increase in myelination in the
115 days group (control and FGR). Glucocorticoids are potent
mediators of cell maturation and differentiation, hence the use
of synthetic glucocorticoids for fetal lung maturation before
preterm birth (Bolt et al., 2001). Therefore it is conceivable
that betamethasone might accelerate the process of myelination

within the brain, and indeed, others have shown this to be
the case (Raschke et al., 2008). This was, however, a transitory
observation in the current study with no difference seen at
125 days gestation. Further, a noted benefit and mode of
action of synthetic glucocorticoids is via anti-inflammatory
effects within the immature lung (Bolt et al., 2001). In the
current study, we also found that betamethasone demonstrated
anti-inflammatory effects, although within control brains only,
as evidenced by decreased astrocyte density within the CC.
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FIGURE 3 | CNPase immunoreactivity. The % area of CNPase positive staining in the SCWM (A), CC (B), EC (C) and PVWM (D) and photomicrographs of the
SCWM from 115 days control (E), FGR (F), control+BM (G), FGR+BM (H) and 125 days control (I), FGR (J), control+BM (K) and FGR+BM (L) fetuses. Data are
presented as mean ± SEM, scale bar = 50 µm.

This result is in keeping with a previous study in guinea pigs
showing that antenatal betamethasone decreased the density
of astrocytes within the brain of appropriately grown, but
not FGR, fetuses, with this effect only observed in males
(McKendry et al., 2010). We did not have adequate numbers
of males and females to undertake separate analysis of sex
differences in the current study, but we have previously published

data to show that antenatal betamethasone has differential
effects on fetal growth and metabolism in males and females
(Miller et al., 2012), and therefore further studies are encouraged
to examine sex-specific effects. Taken together, the results
obtained in this study, and other preclinical studies to date,
strongly suggest that antenatal glucocorticoids have subtle
but important modulatory effects on cerebral white matter
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FIGURE 4 | MBP immunoreactivity. The % area of MBP positive staining in the SCWM (A), CC (B), EC (C) and PVWM (D) and photomicrographs of the SCWM
from 115 days control (E), FGR (F), control+BM (G), FGR+BM (H) and 125 days control (I), FGR (J), control+BM (K) and FGR+BM (L) fetuses. Data are presented
as mean ± SEM, scale bar = 50 µm.

maturation that are region specific and appear dependent on
the timing of steroid exposure, and the use of single or repeat
doses (Antonow-Schlorke et al., 2009; Shields et al., 2012). It
is not yet established whether myelination deficits are transient
(delayed) or persist after birth. We did not set out to specifically
examine mechanisms of glucocorticoid-induced alterations to
white matter development, however, our results suggest that

glucocorticoids alter oligodendrocyte maturation rather than
directly affecting the myelin sheath.

Synthetic glucocorticoids are widely used during pregnancy
but our results suggest that the actions of glucocorticoids
are not specific to the immature lung, also mediating brain
development. There is emerging clinical follow-up data to
support this finding. The use of antenatal glucocorticoids is
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FIGURE 5 | GFAP immunoreactivity. The intensity of GFAP positive staining in the SCWM (A), CC (B), EC (C) and PVWM (D) and photomicrographs of the SCWM
from 115 days control (E), FGR (F), control+BM (G), FGR+BM (H) and 125 days control (I), FGR (J), control+BM (K) and FGR+BM (L) fetuses. Data are presented
as mean ± SEM, scale bar = 50 µm.

linked to a significant increase in psychiatric disorders in
school-age children that appears to persist in adolescence
(Khalife et al., 2013). Furthermore, this effect can be isolated to
glucocorticoids rather than preterm birth, since in a population
of adolescents who were exposed to a single course of antenatal
glucocorticoids but subsequently delivered at term, it was found
that cognitive and behavioral control were significantly reduced
(Ilg et al., 2018).

In the present study, we focused on cerebral white
matter development, however, both FGR and synthetic
glucocorticoids have other established actions on the immature
brain. Of particular importance are potential effects on the
cerebrovasculature given the strong vasoactive actions of
glucocorticoids and the vulnerability of the neurovascular
unit components in FGR lambs (Castillo-Melendez et al.,
2015). Antenatal betamethasone has distinctly different actions
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on cardiac output and cerebral blood flow redistribution in
appropriately grown and FGR humans and sheep (Edwards
et al., 2002; Miller et al., 2009), with FGR fetuses responding to
betamethasone with significant vasodilation. A single course of
antenatal steroids is also shown to induce cortical hyperactivity
and markedly alters sleep architecture in appropriately grown
fetal sheep (Davidson et al., 2011) but effects on growth-
restricted fetuses have not yet been examined. In the current
study, all fetuses remained in utero which is likely to be a
relatively protective environment for brain development, and
therefore future studies should re-create the clinical scenario
in which many infants would be born preterm, soon after
steroid exposure. Preterm birth and ventilation are linked with
neuropathology in both appropriately grown and FGR infants
(Barton et al., 2015; Malhotra et al., 2018).

Using two myelin protein markers at two timepoints in
late gestation also provides us with information about the
normal spatiotemporal profile of myelin production. CNPase
accounts for approximately 5% of total myelin protein in the
adult brain, whereas MBP is quantitatively greater than CNPase
comprising ∼30% of total myelin (Trapp et al., 1988; Baumann
and Pham-Dinh, 2001). Our results show regional differences
in the developmental profile of myelin production. The external
capsule was already well myelinated at 115 days gestation for
both CNPase and MBP protein, and showed the least change
over the following 10 days, suggesting relative maturity of this
area. In contrast, very low levels of myelination were observed
in the CC at 115 days using both markers, and both were
increased to a similar degree in control brains at 125 days, but
not in the FGR brains. In the subcortical white matter, MBP was
more strongly evident than CNPase at an earlier age, with both
proteins significantly upregulated between 115 and 125 days.
Whereas in the PVWM the CNPase protein was present earlier
and MBP was virtually absent, with MBP density showing a
10-fold increase over the 10 days. Myelination of the fetal brain
occurs earlier and more rapidly in the fetal sheep brain than
the human (Back et al., 2012), but these data confirm that
antenatal compromise (e.g., FGR) or exposure to exogenous
glucocorticoids during rapid myelination has region-specific
adverse effects.

Here, we have shown that placental insufficiency and FGR
disrupt cerebral white matter development that can already be
detected at a time point in pregnancy when antenatal steroids
might commonly be administered (115 days in fetal sheep,

equivalent to ∼30 weeks of human gestation). In the absence
of antenatal glucocorticoid exposure, FGR is associated with
postnatal deficits in motor function, cognition, and behavior
that are underpinned by altered brain structure (Miller et al.,
2016). Betamethasone administration resulted in independent
subtle adverse effects on white matter brain development
in appropriately grown and FGR fetuses, but antenatal
glucocorticoids did not exacerbate white matter pathology. This
data shows that the administration of antenatal glucocorticoids
should be targeted to the pregnancies of greatest risk for
preterm birth because of the effects of glucocorticoids on the
developing brain.
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The perinatal period represents a time of great vulnerability for the developing brain.
A variety of injuries can result in death or devastating injury causing profound
neurocognitive deficits. Hypoxic-ischemic neonatal encephalopathy (HIE) remains the
leading cause of brain injury in term infants during the perinatal period with limited
options available to aid in recovery. It can result in long-term devastating consequences
with neurologic complications varying from mild behavioral deficits to severe seizure,
intellectual disability, and/or cerebral palsy in the newborn. Despite medical advances,
the only viable option is therapeutic hypothermia which is classified as the gold
standard but is not used, or may not be as effective in preterm cases, infection-
associated cases or low resource settings. Therefore, alternatives or adjunct therapies
are urgently needed. Ongoing research continues to advance our understanding of
the mechanisms contributing to perinatal brain injury and identify new targets and
treatments. Drugs used for the treatment of patients with type 2 diabetes mellitus
(T2DM) have demonstrated neuroprotective properties and therapeutic efficacy from
neurological sequelae following HIE insults in preclinical models, both alone, or in
combination with induced hypothermia. In this short review, we have focused on recent
findings on the use of diabetes drugs that provide a neuroprotective effect using
in vitro and in vivo models of HIE that could be considered for clinical translation as
a promising treatment.

Keywords: hypoxic-ischemic encephalopathy, perinatal brain injury, cerebral palsy, neuroprotection,
hypothermia, diabetes

Abbreviations: AD, Alzheimer’s disease; BBB, blood brain barrier; DPP-4, dipeptidyl peptidase-4; DMB, quinoxaline 6,7-
dichloro-2-methylsulfonyl-3-N-tert-butylaminoquinoxaline; GLP1, glucagon-like peptide-1; GLP1-R, glucagon like peptide-
1 receptor; HI, hypoxia-ischemia; HIE, hypoxic-ischemic encephalopathy; HBMVECs, primary human brain microvascular
endothelial cells; MAPK, mitogen-activated protein kinase; MCAO, middle cerebral artery occlusion; ND, neurological
disorder; NPCs, neural precursor cells; OGD, oxygen glucose deprivation; OGD/R, oxygen glucose deprivation reperfusion;
OPCs, oligodendrocyte progenitor cells; PD, Parkinson’s disease; PPAR-γ, peroxisome proliferator activated receptor-γ; ROS,
reactive oxygen species; SUR, sulfonylurea; T2DM, type 2 diabetes mellitus; TH, therapeutic hypothermia; TBI, traumatic
brain injury; TZD, thiazolidinedione
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INTRODUCTION

Hypoxic-ischemic encephalopathy (HIE) is the most common
neonatal encephalopathy accounting for up to 85% of cases
(Volpe, 2012). It is caused by of an inadequate oxygen supply
and blood flow resulting in a variety of clinical manifestations
(Ferriero, 2004; Allen and Brandon, 2011; Hagberg et al., 2015).
These include developmental delays, epilepsy, cerebral palsy, and
death (Dilenge et al., 2001; Shankaran, 2012; Hagberg et al., 2016).
One to six babies per 1,000 live births in high-income countries
and approximately 20 infants per 1,000 live births in low-
and middle-income countries die or develop a life-long brain
condition. This accounts for approximately one million deaths
annually (Lee et al., 2013; Pauliah et al., 2013; Wu et al., 2014).

Currently, the standard care for neonates with HIE is
therapeutic hypothermia (TH), which is able to reduce overall
neurodevelopmental disability and mortality (Jacobs et al., 2013;
Azzopardi et al., 2014; Silveira and Procianoy, 2015; Rao et al.,
2017). However, while TH is very promising, up to 55% of
treated neonates are not protected and still develop life-long
neurodisabilities, including cerebral palsy (Jacobs et al., 2013;
Davidson et al., 2015). Therefore, there is a need to develop
therapies that are either more effective than hypothermia,
can be used in combination with hypothermia to enhance
its therapeutic efficacy, or which can be used alone in lower
resource environments.

Over the past decade, a growing number of pre-clinical and
now clinical studies have provided evidence of drugs licensed for
the treatment of diabetes as having protective effects on the brain
(Athauda et al., 2017; Rotermund et al., 2018; Mousa and Ayoub,
2019). These effects have been proven in different neurological
conditions such as Alzheimer’s disease (AD) and Parkinson’s
Disease (PD), traumatic brain injury (TBI), stroke and epilepsy
(Figure 1). Given the need to develop effective treatments for
neonatal HIE, researchers have investigated these diabetes drugs
to assess their therapeutic efficacy for this indication.

In this short review, we first describe the experimental and
animal models of HIE that are used in preclinical studies to assess
the therapeutic efficacy of candidate drugs (Table 1). We then
highlight the studies that support the potential of commonly used
diabetes medicines to ameliorate neurological damage from HIE.
This includes recent data demonstrating that diabetes drugs can
enhance the therapeutic effect of TH.

EXPERIMENTAL AND ANIMAL MODELS
OF HIE

Hypoxic-ischemic encephalopathy is an evolving process that
involves distinct phases leading to a delayed cell death, including
primary injury, latent phase, secondary phase, and tertiary phase
(Wyatt et al., 1989; Fleiss and Gressens, 2012; Davidson et al.,
2015). Understanding the characteristics observed during the
different phases leading to neonatal encephalopathy are key to
the development of new therapeutics, when they can be used
to ameliorate HIE and the multiple possible subsequent sequela.
The timing of the events following hypoxia-ischemia (HI) and

the therapeutic window in rodent models is well defined at ∼6 h
correlating with initiation of the secondary phase of brain injury
(Nair and Kumar, 2018). Therefore, there is a narrow window
within the first few hours of birth during which a therapy should
be initiated for optimal outcomes (Silveira and Procianoy, 2015;
Martinello et al., 2017). Furthermore, if the drug is administered
systemically, then it should be able to reach the brain quickly and
cross the blood brain barrier (BBB).

The neuroprotective properties of diabetes drugs were first
recognized by positive neurological effects in type 2 diabetes
mellitus (T2DM) patients under treatment (Grant et al., 2011)
and now in various studies for the treatment of different
neurological conditions (Hussien et al., 2018; Rotermund et al.,
2018; Erbil et al., 2019). A number of studies have demonstrated
that diabetes drugs are indeed capable of entering the brain
following systemic administrations and mediating a physiological
response, e.g., metformin (Lv et al., 2012), sulfonylurea (SUR)
(Simard et al., 2012), thiazolidine (Grommes et al., 2013),
dipeptidyl peptidase-4 (DPP-4) inhibitors (Mousa and Ayoub,
2019), and glucagon-like peptide-1 receptor (GLP1-R) agonists
(Hunter and Hölscher, 2012).

Accurate and reliable in vitro and in vivo models of HIE
are of utmost importance in determining the mechanisms of
damage and also evaluating the efficacy of potential treatments.
The development of a variety of in vitro and in vivo models of
HIE have facilitated this process.

Oxygen Glucose Deprivation
Oxygen glucose deprivation is widely used as a relatively
convenient in vitro model for ischemia, stroke or HIE, showing
similarities with the in vivo models of brain ischemia (Tasca
et al., 2015). This primary neural cell or immortalized cell
culture model has been used extensively to examine the cellular
mechanisms mediating ischemia–reperfusion injury (Rousset
et al., 2015; Gao et al., 2019). The OGD model is a simple
process that firstly involves changes to the cell culture medium to
exclude glucose. The cells are incubated in a hypoxic incubator
with decreased O2 and increased N2 levels with a saturated
humidity atmosphere at 37◦C over a specific period of time. Thus,
cultured cells subjected to hypoxia, fuel deprivation and then
reoxygenation mimic the scenario of ischemia–reperfusion.

Hypoxia-Ischemia Surgery
The rodent model of neonatal HIE was first validated by
Rice et al. (1981) and has since been extensively used to
identify mechanisms of brain injury resulting from perinatal
HI (Vannucci and Vannucci, 2005). It is also used to test
potential therapeutic interventions. The HIE model is a two-
step process and involves the ligation of one common carotid
artery followed by exposure to a hypoxic environment before
restoration to normal atmospheric conditions. Traditional
models of HIE have utilized rodents at postnatal day 7–10 as
being roughly equivalent to a near-term or term human infant
based on electrophysiological, neurochemical, cardiovascular,
and metabolic criteria of brain development (Hagberg et al., 1997;
Semple et al., 2013). There are a wide variety of HI animal models
used to investigate different aspects of HIE. Examples of this
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FIGURE 1 | Effects of diabetes drugs on various neurological diseases. The applied color code indicates whether the effect on the target disease has been observed
in preclinical studies (red boxes) or in clinical studies (green boxes). Each class of drugs corresponds to a symbol which is indicated in neurological diseases for
which clinical and/or preclinical studies has been performed. Brain image taken from the SMART Servier Medical Art Library (https://smart.servier.com).

include; rodents (Recker et al., 2009), rabbits (Derrick et al.,
2004), term piglet (Rocha-Ferreira et al., 2016, 2017), preterm
sheep (Nitsos et al., 2014), and non-human primates (Juul et al.,
2007). To date, existing preclinical data using diabetes drugs
as a treatment for HIE have only been performed on rodent
models. Furthermore, rodents have limitations in simulating
the range, accuracy, and physiology of clinical HI and the
relevant systems neuropathology that contribute to the human
brain injury pattern. Large animal models of perinatal HI can
better replicate the conditions of human HIE (Koehler et al.,
2018).Therefore, the availability of these larger animal models of
HIE are an invaluable tool to evaluate the therapeutic efficacy of
these candidate diabetes drugs prior to any clinical trials.

DIABETES DRUGS AND
NEUROLOGICAL DISEASES

Pharmacologic therapy of T2DM has changed dramatically
in the last 10 years, with new drugs and drug classes
becoming available. Among the different categories of therapies
for T2DM, metformin serves as the first line drug whereas
other hypoglycaemic agents (SUR, thiazolidine, DPP4 inhibitor,
incretin) are used as second line therapies, or in combination
with metformin. Over the past three decades, numerous
epidemiological studies have shown a clear association between
T2DM and an increased risk of developing neurological disorders
(NDs) such as AD (Li et al., 2015), PD (Khan et al.,
2014), epilepsy/seizure (Yun and Xuefeng, 2013), and stroke
(Putaala et al., 2011).

Various studies suggest a comorbid association between NDs
and T2DM indicating that there could be shared underlying
pathophysiological mechanisms. Using comparative analysis,
several putative “shared pathways” have been indentified
and demonstrated how the insulin signaling pathway is
related to other significant ND pathways. These include
the signaling pathways for neurotrophin (Tong et al., 2009;
Karki et al., 2017), PI3K/AKT (Gabbouj et al., 2019), mTOR
(Bryan and Bowman, 2017; Sun et al., 2019), and mitogen-
activated protein kinase (MAPK) (Santiago and Potashkin, 2013;

Karki et al., 2017) and how these pathways cross-talk with
each other. Consequently, studies started to investigate T2DM
treatments as neuroprotective strategies for different types of ND,
including perinatal HIE.

Metformin
Metformin is a biguanide drug widely used since the 1960s for the
treatment of patients with T2DM. It enhances insulin sensitivity,
induces glycolysis, and suppresses gluconeogenesis in the liver
(Martin-Montalvo et al., 2013). Pre-clinical studies have also
reported the promising therapeutic effect of metformin against
neurodegeneration in conditions such as PD (Patil et al., 2014),
epilepsy (Yimer et al., 2019), and cerebral ischaemia/reperfusion
injury (Ge et al., 2017; Leech et al., 2019). In addition to
its neuroprotective effects, metformin has been shown to
promote neurogenesis by enhancing neural precursor self-
renewal, proliferation, and differentiation (Potts and Lim, 2012;
Wang J. et al., 2012). Increased neurogenesis upon metformin
treatment resulted in improved memory formation in multiple
experimental models of brain injury (Jin et al., 2014; Liu et al.,
2014; Dadwal et al., 2015; Ge et al., 2017; Qi et al., 2017). In vitro
studies using the OGD model demonstrated that metformin
improves neuronal viability and regulates programmed cell
death in a caspase-independent manner, thereby reducing
ischemic reperfusion injuries (Mielke et al., 2006; Meng et al.,
2016; Gabryel and Liber, 2018; Mohammad Alizadeh et al.,
2018). Metformin treatment remarkably attenuated brain infarct
volumes, brain oedema and restored behavior deficits in a
neonatal rat model of HI (Qi et al., 2017). It also induced
activation of endogenous neural precursor cells (NPCs) (Dadwal
et al., 2015). A rodent model of neonatal HI injury showed better
neuroprotection induced by metformin in females following
early injury relative to males. Indeed, metformin treatment
in mice increased the NPC pool in both sexes in neonates
but only in females at the adult stage. Consequently, long-
term metformin treatment leads to cognitive improvements in
females, but not males following early HI injury (Ruddy et al.,
2019). The mechanism could be linked to the sex hormones
(Ruddy et al., 2019) but further exploration of the mechanism
underlying this effect is required. Of note, females have an
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TABLE 1 | Evidence supporting the neuroprotective properties of diabetes drugs use in the context of treatments for hypoxia-ischemia encephalopathy.

Diabetes drug Model Species Treatment Effects References

Biguanide OGD bEND.3 cells Metformin Inhibition of inflammatory signaling pathways Liu et al., 2014

Biguanide OGD Rat cortical neurons Metformin Pre-treatment of neurons alleviated OGD/R-induced injury Meng et al., 2016

Biguanide OGD Primary rat fetal-derived
astrocytes

Metformin Improve cell viability via reduction of apoptosis mechanisms Gabryel and Liber, 2018

Biguanide OGD PC-12 cells Metformin Reduce cell death under OGD/R condition and attenuation of ROS generation Mohammad Alizadeh et al., 2018

Biguanide OGD Primary cortical and
hippocampal neurons

Metformin Moderate improvement of cell viability Mielke et al., 2006

TZD OGD Rat hippocampal slices NP00111
Rosiglitazone

Protection against OGD by a mechanism related to phosphorylation of ERK1/2 via
activation of PPARγ

Rosa et al., 2008

TZD OGD Primary cultured astrocytes Pioglitazone Protective effects with inhibition of pyroptosis mechanism induced by the OGD Xia et al., 2018

DPP4 OGD HBMVECs Alogliptin Protection against OGD and increasing of permeability in human brain vascular cells Hao et al., 2019

Incretin GLP1-R
agonist

OGD Rat cortical neurons Exendin-4 Protects neurons through PKA pathway Wang M.-D. et al., 2012

Incretin GLP1-R
agonist

OGD Rat cortical neurons Liraglutide Neuroprotective action with reduction of apoptosis and ROS via activation of the
PI3K/AKT and MAPK pathways

Zhu et al., 2016

Incretin GLP1-R
agonist

OGD Mouse cortical neurons DMB Neuroprotection with anti-apoptotic effects, mediated by activation of the GLP-1R
through the cAMP-PKA-CREB signaling pathway

Zhang et al., 2016

Sulfonylurea HI P10 Rat Glibenclamide No effects on severe HI model
Improvement neurological functions in moderate HI model

Zhou et al., 2009

TZD HI 8W Ob/Ob mouse Darglitazone Reduction of the infarct size and neuroinflammation response Kumari et al., 2010

Biguanide HI P8 Mouse Metformin Activation of endogenous NPCs, promoting their migration and differentiation in the
injured brain
Restoration of sensory-motor function

Dadwal et al., 2015

Biguanide HI P3 Rat Metformin Attenuation of cognitive impairments Induction of OPCs proliferation reducing
myelination damage

Qi et al., 2017

Biguanide HI P7 Rat Metformin Attenuation brain infarct and oedema
Inhibition of neuronal apoptosis, and neuroinflammation + amelioration of the blood
brain barrier breakdown

Fang et al., 2017

Biguanide HI P8 Mouse Metformin Sex-dependent effects on proliferation but increases neurogenesis in both sexes;
rescues cognitive deficits in adult females

Ruddy et al., 2019

Incretin GLP1-R
agonist

HI P7/P10 Mouse Exendin-4** Neuroprotective effect alone or in combination with therapeutic hypothermia Rocha-Ferreira et al., 2018

Incretin GLP1-R
agonist

HI P7 Rat Liraglutide Inhibited apoptosis and promoted neuronal survival; PI3K/Akt pathway involved Zeng et al., 2020

In vitro model with OGD on different cell types and in vivo models with HI at different stage of age. **Only study using combination with hypothermia.

Frontiers
in

C
ellular

N
euroscience

|w
w

w
.frontiersin.org

M
ay

2020
|Volum

e
14

|A
rticle

112

36

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


fncel-14-00112 May 4, 2020 Time: 17:33 # 5

Poupon-Bejuit et al. Diabetes Drugs Hypoxia-Ischemia Encephalopathy

advantage following neonatal hypoxia ischemia; larger cognitive
deficits and less functional recovery have been observed in
males despite a comparable neuropathology across sexes (Smith
et al., 2014). The neuroprotective properties of metformin were
associated with inhibition of neuronal apoptosis, suppression of
neuroinflammation and amelioration of the blood-brain barrier
breakdown via downregulation of the NFκB signaling pathway
(Fang et al., 2017). Overall, these studies have highlighted
this drug as a promising potential treatment in childhood
brain injury models.

Sulfonylurea
Sulfonylurea agents are the second oral hypoglycaemic drugs
after metformin and they remain an imperative tool for
glucose control (Thulé and Umpierrez, 2014). Recent studies
demonstrated that sulfonylurea receptor 1 (SUR1) is involved in
brain injury in rodent models of stroke (Hussien et al., 2018). The
SUR drugs glibenclamide and glimepiride have neuroprotective
effects (Ortega et al., 2013; Wang et al., 2019) and ameliorate
cerebral stroke, spinal cord injury, premature encephalopathy,
and TBI (Tosun et al., 2013). The neuroprotective effect of
SUR agents is not fully understood but glibenclamide blocks
SUR1, a regulatory subunit of the microglial KATP channel.
This channel is overexpressed in rodent models of stroke and
the effect of blocking SUR1 could inhibit microglia activation
which release inflammatory cytokines and initiate downstream
signaling pathways, resulting in neuronal cell loss and necrosis
(Ortega et al., 2013). Glibenclamide is clinically effective in
preventing oedema and improving outcome after focal ischemia
(Sheth et al., 2014); clinical studies are being conducted to
evaluate its efficacy in acute cerebral embolism and severe
cerebral edema (NCT03284463, NCT02864953). In a rat model
of HI injury, glibenclamide improved several neurological
parameters but failed to attenuate brain edema, infarct volume
or brain tissue loss (Zhou et al., 2009). This may be attributed
to the significant reduction in blood glucose induced by the
dose of glibenclamide used, which may exacerbate the ischemic
brain injury. More investigations need to be performed around
the dose and its full potential as a treatment for childhood
brain injury models.

Thiazolidine
Thiazolidinedione [also called glitazone or peroxisome
proliferator activated receptor-γ (PPARγ) agonists] are a
group of oral anti-diabetic drugs designed to treat patients with
T2DM. They enhance insulin sensitivity and reduce serum
glucose in diabetic patients, without significant alterations in
serum glucose of non-diabetic animals or humans (Plutzky,
2003). Rosiglitazone, troglitazone, and pioglitazone suppressed
the activation and infiltration of macrophages and reduced the
infarct size after cerebral ischemia in a middle cerebral artery
occlusion (MCAO) model by reducing levels of proinflammatory
cytokines (Sundararajan et al., 2005; Culman et al., 2007; Xia
et al., 2018). Moreover, PPARγ agonists such as NP00111,
rosiglitazone and pioglitazone treatments could relieve OGD-
induced hypoxia injury in vitro and exert neuroprotective effects
(Rosa et al., 2008; Xia et al., 2018). The neuroprotective effect

of TZD requires further investigation. However, data suggests
activation of PPARγ mediates suppression of NF-κB signaling
pathway, inhibiting apoptosis and reducing neuronal loss (Zhang
et al., 2011). In the context of adult HI injury, TZD has shown
therapeutic efficacy in Ob/Ob mice, a model for T2DM and
obesity. This model was chosen for its high risk factor of stroke
and increased risk of brain damage. Darglitazone treatment in
this adult diabetic mouse resulted in significant neuroprotection
associated with a complete restoration of the initial microglial
response and reduction of the infarct brain size at 24 h of recovery
(Kumari et al., 2010). No studies have yet been conducted in a
neonatal HI model but the proven neuroprotective properties
and potent anti-ischemic effects of this class of diabetes drug
could be a promising option.

Incretin / GLP1-Receptor Agonists
Glucagon-like peptide-1-receptor agonists are used in
combination with diet and exercise in the therapy of T2DM,
either alone or in combination with other antidiabetic agents.
GLP1-R agonists have been found to enter the brain following
systemic administration (Hunter and Hölscher, 2012; Athauda
et al., 2017) and have neuroprotective properties when assessed
in various rodent models of neurological disease and damage
such as AD (Xu et al., 2015; Cai et al., 2018), PD (Yun et al.,
2018), epilepsy (Wen et al., 2019), TBI (Glotfelty et al., 2019),
and stroke. As a result, a number of clinical trials are already
underway for some of these molecules such as exendin-4
(NCT03456687, NCT02829502, NCT03287076), liraglutide
(NCT02953665, NCT01469351, NCT01843075, NCT03948347)
or semaglutide (NCT03659682) to assess benefits to AD,
PD, or stroke patients. A PD trial is already completed and
has reported that patients on exendin-4 show a statistically
significant improvement in clinical motor and cognitive
measures compared to the control group (Athauda et al.,
2017). Numerous experimental studies also demonstrated the
potential of glucagon-like peptide-1 (GLP1) and analog, such as
liraglutide or semaglutide, to reduce acute ischaemic damage in
the brain (Wang M.-D. et al., 2012; Zhu et al., 2016; Basalay et al.,
2019; Yang et al., 2019). Exendin-4, liraglutide and quinoxaline
6,7-dichloro-2-methylsulfonyl-3-N-tert-butylaminoquinoxaline
(DMB, an agonist and allosteric modulator of the GLP-1R)
have been shown to increase neuron survival under OGD
in vitro by reducing reactive oxygen species (ROS), apoptotic
and necrotic mechanisms (Wang M.-D. et al., 2012; Zhang
et al., 2016; Zhu et al., 2016). The potential that GLP1-R
agonists have for treating perinatal HIE has been further
strengthened in two recent studies demonstrating: (1) that
exendin-4 has significant therapeutic efficacy in the mouse
model of neonatal HIE (Rocha-Ferreira et al., 2018), (2) and
that liraglutide exerts neuroprotection via the PI3k/Akt pathway
(Zeng et al., 2020). The study by Rocha-Ferreira and colleagues
demonstrated that systemic administration either directly after
HI injury, or even 2 h later significantly reduced the size of
the brain infarct, the inflammatory response and the oxidative
stress. Exendin-4 treatment was able to work synergistically
with hypothermia to further enhance therapeutic efficacy
(Rocha-Ferreira et al., 2018).
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DPP-4 Inhibitor
Also called gliptins, DPP-4 inhibitors are a class of glucose-
lowering agents for the treatment of T2DM. Their actions are
mediated indirectly through preservation of GLP-1 incretins that
are mainly metabolized by the key enzyme DPP-4 (Andersen
et al., 2018). Preclinical studies have shown that DPP-4 inhibitors
have neuroprotective effects (Darsalia et al., 2019; Mousa and
Ayoub, 2019) but unlike GLP-1 receptor agonists (incretins), the
ability of DPP-4 inhibitors to cross the blood-brain barrier are
still unclear (Chen et al., 2015). However, they could indirectly
increase levels of active GLP-1 in the brain that crosses from
the blood (Yang et al., 2013). Several kinds of gliptins have
been shown to be effective in different experimental models of
neurological diseases such as AD (Wiciński et al., 2018; Dong
et al., 2019), PD, epilepsy and stroke (Darsalia et al., 2019;
Mousa and Ayoub, 2019). In the MCAO model mimicking
stroke, linagliptin and alogliptin reduced infarct volume and
neurological deficits (Chiazza et al., 2018; Hao et al., 2019).
In the same study, alogliptin protectsed against oxygen glucose
deprivation reperfusion (OGD/R) and has a neurovascular
protective effect increasing permeability in human brain vascular
cells (Hao et al., 2019). No data exists in an experimental neonatal
HIE model but DPP-4 enzyme activity is known to increase in
the blood serum of term and preterm neonates with cerebral
ischemia (Yakovleva et al., 2015). Because DPP-4 inhibitors
have shown neuroprotective properties and increase levels of
GLP-1 in the brain, this could suggest that they have potential
for treating HIE.

SUMMARY

The neuroprotective properties of diabetes drugs were first
recognized by improvements in the neuropathic aspects in T2DM
patients under treatment (Grant et al., 2011). The role of insulin
as a pro-survival neurotrophic factor, where its receptor is widely
expressed in cognitive areas of the brain such as the hippocampus
and in the dopaminergic system also helped to consolidate this
hypothesis (Haas et al., 2016; Fiory et al., 2019). The emerging
evidence has suggested a beneficial effect of diabetes drugs in
the management of diabetic and non-diabetic NDs. Furthermore,
data supporting their neuroprotective effects are supported by
a growing number of preclinical studies in neurodegenerative
disorders such as AD (Cai et al., 2018; Dong et al., 2019) and PD
(Athauda and Foltynie, 2016; Ayoub et al., 2018). Importantly,
therapeutic efficacy had also been demonstrated in a clinical
trial in PD patients (Athauda et al., 2017). However, many
developmental, functional, and injury time course differences
exist between the neonatal and the adult brain (Ferriero, 2004).
Drug delivery properties, dosage and use can also be complex to
translate from a adult to neonatal setting.

Several proof-of-concept studies with different classes of
diabetes drugs as a treatment in neonatal HIE have been
identified with glibenclamide (Zhou et al., 2009), metformin
(Dadwal et al., 2015; Fang et al., 2017; Qi et al., 2017) and exendin-
4 (Rocha-Ferreira et al., 2018). These diabetes drugs act on a
plethora of biological pathways (Rosa et al., 2008; Wang M.-D.

et al., 2012; Zhang et al., 2016; Zhu et al., 2016) and the precise
mechanisms of action of diabetes drugs for neuroprotection are
still not fully understood. However, in the context of HIE several
studies have demonstrated neuroprotective actions of the GLP1-
R agonists (Kimura et al., 2009; Jiang et al., 2016; Zhao et al., 2018)
and metformin (Khallaghi et al., 2016) through the PI3K/Akt
signaling pathway. In cases of brain injury, diabetes drugs have
shown to be able to help repair the brain by modulating cell
death mechanisms (Mielke et al., 2006; Gabryel and Liber, 2018;
Xia et al., 2018), reducing neuronal oxidative stress (Mohammad
Alizadeh et al., 2018) and promoting growth of new neurons and
cells (Dadwal et al., 2015; Qi et al., 2017).

In adults, diabetes drugs are generally well tolerated with a
long track record in the clinic and demonstrable safety profiles.
However, this requires to be established in new born babies.
Therefore, the normal advantages of rapidly repurposing drugs
at a lower cost than the drug development process (Ayoub
et al., 2018; Mousa and Ayoub, 2019) may be diminished for
application to HIE. Potential safety risks could be reduced since
the administration of the drug would likely only be required
during a short acute period following the HI insult over a 48 h
period (Rocha-Ferreira et al., 2018). However, depending on the
diabetes drug in question, an important consideration is the
potential to induce a hypoglycaemic effects when perturbations
in glucose metabolism (hypoglycaemia and hyperglycemia) are
already common in newborn infants with HIE (Vannucci, 1992;
Salhab et al., 2004; Basu et al., 2009). This issue of hypoglycaemia
exacerbating brain injury has been highlighted in the previously
mentioned pre-clinical study using glibenclamide (Zhou et al.,
2009). Therefore, the evaluation of the safety of diabetes drugs
must be conducted in preclinical neonatal models, including
larger animals prior to clinical trials.

CONCLUSION

In conclusion, there is a growing body of evidence supporting
the neuroprotective and anti-neuroinflammatory properties of
specific diabetes drugs. Furthermore, the emerging proof of
concept studies supporting their potential use as a treatment for
HIE, either independently or in combination with hypothermia,
is highly encouraging and warrants further investigation.
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Background: Real-world evidence includes data from retrospective/prospective

observational studies and observational registries, and provides insights beyond those

addressed by randomized controlled trials. This study aimed to evaluate the effectiveness

and safety of a clonidine adhesive patch (CAP) for children with tic disorder (TD) in a

real-world setting (RWS).

Methods: This was an open-label, non-interventional, post-marketing, observational

study in a RWS. Children diagnosed with TDs were enrolled from a pediatric neurology

clinic in China, and the change in tic symptom severity following 6 weeks pharmacologic

treatments was investigated using Yale Global Tic Severity Scale (YGTSS) during visits

at weeks 0, 4, 8, and 12.

Results: Of 150 patients, 76% (114/150) were male (age range, 3.03–14.24 years;

mean, 8.11± 2.48 years). Patients were divided into three groups: tiapride (n= 94), CAP

(n = 14), and CAP + tiapride (n = 42). The mean YGTSS improved 11.02, 15.14, 11.13

points from baseline to posttreatment for tiapride, CAP, and CAP+ tiapride, respectively,

but variance analysis showed there was no significant difference in YGTSS related to

different pharmacologic intervention during subsequent visits at weeks 4, 8, and 12.

Repeated measure analysis showed there was no significant difference between different

medication types for reducing the YGTSS score (F = 0.553, P = 0.576). No serious

adverse events (AEs) occurred, and there was no significant difference in the prevalence

of AEs between the three groups.

Conclusion: The CAP is effective and safe for TD management in a RWS, because

of the limitation of sample size and the period of follow up, observational studies with

longer-term outcomes, and larger sample size are needed.
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INTRODUCTION

Tic disorders (TDs) have been conceptualized as hyperkinetic-
movement disorders and chronic neuropsychiatric disorder with
childhood onset. TDs are characterized by multiple motor and
one or more phonic tics; males are three-times more likely to
suffer from TDs than females (1, 2). There are three types of
TDs: transient tic disorder (TTD), chronic tic disorder (CTD),
and Tourette syndrome (TS). One meta-analysis showed the
worldwide prevalence of TTD to be 2.99%, followed by CTD
(1.61%), and TS (0.77%) (3). In China, the combined prevalence
of TDs has been reported to be 6.1%. One meta-analysis stated
the prevalence of TTD, CTD, and TS in China to be 1.7, 1.2,
and 0.3%, respectively (4). Despite the core symptom being
tics, co-occurring psychiatric disorders are common in children
suffering from TDs, such as attention deficit and hyperactivity
disorder (ADHD), obsessive-compulsive disorder (OCD), and
anxiety disorder (5–7).

Pharmacologic treatment is the main therapy for the
management of tics and comorbidities (8, 9). Several randomized
controlled trials (RCTs) have shown that clonidine can reduce
some of the tics and other behavioral symptoms associated
with TDs, and that clonidine is safe to use (10–12). In 2016,
a systematic review by Wang and colleagues encompassing
six RCTs (1,145 participants) evaluated the effectiveness of a
clonidine adhesive patch (CAP) for TD treatment (13). They
showed that the CAPmay be as effective as haloperidol or tiapride
for TDs, and that the prevalence of adverse events (AEs) of
the CAP was low. Nevertheless, additional studies are needed
urgently to reevaluate the effectiveness and safety of the CAP.

RCTs are undertaken according to regulatory and scientific
standards, so extrapolation of research results is limited. Hence,
RCTs may not necessarily reflect what happens in real-world
settings (14). Real-world evidence helps to improve decision-
making in healthcare settings. Hence, this study aimed to evaluate
the effectiveness and safety of CAP for children with tic disorder
(TD) in a real-world setting (RWS).

MATERIALS AND METHODS

Study Design
This was an open-label, non-interventional, post-marketing,
observational study to investigate the change in severity of tic
symptoms in TD patients following different pharmacologic
treatments in a real-world practice. The study was conducted
from January to May 2019. The non-interventional, post-
marketing nature of our studymeant that registration in a clinical
trial registry was not mandatory. Nevertheless, the study protocol
was approved by the Office of Research Ethics Committees of
West China Second Hospital (Chengdu, China).

Inclusion Criteria
The inclusion criteria were: (i) a clinically confirmed diagnosis of
TD according to the Diagnostic and Statistical Manual of Mental
Disorders-IV-Text Revision; (ii) age <18 years; (iii) provision of
written informed consent.

Exclusion Criteria
The exclusion criteria were: (i) delays or problems with mental
development (Wechsler intelligence-quotient score <70 points);
(ii) cerebral palsy, neurodevelopmental delay, history of inherited
metabolism, or poor development of motor language; (iii)
non-provision of written informed consent. Voluntary written
informed consent was provided by all caregivers or children aged
>8 years.

Treatment
Assignment of patients to pharmacologic therapy was decided
according to standard practice and medical indications assessed
by the treating physician. Eligible patients were prescribed a drug
dose by their treating physician depending on its effectiveness
and toxicity and patient weight. This dosing regimen conformed
to standard medical practices and the terms of local marketing
authorization and reimbursement guidelines.

For CAPs, patients of weight 20–40 kg were given 1.0 mg/film;
40–60 kg were given 1.5 mg/film; >60 kg were given 2.0 mg/film.
For tiapride, each child was started on 50 mg/day and the dose
increased gradually to amaximumof 400mg/day. The stable dose
of medication was maintained for 6 weeks.

Assessments
Baseline data (age, sex, disorder duration, type of TD) were
obtained by the treating physician, followed by assessments
during subsequent visits at weeks 0, 4, 8, and 12. The primary
outcome was measured by the Yale Global Tic Severity Scale
(YGTSS). This consists of a separate rating of severity for motor
and vocal tics along five discriminant dimensions (number,
frequency, intensity, complexity, and interference) on a scale of
0–5 for each. Summation of these scores (i.e., 0–50) results in
a total tic score (TTS). The tic impairment score (TIS), from
zero to a maximum of 50 points, is based on the impact of the
tic disorder on self-esteem, family life, social acceptance, and
school performance. The TIS is added to the TTS to obtain
the total YGTSS (YGTSS-T) score. The secondary outcome was
AEs, which were assessed via an interview of self-report by
participants or their caregivers during the follow-up. The study
flow of screening the participants was shown in Figure 1.

Statistical Analyses
The intent-to-treat population (which comprised all patients who
received the study drug and who had a baseline visit and at
least one on-treatment post-baseline visit) was used to assess
all effectiveness and safety variables. For the comparability of
baseline variables with continuous variables, they are shown
as the mean ± standard deviation. If data followed a normal
distribution, one-way ANOVA was used. If data did not follow
a normal distribution, they were analyzed by the Wilcoxon rank
sum test. Categorical variables are shown as frequencies and
percentages, and the chi-square test or Fisher’s exact test were
used as appropriate.

Repeated measure analysis of variance was used to test the
difference of treatment effects for different drugs. First, we
used the Mauchly sphericity test to ascertain if the measured
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FIGURE 1 | The study flow of screening the participants.

data satisfied the test hypothesis. If not, the Greenhouse–
Geisser correction was carried out. P ≤ 0.05 was considered
significant. We used SPSS v22 (IBM, Armonk, NY, USA) for
statistical analyses.

RESULTS

Characteristics of Patients (Table 1)
Children diagnosed with TDs were enrolled from a pediatric
neurology clinic at West China Second Hospital. Initially, 157
patients were recruited. Seven patients discontinued treatment
because they refused to sign the informed consent, so 150 patients
completed the study. Among these 150 children, 76% (114/150)
were male, and ranged in age from 3.03 years to 14.24 (mean, 8.11
± 2.48) years. These patients were divided into three intervention
groups: tiapride (n = 94), CAP (n = 14), and CAP + tiapride (n
= 42).

There was no significant difference between the three groups
in terms of sex, disorder duration, type of TD, or baseline YGTSS
score, but there was a significant difference in age, so we included
age as a covariate in the statistical model for analyses.

Effectiveness of Different Pharmacologic

Interventions
The YGTSS score was reduced at different times after
pharmacologic intervention. For tiapride, the mean YGTSS
improved 11.02 points from baseline to posttreatment (24.8
vs. 13.78). For CAP, the mean YGTSS improved 15.14 points
from baseline to posttreatment (28.0 vs. 12.86). For CAP +

tiapride, the mean YGTSS improved 11.13 points from baseline

to posttreatment (27.64 vs. 16.31), but variance analysis showed
there was no significant difference in YGTSS related to different
pharmacologic intervention during subsequent visits at weeks 4,
8, and 12 (Table 2).

Repeatedmeasure analysis also showed a significant difference
for the YGTSS score for different medications at different follow-
up times (F = 18.949, P = 0.000), but we found no interaction
between the medication time and medication type (F = 1.043, P
= 0.389) or between the medication time and age (F= 2.384, P=

0.069). A test of within-participant effects showed no significant
difference between different medication types for reducing the
YGTSS score (F = 0.553, P = 0.576).

Safety
We found that 10.6% (10/94) of patients reported AEs in the
tiapride group (Table 3); the most common AEs were dizziness
and abdominal pain. Also, 7.1% (1/14) of patients reported
AEs in the CAP group; the most common AEs were rash. In
addition, 23.1% (10/42) of patients reported AEs in the CAP +

tiapride group; the most common AEs were dizziness, abdominal
pain, and drowsiness. The chi-square test showed no significant
difference in the prevalence of AEs between the three groups.

DISCUSSION

We used an observational study design to investigate the
effectiveness and safety of different pharmacologic treatments
in a real-world practice. We compared three pharmacologic
interventions (tiapride, CAP, tiapride+ CAP) in 150 patients
with TDs. We observed no significant difference between the
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TABLE 1 | Demographics and baseline patient characteristic.

Group Tiapride (n = 94) Clonidine (n = 14) Clonidine + tiapride

(n = 42)

χ
2/F P

Age 7.958 ± 2.499 6.965 ± 2.341 8.822 ± 2.338 3.507 0.033

Gender Male 67 13 34 4.483 0.106

Female 27 1 8

Time of disorder (year) 1.555 ± 1.451 1.001 ± 1.138 1.750 ± 1.613 1.358 0.260

Type of TDs TTD 36 9 15 3.969 0.410

CTD 35 3 15

TS 23 2 12

YGTSS score Total scores 24.800 ± 7.003 28.00 ± 13.801 27.64 ± 10.727 1.898 0.154

Motor tic 10.320 ± 3.303 10.640 ± 3.875 10.500 ± 3.624 0.078 0.925

Vocal tic 3.970 ± 4.723 4.500 ± 5.095 5.480 ± 5.260 1.369 0.258

Tic impairment score 10.530 ± 4.242 12.860 ± 8.254 11.670 ± 5.372 1.706 0.185

TABLE 2 | YGTSS scores for different treatment times in three groups.

Baseline 4 weeks 8 weeks 12 weeks

Tiapride 24.800 ± 7.003 21.050 ± 9.141 18.300 ± 9.562 13.780 ± 11.577

Clonidine 28.00 ± 13.801 17.860 ± 10.037 16.360 ± 12.768 12.860 ± 12.805

Clonidine + tiapride 27.64 ± 10.727 23.140 ± 12.233 20.710 ± 13.349 16.310 ± 14.338

F 1.89 1.517 1.071 0.712

P 0.154 0.223 0.345 0.492

TABLE 3 | Reported side effects during follow up period.

Tiapride Clonidine Clonidine + tiapride

Dizzy 3 0 4

Abdominal pain 2 0 2

Drowsiness 1 0 2

Insomnia 1 0 0

Nausea/vomit 1 0 0

Loss of appetite 1 0 0

Rash 1 1 0

Mental distress 0 0 2

Total 10 1 10

medication groups in terms of reducing the YGTSS score after
8 weeks of treatment. In general, tiapride and the CAP were
well-tolerated, and elicited few AEs.

Clonidine use is strongly recommended in Canadian
guidelines, and it is regarded as first-line treatment in Chinese
clinical guidelines, for TDs (15, 16). However, European
guidelines recommend clonidine as second-line treatment
for TDs (antipsychotic agents are first-line treatment) (17).
Clonidine is seldom chosen to treat TDs in Japan (but
clonidine is the only α2 adrenergic receptor agonist used to
treat hypertension in Japan) (18). North American guidelines
recommend α2 adrenergic agonists for the treatment of tics if
the benefits of treatment outweigh the risks (with evidence level
B), but physicians should monitor common side effects, such as

sedation, heart rate, and blood pressure (level-A evidence) (19).
Hence, the safety of the medication is an important concern for
long-term treatment of TDs. We did not find serious AEs in
TD treatment in a real-world practice during a short follow-up
period, but common side effects must be monitored.

No clinical guidelines have mentioned CAP use, and there
may be two reasons for this. First, formulations applied as
an adhesive patch are not used widely. Nevertheless, a CAP
releases clonidine at a relatively invariable rate for 1 week without
trough or peak changes in plasma concentrations, so it is a very
convenient treatment. Second, adhesive patches are relatively
expensive, but the convenience of treatment may improve the
quality of life of patients with TDs. Hence, cost–benefit analyses

should be carried out. Therefore, future research should be
considered from these two perspectives.

Our findings are similar to the study conducted by Joo and

Kim (20), they assessed the effectiveness and safety of clonidine

extended release (ER) treatment in Korean youth with ADHD
and/or TS and included 29 children treated with clonidine ER,
the result showed significant decreases in the CGI-S scores for
both ADHD and tic symptoms were noted over 12 weeks, and
life-threatening adverse effects were not observed.

Our study had three main limitations. First, included
patients were from a single center, so a selection bias was
evident. Nevertheless, the West China Second Hospital is
the largest hospital in western China, so the research results
carry a certain representativeness. Second, the observational,
non-interventional design of our study may have introduced
some bias toward overestimation of the treatment effect.
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Nevertheless, our study provides important insights into the
real-world management of TDs. Finally, an observational
study may underestimate AEs because adverse events were
only assessed via an interview of self-report by participants
or their caregivers, sometimes they may ignore reporting
adverse reactions. Further studies are needed to overcome the
shortcomings mentioned above.

CONCLUSIONS

The CAP is effective and safe for TD management in a RWS,
because of the limitation of sample size and the period of follow
up, observational studies with longer-term outcomes and larger
sample size are needed.
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Neonatal Encephalopathy (NE) describes neonates with disturbed neurological function

in the first post-natal days of life. NE is an overall term that does not specify the

etiology of the encephalopathy although it often involves hypoxia-ischaemia. In NE,

although neurological dysfunction is part of the injury and is most predictive of long-term

outcome, these infants may also have multiorgan injury and compromise, which

further contribute to neurological impairment and long-term morbidities. Therapeutic

hypothermia (TH) is the standard of care for moderate to severe NE. Infants with

NE may have co-existing immune, respiratory, endocrine, renal, hepatic, and cardiac

dysfunction that require individualized management and can be impacted by TH.

Non-neurological organ dysfunction not only has a negative effect on long term

outcome but may also influence the efficacy of treatments in the acute phase. Post

resuscitative care involves stabilization and decisions regarding TH and management of

multi-organ dysfunction. This management includes detailed neurological assessment,

cardio-respiratory stabilization, glycaemic and fluid control, sepsis evaluation and

antibiotics, seizure identification, and monitoring and responding to biochemical and

coagulation derangements. The emergence of new biomarkers of specific organ injury

may have predictive value and improve the definition of organ injury and prognosis.

Further evidence-based research is needed to optimize management of NE, prevent

further organ dysfunction and reduce neurodevelopmental impairment.

Keywords: Neonatal Encephalopathy, Therapeutic hypothermia, brain injury, multi-organ dysfunction,

neurodevelopmental outcome

INTRODUCTION

Neonatal encephalopathy (NE), is a clinically defined syndrome of disturbed neurologic function in
the earliest post-natal days of life in an infant born at or beyond 35 weeks of gestation, manifested by
a subnormal level of consciousness or seizures, and often accompanied by difficulty with initiating
and maintaining respiration and depression of tone and reflexes (1). In up to 50% of cases of NE
the exact underlying cause is unknown and is commonly a combination of factors (2). The terms
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NE and hypoxic-ischaemic encephalopathy (HIE) are used
interchangeably in the literature but as NE is all-encompassing
and does not specify etiology, it is the term used in this
review (3–5).

The neonatal period is the highest risk for brain injury during
the lifespan. In 2010, the estimated global burden of NE was
1.15 million, with 96% of these infants being born in low and
middle income countries (6). The global estimated incidence
from a systematic review in 2010 is 8.5 per 1,000 live births,
with an estimated incidence of 1–3 per 1,000 births in high
income countries.

Therapeutic hypothermia (TH) is known to be
neuroprotective by addressing the cascade of injurious events
that follow a hypoxic-ischemic insult in NE. Randomized
controlled trials demonstrated the safety and the efficacy of
TH by demonstrating a reduction in death and major neuro-
disability for infants with moderate to severe NE when their
clinical history, laboratory criteria, and neurological exam
meets agreed standardized criteria. Despite TH, the incidence of
death or moderate/severe disability remains high at 48% (7). A
systematic review including seven randomized controlled trials
(RCT) with 1,214 neonates with NE undergoing TH concluded
an overall mortality of 28%, with a range of 24–38% (7), with
the following incidences of neurological impairment; cognitive
impairment 24%, cerebral palsy 22%, epilepsy 19%, and cortical
visual impairment 6%.

These high morbidity and mortality rates suggest that there is
a need to improve outcomes by further optimizing TH candidate
selection, improving timeliness of treatment initiation, increasing
the use of brain monitoring for the identification and treatment
of seizures, improving multi-organ management during TH,
and identifying biomarkers to offer individualized adjunctive
therapies during TH. There is no single gold standard diagnostic
test to determine etiology, severity, or prognosis at present (8, 9).

Neurological dysfunction is only part of the spectrum of
injury in NE following hypoxic ischemic insult, infants can
have co-existing multi-organ dysfunction which contributes
to subsequent morbidities and mortality. The pathophysiology
underlying the brain injury in NE affects the immune,
respiratory, endocrine, renal, hepatic, and cardiac functioning
(10, 11). In addition, exposing these infants to TH has its
own impact on multi-organ function. Optimisation of multi-
organ monitoring and support during TH has the potential
to prevent injury progression and enhance the neuroprotective
effects of TH.

THERAPEUTIC HYPOTHERMIA

TH is the standard of care for moderate and severe NE. Major
randomized clinical trials (RCT) have demonstrated a reduction
in death and disability with TH (12). A Cochrane meta-analysis
of these trials concluded that in infants over 35 weeks and <6 h
of age with moderate or severe NE (n= 638), TH to 33.5–34.5◦C
for 72 h, reduced the mortality and disability at 18 months of
age with a typical risk ratio (RR) of 0.75 with a number needed
to treat (NNT) of 7 (12). The National Institute of Child Health

and Human Development (NICHD) and Committee of the Fetus
and Newborn of the American Academy of Pediatrics (AAP)
subsequently published a framework to ensure the appropriate
use of TH (13), and recommended that infants should meet
inclusion criteria outlined in clinical trials as follows: gestational
age >36 weeks; age <6 h; pH of ≤7.0 or a base deficit of ≥16
mmol/L in of umbilical cord blood or blood obtained during
the first hour after birth; history of an acute perinatal event;
10min Apgar score of <5 or assisted ventilation at birth and
for 10+ min; neurologic examination demonstrating moderate
to severe encephalopathy.

Evidence from animal studies suggest that earlier TH
initiation increases neuroprotection (14). The Neonatal
Resuscitation Programme (NRP) notes however that there is a
paucity of evidence regarding commencement of hypothermia
during resuscitation, as passive hypothermia without core
temperature monitoring during resuscitation may result in
overcooling with serious adverse effects (15). Thoresen et al.,
showed significantly improved motor development scores at 18
months when TH is initiated <3 h (n= 35) compared to >3 h of
age (n = 30) (16). This suggests that once indicated, TH should
be initiated immediately after resuscitation.

Two further RCT examined modifications from the original
TH protocols. Laptook et al. (17) examined late initiation of
TH in NE at between 6 and 24 h of age. The trial was a
multicentre RCT (n = 164) comparing late initiation of TH with
normothermia. Although there was no statistically significant
difference in death and disability between groups, the authors
used a pre-specified Bayesian analysis to demonstrate that there
was an increased probability of reduction in death or disability
with minimal adverse events in the TH group. Shankaran et al.
(18) examined TH to a lower temperature of 32◦C and/or for
a longer duration of 120 h in a multi-center RCT. The trial
was stopped at 50% (n = 364) of the planned recruitment due
to a number of adverse events including anuria, arrhythmia,
increased inhaled nitric oxide requirement and extra corporeal
membrane oxygenation (ECMO) use, more days of oxygen and a
higher incidence of bradycardia as well as trend toward increased
mortality. There was no difference between treatment groups
in the primary outcome of death or neuro-disability at 18–22
months of age.

The initial TH protocols included infants with moderate to
severe NE. Despite recommendations from organizations like
the AAP, there is evidence of therapeutic drift with TH being
provided to neonates with mild NE. A national survey in the
UK reported that 75% of centers offered TH to infants with
mild NE (19). The Prospective Research on Infants with Mild
Encephalopathy (PRIME) Study found that 52% of infants with
mild NE had an abnormal early aEEG or seizures, abnormal
brain MRI, or neurological exam at discharge (20). At follow
up at a mean of 19 months, 16% of infants had a disability
and 40% had Bayley III scores <85 (21). Murray et al. noted
that children with mild NE, not treated with TH, had cognitive
outcomes similar to that of children with moderate NE, who were
treated with TH (22). A systematic review examining outcome of
infants with mild NE found that 25% (n = 341) had abnormal
neurodevelopment outcome (23). There is an ongoing phase two
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RCT by Thayyil et al., Optimizing the duration of Cooling inMild
NE (COMET Study; NCT03409770), examining the feasibility
and duration of TH in mild NE in the UK. Interpretation of
research and smaller cohort studies of neonates with mild NE is
limited by a lack of consistent definition of mild NE across study
groups. Although a beneficial effect of TH in this population is
plausible, to date this benefit has not been demonstrated in an
RCT (24).

NEUROLOGICAL ASSESSMENT AND
MONITORING

Neurological Assessment
A detailed neurological assessment is required to diagnose NE
and ideally before the administration of sedating medications
that may alter the neurological examination. TheModified Sarnat
Examination (25) is used in the evaluation of neurological status
for initiation of TH. This was used as entry criteria in the
main TH RCTs (26) apart from the Total Body Hypothermia
(TOBY) trial and the Cool Cap Study, both of which included
amplitude integrated electroencephalogram (aEEG) as an entry
criterion (27). The Sarnat Score assesses three stages of NE:
mild (NE I), moderate (NE II), and severe (NE III) which were
correlated with clinical outcome. The score is derived from a
study of 21 infants with NE graded according to their level
of encephalopathy and EEG findings over the first post-natal
week of life. Sarnat et al. concluded that persistence of moderate
encephalopathy for more than 7 post-natal days was associated
with poor neurologic outcome or death (25). A systematic
review of newborn assessment to predict neurological outcome
including 12 studies concluded that the risk of neonatal death was
24-fold higher in Sarnat III than Sarnat II, and 171 times higher
in Sarnat III than Sarnat I (28).

The Amiel-Tison Neurologic Assessment at Term (ATNAT)
(29) was developed to provide a framework for observing the
development of cortical control in infants at term and has been
shown to predict the occurrence of cerebral palsy after birth
asphyxia. Amess et al. examined term infants postnatally (n= 28)
with NE with the ATNAT at 8 h and at 7 days. Both early and late
neurological examinations were reliable indicators of a favorable
outcome at 1 year, having negative predictive values of 100 and
91%, respectively (30). Murray et al., used the ATNAT serially
over the first 3 days of post-natal life in 57 infants with NE, and
found a significant correlation between ATNAT and neurological
outcome at 2 years (31). A normal early assessment predicted a
normal outcome, and a persistent neurological abnormality on
day of life 3 was associated with neuro-disability. The risk was
100% in those with a severely abnormal ATNAT, and 41% in those
with a moderately abnormal assessment.

The Thompson score is a clinical tool assessing central
nervous system dysfunction in NE, based on the longitudinal
clinical assessment of 9 signs, including tone, level of
consciousness, seizures, posture, Moro, grasp, suck, respiratory
function, and anterior fontanelle tension (32). Kothapali et al.
showed that the Thompson score has a good short-term
predictive capacity of morbidity and mortality (n = 145) (33).

Mendler et al. showed a strong association between Thompson
score and long-term, at a mean age of 53 months in infants with
NE (n = 36) (34). Almost all surviving infants with a maximal
Thompson score ≤10 had a normal IQ and almost all infants
with an impaired IQ (<85) had a Thompson Score ≥11.

Prechtl’s assessment of general movements assesses
spontaneous motor activity and has proven sensitive in the
prediction of cerebral palsy (35). General movements assesses
for two distinct patterns of normal movements, writhing
movements at 6–9 weeks post term, and fidgety movements
at 6–20 weeks. Abnormal movements include poor repertoire,
cramped-synchronized, and absent fidgety general movements.
General movements were highly correlated to gray matter injury
in infants with NE (36). All infants with severely abnormal
general movements had gray matter injury and poor motor
outcome. Infants with predominantly white matter, cortical
lesions or mild basal ganglia or thalamic injury had normal or
transiently abnormal general movements and normal or mild
motor impairment. The ATNAT was compared to Prechtl’s
qualitative assessment of general movement in a group of 45
preterm infants with risk factors for brain injury and correlated
better with neurodevelopmental outcome (37).

AMPLITUDE INTEGRATED EEG (AEEG)
AND IDENTIFICATION AND MANAGEMENT
OF NEONATAL SEIZURES

The incidence of seizures in NE is ∼50% (38). The presence
of seizures increases the incidence of neurodevelopmental
impairment. A cumulative seizure burden of 40min increases
neurodevelopmental impairment by nine-fold, independent of
grade of encephalopathy and TH (39). TH reduces the seizure
burden, especially in moderate NE (40). Seizures can be difficult
to diagnose in neonates as ∼50% do not have obvious clinical
signs (41, 42).

AMPLITUDE INTEGRATED EEG (AEEG)

Availability of continuous Electroencephalography (EEG) with
real-time interpretation by trained staff is ideal but most NICUs
use the modified form of amplitude integrated EEG (aEEG), a
single or double lead EEG recording from two parietal electrodes.
aEEG is useful to monitor baseline brain activity and to detect
seizures (43). The combination of early neurological examination
and aEEG, in comparison to each individually enhances the
ability to identify infants with NE (44). Svenningsen et al.
demonstrated that aEEG background activity over the first 6 h
of post-natal life accurately predicted neurological outcome
(45). The limitations of aEEG include limited short low voltage
seizure detection (46) and inaccurate readings due to artifact
compared to EEG. aEEG has been demonstrated to be less
predictive of outcome at early time points in infants treated
with TH compared to normothermia; infants with good outcome
had normalized background pattern by 24 h when treated with
normothermia and by 48 h when treated with hypothermia (47).
Various aEEG training modalities are available such as from the
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Total Body Hypothermia Register website (https://www.npeu.ox.
ac.uk/downloads/files/toby/TOBY-CFM-Manual.pdf).

TREATMENT OF NEONATAL SEIZURES

The treatment of seizures in NE remains a therapeutic challenge
(48). Phenobarbitone is used as first line agent (49), however
its efficacy is limited. Phenobarbitone has been demonstrated
to reduce both the amplitude and propagation of seizures
(50) which may result in electroclinical uncoupling of seizures,
which refers to electrographic seizure activity that is not
clinically manifested and may make seizure detection more
difficult on aEEG monitoring. There are concerns about
adverse cognitive effects of phenobarbitone on the neonatal
developing brain (51). Animal models have demonstrated that
early phenobarbitone exposure causes adverse neurological
outcomes later in life (52) and most of the pharmacological
data on phenobarbitone is extrapolated from adult data (53).
The “efficacy of intravenous levetiracetam in neonatal seizures”
trial (NEOLEV2; NCT01720667) examined the efficacy of
using levetiracetam first line in comparison to phenobarbitone
for neonatal seizures from all causes. The primary outcome
was to determine the efficacy of intravenous levetiracetam in
terminating neonatal seizures (from all causes) when given as
first line therapy compared to phenobarbitone. The provisional
results demonstrated that phenobarbitone was more effective
then levetiracetam with 80% remaining seizure free for 24 h
compared to 28% (54). Sharpe et al. provided continuous
monitoring for patients in the NEOLEV2 trial with real-time
response to seizure detection. They reported that automatic
seizure detection algorithm was useful but not accurate enough
to replace human review and that placement of EEG monitors
after hours was problematic (55). Levetiracetam pharmacokinetic
studies in term neonates found a higher than expected renal
clearance, that increased significantly over the first week of post-
natal life requiring increased interval dosing (56).

Second line agents to treat neonatal seizures include
phenytoin, levetiracetam, topiramate, lidocaine, and midazolam
(57). Phenytoin was found to be 57% effective as a combination
therapy with phenobarbitone to achieve seizure control in
an RCT of neonates with seizures from all causes (n = 59)
(53). Bumetanide was evaluated as a second line therapy for
neonatal seizures via the NEMO (Treatment of Neonatal seizures
with Medication Off-patent: evaluation of efficacy and safety
of bumetanide) open label feasibility trial. The trial had safety
concerns regarding ototoxicity and was stopped prematurely (n
= 14) (58). Bumetanide did not show signs of clinical efficacy
for the treatment of neonatal seizures in the 14 infants that were
studied prior to the premature cessation.

A survey of 55 pediatric neurologists predominantly based in
USA showed a high off label use of levetiracetam and topiramate
as second line for neonatal seizures (3). No side effects in
the levetiracetam group were reported in the survey and the
treatment was reported as beneficial in over half of cases. There
was no consensus on the dosage to use and a wide range
of doses were reported (10–30 mg/kg). Midazolam has been

shown to have a good response rate in seizure termination in
a group of neonates with seizures refractory to phenobarbitone
and phenytoin (59). A retrospective review of neonatal seizure
management reported that lidocaine demonstrated effectiveness
in 50% of neonatal seizures as second line therapy but caution is
warranted in view of cardiac toxicity, with bradycardia reported
in 3% of patients (60). These studies demonstrate that there is
an urgent need for clinical trials to determine safe and effective
treatment for neonatal seizures (61).

In summary, 50% of infants with NE have seizures, with
phenobarbitone remaining the first line agent with demonstrated
clinical efficacy but some overall safety concerns. A global
working group of experts established a consensus for protocols
for new RCTs in neonatal seizures using evidence based neonatal
seizure treatment (62).

NEURO IMAGING

MRI is the gold standard technique to detect patterns of cerebral
damage in NE and provides a reliable guide to prognosis (63).
Cranial ultrasound (US) and Doppler sonography have useful
adjuncts in early diagnostic imaging (64–66). Conventional MRI,
with T1 and T2 weighted images, has been demonstrated to have
good diagnostic ability to detect brain injury at the end of the
first post-natal week of life. There are limitations to the predictive
value of MRIs, a normal MRI does not guarantee a normal
neurodevelopmental outcome. In one study 32% of infants who
had a normal MRI brain in the neonatal period post TH had
abnormal development at follow up (67).

The advancement of MR diffusion weighted imaging (DWI)
(68) and magnetic resonance spectroscopy (MRS) means lesions
may be visualized within the first few post-natal days.

The optimal timing of the MRI brain is important for clinical
prognostication and potential redirection of care in the case
of end of life decisions, with most cases of withdrawal of care
occurring in the first three post-natal days of life (69).

High correlation of sequential conventional MRI and DWI on
post-natal day 4 and during the secondweek was demonstrated in
15 patients with NE (70). 3 Tesla (T) MRI brain was performed
in 12 infants with NE at four time points, on post-natal day 1,
days 2–3, days 8–13, and at 1 month of age (71). All injuries were
already visible on early MRI scans, the later MRIs did not show
any new lesions, and in severe NE, DWI changes were subtle on
post-natal day 1 and became more apparent on days 2–3. The
image quality and diagnostic accuracy in comparison is better
with 3T in comparison to a conventional 1.5 TMRI (72). 3TMRI
has a good safety profile and is safe for the developing brain but
is not universally available (73).

MRI changes in NE may commonly involve parasagittal
watershed infarcts between anterior/middle cerebral artery
and middle/posterior cerebral artery, with both cortical
and subcortical involvement, and injury to metabolically
active tissues such as the basal ganglia (BG), thalami,
putamen, hippocampi, brainstem, and corticospinal tracts
(74). Abnormalities in the signal of the posterior limb of the
internal capsule (PLIC), BG and thalami have been demonstrated
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to have the greatest predictive value of poor neurodevelopmental
outcome, in particular for motor outcome (75, 76). Severe
BG and thalami lesions predictive accuracy for severe motor
impairment was 0.89 in one study, with abnormal PLIC signal
intensity predicting the inability to walk independently by 2
years with a positive predictive value of 0.88 (77). In contrast,
infants with white matter damage and no BG or thalamic injury
had a good prognosis for independent walking by 2 years of age
in infants with NE (n= 270) (78).

TH has demonstrated a reduction in BG, thalamic, white
matter, and PLIC signal abnormalities (79). TH may be better at
reducing the severity of BG and thalamic injury as these regions
are selectively vulnerable to acute hypoxia-ischemia compared
to parasagittal areas which are more associated with partial
prolonged injury (80). The accuracy of MRI as a biomarker to
predict outcome is not altered by TH (79).

Magnetic resonance spectroscopy (MRS) provides a non-
invasive examination of biochemical brain biomarkers. The
Magnetic Resonance Biomarkers in Neonatal Encephalopathy
(MARBLE) Study (81) found that thalamic N-acetyl aspartate
(NAA) concentration had the highest sensitivity (100%) and
specificity (97%) to predict neurodevelopmental outcome at 2
years (n = 223). A meta-analysis on MR biomarkers identified
MRS deep gray matter Lactate/NAA as the most accurate
biomarker to predict neonatal outcome and commented that
MRS scoring systems can increase prognostic objectivity (82).

Diffusion tensorMRI is more sensitive than conventionalMRI
to explore brain development and white matter fibers density and
maturation (83), and can display early injury prior to T1 and T2
abnormalities being apparent (84). A systematic review by Dibble
et al., of white matter tracts in NE, found three areas of altered
diffusion commonly seen in NE were associated with adverse
outcomes, the posterior limb of internal capsule and the genu
and splenium of the corpus callosum (85). Gray matter diffusion
changes in the BG and thalami post NE are associated with
dyskinetic cerebral palsy (86). Weeke et al. included diffusion
weighted changes in the corpus callosum in a new NEMRI brain
scoring system correlating with outcome at 2 years (87). The
limitation however of DWI is that the changes normalize within
the first week (88).

In addition to conventional MRI techniques, there are further
advanced research methods where the acquired data is amenable
to derive specific measures through computational analysis and
exploration of their ability to predict outcome. This includes
diffusion MRI tractography to visualize white matter structure
(89–91), and model based measures of tissue microstructure
such as Neurite Orientation Dispersion and Density Imaging
(NODDI) (92, 93) and diffusion tensor imaging (DTI) based
parameters like apparent diffusion coefficient (ADC), radial
diffusivity (RD) and fractional anisotropy (FA) (94). Other
physiological parameters such as regional cerebral blood flow can
be measured with Arterial Spin Labeling (ASL) (95).

Near-infrared spectroscopy (NIRS) is a tool to monitor
regional cerebral oxygen saturation, via a calculation based
on the absorption spectra of oxygenated and deoxygenated
hemoglobin. The measurement of regional cerebral oxygen
saturation represented mixed oxygenation of both arterial,

venous and capillary readings (96). A systematic review of the use
of NIRS in NE showed an association between impaired cerebral
autoregulation and cardio-respiratory injury, abnormal MRI and
long-term outcome (97).

NEUROCRITICAL CARE

Neurocritical care is an evolving field of tertiary intensive care
units through collaboration of neonatologists, neurologists, nurse
specialists, and allied health professionals who coordinate care
for neurologically ill neonates and has improved outcome of
babies with NE (98).

Neurocritical care provides consistency in diagnostic and
management strategies focused on improved neurological
outcomes. A retrospective review compared the MRI brains’ of
infants cared for in their normal NICU (n = 109) to those of
infants cared for after their introduction of a neurocritical ICU
(n= 107) (99) and demonstrated a reduction in abnormalities on
MRI brain of infants cared for in the neuro NICU after adjusting
for confounding factors (odds ratio 0.3, CI 0.15–0.57, p <

0.001). The changes implemented in that neuro NICU included
the introduction of a new multi-disciplinary team, full EEG
monitoring done for duration of hypothermia and rewarming,
neuroprotection protocols, quality improvement practices, and
implementation of a long-term follow-up program.

CARDIOVASCULAR

The spectrum of cardiovascular (CVS) dysfunction in NE ranges
in severity and may be attributed to hypoxia or be secondary
to ischemia, metabolic acidosis, and multiorgan injury (100).
Myocardial contractility, cardiac output and blood pressure are
all negatively impacted and co-existing pulmonary hypertension
is common. CVS dysfunction may be evaluated from a number
of modalities including vital signs, biochemical parameters,
echocardiography, and other haemodynamic assessments.

TH affects haemodynamic functioning by causing bradycardia
(101), peripheral vasoconstriction, and decreasing cardiac output
(102). TH increases the QTc interval (103) and increases the
risk of cardiac arrhythmias (104). The initial TH RCTs were not
adequately powered to examine cardiovascular benefit however
creatinine-kinase muscle/brain (CK MB) and brain natriuretic
peptide (BNP) decrease with TH suggesting a cardioprotective
effect (105) and animal model studies have demonstrated an
improvement in cardiac ischaemia (106).

Both troponin-T and troponin-I have been demonstrated
to be sensitive markers of cardiac dysfunction in NE (100,
107). Gunes et al. measured serial troponin-T, creatinine Kinase
(CK-MB), in 45 infants with NE (108). CK-MB levels were
significantly higher in moderate and severe NE then in mild NE.
Boo et al. found the sensitivity of serum troponin-T in detecting
myocardial injury in NE presenting with heart failure was 72.7%
and the specificity was 35.9% (109). Serial serum troponin levels
during the first 48 h of post-natal life have been found to be
significantly higher in infants with NE who died.
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Hypotension is observed in up to 62% of patients and
may cause secondary multiorgan ischaemic injury. There is
no consensus on the ideal target mean systolic, diastolic nor
pulse pressure during TH nor on the best pharmacologic
agents to maintain it. Long term clinical outcomes of
inotropic and chronotropic support lack evidence, with
dopamine, dobutamine, and adrenaline commonly chosen
demonstrating short term haemodynamic improvements in
BP (110). Vasopressor use warrants caution due to potential
pulmonary and systemic vasoconstriction (110). McNamara
et al. recommended that inotropes administration be done on
an individual patient basis depending on echocardiography
(ECHO) and clinical status (111). Echo is the best diagnostic tool
available to assess cardiovascular function and guide inotropic,
chronotropic, and fluid management.

Medications used to treat systemic hypotension include
dopamine, dobutamine, adrenaline and noradrenaline,
depending on coexisting myocardial dysfunction. Adrenaline
may be the most appropriate inotrope due to its’ action on α1,
α2, β1, and β2 receptors and its’ favorable impact on pulmonary
vascular resistance (PVR)/systemic vascular resistance (SVR)
ratio (112). The action of dobutamine via α and β receptors
decreasing SVR may have advantages as an inotrope in the
context of persistent pulmonary hypertension of the newborn
(PPHN) and myocardial dysfunction but has not been subject to
controlled trials (113). Dopamine is predominantly a vasopressor
and in neonatal animal studies has been shown to increase PVR
and SVR (112), which has the potential to increase afterload,
decrease left-to-right shunting, and compromise systemic
oxygen delivery (113). Dopamine is the most widely studied
and the most commonly prescribed inotrope in neonatology
(114). Studies of developmental outcome favor dobutamine
use over dopamine in the preterm population but there are no
comparative RCTs in NE (115). McNamara et al. recommended
dobutamine use in NE to improve cardiac contractility and
heart rate. Milrinone has altered pharmacokinetics during
TH affecting its clearance and caution needs to be used with
noradrenaline administration as there is little evidence of benefit
and it has not been subject to RCT for follow up data (111).

A sustained difference of >5–10% between continuous
pre- and post- ductal saturation monitoring may indicate
PPHN, which can be confirmed on echocardiography (116).
Echocardiography helps to quantify the degree of PPHN and
guides treatment including choice of inotropic support. The
development of serial functional echocardiography in the NICU
allows tracking of the dynamic changes occurring over the course
of PPHN (113, 117).

The management of PPHN involves reducing the cardiac
afterload and maintaining high preductal mean blood pressures
(113, 118). Milrinone has been shown to improve oxygenation
index in term neonates with severe PPHNwithout compromising
systemic blood pressure (119). A Cochrane review (120)
concluded that the efficacy and safety of milrinone in the
treatment of PPHN are not known and recommended that use
is restricted to RCTs. Milrinone metabolism is known to be
decreased by TH and in an animal model study the inotropic
effect was abolished at temperatures of between 31 and 34◦C

(121). Sildenafil is increasingly used in PPHN. A Cochrane
review of sildenafil for PPHN found a significant reduction in
mortality in the sildenafil group vs. the control group with a
number needed to treat of three (122). The review concluded that
sildenafil has significant benefits especially in resource-limited
settings and recommended a large-scale randomized control trial
comparing sildenafil to the currently used vasodilator inhaled
Nitric Oxide (iNO). A Cochrane Review (123) of iNO for
respiratory failure in near term or term infants found that iNO
improved the outcome in hypoxaemic term infants by reducing
the incidence of the combined endpoint of death or need for
extra-corporeal membrane oxygenation (ECMO). Oxygenation
improved in ∼50% of infants receiving iNO. Long-term follow
up studies have found no increase in neurodevelopmental
impairment with its use (124, 125).

In summary, cardiovascular dysfunction in NE can be
negatively impacted by TH. Echo is the best tool to guide
management and other physiological parameter thresholds have
not been well-defined. Inotropic and chronotropic medications
have altered pharmacokinetics during TH and the choice of agent
is best guided by individual hemodynamics.

RESPIRATORY MANAGEMENT IN NE

The incidence of respiratory dysfunction in babies with NE
varies from 23 to 86% (10, 11, 126, 127). The spectrum of
injury ranges from transient oxygen requirement to severe
persistent pulmonary hypertension (PPHN). The pathogenesis of
pulmonary dysfunction is complex, although hypoxia is a major
component via disruption of the normal physiological fall in
pulmonary vascular resistance (113, 118, 128, 129).

The Neonatal Resuscitation Program R© (NRP), 7th edition
(130) and European Resuscitation Council Guidelines (131)
advise on initial management and resuscitation for a non-
vigorous term infant. The NRP recommends resuscitation using
21% fraction of inspired oxygen concentration and titrating the
oxygen to maintain oxygen saturations within a standardized
oxygen centile range depending on minutes of life. The exception
to this is if a neonate requires cardiopulmonary resuscitation
to titrate the fraction of oxygen to 100%. Neonates are at risk
of hyperoxia when exposed to high oxygen concentration, after
coming from a relatively hypoxic environment in utero and their
free radical scavenger systems are underdeveloped (132). Infants
with perinatal stress (n = 609) were enrolled in a multi-center
RCT comparing resuscitation at 100% fraction of inspired oxygen
to 21% (133). The infants with higher oxygen exposure had
more oxidative stress but no differences were found in mortality
or short-term morbidity. This study was limited by the fact
that the infants who were resuscitated were relatively well, as
all had oxygen saturations of over 90% at 2min and <2% of
them required supplementary oxygen after resuscitation. Expert
opinion from this study recommended restoring normoxia as
quickly as possible during resuscitation and that a properly
powered RCT to establish correct fraction of inspired oxygen
would need to recruit 7,000 neonates (134).
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Respiratory support in NE aims to maintain a pH over
7.25 and a normal to high partial pressure of arterial
carbon dioxide (PaCO2 5–7 kPa, 37.5–52.5 mmHg) (113,
135–137). Hypocarbia has detrimental effects on cerebral
perfusion in an already compromised infant (138–143) and is
associated with neurosensory hearing impairment and abnormal
neurodevelopment (143, 144). Both isolated low PaCO2 levels
and cumulative PaCO2 <4.6 kPa (35 mmHg) were associated
with death and disability.

Hypothermia is known to decrease the partial pressure of
oxygen and carbon dioxide whilst increasing the pH (142,
145–147). The temperature corrected blood gas values can be
obtained by inputting the temperature to the blood gas analyser.
Fraction of inspired oxygen, mean airway pressure, oxygenation
index, and alveolar-arterial gradient decrease during induction
of TH increase during rewarming. Minute ventilation increases
with TH and decreases upon rewarming. The inspiratory
time, respiratory rate, and positive end expiratory pressure are
unaffected. Eicher reported a higher iNO requirement with TH,
with 5/35 neonates requiring iNO compared to 1/30 managed
at normothermia (p < 0.01) (148), however a Cochrane meta-
analysis of four TH trials showed no significant effect of
hypothermia on PPHN (26).

In summary TH impacts respiratory function in neonates and
requires altered blood gas interpretation. Tight control of carbon
dioxide and avoidance of hypoxia is essential. There is expert
evidence on the use of iNO in PPHN however trials to evaluate
the evidence of milrinone and sildenafil use are required.

RENAL MANAGEMENT IN NE

Renal dysfunction resulting in acute kidney injury (AKI) varies
from 22 to 70% in NE (149). Selewski (150) reported that
infants with NE and co-existing AKI had both a longer length
of stay even after controlling for other confounders and an
increased incidence of abnormal MRI brain (151). TH has not
been associated with a reduction in AKI in NE (150).

The current Kidney Disease Improving Global Outcomes
(152) (KDIGO) guidelines for AKI use a rise in creatinine as part
of its definition. Creatinine is not an ideal biomarker of neonatal
AKI as it peaks late, only rises when 50% of renal function
is impaired, may reflect maternal creatinine level, and reflects
kidney function rather than injury.

The optimal biomarker would diagnose AKI earlier so active
management can be initiated. Cystatin C is a better indicator of
glomerular filtration rate than creatinine and correlates with NE
severity (153, 154). Neutrophil gelatinase- associated lipocalin
(NGAL) correlates to severity of NE and can predict a later
creatinine rise (155). Neonates with moderate to severe NE had
significantly elevated urinary levels of cystatin-C, NGAL and
lower epidermal growth factor in comparison to mildly affected
infants (156).

Electrolyte abnormalities were seen in 50% of infants,
with hyponatraemia, hypokalaemia, and hypocalcaemia being
the most common (157). Renal profile, fluid balance, urine
electrolytes, and acid-base balance need regularly monitoring.

Urinary catheterisation may be necessary as morphine can cause
urinary retention via anti-cholinergic effects.

Oliguria is common in NE. There is a significant risk of fluid
retention and hyponatremia due to a poor capacity to produce
urine. Fluid intake is frequently restricted in NE during TH due
to concerns regarding cerebral oedema (158). A Cochrane review
however found no RCT evidence to support this practice and
recommended further studies (158). A subsequent RCT of infants
with NE undergoing TH randomized infants to a restricted fluid
intake of two thirds of normal (n = 40); at 40, 55, 65, and 80
mls per kilogram per day on post-natal days one to four of life,
respectively, vs. normal fluid intake (n = 40); of 60, 80, 100,
and 120 mls per kilogram per day, respectively, for the first four
post-natal days of life. The fluid composition was 10% dextrose
in the first 48 h of post-natal life with sodium and postassium
added to the dextrose over the next 48 h. Restricted fluid did
not reduce death or major neuro-disability at 6 months of age
and was associated with a trend toward more hypoglycaemia
(159). Hyponatraemia can result from kidney injury causing fluid
retention, the syndrome of inappropriate anti diuretic hormone
(SIADH), and tubular dysfunction. The Bartter and Schwartz
(160) criteria define SIADH as hyponatremia (serum Na+ <135
mmol/L) with a corresponding serum hypoosmolality (<280
mOsm/kg), and continued renal excretion of Na+ (>40 mEq/L),
in the absence of clinical evidence of volume and of other causes
of hyponatremia. Water restriction is necessary to manage the
SIADH safely (161).

During TH renal perfusion is reduced, pharmacokinetic
parameters change, and therefore there is a reduction in renally
excreted drugs. Nephrotoxic medications, such as acyclovir,
aminoglycosides, non-steroidal anti-inflammatory drugs, and
vancomycin administration are recommended at renal doses and
require therapeutic monitoring. Cefotaxime can be substituted
for gentamicin as it has similar coverage without nephrotoxicity
(162). The PharmaCool study group demonstrated that
morphine-6-glucuronide, the active metabolite of morphine,
excretion was decreased during TH. They recommend a loading
dose of 50 mg/kg of morphine followed by 5 mcg/kg/hour
during TH but acknowledged that there is a large variability of
plasma concentrations between patients so dosing may require
alterations on an individual patient basis (163).

Renal replacement therapy for severe AKI refractory to
medical therapy is not a frequently used therapy, but when
indicated peritoneal dialysis is preferred over continuous renal
replacement therapy (164). There is a lack of data with long
term renal follow up of neonates from a renal perspective post
AKI, despite the knowledge that AKI from all causes carries the
risk of chronic kidney disease (CKD) with Mammen (165) et al.
finding that 10.3% of children had CKD in the 1–3 years post
AKI. Askenazi et al. (149) recommend the need for post AKI long
term follow up on a threemonthly basis with urinalysis and blood
pressure measurement identify those children who will go on to
develop chronic kidney disease.

To summarize, the definition of AKI is less suitable in neonatal
AKI. Electrolyte disturbance and SIADH are common in NE
and require monitoring. Morphine elimination is decreased by
TH. There is no consensus on AKI management in NE nor
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recommendation for long term follow up which is essential post
AKI. The optimal fluid management was subject to a small RCT
on whether to restrict fluids with no difference in outcome.

GASTROINTESTINAL, LIVER, AND
NUTRITION

Enteral feeds were held in the initial TH RCTs, although
the risk of necrotizing enterocolitis was similar in TH and
neonates managed at normothermia. Some TH centers are now
implementing trophic enteral feeds of expressed breast milk (166,
167). A pilot retrospective review of 17 neonates who received
minimal enteral nutrition compared to no enteral feed during TH
(n = 17) found the enteral feeding group was associated with a
reduced length of stay and time to full feeds, and did not increase
feeding complications nor systemic inflammation (168).

An important finding on the review of available evidence and
literature is that no trials have examined the optimal type of fluids
to be used. There are no recommendations on whether TPN or
dextrose plus electrolytes is the optimal fluids. In anuric renal
failure, losses (30 ml/kg/day) plus urine output replacement are
recommended for infusion volume (169). There is no evidence to
support the use of frusemide in fluid overload in NE.

Glycaemic control is critical in NE as glycogen stores are
metabolized via anaerobic metabolism commonly resulting
in hypoglycaemia. Initial hypoglycaemia and subsequent
hyperglycaemia are associated with poor neurological outcome
(170–175). Optimal timing and intervals of glucose monitoring
is unknown, however, one evidenced based recommendation is
to initiate glucose infusion rate (GIR) of 6–8 mg/kg/min, with
2 mg/kg/min increases in GIR if hypoglycaemia occurs (176).
Glucose monitoring recommendation is every 30–60min until
the glucose is over 2.8 mmol/L (50 mg/dl) and subsequently
every 4–6 h.

Shah et al. (10) defined hepatic involvement in NE
as an elevated aspartate aminotransferase (AST) or alanine
aminotransferase (ALT) to >100 IU/ during the first week after
birth. Transaminitis, defined as 1.5 times the upper limit of
normal was reported in 80% of babies with NE by Hankins
et al. (126). They suggested that elevated lactate dehydrogenase,
ALT and AST to 1.5 times the upper normal level indicates
liver involvement in NE (177). Severity of NE is associated
with higher ALT and AST (178). Abnormalities in markers of
hepatic synthetic function such as albumin and prothrombin
have not been shown to correlate with severity of NE (178, 179).
Management of liver dysfunction in NE remains supportive
in nature, with platelet, plasma, and albumin infusions as
necessary and vitamin K administration. Caution is warranted
with use of hepatotoxic medications (paracetamol, ampicillin,
and gentamicin). Ensuring normalization of liver function
testing in the neonatal periods avoids missing underlying
metabolic disorders.

In summary, glycaemic control is critical and can contribute to
neurological morbidities. There is a lack of evidence from RCTs
regarding enteral nutrition during TH, and optimal fluid volume

and type to be infused parenterally. Liver dysfunction requires
monitoring alongside caution with hepatotoxic medications.

HEMATOLOGICAL ASSESSMENT AND
MONITORING

NE is associated with elevated nucleated red blood cells,
thrombocytopenia, and prolonged coagulation profile.
Coagulopathy is caused by blood loss, hypoxia-ischaemia,
and disseminated intravascular coagulation. The incidence of
coagulopathy causing major or life threatening bleeding reported
in the initial TH RCTs ranged from 3 to 12% (26). Coagulopathy
was reported in 18% in the NICHD study, 19% in the Cool
CAP study, and 40% in the TOBY study. There is limited data
regarding recommended levels to currently transfuse neonates
to overcome coagulopathic or anemic states (180). One study
reported that 57% of NE infants required a blood product
transfusion in the first 12 h (180).

Foreman et al. established a higher incidence of clinically
significant bleeding in infants with NE with platelets below 130
× 10 9/L, fibrinogen under 1.5 g/L and international normalized
ratio (INR) over 2 (181). Patel et al. define haemostatic
dysfunction as prothrombin time (PT)≥18 s, platelet count<100
× 109/L and/or fibrinogen <150 mg/dl (180). Hankins et al.
(177) defined hematological injury as the development of early
thrombocytopenia (<100× 109 per liter) in the absence of other
causes, or an increase in nucleated red blood cell count to ≥26
per 100 white blood cells. A number of guidelines recommend
discontinuation of TH in the case of life threatening hemorrhage
and ILCOR recommend platelet monitoring but do not specify
intervals nor thresholds to intervene at (182).

TH is known to slow the production of enzymes involved in
the coagulation cascade (183), but has not been demonstrated
to cause an increase in any major hemorrhage (184). Severe
hypoxia has been shown to decrease the platelet lifespan (185),
whereas hyperoxia exposure has been demonstrated to worsen
platelet aggregatory response (186). Protein C, protein S, and
antithrombin III were increased in 100% of infants with NE
demonstrating a potential to have an increase in thromboembolic
events (187). Fetal thrombotic vasculopathy is a common finding
on placental pathology in NE (188).

Neonatal stroke was implicated in 4.8% of cases of NE in
one study (189). Neonatal stroke as the etiology of NE has been
demonstrated to have a worse long term outcome (189, 190). The
stroke may be venous or arterial in nature, and of hemorrhagic
or ischemic origin. Arterial ischemic stroke previously is
demonstrated to have a higher incidence in the literature,
however it is more common preterm infants in comparison
to term infants. Radiconi et al. hypothesized the incidence of
cerebral sino-venous thrombosis is underrecognized in neonates
undergoing TH (191). They found 27% of neonates had
cerebral sinovenous thrombosis by performing MR venography
post rewarming.

Antenatal fetal, maternal, and placental risk factors are all
be implicated, including placental infarction, pre-eclampsia,
maternal smoking, maternal chorioamnionitis, perinatal
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asphyxia, resuscitation, low Apgar scores, fetal thrombophilia
(for venous stroke), and congenital heart disease (192). Alongside
TH if indicated in the case of stroke causing NE, the management
involves treating underlying condition.

Leukocytosis has been shown to correlate to abnormal
neurodevelopmental outcome (193, 194). Morkos reported that
elevated neutrophil best predicted adverse neurological outcome
at 1 year.

In summary, coagulopathy is common in NE at up to
40% and blood product transfusion requirement is common.
Stroke may be implicated in the etiology of NE. TH impacts
coagulopathy and may require discontinuation in event of life
threatening hemorrhage.

INFECTION

Infection and inflammation are implicated in the etiology of
NE (195). Maternal chorioamnionitis is a risk factor for NE,
with up to one third of placentas in NE displaying histological
chorioamnionitis (179). The Vermont Oxford Network reported
that 24% of cases of NE have an associated antenatal
inflammatory finding (2).

TH has not been associated with a higher incidence of culture
positive sepsis (26). Robertson et al. postulated that the higher
mortality in a pilot RCT in Uganda in infants receiving TH (33%
died) compared to normothermia (7%), may have been related
to a higher incidence of sepsis during TH, but the laboratory
infrastructure was lacking to support this hypothesis (196). In
animal model study TH appears to be protective in gram positive
infection but not gram-negative sepsis (197). This has not been
studied in controlled studies in human neonates.

Broad spectrum antibiotic therapy covering gram positive,
negative, and anaerobes is common practice until sepsis has
been excluded, with negative blood cultures and normal infection
markers of white cell count and C-reactive protein (CRP).
Caution with CRP interpretation is advised as the peak value is
delayed by TH (198). Group B Streptococcal (GBS) sepsis was
implicated in 0.58% of cases of NE from a systematic review
(199). The NE mortality was higher in cases of GBS associated
NE at 21% compared to NE mortality not complicated by GBS
at 13.7%. The systematic review identified that infants with NE
have a 10-fold higher risk of GBS in comparison to term infants
without NE (199).

A small pilot study of 16 infants with NE screened extensively
for neurotropic viruses, bacteria, and protozoa, by performing
bacterial cultures in blood and cerebrospinal fluid (CSF) before
antibiotic treatment, and viral CSF, polymerase chain reaction
(PCR) for cytomegalovirus, herpes simplex 1 and 2, Epstein-Barr
virus, enterovirus, and human parechovirus (200). One case of
blood culture positive bacterial sepsis and four cases of clinical
sepsis were diagnosed, with no PCR positive results.

Neonatal herpes simplex virus (HSV) central nervous system
(CNS) infection may be associated with neonatal seizures
and present as with similar signs to NE (201). Maternal
primary infection of HSV during the third trimester or
maternal mucocutaneous or genital lesions raises suspicion and

warrants investigation and empiric treatment in the neonate.
Mucocutaneous infection has an absence of clinical lesions in
20% of cases (202) and in 80% of neonatal HSV infection there
are no known maternal risk factors (202). A rapid HSV Swab
PCR testing and viral culture with the areas of skin swabbing
to include the anus, conjunctivae, mouth, nasopharynx, and any
suspected vesicles is advised with clinical suspicion (201). Renal
function monitoring and adequate hydration are important in
view of nephrotoxicity associated with acyclovir (203).

In summary, sepsis evaluation and broad spectrum antibiotics
are routine in NE but there is no expert or evidence-based
consensus on indication to sample cerebrospinal fluid (CSF) nor
viral and bacterial PCR screening. The incidence of HSV andGBS
is higher in NE.

SKIN

Regular full skin observation is suggested in view of the potential
complications during TH such as subcutaneous fat necrosis, a
benign condition characterized by inflammation and necrosis
of subcutaneous fat, and cold panniculitis which is an acute
nodular, erythematous eruption. In the TOBY RCT 1% of infants
had subcutaneous fat necrosis (204) which can be complicated
by hypercalcaemia and require hyperhydration and diuretic
treatment (205). Sclerema neonatorum is a diffuse hardening of
the subcutaneous tissue during TH that usually self resolves. The
use of a gradient variable mode of temperature control has less
adverse skin events than automatic servo-controlled mode (206).

In summary, daily skin examination for complications and
calcium monitoring during TH is recommended.

INBORN ERRORS OF METABOLISM (IEM)

Many IEM present with NE due to early accumulation of toxic
metabolites in the CNS including urea cycle defects, amino
acid, and organic acid disorders. IEM of energy deficiency most
commonly present in the first few hours and days of postnatal
life, with NE, cardiorespiratory compromise and organomegaly,
including galactosemia, some organic acidemias, urea cycle
defects and fatty acid oxidation defects, whereas inborn errors of
intermediate metabolism and substrate usually present later.

Persistent acidosis, hyperlactaemia, and refractory
hypoglycaemiamay indicate an IEM causing the encephalopathy.
Congenital malformations, dysplasias, and dysmorphic features
raise suspicion of inherited metabolic disorders in an infant with
NE (207). Opisthotonus and myoclonic jerks may distinguish
metabolic encephalopathies from other etiologies of NE (208).
Full family history of metabolic disorders, sudden infant death,
failure to thrive, specialized dietary requirement, developmental
delay, and consanguinity may help with the diagnosis.

In the context where an IEM is suspected, Burton et al.,
recommend serum investigations of blood gas, electrolytes,
glucose, ammonia, amino acids, and lactate as well as
urinalysis for reducing substances, ketones, amino acids, and
organic acids as first line investigations (209). Laboratory
findings of lactic acidosis with normoglycaemia may indicate

Frontiers in Pediatrics | www.frontiersin.org 9 May 2020 | Volume 8 | Article 23957

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


O’Dea et al. Management of Neonatal Encephalopathy

TABLE 1 | Comparison of definitions of Multi-Organ Dysfunction in Neonatal Encephalopathy.

Shah et al. (10) Hankins et al. (177) Martin-Ancel et al. (11) Perlman et al. (213) Alsina et al. (214)

Multi-Organ dysfunction in neonatal encephalopathy

CVS Hypotension treated

with an inotrope for

>24 h to maintain

normal BP

ECG evidence of

transient

myocardial ischaemia

Need for inotropic

support beyond 2 h

post birth

Elevated

CK-MB isoenzyme

Systolic and or diastolic

BP <5th percentile for

age and sex

ECG abnormalities

ECHO abnormalities

ECG or ECHO

abnormalities

(values > 2 SDs from

the mean normal

values)

Troponin >1 ug/L

Need for

vasoactive drugs

Hepatic AST or ALT> 100

IU/l during week one

Elevation of AST,

ALT, LDH to 1.5 x

upper normal level

Not included Not included GOT or GPT >100

Prothrombin

activity <60%

Renal Anuria or oliguria for

≥24 h and a SCr

>100 mmol/l

Anuria/oliguria for>36 h

Any SCr >125

mmol/l

Serial SCr

increasing postnatally

Elevation of SCr to

≥88.4 mmol/l

Oliguria >24 h

Persistent

haematuria

or proteinuria

Oliguria for > 24 h

≥2+ of proteinuria

Azotaemia = BUN

>7 mmol/l

Urea >7 mmol/l

azotaemia

SCr >90 mmol/l after

post-natal D3

Oliguria (<1 ml/kg/hr)

for >24 h

Creatinine >1 mg/dl

Diuresis <0.99

ml/kg/h

Need for

replacement

therapy

Neuro Not included Clinical evidence of

NE

EEG abnormalities

Neuroimaging abnormalities

Abnormal Neurological

exam

EEG abnormalities

Neuroimaging abnormalities

Abnormal neurological

exam

Cranial

ultrasound abnormalities

Not included

Resp Need for ventilatory

support with 40%

oxygen for at least

the first 4 h after

birth

Not included Abnormal Silverman Score

Need for 02
supplementation

Need for

Mechanical Ventilation

Requirement for

intubation and

Mechanical Ventilation

> 48 h post birth

Need for resp

support due to

causes other than

central apnoea or

pharmacological

effects

GI Not included Not included Gastric residuals,

vomiting, abdominal

distension/tenderness,

and GI bleeding

Evidence of NEC Not included

Haem Not included Thrombocytopenia

(<100 × 109/L)

Increase in nRBCs

to ≥26 per

100 WBCs

Not included Not included Leucocyte <4.5 or

>30 mm3

Platelet <149

APTT >45 s

Platelet or FFP

Scoring systems by Shah, Hankins, Martin-Ancel, Perlman, and Alsina assess systems of Cardiovascular, Hepatic, Renal, Neurological, Gastrointestinal, and Hematological Dysfunction.

CVS, cardiovascular; Neuro, neurological; resp, respiratory; GI, gastrointestinal; Haem, hematological; BP, Blood Pressure; AST, Aspartate Amino Transferase; ALT, Alanine Amino

Transferase; SCr, Serum Creatinine; CK-MB, Creatinine Kinase Muscle-Brain-Type Isoenzyme; ECG, Electrocardiographic; ECHO, Echocardiographic; SDs, Standard Deviations; NE,

Neonatal Encephalopathy; EEG, Electroencephalographic; BUN, Blood Urea Nitrogen; 02, Oxygen; GI, Gastrointestinal; MV, Mechanical Ventilation; NEC, Necrotising Enterocolitis;

nRBCs, Nucleated Red Blood Cells; WBCs, White Blood Cell; Glutamic oxaloacetic transaminase (GOT) Glutamic pyruvic transaminase (GPT).

potential medium or long chain fatty acid disorder or glutaric
aciduria T2, whereas lactic acidosis with hypoglycaemia may
indicate an oxidative phosphorylation disorder. Ketosis with
normoglycaemia differential include the organic acidurias,
however an acquired metabolic disorder from sepsis and/or
dehydration may present similarly (210). Moderately high
ammonia levels may be seen in NE without an IEM disorder,
with mean levels of 222 µg/dl in one review of infants with
NE (211). Higher levels of ammonia is seen in both urea cycle
defects are accompanied by respiratory alkalosis and no acidosis
and in organic acidemias distinguished by an accompanied
metabolic acidosis.

Management of IEM is dependent on the
underlying etiology and is done in conjunction with

metabolic specialist advice. The overall management
includes prevention of accumulation of harmful
substances by stopping enteral and parenteral
nutrition and correction of metabolic abnormalities by
normalizing glucose with IV dextrose, and aiming to
normalize blood pH, and eliminate toxic metabolite
accumulation (212).

In conclusion; IEM may present as NE, with distinguishing
laboratory and or dysmorphic features. Prompt investigation
and targeted management of the underlying IEM disorder
is necessary. Acquired metabolic disorders secondary
to other etiologies of NE may present with laboratory
findings of high lactate levels, moderately high ammonia,
and hypoglycaemia.
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MULTI-ORGAN SCORING IN NE

In view of the multiorgan involvement on NE several groups
have developed scoring systems to evaluate organ involvement
(Table 1). Shah et al. described multi organ scoring dysfunction
in infants with severe NE (n = 144) (10). They included
renal, pulmonary, cardiovascular, and hepatic parameters. All
infants had minimum of one end organ dysfunction. Renal,
cardiovascular, pulmonary, and hepatic dysfunction were found
to present in 70, 62, 86, and 85% of infants, respectively. They
concluded that multi organ dysfunction may be included to
support a diagnosis of NE, but that multi-organ dysfunction
did not correlate with adverse neurodevelopmental outcomes
or death.

Martin-Ancel et al. examined multi organ dysfunction in 72
infants with perinatal asphyxia (11) and found the following
distribution: pulmonary (26%), cardiac (29%), gastrointestinal
(29%), renal (15%), and respiratory (19%). They included infants
from mild to severe NE but only 35% of their included infants
required NICU admission, suggesting many of the included
infants had milder NE. Apgar score was the only perinatal factor
that correlated with the degree of multi- organ dysfunction in
their review.

Hankins et al. reported liver injury in 80%, cardiac
involvement in 78%, and renal injury in 72% in a prospective
review (n = 46) (126). These scoring systems allow the
evaluation of organ dysfunction but have not yet been
assessed in conjunction with longer-term neurodevelopmental or
multiorgan follow-up in childhood.

CONCLUSION

There has been significant progress over the past two decades
in neuroprotective strategies and with the establishment of TH
as the standard of care in NE. There remains a gap in the full
understanding of the optimal management of the infants during
TH, and evidenced based multi-organ support. Ongoing RCTs

and systematic reviews to gather information to recommend
evidence based best practices is essential to establish the most
appropriate practices for management of neonatal seizures, fluid
status, inotropic support, and respiratory support.

Establishing evidenced based guidelines for managing multi-
organ dysfunction in NE during TH can reduce practice
variation, optimize management, and contribute to better
outcomes. New adjunctive therapies for NE efficacy may be
dependent on the adequate functioning of specific end organs.
Dysfunction of these end organs may negatively impact on the
efficacy of new treatments and conversely new treatments may
have possible adverse side effects on already impaired organ
functioning. The introduction of specialized neurocritical care
units shows promise in non-pharmacological advancements of
management of NE.

Further biomarker development and validation is important
to aid in diagnosis of organ injury and prediction of long term
outcome, with the BEST (Biomarkers, EndpointS, and other
Tools) and twenty first Century Cures Act, providing framework
and supportive infrastructure for this (215). Development of an
overall predictive model which includes multiorgan dysfunction
as part of its criteria is vital to furthering our understanding of
NE, and will help in the long-term follow up and care of survivors
of NE.
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Neonatal hypoxic-ischemic encephalopathy (HIE) remains a common problem

world-wide for infants born at term. The impact of HIE on long-term outcomes,

especially into adulthood, is not well-described. To facilitate identification of biobehavioral

biomarkers utilizing a translational platform, we sought to investigate the impact of HIE

on executive function and cognitive outcomes into adulthood utilizing a murine model of

HIE. HIE mice (unilateral common carotid artery occlusion to induce ischemia, followed

by hypoxia with a FiO2 of 0.08 for 45min) and control mice were tested on discrimination

and reversal touchscreen tasks (using their noses) shown to be sensitive to loss of basal

ganglia or cortical function, respectively. We hypothesized that the HIE injury would result

in deficits in reversal learning, revealing complex cognitive and executive functioning

impairments. Following HIE, mice had a mild discrimination impairment as measured

by incorrect responses but were able to learn the paradigm to similar levels as controls.

During reversal, HIEmice required significantly more total trials, errors and correction trials

across the paradigm. Analysis of specific stages showed that reversal impairments in HIE

were driven by significant increases in all measured parameters during the late learning,

striatal-mediated portion of the task. Together, these results support the concept that HIE

occurring during the neonatal period results in abnormal neurodevelopment that persists

into adulthood, which can impact efficient associated learning. Further, these data show

that utilization of an established model of HIE coupled with touchscreen learning provides

valuable information for screening therapeutic interventions that could mitigate these

deficits to improve the long-term outcomes of this vulnerable population.
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INTRODUCTION

Neonatal hypoxic-ischemic encephalopathy (HIE) occurs in as
many as 6 infants per 1,000 live births (1–4). While there is likely
an acute event occurring around delivery, the injury observed
in HIE is likely a combination of acute on chronic injury (5).
Recent placental studies have found that chronic fetal vascular
malperfusion appears to be associated with neonatal HIE, leading
to the hypothesis that impaired fetal blood flow may result in
the infant being more susceptible to brain injury from altered
cerebral blood flow in the setting of an acute event (5, 6).

Children with a history of HIE are at high risk of

abnormal cognitive development. Unfortunately, more than half
of infants have abnormal neurodevelopment following HIE (1,

7). Additionally, even those infants with mild HIE, previously
thought to have normal outcomes, have been observed to
have abnormal neurodevelopment with deficits apparent in
childhood including lower cognitive composite scores (1, 8).
While executive function is an umbrella term used to describe the
processes necessary to achieve goal-directed behavior, multiple
domain specific deficits have been reported after HIE in children.
A recent analysis reports that 22% of children with moderate HIE
and no cerebral palsy were found to attend special education,
compared to all of the control group attending mainstream
school (9). Thus, it is paramount that we further investigate the
long-term deficits in cognition these children may have following
this perinatal injury.

Characterizing the spectrum of brain injury and identifying
biobehavioral biomarkers are critical to predict outcomes and
advance novel therapeutic interventions for children with HIE.
Brain magnetic resonance imaging (MRI) was used in a term
infant population with neonatal encephalopathy, and found
evidence of acute insult without evidence of established injury
or atrophy in 69–80% of the infants imaged (10–12), supporting
the concept that the brain injury is occurring around the time
of delivery. Specific regions of the brain seem to be more
susceptible to injury in the setting of HIE, and include cerebral
cortex, basal ganglia, putamen, thalamus, and brainstem (13–15).
Additionally, cerebral white matter is also often injured (15) as
well as the hippocampus (16).

Animal models have been utilized to characterize the
brain injury following HIE more specifically, with rigorous
characterization of the pathophysiology occurring during the
newborn period. The Rice-Vannucci model is currently accepted
as the standard model of term HIE. Studies have described
the injury that occurs following this model, including cellular
injury from mitochondrial dysfunction and oxidative stress,
injury to the hippocampus, caudate-putamen, cerebral cortex,
and thalamus (17–20). Currently, data defining the specific
pillars of cognition impacted in adulthood by HIE is a gap
in knowledge. Therefore, we sought to test the hypothesis that
HIE would yield deficits in complex cognitive and executive
functioning using a translational touchscreen approach sensitive
enough to detect changes in functional outcome across many
models of perinatal brain injury. Specifically, we tested the
effects of neonatal HIE on a touchscreen platform to assess
cognitive function in adulthood and we examined whether

pairwise visual discrimination learning and reversal, known to
be mediated by separate regions of the brain (21), were sensitive
to long-term injury following HIE. Utilizing a touchscreen
platform that incorporates stimuli, learning rules and response
actions that mimic those used in human cognitive assessments
such as the Cambridge Automated Neuropsychological Test
Automated Battery (CANTAB), we investigated a validated,
translational measure of cognitive function following HIE (22–
24). Discrimination and reversal learning are heavily dependent
on orbitofrontal-striatal connections in both humans and
rodents (25, 26). Reversal learning is a paradigm to assess
cognitive flexibility in the setting of changing stimulus-outcome
or response-outcome (26). Different stages of learning can
be assessed by looking at specific times during the reversal
paradigm, including early (<50% correct) and late (>50%
correct). Thus, the utilization of this testing paradigm allows
for insight into specific characterization of cognitive deficits
observed followed HIE in a preclinical model. We predicted
that mice subject to HIE would have cognitive deficits as adults,
defined by deficits in reversal learning, specifically the learning or
later portion, reflective of the structural brain injury extensively
published in this model (13, 17–20, 27–32).

MATERIALS AND METHODS

Animals
All experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of
New Mexico. All animal studies were carried out with standards
of care and housing in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals,
US Department of Health and Human Services. C57BL/6 male
(n = 12) and female mice (n = 16) were used for a total of
28 mice.

Neonatal Hypoxic Ischemic Brain Injury
Model
To induce hypoxic-ischemic (HI) injury in a term-equivalent
population, the Rice-Vannucci model was adapted for use in
mice at postnatal day 10 (P10), as previously published (18, 29,
33–35). Briefly, mice were anesthetized with 3% isoflurane for
induction and maintained with 1% isoflurane throughout the
procedure and kept normothermic. The right common carotid
artery was isolated and ligated via double suture to result in a
permanent unilateral carotid ligation. The incision was closed
with dermabond, and the mouse recovered for 1 h with their
littermates. Mice with unilateral carotid ligation then underwent
hypoxia for 45min with an FiO2 of 0.08 in a humidified,
temperature-controlled hypoxia chamber (29, 36, 37). Shammice
were anesthetized, with carotid artery isolated but not ligated.
They were not exposed to hypoxia. Each litter consisted of both
HI and shammice. Following completion of the experiment, mice
matured with their dams until weaning at P21.

Touchscreen Cognitive Assessment
All operant behavior was conducted in a chamber measuring
21.6 × 17.8 × 12.7 cm (model # ENV-307W, Med Associates, St.
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Albans, VT) housed within a sound- and light attenuating box
(Med Associates, St. Albans, VT). A solid acrylic plate was used
to cover the grid floor of the chamber to facilitate ambulation. A
peristaltic pump delivered 30 µl of liquid strawberry milkshake
(strawberry Nesquik mixed with skim milk) into a magazine as
required. A house-light, tone generator and an ultra-sensitive
lever was located on one end of the chamber, while a touch-
sensitive screen (Conclusive Solutions, Sawbridgeworth, U.K.)
was on the opposite side of the chamber covered by a black
acrylic aperture plate, which creates two 7.5× 7.5 cm touch areas
separated by 1 cm and located at a height of 0.8 cm from the floor
of the chamber. KLimbic Software Package v1.20.2 (Conclusive
Solutions) controlled and recorded stimulus presentation and
touches in the response windows.

Pretraining

Beginning at 8 weeks of age (∼P60 or adolescent human age
equivalent), all mice were handled daily and were food-restricted
to 85% of their free-feeding body weight. Food restriction ensures
animals are properly motivated to obtain the reward during
task performance and did not begin until all mice had reached
20 grams in weight. While HI mice were slightly smaller after
HI surgery and through the second and third postnatal week
consistent with the model, all mice reached the same weight
prior to starting the food restriction. Operant training began
once mice reached food-restricted weight at ∼10 weeks of age.
Mice were first acclimated to the liquid reward by provision
of ∼30 µl/mouse in the home cage for 3 days and then
habituated to retrieving reward in the operant chamber. Mice
were allowed 30min to freely retrieve rewards available in the
magazine. Mice retrieving at least 10 rewards within 30min
were moved to lever press training. Here, mice could only
obtain reward by responding on an ultrasensitive lever within the
chamber. Reward delivery was accompanied by the presentation
of secondary reinforcers: a 2-sec, 65 dB auditory tone and
illumination of a magazine light. For each trial, mice were
required to collect the delivered reward (measured by magazine
beam-break) before another reward was available via an active
lever response. Mice were required to lever-press and collect 30
rewards in under 30min before moving to acquisition testing.

Discrimination and Reversal

Pairwise discrimination and reversal was tested as previously
described (38–41). Briefly, mice were first trained to discriminate
2 novel, approximately equally-luminescent stimuli, presented
in the center of each window in a spatially pseudorandomized
(left/right) manner, over 30-trial sessions (5-s inter-trial interval)
using their nose (21, 42). The stimulus designated as correct
was counterbalanced across mice and treatment. Responses
at the correct stimulus window resulted in a 30 µl liquid
reward, cued by a 1-s tone and illumination of the magazine.
Responses at the incorrect stimulus window resulted in a
forced timeout (10 s), signaled by illumination of the house-
light. Correction trials following errors were presented with the
correct stimulus presentation in the same window until a correct
response was made. Discrimination criterion was ≥85% correct
responding out of 30 trials, excluding correction trials, over 2

consecutive sessions. Reversal training began on the session after
discrimination criterion was attained. Here, the designation of
correct verses incorrect stimuli was reversed for each mouse.
As for discrimination, there were 30-trial daily sessions until
the mice reached a criterion of ≥85% correct responding
(excluding correction trials) over 2 consecutive sessions. Figure 1
summarizes the surgical procedure completed at P10, followed
by recovery and pretraining on the touchscreen platform at 8
weeks of age. Visual discrimination was then completed, in which
one stimulus was the correct response. Upon reaching criterion,
reversal testing occurred in which the previously correct stimulus
was now incorrect.

Statistical Analysis
For discrimination and reversal, the following dependent
variables were analyzed: trials, errors, correction errors,
reaction time (time from lever press initiation to screen
touch) and magazine latency (time from screen touch to
reward retrieval). In order to examine distinct phases of
reversal (early perseverative and late learning) errors and
correction errors for sessions where performance was below
50% and performance from 50% to criterion, were separately
analyzed as previously described (25, 43). To analyze use
of feedback for learning, correct and incorrect responses
were further categorized based on previous trial outcome:
correct responses were characterized as win-stay (following
correct response) or lose-shift (following an error trial), while
error trials were characterized as perseverative (following
an error trial) or regressive (following correct response) as
previously described (40). As assumptions for normality
and equivalent variance were met, data were analyzed
using unpaired t-tests followed by Bonferroni correction
for multiple comparisons. Data is represented as mean ±

standard error of the mean (SEM), with p < 0.05 designated as
statistically significant.

RESULTS

Analysis of sex as a biological variable found nomain effect of sex
on anymeasure, and thus both sexes were combined by treatment
for subsequent analysis [12 males (6 sham, 6 HIE) and 16 females
(7 sham and 9HIE) were used in total]. The average weights of the
mice prior to food restriction was 20.01 grams± 0.79. Examining
pretraining, we found no significant differences between groups
on any of the three stages (HIE: n = 15; Sham: n = 13). All
mice in each group successfully completed visual discrimination
to criterion. However, while the total number of trials during
visual discrimination did not differ significantly between the
HIE and sham groups (t(26) = 1.768, p = 0.09; Figure 2A), the
HIE group had significantly more incorrect responses compared
to sham (t(26) = 2.304, p = 0.03; Figure 2B). Additionally, no
significant difference was noted in the number of correction trials
during visual discrimination (t(26) = 1.540, p= 0.13; Figure 2C).
There was also no significant difference in the reaction time
(t(26) = 1.204, p = 0.24) or magazine latency (t(26) = 1.114. p
= 0.28) between the two groups during visual discrimination
(Figure 2D), suggesting that alterations in learning were not
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FIGURE 1 | Timeline of experimental design. Mice randomized to the HIE group underwent the carotid artery ligation and hypoxia chamber exposure at postnatal day

10 (P10). Following recovery, the touchscreen cognitive testing started with pretraining, followed by discrimination and reversal tasks in both sham and HIE groups.

During pretraining, mice became familiar with the chamber and the food reward system. In discrimination, one symbol was the correct answer, which would result in a

food reward if chosen. During reversal, the symbol that was previously correct became the incorrect response.

FIGURE 2 | Visual discrimination revealed more incorrect trials in the HIE group compared to sham. During visual discrimination, the total number of trials between the

sham and the HIE group were not significantly different (A). The HIE group did require significantly more incorrect trials to complete the visual discrimination

component compared to sham (B). Although the HIE group had more correction trials during visual discrimination, this was not significant (C). There was no difference

in either the reaction time or magazine latency between the two groups during visual discrimination (D) (n = 13–15, *p < 0.05). Data is represented as mean ±

standard error of the mean (SEM).

due to differences in motor behavior or motivation to work
for reward.

Analysis of reversal performance revealed multiple significant
differences between HIE and Sham control animals. HIE mice
required significantly more total trials to complete the reversal
compared to sham (t(26) = 2.196, p= 0.02, Figure 3A). Similarly,
HIE made significantly more errors (t(26) = 2.118, p = 0.04,
Figure 3B) and correction errors (t(26) = 2.494, p = 0.02,

Figures 2, 3C) compared to sham control animals. Consistent
with discrimination, HIE and sham did not differ significantly on
either reaction time (t(26) = 0.911, p=0.37) or magazine latency
(t(26) = 0.722, p= 0.48) across the reversal (Figure 3D). Analysis
of reversal learning by stage revealed that HIE animals needed
similar number of trials (t(26) = 1.948, p = 0.06) and made
similar numbers errors (t(26) = 0.978, p = 0.33) and correction
errors (t(26) = 1.384, p = 0.18) during the early, perseverative,
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FIGURE 3 | HIE induces reversal learning Deficits. The HIE group required significantly more trials to complete reversal compared to the sham group (A), as well as

more incorrect responses during reversal (B). Additionally, the HIE group completed significantly more correction trials compared to the sham group (C). There was no

difference in either the reaction time or magazine latency between the two groups during reversal (D) (n = 13–15, *p < 0.05). Data is represented as mean ± standard

error of the mean (SEM).

stage of reversal (Figures 4A–C). However, during the learning
phase of reversal testing, the HIE group needed significantly
more trials (t(26) = 2.374, p = 0.03, Figure 4D), and made
significantly more errors (t(26) = 3.021, p = 0.005, Figure 4E)
and required more correction trials (t(26) = 2.723, p = 0.01;
Figure 4F) vs. controls. While both the HIE and control group
were able to complete the visual discrimination portion of the
paradigm, the HIE group had more significant differences during
the late, learning phase of reversal, a portion of testing sensitive
to striatal-mediated functions.

DISCUSSION

While clinical studies have shown significant cognitive delays at
18 to 24 months of age following HIE as determined by lower
mental developmental index scores and subnormal intelligence
quotient scores at age 6 to 7, outcome studies beyond this time
are extremely limited (44). Here, we investigated the long-term
impact of HIE on learning and cognitive flexibility in adult
mice following a neonatal HIE insult utilizing a translational
touchscreen task. We found that HIE at term equivalent stage
of development was sufficient to produce permanent deficits in
learning, both in discrimination and late stage reversal learning.
To date, this is the first report of deficits of cognition using
a translational touchscreen platform and the first evidence

establishing the long-term cognitive deficits that can occur
following HIE in rodents. Prior studies in animals however have
focused on sensory motor impairments and basic assessments
of reflexes. For example, Y-maze testing and object location
task after HIE, without and with therapeutic hypothermia,
revealed a lower exploratory preference after HIE. The memory
impairments were not altered by therapeutic hypothermia (33).
In a different study, three developmental reflexes (righting, cliff
aversion and geotaxis) were assessed 24 h after HIE in mice, and
correlated withMorrisWaterMaze testing 8 weeks later (45). The
Morris Water Maze testing of navigational learning and memory
supported neurofunction deficits, leading the authors to conclude
that sensorimotor reflex performance in the acute phase of HIE
may have predictive values for long-term outcome (45). Given
that these tests rely on aversive motivation, we chose to utilize the
touchscreen testing platform which relies on positive motivation
(food) as a means to test the hypothesis that HIE yield complex
impairments in cognition and executive function that are specific
to brain regions susceptible to injury. Additionally, touchscreen
offers sophisticated, reproducible analysis of multiple pillars of
behavior using a platform that directly corresponds to human
testing (46–48).

Children with a history of HIE are at high risk of abnormal
cognitive development. However, few studies have utilized
animal models of HIE to examine the long-term impacts
on cognitive function, with testing occurring into adulthood.
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FIGURE 4 | HIE yields distinct early phase and learning phase reversal deficits. In the early phase of reversal, there were no significant differences between HIE and

sham in the total trials completed, the total incorrect, and the number of correction trials (A–C). However, in the learning phase of reversal, the HIE group had

significantly more total trials (D), more incorrect trials (E) and more correction trials (F) compared to sham (n = 13–15, *p < 0.05, **p < 0.01). Data is represented as

mean ± standard error of the mean (SEM).

Notably, mice at the conclusion of touchscreen training are
over 150 days old. Utilizing a touchscreen platform, we found
multiple deficits in learning, both during an initial pairwise
discrimination, and during late stage reversal, when animals
learn the new response rule to a high degree of consistency.
HIE did not globally impair response learning, as mice were
able to learn initiation and response behaviors in the absence
of a discrimination during pretraining at levels similar to
control. During discrimination, HIE animals showed consistently
lower performance on all measures, although they were only
significantly worse than control as measured by first-presentation
correction errors. Importantly, secondary latency measures, such
as reaction time and the time to retrieve a reward, did not differ
across groups, suggesting that HIE did not globally impair motor
behavior, or motivation to work for food reward. While they did
have more incorrect responses on their way to completing the
discrimination task, all HIE mice were able to perform at a high
criterion level, allowing us to test them on reversal learning.

During reversal, the HIE group demonstrated a global
impairment as measured by number of trials, errors and
correction errors across the entire paradigm. However, the
impairment was not typified by a cortical-mediated loss
of flexibility. Reversal learning, and particularly the early,
perseverative phase, has consistently been shown to be mediated
by the orbitofrontal cortex (OFC) across species (26, 49–52). In
the current study, HIE did not significantly differ on any measure
during the perseverative phase (39, 40, 53). Rather, analysis of
learning stage revealed that the reversal impairment was driven
by significant increases in trials, errors, and correction trials

during the later stages of reversal, when performance has reached
or exceeded chance levels. Together, the increase in incorrect
responses during initial learning together with impaired late-
stage reversal suggest an impairment in the acquisition of well-
trained stimulus-response contingencies, which is mediated by
subcortical structures such as the dorsal striatum (dS) (25, 39).
The efficient balance of associative learning and behavioral
flexibility is mediated by cortico-striatal-thalamic loops (54) and
single unit recording and imaging studies have demonstrated that
the striatum plays a critical role in the representation of reward-
action relationships required to efficiently guide choices (25, 55,
56). Interestingly, the touchscreen results of impaired learning
implicate the dorsal striatum, in alignment with evidence that
human infants with term HIE are more likely to have injury to
the basal ganglia on present on neuroimaging evaluation.

Our study provides evidence of a significant and selective
deficits in associative learning in mice with HIE. Upon acquiring
a pairwise visual discrimination, when the reinforcement
contingencies of the learned association were reversed, HIE mice
were significantly impaired compared to shams. This was due to
deficient learning of the new association rather than impaired
reversal per se. Both groups performed at equivalent levels during
reversal sessions when performance was low and perseveration
high (i.e., <50%), while HIE mice committed more trials and
errors during sessions when performance was largely learning
related (i.e., >50%). This deficit is in contrast to previously
published touchscreen assessments in animal models of perinatal
brain injury (38, 41, 57). Specifically, adult rats perinatal
brain injury secondary to chorioamnionitis have a perseverative

Frontiers in Pediatrics | www.frontiersin.org 6 June 2020 | Volume 8 | Article 28971

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


Maxwell et al. Neonatal HIE Yields Learning Deficits

phenotype and significant deficit in cognitive control defined
by a reversal deficit (38). Similarly, adult rats suffering severe
traumatic brain injury in infancy perseverate, lack cognitive
flexibility and struggle to pass reversal learning criteria (41).
The extensive white matter brain injury and orbitofrontocortical
decoupling observed in both chorioamnionitis and traumatic
brain injury may partially explain these findings. Interestingly,
animals with perinatal exposure to methadone have a mixed
phenotype of executive dysfunction with rats committing
significantlymore correction errors both during the perseverative
phase and during the later learning phase compared to saline
control animals (57). Together, these data indicate that adult
rats exposed to perinatal methadone are impaired in both early
and late reversal learning, consistent with global learning and
executive control dysfunction (57) and widespread structural
brain injury. In contrast to methadone exposure, prenatal alcohol
exposure in mice results in behavioral inflexibility during early
reversal testing, with persistent aberrant lateral orbital frontal
cortex to dorsolateral striatum signaling (58). Taken together,
these data indicate that the timing of injury (prenatal, perinatal
or postnatal) has an impact on the type of cognitive deficits
observed. While there are similarities in the injuries discussed
such as inflammation, each injury results in a distinct behavioral
phenotype. Notably, impaired performance as observed in HIE
mice are not due to non-specific motivation or sensorimotor
related performance as evidenced by normal scores on reaction
response times and reward retrieval latency. Thus, although each
injury model was different, the touchscreen platform is sensitive
enough to detect distinct differences in cognitive domains
following different types of perinatal brain injury.

Importantly, the impairments in learning during
discrimination and reversal seen after HIE persist into adulthood.
While more studies have reviewed outcomes of infants at a young
age, few have observed this cohort into adolescence or adulthood
(16). There has been greater recognition that HIE can have long-
lasting impact on developmental trajectories, and studies have
begun to assess the neurodevelopmental outcomes of children
following HIE in the newborn period (9, 44, 59). Interestingly,
children diagnosed with severe neonatal encephalopathy were
found to be more than one grade behind the expected level
for their age, with children diagnosed with moderate neonatal
encephalopathy having difficulties in reading, spelling and
mathematics (16). A recent prospective case-control study in the
United Kingdom reported significantly lower mean full-scale IQ
at 6–8 years of age after an HIE event, when compared to controls
(59). Children with HIE also have significant differences in verbal
comprehension, perceptual reasoning, working memory and
processing speed (59). Similarly, a systematic review of five
published studies reported a higher proportion of cognitive
impairments at school age in children with a history of HIE,
specifically in the area of executive functioning (9). The current
results underline the idea that following infants diagnosed with
neonatal encephalopathy is critically important, as they are at
high risk of not only having difficulties at school age, but also
into adulthood.

This study had limitations. While our data indicate significant
differences in the HIE group, there is known variability of

injury that occurs with the use of the Rice-Vannucci model
(60). This variability can be beneficial, as it mimics the variation
of injury observed in infants following HIE. Additionally, no
environmental enrichment was used in the study, which could
impact the neurodevelopmental outcomes (61, 62). Both sexes
were utilized in this study, which adds to the generalizability
of the results. The touchscreen platform is more robust and
less vulnerable to environmental confounders than other modes
of testing such as the Morris Water Maze. The rigor and
reproducibility of the touchscreen testing, with the sensitivity
of the measures obtained, allows for differences in performance
from therapeutic interventions to be readily detected. Correlating
outcomes on this touchscreen assessment of diverse pillars of
cognition with pathology, lesion size, and multi-modal high-
resolution neuroimaging could be investigated as a future
direction. Finally, we did not include treatment within this study,
such as hypothermia. Investigation the effect of hypothermia on
the cognitive impairment reported here would be an essential
element for future investigation as hypothermia is the only
approved treatment for HIE in humans.

In sum, this is the first report that HIE in rodents
is sufficient to cause long-lasting impairments in basal-
ganglia mediated learning processes. This approach provides
an important model platform for studies trialing adjunctive
therapies to improve outcomes after HIE. Future studies should
examine whether therapeutic hypothermia with additional
therapies can mitigate the specific cognitive deficits that occur
following HIE.
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Placental and fetal hypoxia caused by perinatal hypoxic-ischemic events are major

causes of stillbirth, neonatal morbidity, and long-term neurological sequelae among

surviving neonates. Brain hypoxia and associated pathological processes such as

excitotoxicity, apoptosis, necrosis, and inflammation, are associated with lasting

disruptions in epigenetic control of gene expression contributing to neurological

dysfunction. Recent studies have pointed to DNA (de)methylation, histone modifications,

and non-coding RNAs as crucial components of hypoxic-ischemic encephalopathy (HIE).

The understanding of epigenetic dysregulation in HIE is essential in the development

of new clinical interventions for perinatal HIE. Here, we summarize our current

understanding of epigenetic mechanisms underlying the molecular pathology of HI

brain damage and its clinical implications in terms of new diagnostic, prognostic, and

therapeutic tools.

Keywords: hypoxic-ischemic encephalopathy, biomarker, hypoxia, ischemia, microRNAs, histone modifications,

DNA methylation

INTRODUCTION

Epigenetics is defined as heritable changes in gene expression that do not result from a change in the
DNA sequence (1). Epigenetic regulation plays an essential role during development, and any insult
that disrupts physiological developmental epigenetic programming is likely to have long-term
consequences. An increasing number of studies link exposure to different adverse factors during
early life, including both the gestational and the postnatal period to changes in the epigenome and
one’s individual suceptibility (2). In this regard, the brain is particularly vulnerable to alterations
in the early-life microenvironment, damage induced at this stage may not be evident until the
exposure to a new insult triggers it (3).

Perinatal hypoxia represents one of the most common early life insults that ultimately leads to
disability or even early death (4, 5). Hypoxia can occur progressively during pregnancy in cases of
fetal growth restriction due to placental abnormalities, or can occur acutely during labor and birth,
causing peripartum hypoxic-ischemic encephalopathy (HIE). Fetal growth restriction is associated
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with stillbirths and permanent neurological disability in
survivors (6). Management of fetal growth restriction depends
on early detection, and timely delivery before stillbirth occurs
(7). Advances in this area have focused on detecting the presence
of fetal growth restriction, and the degree of hypoxia present
in utero.

HIE has a large impact on global child health, with morbidity
in 2.5/1,000 live births (4–9 million newborns affected per year
worldwide) (8–10). At present, therapeutic hypothermia is the
only approved therapy for newborns ≥36 weeks gestational
age with moderate-to-severe HIE. Therapeutic hypothermia is
thought to work by generally slowing down metabolism and
thus counteracting a variety of pathological mechanisms of
HIE (11). Several trials have demonstrated that hypothermia is
effective in decreasing mortality and decreasing neurocognitive
impairments (12, 13), still, this therapy is only partially
protective, half of treated newborns still die or develop a lifelong
disability, demonstrating the need for the development of other
neuroprotective treatment strategies (14).

The features of acute intrapartum hypoxic-ischemia (HI)
involve fetal hypoxemia, hypercapnia, and ischemia. In the brain,
this leads to metabolic acidosis, cellular necrosis, and activation
of apoptotic pathways. After reperfusion/reoxygenation,
oxidative metabolism recovers in surviving cells, and most of
the neurotoxic cascade is seemingly terminated. This first period
immediately following the HI event (0–6 h) is also referred to
as the “therapeutic window,” where intervention may prevent
secondary damage.

Secondary energy failure (6–48 h following HI) involves
potent inflammation as well as oxidative stress induced
by reactive oxygen species and free radicals, and failure
of mitochondrial oxidative phosphorylation due to
permeabilization of the mitochondrial membranes. Ultimately,
these processes lead to delayed cell death via necrotic and
apoptotic pathways (15). Brain injury continues to evolve even
months and years after the initial insult, in the tertiary phase,
involving neural scarring and persistent inflammation (16).
Traditionally epigenetic changes have been attributed to the
tertiary phase, its role in the initial phases of HI induced injury is
less well-characterized.

Different in vivo and in vitro models have been used to
study the pathological features of HIE. Rodents are the most
commonly used animals to model perinatal HI (17), with three
major approaches being used. The first model makes use of
submersion of the uterine horns containing the term fetal rats
in saline. This model mimics a global insult to the fetus at
a very low gestational age (18, 19). Considering the fact that
brain development in rodents is delayed when compared to that
in humans (17), other models use neonatal pups at Postnatal
day (P) 3–10 (20) to model insults in the late preterm to term

Abbreviations: BBB, blood-brain barrier; DNMTs, DNA methyltransferases;

E, embryonic day; HDACs, histone deacetylases; HI, hypoxia-ischemia; HIE,

hypoxic-ischemic encephalopathy; HIF, hypoxia inducible factor; HIF-1α,

Hypoxia-inducible factor 1α; HRE, hypoxia response element; JmjC, Jumonji-

C histone demethylase; KDMs, histone lysine demethylases; P, postnatal day;

REST, repressor element-1 (RE1) silencing transcription factor; TETs, ten-eleven

translocation enzymes; 5-aza-dC, 5-aza-2′-deoxycytidine.

brain. Amongst others, neonatal pups can be subjected to a
global hypoxic insult by placing them in a hypoxic chamber,
an approach, however, that lacks the ischemic nature of the
insult seen in the clinic (20). The most commonly used model,
developed by Levine in adult rodents, and adapted by Rice and
Vannucci for neonatal rodents (21, 22), induces ischemia by
carotid artery occlusion (CAO) followed by exposure to systemic
hypoxia (23) inducing an HI insult, here referred as the “HI”
model. In vitro models exposing neuronal cultures to oxygen-
glucose deprivation (OGD)/reoxygenation have also been used as
models of HI induced injury (24).

EPIGENETIC DYSREGULATION IN
HYPOXIA-ISCHEMIA

Epigenetic processes regulate both the transcription of the
DNA into mRNA and the translation of the mRNA into
proteins, acting at multiple levels of control, involving e.g., DNA
methylation and hydroxymethylation, chromatin remodeling,
and non-coding RNA (ncRNA) regulation (25, 26). As such,
DNA is wrapped around histone proteins forming chromatin,
where the configuration of chromatin is controlled by post-
translational modifications of the associated histone proteins as
well as by direct modifications to nucleotides, which collectively
form the epigenetic code that controls the transcription of
DNA into mRNA (25). This epigenetic code can be modified
by “writers,” i.e., enzymes which introduce post-translational
modifications on the DNA and histones, “erasers,” which remove
the modifications, and “readers,” i.e., specialized proteins which
identify and interpret the modifications. The translation of
mRNA into proteins is regulated by ncRNAs. HI-induced
epigenetic alterations are preserved even in the absence of
hypoxia-inducible factors (HIFs) (27, 28) suggesting they may
continue to impact upon behavioral phenotypes later in life
(Figure 1).

Hypoxia-Inducible Factor-1
Hypoxia-inducible factor-1 (HIF-1) is the main effector of
cellular hypoxia, being an oxygen-sensitive transcription factor.
HIF-1 comprises two subunits, i.e., HIF-1α and HIF-1β (29).
The stability and activity of the oxygen-regulated subunit HIF-
1α are regulated by post-translational modifications that control
its proteasomal degradation. In hypoxia, activation of HIFs is
mediated via the inhibition of dioxygenases, such as the Jumonji-
C (JmjC) domain-containing histone demethylases. As a result,
HIF-1α accumulates, binds to a hypoxic response element (HRE),
and leads to the transcriptional induction of several genes
involved in adaptation to hypoxia, including genes involved in
angiogenesis, iron metabolism, and glucose metabolism.

HIF-1 expression levels, protein stabilization, and its
association with HRE are under tight epigenetic regulation,
including promoter methylation and microRNA (miRNAs)
control (30–32). Conversely, HIF-1 controls the expression of
several epigenetic regulators. Studies have shown that DNA
methylation regulates HIF-1α transcription regulating the
promoter activity at HRE-152 (33) and SP1.
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FIGURE 1 | Different risk factors, which can be ante-, peri-, or postnatal can lead to perinatal hypoxia. If prolonged hypoxia results in a perturbed brain environment,

leading to modulated epigenetic changes that alter the gene expression profile as an adaption of the fetus to the adverse environment. Different epigenetic

mechanisms cooperatively orchestrate this process. As a result, changes in physiology of the neonatal brain can permanently affect the structure and/or functionality,

and result in increased disease susceptibility in the offspring. EAAs, excitatory amino acids; miRNA, microRNA; ciRNA, circular RNA; lncRNA, long non-coding RNA.

DNA Methylation
DNA methylation comprises the addition of a methyl group
at the carbon 5 position on the pyrimidine ring of cytosines,
creating 5-methylcytosine (5-mC) (34). Cytosine methylation
provides a stable epigenetic mark with long-term transcriptional

effects. DNAmethylation is catalyzed byDNAmethyltransferases
(DNMTs). These enzymes can work in different ways depending
on the local chromatin microenvironment, acting as DNA
methyltransferase or DNA dehydroxymethylase (35). The
methylation status of the DNA is “read” by methyl CpG
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binding proteins (MBPs), like the methyl-CpG-binding protein
2 (MECP2) which recruits HDACs to repress transcription
(36). Recent evidence indicates that during early postnatal
development neuronal genomes accumulate uniquely high
levels of two alternative forms of methylation, i.e., non-
CpG methylation and DNA hydroxymethylation (37).
DNA methylation marks can be “erased” either passively
through inhibition of the DNMTs or actively by Ten-eleven
translocation (TET) enzymes. TETs are 2-oxoglutarate-
dependent dioxygenases that mediate DNA hydroxymethylation
and their activity is oxygen-dependent (38).

Non-coding RNAs
In humans, only 1–2% of the genome encodes proteins, while
non-coding RNAs (ncRNAs) that do not produce proteins
are the great majority of human transcripts (39). As such,
ncRNAs, including microRNAs (miRNAs), long non-coding
RNAs (lncRNAs), small nucleolar RNAs, and circular RNAs
(circRNAs), have important roles in regulating gene expression
playing diverse regulatory roles (40). The limited availability of
human fetal and neonatal tissue has resulted in studies using
animal models and in vitro studies as a major alternative for
studying the role of ncRNAs in newborns under physiological
and pathophysiological conditions.

miRNAs

MiRNAs are a large class of short regulatory RNAs, about 19–22
nucleotides in length, which silence gene expression by binding
to the 3′-untranslated region of target genes. The majority of
miRNAs are enriched in the developing brain, which signifies
their role in neural development (41). Consequently, disruption
of miRNAs in the perinatal period is likely to have long-term
consequences (42, 43). Several miRNAs termed hypoxamirs
have been shown to be induced by hypoxia, and control the
cellular response to hypoxia via HIFs. These includemiRNAs that
regulate HIF1-α signaling (31, 44–50) and miRNAs that contain
hypoxia-responsive elements that are transcribed in response to
HIF1-α activation and act downstream of the HIFs (31, 47, 49,
51–53). miRNA expression is highly tissue- and disease-specific,
which, together with their remarkable stability in circulation,
makes them potential diagnostic biomarker candidates, still none
has made it to a clinical setting (Table 1).

LncRNAs

Long-non coding RNAs (LncRNAs) are ncRNAs larger than
200 nucleotides that act as a competing endogenous RNAs
controlling gene expression by sponging miRNAs, and binding
and inactivating chromosomes (78). LncRNAs fold into complex
secondary and tertiary structures defining their interactions and
function, providing a scaffold for proteins to form regulatory
complexes (79, 80). Studies have demonstrated that LncRNAs
play an important role in the regulation of gene expression,
particularly during CNS development (81), with nearly 40% of
LncRNAs reported to be specifically expressed in the CNS and
involved in brain development and related disorders (82, 83).

Histone Modifications
DNA is wrapped around octamers of histone (H) proteins
containing two copies of H2A, H2B, H3, and H4 proteins
forming nucleosomes that are bounded by H1 linker histones.
H3 and H4 have N-terminal tails that extend beyond the
nucleosome and are permissive to modifications, such
as acetylation, methylation, glycosylation, ubiquitination,
farnesylation, citrullination, and ADP-ribosylation. These
modifications alter the charge of the amino acid residues of
histones, resulting in relaxed DNA (euchromatin), accessible
for the transcriptional machinery, or condensed DNA
(heterochromatin) where the transcriptional machinery cannot
access (84).

Altogether, these modifications encode the histone code,
that, depending on the type and locus of the modifications,
the relative location of histones within or toward a gene,
and the combination of histone modifications, can lead to
enormously diverse readouts (85). Histone modifications can
act in different ways depending on the context, increasing
the complexity of the histone code. The best-described
histone marks in HI brain damage are histone acetylation
and methylation.

Histone Methylation

Many enzymes participate in the control of histone methylation,
including histone methyltransferases (writers), histone
demethylases (erasers), and proteins that recognize the
methylated state (readers) (86).

Histone demethylation is carried out by histone lysine
demethylases (KDM2–7), which can remove both activating and
repressing methyl groups from the chromatin (87, 88). Studies
exposing cell lines to hypoxia have shown increased expression of
the KDM3 gene, which removes methyl groups from repressive
H3K9 sites and activates gene expression (89, 90). Methyl
modifications take place mostly on lysine (K) residues of H3 and
H4, being the main histone methylation site subject to epigenetic
variation H4K20 (91). Interestingly, in vitro experiments suggest
that JmjC enzymes can act as molecular oxygen sensors in the
cell (92).

Histone Acetylation

Histone acetylation by histone acetyltransferases (HATs)
relaxes chromatin formation, promoting transcription, whilst
the deacetylation of histone tails by histone deacetylases
(HDACs) causes the chromatin to condense, thereby
inhibiting transcription (93). HATs exert their effects in
collaboration with proteins like p300/CBP, PCAF, SRC that
can associate and regulate the transcription of HIF-1α (94).
HDACs are divided into 4 classes based on their domain
organization. Class I, II, and IV HDACs depend on zinc as a
co-factor, whilst class III HDACs known as sirtuins (SIRTs),
depending on the co-factor NAD+ (95). Class I and class
IIa HDACs enhances HIF-1α stability by directly binding to
the oxygen-dependent degradation domain of HIF-1α and
class IIb HDACs promote HIF-1α transcriptional activity
(96, 97).
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TABLE 1 | Clinical implications of non-coding RNAs in perinatal hypoxia ischemia studies: SYMBOLS: ↑, Upregulation; ↓, Downregulation; –, Not specified.

Observed in Observed effect in HI Clinical implications References

Human Blood plasma ↑miR-210 Therapeutic target (54)

Placenta (55)

Biomarker (56)

(57)

(58)

Umbilical cord blood ↓miR-210 (54)

↓miR-374a (59)

↓miR-181b-5p

↓miR-374a-5p

↓miR-376c-3p

(60, 61)

↓miR-181b (60, 61)

↑miR-210

Maternal whole blood (55)

Pig Blood plasma (58)

Rat Cerebral cortex Inhibition of miR-210 as therapy (62)

(63)

(64)

↓miR-139-5p miR-139-5p agomir as therapy (65)

↓miR-129-5p miR-129-5p mimic as therapy (66)

↓miR-23a/b

↑lncRNA-GAS5

↑miR-23a by ↓GAS5 as therapy (67)

↓miR-17 IRE1α RNase inhibitor and

miR-17-5p mimic as therapy

(68)

↓miR-17-5p PPAR-β/δ agonist GW0742 as therapy (69)

↑chr6:48820833|48857932 circRNAs as diagnostic tools and therapeutic targets (70)

Hippocampus and cortex ↑lncRNAs BC088414 Inhibition of BC088414 as therapy (71)

Hippocampus ↓miR124

↓miR132

↓miR134

Maternal tRESV supplementation diet as neuroprotective

strategy

(72)

Pineal gland ↑miR-325-3p Inhibition of miR-325-3p as therapy (73)

Mice Cerebral cortex ↓miR-23a/b

↓miR-27a/b

Therapeutic targets (74)

↓miR-592-5p miR-592-5p upregulation as neuroprotective strategy (75)

Hippocampus ↑Meg3 ↑miR-129-5p silencing of Meg3 as therapy (76)

In vitro OGD-induced

activated microglial cells

↓miR-21 Ectopic miR-21 as therapy (77)

HI, hypoxia-ischemia; miR(NA), micro RNA; PPAR-β/δ, Peroxisome proliferator-activated receptor beta or delta; Procr, endothelial protein C receptor; tRESV, trans resveratrol.

POTENTIAL BIOMARKERS

miRNAs
MIR210 is the master hypoxamir and its expression is induced

under hypoxia in many cell types. MIR210 acts downstream
of HIF-1α, repressing several key processes to lower cellular

energy requirements during hypoxia (31, 47, 98, 99). Human

studies have consistently shownMIR210 upregulation in placenta
(57, 100–103) and plasma (104) from preeclampsia pregnancies,

and also in intrauterine growth restriction (56) (Table 1). Studies

using maternal miRNAs derived from the placenta circulate in
the maternal blood during pregnancy and may serve as non-

invasive biomarkers. Studies using maternal plasma (57), and
blood (55) have shown an elevation in MIR210 in both chronic

and acute fetal hypoxia. miRNAs produced in the placenta

circulate in the maternal blood during pregnancy and can be
used as non-invasive biomarkers for hypoxia in-utero and HIE,
allowing early interventions.

When perinatal HIE is diagnosed, it is critical to grade
the injury to decide whether or not to subject the patient
to hypothermic treatment. The ideal biomarker for HIE will
quickly define the grade of HIE, and it should discriminate
newborns with mild HIE, for whom hypothermia therapy
is not indicated, from newborns with moderate HIE, who
are eligible for this treatment. Levels of MIR210 in neonatal
patient blood in combination with MIR374a, S100B protein,
and Neuron-specific enolase (NSE) have shown high accuracy
in distinguishing HIE patients from healthy newborns, but also
between mild, moderate, and severe HIE (54). These biomarkers
also showed prognostic value as their levels correlated with
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neonatal behavioral neurological assessment scores. Increased
levels of MiR210 were corroborated in plasma using piglet
newborn model of HI (58).

Notably, MIR374a is downregulated in the umbilical cord
blood after global HIE in humans (59). The extent of down-
regulation of MIR374a corresponded to the severity of the insult
and, as such, combining the levels of MIR374a with MIR210 may
have prognostic value. Other studies in human neonates have
shown a correlation between the downregulation of MIR181b,
MIR199a, andMIR376c in the umbilical cord blood after HI, and
the severity of the hypoxic insult (60, 61). Combining the levels
of MIR181b and its target ubiquitin C-terminal hydrolase-L1
(UCH-L1) has diagnostic value, possibly enabling discrimination
between moderate and severe HIE.

A principal component of HI brain damage is the
inflammatory response and associated excitotoxicity (105).
HI activates astrocytes and microglia that participate in the
inflammatory response leading to increased levels of pro-
inflammatory cytokines (106, 107). In this context, a second
key hypoxamir is MIR21, a miRNA that could modulate
inflammation. MIR-21 also controls several other key processes
after HI, including cellular proliferation and migration,
mitochondrial function, apoptosis, and HIF-1α stabilization
and signaling (47, 49). MIR21 has been shown to be increased
in cases of severe preterm fetal growth restriction compared
to controls, and combined expression profiles of MIR21 and
MIR20b in maternal blood were shown to be associated with the
grade of fetal hypoxia at birth (55).

For the use of miRNAs as biomarkers, optimization of
protocols for extraction and analysis of circulating miRNAs still
needs further improvement toward selectivity and specificity
(108). Remarkably, a study in human neonates demonstrated
that it is feasible to extract sufficient miRNA from a single
dried peripheral blood spot (109), with expression patterns
that correlate well with those from EDTA-blood. This method
eliminates potential sources of error, associated with blood
collection and centrifugation. It is relatively cheap, technically
easier to obtain, and easier for transportation and storing.
Optimization and standardization of protocols for miRNA
analysis will help the implementation into a clinical setting.

One consideration when examining miRNAs profiles after
HI is that people of discrepant ethnicities might respond to
the injury in different ways, therefore study results obtained in
one ethnic group might not be appropriate for another cohort
(54). Large-scale studies covering diverse ethnicities should be
conducted to address this question.

LncRNAs
In addition to ncRNAs, elevated levels of circulating cell-free
fetal DNA (cffDNA) and cell-free fetal RNA (cffRNA) have been
proposed as an early indicator of damages caused by perinatal
hypoxia, that could be used as early biomarkers for preeclampsia
or HIE. A study using newborn piglets exposed to hypoxia-
reoxygenation revealed tendencies to higher concentrations of
cffDNA in the cerebrospinal fluid in comparison to controls
(110). This indicates that CffDNA and cffRNA levels in maternal
blood, and also cell-free RNA of placental origin, could have

potential applications as biomarkers for the screening and
diagnosis of preeclampsia (111).

POTENTIAL TREATMENTS

HIF-1α

In the brains of both fetuses and posnatal (P) 12 rat pups,
fetal hypoxia resulted in global DNA hypomethylation and a
continuous increase in HIF-1αmRNA and protein, and increased
brain injury in response to hypoxia and ischemia (112). In the
early stages of neonatal cerebral ischemia, inhibition of HIF-1α
has been shown to be neuroprotective. In P7 HI rats inhibition
of HIF-1α by 2-methoxyestradiol (2ME2) immediately after HI
protected neuronal cells, attenuated blood-brain-barrier (BBB)
disruption, and reduced brain edema (113). In contrast, the
stabilization of HIF-1α with dimethyloxalylglycine (DMOG),
increased BBB permeability and brain edema.

The c-glycosylated flavonoid, vitexin (5, 7, 4-
trihydroxyflavone-8-glucoside) is a natural compound found in
many medicinal plants, that has HIF-1α inhibitor activity (114).
Intraperitoneal administration of vitexin immediately (5min)
after the HI insult in perinatal rats attenuated the increase
in HIF-1α and vascular endothelial growth factor (VEGF),
reduced infarct size, improved brain edema, BBB disruption, and
neuronal cell death, and improved the neurobehavioral outcomes
(115). Pretreatment with vitexin before HI showed the same
results (116), diminishing the pro-apoptotic signaling pathway by
inhibiting the phosphorylation of Ca2+/Calmodulin-dependent
protein kinase II, and increasing the BCL-2/BAX protein ratio
24 h after injury. Animals pretreated with vitexin showed
reduced brain infarct volume, brain atrophy, and improved
neurobehavioral outcomes. Vitexin has also been proposed as a
treatment for HI induced epilepsy (117). Treatment with vitexin
suppress brain HI induced electrical activity in neonatal rats, by
inhibiting the Na-K-Cl cotransporter (NKCC1), and preventing
HI induced BBB leakage, and inflammatory cytokine and
neutrophil infiltration. These results support further scientific
exploration of vitexin as therapy for perinatal for HIE.

DNA (de)Methylation
Defining the direct vs. indirect effects of hypoxia on DNA
methylation in HIE populations is challenging. DNAmethylation
is time, tissue, and cell-type-specific, which poses a challenge
in human studies that usually analyze peripheral blood (118).
Studies in animal models have shown a causal effect of gestational
and perinatal acute hypoxia on the regulation of gene-specific
DNA methylation in mediating the neonatal programming
of hypoxic sensitivity and the resulting consequences on the
developing fetus and offspring. The first report associating
DNA methylation to HI brain damage came from a model of
ischemia/reperfusion using adult rats, showing that HI generated
a 3- to 4-fold increase in methyl group incorporation in
the brain (119). Transgenic animals expressing reduced DNA
methyltransferase levels did not show this increase in DNA
methylation and were resistant to HI brain injury.

In addition, evidence from studies following stroke indicated
that the generation of reactive oxygen species (ROS) and

Frontiers in Neurology | www.frontiersin.org 6 June 2020 | Volume 11 | Article 48380

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


Bustelo et al. Epigenics of Hypoxic-Ischemic Encephalopathy

reactive nitrogen species (RNS) directly modify cytosine
residues chemically, by promoting DNA hydroxymethylation
(120, 121). Moreover, peroxides involved in stroke have
been shown to induce nucleobase modifications like 5-
chlorocytosine, which mimics 5-mC and induces improper
Dnmt1 methylation within CpG sequences, resulting in gene
silencing (122). These findings associated oxidative stress and
epigenetic changes via chemical DNA modifications and altering
DNA-protein interactions.

In the perinatal period, the majority of studies involving
DNA methylation in HI have investigated the effect of
a preconditioning stimulus on methylation and subsequent
vulnerability to the HI insults. In ischemic tolerance, exposure
to a sublethal ischemic (preconditioning) event protects
the brain against a subsequent severe ischemic challenge,
producing tolerance.

In rat studies, mild fetal asphyxia during the last week
of gestation caused global changes in gene transcription
at birth, with down-regulation of most mRNA transcripts
in the brain, and upregulation of DNMT1 and DMT3L,
various HDACs, the Polycomb group ring finger 2
(PCGF2) and the methyl-CpG-binding protein-2 (MeCP2)
(123). Fetal asphyxia preconditioning protected against
subsequent severe perinatal global HI, reducing postnatal
mortality and behavioral deficits after perinatal HI.
Concomitantly, fetal asphyctic preconditioning lowered
acute cytokine infiltration and modulated the transcriptional
response to perinatal asphyxia. This effect was mediated
by epigenetic changes, particularly involving histone
deacetylation (124–126).

Other evidence suggest that prenatal insults generally tend
to increase vulnerability to neonatal HI. In studies using rat
models, HI induced gene-specific DNA hypermethylation. In
the developing rat fetus, fetal hypoxia (GD 15 to 21) increased
methylation of the glucocorticoid receptor (GR) gene (Nr3c1)
promoter and repression of the GR in the brain, leading to an
increased brain vulnerability to hypoxic-ischemic injury (127).
In this way, methylation controls the expression patterns of GR,
being key in the stress-mediated programming of GR expression
(127, 128).

As mentioned, HIF-1α and DNA hypomethylation participate
in fetal stress-mediated programming of HI sensitive phenotypes
(112). Maternal hypoxia in rats, during the last week of
gestation, reduced global methylation levels in the fetal brain
and affected methylation of the HIF-1α gene. More specifically,
hypomethylation induced by either maternal hypoxia, or
pharmacological treatment with the DNMT inhibitor 5-aza-dC
increased the vulnerability of the fetus to subsequent neonatal
HI and worsened neurobehavioral outcomes in the rat pups.
Interestingly, inhibitingHIF-1αwith 2ME could counteract some
of the damaging effects of hypomethylation.

Prenatal nicotine exposure has shown to increase brain
infarct size after subsequent neonatal HI in male rats (129,
130). This increased susceptibility was linked to a down-
regulation of angiotensin II receptor expression in the brain
and hypermethylation of the angiotensin II type 2-receptor
(At2r) promoter.

miRNAs
miRNAs and its regulated genes have also been proposed
as therapeutic targets. Induction of miRNAs inhibiting pro-
apoptotic pathways and inhibition of miRNAs implicated in
HI-induced inflammation and apoptosis has shown therapeutic
potential in animal models. Further characterization of these
findings will help them advance into clinical trials.

MiR139-5p is down-regulated in P10 rat brains after HI
treatment, and in cultured neurons exposed to OGD (65).
The expression of MiR139-5p correlates inversely with the
expression of one of its targets, the pro-apoptotic protein human
growth transformation dependent protein (HGTD-P) (131).
Interestingly, administration of MiR139-5p agomir attenuates HI
brain damage, which is concurrent with the downregulation of
HGTD-P expression. This effect was shown even at 12 h after the
insult, indicating that targeting epigenetic pathways could extend
the therapeutic window in HI brain damage.

The selective α2-adrenoreceptor agonist dexmedetomidine
has been shown to provide neuroprotection in HI by inhibiting
apoptosis, oxidative activity, Notch/NF-κB activation (132), and
inflammation (133). MiR129-5p targets the type III procollagen
gene (COL3A1) and has shown therapeutic potential in P7 HI
rats mimicking and enhancing the neuroprotective effect of
dexmedetomidine (66).

Hypoxia-induced brain injury appears to downregulate
the expression of the MiR23-27 cluster leading to increased
apoptosis. Overexpression of MiR23a/b and MiR27a/b was
shown to exert neuroprotective effects in the late stage of mouse
gestation (GD20) after global maternal hypoxia, by reducing
apoptotic pathways including the expression of Apoptotic
protease factor-1 (Apaf-1) (74). Indirectly increasing MiR23a
expression by reducing the expression of the lncRNA Growth
arrest-specific 5 (GAS5), that binds to MiR23a, reduced infarct
size after HI in P10 rats (67).

One pathological mechanism of HI damage is the induction
of endoplasmic reticulum stress, which activates the unfolded
protein response (UPR). The UPR induces activation of stress
sensor signaling pathways, like the RNase inositol requiring
enzyme-1 alpha (IRE1α) pathway, leading to inflammation and
neuronal cell death. In this context, MiR17-5p, a substrate
of IRE1α, is a target that has shown therapeutic potential
(68). Animal studies have shown that MiR17-5p mimic
before HI, prevented inflammasome activation reducing brain
infarct volume. Moreover, intranasal administration of the
IRE1α inhibitor STF-083010 1h post-HI attenuated MiR17-5p
downregulation and brain injury, and improved neurological
behavior outcomes. It has also been reported that activation of
the nuclear receptor peroxisome proliferator-activated receptor
beta/delta (PPAR-β/δ) in P10 HI rat, by intranasal delivery
of the agonist GW0742, could induce MiR17-5p levels (69),
diminishing apoptosis, brain infarct area, brain atrophy, and
improving neurological function post HI.

In vitro findings showed that primary neonatal rat microglial
cells exposed to hypoxia experience downregulation of MiR21
expression and upregulation of one of its targets, the apoptosis-
inducing factor Fas ligand (FasL) (77). Overexpression of FasL
post hypoxic microglial activation increased neuronal apoptosis,

Frontiers in Neurology | www.frontiersin.org 7 June 2020 | Volume 11 | Article 48381

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


Bustelo et al. Epigenics of Hypoxic-Ischemic Encephalopathy

which can be partially reversed by ectopic expression of MiR21.
MiR592-5p targets inflammation by targeting the prostaglandin
D2 receptor. HI in P7 rats reduces the expression of MiR592-5p
and increases prostaglandin D2 expression in the hippocampus,
which is detrimental (75), induction of this miRNA could also be
beneficial in HI.

MiR124 is the most abundant brain-specific miRNA and plays
key roles in neuronal development. Multiple studies have shown
a neuroprotective effect of MiR124 in adult HI models (134–
137), which has not been validated for the perinatal period.
Animal studies showed that MiR124 was down-regulated in the
hippocampus after global neonatal hypoxia in rats (72). MiR124
warrants further investigation in neonatal HI models as it may
have therapeutic value.

A potential strategy to use miRNAs as therapeutic targets
is comprised of inhibiting miRNAs by using antagomirs,
or naturally occurring compounds with similar effects such
as curcumin or resveratrol. MiR210 expression steadily
increases over the first 24 h after HI in P10 rats, disrupting
glucocorticoid receptor-mediated neuroprotection and
increasing leakiness of the BBB (62–64). Inhibition of MiR210
using an intracerebroventricular injection of complementary
locked nucleic acid oligonucleotides increased BDNF signaling,
reduced neuronal death and infarct size, and improved
functional recovery of the animals. In vitro studies also support
these findings (138). Although this suggests that MiR210
inhibitors could be used as a potential therapy in HI brain
injury, further characterization of its spatiotemporal expression,
regulation, targets, and physiological and pathogenic effects in
HIE is still required.

NF-κB triggers MiR155, inducing pro-inflammatory effects
compromising the BBB integrity. Inhibition of MiR155 is
neuroprotective in adult HI models by reducing brain cytokines
(139), but its role in neonatal models is underexplored to date.
The neuroprotective actions of resveratrol and curcumin in
neonatal HI (140–142) may in part be due to the downregulation
of MiR155 and MiR21 by resveratrol, and the downregulation of
MiR21 by curcumin, combined with epigenetic and anti-oxidant
mechanisms (143, 144). MiR153 is reported to be a neuron-
related miRNA (50). Inhibition of MiR153 protects neurons
against OGD/R-induced injury by increasing the expression of
Nuclear factor erythroid 2-related factor 2 (Nrf2) and heme
oxygenase-1 (HO-1) signaling.

Sleep problems associated with circadian rhythm disruptions
are common in children after mild-moderate HIE (145), and
disruptions in miRNAs likely contribute to these abnormalities.
HI in P7 rats leads to an increased expression ofMiR325-3p in the
pineal gland (73). This disrupts melatonin signaling by targeting
Aralkylamine N-acetyltransferase (AANAT), a key protein that
controls melatonin synthesis, and this leads to circadian rhythm
disturbances. Reducing MiR325-3p has been shown to prevent
this impairment after OGD in vitro.

Long-Non Coding and Circular RNAs
Studies in human neonates diagnosed with HIE and animal
models have shown that lncRNAs are aberrantly expressed under
hypoxic conditions and might be implicated in regulating the

expression of protein-coding genes involved in pathological
processes associated to HI brain damage. A microarray study in
human neonates showed that neonatal HI dramatically changed
the expression patterns of numerous ncRNAs in peripheral whole
blood (146), including 376 lncRNAs and 126 mRNAs involved in
the immune system and nervous system. A study on the P7 HI rat
cortex identified 7,157 differentially expressedmRNA transcripts,
and 328 differentially expressed lncRNAs targeting mRNAs
involved in inflammatory and immune responses, wounding, and
neurological system processes (147). Specifically, JAK-STAT, NF-
κB, and TLR signaling pathways were altered. Targeting genes in
these pathways is proposed as a therapeutic strategy.

LncRNAs have shown potential therapeutic applications in
animal models. Various studies have pointed to the inhibition
of HI-induced lncRNAs as a therapeutic approach to induce
neuroprotection. A second microarray profiling study in P10 rats
exposed to HI pointed in the same direction, finding expression
differences in 322 lncRNAs and 375 coding genes in hippocampal
and cortex tissue 24 h after the insult (71). Upregulated
protein-coding genes were also involved in inflammation
and wounding, while repair and neurogenesis pathways were
downregulated. BC088414, which plays a role in apoptosis
by regulating caspase 6 (Casp6) and in adrenergic signaling
by regulating the beta-2 adrenergic receptor (Adrb2), was the
most significantly upregulated lncRNA. Inhibition of BC088414
with a siRNA in PC12 cells exposed to OGD resulted in the
downregulation of Adrb2 and Casp6, increased cell proliferation,
and decreased apoptosis.

The lncRNA maternally expressed gene 3 (Meg3) induces
cell death in ischemia by binding to the p53 DNA binding
domain (148). A study in P7 HI mice hippocampus showed that
the Meg3 sponges MiR129-5p, a miRNA with neuroprotective
activity, and abolishes the effect of dexmedetomidine therapy
(76). The silencing of Meg3 and upregulation of MiR129-5p
enhanced the therapeutic effect of dexmedetomidine. Finally,
the lncRNA Growth arrest-specific 5 (Gas5) was also shown
upregulated in HI models (67). Gas5 sponges MiR23a thereby
preventing its neuroprotective action. Inhibition of Gas5 by
intracerebroventricular delivery of Gas5 small hairpin RNA has
been shown to reduce brain infarct size and diminish functional
sequelae in rats, suggesting its use as therapy for the treatment of
HI brain injury.

CircRNAs are a subtype of lncRNAs that form a closed
loop. CircRNAs play crucial roles as miRNA sponges, and
recent studies highlighted the role of these molecules in hypoxic
regulation. An exploratory study in P3 HI rats found 98
dysregulated circRNAs in the brain (70). One of the top
hits, termed chr6:48820833|48857932, targets HIF-1α signaling
by sponging the HIF-1α-targeting-miRNAs MiR433-3p and
MiR206-3p. Another study in P10 HI rats discovered a total of
66 circRNAs differentially expressed in HI brain damage rats
compared to controls (149). Numerous mRNAs transcribed from
the host genes of altered circRNAs were associated with brain
damage and neural regeneration processes. These results indicate
a novel focus for future studies investigating the molecular
mechanism underlying HIE and potentials new biomarkers and
treatments through modulating circRNAs.
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TABLE 2 | Clinical implications of histone modifications in perinatal hypoxia ischemia studies.

Observed effect in HI Observed in Other findings Clinical implications References

↓EZH2

↑H3K27 3me

Rat hippocampus ↑ Pten/Akt/mTOR pathway

↑ Autophagy

Sevofluorane neuroprotection via ↑

EZH2

(152–154)

↓SIRT1 Rat hippocampus and cerebral

cortex

↑ Unfolded protein response

(UPR)

Melatonin neuroprotection via ↑

SIRT1

(155)

↑ SIRT1 Mice oligodendrocyte progenitor

cells

↑ Cdk2/Rb/E2F1 pathway

↑ Oligodendrocyte progenitor

cell proliferation

↑ Sirt1 activity for oligodendrocyte

recovery

↑Acetyl-Histone H3 (Ac-H3)

↑Acetyl-Histone H4 (Ac-H4)

Rat ↑Caspase-3

↑Apopstosis

HDAC activity as target of uridine

neuroprotection

(156)

↑Histone 3 deimination (citH3) Mice hippocampus, cortex,

striatum and piriform cortex

↑ TNFα PAD inhibition as therapeutic target (157, 158)

↑REST Hippocampal CA1 ↓GluR2

↓AMPA and NMDA receptors

↑Excitotoxicity

REST inhibition as therapeutic target (159, 160)

SYMBOLS: ↑, Upregulation; ↓, Downregulation; EZH2, Enhancer of zeste homolog 2; HI, hypoxia-ischemia; HDAC, Histone deacetylase; PAD, protein arginine deiminases; REST,

RE1-Silencing Transcription factor; SIRT1, Sirtuin 1; TNFa, Tumor necrosis factor alpha.

Histone Methylation
Enhancer of zeste homolog 2 (EZH2), a catalytic subunit of
Polycomb repressive complex 2 (PRC2), plays an important role
in mammalian CNS development (150). EZH2 participates in
hippocampal learning, memory, and neurogenesis through
trimethylation at H3K27 (H3K27me3), which silences
downstream genes, including, among others, BDNF and
PTEN (151). In HIE, autophagy is increased in the hippocampus,
and inhibition of autophagy provides neuroprotection. In this
regard, volatile anesthetics, i.e., sevoflurane and isoflurane,
have shown to be neuroprotective against HI brain damage in
neonatal rats (152, 153) (Table 2). Diverse studies have shown
sevoflurane inhibits excessive hippocampal autophagy increasing
the expression of EZH2, H3K27me3, and decreased expression of
PTEN induced by HI, improving the behavioral outcome (154).

Histone Acetylation
Many studies have shown the implications of HATs in perinatal
HI damage. Fetal asphyxia in E17 rats leads to an upregulation
of class I HDACs HDAC1, HDAC2, HDAC3, and the HAT
MYST3 (123). The same stimulus upregulated HDAC1 and
class IIb HDAC10 and HDAC11, after severe perinatal asphyxia
(126). The HDAC SIRT1 plays an important role in the
regulation of oligodendrocyte progenitor cell proliferation
and oligodendrocyte regeneration after neonatal brain injury.
Neonatal hypoxia in P3 mice has been shown to enhance
SIRT1 and SIRT1/Cdk2 complex formation through HIF1α
activation, leading to an enhanced oligodendrocyte progenitor
cell proliferation (161). Enhancing SIRT1 activity may promote
oligodendrocyte recovery after diffuse white matter injury. SIRT1
expression was significantly reduced after neonatal HI in P7 rat
pups (155) in cells that activate the unfolded protein response
(UPR). In that same study, melatonin neuroprotection involved
the prevention of SIRT1 downregulation and UPR activation.

From a therapeutic perspective, HDAC inhibitors (HDACi’s)
represent the most widely studied epigenetic drugs as several
existing marketed drugs and natural dietary metabolites inhibit

HDACs. Regarding HI, HDAC inhibition reduces HIF-1α
signaling, which is generally protective against HI (96, 112).
Numerous HDAC inhibitors have shown beneficial effects in
either focal or global neonatal HI. For example, the marketed
anticonvulsant sodium valproate inhibits class I HDAC activity
and has shown potential in treating neonatal HI in rats
(162). Several naturally occurring bioactive molecules, such as
trichostatin A (163), sodium butyrate (164), curcumin (142),
quercetin (165), resveratrol (72, 140, 141), and uridine (156)
have also proven protective effects in focal neonatal HI, the
effects of which were shown to be at least partially dependent on
HDAC inhibition. The mechanism(s) by which HDACi’s provide
neuroprotection include prevention of oxidation, suppression of
inflammation, and reduction of apoptosis. Importantly, histone
acetylation/methylation precedes DNMT or TET methylcytosine
dioxygenase binding and promoter methylation/demethylation,
and these mechanisms function cooperatively (166). Still, many
potential problems remain to be addressed before clinical use of
selective HDACi’s for the treatment of HIE.

Other Histone Modifications and
Epigenetic Complexes
Protein deimination (citrullination) is a post-translational
modification that converts the amino acid arginine into citrulline,
is caused by Ca+2-regulated peptidylarginine deiminases (PADs),
and can act on histone tails.

H3 citrullination (citH3) by PAD4 is associated with gene
regulation and the formation of neutrophil extracellular traps
in response to infection. PAD activity is induced under HI
with or without lipopolysaccharide stimulation. Selective and
targeted pharmacological PAD inhibition following HI can
be a therapeutic target to enhance neuroprotection (157).
Hypothermia following the insult inhibits this pathway and affect
the Ca2+-regulated PAD activation (158).

A large degree of epigenetic variation is controlled by
epigenetic regulatory complexes. Several epigenetic regulatory
complexes may play a role in neonatal HI injuries. The repressor
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element-1 (RE1) silencing transcription factor (REST) is the
main regulator of neurogenesis and neuronal fate. Neuronal
genes controlled by REST contain an RE1 motif. As such,
REST assembles to this site with its co-repressor CoREST and
recruits a number of epigenetic regulators including HDACs
and histone methyltransferases to the promoters of target
genes to achieve epigenetic changes (167, 168). It has been
demonstrated that REST is a HI-responsive gene, regulating
around 20% of the hypoxia-repressed genes. As an example,
HI has been shown to upregulate REST expression in the
hippocampal CA1, suppressing GluR2 gene expression (159).
Interestingly, the downregulation of REST expression with
antisense oligodeoxynucleotides has been demonstrated to be
neuroprotective 72 h post OGD. REST was also shown to
orchestrate epigenetic changes and silencing of miR-132 in
insulted CA1 neurons (169) and has been shown to bind directly
to the HIF-1α promoter in order to repress HIF-1α transcription
after prolonged hypoxia (159, 170, 171). Moreover, REST has
been demonstrated to repress the transcription of AMPA and
NMDA glutamate receptor subunits (168), which are involved
in mediating excitotoxicity after HIE (18). Recently, it has been
shown that adult rats overexpress REST after CAO (160), and
knocking down REST with an intracerebral siRNA injection
increased the expression of its target genes, attenuated apoptosis,
and infarct volume, and improved post-ischemic functional
recovery. Altogether, although the actual therapeutic potential of
REST in the perinatal period has not yet been explored, these data
suggest REST reflects a promising new therapeutic target to treat
acute hypoxic brain damage.

DISCUSSION

There is an urgent need for new therapies for neonatal HI,
as currently, therapeutic hypothermia for term infants is not
fully protective against HIE, and the disability burden after
neonatal HI remains high. Evidently, epigenetic mechanisms
play a key role in the pathological cascade after neonatal
HI. The cellular hypoxia response, mediated by HIF-1α and
other hypoxia-inducible factors, is controlled by an intricate
multi-leveled epigenetic network centered on HIF-1a. A better
understanding of this intricate regulatory circuit will provide
us with new diagnostic tools and therapeutic approaches for
HIE. As an example, HIF-1α signaling controls the expression of
various miRNAs, whileHIF-1α by itself is intricately controlled
by different miRNAs. Apart from HIF-1α signaling, numerous

miRNAs regulate a myriad of other processes relevant for
HI, ranging from well-studied processes like inflammation and
apoptosis to circadian rhythm disturbances after HIE. Some
hypoxia-regulated miRNAs in the maternal blood are promising
in terms of identifying pregnancies at risk of fetal hypoxia,
permitting early intervention, whereas preclinical interventions
using miRNAs are promising in combination with therapeutic
hypothermia. Together with miRNAs, HDACs hold promise as
biomarkers and therapeutic targets. HDAC inhibitors represent
the most advanced agents in this respect as several existing
marketed drugs and natural dietary metabolites have been shown
to directly inhibit HDACs.

Still, no single epigenetic mark has demonstrated enough
reliability and reproducibility to be used as a biomarker or
as a therapeutic target in a clinical setting. For this purpose,
replication and/or validation studies in larger cohorts are
needed. In conclusion, even though numerous advancements
have been made in understanding the pathophysiology of
perinatal HI brain damage, still our knowledge on the
role of epigenetics in HI is very limited. As such, new
discoveries on epigenetics may mark the beginning of an
etiopathogenic research revolution in neurodevelopmental
disorders, and continued exploration of this area is of
great promise.
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Objective: To perform a systematic review and multiple-treatment meta-analysis for the

treatment of premature infants with post-hemorrhagic ventricular dilatation (PHVD), to

prevent death or long-term neuro-disability.

Design/Method: A systematic reviewwas performed using PubMed, EMBASE, and the

Cochrane Library. A free-word search was performed to identify likely relevant literature

intervention trials of PHVD in preterm infants. Initially, network mapping was performed

followed by performing a Bayesian random-effects model using the Markov chain Monte

Carlo method. Areas under the cumulative ranking curve (SUCRA) were calculated

as a measure of the probability that each intervention was likely to be the 1st, 2nd,

3rd, etc. best therapy. Primary outcome measure was death or moderate or severe

neurodevelopmental outcome at or beyond 12 months of corrected age.

Results: Ten different trials were identified, enrolling 700 individuals (449 for the primary

outcome). Seven intervention categories were identified, and of the 15 possible pair

comparisons, 6 have been studied directly. In the multiple-treatment meta-analysis, no

comparison reached conventional levels of statistical significance. Drainage Irrigation and

Fibrinolytic Therapy (DRIFT) had the highest probability of being the best treatment for the

primary outcome (82.1%), followed by CSF removal (10.8%), conservative management

(6.7%), and then diuretic therapy (0.4%).

Conclusions: PHVD is a significant cause of death and disability in developed countries,

yet few therapeutic options have so far been trialed. While new therapies are urgently

needed for these infants, at present, NMA shows that DRIFT appears to be the most

likely candidate to improve outcomes after sIVH.

Keywords: premature birth, brain injury, preterm, intraventricular hemorrhage, post-hemorrhagic ventricular

dilatation

INTRODUCTION

Around 1 in 10 infants is born preterm, and survival of these infants has increased significantly
over the last two decades (1, 2). However, brain injury, associated with two different patterns
of damage, periventricular leukomalacia (PVL) and intraventricular hemorrhage (IVH), is
common in infants born preterm, with potentially devastating personal impacts and significant
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population effects. While the risk of PVL in infants below 32
weeks has halved over the last two decades, the risk of IVH has
stayed similar despite improvements in antenatal and neonatal
care and while new interventions, such as delayed cord clamping,
antenatal steroids, and intrapartum care, appear to reduce the
risk of IVH, the overall risk of IVH remains high (3–6).

Consequently, it now represents the most common cause
of neurological disability in the survivors (7). Those infants
who develop severe intraventricular hemorrhage (sIVH) are at
high risk of developing post-hemorrhagic ventricular dilatation
(PHVD), a condition with high rates of long-term disability with
conditions such as cerebral palsy (CP), sensory problems, and
cognitive deficits (8, 9). In addition to the personal impact, the
care of these premature infants who grow up with potentially
disabling brain injury is expensive, with economic impacts to
health care, the families involved, educational systems, and
society at large (10, 11).

However, while reducing neonatal brain injury remains a
research priority, no standardized treatment for these vulnerable
infants appears to exist, although a number of treatments
designed to prevent ongoing brain injury after sIVH and
subsequent PHVD have been studied (12–26). This work aims
to use Network Meta-analysis (NMA) methodology to allow
the comparison of different treatment modalities for PHVD,
combining the direct evidence of comparisons trailed, and
deriving indirect assessments to help identify the most efficacious
treatment. To our knowledge, NMA has not been applied to
interventions targeted at preventing the complications and the
neurodevelopmental sequelae after development of PHVD.

METHODS AND MATERIALS

Study Selection and Data Collection
Criteria for inclusion were based on previous meta-analyses in
this area and methodology was based on the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines (27–
30). Systematic review was performed by all three authors using
PubMed (1966–2018), EMBASE (1974–2018), and the Cochrane
Library. A free-word search was performed (Appendix 1) to
identify likely relevant literature. The search strategy was piloted
to ensure that it identified studies already known by the authors
to be relevant. Searches were limited to those with English
language abstracts and for research in human subjects.

Three quantitative analyses were of interest: (i) death, (ii)
neurodevelopmental disability, and (iii) ventriculo-peritoneal
shunt surgery. The titles obtained from database searching were
sifted to exclude duplicates and those clearly not relevant to the
review. Abstracts of those remaining were examined and tested
against the inclusion criteria.

• Randomized or quasi-randomized controlled trials for the
treatment of PHVD

• At least one measure out of

◦ Neurodevelopmental outcomes at or beyond 12 months
of age

◦ Mortality
◦ Ventriculo-peritoneal shunt surgery

• Randomized or quasi-randomized intervention trials

Full texts were obtained for those articles likely to be eligible and
reviewed once more. The process was performed independently
by all three authors. References in the papers were checked
to identify any other possible relevant studies. Data were
extracted on the characteristics of the individual studies. All
three authors independently reviewed the papers identified
and confirmed eligibility and the quality rating. Studies were
assessed on a quality rating of adequate, unclear, or inadequate
on the categories of random allocation, concealment, and
blinding. Primary outcome measure was death or moderate or
severe neurodevelopmental outcome at or beyond 12 months
of corrected age (using any standardized measure). Where
developmental outcomes were reported in a number of papers,
the reported primary outcome of the study was used. An arbitrary
control group was defined as treatment for PHVD only being
instigated once head growth was excessive or there were clinical
signs or raised intracranial pressure mandating treatment. Other
interventions were grouped by consensus by two of the authors
prior to analyses being performed (DO and DH). Intention-
to-treat analysis was used where available. All three authors
assessed the risk of bias in trials using the Cochrane risk of
bias tool, with discrepancies resolved by consensus (31). Where
composite outcomes of death and/or VP shunt or disability were
not provided, they were calculated if possible from the presented
data. Where data were unavailable, we assumed that infants who
died before discharge from the neonatal unit did not receive
VP shunts. Authors of included papers were not approached
for missing data or where queries about a studies’ methodology
due to the length of time since the publications of many of the
manuscripts included.

Statistical Analysis
Network mapping was performed with the size of the nodes
proportional to the sample size and the thickness of the
connecting lines proportional to the number of trials. We then
performed a Bayesian random-effects model using the Markov
chainMonte Carlo method. The results were reported as ORwith
95% confidence intervals. We used p < 0.05 as a conventional
level of significance. The areas under the cumulative ranking
curve (SUCRA) were calculated as a measure of the probability
that each intervention was the best for each of the outcome
measures, and for the primary outcome, we also derived the
probabilities that each therapy is likely to be the 1st, 2nd, 3rd,
etc. best therapy (32).

Analyses were repeated for the following outcomes:

1. Death or moderate or severe neurodevelopmental
impairment at or beyond 12 months of age

2. Moderate or severe neurodevelopmental impairment at or
beyond 12 months of age

3. Death in the neonatal period, or before 1 year of age
4. Requiring ventriculo-peritoneal shunt surgery in the neonatal

period, or before 1 year of age
5. Requiring ventriculo-peritoneal shunt surgery or death in the

neonatal period, or before 1 year of age
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An assumption behind multiple-treatment meta-analysis is that
direct and indirect evidence on comparisons do not disagree
(coherence). To estimate this, we planned to calculate the direct
and indirect OR where possible; however, due to the limited
amount of studies reporting the primary outcome, we were
unable to test if the direct and indirect assessments were coherent.

Finally, an a priori sensitivity analysis was planned excluding
those studies that were considered “inadequate” on any quality
measures. All analyses were performed using Stata 14. Results are
presented as OR (95% confidence interval).

Public and Patient Involvement
Patients or members of the public were not involved
in the design, or conduct, reporting, or dissemination
plan of this research.

RESULTS

Literature Search
Databases were searched on 10/09/2018 and, after removal of
duplicates, produced a list of 3445 publications. Of these, 36
abstracts were screened, and of these, a total of 11 full-text
papers were reviewed, all of which fulfilled the inclusion criteria
(13, 14, 16–22, 24, 25). Four systematic reviews were identified
(27, 29, 33, 34) and a further three likely papers were identified
from the references of the full-text papers and the existing
reviews. These three additional papers were reviewed and all were
included in the analysis, leaving a total of 14 papers [Appendix 2;
(13–26)] from 10 different trials. The earliest publication dates
were from 1980 (15), and the most recent dates were from
2019 (20). Overall, 700 individuals were randomly assigned and
were included in at least one multiple-treatment meta-analysis,
although only 449 infants have been enrolled in trials that have
reported the primary outcome. All studies were two-armed trials.
Further details are shown in Appendix 3.

Six categories of intervention were identified by the authors:

1) Control (defined as above) (13–17, 19–21, 23–26)
2) Tapping of CSF prior to symptoms or excessive head growth

(16, 17)
3) Diuretic therapy (23–25)
4) Drainage Irrigation and Fibrinolytic Therapy (DRIFT) (13,

18, 19)
5) Fibrinolytic therapy (21, 22)

After discussion between authors regarding one paper
randomizing infants between CSF tapping at conventional
levels (2 above) and early tapping, and an additional category
was added (6) (Early CSF tapping) to accommodate this
intervention (20).

A total of four studies reported an eligible
neurodevelopmental measure (13, 19, 24–26), while all reported
mortality or shunt usage during the neonatal period or during the
first year of life. Five studies were European (13, 17, 20, 22, 24),
four were based in the USA (14, 15, 23, 26), and 1 was based in
Turkey (21). All studies use some form of imaging to diagnose
IVH. All studies but two had a control group compatible with
our pre-defined criteria; Luciano, in contrast, randomized

between diuretic treatment in one arm and streptokinase in
the other (22) and De Vries used two different thresholds of
CSF tapping (discussed above) (20). One study (15) used an
alternative number to allocate treatment arms, while a further
three did not specify the randomization methods (21, 23, 35). VP
shunt criteria were defined in all studies except two (15, 21). Of
the four trials that reported neurodevelopmental data, three were
considered adequate (13, 16, 17, 19, 24, 25) and one was unclear
(26). No trial was able to blind clinicians to the intervention. A
summary of quality assessments is shown in Figure 1.

Individual Study Findings
Two studies investigated the use of furosemide and
acetazolamide vs. standard treatment/LPs. Libenson (23)
included a total of 16 infants who received either acetazolamide
and frusemide, or daily LPs. They reported a reduction in VP
shunts (10 vs. 50%) although there was crossover between
treatment arms. Kennedy et al. (24, 25) also compared
acetazolamide and frusemide to a control group and reported a
higher rate of death and/or ventricular shunt placement in the
intervention arm [RR 1.42 (1.06–1.90); p = 0.026] and worse
developmental outcomes [e.g., RR 1.67 (1.23–2.28) for motor
impairment]. Mantovani et al. (15), Dykes et al. (26), Anwar
et al. (14), and the Ventriculomegaly Trial Group (16) compared
frequent LP to conservative treatment, but none reported a
difference in VP shunts or death between these treatment arms.
De Vries et al. (20) randomized 126 infants with PHVD to
intervention of repeat CSF tapping to two different thresholds
with no difference in the primary outcome of VP shunt or
death (p = 0.45). Two small studies have investigated the use
of intraventricular streptokinase; Luciano et al. (22) found no
difference in the rate of VP shunt between the two groups while
Yapicioglu et al. (21) reported an increased need for VP shunt in
the streptokinase group (83 vs. 50%). Finally, the DRIFT study
included a total of 70 infants who were randomized to either
intraventricular drainage, irrigation, and fibrinolytic therapy
with tissue plasminogen activator (DRIFT) or to standard
treatment (13). This study was closed early due a minimum
chance that the short-term primary outcome would identify
a difference between groups (VP shunt or death). There was
no difference in the primary outcome of reducing the rates of
VP shunt surgery or death but an analysis of developmental
outcomes in infants at 2 years corrected age found evidence of
improved neurodevelopment [adjusted OR of 0.17 (0.05–0.57)].

Quantitative Synthesis
Figure 2 shows the resultant network of eligible comparisons
from the multiple-treatment meta-analysis.

Of the 15 possible pair comparisons, 6 have been studied
directly. Table 1 summarizes the results of the multiple-
treatment meta-analysis for the pre-specified outcomes [e.g.,
compared to control diuretics, which appeared to have a higher
OR of the primary outcome (OR 1.17 (0.99–1.39)], while
compared to diuretics, DRIFT had a lower OR [OR 0.69 (0.44–
1.07)]. Repeating the analysis for the other outcomes showed
similar results. No comparison reached conventional levels of
statistical significance.
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FIGURE 1 | Quality measures.

FIGURE 2 | Network eligible comparisons for the multiple-treatment

meta-analysis.

Table 2 and Figure 3 shows the SURCRA for each treatment
and outcomes measured. DRIFT had the highest probability
of being the best treatment for the primary outcome (82.1%),
followed by CSF removal (10.8%), conservative management
(6.7%), and then diuretic therapy (0.4%). No study was able to
blind clinicians delivering the treatment, and so no additional
analysis was performed.

DISCUSSION

We have found in this work that little evidence exists to directly
differentiate any proposed or trialed therapy for PHVD. Diuretic
therapy appeared to be detrimental, and ranking of therapies
appeared to show that DRIFT may by the most efficacious.
However, despite the significant impact of this disease, only 700
infants have ever been enrolled in an intervention trial, and
further studies are desperately needed.

Limitations of this work include the heterogeneity of the
infants enrolled, in part due to the wide time frame recruitment
across the studies (1980–2019). Neonatal care has changed
significantly during this time, with new therapies such as
antenatal steroids and surfactant, and the reduction in other
treatments such as postnatal steroids. Despite this, the control
arm of these trials appears remarkably similar over the 40
years investigated, with VP shunt insertion after development of
PHVD still the standard treatment of choice. The biggest and
perhaps most influential trials have all been performed in the last
20 years and had infants of similar gestation, with similar control
group interventions. We have used a random effects model to
allow for increased uncertainty in this work, but the lack of
precision is likely due to the small numbers included (around
700 infants involved in these randomized controlled trials) rather
than heterogeneity.

The timing of intervention in each study makes the
comparison of treatments in this using thismethodology difficult.
For example, in some of the trials, lumbar punctures were used to
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TABLE 1 | Comparisons between different treatment groups for direct and indirect outcome measures.

Treatment comparison Moderate or severe

neuro-disability, or

death

Moderate or severe

neuro-disability

VP shunt or death VP shunt Death

OR (95% CI) p OR (95% CI) p OR (95% CI) p OR (95% CI) p OR (95% CI) p

Compared to Control

CSF removal 1.01 (0.86–1.19) 0.921 0.87 (0.45–1.70) 0.689 0.96 (0.8–1.15) 0.652 0.97 (0.75–1.24) 0.791 0.91 (0.53–1.57) 0.739

Diuretics 1.17 (0.99–1.39) 0.062 1.05 (0.47–2.34) 0.905 1.20 (0.93–1.54) 0.165 1.07 (0.79–1.44) 0.676 1.58 (0.81–3.08) 0.179

DRIFT 0.80 (0.53–1.22) 0.302 0.87 (0.35–2.17) 0.759 0.97 (0.62–1.53) 0.91 1.04 (0.6–1.79) 0.89 0.58 (0.15–2.28) 0.439

Early CSF removal 0.80 (0.47–1.37) 0.421 0.80 (0.39–1.67) 0.556 0.77 (0.26–2.32) 0.645

Fibrinolytics 1.20 (0.52–2.77) 0.675 1.41 (0.70–2.84) 0.342 1.26 (0.20–7.76) 0.806

Compared to CSF Removal

Diuretics 1.16 (0.92–1.47) 0.20 1.20 (0.42–3.42) 0.73 1.25 (0.91–1.70) 0.16 1.1 (0.75–1.63) 0.62 1.73 (0.73–4.10) 0.21

DRIFT 0.80 (0.51–1.24) 0.32 0.99 (0.32–3.09) 0.99 1.02 (0.62–1.65) 0.95 1.07 (0.59–1.96) 0.81 0.64 (0.15–2.78) 0.55

Early CSF removal 0.84 (0.51–1.39) 0.49 0.83 (0.42–1.65) 0.60 0.85 (0.33–2.20) 0.73

Fibrinolytics 1.25 (0.53–2.94) 0.61 1.45 (0.69–3.07) 0.33 1.38 (0.21–9.22) 0.74

Compared to Diuretic

DRIFT 0.69 (0.44–1.07) 0.10 0.82 (0.24–2.79) 0.76 0.81 (0.48–1.37) 0.44 0.97 (0.52–1.82) 0.94 0.37 (0.08–1.68) 0.20

Early CSF removal 1.49 (0.37–1.21) 0.19 0.75 (0.34–1.66) 0.48 0.49 (0.14–1.77) 0.28

Fibrinolytics 1.00 (0.45–2.23) 1.00 1.32 (0.64–2.71) 0.45 0.80 (0.13–4.91) 0.81

Compared to DRIFT

Early CSF removal 0.82 (0.41–1.66) 0.59 0.77 (0.31–1.92) 0.58 1.32 (0.23–7.59) 0.76

Fibrinolytics 1.23 (0.47–3.19) 0.67 1.35 (0.56–3.29) 0.51 2.15 (0.22–20.84) 0.51

Compared to Early CSF Removal

Fibrinolytics 1.49 (0.55–4.04) 0.43 1.75 (0.63–4.83) 0.28 1.63 (0.19–13.62) 0.65

TABLE 2 | SUCRA for probability of most efficacious treatment for different outcomes.

Treatment Outcome

Moderate/severe

neuro-disability or death

Moderate/severe

neuro-disability

Death VP shunt VP shunt or death

Control 0.6 0.4 0.5 0.5 0.5

CSF removal 0.5 0.6 0.6 0.6 0.6

Diuretic treatment 0.1 0.4 0.2 0.4 0.2

DRIFT 0.9 0.6 0.8 0.5 0.6

Early CSF removal – – 0.6 0.7 0.8

Fibrinolytics – – 0.4 0.2 0.3

reduce the size of already distended ventricles compared (13) to
preventing further enlargement through early intervention (23).
The differences in the randomization thresholds may contribute
to some of the variation seen in the outcome measured (e.g., the
percentage of VP shunts required).

PHVD remains a significant problem in the developed world.
There are around 8,000 preterm infants born 32 weeks gestation
in England alone each year, and around 483 (6%) of these
develop a sIVH (7). Overall, around 700 infants a year develop
sIVH after birth, and most of these will develop some degree
of motor or cognitive disability (13). In all the work reviewed
here, mortality was high, and many infants who survive have
complex developmental needs, a population impact likely higher
than neonatal hypoxic–ischemic encephalopathy (36) or Trisomy

21 (37), with a corresponding burden to the NHS (in future
healthcare needs) and society. With this in mind, we find the lack
of recent trials disappointing, and this appears to be a vital area
for new biomedical research.

In this work, DRIFT is likely to be the most efficacious
treatment. Recent presentation of a secondary analysis of school
age neurodevelopmental outcomes from this trial appears to
show similar results to those used in this work on a subset
of the initial trial group (38). While this recent work was a
secondary analysis, the results are in parallel with those at 2 years,
with children assessed at 10 years, after adjusting for gender,
birthweight, and grade of IVH, with cognitive quotient being, on
average, 23.47 points higher than those who received standard
treatment (p= 0.009).
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FIGURE 3 | Probabilities of each therapy being the 1st, 2nd, 3rd, or 4th best treatment for the prevention of moderate/severe neuro-disability or death.

FIGURE 4 | Proposed strategy for the management of PHVD.

DRIFT is however a complex intervention and involves 72 h
of intensive nursing and medical care. The process of DRIFT
was modified during the trial due to concerns over secondary

bleeds, and the trial was stopped early due to likely futility
in reaching a difference in the short-term primary outcome of
shunt or death. As an alternative approach, some units have
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reported success with more rapid clot removal (e.g., through
endoscopes) or percutaneous methods of treating intra- and
extra-axial intracranial hemorrhage, although no RCT has yet
been published with these novel treatments (39, 40). Equally,
the ELVIS trial (20) has completed its recruitment and later
neurodevelopmental outcomes are expected to be published
soon. These results are eagerly awaited as a sub-study of the
ELVIS trial has reported that, in the high-threshold group (LPs
when the VI > p97 + 4mm and anterior horn width >10mm),
there was more brain injury and higher ventricular volumes
compared to the low-threshold groups (VI > p97 and anterior
horn width>6mm) (41). There is also interest surrounding stem
cell treatment after sIVH; however, this has only been reported in
phase 1 trial (42). In lieu of the results of this research, Figure 4
shows a proposed strategy for PHVD.

PHVD is a significant cause of death and disability in
developed countries, yet few therapeutic options have so far
been trialed. Only 700 infants have been enrolled in intervention
trials, while <500 have had longer-term developmental measures
reported. While new therapies are urgently needed for these
infants, at present, NMA shows that DRIFT appears to be the

most likely candidate to improve outcomes after sIVH, but
further work is needed to implement this in routine healthcare
and promising newer therapies remain untrialed.
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The increased incidence of opioid use during pregnancy warrants investigation to

reveal the impact of opioid exposure on the developing fetus. Exposure during critical

periods of development could have enduring consequences for affected individuals.

Particularly, evidence is mounting that developmental injury can result in immune priming,

whereby subsequent immune activation elicits an exaggerated immune response.

This maladaptive hypersensitivity to immune challenge perpetuates dysregulated

inflammatory signaling and poor health outcomes. Utilizing an established preclinical rat

model of perinatal methadone exposure, we sought to investigate the consequences

of developmental opioid exposure on in vitro activation of peripheral blood mononuclear

cells (PBMCs). We hypothesize that PBMCs frommethadone-exposed rats would exhibit

abnormal chemokine and cytokine expression at baseline, with exaggerated chemokine

and cytokine production following immune stimulation compared to saline-exposed

controls. On postnatal day (P) 7, pup PMBCs were isolated and cultured, pooling

three pups per n. Following 3 and 24 h, the supernatant from cultured PMBCs was

collected and assessed for inflammatory cytokine and chemokine expression at baseline

or lipopolysaccharide (LPS) stimulation using multiplex electrochemiluminescence.

Following 3 and 24 h, baseline production of proinflammatory chemokine and

cytokine levels were significantly increased in methadone PBMCs (p < 0.0001).

Stimulation with LPS for 3 h resulted in increased tumor necrosis factor (TNF-α) and

C-X-C motif chemokine ligand 1 (CXCL1) expression by 3.5-fold in PBMCs from

methadone-exposed PBMCs compared to PBMCs from saline-exposed controls (p <

0.0001). Peripheral blood mononuclear cell hyperreactivity was still apparent at 24 h

of LPS stimulation, evidenced by significantly increased TNF-α, CXCL1, interleukin

6 (IL-6), and IL-10 production by methadone PMBCs compared to saline control

PBMCs (p < 0.0001). Together, we provide evidence of increased production of

proinflammatory molecules from methadone PBMCs at baseline, in addition to sustained

hyperreactivity relative to saline-exposed controls. Exaggerated peripheral immune

responses exacerbate inflammatory signaling, with subsequent consequences on many

organ systems throughout the body, such as the developing nervous system. Enhanced
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understanding of these inflammatory mechanisms will allow for appropriate therapeutic

development for infants who were exposed to opioids during development. Furthermore,

these data highlight the utility of this in vitro PBMC assay technique for future biomarker

development to guide specific treatment for patients exposed to opioids during gestation.

Keywords: methadone, lymphocyte, PBMC, SPIHR, blood mononuclear cell, neuroinflammation, neonatal

abstinence syndrome, prenatal

INTRODUCTION

The incidence of opioid abuse in the United States has steadily
increased since 2000, today reaching epidemic proportions (1, 2).
The crisis is illustrated by data demonstrating that the number
of opioid-related hospitalizations increased by 64%, and the
number of deaths due to opioid overdose increased by 27%
between the years of 2005 and 2014 (3, 4). Mirroring the national
trend, opioid use by pregnant women has escalated to alarming
rates (5). Opioid use in this population increased 5-fold from
2000 to 2009 (6), and the prevalence of women with opioid use
disorders at delivery hospitalizations quadrupled between 1999
and 2014 (7).

Prenatal opioid exposure results frommaternal use or abuse of
illicit opioids, such as heroin, and prescription opioids including
oxycodone, hydrocodone, morphine, codeine, and fentanyl (8).
In addition, the maternal use of buprenorphine or methadone,
two synthetic opioids commonly used in opioid maintenance
therapy for individuals suffering from opioid use disorder (9, 10),
also contribute to prenatal opioid exposure. The growing rate of
women using opioids during pregnancy has led to an increase
in adverse neonatal outcomes (11, 12). Recent studies showing
an association between opioid use during pregnancy and poor
health outcomes for both pregnant women and infants highlight
prenatal opioid exposure as a serious public health concern (13,
14). Opioid-exposed infants represent an extremely vulnerable
patient population (15), with 50–80% experiencing neonatal
abstinence syndrome (16). Indeed, prenatal opioid exposure
is associated with increased risk of fetal growth restriction,
preterm birth, and lifelong motor and cognitive deficits (17–
25). The devastating consequences of opioid exposure on the
physical health and developmental outcomes of exposed children
strengthen the need to advance scientific understanding of the
underpinnings of opioid-induced neural injury and to advance
biomarker development in this patient population.

Insult during the prenatal period affects ongoing
developmental processes in the fetus, leading to lifelong
consequences and health challenges. Both the central nervous
system (CNS) and the immune system undergo complex and
incremental steps toward maturation during gestation (26–
28). New advances in molecular neuroscience have begun to
elucidate the importance of the multifaceted interplay of central
and peripheral immune system in regulating and supporting
ongoing brain development. Moreover, these advances highlight
the neurodevelopmental consequences of perinatal immune
activation following perinatal insult (29–33). The findings
from both clinical and preclinical studies implicate perinatal

immune activation in the pathophysiology of numerous
neurodevelopmental disorders, such as cerebral palsy, autism
spectrum disorders, Down syndrome, and fetal alcohol spectrum
disorders (33–41).

Previously, we reported evidence of neural injury and
reduced cognitive functioning in a model of prenatal
opioid exposure, with multiple assays reflecting significant
neuroinflammation (42). In the aforementioned study, analysis
of serum inflammatory cytokine expression of opioid-exposed
animals compared to saline-exposed controls demonstrated
elevated levels of interleukin 1β (IL-1β), tumor necrosis factor α

(TNF-α), IL-6, and C-X-C motif chemokine ligand 1 (CXCL1),
indicating systemic inflammatory response syndrome induced
by opioid exposure. Additionally, initial in vitro assessment
of isolated PBMC from opioid-exposed animals challenged
with lipopolysaccharide (LPS) suggested heightened immune
reactivity and immune priming toward exaggerated responses to
stimuli (42).

Here, we extend our investigation of opioid-induced
inflammation by thoroughly defining the peripheral immune
signaling and reactivity of opioid-exposed PBMCs using an
established in vitro assay and biomarker platform (35, 37, 43–
50). These data enhance the understanding of important
inflammatory mechanisms, an essential step to inform future
development of appropriate therapeutic interventions for infants
who are exposed to opioids during gestation.

MATERIALS AND METHODS

Animals
Sprague–Dawley rat dams and litters were maintained in a
12-h dark–light cycle (lights on at 0800 h), temperature, and
humidity-controlled facility with food and water available ad
libitum. All experiments were performed in strict accordance
with protocols approved by the Institutional Animal Care and
Use Committee at the University of NewMexico Health Sciences
Center. Protocols were developed and performed consistent with
National Research Council and ARRIVE guidelines (51).

Opioid Administration
Methadone is a full µ-, δ-, and κ-opioid receptor agonist, similar
to heroin, morphine, and fentanyl, whereas buprenorphine
is a partial µ-opioid receptor agonist and κ-opioid receptor
antagonist (52). The use of methadone in our experiments allows
us avoid differential pharmacology related to partial antagonism
and study the effects from of full agonism at the predominant
opioid receptor subtypes. As previously published (42), osmotic
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minipumps (model 2004; Alzet, Cupertino, CA, USA) primed
with 12 mg/kg of methadone or normal saline were implanted
in embryonic day (E) 16 timed-pregnant rat dams (Charles River
Laboratories, Wilmington, MA, USA) (Figure 1). Implantation
on E16 allows in utero opioid exposure from E16 to birth and
postnatal opioid exposure via milk from birth to postnatal day
(P) 7 (blood collection). These minipumps allow for continual
infusion of methadone or saline at a rate of 0.25µL per hour for a
maximum of 28 days. Under isoflurane-induced anesthesia, dams
underwent a minipump placement procedure. Subcutaneous
minipump placement was achieved by transverse 1.5-cm incision.
The subcutaneous area was opened by careful blunt dissection,
and the prefilled, primed osmotic minipump was placed in the
opened space. Following closure of the incision with sutures,
dams were then returned to their respective home cages, where
their recovery was closely monitored. When pups were born
on E22, they then received methadone through milk ingestion.
Postnatal methadone exposure was confirmed by measuring the
concentration of methadone in dam and offspring urine (42). As
previously reported, this paradigm of opioid exposure results in
significant pup weight loss at the neonatal and perinatal period.
Opioid exposure via 12 mg/kg minipump results in a significant
10% reduction in offspring weight at P1 and 23% reduction in
weight by P21 compared to saline exposed controls (42). These
preclinical data reflect data from clinical studies showing that
infants of mothers who exclusively used opioids suffered from a
2 to 10% decrease in birth weight compared to healthy controls
(53, 54). Further, another study found that infants of mothers
on methadone replacement therapy suffered a 19% reduction in
birth weight compared to age-matched controls (55). Thus, this
model replicates the systemic consequences of extended prenatal
opioid exposure observed in human infants.

Peripheral Blood Mononuclear Cell
Isolation
At P7, rats are developmentally equivalent to human infants
between approximately 32 and 38 weeks’ gestation (56–62).
From P7 to P10 in rats and 36–40 weeks’ gestation in humans
(term infant), overall brain growth peaks while important neural
developmental processes, such as gliogenesis and expansion of
axonal and dendritic density, occur (60, 63–65, 65–69). During
this same developmental period, consolidation of the immune
system in humans and rats occurs, whereby the functional
capacity of immune cells evolves, and the number of circulating
leukocytes, neutrophils, and monocytes increases (26–28, 60,
70–72). At P7, PBMC isolation was performed as previously
published (41). Venous blood was collected from the right atrium
of deeply anesthetized P7 pups and pooled across three animals
in pyrogen-free K2 EDTA Vacutainer tubes (366643; Becton
Dickson, Franklin Lakes, NJ, USA). Each n represents PBMCs
isolated from blood pooled across three separate animals. In
this study, equal numbers of male and female pups were used
throughout. Peripheral blood mononuclear cells were isolated
by Ficoll gradient separation (37), whereby equal volumes of
peripheral blood and RPMI 1640 media (Gibco, Waltham, MA,
USA) were combined and layered atop 3mL of Ficoll-Plaque Plus

(17144002; GE Healthcare, Chicago, IL, USA) within sterile 15-
mL conical tubes. Following centrifugation at 400 g for 30min
at room temperature, the PBMC cell layer was transferred to
a new centrifuge tube and resuspended in three volumes of
RPMI media. Two wash cycles were performed, consisting of
centrifugation at 400 g for 10min at room temperature, disposal
of the supernatant, and resuspension of the pellet in three
volumes of RPMI media. Isolated PBMCs resuspended in media
were plated in triplicates at a density of 1 × 106 cells/mL on
3.5-cm Petri dishes.

Peripheral Blood Mononuclear Cell
Treatment With LPS
Plated PBMCs from saline and methadone groups were
stimulated with 10, 50, or 100 ng/mL of LPS to generate a dose
response curve. Based on TNF-α secretion levels at 3 h, we
determined that stimulation with 100 ng of LPS was ideal to
produce a robust PBMC secretory response in both treatment
groups. Therefore, consistent with previous studies, 100 ng
of LPS was used for LPS challenge experiments (41, 45, 73).
Supernatant samples were collected at 3 and 24 h in sterile 2-mL
Eppendorf tubes, snap frozen on dry ice, and stored at −80◦C
until biochemical analysis.

Multiplex Electrochemiluminescent
Immunoassay
To capture the secretory activity of PBMCs prior to protein
synthesis, and then after protein synthesis, the supernatants
from plated PBMCs were assayed at 3 and 24 h, respectively.
Subsequently, secreted cytokine and chemokine expression
was quantified using a V-PLEX Proinflammatory Panel 2
Rat Kit (K15059D; Meso Scale Diagnostics, Rockville, MD,
USA) created to detect levels of interferon γ, IL-1β, IL-
4, IL-5, IL-10, IL-13, IL-6, CXCL1, and TNF-α. The V-
PLEX multielectrochemiluminescent immunoassay (MECI) was
performed according to manufacturer instructions with <5%
interassay variation. Specifically, supernatants from cultured
PBMCs were diluted 1:4 and, together with prepared standards,
were loaded in duplicate onto the manufacturer-provided
blocked and washed 96-well plates. Then, following a series of
washes and incubation with the antibody detection solution,
plates were washed and loaded with the manufacturer-provided
Read Buffer and read on a Quickplex SQ 120 Imager. Here, we
report data on the levels of TNF-α and CXCL1 production at 3 h
and TNF-α, CXCL1, IL-6, and IL-10 at 24 h. Of note, levels of
IL-6 and IL-10 at 3 h were below the detectable limit in baseline
conditions, as were other cytokine levels in the panel.

Statistical Analyses
To determine appropriate sample size, statistical power was
calculated using G∗Power 3.1.9.7 (Institut für Psychologie, Kiel,
Germany) (74), using estimated means from previous studies
(33, 42). Here, we prepared an n of three per treatment group,
whereby each n represents isolated PBMCs from three animals
pooled into one sample. Comparisons to determine statistical
significance, defined as p < 0.05, were performed within Prism
7.05 (GraphPad software, San Diego, CA, USA). For comparisons
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FIGURE 1 | Experimental timeline. Perinatal methadone exposure was accomplished by minipump implantation on E16, permitting pup exposure to methadone during

critical stages of immune and neurological maturation. On P7, PBMCs from methadone- or saline-exposed pups were isolated for culture and biochemical analysis.

between saline and methadone PMBC secretion, a Student t-test
was used to determine significance. For statistical analysis of the
dose response to LPS, a one-way analysis of variance (ANOVA)
with Bonferroni multiple comparisons was performed. To make
comparisons between treatments (baseline secretion vs. LPS-
stimulated secretion) and to make comparisons between time
points (3- vs. 24-h secretion), two-way ANOVA was performed
with Bonferroni post-hoc analyses.

RESULTS

Methadone Alters Baseline Peripheral
Immune System Signaling
At 3 h, unstimulated PBMCs from methadone-exposed pups
produced significantly augmented levels of the inflammatory
cytokine TNF-α (methadone: 3.589 pg/mL, saline: 0.8142 pg/mL,
t-test, p < 0.0001), as well as CXCL1 (methadone: 1.280 pg/mL,
saline: 0.0, t-test, p= 0.0004) (Figure 2A).

After 24 h, the level of TNF-α secreted by saline PBMCs
was 41% increased from levels measured at 3 h, whereas
methadone PBMCs demonstrated a 152% increase from levels
measured at 3 h (two-way ANOVA, p < 0.0001). Increased
production of TNF-α by methadone PBMCs at 24 h (methadone:
9.047 pg/mL, saline: 1.148 pg/mL, t-test, p < 0.0001) was
accompanied by increased secretion of CXCL1 by methadone
PBMCs relative to saline PBMCs (methadone: 2.950 pg/mL,
saline: 0.0 pg/mL, t-test, p = 0.0004) (Figure 2B). By 24 h,
CXCL1 secretion by methadone PBMCs was 130% increased
from measurement at 3 h (t-test, p < 0.0002), whereas levels of
CXCL1 production by saline PBMCs remained below detectable
levels at both the 3- and 24-h time points. Moreover, after 24 h
in culture, methadone PBMCs demonstrated additional evidence
of dysregulated immune signaling, evident by increased IL-6
(methadone: 39.82 pg/mL, saline: 0.0 pg/mL, t-test, p < 0.0001)
and decreased IL-10 expression (methadone: 0.0 pg/mL, saline:
1.712 pg/mL, t-test, p= 0.0001) (Figure 2C). Together, these data
show significantly altered baseline production of inflammatory
signaling molecules by methadone-derived PBMCs at 3 and 24 h
compared to controls.

Methadone Primes the Peripheral Immune
System Toward Hyperreactivity
To illuminate potential discrepancies in reactivity to immune
stimulus between treatment groups, PBMCs from methadone
and saline exposed pups were challenged with LPS in vitro. By
increasing the dose of LPS from 10, to 50, to 100 ng/mL, we
observed a dose-dependent increase in TNF-α secretion from
both saline and methadone PBMCs, compared to PMBCs in
media alone (one-way ANOVA, p < 0.0001) (Figure 3). In
this assay, addition of media alone resulted in levels of TNF-
α production that were not statistically different from baseline
levels of TNF-α measured at 3 h, as reported earlier in this
study (one-way ANOVA, p > 0.05). With each dose of LPS,
PBMCs derived from methadone-exposed animals produced
greater levels of TNF-α compared to saline PBMCs (one-way
ANOVA, p < 0.001). As 100 ng/mL LPS elicited a significant
response in PBMCs from both methadone- and saline-exposed
pups, we stimulated a separate cohort of PBMCs with this dose
and measured cytokine and chemokine levels at 3 and 24 h.

At 3 h following stimulation with 100 ng/mL LPS, TNF-
α (methadone: 215.8 pg/mL, saline: 59.08 pg/mL, t-test, p <

0.0001) and CXCL1 (methadone: 53.29 pg/mL, saline: 14.33
pg/mL, t-test, p < 0.0001) production by PBMCs from P7
methadone-exposed pups was increased compared to PBMCs
from saline-exposed controls, representing a 265 and 272%
increase, respectively (Figure 4A). Compared to baseline levels of
unstimulated PBMCS, LPS-stimulated PBMCs derived from both
saline and methadone animals produced significantly increased
levels of TNF-α and CXCL1 3 h (two-way ANOVA, p < 0.0001).

Following 24 h of LPS stimulation, levels of TNF-α
(methadone: 412.6 pg/mL, saline: 102.8 pg/mL, t-test, p <

0.0001) and CXCL1 (methadone: 231.6 pg/mL, saline: 38.34
pg/mL, t-test, p < 0.0001) produced by methadone PBMCs were
increased by 301 and 504%, respectively, compared to levels
from saline PBMCs (Figure 4B). Compared to measurements
taken at 3 h following LPS stimulation, TNF-α secretion at
24 h increased by 74% in saline PBMCs, whereas methadone
PBMCs demonstrated a 91% increase (two-way ANOVA, p
< 0.0001). A similar pattern arose with CXCL1 production.
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FIGURE 2 | At baseline, PBMCs from methadone-exposed pups demonstrated dysregulated production of inflammatory signaling molecules. (A) At 3 h following

isolation from P7 pups and plating in media alone, PBMCs from methadone-exposed pups produced significantly increased levels of TNF-α and CXCL1, compared to

PBMCs from saline-exposed control PBMCs. (B) After 24 h, TNF-α and CXCL1 levels from methadone PBMCs compared to saline were further augmented. (C)

Additionally, methadone PBMCs produced significantly higher levels of IL-6 and significantly lower levels of IL-10, compared to saline controls (n = 3 per treatment

group, ***p < 0.001, ****p < 0.0001).

FIGURE 3 | Peripheral blood mononuclear cells isolated from P7 pups exhibit LPS induced dose-responsive increases in TNF-α production. (A) Increasing doses of

LPS (10, 50, or 100 ng/mL) elicited significantly augmented secretion of TNF-α from saline and (B) methadone PBMCs, compared to PMBCs in media alone (n = 3

per treatment group, 1 way ANOVA, ****p < 0.0001).

By 24 h, CXCL1 production by saline PBMCs increased 164%
from levels measured at 3 h, whereas CXCL1 produced by LPS-
challenged methadone PBMCs rose 334% (two-way ANOVA, p

< 0.0001). At 24 h, we also found significantly increased levels
of IL-6 (methadone: 409.4 pg/mL, saline: 111.7 pg/mL, t-test,
p < 0.0001) and IL-10 (methadone: 20.35 pg/mL, saline: 1.442
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FIGURE 4 | Stimulation with LPS revealed hyperreactivity of PBMCs from methadone-exposed pups. (A) At 3 h, TNF-α and CXCL1 production by PBMCs from P7

methadone-exposed pups was significantly increased compared to PBMCs from saline exposed controls. (B) After 24 h, TNF-α and CXCL1 levels from methadone

PBMCs were significantly increased compared to saline levels. (C) Additionally, production of IL-6 and IL-10 by methadone PBMCs was significantly augmented,

compared to saline controls (n = 3 per treatment group, unpaired t-test, ****p < 0.0001).

pg/mL, t-test, p < 0.0001) from methadone PBMCs, compared
to saline controls (Figure 4C).

DISCUSSION

As the opioid crisis continues to grow, increasing numbers
of pregnant women and infants are affected. While mounting
evidence indicates that prenatal opioid exposure is associated
with significant and long-lasting neurological injury (17–19, 25),
information on the pathophysiology of opioid exposure during
the perinatal period is limited. Increasing our understanding
of the cellular and molecular mechanisms that are impacted in
circumstances of in utero opioid exposure is important for the
development and implementation of informed clinical practices,
in addition to the improvement of therapeutic options to support
opioid-exposed infants.

Using the same model of perinatal opioid exposure
employed in the current study, we previously provided
evidence of neuroinflammation, microstructural brain injury,
persistent cognitive deficits, and peripheral immune activation
following perinatal opioid exposure (42). Here, we expand
our understanding of the systemic immune dysfunction
through an in-depth characterization of peripheral immune cell
activity and reactivity following perinatal methadone exposure.
Utilizing a clinically applicable in vitro cell culture protocol and
translational multiplex immunoassay inflammatory biomarker
panel (36, 37, 75–80), we found that at baseline PBMCs
derived from methadone-exposed P7 pups hypersecreted
proinflammatory molecules. Consistent with our previous
findings that PBMCs derived from methadone-exposed rats
secreted increased levels of TNF-α at 3 and 24 h after collection
(42), here, we demonstrate that methadone PBMCs also secrete
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elevated levels of CXCL1 at 3 h. Increased expression of TNF-α
and CXCL1 relative to PBMCs derived from saline-exposed
controls was still evident at 24 h, demonstrating sustained
peripheral immune activation of methadone-derived PBMCs
at P7. Interestingly, after 24 h in culture, we observe additional
evidence of dysregulated immune signaling with elevated IL-6
and diminished IL-10 in methadone-exposed animals relative
to saline controls, in addition to the increased TNF-α and
CXCL1 levels from methadone PBMCs. Despite probing for
the presence of IL-6 and IL-10 at 3 h, the levels from both
saline- and methadone-derived PBMCs remained below the
detectable limits of the MECI. In summary, this evidence of
elevated PBMC baseline production of known proinflammatory
molecules TNF-α, CXCL1, and IL-6, with decreased levels of
anti-inflammatory IL-10 from methadone-exposed animals,
likely contributes to a proinflammatory environment within the
systemic circulation (81).

To further characterize altered immune function, we
stimulated cultured PBMCs with 100 ng/mL of LPS to represent
an immune challenge and then quantified the chemokine and
cytokine profile signature. While the addition of 100 ng/mL
of LPS is a supraphysiological dose, it was formulated in
consideration of our previous work (41, 42) and based on
the dose response measured in TNF-α secretion to 10, 50,
and 100 ng/mL of LPS that we performed in this study. We
demonstrate that 100 ng/mL produces a robust PBMC response
in the in vitro PBMC culture assay we performed, allowing us
to examine chemokine and cytokine production by PBMCs
from both saline and methadone treatment groups. Following
3 h of LPS stimulation, we detected levels of TNF-α and
CXCL1 that were elevated from baseline in both methadone-
and saline-exposed groups. Lipopolysaccharide-stimulated
methadone PBMCs produced significantly more TNF-α and
CXCL1 compared to PBMCs from stimulated saline control
PBMCs. At 24 h, hyperreactivity of methadone PBMCs was
evident from significantly elevated levels of TNF-α, CXCL1,
IL-6, and IL-10 compared to saline controls. Taken together,
these data provide evidence of increased sensitivity and a
priming effect to subsequent inflammatory challenge in PBMCs
from methadone-exposed pups. This suggests a mechanism of
deleterious feed-forward inflammatory pathophysiology and
fetal programming of immune system activation induced by
methadone. Indeed, immune plasticity altered by methadone
exposure may have long-lasting effects on the inflammatory
responses of circulating leukocytes later in life. Future studies
that assess the secretome and reactivity of PBMCs derived from
opioid-exposed subjects at later developmental time points
beyond P7 would be important to answer these questions.

Importantly, our in vitro approach allowed us to study
PBMC responsiveness and sensitivity in isolation of potential
confounders such as Toll-like receptor–stimulating agents in the
peripheral circulation (82). Our in vitro data showing increased
proinflammatory signaling at baseline from methadone-exposed
PBMCs, without any immune stimulation, are distinct to
this paradigm of perinatal injury and highlight this in vitro
assay for use as a potential biomarker. The in vitro LPS

challenge we perform here is a method that has been used
clinically in children with developmental disorders and brain
injury (35, 37). For instance, in a clinical study of children
born preterm with cerebral palsy (37) and preclinical model
reminiscent of preterm CNS injury (41), PBMCs were assayed
consistent with the in vitro approach employed in the current
study. Interestingly, in these studies, baseline secretion of
PBMCs did not differ between treatment groups (37, 41).
Only after stimulation with LPS did appreciable differences in
PBMC chemokine and cytokine production appear in subjects
with cerebral palsy (37), similar to preclinical studies (41,
45, 73). Perinatal insult–specific PBMC properties, revealed
using this in vitro approach, support the potential use of
secreted protein profiles from isolated PBMCs as a biomarker
to discern distinct pathologies and potentially guide clinical
treatment. Indeed, elucidating these profiles of immune signaling
molecules holds potential for use as a biomarker to determine
vulnerability to sustained peripheral immune hyperreactivity.
Specifically, biomarkers in neonates could provide estimation
of extent of immune system abnormalities and CNS injury
and provide pharmacodynamic support to guide duration or
degree of treatment for neonatal opioid withdrawal syndrome
or supportive care in neonatal intensive care units. In this
context, durable changes in PBMC reactivity may be an effective
biomarker, and clinical utility may prove high given the ease
of access to these cells and well-defined clinical stimulation
protocols (37, 43). However, while these in vitro PBMC
assays are clinically relevant, they are distinctly different than
studying the complex, multidimensional in vivo response to
inflammation, sepsis, and systemic sensitization catalyzed by
an LPS challenge. Unquestionably, further study is required to
validate how circulating leukocytes respond to LPS immune
challenges in vivo and in the context of complex inflammatory
networks, systemic circulating factors, and all cells that
express TLR4.

Peripheral blood mononuclear cell hypersecretion of
proinflammatory molecules and PBMC hyperreactivity resultant
of gestational opioid exposure have important implications for
the developing CNS. Our previous preclinical report strongly
implicates brain injury secondary to opioid-induced systemic and
neuroinflammation (42). In alignment with the aforementioned
study, we now provide evidence of PBMC hypersection and
hyperreactivity, which could contribute to increased systemic
inflammation during the term equivalent developmental time
point, coinciding with the brain growth spurt, peak myelination
and gliogenesis, and astrocyte production (60, 63, 65–69, 83).
Increased chemokine and cytokine production by PBMCs
during the perinatal period jeopardizes proper neural cell
development and circuitry maturation. Indeed, inflammation
during perinatal development results in lasting neurological
impairment (77, 80, 84, 85). While future studies are needed
to clarify if methadone elicits PBMC systemic inflammation
via PBMC activation throughout the methadone exposure, it is
well-established that elevated levels of circulating inflammatory
proteins during later stages in brain development (late third
trimester, term equivalent) are associated with brain injury,
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characterized by increased structural and functional neurological
deficits (80, 84, 86–89). Specifically, in a recent study of
systemic TNF-α inhibition in preterm fetal sheep exposed to
LPS-induced inflammation, researchers identified circulating
TNF-α as a critical contributor to neuroinflammation and
pathogenesis of impaired neurodevelopment (90). Cytokine
and chemokines produced by circulating leukocytes are able
to cross the blood–brain barrier via selective transporters
(91). Furthermore, as in the specific case of TNF-α, increased
levels can contribute to impairment of the blood–brain barrier
function (92–94), allowing for increased proinflammatory
molecule access to the developing CNS. Opioids are able to
cross from maternal circulation through the placenta to fetal
circulation owing to their low molecular weight, moderate
lipid solubility, and low protein binding (95). Once in fetal
circulation, opioids are able to cross the fetal blood-brain barrier
by means of numerous transporters (96, 97). Thus, not only
are developing neural cells and circuitry exposed to elevated
levels of proinflammatory molecules in the context of opioid
exposure, but they are directly exposed to opioids as well. In
the developing CNS, neurons in addition to oligodendrocytes,
astrocytes, and microglia express opioid receptors (98).
Intriguingly, oligodendrocytes express opioid receptors in a
maturation-dependent manner, in which immature stages of
oligodendrocytes have increased opioid receptor expression
(98), rendering this population more vulnerable to opioid
exposure. Ultimately, exposure to opioids in conjunction with
the proinflammatory profile produced by opioid exposure
characterized in the current investigation could contribute to
observed brain injury in preclinical studies (42), as well as clinical
studies indicating particular vulnerability to major white matter
tracts in infants exposed to opioids during brain development
(20, 22, 24, 25).

Similar to the CNS, the immune system develops and
matures over the course of gestation and the perinatal period.
Dysregulated chemokines and cytokine production, and changes
in immune cells themselves, culminate in impaired immune
function that can last decades (35, 37). Similar to neural cells,
leukocytes are uniquely responsive to their environment.
Indeed, immune plasticity altered by prenatal insults may have
long-term effects on the inflammatory responses of circulating
leukocytes, which may serve as a biomarker of persistent or
prior neuroinflammation and brain injury (99, 100). Infants
exposed to intrauterine inflammation are at an increased risk
of neurodevelopmental disorders (101). Notably, newborns that
have elevated levels of biomarkers of systemic inflammation on
two occasions 1 week apart are at a higher risk of brain injury and
impaired neurodevelopment (77, 80, 84) Thus, understanding the
homeostatic regulation of central and peripheral inflammatory
cells in infants following opioid exposure, and the long-
term consequences of their dysregulation, is essential (102).
Significantly, an increase in chemokines/cytokines can
contribute to perinatal brain injury by multiple overlapping
mechanisms, including direct initiation of programed
cell death pathways, microglial activation, immune cell
recruitment, mitochondrial damage, and endoplasmic reticulum
stress (85, 103, 104).

There are important limitations to this present study. For
instance, here PBMCs were isolated from pooled peripheral
blood from term equivalent male and female rats, limiting
the ability to elucidate differences between individual animals
and between male and female rat pups. Evidence from studies
examining PBMCs isolated from adult humans suggests that
sex differences in stimulated PBMC properties and secretion
exist (105–107). While sex differences in secretion of PBMCs
isolated at neonatal time points are not well-defined (35,
37), evidence exists demonstrating sex-specific differences in
brain inflammation following circulating myeloid cells depletion
in neonatal mice (108) and that inflammatory responses
following immune cell activation in the immature brain differ
between males and females, as reviewed by Mallard et al.
(109). Thus, separate pooling of males and female peripheral
blood from P7 pups for sex-specific analysis represents an
important future direction. Additionally, although pooling of
blood from multiple P7 rat pups was necessary in these
experiments to collect an adequate PBMC fraction following
differential centrifugation, analysis at later time points with
larger animals would not require pooling, allowing for analysis
of individual animal PBMC secretion and reactivity. Peripheral
blood mononuclear cells represent a heterogeneous population
of mononuclear cells in the peripheral circulation composed
of T cells, T regulatory cells, T helper cells, B cells, and
natural killer/dendritic cells/monocytes (110). Undoubtedly, flow
cytometric studies beyond the scope of the present investigation
are needed to define the precise immune cell population
composition of PBMCs isolated from animals exposed to opioids
during development.

In the current study, pregnant ram dams were implanted
with methadone administering osmotic minipumps on E16
prior to complete oligodendrocyte, microglial, and astrocyte
maturation (60), limiting rat pup opioid exposure to E16
through P7 when PBMCs were collected. This prenatal
and postnatal opioid exposure paradigm accomplishes
opioid exposure up until the equivalent end of the
human third trimester. Future studies should now aim to
commence opioid exposure from the onset of pregnancy
(E0), thereby encompassing the entirety of brain and
immune development.

In conclusion, we provide evidence in support of a
systemic inflammatory response to perinatal opioid exposure,
characterized by immune cell reprogramming and priming.
This evidence may in part contribute to the neurological
injury following developmental opioid exposure characterized
in our previous preclinical study (42). The current study
with the study by Jantzie et al. (42) joins a host of new
and intriguing investigations that link developmental
neurological injuries including cerebral palsy (37) and
Down syndrome (35) with underlying systemic inflammation
resultant of abnormal PBMC activity. Treatments that reduce
inflammation or support developing neural cells in the context of
inflammation could rescue the poor neural outcomes observed
in preclinical and clinical investigations of perinatal opioid
exposure. Our future studies will aim to identify appropriate
therapies that target these proinflammatory mechanisms
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underlying brain injury associated with in utero opioid
exposure (33, 111–114).

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of
New Mexico Health Sciences Center.

AUTHOR CONTRIBUTIONS

LJ conceptualized the hypothesis and supervised the experiments.
JN, JM, YK, SR, and LJ designed and performed the experiments.
SR and LJ interpreted the data. JN, LJ, and SR wrote the

manuscript. All authors contributed to manuscript revision and
approved the final version.

FUNDING

This study was supported by generous funding from the National
Institutes of Health 1R01HL139492 to LJ, Dedicated Health
Research Funds from the University of New Mexico, and the
Department of Pediatrics at the University of NewMexico Health
Sciences Center. The authors are grateful for support from
Departments of Pediatrics and Neurosciences at the University
of New Mexico, and from the Departments of Neurosurgery,
Neurology and Pediatrics at Johns Hopkins University and the
Kennedy Krieger Institute.

ACKNOWLEDGMENTS

We are grateful for the technical expertise of Tracylyn Yellowhair
and Dr.Ksenia Matlowska.

REFERENCES

1. Lyden J, Binswanger IA. The United States opioid epidemic. Semin Perinatol.

(2019) 43:123–31. doi: 10.1053/j.semperi.2019.01.001

2. US Department of Health and Human Services. HHS Acting Secretary

Declares Public Health Emergency to Address National Opioid Crisis. (2017).

Available online at: https://www.hhs.gov/about/news/2017/10/26/hhs-

acting-secretary-declares-public-health-emergency-address-national-

opioid-crisis.html (accessed February 22, 2019).

3. Seth P, Rudd RA, Noonan RK, Haegerich TM. Quantifying the epidemic of

prescription opioid overdose deaths. Am J Public Health. (2018) 108:500–2.

doi: 10.2105/AJPH.2017.304265

4. Weiss AJ, Bailey MK, O’Malley LO, Barrett ML, Elixhauser A, Steiner

CA. Patient Characteristics of Opioid-Related Inpatient Stays and Emergency

Department Visits Nationally and by State, 2014. (2017). Available online at:

https://www.hcup-usahrqgov/faststats/landingjsp (accessed April 22, 2019).

5. Krans EE, Patrick SW. Opioid use disorder in pregnancy: health policy

and practice in the midst of an epidemic. Obstet Gynecol. (2016) 128:4–10.

doi: 10.1097/AOG.0000000000001446

6. Patrick SW, Schumacher RE, Benneyworth BD, Krans EE, McAllister

JM, Davis MM. Neonatal abstinence syndrome and associated health

care expenditures: United States, 2000-2009. JAMA. (2012) 307:1934–40.

doi: 10.1001/jama.2012.3951

7. Haight SC, Ko JY, Tong VT, BohmMK, CallaghanWM. Opioid use disorder

documented at delivery hospitalization — United States, 1999–2014.

MMWRMorb Mortal Wkly Rep. (2018) 67:845–9. doi: 10.15585/mmwr.mm

6731a1

8. Reddy UM, Davis JM, Ren Z, Greene MF. Opioid use in pregnancy, neonatal

abstinence syndrome, and childhood outcomes: executive summary of a joint

workshop by the eunice kennedy shriver national institute of child health and

human development, american congress of obstetricians and gynecologists,

american academy of pediatrics, society for maternal-fetal medicine, centers

for disease control and prevention, and the march of dimes foundation.

Obstet Gynecol. (2017) 130:10–28. doi: 10.1097/AOG.00000000000

02054

9. Mattick RP, Breen C, Kimber J, Davoli M. Methadone maintenance

therapy versus no opioid replacement therapy for opioid

dependence. Cochrane Database Syst Rev. (2009) 2009:CD002209.

doi: 10.1002/14651858.CD002209.pub2

10. Zedler BK, Man AL, Kim MM, Amick HR, Joyce AR, Murrelle EL,

et al. Buprenorphine compared with methadone to treat pregnant women

with opioid use disorder: a systematic review and meta-analysis of

safety in the mother, fetus and child. Addiction. (2016) 111:2115–28.

doi: 10.1111/add.13462

11. Monnelly VJ, Hamilton R, Chappell FM, Mactier H, Boardman JP.

Childhood neurodevelopment after prescription of maintenance methadone

for opioid dependency in pregnancy: a systematic review and meta-analysis.

Dev Med Child Neurol. (2019) 61:750–60. doi: 10.1111/dmcn.14117

12. Patrick SW,DavisMM, LehmannCU, CooperWO. Increasing incidence and

geographic distribution of neonatal abstinence syndrome: United States 2009

to 2012. J Perinatol. (2015) 35:650–5. doi: 10.1038/jp.2015.36

13. Maeda A, Bateman BT, Clancy CR, Creanga AA, Leffert LR.

Opioid abuse and dependence during pregnancy: temporal trends

and obstetrical outcomes. Anesthesiology. (2014) 121:1158–65.

doi: 10.1097/ALN.0000000000000472

14. Ross EJ, Graham DL, Money KM, Stanwood GD. Developmental

consequences of fetal exposure to drugs: what we know and what

we still must learn. Neuropsychopharmacology. (2015) 40:61–87.

doi: 10.1038/npp.2014.147

15. Osborn DA, Jeffery HE, Cole MJ. Opiate treatment for opiate withdrawal

in newborn infants. Cochrane Database Syst Rev. (2010) 10:CD002059.

doi: 10.1002/14651858.CD002059.pub3

16. Ko JY, Patrick SW, Tong VT. Incidence of neonatal abstinence syndrome -

28 states, 1999-2013. MMWR Morb Mortal Wkly Rep. (2016) 65:799–802.

doi: 10.15585/mmwr.mm6531a2

17. Azuine RE, Ji Y, Chang H, Kim Y, Ji H, DiBari J, et al. Prenatal risk, factors,

and perinatal and postnatal outcomes associated with maternal opioid

exposure in an urban, low-income, multiethnic, U. S population. JAMANetw

Open. (2019) 2:e196405. doi: 10.1001/jamanetworkopen.2019.6405

18. Feder KA, Letourneau EJ, Brook J. Children in the opioid epidemic:

addressing the next generation’s public health crisis. Pediatrics. (2019)

144:e20181656. doi: 10.1542/peds.2018-1656

19. Hudak ML, Tan RC, The Committee on Drugs and the Committee on Fetus

and Newborn. Neonatal drug withdrawal. Pediatrics. (2012) 129:e540–60.

doi: 10.1542/peds.2011-3212

20. Monnelly VJ, Anblagan D, Quigley A, Cabez MB, Cooper ES, Mactier

H, et al. Prenatal methadone exposure is associated with altered

neonatal brain development. NeuroImage Clin. (2018) 18:9–14.

doi: 10.1016/j.nicl.2017.12.033

21. Salzwedel AP, Grewen KM, Vachet C, Gerig G, Lin W, GaoW. Prenatal drug

exposure affects neonatal brain functional connectivity. J Neurosci. (2015)

35:5860–9. doi: 10.1523/JNEUROSCI.4333-14.2015

22. Sirnes E, Oltedal L, Bartsch H, Eide GE, Elgen IB, Aukland SM.

Brain morphology in school-aged children with prenatal opioid

Frontiers in Pediatrics | www.frontiersin.org 9 June 2020 | Volume 8 | Article 272106

https://doi.org/10.1053/j.semperi.2019.01.001
https://www.hhs.gov/about/news/2017/10/26/hhs-acting-secretary-declares-public-health-emergency-address-national-opioid-crisis.html
https://www.hhs.gov/about/news/2017/10/26/hhs-acting-secretary-declares-public-health-emergency-address-national-opioid-crisis.html
https://www.hhs.gov/about/news/2017/10/26/hhs-acting-secretary-declares-public-health-emergency-address-national-opioid-crisis.html
https://doi.org/10.2105/AJPH.2017.304265
https://www.hcup-usahrqgov/faststats/landingjsp
https://doi.org/10.1097/AOG.0000000000001446
https://doi.org/10.1001/jama.2012.3951
https://doi.org/10.15585/mmwr.mm6731a1
https://doi.org/10.1097/AOG.0000000000002054
https://doi.org/10.1002/14651858.CD002209.pub2
https://doi.org/10.1111/add.13462
https://doi.org/10.1111/dmcn.14117
https://doi.org/10.1038/jp.2015.36
https://doi.org/10.1097/ALN.0000000000000472
https://doi.org/10.1038/npp.2014.147
https://doi.org/10.1002/14651858.CD002059.pub3
https://doi.org/10.15585/mmwr.mm6531a2
https://doi.org/10.1001/jamanetworkopen.2019.6405
https://doi.org/10.1542/peds.2018-1656
https://doi.org/10.1542/peds.2011-3212
https://doi.org/10.1016/j.nicl.2017.12.033
https://doi.org/10.1523/JNEUROSCI.4333-14.2015
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Newville et al. Immune Dysregulation Following Opioid Exposure

exposure: a structural MRI study. Early Hum Dev. (2017) 106–7:33–9.

doi: 10.1016/j.earlhumdev.2017.01.009

23. Sirnes E, Griffiths ST, Aukland SM, Eide GE, Elgen IB, Gundersen H.

Functional MRI in prenatally opioid-exposed children during a working

memory-selective attention task. Neurotoxicol Teratol. (2018) 66:46–54.

doi: 10.1016/j.ntt.2018.01.010

24. Walhovd KB, Westlye LT, Moe V, Slinning K, Due-Tonnessen P, Bjornerud

A, et al. White matter characteristics and cognition in prenatally opiate-

and polysubstance- exposed children: a diffusion tensor imaging study. Am J

Neuroradiol. (2010) 31:894–900. doi: 10.3174/ajnr.A1957

25. Yeoh SL, Eastwood J, Wright IM, Morton R, Melhuish E, Ward M, et al.

Cognitive and motor outcomes of children with prenatal opioid exposure:

a systematic review and meta-analysis. JAMA Netw Open. (2019) 2:e197025.

doi: 10.1001/jamanetworkopen.2019.7025

26. Davies NP, Buggins AG, Snijders RJ, Jenkins E, Layton DM, Nicolaides

KH. Blood leucocyte count in the human fetus. Arch Dis Child. (1992)

67:399–403. doi: 10.1136/adc.67.4_Spec_No.399

27. Madse-Bouterse SA, Romero R, Tarca AL, Kusanovic JP, Espinoza J, Kim CJ,

et al. The transcriptome of the fetal inflammatory response syndrome. Am J

Reprod Immunol. (2009) 63:73–92. doi: 10.1111/j.1600-0897.2009.00791.x

28. Zakharova LA, Malyukova IV, Proshlyakova EV, Potapova AA, Sapronova

AY, Ershov PV, et al. Hypothalamo-pituitary control of the cell-

mediated immunity in rat embryos: role of LHRH in regulation

of lymphocyte proliferation. J Reprod Immunol. (2000) 47:17–32.

doi: 10.1016/S0165-0378(00)00057-7

29. Hasegawa K, Ichiyama T, Isumi H, Nakata M, Sase M, Furukawa S. NF-κB

activation in peripheral blood mononuclear cells in neonatal asphyxia. Clin

Exp Immunol. (2003) 132:261–4. doi: 10.1046/j.1365-2249.2003.02127.x

30. Knuesel I, Chicha L, Britschgi M, Schobel SA, Bodmer M, Hellings JA, et al.

Maternal immune activation and abnormal brain development across CNS

disorders.Nat Rev Neurol. (2014) 10:643–60. doi: 10.1038/nrneurol.2014.187

31. Marc T. Brain development and the immune system: an introduction to

inflammatory and infectious diseases of the child’s brain.Handb Clin Neurol.

(2013) 112:1087–9. doi: 10.1016/B978-0-444-52910-7.00026-X

32. Tanabe S, Yamashita T. The role of immune cells in brain development

and neurodevelopmental diseases. Int Immunol. (2018) 30:437–44.

doi: 10.1093/intimm/dxy041

33. Yellowhair TR, Noor S, Maxwell JR, Anstine CV, Oppong AY, Robinson

S, et al. Preclinical chorioamnionitis dysregulates CXCL1/CXCR2 signaling

throughout the placental-fetal-brain axis. Exp Neurol. (2019) 301:110–9.

doi: 10.1016/j.expneurol.2017.11.002

34. EliwanHO,WatsonWRG, Regan I, Philbin B, O’Hare FM, Strickland T, et al.

Pediatric intensive care: immunomodulation with activated protein c ex vivo.

Front Pediatr. (2019) 7:386. doi: 10.3389/fped.2019.00386

35. Huggard D, McGrane F, Lagan N, Roche E, Balfe J, Leahy TR, et al. Altered

endotoxin responsiveness in healthy children with down syndrome. BMC

Immunol. (2018) 19:31. doi: 10.1186/s12865-018-0270-z

36. Kuban KC, Joseph RM, O’Shea TM, Heeren T, Fichorova RN, Douglass L,

et al. Circulating inflammatory-associated proteins in the first month of life

and cognitive impairment at age 10 years in children born extremely preterm.

J Pediatr. (2017) 180:116–23.e1. doi: 10.1016/j.jpeds.2016.09.054

37. Lin CY, Chang YC, Wang ST, Lee TY, Lin CF, Huang C-C. Altered

inflammatory responses in preterm children with cerebral palsy.Ann Neurol.

(2010) 68:204–12. doi: 10.1002/ana.22049

38. Noor S, Milligan E. Lifelong impacts of moderate prenatal alcohol

exposure on neuroimmune function. Front Immunol. (2018) 9:1107.

doi: 10.3389/fimmu.2018.01107

39. Parker-Athill EC, Tan J. Maternal immune activation and autism spectrum

disorder: interleukin-6 signaling as a key mechanistic pathway.Neurosignals.

(2010) 18:113–28. doi: 10.1159/000319828

40. Rossignol DA. A review of research trends in physiological abnormalities in

autism spectrum disorders: immune dysregulation, inflammation, oxidative

stress, mitochondrial dysfunction and environmental toxicant exposures.

Mol Psychiatry. (2012) 17:389–401. doi: 10.1038/mp.2011.165

41. Yellowhair TR, Noor S, Mares B, Jose C, Newville JC, Maxwell

JR, et al. Chorioamnionitis in rats precipitates extended postnatal

inflammatory lymphocyte hyperreactivity. Dev Neurosci. (2019) 40:523–33.

doi: 10.1159/000497273

42. Jantzie LL, Maxwell JR, Newville JC, Yellowhair TR, Kitase Y, Madurai N,

et al. Prenatal opioid exposure: the next neonatal neuroinflammatory disease.

Brain Behav Immun. (2020)84:45–58. doi: 10.1016/j.bbi.2019.11.007

43. Huggard D, Koay WJ, Kelly L, McGrane F, Ryan E, Lagan N, et al. Altered

toll-like receptor signalling in children with down syndrome. Mediators

Inflamm. (2019) 2019:4068734. doi: 10.1155/2019/4068734

44. Jyonouchi H, Sun S, Le H. Proinflammatory and regulatory cytokine

production associated with innate and adaptive immune responses in

children with autism spectrum disorders and developmental regression.

J Neuroimmunol. (2001) 120:170–9. doi: 10.1016/S0165-5728(01)0

0421-0

45. Kowalski ML, Wolska A, Grzegorczyk J, Hilt J, Jarzebska M, Drobniewski

M, et al. Increased responsiveness to toll-like receptor 4 stimulation

in peripheral blood mononuclear cells from patients with recent

onset rheumatoid arthritis. Mediators Inflamm. (2008) 2008:132732.

doi: 10.1155/2008/132732

46. Maes OC, Chertkow HM, Wang E, Schipper HM. Stress gene deregulation

in alzheimer peripheral blood mononuclear cells. In: Basu S, Wiklund L,

editors. Studies on Experimental Models. Oxidative Stress in Applied Basic

Research and Clinical Practice. Totowa, NJ: Humana Press (2011). p. 251–63.

47. Moore DF, Li H, Jefferies N, Wright V, Cooper RA, Elkahloun A, et al. Using

peripheral blood mononuclear cells to determine a gene expression profile of

acute ischemic stroke: a pilot investigation. Circulation. (2005) 111:212–21.

doi: 10.1161/01.CIR.0000152105.79665.C6

48. Nagabhushan M, Mathews HL, Witek-Janusek L. Aberrant nuclear

expression of ap-1 and nfkb in lymphocytes of women stressed by

the experience of breast biopsy. Brain Behav Immun. (2001) 15:78–84.

doi: 10.1006/brbi.2000.0589

49. Segman RH, Shefi N, Goltser-Dubner T, Friedman N, Kaminski N, Shalev

AY. Peripheral blood mononuclear cell gene expression profiles identify

emergent post-traumatic stress disorder among trauma survivors. Mol

Psychiatry. (2005) 10:500–13. doi: 10.1038/sj.mp.4001636

50. Witek-Janusek L, Gabram S, Mathews HL. Psychologic stress, reduced

NK cell activity, and cytokine dysregulation in women experiencing

diagnostic breast biopsy. Psychoneuroendocrinology. (2007) 32:22–35.

doi: 10.1016/j.psyneuen.2006.09.011

51. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving

bioscience research reporting: the ARRIVE guidelines for reporting animal

research. PLoS Biol. (2010) 8:e1000412. doi: 10.1371/journal.pbio.1000412

52. Nelson LS, Olsen D. Opioids. In: Hoffman RS, Howland M, Lewin NA,

Nelson LS, Goldfrank LR, editors. Goldfrank’s Toxicologic Emergencies. 10th

ed. New York, NY: McGraw-Hill (2015). p. 559–78.

53. Garrison L, Leeman L, Savich RD, Gutierrez H, Rayburn WF, Bakhireva

LN. Fetal growth outcomes in a cohort of polydrug- and opioid-dependent

patients. J Reprod Med. (2016) 16:311–9.

54. Jansson LM, Pietro JA, Elko A, Williams EL, Milio L, Velez M. Pregnancies

exposed to methadone, methadone and other illicit substances, and

poly-drugs without methadone: a comparison of fetal neurobehaviors

and infant outcomes. Drug Alcohol Depend. (2012) 122:213–9.

doi: 10.1016/j.drugalcdep.2011.10.003

55. Greig E, Ash A, Douiri A. Maternal and neonatal outcomes following

methadone substitution during pregnancy. Arch Gynecol Obstet. (2012)

286:843–51. doi: 10.1007/s00404-012-2372-9

56. Clancy B, Darlington RB, Finlay BL. Translating developmental

time across mammalian species. Neuroscience. (2001) 105:7–17.

doi: 10.1016/S0306-4522(01)00171-3

57. Mallard C, Vexler Z. Modeling ischemia in the immature brain:

how translational are animal models? Stroke. (2015) 46:3006–11.

doi: 10.1161/STROKEAHA.115.007776

58. Patel SD, Pierce L, Ciardiello AJ, Vannucci SJ. Neonatal encephalopathy:

pre-clinical studies in neuroprotection. Biochem Soc Trans. (2014) 42:564–8.

doi: 10.1042/BST20130247

59. Salmaso N, Jablonska B, Scafidi J, Vaccarino FM, Gallo V. Neurobiology of

premature brain injury.Nat Neurosci. (2014) 17:341–6. doi: 10.1038/nn.3604

60. Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. Brain

development in rodents and humans: identifying benchmarks of maturation

and vulnerability to injury across species. Prog Neurobiol. (2013) 106–7:1–16.

doi: 10.1016/j.pneurobio.2013.04.001

Frontiers in Pediatrics | www.frontiersin.org 10 June 2020 | Volume 8 | Article 272107

https://doi.org/10.1016/j.earlhumdev.2017.01.009
https://doi.org/10.1016/j.ntt.2018.01.010
https://doi.org/10.3174/ajnr.A1957
https://doi.org/10.1001/jamanetworkopen.2019.7025
https://doi.org/10.1136/adc.67.4_Spec_No.399
https://doi.org/10.1111/j.1600-0897.2009.00791.x
https://doi.org/10.1016/S0165-0378(00)00057-7
https://doi.org/10.1046/j.1365-2249.2003.02127.x
https://doi.org/10.1038/nrneurol.2014.187
https://doi.org/10.1016/B978-0-444-52910-7.00026-X
https://doi.org/10.1093/intimm/dxy041
https://doi.org/10.1016/j.expneurol.2017.11.002
https://doi.org/10.3389/fped.2019.00386
https://doi.org/10.1186/s12865-018-0270-z
https://doi.org/10.1016/j.jpeds.2016.09.054
https://doi.org/10.1002/ana.22049
https://doi.org/10.3389/fimmu.2018.01107
https://doi.org/10.1159/000319828
https://doi.org/10.1038/mp.2011.165
https://doi.org/10.1159/000497273
https://doi.org/10.1016/j.bbi.2019.11.007
https://doi.org/10.1155/2019/4068734
https://doi.org/10.1016/S0165-5728(01)00421-0
https://doi.org/10.1155/2008/132732
https://doi.org/10.1161/01.CIR.0000152105.79665.C6
https://doi.org/10.1006/brbi.2000.0589
https://doi.org/10.1038/sj.mp.4001636
https://doi.org/10.1016/j.psyneuen.2006.09.011
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1016/j.drugalcdep.2011.10.003
https://doi.org/10.1007/s00404-012-2372-9
https://doi.org/10.1016/S0306-4522(01)00171-3
https://doi.org/10.1161/STROKEAHA.115.007776
https://doi.org/10.1042/BST20130247
https://doi.org/10.1038/nn.3604
https://doi.org/10.1016/j.pneurobio.2013.04.001
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Newville et al. Immune Dysregulation Following Opioid Exposure

61. Tucker AM, Aquilina K, Chakkarapani E, Hobbs CE, Thoresen

M. Development of amplitude-integrated electroencephalography

and interburst interval in the rat. Pediatr Res. (2009) 65:62–6.

doi: 10.1203/PDR.0b013e3181891316

62. Vannucci RC, Connor JR, Mauger DT, Palmer C, Smith MB, Towfighi J,

et al. Rat model of perinatal hypoxic-ischemic brain damage. J Neurosci Res.

(1999) 55:158–63. doi: 10.1002/(SICI)1097-4547(19990115)55:2<158::AID-

JNR3>3.0.CO;2-1

63. Dobbing J, Sands J. Comparative aspects of brain growth spurt. Early Hum

Dev. (1979) 311:79–83. doi: 10.1016/0378-3782(79)90022-7

64. Downes N,Mullins P. The development of myelin in the brain of the juvenile

rat. Toxicol Pathol. (2013) 42:913–22. doi: 10.1177/0192623313503518

65. Bockhorst KH, Narayana PA, Liu R, Ahobila-Vijjula P, Ramu J, Kamel M,

et al. Early postnatal development of rat brain: in vivo diffusion tensor

imaging. J Neurosci Res. (2008) 86:1520–8. doi: 10.1002/jnr.21607

66. Catalani A, Sabbatini M, Consoli C, Cinque C, Tomassoni D, Azmitia

E, et al. Glial fibrillary acidic protein immunoreactive astrocytes

in developing rat hippocampus. Development. (2002) 123:481–90.

doi: 10.1016/S0047-6374(01)00356-6

67. Cowan WM. The development of the brain. Sci Am. (1979) 241:113–33.

doi: 10.1038/scientificamerican0979-112

68. Dean JM, Moravec MD, Grafe M, Abend N, Ren J, Gong X, et al.

Strain-specific differences in perinatal rodent oligodendrocyte lineage

progression and its correlation with human.Dev Neurosci. (2011) 33:251–60.

doi: 10.1159/000327242

69. Kriegstein A, Alvarez-Buylla A. The glial nature of embryonic

and adult neural stem cells. Annu Rev Neurosci. (2009) 32:149–84.

doi: 10.1146/annurev.neuro.051508.135600

70. Hagberg H, Mallard C, Ferriero DM, Vannucci SJ, Levison SW, Vexler ZS,

et al. The role of inflammation in perinatal brain injury. Nat Rev Neurol.

(2015) 11:192–208. doi: 10.1038/nrneurol.2015.13

71. Holsapple MP, West LJ, Landreth KS. Species comparison of anatomical and

functional immune system development. Birth Defects Res B Dev Reprod

Toxicol. (2003) 68:321–34. doi: 10.1002/bdrb.10035

72. Lai JCY, Rocha-Ferreira E, Ek CJ, Wang X, Hagberg H, Mallard C. Immune

responses in perinatal brain injury. Brain Behav Immun. (2017) 63:210–23.

doi: 10.1016/j.bbi.2016.10.022

73. Ayer JG, Song C, Steinbeck K, Celermajer DS, Ben Freedman

S. Increased tissue factor activity in monocytes from obese

young adults. Clin Exp Pharmacol Physiol. (2010) 37:1049–54.

doi: 10.1111/j.1440-1681.2010.05430.x

74. Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical

power analysis program for the social, behavioral, and biomedical sciences.

Behav Res Methods. (2007) 39:175–91. doi: 10.3758/bf03193146

75. Dammann O, Phillips TM, Allred EN, O’Shea TM, Paneth N, Van Marter

LJ, et al. Mediators of fetal inflammation in extremely low gestational age

newborns. Cytokine. (2001) 13:234–9. doi: 10.1006/cyto.2000.0820

76. Kuban KC, Jara H, O’Shea TM, Heeren T, Joseph RM, Fichorova RN,

et al. Association of circulating proinflammatory and anti-inflammatory

protein biomarkers in extremely preterm born children with subsequent

brain magnetic resonance imaging volumes and cognitive function at age 10

years. J Pediatr. (2019) 210:81–90.e3. doi: 10.1016/j.jpeds.2019.03.018

77. Leviton A, Kuban KC, Allred EN, Fichorova RN, O’Shea TM, Paneth

N, et al. Early postnatal blood concentrations of inflammation-related

proteins and microcephaly two years later in infants born before

the 28th post-menstrual week. Early Hum Dev. (2011) 87:325–30.

doi: 10.1016/j.earlhumdev.2011.01.043

78. Leviton A, Allred EN, Fichorova RN, VanderVeen DK, O’Shea TM, Kuban

K, et al. Early postnatal IGF-1 and IGFBP-1 blood levels in extremely

preterm infants: relationships with indicators of placental insufficiency

and with systemic inflammation. Am J Perinatol. (2019) 36:1442–52.

doi: 10.1055/s-0038-1677472

79. O’Shea TM, Joseph RM, Kuban KC, Allred EN, Ware J, Coster T, et al.

Elevated blood levels of inflammation-related proteins are associated with

an attention problem at age 24 mo in extremely preterm infants. Pediatr Res.

(2014) 75:781–7. doi: 10.1038/pr.2014.41

80. Leviton A, Kuban K, O’Shea TM, Paneth N, Fichorova R, Allred EN, et al.

The relationship between early concentrations of 25 blood proteins and

cerebral white matter injury in preterm newborns: the ELGAN study. J

Pediatr. (2011) 158:897–903 e1–5. doi: 10.1016/j.jpeds.2010.11.059

81. TurnerMD,Nedjai B, Hurst T, PenningtonDJ. Cytokines and chemokines: at

the crossroads of cell signalling and inflammatory disease. Biochem Biophys

Acta. (2014) 1843:2563–82. doi: 10.1016/j.bbamcr.2014.05.014

82. O’Neill LAJ, Bowie AG. The family of five: TIR-domain-containing adaptors

in Toll-like receptor signalling. Nat Rev Immunol. (2007) 7:353–64.

doi: 10.1038/nri2079

83. Baloch S, Verma R, Huang H, Khurd P, Clark S, Yarowsky P, et al.

Quantification of brain maturation and growth patterns in C57Bl/6 mice via

computational neuroanatomy of diffusion tensor images. Cerebral Cortex.

(2009) 19:675–87. doi: 10.1093/cercor/bhn112

84. O’Shea TM, Allred EN, Kuban KC, Dammann O, Paneth N, Fichorova

R, et al. Elevated concentrations of inflammation-related proteins in

postnatal blood predict severe developmental delay at 2 years of

age in extremely preterm infants. J Pediatr. (2012) 160:395–401 e4.

doi: 10.1016/j.jpeds.2011.08.069

85. McAdams RM, Juul SE. The role of cytokines and inflammatory

cells in perinatal brain injury. Neurol Res Int. (2015) 2012:561494.

doi: 10.1155/2012/561494

86. Leviton A, Fichorova R, Yamamoto Y, Allred EN, Dammann O, Hecht

J, et al. Inflammation-related proteins in the blood of extremely low

gestational age newborns. The contribution of inflammation to the

appearance of developmental regulation. Cytokine. (2011) 53:66–73.

doi: 10.1016/j.cyto.2010.09.003

87. Kuban KC, O’Shea TM, Allred EN, Fichorova RN, Heeren T, Paneth N,

et al. The breadth and type of systemic inflammation and the risk of adverse

neurological outcomes in extremely low gestation newborns. Pediatr Neurol.

(2015) 52:42–8. doi: 10.1016/j.pediatrneurol.2014.10.005

88. Leviton A, Allred EN, Fichorova RN, Kuban KC, Michael O’Shea T,

Dammann O, et al. Systemic inflammation on postnatal days 21 and 28

and indicators of brain dysfunction 2years later among children born

before the 28th week of gestation. Early Hum Dev. (2016) 93:25–32.

doi: 10.1016/j.earlhumdev.2015.11.004

89. Dammann O, Allred EN, Fichorova RN, Kuban K, O’Shea TM, Leviton

A, et al. Duration of systemic inflammation in the first postnatal month

among infants born before the 28th week of gestation. Inflammation. (2016)

39:672–7. doi: 10.1007/s10753-015-0293-z

90. Galinsky R, Dhillon SK, Dean JM, Davidson JO, Lear CA, Wassink G,

et al. Tumor necrosis factor inhibition attenuates white matter gliosis after

systemic inflammation in preterm fetal sheep. J Neuroinflamm. (2020) 17:1–

16. doi: 10.1186/s12974-020-01769-6

91. Pan W, Stone KP, Hsuchou H, Manda VK, Kastin AJ. Cytokine signaling

modulates blood-brain barrier function.Curr PharmDes. (2011) 17:3729–40.

doi: 10.2174/138161211798220918

92. Rosenberg GA, Estrada EY, Dencoff JE, Stetler-Stevenson WG. Tumor

necrosis factor-alpha-induced gelatinase B causes delayed opening of the

blood-brain barrier: an expanded therapeutic window. Brain Res. (1995)

703:151–5. doi: 10.1016/0006-8993(95)01089-0

93. Tsao N, Hsu HP, Wu CM, Liu CC, Lei HY. Tumour necrosis factor-alpha

causes an increase in blood-brain barrier permeability during sepsis. J Med

Microbiol. (2001) 50:812–21. doi: 10.1099/0022-1317-50-9-812

94. Zhao C, Ling Z, Newman MB, Bhatia A, Carvey PM. TNF-alpha knockout

and minocycline treatment attenuates blood-brain barrier leakage in MPTP-

treated mice. Neurobiol Dis. (2007) 26:36–46. doi: 10.1016/j.nbd.2006.

11.012

95. Griffiths SK, Campbell JP. Placental structure, function and drug transfer.

BJA Educ. (2014) 15:84–9. doi: 10.1093/bjaceaccp/mku013

96. Chaves C, Remiao F, Cisternino S, Decleves X. Opioids and the

blood-brain barrier: a dynamic interaction with consequences on

drug disposition in brain. Curr Neuropharmacol. (2017) 15:1156–73.

doi: 10.2174/1570159X15666170504095823

97. Gharavi R, Hedrich W, Wang H, Hassan HE. Transporter-mediated

disposition of opioids: implications for clinical drug interactions. Pharm Res.

(2015) 32:2477–502. doi: 10.1007/s11095-015-1711-5

98. Hutchinson MR, Shavit Y, Grace PM, Rice KC, Maier SF, Watkins LR.

Exploring the neuroimmunopharmacology of opioids: an integrative review

of mechanisms of central immune signaling and their implications for

Frontiers in Pediatrics | www.frontiersin.org 11 June 2020 | Volume 8 | Article 272108

https://doi.org/10.1203/PDR.0b013e3181891316
https://doi.org/10.1002/(SICI)1097-4547(19990115)55:2<158::AID-JNR3>3.0.CO;2-1
https://doi.org/10.1016/0378-3782(79)90022-7
https://doi.org/10.1177/0192623313503518
https://doi.org/10.1002/jnr.21607
https://doi.org/10.1016/S0047-6374(01)00356-6
https://doi.org/10.1038/scientificamerican0979-112
https://doi.org/10.1159/000327242
https://doi.org/10.1146/annurev.neuro.051508.135600
https://doi.org/10.1038/nrneurol.2015.13
https://doi.org/10.1002/bdrb.10035
https://doi.org/10.1016/j.bbi.2016.10.022
https://doi.org/10.1111/j.1440-1681.2010.05430.x
https://doi.org/10.3758/bf03193146
https://doi.org/10.1006/cyto.2000.0820
https://doi.org/10.1016/j.jpeds.2019.03.018
https://doi.org/10.1016/j.earlhumdev.2011.01.043
https://doi.org/10.1055/s-0038-1677472
https://doi.org/10.1038/pr.2014.41
https://doi.org/10.1016/j.jpeds.2010.11.059
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1038/nri2079
https://doi.org/10.1093/cercor/bhn112
https://doi.org/10.1016/j.jpeds.2011.08.069
https://doi.org/10.1155/2012/561494
https://doi.org/10.1016/j.cyto.2010.09.003
https://doi.org/10.1016/j.pediatrneurol.2014.10.005
https://doi.org/10.1016/j.earlhumdev.2015.11.004
https://doi.org/10.1007/s10753-015-0293-z
https://doi.org/10.1186/s12974-020-01769-6
https://doi.org/10.2174/138161211798220918
https://doi.org/10.1016/0006-8993(95)01089-0
https://doi.org/10.1099/0022-1317-50-9-812
https://doi.org/10.1016/j.nbd.2006.11.012
https://doi.org/10.1093/bjaceaccp/mku013
https://doi.org/10.2174/1570159X15666170504095823
https://doi.org/10.1007/s11095-015-1711-5
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Newville et al. Immune Dysregulation Following Opioid Exposure

opioid analgesia. Pharmacol Rev. (2011) 63:772–810. doi: 10.1124/pr.110.0

04135

99. Bilbo SD, Biedenkapp JC, Der-Avakian A, Watkins LR, Rudy JW, Maier SF.

Neonatal infection-induced memory impairment after lipopolysaccharide in

adulthood is prevented via caspase-1 inhibition. J Neurosci. (2005) 25:8000–

9. doi: 10.1523/JNEUROSCI.1748-05.2005

100. Bilbo SD, Levkoff LH, Mahoney JH, Watkins LR, Rudy JW, Maier

SF. Neonatal infection induces memory impairments following an

immune challenge in adulthood. Behav Neurosci. (2005) 119:293–301.

doi: 10.1037/0735-7044.119.1.293

101. Yanni D, Korzeniewski SJ, Allred EN, Fichorova RN, O’Shea TM, Kuban

K, et al. Both antenatal and postnatal inflammation contribute information

about the risk of brain damage in extremely preterm newborns. Pediatr Res.

(2017) 82:691–6. doi: 10.1038/pr.2017.128

102. Claus CP, Tsuru-Aoyagi K, Adwanikar H, Walker B, Whetstone W, Noble-

Haeusslein LJ. Age is a determinant of the inflammatory response and loss of

cortical volume after traumatic brain injury.Dev Neurosci. (2010) 32:454–65.

doi: 10.1016/j.nbd.2014.12.003

103. Fleiss B, Gressens P. Tertiary mechanisms of brain damage: a new

hope for treatment of cerebral palsy? Lancet Neurol. (2012) 11:556–66.

doi: 10.1016/S1474-4422(12)70058-3

104. Thornton C, Rousset CI, Kichev A, Miyakuni Y, Vontell R, Baburamani AA,

et al. Molecular mechanisms of neonatal brain injury. Neurol Res Int. (2012)

2012:506320. doi: 10.1155/2012/506320

105. Asai K, Hiki N, Mimura Y, Ogawa T, Unou K, Kaminishi M.

Gender differences in cytokine secretion by human peripheral blood

mononuclear cells: role of estrogen in modulating LPS-induced

cytokine secretion in an ex vivo septic model. Shock. (2001) 16:340–3.

doi: 10.1097/00024382-200116050-00003

106. Da Pozzo E, Giacomelli C, Cavallini C, Martini C. Cytokine

secretion responsiveness of lymphomonocytes following cortisol

cell exposure: sex differences. PLoS ONE. (2018) 13:e0200924.

doi: 10.1371/journal.pone.0200924

107. Silaidos C, Pilatus U, Grewal R, Matura S, Lienerth B, Pantel J, et al.

Sex-associated differences in mitochondrial function in human peripheral

blood mononuclear cells (PBMCs) and brain. Biol Sex Dif. (2018) 9:34.

doi: 10.1186/s13293-018-0193-7

108. Smith PLP, Mottahedin A, Svedin P, Mohn CJ, Hagberg H, Ek J, et al.

Peripheral myeloid cells contribute to brain injury in male neonatal mice.

J Neuroinflammation. (2018) 15:301. doi: 10.1186/s12974-018-1344-9

109. Mallard C, Tremblay ME, Vexler ZS. Microglia and neonatal brain injury.

Neuroscience. (2019) 405:68–76. doi: 10.1016/j.neuroscience.2018.01.023

110. Finak G, Langweiler M, Jaimes M, Malek M, Taghiyar J, Korin Y,

et al. Standardizing flow cytometry immunophenotyping analysis from

the human immunophenotyping consortium. Sci Rep. (2016) 6:20686.

doi: 10.1038/srep20686

111. Carloni S, Proietti F, Longini M, Marseglia L, D’Angelo G, Balduini W,

et al. Melatonin pharmacokinetics following oral administration in preterm

neonates.Molecules. (2017) 22:2115. doi: 10.3390/molecules22122115

112. Jantzie LL, Oppong AY, Conteh FS, Yellowhair TR, Kim J, Fink G, et al.

Repetitive neonatal erythropoietin and melatonin combinatorial treatment

provides sustained repair of functional deficits in a rat model of cerebral

palsy. Front Neurol. (2018) 9:233. doi: 10.3389/fneur.2018.00233

113. Juul SE, Comstock BA, Heagerty PJ, Mayock DE, Goodman AM, Hauge S,

et al. High-dose erythropoietin for asphyxia and encephalopathy (HEAL):

a randomized controlled trial - background, aims, and study protocol.

Neonatology. (2018) 133:331–8. doi: 10.1159/000486820

114. Robinson S, Conteh FS, Oppong AY, Yellowhair TR, Newville JC,

El Demerdash N, et al. Extended combined neonatal treatment

with erythropoietin plus melatonin prevents posthemorrhagic

hydrocephalus of prematurity in rats. Front Cell Neurosci. (2019) 12:322.

doi: 10.3389/fncel.2018.00322

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Newville, Maxwell, Kitase, Robinson and Jantzie. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Pediatrics | www.frontiersin.org 12 June 2020 | Volume 8 | Article 272109

https://doi.org/10.1124/pr.110.004135
https://doi.org/10.1523/JNEUROSCI.1748-05.2005
https://doi.org/10.1037/0735-7044.119.1.293
https://doi.org/10.1038/pr.2017.128
https://doi.org/10.1016/j.nbd.2014.12.003
https://doi.org/10.1016/S1474-4422(12)70058-3
https://doi.org/10.1155/2012/506320
https://doi.org/10.1097/00024382-200116050-00003
https://doi.org/10.1371/journal.pone.0200924
https://doi.org/10.1186/s13293-018-0193-7
https://doi.org/10.1186/s12974-018-1344-9
https://doi.org/10.1016/j.neuroscience.2018.01.023
https://doi.org/10.1038/srep20686
https://doi.org/10.3390/molecules22122115
https://doi.org/10.3389/fneur.2018.00233
https://doi.org/10.1159/000486820
https://doi.org/10.3389/fncel.2018.00322
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


REVIEW
published: 15 July 2020

doi: 10.3389/fped.2020.00359

Frontiers in Pediatrics | www.frontiersin.org 1 July 2020 | Volume 8 | Article 359

Edited by:

Changlian Zhu,

Third Affiliated Hospital of Zhengzhou

University, China

Reviewed by:

Maurizio Elia,

Oasi Research Institute (IRCCS), Italy

Joana Gil-Mohapel,

University of Victoria, Canada

*Correspondence:

Vicente Andreu-Fernández

viandreu@clinic.cat

María Dolores Gómez-Roig

lgomezroig@sjdhospitalbarcelona.org

†These authors have contributed

equally to this work

‡These authors share last authorship

Specialty section:

This article was submitted to

Pediatric Neurology,

a section of the journal

Frontiers in Pediatrics

Received: 09 December 2019

Accepted: 29 May 2020

Published: 15 July 2020

Citation:

Almeida L, Andreu-Fernández V,

Navarro-Tapia E, Aras-López R,

Serra-Delgado M, Martínez L,

García-Algar O and Gómez-Roig MD

(2020) Murine Models for the Study of

Fetal Alcohol Spectrum Disorders: An

Overview. Front. Pediatr. 8:359.

doi: 10.3389/fped.2020.00359

Murine Models for the Study of Fetal
Alcohol Spectrum Disorders: An
Overview
Laura Almeida 1,2,3†, Vicente Andreu-Fernández 1,4,5*†, Elisabet Navarro-Tapia 1,3,5,

Rosa Aras-López 1,6, Mariona Serra-Delgado 3, Leopoldo Martínez 1,6,7,

Oscar García-Algar 1,5,8‡ and María Dolores Gómez-Roig 1,2,3*‡

1Maternal and Child Health and Development Network II (SAMID II), Instituto de Salud Carlos III (ISCIII), Barcelona, Spain,
2 Fundació Sant Joan de Déu, Barcelona, Spain, 3 BCNatal Barcelona Center for Maternal Fetal and Neonatal Medicine,

Hospital Sant Joan de Déu and Hospital Clínic, Barcelona, Spain, 4Nutrition and Health Deparment, Valencian International

University (VIU), Valencia, Spain, 5Grup de Recerca Infancia i Entorn (GRIE), Institut D’investigacions Biomèdiques August Pi i

Sunyer (IDIBAPS), Barcelona, Spain, 6Congenital Malformations Lab, Institute of Medicine and Molecular Genetic (INGEMM),

Institute for Health Research of La Paz Universitary Hospital (IdiPAZ), Madrid, Spain, 7Department of Pediatric Surgery,

Hospital Universitario La Paz, Madrid, Spain, 8Department of Neonatology, Hospital Clínic-Maternitat, ICGON, IDIBAPS,

BCNatal, Barcelona, Spain

Prenatal alcohol exposure is associated to different physical, behavioral, cognitive, and

neurological impairments collectively known as fetal alcohol spectrum disorder. The

underlying mechanisms of ethanol toxicity are not completely understood. Experimental

studies during human pregnancy to identify new diagnostic biomarkers are difficult to

carry out beyond genetic or epigenetic analyses in biological matrices. Therefore, animal

models are a useful tool to study the teratogenic effects of alcohol on the central

nervous system and analyze the benefits of promising therapies. Animal models of

alcohol spectrum disorder allow the analysis of key variables such as amount, timing

and frequency of ethanol consumption to describe the harmful effects of prenatal alcohol

exposure. In this review, we aim to synthetize neurodevelopmental disabilities in rodent

fetal alcohol spectrum disorder phenotypes, considering facial dysmorphology and fetal

growth restriction. We examine the different neurodevelopmental stages based on the

most consistently implicated epigenetic mechanisms, cell types andmolecular pathways,

and assess the advantages and disadvantages of murine models in the study of fetal

alcohol spectrum disorder, the different routes of alcohol administration, and alcohol

consumption patterns applied to rodents. Finally, we analyze a wide range of phenotypic

features to identify fetal alcohol spectrum disorder phenotypes in murine models,

exploring facial dysmorphology, neurodevelopmental deficits, and growth restriction,

as well as the methodologies used to evaluate behavioral and anatomical alterations

produced by prenatal alcohol exposure in rodents.

Keywords: prenatal alcohol exposure, fetal alcohol spectrum disorders, fetal alcohol syndrome, alcohol

consumption patterns, facial dysmorphology, neurodevelopmental disorders, fetal growth restriction, models of

fetal alcohol spectrum disorders
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INTRODUCTION

Alcohol is a known teratogen. Its frequent use during pregnancy
impacts the normal development of human fetuses promoting
severe developmental alterations and generating a wide range of
physical, behavioral, cognitive, and neurological impairments. In
1968, Lemoine et al. established an association between prenatal
alcohol exposure (PAE) with certain neurodevelopmental
disabilities (1). However, it was not until 1973 when Jones
and Smith provided the initial characterization of fetal alcohol
syndrome (FAS) (2), defined as growth restriction, facial
dysmorphologies (wide-spaced eyes, mid-facial hypoplasia, and a
smooth philtrum), and central nervous system (CNS) disorders,
resulting in motor, cognitive and behavioral disorders (3).
Subsequent observational studies identified and characterized
the umbrella term fetal alcohol spectrum disorder (FASD) (4)
that includes: FAS (the most deleterious manifestation of FASD),
partial FAS (pFAS) (an intermediate phenotype defined by
the absence of some FAS characteristics), alcohol-related birth
defects (ARBD) (certain physical impairments are exhibited), and
alcohol-related neurological disorders (ARND) (behavioral and
learning neuropsychological alterations, usually without facial
dysmorphology) (5).

Thus, behavioral deficits in FASD subjects associate with
structural changes in brain organogenesis: the Corpus callosum
may lose its structure (agenesis) and generate cognitive deficits
linked to attention, executive and psychosocial functions,
language, and reading comprehension (6); cerebellum and
anterior part of the vermismay suffer hypoplasia and affectmotor
skills and learning capacity (7). Moreover, proven asymmetry of
the hippocampus in FAS children may also affect their memory
(8). The degree of structural abnormalities in the brain correlates
with the severity of FAS-like facial features, and this in turn, with
more serious behavioral problems (9).

According to theWorld Health Organization, PAE is the main
preventable cause of intellectual disability in the western world
(10–12). A recent meta-analysis estimated global prevalence
of alcohol use during pregnancy to be 9.8% (13). Therefore,
PAE-related disorders may lead to major problems for the
social environment as well as economic setbacks for the public
health system.

Animal models play a key role in the study of FASD by
allowing the development of novel diagnostic and therapeutic
tools. Researchers have used a great variety of organisms
to mimic the physical and behavioral characteristics found
in PAE and FASD phenotypes. Inbred strains of rodents
are genetically homogenous populations that facilitate
result reproducibility and interpretation in studies designed
to evaluate the impact of environmental insults such
as ethanol. Moreover, the alcohol intake pattern can be
more precisely defined (timing and dose), allowing the
identification of time-sensitive windows and thresholds
of harmful doses during pregnancy. Rodents have been
widely used in FASD research to assess the way PAE-related
impairments affect metabolic pathways, molecular biology,
cell signaling, synaptic plasticity, and cognition during fetal
development, promoting the study of variables affected by

alcohol exposure at neuroanatomical, neurochemical and
behavioral levels (14).

In this review, we focus on rodent FAS-like phenotype
neurodevelopmental disabilities, taking into account facial
dysmorphology and fetal growth restriction. We examine every
stage of brain development, considering changes caused by
PAE in different neural cell lineages, molecular pathways
and oxidative stress epigenetic variations. We also review the
experimental methodologies used to generate rodent FASD-
like phenotypes, including advantages and disadvantages of the
different routes by which alcohol has been administered. Finally,
we revise anatomical and behavioral alterations, as well as the
methodologies used to assess these features in murine models.

FASD-LIKE ANIMAL MODELS

FASD studies in humans have common limitations due to the
complexity in correctly measuring certain variables such as
maternal diet or health, or the volume and timing of ethanol
exposure during pregnancy. These difficulties may be resolved
by using animal models, simple, effective, and reliable tools for
alcohol research. These models are useful for understanding
the molecular mechanisms underlying alcohol teratogenicity
and for monitoring cognitive and behavioral changes. Animal
models also allow assessing different therapeutic approaches in
preclinical studies, for initial screening of the compounds and
strategies for future human clinical studies.

The invertebrate Caenorhabditis elegans is a simple model for
development and is commonly chosen to study the effects of
ethanol on molecular pathways. However, the embryos develop
outside the body, exact ethanol concentrations administered
cannot be finely controlled (15), and the way alcohol is
metabolized differs substantially from that in humans (15). The
zebrafish (Danio rerio) has several physiological and genetic
similarities with humans (16), which makes it a suitable
alternative as model of vertebrate. Regarding the effects of
ethanol, there are further advantages: substantial knowledge of all
stages of development, short developmental period, and produce
large amounts of offspring (17). Zebrafish eggs and embryos
are transparent (just like in nematodes) making embryonic
development easy to follow, facilitating exposure to alcohol of
the embryos during different and precise developmental periods,
and easy determination of physical malformations and simple
behaviors (16, 18). By contrast, the chorion of the egg acts as a
barrier and large volumes of ethanol are necessary to ensure its
penetration (17).

Mammals offer significant advantages in the study of brain
structures or complex behaviors (19). Although primates could
be the gold standard, there are some disadvantages, mainly
the long duration of the studies and ethical limitations (19).
Rodents are the most employed mammals for FASD research
because they are easy to handle, have a short gestational
period, and produce large numbers of offspring. Rats offer
the advantages of being larger and with a more sophisticated
behavior in comparison to mice. Regardless, mice (particularly
the C57BL/6 strain) are the most commonly used mammal
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due to their ease of care, availability of transgenic and disease
models, short lifespan, and basic physiology and genetics similar
to that of humans. Teratogenic effects of alcohol exposure in
mice have been reported, including craniofacial malformations,
altered neurogenesis processes, and soft-tissue and skeletal
abnormalities (20, 21). The main disadvantage in using rodents
for FASD research is that the third trimester equivalent to
human development in rodents occurs after birth. Thus, there
are differences in the processes of absorption, distribution,
metabolism and elimination in rodents in comparison to the
human utero, with no influence of the placental barrier.
Interestingly, C57BL/6J is the strain with the highest preference
for alcohol (22).

In following sections, we discuss details that need to be
considered when a murine model is chosen for a FASD study.

Alcohol Exposure Patterns
Drinking patterns are characterized by the amount and
frequency of ethanol taken. This is measured by blood alcohol
concentration (BAC) and expressed as weight of alcohol per unit
of volume of blood.

Kelly et al. showed that binge-like alcohol exposure is more
harmful than non-binge exposure in rat brain development after
exposure to the same dose of ethanol. The authors administered
doses of 6.6 g/kg/day of ethanol to neonatal rats using artificial
rearing, following one of two possible patterns. A continuous
pattern (24 h per day) for several days, which resulted in an
average BAC peak of 79–97mg/dL or an acute exposure pattern
(8 h per day) for the same period of time, resulting in an average
BAC peak of 56–415mg/dL. Lower brain growth was observed
in the acute exposure group in comparison to the continuous
pattern (23). Other findings support the hypothesis that lower
daily doses of ethanol following a binge-like pattern leads to
lower brain weight and cell loss in different brain areas than
higher non-binge doses. Three groups of ethanol-exposed rat
pups were compared. One group was exposed to 4.5 g/kg/day in a
condensed pattern (4 h per day), the second group was exposed to
the same dose although administered in a less condensed pattern
(8 h per day), and the third group was exposed to a higher dose of
alcohol (i.e., 6.6 g/kg/day) administered in a continuous pattern
(24 h per day). The resulting average BACs peaks were 361, 190,
and 39mg/dL, respectively. The authors found that pups exposed
to 4.5 g/kg/day over 4 h had the lowest brain weight, followed
by the second group. The animals that ingested highest doses of
ethanol throughout the 24 h had the highest brain weights (24).
These results demonstrate that ethanol intake under a binge-
like pattern is more harmful than higher doses taken for longer
periods of time due to higher BAC peaks in shorter periods
of time.

Control Group
Several studies have assessed the influence of nutritional intake
on the teratogenic effects of alcohol (25, 26). Alcohol can replace
other nutrients because of its caloric content and may interfere
with the absorption of other nutrients due to its inflammatory
effects on the stomach (27).

Pair-fed control has been used in some FASD-like animal
model experiments since it acts as a calorie-matched control
group. A carbohydrate substance (e.g., maltose dextrin or
sucrose) is usually employed to replace ethanol-derived calories
in the diet (28). A pair-fed group may also allow monitoring
a stress condition. On the other hand, the pair-fed group is
considered as an imperfect control group, since the pattern of
food consumption in this group is different from a physiological
intake. Individuals in pair-fed controls consume the assigned
food as soon as it is available, creating additional stress associated
to food restriction. In addition, in the pair-fed group it is not
possible to match the effect of alcohol on the absorption of
other nutrients because of its inflammatory effects. Thus, some
researchers have suggested the use of a basal control group
known as non-handle, ad libitum, or sham, in which the intake of
nutrients resembles the physiological one. This is useful to avoid
biases caused by ethanol interference in nutrient absorption (29).
Consequently, the use of a pair-fed group and an ad libitum
control group should be considered as an alternative when
designing a FASD murine model study.

Route of Administration and Dosage Forms
Several modes of ethanol administration methods have been
described, particularly in rodent gestation. Ethanol delivery
methods directly affect variables such as the alcohol exposure
pattern, exact amount of alcohol taken, and generated stress. All
these variables must be taken into account during experimental
design. Voluntary ethanol feeding and intragastric gavage are the
most physiological administration methods. Voluntary ethanol
feeding (30, 31) is a safe technique when low stable BAC levels
want to be reached. Conversely, intragastric gavage (29) offers a
more accurate control of doses and timing, and reaches higher
BACs. Inhalation (32) or injection (33) offer some advantages
compared to voluntary ethanol drinking and intragastric gavage
due to their time efficiency. Artificial rearing is a useful method
when the aim of the study is alcohol administration in a third
trimester equivalent model (29, 34, 35). Briefly, the choice of
method must consider the purpose of the experiment and the
researcher’s experience. Table 1 [based on a previous review (45)]
summarizes the characteristics of the main routes of alcohol
administration in rodents and dosage forms, focusing mainly
on mice.

Blood Alcohol Concentration
BAC depends on several factors such as dosage, pattern of
exposure, metabolic rate, food consumption, tolerance and
genetics (46, 47). As mentioned above, BAC peaks are higher
when ethanol is administered in a binge-like pattern, even with
low doses of alcohol (24). There are several types of methods
for measuring BAC: headspace gas chromatography (HS-GC),
headspace solid-phase microextraction (HS-SPME), capillary
gas chromatography, or enzymatic ADH immunoassays (48).
Immunoassays are not as accurate as mass spectrometry and are
susceptible to bias by overestimating alcohol concentration due
to non-specific interferences. On the other hand, immunoassays
are sufficiently accurate, easy to use in any laboratory, and
require a small amount of sample (∼100 µL). Immunoassays
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TABLE 1 | Characteristics of the different routes of ethanol administration in mice.

Administration

route

Characteristics Reached BAC Advantages Disadvantages

Voluntary ethanol

feeding

Oral, self-administration.

Pre-gestational alcohol consumption is

usually introduced (36).

Sometimes, ethanol is added to flavored

liquid nutritional formulas (Liquid-diet or

Sustacal) to allow easy

self-administration (37, 38).

10–20% (vol/vol) ethanol solution (36).

Possibility of isovolumic and isocaloric

pair-fed diet (e.g., maltose-dextrin) in

controls (28).

Drinking in the dark (DID) procedure

mimics binge-like pattern (39).

50–100mg/dL when

ethanol intake is 1–2 g/Kg

[10% (vol/vol) ethanol

solution]

Prevent the stress caused

by other invasive methods.

Safe technique.

Easy to carry out.

Gradual BAC increase.

Low, stable BAC levels.

Used prenatally.

Lower ethanol BAC achieved

compared to other administration

routes.

Not useful for binge drinking pattern.

Difficult control of dose and timing.

No proper control of dose in

breastfeeding pups.

Not recommended postnatally.

Lower BAC achieved if saccharin or a

sucrose-sweetened solution is added

to the alcohol.

Intragastric

gavage

Administration of ethanol into the

stomach using a gavage needle.

Administered volumes <2 mL/100Kg

body weight (40).

Allowed alcohol concentration <31.5%

(vol/vol) (40).

Ethanol dose 2–6 g/Kg/day (28).

Ethanol vehicle (water, saline solution, or

nutritional formula) (28).

250–300mg/dL (60min) for

administration doses of

3.8 g/Kg [21% (wt./vol)

ethanol solution]

Useful for binge drinking

pattern.

Accurate control of dose

and timing.

Reliable high BAC.

Useful for pre- and

postnatal administration.

Inhibition of suckling behavior in

neonates.

Stressful procedure for animals.

Invasive procedure.

Inhalation Inhalation chamber filled with ethanol

vapor (41).

Sometimes, administration of pyrazole to

obtain stable BACs (32, 42).

150–250mg/dl when

volatized ethanol (ethanol

95%) is delivered to the

chamber at a rate of 10 l/min

Reliable high BAC.

Not a stressful technique for

animals.

Time and labor efficient.

Useful for pre- and

postnatal administration.

Higher BACs in neonates

compared to mothers.

Does not mimic the routes of intake in

humans.

Special equipment required.

Interindividual variations.

Intraperitoneal

injection

Ethanol solution injection in

intraperitoneal space (43).

Single or multiple doses for several days

during pregnancy.

350–400mg/dL (60min) for

administration doses of

3.8 g/Kg [21% (wt./vol)

ethanol solution]

Rapid increase in BAC.

Time efficient.

Useful for pre- and

postnatal administration.

Useful for binge

drinking pattern.

Handling-induced stress.

Different intake routes in humans.

This administration route produces

higher BAC in fetuses than other

routes using the same PAE.

Higher incidence of malformations

when used during first

trimester equivalent.

Artificial rearing Intragastric gavage ethanol discharge in

pups while being kept in a special

setting to mimic maternal environment

(29, 34, 44).

Placement of gastrostomy catheters.

150mg/Kg when ethanol

solution of 2,5 g/Kg is

administered or 420mg/Kg

when ethanol solution of

7,5 g/Kg is administered*

Accurate control of dose

and timing.

Useful for postnatal

administration.

Mimics human

third trimester.

Invasive and expensive technique.

Social factors removed due to

isolation of pups.

*Data obtained from experiments with rats (no available data for mice). BAC, blood alcohol concentration; Vol, volume; Wt, weight.

are currently the most commonly used method for determining
BACs in peripheral blood.

In animal models, BAC is defined as the amount of ethanol
per unit of blood (usually mg/dL), measured when ethanol
concentration reaches the highest level in peripheral circulation
(49). In rodents, peak concentration is detected between 30
and 150min (50–100min in mice and 50–150min in rats)
following administration. The timeline of BAC depends on
the administration route, the dosage and the species (rate
of ethanol metabolism is 550 and 300mg/Kg/h in mice and
rats, respectively) (50). Severe neurotoxicity is typically linked
to binge-like episodes causing higher BACs (i.e., BAC over

300mg/dl in rats). However, continuous alcohol exposure,
reaching lower BAC levels (i.e., BAC below 40mg/dl in rats)
despite higher doses, induces more subtle brain injuries (23, 24).

DEVELOPMENTAL STAGES OF THE FETAL
BRAIN

During the development of the CNS throughout pregnancy, there
are vulnerable periods sensitive to environmental insults. PAE
affects brain organogenesis differently depending on the dosage,
timing, developmental stage (moment), and location of the cell
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FIGURE 1 | Timeline of neurodevelopmental processes and brain neurogenesis in fetal rodents by areas sensitive to alcohol injury. Proteins in neurulation,

proliferation, migration, differentiation, synaptogenesis, gliogenesis, and myelination neurodevelopmental processes. Changes in the levels of these biomarkers (up- or

down-regulation) caused by prenatal alcohol exposure are represented by arrows. Stages of neurulation: (1) Neuroectodermal tissues differentiate from the ectoderm

and thicken into the neural plate. The neural plate border separates the ectoderm from the neural plate. (2) The neural plate bends dorsally, with the two ends

eventually joining at the neural plate borders, forming the neural crest. (3) The closure of the neural tube disconnects the neural crest from the epidermis. Neural crest

cells differentiate to form the peripheral nervous system.

types involved in the biological stages (Figure 1). Key processes
such as proliferation (51), migration (52), differentiation (53),
synaptogenesis (54, 55), gliogenesis, myelination (56), and

apoptosis (57, 58) are altered by PAE leading to congenital
abnormalities and functional deficits in the CNS during fetal
development (Figure 2) (74, 75).
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FIGURE 2 | Harmful effects of prenatal alcohol exposure in mice according to human trimesters equivalents (59). First trimester equivalent: cranial dysmorphologies

(60, 61), brain malformations (61, 62) and altered gray and white matter tracts (63). Second trimester equivalent: craniofacial and brain malformations (62, 64, 65),

neurodevelopmental disorders (66, 67) and fetal growth restriction (68, 69). Third trimester equivalent: brain abnormalities (70–72), neurodevelopmental disorders

(71, 73). GD, gestational day. PND, postnatal day.

The anatomies of human and rodent brains show analogous
structures and similar stages of development. However, they
also exhibit some anatomical and functional differences. Human
pregnancy consists of three pre-natal trimesters in which
the brain rapidly grows between week 25 and 38. Several
differentiation and proliferations processes occur in the third
trimester of gestation, with maximum brain growth rate at birth
and gradual decrease in early life (59, 76). Rat and mouse
pregnancies are shorter than human pregnancies (rats: 21–23
days; mice: 20–22 days) and newborns undergo substantial brain
development following birth (56, 57). The first trimester (59) in
human pregnancy corresponds to gestational days (GDs) 1–10/11

in rat andmouse. The second trimester equivalent corresponds to
GDs 11–21/22 (mice usually give birth on GD 21 and rats on GD
22), and the third trimester equivalent correlates to postnatal days
(PNDs) 1–10. The ontogeny of specific behaviors can be used
to draw inferences regarding the maturation of specific brain
structures or neural circuits in rodents and humans. Despite the
similarities between human and rodent brain development it is
important to consider that rodents do not exactly mimic the
developmental phases of human gestation (Figure 1).

Cellular precursors of the brain and the spinal cord develop
through neurulation in early embryogenesis (Figure 1). The
cellular fate of neurulation is the formation of the notochord,
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which defines the primitive axis of the embryo and determines
the vertebral system. The neural tube closure starts in the
hindbrain area above the origin of the notochord, and continues
anteriorly and posteriorly, making a caudal-to-rostral gradient
in the developing brain. Neural tube formation finishes at
gestational day (GD) 10–11 in rodents (77). Early in the second
week of pregnancy (GD 7 in mouse, GD 9.5 in rats), neurogenesis
and subsequent cell migration shape specific areas of the CNS
in the forebrain, midbrain, and hindbrain, promoting distinct
series of developmental processes (77). Therefore, the second
critical developmental stage for PAE occurs between GD 5 and
11, implying alterations in organogenesis, neural tube formation
and proliferation of neuronal precursors in areas adjacent to the
neural tube. High levels of alcohol exposure during this stage
not only cause major neural tube defects, but also lead to facial
dysmorphologies similar to those observed in children affected
with FAS.

The second critical developmental stage occurs between
GD 11 and 21. During this period, most CNS areas are
involved in distinct differentiation processes and several neuronal
cell types emerge and migrate to specific areas of the brain
(including the cerebral cortex and the hippocampus; Figure 1).
The developmental phase of the different cell lineages varies
according to its spatial location in separate brain areas. PAE
particularly affects the neurulation, proliferation, and migration
processes of the neocortex, cerebellum, hippocampus, and the
basal ganglia. The last decisive developmental period occurs
from GD 18 to postnatal day (PND) 9 and is characterized
by the proliferation of astroglial and oligodendroglial cells,
synaptogenesis, and dendritic arborization, which produce an
increase in brain weight. At the same time, neurogenesis
continues in the cerebellum and the dentate gyrus (DG) of the
hippocampus. Alcohol exposure during third trimester induces
severe neuronal loss, reactive gliosis, impaired myelination,
as well as damage to the prefrontal cortex, hippocampal and
cerebellar regions (64, 78, 79).

Proliferation
Neurogenesis is a highly regulated process whose timing and
phases depend on the anterior-posterior gradient in the neuronal
axis and the regions of the brain formed during organogenesis.
Most cell proliferation processes take place throughout all the
stages of neurodevelopment (80), although the most expansive
phase occurs in the second half of pregnancy (mice: GD
10–21, rats: GD 11–22). This is a key developmental period
due to ethanol toxicity vulnerability of neuronal precursors
and brain structures (51), which may cause permanent
alterations and profound behavioral deficits. For that reason,
the consequences of PAE on proliferation and differentiation
processes are assessed not only during fetal development but
also later in life. As shown in Figure 1, several biomarkers help
identify and evaluate neurogenesis and proliferation processes
during neurodevelopment.

NeuN is expressed in nearly all post-mitotic neurons
representing a reliable marker of mature neurons (81). This
protein may also act as a biomarker of neuronal integrity, as it
decreases in brain regions such as the hippocampus following

ethanol exposure in rats (81–83). Ki67 has been thoroughly
analyzed as a proliferation biomarker during neurogenesis in
PAE studies.

Several authors have studied the effect of PAE on different
regions of the hippocampus with different results. Some have
found a reduced number of granular cells in the DG and
pyramidal cells in specific regions of the rat hippocampus after
GD 1–GD 20 plus PND 4–10 of ethanol exposure (24, 84), and
during the third trimester equivalent (24, 83, 84), with no changes
in the number of hippocampal neurons after GD 1–20 ethanol
exposure (84, 85). Komada et al. showed a reduced proliferation
rate (measured by Ki67) in mouse telencephalon after PAE on
GD 6–18 (86). Conversely, West et al. showed an increase in
the number of granular cells of the DG in rat hippocampus
after ethanol exposure during the third trimester equivalent (87).
Thus, early disturbances in proliferation after PAE may differ
depending on the developmental period in which exposure to
ethanol occurs.

Some of the effects of PAE on the hippocampus can be
identified from birth, but others are more subtle and difficult
to detect in the early stages. The consequences of PAE on
hippocampal cell proliferation and survival in young adult
animals are not always persistent (29, 35, 88). Interestingly,
no changes in hippocampal cell proliferation (assessed by Ki67
and BrdU), but an increase in immature neurons of adult
hippocampus in rats prenatally exposed to alcohol, have been
described, probably due to a compensatory mechanism against
PAE effects (29). Other authors have shown alterations in cell
proliferation [measured by Ki67 (35) and BrdU (35, 88)] and
increased neuronal maturation in the DG of the hippocampus
in young adult rats prenatally exposed to ethanol. More recently,
Gil-Mohapel et al. described significant decreases in adult
hippocampal neurogenesis in aged rats after PAE (during first
and second trimester equivalent), not previously seen in younger
animals. These findings suggest a more conserved neurogenesis
capacity in the early stages of life (89). Moreover, Delatour
et al. analyzed Ki67 levels in pyramidal cells in adolescent mice
exposed to ethanol at GD 13.5–16.5 and showed there were no
changes when compared to controls (90). Once again, it seems
that alterations in hippocampal neurogenesis vary according to
the timing of ethanol exposure.

Coleman et al. examined the long-term effects on adult
hippocampal neurogenesis after ethanol exposure in PND 7 in
male and female mice. Increased Ki67 levels were found in
the DG in males but not in females (70). This reveals gender
differences regarding susceptibility to PAE.

PAE also affects the activity of enzymes involved in
neurogenesis and proliferation, promoting hippocampal
function behavioral disorders. Glycogen synthase kinase-
3β (GSK3β) is highly expressed during brain development
[from GD18 to PND10 in rats (91) and GD16 to PD18 in
mice (92)] modulating different developmental processes
such as neurogenesis, differentiation and neuronal survival.
GSK3β activation sensitizes neurons to ethanol-induced injury,
deregulating cell proliferation mechanisms (93). Increased levels
of GSK3β post-PAE activates apoptosis in neural progenitor
cells, decreasing neurogenesis and differentiation in immature
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brains. Additionally, ethanol decreases the insulin-like growth
factor (IGF) receptor signaling, affecting neural proliferation and
decreasing the transcription of c-myc, c-fos, and c-jun51 in cell
cultures (94).

Current evidence indicates that prenatal and neonatal alcohol
exposure reduces the number of mature and immature neurons.
Interestingly, this reduction is subtle when ethanol exposure is
not continuous. Nonetheless, the brain region, developmental
stage, and cell type are key factors when analyzing results of the
biomarkers in proliferation processes.

Migration
Migration from the ventricular and germinal layers occurs
radially in the medial/dorsal neocortex and tangentially in
other regions of the forebrain (95). On GD 5, superficial
layers are still not clearly defined (96). On GD 14.5 (mice)
or GD17 (rats), the first cell lineages reach the area that
will form the laminae of the cortical plate. Throughout the
rest of the gestation period until adulthood, the cortical plate
gets thicker and more cells migrate from the ventricular zone
(97). When proliferation is disrupted, migration is also affected
(Figure 1). PAE alters proliferation and migration processes
(52), affecting neural crest migration and causing cytoskeletal
rearrangements. These phenomena destabilize the formation
of focal adhesions in cell lineages, reducing their capacity for
directionalmigration.Moreover, the activity of glycogen synthase
kinase 3 (GSK3) and cyclin-dependent kinase 5 (cdk5) modulate
microtubule-associated protein 1B (MAP1B) phosphorylation,
involved in the regulation of microtubules and actin filaments
in neurons, needed in migration processes (98). In vitro, ethanol
inhibits neurite outgrowth by activating GSK3β (99). Conversely,
PAE promotes GABAergic interneuron migration by inducing
epigenetic alterations in the methylation pattern of the MeCP2-
BDNF/DLX5 pathway. MeCP2 regulates the expression of the
brain-derived neurotrophic factor (BDNF), a marker of neuronal
plasticity and cellular survival known to influence GABAergic
interneuron migration (100). MeCP2 has been shown to regulate
DLX5 transcription, a transcription factor involved in the
migration and maturation of GABAergic interneurons in mouse
models (101). The human natural killer-1 (HNK-1) carbohydrate
is also used as a biomarker in migration processes studies
involving cranial neural crest cells (102). Results indicate reduced
levels of HNK-1 in a model of chick embryos exposed to 2%
ethanol, which suggests that PAEmay disrupt cranial neural crest
cell migration.

Long-term effects of PAE on migration have also been
evaluated. Miller et al. describe the harmful effects of alcohol
on proliferation and migration in rats prenatally exposed to
alcohol. The authors found a delay in migration of early and late-
generated neurons in rats following PAE between GD 6 and GD
21. Ethanol blocks neuronal migration, probably by leading to
a desynchronization of cortical development that interferes with
the establishment of a normal neural network (52). Skorput et al.
studied the effects of PAE on GABAergic interneurons in mice.
They found an increase in BrdU labeling in the medial ganglionic
eminence showing an increase in neurogenesis, as well as an
increase in parvalbumin-expressing GABAergic interneurons in

the medial pre-frontal cortex in adults. These results support the
contribution of GABAergic interneuron migration disorders to
persistent alterations in cortical development in adulthood (103).

In summary, migration is a set of complex processes regulated
by different molecular pathways that are disrupted in several
checkpoints when ethanol exposure occurs.

Differentiation
Processes of neuroblast differentiation initiate after neuronal
precursors have completed their last division and are ready
to migrate to a specific area (104–106). Depending on the
fate (brain area) of migration, neuronal precursors may
differentiate into neurons, astrocytes, or oligodendrocytes (107).
The differentiation of the cerebral cortex implies the formation of
laminae in the radial domain from the ventricular zone to the pial
surface and the subdivision of functional areas in the tangential
domain, in rostrocaudal and mediolateral axes. In this process,
the laminar fate is determined by cell-to-cell interactions and cell
autonomous restriction on their development (104).

Several proteins, used as biomarkers, are involved in the
differentiation processes. Doublecortin (DCX) has been studied
in depth as an endogenous marker of immature neurons.
The effects of pre-natal chronic ethanol consumption on adult
neurogenesis (PND 56) has been assessed in C57BL/6J mice,
revealing a decrease of DCX in the hippocampus after PAE
(82). Quantification of immature neurons labeled with DCX in
mouse was lower in the group of individuals exposed to alcohol
in the prenatal period compared to controls. Moreover, DCX
levels were lower in males than in females (108). Broadwater
et al. obtained similar results after PAE by oral gavage on
PND28–48, with decreased DCX levels in the DG of adolescent
mice. Furthermore, after interrupting ethanol exposure, reduced
levels of differentiated neurons in adulthood were found in rats
(109). Elibol-Can et al. observed slight changes in the number
of granular cells labeled with DCX in hippocampal DG on
PND 30. The authors reported a decrease in the volume of the
hippocampus in rats after a daily dose of 6 g/Kg ethanol during
second trimester equivalent (110). Likewise, Hamilton et al.
studied the long term-effects of single or continuous exposure
to alcohol during the third trimester equivalent in mice and the
effect of voluntary exercise as a therapy. Mice were exposed to
ethanol on PND 7 or PND 5, 7, and 9 and DCX measured in
adulthood. No differences in DCX levels were found in ethanol
exposed groups. Nevertheless, the group exposed to ethanol
during PND 5, 7, and 9 showed alterations in the results obtained
in Rotarod and passive avoidance behavioral tests, whichmeasure
motor coordination and memory, respectively (111). Conversely,
Coleman et al. observed increased levels of DCX after ethanol
exposure in the DG in adult PND 7 male mice, but not in
females (70).

Long-term effects of PAE have also been studied using
other biomarkers. Choi et al. assessed the effects of PAE on
BrdU levels in adult mice exposed to ethanol during the two
trimester equivalents. No differences in neuronal proliferation
nor differentiation were found after evaluating BrdU levels (31).
Boehme et al. studied BDNF levels of rats exposed to ethanol
during the three trimester equivalents. They found no changes
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in BDNF levels of animals exposed to ethanol in the prenatal
period. However, increased BDNF levels were observed in groups
assigned to voluntary exercise (35). Gil-Mohapel et al. reported
increases in NeuroD levels in adult rats exposed to ethanol during
the three trimester equivalents. The increase in differentiation
processes are probably due to the increase in immature neurons
showed in prenatally exposed groups (29). The changes observed
in the differentiation processes in adult rodents exposed to
ethanol during the prenatal period vary according to the used
biomarker. The increase in neuronal differentiation may occur
as a compensation of the cellular loss in fetal life.

Responsive element binding protein (CREB) and cAMP
signaling is directly correlated to neurogenesis, differentiation,
neuronal connectivity, and plasticity (112). Ethanol exposure
disrupts the activity of adenylyl cyclase (AC) reducing
cAMP/CREB signaling and therefore altering the differentiation
processes during neurodevelopment (112). In vivo and in vitro
studies have shown that acute alcohol exposure enhances agonist-
stimulated AC catalytic activity, while chronic alcohol exposure
produces adaptive changes in AC (113–115). Additionally,
GSK3β over-expression in neural cells disrupts CNS maturation
and differentiation processes in mouse at PND 60–120 (116).

The glial cell-derived neurotrophic factor (GDNF) is a
growth factor necessary for the development, differentiation,
proliferation, and function of midbrain dopaminergic neurons.
The GDNF signaling pathway is initiated by the binding of
GDNF to its co-receptor, GDNF family receptor-α 1 (GFRα1),
which leads to the recruitment of the RET receptor tyrosine
kinase. The activation of RET promotes the up-regulation of
downstream signaling pathways such as ERK1/2 (117) and P13K
(118), firing the activity of dopaminergic neurons. Moderate
administration of alcohol increases GDNF expression, exerting
a protective function against PAE. However, after acute (binge)
ethanol exposure in rats, GDNF expression decreases and its
protective function diminished (119). A recent study performed
in adult rats exposed to alcohol showed a decrease in DNA
methylation as the leading cause of GDNF epigenetic changes
following alcohol exposure (120).

Alcohol has deleterious effects on astrocytes despite them
being less susceptible than neurons to moderate alcohol
consumption (121). Glial cell alterations due to PAE lead to
changes in neuron-glia interactions, which causes developmental
defects of the brain (122). Glial fibrillary acidic protein (GFAP)
is a biomarker of mature astrocytes commonly evaluated in
differentiation processes during development. In vitro studies
using primary cultures of astrocytes from 21-day old fetuses
show initial increased values of GFAP levels post-ethanol
exposure (123), although these GFAP values decrease after 3
weeks (123). GFAP levels in rat neonates have been shown to
increase following ethanol exposure in different brain areas,
e.g., the hippocampus, cerebellum, and cortex as per different
administration routes (124–126). The results in in vitro models
suggest different effects of ethanol on astrocytes depending
on the neurodevelopmental stage. Moreover, some researchers
have found increased GFAP expression associated to gliosis
after chronic (moderate) and acute low ethanol exposures,
in mice (127, 128). These results indicate a high risk of

neurodevelopmental disease in acute PAE or heavy drinkers.
Conversely, no changes were observed in GFAP expression
after low chronic ethanol exposure (127). S100β is a classical
biomarker astrocytes, as the expression levels of S100β in these
glial cells is very high. During neurite outgrowth, S100β is
also secreted by proliferating astrocytes from cortical neurons.
The accumulation of this protein in mature glial cells is
associated with microtubule network and neurotrophic activity
(129). Reduced levels of S100β were reported in mice after
ethanol exposure (130), indicating a depletion in the number of
proliferating astrocytes and an impairment in the differentiation
processes. Otherwise, Sox2 and Oct4 transcription factors
regulate the embryonic stem cell pluripotency and the fate of cell
lineages by a narrow range of dose-effect (131). Excess of Oct4
compared to Sox2 leads cells to mesoendoderm differentiation,
while the other way round, i.e., higher levels of Sox2, promotes
neuroectoderm formation. Ethanol exposure of embryonic stem
cells in early differentiation generates imbalances between Oct4
and Sox2, which modifies the cellular fate from neuroectoderm
to mesoendoderm, altering the formation of the ectoderm
lineage and its derived progenitors. The Oct4/Sox2 imbalance
is considered one of the leading causes of developmental
delay and anatomical disabilities of the CNS observed in FAS
phenotypes (131).

Synaptogenesis
The developmental process of synaptogenesis involves
biochemical and morphological changes in pre- and post-
synaptic components. In rodents, maturation of synaptic
connections occurs during the postnatal period (Figure 1) (132)
and depends on the physicochemical compatibility of pre- and
post-synaptic components and the exclusion of inadequate
connections. Less harmful effects of alcohol exposure on
synaptogenesis have been observed when administered after
birth (54, 55), although during neuronal development ethanol
seriously alters some mechanisms related to synaptogenesis
(54, 55). In a study using a rat model in which individuals were
exposed to ethanol 4 weeks before and during pregnancy, the
ultrastructural analysis of the cerebellum at PND 7 showed
a delayed synaptogenesis and immature appearance of the
presynaptic grid (55). PAE affects the expression levels of
synaptic proteins such as synapsin 1 and of other proteins of
the pre-synaptic (GAP-43, synaptophysin, synaptotagmin) or
post-synaptic machinery (MAP 2 and neurogranin). Moreover,
ethanol interferes with the function of adhesion molecules such
as NCAM (in chick embryo model) (133) and L1 (in mouse
model) (134) involved in cell-cell interactions. During the neural
processes of migration and morphogenesis, both proteins are
involved in the organization and function of synaptic networks,
which determine neuronal plasticity. Several studies in animal
models (zebrafish) and cell cultures show decreased levels of
NCAM after ethanol exposure (135, 136). In other studies,
different patterns of NCAM expression were detected according
to the developmental stage on which PAE occurs (133) or the
NCAM isoform analyzed. For example, the highly sialylated
form of NCAM is overexpressed after ethanol exposure but the
NCAM 180 and NCAM 140 isoforms appear down-regulated in
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a rat model (137). Other studies in animal models (mice and rats)
have shown down-regulation of L1 following ethanol exposure
(134, 138).

Gliogenesis and Myelination
Glial cells provide nutrients and physical support to neurons
and regulate the presence of different proteins and components
in the extracellular fluid surrounding neurons and synapses
in the brain. They are essential for a normal development
and function of the central nervous system (139). Neuroblast
migration occurs through a scaffold provided by radial glia
(140). Microglia have macrophage functions and astrocytes
preserve the ionic and trophic balance of the extracellular
medium (141). Oligodendrocytes synthesize myelin, therefore,
this cell lineage preserves the myelin sheath and provides
trophic support (142). Schwann cells and oligodendrocytes are in
charge of the isolation and myelination of neuronal axons (143).
Oligodendrocyte progenitor cells proliferate and differentiate
into mature oligodendrocytes capable of myelinogenesis (144).
Thus, myelination begins later in neurodevelopment than other
processes such as proliferation and migration and progresses
throughout adolescence in rodents (145, 146). The development
of these cell lineages occurs at the same time as neurogenesis
in several areas of the central nervous system (141). These
lineages are characterized by distinct developmental stages and
sequential expression of different developmental biomarkers
such as the nerve growth factor (NGF), neurotrophins (NT-3
and NT-4), the brain derived neurotrophic factor (BDNF), and
the IGF-1 and IGF-2 factors. The BDNF is one of the most
studied neurotrophins. Alcohol alters the levels of BDNF and
its receptor tyrosine kinase B (TrkB). PAE induces decreased
levels of BDNF in the cortex and in the hippocampus in rats
at PND 7–8 (147). Some studies in rats show that TrkB levels
decrease in specific brain regions, e.g., in the hippocampus
(147, 148) and increase in the cortex (148). The BDNF and
its receptor are targets for ethanol damage. Consequently,
imbalances between them may contribute to the development of
FASD-like phenotypes, even in cases in which the levels of one
of them remain unaltered. In general, the up-regulation of these
neurotrophic factors show protective effects during development,
promoting myelination, cell survival, and neural regeneration in
pathological conditions (149).

Lancaster et al. showed that PAE reduces myelinogenesis and
its persistence after birth in a rat model (56). Severe impairments
in gliosis and a reduction of proteins related to myelin integrity
(myelin-associated glycoprotein, myelin basic protein, myelin
proteolipid protein, and myelin regulatory factor) was observed
in male adult mice exposed to a binge (acute) pattern of
PAE during gestation and lactation. This damage was followed
by behavioral alterations in executive function and motor
coordination (79). These changes could be associated to the
behavioral disabilities observed in FASD individuals. It has also
been shown that exposure to alcohol activates toll-like receptor 4
signaling pathways (MAPK, NFκB) in a mouse model, leading to
an increased expression of pro-inflammatory mediators (COX-
2, iNOS, HMGB1) and cytokines. Inflammation processes cause

myelinogenesis imbalances, impairments in synaptic links, and
activation of the cell death mechanism (150).

Trophic Support
CNS remodeling is a continuous process that not only takes
place during development, but also throughout adulthood in
response to environmental influences or genetically programmed
events. Alcohol alters synaptic plasticity and neural function
(151). Several proteins used as biomarkers participate in
neural plasticity processes. Histone deacetylase 2 alters the
GluN2A/GluN2B balance [the major subunits of functional
N-methyl-D-aspartate (NMDA) receptors] through changes in
GluN2B expression, which leads to memory-impairing effects
(152). The neurotrophin family of proteins includes NGF, BDNF,
NT-3, NT-4/5, and NT-6. It is well-known that NGF and
BDNF play important roles in PAE and FASD pathogenesis.
Various studies have shown that PAE disrupts neurotrophin
pathways, thus affecting the organogenesis and development
of brain structures in rodents (153, 154). NGF and BDNF
exert their biological effects by activating some members of the
tropomyosin-related kinase (Trk) family. NGF activates TrkA
and BDNF binds to TrkB (155). Stressful events, neurological
injuries, or neuroendocrine alterations in rats increase blood
levels of NGF (156). Thus, NGF expression and the functional
activity of NGF-target cells in the CNS are seriously affected
by alcohol consumption. BDNF regulates neural cell survival
and differentiation as well as several functions related to
neural plasticity such as learning and memory (157). A recent
study found that BDNF levels in the pre-frontal cortex were
significantly lower in the group of mice treated with ethanol in
comparison to the control group (158). The study concluded
that the impairment in learning and memory observed in
mice exposed to ethanol was associated to changes in BDNF
levels. Stragier et al. showed that chronic and moderate
alcohol consumption in C57BL/6J mice promotes a chromatin-
remodeling process, leading to up-regulation of BDNF signaling.
The authors suggest that this epigenetic regulation is an adaptive
process to balance cognitive disorders induced by alcohol (159).
Another study in mouse observed a reduction in ethanol
dependence after BDNF infusion in the pre-frontal cortex (160),
evidencing that BDNF levels in specific brain areas play a role in
alcohol dependence. Boehme et al. studied the changes produced
by voluntary exercise in hippocampal BDNF levels. Ethanol
was delivered by intragastric gavage during the three trimester
equivalents and individuals had free access to voluntary exercise
on a running wheel during adulthood. Results showed increased
BDNF levels in young adult females after voluntary exercise (35).
Recent studies suggest that matrix metalloproteinase-9 (MMP-
9), a Zn (2)+ dependent extracellular endopeptidase, participates
in neuronal plasticity, specifically in memory and learning (161,
162). Acute and chronic ethanol exposure up-regulates theMMP-
9 levels in the brain, particularly in the medial pre-frontal
cortex and hippocampus, in rats (163). The vascular endothelial
growth factor (VEGF) is involved in the activity, plasticity and
survival of microvessels. Mice prenatally exposed to alcohol
have reduced cortical vascular density, affected microvascular
structure, and altered expression of VEGF and its receptor.
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VEGF may prevent microvessel plasticity disorders and death.
As a mouse model shows, PAE exerts its deleterious effects on
the microvascular network, which suggests that vascular defects
contribute to alcohol-induced brain injury (164). In vitro studies
show that ethanol also alters the expression and function of
IGF-I and IGF-II, leading to birth defects such as low head
circumference at birth and microcephaly. These insulin-like
growth factors are used by the organism as a general signal
of cell survival, so that reduced IGF-I or IGF-II signaling by
PAE in neurons activates cell death mechanisms by apoptosis
or necrosis (165). Other biomarkers such as DYRK1A act as
general inhibitors of neural plasticity. Its over-expression in
different brain areas due to environmental insults or stress
conditions reduces neural plasticity in neurons promoting
cognitive problems and intellectual disability (166–168). Recent
studies have demonstrated that some DYRK1A inhibitors such as
the antioxidant Epigallocatechin gallate (EGCG) improve long-
term outcomes related with memory and executive function
in individuals with Down syndrome (166–168). Although it is
currently under study, the inhibition of DYRK1A could improve
the cognitive performance in pathologies associated to the loss of
neuronal functions and plasticity, e.g., FASD, Autism, or Down
Syndrome (169). Furthermore, EGCG increases NGF expression
by downregulation MMP-9. These proteins have been associated
with FASD alterations during neurodevelopment (170).

Synaptic Plasticity
Synaptic plasticity is the process through which long-term
changes in synaptic communication occur (171).

Fontaine et al. studied the effect of prenatal exposure to
ethanol in a rat model during the two trimester equivalent and
PND 21–28 on long-term potentiation, long-term depression,
and depotentiation in the medial perforant path input to the DG
of the hippocampus. Impairment of long-term potentiation was
seen in both males and females, while long-term depression was
only observed in males. The results suggest that PAE causes sex
specific impairment in synaptic plasticity in long-term depression
(172). Wong et al. focused their study in the contribution of
microglia in synaptic plasticity. Using a third trimester equivalent
mice model, ethanol was injected following a binge-drinking
pattern. The authors found a deficit in experience-dependent
synaptic plasticity in the visual cortex with no correlation to
microglial function (173). Shivakumar et al. administered ethanol
to mice at PND 7, and showed that ethanol exposure produces
epigenetic changes that inhibit the activation of several synaptic
plasticity genes. Coadministration of trichostatin A prevents
learning and memory disorders in adult mice (174).

PAE negatively affects synaptic plasticity. Epigenetic changes,
as well as damage to the microglia, may partially explain synaptic
plasticity disorders in FASD models.

Apoptosis
Apoptosis is a critical pathway in fetal neurodevelopment.
Programmed cell death systematically removes a large
number of neural precursors in embryonic structures formed
during development. PAE activates and deregulates cell
death mechanisms leading to the loss of cell lineages in the

hippocampus, basal ganglia, or cerebellum and disappearance
of critical structures in the brain such as the corpus callosum
(57, 58). The activation of apoptosis is produced by an increase of
reactive oxygen species (ROS) generated in ethanol metabolism
(see section Oxidative Stress). ROS activate intrinsic and extrinsic
apoptotic pathways, reducing the expression and function of
the anti-apoptotic proteins Bcl-xL and Bcl-2 in a rat model
(175). A study using a mouse model shows that the function of
the pro-apoptotic effectors Bak and Bax is directly influenced
by alcohol due to alterations in mitochondrial membrane
fluidity and dysfunctions in mitochondrial respiration, which
leads to the activation of the caspase cascade and subsequent
generation of the active form of the effector caspase 3 (176).
Consequently, some researchers have developed mitochondrial
protective strategies to prevent alcohol-induced damage.
Certain molecules, e.g., nicotinamide (177), can stabilize
mitochondrial membranes while others, e.g., antioxidants,
prevent mitochondrial dysfunction induced by the production
of ROS following ethanol exposure, in mouse. In addition,
ethanol activates specific cell death pathways. More specifically,
ethanol induces the phosphorylation of c-jun N-terminal-kinase,
a mitogen-activated protein kinase associated with apoptosis and
GDNF may interfere with the activation of the c-jun N-terminal-
kinase molecular pathway to prevent ethanol-induced apoptosis.
Unlike other neurotoxic substances, ethanol does not interfere
with the phosphorylation of the extracellular signal-regulated
kinases involved in the regulation of cell survival (178).

PATHOPHYSIOLOGY

There are multiple pathological effects derived from alcohol
exposure during fetal development depending on the studied
organ, region and cell type, as well as the stage of pregnancy
in which the fetus is exposed to ethanol (179). The following
sections provide a detailed description of the teratogenic effects
of PAE.

Oxidative Stress
Ethanol is metabolized in the liver of adult individuals via
the alcohol dehydrogenase (ADH) and aldehyde dehydrogenase
(ALDH) families of enzymes (Figure 3), leading to moderate
ROS production, e.g., hydrogen peroxide (H2O2) and hydroxyl
radicals (OH-). ROS are eliminated by endogenous antioxidant
mechanisms directed by catalase, superoxide dismutase (SOD)
and the antioxidant molecule glutathione (GSH) (180). After
a high intake of alcohol, the catalytic activity of ADH and
ALDH becomes saturated and an alternative pathway mediated
by the cytochrome P450 2E1 enzyme is up-regulated to
metabolize ethanol to acetaldehyde, producing high amounts
of ROS. ROS-sensing transcription factors, such as the nuclear
erythroid 2-related factor 2, activate the oxidative stress response
mechanisms when moderate levels of alcohol-derived ROS
are present, up-regulating antioxidant enzymes and proteins
involved in DNA repair. Imbalances between ROS-producing
pathways (following PAE) vs. the endogenous antioxidant
and DNA repair mechanisms promotes down-regulation of
detoxification pathways (180, 181). The decrease of the
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FIGURE 3 | Liver metabolic pathway of alcohol. ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; ROS, reactive oxygen species; SOD, Superoxide

Dismutase; GPX, Glutathione peroxidase; GR, Glutathione reductase. The ADH, ALDH enzymes and the P450 2E1 cytochrome participate in the oxidative

metabolism of alcohol. The activity of the P450 2E1 cytochrome in alcohol metabolism and the re-oxidation of NADH via the electron transport chain in the

mitochondria results in the formation of ROS. Catalase in peroxisomes, SOD in mitochondria and GPX-GR in cytosol are activated by an increase of oxidative stress to

reduce the levels of ROS. High amounts of ROS lead to a down-regulation (negative feedback) of the antioxidant response.

antioxidant system affects specific regions of the CNS such as
the cerebellum, hippocampus and cortex, as well as the placenta
(182, 183). The fetal brain is particularly sensitive to PAE because
the ADH isoform expressed in this tissue during development is a
class II isoenzyme ADH4. This isoform is less efficient for alcohol
catabolism than other isoforms expressed in adults (184). The
mechanisms involved in antioxidant response are physiologically
downregulated during development (185–188), contributing to
brain vulnerability by ethanol. The excess of ethanol also activates
the lactate pathway in the fetal liver, generating a deficit of
glucose in the bloodstream that affects especially the nervous
tissues (189). Imbalances of ROS activate the mechanisms of
inflammation (190) mediated by cytokines such as IL-6 or the
NLRP3 inflammasome, a multi-protein intracellular complex
responsible for processing and secreting the pro-inflammatory
cytokines IL-1β and IL-18 (191).

Tissue homeostasis is also affected by ROS (192), causing
changes in critical cell functions as signal transduction related to
the metabolism of macromolecules (lipids, proteins, RNA, and
DNA) (190). AS an example, ROS promote the modification
of 8-oxoguanine in DNA during embryogenesis (193, 194),

which is corrected by the enzyme oxoguanine glycosylase 1
(195). Calcium homeostasis and protein folding, modification
and secretion in endoplasmic reticulum are also altered by ROS,
as well as mitochondrial respiration, affecting its morphology
and function. Moreover, activation of autophagy, programmed
(apoptosis) and non-programmed (necrosis) cell death are also
promoted by oxidative stress (192, 196, 197).

Some studies have assessed the long-term consequences of
PAE on oxidative stress and the intracellular redox state. Dembele
et al. found an relation between continuous administration of
PAE with increased levels of oxidative stress in adult rats (PND
90), characterized by high levels of protein carbonyls, lipid
peroxides, high expression of SOD, and low levels of GSH (198).
Similar results have been reported by other authors, who showed
an association between chronic PAE at different concentrations
with increased levels of distinct oxidative stress and lipid
peroxidation markers in adolescent and adult rodents (199, 200).
Chu et al. found a correlation between PAE and apoptotic (p53)
and DNA oxidation markers (8-hydroxydeoxyguanosine) in
adult rats (200). Brocardo et al. reported depressive and anxiety-
like behaviors and high levels of lipid and protein peroxidation
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in adult rats (PND60) who were given ethanol throughout the
three-trimester equivalents (201). Their findings also indicate
an association between voluntary exercise, which increased the
endogenous antioxidant pathways in brain, and the reduction of
oxidative stress and depressive/anxiety-like behaviors. Similarly,
binge drinking model of PAE (GD 17–18) increased the levels
of lipid peroxidation and oxidative stress, apoptotic activation
via caspase-3 activity, and DNA fragmentation, decreasing
antioxidant molecules as GSH (202, 203).

Dysregulation of the Neuroimmune System
Ethanol exposure activates the innate neuroimmune system,
causing brain damage and neurodegeneration (150, 204). Alcohol
intake triggers the stimulation of microglia and astrocytes,
promoting neuroinflammation with the consequent production
of pro-inflammatory cytokines and chemokines (e.g., TNF-α,
IL-2, IL-6, IL-8, Il-10, IL-1RA, IFN-γ, or MCP-1) (150, 204).

Toll-like receptor 4 and NOD-like receptors have an
important function in glial cell stimulation and alcohol-
mediated neuroinflammation. Ethanol activates toll-like receptor
4 signaling pathways mediated by NFκB and MAPK, which
leads to the up-regulation of cytokines and pro-inflammatory
mediators such as HMGB1, COX-2, and iNOS (150). The
activation of these inflammation pathways generate severe
impairments on synaptic and myelin proteins as well as neural
damage (150). Moreover, the increased caspase-3 activity in the
prefrontal cortex indicates apoptotic cell death secondary to
PAE-related neuroinflammation (205). Regarding myelination
and white matter structure, PAE causes neuroimmune changes
such as reductions in myelin-associated glycoprotein levels,
myelin basic protein and myelin proteolipid protein. Alterations
in oligodendrocytes that interfere in the myelination process
affecting neural transmission and cognitive development have
also been described (79, 205).

Neurotransmitter Disorders
Neuronal cells and neuroanatomical structures are particularly
susceptible to toxic compounds during embryonic development,
explained by the high sensitivity of the processes during brain
formation. Neuronal damage triggers tissue degeneration by
inflammation and massive cell death (apoptosis and necrosis)
(182, 206). The loss of some progenitor cell lines seriously affects
proliferation, migration, and differentiation of mature neuronal
cells, essential to configure the distinct regions of the brain and
make them functional (207). The high sensitivity to increases
in oxidative stress is the main cause of cell death in these
parental lineages. This occurs because they lack the molecules
and enzymes required for an antioxidant response, i.e., catalase
and superoxide dismutase (181). High levels of ROS affect the
mitochondrial function in neurons and leads to the activation of
apoptosis (208).

In a prenatal ethanol-exposed brain, differentiation from
multipotent glial cells to astrocytes occurs prematurely,
preventing the correct completion of migration processes (209).
These astrocytes are therefore incorrectly located in the brain,
causing motor, and cognitive disorders, promoting cell death of
these neuronal groups and triggering harmful effects such as the

agenesis of the corpus callosum (209). Moreover, primary cultures
of hippocampal neurons exposed to ethanol show reduced levels
of the glucose transporter GLU1 necessary for the correct growth
and development of most cell types present in the brain whose
main carbon source is glucose (210). Alcohol also alters the
levels of neurotransmitters, namely serotonin, dopamine, and
glutamate (211). Exposure to alcohol delays serotonin synthesis,
blocking the stimulation of astrocytes and the release of the
growth factors needed for proper neurodevelopment (212).
Ethanol reduces the number of glutamate receptors (NMDA),
which in turn affects other neurotransmitter routes generating
important alterations in the transmission of nerve signals (213).
The acetaldehyde produced by the metabolism of local ethanol
in fetal hippocampus inhibits neurosteroid synthesis and blocks
NMDA receptors in pyramidal neurons, contributing to synaptic
dysfunction associated with severe alcohol intoxication (214).
Furthermore, a recent in vitro study with rat brain slices exposed
to 70mM ethanol indicates that the combined overexpression
of GABA receptors and inhibition of NMDA receptors results
in alcohol-induced neurodegeneration during synaptogenesis
(215). Consequently, the administration of single doses of an
NMDA antagonist in Sprague Dawley rats causes apoptotic
neurodegeneration in young animals, although no impairments
were identified in adult individuals. Therefore, the NMDA
antagonist acts on the CNS in a similar way ethanol does (216).

PAE has neuroapoptotic effects on the up-regulation of
GABAergic transmission and deficit of NMDA receptors.
The impairment produced by ethanol on developing neurons
depends on the specific neural lineage and is age-dependent.
A study performed in mice exposed to moderate amounts of
alcohol showed that the subunits of NMDA receptors GluN1
and GluN3A are up-regulated after PAE in the DG. The
study also found a decrease of GluN2B levels in the synaptic
membrane (217).

Epigenetic Modifications
During fetal development, epigenetic mechanisms establish
the whole pattern of gene expression for the tissues, organs
and cell types that constitute the complete organism. These
mechanisms involve the methylation of DNA, modifications of
N-terminal tails in histones, and the regulation of micro and
non-coding RNA.

InDNAmethylation, methyl groups (CH3), a product of folate
metabolism, are added to the cytosines (C) present in the regions
known as CpG islands of the DNA helix. This phenomenon
is mediated by methyl-transferases (DNMT) and demethylases
such as TET2 (218). DNMT3a and 3b set the complete genome
expression patterns during fetal development and DNMT1
maintains this pattern in postnatal stages (219). Usually, the
clusters of CpG islands match with promoter regions to regulate
the expression of the genes involved in a specific pathway or
signaling (220). In general, methylation is associated with gene
silencing and demethylation with active transcription. Histones
regulate the dynamics of chromatin in remodeling processes
between heterochromatin, inaccessible to DNA polymerases,
and the expanded chromatin (euchromatin) that allows gene
expression. Histone structure and function is regulated through
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FIGURE 4 | Facial dysmorphology induced by prenatal ethanol exposure. Representative examples of a control animal (A) and a fetus severely affected by ethanol

exposure (B). FAS-like phenotype (B) is defined by microcephaly, short palpebral fissures, thin upper vermillion, and smooth philtrum. FAS-like facial features are

induced in the mouse by maternal alcohol exposure on gestational day 7 and 8.5 (equivalent to the third gestational week in humans). Courtesy of Prof. Kathie Sulik,

University of North Carolina-Chapel Hill (271) (https://www.teratology.org/primer/fas.asp).

different post-translational modifications in their N-terminal tail
such as methylation, acetylation, and phosphorylation, mainly in
the amino acids lysine, arginine, and serine. All these reversible
modifications are carried out by different enzymes such as
kinases, acetyl-transferases or methyl-transferases depending on
the requirements of the cell (221). Otherwise, non-coding and
microRNAs regulate protein translation and mRNA stability,
acting post-transcriptionally as inhibitors of mRNA by direct
interaction (222).

Ethanol and ROS canmodify the activity ofmethyltransferases
and demethylases, directly affecting the global DNA methylation
pattern during development. A recent study performed in mice
after PAE found 118 differentially methylated regions (DMRs)
related to transcription factor binding sites (223). The pathways
affected by these DMRs were epigenetic remodeling, hormonal
signaling, metabolism, and immune response, revealing
persistent occurrence of these alterations in all developmental
stages (223). Demethylation following ethanol exposure causes a
decrease in IGF-2 levels in utero, generating an important delay
in growth and leading to skeletal malformations (224).

PAE influences the activity of enzymes such as histone
acetyltransferase and histone deacetylase, which modify the
composition of the amino-terminal tails in histones (225).
Moreover, the acetylation of histones H3 and H4 has been
directly related to alterations in the development of the
cerebellum, cardiac defects, and hepatic damage (226, 227).
Cantacorps et al. (228) showed that a binge PAE pattern in
mice alters histone acetylation (lysine 5 and 12 in histone
H4) in the pre-frontal cortex and the hippocampus. These
long-term epigenetic modifications are associated with cognitive
and behavioral impairments in offspring. Ethanol exposure
alters the expression pattern during development, affecting

non-coding and microRNAs expression (229). PAE generates
a decrease in the expression of miR135, miR9, miR21, and
miR355. The absence and deregulation of these microRNAs
generate early maturation of the progenitor stem cells and an
increase in cell apoptosis, producing severe impairments in fetal
brain development (230). The high variability of the described
epigenetic changes is associated to the dose of ethanol received,
the time of exposure and the gestational stage in which alcohol
intake occurs.

DIAGNOSIS OF FASD

PAE results in a wide range of phenotypic manifestations and
behavioral deficits in the offspring we describe below.

Craniofacial Anomalies
The key facial features used for a clinical diagnosis of FAS in
humans include short palpebral fissures, a thin upper vermilion,
and a smooth philtrum (231). Considering previous studies in
humans (232, 233), Fang et al. described, for first time in 2009,
a validated facial image analysis method based on a multi-
angle image classification using micro-video images of mouse
embryos. This method, validated later by other researchers,
allows discerning between embryos that have been exposed or not
to ethanol (232, 233). Rodents provide not only a validatedmodel
to study how PAE alters morphogenetic processes, but it also
allows making an association between a facial feature alteration
and the structure/function in the CNS.

Alcohol exposure during essential periods of embryonic
development results in craniofacial dysmorphology (Figure 4).
Several studies have used chick and murine PAE models to
demonstrate the correlation between craniofacial anomalies,
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apoptosis induction, and altered migration of neural crest cells
(234–236). A series of facial anomalies may present in FASD
associated to PAE during the premigratory period of neural crest
cells (Figure 2). At this stage, ethanol induces calcium transients
that activate CaMKII that mediates the loss of transcriptionally
active β-catenin, which produces the apoptosis of populations
of neural crest cells. Genetic factors play an important role in
the vulnerability to alcohol-induced craniofacial dysmorphology.
Sonic Hedgehog signaling, platelet-derived growth factor subunit
A, Vang-like protein 2, or ribosomal biogenesis genes are of
special importance in neural crest development (237). Studies
using FASD-like phenotype rodent models, in which dose
and timing of ethanol exposure is controlled, show structural
alterations in head and face (238, 239) similar to anomalies
observed in humans (240).

Several studies have examined the craniofacial anomalies
in FASD-like rodent models. According to Godin et al.,
intraperitoneal administration of two injections of ethanol at
2.9 g/Kg in mice on GD 7 (equivalent to post-fertilization week
3 in humans), generates a series of facial dysmorphologies
similar to those seen in FAS children. These defects include
median facial cleft, cleft palate, micrognathia, pituitary agenesis,
and third ventricular dilatation and heterotopias (33). However,
intraperitoneal alcohol exposure of two 25% dosages of ethanol
at 2.9 g/Kg delayed to GD 8.5 in mice produces a different
pattern of dysmorphologies such as shortening of the palpebral
fissures, mild hypoplasia and shortened upper lip, but a
preserved philtrum (60). Variations in FAS-like facial phenotypes
depend on exposure timing, implying different facial features
when considering this variable (Figure 2). New techniques
for FASD diagnosis include methods to identify potentially
at-risk individuals based on the identification of subtle and
subclinical facial characteristics (241). Scientists have developed
a computerized system for detecting facial characteristics using
three-dimensional facial imaging and computer-based dense-
surface modeling (241, 242). This approach has been compared
against standard dysmorphology physical examination for FAS
diagnosis revealing high similarities (243). More recently, new
techniques based on MicroCT 3D scan performed on pups
prenatally exposed to alcohol have been developed (244). This
method showed that craniofacial bones might be a reliable and
sensitive indicator of PAE in mouse pups exposed to 4.2%
alcohol v/v for 2 weeks before the pregnancy and GD 7–16.
The same study also confirmed that the neurocranium (cranial
skeleton) is more sensitive to alcohol than the viscerocranium
(facial skeleton). Other researchers characterized concurrent
face-brain phenotypes in mouse fetuses exposed to two 25%
intraperitoneal dosages of ethanol at 2.9 g/Kg on GD 7 or
GD 8.5 and using MRI imaging and dense surface modeling-
based shape analysis (60). Differences in facial phenotype linked
to GD of ethanol exposure were found, being more subtle
when the exposure was on GD 8.5. Both phenotypes were
associated with unique volumetric and shape abnormalities of
the septal region, pituitary, and olfactory bulbs. These findings
illustrate the need of increasing the current diagnostic criteria to
better capture the full range of facial and brain dysmorphology
in FASD.

Brain and Neurobehavioral Deficits
Brain organogenesis is the most severely affected process by
alcohol exposure (245) and there is a general consensus in
relation to the effects of PAE on the hippocampus, cerebellum,
and the corpus callosum (246, 247). Important asymmetry of the
hippocampus is observed in FAS children, with the left lobe being
smaller than the right lobe (8). The cerebellum, associated with
balance, coordination and learning capacity, and the anterior part
of the vermis develop hypoplasia when exposed to ethanol (7).

The corpus callosum is particularly vulnerable to ethanol
exposure and, in some cases, may lead to total (agenesis) or partial
(hypoplasia) loss of structure (248). Themost affected areas of the
corpus callosum areas are the front (genu) and back (splenium
and isthmus), appearing smaller and displaced from the usual
spatial location in the brain (6). Basal ganglia is responsible
for motor and cognitive abilities, presenting a smaller size in
patients with FAS, particularly the area of the caudal nucleus
associated to cognitive abilities such as spatial capacity (249).
A recent study using three-dimensional surface MRI techniques
showed abnormalities in the cortical folding (gyrification) of
FASD children. These findings are directly correlated with IQ
(250). Future research with MRI techniques to evaluate rodent
gyrification may prove to be useful to increase the knowledge on
the relationship between cortical development involvement and
cognitive disorders in humans.

Broadly, the timing of the ethanol exposure (251) has a clear
impact on the CNS and elicits specific brain and behavioral
deficits and disorders in motor and cognitive functions (14)
(Figure 2).

Different standardized tests in rodents have been used
to assess FASD-related abnormalities. As the hippocampus
is one of the most damages structures when exposed to
ethanol, most studies assessed hippocampal function. Spatial
learning is commonly evaluated to demonstrate hippocampal
disorders (45, 79, 252). Different authors describe long-
term motor coordination impairments, learning and memory
deficiencies in adult male mice prenatally exposed to alcohol
(79), behavioral effects in rats following short-term PAE (253),
or depressive-like behaviors in adult rats exposed to ethanol
across the three-trimester equivalents (201). To identify the
outcomes of gestational alcohol exposure, a summary of
behavioral characteristics after alcohol exposure is needed.
Table 2 summarizes the standardized behavioral tests used in
rodents to analyze the harmful effects of PAE.

Fetal Growth Restriction
Ethanol interference with maternal nutrition may differ. As a
source of energy, alcohol blocks the absorption of other nutrients,
including proteins, and hinders intestinal transport of essential
nutrients. Due to its effects on liver, alcohol causes metabolic and
nutrient utilization alterations. PAE causes maternal nutritional
deficiencies that result in fetal growth deficiencies (26).

PAE also impairs placental angiogenesis (269) and
consequently fetal growth restriction (FGR) (270). The growth
curves defined by Dilworth et al. are a useful tool to define the
frequency distribution of mouse weight. Any fetus with a weight
below the fifth centile was considered growth restricted (68).
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TABLE 2 | Standardized experimental methodologies for assessing behavioral effects of prenatal alcohol exposure in murine models.

Skills affected by PAE Disorders Behavioral test Description

Motor skills

Cerebellum (Purkinje

cells) (254)

Motor hyperactivity, poor motor

coordination, altered accuracy of

saccadic eye movements, and

deficits in postural balance are

impaired motor skills observed in

individuals exposed to ethanol

during early life.

PAE-related motor deficits are

more apparent in early life than

in adulthood.

The rotarod (79) For this test, a bar that can rotate at an

accelerated or a fixed speed is used. The

latency of the fall of the rodent placed in the bar

is measured. Measurements provide an idea of

motor coordination.

Swimming test (255) It consists of a Perspex tank where rodents are

placed and must swim to an escape platform.

The sequence is recorded and later analyzed to

assess the latency to reach the platform and

the number of fore and hind limb strokes.

Raised beam test Rodents are placed on the bar and their ability

to cross it is measured along with paw slips

and traverse time. It provides an indication of

their balance.

Footprint analysis After their paws are painted or dipped in ink,

rodents leave a trail of footprints when they

walk or run along a corridor to a goal box.

Measurements of stride length, base width,

and fore and hind paws overlap give an

indication of gait. Automated versions of the

task use video processing of footage taken

from below the rodents.

Learning and memory

Hippocampus (dentate

gyrus) (256, 257)

Hippocampal cell loss, altered

neuronal morphology, decreased

synaptic density, and reduced

trophic support.

Simple maze task (258, 259) A T-maze (or the variant Y-maze) is a simple

maze used in animal cognition experiments. It

is shaped like the letter T (or Y), providing the

subject, typically a rodent, with a

straightforward choice. T-mazes are used to

study how rodents function with memory and

spatial learning by applying different stimuli. The

different tasks, such as left-right discrimination

and forced alternation, are mainly used with

rodents to test reference and working memory.

Morris water maze (71, 252) MWM is a test of spatial learning for rodents

that relies on distal cues to navigate from a

start point around the perimeter of an open

swimming box to locate a submerged escape

platform. The test allows measuring spatial

learning and reference memory.

Fear conditioning (260) This test is a form of Pavlovian learning based

on the conditioning of an innate response to

fear consisting in a complete lack of

movements. During an initial phase, the animal

is exposed to a conditioned stimulus paired

with an aversive experience (unconditioned

stimulus). The test measures the fear response

in mice replaced in the same location with and

without the previous stimulus.

Object recognition (79, 261) In an initial session, the rodent is presented

with two similar objects. One of the objects is

replaced by a new object in the second

session. The test measures the amount of time

taken to explore the new object.

(Continued)
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TABLE 1 | Continued

Skills affected by PAE Disorders Behavioral test Description

Executive function frontal

cortex and extra-frontal

cortex (262)

Disorders in cognitive control of

behavior, including basic

cognitive processes such as

attentional control, cognitive

inhibition, inhibitory control,

working memory, and cognitive

flexibility.

Passive avoidance (263) Mice learn to inhibit the natural tendency to

explore new environments where a negative

stimulus was previously obtained.

The test consists of a chamber divided in two

compartments separated by a gate. Animals

are allowed to explore both compartments in

the initial phase. In the following phase, they

obtain a negative stimulus in one of the

compartments. Animals will learn to associate

certain properties of the chamber with the

negative stimulus. The test measures the

latency to cross the gate between the two

compartments when the animal is placed in the

compartment where no aversive stimulus

were obtained.

Simple maze task (258, 259) See description in learning and memory.

Morris water maze

(71, 252, 264)

See description in learning and memory.

Prepulse inhibition (265) PPI is a neurological phenomenon in which a

soft pre-stimulus (pre-pulse) inhibits the

reaction of the animal to a subsequent strong

stimulus (pulse) often using the startle reflex.

Stimuli may be acoustic, tactile, or luminous.

Social behavior (251) Poor social skills and

inappropriate social interactions.

Observation (251) Feeding difficulties in neonates and lack of

parental care.

Aggressive behaviors in adults and reversed

behaviors between males and females.

Affective behavior (201) Anxiety- and depressive-like

behaviors (201)

Elevated-plus maze (266) The device is made up of open arms and

closed arms, crossed in the middle

perpendicularly to each other. Mice have

access to all of the arms. The number of

entries into the open arms and the time spent

in each arm are used as a measure of

anxiety-like behavior.

Forced-swim test (267) The test is based on the assumption that an

animal placed in a container filled with water

will try to escape. However, it will eventually

exhibit immobility that may be considered a

measure of depressive-like behavior.

Olfaction (253) Injury of the olfactory circuits. Classical conditioning tasks

(268)

An odor is paired with a tempting or aversive

stimulus and the response of the animal to the

odor is followed by the tester.

PAE, prenatal alcohol exposure.

Middaugh et al. characterized the impaired growth of C57BL/6
mice prenatally exposed to alcohol (271) showing the influence
of alcohol on fetal growth when administered in the second and
third trimester equivalents (271, 272).

Other authors have described the effects of ethanol on
trophoblasts and placental permeability. Gundogan showed an
altered branching morphogenesis in the labyrinthine zone and
the suppression of invasive trophoblastic precursors. This altered
process compromised fetal growth and placentation in a dose-
response manner (69). The permeability inducer VEGF was
up-regulated in mouse placenta after acute alcohol exposure.

Permeability was also affected by altered structures in the barriers
that separate feto-maternal blood circulation (273). Therefore,
altered growth factors in conjunction with malformations of the
placental barrier may contribute to placental malfunction and
permeability alterations in the feto-maternal barrier.

Biomarkers for PAE
A biomarker is objectively measured and assessed as an indicator
of a normal biological or pathogenic process, or a pharmacologic
response to a therapeutic intervention (274). Here we will use
the term biomarker as the molecular or genetic indicator that
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identifies prenatal exposure to ethanol. In murine models, the
researcher controls the dose and timing of alcohol exposure and
eliminates other variables (e.g., other drugs) that may skew the
results. This, and the possibility of getting multiple matrices
from the rodents, will allow to obtain appropriate biomarkers for
PAE detection.

Some authors have demonstrated a significant decrease of
alpha-fetoprotein, a perinatal stress biomarker, in the amniotic
fluid of B6J litters exposed to alcohol on Day 8 of gestation,
although no differences were found in the B6N substrain (275).
Other biomarkers, such as fatty acid ethyl esters (FAEEs), a
product of non-oxidative ethanol metabolism and a validated
biomarker for PAE, have been detected in mouse heart, liver,
placenta, and fetal tissues, 1 h after maternal ethanol exposure.
FAEEs were shown to persist for at least seven days in the
placenta of the mice and at least 14 days in fetal rat organs
(276). Unfortunately, FAEEs cannot be measured in neonatal
rodents due to the lack of neonatal hair. By contrast, guinea pigs
allow a good approximation since they are born with hair (277).
Some authors have shown that FAEE concentrations in exposed
offspring samples taken at PND 1 were more than 15-fold higher
than their control counterparts (278).

On the other hand, changes in selective neurotransmitters
from fetal brains of prenatal alcohol-treated C57BL/6 mice
were also observed. Authors showed significant reductions in
dopamine, norepinephrine, epinephrine, serotonin, and GABA
levels in E13 fetal brains. These results would explain the main
causes of abnormalities in brain function and behavior found in
fetal alcohol spectrum disorders (279).

In recent years, epigenetic studies in rodents highlight the
potential of DNA methylation, histone modification, or non-
coding RNA species as biomarkers of PAE. Most of these studies
have evaluated general changes for each epigenetic modification.
DNA methylation has been the most analyzed marker for PAE-
induced epigenetic dysregulation, showing that PAE promotes
a global pattern of hypomethylation on fetal DNA during
pregnancy affecting critical genes such as bdnf (280). Haycock
et al. demonstrated that genomic imprinting was also deregulated
by PAE, in mouse embryos (281). Low levels of igf2 expression
correlates with PAE due to a specific CpG hypomethylation found
in its promoter region (224). Pomc expression in neurons, related
to stress response, is also reduced by CpG hypermethylation in
its promoter (282). The authors suggest that this alteration can be
transmitted to offspring, raising the hypothesis that the effect of
PAE not only occurs when the fetus is exposed to alcohol but also
throughout its whole life and future progeny. Hence, the use of
these epigenetic changes using CpG methylations as biomarkers
of PAE may be a challenge to consider.

Regarding histone modifications, several studies have
found PAE-specific alterations on PAE on H3K9ac, H3K4me2,
H3K27me3, and H3K9me2, particularly in the brain. These
changes are related to alcohol response mechanisms, e.g.,
H3K9ac, which has been shown to increase after PAE down-
regulates genes related to alcohol response (283, 284). Moreover,
the increase of H3K4me2 promotes the up-regulation of
genes related to alcohol response (284). A general increase
of H3K27me2 was observed in the brain in response to PAE

(285), more specifically in the hippocampus and neocortex.
H3K9me2 also increased after alcohol exposure suggesting
persistent alterations in the expression pattern for a long period,
and as such has it being considered as a potential biomarker of
PAE (286).

Alterations in non-coding RNA expression following PAE
have been assessed in rodents. Results show that PAE causes the
suppression of several miRNA such as miR-21 and miR335 in
fetal neuronal and progenitor stem cells (230, 287). PAE also
suppresses the expression of miR-9 and miR-153 and increases
the levels of miR-10a during pregnancy (287, 288). Similar
results have been reported in zebrafish after PAE (289) and in
a rodent model of alcohol use disorder (290). However, due
to the heterogeneity, the low reproducibility and the lack of
correlations in the results from the different studies, no consensus
has been reached for non-coding RNA, showing the complexity
of epigenetic interactions when they are altered by PAE.

Animal models play an important role in the identification
and validation of new candidate biomarkers, e.g., selective
neurotrasmitters, igf1, igf2, and miRNA. In humans, only
the direct biomarkers fatty acid FAEEs, ethyl glucuronide,
ethyl sulfate, and phosphatidylethanol in biological matrices
are validated to detect PAE (291). The low levels of igf2
expression after PAE (224) in mouse are in line with the
results of a recent publication that compared the levels of
IGF I and IGF II in the FASD pediatric population with
children objectively non-exposed to ethanol (292). These results
highlight the potential use of IGF-I and IGF-II as surrogate
biomarkers of the damage induced by PAE. Furthermore, BDNF
levels in rodent models are known to be disrupted during
acute/chronic and prenatal alcohol consumption (293). Thus,
changes of BDNF levels in the meconium, cord blood, or in
the mother’s/infant’s serum are used as potential biomarkers of
PAE in humans based on rodents results (293, 294). Moreover,
magnetic resonance spectroscopy studies in rodents have shown
that neurotransmitter biomarkers of FAS including choline,
acetyl choline, N-acetyl aspartate, and glutamate, a precursor for
the synthesis of GABA, are significantly reduced in FAS (295).
Reduced levels of glutamate, taurine, and N-methyl D-aspartic
acid receptor have also been observed in FAS children (296, 297).
PAE alters the methionine-homocysteine pathway in rodents and
humans. Thus, s-adenosylmethionine, which acts as donor of
methyl groups to DNA methylases, may be a promising clinical
biomarker of FASD (298).

DISCUSSION

FASD is a growing problem in our society. Diagnostic difficulties,
limited knowledge on the underlying mechanisms of ethanol
toxicity, and absence of effective strategies to treat this pathology
is a serious medical matter. There is a wide range of FASD-
like animal models, and researchers must be very precise and
choose the one that suits best the objective of the study.
Invertebrates and simple vertebrates allow alcohol exposure
and the assessment of physical malformations and simple
behaviors at different developmental periods (299). However,
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when studying brain structures or complex behaviors, mammals
offer significant advantages compared to the above mentioned
models (19). Further insights on FASD is possible with murine
models as they allow evaluating the specificity of dose-dependent
alcohol teratogenic effects, the timing and developmental stage
of fetuses, brain structures, and complex behaviors. Rodents
are useful for exploring promising treatments that may help
minimize the effects of PAE. C57BL/6 mice are one of the
most commonly used mammals in FASD research because
they are easy to handle when searching for malformations or
complex behaviors after alcohol exposure. Awide range of precise
methodologies and experimental protocols have been performed
using these animal models. In this review, we have described and
compared these protocols to provide a framework that allows
researchers to make the correct choice of animal model in their
research project.

Rodents and humans have similar stages of brain
development, differing in birth timing. The third trimester
equivalent in rodents is postnatal. It seems clear that facial
dysmorphology appears when ethanol exposure occurs
during first trimester equivalent (33, 60, 236, 300). However,
it is difficult to establish the optimal period for ethanol
exposure when brain and behavioral alterations are explored,
because brain developmental processes occur continuously
throughout the second and third trimester equivalent.
The criteria to choose an appropriate FAS-like model will
depend on the experimental design and research questions,
for which different patterns of alcohol exposure, tissue
analysis, molecular mechanisms, or cell types assessment
will be needed.

The pattern of ethanol exposure and dosages are important
parameters. Some studies support the hypothesis that a lower
daily dose of alcohol administered in a binge-like pattern results
in lower brain weight and greater cell loss than a higher daily dose
administered in a non-binge-like pattern, as binge-like patterns
lead to higher BAC peaks (24, 301).

It is essential to identify FASD manifestations in the
experimental models to reach the objectives of the research.
Different biomarkers are involved in the distinct stages of
brain development (summarized in Figure 1), which can be
of help when studying the effects of ethanol intake during
pregnancy. FAS biomarkers are useful to evaluate the effects of
experimental therapies. There is a wide spectrum of techniques
to assess facial dysmorphology, e.g., the validated facial image
analysis method based on a multi-angle image classification
using micro-video images of mouse embryos (233), and other
experimental novel techniques based on MicroCT 3D (244).
To assess neurodevelopment and behavior of FASD-like rodent
models, several standardized behavioral measurements have
been described (302, 303) (summarized in Table 2), which
allow evaluating the different spheres affected by PAE. When
choosing the most appropriate test, the skills the researcher
wants to analyze must be taken into consideration. The Morris
water maze allows an accurate evaluation of a set of cognitive
and motor behaviors affected by PAE. It is necessary to

underline the existence of other useful alternatives to evaluate
these behaviors.

Fetal growth is impaired by the harmful effects alcohol exerts
on angiogenesis. Fetal growth restriction may be evaluated
through standardized fetal measurements in defined frequency
distribution curves (68), or by assessing the placenta using
biomarkers and histopathological analysis.

The use of animal models results essential in pre-clinical
studies to evaluate the toxicity of potential pharmacological
tools. Animal models also provide an insight into the molecular
mechanisms altered by alcohol as per the developmental
timing of exposure, pattern of exposure, and dosage. Thus,
any experimental breakthrough may be directly applied in
clinical care to improve the diagnosis and treatment of
FASD patients.

This review contains updated information on FAS-like model
in rodents, aiming to be a useful reference for researchers
working with FASD-like murine models. This is not a systematic
review, although we have performed an in-depth narrative
review on the topic. We have reviewed methodologies and
protocols as per the objectives of the study in order to
obtain robust conclusions for future studies. This work will
facilitate decision-making when designing a FASD experiment
in rodents by exploring and summarizing the currently available
information on prenatal alcohol effects in each pregnancy
equivalent trimester.

Additional knowledge on cellular, biochemical, genetic
and molecular mechanisms, and pathways altered by PAE
is necessary. This will allow further experimental research
with murine models aiming to improve diagnostic strategies,
prevention and treatment for alcohol-related problems.
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Preeclampsia (PE) confers a significant risk for subsequent diagnosis with autism

spectrum disorder (ASD), with the mechanisms underlying this observation being largely

unknown. To identify molecular networks affected by both PE and ASD, we conducted a

large-scale literature data mining and a gene set enrichment analysis (GSEA), followed by

an expression mega-analysis in 13 independently profiled ASD datasets. Sets of genes

implicated in ASD and in PE significantly overlap (156 common genes; p = 3.14E−67),

with many biological pathways shared (94 pathways; p < 1.00E−21). A set of PE-driven

molecular triggers possibly contributing to worsening the risk of subsequent ASD was

identified, possibly representing a regulatory shift toward greater vulnerability to the

development of ASD. Mega-analysis of expression highlighted RPS4Y1, an inhibitor of

STAT3 that is expressed in a sexually dimorphic manner, as a contributor to both PE and

ASD, which should be evaluated as a possible contributor to male predominance in ASD.

A set of PE-driven molecular triggers may shift the developing brain toward a greater risk

of ASD. One of these triggers, chromosome Y encoded gene RPS4Y1, an inhibitor of

STAT3 signaling, warrants evaluation as a possible contributor to male predominance

in ASD.

Keywords: autism, autism spectrum disorder, preeclampsia, GSEA, extreme male brain theory

INTRODUCTION

Autism spectrum disorders (ASD) are a range of neurodevelopmental mental disorders affecting
nearly 1% of the global population (62.2 million globally) (1) and more than 2% of children (about
1.5 million) in the United States of America (www.hrsa.gov). Studies in recent years revealed
hundreds of genes linked to ASD, paving the way for understanding the pathological mechanisms
of the disease (2–4).

Preeclampsia (PE) is a disorder of pregnancy that increases the risk of poor outcomes for both
the newborn and the mother. In PE, patients commonly present with high blood pressure, then
their condition aggravates with the reduction in utero placental blood flow (1). Recent studies
indicate that PE is one of the important risk factors for ASD (5, 6). However, the underlying
mechanisms are largely unknown.
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ASD and PE do share at least some pathophysiological
pathways. For example, one of the core clinical features of PE
is a systemic inflammation in a mother (Shennan et al., 2015).
In turn, prenatal exposure to inflammation leads to exaggerated
stress response and cytokine expression in a newborn (7). As
these changes persist long-term, they may undermine normal
postnatal development of the brain (8), increasing the chances
for subsequent ASD diagnosis. It is likely, however, that the
molecular networks connecting PE and ASD are not limited to
relatively non-specific inflammatory signaling. Identification of
the shared pathways may aid in understanding the mechanisms
of PE-dependent delay in brain development or its contribution
to ASD-specific defects while providing possible therapeutic
targets involved in the pathogenesis of both diseases.

To dissect the association between PE and ASD at the genetic
level, we employed the Pathway Studio (www.pathwaystudio.
com) knowledge database to undertake large-scale literature
mining effort and integrated its results with an analysis of
multiple PE and ASD expression datasets. We identified a set of
PE-driven molecular triggers, possibly contributing to worsening
the risk of subsequent ASD through a regulatory shift toward
greater vulnerability to the development of ASD. Chromosome
Y-encoded gene RPS4Y1, an inhibitor of STAT3 signaling, was
highlighted as a PE-driven contributor to ASD phenotypes.
RPS4Y1 warrants evaluation as a possible contributor to male
predominance in ASD.

MATERIALS AND METHODS

This study utilized the following workflow. First, the molecules
involved in either PE or ASD were extracted in the Pathway
Studio environment; common molecules and pathways
connecting with both diseases were identified. All data and
analysis results were organized in a database ASD_PE. The
downloadable form of these two databases is available at
gousinfo.com/database/Data_Genetic/ASD_PE.xlsx. Then,
each PE-specific gene was tested in expression mega-analysis
performed across 13 independently obtained, publicly available
ASD datasets retrieved from Gene Expression Omnibus (GEO)
(https://www.ncbi.nlm.nih.gov/geo/). Thereafter, functional
network analysis was performed to study the pathogenic
significance of identified genes for ASD-related processes.

Disease-Gene Relation Data
Disease-gene relation data for both ASD and PE were
acquired through large-scale literature data analysis assisted
by the Pathway Studio environment (www.pathwaystudio.com)
commonly utilized for modeling the relationships between
proteins, genes, complexes, cells, tissues, and diseases (9).
Extracted relation data were uploaded in ASD_PE. For each
of the genes linked to any of these two diseases, supporting
references were examined and collated (ASD_PE: Ref4PE;
Ref4ASD), including titles of the references and the related
sentences describing the disease-gene relationship. Fisher’s exact
test was employed to compare the significance of the overlap
between ASD genes and PE genes (https://david.ncifcrf.gov/
content.jsp?file=functional_annotation.html).

TABLE 1 | A summary of the datasets utilized in expression mega-analysis.

Study Name Dataset GEOID #Control #Case Country

Nishimura et al. (2007) GSE7329 15 15 USA

Hu et al. (2009) GSE15402 29 26 USA

Hu et al. (2009) GSE15402 29 30 USA

Hu et al. (2009) GSE15451 17 21 USA

Alter et al. (2011) GSE25507 64 82 USA

Kuwano et al. (2011) GSE26415 42 21 Japan

Voineagu et al. (2011) GSE28521 40 39 USA

Colak and Kaya, (2014) GSE29691 13 2 Saudi Arabia

Luo et al. (2012) GSE37772 206 233 USA

Ginsberg et al. (2012) GSE38322 18 18 USA

Pramparo et al. (2015) GSE42133 56 91 USA

Griesi-Oliveira et al.

(2014)

GSE62632 12 6 USA

François et al. (2014) GSE63524 5 6 France

Liu et al. (2017) GSE65106 38 21 USA

Mega-Analysis of Expression Datasets
To compile the list of gene expression datasets, a publicly
available GEO database was searched using keywords “autism
spectrum disorder” and “ASD,” which has returned 321 entries.
This search covered the entire content of GEO and had no
selection bias. Further filtering was performed according to the
following criteria: (1) The data type is RNA expression; (2) the
study design is case vs. control; (3) the original datasets and
format files are available; and (4) the sample organism is Homo
sapiens. A total of 14 datasets satisfied all the criteria listed and
were pipelined into the mega-analysis of expression patterns as
raw data files (Table 1).

For across-dataset mega-analysis, the expression data were
normalized and log2-transformed. The mega-analysis workflow
pools individual gene expression measurements while correcting
for between-study variation (10). For each expression dataset, the
log-fold change (LFC) in ASD samples was calculated and used as
the index of effect size. Both the fixed-effect model and random-
effects model (11) were tested to study the effect size of PE-related
genes on ASD, and their outputs compared. For each model,
the heterogeneity of study inputs was calculated. Analyses were
conducted using MATLAB (R2017a) mega-analysis package. To
note, we used the term “mega-analysis” instead of “meta-analysis”
to address the fact that the LFC of expression for each gene
was calculated from the original datasets rather than using the
values extracted from existing publications, which is the major
difference between the two terms.

In mega-analysis, each gene was evaluated according to the
following criteria: (1) The results were calculated from at least
half of the studies; (2) p <0.05; and (3) effect size (LFC) > 0.59
or < −1.00. When a gene has an effect size LFC > 0.59 or <

−1.00, it means that the change in the expression level of the gene
had increased by more than 50% or decreased by more than 50%.
While ASD_PE→Mega-analysis presents mega-analysis outputs
for the entire set of the analyzed genes, here we will discuss only
the genes that satisfy the significance criteria outlined above.
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TABLE 2 | Genetic pathways enriched with 156 genes contributing to both

preeclampsia and ASD.

Name GO ID # of

Entities

Overlap p-value

GO: response to toxic substance 0009636 634 52 4.86E–38

GO: response to extracellular stimulus 0009991 761 53 1.61E–35

GO: response to nutrient levels 0031667 730 52 2.16E–35

GO: positive regulation of locomotion 0040017 666 49 8.86E–34

GO: positive regulation of cell motility 2000147 630 48 8.87E–34

GO: aging 0016280 493 44 1.43E–33

GO: positive regulation of cell migration 0030335 603 47 1.47E–33

GO: positive regulation of cellular

component movement

0051272 650 48 2.4E–33

GO: regulation of response to external

stimulus

0032101 977 55 6.88E–33

GO: regulation of secretion 0051046 985 54 1.25E–31

For each pathway/GO term, the p-value was calculated using the Fisher exact test against

the hypothesis that a randomly selected gene group of the same size (N = 156) can

generate a similar or higher overlap with the corresponding pathway/GO term. All these

pathways/GO terms passed the FDR correction (q = 0.05).

Gene Set Enrichment Analysis (GSEA) and
Shortest Path Analysis
To gain functional insights into genes implicated both in ASD
and in PE, we conducted a gene set enrichment analysis (GSEA)
in the Pathway Studio environment, with enrichment p-values
being corrected according to the Benjamini–Hochberg procedure
(12). In addition to GSEA, for a gene showing significance
in the mega-analysis, which was not yet described as an
ASD contributor, a literature-based functional pathway analysis
was conducted using the “Shortest Path” module of Pathway
Studio (www.pathwaystudio.com).

Multiple Linear Regression Analysis
A multiple linear regression analysis was employed to study the
possible influence of the following three factors on the gene
expression change: sample size, population region, and study
date. P-values and 95% confidence interval (CI) were reported
for each of these factors. The analysis was performed in Matlab
(R 2017a) with the “regress” statistical analysis package.

RESULTS

Common Genes for PE and ASD
As could be seen in the ASD_PE database, a total of 1,188 genes
were associated with PE (see ASD_PE: PE_Genes and Ref4PE),
and a total of 624 genes were associated with ASD (ASD_PE:
ASD_Genes and Ref4ASD), with a significant overlap (N = 156,
Fisher’s exact test p = 3.14E−67; ASD_PE: common genes). To
investigate the pathways shared by PE and ASD, a set of 156
common genes associated with both ASD and PE was submitted
to a Gene Set Enrichment Analysis (GSEA) executed by using
Pathway Studio. A total of 116 out of these 156 genes were shared
among the top 10 most significantly enriched pathways (p <

1.20E−31, q = 0.05 for FDR), which are presented in Table 2.

The full 94 pathways/gene sets enriched with p < 1.00e−20,
which encompassed 144 out of 156 genes, were presented in
ASD_PE→Common Pathways. Notably, a majority of the shared
pathways highlighted by the GSEA approach were related to
responses to some kind of external stimuli, including toxic ones,
and to various aspects of the migration of cells. For detailed
information regarding these significantly enriched pathways,
please refer to ASD_PE→Common Pathways.

We also identified six positive regulators for ASD that
have been stimulated by PE condition and one inhibitor
(IGF1) that has been deactivated during PE (Figure 1). The
detailed information of the pathway presented in Figure 1

can be found in ASD_PE→Prognostic pathway, including the
type of the relationship, supporting references, and related
sentences from the references where the relationship has
been identified.

Co-directionality of the PE and ASD
Phenotype Interaction
Pathway analysis has also identified multiple molecules
influenced by both PE and ASD (Figure 2). Notably, these
interactions were predominantly co-directional. A total of 25
molecules upregulated in ASD were stimulated in PE, and
a total of 13 molecules suppressed in ASD were negatively
affected by PE. The detailed information regarding the network
presented in Figure 2 can be found in ASD_PE→Diagnostic
pathway, with each network-related entry including the
type of the relationship, supporting references, and related
sentences from the references where the relationship has
been identified.

Mega-Analysis of Gene Expression Pattern
Identified RPS4Y1 as a Novel Contributor
to ASD
Only one gene, RPS4Y1, has satisfied the significance criteria
outlined in the Methods section as it was significantly
overexpressed in ASD samples assessed in 8 out of 14 studies.
To note, the other six studies have not included RPS4Y1 in the
respective lists of assessed signals. Analysis of study heterogeneity
showed a significant between-datasets variance of expression
levels for this gene (ISq= 89.46, pQ> 7.74E−12), and therefore,
a random-effects model was selected. Multiple linear regression
analysis indicated that the expression levels of RPS4Y1 were
significantly influenced by the sample size and population region
(country) (p = 9.76E−3 and 6.19E−6, respectively), but not
by the year when the study was performed (p = 0.94). Dataset-
specific effect sizes, 95% confidence intervals, and weights of the
gene are shown in Figure 3A.

DISCUSSION

Previous studies showed that postnatal exposure to PE is a
significant risk factor for ASD with mechanistic connections
being not yet described (5, 6, 13). In an attempt to identify novel,
not-yet-described molecular pathways that link preeclampsia to
subsequently diagnosed ASD phenotypes, we employed natural
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FIGURE 1 | Co-directional regulatory influences exerted by PE and ASD.

FIGURE 2 | The set of molecular triggers contributing to PE-driven regulatory shift contributing to increased risk of subsequent ASD diagnosis.

language programming environment Pathway Studio to perform
large-scale exploration of previous knowledge concerning both of
these conditions.

Notably, sets of genes linked to PE and to ASD demonstrated
significant overlaps (see Figure 1, p = 3.14E−67; shared
genes: N = 156). This set of shared genes was significantly

enriched in the pathways previously implicated with both PE
and ASD, such as response to nutrient levels [(14); Sharp
et al., 2018], positive regulation of locomotion (15, 16), and
aging [(17); Ruggieri et al., 2019]. Overall, the results of GSEA
suggest that pathophysiological mechanisms of PE and ASD are
partially shared.
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FIGURE 3 | Evidence of preeclampsia-related gene RPS4Y1 involvement in ASD phenotypes. (A) Dataset-specific effect sizes, 95% confidence intervals, and weights

of RPS4Y1. (B) Molecular network connecting RPS4Y1 and ASD.

Some molecules contributing to both PE and ASD were
highlighted as molecular triggers set by PE and possibly
contributing to a worsening risk of subsequent ASD (Figure 1).
This set includes six ASD-positive regulators that have been
stimulated by PE condition and one inhibitor (IGF1) that has
been deactivated during PE. Moreover, a bulk of regulatory
interactions exerted by PE condition was co-directional with that
observed in ASD phenotypes. For example, in PE patients, serum
levels of transferrin do decrease (18), a phenomenon suggested as
a negative contributor to intrauterine growth (19). At the same
time, lower than normal levels of transferrin (Chauhan et al.,
2004) or the defects in its saturation (20) are commonly seen in
children with ASD diagnosis (21). Similarly, levels of IL6, TNF-
alpha, and IL17 are repeatedly reported as elevated in both PE
and ASD [Kara et al., 2019; (22–27)].

As PE etiologically precedes the diagnosis of ASD, this finding
may be interpreted as a PE-driven regulatory shift toward greater
vulnerability to the development of ASD, which may occur even
by quantifiable at the time of the late pregnancy or delivery
(Figures 1, 2).

For further analysis, genes shared between curated PE- and
ASD-specific gene sets were removed from consideration in order
to ensure that uncovered PE-related contributors to ASD had not
been already described as such. A total of 1,032 genes involved
in preeclampsia but not in ASD were highlighted by Pathway
Studio data mining. In subsequent mega-analysis of expression,
each of these genes was investigated for consistent evidence of
the changes in their expression in ASD phenotypes across 14
mRNA expression datasets acquired from GEO (Table 1). This
analysis highlighted only one novel gene, RPS4Y1, which passed
the preselected criterion of the significance of the association.
RPS4Y1 is a member of the S4E family of ribosomal proteins,
which promotes PE by impairing STAT3 (Signal Transducer
and Activator of Transcription 3) signaling and suppressing
migration and invasion of trophoblast cells (28). Figure 3B shows

that the product of RPS4Y1 may also promote the development
of ASD through the activation of multiple membrane proteins,
including CD86, CD80, and CD83. In turn, these membrane
molecules activate other molecular players previously implicated
in ASD, such as ion transport pumps (29), and affect the
release of nitric oxide (30). Importantly, all three of these
membrane proteins promote the activity of interferon-gamma,
which has been suggested to associate with increased oxidative
stress in ASD (31), and also being produced at substantially
elevated steady-state levels by natural killer (NK) cells of
high-functioning adult individuals with ASD (32). Additional
information regarding the activation of the IFNG pathway is
provided in ASD_PE→RPS4Y1_Pathway.

Given the 4:1 male predominance for ASD (33), the
involvement of sex-linked genes in these phenotypes is very
likely. The RPS4Y gene is located on chromosome Y and encodes
the ubiquitously expressed ribosomal protein gene. Interestingly,
the expression of this gene in the process of neural differentiation
increases even more (34). XY males express two RPS4-encoding
genes (RPS4Y and RPS4X), whereas XX females express only
one copy of RPS4X due to X-inactivation; thus, indicating that
the levels of RPS4 protein in males vs. females are greater to
begin with (35). In XYY individuals, known to score significantly
higher on various autism-related scales, RPS4Y is expressed
at the levels approximately 2-fold of that in age-matched,
typically developing male controls (36). Exposure to PE may be
viewed as yet another way to increase the expression of RPS4Y
in affected fetuses systemically. Interestingly, Y-chromosome
harbors another autism-related gene, NLGN4Y, which encodes
a trans-synaptic cell adhesion molecule that stabilizes excitatory
and inhibitory synaptic activity. Gene dosage of NLGN4Y is
defined in a manner similar to that of RPS4Y. The involvement
of NLGN4Y in autistic phenotypes is widely discussed, as it has
been found mutated in some rare family clusters of autism (37).
It is likely that the genetic contribution to the predominance of
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autistic males depends on more than one gene, thus justifying the
addition of RPS4Y, which is normally expressed at the very high
levels throughout human tissues, including the brain, to the list
of the candidates in need of further exploration.

There were several limitations of this study that need to be
addressed in future work. First, the expression datasets employed
in the analysis were lack of age and sex information. The
influence of age and sex on the identified ASD potential genes
should be explored with relevant data. Second, the pathways
connecting RPS4 and ASD were built based on literature data.
Experiment data were needed to confirm these relations in the
case of ASD (e.g., using co-expression analysis to confirm the
gene–gene relations within the pathway).

CONCLUSION

In conclusion, a large-scale literature mining effort and analysis
of expression data allowed us to identify a set of PE-driven
molecular triggers, shifting the developing brain toward a risk
of ASD. In particular, chromosome Y-encoded gene RPS4Y1,
an inhibitor of STAT3 signaling, was highlighted as PE-driven
contributor to ASD phenotypes. RPS4Y1 warrants evaluation as
a possible contributor to male predominance in ASD.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in
this study. This data can be found here:
gousinfo.com/database/Data_Genetic/ASD_PE.xlsx; www.ncbi.
nlm.nih.gov/geo/.

AUTHOR CONTRIBUTIONS

QX, HC, and FZ designed the study and collected the data.
AB, SZ, QX, ZL, HC, and FZ performed the data analysis and
contributed to the writing of themanuscript. AB and SZ provided
functional analysis of RPS4Y1 and edited the manuscript into its
final shape. QX and FZ contributed to the acquisition of funding
that supported this study. All authors read and approved the
final manuscript.

FUNDING

AB was partially supported by an Egg Nutrition Center (ENCs)
grant to study the influence of the choline on ASD-related
sensory phenotypes; FZ was partially supported by the National
Natural Science Foundation of China (No. 81471364).

REFERENCES

1. Eiland E, Nzerue C, Faulkner M. Preeclampsia 2012. J Pregnan. (2012)

2012:586578. doi: 10.1155/2012/586578

2. Nisar S, Hashem S, Bhat A, Syed N, Yadav S, Azeem M, et al. Association of

genes with phenotype in autism spectrum disorder. Aging. (2019) 11:10742–

70. doi: 10.18632/aging.102473

3. Rylaarsdam L, Guemez-Gamboa A. Genetic causes and modifiers

of autism spectrum disorder. Front Cell Neurosci. (2019) 13:385.

doi: 10.3389/fncel.2019.00385

4. Lovato D, Herai R, Pignatari G, Beltrão-Braga P. The relevance of variants

with unknown significance for autism spectrum disorder considering

the genotype–phenotype interrelationship. Front Psychiatr. (2019) 10:409.

doi: 10.3389/fpsyt.2019.00409

5. Dachew B, Mamun A, Maravilla J, Alati R. Pre-eclampsia and the risk of

autism-spectrum disorder in offspring: meta-analysis. Br J Psychiatr. (2018)

212:142–7. doi: 10.1192/bjp.2017.27

6. Getahun D, Fassett M, Peltier M, Wing D, Xiang A, Chiu V, et al. Association

of perinatal risk factors with autism spectrum disorder. Am J Perinatol. (2017)

34:295–304. doi: 10.1055/s-0036-1597624

7. Driscoll D, Felice V, Kenny L, Boylan G, O’Keeffe G. Mild prenatal

hypoxia-ischemia leads to social deficits and central and peripheral

inflammation in exposed offspring. Brain Behav Immun. (2018) 69:418–27.

doi: 10.1016/j.bbi.2018.01.001

8. Gustafsson H, Sullivan E, Nousen E, Sullivan C, Huang E, Rincon M,

et al. Maternal prenatal depression predicts infant negative affect via

maternal inflammatory cytokine levels. Brain Behav Immun. (2018) 73:470–

81. doi: 10.1016/j.bbi.2018.06.011

9. Nikitin A, Egorov S, Daraselia N, Mazo I. Pathway studio–the analysis

and navigation of molecular networks. Bioinformatics. (2003) 19:2155–7.

doi: 10.1093/bioinformatics/btg290

10. Seifuddin F, Pirooznia M, Judy J, Goes F, Potash J, Zandi P. Systematic review

of genome-wide gene expression studies of bipolar disorder. BMC Psychiatr.

(2013) 13:213. doi: 10.1186/1471-244X-13-213

11. BorensteinM, Hedges L, Higgins J, Rothstein H. A basic introduction to fixed-

effect and random-effects models for meta-analysis. Res Synthes Methods.

(2010) 1:97–111. doi: 10.1002/jrsm.12

12. Reiner A, Yekutieli D, Benjamini Y. Identifying differentially expressed

genes using false discovery rate controlling procedures. Bioinformatics. (2003)

19:368–75. doi: 10.1093/bioinformatics/btf877

13. Kim J, Son M, Son C, Radua J, Eisenhut M, Gressier F, et al.

Environmental risk factors and biomarkers for autism spectrum disorder:

an umbrella review of the evidence. Lancet Psychiatr. (2019) 6:590–600.

doi: 10.1016/S2215-0366(19)30181-6

14. Kim J, Kim Y, Lee R, Moon J, Jo I. Serum levels of zinc, calcium, and iron are

associated with the risk of preeclampsia in pregnant women. Nutr Res. (2012)

32:764–9. doi: 10.1016/j.nutres.2012.09.007

15. Connolly C, Conger S, Montoye A, Marshall M, Schlaff R, Badon S,

et al. Walking for health during pregnancy: a literature review and

considerations for future research. J Sport Health Sci. (2019) 8:401–11.

doi: 10.1016/j.jshs.2018.11.004

16. Urdaneta K, Castillo M, Montiel N, Semprún-Hernández N, Antonucci

N, Siniscalco D. Autism spectrum disorders: potential neuro-

psychopharmacotherapeutic plant-based drugs. ASSAY Drug Deve Technol.

(2018) 16:433–44. doi: 10.1089/adt.2018.848

17. Nakashima A, Tsuda S, Kusabiraki T, Aoki A, Ushijima A, Shima T, et al.

Current understanding of autophagy in pregnancy. Int J Mol Sci. (2019)

20:2342. doi: 10.3390/ijms20092342

18. Aksoy H, Taysi S, Altinkaynak K, Bakan E, Bakan N, Kumtepe Y.

Antioxidant potential and transferrin, ceruloplasmin, and lipid peroxidation

levels in women with preeclampsia. J Investig Med. (2003) 51:284–7.

doi: 10.1136/jim-51-05-15

19. Wu Y, Sakamoto H, Kanenishi K, Li J, Khatun R, Hata T. Transferrin

microheterogeneity in pregnancies with preeclampsia. Clin Chim Acta. (2003)

332:103–10. doi: 10.1016/s0009-8981(03)00134-7

20. Luck A, Bobst C, Kaltashov I, Mason A. Human serum transferrin: is

there a link among autism, high oxalate levels, and iron deficiency anemia?

Biochemistry. (2013) 52:8333–41. doi: 10.1021/bi401190m

21. Bjørklund G, Meguid N, El-Ansary A, El-Bana M, Dadar M, Aaseth J, et al.

Diagnostic and severity-tracking biomarkers for autism spectrum disorder. J

Mol Neurosci. (2018) 66:492–511. doi: 10.1007/s12031-018-1192-1

22. El Shahaway A, Yahia S, Abdelrhman A, Elhady R. Role of maternal serum

interleukin 17 in preeclampsia: diagnosis and prognosis. J InflammRes. (2019)

12:175–80. doi: 10.2147/JIR.S206800

Frontiers in Neurology | www.frontiersin.org 6 July 2020 | Volume 11 | Article 590142

https://gousinfo.com/database/Data_Genetic/ASD_PE.xlsx
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1155/2012/586578
https://doi.org/10.18632/aging.102473
https://doi.org/10.3389/fncel.2019.00385
https://doi.org/10.3389/fpsyt.2019.00409
https://doi.org/10.1192/bjp.2017.27
https://doi.org/10.1055/s-0036-1597624
https://doi.org/10.1016/j.bbi.2018.01.001
https://doi.org/10.1016/j.bbi.2018.06.011
https://doi.org/10.1093/bioinformatics/btg290
https://doi.org/10.1186/1471-244X-13-213
https://doi.org/10.1002/jrsm.12
https://doi.org/10.1093/bioinformatics/btf877
https://doi.org/10.1016/S2215-0366(19)30181-6
https://doi.org/10.1016/j.nutres.2012.09.007
https://doi.org/10.1016/j.jshs.2018.11.004
https://doi.org/10.1089/adt.2018.848
https://doi.org/10.3390/ijms20092342
https://doi.org/10.1136/jim-51-05-15
https://doi.org/10.1016/s0009-8981(03)00134-7
https://doi.org/10.1021/bi401190m
https://doi.org/10.1007/s12031-018-1192-1
https://doi.org/10.2147/JIR.S206800
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Xie et al. Molecular Pathways Connecting Preeclampsia and Autism

23. Daneva AM, Hadži-Lega M, Stefanovic M. Correlation of the system of

cytokines in moderate and severe preeclampsia. Clin Exp Obste Gynecol.

(2016) 43:220–224. doi: 10.12891/ceog2077.2016

24. Salazar Garcia M, Mobley Y, Henson J, Davies M, Skariah A, Dambaeva

S, et al. Early pregnancy immune biomarkers in peripheral blood

may predict preeclampsia. J Reprod Immunol. (2018) 125:25–31.

doi: 10.1016/j.jri.2017.10.048

25. Black K, Horowitz J. Inflammatory markers and preeclampsia: a systematic

review. Nursing Res. (2018) 67:242–51. doi: 10.1097/NNR.00000000000

00285

26. Wei H, Alberts I, Li X. Brain IL-6 and autism.Neuroscience. (2013) 252:320–5.

doi: 10.1016/j.neuroscience.2013.08.025

27. Eftekharian M, Ghafouri-Fard S, Noroozi R, Omrani M, Arsang-jang S, Ganji

M, et al. Cytokine profile in autistic patients. Cytokine. (2018) 108:120–126.

doi: 10.1016/j.cyto.2018.03.034

28. Chen X, Tong C, Li H, Peng W, Li R, Luo X, et al. Dysregulated expression of

RPS4Y1 (ribosomal protein S4, Y-linked 1) impairs STAT3 (signal transducer

and activator of transcription 3) signaling to suppress trophoblast cell

migration and invasion in preeclampsia. Hypertension. (2018) 71:481–90.

doi: 10.1161/HYPERTENSIONAHA.117.10250

29. Ji L, Chauhan A, Brown W, Chauhan V. Increased activities of Na+/K+-

ATPase and Ca2+/Mg2+-ATPase in the frontal cortex and cerebellum

of autistic individuals. Life Sci. (2009) 85:788–93. doi: 10.1016/j.lfs.2009.

10.008

30. Yui K, Kawasaki Y, Yamada H, Ogawa S. Oxidative stress and

nitric oxide in autism spectrum disorder and other neuropsychiatric

disorders. CNS Neurol Disord Drug Targets. (2016) 15:587–96.

doi: 10.2174/1871527315666160413121751

31. TostesM, Teixeira H, GattazW, BrandãoM, RaposoN. Altered neurotrophin,

neuropeptide, cytokines and nitric oxide levels in autism. Pharmacopsychiatry.

(2012) 45:241–3. doi: 10.1055/s-0032-1301914

32. Bennabi M, Tarantino N, Gaman A, Scheid I, Krishnamoorthy R,

Debré P, et al. Persistence of dysfunctional natural killer cells in adults

with high-functioning autism spectrum disorders: stigma/consequence

of unresolved early infectious events? Mol Autism. (2019) 10:22.

doi: 10.1186/s13229-019-0269-1

33. Newschaffer C, Croen L, Daniels J, Giarelli E, Grether J, Levy S,

et al. The epidemiology of autism spectrum disorders. Ann Rev Pub

Health. (2007) 28:235–58. doi: 10.1146/annurev.publhealth.28.021406.

144007

34. Vakilian H, Mirzaei M, Tabar M, Pooyan P, Rezaee L, Parker L,

et al. DDX3Y, a male-specific region of Y chromosome gene, may

modulate neuronal differentiation. J Proteome Res. (2015) 14:3474–83.

doi: 10.1021/acs.jproteome.5b00512

35. Staedtler F, Hartmann N, Letzkus M, Bongiovanni S, Scherer A, Marc P,

et al. Robust and tissue-independent gender-specific transcript biomarkers.

Biomarkers. (2013) 18:436–45. doi: 10.3109/1354750X.2013.811538

36. Ross J, Tartaglia N, Merry D, Dalva M, Zinn A. Behavioral phenotypes

in males with XYY and possible role of increased NLGN4Y expression in

autism features: NLGN4Y overexpression in XYY. Genes Brain Behav. (2015)

14:137–44. doi: 10.1111/gbb.12200

37. Yan J, Noltner K, Feng J, Li W, Schroer R, Skinner C, et al. Neurexin 1α

structural variants associated with autism. Neurosci. Lett. (2008) 438:368–70.

doi: 10.1016/j.neulet.2008.04.074

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Xie, Li, Wang, Zaidi, Baranova, Zhang and Cao. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 7 July 2020 | Volume 11 | Article 590143

https://doi.org/10.12891/ceog2077.2016
https://doi.org/10.1016/j.jri.2017.10.048
https://doi.org/10.1097/NNR.0000000000000285
https://doi.org/10.1016/j.neuroscience.2013.08.025
https://doi.org/10.1016/j.cyto.2018.03.034
https://doi.org/10.1161/HYPERTENSIONAHA.117.10250
https://doi.org/10.1016/j.lfs.2009.10.008
https://doi.org/10.2174/1871527315666160413121751
https://doi.org/10.1055/s-0032-1301914
https://doi.org/10.1186/s13229-019-0269-1
https://doi.org/10.1146/annurev.publhealth.28.021406.144007
https://doi.org/10.1021/acs.jproteome.5b00512
https://doi.org/10.3109/1354750X.2013.811538
https://doi.org/10.1111/gbb.12200
https://doi.org/10.1016/j.neulet.2008.04.074
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


ORIGINAL RESEARCH
published: 28 July 2020

doi: 10.3389/fncel.2020.00212

Edited by:

Changlian Zhu,
Third Affiliated Hospital of Zhengzhou

University, China

Reviewed by:
Emilio A. Herrera,

University of Chile, Chile
Man Xiong,

Fudan University, China

*Correspondence:
Yoshiaki Sato

yoshiaki@med.nagoya-u.ac.jp

Specialty section:
This article was submitted

to Cellular Neuropathology,
a section of the journal

Frontiers in Cellular Neuroscience

Received: 05 January 2020
Accepted: 16 June 2020
Published: 28 July 2020

Citation:
Kitase Y, Sato Y, Arai S, Onoda A,

Ueda K, Go S, Mimatsu H, Jabary M,
Suzuki T, Ito M, Saito A, Hirakawa A,

Mukai T, Nagamura-Inoue T,
Takahashi Y, Tsuji M and Hayakawa M
(2020) Establishment of a Novel Fetal

Growth Restriction Model and
Development of a Stem-Cell Therapy

Using Umbilical Cord-Derived
Mesenchymal Stromal Cells.

Front. Cell. Neurosci. 14:212.
doi: 10.3389/fncel.2020.00212

Establishment of a Novel Fetal
Growth Restriction Model and
Development of a Stem-Cell Therapy
Using Umbilical Cord-Derived
Mesenchymal Stromal Cells
Yuma Kitase 1,2, Yoshiaki Sato 1*, Sakiko Arai 1,2, Atsuto Onoda 1,3, Kazuto Ueda 1, Shoji Go 1,
Haruka Mimatsu 1,2, Mahboba Jabary 1,2, Toshihiko Suzuki 1, Miharu Ito 1, Akiko Saito 1,
Akihiro Hirakawa 4, Takeo Mukai 5, Tokiko Nagamura-Inoue 5, Yoshiyuki Takahashi 2,
Masahiro Tsuji 6 and Masahiro Hayakawa 1

1Division of Neonatology, Center for Maternal-Neonatal Care, Nagoya University Hospital, Nagoya, Japan, 2Department of
Pediatrics, Nagoya University Graduate School of Medicine, Nagoya, Japan, 3Faculty of Pharmaceutical Sciences,
Sanyo-Onoda City University, Yamaguchi, Japan, 4Clinical Research Center, Division of Biostatistics and Data Science,
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Fetal growth restriction (FGR) is a major complication of prenatal ischemic/hypoxic
exposure and affects 5%–10% of pregnancies. It causes various disorders, including
neurodevelopmental disabilities due to chronic hypoxia, circulatory failure, and
malnutrition via the placenta, and there is no established treatment. Therefore, the
development of treatments is an urgent task. We aimed to develop a new FGR rat model
with a gradual restrictive load of uterus/placental blood flow and to evaluate the treatment
effect of the administration of umbilical cord-derived mesenchymal stromal cells (UC-
MSCs). To create the FGR rat model, we used ameroid constrictors that had titanium
on the outer wall and were composed of C-shaped casein with a notch and center
hole inside that gradually narrowed upon absorbing water. The ameroid constrictors
were attached to bilateral ovarian/uterine arteries on the 17th day of pregnancy to
induce chronic mild ischemia, which led to FGR with over 20% bodyweight reduction.
After the intravenous administration of 1 × 105 UC-MSCs, we confirmed a significant
improvement in the UC-MSC group in a negative geotaxis test at 1 week after birth
and a rotarod treadmill test at 5 months old. In the immunobiological evaluation,
the total number of neurons counted via the stereological counting method was
significantly higher in the UC-MSC group than in the vehicle-treated group. These results
indicate that the UC-MSCs exerted a treatment effect for neurological impairment in the
FGR rats.

Keywords: umbilical cord-derived mesenchymal stromal cells, fetal growth restriction, mesenchymal stem cell,
neurodevelopment, stem cells
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INTRODUCTION

Fetal growth restriction (FGR) causes a wide variety of
complications due to prenatal hypoxic/ischemic exposure and
is defined as a fetal weight lower than the 10th percentile of
the population of the gestation period (Jang et al., 2015). It
affects about 20 million infants each year in the world (de
Onis et al., 1998; Froen et al., 2004). The causes of FGR
include chromosomal abnormalities (Lin and Santolaya-Forgas,
1998), genetic syndromes (Abuzzahab et al., 2003), intrauterine
infections (Neerhof, 1995), multiple gestation pregnancies
(Blickstein, 2004), and inborn errors of metabolism (Abuzzahab
et al., 2003) as fetal factors; maternal factors include clinical
diseases (Galan et al., 2001; Infante-Rivard et al., 2002; McCowan
et al., 2003), nutritional disorders (Schulz, 2010), and drug
use (Lieberman et al., 1994). Among these causes, hypertensive
disease of pregnancy (HDP), which develops at a higher rate
compared with the other causes, is the main cause of maternal,
fetal, and neonatal morbidity and mortality; such fetuses are at
an increased risk of FGR, prematurity, and intrauterine death
(Kintiraki et al., 2015).

HDP induces chronic ischemia/hypoxia in the uterus
(Naderi et al., 2017), to which exposure during the fetal
period causes various disorders, including hypoglycemia,
feeding intolerance, pulmonary hemorrhage (Sharma et al.,
2016a,b), and, in particular, neuro-behavioral abnormalities
(Padidela and Bhat, 2003). Neurological developmental
disorders include poor exercise quality and developmental
retardation (Zuk et al., 2004; Bergvall et al., 2006), and impaired
intelligence/cognition, academic problems, mental problems,
and obstacles to adaptation in society last for a lifetime (Sharma
et al., 2016a). In this way, FGR increases neonatal mortality and
morbidity as well as the risk of long-lasting problems in life.

The present study focuses on the neurodevelopmental
disorders in FGR associated with chronic mild intrauterine
hypoperfusion. Some infants with FGR exhibit abnormalities
upon neurological examination, including a lower degree of
organization and degraded neurobehavioral profiles, particularly
in the orientation and motor domains (Feldman and Eidelman,
2006). Moreover, it is well known that children born with FGR
exhibit long-term global cognitive impairment and short-term
memory difficulties (Geva et al., 2006). Despite such a diverse
range of serious diseases that last for a lifetime, there are
few established treatments for neonates with FGR. Aggressive
postnatal nutrition, constant rehabilitation, and growth hormone
administration for physical growth are often conducted for
FGR, but these are just supportive rather than fundamental
treatments. Therefore, the development of a novel treatment is
an urgent task.

Chronic placental dysfunction is a common cause of FGR, and
inadequate blood flow to the placenta during pregnancy results in
an inadequate supply of nutrients and oxygen to maintain proper
fetal growth (Wixey et al., 2017). Several studies have reported on
various FGR models, e.g., exposure to low-concentration oxygen
(Morton et al., 2010; Dolinsky et al., 2011), ligation of the uterine
artery with silk threads (Ruff et al., 2017), and administration
of a synthetic thromboxane A2 analog (STA2) (Saito et al.,

2009). However, considering the blood flow to placentas in FGR,
these models do not properly mimic FGR associated with HDP,
in which chronic ischemia occurs in the uterus. Therefore, to
understand the pathophysiology of FGR more accurately and/or
develop a novel therapy for FGR with an animal model, it is
necessary to establish a proper model with a chronic decrease of
blood flow to the uterus.

In recent years, many reports have demonstrated the
effectiveness of stem cell therapy in repairing cells and tissues
(Schwarz et al., 1999; Orlic et al., 2001; Wagenaar et al., 2017).
Mesenchymal stromal cells (MSCs) have been reported to be
a potential source of therapies for various conditions such as
stroke, Parkinson’s disease, and myocardial infarction (Schwarz
et al., 1999; Chen et al., 2001; Orlic et al., 2001) and can
differentiate into various mesodermal tissue cells or neuronal
cells (Uccelli et al., 2008). Moreover, MSCs secrete various
factors that not only suppress inflammation but also enhance
neurogenesis and angiogenesis (Cunningham et al., 2018). Also,
MSCs have a low risk of rejection and graft-vs.-host disease (Le
Blanc and Ringden, 2005; Götherstrom, 2007). Therefore, we
have hypothesized that the ability of MSCs to differentiate into
various tissues and anti-inflammatory effects is effective against
the tissue injury and persistent inflammation associated with
chronic ischemia in FGR. Therefore, MSC-based cell therapy has
the potential to be a promising treatment for FGR.

Of the various MSCs, we used umbilical cord-derived MSCs
(UC-MSCs) in the present study. The advantages of UC-MSCs
are as follows: a noninvasive collection procedure for autologous
or allogeneic use, multipotency and low immunogenicity with
a good immunosuppressive ability (Girdlestone et al., 2009;
Nagamura-Inoue and He, 2014) that is greater in Wharton’s
Jelly-derived MSC than in bone marrow-derived mesenchymal
stem cell (BM-MSC; Prasanna et al., 2010), easy storage, and
few ethical problems for collection and usage. In addition
to those advantages, UC-MSCs have demonstrated the ability
to accumulate in damaged tissue and differentiate into three
different germ layers that induce tissue repair (Nagamura-
Inoue and He, 2014). Moreover, UC-MSCs also have a higher
proliferative ability than various other MSCs (Hsieh et al., 2010;
Sriramulu et al., 2018).

The purposes of the present study are to create a novel FGR
rat model with a gradual restrictive load of the uterus/placental
blood flow and to evaluate the treatment effects of UC-MSCs
administration for the FGR model rats.

MATERIALS AND METHODS

Animals
The animal experiment protocols adopted in the present study
were approved by the Institutional Review Board of Nagoya
University (Nagoya, Aichi Prefecture, Japan; permit numbers:
27354-2015, 28001-2016, and 29096-2017). The number of
animals was kept to the minimum required to achieve statistical
significance. Sprague Dawley dams were obtained from Japan
SLC Inc. (Shizuoka, Japan). All the rats were allowed free access
to food and water and housed in a temperature-controlled room
(23◦C) under 12:12 h light/dark conditions (9.00 a.m.–9.00 p.m.).
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We used a total of five dams for the sham group and nine dams
for the FGR model i.e., vehicle and UC-MSC groups. Also, we
used five dams (three for the sham; fetus n = 12 and two for the
FGR; fetus n = 7) for the measurement of the uterus blood flow.
We used 37 pups for the shams group, 18 for the vehicle group,
and 15 for the UC-MSC group as negative geotaxis. Then, we
separated males and females and used seven males for the sham
group, nine for the vehicle group, and seven for the UC-MSC
group as well as females for the immunohistological evaluations
(eight for the sham group, three for the vehicle group and four for
the UC-MSC group). We also used all of the females and males
to evaluate the survival rate and safety. The minimal sample size
of seven in each group was calculated to achieve an 80% power of
testing with an α error rate of 5.0%. This was conducted under the
assumption (and based on the preliminary experiments) that the
effect size was 1.5 in the rotarod treadmill test, which is a primary
endpoint.

Ameroid Constrictor in vitro
To induce chronic ischemia, we chose a tool known as an
ameroid constrictor (AC; Figure 1A). The AC contains casein
inside and is covered with a wide titanium ring approximately
3.0 mm in diameter and 1.3 mm in width, with a notch and a hole
in the center of 0.4 mm in diameter (SW-MICE-0.4-SS, Tokyo
Instruments Inc., Japan). This casein protein swells slowly when
it absorbs water. ACwas put into physiological saline at 37◦C and
the diameter of the center hole was measured every 24 h.

Surgical Procedure and Implantation of AC
To create an FGR rat model, we induced anesthesia in a rat
with 2%–2.5% isoflurane and, then, maintained the anesthesia
at around 2% on pregnancy day 17, which is equivalent to
20–25 weeks pregnant in humans (Salmaso et al., 2014), when
severe gestation HDP often develops (Li et al., 2020). After
confirming that the rat did not respond to painful stimuli, we
disinfected its abdomen with alcohol and removed the hair
with electric hair clippers, taking care not to damage the teats.
Next, we incised the skin and muscular layers about 1.5 cm in
the median, somewhat above the second papillary level from
the bottom, and confirmed the number of fetuses by pulling
out the left and right uteruses. Afterward, we put one uteruses
back on one side of the abdominal cavity, while the uteruses
on the other side were kept out, covered with gauze, and then
humidified and warmed with warm physiological saline and a
light bulb. We sequentially peeled the left and right ovarian
and uterine arteries from the accompanying veins. Following
this, we placed ACs in each of the four arteries (Figure 1B).
After placing the ACs, we sewed the muscular and skin layers
via continuous suturing and closed the incision. Regarding the
sham group, we took out the uteruses and counted the number
of fetuses. Then, we only waited for 15 min, keeping them
humidified and warmed without any treatments, before placing
the uteruses back into the abdomen and closing the incision.
To reduce stress to the rats, we put nest material in the cage
on pregnancy day 15 and made maximum efforts to avoid
unnecessary stimulation.

Blood Flow Change in Uterus With AC
in vivo
To confirm the changes in blood flow to the uterus derived
from the AC attachment, we measured the flow using a laser
blood flowmeterω zoner (OMEGAWAVE, Inc., Tokyo, Japan),
which is used to estimate blood perfusion by the speckle contrast
(Fredriksson and Larsson, 2017). We defined a circle region of
interest (ROI) on the inside of the uterus to cover the whole fetus.
We then measured the blood flow in four fetuses in the top and
bottom of the bilateral uteri (Figure 2A) in each rat before and
after AC attachment on gestational day 17 and on gestational
days 18, 19, and 20.

UC-MSCs
The collection of human umbilical cord tissue and MSC
culturing for the present study were approved by the Ethics
Committee of the Institute of Medical Science, University of
Tokyo, Yamaguchi Hospital, NTT Medical Center Hospital, and
Nagoya University Hospital, Japan. The frozen UC-MSCs ready
to use were provided by IMSUT CORD in IMSUT. Briefly,
the human umbilical cord was collected from babies at the
cesarean sections after written informed consent from pregnant
mothers. After collecting, the umbilical cord tissue was frozen
until use (Shimazu et al., 2015). The frozen-thawed UC tissues
were cut into 1- to 2-mm3 fragments, covered by Cellamigor

(Tsubakimoto Co., Osaka, Japan) for improved explant isolation
(Mori et al., 2015). Tissue fragments were cultured with RM
medium (ROHTO Pharmaceutical Co., Ltd., Japan), which is a
serum-free culture medium. The fibroblast-like adherent cells
that migrated from the tissue fragments were harvested using
TrypLE Select (Life Technologies) and these cells were defined
as passage 1 cells. The harvested cells were passaged until passage
four when the cells were used as UC-MSCs for the experimental
analyses. The UC-MSCs were cryopreserved in cryoprotectant,
STEM-CELLBANKERr (ZENOAQ Resource Co., Ltd.) and
thawed just before use. The cryoprotectant was used as the
vehicle in the control group.

Administration of Treatment and
Experimental Design
After AC attachment at pregnancy day 17, we waited for
spontaneous delivery. All pups born from rats with ACs were
allocated to two equivalent groups at P4 (postnatal day 4), i.e., the
UC-MSC group and the vehicle group, based on gender and
body weight. Male rats were used for behavioral experiments
and females for a histological examination. We administered
1 × 105 UC-MSCs via the right jugular vein in the UC-MSC
group and only STEM-CELLBANKERr in the vehicle group at
P4, which is the same as the preterm of humans and corresponds
to the time when the adverse effects on neural development
easily develop (Baschat, 2011). The right external jugular vein
was exposed under general anesthesia using isoflurane (3.0%
for induction and 2.0% for maintenance) on a heating plate set
on 37◦C and then injection was conducted using a 35-gauge
needle. We subsequently performed behavioral experiments at
P8–11 and 5 months after birth with the male rats and an
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FIGURE 1 | Characters of the Ameroid constrictor. (A) Ameroid constrictor. An ameroid constrictor (AC) contains casein inside, has a notch and a hole in the center
and is covered with a wide titanium ring. Its size is approximately 3.0 mm in diameter (a); the tool has a center hole of 0.4 mm (b) and a width of about 1.3 mm (c).
This casein protein swells slowly when it absorbs water. (B) Installation of AC. The figure shows that the left and right ovarian/uterine arteries were sequentially
detached from the vein, and an AC was placed in each of the four locations of the artery. (C) The change of diameter in AC. The graph shows the diameter of the
center hole in an AC in a physiological saline environment of 37◦C in vitro. The hole shrank to approximately 1/5 its original size in 1 day and to about 1/10 in 3 days.
The photograph below shows the change of its shape over time in saline at 37◦C.

immunohistological examination 2 months after birth with the
female rats.

Tissue Preparation and
Immunohistochemistry
For the immunohistological evaluation, we used anti-neuronal
nuclei (NeuN) antibody (clone A60, EMDMillipore, Burlington,
MA, USA), a marker for neurons. The histological and
immunohistochemical procedures were performed as previously
described (Osato et al., 2010) with minor modifications. Briefly,
2 months after birth, all the female rats were administered
pentobarbital sodium intraperitoneally for anesthetization before
being sacrificed; then, it was perfused intracardially, first with
normal saline and next with 4% paraformaldehyde in phosphate
buffer. The rats’ whole brains were collected and immersed
overnight in the same paraformaldehyde solution. Subsequently,
the brains were transferred to 10% sucrose, stirred gently before
sinking, and transferred to 20% sucrose and, finally, to 30%. Next,
40-µm coronal sections were cut throughout the brain every
600 µm.

The sections were blocked with 0.6% H2O2 in phosphate-
buffered saline (PBS), then blocked using 3% normal donkey
serum with 0.1% Triton-X100 in PBS for 30 min. These sections
were incubated overnight at 4◦C with a primary antibody

(1:400; mouse anti-NeuN) in 3% donkey serum and PBS. On
the second day, the sections were further incubated with a
secondary antibody (1:1,000; biotinylated donkey anti-mouse;
Jackson ImmunoResearch Laboratories, West Grove, PA, USA)
with 3% donkey serum and 0.1% Triton-X100 in PBS for
60 min. After using Avidin-Biotin-Peroxidase (Vectastain Elite
ABCKit; Vector Laboratories, Burlingame, CA, USA) for 60min,
peroxidase detection was performed for 15 min (0.25 mg/ml
DAB, 0.01% H2O2, 0.04% NiCl2).

Furthermore, we evaluated the volumes of the cortex,
hippocampus, and corpus callosum as well as the number
of S100-positive, Iba-1-positive, and double-positive cells for
ED-1+/Iba-1+ and CD206+/Iba-1+ using three sections per
rat, 20 sections (600 µm) apart, at the hippocampal and
basal ganglia level. We applied the same staining protocol
to anti-S100 as that applied to anti-NeuN using a primary
antibody (rabbit anti-S100; 1:1,000; Dako Cytomation, Glostrup,
Denmark) and secondary antibody (1:1,000; biotinylated donkey
anti-rabbit; Jackson ImmunoResearch Laboratories, West Grove,
PA, USA). We performed triple staining using anti-Iba-1
(1:1,000 Abcam ab5076, Cambridge, UK), anti-ED-1 (1:300;
EMD Millipore, Burlington, MA, USA), and anti-CD206 (1:100;
Abcam, Cambridge, UK) with overnight incubation at 4◦C,
followed by incubation with Alexa Fluor goat 546, Alexa
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FIGURE 2 | Characters of the fetal growth restriction (FGR) model using the Ameroid constrictor. (A) The measurement area. We applied circle ROIs (blue circles) on
the inside of the whole uteri and measured the four fetuses: top and bottom of the bilateral uteri before and after AC attachment on embryonic day 17 (E17) as well
as E18, 19, and 20. (B) The changes in blood flow over time. The measurement of the blood flow every 24 h after the attachment of the AC in the sham group
(n = 12) and the FGR group (n = 7). In the FGR group, the blood flow gradually decreased over time, and on the 20th day of pregnancy, just before birth, the blood
flow had decreased to about 60% (sham, n = 12; FGR, n = 7). ∗∗∗sham vs. FGR, p < 0.001. (C) The body weight change of each group. At P4 and P7 days of age,
the mean body weight of the sham group was significantly higher than that of the vehicle and the umbilical cord-derived mesenchymal stromal cell (UCMSC) groups.
Both the vehicle group and the UC-MSC group subsequently caught up with the sham group, and the significant difference disappeared (sham, n = 21; vehicle,
n = 26; UC-MSCs, n = 23). ∗sham vs. vehicle, p < 0.05; #sham vs. UC-MSCs, p < 0.05; ∗∗sham vs. UC-MSCs, p < 0.01; ##sham vs. UC-MSCs, p < 0.01; ∗∗∗sham
vs. vehicle, p < 0.001.

Fluor mice 488, and Alexa Fluor rabbit 647 (1:500) antibodies,
respectively, for 1 h at room temperature. The sections were then
mounted using ProLong Gold Antifade reagent containing DAPI
(Thermo Fisher Scientific Inc., Waltham, MA).

Cell Counting and Volume Measurement
We counted the NeuN-positive cells throughout the
hippocampus and cortex via unbiased stereological counting
techniques as discussed below (Stereo Investigator version
10 stereology software, Micro Bright Field Europe EK,
Magdeburg, Germany). After outlining the borders of the
hippocampus and the cortex, the computer program overlaid
the outlined area with a grid system of counting frames. Cells
within these frames as well as those touching two out of four
predetermined sides of the frames were counted. The total
number of NeuN-positive cells was calculated according to
Cavalieri’s principle using the following formula: tN = Σn × P,
wherein tN = the total number, Σn = the sum of the number of
positive cells in each section, and P = the inverse of the sampling
fraction (Osato et al., 2010).

We placed squares (600 × 600 µm) in the bilateral cortex
(Supplementary Figure S1) and counted all S100- and Iba-1-
positive cells inside each square. The cell counts were expressed
as densities. To calculate the Iba-1+/ED-1+ and Iba-1+/CD206+
cells, at least 50 Iba-1-positive cells per animal were analyzed.
The ratios of Iba-1+/ED-1+ cells to Iba-1+ cells and Iba-1+/
CD206+ cells to Iba-1+ cells were assessed using a fluorescence
microscope (IX83, Olympus Co, Tokyo, Japan) and multiplied
by the number of Iba-1-positive cells.

The areas of the cortex and corpus callosum were measured
using a Stereo Investigator and the volume of each region
was then determined according to the Cavalieri principle:
V = ΣA × P, where V = total volume, ΣA = sum of the area
measurements, and P = inverse of the sampling fraction.

Behavioral Tests
Negative Geotaxis
For all rats, we performed a negative geotaxis test for four
consecutive days, from P8 to P11 (Saito et al., 2009). We placed
an anti-slip mat on a 30◦ slope, facing each rat’s head downward.
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We measured the time it took each rat to rotate 180◦ and face
their head upward. We scored using zero to five points based on
the rotation time: five points for 0–15 s, four points for 15–30 s,
three points for 30–45 s, two points for 45–60 s, one point for
over 60 s, and zero points for no reaction or falling.

Rotarod Treadmill Test
A rotarod treadmill was used to measure the duration of time
that each rat could stay on an automatic rotating rod to check
their balance, coordination, and stamina. The rats were placed
on rotating rods that accelerated from 4 to 40 rpm for 5 min. On
the first day, only training (at 4 rpm) was performed to help the
animals get used to the environment and rods; the examination
was carried out over the following 2 days. We measured twice a
day, with a break time of 4 h per day, totaling four observations
over 2 days. The amount of time each animal remained on the
rod was measured.

Statistical Analysis
All data were expressed as mean ± standard error. One-way
analysis of variance was performed when comparing three
groups. Post hoc comparisons were made using Tukey’s test. A
significant difference was observed at p < 0.05. All statistical
analyses were performed using JMP 13 (SAS Institute Inc., Cary,
NC, USA).

RESULTS

Changes in the Inner Hole of an AC in vitro
First, we examined how an AC (Figure 1A) changes in vitro. We
placed an AC into physiological saline at 37◦C and measured the
diameter of the center hole every 24 h. The hole narrowed to
approximately 1/5 of its original size after 24 h and to 1/10 after
3 days. The hole of the AC closed completely within 1 week
(Figure 1C).

Uterine Blood Flow Changes Due to AC
Attachment
The blood flow was measured using a laser blood flowmeter after
attaching the ACs to the rats on pregnancy day 17 (Figure 1B).
The sham group showed almost no change in blood flow.
Although no change in blood flow was observed immediately
after AC attachment, the flow decreased to 72.5± 5.7% after 24 h
(sham 94.8 ± 2.7 p < 0.001), to 64.8 ± 5.2% after 48 h (sham
113.5 ± 2.9 p < 0.001), and to 59.1 ± 4.1% after 72 h (sham
99.3± 3.9 p< 0.001) compared with the initial blood flow before
the attachment of ACs (Figure 2B).

Survival Rate and Body Weight
The survival rate and weight of the sham group (n = 21), vehicle
group (n = 23) and UC-MSC group (n = 26) were compared.
To create FGR rats, we performed a surgical operation on 2 rats
(dams) for the sham and 6 rats (dams) for the AC attachment. All
dams delivered on pregnancy day 21 in both groups.

Regarding the sham group, 21 fetuses in total were confirmed,
and all pups were born. No deaths were observed during the
observation period thereafter.

In the AC-mounted group, 50 rats (63.3%) of 79 fetuses
confirmed upon the operation for AC attachment were born.
According to the protocol of the present study, all FGR rats were
mixed at P4 and divided into two equivalent groups based on
their body weights. Overall, 5 of 24 animals (20.8%) in the vehicle
group and 4 out of 26 (15.4%) in the UC-MSC group died by P21.
Afterward, all animals in both groups survived to the end of the
observation period, i.e., to 310 days of age.

At P4, the mean bodyweight of the sham group was higher
(9.8± 0.3 g) than that of the vehicle group (7.6± 0.3 g; p< 0.001)
and the UC-MSC group (8.0 ± 0.4 g; p < 0.01). The body weight
at P7 in the sham group was 14.3 ± 0.3 g vs. 10.6 ± 0.9 g in the
vehicle group (p < 0.05) and 9.9 ± 1.2 g in the UC-MSC group
(p < 0.01). Moreover, at P10, the body weight was 16.9 ± 0.2 g
in the sham group vs. 15.3 ± 0.6 g in the vehicle group (n.s.) and
14.8 ± 0.6 g in the UC-MSC group (p < 0.05). The body weight
in both the vehicle and UC-MSC groups subsequently caught up
to that of the sham group, and the significant difference among
the groups disappeared (Figure 2C).

Behavioral Tests
Negative Geotaxis
To evaluate both the effect of FGR and the treatment effect
of UC-MSCs on the maturity of vestibular receptors, central
sensory function, andmotor function, a negative geotaxis test was
performed at P8–11. The time it took the rats to rotate 180◦, with
the head facing downward on a 30◦ slope, was measured.

No significant difference was observed among the sham group
(n = 37), vehicle group (n = 18), and UC-MSC group (n = 15)
at P8. The scores in the vehicle group were significantly lower
than those in the sham group at P9, P10 and P11 (2.3 ± 0.3 vs.
3.7 ± 0.2 at P9, p < 0.001; 2.6 ± 0.3 vs. 3.6 ± 0.2 at P10, p < 0.05;
2.9 ± 0.2 vs. 4.2 ± 0.2 at P11, p < 0.001, respectively). However,
the UC-MSC group’s scores were significantly higher compared
with those of the vehicle group at P11 (4.1 ± 0.3 vs. 2.9 ± 0.2,
p < 0.01, respectively; Figure 3A).

Rotarod Treadmill Test
To evaluate balance, exercise coordination, durability, and
learning, a rotarod treadmill test were performed at P154–155.
The time it took the rats to fall from a forcibly rotating rod was
evaluated. The test was conducted twice a day, with a break time
of 4 h a day, for a total of four times in total over two consecutive
days at 5months after birth. Compared with the average duration
of the sham group, that of the vehicle group (n = 9) was shorter
(sham vs. vehicle, 110.8± 9.6 vs. 86.9± 8.5 s, respectively), while
that of UC-MSC group (n = 7) was significantly longer (UC-MSC
vs. vehicle 124.9 ± 9.6 vs. 86.9 ± 8.5 s, p < 0.05, respectively;
Figure 3B).

Immunohistological Evaluation
An immunohistological evaluation using an anti-NeuN
antibody, which recognizes neuron-specific nuclear proteins,
was performed to histologically evaluate the impact of FGR
and the UC-MSC treatment on the brain. Representative
photomicrographs of NeuN-positive cells in the hippocampus
(Figure 4A), and cortex (Figure 4B) are shown. The total
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FIGURE 3 | Behavioral tests. (A) Negative geotaxis. At postnatal day 9, both
the vehicle group and the UC-MSC group were significantly lower scores than
the sham group. At postnatal day 10, the vehicle group was significantly
lower than the sham group. At postnatal day 11, the vehicle group was
significantly lower than the sham group, and the UC-MSC group significantly
improved over the vehicle group. Sham group is represented by a solid line,
vehicle group by a dashed line and UC-MSC group by a dotted line (sham,
n = 37; vehicle, n = 18; UC-MSCs, n = 15). ∗sham vs. UC-MSCs, p < 0.05;
#sham vs. vehicle, p < 0.05; ∗∗UC-MSCs vs. vehicle, p < 0.01; ∗∗∗sham vs.
vehicle, p < 0.001; ###sham vs. vehicle, p < 0.001. (B) Rotarod treadmill test.
The average daily values were calculated. The left bar graph shows a daily
average, and the right bar graph does an average of total observations. The
duration was shortened in the vehicle group and prolonged in the UC-MSC
group at P154-155. Sham group is represented by a solid line, vehicle group
by a dashed line and UC-MSC group by a dotted line (sham, n = 7; vehicle,
n = 9; UC-MSCs n = 7). ∗UC-MSCs vs. vehicle, p < 0.05; #UC-MSCs vs.
vehicle, p < 0.05.

number of neurons was counted via the stereology method.
To start, the total number of neurons in the hippocampus
was evaluated. The number of positive cells for NeuN in
the hippocampus was significantly lower in the vehicle
group than in the sham group (141,960 ± 7,626 cells vs.
226,988 ± 16,751 cells, p < 0.05), whereas there was no
significant difference between the UC-MSC group and the sham
group (177,720 ± 8,631 cells vs. 226,988 ± 16,751 cells, n.s.;
Figure 4C). Next, the number of positive cells for NeuN in the
cerebral cortex was evaluated. As in the hippocampus, the total
was significantly smaller in the vehicle group than in the sham
group (3,670,185 ± 195,271 cells vs. 7,698,468 ± 221,946 cells,
p < 0.001), and a significant improvement was observed
in the UC-MSC group (3,670,185 ± 195,271 cells vs.
5,408,288 ± 252,595 cells, respectively, p < 0.01; Figure 4D).

We also evaluated the number of cells that were positive for
S100, which is a marker for astroglia that is used to determine

the effect on astrogliosis, and Iba-1, which is a marker for
pan-microglia to determine the effect on microglia, in the cortex.
The numbers of S100 positive cells was not significantly different
among the three groups (Figure 5A). However, the number
of Iba-1+ cells in the UC-MSC group was significantly higher
than that of the sham group (7,511.3 ± 632.1 cells/mm3 vs.
4,003.1 ± 678.8 cells/mm3, p < 0.05; Figure 5B). Therefore, we
also evaluated microglia M1 and M2 polarization by counting
the number of cells that were double-positive for ED-1+/Ib-
1+ and CD206+/Ib-1+, which are markers M1 microglia and
M2 microglia, respectively. The numbers of ED-1+/Iba-1+
cells in both the vehicle group and the UC-MSC group were
significantly higher compared with the sham group (Figure 5C,
vehicle vs. sham, 3.70± 0.93 cells/mm3 vs. 0.81± 0.44 cells/mm3

p < 0.05; UC-MSC vs. sham, 3.47 ± 0.69 cells/mm3 vs.
0.81 ± 0.44 cells/mm3, p < 0.05), but there was no significant
difference between the vehicle group and the UC-MSC group.
The number of CD206+/Iba-1+ cells was significantly higher
in the UC-MSC group than in the sham group, but there was
no significant difference between the vehicle and sham groups
(Figure 5D, 14.58 ± 2.37 cells/mm3 vs. 4.39 ± 1.11 cells/mm3,
p < 0.05). The volumes of the cortex, hippocampus, and corpus
callosum were calculated. We found no significant difference
among the sham, vehicle, and UC-MSC groups in either
the hippocampus, cortex, or corpus callosum (Supplementary
Figure S2).

DISCUSSION

In the present study, we aimed to create and establish
a novel FGR rat model in which the uterine blood flow
decreased gradually to investigate the neurological effects of
the administration of UC-MSCs for the established FGR
model as well as to verify the therapeutic effect of the
UC-MSC treatment. To create an appropriate FGR model,
we applied a slowly progressive ischemic burden to rats
using ACs whose inner central hole gradually narrowed. The
rats born with this treatment showed a significant reduction
in body weight compared with the sham group, and we
confirmed that those who received the ischemic burden in the
uterus showed significant abnormalities upon behavioral and
immunohistochemical evaluations. Moreover, we confirmed the
therapeutic effects of UC-MSCs on the FGR model.

Thus far, a model in which pregnant rats were exposed
to hypoxia (Jang et al., 2015), a model in which either a
uterine artery was occluded by an atraumatic clamp for 60 min
(Kazemi-Darabadi and Akbari, 2020) or a uterine artery and
vein were ligated with a thread (Tashima et al., 2001), a model
in which STA2 was used (Saito et al., 2009), and a model in
which microcoils were attached to a uterine and ovarian arteries
(Ohshima et al., 2016) have been reported. Herrera et al. (2016)
studied a guinea pig model with ACs attaching only to the
uterine artery during the second trimester and reported that
during pregnancy, the umbilical doppler blood flow decreased,
and immediately before birth, the fetuses showed weight loss
of approximately 30% and the heart, lungs, liver, and kidneys
were significantly reduced in weight, which is similar to that
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FIGURE 4 | Effects of UC-MSC treatment on neurons in FGR. Representative photomicrographs of the hippocampus (A) and part of the cortex (B) 2 months after
birth. Scale bar = 100 µm. The inset shows a higher magnification view. Scale bar = 10 µm. (C) The number of positive cells for NeuN in the hippocampus was
significantly lower in the vehicle group than in the sham group, although there was no significant difference between the UC-MSC group and the sham group (sham,
n = 8; vehicle, n = 3; UC-MSCs n = 4). ∗p < 0.05. (D) The number of positive cells for NeuN in the cortex was significantly lower in the vehicle group than that in the
sham group, and a significant amelioration was observed in the UC-MSC group (sham, n = 8; vehicle, n = 3; UC-MSCs n = 4). ∗∗p < 0.01, ∗∗∗p < 0.001.

observed in our study; however, they reported no findings
regarding neuromotor development. The attaching of ACs to
the uterine artery affected the blood flow of each organ and
reduced their weight (Herrera et al., 2016). On the contrary,
in our FGR model, we attached ACs to not only the uterine
but also the ovarian arteries during the third trimester, and the
blood flow to the rats’ uteruses was decreased to about 60%
before birth via ACs whose center hole gradually narrowed.
Furthermore, similar to other models (Tashima et al., 2001; Saito
et al., 2009; Ohshima et al., 2016), we were able to reproduce a
weight loss of over 20%. Although the degree of weight loss was
different among litters, the functional impairment induced by

chronic intrauterine hypoperfusion was observed in each litter
(Supplementary Figure S3). The primary characteristic of the
FGR model in the present study was the gradual reduction of
blood flow in the uterine and ovarian arteries to the rats’ uteruses.

In the management of HDP, blood flow to the fetus is one
of the most important factors determining whether pregnancy
can continue (Schwarze et al., 2005). Usually, the blood flow is
gradually decreased, and blood flow interruption and sudden
blood flow reduction are rare. As such, compared with FGR
models using permanent ligations or temporary clamping of
uterine arteries, our FGR model more precisely mimicked
pathological conditions, as the blood flow to the animals’ uteruses
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FIGURE 5 | Effects of UC-MSC treatment on astroglia and microglia in FGR. (A) There was no significant difference among the three groups in the number of
S100 positive cells in the cortex. (B) The number of Iba-1 positive cells in the cortex was significantly higher in the UC-MSC group compared to the sham group
(sham, n = 8; vehicle, n = 3; UC-MSCs, n = 4). ∗p < 0.05. The number of ED-1 and Iba-1 double-positive cells (C) and CD206 and Iba-1 double-positive cells (D) in
the cortex with fluorescent immunostaining. The number of ED-1+/Iba-1+ in both the UC-MSCs and the vehicle were significantly higher than that in the sham
(sham, n = 8; vehicle, n = 3; UC-MSCs, n = 4). ∗p < 0.05, whereas that of CD206+/Iba-1+ in the UC-MSCs was significantly higher than that in the sham (sham, n =
8; vehicle, n = 3; UC-MSCs, n = 4). ∗p < 0.05.

was gradually reduced. The hypoperfused placenta releases
inflammatory and anti-angiogenic factors that cause systemic
inflammation, vascular dysfunction, high blood pressure, and
maternal organ damage (LaMarca et al., 2016). In dogs, bilateral
ligation of the uterine ovarian artery and obstruction of the
abdominal aorta below the renal artery induced hypertension,
proteinuria, and glomerular endotheliosis (Abitbol, 1981).
Ligation of the unilateral uterine artery of a baboon also
reproduced preeclampsia-like symptoms (Makris et al., 2007).
Moreover, the development of FGR in an HDP mother was
previously found to be associated with reduced uteroplacental
blood flow and placental insufficiency and characterized by
decreased oxygen and nutrient delivery to the fetus (Herrera
et al., 2014). Although our model was not exactly an HDP model

as we did not measure blood pressure and proteinuria in rats
with AC in the present study, our model might represent the
pathogenesis of HDP.

It is well known that children born with FGR display
difficulties in coordination, lateralization, and abundance of
associated movements (Leitner et al., 2000). Our model
confirmed a significant delay in negative geotaxis as a primitive
reflex as in the other model (Saito et al., 2009). Moreover, we
revealed impairments of balance, coordination, durability, and
learning memory with a rotarod treadmill test in the chronic
phase, 5 months after birth. Our FGR rat model displayed
similar symptoms as those in children with FGR. However, more
experiments are needed to confirm whether our FGR model can
display other such symptoms, including cognitive function and
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behavioral problems, which are partially shown in other FGR
models (Tashima et al., 2001; Saito et al., 2009; Pham et al., 2015;
Ohshima et al., 2016). In a study that compared the total brain
volume in humans using MRI, including a reduction in cortical
gray and white matter volume, the small for gestational age
(SGA) group showed a total brain volume reduction of almost
6% compared with the non-SGA control group. Thus, it has been
reported that cerebral cortex volume is significantly affected by
FGR (Østgård et al., 2014). Other studies have reported that SGA
causes a decreased white matter volume in the cerebrum and
cerebellum, a decreased basal ganglia volume, and a decreased
overall cortical surface area (De Bie et al., 2011). In the present
study, since both the numbers of neurons in the hippocampus
and cortex were significantly reduced, the FGR model has a gray
matter injury. To evaluate a white matter injury, wemeasured the
volume of the corpus callosum but we did not find a significant
difference among the three groups. Although our FGR model
may be unlikely to have a white matter injury, a more detailed
evaluation regarding white matter injury is required. Clinical
studies have shown that FGR is also associated with diffuse white
matter lesions, microglial activation, astrogliosis, and loss of
pre-oligodendrocytes followed by a delay in myelination (Olivier
et al., 2007), and decreased hippocampal volume (Lodygensky
et al., 2008). Other FGR models display white matter (Ohshima
et al., 2016) and hippocampal (Ruff et al., 2017) injuries and
glial activation (Pham et al., 2015). Further detailed evaluations
should be performed to demonstrate how our FGR model
histologically mimics FGR in clinical settings.

In the present study, we also observed the therapeutic
effects of UC-MSCs on primitive reflexes and motor function.
In particular, the FGR model in which UC-MSCs were
administered had a significantly large number of neurons.
The FGR model delayed neurological maturation and impaired
the behavioral deficit, and that administration of UC-MSCs
ameliorated the neurological development delay and exerted
a significant treatment effect on the deficit, even in the long
term, i.e., 5 months after birth. The major mechanisms that
may cause FGR brain cell death and injury are presumed
to be excitotoxicity, oxidative stress, necrotic and apoptotic
degeneration, and neuroinflammation (Rees et al., 2011; Miller
et al., 2016). Chronic blood flow disturbances result in decreased
oxygen delivery to the brain and decreased glucose and amino
acid delivery, potentially affecting immature neurons and glial
cells (Rees et al., 2011).

A previous study on the neurological effects of prenatal
hypoxia on guinea pig brains showed that brain-derived
neurotrophic factor (Bdnf) was significantly lower in the
FGR group, and it was also reported that the Bdnf and
Tropomyosin receptor kinase B protein levels were reduced
in FGR fetuses (Dieni and Rees, 2005; Ke et al., 2011). The
UC-MSCs express neurotrophic factors, and it has been reported
that the UC-MSC-conditioned medium promotes Schwann cell
viability and proliferation through increased levels of nerve
growth factor and Bdnf expression due to the paracrine effect
of UC-MSC on nerve regeneration (Guo et al., 2015). Our
previous study also found that Bdnf and hepatocyte growth
factor increased significantly in the serum, cerebrospinal fluid,

and brain tissue of mice after intravenous administration of
UC-MSCs in a neonatal intraventricular hemorrhage model
and that periventricular reactive gliosis, hypomyelination, and
periventricular cell death observed after IVH were significantly
attenuated (Mukai et al., 2017). Generally, Bdnf is associated
with neuronal cell proliferation, survival, and differentiation and
is expressed in developing and adult brains (Lee et al., 2002;
Pollock et al., 2016). As such, it also relieved hippocampal
neuronal loss and promoted neurogenesis in the IVH model
(Ko et al., 2018), enhanced proliferation in neuronal populations
in the cerebellum and hippocampus (Nonomura et al., 1996;
Labelle and Leclerc, 2000; Ko et al., 2018), and ameliorated
hypomyelination (Xiao et al., 2010; Peckham et al., 2016). Also,
the hepatocyte growth factor is known as a neurotrophic factor of
motor, sensory, and parasympathetic neurons (Liu et al., 2010)
and affects the development and growth of oligodendrocytes
and the proliferation of myelin-forming Schwann cells (Yan and
Rivkees, 2002). In a previous study with traumatic brain injury
model rats, UC-MSC administration up-regulated neurotrophic
factors, such as Bdnf and hepatocyte growth factor, and
improved the neurological severity (Qi et al., 2018). In the
present study, neurotrophic factors secreted by the UC-MSCs
likely suppressed the neuroinflammation induced by chronic
ischemia. The results of perinatal brain injury heavily involve
microglia; proinflammatory M1 microglia first respond to
stimuli such as hypoxic ischemia and infection and then
involve the production of inflammatory cytokines that ultimately
exacerbate brain injury. After the pro-inflammatory phase, the
anti-inflammatory M2 microglia initiates the production of
anti-inflammatory molecules that promote tissue repair and
nerve regeneration (Hagberg et al., 2015). Exosomes derived
from Human Wharton’s jelly mesenchymal stem cells reduce
microglia-mediated neuroinflammation with perinatal brain
injury (Thomi et al., 2019). In the present study, there was
no significant effect of UC-MSCs on M1 microglia. However,
the number of M2 microglia was significantly higher in the
administration of UC-MSCs than the sham. One possible
mechanism for the improvement of the behaviors in the present
study might be via M2 microglia activated by UC-MSCs. The
inflammation and apoptosis in the acute and subacute phases
could not be evaluated directly in the present study, but the
decrease in the number of neurons was improved, and the
number of M2 microglia, which result in an anti-inflammatory
effect, was increased by UC-MSC administration. We speculated
that UC-MSC treatment resulted in a reduction in cell death
and/or an ameliorated suppressed neurogenesis via suppression
of inflammation, which led to behavioral improvement. In the
subsequent studies, we will evaluate the effect on inflammation
and apoptosis in detail.

There are several limitations. The present study demonstrated
the efficacy of xenograft administration of human UC-MSCs to
rats. Before pursuing clinical application, it will be necessary
to confirm the safety and efficacy of the human cells used in
the clinical trial in a non-clinical study with an animal model.
On the other hand, when we administer human cells to rats,
we must consider the effects of xenografting. Although the
effect of xenograft administration may be small as UC-MSCs
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have immunomodulatory properties (Nagamura-Inoue and He,
2014), subsequent studies should evaluate the treatment effect
using rat derived UC-MSCs.

Regarding the change of the inner diameter of ACs, we only
used in vitro and not in vivo confirmation and this was another
drawback of the study. A mouse model of subcortical infarcts
using AC (inner diameter: 0.5 mm) reported that the center hole
was not completely occluded a week after implantation in vivo
(Hattori et al., 2015). Although we used a different AC size (inner
diameter: 0.4 mm), the AC in vivo could be occluded slower than
in vitro. However, the actual blood flow is more important than
the change of AC, and we think the change of AC in vitro in the
present study may be a reference value.

We administered UC-MSCs on day 4 but were not able to
evaluate other treatment times. The third trimester is critical
timing for glial cell proliferation and dendritic branching of
synapse formation (de Graaf-Peters and Hadders-Algra, 2006).
Since FGR injury developed in utero, it may be presumed that
earlier timing after birth could be better, but one of the reasons
that we selected P4 for the administration of the cells in the
present study was due to technical limitations as the size of
the pups was too small for us to intravenously administer. We
need to further examine the optical number of cells, number of
administrations, and timing for UC-MSC treatment.

Also, concerning the immunohistological evaluation,
although there were statistically significant differences in some
analyses with a limited number of samples, a confirmatory
evaluation with a larger number of samples should be performed
in the subsequent study.

In conclusion, we established a novel FGR rat model
that mimics FGR associated with chronic mild intrauterine
hypoperfusion. Also, the intravenous administration of
UC-MSCs led to a significant amelioration of the reduced
number of neurons and impaired behaviors induced by FGR.
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Background: The immune system of human and mouse neonates is relatively
immature. However, innate lymphoid cells (ILCs), commonly divided into the subsets
ILC1, ILC2, and ILC3, are already present in the placenta and other fetal compartments
and exhibit higher activity than what is seen in adulthood. Recent reports have
suggested the potential role of ILCs, especially ILC2s, in spontaneous preterm labor,
which is associated with brain damage and subsequent long-term neurodevelopmental
deficits. Therefore, we hypothesized that ILCs, and especially ILC2s, play a role in
preterm brain injury.

Methods: C57Bl/6J mice at postnatal day 6 were subjected to hypoxia-ischemia
(HI) insult induced by left carotid artery ligation and subsequent exposure to 10%
oxygen in nitrogen. The presence of ILCs and ILC2s in the brain was examined
at different time points after HI. The contribution of ILC2s to HI-induced preterm
brain damage was explored using a conditionally targeted ILC2-deficient mouse strain
(Rorαfl/flIL7rCre), and gray and white-matter injury were evaluated at 7 days post-HI.
The inflammatory response in the injured brain was assessed using immunoassays and
immunochemistry staining.

Results: Significant increases in ILCs and ILC2s were observed at 24 h, 3 days, and
7 days post-HI in the injured brain hemisphere compared with the uninjured hemisphere
in wild-type mice. ILC2s in the brain were predominantly located in the meninges of
the injured ipsilateral hemispheres after HI but not in the brain parenchyma. Overall, we
did not observe changes in cytokine/chemokine levels in the brains of Rorαfl/flIL7rCre

mice compared with wild type animals apart from IL-13. Gray and white-matter tissue
loss in the brain was not affected after HI in Rorαfl/flIL7rCre mice. Correspondingly, we
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did not find any differences in reactive microglia and astrocyte numbers in the brain in
Rorαfl/flIL7rCre mice compared with wild-type mice following HI insult.

Conclusion: After HI, ILCs and ILC2s accumulate in the injured brain hemisphere.
However, ILC2s do not contribute to the development of brain damage in this mouse
model of preterm brain injury.

Keywords: preterm brain injury, innate lymphoid cells, hypoxia-ischemia, innate immunity, newborns

INTRODUCTION

Preterm infants are highly susceptible to brain damage, which
may lead to long-term neurodevelopmental deficits such
as cerebral palsy and cognitive impairments. Therapeutic
hypothermia is used for term newborns, and other strategies
such as erythropoietin are being tested; however, there are still
no effective treatments for brain damage in preterm newborns
(Shankaran et al., 2005; Zhu et al., 2009; Shankaran, 2015;
Natalucci et al., 2016; Song et al., 2016; Juul et al., 2020). The
mechanisms underlying perinatal brain damage are not fully
understood, but hypoxia-ischemia (HI) and maternal/neonatal
inflammation have been suggested as major etiological factors.
Apoptosis, mitochondrial dysfunction, excitotoxicity, and
impaired oligodendrocyte maturation are also implicated in the
injury process, as is the involvement of immune cells (Yang et al.,
2014; Hagberg et al., 2015; Zhang et al., 2017; Albertsson et al.,
2018; Herz et al., 2018; Nazmi et al., 2018).

Since their discovery about a decade ago, innate lymphoid cells
(ILCs), which are part of the innate immune system, have been
studied intensively. ILCs lack antigen recognition and therefore
can respond quickly to a variety of stimuli in their immediate
surroundings (Spits et al., 2013; Vivier et al., 2018). ILCs are
usually divided into subtypes based on the expression of the
transcription factors that regulate their development, cytokine
production, and function. These cells mirror the T-helper (Th)
cells of the adaptive immune system in terms of their cytokine
production and functions (Almeida and Belz, 2016). Type 1 ILCs
(ILC1s), including natural killer cells, respond similarly to Th1
cells. ILC2s mirror Th2 cells with the production of cytokines
such as interleukin (IL)-4, IL-5, and IL-13, which are involved in
allergic inflammation. ILC3s are similar to Th17 cells and secrete
IL-17 and IL-22 upon activation (Spits et al., 2013; Vivier et al.,
2018). The immune response in neonates is biased toward the
Th2 type (Adkins et al., 2004; Debock and Flamand, 2014), but
after HI insult there is a Th1/Th17-type immune response in
the neonatal mouse brain (Albertsson et al., 2014; Yang et al.,
2014) and blockage of lymphocyte trafficking to the brain is
neuroprotective (Yang et al., 2014). Further, the Th2 cytokines
IL-4 and IL-13 have been found to protect the mouse brain from
injury (Walsh et al., 2015; Kolosowska et al., 2019).

ILCs have been shown to play an important role in the
immune response against viruses, allergens, and lung and
intestinal inflammation (Nussbaum et al., 2013; Bernink et al.,
2014; Oliphant et al., 2014; Besnard et al., 2015). Furthermore,
ILCs develop early in ontogeny and are present already
in the placenta and in other fetal compartments like the

thymus, the liver, cord blood, and bone marrow (Forsberg
et al., 2014; Jones et al., 2018; Miller et al., 2018; Xu
et al., 2018) and therefore might be especially important for
immune responses in early life. Recent studies have shown
that ILC2s are involved in asthma-like responses after neonatal
hyperoxia (Cheon et al., 2018) and that together with ILC3s
they are increased when spontaneous preterm birth occurs
(Xu et al., 2018), suggesting the possible involvement of
these cells in injurious events around birth. Additionally,
ILCs, in particular ILC2s, have been found in the murine
central nervous system (Mair and Becher, 2014; Besnard et al.,
2015; Russi et al., 2015; Fung et al., 2020), especially in the
meninges (Gadani et al., 2017; Russi et al., 2018), and they
are involved in the neuroinflammatory response associated
with experimental autoimmune encephalomyelitis (Mair and
Becher, 2014), aging (Fung et al., 2020), and cerebral malaria
(Besnard et al., 2015). In a mouse model of spinal cord injury,
meningeal ILC2s are functionally activated, enter the injury site,
and produce type 2 cytokines that up-regulate inflammatory
genes and improve recovery, thus suggesting that these cells
can also play a beneficial role in preventing CNS injury
(Gadani et al., 2017).

Given the early development and functional maturity of ILCs
in ontogeny, the rapid response of ILCs to insults in various
tissues, and their potential role in cerebral pathologies, we
hypothesize that ILCs accumulate in the brain after HI insult
and are involved in the injury process in the mouse model of
preterm brain injury.

MATERIALS AND METHODS

Experimental Animals
Mice were bred at our animal facility (Experimental Biomedicine,
University of Gothenburg), and pups of both sexes were
used. C57Bl/6J mice (Charles River, Germany) were used for
flow cytometry experiments and meningeal immunofluorescence
staining. The transgenic mouse strain Rorαfl/flIL7rCre, that were
generated by crossing Rorαfl/fl mice and IL7-Cre mice, was a kind
gift from Professor Andrew McKenzie (Cambridge University,
United Kingdom). The floxed gene was retinoid-related orphan
receptor alpha (RORα), a transcription factor that is critical for
ILC2 development. The Cre-recombinase enzyme was linked
to interleukin-7 receptor (IL7R), a transmembrane receptor
restricted to the lymphoid lineage. This combination leads to
impairment of ILC2s, as described previously (Oliphant et al.,
2014). Rorαfl/flIL7r+/Cre (ILC2-impaired) and Rorαfl/flIL7r+/+
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(wild-type controls) mouse littermates were used in the
experiments. These mice were phenotypically indistinguishable
from commercially available C57Bl/6J mice. Genotyping of
Rorαfl/fl mice was undertaken using PCR primers (5′ TGA
GTG GTA ACA CCA CGG CAC GC 3′ and 5′ TGG AGC
AGA ATC ATC CAG GAG GCC 3′), giving a wild-type
product of 573 bp and a targeted product of ∼650 bp.
For genotyping of IL7-Cre mice, the PCR primers were
5′ CCT GAA AAC TTT GCC CCC TCC ATA 3′, 5′
CCA TAG AAT AGT GCA GCC TTG CCT C 3′, and
5′ AGC GAA AGC TCT ACC CAG AGC 3′, and these
generated a wild-type product of 584 bp and a targeted
product of 680 bp.

The animal facility had a 12-h light-dark cycle, and the mice
had free access to standard chow (B&K, Solna, Sweden) and
water. All experiments were performed with the approval of
the Regional Animal Ethical Committee of Gothenburg (ethical
permit numbers 58/2016 and 2042/18). The experimental design
and the number of animals used for each experiment are shown
in Figure 1.

Hypoxic-Ischemic Model
The day of birth was defined as postnatal day (PND)0. At PND6,
HI surgery was performed as described previously (Albertsson
et al., 2014). The pups were anesthetized with isoflurane (5% for
induction and 3% for maintenance) and underwent unilateral
left carotid artery ligation followed by xylocaine as the local
anesthetic. After recovering with their dam for 1 h, the pups were
transferred to a humidified chamber for exposure to 70 min of
hypoxia (10% O2 in N2, 36.0 ± 0.5◦C) (Rice et al., 1981). Before
and after the hypoxia, the pups rested for 10 min at 36.0± 0.5◦C
in the chamber. The pups were then returned to the dam’s cage
until being sacrificed.

IL-33 Stimulation of ILC2 Expansion
To test the Cre efficiency in neonatal ILC2-impaired mice, we
challenged wild type and ILC2-impaired pups with IL-33, which
promotes ILC2 expansion (Oliphant et al., 2014). Briefly, the
pups received intraperitoneal (i.p.) injections of either mouse
recombinant IL-33 (0.04 µg/µl/g body weight in PBS, BioLegend)
or PBS alone (n = 6–9/group) every 24 h from PND3 to PND6
for a total of four injections. The pups were sacrificed 24 h
after the last injection (PND7), and their lungs were collected
for flow cytometry analysis to determine the number of IL-33–
induced ILC2s.

Flow Cytometry Experiments
Flow cytometry was used to investigate the presence of all
ILCs in the brains of C57Bl/6J mice at 6 h, 24 h, 3 days,
and 7 days after HI with naïve littermates as controls (n = 6–
8/group). Transcardial saline perfusion was performed after i.p.
injection of pentobarbital (50 mg/ml, Abcur AB, Helsingborg,
Sweden). The brains were dissected out, the cerebellum was
removed, and the ipsilateral and contralateral hemispheres,
including the meninges, were processed separately to obtain
single-cell suspensions as described previously (Zhang et al.,
2017; Nazmi et al., 2018). In brief, brain homogenate samples

were incubated with an enzymatic solution composed of 0.01%
papain, 0.01% DNase I (Worthington, NJ, United States),
0.1% Dispase II (Roche, Sweden), and 12.4 mM MgSO4 in
Ca2+/Mg2+-free HBSS (Thermo Fisher Scientific, Sweden) at
37◦C for 20 min. The monocyte population was then separated
on a Percoll gradient (30/70%). After blocking non-specific
binding with Fc block (C16/32; clone 2.4G2; cat. 553142, BD
Pharmingen), the following primary antibodies were used: anti-
lineage cocktail (FITC; CD3, CD5, B220, CD11b, CD11c, Gr-
1, TCRgd, and Ter-119; cat. 22-7770-72, eBioscience), anti-
CD45 (APCcy7; clone 30-F77; cat. 103115, BioLegend) and anti-
CD90 (Thy1.2, PEcy7; cat. ABIN477038, eBioscience). ILC2s
were identified by the addition of anti-SCA-1 (PE; clone D7;
cat. 108107, BioLegend), anti-NKp46 (BV510; clone 29A1.4;
cat. 563455; BD Biosciences), anti-KLRG1 (APC; clone 2F1;
cat. 561620, BD Biosciences), and anti-GATA3 PE (Catalog #
12-9966-42, eBiosciences) antibodies. For intracellular staining,
the permeabilization and fixation procedure was performed
according to manufacturer’s protocol. Briefly, after incubation
with 250 µl of BD Cytofix/Cytoperm solution, the cells
were washed in 1 × BD Perm/Wash buffer (BD Biosciences,
CA, United States) and resuspended in 100 µl of 1 × BD
Perm/Wash buffer before the GATA3 intracellular staining. The
samples were run on a BD FACSCanto IITM flow cytometer.
Fluorescence-minus-one controls for each antibody were run
together with each experiment. Lung tissues in which ILC2s
were enriched were included as positive controls for all
brain tissue flow cytometry experiments, and the data were
analyzed with the FlowJo v10 software (Tree Star, Ashland,
OR, United States).

The lung single-cell suspensions were prepared following a
previously described method (Moro et al., 2015) with minor
modifications. Briefly, after perfusion the lungs were extracted,
minced into small pieces, and then digested for 45 min at 37◦C
with the same enzyme mix used for the brain dissociation. The
supernatant was incubated with Red Blood Cell Lysing Buffer
(R7757, Sigma-Aldrich, Sweden) at room temperature. Samples
were then stained and analyzed as above.

Immunoassay for Cytokines and
Chemokines
Samples were collected at 6 h, 48 h, and 7 days after HI from wild
type and ILC2-impaired mice (n = 7/group) for immunoassays of
cytokine and chemokine protein expression. In summary, after
pentobarbital i.p. injection the animals underwent transcardial
saline perfusion. The ipsilateral and contralateral hemispheres,
including the meninges, were collected separately and stored at
-80◦C until processing. The Bio-Plex ProTM Mouse Cytokine 23-
plex Assay (#m60009rdpd, Bio-Rad, Table 1) was used according
to the manufacturer’s instructions.

Immunohistochemistry and
Immunofluorescence Staining
At PND13 (7 days after HI), wild type and ILC2-impaired mice
were deeply anesthetized by i.p. injection with pentobarbital and
then perfused-fixed with 5% buffered formaldehyde (Histofix,
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FIGURE 1 | Graphical abstract of the experiments. Representative scheme of the methods, numbers of animals, and time points used for experiments in (A) the
C57Bl6/J mouse strain and (B) the Rorαfl/fl IL7rCre mouse strain. Colored dots correspond the data collection time points for the respective methods, while the
empty dots correspond to the IL-33 injections. Abbreviations: DOB: date of birth, PND: postnatal day, IL-33: interleukin-33, HI: hypoxia-ischemia.

TABLE 1 | Cytokines and chemokines analyzed with the Bio-Plex ProTM Mouse Cytokine 23-plex Immunoassay.

Abbreviation Cytokine/Chemokine Abbreviation Cytokine/Chemokine

IL-1α Interleukin 1α IL-17 Interleukin 17

IL-1β Interleukin 1β Eotaxin Eotaxin

IL-2 Interleukin 2 G-CSF Granulocyte-colony stimulating factor

IL-3 Interleukin 3 GM-CSF Granulocyte-macrophage colony-stimulating factor

IL-4 Interleukin 4 IFN-γ Interferon γ

IL-5 Interleukin 5 KC Chemokine (C-X-C motif) ligand 1

IL-6 Interleukin 6 MCP-1 Monocyte chemoattractant protein 1

IL-9 Interleukin 9 MIP-1α Macrophage inflammatory protein 1α

IL-10 Interleukin 10 MIP-1β Macrophage inflammatory protein 1β

IL-12(p40) Interleukin 12 p40 RANTES Regulated on activation, normal T cell expressed and secreted

IL-12(p70) Interleukin 12 p70 TNF-α Tumor necrosis factor α

IL-13 Interleukin 13

Histolab, Sweden). For Immunohistochemistry staining, the
brains with meninges were collected and stored at 4◦C in
Histofix before paraffin-embedding and sectioning. Coronal
sections of the forebrain were cut with a thickness of
7 µm. To obtain a representation of the areas of interest,
the staining was performed for evaluating gray matter on
every 50th section (6 sections/animal). For white-matter

assessment, and microglial and astrocyte assessments, every
100th section was used (3 sections/animal). Briefly, the sections
were de-paraffinized followed by antigen retrieval and 3%
H2O2 in phosphate buffer. After blocking, sections were
incubated with mouse anti-microtubule-associated protein 2
(MAP-2, 1:1,000 dilution; M4403, Sigma-Aldrich, United States),
mouse anti-myelin basic protein (MBP, 1:1,000 dilution;
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SMI-94 Covance, United States), rabbit anti-ionized calcium
binding adaptor molecule 1 (Iba-1, 1:2000 dilution, 019-19741,
FUJIFILM Wako Chemicals, United States), and rabbit anti-
Glial fibrillary acidic protein (GFAP, 1:500, Z0334, Dako,
Denmark) primary antibodies overnight at 4◦C. The following
day, the sections were incubated with the corresponding
secondary antibodies for 1 h at room temperature. The
sections were then incubated for 1 h in ABC Elite, and
the immunoreactivity was visualized with 0.5 mg/ml 3.3-
diaminobenzidine in a buffer consisting of NiSO4, β-D-
glucose, NH4Cl, and β-D-glucose oxidase (all from Sigma-
Aldrich, Sweden).

Immunofluorescence was performed to identify ILC2s at
7 days after HI (n = 3/group). After saline perfusion, the meninges
from each hemisphere were peeled off from the parenchyma
and placed separately on a glass slide. Brains and lungs were
collected as well and stored in Histofix followed by sucrose
30%. Both tissues were then frozen in isopentane and cut
at 30 µm of thickness. After fixation and blocking with 5%
donkey serum at room temperature for 1 h, the tissues were
incubated with rat anti-mouse CD3 (1:500 dilution, cat. 100202,
BioLegend) and rabbit anti-mouse ST2 (1:250 dilution, PA5-
20077, Invitrogen) primary antibodies overnight at 4◦C. The
tissues were then incubated for 1 h at room temperature with
donkey anti-rat Alexa Fluor 488 R© (1:1,500 dilution, A21208,
Invitrogen) and donkey anti-rabbit Alexa Fluor 594 R© (1:1,500
dilution, A21207, Invitrogen) secondary antibodies. Lung tissue
was used as the positive control, and omitting the primary
antibodies was used as the negative control (Supplementary
Figure 1). The slides were then stained with DAPI and afterward
mounted with coverslips and ProLongTM gold antifade reagent
(P36930, Invitrogen).

Quantification of Gray and White-Matter
Tissue Loss
Gray-matter tissue loss was assessed by measuring MAP-2+ areas,
either as a percentage of volume (mm3) or area (mm2) for
each stained section at different levels as described previously
(Zhang et al., 2017; Albertsson et al., 2018). Images of the stained
sections were acquired with an Olympus Optical microscope
using a 1.25 × objective lens. MAP-2+ areas were delineated
using ImageJ software (Rasband, W.S., US National Institutes of
Health, United States1).

To assess white-matter injury, a newly established automated
segmentation method, MyelinQ, was used to measure the
size of the MBP+ areas (Mottahedin et al., 2018). Briefly,
we captured images of each section using a 5 × objective
lens with the newCAST software (Visiopharm, Denmark) on
a modified Leica microscope (Leica DM6000 B, Germany)
equipped with a motorized stage (Ludl MAC 5000, United States)
and a digital camera (Leica DFC 295, Germany). MyelinQ was
used for automatic detection of MBP+ areas in the whole
brain hemisphere.

For the quantification of gray and white-matter loss, the
sizes of the MAP-2+ and MBP+ areas in the contralateral

1https://imagej.nih.gov/ij/, 1997–2016

and ipsilateral hemispheres were measured separately in order
to calculate the tissue damage in the ipsilateral hemisphere
against the internal control (the contralateral hemisphere). The
total tissue loss was calculated with the following formula
(Albertsson et al., 2014):

(contralateral area− ipsilateral area)/contralateral area× 100%

The total tissue loss volume was calculated as:

Volume = sum of section area× section thickness

× (1/sampling fraction)

Quantification of Iba-1 Positive Brain
Region and GFAP-Positive Astrocytes
The border zone between the injured and non-injured brain
areas in the ipsilateral hemispheres, as well as the corresponding
brain regions in the contralateral brain hemispheres were
selected for analysis. Using ImageJ software (v1.52a, NIH,
United States), GFAP-positive astrocytes were counted on
captured images with an Olympus Optical microscope using
a 40× objective lens from selected areas in two regions of
interest per section (in total 6 regions of interest per brain),
and expressed as cell density (cells/mm2). The Iba-1–positive
stained brain regions were measured on the images which
were captured by a 20× objective lens from eight regions
of interest per brain. Analysis was performed on the images
with final resolution of 1360 × 1024 pixel after adjusting
threshold of positive stained areas on ImageJ. Data were
expressed as the ratio between Iba-1 stained area and total
regions of interest.

Meningeal ILC2 Cell Counting
A systematic set of Z-stacks of three regions of interest per
hemisphere were acquired with a 20× objective lens on LSM
800 confocal microscope (Carl Zeiss, Germany). ILC2s (defined
as CD3−ST2+) were blindly counted in the height of the Z (z
step = 1 µm), and volumes of each regions of interest were
calculated. Estimation of number density was performed by
applying the following formula (McNaught and Wilkinson, 1997)
of paired regions of interests from contralateral and ipsilateral
meninges:

N = 6Q−/V

N is the total number of cells per volume of brain region; 6Q− is
the number of counted cells; V is the volume of regions of interest
per sampling frame.

Statistical Analysis
All statistical analyses were performed with IBM SPSS Statistics
25 (IBM Corp, Armonk, NY, United States). Data were
tested for normal distribution through the generation of QQ
plots, and equality of variance was assessed by Leven’s test.
If normally distributed, the data were analyzed with the
corresponding parametric test, while in the case when the
data were non-normally distributed, appropriate non-parametric
tests were applied. All data are presented as boxplots (5th –
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95th percentiles). Statistical significance was considered as
p-values < 0.05.

RESULTS

The Frequencies of ILCs and ILC2s
Increased in the Neonatal Mouse Brain
After HI Injury
ILC2s are the subtype that are most frequently observed in the
adult mouse brain compared to ILC1s and ILC3s (Russi et al.,
2015; Gadani et al., 2017). To determine if ILCs were present in
the neonatal mouse brain, we performed flow cytometry analysis
on single-cell suspensions isolated from brain homogenate
(Figures 2A–C, Supplementary Figure 2), and measured the
frequencies of both ILCs and ILC2s in naïve mice (n = 6/time
point) and in mice at 6 h (n = 8), 24 h (n = 7), 3 days
(n = 8), and 7 days (n = 7) after HI. Because of the lack of
single specific markers, we selected a panel of surface markers
in the FACS analysis for their identification, and ILCs were
defined as CD45+Lin−Thy1.2+ (Pelly et al., 2016) and ILC2s
were defined as CD45+Lin−Thy1.2+SCA-1+NKp46−KLRG1+
(Cardoso et al., 2017).

For both ILCs and ILC2s, we did not detect any differences
between naive and contralateral brain hemispheres at any time
points after HI; therefore, data from naïve mice are not shown.
The frequencies of ILCs were significantly increased in the
brain hemisphere ipsilateral to the injury compared to the
uninjured contralateral hemisphere at 24 h (p < 0.001), 3 days
(p = 0.010), and 7 days (p < 0.001) after HI, but not at
6 h after HI (Figure 2B). Quantification of ILC2s showed a
significant increase in the ipsilateral hemisphere compared with
the uninjured contralateral hemisphere at 6 h (p = 0.011), 3 days
(p = 0.020), and 7 days (p < 0.001) after HI (Figure 2C).

Furthermore, the frequencies of both ILCs (Figure 2B) and
ILC2s (Figure 2C) in the ipsilateral hemisphere of HI mice
showed an increasing trend over time, with the highest at 7 days
after HI for both populations. We observed a first small peak for
ILCs at 24 h, which was higher than 6 h (p < 0.001) and the
subsequent 3 days (p = 0.031) time points. The ILCs showed a
second peak and were significantly greater at 7 days compared
with 6 h (p < 0.001), 24 h (p = 0.009), and 3 days (p = 0.002)
after HI (Figure 2B). ILC2s instead increased drastically only
at 7 days compared with 6 h (p < 0,001), 24 h (p = 0.002),
and 3 days (p = 0.002) after HI (Figure 2C). The increased
ILC2s at 7 days after HI in the ipsilateral hemisphere were
further confirmed using intracellular staining for GATA3, the
key transcription factor and master regulator that is critical for
the development and maintenance of ILC2s (Yagi et al., 2014)
(Supplementary Figure 3).

ILC2s are known to be enriched in the meninges compared
with the brain parenchyma (Gadani et al., 2017; Russi et al.,
2018). We examined the presence of ILC2s at 7 days after
HI, when ILC2 accumulation in the brain peaked, using
immunofluorescent staining of the meninges compared to naïve
mice (Figures 3A–E). ILC2s were found mostly in the meninges

of the ipsilateral hemisphere after HI (Figures 3C–E) and
only few cells in the meninges contralaterally (Figures 3B,E,
p = 0.013), or in naïve mice (Figure 3A). In addition, we did not
observe ILC2s in the brain parenchyma in either the naïve mice
or after HI (data not shown). Because we observed this increase
of ILC2s in the injured brain, their role in brain injury after HI
was further investigated.

ILC2-Impaired Neonatal Mice Did Not
Respond to IL-33 Stimulation
To explore the role of ILC2s in neonatal brain injury, we used
the ILC2-deficient mouse strain Rorαfl/flIL7rCre (Oliphant et al.,
2014). To confirm the ILC2 deficiency in the newborn mice,
which has not been investigated previously, we used IL-33, which
is known to efficiently induce the expansion and activation of
ILC2s (Oliphant et al., 2014; Van Dyken et al., 2014; Besnard et al.,
2015; Bartemes et al., 2017), including ILC2s in the CNS (Gadani
et al., 2017). We performed IL-33 stimulation experiments to
compare the ILC2 response in wild type mice and Rorαfl/flIL7rCre

mice (Figures 4A,B, Supplementary Figure 4). Naïve mouse
pups without any injection showed similar amount of ILC2s
between genotypes, and PBS injections did not evoke ILC2s
expansion, as shown by similar amount of ILC2s as in naïve mice
(Figure 4B). In contrast, IL-33 triggered massive ILC2 expansion
in wild type animals (n = 7), but failed to do so in Rorαfl/flIL7rCre

mouse pups (n = 9, p = 0.006) (Figure 4B), thus confirming
that the ILC2 expansion in response to IL-33 stimulation in
Rorαfl/flIL7rCre mouse pups was significantly impaired.

ILC2 Impairment Attenuated the IL-13
Increase After HI
To illustrate the inflammatory response in the brain after
HI, we performed a Bio-Plex ProTM Mouse Cytokine 23-
plex Assay using brain homogenate from wild type and
Rorαfl/flIL7rCre mice. This method allowed the study of 23
different cytokine/chemokines at the same time (Table 1) at
6 h, 48 h, and 7 days after HI (n = 7/group) (Figures 4C–
F). IL-13 protein levels in the brain were significantly lower at
6 h after HI in Rorαfl/flIL7rCre mice compared with wild-type
mice (p = 0.046) (Figures 4C,F), while no significant differences
were observed for any other cytokine/chemokine between wild
type and Rorαfl/flIL7rCre mice (Figures 4C–E) in the ipsilateral
hemispheres at any of the time points analyzed.

ILC2 Impairment Did Not Affect Tissue
Loss or the Neuroinflammatory
Response in the Neonatal Mouse Brain
After HI
Next, we investigated the involvement of ILC2s in HI-induced
preterm brain injury using the Rorαfl/flIL7rCre mouse strain.
Brain injury was evaluated at 7 days after HI for both the
gray and white matter. ILC2 impairment did not impact the
severity of gray-matter injury either in terms of total tissue
loss (Figure 5B) or at different brain levels (Figure 5C) as
evaluated by immunohistochemical staining of the neuronal
marker MAP-2 (Figures 5A–C). To evaluate white-matter
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FIGURE 2 | ILCs and ILC2s increased in the ipsilateral hemispheres in the neonatal mouse brain in a time-dependent fashion after HI injury. Single-cell suspensions
generated from brain homogenates were analyzed using flow cytometry in mouse pups at different time points after HI, with naïve C57Bl6/J mouse littermates as
controls (n = 6–8/group). (A) Representative flow cytometry plots showing the gating strategy for ILCs and ILC2s. Both are represented as percentages of the
CD45+ population. ILCs (B) and ILC2s (C) in the ipsilateral and contralateral hemisphere at 24 h, 3 days, and 7 days after HI. A mixed model ANOVA with
Games-Howell post-hoc were used. *#: p < 0.05, **##: p < 0.01, ***###: p < 0.001. in panels (B,C). Abbreviations: N: naïve, HI: hypoxia-ischemia, IP: ipsilateral
hemisphere, CO: contralateral hemisphere.

injury, we performed MBP immunohistochemical staining
(Figure 5D), and the MBP+ white-matter volumes in the
whole brain hemisphere (Figure 5E) and areas at different
levels (Figure 5F) were measured. Similarly, ILC2 impairment
did not affect the tissue loss in white matter in the whole
brain hemisphere (Figures 5E,F) or in the subcortical white-
matter area (data not shown). Further, no sex difference was
noted regarding either the gray or white-matter injury after HI
(data not shown).

To explore the neuroinflammatory response in Rorαfl/flIL7rCre

after HI insult, we examined the microglia and astrocyte reactivity
using immunochemistry staining for the microglia marker Iba-
1 and the astrocyte marker GFAP. At 7 days after HI, there
were significantly increased staining for microglia (Figures 5G–
K) and number of astrocytes (Figures 5L–P) in the ipsilateral
hemispheres in both the wild type (microglia: p = 0.001,
astrocytes: p = 0.015) and Rorαfl/flIL7rCre mice (microglia:
p = 0.003, astrocytes: p < 0.001); however, no differences
were observed for microglia or astrocytes after HI between
the wild type and Rorαfl/flIL7rCre mice in either of the two
brain hemispheres.

DISCUSSION

ILCs and ILC2s have previously been found in the mouse brain
and have recently been studied in adult murine models of various
brain pathologies (Mair and Becher, 2014; Besnard et al., 2015;
Hatfield and Brown, 2015; Russi et al., 2015; Gadani et al., 2017;
Russi et al., 2018; Romero-Suarez et al., 2019; Fung et al., 2020).
Here we found accumulation of these cells in the meninges after
HI injury in neonatal mice, and to our knowledge this is the first
study to investigate their presence and function in a neonatal
mouse model of brain injury.

Among ILCs, ILC2 is the most abundant subtype in the
healthy adult mouse brain (Gadani et al., 2017; Russi et al.,
2018). ILC2s have been shown to be increased in tissues in
different disease models such as spinal cord injury (Gadani et al.,
2017), experimental autoimmune encephalomyelitis (Russi et al.,
2015; Russi et al., 2018), experimental cerebral malaria (Besnard
et al., 2015), and aging (Fung et al., 2020). In our study, ILCs
and ILC2s were present in the normal neonatal mouse brain,
and after HI insult ILCs and particularly ILC2s accumulated
in the injured brain, which agrees with previous studies
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FIGURE 3 | The presence of ILC2s in the meninges in neonatal mice after HI. Representative confocal images of immunofluorescent staining showing the presence
of ILC2s (CD3-ST2+, arrowheads) in the meninges taken from brain hemispheres in a naïve mouse (A) and from the contralateral hemisphere (B) and ipsilateral
hemisphere (C) in a mouse at 7 days after HI. (D) High magnification orthogonal views of cells stained with ST2. The merged picture shows cytoplasm localization of
ST2 surrounding DAPI+ nuclei. Scale bars: (A–C) 100 µm; (D) 10 µm. (E) The number density of ILC2-positive cells in the meninges in the ipsilateral hemisphere and
contralateral hemispheres after HI. Paired t-test was used. *p < 0.05. Abbreviations: HI: hypoxia-ischemia, IP: ipsilateral hemisphere, CO: contralateral hemisphere.

(Mair and Becher, 2014; Hatfield and Brown, 2015; Romero-
Suarez et al., 2019). This accumulation occurred in a time-
dependent manner, and reached the highest level at 7 days
after HI. This indicated that ILCs, and especially ILC2s, are
stimulated and expanded by HI-induced tissue injury. ILC2s
are recognized as tissue-resident cells (Moro et al., 2010; Neill
et al., 2010; Price et al., 2010; Molofsky et al., 2013) and
are expanded upon IL-33 stimulation in both the peripheral

tissue (Oliphant et al., 2014; Van Dyken et al., 2014; Besnard
et al., 2015; Bartemes et al., 2017) and the CNS (Gadani et al.,
2017). In the current study, we found that neonatal ILC2s in
the lung tissue in the wild type mice were also expanded by
IL-33 stimulation, which did not occur in the ILC2-deficient
mice. Together, this supports the hypothesis that ILC2s in
both the peripheral nervous system and CNS are able to
respond and expand to either a stimulator like IL-33 and/or
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FIGURE 4 | ILC2s in Rorαfl/fl IL7rCre mice did not expand after IL-33 stimulation, but their cytokine/chemokine profile in the brain after HI was similar to wild-type
mice. (A) Representative flow cytometry plots show the gating strategy for IL-33–stimulated ILC2 expansion in the lungs (n = 7–9/group). (B) IL-33–stimulated ILC2
expansion in wild-type and Rorαfl/fl IL7rCre mouse pups. (C–E) Radar plots from immunoassays show the cytokine/chemokine changes in the ipsilateral hemisphere
from the wild type and Rorαfl/fl IL7rCre mouse pups at 6 h (C), 48 h (D), and 7 days (E) after HI. (F) IL-13 in the ipsilateral hemispheres in the wild type and
Rorαfl/fl IL7rCre mice at different time points after HI. *p < 0.05, **p < 0.01. Mann–Whitney U-tests were used in (B), and 2-Way ANOVA with Games-Howell
post-hoc were used in (F). Abbreviations: HI: hypoxia-ischemia, IP: ipsilateral hemisphere, WT: wild type.

stress induced by tissue injury and that they are functional
already in early life.

To identify the localization of ILC2 in the neonatal
mouse brain, we performed immunofluorescence staining
and found that – similar to previous findings (Gadani
et al., 2017) – ILC2s in the neonatal mouse brain were

resident in the meninges and were seldom found in the
brain parenchyma under either normal conditions or
after HI-induced brain injury, thus suggesting a role for
meningeal immune cells as sentinels for brain-derived
alarmins as part of the immune response after brain
injury in neonates.
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FIGURE 5 | ILC2 impairment did not affect brain tissue loss 7 days after HI. (A,D) Representative pictures show immunochemistry staining for MAP-2 (A) and MBP
(D). Gray matter (A–C) in Rorαfl/fl IL7rCre mice (n = 23) after HI compared to WT littermates (n = 21) in terms of brain tissue volume loss (B) or area loss per level (C).
White matter (D–F) tissue loss in the whole hemisphere in terms of tissue volume loss (E) or area loss at each level (F) in the wild type and Rorαfl/fl IL7rCre mice.
Representative images (G–J,L–O) and quantification (K,P) of Iba-1+ cells (G–K) and GFAP+ astrocytes (L–P) in the wild type and Rorαfl/fl IL7rCre mouse pups at
7 days after HI. Paired t-test was used for comparisons between brain hemispheres, and independent t-test was used for comparisons between genotypes. Scale
bars: 100 µm. Abbreviations: MAP-2: microtubule-associated protein-2, MBP: myelin basic protein; WT: wild type, IP: ipsilateral hemisphere. CO: contralateral
hemisphere. *p < 0.05, **p < 0.01, ***p < 0.001.

In the current study, among all the cytokine/chemokines
examined, we found a small yet significant decrease in expression
of IL-13 in the ILC2-deficient mice compared with the wild
type mice. IL-13 is considered an anti-inflammatory cytokine

and an important modulator of peripheral allergic reactions. In
the brain, IL-13 contributes to the death of activated microglia
(Yang et al., 2002; Yang et al., 2006) and potentiates the
effects of oxidative stress on neurons during neuroinflammation
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(Park et al., 2009), and both neuroprotective and neurotoxic
effects of IL-13 have been proposed. IL-13 has been previously
found to be increased both in the serum of term newborns
(Orrock et al., 2016; Al-Shargabi et al., 2017; Massaro et al.,
2018) and in brain mRNA levels in mice (Albertsson et al.,
2014) early after HI injury. In newborns, increased serum IL-
13 levels are associated with worse brain injury (Massaro et al.,
2018), reduced heart rate variability metrics (Al-Shargabi et al.,
2017), and adverse outcome after 24 h of therapeutic hypothermia
(Orrock et al., 2016). ILC2s are one of the major producers of IL-
13 in response to insults in different tissues (Fallon et al., 2006;
Price et al., 2010; Klein Wolterink et al., 2012; Kabata et al., 2018),
including in a model of spinal cord injury, where IL-13+ cells
were found to make up the majority ILC2s (Gadani et al., 2017).
The reduction in IL-13 protein levels that we observed here might
suggest that ILC2s have a detrimental role. However, in spite
of the observed significant increase in ILC2s in the brain after
the HI insult, ILC2 impairment did not affect the HI-induced
inflammatory responses in the brain or the extent of brain injury
after HI in neonatal mice. Similarly, a previous study showed
that ILCs infiltrated the brain in an experimental autoimmune
encephalomyelitis model but did not affect the severity of injury
(Mair and Becher, 2014). Further, we did not observe any sex
differences regarding to the degree of injury in the brain of ILC2-
deficient mice compared with wild-type mice, although it has
been reported previously that the role of ILC2 is sex-dependent
under certain circumstances (Bartemes et al., 2017; Russi et al.,
2018). Even though ILCs were increased in the CNS after insult,
it is possible that there are still not enough ILCs to affect the brain
damage development in a substantial manner. Indeed, ILC2s
reside mainly in the meninges and choroid plexus, and not in the
parenchyma, and their frequencies are generally low in relation
to the whole leukocyte population (Hatfield and Brown, 2015;
Gadani et al., 2017; Russi et al., 2018; Fung et al., 2020).

ILC2s were the main cell type shown to be responsible
for allergic response in a mouse model of lung inflammation
(Van Dyken et al., 2014). However, genetic ablation of ILC2s
triggered an increase in gamma delta T-cells, thus revealing
compensatory mechanisms among innate immune cells (Van
Dyken et al., 2014). Another example of cross talk between ILC2s
and other innate immune cells was found in a murine model of
experimental autoimmune encephalomyelitis where both mast
cells and ILC2s were coordinated in the development of brain
damage (Russi et al., 2018). We speculate that such cross talk
and compensatory mechanisms between ILC2s and other innate
immune cells might be among the reasons why ILC2 impairment
did not impact HI-induced brain injury in neonatal mice.

In addition, the role of other ILCs such as ILC1 and ILC3
remains an important topic for future study. The lymphoid tissue
inducer cells comprise the ILC3 population. They present as early
as the embryonic stage and play an important role in intestinal
homeostasis after birth (Eberl, 2012), this might indicate the
importance of ILC3s in the immune response in the perinatal
period during development. In the current study, we did not
observe any obvious increase of ILC1 and ILC3 in the brain after
HI (data not shown), which might be due to the time points at
which ILC1 and ILC3 levels were assessed. Furthermore, whether

or not there are compensatory changes in ILC1 and ILC3 that
contribute to the lack of an effect from ILC2 deficiency also needs
to be explored in the future.

Exploration of the neuroinflammatory response after HI by
immunohistochemistry revealed increased numbers of astrocytes
and staining for microglia in the ipsilateral hemisphere at 7 days
after HI in both ILC2-deficient and wild-type mice, and this
agreed with previous findings (Doverhag et al., 2010; Bonestroo
et al., 2013). However, there was no significant difference in
astrocytes and microglia in either of the brain hemispheres
between wild type and ILC2-deficient mice, and these results are
thus in line with our findings that no significant differences were
observed for cytokines/chemokines between wild type and ILC2-
deficient mice apart from IL-13 and that there were no differences
in the severity of brain injury between the two mouse genotypes.

We found increased accumulation of ILC2s in the injured
brain after HI, but ILC2 deficiency did not affect the severity of
the injury. We found no differences in the neuroinflammatory
response after HI between ILC2-deficient and wild-type mice
that might partly explain the lack of effect of ILC2 deficiency
on brain injury. However, the in-depth molecular mechanisms
behind these findings are not known. A limitation of the study
is that we only assessed effect of ILC2 deficiency on brain injury
at 7 days after HI. We cannot exclude the possibility that ILC2
deficiency might have an effect at a later time point after HI.

In conclusion, ILCs and ILC2s accumulate in the injured brain
after HI insult in the neonatal mouse brain. However, ILC2s did
not affect the major inflammatory response in the brain and did
not contribute to the development of brain damage in this mouse
model of preterm brain injury.
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FIGURE S1 | Representative images show the positive controls (lung tissue, A),
and negative controls omitting the primary antibodies for the immunofluorescent
staining of ST2 and CD3 for lung tissue (B) and meninges (C). Arrow head: ST2+
ILC2s, star: CD3+ cells. Scale bars: 50 µm.

FIGURE S2 | Representative flow cytometry plots for fluorescence-minus-one
controls (FMO) used in flow cytometry experiments.

FIGURE S3 | (A) Representative flow cytometry plots for intracellular staining of
GAGA-3. (B) The frequency of Lin−CD45+GATA3+ ILC2s at 7 days post HI in the
neonatal wild-type mice. Paired t-test was used in B for comparison between
hemispheres. ∗p < 0.05.

FIGURE S4 | Representative flow cytometry plots for fluorescence-minus-one
controls (FMO) used in flow cytometry experiments for the lung tissue
IL-33 experiments.
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Background: Brainstem auditory evoked potentials (BAEP) provide an objective analysis

of central nervous system function and development in infants. This study proposed

to examine the relationship between infant BAEP values at age 6 months, and their

neurodevelopment at age 2 years assessed by the mental development indices (MDI), a

form of Bayley Scales of Infant Development. We hypothesized that in infants with BAEP

values outside normal range, there may be neurodevelopmental delays, as shown by

their MDI scores.

Methods: An exploratory investigation was conducted using preterm (28–36 weeks

gestation; 95 cases) and term infants (≥37 weeks gestation; 100 cases) who were born

with specific perinatal conditions. BAEP values were recorded in these infants from 1

to 8 months of age, and compared with MDI scores in these infants at age 2 years. A

multivariate linear regressions model was performed to test the associations between all

variables and MDI scores. Stratified linear regression was used to test the interactions

between gestational age and BAEP values with MDI scores. Significance was determined

at a p < 0.05.

Results: We found that BAEP values were inversely associated with MDI scores in

premature infants (β = −1.89; 95% confidence interval = −3.42 to −0.36), and that

the effect of gestational age and BAEP values on the MDI scores is decreased by 1.89

points due to the interaction between these two variables. In premature babies, the lower

the BAEP value below the mean, the greater the decrease in MDI score at age 2 years.

Asphyxia and lower socioeconomic status in the family were also covariates associated

with lower MDI scores at age 2 years.

Conclusion: The data provided evidence that BAEP values outside the normal range

in premature infants at age 6 months may predict developmental delays in cognitive

and motor skills, as shown by MDI scores. We propose that BAEP assessment may be

utilized as a potential indicator for neurodevelopment, and suggest that early intellectual
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and public health interventions should be encouraged to enrich neurodevelopment in

premature babies with BAEP values outside the normal range.

Keywords: pediatric neurodevelopment, brainstem auditory evoked potentials (BAEP), Bayley Scales of Infant

Development, premature birth, perinatal conditions

INTRODUCTION

There has been a rapid increase in survival rates of premature
infants in recent decades because of the advancement in neonatal
intensive care. Certain unexpected medical issues occur in
newborn infants which affect the long-term learning ability in
children (1–4). If not addressed properly in the early stages of
infant development, these medical issues in early infancy can
have long-term effects on neurodevelopment (1–6).

Abnormality in the brainstem auditory evoked potentials
(BAEP) is considered to be an early indicator for cognitive related
brain issues in premature infants and those with perinatal issues
(7). BAEP may be used to assess auditory function in infants
and children, and is considered as a clinically useful method
for evaluation of cognitive development (8). In a number of
studies, BAEP values have been found to be outside the normal
range in individuals with autism, intellectual and language
retardation, and attention deficit/hyperactivity disorder (9, 10).
Because of the widespread acceptance of BAEP as a clinical tool
assessing early cognitive brain issues, we proposed to utilize
BAEP in our investigation of neurodevelopment in infants with
perinatal issues.

The Bayley Scales of Infant Development (BSID) is
considered a clinically valid measurement for assessing
infant developmental progress (11–15). In our study, we
used the modified Bayley II scale which is used in Chinese
hospitals to assess the neurodevelopment of premature infants
between 1 and 42 months of age (11–15). The BSID-II includes
the mental developmental index (MDI), which indicates
adaptive behavior, language, and exploration activities, and the
psychomotor developmental index (PDI) to assess gross and fine
movements (11–16).

Because perinatal issues in newborns may lead to higher
risks for negative neurological effects in these infants (1), we
propose that assessments of infant BAEP values, in combination
with gestational age and certain perinatal conditions, may
provide potential predictors for later neurodevelopmental delays.
Beyond prematurity and perinatal conditions at birth, there
are multiple individual factors that likely influence early
cognitive development, including socioeconomic conditions
(17, 18) and parental education (19–23). Because of this,
our current analyses will also include certain socioeconomic
conditions as factors in the prediction of early childhood
cognitive development.

Monitoring these predictors could possibly guide us on how
to improve the neurological development of those children
at high risk for delayed development. Our study investigates
the predictive value of comparing BAEP indices at age 6
months to the MDI and PDI scores at age 2 years, in term
and preterm infants born with certain perinatal conditions.

We hypothesized that in infants with BAEP values outside
the normal range, there may be developmental delays in
cognitive and motor skills, as shown by the MDI and PDI
scores in these babies. We propose that by using these
assessments, we may be able to predict alterations in the
neurodevelopment of infants exposed to compromising medical
conditions at birth.

MATERIALS AND METHODS

Study Design and Sample Enrollment
This study was designed as an explorative investigation. We
conducted this retrospective study at Hubei Maternal and
Child Health Hospital, Wuhan, Hubei Province, China. The
study samples included preterm infants (95 cases; 28–36 weeks
gestational age), and term infants (100 cases; ≥37 weeks
gestational age) whowere born between June 1st, 2014 toOctober
31st, 2015.

Our hospital has 30,000 births per year, and accounts for
half of all newborns in Wuhan. The incidence of premature
infants born in the Obstetrics Department of our hospital is
3.0–8.0%. Our Child Health Department works together with
the Neonatal Department to plan long-term follow-up programs
for all infants with high-risk factors. The Neonatal Department
of our hospital also accepts premature babies transferred from
the other hospitals in Hubei province, and these infants are
transferred to our Child Health Department for follow-up after
age 1-month. The infants randomly selected for this study were
among our long-term follow-up infant population. A total of
230 infants selected for this study were to be followed up to at
least 2 years of age, with the repeated BAEP examinations done
regularly. However, due to various reasons, including parents
relocating to other provinces, or not wanting to continue the
repeated BAEP tests, 35 infants were lost to follow-up. As a result,
only 195 infants remained to complete our study. The consent
rate for participation was 85.7%.

Because there is information sharing between the Neonatal
Department and our Child Health Department, we were able to
access the essential medical, socioeconomic, and demographic
information on file for the newborns selected for our study.
All parents of newborns with perinatal conditions had filled
out questionnaires prior to the infant follow-up programs,
and we did not see these until after our random selection
of infants for the current study. The questionnaires included
socioeconomic and demographic information. Gender was
the only demographic variable in our study, and maternal
education, paternal education, maternal occupation, paternal
occupation, and household income were considered as SES
variables in this study. Parental education was assigned as
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being either compulsory education (<9 years, low level), high
school education (9–12 years, middle level), or some college
or advanced training (>12 years, high level) (24). Parental
occupation was assigned as three levels: unemployment, manual
labor, and professional. Household income was defined as
<3,000 Yuan/month, 3,000–5,999 Yuan/month, and ≥6,000
Yuan/month; three levels, in which 1.00 USD was equal
to 6.23 RMB (Yuan) in 2015. Higher levels of parental
education, professional jobs, and income ≥6,000 Yuan/month
were indicative of higher SES as the reference category.

The assessment forms also included whether the mothers
had issues of hypertension, diabetes, or history of miscarriage,
threatened abortion, intrauterine distress, or jaundice. These
maternal conditions were found in the mothers of both
preterm and term infants, and future studies may provide
further information on the effects of these maternal issues on
neurodevelopment in preterm and term infants. The infants
included in this current study experienced perinatal issues such as
infection, jaundice, asphyxia, respiratory failure, or intracranial
hemorrhage around the time of delivery, and they were followed
in our clinic up to the age of 2 years. For these perinatal
conditions, the disease classification method currently used in
our hospital is The International Classification of Diseases, an
internationally unified disease classification method developed
by the World Health Organization (WHO). The 10th revision
of the “International Statistical Classification of Diseases and
Related Health Problems” (25) is common worldwide, and is
collectively referred to as ICD-10. Our hospital used the ICD-10
to classify disease conditions according to the etiology, pathology,
clinical manifestations, and anatomical location of the disease,
making this an organized method for disease coding in our
health systems. In both the preterm and term groups in our
study, all infants had been given the appropriate interventions
for their medical conditions at birth. For infants with staged
developmental delay, our doctors and nurses provide special
training programs such as help for 3-month-old infants who are
unable to raise their head, and, for 6-month-old infants who
cannot sit without being supported, we offer training sessions to
help these infants sit alone.

For this study, the selected infants had recovered from their
neonatal treatment, were discharged from the hospital, and their
vital signs were stable. Because these infants had been at high risk
during the perinatal period, follow-up of these infants continued
at our hospital until they were 2 years old. The criteria for
exclusion from our study were babies born in our hospital with
hearing impairments, cerebral palsy, severe cardiopulmonary
disease, severe malformation or genetic metabolic diseases.
Our study included regular follow-up examinations, monitoring
infant growth and development level, feeding and exercise
guidance, health education guidance for parents, and early
rehabilitation training for infants with poor development level.
Our main task was to promote normal growth and development
in all infants. Because all families of infants in this study
were given the same intervention guidance, including nutrition
advice, infant muscle movement training, and early parent-child
education information, the interventionmeasures were not taken
into account for our study analyses.

This investigation was approved by the Ethics Committee of
Hubei Maternal and Child Health Hospital. Informed consent of
parents was obtained for all infants. We only tested infants with
perinatal issues, and followed the “Ethical Review Measures for
Biomedical Research Involving Human Beings.” The principle
of this ethical review is to respect the voluntary will of the
subjects and abide by the principles of benefit, non-harm and
justice. For this reason, our study had no control group of healthy
infants because this would not be beneficial for normal infants to
undergo the numerous tests and assessments.

Because of these required constraints on testing healthy
infants, the controls used for this study were those normal
scale ranges built into each of the assessment tests utilized for
this study. For BAEP assessment of hearing loss in infants,
it is clinically acceptable to check the latencies of waves I,
III, and V, interpeak latencies of I–III, III–V, and I–V for
abnormalities of BAEPs (7, 8, 26–28). For this assessment,
wave latencies of III and V, and interpeak latencies of more
than two standard deviations between waves I–III, and I–
V, or III–V are considered as abnormal (7, 8, 26–28). The
BSID II used for neurodevelopment assessment includes the
mental development index (MDI) indicating the scale of
adaptive behaviors, language, and exploration activities, and
the psychomotor development index (PDI) for assessment
of gross and fine movements (11–16). The MDI and PDI
scores assigned to each infant ranged from 120 (excellent
development) to ≤69 (developmental delay) (11–16). All
procedures and methods were performed in accordance with the
approved guidelines.

BAEP Assessment
The auditory function of all infants in this study was assessed by
using BAEP assessments at 1–8 months after birth. The BAEP
assessment is considered an effective tool in screening for possible
hearing loss in children with conditions such as meningitis,
where it has been found that the frequency of BAEP impairment
or hearing loss was 34.6 and 30.8%, respectively (29). The BAEP
has been used to assess the hearing abilities in infants 6 months
old, and in those older who have motor or intellectual problems
(30). While BAEP assessments at 1, 3, 6, and 8 months are used to
determine auditory function, age 6 months is the critical period
for infant physical exams, and a number of deficits at birth are
resolved by age 6 months. For these reasons, we focused our
BAEP analyses in Tables 5–7 and Figures 1–4 on the infants
tested at age 6 months.

In our study, BAEP was recorded using the Navigator PRO
brainstem auditory evoked potential system (Bio-logic Inc.,
USA). The recording electrode was placed in the midline of
the forehead, and the reference electrode was placed at the
bilateral mastoid. Electrode impedance was reduced to <5
k�, which was maintained during the whole session of the
BAEP recording. The acoustic stimuli were given through TIP-
50 earphones using a click sound stimulus. Band pass filter
was 0.1–3 kHz, superimposition was 1,024–2,048 times, and
stimulation rate was 30.1 times/s, and the sweep duration
was 10 ms.
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FIGURE 1 | Mental Development Index (MDI) in preterm infants with perinatal asphyxia; comparisons of infants with Brainstem Auditory Evoked Potential (BAEP)

within (normal), or outside (abnormal) normal range values. Each data point represents an individual infant case prior to 11 months of age and at 24 months. There is a

trend of increased MDI in infants with perinatal asphyxia from below 1 year of age to age 2. From age one to two, there is a trend of higher MDI in infants with perinatal

asphyxia and normal BAEP values compared with those infants with abnormal BAEP values.

FIGURE 2 | Mental Development Index (MDI) in preterm infants with perinatal respiratory failure; comparisons of infants with Brainstem Auditory Evoked Potential

(BAEP) within (normal), or outside (abnormal) normal range values. Each data point represents an individual infant case prior to 11 months of age and at 24 months.

There is a trend of increased MDI in infants with perinatal respiratory failure from below 1 year of age to age 2. From age one to two, there is a trend of higher MDI in

infants with perinatal respiratory failure and normal BAEP values compared with those infants with abnormal BAEP values.

The BAEP assessments were performed in a sound-insulated
room with a noise level below 30 dBA. The I, III, V wave latency
and I–III, III–V, I–V wave interval were recorded under 80
dBnHL short-sound stimulation. The waves (I–V) are usually
recorded in the first 10ms following broad-band and high-
intensity clicks. The latencies of waves I, III, and V, interpeak
latencies of I-III, III–V, and I–V, and the amplitude ratio of wave
V to wave I are assessed for abnormalities of BAEPs (7, 8, 26–28).
Recordings are obtained and compared with respect to midline

forehead and mastoids. Evaluating different components of the
latencies and amplitudes of the waves allows for evidence of
impaired neural function in the auditory brainstem as evidenced
by delayed latencies and reduced amplitudes of the component
waves (7, 8, 26–28).

BAEP impairment is determined by latencies of waves I, III,
and V that are increased beyond 2 S.D. of age-matched normal
infant values, with normal interpeak latencies of I–III, III–V,
and I–V, and hearing thresholds elevated to above 40 dB. Wave
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FIGURE 3 | Mental Development Index (MDI) in term infants with perinatal asphyxia; comparisons of infants with Brainstem Auditory Evoked Potential (BAEP) within

(normal), or outside (abnormal) normal range values. Each data point represents an individual infant case prior to 11 months of age and at 24 months. There is a trend

of increased MDI in infants with perinatal asphyxia from below 1 year of age to age 2. From age one to two, there is a trend of higher MDI in infants with perinatal

asphyxia and normal BAEP values compared with those infants with abnormal BAEP values.

FIGURE 4 | Mental Development Index (MDI) in term infants with perinatal respiratory failure; comparisons of infants with Brainstem Auditory Evoked Potential (BAEP)

within (normal), or outside (abnormal) normal range values. Each data point represents an individual infant case prior to 11 months of age and at 24 months. There is a

trend of increased MDI in infants with perinatal respiratory failure from below 1 year of age to age 2. From age one to two, there is a trend of higher MDI in infants with

perinatal respiratory failure and normal BAEP values compared with those infants with abnormal BAEP values.

latencies of III and V, and interpeak latencies of more than two
standard deviations between waves I–III, and I–V, or III–V were
considered as abnormal in our BAEP assessments (7, 8, 26–28).
Abnormal BAEP is also noted by hearing thresholds increased
to >40 dB, with normal latencies and interpeak latencies; or
increased latencies of wave V or III (or both) and increased
interpeak latencies of waves I-V and III-V, with elevated or
normal hearing thresholds (7, 8). Duplicate recordings were
made in response to each stimulus condition to recheck the
reproducibility. BAEP was monitored in infants at 1, 3, 6, and
8 months of age.

BSID II Neurodevelopmental Assessment
The Bayley Scales of Infant Development (BSID II) is used
for neurodevelopment assessment, and is the most widely used
measure to assess neurodevelopment of infants before the age
of three (11–16). As noted in these previous studies, the BSID-
I can be used for assessing infants between 2 and 30 months of
age, while the BSID-II and Bayley-III can assess infants ranging
between 1 and 42 months of age. In this study, we used BSID
II for assessment of the infants, and analyzed the results with
respect to different medical conditions of the infants during the
time of delivery. The BSID-II is primarily used in China, and we
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used the revised edition prepared by Hunan Medical University
(11–13). Our trained medical professionals are qualified to do the
BSID-II assessment for neurodevelopment assessment in infants.
The BSID II included the MDI, to evaluate and score adaptive
behaviors, language and exploration activities, and the PDI to
determine gross and fine movements (11–13). The MDI and PDI
scores assigned are: ≥120 is excellent development, 119–90 is
moderate development, 80–89 is between moderate and critical,
70–79 is critical, and ≤69 is developmental delay (11–14, 16).

Data Analysis
The age of premature infants was calculated after correcting
for gestational age. The BAEP assessments were presented from
infants at 1–8 months of age, and the BSID II scores were
from infants at ages 1 month, 3 months, 6 months, and 2
years. The relationship between the normal and abnormal BAEP
assessment at the 6th month of age, and the MDI/PDI scores
for neurodevelopment at age 2 years were also monitored with
respect to the different conditions at birth. Because a recent meta-
analysis study which reviewed BSID-II results indicated that
MDI scores correlated strongly with later cognitive functions,
explaining 37% of variance, while PDI scores only correlated later
motor outcomes with 12% of the variance (16), we compared
only the MDI scores with the BAEP assessments in Table 5 and
Figures 1–4. We did, however, analyze both MDI and PDI scores
with the BAEP assessments in Tables 6, 7. To eliminate evaluator
bias in our study, only the researchers who designed the study and
collected data knew the birth status of the infants, and the clinic
doctors and nurses who were unaware of the perinatal status of
the infants conducted the tests, or evaluated and recorded the
assessment scores.

Statistical Analysis
All statistical analyses were performed using SPSS version
19.0 (IBM SPSS Statistics, IBM Corporation, Armonk, NY).
Chi-square tests and Cochrane’s Q-tests were used for the
comparisons of the same gestational groups over time. Using
repeated measure ANOVA to analyze differences in the same
groups over time, we examined MDI and PDI between term and
preterm infants of different gestational ages (1 month, 3 months,
6 months, 8 months, and 2 years). Student t-tests were then used
to examine the significance of the MDI at age 2 years, in the
preterm and term infants exposed at birth to infection, jaundice,
asphyxia, respiratory failure, or intracranial hemorrhage, with
respect to whether each of the infants had normal or abnormal
BAEP assessments at age 6 months. We constructed scatter plots
to focus on the analyses of the MDI and BAEP assessments on
preterm and term infants with asphyxia or respiratory failure
because more infants with these conditions showed BAEP values
outside of the normal range (seeTable 5). We analyzed the trends
in MDI scores at different ages in infants with perinatal asphyxia
or respiratory failure, by comparing those with BAEP values
outside the normal range (abnormal BAEP cases), vs. those with
normal BAEP values (normal BAEP cases) (Figures 1–4).

Two steps of linear regression models were applied for
further analyses of our data. In the first step, the association
of all variables related to MDI and PDI was calculated in

the multivariate linear regression model (31), including BAEP
values at age 6 months and the other potential confounding
factors, gestational age, SES (maternal education, paternal
education, maternal occupation, paternal occupation, household
income), and perinatal conditions (infection, jaundice, asphyxia,
respiratory failure, intracranial hemorrhage). In the next step, we
conducted the stratified linear regression model (32) to test our
hypothesis that an interaction exists between gestational age and
BAEP value at age 6 months on the MDI and PDI outcomes.
We created the interaction term gestational age∗BAEP for these
two variables as the predictor, and MDI or PDI as the outcome
in the stratified linear regression. Regression coefficients (β),
95% confidence intervals (CIs), and p-values were reported. All
statistical tests were considered to be significant when less than
an alpha level of 0.05 on a two-tailed test.

RESULTS

Descriptive Statistics
Characteristics of Study Sample
Demographic information and SES variables of 95 preterm
infants (28–36 weeks gestational age) and 100 term infants (≥37
weeks gestational age) are shown in Table 1. The percent within
the different gestational groups was used for each demographic
and SES variable to compare the gestational groups with
respect to their socio-demographic conditions. There is a higher
percent of less educated mothers (36.0%) and fathers (28.0%)
in the very premature gestational group compared with the less
educated mothers (5.0%) and fathers (8.0%) in the later stage
gestational groups (Table 1). There is also a higher percent of low
income families (40.0%) in the very premature gestational group
compared with the low income families (10.0%) in the later stage
gestational group (Table 1).

The clinical characteristics of 95 preterm infants and 100 term
infants are shown in Table 2. Among the 95 preterm infants,
the mean gestational age was 34.8 ± 3.82 weeks, the mean
birth weight was 2.65 ± 0.41 kg, and the mean hospitalization
time was 7.57 ± 2.35 days. The term and preterm infants
had neonatal conditions including infection, jaundice, asphyxia,
respiratory failure, and intracranial hemorrhage around the time
of delivery. We calculated the percent within each gestational
group instead of the total percent to make it easier to compare
the frequency of the different perinatal conditions between the
different gestational groups. When compared with the term
newborns, the preterm infants in the study had more issues
of jaundice (88.0%), followed by asphyxia (68.0 %), infection
(60.0%), respiratory failure (52.0%), and intracranial hemorrhage
(32.0%), as shown in Table 2.

BAEP Assessment
BAEP assessments were recorded in all term and preterm infants
included in this study. Some infants in our study had to be
excluded from the data analysis because they were unavailable
for one or more of their BAEP assessment appointments. For
this reason, 5% of these data were missing. We conducted
Cochrane’sQ-test for comparisons of the same gestational groups
over time by analyzing the BAEP values outside the normal
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TABLE 1 | Demographic information and socioeconomic status of 95 preterm infants and 100 term infants.

Gestational

age (n)

Gender Socioeconomic status

Male

n (%)

Female

n (%)

Maternal

education n (%)

Paternal

education n (%)

Maternal

occupation n (%)

Paternal

occupation n (%)

Household income

(Yuan/month) n (%)

28–32 weeks

(25)

14 (56.0) 11 (44.0) Low 9 (36.0) Low 7 (28.0) Unemployed 10 (40.0) Unemployed 7 (28.0) <3,000 10 (40.0)

Middle 12 (48.0) Middle 12 (48.0) Manual labor 10 (40.0) Manual labor 8 (32.0) 3,000–5,999 10 (40.0)

High 4 (16.0) High 6 (24.0) Professional 5 (20.0) Professional 10 (40.0) ≥6,000 5 (20.0)

33–34 weeks

(28)

16 (57.1) 12 (42.9) Low 0 (0) Low 2 (7.1) Unemployed 3 (10.7) Unemployed 1 (3.6) <3,000 1 (3.6)

Middle 12 (42.9) Middle 9 (32.1) Manual labor 10 (35.7) Manual labor 12 (42.8) 3,000–5,999 15 (53.6)

High 16 (57.1) High 17 (60.8) Professional 15 (53.6) Professional 15 (53.6) ≥6,000 12 (42.8)

35–36 weeks

(42)

22 (52.4) 20 (47.6) Low 2 (4.8) Low 2 (4.8) Unemployed 8 (19.0) Unemployed 10 (23.8) <3,000 2 (4.8)

Middle 16 (38.1) Middle 13 (31.0) Manual labor 9 (21.4) Manual labor 15 (35.7) 3,000–5,999 25 (59.5)

High 24 (57.1) High 27 (64.2) Professional 25 (59.6) Professional 17 (40.5) ≥6,000 15 (35.7)

≥37 weeks

(100)

55 (55.0) 45 (45.0) Low 5 (5.0) Low 8 (8.0) Unemployed 19 (19.0) Unemployed 14 (14.0) <3,000 10 (10.0)

Middle 10 (10.0) Middle 16 (16.0) Manual labor 15 (15.0) Manual labor 14 (14.0) 3,000–5,999 76 (76.0)

High 85 (85.0) High 76 (76.0) Professional 66 (66.0) Professional 72 (72.0) ≥6,000 14 (14.0)

Term infants, ≥37 weeks gestational age; preterm infants, 28–36 weeks gestational age (number of weeks mother is pregnant). Maternal/Paternal education (number of years spent

in school): Low ≤9 years; Middle 10–12 years; High >12 years. 1.00 USD equal to 6.23 RMB (Yuan) in 2015. n, number of infants in each category. %, percent within the different

gestational groups for each socio-demographic characteristic.

TABLE 2 | Clinical characteristics of 95 preterm infants and 100 term infants.

Gestational age (n) Delivery mode n (%) Birth

weight (kg)

Days of

hospitalization

Infection Jaundice Asphyxia Respiratory

failure

Intracranial

hemorrhage

Vaginal

delivery

Cesarean

birth

n (%) n (%) n (%) n (%) n (%)

28–32 weeks (25) 8 (32.0) 17 (68.0) 1.97–2.42 7–22 15 (60.0) 22 (88.0) 17 (68.0) 13 (52.0) 8 (32.0)

33–34 weeks (28) 9 (32.1) 19 (67.9) 1.85–2.56 5–15 12 (42.9) 15 (53.6) 13 (46.4) 15 (53.6) 7 (25.0)

35–36 weeks (42) 13(31.0) 29 (69.0) 2.49–3.10 3–7 3 (7.1) 5 (11.9) 12 (28.6) 7 (16.7) 3 (7.1)

≥37 weeks (100) 18 (18.0) 82 (82.0) 2.90–4.10 1–7 3 (3.0) 10 (10.0) 26 (26.0) 7 (7.0) 2 (2.0)

Term infants, ≥37 weeks gestational age; preterm infants, 28–36 weeks gestational age. n, number of infants in each category. %, percent within each gestational group to compare

the frequency of the different perinatal conditions between the different gestational groups.

range across each of the infant age groups. We also conducted
chi-square tests for comparisons of the BAEP values outside
the normal range across the gestational age groups. When
comparing these BAEP values in the different gestational age
groups, significant results were observed at ages 3 months p
= 0.001, 6 months p = 0.005, and 8 months p < 0.0001
(Table 3). Our results indicate that BAEP values outside the
normal range tends to be higher and remains increased during
the early growth period in preterm infants compared to term
infants (Table 3).

Neurodevelopment Assessment Based on BSID-II
The BSID-II neurodevelopment assessment of the infants varied
according to gestational age (Table 4). The MDI/PDI scores in
the infants born at 28–32 weeks gestation showed an increased
trend from the 1st month of age (78.36 ± 8.51/77.08 ± 8.89)
to the 6th month (85.95 ± 5.73/85.33 ± 7.11), and this was

increased further at age 2 years (90.66 ± 4.10/91.10 ± 3.26)
(Table 4). In the infants born at 35–36 weeks, there were also
trends for higher MDI/PDI scores during the growth period,
at 1 month (81.80 ± 2.67/80.42 ± 2.64), 6 months (87.21
± 1.11/86.24 ±1.15), and at age 2 years (94.13 ± 4.80/94.53
± 4.72). In the term infants, MDI/PDI scores were higher
than in preterm infants at age 1 month, and were increased
to a greater extent at age 2 years (98.55 ± 4.64/99.81 ±

3.92). Overall, these data show that the neurodevelopment
of premature infants of different gestational ages gradually
increases with age, and that their developmental level gradually
approaches that of the term infants (Table 4). However, when
compared to the neurodevelopment of term infants at each of the
respective age groups, these data also reveal that there are trends
for differences in the neurodevelopmental levels of premature
infants at 1-month, 3-months, 6-months, and 2 years of age
(Table 4).
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TABLE 3 | Brainstem Auditory Evoked Potential (BAEP) assessment for 95 preterm infants and 100 term infants.

Gestational

age (n)

BAEP value outside

normal range at

age 1 month

n (%)

BAEP value outside

normal range at

age 3 months

n (%)

BAEP value outside

normal range at

age 6 months

n (%)

BAEP value outside

normal range at

age 8 months

n (%)

Cochrane’s Q *p-value

28–32

weeks (25)

22 (85.7) 21 (82.7) 20 (80.0) 19 (75.0) 40.33 <0.001

33–34

weeks (28)

28 (100) 17 (61.8) 16 (57.0) 13 (45.0) 34.70 <0.001

35–36

weeks (42)

35 (82.6) 20 (47.4) 17 (42.0) 13 (32.0) 40.52 <0.001

≥37 weeks

(100)

81 (80.7) 61 (60.5) 54 (54.1) 25 (24.5) 107.21 <0.001

χ2 2.16 7.62 6.55 8.79

**p-value 0.080 0.001 0.005 <0.0001

Comparisons of BAEP value outside normal range across the infant age groups are presented horizontally (Cochrane’s Q-test, Cochrane’s Q-value; *p-value). Comparisons of BAEP

value outside normal range across the gestational age groups are presented vertically (chi-square-test, χ2-value; **p-value). Term infants, ≥37 weeks gestational age; preterm infants,

28–36 weeks gestational age. n, number of infants in each category. %, percent within each gestational group. *p-value was obtained from Cochrane’s Q-test; **p-value was obtained

from chi-square test for categorical variables. Significant level p < 0.05.

TABLE 4 | Neurodevelopment assessment using Mental Development Index (MDI) and Psychomotor Development Index (PDI) for 95 preterm infants and 100 term infants.

Gestational

age (n)

MDI/PDI at age

1 month

(mean ± SD)

MDI/PDI at age

3 months

(mean ± SD)

MDI/PDI at age

6 months

(mean ± SD)

MDI/PDI at age

2 years

(mean ± SD)

*F-value *p-value

28–32

weeks (25)

78.36 ± 8.51/77.08 ± 8.89 82.60 ± 4.65/80.05 ± 5.31 85.95 ± 5.73/85.33 ± 7.11 90.76 ± 4.10/91.10 ± 3.26 29.02/21.86 <0.001/<0.001

33–34

weeks (28)

80.98 ± 6.00/79.70 ± 5.58 85.76 ± 4.91/85.10 ± 4.10 86.57 ± 2.35/85.26 ± 2.60 90.93 ± 5.57/94.36 ± 6.67 38.12/49.29 <0.001/<0.001

35–36

weeks (42)

81.80 ± 2.67/80.42 ± 2.64 84.96 ± 2.20/84.38 ± 2.44 87.21 ± 1.11/86.24 ± 1.15 94.13 ± 4.80/94.53 ± 4.72 51.53/90.42 <0.001/<0.001

≥37 weeks

(100)

90.22 ± 2.18/90.61 ± 3.26 91.11 ± 3.35/90.87 ± 2.59 90.35 ± 4.87/91.17 ± 3.37 98.55 ± 4.64/99.81 ± 3.92 27.70/99.65 <0.001/<0.001

**F-value 73.19/93.97 101.96/47.57 47.96/101.47 18.10/27.87

**p-value <0.0001/<0.0001 <0.0001/<0.0001 <0.0001/<0.0001 <0.0001/<0.0001

Comparisons of MDI/PDI across the infant age groups are presented horizontally (*F-value; *p-value). Comparisons of MDI/PDI across the gestational age groups are presented vertically

(**F-value; **p-value). Term infants, ≥37 weeks gestational age; preterm infants, 28–36 weeks gestational age. MDI or PDI Index: ≥120 is excellent, 119–90 is moderate development,

80–89 is between moderate and critical, 70–79 is critical, and ≤69 is developmental delay. n, number of infants in each category. p-value was obtained from ANOVA. Significant level

p < 0.05.

Neurodevelopment MDI Scores With BAEP, and

Prematurity, Asphyxia, and Respiratory Failure at

Birth
In these comparisons, we used only the MDI scores because a
recent study indicated that MDI scores correlated strongly with
later cognitive functions, while PDI scores were less correlated
with later motor functions (16). For this reason, we compared
only the MDI scores with the BAEP assessment data in Table 5.
As shown in this table, in the asphyxia and respiratory failure
categories there were significant decreases in the MDI scores of
both preterm and term infants with these perinatal conditions.
We found that these conditions at birth may also impact the
BAEP scores in both preterm and term infants (Table 5). In
preterm infants who experienced asphyxia, the number of BAEP
values outside the normal range at age 6 months (32 infants)
was higher, and the MDI scores were significantly lower in this

group at age 2 years (76.36 ± 3.66), when compared to those
preterm infants with asphyxia at birth who were assessed with
normal range BAEP values (10 infants; MDI scores, 82.30 ±

5.67) (Table 5). Similarly, in term infants with asphyxia at birth
and BAEP values outside the normal range at age 6 months (13
infants), lower MDI scores were observed at age 2 years (83.12±
5.66), but significantly higher MDI scores were observed in the
13 infants with asphyxia at birth and BAEP in the normal range
(93.42± 5.45) (Table 5). In the preterm infants who experienced
respiratory failure at birth, the MDI score at age 2 years was 80.36
± 7.66 in those with BAEP values outside the normal range at age
6months (25 infants), but theMDI showed higher scores in those
10 preterm infants with respiratory failure at birth and normal
range BAEP values (84.44± 5.55) (Table 5).

To analyze the trends in MDI scores at different ages, we
constructed scatter plots to present data from the same infants
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TABLE 5 | Brainstem Auditory Evoked Potential (BAEP) value at age 6 months vs. Mental Development Index (MDI) at age 2 years in preterm infants and term infants with

respect to perinatal condition.

Gestational

age (weeks)

Perinatal condition BAEP value outside normal

range at age 6 months n (%)

MDI at age 2 years

(mean ± SD)

BAEP value normal range

at age 6 months n (%)

MDI at age 2 years

(mean ± SD)

28–36 Infection 2 (1.0) 80.63 ± 5.21 28 (14.4) 89.75 ± 5.25

Jaundice 3 (1.5) 83.43 ± 3.56 39 (20.0) 94.30 ± 7.74

Asphyxia 32 (16.4) 76.36 ± 3.66* 10 (5.1) 82.30 ± 5.67*

Respiratory failure 25 (12.8) 80.36 ± 7.66* 10 (5.1) 84.44 ± 5.55*

Intracranial hemorrhage 2 (1.0) 90.35 ± 7.57 16 (8.2) 92.28 ± 4.52

≥37 Infection 1 (0.5) 90 2 (1.0) 93.89 ± 9.75

Jaundice 1 (0.5) 92 9 (4.6) 93.62 ± 5.66

Asphyxia 13 (6.7) 83.12 ± 5.66* 13 (6.7) 93.42 ± 5.45*

Respiratory failure 5 (2.6) 81.15 ± 5.64* 2 (1.0) 95.78 ± 4.52*

Intracranial hemorrhage 1 (0.5) 90 1 (0.5) 93

Comparisons of MDI scores of infants with BAEP value outside normal range vs. infants with normal range BAEP (*significant p-value). Term infants, ≥37 weeks gestational age;

preterm infants, 28–36 weeks gestational age. MDI Index: ≥120 is excellent, 119–90 is moderate development, 80–89 is between moderate and critical, 70–79 is critical, and ≤69 is

developmental delay. n, number of infants in each category. %, percent within each category. *p-value was obtained from student t-test. Significant level *p < 0.05.

prior to 11 months of age and at age 24 months (Figures 1–
4). In these figures, with age as the horizontal axis and MDI as
the vertical axis, the trend of MDI scores in specific infants as
they increased in age was investigated in the different groups
(term/preterm, respiratory failure/asphyxia, BAEPwithin normal
range, or outside normal range). Figures 1–4 show that the MDI
scores of infants with BAEP outside the normal range were lower
than in infants with normal range BAEP in all four subgroups.
Whether they are full-term or premature infants, and regardless
of whether there is a history of asphyxia or respiratory failure, the
MDI scores of infants with BAEP outside the normal range did
not reach the developmental level of infants with normal range
BAEP values (Figures 1–4).

Multiple Linear Regression Analysis
Multivariate Linear Regression Model
Table 6 shows the results of two multivariate linear regression
models in the overall sample of infants in our study, with
all factors as the independent variables, and MDI and PDI as
the outcome variables. The independent variables entered into
the model included gestational age, SES (maternal education,
paternal education, maternal occupation, paternal occupation,
household income), perinatal conditions (infection, jaundice,
asphyxia, respiratory failure, intracranial hemorrhage), and
BAEP values at 6 months of age. Model 1 entered the main effects
of all factors related to MDI scores. Model 2 entered the main
effects of all factors related to PDI scores.

In Table 6, we found that gestational age was very strongly
associated with MDI scores (β = 0.36; 95% CI = 0.13–0.50)
and PDI scores (β = 0.29; 95% CI = 0.07–0.41). We also
found that SES indicators (maternal education and household
income) are associated with MDI scores but not PDI scores,
with respect to maternal education (β = 1.50; 95% CI = 0.59–
3.91) and household income (β = 1.42; 95% CI = 0.19–2.60),
respectively. In addition, our data showed that asphyxia was
inversely associated with MDI scores (β = −1.27; 95% CI =

−2.45 to−0.27), whichmeans that infants born with asphyxia are

predicted to have low MDI scores an average of 1.27 times more
than the infants without asphyxia (Table 6). In the multivariate
linear regression model, we did not find that the BAEP value at
age 6 months was significantly related to MDI scores, but the
p = 0.084 may possibly be due to the interactive correlations
of two independent variables such as gestational age and BAEP
value. In this case, we will continue to conduct further analyses to
reveal the interactions between gestational age and BAEP values
on MDI and PDI scores.

Stratified Linear Regression Model
Table 7 shows a summary of the results for the stratified
linear regression models. In Model 3 and Model 4, gestational
age∗BAEP value at age 6 months was the predictive variable, and
MDI and PDI were the outcome variables. The interactions of
BAEP values and gestational age were estimated in MDI scores
and PDI scores, respectively.

We found that in the preterm infant group, the BAEP value at
age 6 months was an independent factor and inversely associated
with MDI scores at age 2 (β = −1.89; 95% CI = −3.42 to −0.36,
p = 0.015; Table 7). In the term infant group, there was no
statistical significance (β = 0.28; 95% CI = −1.52 to 2.08, p =

0.725) between BAEP value and MDI scores as shown in Table 7.
These findings suggest that in premature infants there is a
significant difference in the magnitude of the association between
BAEP values at age 6 months and MDI scores in gestational age,
and that a BAEP value outside the normal range at age 6 months
may possibly be a predictor of lower MDI scores at age 2 years
in these babies. As noted in Table 7, the effect of gestational age
and BAEP on the MDI score is decreased by 1.89 points due to
the interaction between these two variables, in that, the decrease
in MDI score in infants with a lower BAEP value is dependent
on gestational age, and vice versa. Also, the lower the BAEP value
was below the mean, correlated with a greater decrease in MDI
score with gestational age. There was no significant difference in
the relationship between BAEP at age 6 months and PDI score in
either preterm or term infants (Table 7).
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TABLE 6 | Multivariate linear regression model.

Factors MDI (n =195)

Model 1

PDI (n = 195)

Model 2

Unstandardized coefficients 95% CI t p Unstandardized coefficients 95% CI t p

β SE (b) β SE (b)

Gestational age 0.36*** 0.09 0.13 to 0.50 4.21 0.000 0.29*** 0.08 0.07 to 0.41 3.70 0.000

Maternal education 1.50* 0.74 0.59 to 3.91 2.02 0.045 0.57 0.68 −0.91 to 2.14 0.84 0.403

Paternal education −0.81 0.98 −2.45 to 1.54 −0.82 0.411 −0.40 0.90 −2.10 to 1.56 −0.44 0.660

Maternal occupation −0.03 0.80 −2.57 to 0.94 −0.04 0.968 0.94 0.73 −0.76 to 2.47 1.29 0.199

Paternal occupation 1.76 1.05 −0.88 to 3.42 1.67 0.096 0.76 0.96 −1.29 to 2.65 0.79 0.430

Household income 1.42* 0.63 0.19 to 2.60 2.26 0.025 0.75 0.58 −0.63 to 1.94 1.30 0.195

Infection 1.42 1.04 −0.61 to 3.59 1.36 0.175 1.75 0.96 −0.16 to 3.69 1.84 0.068

Jaundice 0.41 0.78 −1.31 to 2.18 0.52 0.601 0.39 0.71 −2.05 to 1.16 0.55 0.586

Asphyxia −1.27* 0.64 −2.45 to −0.27 −1.99 0.048 −0.77 0.58 −2.31 to 0.18 −1.32 0.189

Respiratory failure −1.41 0.91 −3.24 to 0.43 −1.55 0.123 −0.56 0.83 −2.24 to 1.14 −0.67 0.501

Intracranial hemorrhage −3.80 2.47 −8.99 to 0.95 −1.54 0.126 −1.56 2.26 −6.06 to 3.07 −0.69 0.492

BAEP (6 months) −1.00 0.58 −1.96 to 0.36 −1.74 0.084 −0.86 0.53 −1.81 to 0.32 −1.63 0.106

All factors associated with Mental Development Index (MDI) and Psychomotor Development Index (PDI) at age 2 years. Gestational age—number of weeks mother is pregnant. BAEP (6

months)—Brainstem Auditory Evoked Potential at age 6 months. Model 1: Outcome—MDI; Model 2: Outcome—PDI. β–Unstandardized regression coefficient. SE(b)—Standard Error

of value of b. Significant level *p < 0.05; ***p < 0.001 (bolded figures when p < 0.05).

TABLE 7 | Stratified linear regression model.

Gestational age (n) MDI

Model 3

PDI

Model 4

β SE 95% CI t p β SE 95% CI t p

28–36 weeks (95) −1.89* 0.76 −3.42 to −0.36 −2.50 0.015 −0.74 0.68 −2.11 to 0.63 −1.13 0.263

≥37 weeks (100) 0.28 0.91 −1.52 to 2.08 −0.35 0.725 −0.77 0.85 −2.52 to 0.98 −1.23 0.223

Brainstem Auditory Evoked Potential (BAEP) at age 6 months in Preterm and Term Infants Associated with Mental Development Index (MDI) and Psychomotor Development Index

(PDI) at age 2 years. Model 3: Outcome—MDI; Model 4: Outcome—PDI. Predictor variable—Brainstem Auditory Evoked Potential (BAEP) at age 6 months. Covariates entered into the

model—SES (maternal education, paternal education, maternal occupation, paternal occupation, household income) and perinatal conditions (infection, jaundice, asphyxia, respiratory

failure, intracranial hemorrhage). Term infants, ≥37 weeks gestational age; preterm infants, 28–36 weeks gestational age. n, number of infants in each category. β–Regression coefficient.

SE—Standard Error. Significant level *p < 0.05 (bolded figures when p < 0.05).

DISCUSSION

In this study, we found that BAEP values at age 6 months in
premature infants is inversely associated with MDI scores at age
2 years. The effect of gestational age and BAEP value on the MDI

score is decreased by 1.89 points due to the interaction between

these two variables (Table 7). In premature babies, the lower their
BAEP values were below the mean, the more the decrease was

in their MDI scores at age 2 years. These results support our

hypothesis that BAEP values outside the normal range at age 6
months have a predictive effect on neurodevelopmental delay,

as shown by MDI scores, especially in premature newborns. In
this study, we found that prematurity in newborns was strongly

associated with low MDI and PDI scores in these infants at age 2

years. We also found that infants who experienced asphyxia at
birth were more likely to have low MDI scores at age 2 years.

In addition, our data revealed that infants born in families from
lower SES, as indicated by maternal education and household
income, were more likely to have low MDI scores at age 2
years (Table 6).

BAEP Value Predicts MDI Score in
Premature Infants
There is increasing evidence that the issues related to cognitive
and motor function performance in early childhood are related
to clinical conditions during preterm or term birth (1, 33).
Gestational age was found to have an effect on BAEP assessments
in infants, and was also strongly associated with MDI and PDI
scores as shown in our data (p= 0.000; Table 6). In our stratified
multiple linear regression model, our data revealed that BAEP
values outside the normal range in infants at age 6 months were
more likely associated with developmental delays in cognitive
skills, as shown by MDI scores in these infants (Table 7). In these
analyses, we found that the BAEP values were inversely associated
withMDI scores in preterm infants, but no significant differences
were observed between BAEP and MDI scores in term infants.
These data suggest that BAEP values at 6 months of age may be
used as predictors for neurodevelopmental delay at age 2 years,
especially for premature infants. We will expand the sample size
in future studies to investigate whether this same significance is
also present in term infants.
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The younger the fetus, the more chances of brain cell damage
caused by various conditions due to immature development
(7, 34). Infants in these previous studies exhibited lower
auditory function scores in the first year of infancy, and
this was correlated with their lower MDI/PDI indicators of
cognitive and motor development. Our current investigation
provides evidence that infants may have issues of cognitive and
motor function performance if they experience prematurity. A
significant number of preterm infants in our study exhibited
BAEP values outside the normal range in the first year of infancy,
and this was correlated with their lower MDI/PDI scores in the
BSID assessments of cognitive and motor development. We also
observed that the majority of preterm infants who experienced
asphyxia at birth and had BAEP values outside the normal range
at age 6 months exhibited lower MDI/PDI scores, suggesting that
there may be altered cognitive and motor functions, especially
in language development in these infants at age 2. Our results
indicate that BAEP values outside the normal range could be a
potential indicator for altered cognitive and motor function in
these infants at later ages.

In our study, we used the modified Bayley II scale which
is used in Chinese hospitals to assess the neurodevelopment in
premature infants. With our results utilizing the Bayley-II scale,
we provided evidence that this assessment may be used to predict
abnormalities in infant neurodevelopment, yet further studies are
needed to compare with assessments reported using the Bayley III
scale. Previous studies have shown that the Bayley-III scale could
be effective inmeasuring developmental functions with respect to
examiner observations, and parent-reported behaviors (12, 35).
But, while this scale may be used to collectively assess language
development, many larger studies are needed to prove its
effectiveness (12, 35). Previous publications have indicated that
the BSID-II has higher predictive abilities for future functioning,
while others favor BSID-III (12, 13, 36, 37). There are indications
that BSID-II might underestimate development and BSID-III
might overestimate development (12, 13, 38). In previous studies,
the Bayley III scale identified significantly fewer children with
disabilities with respect to low birth weight preterm infants,
and the authors proposed that intervention may be essential for
these infants at the time of discharge from the neonatal intensive
care unit (39, 40). The Bayley-II and brain magnetic resonance
imaging to assess the neurodevelopmental outcomes have mostly
been applied to infants exposed to asphyxia (41, 42). In our study
using the Bayley-II assessment, we identified a number of cases
with neurodevelopmental issues especially in the infants exposed
to asphyxia.

The MDI/PDI scores of cognitive and motor function vary
during the stages of early infant development (43, 44). A previous
study indicated that variation in the PDI score for psychomotor
function is less significant compared to the MDI score for
mental/cognitive function in low birth weight infants (44). In
this study, we found similar results consistent with this previous
study that PDI score for psychomotor function is less significant
compared to the MDI score (Table 7). In our current study, we
found that preterm infants with BAEP values outside the normal
range had significantly lower MDI scores, compared to those of
term infants.

Studies using the Bayley II scale consistently identified high
rates of cognitive impairments among preterm or low birth rate
infants (45). In our study, the cognitive impairments tend be
higher in preterm infants subjected to asphyxia or respiratory
failure, based on the Bayley II assessment. Other studies have
shown that there is a reduction in cognitive impairment level
from 39% at 20 months to 16% at 8 years, based on the
Bayley II assessment in extremely low birth weight infants (46).
In our study, the MDI/PDI values for cognitive and motor
scores that were observed at age 2 years might have shown
increases at the later stages of development, if these infants
had been exposed to early interventions such as cognitive
and motor exercises, physical therapy sessions, and learning
games with parents to improve their developing cognitive and
motor skills.

Asphyxia Associated With MDI Score
Our investigation has shown that perinatal issues such as
prematurity and asphyxia may be negatively associated with
MDI scores. Infants born with asphyxia had low MDI scores an
average of 1.27 times more than the infants without asphyxia
(Table 6). Previous publications have reported that as a result
of perinatal asphyxia in infants, alterations of the putamen and
thalamus of the brain, and atrophic areas in the brainstem
were observed (47). Studies using magnetic resonance imaging
in newborns with perinatal asphyxia showed lesions in basal
ganglia, thalamus, brainstem tectum, parasagittal cortex, and the
midline cerebrum, but found no lesions in basal ganglia and
parasagittal regions (48). According to previous studies, perinatal
asphyxia may cause lesions in the central generators of brainstem
auditory-evoked response components, such as the cochlear
nuclei, superior olive, and inferior colliculus (48). In addition,
it was found that auditory-evoked response abnormalities in
the brainstem occurred more frequently after severe, prolonged
asphyxia (48).

Other studies have also proposed that following perinatal
hypoxemia, damage to the neonatal auditory system, including
the cochlea, may result in hearing deficits (48). Children who
experienced perinatal asphyxia tended to exhibit hearing loss
and neurodevelopmental deficits when compared to those not
exposed to asphyxia (26, 34). In reported cases of perinatal
asphyxia, infants generally recovered without neurological
defects, but neurodevelopmental deficits due to brain hypoxia-
ischemia were noted in some of these infants (27, 28).

In our current study, the data revealed abnormal brainstem
auditory-evoked responses in infants exposed to perinatal
conditions such as asphyxia, and we proposed that this
auditory assessment may be used to predict delays in their
neurodevelopment. Our results support using the early BAEP
assessments in infants as indicators of possible delays in
neurodevelopment of infants with perinatal conditions such as
asphyxia, as well as, prematurity and respiratory failure. To
further support this proposal, Figures 1–4 in our results show
that the cognitive development of infants was lower in the
infants who had BAEP values outside of the normal range,
and that this was observed in all of the perinatal categories,
including term, preterm, asphyxia, and respiratory failure.
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Further studies using a larger number of infants, including
those with perinatal infection, intracranial bleeding, jaundice,
and perhaps other conditions at birth will be pursued in
future investigations.

SES Related to MDI Scores
We had proposed that SES indicators are related to prematurity
in newborns, and our data revealed that a higher percent of
less educated mothers and low income families had infants in
the very premature gestational group, when compared with less
educated mothers and low income families with infants in the
later stage gestational group (Table 1). After analyzing the data,
we also found that SES indicators such as maternal education
and household income were associated with infants having lower
MDI scores, as shown by the lower MDI scores in infants from
families in the lower SES group (Table 6).

These results are consistent with previous studies showing
that SES variables likely influence early cognitive development,
especially when the variables measured are maternal education
(49) and household income (43). In our investigation (as shown
in Table 6), we found that the infants with less educated
mothers were 1.5 times more likely to have low MDI scores
than the infants with more educated mothers. In addition,
the infants in families with low income were 1.42 times more
likely to have low MDI scores than the infants in families with
higher income.

Maternal education has been shown to be a strong correlate
of children’s language, cognitive, and academic development.
A longitudinal database (19) from the National Institute of
Child Health and Human Development Study found that
maternal education is associated with concurrent improvements
in school readiness, language skills, and the quality of home
environments in children at age 3. Other studies where
interventions supporting parent-child interactions to enhance
motor control and coordination are provided weekly at home
from the age of 6–12 months, the overall cognitive level,
especially in verbal performance, was higher at age 4 (29,
50–53). Previous investigations on low birth weight infants
showed that their behavioral characteristics are also affected
by family SES, which may play a role in delayed cognitive
developmental at 18–22 months (52, 53). In two studies, high
doses of DHA supplementation were given at an early age
and found to be beneficial for improving mental development,
especially in girls (50, 51). From the results of our current
study, we propose that to improve their cognitive level during
the stages of infant growth, early interventions are highly
essential in infants with abnormal BAEP assessments and low
MDI/PDI scores.

Limitations of the Study
One of our limitations is that this is an exploratory investigation
and retrospective study, the study findings should be proved in
confirmatory studies in the future. In addition to this limitation,
while we randomly selected our study sample, we were limited
by the selection criteria that only allowed us to choose infants
with perinatal issues. For this reason, selection bias may have
influenced the representativeness of our study. Also, because we

followed the “Ethical Review Measures for Biomedical Research
Involving Human Beings” to respect the voluntary will of the
subjects and abide by the principles of benefit, non-harm, and
justice, we were unable to have a control group of normal
infants because our study would not benefit healthy infants
by administering numerous tests and assessments. Future case-
control studies may also be needed to investigate the odds
radios which would be more rigorous than the analyses used
in the current study, with respect to the association between
independent and dependent variables.

Another limitation is the relatively small number of preterm
infants with clinical issues at birth enrolled in our study to
examine the BAEP and MDI/PDI scores. Further studies will
be needed to include higher numbers of infants with jaundice,
infection, and intracranial bleeding. We were not informed of
the severity of intracranial hemorrhage of the infants in our
study because they had been released from the hospital following
normalization of their cranial MRIs. In our next study, we will
take multiple factors into consideration, including more detailed
information on the severity of intracranial hemorrhage and the
other perinatal conditions.

We used the Bayley II scale in the assessments, and, in
studies by others using the Bayley III scale, our data may not
be comparable because the Bayley III scale might reveal different
results with respect to the current data. We have been using the
Bayley II scale in assessments at our hospital for many years,
and our trained professionals are skilled to conduct the Bayley II
assessments. A comparison study between the Bayley II scale and
he Bayley III scale assessments might be interesting to conduct in
this area of research.

In addition, issues related to environmental factors and
parental lifestyle factors such as domestic smoking, alcohol use,
and nutritional factors may need to be taken into consideration
in future studies of cognitive and motor neurodevelopment in
infants and children. Future large scale, long-term studies
are needed to provide further information concerning
neurodevelopmental outcomes from birth to childhood.

CONCLUSION

Our study found that BAEP values outside the normal range
at age 6 months have a predictive effect on developmental
delays in cognitive and motor skills, as shown by MDI scores,
especially in premature newborns. Preventive prenatal care and
early diagnoses and treatments during the perinatal period could
possibly help prevent later problems with neurodevelopment in
early childhood. For infants who experience prematurity and
asphyxia, early interventions to improve cognitive and motor
skills development for these infants might help to attenuate
the abnormal neurodevelopmental issues that develop at later
stages in these premature infants. In addition, for families with
lower SES, early public health interventions, such as parental
instruction with respect to teaching skills and games to enrich
infant learning, may facilitate cognitive and motor development
in babies with BAEP values that predict developmental delays and
lower MDI scores.
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Background: Postnatal insulin-like growth factor-1 (IGF-1) replacement with

recombinant human (rh)IGF-1 and IGF binding protein-3 (rhIGF-1/rhIGFBP-3) is being

studied as a potential treatment to reduce comorbidities of prematurity. We have recently

reported on a phase II, multicenter, randomized, controlled trial comparing postnatal

rhIGF-1/rhIGFBP-3 replacement with standard of care (SOC) in extremely preterm

infants (NCT01096784). Maximum severity of retinopathy of prematurity was the primary

endpoint of the trial and presence of GMH-IVH/PHI one of the pre-specified secondary

endpoints. Infants therefore received serial cranial ultrasound scans (CUS) between birth

and term age. In this post-hoc analysis we present a detailed analysis of the CUS data

of this trial and evaluate the effect of postnatal rhIGF-1/rhIGFBP-3 replacement on the

incidence of different kinds of brain injury in extremely preterm infants.

Methods: This report is an exploratory post-hoc analysis of a phase II trial in which

infants <28 weeks gestational age were randomly allocated to rhIGF-1/rhIGFBP-3 or

SOC. Serial cranial ultrasounds were performed between birth and term-equivalent age.

Presence of germinal matrix hemorrhage and intraventricular hemorrhage (GMH-IVH),

periventricular hemorrhagic infarction (PHI), post-hemorrhagic ventricular dilatation, and

white matter injury (WMI) were scored by two independent masked readers.

Results: The analysis included 117 infants; 58 received rhIGF-1/rhIGFBP-3 and 59

received SOC. A trend toward less grade II–III GMH-IVH and PHI was observed in treated
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infants vs. SOC. A subanalysis of infants without evidence of GMH-IVH at study entry (n

= 104) showed reduced progression to GMH-IVH in treated infants (25.0% [13/52] vs.

40.4% [21/52]; not significant). No effects of rhIGF-1/rhIGFBP-3 on WMI were observed.

Conclusion: The potential protective effect of rhIGF-1/rhIGFBP-3 on the occurrence of

GMH-IVH/PHI appeared most pronounced in infants with no evidence of GMH-IVH at

treatment start.

Keywords: neonate, brain injury, cerebral hemorrhage, recombinant human IGF-1, extremely preterm

INTRODUCTION

Despite advances in neonatal care and the widespread use
of antenatal steroids, prematurity-related brain injuries
such as germinal matrix hemorrhage and intraventricular
hemorrhage (GMH-IVH), periventricular hemorrhagic
infarction (PHI), post-hemorrhagic ventricular dilatation
(PHVD), and white matter injury (WMI) remain
common in extremely preterm infants (1–3). These
events are highly related to short- and long-term adverse
neurodevelopmental outcomes (4–6). It is therefore important
to evaluate novel strategies to prevent brain injury in these
vulnerable infants.

Postnatal levels of insulin-like growth factor-1 (IGF-1) in
extremely premature infants are lower than intrauterine levels at
a corresponding gestational age (GA) (7). IGF-1 is a major fetal
growth factor involved in a number of processes that include
metabolism, growth, and differentiation (8). Postnatal IGF-1
replacement with a complex of recombinant human (rh)IGF-1
and IGF binding protein-3 (rhIGF-1/rhIGFBP-3) is being studied
as a potential treatment to reduce comorbidities associated
with premature birth. A phase II, multicenter, randomized,
controlled trial recently compared postnatal rhIGF-1/rhIGFBP-
3 replacement with standard of care (SOC) in extremely
preterm infants (NCT01096784) (9). The maximum severity of
retinopathy of prematurity was the primary endpoint of the
trial and presence of GMH-IVH detected by cranial ultrasound
scans (CUS) was a pre-specified secondary endpoint. Results
of that trial showed a trend toward reduction in IVH favoring
active treatment. The study was not powered for a reduction
in IVH and some study infants already had evidence of GMH-
IVH at study entry, which also may have influenced the
results. The reason that some study infants had evidence of
GMH-IVH at study entry is because the baseline scan was
read locally to allow enrollment decisions within the first
24 h after birth. The effect of postnatal IGF-1 replacement on
incidence of PHVD and WMI detected by CUS has not yet
been reported.

We conducted post-hoc analyses of data from that
trial to clarify the findings relative to GMH-IVH, and to
further evaluate the effect of postnatal rhIGF-1/rhIGFBP-3
replacement on the incidence of prematurity-related brain
injury (GMH-IVH, PHI, PHVD, and WMI), as assessed
by CUS.

METHODS

Study Design and Patient Population
Themethods, study design, and results from the primary analyses
of the phase II study were reported previously (9). In brief,
this was a multicenter, randomized, SOC concurrent control,
assessor-masked study of rhIGF-1/rhIGFBP-3 (mecasermin
rinfabate, 50µg/ml solution) in extremely preterm infants
(ClinicalTrials.gov, NCT01096784). Eligible infants had a GA
at birth ranging from 23 weeks + 0 days to 27 weeks + 6
days. Exclusion criteria included detectable gross malformation,
known or suspected chromosomal abnormality, clinically
significant neurological disease, GMH-IVH grade II or III, or
PHI (infants with grade I GMH-IVH were included). Infants in
the active treatment group received a standardized dosage of 250
µg/kg per day of rhIGF-1/rhIGFBP-3 via continuous intravenous
infusion in addition to SOC from ≤24 h of birth until a post-
menstrual age (PMA) of 29 weeks+ 6 days. Infants in the control
group received SOC based on their individual medical needs and
according to local protocols. The primary endpoint of the phase
II study was maximum severity of retinopathy of prematurity
(ROP). Secondary endpoints included IVH, time to discharge
from neonatal care, bronchopulmonary dysplasia, and growth
parameters (9). A post-hoc analysis was conducted to further
explore the phase II study findings relative to IVH.

Written informed consent was provided by all infants’
parents/guardians. The study was reviewed/approved by
all relevant institutional review boards/independent ethics
committees of all participating centers.

Detection and Assessment of Brain Injury

on CUS
As part of the phase II trial, CUS examinations were performed
to detect and assess cerebral hemorrhage at study entry (day
0); at postnatal days 3, 7, 14, and 21 (±1 day); and at PMA
of 40 weeks (± 4 days). As initially reported, a single reader
(masked to treatment) evaluated all ultrasound images for the
highest grade of GMH-IVH, according to Papile and Bowerman
methods (10, 11). No IVH and grade I IVH were grouped
together. As a post-hoc follow up, CUS was re-examined for
GMH-IVH and PHI for each scan by two independent readers,
who were masked to treatment allocation. In addition, CUS
images were analyzed for the presence of PHVD and WMI.
GMH-IVH was graded according to Volpe (12); PHI was graded
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TABLE 1 | Cranial ultrasound image grading systems.

GMH-IVH graded according to Volpe method (12)

Severity Description

Grade I GMH with no or minimal IVH (<10% of ventricular area on

parasagittal view)

Grade II IVH in 10–50% of ventricular area on parasagittal view

Grade III IVH in >50% of ventricular area on parasagittal view; usually

distends lateral ventricle

Grade IV

(IVH and PHI)

IVH compounded by hemorrhagic venous infarction in the

periventricular white matter

PHI graded according to Dudink method (13)

Localization Caudate vein infarct

Temporal vein infarct

Anterior terminal vein infarct

Complete terminal vein infarct

Severity Description

Limited PHI Only caudate vein or temporal vein affected; small anterior terminal

vein infarction

Extensive PHI Complete terminal vein infarction or combination of caudate vein,

temporal vein, anterior vein infarctions

PHVD graded according to Davies method (14)

Severity Description

0 Normal, AHW <3 mm

1 Mild, AHW 3 to <5 mm

2 Moderate AHW 5–10 mm

3 Severe AHW >10 mm

White matter injury

Schematic description

• Persistent periventricular hyperechogenicity, no cysts, no obvious

white matter loss (white matter loss was identified as ventricular

dilatation without hemorrhage)

• Persistent periventricular hyperechogenicity evolving into diffuse

white matter loss, but no cysts

• Persistent periventricular hyperechogenicity evolving into small

localized frontoparietal cystic lesions (limited cystic PVL)

• Persistent periventricular hyperechogenicity evolving into extensive

cystic lesions (extensive cystic PVL)

Scoringa Description

0 Persistent periventricular hyperechogenicity or punctate lesions

without overt white matter loss, no cysts

1 Persistent periventricular hyperechogenicity or extensive punctate

lesions evolving in a white matter loss without cysts

2 Limited cystic PVL

3 Extensive cystic PVL

Brain injury severity score

0 No brain abnormalities

(Continued)

TABLE 1 | Continued

1 GMH, periventricular hyperechogenicity without white or gray

matter loss, and mild-moderate cerebral injury

2 IVH II, mild PHVD, stroke of a perforating artery

3 IVH III, persistent moderate PHVD without shunt or Rickham

device, persistent periventricular hyperechogenicities with diffuse

white and/or gray matter loss at term cranial ultrasound

4 Limited PHI, limited PVL, PHVD with shunt or Rickham device,

anterior cerebral artery stroke, posterior cerebral artery stroke,

severe cerebellar injury

5 Unilateral extensive PHI, extensive cystic PVL, mild cerebral artery

stroke, severe global brain atrophyb

6 Bilateral extensive PHI

AHW, anterior horn width; GMH, germinal matrix hemorrhage; IVH, intraventricular

hemorrhage; PHI, periventricular hemorrhagic infarction; PHVD, post-hemorrhagic

ventricular dilatation; PVL, periventricular leukomalacia.
aGrade 0 and grade I persistent periventricular hyperechogenicity were combined for

presentation in Figure 1; grade II and grade III were combined for cystic PVL.
bSevere global brain atrophy defined as a combination of global loss of gray and white

matter, delayed cortical folding, and enlarged lateral ventricles and subarachnoid spaces.

by localization and extent of the lesion according to Dudink
(13). PHVD was measured by anterior horn width (AHW)
according to Davies, and graded as follows: normal, <3mm;
mild, AHW 3 to <5mm; moderate, AHW 5–10mm; severe,
AHW>10mm [(14);Table 1].WMIwas schematically described
according to Govaert and de Vries (15), with presentation as
persistent periventricular hyperechogenicity, white matter loss,
or cystic periventricular leukomalacia (PVL). White matter loss
was identified as ventricular dilatation without hemorrhage on
CUS. WMI was scored using a four-grade classification. A seven-
grade brain injury severity score was developed by one of
the authors (SH) for use in the current study (not previously
published). The brain injury severity score utilized a classification
system where each grade reflected a greater degree of brain injury
(Table 1). The brain injury severity score was recorded for each
infant at 40 weeks PMA. Information on surgical intervention in
infants with PHVD (e.g., shunt, Rickham device) was collected
prospectively. Any discrepancy between the two readers was
resolved by consensus agreement.

Statistical Analysis
The current study included post-hoc analysis of brain injury
severity distribution, and a further subanalysis on GMH-IVH
progression in those infants without hemorrhage on the baseline
CUS. The severity distribution for GMH-IVH analysis included
all eligible infants in the phase II study. The distribution of
GMH-IVH according to treatment group was determined from
the maximum-grade hemorrhage observed for each infant in the
study population after randomization. A consensus maximum
GMH-IVH grade for each infant was defined based on the
highest grade of GMH-IVH observed by joint masked reader
review of all scans performed for that infant between day 0
and PMA 40 weeks (even in the event that some scans were
missing). In the subanalysis, the preventative effect of treatment
with rhIGF-1/rhIGFBP-3 on GMH-IVH was assessed based on
the progression of cerebral hemorrhage during the study among
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FIGURE 1 | Flowchart of infants included in the phase II study (9), the post-hoc analysis, and the subanalysis. GMH-IVH, germinal matrix hemorrhage and

intraventricular hemorrhage; rhIGF-1, recombinant human insulin-like growth factor-1; rhIGFBP-3, recombinant human insulin-like growth factor binding protein-3.

(Continued)
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FIGURE 1 | aOne infant had a serious adverse event with fatal outcome, but the primary reason for discontinuation was withdrawal of consent. bAll infants

discontinued due to a serious adverse event with fatal outcome. cSeven of nine discontinuations were due to serious adverse events with fatal outcome. dFor the

distribution analysis (n = 117), each infant was classified based on the maximum grade of GMH-IVH observed between day 0 and week 40 during a joint masked

consensus review of all available scans for that infant; one infant receiving standard of care and three infants receiving rhIGF-1/rhIGFBP-3 died within 72 h of

randomization and did not have an assigned maximum grade. eThe progression analysis (n = 104) was based on a comparison of longitudinal scans with the baseline

grade 0 scan for each eligible infant; 17 infants were excluded for the progression analysis: grade 0 → missing (n = 3); grade I → grade I (n = 4); grade I → grade II

(n = 2); grade II → grade II (n = 3); grade II → grade IV (n = 1); grade III → grade IV (n = 1); grade IV → grade IV (n = 1); missing → grade 0 (n = 1); missing →

grade III (n = 1). Reprinted from Ley et al. (9), Copyright 2019, with permission from Elsevier. https://www.sciencedirect.com/science/article/pii/S0022347618315403.

infants with no evidence of GMH-IVH or PHI (classified as grade
0GMH-IVH) at study entry. Progression to GMH-IVH in infants
with no evidence of hemorrhage at baseline was analyzed based
on the highest grade identified at any subsequent scan after the
baseline scan. The final analysis in the current study included
two different subgroups; 117 infants were included in the post-
hoc analysis for brain injury, and 104 infants were included in the
GMH-IVH progression analysis.

The Fisher exact test was performed to test the significance
of the difference between the rhIGF-1/rhIGFBP-3 treatment and
SOC groups. A p≤ 0.05 was regarded as significant. The grade of
GMH-IVH (grades I–III) or PHI was summarized descriptively
by treatment group and GA strata. Weighted kappa statistics
were used to measure interrater agreement between the two
readers. No power calculations were performed for comparing
GMH-IVH in this post-hoc analysis, since it was a secondary
endpoint; the trial was only powered for the primary endpoint of
maximum severity of retinopathy of prematurity in the primary
phase II study.

RESULTS

Brain Injury Severity Distribution Analysis

(n = 117)
A total of 121 infants were enrolled in the original phase II
trial, and details of patient disposition among these infants
have been previously reported (9). In the current study, 117
infants were assigned a maximum grade of GMH-IVH and
were included in the analysis for presence of brain injury
(Figure 1). Four infants died within 72 h of randomization and
were not assigned a maximum grade. The cause of death was
respiratory failure in each circumstance; baseline CUS revealed
no evidence of hemorrhage. Fifty-eight of 117 infants received
rhIGF-1/rhIGFBP-3 and 59 received SOC. Thirty-two of 58
(55.2%) treated infants and 31 of 59 (52.5%) control infants were
born before 26 weeks GA (Table 2).

GMH-IVH or PHI
A smaller proportion of treated infants had grade II–III GMH-
IVH or PHI, compared with control infants; the differences
were not statistically significant (Figure 2). Across all GAs, a
higher frequency of grade II–III GMH-IVH or PHI was observed
among infants receiving SOC vs. rhIGF-1/rhIGFBP-3 (Figure 3).
Among infants <25 weeks GA, a smaller proportion of rhIGF-
1/rhIGFBP-3–treated infants had grade II–III GMH-IVH or PHI
compared with controls (15.0% [n = 3/20] vs. 36.4% [n = 8/22],
respectively; not statistically significant).

TABLE 2 | Demographic characteristics and maternal/perinatal histories of infants

included in the post-hoc analysis (n = 117).

Characteristic Standard of care rhIGF-1/rhIGFBP-3

(n = 59) (n = 58)

Sex, n (%)

Male 38 (64.4) 38 (65.5)

Female 21 (35.6) 20 (34.5)

GA group, n (%)

<26 weeks 31 (52.5) 32 (55.2)

≥26 weeks 28 (47.5) 26 (44.8)

GA (weeks)

Mean (SD) 25 (1) 26 (1)

Weight at birth (g)

Mean (SD) 803 (175) 782 (186)

Race, n (%)

Asian 5 (8.5) 4 (6.9)

Black or African American 9 (15.3) 4 (6.9)

White 41 (69.5) 47 (81.0)

Other 4 (6.8) 3 (5.2)

Mode of delivery, n (%)

Vaginal 27 (45.8) 24 (41.4)

Cesarean section 32 (54.2) 34 (58.6)

Maternal infections, n (%) 14 (23.7) 10 (17.2)

Clinical chorioamnionitis, n (%) 6 (10.2) 9 (15.5)

Maternal antibiotics, n (%) 38 (64.4) 29 (50.0)

Antenatal steroids, n (%) 59 (100) 58 (100.0)

Fertility therapy, n (%) 8 (13.6) 8 (13.8)

In vitro fertilization 6 (10.2) 8 (13.8)

Ovulation stimulation 2 (3.4) 0

Preterm labor, n (%) 52 (88.1) 47 (81.0)

Preterm premature rupture of 20 (33.9) 16 (27.6)

membranes, n (%)

Preeclampsia, n (%) 5 (8.5) 7 (12.1)

Apgar score at 5min

Median (range) 7.0 (2.0–10.0) 8.0 (1.0–10.0)

GA, gestational age; rhIGF-1, recombinant human insulin-like growth factor-1; rhIGFBP-3,

recombinant human insulin-like growth factor binding protein-3; SD, standard deviation.

PHVD and WMI
Overall, the proportion of infants with PHVD was lower among
treated infants vs. controls (not statistically significant; Figure 2).
Mild PHVD (AHW 3–5mm) occurred in 1.7% (n = 1/58) of
infants in the treated group and 15.3% (n = 9/59) in the SOC
group. Moderate PHVD (AHW 5–10mm) occurred in 8.6%
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FIGURE 2 | Distribution of brain abnormalities among extremely preterm infants receiving rhIGF-1/rhIGFBP-3 or standard of care.a GMH-IVH, germinal matrix

hemorrhage and intraventricular hemorrhage; PHI, periventricular hemorrhagic infarction; PHVD, post-hemorrhagic ventricular dilatation; PVL, periventricular

leukomalacia; rhIGF-1, recombinant human insulin-like growth factor-1; rhIGFBP-3, recombinant human insulin-like growth factor binding protein-3. aBased on the

maximum-grade hemorrhage for each infant observed in cranial ultrasound on study days 0, 3, 7, 14, and 21, and at 40 weeks post-menstrual age.

(n= 5/58) in the treated group and 6.8% (n = 4/59) in the
SOC group. Severe PHVD (AHW >10mm) was low in both the
treated and SOC groups: 3.4% (n = 2/58) vs. 1.7% (n = 1/59),
respectively (these findings were not statistically significant). A
smaller proportion of infants in the rhIGF-1/rhIGFBP-3 group
had periventricular hyperechogenicity than among controls:
15.5% (n = 9/58) vs. 22% (n = 13/59), respectively (not
statistically significant; Figure 2). The proportion of treated vs.
control infants with ventricular dilatation without hemorrhage
(mild and moderate) was equal (10.3% [n = 6/58] vs. 10.2% [n
= 6/59], respectively). No infants had severe dilatation without
hemorrhage. The proportion of treated vs. control infants with
cystic PVL (limited and extensive) was equal (3.4% [n= 2/58] vs.
3.4% [n= 2/59], respectively).

Brain Injury Score
Compared with control infants, a higher proportion of infants in
the rhIGF-1/rhIGFBP-3 group had a brain injury severity score
of 0 (53.4 % [n = 31/58] vs. 42.4% [n = 25/59], respectively;
Figure 4). The proportion of infants with a severity score≥3 was
slightly higher among treated infants (25.9% [n = 15/58]) than
control infants (22.0% [n = 13/59]). These differences were not
statistically significant.

Overall, findings from the brain injury severity distribution
analysis among 117 infants showed no significant effect on brain
injury among treated infants vs. infants receiving SOC.

Subanalysis on the Preventative Effect of

rhIGF-1/rhIGFBP-3 on GMH-IVH (n = 104)
Of the total phase II study population (n = 121), 107 infants
had no evidence of GMH-IVH on CUS at study entry (14
infants had evidence of GMH-IVH grade >0 or missing data
at study entry). Three infants had a baseline scan only and
were excluded from the subanalysis. One infant, excluded
from the distribution analysis due to lack of assignment of
maximum grade owing to poor quality of day 3 CUS, was
included in the progression analysis. A total of 104 infants
were, therefore, included in the subanalysis of GMH-IVH
progression (Figure 1). Of these infants with no GMH-IVH
at study entry, 70 remained hemorrhage free over the course
of the study (39 infants in the rhIGF-1/rhIGFBP-3 group;
31 in the SOC group), while 34 developed GMH-IVH (13
in the rhIGF-1/rhIGFBP-3 group; 21 in the SOC group;
Table 3).

Among infants in the SOC group whose mothers had
infections, a significantly higher proportion developed GMH-
IVH than remained GMH-IVH free (38.1% [n = 8/21] vs.
12.9% [n = 4/31], respectively; p = 0.05). The difference
in the proportion of treated infants with maternal infections
who developed hemorrhages or remained hemorrhage free
was not statistically significant. A higher frequency of clinical
chorioamnionitis and maternal antibiotic use was observed
among infants who developed IVH/PHI in both the SOC and
rhIGF-1/rhIGFBP-3 treatment groups, compared with infants
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FIGURE 3 | Distribution of GMH-IVH grade II–III or PHI among infants assigned a maximum grade (n = 117), by treatment group and gestational age. GA, gestational

age; GMH-IVH, germinal matrix hemorrhage and intraventricular hemorrhage; PHI, periventricular hemorrhagic infarction; rhIGF-1, recombinant human insulin-like

growth factor-1; rhIGFBP-3, recombinant human insulin-like growth factor binding protein-3.

who remained hemorrhage free (not statistically significant;
Table 3).

GMH-IVH Progression
Among 104 infants who had no evidence of GMH-IVH on CUS
at study entry, there was a trend toward less progression to GMH-
IVH grade I–III or PHI among treated infants compared with
SOC (25.0% [n = 13/52] vs. 40.4% [n = 21/52], respectively;
p= 0.14; percentage risk difference,−15.4%; confidence interval
[CI],−34.6 to 4.8%; Figure 5).

DISCUSSION

To our knowledge, this is the first multicenter, randomized,
controlled trial to evaluate the effect of postnatal rhIGF-
1/rhIGFBP-3 replacement on brain injury in extremely preterm
infants, as assessed by serial CUS. Among the full population
in the current study (n = 117), we observed a lower prevalence
of grade II–III GMH-IVH and PHI in infants receiving rhIGF-
1/rhIGFBP-3 vs. infants receiving SOC. The prevalence of grade
I GMH-IVH and WMI (cystic PVL and white matter loss) was
broadly comparable between groups.

Post-hoc analysis of the serial CUS imaging data from the
phase II trial (9) by two independent central readers revealed
that 12 infants (6 in the treatment group, 6 in the control

group) had pre-existing GMH-IVH before treatment with rhIGF-
1/rhIGFBP-3 commenced, which may have attenuated the
observed protective effect of rhIGF-1/rhIGFBP-3 replacement on
the occurrence of GMH-IVH. Therefore, we performed a further
exploratory post-hoc analysis, including a subcohort of infants
without pre-existing GMH-IVH (n = 104), in order to study the
potentially preventive effect of rhIGF-1/rhIGFBP-3 replacement.
In this subcohort, 25.0% in the treatment group vs. 40.4% in
the SOC group developed GMH-IVH or PHI. Although not
statistically significant, we believe that the potentially beneficial
effect of rhIGF-1/rhIGFBP-3 replacement in preventing GMH-
IVH is more pronounced in the post-hoc analysis than we
were able to demonstrate in the clinical trial. No power
calculations were performed for comparing GMH-IVH (the
study was powered for the retinopathy of prematurity endpoint
in the primary study only). Dose-response characteristics for
this potentially beneficial effect will be further explored in a
larger clinical trial that is currently underway (EudraCT number:
2018-001393-16). If the protective effect of rhIGF-1/rhIGFBP-
3 can be confirmed in a larger cohort of preterm infants, early
administration of the drug may be beneficial to reduce GMH-
IVH occurrence.

While severe GMH-IVH (grade III and PHI) is commonly
used as an outcome parameter in clinical trials, low-grade
GMH-IVH (i.e., grade I and II) is not always considered a
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FIGURE 4 | Brain injury severity score among infants assigned a maximum grade (n = 117), by treatment group. rhIGF-1 recombinant human insulin-like growth

factor-1, rhIGFBP-3 recombinant human insulin-like growth factor binding protein-3.

relevant neonatal morbidity. Indeed, it has become customary
to inform parents that an uncomplicated, limited GMH-
IVH has no relevance in relation to long-term outcomes.
However, recent data have associated low-grade hemorrhage
with neurodevelopmental impairment in preterm infants (16).
A meta-analysis by Mukerji et al. found an increased risk for
moderate to severe neurodevelopmental impairment at 18–24
months (adjusted odds ratio, 1.39; 95% CI, 1.09–1.77) in infants
with mild (grade I and/or II) periventricular/intraventricular
hemorrhage compared with infants without hemorrhage (17).
Even though the meta-analysis was based on a limited amount of
data, low-grade GMH-IVH might in the future need to be taken
into account when considering clinical outcome.

The exact neurobiological basis of the adverse effect of
uncomplicated low-grade GMH-IVH on neurodevelopmental
outcome still needs to be elucidated, but it is likely multifactorial,
and there are several pathogenetic mechanisms that have
been related to the observed brain injury after low-grade
GMH-IVH. The destruction of the germinal matrix itself may
result in a relevant loss of glial precursor cells, leading to
impaired myelination, and cortical development (18, 19). Low-
grade GMH-IVH can be followed by abnormal microstructural
alterations in periventricular and subcortical white matter (20).
Even limited amounts of intraventricular blood can further
trigger inflammation in adjacent white matter through activated
microglia, passage of red blood cells, and red blood cell
degradation; the resulting perilesional tissue injury may be
secondary to free radical release and the presence of free iron
(21–24). In this context, we believe it is important to include

low-grade GMH-IVH as an outcome variable, although careful
long-term neurodevelopmental follow up of larger cohorts is
needed to prove this assumption.

Infants who experience PHVD after GMH-IVH carry a higher
risk of adverse neurodevelopmental outcomes than infants
without PHVD (25–27). In our cohort, 13.8% of infants receiving
rhIGF-1/rhIGFBP-3 developed some degree of PHVD, compared
with 23.7% of infants receiving SOC. However, the difference
was mainly due to an increased incidence of mild PHVD in
the control group, which is in line with the finding of a higher
prevalence of low-grade GMH-IVH in the control group. The
incidence of severe PHVD (AHW >10mm) was low, and
comparable in both groups (2 infants in the treatment group vs.
1 infant in the control group). Therefore, the clinical relevance of
the observed difference in subtle cases of PHVD between groups
remains speculative.

WMI is common in preterm infants (28, 29). The cystic
form of WMI, also known as cystic PVL, is highly associated
with cerebral palsy (28, 30). It can be reliably detected by serial
CUS imaging (31). Today, due to advances in neonatal care, it
has become a rare disease (32). The incidence of cystic PVL
was 3.4% in each of the study groups (rhIGF-1/rhIGFBP-3 and
SOC) in the current study, which is comparable to data from
population-based cohorts (1, 3). The non-cystic form of WMI,
the more common type of WMI in preterm infants today, can
present on CUS as persisting periventricular hyperechogenicity.
The incidence of periventricular hyperechogenicity was 15.5% in
the treatment group vs. 22.0% in the SOC group in the current
study. Non-cystic WMI can lead to impaired brain growth and
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TABLE 3 | Demographics, characteristics, and maternal/perinatal histories of infants with no GMH-IVH at study entry who either remained hemorrhage free or developed

GMH-IVH after study entry (n = 104).

Characteristic Infants who remained GMH-IVH free (n = 70) Infants who developed GMH-IVH (n = 34)

Standard of care

(n = 31)

rhIGF-1/rhIGFBP-3

(n = 39)

Standard of care

(n = 21)

rhIGF-1/rhIGFBP-3

(n = 13)

Sex, n (%)

Male 18 (58.1) 26 (66.7) 16 (76.2) 8 (61.5)

Female 13 (41.9) 13 (33.3) 5 (23.8) 5 (38.5)

GA group, n (%)

<26 weeks 11 (35.5) 19 (48.7) 16 (76.2) 9 (69.2)

≥26 weeks 20 (64.5) 20 (51.3) 5 (23.8) 4 (30.8)

GA (weeks)

Mean (SD) 26 (1) 26 (1) 25 (1) 25 (1)

Weight at birth (g)

Mean (SD) 836 (182) 779 (173) 747 (145) 816 (221)

Race, n (%)

Asian 2 (6.5) 3 (7.7) 3 (14.3) 1 (7.7)

Black or African American 5 (16.1) 1 (2.6) 4 (19.0) 3 (23.1)

White 22 (71.0) 32 (82.1) 13 (61.9) 9 (69.2)

Other 2 (6.5) 3 (7.7) 1 (4.8) 0

Mode of delivery, n (%)

Vaginal 14 (45.2) 14 (35.9) 8 (38.1) 8 (61.5)

Cesarean section 17 (54.8) 25 (64.1) 13 (61.9) 5 (38.5)

Maternal infections, n (%) 4 (12.9) 5 (12.8) 8 (38.1) 4 (30.8)

Clinical chorioamnionitis, n (%) 2 (6.5) 3 (7.7) 2 (9.5) 4 (30.8)

Maternal antibiotics, n (%) 17 (54.8) 18 (46.2) 17 (81.0) 8 (61.5)

Antenatal steroids, n (%) 31 (100) 39 (100) 21 (100) 13 (100)

Fertility therapy, n (%) 7 (22.6) 4 (10.3) 1 (4.8) 3 (23.1)

In vitro fertilization 5 (16.1) 4 (10.3) 1 (4.8) 3 (23.1)

Ovulation stimulation 2 (6.5) 0 0 0

Preterm labor, n (%) 27 (87.1) 29 (74.4) 19 (90.5) 13 (100)

Premature rupture of membranes, n (%) 9 (29.0) 9 (23.1) 8 (38.1) 6 (46.2)

Preeclampsia, n (%) 2 (6.5) 6 (15.4) 2 (9.5) 0

Apgar score at 5min

Median (range) 7.0 (2.0–10.0) 8.0 (3.0–10.0) 7.0 (4.0–10.0) 6.0 (1.0–9.0)

GA, gestational age; GMH-IVH, germinal matrix hemorrhage and intraventricular hemorrhage; rhIGF-1, recombinant human insulin-like growth factor-1; rhIGFBP-3, recombinant human

insulin-like growth factor binding protein-3; SD, standard deviation.

development and brain atrophy. One of the sonographic signs
of impaired brain development or loss of gray and white matter
volume is ventricular dilatationwithout hemorrhage on the term-
age ultrasound. This finding on term-age CUS has been shown
to correlate to long-term outcomes (33, 34). The prevalence of
ventricular dilatation without hemorrhage was identical in both
groups in the current trial (rhIGF-1/rhIGFBP-3 10.3% vs. SOC
10.2%). Therefore, we could not find evidence of either adverse
or beneficial effects of rhIGF-1/rhIGFBP-3 replacement on cystic
or non-cystic WMI with serial CUS.

The present data suggest that postnatal replacement therapy
with rhIGF-1/rhIGFBP-3 may have a beneficial effect on causal
mechanisms involved in the development of pretermGMH-IVH.
The rupture of vessels leading to GMH-IVH has been attributed
to an increased vulnerability of the germinal matrix vasculature

to fluctuations in cerebral blood flow (35). The vasculature of the
germinal matrix is in a highly proliferative phase and exhibits
a paucity of pericytes and an immature basal lamina low in
fibronectin (35). Further, circulating IGF-1 deficiency has been
shown to compromise the structural integrity of the cerebral
vasculature, resulting in decreased cerebral capillary density and
impaired cerebral myogenic autoregulation in preclinical studies
(36–38). The relationship between decreased circulating levels
of IGF-I and structural or functional aspects of the immature
blood-brain barrier remain to be elucidated.

The strength of this study is the multicenter, randomized,
controlled study design. Centers in five European countries and
the United States participated in the trial, which underlines
the generalizability of our findings. Furthermore, CUS was
performed serially from birth to term age and analyzed
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FIGURE 5 | Progression of GMH-IVH among infants with no evidence of GMH-IVH on cranial ultrasound at study entry (n = 104).a GMH-IVH, germinal matrix

hemorrhage and intraventricular hemorrhage; PHI, periventricular hemorrhagic infarction; rhIGF-1, recombinant human insulin-like growth factor-1; rhIGFBP-3,

recombinant human insulin-like growth factor binding protein-3. aSeventeen infants were excluded for the progression analysis: grade 0 → missing (n = 3); grade I

→ grade I (n = 4); grade I → grade II (n = 2); grade II → grade II (n = 3); grade II → grade IV (n = 1); grade III → grade IV (n = 1); grade IV → grade IV (n = 1);

missing → grade 0 (n = 1); missing → grade III (n = 1).

independently by two masked readers, increasing reliability in
detection of not only mild hemorrhage, but also cystic and
non-cystic forms of WMI as well as severe brain atrophy.

Limitations include the relatively small sample size in our
treated and SOC cohorts, which could be a possible explanation
as to why a number of our results did not reach significance.
The trial was powered for the primary endpoint: maximum
severity of retinopathy of prematurity. Presence of GMH-IVH
was one of the pre-specified secondary endpoints, but the
study was not powered for IVH reduction, nor for reduction
of the other types of prematurity-related brain injury. It is
therefore important that a larger clinical trial is underway that
is planning to enroll ∼600 infants (EudraCT number: 2018-
001393-16; NCT03253263). An additional consideration is that
CUS was performed using the anterior fontanel as an acoustic
window. Additional visualization of the posterior fossa via
mastoid fontanel would have improved detection of cerebellar
injury (39, 40) but was not part of the initial study protocol.
Another limitation is that brain injury was evaluated by CUS
only. Magnetic resonance imaging (MRI) as a complementary
imaging modality would have certainly increased the sensitivity
and accuracy of the detection of prematurity-related brain injury,
and would have allowed detailed segmentation of different brain
regions and volumetric studies, as well as quantification of white

matter changes. However, acquiring high quality MRI data in
a multicenter study setting can be challenging compared to
sequential CUS. The advantage of CUS is that it is a bedside tool
that is nearly universally available in neonatal intensive care units,
and allows frequent serial imaging with minimal disturbance of
the infants and thereby gives valuable information on the timing
and evolution of brain injury. This can be crucial especially in
intervention studies like ours where timing of brain injury in
relation to drug application is an important aspect.

CONCLUSIONS

In this first multicenter, randomized, controlled trial comparing
rhIGF-1/rhIGFBP-3 replacement therapy with standard
treatment in extremely preterm infants, a trend toward less
grade II–III GMH-IVH and PHI in the treatment group
was observed across GAs. The potential protective effect of
rhIGF-1/rhIGFBP-3 was most pronounced in infants with no
evidence of GMH-IVH at the start of treatment. No effects of
rhIGF-1/rhIGFBP-3 replacement on WMI were observed. These
results support further investigation of the potential beneficial
effects of rhIGF-1/rhIGFBP-3 replacement in a larger cohort of
extremely preterm infants.
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Germinal matrix hemorrhage (GMH) is a serious complication in extremely preterm
infants associated with neurological deficits and mortality. The purpose of the present
study was to develop and characterize a grade III and IV GMH model in postnatal day
5 (P5) rats, the equivalent of preterm human brain maturation. P5 Wistar rats were
exposed to unilateral GMH through intracranial injection into the striatum close to the
germinal matrix with 0.1, 0.2, or 0.3 U of collagenase VII. During 10 days following GMH
induction, motor functions and body weight were assessed and brain tissue collected at
P16. Animals were tested for anxiety, motor coordination and motor asymmetry on P22–
26 and P36–40. Using immunohistochemical staining and neuropathological scoring we
found that a collagenase dose of 0.3 U induced GMH. Neuropathological assessment
revealed that the brain injury in the collagenase group was characterized by dilation of
the ipsilateral ventricle combined with mild to severe cellular necrosis as well as mild
to moderate atrophy at the levels of striatum and subcortical white matter, and to a
lesser extent, hippocampus and cortex. Within 0.5 h post-collagenase injection there
was clear bleeding at the site of injury, with progressive increase in iron and infiltration
of neutrophils in the first 24 h, together with focal microglia activation. By P16, blood
was no longer observed, although significant gray and white matter brain infarction
persisted. Astrogliosis was also detected at this time-point. Animals exposed to GMH
performed worse than controls in the negative geotaxis test and also opened their eyes
with latency compared to control animals. At P40, GMH rats spent more time in the
center of open field box and moved at higher speed compared to the controls, and
continued to show ipsilateral injury in striatum and subcortical white matter. We have
established a P5 rat model of collagenase-induced GMH for the study of preterm brain
injury. Our results show that P5 rat pups exposed to GMH develop moderate brain injury
affecting both gray and white matter associated with delayed eye opening and abnormal
motor functions. These animals develop hyperactivity and show reduced anxiety in the
juvenile stage.

Keywords: preterm, brain, germinal matrix hemorrhage, intraventricular hemorrhage, neurodevelopment,
neonatal brain
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INTRODUCTION

Advances and improvement in health care have allowed
continual increase in survival of preterm infants, including
extremely preterm, i.e., born before gestational week 28.
However, this increase in survival is not associated with a
consistent reduction in morbidity (Lorenz et al., 1998; Kaiser
et al., 2004; Bodeau-Livinec et al., 2008; Seri and Evans,
2008; Maršál et al., 2009; Hinojosa-Rodríguez et al., 2017).
Most commonly, preterm infants weighing 500–1,500 g will
suffer from neonatal and life-long complications such as
respiratory bronchopulmonary dysplasia, a chronic respiratory
disease, intestinal necrotizing enterocolitis and germinal matrix
hemorrhage (GMH) resulting in intra- and periventricular
hemorrhage (IVH/PVH) (Owens, 2005; Kenet et al., 2011).

GMH-IVH is a major cause of preterm brain injury. The
germinal matrix (also termed the ganglionic eminence) is only
present until gestational week 32 (Whitelaw, 2012). This is a
highly vascularized brain area, which is central for development
and a major source of neurons and glial cells. The germinal
matrix vasculature is fragile, and the combination of reduced
cerebral autoregulation and fluctuation of cerebral blood flow can
result in vessel rupture within the germinal matrix (Kaiser et al.,
2005). This rupture, known as GMH is particularly common
in infants born extremely preterm (<28 weeks of gestation)
(Kenet et al., 2011).

GMH is divided into four grades, with grades III and IV having
the worst outcome (Brouwer et al., 2014). Grade IV cases have
a prognosis of 90% mortality, with 80% of survivors suffering
from cerebral palsy and cognitive difficulties (Stoll et al., 2004).
In these severe cases, GMH results in blood clots which cause
cell death as well as impairment in cerebrospinal fluid (CSF)
circulation and drainage. There is an excess release of free iron
with subsequent free radical production. This normally occurs
within the first 72 h of life (Lekic et al., 2015). After resolution
of hematoma, there is a secondary wave of tissue loss, as a
result of CSF accumulation in the brain (hydrocephalus) causing
tissue compression. Re-establishment of blood flow can result
in ischemia-reperfusion injury, due to further generation of free
radicals and continued oxidative injury, with further damage to
various brain cells, particularly oligodendrocyte precursor cells.
This induces a strong and prolonged inflammatory response,
which further exacerbates white matter damage and results in
poor neurological outcome (Brouwer et al., 2014). Around two
thirds of severe GMH-IVH cases show significant impairment in
both motor and cognitive function (Bassan et al., 2007).

The onset of GMH is difficult to prevent (Roland and
Hill, 2003) and current treatment options consist of antenatal
administration of corticosteroids and magnesium sulfate
(Whitelaw, 2001; Hirtz et al., 2015; Crowther et al., 2017).
Postnatally, around 25% of infants with severe GMH-IVH
require the insertion of a shunt (Brouwer et al., 2014) and
administration of indomethacin has shown a potential benefit
(Fowlie and Davis, 2003). Unfortunately, in most cases only
supportive care can be provided (Kenet et al., 2011). This has
resulted in an urgent unmet need for development of novel
treatment strategies. The characterization of standardized animal

models for the study of GMH is therefore of great importance if
the brain injury and neurological deficits following this condition
are to be prevented and/or treated adequately (Ballabh et al.,
2007; MacLellan et al., 2008; Chua et al., 2009).

Several animal species such as the mouse, rat, rabbit, sheep
and piglet have been used for the study of GMH (Goddard et al.,
1980; Balasubramaniam and Del Bigio, 2006; Aquilina et al., 2007;
Chua et al., 2009). In these studies, GMH has been induced both
via direct methods (blood injected into ventricle) and systemic
alterations, including change of hemodynamic properties such
as osmolality, oxygenation levels or blood pressure (Goddard
et al., 1980; Balasubramaniam and Del Bigio, 2006; Georgiadis
et al., 2008). The limitation of these models is that none of
them sufficiently resembles the clinical cases. In a study from
2012, Lekic et al. (2011, 2012) reported that infusion of blood
into the brain has little relation to a spontaneous bleed and
that a hemodynamic property change will lead to secondary
injury caused by hypoxia or hypertension. They also mention
the lack of rodent models for the study of GMH mimicking
the neurological consequences of premature newborns suffering
from this condition (Lekic et al., 2011, 2012). In their study
GMH is induced by injection of collagenase, a sterile collagen-
degrading agent (Rosenberg et al., 1990) in the P7 rat. This causes
a standardized, spontaneous rupture of vessels in the germinal
matrix of the ganglionic eminence, and extravasation into the
lateral ventricles (Lekic et al., 2012), enabling the study of features
mimicking those of clinical GMH.

However, more recent studies have shown that P7 rats more
closely resembles near-term human infants (Semple et al., 2013),
where GMH is not one of the main risk factors for neonatal brain
injury. Therefore, the aim of the present study was to develop and
characterize a model of severe GMH, i.e., grades III and IV, using
P5 rats—corresponding to brain maturation in preterm human
infants and at an age when the germinal matrix is still present, and
to further characterize the pathophysiology of this disease with
the hope of assisting novel experimental therapy studies.

MATERIALS AND METHODS

Surgical Procedure
At P5, Wistar rat pups of either sex were randomly allocated
into groups and injected into the medial striatum in proximity
to the germinal matrix (Figure 1A) with collagenase VII (Sigma-
Aldrich, cat# C2399) for induction of GMH or with an equivalent
volume of saline as control. Additionally, naïve animals served as
needle control. The animals were anaesthetized with isoflurane
(5% induction, 1.5% maintenance), and the solution was injected
free hand, using a guiding device, into the germinal matrix of
the right hemisphere using a 27 G (0.4 mm) needle and a 1 ml
Hamilton syringe connected to an infusion pump (CMA/100
microinjection pump). The correct position for needle insertion
was located at 4 mm lateral of the midline and 1 mm rostral of
bregma and the needle angled medially was inserted to a depth of
3.5 mm and the collagenase was injected with a steady infusion
flow of 1 µl/min for 2 min. The needle remained in place for
an additional minute following the injection in order to avoid
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FIGURE 1 | Optimal collagenase dose to induce GMH. (A) Diagram of ICV injection site, with needle insertion located at 4 mm lateral of the midline and 1 mm rostral
of bregma, with an insertion depth of 3.5 mm. (B) Representative MAP-2-stained whole brain micrograph of 0.3 U collagenase-mediated injury 24 h after injection.
(C) Effect of different treatments—naïve (n = 8), saline (n = 8), 0.1 U (n = 8), 0.2 U (n = 9), and 0.3 U (n = 9) collagenase—on ipsilateral striatum tissue loss 24 h after
injection. (D) Contralateral and (E) ipsilateral micrographs with magnification inserts (×20) showing IBA-1 microglia staining 24 h after injection. (F) Assessment of
microglia activation (IBA-1) in the ipsilateral striatum 24 h after different collagenase dose administrations. Data represented as individual animals ± SEM and
analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001. Scale bar = 1 mm in (B);
0.5 mm in (D,E).

back-flow. After completing the procedure, the animals were
allowed to rest on a heating pad set at 35◦C and upon recovery
from anesthesia all animals were returned to their dams. The
duration of the procedure was <5 min/animal. No mortality was
recorded in any of the different treatment groups. The animals
that survived longer than 24 h were monitored daily for the first
10 days after GMH and no adverse effects were observed. Overall,
combining all treatment groups and time-points, a total of 131
animals were used in this study (Supplementary Figure 1).

Dose Titration
Titration of the optimal collagenase concentration was performed
to induce a hemorrhage contained in one hemisphere through
infusion into the germinal matrix of the medial striatum
(Figure 1A). Based on the study of Lekic et al. (2012), P5 pups
were injected with 2 µl of 0.1 U (n = 8), 0.2 U (n = 9), or
0.3 U (n = 9) of collagenase VII (1,000–3,000 CDU/mg solid,
C2399, Sigma-Aldrich, Saint Louis, United States) or saline as

control (n = 8). Naïve animals (n = 8) served as needle control.
Brains were collected 24 h after injection (P6) and evaluated
immunohistochemically as described below.

Assessment of Early Motor Function
Following collagenase injection (0.3 U, n = 12), the development
of a subgroup of the pups was blindly assessed over a period of
5 days. Negative geotaxis was used to test the amount of time
required for a pup to rotate 180◦ after having been placed head
down at a 20◦ downward slope. Latency of eye opening was noted
for each eye in all pups. Both naïve (n = 10) and saline-injected
animals (n = 10) were used as control groups.

Long-Term Sensorimotor and Behavior
Tests
Naïve (n = 5), saline- (n = 12) and collagenase- (n = 19) injected
animals were used for assessing long-term neurobehavior tests.
All animals underwent these tests at two separate time-points,
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FIGURE 2 | Characterization of optimal collagenase dose. (A) Coronal view of paraffin-embedded rat brain collected 0.5 h after 0.3 U collagenase injection.
Representative micrograph of (B) thionin and fuchsin, (C) DAB-enhanced iron and (D) Neutrophil (MPO) stainings showing ipsilateral striatum 0.5 h after 0.3 U
collagenase injection (n = 7). (E) Whole brain (thionin and fuschisin) and ipsilateral striatum level representative micrographs of (F) thionin and fuchsin,
(G) DAB-enhanced iron and (H) Neutrophil (MPO) 6 h after 0.3 U collagenase injection (n = 7). (I) Whole brain (thionin and fuchsin) and ipsilateral striatum level
representative micrographs of (J) thionin and fuchsin, (K) DAB-enhanced iron, and (L) Neutrophil (MPO) 24 h after 0.3 U collagenase injection (n = 12). Scale
bar = 1 mm in (A,E,I); 100 µm in all other micrographs. MPO, myeloperoxidase.

2–3 weeks (P22–26) and 4–5 weeks (P36–40) after GMH. Brains
were collected at P40 for immunohistochemistry.

Rotarod
Motor coordination and balance was analyzed using rotarod test
on P22 and P36. The apparatus (Panlab, Harvard apparatus)
consisted of a horizontal rod (25 cm diameter) with an inter-
lane distance of 5 cm (P22) or 7.5 cm (P36). Rats were placed
on the rod rotating at a constant speed of 4 rpm. The rotations
were accelerated to 40 rpm over a period of 300 s, and the
latency to fall was recorded. Each animal underwent three
trials, with an inter-trial recovery time of 15–20 min spent in
the home cage. The apparatus was cleaned using 70% ethanol
between each trial.

Cylinder Rearing Test
Motor asymmetry analyzed using cylinder rearing test on P23
and P37. Rats were individually placed in a transparent glass
cylinder (14 cm D × 21 cm H and 17 cm D × 28 cm H,
for P23 and P37 rats, respectively) and video-recorded for 5
min to analyze forepaw preference during full rearing and
lateral exploration as per the criteria suggested by Kadam et al.
(2009). Two mirrors (30 × 30 cm) were placed behind the
cylinder at an angle such that the forelimb movements could
be observed when the rat turned away from the video camera.
The forelimb asymmetry was measured by calculating the
unimpaired forepaw initiation preference score (%) as follows:
(unimpaired–impaired) / (unimpaired+impaired+both) × 100.
Animals that made ≤10 full rears were excluded from the study
(Schallert et al., 2000).

Open Field Test
General locomotor activity and anxiety-like behavior were tested
on P23 and P37 using this stress-sensitive behavioral task. The
test was conducted in dark for 30 min. To acclimatize the animals
to the testing conditions, the animals were brought to the dark
anteroom at least 30 min prior to the test. A dark-gray plexiglass
square open-top box (100 cm × 100 cm × 40 cm) served as the
testing arena. The box was mounted with an infrared-sensitive
CCD camera on the ceiling, and two infrared lamps were used to
illuminate the arena. The box was virtually divided into a central
area (33 cm× 33 cm), corners (15 cm× 15 cm) and a peripheral
area (remaining area) using the ANY-Maze tracking software
(Stoelting Co.). Mean speed, mobile time and total time spent
in each zone was recorded and analyzed using ANY-Maze. ANY-
Maze tracked and used the center of animal’s body for recording
an entry into a zone. Data was split into 5 min time bins for
statistical analysis. The box was cleaned off any feces and urine
using 70% ethanol between each trial.

Tissue Collection and Processing
Brains were collected for histology at five different time-points
following ICV injection. One subgroup of the animals was
sacrificed 0.5 h (n = 7), and 6 h (n = 7) after ICV for
descriptive assessment of injury progression. P5 naïve animals
(n = 7) were used as control for both 0.5 and 6 h time-points.
A second subgroup of animals were terminated on P6, P16,
and P40 for immunohistochemistry and neurobehavioral (P40)
measurements. The pups were deeply anesthetized with 0.1 ml
of Pentocur and the brains dissected out and immersion fixed in

Frontiers in Cellular Neuroscience | www.frontiersin.org 4 December 2020 | Volume 14 | Article 535320200

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


fncel-14-535320 December 1, 2020 Time: 15:40 # 5

Jinnai et al. GMH in Preterm Rats

histofix (Histolab Products AB, Sweden). Brains were dehydrated
and embedded in paraffin and cut with a microtome into 7 µm
thick sections at the level of the striatum (equivalent to adult
+0.2 mm from bregma) and hippocampus (equivalent to adult
−3.3 mm from bregma) for immunohistochemical staining.

Histochemistry
Brains were collected at 0.5, 6, and 24 h after GMH surgery for
histopathological assessment of injury and bleeding progression.
Sections underwent deparaffination in xylene followed by
rehydration in graded alcohol. For thionin and acid fuschsin
staining, sections were incubated in thionin for 4 min, rinsed in
water and then placed in acid fuschsin stain for 30 s. Iron staining
was performed using the iron stain kit HT20 (Sigma-Aldrich)
according to the manufacturer’s instructions. Perl’s blue staining
was further enhanced using DAB peroxidase. All sections were
dehydrated in increasing concentrations of alcohol, xylene and
covered using Pertex.

Immunohistochemistry
Brain sections were prepared for immunohistochemical staining
by deparaffination in xylene followed by rehydration in graded
alcohol. Sections were boiled in 0.01 M citric acid buffer
(pH 6.0) for antigen recovery and blocked for endogenous
peroxidase (3 % H2O2) and nonspecific binding (horse and goat
serum). Sections were incubated with the primary antibodies:
Rabbit anti-glial fibrillary acidic protein (GFAP, Sigma-Aldrich;
cat#G3893; 1:400), rabbit anti-ionized calcium binding adaptor
molecule 1 (IBA-1, FUJIFILM Wako Chemicals, cat#019-19741;
1:2,000), mouse anti-microtubule-associated protein-2 (MAP-2,
Sigma-Aldrich, cat#M4403; 1:1,000), mouse anti-myelin basic
protein (MBP SMI-94, BioSite, cat#836504; 1:1,000), rabbit anti-
myeloperoxidase (MPO, abcam, cat#AB9535; 1:100) overnight,
washed and incubated with an appropriate secondary antibody.
ABC elite was used for visualization of immunoreactivity and the
sections were submerged into 0.5 mg/ml 3.3-diaminobenzidine
(DAB) enhanced with nickel sulfate (15 mg/ml). Sections were
dehydrated and mounted as described above.

Immunofluorescence
Paraffin embedded brains from 24 h survival post-GMH were
sectioned at 7 µm, and paraffin removed by xylene, sections
hydrated through decreasing concentrations of ethanol and
washed in PBS with 0.05% tween20. Antigen retrieval was
performed by boiling sections in 0.01 M citrate buffer (pH6.0)
for 10 min followed by incubating in serum-free protein
blocking solution (Agilent DAKO) for 30 min. Sections were
then incubated in a mixture of rabbit anti-laminin antibodies
(Novus Biologicals, cat#NB300-144; 1:200) and mouse anti-
claudin5 antibodies (Thermo Fisher Scientific, cat#35-2500;
1:200) overnight in fridge. The next day, section were incubated
in appropriate alexa-488 and -594 conjugated secondary
antibodies for 2 h at room temperature. In between each
step above sections were washed in PBS with 0.05% tween20.
Finally, due to inherent autofluorescence around injury site,
sections were treated using Vector TrueView autofluorescence
quenching kit according to manufactures instructions, examined

FIGURE 3 | Vascular damage 24 h after 0.3 U collagenase infusion.
Immunofluorescence microscopy demonstrating representative claudin-5 and
laminin expression in intact vessels of the contralateral striatum at ×20 (top
row) and ×40 (second row) magnifications 24 h after 0.3 U collagenase ICV
infusion. Conversely, within the ipsilateral striatum there is clear vessel rupture
with loss of both claudin-5 and particularly of laminin, as seen at ×20 (third
row) and ×40 (fourth row) magnifications (n = 12). Scale bar = 100 µm.

and photographed using an Olympus BX50 microscope fitted
with a DP72 camera. All images were processed using Imaris
v.9.1 (Bitplane AG).

Data Analysis
Brain injury was quantified as the area loss of gray matter
(MAP-2) and white matter (MBP) immunoreactivity at the
levels of striatum and anterior hippocampus in P6 (MAP-
2 only), P16 and P40 animals. Total area positive MAP-2
staining in each intact hemisphere and specific brain structures
(striatum and hippocampus) and MBP positive staining of the
subcortical white matter were outlined and measured using
ImageJ (version 1.51, NIH). The percentage of tissue loss
was calculated by subtracting the ipsilateral positive area from
the corresponding contralateral regions. This method assumes
that the contralateral hemisphere represents 100% intact area,
however, there are sections, where due to potential symmetrical
differences between contralateral and ipsilateral regions, the
undamaged ipsilateral hemisphere might be larger, resulting in
negative tissue loss. Microglial activation was determined using
semi-quantitative score of IBA-1-positive cells, with a scale of 0—
no activation, ramified microglia; 1—focal activation, ramified
microglia; 2—mild diffusion activation with still predominant
ramified microglia; 3—moderate widespread activation with cells
showing retraction of the process and swollen cell body; to 4—
widespread amoeboid microglia, as previously described (Rocha-
Ferreira et al., 2015, 2016). GFAP immunoreactivity was assessed
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FIGURE 4 | Neurodevelopmental deficits following GMH. (A) Weight gain over time, (B) Latency in eye opening, and (C) negative geotaxis assessment of naïve
(n = 10), saline (n = 10), and 0.3 U collagenase (n = 12) animals. Data represented as mean ± SEM and analyzed using Kruskal-Wallis Dunn’s test. ∗P < 0.05–0.001.

using ImageJ threshold tool. In brief three non-overlapping
RGB images from the striatum region were captured at x20
magnification, using an Olympus BX50 microscope fitted with a
DP72 camera. Each image was duplicated and transformed into
8-bit grayscale images before the default red threshold setting was
applied. The positive red threshold was calculated as percentage
of entire image.

Statistical Analysis
Graph Pad Prism (version 8.3.0) and SPSS were used to
perform all statistical analyses. The data was first checked for
Gaussian distribution using D’Agostino and Pearson normality
test. Kruskal-Wallis Dunn’s test or ANOVA with Tukey’s
multiple comparisons test was used to determine statistical
significance. The test used for each experiment is stated in the
figure legends and P-values of < 0.05 were considered to be
statistically significant and data is expressed as individual animals
or mean± SEM.

RESULTS

Dose Response
To establish the optimal collagenase dose for GMH induction
via intracranial injection into the germinal matrix of medial

striatum (Figure 1A), a dose response was performed through the
injection of three different doses of collagenase (0.1, 0.2, and 0.3
U) or saline (control). Additionally, naïve animals were included
as needle-control. At P6, gray matter injury evaluated using
MAP-2 immunohistochemistry showed that saline injection did
not result in brain injury when compared to naïve controls.
GMH-mediated injury could be detected 24 h following ICV
injection, with significant injury in the 0.3 U collagenase
group (Figure 1B). MAP-2 analysis showed a significant tissue
reduction specifically within the ipsilateral striatum brain region
when compared to naïve (P = 0.0050), saline- (P = 0.0381), and
0.1 U-injected (P = 0.0038) rats (Figure 1C).

Microglia showed significant ipsilateral morphological
changes, changing from resting to focal activation in the
0.3 U group (Figures 1D,E). This activation was significant
when compared to all other groups: naïve (P = 0.0008), 0.1 U
(P = 0.0019), and 0.2 U (P = 0.0236) (Figure 1F). No increased
astroglial immunoreactivity was detected in any of the different
injection groups (Supplementary Figure 2A).

Characterization of the Optimal Dose
Both macroscopic and microscopic descriptive assessments
showed that the injury obtained in the 0.3 U collagenase-
injected animals resulted in near-immediate bleeding. This
bleeding was visible macroscopically at 0.5 h after injection
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FIGURE 5 | Gray matter injury at P16. (A) Representative MAP-2-stained whole brain micrograph of 0.3 U collagenase-mediated striatal injury at P16. (B) Graph
demonstrating striatum-specific tissue loss and (C) striatum level ipsilateral hemisphere loss in the collagenase group. (D) Representative MAP-2-stained whole brain
micrograph of 0.3 U collagenase-mediated hippocampal injury at P16. (E) Graph demonstrating hippocampus-specific tissue loss and (F) hippocampus level
ipsilateral hemisphere loss in the collagenase group (n = 12). Both naïve (n = 10) and saline-injected (n = 10) animals were used as control groups. Data represented
as individual animals ± SEM and analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. ∗P < 0.05 and ∗∗P < 0.01. Scale bar = 1 mm.

(Figure 2A). Microscopic observation at this time-point
demonstrated localized presence of erythrocytes, as observed in
the thionin and fuschsin stain (Figure 2B). DAB-enhanced iron
staining showed clear presence of iron (Figure 2C), however,
there was minimal infiltration of MPO-positive neutrophils
(Figure 2D). By 6 h after collagenase injection, thionin
and fuchsin-stained coronal sections showed clear tissue loss
surrounding the injection site (Figure 2E), as well as structural
disorganization in the penumbra (Figure 2F). This was associated
with substantial iron increase (Figure 2G) and a small increase
in neutrophil numbers located within the injury site (Figure 2H).
Both tissue loss and structural disorganization increase over time,
as seen 24 h after insult (Figure 2I), together with the presence of
cells with pyknotic nucleus within the site of injury (Figure 2J).
Interestingly, at this time-point, i.e., at P6, there was almost a
complete clearance of iron at the site of injury (Figure 2K), as
well as clear infiltration of neutrophils also in the surrounding
parenchyma (Figure 2L).

To investigate damage to the basal lamina and the blood-
brain barrier of cerebral blood vessels immunofluorescence was
carried out for laminin and claudin-5 on brain sections at 24 h
after GMH (Figure 3). This showed extensive loss of laminin
around blood vessels in the striatum of the injured/ipsilateral
hemisphere. Key blood-brain barrier protein claudin-5 appeared
fragmented in blood vessels at the injury site compared to the
uninjured hemisphere. In general, claudin-5 immunoreactivity
was more visible on blood vessels than laminin as some blood
vessels with claudin-5 immunoreactivity were devoid of laminin.

Early Neurodevelopmental and
Neuropathological Brain Injury
Evaluation
Developmental assessment was performed in naïve (n = 10),
saline- (n = 10), and collagenase-injected (n = 12) animals over
a period of 10 continuous days, ranging between P6 and 15.
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FIGURE 6 | White matter injury at P16. (A) Representative striatum level MBP-stained whole brain micrograph of 0.3 U collagenase-injected rats and (B)
corresponding graph demonstrating collagenase-mediated reduction in subcortical white matter at P16. (C) Representative MBP-stained whole brain micrograph of
0.3 U collagenase-injected rats at the level of the hippocampus and (D) associated graph showing subcortical white matter in the collagenase group at P16 (n = 12).
Both naïve (n = 10) and saline (n = 10) animals were used as control groups. Data represented as individual animals ± SEM and analyzed using one-way ANOVA
followed by Tukey’s multiple comparison test. ∗P < 0.05 and ∗∗P < 0.01. Scale bar = 1 mm.

The body weight of each pup was recorded daily. All three
groups showed continued weight gain over time. However, at
both P14 and P15, collagenase infused rats showed significantly
less weight gain when compared to naïve animals (P = 0.0205
and P = 0.0277, respectively) (Figure 4A). By P14, around
80% of both naïve and saline-treated animals had opened their
eyes, whereas in the collagenase group, only 45% had opened
their eyes at this time point (P = 0.0205 and P = 0.0147,
respectively). Furthermore, 33% of the pups in the collagenase
group did not open their eyes until P16 whereas all animals
in both naïve and saline groups had opened their eyes by
P15 (Figure 4B). Negative geotaxis assessment demonstrated
a significant impairment in the ability to rotate 180◦ upwards
in the collagenase injected animals compared with both naïve

and saline control groups at P6 (P = 0.0006 and P = 0.0325,
respectively), P7 (P = 0.0706 and P = 0.0602, respectively), P8
(P = 0.0270 and P = 0.0602, respectively), naïve only at P9
(P = 0.0317) and P11 (P = 0.0317), and again both naïve and
saline groups at P12 (P = 0.0024 and P = 0.0425, respectively)
(Figure 4C).

At P16, the injury found in the collagenase group consisted
of asymmetrical lateral ventricles with slight to severe ipsilateral
dilation associated with shrinkage of the striatum, and
occasionally, of the hippocampus. MAP-2 assessment showed
significant reduction of gray matter in the striatum (Figure 5A)
and hippocampus (Figure 5D) regions in the collagenase group:
striatum naïve (P = 0.00031), striatum saline (P = 0.0039)
(Figure 5B), and hippocampus naïve (P = 0.0090) (Figure 5E).
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FIGURE 7 | GMH induces astrogliosis at P16. (A) Representative micrograph of GFAP staining in the ipsilateral striatum of naïve (n = 10), (B) saline (n = 10), and (C)
collagenase (n = 12) groups at P16. (D) Corresponding graph showing increase in GFAP immunoreactivity in the collagenase-injected group at P16. Data
represented as individual animals ± SEM and analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. ∗P < 0.05 and ∗∗P < 0.01. Scale
bar = 100 µm.

By this time-point, there was a progression in injury extent,
resulting in significant gray matter loss when assessing entire
hemispheres, with a significant reduction in positive MAP-
2 at the ipsilateral hemisphere at the striatum level when
compared to naïve (P = 0.0118) and saline (P = 0.0275) controls
(Figure 5C), and hippocampus level when compared to naïve
animals (P = 0.0320) (Figure 5F).

MBP assessment showed a significant reduction in subcortical
white matter in the collagenase group, both at the striatum
(Figure 6A) and hippocampus (Figure 6C) levels when
compared to naïve (P = 0.0054 and P = 0.0111, respectively)
and saline controls (P = 0.0034 and P = 0.0542, respectively
(Figures 6B,D).

IBA-1 measurements showed no microglia activation in the
collagenase-injected animals at this time-point (Supplementary
Figure 2B). However, astrogliosis was significantly present at the

striatum level, when compared to both naïve (P = 0.0294) and
saline-injected (P = 0.0063) animals (Figures 7A–D).

Effect of GMH on Long-Term
Sensorimotor and Cognitive Functions
Sensorimotor and cognitive functions were assessed twice using
a series of tests between P22–26 and P36–40. On P37, collagenase
infused animals moved faster compared with the control animals
in 5–10 min (P < 0.001) and 10–15 min (P < 0.001) (Figure 8A)
time bins of the open field test. Collagenase-injected animals
spent significantly longer time in the center of the open field
compared with the control animals throughout the test (P< 0.05)
(Figure 8B). There was no difference between the collagenase
and control animals in all other behavior tests at either of the
time points (Supplementary Figure 3). There was no difference
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FIGURE 8 | Effect of GMH on long-term sensorimotor and cognitive functions. At P40, the open field test showed that (A) mean speed and (B) time spent in the
center was affected by GMH (n = 19) when compared to saline controls (n = 12) . Data represented as mean ± SEM and analyzed using two-way mixed ANOVA.
∗P < 0.05 and ∗∗P < 0.01.

between the saline-injected and naïve animals in any of the
behavior tests.

In brains from animals that had previously been assessed for
behavior there was significant gray matter tissue loss within the
striatum region (Figure 9A) of collagenase animals (n = 19) when
compared to the naïve (n = 5) (P = 0.0189) and saline (n = 12)
(P = 0.0053) groups (Figure 9B). Tissue loss was also significant
in terms of total hemisphere loss (P = 0.0325 and P = 0.0420,
respectively) (Figure 9C). There was no significant gray matter
tissue loss at the hippocampus level (Figures 9D–F). MBP
assessment at the striatum level (Figure 10A) showed significant
reduction in subcortical white matter in the collagenase group
when compared to naïve (P = 0.0452) and saline controls
(P = 0.0273) (Figure 10B). At the hippocampus level, collagenase
injection resulted in significant reduction in MBP (Figure 10C)
when compared to naïve (P = 0.0482) and saline-injected animals
(P = 0.0431) (Figure 10D). There was no significant astrogliosis
or microglia activation in the collagenase group at this time-point
(Supplementary Figures 4A,B).

DISCUSSION

In the current study we introduce a P5 rat model of GMH
using intracranial striatal collagenase injections in proximity
to the germinal matrix. Collagenase administration results in
a standardized rupture of the vessels in the germinal matrix
of the ganglionic eminence, associated with bleeding into the
lateral ventricle of the injected hemisphere and reduction in white
matter surrounding both the striatum and the affected ventricle.

Lekic et al. (2011, 2012) were the first group using unilateral
0.3 U collagenase VII injection into the germinal matrix of P7
rats mimicking pathological features present in clinical cases of
GMH-IVH. However, in these studies, the collagenase infusion

resulted in bilateral IVH (Lekic et al., 2011, 2012), which only
occurs in a minority of cases at P5. A study by Maitre et al. (2009)
has shown that unilateral GMH-IVH occurred in 75% of clinical
cases, with bilateral cases consisting of only 15%. Furthermore,
recent studies have suggested that in terms of brain maturation,
P7 age in rats is closer to near-term human infants (Semple
et al., 2013). A gestational age where the germinal matrix is no
longer present and GMH is no longer considered to be one of
the main risk factors for neonatal brain injury. Therefore, we
sought to adapt this model to the P5 rat, which is comparable
to that of a human fetus or newborn at 26–32 gestational weeks
with respect to cortical developmental stages (Honig et al., 1996),
presence of germinal matrix and maturation of white matter
(Back et al., 2001).

Firstly, we sought to determine a collagenase infusion dose
that would mimic the pathophysiology seen in clinical cases.
Among the three different doses of collagenase VII (0.1, 0.2, and
0.3 U), only 0.3 U of collagenase resulted in ipsilateral striatal
injury, as well as microglial activation surrounding the site of
injury 24 h after injection. Clinically, microglia immune-response
has been implicated in preterm brain injury, and have been shown
to accumulate in the periventricular region in the first 48 h after
IVH (Supramaniam et al., 2013; Mallard et al., 2014).

Further characterization of this dose showed a clear acute
injury. Histological assessment 0.5 h after 0.3 U collagenase
administration resulted in immediate bleeding within the
injection site, as well as within the lateral ventricle and the
appearance of iron. Within 6 h, there was a substantial increase
in erythrocytes and deposits of loosely bound iron that also
extended to the white matter surrounding the ipsilateral ventricle,
together with focal infiltration of neutrophils. By 24 h there
seemed to be an erythrocyte and iron clearance, whereas
neutrophils appeared to migrate to the surrounding parenchyma.
This neutrophil infiltration is in concordance with both clinical
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FIGURE 9 | Long term gray matter injury. (A) Representative MAP-2-stained whole brain micrograph of 0.3 U collagenase-mediated striatal injury at P40. (B) Graph
demonstrating striatum-specific tissue loss and (C) striatum level ipsilateral hemisphere loss in the collagenase group. (D) Representative MAP-2-stained whole brain
micrograph of 0.3 U collagenase-injected rat at the hippocampal level at P40. (E) Corresponding graph revealing non-significant hippocampus-specific tissue loss
and (F) hippocampus level ipsilateral hemisphere measurement in the collagenase group (n = 19). Both naïve (n = 5) and saline-injected (n = 12) animals were used
as control groups. Data represented as individual animals ± SEM and analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. ∗P < 0.05 and
∗∗P < 0.01. Scale bar = 1 mm.

and preclinical GMH studies. Paul et al. (2000) found that
peripheral leukocytes and absolute neutrophils were increased
in the first 72 h after birth in extremely preterm IVH cases. In
a rabbit model of GMH-IVH, there was a greater number of
microglia and neutrophils in the periventricular zone compared
to control animals (Georgiadis et al., 2008).

In preterm infants, the site of origin of bleeding generally
occurs in small blood vessels of the germinal matrix. GMH can
result in disruption of the ependymal lining and extend the
bleeding into the lateral ventricle. Germinal matrix vessels are
fragile and have an endothelial layer with underdeveloped tight
junctions, small pericyte numbers, and fibronectin deficiency
in the immature basal lamina. Astrocyte end-feet have lower
levels of glial fibrillary acidic protein expression. All these
contribute to the rupture of germinal matrix blood vessels,
and potential subsequent extravasation of blood into the lateral
ventricle (Ballabh et al., 2004). We have shown extensive loss
of laminin of blood vessels within the ipsilateral striatum 24 h
after collagenase infusion, with some vessels devoid of laminin,

indicating extensive damage to the basal lamina. Claudin-5, a key
component of the blood-brain barrier also appeared fragmented
in the vessels surrounding the site of injury.

Post hemorrhagic hydrocephalus is a clinical feature of
GMH-IVH. It is thought that ventricular dilatation probably
ensues soon after the hemorrhage in many preterm infants
and is associated with poor prognosis (Brouwer et al., 2014).
In the current study, the collagenase injection induced a
periventricular/intraventricular hemorrhage best visualized 24 h
after injection. The hemorrhage resulted in a progressive
ipsilateral ventricular dilation at later time points, combined
with continual loss of gray and white matter surrounding the
site of injection.

Despite increase in survival of preterm infants,
neurodevelopmental delay is a hallmark of GMH cases (Pierrat
et al., 2017). We also found a quite marked initial deficit in
motor coordination detected in the negative geotaxis test that
persisted 1 week after collagenase admnistration. Interestingly,
this developmental deficit lasted longer that observed by
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FIGURE 10 | Long term white matter injury at P40. (A) Representative MBP-stained whole brain micrograph of 0.3 U collagenase-injected rats at the level of the
striatum and (B) corresponding graph demonstrating collagenase-mediated reduction in subcortical white matter at P40. (C) Representative MBP-stained whole
brain micrograph of 0.3 U collagenase-injected rats at the level of the hippocampus and (D) associated graph showing subcortical white matter in the collagenase
group (n = 19) at P40. Both naïve (n = 5) and saline (n = 12) animals were used as control groups. Data represented as individual animals ± SEM and analyzed using
one-way ANOVA followed by Tukey’s multiple comparison test. ∗P < 0.05. Scale bar = 1 mm.

Lekic et al. (2012) which only saw significant differences in
the first 48 h post-GMH (Alles et al., 2010). The successful
completion of this task requires organized motor movement
(Adams et al., 1985) and the initial abnormal outcome in this test
indicates that the hemorrhage induced by intracranial striatal
collagenase injection strongly affects development of the motor
coordination during this period and seems to be a robust test for
evaluation of early motor outcome in this model.

All animals were observed daily, and the body weight of each
pup was recorded daily during this period. Despite a continual
weight gain in all groups, by P14 collagenase infused rats had
gained less weight than naïve animals. Coincidently, this is the
age period (P14–15) when the day of eyelid opening occurs
in rats (Bjerknes et al., 2015). This constitutes the starting
point of the rats’ exploratory behavior outside of the nest

(Langston et al., 2010). We observed that animals exposed to
GMH-IVH opened their eyes significantly later than naïve and
saline-injected animals. These findings are in agreement with
the results by Lekic et al. (2011, 2012) P7 study. Histological
assessment of these animals revealed development of ventricular
dilation, together with significant gray and white matter
injury. Additionally, GFAP immunohistochemistry measurement
showed significant astrogliosis within the ipsilateral striatum
region.

Clinically, MRI is a tool commonly used to predict short-
and long-term neurodevelopmental outcomes. The presence of
white matter injury, in the form of delayed myelination, white
matter loss, ventriculomegaly, among others have shown a strong
correlation with cerebral palsy and other neuromotor deficits
(Volpe, 2009; Anderson et al., 2015; van’t Hooft et al., 2015;
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Slaughter et al., 2016). We tested long-term sensorimotor and
cognitive functions in a separate group of juvenile rats 2–
3 weeks (P22–26) and 4–5 weeks (P36–40) after collagenase
infusion. There was a significant increase in hyperactivity and a
decrease in anxiety-like behavior in collagenase infused animals
on P37 compared with the control group. However, motor
coordination and motor asymmetry remained intact in the
collagenase infused animals at both time points. Alles et al.
(2010) reported similar findings in a P6 rat model of PVH/IVH
using a much higher dose of collagenase (2.0 U), suggesting
a compensatory neuroplasticity originating from the intact
contralateral hemisphere. Subsequently, a bilateral infusion of
collagenase caused significant impairments in both sensorimotor
and cognitive functions that was apparent at the juvenile stage
(Alles et al., 2010). Conversely, Lekic et al. reported a significant
impairment in long-term sensorimotor and cognitive behavior in
rats injected with the same dose of collagenase as used in the
current study. However, unlike the current study, the authors
observed a bilateral ventricular dilation and brain atrophy.
Omizzolo et al. (2014) have reported that injury to the gray
matter areas of the basal ganglia-thalamus of very preterm
infants showed the strongest prediction for memory and learning
outcome at 7 years of age. Infants with unilateral PVH infarction
are found to have better sensorimotor/cognitive outcomes and
are less likely to develop severe cerebral palsy compared to infants
with bilateral PVH injury (Maitre et al., 2009). Gray matter
histological assessment showed continued striatal injury with an
almost unimpaired hippocampus in the ipsilateral hemisphere.
The consistent pattern of injury in striatum suggests that in future
studies should include striatum-dependent cognitive tasks, such
as operant conditioning. MBP measurement of subcortical white
matter thickness revealed a persistent long-term white matter
injury around the fluid-filled ventricle.

Animal models are frequently used to study injury progression
and pathophysiological mechanisms involved. In this study we
have successfully shown that injection of collagenase VII into
the medial striatum in proximity to the germinal matrix of the
preterm equivalent P5 rat results in acute injury, leading to
progressive ventricular dilation and secondary gray and white
matter injury associated with impaired motor function during
early development. Gray and white matter injury persisted into
the juvenile period combined with hyperactivity and reduced
anxiety. Overall, our model has relevance for mimicking GMH
in preterm infant and has potential for assessment of therapeutic
interventions.
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Supplementary Figure 1 | Schematic diagram of the different treatment groups,
time-points, and assessments performed across the study.

Supplementary Figure 2 | (A) Assessment of astrogliosis (GFAP) in the ipsilateral
striatum 24 h after different collagenase dose administrations, with groups
consisting of: naïve (n = 8), saline (n = 8), 0.1 U (n = 8), 0.2 U (n = 9), and 0.3 U
(n = 9) collagenase administration. (B) Assessment of microglia activation (IBA-1)
in the ipsilateral striatum at P16 of naïve (n = 10), saline (n = 10), and 0.3 U
collagenase (n = 12) animals. Data represented as individual animals ± SEM and
analyzed using one-way ANOVA followed by Tukey’s multiple comparison test.

Supplementary Figure 3 | Data from rotarod at (A) P26 and (B) P40, cylinder
rearing test at (C) P26 and (D) P40 and P23 novel object recognition (E) mean
speed and (F) time in the center. Collagenase injection (n = 19) did not affect
behavioral function when compared to saline-injected (n = 12). Data represented
as mean ± SEM and analyzed using two-way mixed ANOVA or unpaired t-test.
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Supplementary Figure 4 | (A) Assessment of astrogliosis (GFAP) and (B)
microglia activation (IBA-1) at P40 between naïve (n = 5), saline (n = 12), and

collagenase (n = 19) groups. Data represented as individual animals ± SEM and
analyzed using one-way ANOVA followed by Tukey’s multiple comparison test.
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