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 Abstract: Prematurity, observed in 15 million births worldwide each year, is a clinical condition 
that is a major cause of neonatal mortality and morbidity in the short and long term. Preterm infants 
are at high risk of developing respiratory problems, sepsis, and other morbidities leading to neuro-
developmental impairment and neurobehavioral disorders. Perinatal glucocorticosteroids have been 
widely used for the prevention and treatment of adverse outcomes linked to prematurity. However, 
despite their short-term benefits due to their maturational properties, some clinical trials have shown 
an association between steroids exposure and abnormal brain development in infants born preterm. 
Neuroinflammation has emerged as a preeminent factor for brain injury in preterm infants, and the 
major role of microglia, the brain resident immune cells, has been recently highlighted. Considering 
the role of microglia in the modulation of brain development, the aim of this review is to summarize 
the effects of endogenous and exogenous glucocorticosteroids on brain development and discuss the 
possible role of microglia as the mediator of these effects. 

A R T I C L E   H I S T O R Y 

 
 

Received: October 09, 2020 
Revised: March 10, 2021 
Accepted: April 27, 2021 
 
 
DOI: 
10.2174/1570159X19666210517112913 

Keywords: Prematurity, microglia, glucocorticosteroids, antenatal, prenatal, brain development, neuroinflammation. 

1. INTRODUCTION  

Prematurity, defined as a birth before the 37 weeks of 
gestation, affects 15 million infants every year. The etiology 
of preterm birth is multi-factorial, and risk factors include 
maternal stress, infection, fetal and/or placental anomalies 
[1]. This clinical condition, observed in 11% of global births, 
represents a leading cause of neonatal mortality and morbidi-
ty in the short and long term [1, 2]. Infants born preterm are 
at high risk for developing early or late-onset sepsis, respira-
tory problems including respiratory distress syndrome and 
Bronchopulmonary Dysplasia (BPD), and brain injury in-
cluding Intraventricular Hemorrhage (IVH) and Periventricu-
lar Leukomalacia (PVL) [1]. Besides these short-term ad-
verse clinical outcomes, epidemiological studies point to the 
association between preterm birth and abnormal neurodevel-
opmental outcomes, including cognitive impairment [3, 4], 
speech delay [5, 6], and cerebral palsy [7]. In addition, over 
the last decade, the concept of “preterm behavioral phenotype” 
[8] highlighting an association between prematurity and sub-
sequent psychopathologies, i.e., Attention-Deficit/ Hyperactiv-
ity Disorder (ADHD), Autism Spectrum Disorders (ASD), and 
anxiety disorders [2] has gained prominence.  

Glucocorticosteroids (GCs) play a major role in the peri-
natal management of prematurity and are given to pregnant 
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women at risk of preterm delivery and postnatally to infants 
born very preterm [9-11]. Antenatal GCs have been shown to 
reduce neonatal mortality and major morbidities, including 
respiratory distress syndrome, necrotizing enterocolitis, and 
IVH [12]. Postnatal GCs, whose use is much more contro-
versial, are usually used to prevent or treat BPD [13, 14]. 
Besides their specific therapeutic effects, clinical studies 
have shown that both antenatal and postnatal GCs influence 
the neurodevelopment of preterm infants [15-18]. 

Microglia, the brain resident immune cells, induce and 
regulate the brain inflammatory response along with astro-
cytes [19]. Neuroinflammation has emerged as a key factor 
for the initiation and development of brain injury in preterm 
infants; microglial activation has been described as one of 
the main mediators associated with dysmaturation of the 
premature brain [9, 20]. Moreover, clinical data have shown 
an association between circulating cytokines level, microgli-
al reactivity, and the development of ASD [21-23].  

Considering the role of microglia in the modulation of 
brain development, the aim of this review is to summarize 
the effects of endogenous and exogenous GCs on brain de-
velopment and discuss the possible role of microglia as the 
mediator of these effects. 

2. METHODS  

This review summarizes the clinical and preclinical data 
available on the developmental effects of perinatal GCs on 
the immature brain. A role for microglia as a mediator of 
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GCs effects on brain development has been studied based on 
experimental evidence. A literature search was performed in 
August 2020 using the PubMed library in English without 
any restriction of year, species, and authors. The following 
keywords have been used: (glucocorticosteroids and fetal 
development, glucocorticosteroids and preterm, glucocorti-
costeroids and systemic inflammation, glucocorticosteroids, 
stress and inflammation, glucocorticsteroids and microglia). 
An additional manual search was performed based on the 
references included in the selected research papers. The re-
view papers were used as references only for the general 
concepts. Papers without abstracts were not included. Only 
papers that met the following criteria were included: perti-
nence to the subject, presence of control groups, and a clear 
description of experimental procedures. 

3. GCs IN EARLY HUMAN DEVELOPMENT AND 
GCs REGULATION  

The release of GCs (cortisol in humans and corti-
costerone in rodents) is regulated by the Hypothalamic-
Pituitary-Adrenal Axis (HPA). External stimuli or an internal 
circadian rhythm stimulate the release of Corticotropin-
releasing Factor (CRF) from the hypothalamic Paraventricu-
lar Nucleus (PVN) in the portal vessel system, inducing the 
secretion of Adrenocorticotropic Hormone (ACTH) from the 
pituitary that in turn stimulates the release of GCs from the 
adrenal gland [24].  

Endogenous GCs have a key role in the development of 
organs through modulation of cell differentiation and tissue 
maturation [25, 26]. GCs promote the production and matu-
ration of surfactant proteins [26] and the maturation of the 
skin by regulating the production of fat mass [25]. In addi-
tion, cortisol contributes to the normal differentiation of the 
kidney and gut, allowing renal clearance and intestinal mo-
tricity, respectively [25]. The developmental effects of GCs 
are not limited to peripheral organs. Endogenous cortisol and 
corticosterone are essential for normal brain development, 
and they regulate neurogenesis and neuronal migration, neu-
rotransmitter activity, synaptic plasticity, amygdala, and hip-
pocampal brain connectivity [27-32]. In addition, GCs regu-
late the development of the HPA axis shaping its activity and 
functionality later in life and ensuring our ability to cope and 
respond appropriately to external stimuli [33-36]. 

The dynamic balance between maternal and fetal HPA 
axis activity during gestation ensures that fetal development 
is closely dependent on maternal hormonal regulation, in-
cluding GCs [9]. The first trimester of pregnancy is charac-
terized by a predominant contribution of maternal cortisol 
that easily reaches the fetus through the placental circulation 
[37]. The placenta represents the only common site between 
the mother and the fetus, and its role in the modulation of 
fetal HPA axis activity is dependent on the expression of 
CRF and the enzyme 11β-HSD-2, which converts cortisol to 
the inactive metabolite, cortisone [26]. The expression of 
11β-HSD-2 increases during gestation and serves to protect 
the fetus from overexposure to maternal GCs [38]. Placental 
CRF secretion also increases exponentially during gestation 
[39], reaching, by the end of pregnancy, levels comparable to 
those observed in response to acute psychological stress [40]. 
The increase in maternal CRF blood level results in an in-

crease in cortisol secretion that, through a positive feedback 
loop, results in a further increase in placental CRH and corti-
sol levels [37, 39, 41]. The fetal HPA axis maturation starts 
gradually with the production of ACTH and CRH detectable 
respectively in the hypothalamus and in the pituitary gland 
early in the second trimester [37]. An increase in fetal corti-
sol production is observed from 23-24 weeks of gestation, 
with a significant rise seen only after the 30th week of gesta-
tion [37, 42, 43].  

Considering the existence of this fine regulation of the fe-
tal exposure to GCs and their important role in development, 
any disturbance in this balance, in particular exposure to 
excessive circulating GCs or preterm delivery, may result in 
severe changes in developmental trajectories. 

4. ENDOGENOUS GCs AND BRAIN DEVELOPMENT 
FROM ANIMAL MODELS TO HUMAN NEONATE  

The neonatal period represents a crucial period for brain 
plasticity, building neuronal circuitries that define subse-
quent behaviors and phenotypes. Hence, understanding how 
early experience, including stressful events and exposure to 
GCs, can modify these trajectories is key to deciphering the 
origins of neurobehavioral alterations. 

The effect of early exposure to GCs has been widely 
studied in animal models by inducing the activation of the 
HPA axis in pregnant dams. This Prenatal Stress (PS) proto-
col results in the release of maternal GCs that reach the fetus 
via placental circulation [44]. Indeed, gestational stress has 
been shown to decrease the placental expression of 11β-
HSD-2, the GCs inactivating enzyme, with an increase in 
maternal GCs levels crossing the placenta as a consequence 
[45]. PS was shown to induce placental and fetal brain in-
flammation [46] and to confer pro-inflammatory conse-
quences on the immune system in adult rats, as evidenced by 
the increase of circulating peripheral blood mononuclear 
cells [47]. Offsprings exposed to PS show a hyper-activation 
of the HPA axis [48, 49] associated with an increase in anxi-
ety behavior, a reduction of social behavior, and poor learn-
ing and cognitive performances later in life [50-53]. Moreo-
ver, these behavioral alterations are associated with a reduc-
tion in hippocampal volume, in hippocampal and dentate 
gyrus neurogenesis [54, 55], and in the synaptic density of 
the prefrontal cortex [50]. The molecular mechanisms under-
lying these stress-induced effects have been widely investi-
gated, and recent studies have highlighted a role in epigenet-
ic modifications. An increase in methylation of synaptic-
related genes in the prefrontal cortex and of a GCs-induced 
leucine zipper gene in the amygdala has been reported in 
mice exposed to PS and associated with anxiety behavior and 
Post-Traumatic Stress Disorder (PTSD)-like symptoms in 
adult offsprings, respectively [50, 56]. 

In humans, the knowledge about the epigenetic modifica-
tions induced by the PS associated with prenatal substance 
exposure, psychosocial stressors, or prenatal inflammation is 
limited to studies on peripheral tissue as cord blood, placen-
ta, and cord tissue collected at birth. They have revealed an 
association between PS and methylation HPA axis-related 
genes (FKBP5, NR3C1, and 11β-HSD-2) [57-60]. In con-
trast, the use of the MRI technique has allowed one to de-
scribe the structural alterations in the brain of infants ex-
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posed to PS. Devis et al. recently demonstrated that infants 
exposed to maternal stress showed a lower cortical thickness 
at 7 years of age associated with subsequent depressive 
symptoms at 12 years of age [61]. Similarly, a retrospective 
study showed a reduced gray matter volume in regions asso-
ciated with major depression in young adolescents exposed 
to maternal stress during the first 20 weeks of gestation [62]. 
Recently, an association between maternal cortisol level dur-
ing pregnancy, amygdala connectivity, and internalizing be-
havior has been reported in children at 2 years of age. In 
particular, females exposed to elevated cortisol levels 
showed higher amygdala connectivity associated with evi-
dence of internalizing symptoms [30]. In addition, higher 
cortisol levels in pregnant women were associated with low-
er IQ in children at 7 years of age [63], lower mental and 
psychomotor development in 3-month-old infants [64, 65], 
and an increase in plasma cortisol levels 24 h after birth in 
response to the painful procedure [66]. 

Maternal stress during gestation is a well-known risk fac-
tor for low birth weight and for premature birth [67-69], and 
data showed that maternal plasma levels of ACTH, CRH, 
and cortisol are biological predictors of preterm delivery in 
women with preterm labor [70, 71]. The consequences of 
preterm birth on brain development have been defined as 
encephalopathy of prematurity, a complex combination of 
white matter injury (WMI) and gray matter alterations [20, 
72]. Preterm infants showed abnormal cortical folding with 
lower gyrification index [73] and reduction of cortical, thal-
amus [74], and hippocampi volumes at 2 years of age [75]. 
Similarly, Zhang et al. described a reduction in total cortical 
grey matter volume, white matter volume, gyrification index, 
and cortical surface area at 7 years of age in infants born 
very preterm [75, 76]. In addition, several studies have 
shown the presence of structural and functional alterations of 
brain connectivity in brain networks associated with cogni-
tion [77-79], motor abilities [80-83], language [79, 84, 85], 
and social and emotional behavior [32, 86, 87]. Epidemio-
logical data showed that preterm infants are at a higher risk 
of developing various disorders, including ADHD, ASD, and 
anxiety disorders [2, 88]. Interestingly two recent studies 
provided evidence that preterm births resulted in alterations 
in connectivity involving the amygdala and were associated 
with impaired social ability at 2 and 20 years of age [86, 87].  

While several lines of evidence clearly show the conse-
quences of prematurity on brain development, very little 
information is available on the effects of PS on the immature 
brain. Using diffusion MRI, an association between prenatal 
maternal stress and development of fronto-limbic structure in 
preterm neonates has been reported [89]. In particular, an 
alteration of the uncinated fasciculus microstructure, a white 
matter tract that connects the limbic area in the temporal lobe 
with the prefrontal cortex, has been reported in preterm neo-
nates exposed to PS and assessed at term equivalent age. In 
utero exposure to cortisol during gestation and the perinatal 
period has been discussed as one of the possible factors [89].  

In conclusion, exposure to endogenous GCs during gesta-
tion can dramatically change brain structures with short- and 
long-term consequences on neuro-behavioral development. 

5. PERINATAL EXPOSURE TO SYNTHETIC GLU-
COCORTICOIDS (GCs) IN NEONATES BORN PRE-

TERM  

The recommendation of the National Institutes of Health 
(NIH) published in 1994 and approved by other health or-
ganizations such as the World Health Organization (WHO) 
and the American Academy of Pediatrics established that 
antenatal GCs should be administered to all women at risk of 
preterm labor between 24 and 34 weeks’ gestation [90]. 
Dexamethasone and betamethasone are the two synthetic 
GCs used in antenatal GCs therapy because they easily cross 
the placenta barrier [91]. Usually, antenatal GCs should be 
administrated in a single course as repeated weekly courses 
may induce adverse events without substantial benefits [92]. 

After birth, dexamethasone, betamethasone, and hydro-
cortisone are the main synthetic GCs administrated systemi-
cally to preterm infants [93]. The guidelines of the European 
Association of Perinatal Medicine and of the American 
Academy of Pediatrics stated that the postnatal use of sys-
temic GCs should be limited to Randomized Control Trials 
(RCT) [94, 95]. Moreover, the recent update of the American 
Academy of Pediatrics discouraged the use of a high dose of 
dexamethasone and highlighted the necessity for further 
studies to evaluate the effects of low doses [93]. Below, evi-
dence regarding the effect of antenatal and postnatal GCs on 
brain development will be summarized. 

5.1. Antenatal GCs 

The antenatal administration of synthetics GCs remains 
unanimously as one of the most dramatic advances to pre-
vent complications related to prematurity in the last 50 years. 
To date, more than 85% of women at risk for very preterm 
delivery are treated with antenatal GCs worldwide [96, 97]. 
They considerably reduce the incidence of respiratory dis-
tress syndrome and other major complications of preterm 
delivery, including IVH and necrotizing enterocolitis, and 
globally decrease neonatal mortality by 50% [12, 98].  

Although the results of many clinical trials confirmed the 
beneficial effects of antenatal GCs on the short-term adverse 
outcomes of preterm delivery, these benefits have progres-
sively been shown to be offset by potential long-term risks. 
First on fetal growth, shown by multispecies animal studies 
using a repetitive administration of betamethasone [99-102] 
that was subsequently confirmed in several clinical trials 
comparing single doses to multiple doses of corticosteroids 
in humans [103-107]. Fetus exposed to multiple courses of 
GCs showed a decrease in body weight, body length, and a 
dose-dependent reduction in head circumference [108-110] 
[103-105, 107, 111].  

In addition to the effects on fetal growth, animal studies 
have simultaneously revealed the impact of this treatment on 
the programming of several fetal tissues and organs, includ-
ing the developing brain [112-114]. These effects are ob-
served across species and are linked to modifications of im-
portant endocrine and physiological processes. Antenatal 
GCs exposure was associated with high blood pressure in 
sheep [115] and marmoset [116], a deficit in the HPA axis in 
sheep [117, 118], rat [119], guinea pig [120], and in non-
human primates [116, 121], and abnormalities in carbohydra-
te metabolism in sheep [122], rat [123] and marmoset [123]. 
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Interestingly, two recent studies performed in sheep showed 
that the changes in glucose metabolism and the HPA axis 
induced by exposure to antenatal GCs at dosage and period 
of time equivalent to those used in pregnant women are ob-
served across generations [124, 125], raising concerns about 
the long-term effects of this treatment in humans. However, 
so far, a follow-up study of children born after a single 
course of antenatal GCs for the prevention of respiratory 
distress syndrome has only revealed a possible early insulin 
resistance at the age of 30 without clinical effect on cardio-
vascular risk factors [126]. In addition, follow-up studies at 5 
and 6-8 years, carried out from other randomized trials, 
comparing single cures to multiple cures of betamethasone 
did not show any differences in insulin sensitivity and blood 
pressure [127].  

Delayed myelination of the central nervous system has 
been reported, at a dose similar to the dose used in human 
clinical trials, in sheep [128, 129] and macaque [130] after 
multiple courses of dexamethasone whereas reduced neu-
ronal proliferation and an alteration of the neuronal cytoskel-
eton and of the presynaptic structure have been observed 
even after a single course in rats and baboons, respectively 
[128, 131]. Likewise, an effect of multiple administration of 
GCs on the brain surface and a reduced whole cortex convo-
lution index, a measure of the complexity of cortical folding, 
have been reported in infants born at near or full-term [132]. 
The consequences of prenatal GCs exposure on neurodevel-
opment have been further highlighted by Davis et al. Indeed, 
a greater cortical thinning in the rostral anterior cingulate 
cortex has been associated with a higher incidence of affec-
tive disorders in the children exposed to antenatal GCs at 6 
and 10 years [133]. These data are consistent with a very 
recent cohort study showing that exposure to antenatal GCs, 
compared to non-exposure, was significantly associated with 
mental and behavioral disorders in children, in particular in 
full-term children [134]. In addition, an increased rate of 
cerebral palsy has been observed in children born after 34 
weeks gestation and exposed to 4 or more courses of cortico-
steroids [135], reinforcing the idea of a possible dose-
dependent effect of antenatal GCs on the fetal brain.  

We reported in the previous section that prenatal stress 
and endogenous cortisol are able to modify the genome via 
epigenetic mechanisms. In agreement with this result, pre-
clinical studies provide evidence that fetal exposure to prena-
tal GCs is associated with developing epigenome modifica-
tions. Fetal exposure to betamethasone modified the epige-
nome profile in the hippocampus of guinea pigs affecting 
DNA methylation and histone h3 lysine 9 (H3K9) acetyla-
tion status at 24h and 14 days after birth [112, 136].  

5.2. Postnatal GCs 

Postnatal GCs exposure to treat or prevent the risk of 
BPD in the most immature babies became a very common 
clinical practice in the 1990s. Epidemiological data showed 
that in the United States, 19 to 28% of premature babies 
were treated with GCs [137, 138] in 1995-96, and 67% of 
European neonatal centers used postnatal GCs to treat BPD 
in 1999 [139].  

Several studies showed that dexamethasone, one of the 
main GCs used in newborns, provides acute benefits, im-
proving lung function, shortening the weaning time from 
mechanical ventilation, and reducing the occurrence and 
severity of BPD [140-143]. However, besides these benefits, 
dexamethasone exposure has been associated with gastroin-
testinal hemorrhage, hyperglycemia, and hypertension and in 
the long term with delayed growth and weight gain, all fac-
tors that reduce the benefit/risk ratio and that could interfere 
with brain maturation and likely account for abnormal neu-
rocognitive development [144-148]. In contrast, hydrocorti-
sone, given early after birth in extremely preterm infants, 
was not associated with adverse neurological outcomes at 
two years of age, despite some adverse events in common 
with dexamethasone, including hyperglycemia and gastroin-
testinal perforation [16, 149]. However, these observations 
were reported from a limited sample size so far and should 
be further confirmed, notably in long-term assessment. 

Brain imaging demonstrated that postnatal GCs induce a 
decrease in brain growth, affecting both the cortex and the 
basal ganglia [150]. In addition, a follow-up of a cohort of 
children treated early for 4 weeks with dexamethasone 
showed a reduction in size and head circumference, a limita-
tion in motor performance, and in the development quotient 
at school age [151]. Similarly, another follow-up study re-
ported an increase in the incidence of cerebral palsy in in-
fants exposed to dexamethasone [152], supporting the prem-
ise that postnatal GCs can increase the risk of impaired cog-
nitive development in preterm infants [153, 154].  

Preterm birth has been recognized as a risk factor for the 
subsequent development of Autism Spectrum Disorder 
(ASD) [155, 156]. Interestingly, several studies have report-
ed a positive association between postnatal GCs exposure 
and ASD in preterm infants [15, 157, 158].  

GCs can also potentiate white matter vulnerability, a ma-
jor component of subsequent disability in premature babies, 
especially when associated with Hypoxia-Ischemia (HI), 
hypoglycemia, and the accumulation of glutamate leading to 
excitotoxicity cascade [159]. Exposure to corticosterone ex-
acerbates the hypoxia-hypoglycemia-induced injury in hip-
pocampal and astrocytes rats culture [160]. In agreement 
with the in vitro observations, studies performed in P7 rats, a 
developmental stage in which the rat brain maturation is 
equivalent to the moderate preterm infants [161], show that 
dexamethasone administration increases the HI-induced mor-
tality and the ischemic brain injury in a dose and time-
dependent way [162-164]. A recent study of Chia-Yu further 
evinced the role of GCs in the potentiation of white matter 
injury. A 3 day postnatal (P1 to P3) exposure to dexame-
thasone exacerbates the myelin alterations (reduction of 
myelin thickness and of axon caliber) induced by HI [165]. 

While an association between postnatal GCs and abnor-
mal brain development has been reported in several clinical 
trials enrolling preterm infants, very little is known about the 
causal mechanism. 

Dexamethasone, administrated to mice pups using a reg-
imen that closely mimics the protocol used in neonatal inten-
sive care units, increased brain apoptosis and biased neuronal 
differentiation towards an increased number of GABAergic 
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neurons in the cortex [166]. More recently, Kim et al. 
demonstrated that dexamethasone injection from postnatal 
day 1 to 5 induced increased apoptosis of oligodendrocytes 
precursor O4 positive cells and led to defective myelination 
in rats [167].  

Finally, Heine and Rowitch demonstrated that GCs inhib-
it neuronal progenitor proliferation in mice via the modula-
tion of Sonic Hedgehog (Shh), a signaling pathway that fine-
ly regulates key processes, including cell proliferation and 
fate specification in the developing brain [168, 169]. More 
specifically, Shh has been identified as an antagonist of GCs 
inducing the expression of the enzyme 11β-HSD2 known to 
be responsible for the inactivation of endogenous betame-
thasone and hydrocortisone but not dexamethasone [169]. 

6. GCs, MICROGLIA, AND OTHER MAJOR PLAY-
ERS INVOLVED IN BRAIN DEVELOPMENT  

External and internal noxious events, including GCs ex-
posure, elicit the activation or regulation of an inflammatory 
response. This physiological process is fundamental for re-
storing the homeostasis of the organism, and modulation of 
neuroinflammation is orchestrated by microglia via crosstalk 
with astrocytes [19].  

Microglia derived from primitive macrophages originat-
ing from the yolk sack that migrate and colonize the brain 
during development represent 10-15% of glial cells [170]. 
Two migration phases have been identified: during the first 
2/3 of a human pregnancy/the embryonic days 10 and 19 in 
rodents and the early post-natal days [171]. Microglial cells 
have a unique transcriptomic footprint defined by Hickman 
et al. as “sensome” encoding for proteins sensing endoge-
nous and exogenous ligands [172]. Under physiological con-
ditions, microglia constantly monitor the brain environment, 
undergoing morphological and maturational changes allow-
ing them to migrate into the injury site in case of brain dam-
age [172].  

Normal brain development requires an accurate regula-
tion of microglia activities. Indeed, studies demonstrated that 
microglia promote neuronal survival by releasing trophic 
factors (e.g., Insulin Growth Factor 1 and Brain-Derived 
Neurotrophic Factor) [173, 174], regulate the spontaneous 
apoptosis of neuronal precursors, and actively contribute to 
their phagocytosis [175, 176], and modulate synaptogenesis 
by an active role in synaptic pruning [177, 178]. Besides 
their effects on neurogenesis and synaptogenesis, several 
studies show the existence of a crosstalk between microglia 
and oligodendrocytes progenitors (OPCs) [171]. Myelin pro-
duction is defined by an initial migration and proliferation of 
OPCs followed by their differentiation first into pre-
oligodendrocytes and then into mature oligodendrocytes 
[179]. Brain colonization by microglial cells occur at the 
time of oligodendrocytes differentiation [171] and oligoden-
drogenesis overlap with the period of migration of amoeboid 
microglia from the ventricular zone into the developing 
white matter [180, 181]. Moreover, studies have shown that 
microglia conditioned media promotes the prolifera-
tion/differentiation of OPCs subjected to growth factor dep-
rivation and rescues their survival in vitro [182, 183]. Inter-
estingly, a new microglia subset CD11c+, highly expressed 
during the first postnatal days, has been recently identified 

by Wlodarczyk et al. in mice [184]. This unique population 
was mainly observed in the developing brain between post-
natal days 3 and 5 in rats and mice and is thought to contrib-
ute to myelination by releasing high amounts of the mye-
linogenic factor Insulin Growth Factor 1 [184]. 

Deregulation of microglial activities and a shift from a 
neuroprotective to a neurotoxic phenotype can dramatically 
affect the development of the brain and promote the resur-
gence of neurobehavioral diseases. Increasing evidence sup-
ports abnormal microglia activation being associated with 
the arrest of white matter maturation and neurodevelopmen-
tal disorders [185-188]. Accordingly, postmortem studies 
have shown diffuse microglial activation within the develop-
ing white matter in preterm infants with diffuse white matter 
injury [189, 190]. Moreover, an increase in microglial reac-
tivity has been observed postmortem in the cortex, white 
matter, and cerebellum in infants with a diagnosis of ASD 
[21], for which neuroinflammation has been identified as an 
important risk factor [21-23].  

We reported above that microglia express multiple recep-
tors that allow them to respond to different stimuli. Both 
endogenous and synthetic GCs can easily cross the blood-
brain barrier and reach microglial cells.  

In general, microglia express the two GCs receptor sub-
types: mineralocorticoid (MR) and GCs Receptor (GR) [191, 
192] (Fig. 1). In rats and mice, GR and MR are present on 
microglial cells at least from birth (unpublished observation). 
Acute GCs exposure reduced the secretion of pro-
inflammatory cytokines in response to LPS and to Staphylo-
coccus aureus in pure microglia cell culture [193, 194] and 
suppressed the NF-kB activation in response to LPS expo-
sure in vivo [195]. Studies on murine BV2 microglia suggest 
that MR and GR differentially regulate microglia activation. 
Indeed, MR was shown to induce upregulation of IL-6 and 
TNF-α gene expression as well as NF-κB pathway activation 
at low/moderate GCs concentrations. This pro-inflammatory 
effect is suppressed by the GR-dependent pathway at high 
GCs concentrations [196]. A selective effect of GR receptor 
on microglia proliferation [191, 197] and on corticosterone-
induced cell death [197] has been evidenced in BV2 micro-
glia cells in response to treatment with Mifepristone (RU486, 
antagonist of GR receptor) [197]. In addition, the study per-
formed by Vyas and collaborators using micro-
glia/macrophage GR KO mice showed an increased amoe-
boid microglia cell density in the cortex, septum, and stria-
tum in response to LPS injection [198]. 

The pharmacological action of GCs is finely modulated 
by the dose and by the exposure duration, as immediate and 
delayed effects could be opposed. Indeed, protracted and 
high levels of endogenous GCs observed in response to 
chronic stress or exposure to a high dose of synthetic GCs 
were found associated with delayed pro-inflammatory effects 
[199-201]. Chronic dexamethasone exposure induced a dys-
functional ramified microglia phenotype in vitro [202, 203]. 
Similarly, hippocampal ramified microglia were observed in 
3-month-old mice treated for 7 days with GCs [203], and 
exposure to prenatal stress between the embryonic days 10 
and 20 reduced the number of immature microglia in the 
corpus callosum and increased the number of ramified mi-
croglia [204]. In addition, maternal separation, a constant 



Glucocorticosteroids Effects on Brain Development in the Preterm Infants Current Neuropharmacology, 2021, Vol. 19, No. 12    2193 

 

Fig. (1). Effects of glucocorticosteroids on microglia functions. (A higher resolution/colour version of this figure is available in the electronic 
copy of the article). 
 
condition in humans after preterm delivery or neonatal inten-
sive care, is associated with an increase in microglia activa-
tion in the rat hippocampus at 15 days [205]. The underlining 
mechanism responsible for this abnormal microglia pheno-
type remains unclear, but evidence suggests that these effects 
may be related to epigenetic regulation of nuclear GR. In-
deed, an increase of GR methylation has been observed in 
leukocytes and mononuclear cord blood cells in adults and 
infants exposed to stress early in life [206, 207], and we can 
hypothesize that a similar phenomenon occurs in microglia 
[208]. 

Microglia are exposed to a vast number of diffusible 
molecules released in the brain via local secretion or through 
blood circulation. Hence, we can hypothesize that the effect 
of GCs on microglial functions is also mediated by an indi-
rect effect on GCs microglia signaling. Our group recently 
demonstrated a key role of the neuropeptide oxytocin in the 
modulation of microglial reactivity in a rat model of fetal 
growth restriction. Using a multispecies approach, we 
demonstrated that carbetocin, an analog of oxytocin, was 
able to reduce perinatal brain injury by targeting microglia 
[188]. Interestingly, the oxytocin system and the HPA axis 
are reciprocally connected. Exposure to stress or a high dose 
of GCs stimulates the release of oxytocin, whereas oxytocin 
reduces the GCs secretion preventing brain exposure to ex-
cessive levels of GCs [208]. An abnormal release of oxyto-
cin or downregulation of oxytocin receptor may be related to 
pro-inflammatory microglia shift induced by high levels of 
GCs. 

Finally, in the adult brain, GCs exposure is able to poten-
tiate synaptic glutamate release [209]. Hence, they could 
modulate the complex homeostasis of the synaptic glutamate 
system, including notably regulation of glutamate receptors. 
This emerging function of GCs remains to be confirmed in 

the developing brain and may contribute to the long-lasting 
neurobehavioral effects of early life brain GCs exposure. 
Both ionotropic and metabotropic glutamate receptors are 
expressed in microglia, and these receptors were found to 
regulate microglial functions. In particular, type 4 [210] and 
type 5 metabotropic glutamate receptors [211], when activat-
ed, are able to reduce microglial activation. In addition, we 
recently demonstrated that type 3 metabotropic glutamate 
receptors play a central role in the regulation of microglial 
reactivity in the immature brain and that their selective 
pharmacological activation mitigates the pro-inflammatory 
phenotype associated with fetal growth restriction [212]. 

7. PERINATAL INFLAMMATION AND THE DE-
VELOPING BRAIN  

The preclinical and clinical data reported in the previous 
sections clearly evidenced the effects of GCs/stress exposure 
on brain development and the potential ability of GCs to mod-
ulate microglia activation. On the other hand, several studies 
highlighted the role of inflammation on the occurrence of 
prematurity and on the effect of prematurity on brain devel-
opment. Perinatal inflammation is indeed a major risk factor 
for prematurity and the best predictor of poor neurological 
outcome, leading to permanent sequelae in 9 million infants 
every year [213-215]. Conversely, prematurity and fetal 
growth restriction are associated with postnatal systemic and 
central inflammation both in humans and in preclinical models 
[185, 216-220]. Adverse perinatal events associated with 
systemic inflammation are known to activate microglia 
[221], deregulate the microglia signaling pathway [222], and 
sensitize the developing brain to a secondary hypoxic or ex-
citatory insult [223], leading to diffuse white- and grey-
matter damage [224]. Abnormalities in axonal growth and 
synaptic pruning [225] and blockade of the oligodendroglial 
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Fig. (2). The reduction of systemic inflammation as a possible mechanism of Glucocorticosteroids (GCs) effects on brain development in 
infants born preterm or growth restricted (IUGR). (A higher resolution/colour version of this figure is available in the electronic copy of the 
article). 
 
lineage leading to defective myelination [226] are the major 
cellular processes involved in these developmental vulnera-
bilities that are also associated with microglial activation.  

The link between GCs exposure, microglia activation, 
and neurodevelopmental disorders in premature or fetal 
growth-restricted infants has not been investigated yet. How-
ever, the ability of microglia to respond to GCs and their 
important role in brain development support the hypothesis 
of a causal relationship between stress/GCs-induced abnor-
mal microglia response and modulation of brain develop-
ment.  

Perturbation of microglia functions early during the de-
velopment is associated with long-term anatomical and be-
havioral alterations, and GCs and stress can have an im-
portant role in this context [227-230]. In addition, early 
stress can influence microglia susceptibility to secondary 
adverse events contributing to the insurgence of brain patho-
logical alteration later in life [231]. Based on the multiple-hit 
hypothesis of perinatal brain injury [232], we could hypothe-
size that the inflammation observed in the preterm represents 
a predisposing factor for the insurgence of adult brain dis-
ease. Primed microglia can thus respond to adverse postnatal 
events such as GCs exposure and stress and potentiate the 
stress-induced brain damage. Chronic stress was reported as 
an inductor factor in the insurgence of brain anomalies iden-
tified in animal models of depression-like behavior [233-
235], Parkinson’s [236], and Alzheimer’s disease [237-239], 
and effects of glucocorticoid on microglia cells reactivity are 
interestingly highlighted as the basis of these phenotypes. 
Synaptic alteration and neuronal atrophy observed in the 

prefrontal cortex of mice exposed to chronic unpredictable 
stress were indeed recently associated with an abnormal mi-
croglia activation, modulated by the treatment with RU486, a 
pharmacological antagonist of GCs receptor [233, 234]. Sim-
ilarly, loss of dopaminergic neurons in the substantia nigra 
and inflammatory response to 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) administration were increased in 
GR microglia/macrophage KO mice [236, 240]. 

8. GCs AND THEIR ACTION ON SYSTEMIC IN-
FLAMMATION IN PRETERM INFANTS  

In addition to their central effect on microglia, GCs have 
potent peripheral activity on systemic inflammation. The 
fetal systemic inflammatory response syndrome, originally 
defined as an elevation of the fetal plasma IL-6 concentration 
[241], is a clinical condition defined by systemic activation 
of the immune system [242] that predisposes the fetus to 
further brain injury or prevents repair and regeneration, and 
therefore is identified as an important risk factor for neuro-
developmental disorders [241, 243, 244]. Studies performed 
both in animal models and in humans demonstrated an asso-
ciation between systemic inflammation and abnormal brain 
development. A hypoxic-ischemic injury was found associ-
ated with the activation of microglia/macrophages, astroglia, 
and CD4 lymphocytes in the rats’ brain even 35 days after 
injury [245] and to the activation of T-lymphocytes 3 months 
after HI in mice [246]. Similarly, increased levels of blood 
inflammation-related proteins in 7 and 14 days infants were 
associated with impaired mental and motor development at 2 
years of age [247], and higher TNFα plasma levels were ob-
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served in children with cerebral palsy at school age [248]. 
This has led to the recent development of the concept that 
non-infectious inflammatory stimuli may contribute to peri-
natal brain damage as a secondary and tertiary phase insult 
[249, 250].  

In this context, synthetic GCs might act through their in-
hibitory actions on pro-inflammatory mediators and protect 
the developing brain from exposure to an “Intermittent or 
Sustained Systemic Inflammation” (ISSI) [249] (Fig. 2). 
GCs are well known for their systemic anti-inflammatory 
action, and this property promoted their use for the treatment 
of pro-inflammatory morbidities associated with prematurity 
[251]. Some studies suggest a link between postnatal GCs 
and the regulation of biological markers of inflammation. 
Dexamethasone treatment in preterm infants at risk for 
chronic lung disease was found to reduce the number of neu-
trophils in the lung aspirate fluid and decrease the concentra-
tions of leukotriene, another pro-inflammatory mediator, 
when given 10 days after birth [252]. However, a causal link 
between the short-term benefits of postnatal steroids in the 
treatment of BPD and a reduction in the systemic inflamma-
tory response syndrome frequently observed in preterm in-
fants remains to be determined. Regarding antenatal GCs, a 
very limited number of studies investigating cord blood 
samples are available with discrepant conclusions. Antenatal 
GCs did not appear to change the concentration of plasma 
inflammatory-related protein in infants born before 28 weeks 
of gestational age [253]. Similarly, no difference in the cord 
plasma level of IL-6 and IL-8 have been observed in infants 
exposed to antenatal GCs before 34 weeks of gestational age. 
In contrast, an increase in IL-6 cord plasma levels has been 
observed in exposed preterm infants before 32 weeks of ges-
tational age, whereas lower blood levels of IL-6 and reactive 
oxygen species have been reported in very low birth weight 
preterm infants. The potential anti-inflammatory properties 
of perinatal GCs treatment could be viewed in balance with 
negative systemic outcomes. However, the reduction in peri-
natal inflammation was observed in the short term and with-
out giving particular attention to microglia function. Medium 
(middle) and long-term specific effects of perinatal GCs 
treatment on microglia function and programming in the 
developing brain should be studied in more detail.  

CONCLUSION  

Antenatal and post-natal GCs represent very common 
clinical practices currently used to prevent or treat complica-
tions associated with premature birth. A vast literature in 
recent years has demonstrated an important role for neuroin-
flammation and microglia functions in the vulnerability of 
the developing brain in the development of brain lesions and 
brain plasticity in preterm infants. Recent studies related to 
the effect of GCs on brain development strongly suggest 
potential interactions between GCs exposure and the modu-
lation of microglia functions. These effects could be directly 
mediated by the activation of GCs receptors in microglia or 
by modified crosstalk between the oxytocin system and the 
HPA axis. Regulation of microglial functions and pheno-
types by GCs and, in general, hormonal environment during 
the perinatal period appears to be crucial in preventing neu-
rodevelopmental handicaps associated with prematurity and 
fetal growth restriction. 

CONSENT FOR PUBLICATION 

Not applicable. 

FUNDING 

None. 

CONFLICT OF INTEREST 

The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 

The authors are grateful to Shyamala Mani, Ph.D., for 
English editing. 

REFERENCES 

[1] Karnati, S.; Kollikonda, S.; Abu-Shaweesh, J. Late preterm infants 
- Changing trends and continuing challenges. Int. J. Pediatr. Ado-
lesc. Med., 2020, 7(1), 36-44. 

 http://dx.doi.org/10.1016/j.ijpam.2020.02.006 PMID: 32373701 
[2] Fitzallen, G.C.; Taylor, H.G.; Bora, S. What do we know about the 

preterm behavioral phenotype? A narrative review. Front. Psychia-
try, 2020, 11, 154-154. 

 http://dx.doi.org/10.3389/fpsyt.2020.00154 PMID: 32269532 
[3] Woythaler, M.A.; McCormick, M.C.; Smith, V.C. Late preterm 

infants have worse 24-month neurodevelopmental outcomes than 
term infants. Pediatrics, 2011, 127(3), e622-e629. 

 http://dx.doi.org/10.1542/peds.2009-3598 PMID: 21321024 
[4] Petrini, J.R.; Dias, T.; McCormick, M.C.; Massolo, M.L.; Green, 

N.S.; Escobar, G.J. Increased risk of adverse neurological devel-
opment for late preterm infants. J. Pediatr., 2009, 154(2), 169-176. 

 http://dx.doi.org/10.1016/j.jpeds.2008.08.020 PMID: 19081113 
[5] Rabie, N.Z.; Bird, T.M.; Magann, E.F.; Hall, R.W.; McKelvey, S.S. 

ADHD and developmental speech/language disorders in late pre-
term, early term and term infants. J. Perinatol., 2015, 35(8), 660-
664. 

 http://dx.doi.org/10.1038/jp.2015.28 PMID: 25836321 
[6] Nepomnyaschy, L.; Hegyi, T.; Ostfeld, B.M.; Reichman, N.E. 

Developmental outcomes of late-preterm infants at 2 and 4 years. 
Matern. Child Health J., 2012, 16(8), 1612-1624. 

 http://dx.doi.org/10.1007/s10995-011-0853-2 PMID: 21769587 
[7] Patel, D.R.; Neelakantan, M.; Pandher, K.; Merrick, J. Cerebral 

palsy in children: A clinical overview. Transl. Pediatr., 2020, 
9(Suppl. 1), S125-S135. 

 http://dx.doi.org/10.21037/tp.2020.01.01 PMID: 32206590 
[8] Johnson, S.; Marlow, N. Preterm birth and childhood psychiatric 

disorders. Pediatr. Res., 2011, 69(5 Pt 2), 11R-18R. 
 http://dx.doi.org/10.1203/PDR.0b013e318212faa0 PMID: 

21289534 
[9] Biran, V.; Decobert, F.; Bednarek, N.; Boizeau, P.; Benoist, J.F.; 

Claustrat, B.; Barré, J.; Colella, M.; Frérot, A.; Garnotel, R.; 
Graesslin, O.; Haddad, B.; Launay, J.M.; Schmitz, T.; Schroedt, J.; 
Virlouvet, A.L.; Guilmin-Crépon, S.; Yacoubi, A.; Jacqz-Aigrain, 
E.; Gressens, P.; Alberti, C.; Baud, O. Melatonin levels in preterm 
and term infants and their mothers. Int. J. Mol. Sci., 2019, 20(9), 
E2077. 

 http://dx.doi.org/10.3390/ijms20092077 PMID: 31035572 
[10] Watterberg, K.L.; Ballard, P.L. Optimizing antenatal corticosteroid 

therapy for improving outcome of premature infants. Pediatr. Res., 
2019, 86(5), 556-557. 

 http://dx.doi.org/10.1038/s41390-019-0538-x PMID: 31412354 
[11] Briceño-Pérez, C.; Reyna-Villasmil, E.; Vigil-De-Gracia, P. Ante-

natal corticosteroid therapy: Historical and scientific basis to im-
prove preterm birth management. Eur. J. Obstet. Gynecol. Reprod. 
Biol., 2019, 234, 32-37. 

 http://dx.doi.org/10.1016/j.ejogrb.2018.12.025 PMID: 30639954 
[12] Roberts, D.; Brown, J.; Medley, N.; Dalziel, S.R. Antenatal corti-

costeroids for accelerating fetal lung maturation for women at risk 



2196    Current Neuropharmacology, 2021, Vol. 19, No. 12 Manuela et al. 

of preterm birth. Cochrane Database Syst. Rev., 2017, 3, 
CD004454. 

 http://dx.doi.org/10.1002/14651858.CD004454.pub3 PMID: 
28321847 

[13] Baud, O.; Watterberg, K.L. Prophylactic postnatal corticosteroids: 
Early hydrocortisone. Semin. Fetal Neonatal Med., 2019, 24(3), 
202-206. 

 http://dx.doi.org/10.1016/j.siny.2019.04.007 PMID: 31043325 
[14] Halliday, H.L. Update on postnatal steroids. Neonatology, 2017, 

111(4), 415-422. 
 http://dx.doi.org/10.1159/000458460 PMID: 28538237 
[15] Davidovitch, M.; Kuint, J.; Lerner-Geva, L.; Zaslavsky-Paltiel, I.; 

Rotem, R.S.; Chodick, G.; Shalev, V.; Reichman, B. Postnatal ster-
oid therapy is associated with autism spectrum disorder in children 
and adolescents of very low birth weight infants. Pediatr. Res., 
2020, 87(6), 1045-1051. 

 http://dx.doi.org/10.1038/s41390-019-0700-5 PMID: 31791046 
[16] Chevallier, M.; Ancel, P.Y.; Torchin, H.; Marchand-Martin, L.; 

Lorthe, E.; Truffert, P.; Jarreau, P.H.; Roze, J.C.; Pierrat, V.; Mar-
ret, S.; Baud, O.; Benhammou, V.; Ego, A.; Debillon, T. Early ex-
tubation is not associated with severe intraventricular hemorrhage 
in preterm infants born before 29 weeks of gestation. Results of an 
EPIPAGE-2 cohort study. PLoS One, 2019, 14(4), e0214232. 

 http://dx.doi.org/10.1371/journal.pone.0214232 PMID: 30946750 
[17] Ofman, G.; Perez, M.; Farrow, K. N. Early low-dose hydrocorti-

sone: Is the neurodevelopment affected? J. Perinatol.,2018, 38(6), 
636-638. 

[18] Ter Wolbeek, M.; Kavelaars, A.; de Vries, W.B.; Tersteeg-
Kamperman, M.; Veen, S.; Kornelisse, R.F.; van Weissenbruch, 
M.; Baerts, W.; Liem, K.D.; van Bel, F.; Heijnen, C.J. Neonatal 
glucocorticoid treatment: Long-term effects on the hypothalamus-
pituitary-adrenal axis, immune system, and problem behavior in 
14-17 year old adolescents. Brain Behav. Immun., 2015, 45, 128-
138. 

 http://dx.doi.org/10.1016/j.bbi.2014.10.017 PMID: 25449580 
[19] Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; 

Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, 
W-S.; Peterson, T.C.; Wilton, D.K.; Frouin, A.; Napier, B.A.; Pan-
icker, N.; Kumar, M.; Buckwalter, M.S.; Rowitch, D.H.; Dawson, 
V.L.; Dawson, T.M.; Stevens, B.; Barres, B.A. Neurotoxic reactive 
astrocytes are induced by activated microglia. Nature, 2017, 
541(7638), 481-487. 

 http://dx.doi.org/10.1038/nature21029 PMID: 28099414 
[20] Volpe, J.J. Microglia: Newly discovered complexity could lead to 

targeted therapy for neonatal white matter injury and dysmatura-
tion. J. Neonatal Perinatal Med., 2019, 12(3), 239-242. 

 http://dx.doi.org/10.3233/NPM-190303 PMID: 31322582 
[21] Vargas, D.L.; Nascimbene, C.; Krishnan, C.; Zimmerman, A.W.; 

Pardo, C.A. Neuroglial activation and neuroinflammation in the 
brain of patients with autism. Ann. Neurol., 2005, 57(1), 67-81. 

 http://dx.doi.org/10.1002/ana.20315 PMID: 15546155 
[22] Zerbo, O.; Yoshida, C.; Grether, J.K.; Van de Water, J.; Ashwood, 

P.; Delorenze, G.N.; Hansen, R.L.; Kharrazi, M.; Croen, L.A. Neo-
natal cytokines and chemokines and risk of Autism Spectrum Dis-
order: The Early Markers for Autism (EMA) study: A case-control 
study. J. Neuroinflammation, 2014, 11, 113. 

 http://dx.doi.org/10.1186/1742-2094-11-113 PMID: 24951035 
[23] Krakowiak, P.; Walker, C.K.; Tancredi, D.; Hertz-Picciotto, I.; Van 

de Water, J. Autism-specific maternal anti-fetal brain autoantibod-
ies are associated with metabolic conditions. Autism Res., 2017, 
10(1), 89-98. 

 http://dx.doi.org/10.1002/aur.1657 PMID: 27312731 
[24] den Boon, F.S.; Sarabdjitsingh, R.A. Circadian and ultradian pat-

terns of HPA-axis activity in rodents: Significance for brain func-
tionality. Best Pract. Res. Clin. Endocrinol. Metab., 2017, 31(5), 
445-457. 

 http://dx.doi.org/10.1016/j.beem.2017.09.001 PMID: 29223280 
[25] Scott, S.M.; Rose, S.R. Use of glucocorticoids for the fetus and 

preterm infant. Clin. Perinatol., 2018, 45(1), 93-102. 
 http://dx.doi.org/10.1016/j.clp.2017.11.002 PMID: 29406009 
[26] Morsi, A.; DeFranco, D.; Witchel, S.F. The hypothalamic-pituitary-

adrenal axis and the fetus. Horm. Res. Paediatr., 2018, 89(5), 380-
387. 

 http://dx.doi.org/10.1159/000488106 PMID: 29874660 

[27] Lemaire, V.; Koehl, M.; Le Moal, M.; Abrous, D.N. Prenatal stress 
produces learning deficits associated with an inhibition of neuro-
genesis in the hippocampus. Proc. Natl. Acad. Sci. USA, 2000, 
97(20), 11032-11037. 

 http://dx.doi.org/10.1073/pnas.97.20.11032 PMID: 11005874 
[28] Harris, A.; Seckl, J. Glucocorticoids, prenatal stress and the pro-

gramming of disease. Horm. Behav., 2011, 59(3), 279-289. 
 http://dx.doi.org/10.1016/j.yhbeh.2010.06.007 PMID: 20591431 
[29] Anacker, C.; Cattaneo, A.; Luoni, A.; Musaelyan, K.; Zunszain, 

P.A.; Milanesi, E.; Rybka, J.; Berry, A.; Cirulli, F.; Thuret, S.; 
Price, J.; Riva, M.A.; Gennarelli, M.; Pariante, C.M. Glucocorti-
coid-related molecular signaling pathways regulating hippocampal 
neurogenesis. Neuropsychopharmacology, 2013, 38(5), 872-883. 

 http://dx.doi.org/10.1038/npp.2012.253 PMID: 23303060 
[30] Graham, E.M.; Martin, R.H.; Buckley, J.R.; Zyblewski, S.C.; 

Kavarana, M.N.; Bradley, S.M.; Alsoufi, B.; Mahle, W.T.; Hassid, 
M.; Atz, A.M. Corticosteroid therapy in neonates undergoing car-
diopulmonary bypass: Randomized controlled trial. J. Am. Coll. 
Cardiol., 2019, 74(5), 659-668. 

 http://dx.doi.org/10.1016/j.jacc.2019.05.060 PMID: 31370958 
[31] Scheinost, D.; Hsu, T.W.; Avery, E.W.; Hampson, M.; Constable, 

R.T.; Chun, M.M.; Rosenberg, M.D. Connectome-based neu-
rofeedback: A pilot study to improve sustained attention. Neu-
roimage, 2020, 212, 116684. 

 http://dx.doi.org/10.1016/j.neuroimage.2020.116684 PMID: 
32114151 

[32] Scheinost, D.; Kwon, S.H.; Lacadie, C.; Sze, G.; Sinha, R.; Con-
stable, R.T.; Ment, L.R. Prenatal stress alters amygdala functional 
connectivity in preterm neonates. Neuroimage Clin., 2016, 12, 381-
388. 

 http://dx.doi.org/10.1016/j.nicl.2016.08.010 PMID: 27622134 
[33] Jafari, Z.; Mehla, J.; Kolb, B.E.; Mohajerani, M.H. Prenatal noise 

stress impairs HPA axis and cognitive performance in mice. Sci. 
Rep., 2017, 7(1), 10560-10560. 

 http://dx.doi.org/10.1038/s41598-017-09799-6 PMID: 28874680 
[34] Kadmiel, M.; Cidlowski, J.A. Glucocorticoid receptor signaling in 

health and disease. Trends Pharmacol. Sci., 2013, 34(9), 518-530. 
 http://dx.doi.org/10.1016/j.tips.2013.07.003 PMID: 23953592 
[35] Slopen, N.; Roberts, A.L.; LeWinn, K.Z.; Bush, N.R.; Rovnaghi, 

C.R.; Tylavsky, F.; Anand, K.J.S. Maternal experiences of trauma 
and hair cortisol in early childhood in a prospective cohort. Psy-
choneuroendocrinology, 2018, 98, 168-176. 

 http://dx.doi.org/10.1016/j.psyneuen.2018.08.027 PMID: 30170311 
[36] Tollenaar, M.S.; Beijers, R.; Jansen, J.; Riksen-Walraven, J.M.; de 

Weerth, C. Maternal prenatal stress and cortisol reactivity to stress-
ors in human infants. Stress, 2011, 14(1), 53-65. 

 http://dx.doi.org/10.3109/10253890.2010.499485 PMID: 20666659 
[37] Howland, M.A.; Sandman, C.A.; Glynn, L.M. Developmental 

origins of the human hypothalamic-pituitary-adrenal axis. Expert 
Rev. Endocrinol. Metab., 2017, 12(5), 321-339. 

 http://dx.doi.org/10.1080/17446651.2017.1356222 PMID: 
30058893 

[38] McTernan, C.L.; Draper, N.; Nicholson, H.; Chalder, S.M.; Driver, 
P.; Hewison, M.; Kilby, M.D.; Stewart, P.M. Reduced placental 
11beta-hydroxysteroid dehydrogenase type 2 mRNA levels in hu-
man pregnancies complicated by intrauterine growth restriction: An 
analysis of possible mechanisms. J. Clin. Endocrinol. Metab., 
2001, 86(10), 4979-4983. 
PMID: 11600574 

[39] Sandman, C.A.; Glynn, L.; Schetter, C.D.; Wadhwa, P.; Garite, T.; 
Chicz-DeMet, A.; Hobel, C. Elevated maternal cortisol early in 
pregnancy predicts third trimester levels of placental corticotropin 
releasing hormone (CRH): Priming the placental clock. Peptides, 
2006, 27(6), 1457-1463. 

 http://dx.doi.org/10.1016/j.peptides.2005.10.002 PMID: 16309788 
[40] Lowry, P.J. Corticotropin-releasing factor and its binding protein in 

human plasma. Ciba Found. Symp., 1993, 172, 108-115. 
PMID: 8387905 

[41] King, B.R.; Smith, R.; Nicholson, R.C. The regulation of human 
corticotrophin-releasing hormone gene expression in the placenta. 
Peptides, 2001, 22(11), 1941-1947. 

 http://dx.doi.org/10.1016/S0196-9781(01)00486-7 PMID: 
11754985 



Glucocorticosteroids Effects on Brain Development in the Preterm Infants Current Neuropharmacology, 2021, Vol. 19, No. 12    2197 

[42] Bagnoli, F.; Mori, A.; Fommei, C.; Coriolani, G.; Badii, S.; To-
masini, B. ACTH and cortisol cord plasma concentrations in pre-
term and term infants. J. Perinatol., 2013, 33(7), 520-524. 

 http://dx.doi.org/10.1038/jp.2012.165 PMID: 23306940 
[43] Narasaka, T.; Suzuki, T.; Moriya, T.; Sasano, H. Temporal and 

spatial distribution of corticosteroidogenic enzymes immunoreac-
tivity in developing human adrenal. Mol. Cell. Endocrinol., 2001, 
174(1-2), 111-120. 

 http://dx.doi.org/10.1016/S0303-7207(00)00445-7 PMID: 
11306177 

[44] Takahashi, L.K.; Turner, J.G.; Kalin, N.H. Prolonged stress-
induced elevation in plasma corticosterone during pregnancy in the 
rat: Implications for prenatal stress studies. Psychoneuroendocri-
nology, 1998, 23(6), 571-581. 

 http://dx.doi.org/10.1016/S0306-4530(98)00024-9 PMID: 9802128 
[45] Mairesse, J.; Lesage, J.; Breton, C.; Bréant, B.; Hahn, T.; Darnau-

déry, M.; Dickson, S.L.; Seckl, J.; Blondeau, B.; Vieau, D.; Macca-
ri, S.; Viltart, O. Maternal stress alters endocrine function of the fe-
to-placental unit in rats. Am. J. Physiol. Endocrinol. Metab., 2007, 
292(6), E1526-E1533. 

 http://dx.doi.org/10.1152/ajpendo.00574.2006 PMID: 17264224 
[46] Chen, H.J.; Antonson, A.M.; Rajasekera, T.A.; Patterson, J.M.; 

Bailey, M.T.; Gur, T.L. Prenatal stress causes intrauterine inflam-
mation and serotonergic dysfunction, and long-term behavioral def-
icits through microbe- and CCL2-dependent mechanisms. Transl. 
Psychiatry, 2020, 10(1), 191. 

 http://dx.doi.org/10.1038/s41398-020-00876-5 PMID: 32546752 
[47] Vanbesien-Mailliot, C.C.; Wolowczuk, I.; Mairesse, J.; Viltart, O.; 

Delacre, M.; Khalife, J.; Chartier-Harlin, M.C.; Maccari, S. Prena-
tal stress has pro-inflammatory consequences on the immune sys-
tem in adult rats. Psychoneuroendocrinology, 2007, 32(2), 114-
124. 

 http://dx.doi.org/10.1016/j.psyneuen.2006.11.005 PMID: 17240075 
[48] Brunton, P.J.; Russell, J.A. Prenatal social stress in the rat pro-

grammes neuroendocrine and behavioural responses to stress in the 
adult offspring: Sex-specific effects. J. Neuroendocrinol., 2010, 
22(4), 258-271. 

 http://dx.doi.org/10.1111/j.1365-2826.2010.01969.x PMID: 
20136688 

[49] Green, M.K.; Rani, C.S.; Joshi, A.; Soto-Piña, A.E.; Martinez, 
P.A.; Frazer, A.; Strong, R.; Morilak, D.A. Prenatal stress induces 
long term stress vulnerability, compromising stress response sys-
tems in the brain and impairing extinction of conditioned fear after 
adult stress. Neuroscience, 2011, 192, 438-451. 

 http://dx.doi.org/10.1016/j.neuroscience.2011.06.041 PMID: 
21723377 

[50] Dong, E.; Guidotti, A.; Zhang, H.; Pandey, S.C. Prenatal stress 
leads to chromatin and synaptic remodeling and excessive alcohol 
intake comorbid with anxiety-like behaviors in adult offspring. 
Neuropharmacology, 2018, 140, 76-85. 

 http://dx.doi.org/10.1016/j.neuropharm.2018.07.010 PMID: 
30016666 

[51] Gur, T.L.; Palkar, A.V.; Rajasekera, T.; Allen, J.; Niraula, A.; 
Godbout, J.; Bailey, M.T. Prenatal stress disrupts social behavior, 
cortical neurobiology and commensal microbes in adult male off-
spring. Behav. Brain Res., 2019, 359, 886-894. 

 http://dx.doi.org/10.1016/j.bbr.2018.06.025 PMID: 29949734 
[52] Laloux, C.; Mairesse, J.; Van Camp, G.; Giovine, A.; Branchi, I.; 

Bouret, S.; Morley-Fletcher, S.; Bergonzelli, G.; Malagodi, M.; 
Gradini, R.; Nicoletti, F.; Darnaudéry, M.; Maccari, S. Anxiety-like 
behaviour and associated neurochemical and endocrinological al-
terations in male pups exposed to prenatal stress. Psychoneuroen-
docrinology, 2012, 37(10), 1646-1658. 

 http://dx.doi.org/10.1016/j.psyneuen.2012.02.010 PMID: 22444623 
[53] Szuran, T.F.; Pliska, V.; Pokorny, J.; Welzl, H. Prenatal stress in 

rats: Effects on plasma corticosterone, hippocampal glucocorticoid 
receptors, and maze performance. Physiol. Behav., 2000, 71(3-4), 
353-362. 

 http://dx.doi.org/10.1016/S0031-9384(00)00351-6 PMID: 
11150568 

[54] Coe, C.L.; Kramer, M.; Czéh, B.; Gould, E.; Reeves, A.J.; Kirsch-
baum, C.; Fuchs, E. Prenatal stress diminishes neurogenesis in the 
dentate gyrus of juvenile rhesus monkeys. Biol. Psychiatry, 2003, 
54(10), 1025-1034. 

 http://dx.doi.org/10.1016/S0006-3223(03)00698-X PMID: 
14625144 

[55] Lucassen, P.J.; Bosch, O.J.; Jousma, E.; Krömer, S.A.; Andrew, R.; 
Seckl, J.R.; Neumann, I.D. Prenatal stress reduces postnatal neuro-
genesis in rats selectively bred for high, but not low, anxiety: Pos-
sible key role of placental 11beta-hydroxysteroid dehydrogenase 
type 2. Eur. J. Neurosci., 2009, 29(1), 97-103. 

 http://dx.doi.org/10.1111/j.1460-9568.2008.06543.x PMID: 
19032587 

[56] Lebow, M.A.; Schroeder, M.; Tsoory, M.; Holzman-Karniel, D.; 
Mehta, D.; Ben-Dor, S.; Gil, S.; Bradley, B.; Smith, A.K.; Jovanov-
ic, T.; Ressler, K.J.; Binder, E.B.; Chen, A. Glucocorticoid-induced 
leucine zipper “quantifies” stressors and increases male susceptibil-
ity to PTSD. Transl. Psychiatry, 2019, 9(1), 178. 

 http://dx.doi.org/10.1038/s41398-019-0509-3 PMID: 31346158 
[57] Conradt, E.; Abar, B.; Sheinkopf, S.; Lester, B.; Lagasse, L.; Seif-

er, R.; Shankaran, S.; Bada-Ellzey, H.; Bauer, C.; Whitaker, T.; 
Hinckley, M.; Hammond, J.; Higgins, R. The role of prenatal sub-
stance exposure and early adversity on parasympathetic functioning 
from 3 to 6 years of age. Dev. Psychobiol., 2014, 56(4), 821-835. 

 http://dx.doi.org/10.1002/dev.21155 PMID: 24002807 
[58] Czamara, D.; Eraslan, G.; Page, C.M.; Lahti, J.; Lahti-Pulkkinen, 

M.; Hämäläinen, E.; Kajantie, E.; Laivuori, H.; Villa, P.M.; Reyn-
olds, R.M.; Nystad, W.; Håberg, S.E.; London, S.J.; O’Donnell, 
K.J.; Garg, E.; Meaney, M.J.; Entringer, S.; Wadhwa, P.D.; Buss, 
C.; Jones, M.J.; Lin, D.T.S.; MacIsaac, J.L.; Kobor, M.S.; Koen, 
N.; Zar, H.J.; Koenen, K.C.; Dalvie, S.; Stein, D.J.; Kondofersky, 
I.; Müller, N.S.; Theis, F.J.; Räikkönen, K.; Binder, E.B. Integrated 
analysis of environmental and genetic influences on cord blood 
DNA methylation in new-borns. Nat. Commun., 2019, 10(1), 2548. 

 http://dx.doi.org/10.1038/s41467-019-10461-0 PMID: 31186427 
[59] Kertes, D.A.; Kamin, H.S.; Hughes, D.A.; Rodney, N.C.; Bhatt, S.; 

Mulligan, C.J. Prenatal maternal stress predicts methylation of 
genes regulating the hypothalamic-pituitary-adrenocortical system 
in mothers and newborns in the democratic republic of congo. 
Child Dev., 2016, 87(1), 61-72. 

 http://dx.doi.org/10.1111/cdev.12487 PMID: 26822443 
[60] Yehuda, R.; Daskalakis, N.P.; Bierer, L.M.; Bader, H.N.; Klengel, 

T.; Holsboer, F.; Binder, E.B. Holocaust exposure induced inter-
generational effects on FKBP5 methylation. Biol. Psychiatry, 2016, 
80(5), 372-380. 

 http://dx.doi.org/10.1016/j.biopsych.2015.08.005 PMID: 26410355 
[61] Davis, E.P.; Hankin, B.L.; Glynn, L.M.; Head, K.; Kim, D.J.; 

Sandman, C.A. Prenatal maternal stress, child cortical thickness, 
and adolescent depressive symptoms. Child Dev., 2020, 91(2), 
e432-e450. 

 http://dx.doi.org/10.1111/cdev.13252 PMID: 31073997 
[62] Marecková, K.; Klasnja, A.; Bencurova, P.; Andrýsková, L.; 

Brázdil, M.; Paus, T. Prenatal stress, mood, and gray matter volume 
in young adulthood. Cereb. Cortex, 2019, 29(3), 1244-1250. 

 http://dx.doi.org/10.1093/cercor/bhy030 PMID: 29425268 
[63] LeWinn, K.Z.; Stroud, L.R.; Molnar, B.E.; Ware, J.H.; Koenen, 

K.C.; Buka, S.L. Elevated maternal cortisol levels during pregnan-
cy are associated with reduced childhood IQ. Int. J. Epidemiol., 
2009, 38(6), 1700-1710. 

 http://dx.doi.org/10.1093/ije/dyp200 PMID: 19423658 
[64] Buitelaar, J.K.; Huizink, A.C.; Mulder, E.J.; de Medina, P.G.; 

Visser, G.H. Prenatal stress and cognitive development and tem-
perament in infants. Neurobiol. Aging, 2003, 24(Suppl. 1), S53-
S60. 

 http://dx.doi.org/10.1016/S0197-4580(03)00050-2 PMID: 
12829109 

[65] Huizink, A.C.; Robles de Medina, P.G.; Mulder, E.J.; Visser, G.H.; 
Buitelaar, J.K. Stress during pregnancy is associated with devel-
opmental outcome in infancy. J. Child Psychol. Psychiatry, 2003, 
44(6), 810-818. 

 http://dx.doi.org/10.1111/1469-7610.00166 PMID: 12959490 
[66] Davis, E.P.; Glynn, L.M.; Waffarn, F.; Sandman, C.A. Prenatal 

maternal stress programs infant stress regulation. J. Child Psychol. 
Psychiatry, 2011, 52(2), 119-129. 

 http://dx.doi.org/10.1111/j.1469-7610.2010.02314.x PMID: 
20854366 

[67] Dayan, J.; Creveuil, C.; Marks, M.N.; Conroy, S.; Herlicoviez, M.; 
Dreyfus, M.; Tordjman, S. Prenatal depression, prenatal anxiety, 



2198    Current Neuropharmacology, 2021, Vol. 19, No. 12 Manuela et al. 

and spontaneous preterm birth: A prospective cohort study among 
women with early and regular care. Psychosom. Med., 2006, 68(6), 
938-946. 

 http://dx.doi.org/10.1097/01.psy.0000244025.20549.bd PMID: 
17079701 

[68] Orr, S.T.; Blazer, D.G.; James, S.A.; Reiter, J.P. Depressive symp-
toms and indicators of maternal health status during pregnancy. J. 
Womens Health (Larchmt.), 2007, 16(4), 535-542. 

 http://dx.doi.org/10.1089/jwh.2006.0116 PMID: 17521257 
[69] Rondó, P.H.; Rezende, G.; Lemos, J.O.; Pereira, J.A. Maternal 

stress and distress and child nutritional status. Eur. J. Clin. Nutr., 
2013, 67(4), 348-352. 

 http://dx.doi.org/10.1038/ejcn.2013.28 PMID: 23403880 
[70] Campbell, M.K.; Challis, J.R.; DaSilva, O.; Bocking, A.D. A co-

hort study found that white blood cell count and endocrine markers 
predicted preterm birth in symptomatic women. J. Clin. Epidemiol., 
2005, 58(3), 304-310. 

 http://dx.doi.org/10.1016/j.jclinepi.2004.06.015 PMID: 15718120 
[71] Korebrits, C.; Ramirez, M.M.; Watson, L.; Brinkman, E.; Bocking, 

A.D.; Challis, J.R. Maternal corticotropin-releasing hormone is in-
creased with impending preterm birth. J. Clin. Endocrinol. Metab., 
1998, 83(5), 1585-1591. 

 http://dx.doi.org/10.1210/jcem.83.5.4804 PMID: 9589660 
[72] Volpe, J.J. Brain injury in premature infants: A complex amalgam 

of destructive and developmental disturbances. Lancet Neurol., 
2009, 8(1), 110-124. 

 http://dx.doi.org/10.1016/S1474-4422(08)70294-1 PMID: 
19081519 

[73] Engelhardt, E.; Inder, T.E.; Alexopoulos, D.; Dierker, D.L.; Hill, J.; 
Van Essen, D.; Neil, J.J. Regional impairments of cortical folding 
in premature infants. Ann. Neurol., 2015, 77(1), 154-162. 

 http://dx.doi.org/10.1002/ana.24313 PMID: 25425403 
[74] Ball, G.; Srinivasan, L.; Aljabar, P.; Counsell, S.J.; Durighel, G.; 

Hajnal, J.V.; Rutherford, M.A.; Edwards, A.D. Development of 
cortical microstructure in the preterm human brain. Proc. Natl. 
Acad. Sci. USA, 2013, 110(23), 9541-9546. 

 http://dx.doi.org/10.1073/pnas.1301652110 PMID: 23696665 
[75] Thompson, D.K.; Wood, S.J.; Doyle, L.W.; Warfield, S.K.; 

Lodygensky, G.A.; Anderson, P.J.; Egan, G.F.; Inder, T.E. Neonate 
hippocampal volumes: Prematurity, perinatal predictors, and 2-year 
outcome. Ann. Neurol., 2008, 63(5), 642-651. 

 http://dx.doi.org/10.1002/ana.21367 PMID: 18384167 
[76] Zhang, Y.; Inder, T.E.; Neil, J.J.; Dierker, D.L.; Alexopoulos, D.; 

Anderson, P.J.; Van Essen, D.C. Cortical structural abnormalities 
in very preterm children at 7 years of age. Neuroimage, 2015, 109, 
469-479. 

 http://dx.doi.org/10.1016/j.neuroimage.2015.01.005 PMID: 
25614973 

[77] Murray, A. L.; Thompson, D. K.; Pascoe, L.; Leemans, A.; Inder, 
T. E.; Doyle, L. W.; Anderson, J. F. I.; Anderson, P. J. White mat-
ter abnormalities and impaired attention abilities in children born 
very preterm. Neuroimage, 2016, 124(Pt A), 75-84. 

 http://dx.doi.org/10.1016/j.neuroimage.2015.08.044 
[78] Thompson, D.K.; Chen, J.; Beare, R.; Adamson, C.L.; Ellis, R.; 

Ahmadzai, Z.M.; Kelly, C.E.; Lee, K.J.; Zalesky, A.; Yang, J.Y.M.; 
Hunt, R.W.; Cheong, J.L.Y.; Inder, T.E.; Doyle, L.W.; Seal, M.L.; 
Anderson, P.J. Structural connectivity relates to perinatal factors 
and functional impairment at 7 years in children born very preterm. 
Neuroimage, 2016, 134, 328-337. 

 http://dx.doi.org/10.1016/j.neuroimage.2016.03.070 PMID: 
27046108 

[79] Young, J.M.; Morgan, B.R.; Whyte, H.E.A.; Lee, W.; Smith, M.L.; 
Raybaud, C.; Shroff, M.M.; Sled, J.G.; Taylor, M.J. Longitudinal 
study of white matter development and outcomes in children born 
very preterm. Cereb. Cortex, 2017, 27(8), 4094-4105. 
PMID: 27600850 

[80] Estep, M.E.; Smyser, C.D.; Anderson, P.J.; Ortinau, C.M.; Wallen-
dorf, M.; Katzman, C.S.; Doyle, L.W.; Thompson, D.K.; Neil, J.J.; 
Inder, T.E.; Shimony, J.S. Diffusion tractography and neuromotor 
outcome in very preterm children with white matter abnormalities. 
Pediatr. Res., 2014, 76(1), 86-92. 

 http://dx.doi.org/10.1038/pr.2014.45 PMID: 24713814 
[81] Rogers, E.E.; Hintz, S.R. Early neurodevelopmental outcomes of 

extremely preterm infants. Semin. Perinatol., 2016, 40(8), 497-509. 

 http://dx.doi.org/10.1053/j.semperi.2016.09.002 PMID: 27865437 
[82] Thompson, D.K.; Inder, T.E.; Faggian, N.; Warfield, S.K.; Ander-

son, P.J.; Doyle, L.W.; Egan, G.F. Corpus callosum alterations in 
very preterm infants: Perinatal correlates and 2 year neurodevel-
opmental outcomes. Neuroimage, 2012, 59(4), 3571-3581. 

 http://dx.doi.org/10.1016/j.neuroimage.2011.11.057 PMID: 
22154956 

[83] Thompson, D.K.; Lee, K.J.; Egan, G.F.; Warfield, S.K.; Doyle, 
L.W.; Anderson, P.J.; Inder, T.E. Regional white matter micro-
structure in very preterm infants: Predictors and 7 year outcomes. 
Cortex, 2014, 52, 60-74. 

 http://dx.doi.org/10.1016/j.cortex.2013.11.010 PMID: 24405815 
[84] Aeby, A.; De Tiège, X.; Creuzil, M.; David, P.; Balériaux, D.; Van 

Overmeire, B.; Metens, T.; Van Bogaert, P. Language development 
at 2 years is correlated to brain microstructure in the left superior 
temporal gyrus at term equivalent age: A diffusion tensor imaging 
study. Neuroimage, 2013, 78, 145-151. 

 http://dx.doi.org/10.1016/j.neuroimage.2013.03.076 PMID: 
23583746 

[85] Pogribna, U.; Burson, K.; Lasky, R.E.; Narayana, P.A.; Evans, 
P.W.; Parikh, N.A. Role of diffusion tensor imaging as an inde-
pendent predictor of cognitive and language development in ex-
tremely low-birth-weight infants. AJNR Am. J. Neuroradiol., 2014, 
35(4), 790-796. 

 http://dx.doi.org/10.3174/ajnr.A3725 PMID: 24052505 
[86] Johns, C.B.; Lacadie, C.; Vohr, B.; Ment, L.R.; Scheinost, D. 

Amygdala functional connectivity is associated with social im-
pairments in preterm born young adults. Neuroimage Clin., 2019, 
21, 101626. 

 http://dx.doi.org/10.1016/j.nicl.2018.101626 PMID: 30545688 
[87] Rogers, C.E.; Sylvester, C.M.; Mintz, C.; Kenley, J.K.; Shimony, 

J.S.; Barch, D.M.; Smyser, C.D. Neonatal amygdala functional 
connectivity at rest in healthy and preterm infants and early inter-
nalizing symptoms. J. Am. Acad. Child Adolesc. Psychiatry, 2017, 
56(2), 157-166. 

 http://dx.doi.org/10.1016/j.jaac.2016.11.005 PMID: 28117062 
[88] Rogers, C.E.; Lean, R.E.; Wheelock, M.D.; Smyser, C.D. Aberrant 

structural and functional connectivity and neurodevelopmental im-
pairment in preterm children. J. Neurodev. Disord., 2018, 10(1), 
38. 

 http://dx.doi.org/10.1186/s11689-018-9253-x PMID: 30541449 
[89] Lautarescu, A.; Pecheva, D.; Nosarti, C.; Nihouarn, J.; Zhang, H.; 

Victor, S.; Craig, M.; Edwards, A.D.; Counsell, S.J. Maternal pre-
natal stress is associated with altered uncinate fasciculus micro-
structure in premature neonates. Biol. Psychiatry, 2020, 87(6), 559-
569. 

 http://dx.doi.org/10.1016/j.biopsych.2019.08.010 PMID: 31604519 
[90] Medicine, F.W.G.O.G.C.P.I.M-F. Good clinical practice advice: 

Antenatal corticosteroids for fetal lung maturation. Int. J. Gynae-
col. Obstet., 2019, 144(3), 352-355. 

 http://dx.doi.org/10.1002/ijgo.12746 PMID: 30710360 
[91] Effect of corticosteroids for fetal maturation on perinatal outcomes. 

JAMA, 1995, 273(5), 413-418. 
 http://dx.doi.org/10.1001/jama.1995.03520290065031 PMID: 

7823388 
[92] Vogel, J.P.; Oladapo, O.T.; Manu, A.; Gülmezoglu, A.M.; Bahl, R. 

New WHO recommendations to improve the outcomes of preterm 
birth. Lancet Glob. Health, 2015, 3(10), e589-e590. 

 http://dx.doi.org/10.1016/S2214-109X(15)00183-7 PMID: 
26310802 

[93] Gupta, S.; Prasanth, K.; Chen, C-M.; Yeh, T.F. Postnatal cortico-
steroids for prevention and treatment of chronic lung disease in the 
preterm newborn. Int. J. Pediatr., 2012, 2012, 315642-315642. 

 http://dx.doi.org/10.1155/2012/315642 PMID: 22007245 
[94] Postnatal corticosteroids to treat or prevent chronic lung disease in 

preterm infants. Pediatrics, 2002, 109(2), 330. 
 http://dx.doi.org/10.1542/peds.109.2.330 PMID: 11826218 
[95] Grier, D.G.; Halliday, H.L. Corticosteroids in the prevention and 

management of bronchopulmonary dysplasia. Semin. Neonatol., 
2003, 8(1), 83-91. 

 http://dx.doi.org/10.1016/S1084-2756(02)00189-6 PMID: 
12667833 



Glucocorticosteroids Effects on Brain Development in the Preterm Infants Current Neuropharmacology, 2021, Vol. 19, No. 12    2199 

[96] Roberts, D.; Dalziel, S. Antenatal corticosteroids for accelerating 
fetal lung maturation for women at risk of preterm birth. Cochrane 
Database Syst. Rev., 2006, (3), CD004454. 

 http://dx.doi.org/10.1002/14651858.CD004454.pub2 PMID: 
16856047 

[97] Serenius, F.; Källén, K.; Blennow, M.; Ewald, U.; Fellman, V.; 
Holmström, G.; Lindberg, E.; Lundqvist, P.; Maršál, K.; Norman, 
M.; Olhager, E.; Stigson, L.; Stjernqvist, K.; Vollmer, B.; 
Strömberg, B.; Group, E. Neurodevelopmental outcome in ex-
tremely preterm infants at 2.5 years after active perinatal care in 
Sweden. JAMA, 2013, 309(17), 1810-1820. 

 http://dx.doi.org/10.1001/jama.2013.3786 PMID: 23632725 
[98] Crowley, P. Prophylactic corticosteroids for preterm birth. 

Cochrane Database Syst. Rev., 2000, (2), CD000065. 
PMID: 10796110 

[99] Ikegami, M.; Jobe, A.H.; Newnham, J.; Polk, D.H.; Willet, K.E.; 
Sly, P. Repetitive prenatal glucocorticoids improve lung function 
and decrease growth in preterm lambs. Am. J. Respir. Crit. Care 
Med., 1997, 156(1), 178-184. 

 http://dx.doi.org/10.1164/ajrccm.156.1.9612036 PMID: 9230744 
[100] Johnson, J.W.; Mitzner, W.; Beck, J.C.; London, W.T.; Sly, D.L.; 

Lee, P.A.; Khouzami, V.A.; Cavalieri, R.L. Long-term effects of 
betamethasone on fetal development. Am. J. Obstet. Gynecol., 
1981, 141(8), 1053-1064. 

 http://dx.doi.org/10.1016/S0002-9378(16)32697-7 PMID: 7315917 
[101] Stewart, J.D.; Sienko, A.E.; Gonzalez, C.L.; Christensen, H.D.; 

Rayburn, W.F. Placebo-controlled comparison between a single 
dose and a multidose of betamethasone in accelerating lung matu-
ration of mice offspring. Am. J. Obstet. Gynecol., 1998, 179(5), 
1241-1247. 

 http://dx.doi.org/10.1016/S0002-9378(98)70140-1 PMID: 9822509 
[102] Sun, B.; Jobe, A.; Rider, E.; Ikegami, M. Single dose versus two 

doses of betamethasone for lung maturation in preterm rabbits. Pe-
diatr. Res., 1993, 33(3), 256-260. 

 http://dx.doi.org/10.1203/00006450-199303000-00010 PMID: 
8460061 

[103] Crowther, C.A.; Doyle, L.W.; Haslam, R.R.; Hiller, J.E.; Harding, 
J.E.; Robinson, J.S. Outcomes at 2 years of age after repeat doses 
of antenatal corticosteroids. N. Engl. J. Med., 2007, 357(12), 1179-
1189. 

 http://dx.doi.org/10.1056/NEJMoa071152 PMID: 17881750 
[104] Crowther, C.A.; Haslam, R.R.; Hiller, J.E.; Doyle, L.W.; Robinson, 

J.S. Neonatal respiratory distress syndrome after repeat exposure to 
antenatal corticosteroids: A randomised controlled trial. Lancet, 
2006, 367(9526), 1913-1919. 

 http://dx.doi.org/10.1016/S0140-6736(06)68846-6 PMID: 
16765760 

[105] Guinn, D.A.; Atkinson, M.W.; Sullivan, L.; Lee, M.; MacGregor, 
S.; Parilla, B.V.; Davies, J.; Hanlon-Lundberg, K.; Simpson, L.; 
Stone, J.; Wing, D.; Ogasawara, K.; Muraskas, J. Single vs weekly 
courses of antenatal corticosteroids for women at risk of preterm 
delivery: A randomized controlled trial. JAMA, 2001, 286(13), 
1581-1587. 

 http://dx.doi.org/10.1001/jama.286.13.1581 PMID: 11585480 
[106] Murphy, K.E.; Hannah, M.E.; Willan, A.R.; Hewson, S.A.; 

Ohlsson, A.; Kelly, E.N.; Matthews, S.G.; Saigal, S.; Asztalos, E.; 
Ross, S.; Delisle, M.F.; Amankwah, K.; Guselle, P.; Gafni, A.; Lee, 
S.K.; Armson, B.A.; Group, M.C. Multiple courses of antenatal 
corticosteroids for preterm birth (MACS): A randomised controlled 
trial. Lancet, 2008, 372(9656), 2143-2151. 

 http://dx.doi.org/10.1016/S0140-6736(08)61929-7 PMID: 
19101390 

[107] Wapner, R.J.; Sorokin, Y.; Thom, E.A.; Johnson, F.; Dudley, D.J.; 
Spong, C.Y.; Peaceman, A.M.; Leveno, K.J.; Harper, M.; Caritis, 
S.N.; Miodovnik, M.; Mercer, B.; Thorp, J.M.; Moawad, A.; 
O’Sullivan, M.J.; Ramin, S.; Carpenter, M.W.; Rouse, D.J.; Sibai, 
B.; Gabbe, S.G. Single versus weekly courses of antenatal cortico-
steroids: Evaluation of safety and efficacy. Am. J. Obstet. Gynecol., 
2006, 195(3), 633-642. 

 http://dx.doi.org/10.1016/j.ajog.2006.03.087 PMID: 16846587 
[108] Azancot-Benisty, A.; Benifla, J.L.; Matias, A.; De Crépy, A.; Mad-

elenat, P. Constriction of the fetal ductus arteriosus during prenatal 
betamethasone therapy. Obstet. Gynecol., 1995, 85(5 Pt 2), 874-
876. 

 http://dx.doi.org/10.1016/0029-7844(94)00445-J PMID: 7724144 
[109] Bradley, B.S.; Kumar, S.P.; Mehta, P.N.; Ezhuthachan, S.G. Neo-

natal cushingoid syndrome resulting from serial courses of antena-
tal betamethasone. Obstet. Gynecol., 1994, 83(5 Pt 2), 869-872. 
PMID: 8159381 

[110] Yunis, K.A.; Bitar, F.F.; Hayek, P.; Mroueh, S.M.; Mikati, M. 
Transient hypertrophic cardiomyopathy in the newborn following 
multiple doses of antenatal corticosteroids. Am. J. Perinatol., 1999, 
16(1), 17-21. 

 http://dx.doi.org/10.1055/s-2007-993830 PMID: 10362077 
[111] Murphy, K.E.; Willan, A.R.; Hannah, M.E.; Ohlsson, A.; Kelly, 

E.N.; Matthews, S.G.; Saigal, S.; Asztalos, E.; Ross, S.; Delisle, 
M.F.; Amankwah, K.; Guselle, P.; Gafni, A.; Lee, S.K.; Armson, 
B.A. Effect of antenatal corticosteroids on fetal growth and gesta-
tional age at birth. Obstet. Gynecol., 2012, 119(5), 917-923. 

 http://dx.doi.org/10.1097/AOG.0b013e31825189dc PMID: 
22525902 

[112] Crudo, A.; Petropoulos, S.; Suderman, M.; Moisiadis, V.G.; 
Kostaki, A.; Hallett, M.; Szyf, M.; Matthews, S.G. Effects of ante-
natal synthetic glucocorticoid on glucocorticoid receptor binding, 
DNA methylation, and genome-wide mRNA levels in the fetal 
male hippocampus. Endocrinology, 2013, 154(11), 4170-4181. 

 http://dx.doi.org/10.1210/en.2013-1484 PMID: 24029241 
[113] Moisiadis, V.G.; Matthews, S.G. Glucocorticoids and fetal pro-

gramming part 1: Outcomes. Nat. Rev. Endocrinol., 2014, 10(7), 
391-402. 

 http://dx.doi.org/10.1038/nrendo.2014.73 PMID: 24863382 
[114] Moisiadis, V.G.; Matthews, S.G. Glucocorticoids and fetal pro-

gramming part 2: Mechanisms. Nat. Rev. Endocrinol., 2014, 10(7), 
403-411. 

 http://dx.doi.org/10.1038/nrendo.2014.74 PMID: 24863383 
[115] Gwathmey, T.M.; Shaltout, H.A.; Rose, J.C.; Diz, D.I.; Chappell, 

M.C. Glucocorticoid-induced fetal programming alters the func-
tional complement of angiotensin receptor subtypes within the kid-
ney. Hypertension, 2011, 57(3), 620-626. 

 http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.164970 
PMID: 21220702 

[116] de Vries, A.; Holmes, M.C.; Heijnis, A.; Seier, J.V.; Heerden, J.; 
Louw, J.; Wolfe-Coote, S.; Meaney, M.J.; Levitt, N.S.; Seckl, J.R. 
Prenatal dexamethasone exposure induces changes in nonhuman 
primate offspring cardiometabolic and hypothalamic-pituitary-
adrenal axis function. J. Clin. Invest., 2007, 117(4), 1058-1067. 

 http://dx.doi.org/10.1172/JCI30982 PMID: 17380204 
[117] Braun, T.; Li, S.; Sloboda, D.M.; Li, W.; Audette, M.C.; Moss, 

T.J.; Matthews, S.G.; Polglase, G.; Nitsos, I.; Newnham, J.P.; Chal-
lis, J.R. Effects of maternal dexamethasone treatment in early preg-
nancy on pituitary-adrenal axis in fetal sheep. Endocrinology, 
2009, 150(12), 5466-5477. 

 http://dx.doi.org/10.1210/en.2009-0086 PMID: 19846612 
[118] Sloboda, D.M.; Moss, T.J.; Gurrin, L.C.; Newnham, J.P.; Challis, 

J.R. The effect of prenatal betamethasone administration on postna-
tal ovine hypothalamic-pituitary-adrenal function. J. Endocrinol., 
2002, 172(1), 71-81. 

 http://dx.doi.org/10.1677/joe.0.1720071 PMID: 11786375 
[119] Levitt, N.S.; Lindsay, R.S.; Holmes, M.C.; Seckl, J.R. Dexame-

thasone in the last week of pregnancy attenuates hippocampal glu-
cocorticoid receptor gene expression and elevates blood pressure in 
the adult offspring in the rat. Neuroendocrinology, 1996, 64(6), 
412-418. 

 http://dx.doi.org/10.1159/000127146 PMID: 8990073 
[120] Dunn, E.; Kapoor, A.; Leen, J.; Matthews, S.G. Prenatal synthetic 

glucocorticoid exposure alters hypothalamic-pituitary-adrenal regu-
lation and pregnancy outcomes in mature female guinea pigs. J. 
Physiol., 2010, 588(Pt 5), 887-899. 

 http://dx.doi.org/10.1113/jphysiol.2009.182139 PMID: 20064858 
[121] Hauser, J.; Dettling-Artho, A.; Pilloud, S.; Maier, C.; Knapman, A.; 

Feldon, J.; Pryce, C.R. Effects of prenatal dexamethasone treatment 
on postnatal physical, endocrine, and social development in the 
common marmoset monkey. Endocrinology, 2007, 148(4), 1813-
1822. 

 http://dx.doi.org/10.1210/en.2006-1306 PMID: 17218413 
[122] Moss, T.J.; Sloboda, D.M.; Gurrin, L.C.; Harding, R.; Challis, J.R.; 

Newnham, J.P. Programming effects in sheep of prenatal growth 



2200    Current Neuropharmacology, 2021, Vol. 19, No. 12 Manuela et al. 

restriction and glucocorticoid exposure. Am. J. Physiol. Regul. In-
tegr. Comp. Physiol., 2001, 281(3), R960-R970. 

 http://dx.doi.org/10.1152/ajpregu.2001.281.3.R960 PMID: 
11507014 

[123] Lindsay, R.S.; Lindsay, R.M.; Waddell, B.J.; Seckl, J.R. Prenatal 
glucocorticoid exposure leads to offspring hyperglycaemia in the 
rat: Studies with the 11 beta-hydroxysteroid dehydrogenase inhibi-
tor carbenoxolone. Diabetologia, 1996, 39(11), 1299-1305. 

 http://dx.doi.org/10.1007/s001250050573 PMID: 8932995 
[124] Long, N.M.; Ford, S.P.; Nathanielsz, P.W. Multigenerational ef-

fects of fetal dexamethasone exposure on the hypothalamic-
pituitary-adrenal axis of first- and second-generation female off-
spring. Am. J. Obstet. Gynecol., 2013, 208(3), 217.e1-217.e8. 

 http://dx.doi.org/10.1016/j.ajog.2012.12.014 PMID: 23220271 
[125] Long, N. M.; Shasa, D. R.; Ford, S. P.; Nathanielsz, P. W. Growth 

and insulin dynamics in two generations of female offspring of 
mothers receiving a single course of synthetic glucocorticoids. Am. 
J. Obstet. Gynecol., 2012, 207(3), e1-e8. 

 http://dx.doi.org/10.1016/j.ajog.2012.06.024 
[126] Dalziel, S.R.; Walker, N.K.; Parag, V.; Mantell, C.; Rea, H.H.; 

Rodgers, A.; Harding, J.E. Cardiovascular risk factors after antena-
tal exposure to betamethasone: 30-year follow-up of a randomised 
controlled trial. Lancet, 2005, 365(9474), 1856-1862. 

 http://dx.doi.org/10.1016/S0140-6736(05)66617-2 PMID: 
15924982 

[127] Asztalos, E.V.; Murphy, K.E.; Willan, A.R.; Matthews, S.G.; 
Ohlsson, A.; Saigal, S.; Armson, B.A.; Kelly, E.N.; Delisle, M.F.; 
Gafni, A.; Lee, S.K.; Sananes, R.; Rovet, J.; Guselle, P.; Amank-
wah, K.; Saleem, M.; Sanchez, J. Multiple courses of antenatal cor-
ticosteroids for preterm birth study: Outcomes in children at 5 years 
of age (MACS-5). JAMA Pediatr., 2013, 167(12), 1102-1110. 

 http://dx.doi.org/10.1001/jamapediatrics.2013.2764 PMID: 
24126948 

[128] Antonow-Schlorke, I.; Helgert, A.; Gey, C.; Coksaygan, T.; Schu-
bert, H.; Nathanielsz, P.W.; Witte, O.W.; Schwab, M. Adverse ef-
fects of antenatal glucocorticoids on cerebral myelination in sheep. 
Obstet. Gynecol., 2009, 113(1), 142-151. 

 http://dx.doi.org/10.1097/AOG.0b013e3181924d3b PMID: 
19104370 

[129] Dunlop, S.A.; Archer, M.A.; Quinlivan, J.A.; Beazley, L.D.; 
Newnham, J.P. Repeated prenatal corticosteroids delay myelination 
in the ovine central nervous system. J. Matern. Fetal Med., 1997, 
6(6), 309-313. 

 http://dx.doi.org/10.1002/(SICI)1520-
6661(199711/12)6:6<309::AID-MFM1>3.0.CO;2-S PMID: 
9438210 

[130] Uno, H.; Lohmiller, L.; Thieme, C.; Kemnitz, J.W.; Engle, M.J.; 
Roecker, E.B.; Farrell, P.M. Brain damage induced by prenatal ex-
posure to dexamethasone in fetal rhesus macaques. I. Hippocam-
pus. Brain Res. Dev. Brain Res., 1990, 53(2), 157-167. 

 http://dx.doi.org/10.1016/0165-3806(90)90002-G PMID: 2357788 
[131] Scheepens, A.; van de Waarenburg, M.; van den Hove, D.; Blanco, 

C.E. A single course of prenatal betamethasone in the rat alters 
postnatal brain cell proliferation but not apoptosis. J. Physiol., 
2003, 552(Pt 1), 163-175. 

 http://dx.doi.org/10.1113/jphysiol.2003.043414 PMID: 12909684 
[132] Modi, N.; Lewis, H.; Al-Naqeeb, N.; Ajayi-Obe, M.; Doré, C.J.; 

Rutherford, M. The effects of repeated antenatal glucocorticoid 
therapy on the developing brain. Pediatr. Res., 2001, 50(5), 581-
585. 

 http://dx.doi.org/10.1203/00006450-200111000-00008 PMID: 
11641451 

[133] Davis, E.P.; Sandman, C.A.; Buss, C.; Wing, D.A.; Head, K. Fetal 
glucocorticoid exposure is associated with preadolescent brain de-
velopment. Biol. Psychiatry, 2013, 74(9), 647-655. 

 http://dx.doi.org/10.1016/j.biopsych.2013.03.009 PMID: 23611262 
[134] Räikkönen, K.; Gissler, M.; Kajantie, E. Associations between 

maternal antenatal corticosteroid treatment and mental and behav-
ioral disorders in children. JAMA, 2020, 323(19), 1924-1933. 

 http://dx.doi.org/10.1001/jama.2020.3937 PMID: 32427304 
[135] Wapner, R.J.; Sorokin, Y.; Mele, L.; Johnson, F.; Dudley, D.J.; 

Spong, C.Y.; Peaceman, A.M.; Leveno, K.J.; Malone, F.; Caritis, 
S.N.; Mercer, B.; Harper, M.; Rouse, D.J.; Thorp, J.M.; Ramin, S.; 
Carpenter, M.W.; Gabbe, S.G. Long-term outcomes after repeat 

doses of antenatal corticosteroids. N. Engl. J. Med., 2007, 357(12), 
1190-1198. 

 http://dx.doi.org/10.1056/NEJMoa071453 PMID: 17881751 
[136] Crudo, A.; Suderman, M.; Moisiadis, V.G.; Petropoulos, S.; 

Kostaki, A.; Hallett, M.; Szyf, M.; Matthews, S.G. Glucocorticoid 
programming of the fetal male hippocampal epigenome. Endocri-
nology, 2013, 154(3), 1168-1180. 

 http://dx.doi.org/10.1210/en.2012-1980 PMID: 23389956 
[137] Lee, S.K.; McMillan, D.D.; Ohlsson, A.; Pendray, M.; Synnes, A.; 

Whyte, R.; Chien, L.Y.; Sale, J. Variations in practice and out-
comes in the Canadian NICU network: 1996-1997. Pediatrics, 
2000, 106(5), 1070-1079. 

 http://dx.doi.org/10.1542/peds.106.5.1070 PMID: 11061777 
[138] Lemons, J.A.; Bauer, C.R.; Oh, W.; Korones, S.B.; Papile, L.A.; 

Stoll, B.J.; Verter, J.; Temprosa, M.; Wright, L.L.; Ehrenkranz, 
R.A.; Fanaroff, A.A.; Stark, A.; Carlo, W.; Tyson, J.E.; Donovan, 
E.F.; Shankaran, S.; Stevenson, D.K. Very low birth weight out-
comes of the National Institute of Child health and human devel-
opment neonatal research network, January 1995 through Decem-
ber 1996. Pediatrics, 2001, 107(1), E1. 

 http://dx.doi.org/10.1542/peds.107.1.e1 PMID: 11134465 
[139] Desnoulez, L.; Empana, J.; Anceschi, M.; Breart, G.; Truffert, P. 

Treatment strategies for neonatal pulmonary morbidity in Europe. 
Arch. Pediatr., 2005, 12(1), 4-9.  

 http://dx.doi.org/10.1016/j.arcped.2004.09.019 PMID: 15653047 
[140] Doyle, L.W.; Davis, P.G.; Morley, C.J.; McPhee, A.; Carlin, J.B. 

Low-dose dexamethasone facilitates extubation among chronically 
ventilator-dependent infants: A multicenter, international, random-
ized, controlled trial. Pediatrics, 2006, 117(1), 75-83. 

 http://dx.doi.org/10.1542/peds.2004-2843 PMID: 16396863 
[141] Doyle, L.W.; Ehrenkranz, R.A.; Halliday, H.L. Dexamethasone 

treatment in the first week of life for preventing bronchopulmonary 
dysplasia in preterm infants: A systematic review. Neonatology, 
2010, 98(3), 217-224. 

 http://dx.doi.org/10.1159/000286210 PMID: 20389126 
[142] Doyle, L.W.; Ehrenkranz, R.A.; Halliday, H.L. Early (< 8 days) 

postnatal corticosteroids for preventing chronic lung disease in pre-
term infants. Cochrane Database Syst. Rev., 2014, (5), CD001146. 

 http://dx.doi.org/10.1002/14651858.CD001146.pub4 PMID: 
24825456 

[143] Mammel, M.C.; Green, T.P.; Johnson, D.E.; Thompson, T.R. Con-
trolled trial of dexamethasone therapy in infants with bronchopul-
monary dysplasia. Lancet, 1983, 1(8338), 1356-1358. 

 http://dx.doi.org/10.1016/S0140-6736(83)92139-6 PMID: 6134136 
[144] Barrington, K.J. The adverse neuro-developmental effects of post-

natal steroids in the preterm infant: A systematic review of RCTs. 
BMC Pediatr., 2001, 1, 1. 

 http://dx.doi.org/10.1186/1471-2431-1-1 PMID: 11248841 
[145] Lin, Y.J.; Lin, C.H.; Wu, J.M.; Tsai, W.H.; Yeh, T.F. The effects of 

early postnatal dexamethasone therapy on pulmonary outcome in 
premature infants with respiratory distress syndrome: A two-year 
follow-up study. Acta Paediatr., 2005, 94(3), 310-316. 

 http://dx.doi.org/10.1111/j.1651-2227.2005.tb03073.x PMID: 
16028649 

[146] Shinwell, E.S.; Karplus, M.; Reich, D.; Weintraub, Z.; Blazer, S.; 
Bader, D.; Yurman, S.; Dolfin, T.; Kogan, A.; Dollberg, S.; Arbel, 
E.; Goldberg, M.; Gur, I.; Naor, N.; Sirota, L.; Mogilner, S.; Za-
ritsky, A.; Barak, M.; Gottfried, E. Early postnatal dexamethasone 
treatment and increased incidence of cerebral palsy. Arch. Dis. 
Child. Fetal Neonatal Ed., 2000, 83(3), F177-F181. 

 http://dx.doi.org/10.1136/fn.83.3.F177 PMID: 11040164 
[147] Stark, A.R.; Carlo, W.A.; Tyson, J.E.; Papile, L.A.; Wright, L.L.; 

Shankaran, S.; Donovan, E.F.; Oh, W.; Bauer, C.R.; Saha, S.; 
Poole, W.K.; Stoll, B.J. Adverse effects of early dexamethasone 
treatment in extremely-low-birth-weight infants. N. Engl. J. Med., 
2001, 344(2), 95-101. 

 http://dx.doi.org/10.1056/NEJM200101113440203 PMID: 
11150359 

[148] Yeh, T.F.; Lin, Y.J.; Hsieh, W.S.; Lin, H.C.; Lin, C.H.; Chen, J.Y.; 
Kao, H.A.; Chien, C.H. Early postnatal dexamethasone therapy for 
the prevention of chronic lung disease in preterm infants with res-
piratory distress syndrome: A multicenter clinical trial. Pediatrics, 
1997, 100(4), E3. 



Glucocorticosteroids Effects on Brain Development in the Preterm Infants Current Neuropharmacology, 2021, Vol. 19, No. 12    2201 

 http://dx.doi.org/10.1542/peds.100.4.e3 PMID: 9310536 
[149] Shaffer, M.L.; Baud, O.; Lacaze-Masmonteil, T.; Peltoniemi, O.M.; 

Bonsante, F.; Watterberg, K.L. Effect of prophylaxis for early ad-
renal insufficiency using low-dose hydrocortisone in very preterm 
infants: An individual patient data meta-analysis. J. Pediatr., 2019, 
207, 136-142.e5. 

 http://dx.doi.org/10.1016/j.jpeds.2018.10.004 PMID: 30416014 
[150] Murphy, B.P.; Inder, T.E.; Huppi, P.S.; Warfield, S.; Zientara, 

G.P.; Kikinis, R.; Jolesz, F.A.; Volpe, J.J. Impaired cerebral corti-
cal gray matter growth after treatment with dexamethasone for ne-
onatal chronic lung disease. Pediatrics, 2001, 107(2), 217-221. 

 http://dx.doi.org/10.1542/peds.107.2.217 PMID: 11158449 
[151] Yeh, T.F.; Lin, Y.J.; Lin, H.C.; Huang, C.C.; Hsieh, W.S.; Lin, 

C.H.; Tsai, C.H. Outcomes at school age after postnatal dexame-
thasone therapy for lung disease of prematurity. N. Engl. J. Med., 
2004, 350(13), 1304-1313. 

 http://dx.doi.org/10.1056/NEJMoa032089 PMID: 15044641 
[152] Doyle, L.W.; Cheong, J.L.; Ehrenkranz, R.A.; Halliday, H.L. Early 

(< 8 days) systemic postnatal corticosteroids for prevention of 
bronchopulmonary dysplasia in preterm infants. Cochrane Data-
base Syst. Rev., 2017, 10(10), CD001146. 

 http://dx.doi.org/10.1002/14651858.CD001146.pub5 PMID: 
29063585 

[153] Doyle, L.W.; Ehrenkranz, R.A.; Halliday, H.L. Late (> 7 days) 
postnatal corticosteroids for chronic lung disease in preterm in-
fants. Cochrane Database Syst. Rev., 2014, (5), CD001145. 

 http://dx.doi.org/10.1002/14651858.CD001145.pub3 PMID: 
24825542 

[154] Kalish, B.T.; Angelidou, A.; Stewart, J. Autism spectrum disorder 
in preterm children. Neoreviews, 2017, 18(7), e431. 

 http://dx.doi.org/10.1542/neo.18-7-e431 
[155] Modabbernia, A.; Velthorst, E.; Reichenberg, A. Environmental 

risk factors for autism: An evidence-based review of systematic re-
views and meta-analyses. Mol. Autism, 2017, 8, 13. 

 http://dx.doi.org/10.1186/s13229-017-0121-4 PMID: 28331572 
[156] Joseph, R.M.; Korzeniewski, S.J.; Allred, E.N.; O’Shea, T.M.; 

Heeren, T.; Frazier, J.A.; Ware, J.; Hirtz, D.; Leviton, A.; Kuban, 
K. Extremely low gestational age and very low birthweight for ges-
tational age are risk factors for autism spectrum disorder in a large 
cohort study of 10-year-old children born at 23-27 weeks’ gesta-
tion. Am. J. Obstet. Gynecol., 2017, 216(3), 304.e1-304.e16. 

 http://dx.doi.org/10.1016/j.ajog.2016.11.1009 PMID: 27847193 
[157] Padilla, N.; Eklöf, E.; Mårtensson, G.E.; Bölte, S.; Lagercrantz, H.; 

Ådén, U. Poor brain growth in extremely preterm neonates long be-
fore the onset of autism spectrum disorder symptoms. Cereb. Cor-
tex, 2017, 27(2), 1245-1252. 
PMID: 26689588 

[158] Baud, O. Postnatal steroid treatment and brain development. Arch. 
Dis. Child. Fetal Neonatal Ed., 2004, 89(2), F96-F100. 

 http://dx.doi.org/10.1136/adc.2003.028696 PMID: 14977889 
[159] Tombaugh, G.C.; Yang, S.H.; Swanson, R.A.; Sapolsky, R.M. 

Glucocorticoids exacerbate hypoxic and hypoglycemic hippocam-
pal injury in vitro: Biochemical correlates and a role for astrocytes. 
J. Neurochem., 1992, 59(1), 137-146. 

 http://dx.doi.org/10.1111/j.1471-4159.1992.tb08884.x PMID: 
1613495 

[160] Romijn, H.J.; Hofman, M.A.; Gramsbergen, A. At what age is the 
developing cerebral cortex of the rat comparable to that of the full-
term newborn human baby? Early Hum. Dev., 1991, 26(1), 61-67. 

 http://dx.doi.org/10.1016/0378-3782(91)90044-4 PMID: 1914989 
[161] Altman, D.I.; Young, R.S.K.; Yagel, S.K. Effects of dexame-

thasone in hypoxic-ischemic brain injury in the neonatal rat. Biol. 
Neonate, 1984, 46(3), 149-156. 

 http://dx.doi.org/10.1159/000242058 PMID: 6466749 
[162] Barks, J.D.E.; Post, M.; Tuor, U.I. Dexamethasone prevents hypox-

ic-ischemic brain damage in the neonatal rat. Pediatr. Res., 1991, 
29(6), 558-563. 

 http://dx.doi.org/10.1203/00006450-199106010-00008 PMID: 
1866211 

[163] Chang, K.H.; Yeh, C.M.; Yeh, C.Y.; Huang, C.C.; Hsu, K.S. Neo-
natal dexamethasone treatment exacerbates hypoxic-ischemic brain 
injury. Mol. Brain, 2013, 6, 18. 

 http://dx.doi.org/10.1186/1756-6606-6-18 PMID: 23594486 

[164] Yeh, C.; Yeh, C.M.; Yu, T.H.; Chang, K.H.; Huang, C.C.; Hsu, 
K.S. Neonatal dexamethasone treatment exacerbates hypox-
ia/ischemia-induced white matter injury. Mol. Neurobiol., 2017, 
54(9), 7083-7095. 

 http://dx.doi.org/10.1007/s12035-016-0241-4 PMID: 27796747 
[165] Chanet, V.; Baud, O.; Deffond, D.; Romaszko, J.P.; Beytout, J. 

Pseudotumor presentation of intracerebral tuberculomas. South. 
Med. J., 2005, 98(4), 489-491. 

 http://dx.doi.org/10.1097/01.SMJ.0000152544.47644.25 PMID: 
15898533 

[166] Kim, J-W.; Kim, Y.J.; Chang, Y.P. Administration of dexame-
thasone to neonatal rats induces hypomyelination and changes in 
the morphology of oligodendrocyte precursors. Comp. Med., 2013, 
63(1), 48-54. 
PMID: 23561937 

[167] Memi, F.; Zecevic, N.; Radonjić, N. Multiple roles of sonic hedge-
hog in the developing human cortex are suggested by its wide-
spread distribution. Brain Struct. Funct., 2018, 223(5), 2361-2375. 

 http://dx.doi.org/10.1007/s00429-018-1621-5 PMID: 29492654 
[168] Heine, V.M.; Rowitch, D.H. Hedgehog signaling has a protective 

effect in glucocorticoid-induced mouse neonatal brain injury 
through an 11betaHSD2-dependent mechanism. J. Clin. Invest., 
2009, 119(2), 267-277. 
PMID: 19164857 

[169] Nayak, D.; Roth, T.L.; McGavern, D.B. Microglia development 
and function. Annu. Rev. Immunol., 2014, 32, 367-402. 

 http://dx.doi.org/10.1146/annurev-immunol-032713-120240 PMID: 
24471431 

[170] Hanisch, U-K.; Kettenmann, H. Microglia: Active sensor and ver-
satile effector cells in the normal and pathologic brain. Nat. Neuro-
sci., 2007, 10(11), 1387-1394. 

 http://dx.doi.org/10.1038/nn1997 PMID: 17965659 
[171] Hickman, S.E.; Kingery, N.D.; Ohsumi, T.K.; Borowsky, M.L.; 

Wang, L.C.; Means, T.K.; El Khoury, J. The microglial sensome 
revealed by direct RNA sequencing. Nat. Neurosci., 2013, 16(12), 
1896-1905. 

 http://dx.doi.org/10.1038/nn.3554 PMID: 24162652 
[172] Ueno, M.; Fujita, Y.; Tanaka, T.; Nakamura, Y.; Kikuta, J.; Ishii, 

M.; Yamashita, T. Layer V cortical neurons require microglial sup-
port for survival during postnatal development. Nat. Neurosci., 
2013, 16(5), 543-551. 

 http://dx.doi.org/10.1038/nn.3358 PMID: 23525041 
[173] Trang, T.; Beggs, S.; Salter, M.W. Brain-derived neurotrophic 

factor from microglia: A molecular substrate for neuropathic pain. 
Neuron Glia Biol., 2011, 7(1), 99-108. 

 http://dx.doi.org/10.1017/S1740925X12000087 PMID: 22613083 
[174] Hristova, M.; Cuthill, D.; Zbarsky, V.; Acosta-Saltos, A.; Wallace, 

A.; Blight, K.; Buckley, S.M.; Peebles, D.; Heuer, H.; Waddington, 
S.N.; Raivich, G. Activation and deactivation of periventricular 
white matter phagocytes during postnatal mouse development. 
Glia, 2010, 58(1), 11-28. 

 http://dx.doi.org/10.1002/glia.20896 PMID: 19544386 
[175] Wakselman, S.; Béchade, C.; Roumier, A.; Bernard, D.; Triller, A.; 

Bessis, A. Developmental neuronal death in hippocampus requires 
the microglial CD11b integrin and DAP12 immunoreceptor. J. 
Neurosci., 2008, 28(32), 8138-8143. 

 http://dx.doi.org/10.1523/JNEUROSCI.1006-08.2008 PMID: 
18685038 

[176] Paolicelli, R.C.; Bolasco, G.; Pagani, F.; Maggi, L.; Scianni, M.; 
Panzanelli, P.; Giustetto, M.; Ferreira, T.A.; Guiducci, E.; Dumas, 
L.; Ragozzino, D.; Gross, C.T. Synaptic pruning by microglia is 
necessary for normal brain development. Science, 2011, 333(6048), 
1456-1458. 

 http://dx.doi.org/10.1126/science.1202529 PMID: 21778362 
[177] Tremblay, M.È.; Lowery, R.L.; Majewska, A.K. Microglial interac-

tions with synapses are modulated by visual experience. PLoS Bi-
ol., 2010, 8(11), e1000527. 

 http://dx.doi.org/10.1371/journal.pbio.1000527 PMID: 21072242 
[178] van Tilborg, E.; de Theije, C.G.M.; van Hal, M.; Wagenaar, N.; de 

Vries, L.S.; Benders, M.J.; Rowitch, D.H.; Nijboer, C.H. Origin 
and dynamics of oligodendrocytes in the developing brain: Implica-
tions for perinatal white matter injury. Glia, 2018, 66(2), 221-238. 

 http://dx.doi.org/10.1002/glia.23256 PMID: 29134703 



2202    Current Neuropharmacology, 2021, Vol. 19, No. 12 Manuela et al. 

[179] Imamoto, K.; Paterson, J.A.; Leblond, C.P. Radioautographic in-
vestigation of gliogenesis in the corpus callosum of young rats. I. 
Sequential changes in oligodendrocytes. J. Comp. Neurol., 1978, 
180(1), 115-128, 132-137. 

 http://dx.doi.org/10.1002/cne.901800108 PMID: 649784 
[180] Verney, C.; Monier, A.; Fallet-Bianco, C.; Gressens, P. Early mi-

croglial colonization of the human forebrain and possible involve-
ment in periventricular white-matter injury of preterm infants. J. 
Anat., 2010, 217(4), 436-448. 

 http://dx.doi.org/10.1111/j.1469-7580.2010.01245.x PMID: 
20557401 

[181] Miron, V.E.; Boyd, A.; Zhao, J.W.; Yuen, T.J.; Ruckh, J.M.; Shad-
rach, J.L.; van Wijngaarden, P.; Wagers, A.J.; Williams, A.; Frank-
lin, R.J.M.; Ffrench-Constant, C. M2 microglia and macrophages 
drive oligodendrocyte differentiation during CNS remyelination. 
Nat. Neurosci., 2013, 16(9), 1211-1218. 

 http://dx.doi.org/10.1038/nn.3469 PMID: 23872599 
[182] Pang, Y.; Fan, L.W.; Tien, L.T.; Dai, X.; Zheng, B.; Cai, Z.; Lin, 

R.C.; Bhatt, A. Differential roles of astrocyte and microglia in sup-
porting oligodendrocyte development and myelination in vitro. 
Brain Behav., 2013, 3(5), 503-514. 

 http://dx.doi.org/10.1002/brb3.152 PMID: 24392271 
[183] Wlodarczyk, A.; Holtman, I.R.; Krueger, M.; Yogev, N.; Bruttger, 

J.; Khorooshi, R.; Benmamar-Badel, A.; de Boer-Bergsma, J.J.; 
Martin, N.A.; Karram, K.; Kramer, I.; Boddeke, E.W.; Waisman, 
A.; Eggen, B.J.; Owens, T. A novel microglial subset plays a key 
role in myelinogenesis in developing brain. EMBO J., 2017, 
36(22), 3292-3308. 

 http://dx.doi.org/10.15252/embj.201696056 PMID: 28963396 
[184] Baud, O.; Daire, J.L.; Dalmaz, Y.; Fontaine, R.H.; Krueger, R.C.; 

Sebag, G.; Evrard, P.; Gressens, P.; Verney, C. Gestational hypoxia 
induces white matter damage in neonatal rats: A new model of 
periventricular leukomalacia. Brain Pathol., 2004, 14(1), 1-10. 

 http://dx.doi.org/10.1111/j.1750-3639.2004.tb00492.x PMID: 
14997932 

[185] Favrais, G.; van de Looij, Y.; Fleiss, B.; Ramanantsoa, N.; Bonnin, 
P.; Stoltenburg-Didinger, G.; Lacaud, A.; Saliba, E.; Dammann, O.; 
Gallego, J.; Sizonenko, S.; Hagberg, H.; Lelièvre, V.; Gressens, P. 
Systemic inflammation disrupts the developmental program of 
white matter. Ann. Neurol., 2011, 70(4), 550-565. 

 http://dx.doi.org/10.1002/ana.22489 PMID: 21796662 
[186] Mairesse, J.; Zinni, M.; Pansiot, J.; Hassan-Abdi, R.; Demene, C.; 

Colella, M.; Charriaut-Marlangue, C.; Rideau Batista Novais, A.; 
Tanter, M.; Maccari, S.; Gressens, P.; Vaiman, D.; Soussi-
Yanicostas, N.; Baud, O. Oxytocin receptor agonist reduces perina-
tal brain damage by targeting microglia. Glia, 2019, 67(2), 345-
359. 

 http://dx.doi.org/10.1002/glia.23546 PMID: 30506969 
[187] Haynes, R.L.; Folkerth, R.D.; Keefe, R.J.; Sung, I.; Swzeda, L.I.; 

Rosenberg, P.A.; Volpe, J.J.; Kinney, H.C. Nitrosative and oxida-
tive injury to premyelinating oligodendrocytes in periventricular 
leukomalacia. J. Neuropathol. Exp. Neurol., 2003, 62(5), 441-450. 

 http://dx.doi.org/10.1093/jnen/62.5.441 PMID: 12769184 
[188] Ment, L.R.; Hirtz, D.; Hüppi, P.S. Imaging biomarkers of outcome 

in the developing preterm brain. Lancet Neurol., 2009, 8(11), 1042-
1055. 

 http://dx.doi.org/10.1016/S1474-4422(09)70257-1 PMID: 
19800293 

[189] Tanaka, J.; Fujita, H.; Matsuda, S.; Toku, K.; Sakanaka, M.; 
Maeda, N. Glucocorticoid- and mineralocorticoid receptors in mi-
croglial cells: The two receptors mediate differential effects of cor-
ticosteroids. Glia, 1997, 20(1), 23-37. 

 http://dx.doi.org/10.1002/(SICI)1098-1136(199705)20:1<23::AID-
GLIA3>3.0.CO;2-6 PMID: 9145302 

[190] Sierra, A.; Gottfried-Blackmore, A.; Milner, T.A.; McEwen, B.S.; 
Bulloch, K. Steroid hormone receptor expression and function in 
microglia. Glia, 2008, 56(6), 659-674. 

 http://dx.doi.org/10.1002/glia.20644 PMID: 18286612 
[191] Dey, R.; Bishayi, B. Dexamethasone exhibits its anti-inflammatory 

effects in S. aureus induced microglial inflammation via modulat-
ing TLR-2 and glucocorticoid receptor expression. Int. Im-
munopharmacol., 2019, 75, 105806. 

 http://dx.doi.org/10.1016/j.intimp.2019.105806 PMID: 31401378 

[192] Drew, P.D.; Chavis, J.A. Inhibition of microglial cell activation by 
cortisol. Brain Res. Bull., 2000, 52(5), 391-396. 

 http://dx.doi.org/10.1016/S0361-9230(00)00275-6 PMID: 
10922518 

[193] Glezer, I.; Munhoz, C.D.; Kawamoto, E.M.; Marcourakis, T.; 
Avellar, M.C.; Scavone, C. MK-801 and 7-Ni attenuate the activa-
tion of brain NF-kappa B induced by LPS. Neuropharmacology, 
2003, 45(8), 1120-1129. 

 http://dx.doi.org/10.1016/S0028-3908(03)00279-X PMID: 
14614955 

[194] Chantong, B.; Kratschmar, D.V.; Nashev, L.G.; Balazs, Z.; Oder-
matt, A. Mineralocorticoid and glucocorticoid receptors differen-
tially regulate NF-kappaB activity and pro-inflammatory cytokine 
production in murine BV-2 microglial cells. J. Neuroinflammation, 
2012, 9, 260-260. 

 http://dx.doi.org/10.1186/1742-2094-9-260 PMID: 23190711 
[195] Nakatani, Y.; Amano, T.; Tsuji, M.; Takeda, H. Corticosterone 

suppresses the proliferation of BV2 microglia cells via glucocorti-
coid, but not mineralocorticoid receptor. Life Sci., 2012, 91(15-16), 
761-770. 

 http://dx.doi.org/10.1016/j.lfs.2012.08.019 PMID: 22940619 
[196] Carrillo-de Sauvage, M.Á.; Maatouk, L.; Arnoux, I.; Pasco, M.; 

Sanz Diez, A.; Delahaye, M.; Herrero, M.T.; Newman, T.A.; Cal-
vo, C.F.; Audinat, E.; Tronche, F.; Vyas, S. Potent and multiple 
regulatory actions of microglial glucocorticoid receptors during 
CNS inflammation. Cell Death Differ., 2013, 20(11), 1546-1557. 

 http://dx.doi.org/10.1038/cdd.2013.108 PMID: 24013726 
[197] Loram, L.C.; Taylor, F.R.; Strand, K.A.; Frank, M.G.; Sholar, P.; 

Harrison, J.A.; Maier, S.F.; Watkins, L.R. Prior exposure to gluco-
corticoids potentiates lipopolysaccharide induced mechanical allo-
dynia and spinal neuroinflammation. Brain Behav. Immun., 2011, 
25(7), 1408-1415. 

 http://dx.doi.org/10.1016/j.bbi.2011.04.013 PMID: 21536123 
[198] Johnson, J.D.; O’Connor, K.A.; Deak, T.; Stark, M.; Watkins, L.R.; 

Maier, S.F. Prior stressor exposure sensitizes LPS-induced cytokine 
production. Brain Behav. Immun., 2002, 16(4), 461-476. 

 http://dx.doi.org/10.1006/brbi.2001.0638 PMID: 12096891 
[199] Yeager, M.P.; Rassias, A.J.; Pioli, P.A.; Beach, M.L.; Wardwell, 

K.; Collins, J.E.; Lee, H.K.; Guyre, P.M. Pretreatment with stress 
cortisol enhances the human systemic inflammatory response to 
bacterial endotoxin. Crit. Care Med., 2009, 37(10), 2727-2732. 

 http://dx.doi.org/10.1097/CCM.0b013e3181a592b3 PMID: 
19885996 

[200] Park, M.J.; Park, H.S.; You, M.J.; Yoo, J.; Kim, S.H.; Kwon, M.S. 
Dexamethasone induces a specific form of ramified dysfunctional 
microglia. Mol. Neurobiol., 2019, 56(2), 1421-1436. 

 http://dx.doi.org/10.1007/s12035-018-1156-z PMID: 29948944 
[201] van Olst, L.; Bielefeld, P.; Fitzsimons, C.P.; de Vries, H.E.; Schou-

ten, M. Glucocorticoid-mediated modulation of morphological 
changes associated with aging in microglia. Aging Cell, 2018, 
17(4), e12790. 

 http://dx.doi.org/10.1111/acel.12790 PMID: 29882317 
[202] Gómez-González, B.; Escobar, A. Prenatal stress alters microglial 

development and distribution in postnatal rat brain. Acta Neuropa-
thol., 2010, 119(3), 303-315. 

 http://dx.doi.org/10.1007/s00401-009-0590-4 PMID: 19756668 
[203] Roque, A.; Ochoa-Zarzosa, A.; Torner, L. Maternal separation 

activates microglial cells and induces an inflammatory response in 
the hippocampus of male rat pups, independently of hypothalamic 
and peripheral cytokine levels. Brain Behav. Immun., 2016, 55, 39-
48. 

 http://dx.doi.org/10.1016/j.bbi.2015.09.017 PMID: 26431692 
[204] Tyrka, A.R.; Price, L.H.; Marsit, C.; Walters, O.C.; Carpenter, L.L. 

Childhood adversity and epigenetic modulation of the leukocyte 
glucocorticoid receptor: preliminary findings in healthy adults. 
PLoS One, 2012, 7(1), e30148. 

 http://dx.doi.org/10.1371/journal.pone.0030148 PMID: 22295073 
[205] Oberlander, T.F.; Weinberg, J.; Papsdorf, M.; Grunau, R.; Misri, 

S.; Devlin, A.M. Prenatal exposure to maternal depression, neona-
tal methylation of human glucocorticoid receptor gene (NR3C1) 
and infant cortisol stress responses. Epigenetics, 2008, 3(2), 97-
106. 

 http://dx.doi.org/10.4161/epi.3.2.6034 PMID: 18536531 



Glucocorticosteroids Effects on Brain Development in the Preterm Infants Current Neuropharmacology, 2021, Vol. 19, No. 12    2203 

[206] Zinni, M.; Colella, M.; Batista Novais, A.R.; Baud, O.; Mairesse, J. 
Modulating the oxytocin system during the perinatal period: A new 
strategy for neuroprotection of the immature brain? Front. Neurol., 
2018, 9, 229. 

 http://dx.doi.org/10.3389/fneur.2018.00229 PMID: 29706926 
[207] Popoli, M.; Yan, Z.; McEwen, B.S.; Sanacora, G. The stressed 

synapse: The impact of stress and glucocorticoids on glutamate 
transmission. Nat. Rev. Neurosci., 2011, 13(1), 22-37. 

 http://dx.doi.org/10.1038/nrn3138 PMID: 22127301 
[208] Ponnazhagan, R.; Harms, A.S.; Thome, A.D.; Jurkuvenaite, A.; 

Gogliotti, R.; Niswender, C.M.; Conn, P.J.; Standaert, D.G. The 
metabotropic glutamate receptor 4 positive allosteric modulator 
ADX88178 inhibits inflammatory responses in primary microglia. 
J. Neuroimmune Pharmacol., 2016, 11(2), 231-237. 

 http://dx.doi.org/10.1007/s11481-016-9655-z PMID: 26872456 
[209] Carvalho, T.G.; Alves-Silva, J.; de Souza, J.M.; Real, A.L.C.V.; 

Doria, J.G.; Vieira, E.L.M.; Gomes, G.F.; de Oliveira, A.C.; Mi-
randa, A.S.; Ribeiro, F.M. Metabotropic glutamate receptor 5 abla-
tion accelerates age-related neurodegeneration and neuroinflamma-
tion. Neurochem. Int., 2019, 126, 218-228. 

 http://dx.doi.org/10.1016/j.neuint.2019.03.020 PMID: 30930274 
[210] Zinni, M.; Mairesse, J.; Pansiot, J.; Fazio, F.; Iacovelli, L.; An-

tenucci, N.; Orlando, R.; Nicoletti, F.; Vaiman, D.; Baud, O. 
mGlu3 receptor regulates microglial cell reactivity in neonatal rats. 
J. Neuroinflammation, 2021, 18(1), 13. 

 http://dx.doi.org/10.1186/s12974-020-02049-z PMID: 33407565 
[211] Dammann, O.; Leviton, A. Inflammatory brain damage in preterm 

newborns--dry numbers, wet lab, and causal inferences. Early 
Hum. Dev., 2004, 79(1), 1-15. 

 http://dx.doi.org/10.1016/j.earlhumdev.2004.04.009 PMID: 
15282118 

[212] Volpe, J.J. Postnatal sepsis, necrotizing entercolitis, and the critical 
role of systemic inflammation in white matter injury in premature 
infants. J. Pediatr., 2008, 153(2), 160-163. 

 http://dx.doi.org/10.1016/j.jpeds.2008.04.057 PMID: 18639727 
[213] Wu, H.C.; Shen, C.M.; Wu, Y.Y.; Yuh, Y.S.; Kua, K.E. Subclinical 

histologic chorioamnionitis and related clinical and laboratory pa-
rameters in preterm deliveries. Pediatr. Neonatol., 2009, 50(5), 
217-221. 

 http://dx.doi.org/10.1016/S1875-9572(09)60066-8 PMID: 
19856865 

[214] Krajewski, P.; Sieroszewski, P.; Karowicz-Bilinska, A.; Kmiecik, 
M.; Chudzik, A.; Strzalko-Gloskowska, B.; Kwiatkowska, M.; 
Pokrzywnicka, M.; Wyka, K.; Chlapinski, J.; Kaminski, M.; 
Wieckowska, K. Assessment of interleukin-6, interleukin-8 and in-
terleukin-18 count in the serum of IUGR newborns. J. Matern. Fe-
tal Neonatal Med., 2014, 27(11), 1142-1145. 

 http://dx.doi.org/10.3109/14767058.2013.851186 PMID: 24093539 
[215] McElrath, T.F.; Allred, E.N.; Van Marter, L.; Fichorova, R.N.; 

Leviton, A.; Investigators, E.S. Perinatal systemic inflammatory re-
sponses of growth-restricted preterm newborns. Acta Paediatr., 
2013, 102(10), e439-e442. 

 http://dx.doi.org/10.1111/apa.12339 PMID: 23819682 
[216] Neta, G.I.; von Ehrenstein, O.S.; Goldman, L.R.; Lum, K.; 

Sundaram, R.; Andrews, W.; Zhang, J. Umbilical cord serum cyto-
kine levels and risks of small-for-gestational-age and preterm birth. 
Am. J. Epidemiol., 2010, 171(8), 859-867. 

 http://dx.doi.org/10.1093/aje/kwq028 PMID: 20348155 
[217] Rideau Batista Novais, A.; Pham, H.; Van de Looij, Y.; Bernal, M.; 

Mairesse, J.; Zana-Taieb, E.; Colella, M.; Jarreau, P.H.; Pansiot, J.; 
Dumont, F.; Sizonenko, S.; Gressens, P.; Charriaut-Marlangue, C.; 
Tanter, M.; Demene, C.; Vaiman, D.; Baud, O. Transcriptomic 
regulations in oligodendroglial and microglial cells related to brain 
damage following fetal growth restriction. Glia, 2016, 64(12), 
2306-2320. 

 http://dx.doi.org/10.1002/glia.23079 PMID: 27687291 
[218] Olivier, P.; Baud, O.; Bouslama, M.; Evrard, P.; Gressens, P.; Ver-

ney, C. Moderate growth restriction: Deleterious and protective ef-
fects on white matter damage. Neurobiol. Dis., 2007, 26(1), 253-
263. 

 http://dx.doi.org/10.1016/j.nbd.2007.01.001 PMID: 17317196 
[219] Hoogland, I.C.; Houbolt, C.; van Westerloo, D.J.; van Gool, W.A.; 

van de Beek, D. Systemic inflammation and microglial activation: 

Systematic review of animal experiments. J. Neuroinflammation, 
2015, 12, 114. 

 http://dx.doi.org/10.1186/s12974-015-0332-6 PMID: 26048578 
[220] Van Steenwinckel, J.; Schang, A-L.; Krishnan, M.L.; Degos, V.; 

Delahaye-Duriez, A.; Bokobza, C.; Csaba, Z.; Verdonk, F.; Monta-
né, A.; Sigaut, S.; Hennebert, O.; Lebon, S.; Schwendimann, L.; Le 
Charpentier, T.; Hassan-Abdi, R.; Ball, G.; Aljabar, P.; Saxena, A.; 
Holloway, R.K.; Birchmeier, W.; Baud, O.; Rowitch, D.; Miron, 
V.; Chretien, F.; Leconte, C.; Besson, V.C.; Petretto, E.G.; Ed-
wards, A.D.; Hagberg, H.; Soussi-Yanicostas, N.; Fleiss, B.; 
Gressens, P. Decreased microglial Wnt/β-catenin signalling drives 
microglial pro-inflammatory activation in the developing brain. 
Brain, 2019, 142(12), 3806-3833. 

 http://dx.doi.org/10.1093/brain/awz319 PMID: 31665242 
[221] Mallard, C.; Hagberg, H. Inflammation-induced preconditioning in 

the immature brain. Semin. Fetal Neonatal Med., 2007, 12(4), 280-
286. 

 http://dx.doi.org/10.1016/j.siny.2007.01.014 PMID: 17327146 
[222] Volpe, J.J. Systemic inflammation, oligodendroglial maturation, 

and the encephalopathy of prematurity. Ann. Neurol., 2011, 70(4), 
525-529. 

 http://dx.doi.org/10.1002/ana.22533 PMID: 22028217 
[223] Petanjek, Z.; Judaš, M.; Šimic, G.; Rasin, M.R.; Uylings, H.B.; 

Rakic, P.; Kostovic, I. Extraordinary neoteny of synaptic spines in 
the human prefrontal cortex. Proc. Natl. Acad. Sci. USA, 2011, 
108(32), 13281-13286. 

 http://dx.doi.org/10.1073/pnas.1105108108 PMID: 21788513 
[224] Yeung, M.S.; Zdunek, S.; Bergmann, O.; Bernard, S.; Salehpour, 

M.; Alkass, K.; Perl, S.; Tisdale, J.; Possnert, G.; Brundin, L.; Dru-
id, H.; Frisén, J. Dynamics of oligodendrocyte generation and mye-
lination in the human brain. Cell, 2014, 159(4), 766-774. 

 http://dx.doi.org/10.1016/j.cell.2014.10.011 PMID: 25417154 
[225] Johnson, F.K.; Kaffman, A. Early life stress perturbs the function 

of microglia in the developing rodent brain: New insights and fu-
ture challenges. Brain Behav. Immun., 2018, 69, 18-27. 

 http://dx.doi.org/10.1016/j.bbi.2017.06.008 PMID: 28625767 
[226] Delpech, J.C.; Wei, L.; Hao, J.; Yu, X.; Madore, C.; Butovsky, O.; 

Kaffman, A. Early life stress perturbs the maturation of microglia 
in the developing hippocampus. Brain Behav. Immun., 2016, 57, 
79-93. 

 http://dx.doi.org/10.1016/j.bbi.2016.06.006 PMID: 27301858 
[227] Schwarz, J.M.; Hutchinson, M.R.; Bilbo, S.D. Early-life experience 

decreases drug-induced reinstatement of morphine CPP in adult-
hood via microglial-specific epigenetic programming of anti-
inflammatory IL-10 expression. J. Neurosci., 2011, 31(49), 17835-
17847. 

 http://dx.doi.org/10.1523/JNEUROSCI.3297-11.2011 PMID: 
22159099 

[228] Takatsuru, Y.; Nabekura, J.; Ishikawa, T.; Kohsaka, S.; Koibuchi, 
N. Early-life stress increases the motility of microglia in adulthood. 
J. Physiol. Sci., 2015, 65(2), 187-194. 

 http://dx.doi.org/10.1007/s12576-015-0361-z PMID: 25702174 
[229] Nusslock, R.; Miller, G.E. Early-Life adversity and physical and 

emotional health across the lifespan: A neuroimmune network hy-
pothesis. Biol. Psychiatry, 2016, 80(1), 23-32. 

 http://dx.doi.org/10.1016/j.biopsych.2015.05.017 PMID: 26166230 
[230] Van Steenwinckel, J.; Schang, A.L.; Sigaut, S.; Chhor, V.; Degos, 

V.; Hagberg, H.; Baud, O.; Fleiss, B.; Gressens, P. Brain damage of 
the preterm infant: New insights into the role of inflammation. Bio-
chem. Soc. Trans., 2014, 42(2), 557-563. 

 http://dx.doi.org/10.1042/BST20130284 PMID: 24646278 
[231] Horchar, M.J.; Wohleb, E.S. Glucocorticoid receptor antagonism 

prevents microglia-mediated neuronal remodeling and behavioral 
despair following chronic unpredictable stress. Brain Behav. Im-
mun., 2019, 81, 329-340. 

 http://dx.doi.org/10.1016/j.bbi.2019.06.030 PMID: 31255679 
[232] Wohleb, E.S.; Terwilliger, R.; Duman, C.H.; Duman, R.S. Stress-

induced neuronal colony stimulating factor 1 provokes microglia-
mediated neuronal remodeling and Depressive-like Behavior. Biol. 
Psychiatry, 2018, 83(1), 38-49. 

 http://dx.doi.org/10.1016/j.biopsych.2017.05.026 PMID: 28697890 
[233] Feng, X.; Zhao, Y.; Yang, T.; Song, M.; Wang, C.; Yao, Y.; Fan, 

H. Glucocorticoid-driven nlrp3 inflammasome activation in hippo-



2204    Current Neuropharmacology, 2021, Vol. 19, No. 12 Manuela et al. 

campal microglia mediates chronic stress-induced depressive-like 
behaviors. Front. Mol. Neurosci., 2019, 12(210), 210. 

 http://dx.doi.org/10.3389/fnmol.2019.00210 PMID: 31555091 
[234] Ros-Bernal, F.; Hunot, S.; Herrero, M.T.; Parnadeau, S.; Corvol, J-

C.; Lu, L.; Alvarez-Fischer, D.; Carrillo-de Sauvage, M.A.; 
Saurini, F.; Coussieu, C.; Kinugawa, K.; Prigent, A.; Höglinger, G.; 
Hamon, M.; Tronche, F.; Hirsch, E.C.; Vyas, S. Microglial gluco-
corticoid receptors play a pivotal role in regulating dopaminergic 
neurodegeneration in parkinsonism. Proc. Natl. Acad. Sci. USA, 
2011, 108(16), 6632-6637. 

 http://dx.doi.org/10.1073/pnas.1017820108 PMID: 21467220 
[235] Pedrazzoli, M.; Losurdo, M.; Paolone, G.; Medelin, M.; Jaupaj, L.; 

Cisterna, B.; Slanzi, A.; Malatesta, M.; Coco, S.; Buffelli, M. Glu-
cocorticoid receptors modulate dendritic spine plasticity and mi-
croglia activity in an animal model of Alzheimer’s disease. Neuro-
biol. Dis., 2019, 132, 104568. 

 http://dx.doi.org/10.1016/j.nbd.2019.104568 PMID: 31394203 
[236] Bisht, K.; Sharma, K.; Tremblay, M-È. Chronic stress as a risk 

factor for Alzheimer’s disease: Roles of microglia-mediated synap-
tic remodeling, inflammation, and oxidative stress. Neurobiol. 
Stress, 2018, 9, 9-21. 

 http://dx.doi.org/10.1016/j.ynstr.2018.05.003 PMID: 29992181 
[237] Piirainen, S.; Youssef, A.; Song, C.; Kalueff, A.V.; Landreth, G.E.; 

Malm, T.; Tian, L. Psychosocial stress on neuroinflammation and 
cognitive dysfunctions in Alzheimer’s disease: The emerging role 
for microglia? Neurosci. Biobehav. Rev., 2017, 77, 148-164. 

 http://dx.doi.org/10.1016/j.neubiorev.2017.01.046 PMID: 
28185874 

[238] Maatouk, L.; Compagnion, A.C.; Sauvage, M.C.; Bemelmans, 
A.P.; Leclere-Turbant, S.; Cirotteau, V.; Tohme, M.; Beke, A.; 
Trichet, M.; Bazin, V.; Trawick, B.N.; Ransohoff, R.M.; Tronche, 
F.; Manoury, B.; Vyas, S. TLR9 activation via microglial glucocor-
ticoid receptors contributes to degeneration of midbrain dopamine 
neurons. Nat. Commun., 2018, 9(1), 2450. 

 http://dx.doi.org/10.1038/s41467-018-04569-y PMID: 29934589 
[239] Gomez, R.; Romero, R.; Ghezzi, F.; Yoon, B.H.; Mazor, M.; Berry, 

S.M. The fetal inflammatory response syndrome. Am. J. Obstet. 
Gynecol., 1998, 179(1), 194-202. 

 http://dx.doi.org/10.1016/S0002-9378(98)70272-8 PMID: 9704787 
[240] Hofer, N.; Kothari, R.; Morris, N.; Müller, W.; Resch, B. The fetal 

inflammatory response syndrome is a risk factor for morbidity in 
preterm neonates. Am. J. Obstet. Gynecol., 2013, 209(6), 542.e1-
542.e11. 

 http://dx.doi.org/10.1016/j.ajog.2013.08.030 PMID: 23994220 
[241] Bashiri, A.; Burstein, E.; Mazor, M. Cerebral palsy and fetal in-

flammatory response syndrome: A review. J. Perinat. Med., 2006, 
34(1), 5-12. 

 http://dx.doi.org/10.1515/JPM.2006.001 PMID: 16489880 
[242] Goepfert, A.R.; Andrews, W.W.; Carlo, W.; Ramsey, P.S.; Cliver, 

S.P.; Goldenberg, R.L.; Hauth, J.C. Umbilical cord plasma inter-
leukin-6 concentrations in preterm infants and risk of neonatal 
morbidity. Am. J. Obstet. Gynecol., 2004, 191(4), 1375-1381. 

 http://dx.doi.org/10.1016/j.ajog.2004.06.086 PMID: 15507968 
[243] Bona, E.; Andersson, A-L.; Blomgren, K.; Gilland, E.; Puka-

Sundvall, M.; Gustafson, K.; Hagberg, H. Chemokine and inflam-

matory cell response to hypoxia-ischemia in immature rats. Pedi-
atr. Res., 1999, 45(4 Pt 1), 500-509. 

 http://dx.doi.org/10.1203/00006450-199904010-00008 PMID: 
10203141 

[244] Winerdal, M.; Winerdal, M.E.; Kinn, J.; Urmaliya, V.; Winqvist, 
O.; Adén, U. Long lasting local and systemic inflammation after 
cerebral hypoxic ischemia in newborn mice. PLoS One, 2012, 7(5), 
e36422. 

 http://dx.doi.org/10.1371/journal.pone.0036422 PMID: 22567156 
[245] O’Shea, T.M.; Allred, E.N.; Kuban, K.C.K.; Dammann, O.; Paneth, 

N.; Fichorova, R.; Hirtz, D.; Leviton, A. Elevated concentrations of 
inflammation-related proteins in postnatal blood predict severe de-
velopmental delay at 2 years of age in extremely preterm infants. J. 
Pediatr., 2012, 160(3), 395-401.e4. 

 http://dx.doi.org/10.1016/j.jpeds.2011.08.069 PMID: 22000304 
[246] Lin, C-Y.; Chang, Y-C.; Wang, S-T.; Lee, T-Y.; Lin, C-F.; Huang, 

C-C. Altered inflammatory responses in preterm children with cer-
ebral palsy. Ann. Neurol., 2010, 68(2), 204-212. 

 http://dx.doi.org/10.1002/ana.22049 PMID: 20695013 
[247] Dammann, O.; Leviton, A. Intermittent or sustained systemic in-

flammation and the preterm brain. Pediatr. Res., 2014, 75(3), 376-
380. 

 http://dx.doi.org/10.1038/pr.2013.238 PMID: 24429547 
[248] Fleiss, B.; Gressens, P. Tertiary mechanisms of brain damage: A 

new hope for treatment of cerebral palsy? Lancet Neurol., 2012, 
11(6), 556-566. 

 http://dx.doi.org/10.1016/S1474-4422(12)70058-3 PMID: 
22608669 

[249] Baud, O.; Trousson, C.; Biran, V.; Leroy, E.; Mohamed, D.; Alber-
ti, C. Association between early low-dose hydrocortisone therapy 
in extremely preterm neonates and neurodevelopmental outcomes 
at 2 years of age. JAMA, 2017, 317(13), 1329-1337. 

 http://dx.doi.org/10.1001/jama.2017.2692 PMID: 28384828 
[250] Groneck, P.; Reuss, D.; Götze-Speer, B.; Speer, C.P. Effects of 

dexamethasone on chemotactic activity and inflammatory media-
tors in tracheobronchial aspirates of preterm infants at risk for 
chronic lung disease. J. Pediatr., 1993, 122(6), 938-944. 

 http://dx.doi.org/10.1016/S0022-3476(09)90024-5 PMID: 8388949 
[251] Faden, M.; Holm, M.; Allred, E.; Fichorova, R.; Dammann, O.; 

Leviton, A.; Investigators, E.S. Antenatal glucocorticoids and neo-
natal inflammation-associated proteins. Cytokine, 2016, 88, 199-
208. 

 http://dx.doi.org/10.1016/j.cyto.2016.09.015 PMID: 27668972 
[252] Kumar, P.; Venners, S.A.; Fu, L.; Pearson, C.; Ortiz, K.; Wang, X. 

Association of antenatal steroid use with cord blood immune bi-
omarkers in preterm births. Early Hum. Dev., 2011, 87(8), 559-564. 

 http://dx.doi.org/10.1016/j.earlhumdev.2011.04.013 PMID: 
21576006 

[253] Caldas, J.P.; Vilela, M.M.; Braghini, C.A.; Mazzola, T.N.; Marba, 
S.T. Antenatal maternal corticosteroid administration and markers 
of oxidative stress and inflammation in umbilical cord blood from 
very low birth weight preterm newborn infants. J. Pediatr. (Rio J.), 
2012, 88(1), 61-66. 

 http://dx.doi.org/10.2223/JPED.2158 PMID: 22344368 
 

 

 

 

 


	Glucocorticosteroids Effects on Brain Development in the Preterm Infant:A Role for Microglia?
	Abstract:
	Keywords:
	1. INTRODUCTION
	2. METHODS
	3. GCs IN EARLY HUMAN DEVELOPMENT ANDGCs REGULATION
	4. ENDOGENOUS GCs AND BRAIN DEVELOPMENTFROM ANIMAL MODELS TO HUMAN NEONATE
	5. PERINATAL EXPOSURE TO SYNTHETIC GLUCOCORTICOIDS(GCs) IN NEONATES BORN PRETERM
	6. GCs, MICROGLIA, AND OTHER MAJOR PLAYERSINVOLVED IN BRAIN DEVELOPMENT
	Fig. (1).
	7. PERINATAL INFLAMMATION AND THE DEVELOPINGBRAIN
	Fig. (2).
	8. GCs AND THEIR ACTION ON SYSTEMIC INFLAMMATIONIN PRETERM INFANTS
	CONCLUSION
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES



