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Breathing is a vital homeostatic behavior and must be precisely regulated throughout life. Clinical conditions
commonly associated with inflammation, undermine respiratory function may involve plasticity in respiratory
control circuits to compensate and maintain adequate ventilation. Alternatively, other clinical conditions may
evoke maladaptive plasticity. Yet, we have only recently begun to understand the effects of inflammation on re-
spiratory plasticity. Here, we review some of commonmodels used to investigate the effects of inflammation and
discuss the impact of inflammation on nociception, chemosensory plasticity, medullary respiratory centers,
motor plasticity in motor neurons and respiratory frequency, and adaptation to high altitude. We provide new
data suggesting glial cells contribute to CNS inflammatory gene expression after 24 h of sustained hypoxia and
inflammation induced by 8 h of intermittent hypoxia inhibits long-term facilitation of respiratory frequency.
We also discuss how inflammation can have opposite effects on the capacity for plasticity,whereby it is necessary
for increases in the hypoxic ventilatory response with sustained hypoxia, but inhibits phrenic long term facilita-
tion after intermittent hypoxia. This review highlights gaps in our knowledge about the effects of inflammation
on respiratory control (development, age, and sex differences). In summary, data to date suggest plasticity can be
either adaptive or maladaptive and understanding how inflammation alters the respiratory system is crucial for
development of better therapeutic interventions to promote breathing and for utilization of plasticity as a clinical
treatment.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Undermining the respiratory control system poses a critical threat to
homeostasis. Many studies have examined how important molecules
(like opiates) or diseases (like sleep apnea) cause dysfunction in the re-
spiratory system, but only recently have we begun to recognize the in-
terplay between the immune system and the respiratory system. A
common attribute of almost all diseases and disorders, respiratory or
other, is inflammation. Sinceweno longer recognize the central nervous
system (CNS) as immune privileged, additional avenues whereby in-
flammation may undermine breathing are beginning to be understood.
Increasing evidence supports a dynamic role for inflammation either by
promoting or inhibiting different forms of neuroplasticity. Since respira-
tory plasticity (sensory or motor) has been proposed to be involved in
disease development or treatment, many investigations into the role
of inflammation in the respiratory system have focused on these
areas. Aswill be discussed in this review, additional research into the in-
teractions between inflammation and various forms of respiratory plas-
ticity is still needed, in addition to increased focus on how inflammation
might alter other aspects of respiratory control (rhythm generation, de-
velopment, acclimatization). This reviewwill highlight relevant models
of inflammation and discuss the complexmechanisms bywhich inflam-
mation can undermine or promote plasticity. The importance of inflam-
matory signals in the mechanism for neural plasticity in pain and
nociception has been recognized for years (Di Filippo et al., 2008; Liu
et al., 2011; Stemkowski and Smith, 2012; Watkins and Maier, 2002;
Woolf and Salter, 2000). More recently, interest is growing into the ef-
fects of such signals for neural plasticity in other physiological control
systems, such as the control of breathing and the heart (Powell and
Kou, 2011). Despite the increased interest, many gaps in our knowledge
of the effects of inflammation on the respiratory system remain andwill
be discussed. Understanding how inflammation alters the respiratory
system is vital for development of better therapeutic interventions to
promote breathing and utilization of plasticity as a clinical treatment.

2. Models of inflammation

Models of systemic inflammation are routinely used in research, in
part, due to the increased appreciation for an underlying role for and
the effects of inflammation in many pathologies. Here, we will briefly
review some commonly used models of inflammation of particular rel-
evance to research in respiratory control. Each model provides some
similar, yet distinct, research advantages, but one common feature re-
mains – all models activate some aspect of the innate immune system.
Exogenousmodels like cytotoxins induce direct cell damage, causing re-
lease of cytokines and danger-associated molecular patterns (DAMPs)
and inducing endogenous inflammation. Other exogenous models, like
lipopolysaccharide (LPS), complete Freund's adjuvant (CFA), and
Polyinosinic:polycytidylic acid (poly(I:C)), use components of patho-
genic bacteria or viruses to activate receptors and stimulate endogenous
immune responses. Relevant physiological perturbations, like hypoxia,
can also induce inflammatory responses as discussed below.

There is now substantial evidence that systemic inflammation in-
duces CNS inflammation. CNS inflammation is primarily associated
with activation of microglia, the resident CNS immune cells, but other
cell types (such as astrocytes) likely also play important roles.Microglia,

endothelial cells, neurons, and astrocytes all express functional levels of
toll-like receptors (TLRs)which are activated by components of bacteria
and viruses and lead to activation of NF-ĸB, stimulating release of cyto-
kines, including IL-1β and TNFα, to cause inflammation. Furthermore,
IL-1 and TNF receptors are found on microglia, neurons, astrocytes,
and neurovascular endothelial cells (Lampron et al., 2013; Probert,
2015), suggesting inflammation can be sensed and further propagated
by multiple cell-types in the CNS. For example, peripherally applied
IL-1β induces prostaglandin synthesis in vascular endothelial cells of
the blood brain barrier (BBB), which impairs respiration and is impor-
tant for neonatal respiratory control during systemic infection
(Hofstetter and Herlenius, 2005; Siljehav et al., 2015). Overall, the re-
sults of systemic inflammation are widespread in the CNS and multiple
cell-types play important roles in mediating CNS inflammatory effects.
Since systemic inflammation elicitsmany changes in the CNS, it is prob-
able such CNS changes alter neural control of breathing.

2.1. Lipopolysaccharide and CNS inflammation

LPS, a component of gram-negative bacterial cell walls, activates the
innate immune response via TLR4. TLR4 activation induces pro-inflam-
matory gene expression through activation of MAPKs JNK, ERK, and the
transcription factor NF-ĸB. Many endogenous ligands also activate TLR4
including proteins released from dead or dying cells, heat shock pro-
teins, and modified low-density lipoproteins (Erridge, 2010; Lehnardt
et al., 2008; Ohashi et al., 2000). Since LPS activates endogenous inflam-
matory pathways and much is known about its signaling cascade, it
serves as a relevant ligand to induce systemic inflammation.

The magnitude of LPS effects are dependent on the organism from
which LPS originates, and the species, sex, and age of the organism in
which it is used (Nemzek et al., 2008). E. coli, salmonella, and other
gramnegative bacteria contain LPS, but the structure of the lipid compo-
nent of LPS can differ between organisms, with some LPS molecules
having more potent effects, likely due to changes in how they interact
with TLRs (Jin et al., 2013; Li et al., 2013; Rietschel et al., 1994). High
doses (N10 mg/kg in rats, N7 mg/kg in mice) of LPS cause sepsis and
high mortality and even more moderate doses (5–6 mg/kg) of LPS can
cause progressive neurodegeneration (Cardoso et al., 2015; Qin et al.,
2007), long-term behavioral changes, and decreased neural markers of
hippocampal plasticity (Anderson et al., 2015). Importantly, lower
doses (typically 0.05–1mg/kg) induce febrile responses in rodents sim-
ilar to human responses to LPS (Nemzek et al., 2008; Redl et al., 1993).
Furthermore, low doses of LPS increase cytokine expression similarly
in humans and rodents, further supporting the relevance of LPS as a
model to induce inflammation (Copeland et al., 2005).While some con-
troversy exists about the use of LPS to mimic endotoxemia (Perlman et
al., 2013; Seok et al., 2013), use of low-dose LPS as a TLR4 agonist is a
reasonable model of low-level inflammation.

While the CNS was historically described as “immune-privileged”,
there is now substantial evidence for systemic inflammatory signals al-
tering CNS activity. Some pathogens, immune cells, and pro-inflamma-
tory molecules can either cross the BBB under certain conditions or
induce inflammatory signaling within the CNS via cross-talk between
endothelial cells, neurons, and glia (for further details refer to
Lampron et al., 2013). Circumventricular organs also play a role in CNS
responses to inflammation by allowing either LPS or cytokines to
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