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Preterm birth is a major cause for neonatal morbidity and mortality, and is frequently
associated with adverse neurological outcomes. The transition from intrauterine to
extrauterine life at birth is particularly challenging for preterm infants. The main
physiological driver for extrauterine transition is the establishment of spontaneous
breathing. However, preterm infants have difficulty clearing lung liquid, have insufficient
surfactant levels, and underdeveloped lungs. Further, preterm infants have an
underdeveloped brainstem, resulting in reduced respiratory drive. These factors facilitate
the increased requirement for respiratory support. A principal cause of preterm birth is
intrauterine infection/inflammation (chorioamnionitis), and infants with chorioamnionitis
have an increased risk and severity of neurological damage, but also demonstrate
impaired autoresuscitation capacity and prevalent apnoeic episodes. The brainstem
contains vital respiratory centers which provide the neural drive for breathing, but
the impact of preterm birth and/or chorioamnionitis on this brain region is not well
understood. The aim of this review is to provide an overview of the role and function
of the brainstem respiratory centers, and to highlight the proposed mechanisms of how
preterm birth and chorioamnionitis may affect central respiratory functions.

Keywords: chorioamnionitis, brainstem respiratory centers, preBötzinger complex, prostaglandins, preterm birth,
apnea

INTRODUCTION

Preterm birth, defined as childbirth <37 weeks gestation, is a leading cause of neonatal morbidity
andmortality worldwide (Lawn et al., 2005; Beck et al., 2010; Liu et al., 2012). There are∼15million
preterm births annually, of which ∼1.1 million neonates die from various complications; the
highest cause of neonatal mortality worldwide (WHO, 2012). The causes of preterm birth are
multifaceted, ranging from environmental, fetal ormaternal abnormalities/compromise (Beck et al.,
2010; Haas, 2011). Importantly, more than 60% of preterm infants<28 weeks gestation are exposed
to chorioamnionitis (Lahra et al., 2007), making it the most prevalent antecedent of preterm
delivery.
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The transition from intrauterine to extrauterine life relies
on immediate and complex adaptations to effectively shift
from maternal dependence to newborn physiological autonomy.
In the first instance, a primary physiological driver for
successful extrauterine transition is lung aeration (Hooper et al.,
2015). Extensive adaptations such as the clearance of lung
liquid, sufficient surfactant production, as well as changes in
cardiovascular resistance and flow occur upon birth (Hillman
et al., 2012). At this time, the brainstem must be fully functional
as it contains vital respiratory centers that generate rhythm
and coordinate breathing biomechanics (Garcia et al., 2011;
Smith et al., 2013). Thus, the intrauterine to extrauterine
transition is critical for neonates, and can have significant health
consequences if this process is suboptimal.

Preterm infants frequently present with respiratory distress
syndrome upon delivery (Fraser et al., 2004; Gallacher et al.,
2016). Respiratory distress syndrome has been attributed to
immature lung development, insufficient lung liquid clearance,
and surfactant deficiency, which leads to poor respiration,
apnoeic episodes and inadequate gas exchange (Fraser et al.,
2004; Moss, 2006; Miall and Wallis, 2011; Polglase et al.,
2014). As a result, preterm infants often require respiratory
support following delivery, and subsequent ventilation upon
transfer to the intensive care unit. Further, preterm infants
exposed to infection/inflammation (chorioamnionitis) have a
greater requirement for respiratory support and increased risk
and severity of neurological damage than those not exposed
to chorioamnionitis (Grether and Nelson, 1997; Bell and
Hallenbeck, 2002; Duncan et al., 2002; Yanowitz et al., 2002;
Mallard et al., 2003; Nitsos et al., 2006; Speer, 2006; Shatrov et al.,
2010; Polglase et al., 2012; Galinsky et al., 2013). Despite extensive
research demonstrating the link between systemic inflammation
with intraventricular hemeorrhage, post-hemeorrhagic
hydrocephalus and periventricular leukomalacia in the preterm
brain (Heep et al., 2003; Hansen-Pupp et al., 2005; Kaukola et al.,
2006; Moscuzza et al., 2011; Barton et al., 2014), the effects on the
brainstem respiratory centers which regulate breathing remain
largely unknown.

NEURAL CONTROL OF RESPIRATION

The neural circuitry responsible for generating and regulating
eupneic respiratory rhythm are located within the brainstem
(Rybak et al., 2007; Smith et al., 2009; Garcia et al.,
2011). Eupneic breathing occurs in a three-phase rhythm
consisting of inspiration, post-inspiration and active expiration
(Smith et al., 2013). These respiratory phases are highly
conserved in mammals and rely on the optimal functioning
of central respiratory centers within the brainstem, which
generate breathing rhythm, process and adapt to central and
peripheral chemosensory information, as well as receiving
afferent information from pulmonary stretch receptors, and
provides and coordinates efferent innervation to the motor
nerves and muscles supplying the lungs. In addition, these
brainstem respiratory centers provide the neural drive for
upper airway muscles important for maintaining airway patency.
There are several pontomedullary respiratory centers distributed

throughout the brainstem, which are critical for eupneic
breathing (Figure 1).

Pontine Respiratory Centers
The dorsolateral pons contains the Kölliker-Fuse (KF) nucleus
and the parabrachial (PB) complex (Alheid et al., 2004). Neurons
from the KF nucleus and the PB complex can modulate
respiratory phase alternation (inspiration, post-inspiration,
active expiration) through synaptic inputs to medullary nuclei
(Cohen and Shaw, 2004; Dutschmann and Herbert, 2006; Ezure
and Tanaka, 2006; Martelli et al., 2013; Forster et al., 2014).

Medullary Respiratory Centers
The medulla oblongata comprises a collection of nuclei
that are categorized into ventral and dorsal respiratory
groups. The ventral respiratory groups consist of the pre-
Bötzinger complex (pBÖTC), BÖTC, retrotrapezoid nucleus
(RTN)/parafacial respiratory group (pFRG), as well as the
rostral and caudal ventral respiratory groups (cVRGs;
Stornetta, 2008; Smith et al., 2009; Garcia et al., 2011). The
dorsal respiratory group is comprised of the nucleus tractus
solitarius (NTS).

Several studies have identified the pBÖTC located within the
rostral medulla oblongata to be an essential site for respiratory
rhythmogenesis (Smith et al., 1991; Ramirez et al., 1998;
McKay et al., 2005). Neurons within the pBÖTC are capable
of spontaneous, oscillating pace-maker-like activity which is
imperative for respiratory rhythmogenesis and inspiratory drive
(Smith et al., 1991; Butera et al., 1999; Koshiya and Smith, 1999;
Morgado-Valle et al., 2010; Phillips et al., 2016).

The BÖTC is located within the rostral ventrolateral column
of the medulla oblongata and predominantly contains inhibitory
expiratory neurons (Fortuna et al., 2008). The inhibitory activity
of Bötzinger neurons is important for proper phase-switching
from inspiratory and expiratory activities (Smith et al., 2007,
2009).

The RTN/pFRG located in the rostral medulla oblongata
contains central chemoreceptors that drive respiration in a
CO2-dependant manner (Mulkey et al., 2004; Smith et al.,
2006; Stornetta et al., 2006; Guyenet and Mulkey, 2010).
RTN neurons respond to local tissue acidification (high
extracellular CO2, or its proxy, hydrogen ions), paracrine
influences (ATP) by pH-sensitive astrocytes, as well as inputs
from peripheral chemoreceptors (carotid and aortic bodies;
information propagated by the NTS; Mulkey et al., 2004;
Takakura et al., 2006; Guyenet et al., 2009; Lazarenko et al.,
2009; Gourine et al., 2010; Huckstepp et al., 2010). Furthermore,
the caudal raphè contains serotoninergic neurons which have
demonstrated chemosensory properties (Smith et al., 2009,
2013). These neurons provide input to the RTN/pFRG, as well
as the ventral respiratory column.

The rostral ventral respiratory group (rVRG) is largely
comprised of excitatory inspiratory premotor neurons which
provide neural input to spinal phrenic and intercostal
motorneurons that innervate the diaphragm (Smith et al.,
2009, 2013). The cVRG also contains excitatory expiratory
premotor neurons which relay information to spinal thoracic
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FIGURE 1 | Schematic diagram of transverse sections through the brainstem exposing the main respiratory centers. Localization of the Kölliker-Fuse (KF) and
parabrachial (PB) nuclei in the pons, and their simplified functions (A). Localization of medullary respiratory centers: retrotrapezoid nucleus (RTN)/parafacial
respiratory group (pFRG) nucleus and raphè nucleus (RN) (B); nucleus tractus solitarius (NTS), Bötzinger complex (BÖTC), nucleus ambiguus (NA; C); pre-BÖTC
(pBÖTC), hypoglossal nucleus (XII; D); rostral ventral respiratory group (rVRG), caudal ventral respiratory group (cVRG; E), and their simplified functions. Proposed
neural circuitry of the brainstem respiratory centers outlining potential interactions (receiving information from, and projecting to) within, and from the brainstem (F).

and lumbar motorneurons innervating the lungs (Stornetta,
2008; Smith et al., 2013). In addition to the rVRG and cVRG,
the medulla oblongata contains other motor nuclei involved

in respiratory-related functions. These motor nuclei include
the hypoglossal nucleus (XII), and the nucleus ambiguus (NA).
The XII nucleus is comprised of motor neurons supplying the
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tongue, and plays an important role in positioning this muscle
(Bailey and Fregosi, 2004; Gestreau et al., 2005; Moore et al.,
2014). Modulating the position of the tongue is particularly
important for maintaining upper airway patency which is critical
for acquiring oxygen. Moreover, the NA contains premotor
laryngeal and pharyngeal motor neurons. These neurons
innervate the larynx and pharynx, through which they are
involved in maintaining glottal patency important for the flow of
oxygen (Smith et al., 2009; Ludlow, 2015).

The dorsal respiratory group within the medulla oblongata
is comprised of the NTS which contains second-order neurons
that receive and process visceral sensory information conveyed
by vagal afferent nerves (Smith et al., 2009; Zoccal et al., 2014).
The NTS receives and integrates chemosensory information
from aortic and carotid bodies, sensory information from
slow-adapting and rapid-adapting pulmonary stretch receptors,
and bronchopulmonary C-fibers (Machado et al., 2000; Kubin
et al., 2006). Therefore, the NTS propagates peripheral
chemosensory information to all major respiratory centers
within the brainstem to evoke appropriate respiratory responses.

These respiratory centers develop early in gestation and
continue to mature throughout pregnancy, as evidenced by the
maturation of fetal breathing movements (FBMs).

FETAL BREATHING MOVEMENTS

Although the placenta is the site for respiratory gas exchange
in utero, FBMs are detectable at 10 weeks gestational age (Boddy
andMantell, 1973; LoMauro and Aliverti, 2016).Whilst FBMs do
not play a role in gas exchange, they do regulate the degree of lung
liquid within the developing lungs, which is critical for normal
tissue development andmaturation, maintenance of intraluminal
pressure and lung liquid volume, as well as the priming and
entrainment of the respiratory muscles and neural circuitry
for effective postnatal breathing (Harding, 1997; Baguma-
Nibasheka et al., 2012; Koos and Rajaee, 2014). Contractions
of the diaphragm, intercostal, and laryngeal muscles carry out
the physical task of FBMs, however, these muscles are under the
control of the brainstem respiratory centers, which generate
and coordinate breathing patterns (Dawes, 1984; Harding, 1997;
Greer et al., 2006; LoMauro and Aliverti, 2016).

The incidence of FBMs increases and becomes more episodic
(Dawes et al., 1970, 1972; Bowes et al., 1981; Dawes, 1984)
with gestational age from about 2% of time at 10 weeks, 6%
at 19 weeks, 13.7% at 24–26 weeks (Natale et al., 1988), 14.2%
at 26–28 weeks (Natale et al., 1988) and to 31% of the time at
30 weeks. Between 30 weeks and 40 weeks, the mean incidence
of FBMs remains at about 30%–40%, although the differences
between individual fetuses can range from 17% to 65% (Patrick
et al., 1980; Bocking et al., 1982; Harding, 1994). The duration of
time spent in apnea also increases, sometimes lasting for up to 2 h
in humans at 38–39 weeks (Patrick et al., 1980). These changes
in apnoeic periods correlate with changing/maturing patterns
of FBMs which also reduce in frequency in late gestation, but
increase their duration (Trudinger and Knight, 1980; Clewlow
et al., 1983), mimicking breathing post-partum. The frequency
of FBMs is highly variable between individuals. At 24–28 weeks

of gestation in humans, the rate of FBMs is 42–44 breaths per
minute (Natale et al., 1988), increases to 55–62 breaths per
minute at 30–31 weeks of gestation (Patrick et al., 1980), and
reduces again to 45–48 breaths per minute at 38–39 weeks of
gestation (Patrick et al., 1980).

FBMs are also regulated by a number of physiological factors.
As in the adult, increases in the partial pressure of CO2 (PaCO2;
hypercapnia) profoundly stimulate FBMs (Connors et al., 1988),
while hypocapnia reduces FBMs (Connors et al., 1988, 1989;
Darnall, 2010). Acute hypoxia stimulates respiratory activity in
adults, whereas it abolishes FBMs (Koos et al., 1986; LoMauro
and Aliverti, 2016). Other factors which can influence FBMs
include neurotransmitters, glucose (Natale, 1980), as well as
inflammation and prostaglandins (Dong and Feldman, 1995;
Herlenius et al., 1997; Olsson et al., 2003; Siljehav et al., 2014).

The changes to the ontogeny of FBMs throughout gestation
reflect the maturation of the brainstem respiratory centers.
However, being born preterm, particularly extremely preterm
(<28 weeks), coincides not only with an immature lung, but also
an immature respiratory control center.

PRETERM BIRTH: POTENTIAL EFFECTS
ON NEUROCHEMICAL DEVELOPMENT IN
THE BRAINSTEM AND
RESPIRATORY-RELATED ACTIVITY

Whilst autonomous neonatal breathing is critical for sustaining
life, the brainstem respiratory centers are not completely mature
at birth, and instead, continue to develop and refine postnatally
(Wong-Riley and Liu, 2008). It is essential that there is sufficient
prenatal development of the brainstem respiratory centers to
a point of ‘‘readiness’’ at birth in order for the neonate to
generate stable and continuous breathing movements (Carroll
and Agarwal, 2010).

Preterm infants have demonstrated altered/abnormal
ventilatory responses to hypoxic and hypercapnic conditions
(Zhao et al., 2011). In hypoxic circumstances, preterm infants
display an initial (albeit transient) rise in respiratory rate,
alongside an increase in tidal volumes. However, this initial
increase in respiration is then followed by a continuous decline
in spontaneous breathing (‘‘hypoxic ventilatory depression’’)
which can last for several weeks, and is thought to play a role
in delayed respiratory adjustments in postnatal life (Nock et al.,
2004; Zhao et al., 2011). Ventilatory responses to hypercapnia
by preterm infants are poor. Typical responses by preterm
infants include prolonged expiration times, and a lack of
increased respiratory rate, and low/insufficient tidal volumes.
Consequently, this altered hypercapnic response results in low
minute ventilation (Zhao et al., 2011). These insufficient hypoxic
and hypercapnic responses likely reflect the immaturity of the
brainstem and/or altered neuronal functions.

During the first 2 weeks of postnatal life the brainstem
respiratory centers undergo dynamic developmental changes
which have been associated with a large degree of neuronal
maturation and neurochemical modifications (mostly studied
in rodents; Wong-Riley and Liu, 2005). Preterm infants are
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not only forced to sustain continuous breathing movements
with immature neural control (neuronal hypoplasia, poor
synaptic connections and myelination), but the typical postnatal
adjustments of neurotransmitters may not follow the same
course as it would in full-term neonates (Stokowski, 2005).
There are limited data on the neurochemical changes in the fetal
brainstem as most studies have focused on differential expression
in the embryonic and postnatal stages of development.

Glutamate is the principal neurotransmitter that drives
inspiratory activity and the processing of sensory inputs, and its
expression generally increases in rats postnatally, particularly
in the pBÖTC and the NTS (Liu and Wong-Riley, 2005;
Benarroch, 2007). In addition, studies in rats have shown that the
expression of glutaminergic receptors (N-methyl-D-aspartate;
NMDA; α-amino-3-hydroxy-5-methyl-4-isoxazoleproprionc
acid (AMPA); and metabotropic glutaminergic receptors) also
increase with age (Liu and Wong-Riley, 2005; Wong-Riley
and Liu, 2005). It is unclear how preterm birth can impact
the postnatal fluctuations in glutamate expression within the
brainstem respiratory centers, and how this is associated with
irregular neonatal breathing. But presumably, weak/immature
glutaminergic synaptic transmission would alter chemosensory
input, and breathing rhythmogenesis and pattern formation.

Gamma-aminobutyric acid (GABA) and glycine are
inhibitory neurotransmitters which modulate inspiratory
activity to allow for the proper transition to the expiratory
phase. The developmental expression of GABA in rats has
been shown to steadily decrease in the NTS, but increase in the
pBÖTC (Liu and Wong-Riley, 2005), whereas glycine receptor
immunoreactivity has been shown to increase with age in the
pBÖTC and the NTS (Liu and Wong-Riley, 2005). In late
embryonic and early postnatal life, GABAergic and glycinergic
neurotransmission can be excitatory until a developmental shift
from depolarizing to hyperpolarizing activity occurs. Preterm
neonates display an enhanced sensitivity to GABA (amongst
other neurotransmitters and neuromodulators including
adenosine, serotonin, and prostaglandins) which can lead to
respiratory depression (Martin et al., 2004; Zhao et al., 2011).
Whether this respiratory depression is due to excessive excitatory
or inhibitory activity remains to be determined. The effects of
preterm birth on the proper switching of GABAergic and
glycinergic neurotransmission (excitatory to inhibitory) in the
brainstem respiratory neurons remains to be investigated.

Central chemosensitivity to CO2 within the brainstem
is primarily mediated by cholinergic, serotoninergic,
and glutaminergic neurotransmission. Acetylcholine is a
neurotransmitter acting post-synaptically on inspiratory
neurons within the pBÖTC (Burton and Kazemi, 2000;
Lai et al., 2001; Shao and Feldman, 2009). It is currently
unclear how preterm birth can affect the maturation of
cholinergic neurons within brainstem respiratory centers, but
this would presumably affect signaling of central chemosensory
information. Serotoninergic neurons in the ventral surface of the
medulla oblongata and the raphè nucleus (RN) also respond to
elevated CO2 and changes in blood pH (Richerson et al., 2001;
Hilaire et al., 2010). These chemosensitive neurons continue
to develop postnatally (as evidenced in rats; Davis et al., 2006).

Substance P is a neurotransmitter that can evoke inspiratory
activity and propagate chemosensory information through
its binding to neurokinin-1 receptors which are strongly
expressed on rhythmogenic pre-Bötzinger neurons and central
chemoreceptors in the RTN/pFRG (Gray et al., 2001; Nattie and
Li, 2002; Shvarev et al., 2002). Research investigating the effects
of preterm birth on serotoninergic and substance P-expressing
neurons in the brainstem respiratory nuclei are lacking, but
impaired development and/or maturation would presumably
lead to inadequate breathing adaptations due to poor signaling
to the pBÖTC, and other respiratory-related nuclei.

Adenosine is a neurotransmitter which exerts strong
inhibitory activity of inspiratory neurons, and ultimately
decreases inspiratory drive to phrenic motorneurons innervating
the diaphragm (Dong and Feldman, 1995; Herlenius et al.,
1997). Postnatal changes of adenosine expression in the
brainstem respiratory centers remain unclear, and it is unknown
how exactly preterm birth may affect the expression of this
neurotransmitter or its respective receptors. However, it is
well-established that preterm infants are particularly sensitive
to adenosine, and this suggests that adenosine receptors have
developed and matured to some degree.

Whilst there are some limited data describing the
developmental changes in the brainstem respiratory centers,
the effects of preterm birth remain incompletely understood.
Additionally, it is well established that inflammation can alter
neuronal function, and thus, delineating the effects of preterm
birth and chorioamnionitis on the brainstem respiratory centers
is challenging.

CHORIOAMNIONITIS

Infection and inflammation of the chorionic membrane
and/or the amnion/amniotic fluid collectively refers to
chorioamnionitis. This inflammatory condition is most
commonly caused by a maternal ascending polymicrobial
infection, and can be contracted by the fetus following exposure
to amniotic fluid, or via placental-fetal circulation (Galinsky
et al., 2013). A myriad of bacterial, viral and fungal species
have been implicated in the pathogenesis of chorioamnionitis,
with ureaplasmas being the most common organism isolated
(Viscardi, 2010; Sweeney et al., 2016). Given the delayed
diagnosis of chorioamnionitis (usually placental pathology days
after birth), and insufficient therapeutic intervention to reduce
inflammatory insult during gestation, the vital organs of the fetus
can be significantly damaged.

Chorioamnionitis is known to induce ‘‘fetal inflammatory
response syndrome’’, which is characterized by systemic
inflammation, notably injuring the lungs and the brain (Polglase
et al., 2012; Galinsky et al., 2013; Kallapur et al., 2014). Research
has demonstrated that chorioamnionitis/lipopolysaccharide
(LPS)-induced infection is strongly associated with inflammatory
and hypoxia-mediated brain injury, observed in both infants
and rodents (Yoon et al., 2000; Shalak et al., 2002; Grether
et al., 2003; Yang et al., 2005; Dessardo et al., 2012; Ecevit
et al., 2014). Chorioamnionitis can lead to neurodevelopmental
abnormalities, and poor cognitive, behavioral and neuromotor
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outcomes in infants, and is implicated in 11%–22% of cerebral
palsy (Murphy et al., 1995; Wu, 2002; Inder et al., 2003; Wu et al.,
2003; Shatrov et al., 2010).

Furthermore, it is well known that infection and
inflammation have the capacity to alter autoresuscitation
ability and induce apnoeic episodes in neonates, as well as in
rodents and piglets (Frøen et al., 2000; Kamaluddeen et al.,
2009; Stock et al., 2010; Herlenius, 2011; Lorea-Hernández et al.,
2016). Thus, it is unsurprising that chorioamnionitis is linked
to sudden infant death syndrome, recurrent apnea in preterm
infants, and obstructive sleep apnea syndrome in ex-preterm
children (Kaufman and Fairchild, 2004; Weber et al., 2008; Zhao
et al., 2011; Simonsen et al., 2014; Tapia et al., 2016).

Antenatal corticosteroids are currently used to accelerate lung
maturation in preterm infants (Surbek et al., 2012; Freeman et al.,
2015). Corticosteroids have also proven effective in reducing
the severity of histological chorioamnionitis and minimizes
respiratory distress syndrome (Surbek et al., 2012; Freeman
et al., 2015). In addition, antenatal corticosteroids have also
shown protective effects against necrotizing enterocolitis,
intraventricular hemorrhage, major brain lesions, and
periventricular leukomalacia (Surbek et al., 2012; Freeman
et al., 2015). Studies investigating the effects of single or repeated
corticosteroid use on auditory brainstem responses in preterm
infants and animal models with and without chorioamnionitis
have revealed conflicting results (Amin et al., 2003; Amin and
Guillet, 2007; Church et al., 2012). Few human studies have
demonstrated that corticosteroids have no effect on auditory
brainstem responses (Amin et al., 2003; Amin and Guillet,
2007). Whereas in rats, repeated courses of corticosteroids
negatively affected neural transmission time and auditory
brainstem pathways (Church et al., 2012). Furthermore,
repeated corticosteroid administration in fetal sheep leads to a
reduction in cerebral weight without affecting the cerebellum
and brainstem (Huang et al., 1999). Moreover, the effects of
corticosteroids on the brainstem respiratory centers remain
unknown. The exact mechanisms underlying the changes in
respiratory function are not entirely understood, but emerging
work highlights key roles for pro-inflammatory cytokines and
prostaglandins in depressing respiratory function.

Mechanisms of Chorioamnionitis and
Brainstem Function
Chorioamnionitis can be experimentally induced in animal
models through intra-amniotic injections of LPS (cell wall
constituent of gram-negative bacteria; Polglase et al., 2012;
Barton et al., 2014; Ireland et al., 2015). This bacterial endotoxin
gives robust and reproducible inflammatory responses, and as
such, is widely used to experimentally induce chorioamnionitis.

LPS is a ligand for toll-like receptors (TLRs, namely TLR4),
which stimulate downstream signaling pathways leading to
pro-inflammatory cytokine production (Beutler, 2003; Lu et al.,
2008). The activated TLR4 pathway results in interferon-
related cytokines, and can potentiate NF-κB gene transcription
(Pålsson-McDermott and O’Neill, 2004). Ultimately, gene
transcription leads to the production of IL-1β, IL-6, IL-8, TNF-α,

FIGURE 2 | Schematic diagram of TLR4 signaling pathways. MyD88 and
TRIF-mediated LPS/TLR4 downstream signaling pathways leading to gene
transcription of pro-inflammatory cytokines, iNOS and COX-2. The
LPS/TLR4 signal transduction pathways are typically divided into
MyD88-dependent and independent cascades. Following LPS stimulation,
IRAK1 and IRAK4 are recruited to the MyD88-dependant pathway (A) and
interact with TRAF6 proteins. TRAF6 recruits TAK1 and TABs which activate
the NF-κB and/or MAPK. In resting states, NF-κB is sequestered in the
cytosol by IKKα and IKKβ. Phosphorylation of the IKK complexes by
TAK1 results in their proteasomal degradation and liberation of NF-κB which
subsequently translocates from the cytosol to the nucleus where it can induce
gene expression. Concurrently, TAK1 activates the MAPK pathway resulting in
the phosphorylation and AP-1 which translocates to the nucleus and binds to
DNA. Additionally, the LPS/TLR4 MyD88-independent signaling pathway
involves the activation of TRIF (B) and signaling to TBK1, IKK and IRF3. This
pathway results in interferon-related cytokines, and can potentiate NF-κB
gene transcription. Ultimately, gene transcription leads to the production of
IL-1β, IL-6, IL-8, TNF-α, TNF-β, iNOS and COX-2. Abbreviations: LPS,
Lipopolysaccharide; TLR4, Toll-like receptor 4; MyD88, myeloid differentiation
primary response gene 88; IRAK1 and IRAK4, interleukin 1-associated
kinases-1 and 4; TRAF6, tumor necrosis factor associated factor 6; TAK1,
transforming growth factor-β-activated kinase-1; TABs, TAK1-binding
proteins; MAPK, mitogen-activated protein kinases; IKKα and IKKβ, inhibitory
IkB kinases; AP-1, activation of the transcription factor activator protein 1;
TRIF, TIR-domain-containing adapter-inducing interferon-β; TBK1,
TANK-binding kinase; IRF3, IKK, and interferon regulatory factor 3; iNOS,
inducible nitric oxide synthase; COX-2, cyclooxygenase 2.

TNF-β, inducible nitric oxide synthase (iNOS), and inducible
cyclooxygenase2 (COX-2; mediates prostaglandin synthesis;
Figure 2; Blackwell and Christman, 1997; Poligone and Baldwin,
2001; Tak and Firestein, 2001; Aktan, 2004). In the brain,
microglia and astrocytes express TLRs and can also play a major
role in cytokine production (Kielian, 2006).
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Inflammatory Cytokines and Effects on the Brainstem
LPS exposure upregulates IL-1β and IL-6 mRNA expression
within the brainstem of rat pups (Balan et al., 2012), which
may in turn alter neuronal function within the pBÖTC.
Electrophysiological recordings of pre-Bötzinger neurons from
neonatal mice following intrauterine LPS administration has
revealed functional changes of pacemaker neurons that are
characterized as large amplitude bursts, at slow and irregular
firing frequency (Ramirez et al., 2016). If IL-1β and IL-6 depress
inhibitory synaptic transmission, and simultaneously elevate
excitatory signaling in the pBÖTC, then this could explain
the prolonged inspiratory drive and the absent expiratory
activity that leads to apnea. Neuronal activity can be rapidly
and differentially modulated by cytokines, and these functional
changes may persist long-term (Vezzani and Viviani, 2015).
The pro-inflammatory cytokines IL-1β, IL-6 and TNF-α can
modulate neuronal function within the central nervous system,
particularly by potentiating excitatory signaling, and depressing
inhibitory transmission (Galic et al., 2012). These cytokines alter
neuronal excitability through post-translational modifications of
glutaminergic, GABAergic, and glycinergic receptors, ultimately
affecting neurotransmission and synaptic plasticity (Galic et al.,
2012; Vezzani and Viviani, 2015). Studies in rodents and in
in vitro hippocampal neurons demonstrate that IL-1β alters
neuronal function in a concentration-dependent manner;
at low concentrations IL-1β inhibits voltage-gated calcium
currents, and lowers intracellular calcium concentrations
(thereby decreasing neurotransmitter release), whereas high
concentrations of IL-1β increase ionotropic glutamate receptor

expression (NMDA), and decreases transmission at GABAergic
and glycinergic receptors in rat hippocampal and cerebellar
cultures (Campbell and Lynch, 1998; Wang et al., 2000;
Viviani et al., 2003; Galic et al., 2012). TNF-α alters neuronal
excitability through the upregulation of NMDA and AMPA
receptor expression, and induces GABA receptor endocytosis,
as observed in the rat hippocampus and cerebellum (Beattie
et al., 2002; Fourgeaud and Boulanger, 2010; Galic et al.,
2012). This leads to an increase in excitatory output (and
possibly excitotoxicity), as well as a decrease in inhibitory
signaling. IL-6 has been shown to play both protective
and destructive roles within the central nervous system.
Research has shown that IL-6 decreases metabotropic glutamate
receptor expression, but can also excessively activate NMDA
receptors and induce excitotoxicity (D’Arcangelo et al., 2000;
Conroy et al., 2004; Vereyken et al., 2007; Wang et al., 2007).
Additionally, IL-6 has also demonstrated the capacity to
decrease GABAergic and glycinergic neurotransmission in
dorsal horn neurons of rat spinal cord (Kawasaki et al.,
2008).

It is now well established that LPS-induced systemic
infection/inflammation can alter breathing frequency and
chemosensory responses, however the mechanisms underlying
the changes in respiratory functions remain unclear (Huxtable
et al., 2011). An imbalance between excitatory and inhibitory
neurotransmission has been demonstrated previously in the
brainstem of rats and piglets during hypoxic conditions
(Kazemi and Hoop, 1991; Huang et al., 1994; McCormick
et al., 1998; Hoop et al., 1999), but less is known about

FIGURE 3 | Proposed neuromodulatory effects of pro-inflammatory cytokines in the brainstem. IL-1β, IL-6 and TNF-α may upregulate glutaminergic receptor
expression and potentiate excitatory signaling, whilst simultaneously depressing inhibitory GABAergic and glycinergic neurotransmission. An imbalance between
excitatory and inhibitory signaling could desynchronize the neural circuitry of the brainstem respiratory centers. Abbreviations: GABA, gamma-Aminobutyric
acid; Gly, glycine; NMDA, N-methyl-D-aspartate; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazoleproprionc acid.
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the effects of inflammation on neurotransmitters within the
brainstem. As neurons within the brainstem respiratory centers
utilize glutamate, GABA and glycine, then pro-inflammatory
cytokines could affect the balance of excitatory and inhibitory
neurotransmitters, and thus, may alter neuronal function and
respiratory responses (Figure 3).

Systemic administration of the pro-inflammatory cytokines
IL-1β, IL-6 and TNF-α induces their own mRNA expression
within the rat NTS (Churchill et al., 2006). IL-1β injection
directly into the rat NTS increases inspiratory time as early
as 20 min-post application, which is associated with delayed
expiratory activity (observed after 80 min; Gresham et al.,
2011). Furthermore, the systemic administration of IL-1β
leads to decreased respiratory frequency and induces apneustic
episodes (Gresham et al., 2011). It is currently unclear whether
IL-1β induces changes in excitatory neurotransmission of the
NTS to modulate respiratory rhythm, or whether it does so
by other downstream effects. Strong IL-1β-immunoreactivity
is observed in the rat NTS and area postrema following
LPS exposure (Balan et al., 2011, 2012). Previous work has
shown that the increase in IL-1β mRNA expression within
the NTS can be abrogated by vagotomy (Balan et al.,
2012).

Intraperitoneal and intrapulmonary injection of IL-1β to
mouse and rat pups attenuates hypercapnic and hypoxic
responses (Balan et al., 2012; Siljehav et al., 2014), indicative that
chemosensory reflexes are impaired in response to inflammation.
It is unclear whether altered chemosensory responses are due
to compromised central chemoreceptor functions exclusively
(RTN/pFRG neurons), or whether there are changes to vagal
afferent signaling to the NTS, and/or impaired propagation of
peripheral chemosensory information to brainstem respiratory
centers by second-order NTS neurons. It is likely that
infection/inflammation would induce considerable changes to
both central and peripheral chemoreflexes.

In addition to IL-1β expression in the NTS, strong
immunoreactivity is also observed in the area postrema following
LPS exposure (Balan et al., 2011, 2012). Most research to date has
attributed the loss of blood brain barrier integrity as the main
pathway for brain inflammation and injury following systemic
endotoxin or cytokine exposure. However, the NTS forms
connections with the area postrema which is a circumventricular
region of the brainstem that could be another entrance for
peripheral inflammation.

LPS administration induces c-Fos immunoreactivity in
neurons from the rostral ventrolateral medulla, NTS, and the
KF/PB nuclei in the rat (Zhang et al., 2000). This suggests
that neurons from these respiratory nuclei are responsive to
infection/inflammation, but the exact mechanisms for how
(and which) inflammatory mediators affect the functions of
respiratory-related neurons remain unclear.

Prostaglandins and Effects on the Brainstem
In addition to gene transcription of pro-inflammatory
cytokines, it is well-established that NF-κB and mitogen-
activated protein kinases (MAPK) signaling can enhance COX
isozyme expression leading to elevated prostaglandin synthesis

(Ricciotti and FitzGerald, 2011). The two main isoforms
of COX are COX-1 and COX-2. COX-1 is constitutively
expressed, whilst COX-2 is induced upon tissue injury and
inflammation. COX isozymes convert arachidonic acid to the
precursor substrate prostaglandin H2 (PGH2; Poligone and
Baldwin, 2001; Simmons et al., 2004). PGH2 is utilized for
the synthesis of prostaglandin E2 (PGE2), prostaglandin D2,
prostaglandin F2α, and prostacyclin (Ricciotti and FitzGerald,
2011). Specifically, microsomal prostaglandin E2 synthase-1
(mPEGS-1) catalyzes the synthesis of PGE2 from PGH2
(Murakami et al., 2000; Bahia et al., 2014). There is increasing
evidence that COX-2-mediated PGE2 production plays a role
in inflammation-induced preterm and neonatal brain injury,
and altered function of respiratory-related neurons (Malaeb and
Dammann, 2009; Fathali et al., 2010; Strunk et al., 2014; Jin et al.,
2015). Similar to pro-inflammatory cytokines, PGE2 can alter
neuronal excitability and neurotransmission. PGE2 has been
shown to both enhance and inhibit glutaminergic transmission,
depress glycingeric signaling, and modulate GABAergic receptor
expression, and although the exact mechanisms remain unclear,
neuromodulation is thought to be dependent on the type of
eicosanoid prostaglandin PGE2 receptors (EPRs) stimulated
(Ahmadi et al., 2002; Chen and Bazan, 2005; Laaris and
Weinreich, 2007; Marty et al., 2008; Lin et al., 2014; Yang et al.,
2015).

PGE2 has been associated with irregular breathing
movements in vivo, as well as inhibitory effects on brainstem
centers generating respiratory rhythm and chemosensory
responses in vitro in slices generated from rat and mouse pups
(Hofstetter et al., 2007; Siljehav et al., 2014; Forsberg et al.,
2016). Moreover, PGE2 has been shown to depress FBMs,
induce hypoventilation, reduce respiratory frequency and cause
apnea in fetal sheep (Kitterman et al., 1983; Guerra et al.,
1988). When directly injected into the mouse pBÖTC at a low
concentration (<200 nM), PGE2 increases sigh frequency with
no apparent effects on eupneic breathing (Koch et al., 2015).
High concentrations of PGE2, however, are shown to promote
eupneic breathing (Koch et al., 2015). Conflicting results suggest
multiple roles for PGE2 in the brainstem respiratory centers, and
that there may be differential effects on breathing which may be
context dependent. COX inhibition by indomethacin has been
shown to stimulate breathing movements in fetal sheep which
strengthens the notion that prostaglandins modulate respiratory
activity (Jansen et al., 1984).

PGE2 is implicated in a number of neuropathological
conditions which may be due to its capacity to bind to several
G-protein coupled receptors. These include the EPRs 1–4 (EP1R,
EP2R, EP3R, EP4R). Binding to these receptors can result in
distinct signaling pathways (Figure 4). These signaling pathways
may induce neuronal damage, dysfunction, or protection and
may also potentiate or ameliorate inflammation, and alter
cerebral blood flow.

PGE2 binding to EP1R leads to increases in intracellular
calcium. Alterations in calcium homeostasis as a result
of EP1R signaling has been associated with excitotoxicity
and neuronal death in mice (Kawano et al., 2006;
Shimamura et al., 2013). Furthermore, EP1R activation
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FIGURE 4 | Prostaglandin E2 (PGE2) signaling through EPRs 1–4. COX-2
conversion of arachidonic acid to PGH2, is utilized by mPEGS-1 to synthesize
PGE2 (A). PGE2 binding to EPRs initiates distinct signaling pathways that may
lead to alterations in neuronal function, or result in neuroprotection or death.
PGE2 ligation to EP1R leads to PLC-β activation, which hydrolyzes PIP2, DAG
and PIP3. PIP3 binds to respective receptors on the endoplasmic reticulum
leading to further increases in intracellular calcium. Alterations in calcium
homeostasis as a result of EP1R signaling can lead to excitotoxicity and
neuronal death (B). PGE2 binding to the EP2R initiates adenylyl cyclase
activation of cAMP and PKA. PKA activates CREB which is a major
transcription factor that can lead to synaptic plasticity, and neuroprotection
(C). PGE2 binding to EP3R inhibits ATP catalyzation by adenylyl cyclase,
causing a reduction in cAMP, as well as an increase in intracellular calcium.
This can modulate neuronal excitability and firing rate, and lead to cell death.
PGE2 signaling through the EP4R is similar to the EP2R pathway (D). PGE2
binding to EP4R results in similar signaling cascades observed following EP2R
stimulation (E). Abbreviations: EP1–4, eicosanoid prostanoid receptors 1–4;
PLC-β, phospholipase C-β; PIP2, phosphatidylinositol-4,5-biphosphate; DAG,
Diacylglycerol; PIP3, inositol-1,4,5-triphosphate; ATP, adenosine triphosphate;
cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; CREB,
cAMP-response element binding; mPEGS-1, microsomal prostaglandin E2
synthase-1.

stimulates vasoconstriction which can limit cerebral
blood flow and potentiate hypoxic-ischemic events. In a
neonatal rat model of hypoxic-ischemic encephalopathy,
a selective EP1R antagonist significantly reduces cerebral
injury (Taniguchi et al., 2011). The role of EP1R in
chorioamnionitis-induced brainstem injury remains
unknown.

PGE2 binding to EP2R leads to cAMP-response element
binding (CREB) activation which is a major transcription
factor that can induce synaptic plasticity, and neuroprotection
(Carlezon et al., 2005; Kalinski, 2011; Liang et al., 2011; Sakamoto
et al., 2011). PGE2 binding to the EP2R has demonstrated
neuroprotective effects in states of cerebral ischemia and
excitotoxicity in the rat, and in mouse models (EP2R knockout,
and middle cerebral artery occlusion; McCullough et al., 2004;
Li et al., 2008). However, upon LPS exposure, COX-2 and
iNOS-mediated neurotoxicity is abrogated by microglial EP2R
deletion (Shie et al., 2005). It appears that the effects of
PGE2 ligation to EP2R may be context dependent, but in
circumstances of systemic inflammation, it is presumed that
activation of the EP2R may play a deleterious role in the
brainstem.

EP3R has the greatest affinity for PGE2 and has previously
been implicated in neuroinflammation and neuronal dysfunction
(Nakamura et al., 2000; Hofstetter et al., 2007; Hein and
O’Banion, 2009; Leclerc et al., 2015). PGE2 binding to EP3R leads
to a reduction in cyclic adenosine monophosphate (cAMP), and
an increase in intracellular calcium which can affect neuronal
excitability and firing rate (Bos et al., 2004; Mohan et al., 2012).
Downstream IL-1β-mediated PGE2 production and subsequent
binding to EP3R has been shown to reduce excitatory vagal
neurotransmission to the NTS in rats (Marty et al., 2008).
This would likely impact peripheral chemosensory input to the
brainstem.

EP4R is highly expressed within the hypothalamus and
brainstem, and functions similarly to EP2R (Andreasson, 2010;
Taniguchi et al., 2014). PGE2 signaling through the EP4R is
similar to the EP2R pathway as it offers neuroprotection in
models of excitotoxic or hypoxic-ischemic injury, however, it
may can alsomodulate pro-inflammatory and anti-inflammatory
responses, as observed in the rat, and in mouse EP4R
knockout studies (Zhang and Rivest, 1999; Andreasson, 2010;
Shi et al., 2010). EP4R has been localized to the NTS and
ventrolateral medulla of the brainstem, and its expression
appears to increase following systemic IL-1β administration
(Zhang and Rivest, 2000). However, further work is required
to determine its role in chorioamnionitis-associated brainstem
injury.

CONCLUSION

Preterm birth is associated with suboptimal development of
the brainstem, and subsequently reduced respiratory control.
Further, chorioamnionitis is strongly associated with preterm
birth, and leads to an increased risk and severity of respiratory
complications. There is extensive research on chorioamnionitis-
induced white matter brain injury, however, the effects
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of inflammation on the brainstem, which contains central
respiratory centers, remains unclear. Inflammation is associated
with elevated prostaglandin synthesis, and PGE2 specifically
has been shown to cause functional changes of respiratory-
related neurons within the brainstem. Dysregulation and
damage to these brainstem centers may be implicated in
the multifaceted pathophysiology of respiratory depression in
preterm neonates. Understanding how chorioamnionitis may
affect these central respiratory centers could lead to effective
therapeutic interventions within the delivery room, with the
goal of reducing brain injury and preserving the neural
circuitry controlling rhythmic and coordinated respiratory
functions.

AUTHOR CONTRIBUTIONS

VS: wrote the manuscript and made figures. SLM, SBH and GRP:
revised the manuscript.

FUNDING

This research was supported by a National Health and
Medical Research Council (NHMRC) and National Heart
Foundation Research Fellowship (GRP:1105526), a NHMRC
fellowship (SBH:545921), an Australian Research Council Future
Fellowship (SLM:FT130100650) and the Victorian Government’s
Operational Infrastructure Support Program.

REFERENCES

Ahmadi, S., Lippross, S., Neuhuber, W. L., and Zeilhofer, H. U. (2002).
PGE2 selectively blocks inhibitory glycinergic neurotransmission onto rat
superficial dorsal horn neurons. Nat. Neurosci. 5, 34–40. doi: 10.1038/nn778

Aktan, F. (2004). iNOS-mediated nitric oxide production and its regulation. Life
Sci. 75, 639–653. doi: 10.1016/j.lfs.2003.10.042

Alheid, G. F., Milsom, W. K., and McCrimmon, D. R. (2004). Pontine
influences on breathing: an overview. Respir. Physiol. Neurobiol. 143, 105–114.
doi: 10.1016/j.resp.2004.06.016

Amin, S. B., and Guillet, R. (2007). Auditory neural maturation after exposure to
multiple courses of antenatal betamethasone in premature infants as evaluated
by auditory brainstem response. Pediatrics 119, 502–508. doi: 10.1542/peds.
2006-2174

Amin, S. B., Orlando, M. S., Dalzell, L. E., Merle, K. S., and Guillet, R. (2003).
Brainstem maturation after antenatal steroids exposure in premature infants
as evaluated by auditory brainstem-evoked response. J. Perinatol. 23, 307–311.
doi: 10.1038/sj.jp.7210898

Andreasson, K. (2010). Emerging roles of PGE2 receptors in models of
neurological disease. Prostaglandins Other Lipid Mediat. 91, 104–112.
doi: 10.1016/j.prostaglandins.2009.04.003

Baguma-Nibasheka, M., Gugic, D., Saraga-Babic, M., and Kablar, B. (2012). Role
of skeletal muscle in lung development. Histol. Histopathol. 27, 817–826.
doi: 10.14670/HH-27.817

Bahia, M. S., Katare, Y. K., Silakari, O., Vyas, B., and Silakari, P. (2014).
Inhibitors of microsomal prostaglandin E2 synthase-1 enzyme as emerging
anti-inflammatory candidates. Med. Res. Rev. 34, 825–855. doi: 10.1002/med.
21306

Bailey, E. F., and Fregosi, R. F. (2004). Coordination of intrinsic and extrinsic
tongue muscles during spontaneous breathing in the rat. J. Appl. Physiol. 96,
440–449. doi: 10.1152/japplphysiol.00733.2003

Balan, K. V., Kc, P., Hoxha, Z.,Mayer, C. A.,Wilson, C. G., andMartin, R. J. (2011).
Vagal afferents modulate cytokine-mediated respiratory control at the neonatal
medulla oblongata. Respir. Physiol. Neurobiol. 178, 458–464. doi: 10.1016/j.
resp.2011.03.003

Balan, K. V., Kc, P., Mayer, C. A., Wilson, C. G., Belkadi, A., and
Martin, R. J. (2012). Intrapulmonary lipopolysaccharide exposure upregulates
cytokine expression in the neonatal brainstem. Acta Paediatr. 101, 466–471.
doi: 10.1111/j.1651-2227.2011.02564.x

Barton, S. K., Moss, T. J. M., Hooper, S. B., Crossley, K. J., Gill, A. W.,
Kluckow, M., et al. (2014). Protective ventilation of preterm lambs exposed
to acute chorioamnionitis does not reduce ventilation-induced lung or brain
injury. PLoS One 9:e112402. doi: 10.1371/journal.pone.0112402

Beattie, E. C., Stellwagen, D., Morishita, W., Bresnahan, J. C., Ha, B. K., Von
Zastrow, M., et al. (2002). Control of synaptic strength by glial TNFα. Science
295, 2282–2285. doi: 10.1126/science.1067859

Beck, S., Wojdyla, D., Say, L., Betran, A. P., Merialdi, M., Requejo, J. H., et al.
(2010). The worldwide incidence of preterm birth: a systematic review of
maternal mortality and morbidity. Bull. World Health Organ. 88, 31–38.
doi: 10.2471/BLT.08.062554

Bell, M. J., and Hallenbeck, J. M. (2002). Effects of intrauterine inflammation on
developing rat brain. J. Neurosci. Res. 70, 570–579. doi: 10.1002/jnr.10423

Benarroch, E. E. (2007). Brainstem respiratory control: substrates of respiratory
failure of multiple system atrophy.Mov. Disord. 22, 155–161. doi: 10.1002/mds.
21236

Beutler, B. (2003). Innate immune responses to microbial poisons: discovery and
function of the Toll-like receptors.Annu. Rev. Pharmacol. Toxicol. 43, 609–628.
doi: 10.1146/annurev.pharmtox.43.100901.135729

Blackwell, T. S., and Christman, J. W. (1997). The role of nuclear factor-κB
in cytokine gene regulation. Am. J. Respir. Cell Mol. Biol. 17, 3–9.
doi: 10.1165/ajrcmb.17.1.f132

Bocking, A., Adamson, L., Cousin, A., Campbell, K., Carmichael, L., Natale, R.,
et al. (1982). Effects of intravenous glucose injections on human fetal breathing
movements and gross fetal body movements at 38 to 40 weeks’ gestational age.
Am. J. Obstet. Gynecol. 142, 606–611. doi: 10.1016/s0002-9378(16)32427-9

Boddy, K., andMantell, C. (1973). Human foetal breathing in utero. J. Physiol. 231,
105P–106P.

Bos, C. L., Richel, D. J., Ritsema, T., Peppelenbosch, M. P., and Versteeg, H. H.
(2004). Prostanoids and prostanoid receptors in signal transduction. Int.
J. Biochem. Cell Biol. 36, 1187–1205. doi: 10.1016/j.biocel.2003.08.006

Bowes, G., Adamson, T. M., Ritchie, B. C., Dowling, M., Wilkinson, M. H.,
and Maloney, J. E. (1981). Development of patterns of respiratory activity in
unanesthetized fetal sheep in utero. J. Appl. Physiol. Respir. Environ. Exerc.
Physiol. 50, 693–700. doi: 10.1152/jappl.1981.50.4.693

Burton, M. D., and Kazemi, H. (2000). Neurotransmitters in central respiratory
control. Respir. Physiol. 122, 111–121. doi: 10.1016/s0034-5687(00)
00153-5

Butera, R. J. Jr., Rinzel, J., and Smith, J. C. (1999). Models of respiratory rhythm
generation in the pre-Bötzinger complex. I. Bursting pacemaker neurons.
J. Neurophysiol. 82, 382–397. doi: 10.1152/jn.1999.82.1.382

Campbell, V., and Lynch, M. A. (1998). Biphasic modulation of intracellular
Ca2+ concentration by interleukin-1β in cortical synaptosomes: involvement
of a pertussis toxin-sensitive G-protein and mitogen-activated protein kinase.
Neuroreport 9, 1923–1927. doi: 10.1097/00001756-199806220-00002

Carlezon, W. A. Jr., Duman, R. S., and Nestler, E. J. (2005). The many faces of
CREB. Trends Neurosci. 28, 436–445. doi: 10.1016/j.tins.2005.06.005

Carroll, J. L., and Agarwal, A. (2010). Development of ventilatory control
in infants. Paediatr. Respir. Rev. 11, 199–207. doi: 10.1016/j.prrv.2010.
06.002

Chen, C., and Bazan, N. G. (2005). Endogenous PGE2 regulates membrane
excitability and synaptic transmission in hippocampal CA1 pyramidal neurons.
J. Neurophysiol. 93, 929–941. doi: 10.1152/jn.00696.2004

Church, M., Adams, B., Anumba, J., Jackson, D., Kruger, M., and Jen, K.
(2012). Repeated antenatal corticosteroid treatments adversely affect neural
transmission time and auditory thresholds in laboratory rats. Neurotoxicol.
Teratol. 34, 196–205. doi: 10.1016/j.ntt.2011.09.004

Churchill, L., Taishi, P.,Wang,M., Brandt, J., Cearley, C., Rehman, A., et al. (2006).
Brain distribution of cytokine mRNA induced by systemic administration
of interleukin-1β or tumor necrosis factor α. Brain Res. 1120, 64–73.
doi: 10.1016/j.brainres.2006.08.083

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 February 2018 | Volume 12 | Article 26

https://doi.org/10.1038/nn778
https://doi.org/10.1016/j.lfs.2003.10.042
https://doi.org/10.1016/j.resp.2004.06.016
https://doi.org/10.1542/peds.2006-2174
https://doi.org/10.1542/peds.2006-2174
https://doi.org/10.1038/sj.jp.7210898
https://doi.org/10.1016/j.prostaglandins.2009.04.003
https://doi.org/10.14670/HH-27.817
https://doi.org/10.1002/med.21306
https://doi.org/10.1002/med.21306
https://doi.org/10.1152/japplphysiol.00733.2003
https://doi.org/10.1016/j.resp.2011.03.003
https://doi.org/10.1016/j.resp.2011.03.003
https://doi.org/10.1111/j.1651-2227.2011.02564.x
https://doi.org/10.1371/journal.pone.0112402
https://doi.org/10.1126/science.1067859
https://doi.org/10.2471/BLT.08.062554
https://doi.org/10.1002/jnr.10423
https://doi.org/10.1002/mds.21236
https://doi.org/10.1002/mds.21236
https://doi.org/10.1146/annurev.pharmtox.43.100901.135729
https://doi.org/10.1165/ajrcmb.17.1.f132
https://doi.org/10.1016/s0002-9378(16)32427-9
https://doi.org/10.1016/j.biocel.2003.08.006
https://doi.org/10.1152/jappl.1981.50.4.693
https://doi.org/10.1016/s0034-5687(00)00153-5
https://doi.org/10.1016/s0034-5687(00)00153-5
https://doi.org/10.1152/jn.1999.82.1.382
https://doi.org/10.1097/00001756-199806220-00002
https://doi.org/10.1016/j.tins.2005.06.005
https://doi.org/10.1016/j.prrv.2010.06.002
https://doi.org/10.1016/j.prrv.2010.06.002
https://doi.org/10.1152/jn.00696.2004
https://doi.org/10.1016/j.ntt.2011.09.004
https://doi.org/10.1016/j.brainres.2006.08.083
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Stojanovska et al. Preterm Birth/Chorioamnionitis-Brainstem Respiratory Centers

Clewlow, F., Dawes, G. S., Johnston, B. M., and Walker, D. W. (1983). Changes
in breathing, electrocortical and muscle activity in unanaesthetized fetal lambs
with age. J. Physiol. 341, 463–476. doi: 10.1113/jphysiol.1983.sp014817

Cohen, M. I., and Shaw, C.-F. (2004). Role in the inspiratory off-switch of
vagal inputs to rostral pontine inspiratory-modulated neurons. Respir. Physiol.
Neurobiol. 143, 127–140. doi: 10.1016/j.resp.2004.07.017

Connors, G., Hunse, C., Carmichael, L., Natale, R., and Richardson, B. (1988). The
role of carbon dioxide in the generation of human fetal breathing movements.
Am. J. Obstet. Gynecol. 158, 322–327. doi: 10.1016/0002-9378(88)90147-0

Connors, G., Hunse, C., Carmichael, L., Natale, R., and Richardson, B.
(1989). Control of fetal breathing in the human fetus between 24 and
34 weeks’ gestation. Am. J. Obstet. Gynecol. 160, 932–938. doi: 10.1016/0002-
9378(89)90313-x

Conroy, S. M., Nguyen, V., Quina, L. A., Blakely-Gonzales, P., Ur, C.,
Netzeband, J. G., et al. (2004). Interleukin-6 produces neuronal loss in
developing cerebellar granule neuron cultures. J. Neuroimmunol. 155, 43–54.
doi: 10.1016/j.jneuroim.2004.06.014

D’Arcangelo, G., Tancredi, V., Onofri, F., D’Antuono, M., Giovedì, S., and
Benfenati, F. (2000). Interleukin-6 inhibits neurotransmitter release and the
spread of excitation in the rat cerebral cortex. Eur. J. Neurosci. 12, 1241–1252.
doi: 10.1046/j.1460-9568.2000.00011.x

Darnall, R. A. (2010). The role of CO2 and central chemoreception in the control of
breathing in the fetus and the neonate. Respir. Physiol. Neurobiol. 173, 201–212.
doi: 10.1016/j.resp.2010.04.009

Davis, S. E., Solhied, G., Castillo, M., Dwinell, M., Brozoski, D., and
Forster, H. V. (2006). Postnatal developmental changes in CO2 sensitivity
in rats. J. Appl. Physiol. 101, 1097–1103. doi: 10.1152/japplphysiol.003
78.2006

Dawes, G. S. (1984). The central control of fetal breathing and skeletal muscle
movements. J. Physiol. 346, 1–18. doi: 10.1113/jphysiol.1984.sp015003

Dawes, G. S., Fox, H. E., Leduc, B. M., Liggins, G. C., and Richards, R. T. (1970).
Respiratory movements and paradoxical sleep in the foetal lamb. J. Physiol. 210,
47P–48P.

Dawes, G. S., Fox, H. E., Leduc, B. M., Liggins, G. C., and Richards, R. T. (1972).
Respiratory movements and rapid eye movement sleep in the foetal lamb.
J. Physiol. 220, 119–143. doi: 10.1113/jphysiol.1972.sp009698
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Martelli, D., Stanić, D., and Dutschmann, M. (2013). The emerging role of the
parabrachial complex in the generation of wakefulness drive and its implication
for respiratory control. Respir. Physiol. Neurobiol. 188, 318–323. doi: 10.1016/j.
resp.2013.06.019

Martin, R. J., Abu-Shaweesh, J. M., and Baird, T. M. (2004). Apnoea
of prematurity. Paediatr. Respir. Rev. 5, S377–S382. doi: 10.1016/S1526-
0542(04)90067-X

Marty, V., El Hachmane, M., and Amédée, T. (2008). Dual modulation of synaptic
transmission in the nucleus tractus solitarius by prostaglandin E2 synthesized
downstream of IL-1β. Eur. J. Neurosci. 27, 3132–3150. doi: 10.1111/j.1460-9568.
2008.06296.x

McCormick, A., Suguihara, C., Huang, J., Devia, C., Hehre, D., Bruce, J. H., et al.
(1998). Depressed ventilatory response to hypoxia in hypothermic newborn
piglets: role of glutamate. J. Appl. Physiol. 84, 830–836. doi: 10.1152/jappl.1998.
84.3.830

McCullough, L., Wu, L., Haughey, N., Liang, X., Hand, T., Wang, Q., et al. (2004).
Neuroprotective function of the PGE2 EP2 receptor in cerebral ischemia.
J. Neurosci. 24, 257–268. doi: 10.1523/JNEUROSCI.4485-03.2004

McKay, L. C., Janczewski, W. A., and Feldman, J. L. (2005). Sleep-disordered
breathing after targeted ablation of preBötzinger complex neurons. Nat.
Neurosci. 8, 1142–1144. doi: 10.1038/nn1517

Miall, L., and Wallis, S. (2011). The management of respiratory distress in the
moderately preterm newborn infant. Arch. Dis. Child. Educ. Pract. Ed. 96,
128–135. doi: 10.1136/adc.2010.189712

Mohan, S., Ahmad, A., Glushakov, A., Chambers, C., and Dore, S. (2012). Putative
role of prostaglandin receptor in intracerebral hemorrhage. Front. Neurol.
3:145. doi: 10.3389/fneur.2012.00145

Moore, J. D., Kleinfeld, D., and Wang, F. (2014). How the brainstem controls
orofacial behaviors comprised of rhythmic actions. Trends Neurosci. 37,
370–380. doi: 10.1016/j.tins.2014.05.001

Morgado-Valle, C., Baca, S. M., and Feldman, J. L. (2010). Glycinergic pacemaker
neurons in prebotzinger complex of neonatal mouse. J. Neurosci. 30,
3634–3639. doi: 10.1523/JNEUROSCI.3040-09.2010

Moscuzza, F., Belcari, F., Nardini, V., Bartoli, A., Domenici, C., Cuttano, A.,
et al. (2011). Correlation between placental histopathology and fetal/neonatal
outcome: chorioamnionitis and funisitis are associated to intraventricular
haemorrage and retinopathy of prematurity in preterm newborns. Gynecol.
Endocrinol. 27, 319–323. doi: 10.3109/09513590.2010.487619

Moss, T. J. (2006). Respiratory consequences of preterm birth. Clin. Exp.
Pharmacol. Physiol. 33, 280–284. doi: 10.1111/j.1440-1681.2006.04359.x

Mulkey, D. K., Stornetta, R. L., Weston, M. C., Simmons, J. R.,
Parker, A., Bayliss, D. A., et al. (2004). Respiratory control by ventral
surface chemoreceptor neurons in rats. Nat. Neurosci. 7, 1360–1369.
doi: 10.1038/nn1357

Murakami, M., Naraba, H., Tanioka, T., Semmyo, N., Nakatani, Y., Kojima, F.,
et al. (2000). Regulation of prostaglandin E2 biosynthesis by inducible
membrane-associated prostaglandin E2 synthase that acts in concert with
cyclooxygenase-2. J. Biol. Chem. 275, 32783–32792. doi: 10.1074/jbc.
M003505200

Murphy, D. J., Sellers, S., MacKenzie, I. Z., Yudkin, P. L., and Johnson, A. M.
(1995). Case-control study of antenatal and intrapartum risk factors for
cerebral palsy in very preterm singleton babies. Lancet 346, 1449–1454.
doi: 10.1016/s0140-6736(95)92471-x

Nakamura, K., Kaneko, T., Yamashita, Y., Hasegawa, H., Katoh, H., and
Negishi, M. (2000). Immunohistochemical localization of prostaglandin
EP3 receptor in the rat nervous system. J. Comp. Neurol. 421, 543–569.
doi: 10.1002/(sici)1096-9861(20000612)421:4<543::aid-cne6>3.0.co;2-3

Natale, R. (1980). Maternal plasma glucose concentration and fetal breathing
movements: a review. Semin. Perinatol. 4, 287–293.

Natale, R., Nasello-Paterson, C., and Connors, G. (1988). Patterns of fetal
breathing activity in the human fetus at 24 to 28 weeks of gestation. Am. J.
Obstet. Gynecol. 158, 317–321. doi: 10.1016/0002-9378(88)90146-9

Nattie, E. E., and Li, A. (2002). Substance P-saporin lesion of neurons with
NK1 receptors in one chemoreceptor site in rats decreases ventilation
and chemosensitivity. J. Physiol. 544, 603–616. doi: 10.1113/jphysiol.2002.
020032

Nitsos, I., Rees, S. M., Duncan, J., Kramer, B. W., Harding, R., Newnham, J. P.,
et al. (2006). Chronic exposure to intra-amniotic lipopolysaccharide affects the
ovine fetal brain. J. Soc. Gynecol. Investig. 13, 239–247. doi: 10.1016/j.jsgi.2006.
02.011

Nock, M. L., Difiore, J. M., Arko, M. K., and Martin, R. J. (2004). Relationship
of the ventilatory response to hypoxia with neonatal apnea in preterm infants.
J. Pediatr. 144, 291–295. doi: 10.1016/j.jpeds.2003.11.035

Olsson, A., Kayhan, G., Lagercrantz, H., and Herlenius, E. (2003). IL-1β depresses
respiration and anoxic survival via a prostaglandin-dependent pathway in
neonatal rats. Pediatr. Res. 54, 326–331. doi: 10.1203/01.pdr.0000076665.
62641.a2

Pålsson-McDermott, E. M., and O’Neill, L. A. J. (2004). Signal transduction by
the lipopolysaccharide receptor, toll-like receptor-4. Immunology 113, 153–162.
doi: 10.1111/j.1365-2567.2004.01976.x

Patrick, J., Campbell, K., Carmichael, L., Natale, R., and Richardson, B. (1980).
Patterns of human fetal breathing during the last 10 weeks of pregnancy.Obstet.
Gynecol. 56, 24–30.

Phillips, W. S., Herly, M., Del Negro, C. A., and Rekling, J. C. (2016). Organotypic
slice cultures containing the preBötzinger complex generate respiratory-like
rhythms. J. Neurophysiol. 115, 1063–1070. doi: 10.1152/jn.00904.2015

Poligone, B., and Baldwin, A. S. (2001). Positive and negative regulation of NF-κB
by COX-2: roles of different prostaglandins. J. Biol. Chem. 276, 38658–38664.
doi: 10.1074/jbc.M106599200

Polglase, G. R., Miller, S. L., Barton, S. K., Kluckow, M., Gill, A. W., Hooper, S. B.,
et al. (2014). Respiratory support for premature neonates in the delivery room:
effects on cardiovascular function and the development of brain injury. Pediatr.
Res. 75, 682–688. doi: 10.1038/pr.2014.40

Polglase, G. R., Nitsos, I., Baburamani, A. A., Crossley, K. J., Slater, M. K.,
Gill, A. W., et al. (2012). Inflammation in utero exacerbates ventilation-
induced brain injury in preterm lambs. J. Appl. Physiol. 112, 481–489.
doi: 10.1152/japplphysiol.00995.2011

Ramirez, S. C., Koschnitzky, J. E., Baertsch, N. A., Anderson, T. M., Smith, C. V.,
and Ramirez, J.-M. (2016). Disturbances in central respiratory rhythm
generationmay contribute to breathing disturbances in prematurely bornmice.
FASEB J. 30:987.4.

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 February 2018 | Volume 12 | Article 26

https://doi.org/10.1172/JCI46279
https://doi.org/10.1124/jpet.114.217372
https://doi.org/10.1016/s0140-6736(12)60560-1
https://doi.org/10.1152/japplphysiol.01301.2004
https://doi.org/10.1183/20734735.013315
https://doi.org/10.1002/glia.22951
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1097/WNP.0000000000000186
https://doi.org/10.1097/WNP.0000000000000186
https://doi.org/10.1152/ajpheart.2000.279.1.h67
https://doi.org/10.1177/0883073809338066
https://doi.org/10.1023/a:1022368915400
https://doi.org/10.1016/j.resp.2013.06.019
https://doi.org/10.1016/j.resp.2013.06.019
https://doi.org/10.1016/S1526-0542(04)90067-X
https://doi.org/10.1016/S1526-0542(04)90067-X
https://doi.org/10.1111/j.1460-9568.2008.06296.x
https://doi.org/10.1111/j.1460-9568.2008.06296.x
https://doi.org/10.1152/jappl.1998.84.3.830
https://doi.org/10.1152/jappl.1998.84.3.830
https://doi.org/10.1523/JNEUROSCI.4485-03.2004
https://doi.org/10.1038/nn1517
https://doi.org/10.1136/adc.2010.189712
https://doi.org/10.3389/fneur.2012.00145
https://doi.org/10.1016/j.tins.2014.05.001
https://doi.org/10.1523/JNEUROSCI.3040-09.2010
https://doi.org/10.3109/09513590.2010.487619
https://doi.org/10.1111/j.1440-1681.2006.04359.x
https://doi.org/10.1038/nn1357
https://doi.org/10.1074/jbc.M003505200
https://doi.org/10.1074/jbc.M003505200
https://doi.org/10.1016/s0140-6736(95)92471-x
https://doi.org/10.1002/(sici)1096-9861(20000612)421:4<543::aid-cne6>3.0.co;2-3
https://doi.org/10.1016/0002-9378(88)90146-9
https://doi.org/10.1113/jphysiol.2002.020032
https://doi.org/10.1113/jphysiol.2002.020032
https://doi.org/10.1016/j.jsgi.2006.02.011
https://doi.org/10.1016/j.jsgi.2006.02.011
https://doi.org/10.1016/j.jpeds.2003.11.035
https://doi.org/10.1203/01.pdr.0000076665.62641.a2
https://doi.org/10.1203/01.pdr.0000076665.62641.a2
https://doi.org/10.1111/j.1365-2567.2004.01976.x
https://doi.org/10.1152/jn.00904.2015
https://doi.org/10.1074/jbc.M106599200
https://doi.org/10.1038/pr.2014.40
https://doi.org/10.1152/japplphysiol.00995.2011
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Stojanovska et al. Preterm Birth/Chorioamnionitis-Brainstem Respiratory Centers

Ramirez, J. M., Schwarzacher, S. W., Pierrefiche, O., Olivera, B. M., and
Richter, D. W. (1998). Selective lesioning of the cat pre-Bötzinger complex
in vivo eliminates breathing but not gasping. J. Physiol. 507, 895–907.
doi: 10.1111/j.1469-7793.1998.895bs.x

Ricciotti, E., and FitzGerald, G. A. (2011). Prostaglandins and inflammation.
Arterioscler. Thromb. Vasc. Biol. 31, 986–1000. doi: 10.1161/ATVBAHA.
110.207449

Richerson, G. B., Wang, W., Tiwari, J., and Bradley, S. R. (2001). Chemosensitivity
of serotonergic neurons in the rostral ventral medulla. Respir. Physiol. 129,
175–189. doi: 10.1016/s0034-5687(01)00289-4

Rybak, I. A., Abdala, A. P. L., Markin, S. N., Paton, J. F. R., and Smith, J. C. (2007).
Spatial organization and state-dependent mechanisms for respiratory rhythm
and pattern generation. Prog. Brain Res. 165, 201–220. doi: 10.1016/s0079-
6123(06)65013-9

Sakamoto, K., Karelina, K., and Obrietan, K. (2011). Creb: a multifaceted regulator
of neuronal plasticity and protection. J. Neurochem. 116, 1–9. doi: 10.1111/j.
1471-4159.2010.07080.x

Shalak, L. F., Laptook, A. R., Jafri, H. S., Ramilo, O., and Perlman, J. M. (2002).
Clinical chorioamnionitis, elevated cytokines, and brain injury in term infants.
Pediatrics 110, 673–680. doi: 10.1542/peds.110.4.673

Shao, X. M., and Feldman, J. L. (2009). Central cholinergic regulation
of respiration: nicotinic receptors. Acta Pharmacol. Sin. 30, 761–770.
doi: 10.1038/aps.2009.88

Shatrov, J. G., Birch, S. C., Lam, L. T., Quinlivan, J. A., McIntyre, S., and
Mendz, G. L. (2010). Chorioamnionitis and cerebral palsy: a meta-analysis.
Obstet. Gynecol. 116, 387–392. doi: 10.1097/AOG.0b013e3181e90046

Shi, J., Johansson, J.,Woodling, N. S.,Wang, Q.,Montine, T. J., andAndreasson, K.
(2010). The prostaglandin E2 EP4 receptor exerts anti-inflammatory effects in
brain innate immunity. J. Immunol. 184, 7207–7218. doi: 10.4049/jimmunol.
0903487

Shie, F. S., Montine, K. S., Breyer, R. M., and Montine, T. J. (2005). Microglial
EP2 is critical to neurotoxicity from activated cerebral innate immunity. Glia
52, 70–77. doi: 10.1002/glia.20220

Shimamura, M., Zhou, P., Casolla, B., Qian, L., Capone, C., Kurinami, H., et al.
(2013). Prostaglandin E2 type 1 receptors contribute to neuronal apoptosis
after transient forebrain ischemia. J. Cereb. Blood Flow Metab. 33, 1207–1214.
doi: 10.1038/jcbfm.2013.69

Shvarev, Y. N., Lagercrantz, H., and Yamamoto, Y. (2002). Biphasic effects
of substance p on respiratory activity and respiration-related neurones in
ventrolateral medulla in the neonatal rat brainstem in vitro.Acta Physiol. Scand.
174, 67–84. doi: 10.1046/j.1365-201x.2002.00926.x

Siljehav, V., Shvarev, Y., and Herlenius, E. (2014). Il-1β and prostaglandin
E2 attenuate the hypercapnic as well as the hypoxic respiratory response
via prostaglandin E receptor type 3 in neonatal mice. J. Appl. Physiol. 117,
1027–1036. doi: 10.1152/japplphysiol.00542.2014

Simmons, D. L., Botting, R. M., and Hla, T. (2004). Cyclooxygenase isozymes: the
biology of prostaglandin synthesis and inhibition. Pharmacol. Rev. 56, 387–437.
doi: 10.1124/pr.56.3.3

Simonsen, K. A., Anderson-Berry, A. L., Delair, S. F., and Davies, H. D. (2014).
Early-onset neonatal sepsis. Clin. Microbiol. Rev. 27, 21–47. doi: 10.1128/CMR.
00031-13

Smith, J. C., Abdala, A. P. L., Borgmann, A., Rybak, I. A., and Paton, J. F. R.
(2013). Brainstem respiratory networks: building blocks and microcircuits.
Trends Neurosci. 36, 152–162. doi: 10.1016/j.tins.2012.11.004

Smith, J. C., Abdala, A. P., Koizumi, H., Rybak, I. A., and Paton, J. F. (2007). Spatial
and functional architecture of the mammalian brain stem respiratory network:
a hierarchy of three oscillatory mechanisms. J. Neurophysiol. 98, 3370–3387.
doi: 10.1152/jn.00985.2007

Smith, J. C., Abdala, A. P. L., Rybak, I. A., and Paton, J. F. R. (2009). Structural and
functional architecture of respiratory networks in the mammalian brainstem.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 2577–2587. doi: 10.1098/rstb.2009.
0081

Smith, J. C., Ellenberger, H. H., Ballanyi, K., Richter, D. W., and Feldman, J. L.
(1991). Pre-Bötzinger complex: a brainstem region that may generate
respiratory rhythm in mammals. Science 254, 726–729. doi: 10.1126/science.
1683005

Smith, C. A., Rodman, J. R., Chenuel, B. J., Henderson, K. S., and Dempsey, J. A.
(2006). Response time and sensitivity of the ventilatory response to CO2 in

unanesthetized intact dogs: central vs. peripheral chemoreceptors. J. Appl.
Physiol. (1985) 100, 13–19. doi: 10.1152/japplphysiol.00926.2005

Speer, C. P. (2006). Inflammation and bronchopulmonary dysplasia: a continuing
story. Semin. Fetal Neonatal Med. 11, 354–362. doi: 10.1016/j.siny.2006.
03.004

Stock, C., Teyssier, G., Pichot, V., Goffaux, P., Barthelemy, J. C., and Patural, H.
(2010). Autonomic dysfunction with early respiratory syncytial virus-related
infection. Auton. Neurosci. 156, 90–95. doi: 10.1016/j.autneu.2010.03.012

Stokowski, L. A. (2005). A primer on Apnea of prematurity. Adv. Neonatal Care 5,
155–170; quiz 171–174. doi: 10.1016/j.adnc.2005.03.001

Stornetta, R. L. (2008). Identification of neurotransmitters and co-localization of
transmitters in brainstem respiratory neurons. Respir. Physiol. Neurobiol. 164,
18–27. doi: 10.1016/j.resp.2008.07.024

Stornetta, R. L., Moreira, T. S., Takakura, A. C., Kang, B. J., Chang, D. A.,
West, G. H., et al. (2006). Expression of Phox2b by brainstem neurons involved
in chemosensory integration in the adult rat. J. Neurosci. 26, 10305–10314.
doi: 10.1523/JNEUROSCI.2917-06.2006

Strunk, T., Inder, T., Wang, X., Burgner, D., Mallard, C., and Levy, O. (2014).
Infection-induced inflammation and cerebral injury in preterm infants. Lancet
Infect. Dis. 14, 751–762. doi: 10.1016/S1473-3099(14)70710-8

Surbek, D., Drack, G., Irion, O., Nelle, M., Huang, D., and Hoesli, I. (2012).
Antenatal corticosteroids for fetal lung maturation in threatened preterm
delivery: indications and administration. Arch. Gynecol. Obstet. 286, 277–281.
doi: 10.1007/s00404-012-2339-x

Sweeney, E. L., Kallapur, S. G., Gisslen, T., Lambers, D. S., Chougnet, C. A.,
Stephenson, S. A., et al. (2016). Placental infection with ureaplasma species
is associated with histologic chorioamnionitis and adverse outcomes in
moderately preterm and late-preterm infants. J. Infect. Dis. 213, 1340–1347.
doi: 10.1093/infdis/jiv587

Tak, P. P., and Firestein, G. S. (2001). NF-κB: a key role in inflammatory diseases.
J. Clin. Invest. 107, 7–11. doi: 10.1172/JCI11830

Takakura, A. C., Moreira, T. S., Colombari, E., West, G. H., Stornetta, R. L.,
and Guyenet, P. G. (2006). Peripheral chemoreceptor inputs to retrotrapezoid
nucleus (RTN) CO2-sensitive neurons in rats. J. Physiol. 572, 503–523.
doi: 10.1113/jphysiol.2005.103788

Taniguchi, H., Anacker, C., Suarez-Mier, G. B., Wang, Q., and Andreasson, K.
(2011). Function of prostaglandin E2EP receptors in the acute outcome
of rodent hypoxic ischemic encephalopathy. Neurosci. Lett. 504, 185–190.
doi: 10.1016/j.neulet.2011.09.005

Taniguchi, H., Anacker, C., Wang, Q., and Andreasson, K. (2014). Protection by
vascular prostaglandin E2 signaling in hypoxic ischemic encephalopathy. Exp.
Neurol. 255, 30–37. doi: 10.1016/j.expneurol.2014.02.012

Tapia, I. E., Shults, J., Doyle, L. W., Nixon, G. M., Cielo, C. M., Traylor, J.,
et al. (2016). Perinatal risk factors associated with the obstructive sleep
apnea syndrome in school-aged children born preterm. Sleep 39, 737–742.
doi: 10.5665/sleep.5618

Trudinger, B. J., and Knight, P. C. (1980). Fetal age and patterns of
human fetal breathing movements. Am. J. Obstet. Gynecol. 137, 724–728.
doi: 10.1016/s0002-9378(15)33249-x

Vereyken, E. J., Bajova, H., Chow, S., de Graan, P. N., and Gruol, D. L. (2007).
Chronic interleukin-6 alters the level of synaptic proteins in hippocampus in
culture and in vivo. Eur. J. Neurosci. 25, 3605–3616. doi: 10.1111/j.1460-9568.
2007.05615.x

Vezzani, A., and Viviani, B. (2015). Neuromodulatory properties of inflammatory
cytokines and their impact on neuronal excitability. Neuropharmacology 96,
70–82. doi: 10.1016/j.neuropharm.2014.10.027

Viscardi, R. M. (2010). Ureaplasma species: role in diseases of prematurity. Clin.
Perinatol. 37, 393–409. doi: 10.1016/j.clp.2009.12.003

Viviani, B., Bartesaghi, S., Gardoni, F., Vezzani, A., Behrens, M. M., Bartfai, T.,
et al. (2003). Interleukin-1β enhances NMDA receptor-mediated intracellular
calcium increase through activation of the src family of kinases. J. Neurosci. 23,
8692–8700.

Wang, S., Cheng, Q., Malik, S., and Yang, J. (2000). Interleukin-1β inhibits
γ-aminobutyric acid type A (GABAA) receptor current in cultured
hippocampal neurons. J. Pharmacol. Exp. Ther. 292, 497–504.

Wang, X. C., Qiu, Y. H., and Peng, Y. P. (2007). Interleukin-6 protects cerebellar
granule neurons from NMDA-induced neurotoxicity. Sheng Li Xue Bao 59,
150–156.

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 February 2018 | Volume 12 | Article 26

https://doi.org/10.1111/j.1469-7793.1998.895bs.x
https://doi.org/10.1161/ATVBAHA.110.207449
https://doi.org/10.1161/ATVBAHA.110.207449
https://doi.org/10.1016/s0034-5687(01)00289-4
https://doi.org/10.1016/s0079-6123(06)65013-9
https://doi.org/10.1016/s0079-6123(06)65013-9
https://doi.org/10.1111/j.1471-4159.2010.07080.x
https://doi.org/10.1111/j.1471-4159.2010.07080.x
https://doi.org/10.1542/peds.110.4.673
https://doi.org/10.1038/aps.2009.88
https://doi.org/10.1097/AOG.0b013e3181e90046
https://doi.org/10.4049/jimmunol.0903487
https://doi.org/10.4049/jimmunol.0903487
https://doi.org/10.1002/glia.20220
https://doi.org/10.1038/jcbfm.2013.69
https://doi.org/10.1046/j.1365-201x.2002.00926.x
https://doi.org/10.1152/japplphysiol.00542.2014
https://doi.org/10.1124/pr.56.3.3
https://doi.org/10.1128/CMR.00031-13
https://doi.org/10.1128/CMR.00031-13
https://doi.org/10.1016/j.tins.2012.11.004
https://doi.org/10.1152/jn.00985.2007
https://doi.org/10.1098/rstb.2009.0081
https://doi.org/10.1098/rstb.2009.0081
https://doi.org/10.1126/science.1683005
https://doi.org/10.1126/science.1683005
https://doi.org/10.1152/japplphysiol.00926.2005
https://doi.org/10.1016/j.siny.2006.03.004
https://doi.org/10.1016/j.siny.2006.03.004
https://doi.org/10.1016/j.autneu.2010.03.012
https://doi.org/10.1016/j.adnc.2005.03.001
https://doi.org/10.1016/j.resp.2008.07.024
https://doi.org/10.1523/JNEUROSCI.2917-06.2006
https://doi.org/10.1016/S1473-3099(14)70710-8
https://doi.org/10.1007/s00404-012-2339-x
https://doi.org/10.1093/infdis/jiv587
https://doi.org/10.1172/JCI11830
https://doi.org/10.1113/jphysiol.2005.103788
https://doi.org/10.1016/j.neulet.2011.09.005
https://doi.org/10.1016/j.expneurol.2014.02.012
https://doi.org/10.5665/sleep.5618
https://doi.org/10.1016/s0002-9378(15)33249-x
https://doi.org/10.1111/j.1460-9568.2007.05615.x
https://doi.org/10.1111/j.1460-9568.2007.05615.x
https://doi.org/10.1016/j.neuropharm.2014.10.027
https://doi.org/10.1016/j.clp.2009.12.003
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Stojanovska et al. Preterm Birth/Chorioamnionitis-Brainstem Respiratory Centers

Weber, M. A., Klein, N. J., Hartley, J. C., Lock, P. E., Malone, M., and Sebire, N. J.
(2008). Infection and sudden unexpected death in infancy: a systematic
retrospective case review. Lancet 371, 1848–1853. doi: 10.1016/S0140-
6736(08)60798-9

WHO. (2012). Born Too Soon: The Global Action Report on Preterm Birth.Geneva:
World Health Organization.

Wong-Riley, M. T. T., and Liu, Q. (2005). Neurochemical development of brain
stem nuclei involved in the control of respiration. Respir. Physiol. Neurobiol.
149, 83–98. doi: 10.1016/j.resp.2005.01.011

Wong-Riley, M. T. T., and Liu, Q. (2008). Neurochemical and physiological
correlates of a critical period of respiratory development in the rat. Respir.
Physiol. Neurobiol. 164, 28–37. doi: 10.1016/j.resp.2008.04.014

Wu, Y.W. (2002). Systematic review of chorioamnionitis and cerebral palsy.Ment.
Retard. Dev. Disabil. Res. Rev. 8, 25–29. doi: 10.1002/mrdd.10003

Wu, Y. W., Escobar, G. J., Grether, J. K., Croen, L. A., Greene, J. D., and
Newman, T. B. (2003). Chorioamnionitis and cerebral palsy in term and
near-term infants. JAMA 290, 2677–2684. doi: 10.1001/jama.290.20.2677

Yang, G., Dong, W. H., Hu, C. L., and Mei, Y. A. (2015). PGE2 modulates
GABAA receptors via an EP1 receptor-mediated signaling pathway. Cell.
Physiol. Biochem. 36, 1699–1711. doi: 10.1159/000430143

Yang, L., Sameshima, H., Yamaguchi, M., and Ikenoue, T. (2005). Expression of
inducible nitric oxide synthase and cyclooxygenase-2 mRNA in brain damage
induced by lipopolysaccharide and intermittent hypoxia-ischemia in neonatal
rats. J. Obstet. Gynaecol. Res. 31, 185–191. doi: 10.1111/j.1341-8076.2005.
00266.x

Yanowitz, T. D., Jordan, J. A., Gilmour, C. H., Towbin, R., Bowen, A.,
Roberts, J. M., et al. (2002). Hemodynamic disturbances in premature
infants born after chorioamnionitis: association with cord blood cytokine
concentrations. Pediatr. Res. 51, 310–316. doi: 10.1203/00006450-200203000-
00008

Yoon, B. H., Romero, R., Park, J. S., Kim, C. J., Kim, S. H., Choi, J. H., et al.
(2000). Fetal exposure to an intra-amniotic inflammation and the development

of cerebral palsy at the age of three years. Am. J. Obstet. Gynecol. 182, 675–681.
doi: 10.1067/mob.2000.104207

Zhang, Y. H., Lu, J., Elmquist, J. K., and Saper, C. B. (2000). Lipopolysaccharide
activates specific populations of hypothalamic and brainstem neurons that
project to the spinal cord. J. Neurosci. 20, 6578–6586.

Zhang, J., and Rivest, S. (1999). Distribution, regulation and colocalization of
the genes encoding the EP2- and EP4-PGE2 receptors in the rat brain and
neuronal responses to systemic inflammation. Eur. J. Neurosci. 11, 2651–2668.
doi: 10.1046/j.1460-9568.1999.00682.x

Zhang, J., and Rivest, S. (2000). A functional analysis of EP4 receptor-
expressing neurons in mediating the action of prostaglandin E2 within
specific nuclei of the brain in response to circulating interleukin-1β.
J. Neurochem. 74, 2134–2145. doi: 10.1046/j.1471-4159.2000.074
2134.x

Zhao, J., Gonzalez, F., and Mu, D. (2011). Apnea of prematurity: from cause
to treatment. Eur. J. Pediatr. 170, 1097–1105. doi: 10.1007/s00431-011-
1409-6

Zoccal, D. B., Furuya, W. I., Bassi, M., Colombari, D. S., and Colombari, E.
(2014). The nucleus of the solitary tract and the coordination of respiratory
and sympathetic activities. Front. Physiol. 5:238. doi: 10.3389/fphys.2014.00238

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Stojanovska, Miller, Hooper and Polglase. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 February 2018 | Volume 12 | Article 26

https://doi.org/10.1016/S0140-6736(08)60798-9
https://doi.org/10.1016/S0140-6736(08)60798-9
https://doi.org/10.1016/j.resp.2005.01.011
https://doi.org/10.1016/j.resp.2008.04.014
https://doi.org/10.1002/mrdd.10003
https://doi.org/10.1001/jama.290.20.2677
https://doi.org/10.1159/000430143
https://doi.org/10.1111/j.1341-8076.2005.00266.x
https://doi.org/10.1111/j.1341-8076.2005.00266.x
https://doi.org/10.1203/00006450-200203000-00008
https://doi.org/10.1203/00006450-200203000-00008
https://doi.org/10.1067/mob.2000.104207
https://doi.org/10.1046/j.1460-9568.1999.00682.x
https://doi.org/10.1046/j.1471-4159.2000.0742134.x
https://doi.org/10.1046/j.1471-4159.2000.0742134.x
https://doi.org/10.1007/s00431-011-1409-6
https://doi.org/10.1007/s00431-011-1409-6
https://doi.org/10.3389/fphys.2014.00238
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	The Consequences of Preterm Birth and Chorioamnionitis on Brainstem Respiratory Centers: Implications for Neurochemical Development and Altered Functions by Inflammation and Prostaglandins
	INTRODUCTION
	NEURAL CONTROL OF RESPIRATION
	Pontine Respiratory Centers
	Medullary Respiratory Centers

	FETAL BREATHING MOVEMENTS
	PRETERM BIRTH: POTENTIAL EFFECTS ON NEUROCHEMICAL DEVELOPMENT IN THE BRAINSTEM AND RESPIRATORY-RELATED ACTIVITY
	CHORIOAMNIONITIS
	Mechanisms of Chorioamnionitis and Brainstem Function
	Inflammatory Cytokines and Effects on the Brainstem
	Prostaglandins and Effects on the Brainstem


	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


