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FIGURE 4 | Amino acid sequence alignment of innexin molecules expressing in the antenna of Camponotus japonicus. Subtypes of innexin expressing in C. japonicus

antennae (CjapInx1, CjapInx2, CjapInx3, CjapInx7, CjapInx8) are compared with each other and with Bombyx innexins in amino acid sequence. A sequence used as

an epitope for immunohistostaining is highlighted.
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Using anti-CjapInx3 antiserum, we localized this innexin
subtype in the antennae of C. japonicus. Totally, 19 sensilla
were examined, however 10 of them were useless; 6 were
inconveniently oriented and 4 had no dendritic processes in
empty sensillar shafts. Consequently, 9 sensilla, which were
precisely observed, exhibited inside staining with anti-CjapInx3
antiserum. Three of them and one control are shown as the
supplementary material (Supplementary Figures 1A–C), and
the representative images of test and control are shown in
Figure 5. Figure 5A shows the representative high resolution
immunohistostaining images of S. basiconica using anti-
CjapInx3 antiserum; Left, differential interference image;
Right, fluorescence image. Figure 5B shows the representative
high resolution immunohistostaining images using pre-
immune serum; Left, differential interference image; Right,
fluorescence image. In Figure 5A Right, fine fluorescent spots
were distributed in the proximal half of the sensillar shaft but not
in the distal half. Figure 5C shows a 6-µm thick cross-sectional
view of the S. basiconica. The dotted staining is found only
inside of the sensillum (the inner perimeter of the sensillar
cuticle wall is traced with a broken line), which implies that
CjapInx3 is localized inside the proximal half of the S. basiconica.
Conversely, Figure 5B Right, a control image hardly exhibits
such fine fluorescent dotted staining as Figure 5A Right.
Relatively strong fluorescent signals (arrowheads in Figure 5A

Right) were sometimes seen on the outer surface of the sensillum
even in the distal half (see Supplementary Figures 1A–C). Those
signals are presumed to be unavoidable and non-specific (see
section Materials and Methods). Nevertheless, by investigating
every fluorescent image data with NIS elements AR software
(Nikon Corporation, Tokyo, Japan) to get all directional optical
view, we could suggest that specific signals exist in the sensillar
lumen of all nine test sensilla. Such inside signals appeared
more proximal than 11.84 ± 0.99µm (average ± standard error,
n = 9) from the top of the sensillum. In the representative
immunohistostaining data shown in Figure 5A Right, we
succeeded to measure fluorescence intensity distribution of the
inside signal along the longitudinal axis of the sensillar shaft (see
Supplementary Figure 1).

We also confirmed that the anti-CjapInx3 antiserum used
for immunohistostaining labeled a band of 37 kDa apparent
molecular mass in the western blot of antennal proteins
(arrowhead in Figure 5D). Another labeled band of a higher
molecular mass may correspond to the dimeric CjapInx3 (double
arrowheads in Figure 5D). The pre-immune serum yielded no
labeling. Given the above immunohistostaining results and this
western blotting data (Figures 5A Right, 5D), we estimated that
CjapInx3 is localized inside of the S. basiconica, overlapping the
area occupied by the dendritic processes.

Distribution of “Beads” of Dendritic
Processes
Using the morphological data obtained via SBF-SEM (Figure 1),
we enumerated all the beads in the beaded-structures of the 102
dendritic processes, identifying every adhesion region between
cell membranes. In the observed range, 388 beads and 696

FIGURE 5 | Immunohistostaining for CjapInx3 in the Sensilla basiconica.

(A) Differential interference image (Left) and fluorescence image of the

longitudinal section of test sensillum treated with anti-CjapInx3 antiserum

(Right). (C) A fluorescence image of the cross section of the test sensillum.

Inner perimeter of the sensillar cuticle wall is traced with broken line.

(B) Differential interference image (Left) and fluorescence image of the

longitudinal section of control sensillum treated with pre-immune serum

(Right). Bars indicate 5µm. (D) Western blot of the C. japonicus antennal

proteins with anti-CjapInx3 antiserum used for the immunohistostaining.

Arrowhead and double arrowhead indicate monomeric and dimeric CjapInx3.

adhesion regions were enumerated. In Figure 6A, the 102 vertical
lines with dots indicate the dendritic processes with beads.
The number by the dot indicates how many adhesion regions
occur at the corresponding bead. The axis of the ordinates
in Figures 6A and 6B indicates the regional level along the
sensillar shaft as the distance from the outer surface level of
the antennal cuticle. In Figure 6B, each dot corresponds to a
bead distributed on the dendritic process, which is represented
by the axis of the ordinate, while the axis of the abscissa
indicates the number of adhesion regions at each bead. Thus, the
distribution of the number of adhesion regions has two peaks,
distal, and proximal, from the outer surface of the antennal
cuticle. However, around the level of the basal socket, at a
slightly distal level from the outer surface of the antennal cuticle,
there are a small number of beads having no or a few adhesion
regions. The distal and proximal peaks include 191 and 505
adhesion regions, respectively. When the fluorescence intensity
distribution plot based on an immunohistostaining data using
anti-CjapInx antiserum (Figure 5A Right) is superimposed on
Figure 6B, both distributions indicating localization of CjapInx3
and appearance of beaded-structure are similar to each other,
showing the distal peak, middle trough, and rising to the
proximal peak (Supplementary Figure 1F). Figure 6C shows
that every dendritic process has 1–7 beads, and the mean number
of beads is four. Ninety-five of the 388 beads had no adhesion
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regions, but the remaining had 1–12 adhesion regions, as shown
in Figure 6D. Every dendritic process is adjacent to 3–17 other
dendritic processes. as shown in Figure 6E.

Simplified Mathematical Model for Electric
Connections Among Dendritic Processes
As a simplified model, we first hypothesized that a set of
cables (#1–10) corresponding to 10 dendritic processes existing
in parallel, not three dimensionally like inside a sensillum,
but two-dimensionally (see left columns in Figures 7 and 8).
The cables were hypothesized to have lateral connections to
neighboring cable(s) via GJs. Using a system of ordinary
differential equations (A1)–(A3) based on cable theory (see
Appendix), we computed the direction of propagation of the
current in our compartment model described in the Materials
and Methods section. When we give input current to the most
distal compartments of a limited number of cables, the inward
current will passively propagate along the stimulated cables and
the electrically connected neighboring cables. The most proximal
compartment can generate impulses, only when the inward
current is larger than a threshold at the impulse generating
site. Such a large inward current, even if it propagates also to
the neighboring cables via electric connections, evokes impulse
generating activity. In cases where no impulse appears, the
inward current decreases to less than the threshold during passive
propagation. Whereas in cases where impulses are generated
at the most proximal compartment, back propagating firing of
impulse discharge from the most proximal compartment occurs
at different passive compartments along the concerned cables.

In Figure 7, we show different results in accordance with
the location of the connections among cables via electric
connections. More precisely, if there is no electric connection
at all (see control of Figures 7,8), the external input current
given in 7 cables independently contributes to the appearance
of impulses in each of the 7 cables, as shown in the top row
of Figure 7. However, if there are electric connections at the
distal and middle levels in the second and third rows of Figure 7
(electric connections at the distal and middle levels, respectively),
the impulses completely disappear, even if the amplitude of the
input current is exactly the same as that of the control and
the input current should evokes the same change in membrane
potential as the control, because the inward current reaching
the impulse generating site of each concerned cable is under
the threshold level. Moreover, if the cables are connected at
the proximal level (close to the impulse generation site at the
basement of the dendritic processes or near soma, i.e., active
compartment), then the number of cables generating impulses
at their active compartments increases to 9. We also examined
a different situation by decreasing the amplitude of the input
current. Figure 8 shows such an amplitude that no impulse
appears even if connections do exist among cables, whereas if
there are no connections among cables in control, impulses are
still observed in the 7 cables with the input current.

We further examined the similar 2D simulation to Figure 7

but with 20 cables (#1–20), seven of which are stimulated
(Figure 9). Then, impulse generation is depressed with electric

connections at the distal (two of 20 cables generate impulses)
or middle level (three of 20 cables generate impulses). If the
cables are connected at the proximal level, however, the number
of cables generating impulses at their active compartments
increases to 8 including a cable that has no direct input. Given
these simulations hypothesizing ORN clusters formed by the
dendritic network, we suggest in such ORN clusters that electric
connections at distal or middle level will decrease, and that
those at proximal will increase the number of cables generating
impulses at their active compartments. Thus, the ORN clustering
by electric connection along dendritic processes can differently
modulate the total responsiveness of a sensillum possessing
multiple ORNs.

DISCUSSION

Filtration or Modification of Olfactory
Information
The S. basiconica on the antenna of ants is a small but
complicated chemosensory unit. Its complexity is dependent
on the repertoire of related OR genes belonging to the 9-exon
subfamily (Engsontia et al., 2015; Zhou et al., 2015; McKenzie
et al., 2016; Pask et al., 2017; Slone et al., 2017), which are
expressed in the S. basiconica ORNs projecting the same number
of glomeruli in a specific antennal lobe region called T6 (Zube
et al., 2008; Kelber et al., 2010; Nakanishi et al., 2010; Nishikawa
et al., 2012; Kropf et al., 2014; McKenzie et al., 2016; Couto
et al., 2017). Olfactory information from S. basiconica, when
sent to the higher brain, is further processed or memorized and
contribute to regulation of behaviors, some of which may be
cast- or sex-specific (Zube and Rosslea, 2008; Brandstaetter and
Kleineidam, 2011; Brandstaetter et al., 2011; Nishikawa et al.,
2012). In this stream, olfactory information of nestmate CHCs
as well as non-nestmate CHCs, when sent to the higher brain
via antennal lobe, would be memorized. Then the memory
of the nestmate odor could be updated as the nestmate CHC
pattern is gradually changed and thereby used as a template for
the nestmate recognition (Brandstaetter and Kleineidam, 2011;
Brandstaetter et al., 2011; Nishikawa et al., 2012; Ozaki and
Hefetz, 2014).

In addition, a possibility of filtration or modification of
olfactory information at the peripheral level is considered in
the present paper. In the peripheral system of S. basiconica
in C. japonicus, indeed, more than 100 dendritic processes
extended into the cuticular shaft (Ozaki et al., 2005). One of
our unexpected findings regarding the fine structure of the
sensillum was the cell-free space occupying the distal half of
the inside cavity beneath the olfactory pores (Figure 1 A). This
space is filled with sensillar lymph dissolving CjapCSP (Ozaki
et al., 2005; Hojo et al., 2015). Although this space is open
to outer environmental chemicals through olfactory pores, the
aquatic sensillar lymph surrounding the receptor membranes
prevents lipophilic chemicals from freely diffusing to the receptor
membranes. However, CjapCSP, a carrier protein for lipophilic
compounds like CHCs, allows them to reach the receptor
membranes. Thus, this space may function as the first filter for
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FIGURE 6 | Schematic diagram of beaded-structures in the dendritic processes of ORNs and the bead distribution within a Sensilla basiconica. Based on the

SBF-SEM images in Figure 1, beady sites and putative GJ regions on them were counted by hands. (A) Schematic image of beaded-structures on all of 102

dendritic processes of the ORNs within an s. basiconica. (B) Distribution of beady sites along the dendritic processes with the number of adhesion regions as putative

GJs at every bead. (C) Distribution of the dendritic processes in the number of beads per process. (D) Distribution of the beads in the number of adhesion regions per

bead. (E) Distribution of the dendritic processes in the number of adjacent processes per process.

stimulus chemicals. There were no structural passages crossing
the sensillar lymph to the receptor membranes, like the pore
tubules reported in sex pheromone-sensitive sensilla of moths
(Steinbrecht, 1999). Hence, CHC-CjapCSP complexes can only

reach the receptor membranes by diffusion migration. The body
surfaces of worker ants, including the antennae, are covered
with colony-specific CHC blends that play a role in nestmate
recognition (Wang et al., 2016). Hojo et al. (2015) in their
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FIGURE 7 | Simplified model and functional simulation with a strong stimulation. Simulation results using multi-compartment model consisting of ten cables with

mutual connections via GJs. Left, Network structure used in simulations. Four cases with different patterns of GJs are considered (no GJs, GJs at distal, middle, and

proximal levels). Horizontal broken lines in network structure indicate electric connections between different cables via GJs. Red and blue dots indicate cables being

given inputs and generating impulse outputs, respectively. Right, Spatiotemporal responses obtained from simulation. Each row shows time courses of membrane

potentials for corresponding network structure. Membrane responses at 10 different compartments in each cable are shown by colored solid lines in each subfigure.

Ten differently colored solid lines (orange, yellow, chartreuse, green, cyan, azure, blue, purple, pink, and red line) show time courses of membrane potentials at

corresponding compartments (compartments 1–10), respectively. Namely, orange line corresponds to the compartment at the most distal level where input is given,

while red line corresponds to the compartment at the most proximal level where impulse generating mechanism is assumed.

FIGURE 8 | Simplified model and functional simulation with a weak stimulation. Simulation results for the small amplitude of input current in the same model as

Figure 7.

paper on RNAseq analysis in the antenna of C. japonicus showed
that there are at least two different CSPs in S. basiconica and
suggested that they have different function for carrying different

ligands within a sensillum. This may be concerned with subtype
formation and complex or multifunctional sensory mechanism
in the S. basiconica.
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FIGURE 9 | Simplified model with double number of cables and functional simulation with a strong stimulation. Simulation results using multi-compartment model

consisting of 20 cables with mutual connections via GJs. Four cases with different patterns of GJs are considered in the same model as Figure 7. The stimulation

with the same amplitude as in Figure 7 is applied.

Since CHCs can penetrate the cell-free space of S. basiconica
through olfactory pores, self-CHCs in complex forms with
CjapCSP should always be present in the same ratio as that on the
antennae (see Supplemental Material of Ozaki et al., 2005), which
could desensitize a portion of ORNs or their receptor membranes
to self-CHC components in a CHC composition ratio dependent
manner. According to a putative explanation by Ozaki et al.
(2005) and Ozaki and Hefetz (2014), the ORNs responsible
for reception of self-CHC components are desensitized more
strongly than other ORNs within S. basiconica. Thus, the cell-
free space may function as a second filter, allowing the passage of
hetero-specific or non-nestmate CHC information by olfactory
signal transduction more efficiently than that of nestmate CHCs
or self-CHCs.

Moreover, we proposed electric connections among dendritic
processes probably via GJs in the S. basiconica of C. japonicus,
which may be involved in olfactory information modification
in this type of sensillum. In fact, we lack direct evidence
by electrophysiological experiments or dye coupling between
neighboring ORNs because of technical difficulty in handling
ORNs in the small cuticular apparatus of insect sensillum.
However, our collected morphological data (Figures 1-3, 5)
support the existence of the micro-network within the S.
basiconica; Figure 1 shows the overall shape of the 102
dendritic processes in a bundle of characteristic beaded
strings; Figures 2 and 3 indicate a 2D image and 3D
surface model of adhesion between membranes of dendritic
processes at the beads, respectively, and Figure 5 together with
Supplementary Figure 1 suggests that CjapInx3 localizes in the
proximal half of the sensillar cavity of S. basiconica, showing
the consistent distribution with the beady site localization
overlapping the dendritic process extensions (Figure 6B).

As for the innexin expression in the C. japonicus antennae,
Hojo et al. (2015) reported that there are 4 other types of innexin

than CjapInx3 (Figure 4). We have not successfully constructed
specific antibodies against all of them, but against CjapInx2,
CjapInx3 and CjapInx8, and have got some immuno-cytological
data that can preliminarily suggest that CjapInx2 and CjapInx8
localize to other regions than the inside of the sensillar shaft in
the S. basiconica, to which CjapInx3 seems to localize (Figure 5
and Supplementary Figure 1). As the cellular components in
the inside cavity of the sensillar shaft, there are only dendritic
processes of the ORNs without any supportive cells, which
surround the cell bodies of ORNs at the basement of the sensillum
under the antennal cuticular layer (Figures 1-3). Moreover,
there are few intracellular membranous structures except for
invaginations of cell membranes of the dendritic processes. As
the visible intracellular structures, there are many microtubules
along the dendritic processes and connective cilia at the basement
(Figure 1). There might be vesicles for membrane turnover,
but they were not frequently seen. Therefore, we suppose
that membranous proteins like innexin, if immunohistologically
detected inside of the sensillar shaft, probably locate on the cell
membranes of the dendritic processes.

To convince that CjapInx3 is localized to the beaded-
structures on the dendritic processes within a S. basiconica of
C. japonicus and that it forms GJs, further immunohistological
investigation at the electron microscopic level and functional
studies of electrophysiology are required. However, given
the structural evidence for apposed membranes, one could
say that structural data suggests GJs could play a role
and modeling demonstrates some potential implications
of coupling. A simple but essential mathematical model
(Figures 7, 8) suggested that such a micro-network of
connecting multiple cables mimicking dendritic processes
might function as a stronger-input-spread (Figure 7)
or weaker-input-cut filter (Figure 8) under particular
conditions.
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Putative Function of Micro-Network in
S. basiconica Suggested by Mathematical
Simulation
The beading of dendritic processes itself is a phenomenon also
reported in the sex pheromone-sensitive sensilla of moths (Keil,
1984a,b, 1989). Furthermore, it has been directly observed under
a light microscope that beads occur and even move on living
dendritic process (Williams, 1988). Therefore, the possibility of
beading being a fixation artifact has already been ruled out.
However, the biological function of beads remains elusive. No
one has proposed its potential role for network communication
among ORNs in any species. Nevertheless, our study animal was
different and the investigated sensillum, namely S. basiconica of
ants, is a much more complicated olfactory sensory unit than a
sex pheromone-sensitive sensillum of moths. Previous findings
of beaded-structures along the dendritic processes were not on
such a large scale as the S. basiconica in C. japonicus. Thus, the
present paper is the first report taking up the beaded-structure
that may be involved in modification of olfactory dependent
neuronal/behavioral responses.

Considering putative role of the beaded structures on the
nestmate and non-nestmate discrimination of ant, mathematical
simulation mimicking dendritic processes, which can function
as a stronger-input-spread (Figure 7) or weaker-input-cut filter
(Figure 8), is suggestive. As mentioned above, it could be
supposed that ORNs in the S. basiconica are exposed to self-
CHCs continuously secreted on the antennal cuticle surface, and
thus the ORNs might be more strongly desensitized to nestmate
CHCs than to non-nestmate CHCs. Because of the difference
in desensitization effect, input current evoked by nestmate
CHCs was expected be weaker than that by non-nestmate
CHCs. Moreover, in our micro-network structure simulation,
weaker input current like a desensitized input current evoked by
nestmate CHCs tends to result in decreased chance of impulse
generation in any concerned dendritic processes as shown in
Figure 8, whereas less-desensitized or stronger input current
tends to result in increased chance of impulse generation as
shown in Figure 7. Our mathematical model can result thus the
function, only when the parallel cables mimicking the dendritic
processes are connected at the proximal level close to the impulse
generation site. Less-desensitized or stronger input current like
receptor currents generated by the non-nestmate CHCs can
still trigger impulses not only in directly stimulated ORNs
but also in neighboring ORNs (Figure 7). By contrast, weaker
input in previously desensitized ORNs, after being divided
into neighboring ORNs, is reduced under the threshold in all
concerning ORNs. However, as was reported by Brandstaetter
and Kleineidam (2011), nestmate CHCs still activated the AL
glomeruli, this kind of peripheral filtration would not completely
function, when the nestmate CHC stimulation quantitatively
overcame desensitization to the self-CHCs. However, such a
stronger-input-spread or weaker-input-cut filter, when combined
with the desensitization mechanism in sensory system, could be
useful for sensitive detection of unusual or novel odors.

In the present study, we precisely enumerated the number
of putative adhesion regions between dendritic processes in an

S. basiconica and showed their distribution along all dendritic
processes (Figure 6). In that sample, there were indeed a small
number of adhesion regions at the level of the outer surface of
the antennal cuticle. In contrast, a larger number of adhesion
regions, as many as 505, were enumerated in the proximal
part and as many as 191 in the distal part. Moreover, as
shown in Supplementary Figure 1F, the distribution pattern
of adhesion regions (Figure 6B) is similar to the distribution
pattern of fluorescence intensity along the sensillar shaft in
an example of immunohistological staining using anti-CjapInx3
antisera (Figure 5A Right). This supplementary data suggests
involvement of GJs in the dendritic network formation in
S. basiconica of C. japonicus.

Besides the electric connection by GJ forming electric synapse,
in fact, ephaptic coupling has been known to be able to explain
inhibitory and enhancing effects on neighboring ORNs housed
in a insulated narrow space like a sensillum as a significant
determinant of the olfactory code (White et al., 1990; Su et al.,
2012; Van der Goes van Naters, 2013; Chen, 2015; Miriyala
et al., 2018). Therefore, also in the case of S. basiconica of ant,
ephaptic coupling effect should not be ignored. Nonetheless,
in comparison with ephaptic coupling previously reported in
chemosensilla of other insect species, there might be some
advantage to GJ connection in its potential of flexible change
of connective site. The GJ network would be flexible and
such a plastic state is difficult to experimentally follow, but in
the S. basiconica, functional connective site might properly be
appeared or disappeared to form different shapes of dendritic
networks within an appropriate set of ORNs, depending on
age, sex, cast or social task. Based on electrophysiological data,
Sharma et al. (2015) suggested that there are different types of
S. basiconica on the antennae of C. floridanus, and that different
combination of OR genes are expressed in different subtypes. We
presume that those different S. basiconica subtypes could also
have different shapes of dendritic networks depending on their
roles, respectively.

In the present study, we demonstrated ultrastructure
in S. basiconica of C. japonicus. It included characteristic
beaded structure, which looked like a platform for Cell-Cell
interaction. Our morphological study was limited to step into
functional insight on that structure. To compensate experimental
limitation, we examined mathematical simulation and found
putative function as an olfactory information modifier. Yet,
we need more convincing morphological data by immuno-
electron microscopy and electrophysiology to certify olfactory
information modification, which was suggested by mathematical
simulation.
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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.
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