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Vagal Neuroinflammation Accompanying
Respiratory Viral Infection: An Overview
of Mechanisms and Possible Clinical
Significance

Nathalie A. J. Verzele, Kirsty R. Short, Stuart B. Mazzone,
and Alice E. McGovern

Abstract Respiratory viral infections are pervasive in humans. For many, viral-
induced pathogenesis is mild and largely an annoyance to daily life. However, for
some, the severity of disease can be life-threatening, such as that seen with recent
outbreaks of SARS-CoV-2 and influenza virus. This spectrum of disease presenta-
tion is underpinned by an inflammatory lung pathology, and many of the symptoms
accompanying respiratory viral infections, including cough, an itchy or irritated
throat, perceptions of difficulty breathing and excessive mucous and airflow limita-
tions, suggest that viral-induced pulmonary inflammation alters the activity in neu-
ral pathways that ordinarily regulate bronchopulmonary function. In this chapter,
we explore novel ways in which respiratory viral infections may impact broncho-
pulmonary nerves, focussing on the sensory fibres of the vagus nerves and their
brain connections. We review work from our group and others that offers compel-
ling evidence that vagal neuroinflammation may be an important and unrecognised
component of respiratory viral pathogenesis and an important consideration for
future advances in clinical management of patients with severe respiratory viral
disease.
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Abbreviation

ACE2 Angiotensin-converting enzyme 2
ARDS Acute respiratory disease syndrome
ATP Adenosine 5'-triphosphate

CD4+ cells Cluster of differentiation 4 (T helper cells)
CD8+ cells Cluster of differentiation 8 (cytotoxic T cells)

CNS Central nervous system

DAMPs Damage-associated molecular patterns
hCoV Human coronavirus

HMGBI1 High mobility group box protein 1
hMPV Human metapneumovirus

TIAV Influenza A virus

IFNARI Interferon alpha receptor, type 1
IFNAR2 Interferon alpha receptor, type 2

IFNb Interferon beta

IFNy Interferon gamma

1IL-12 Interleukin 12

IL-1b Interleukin 1 beta

1L-23 Interleukin 23

IL-33 Interleukin 33

IL-5 Interleukin 5

RAGE Receptor for advanced glycation end-products
RSV Respiratory syncytial virus
SARS-CoV-2  Severe acute respiratory syndrome-coronavirus 2
TLR Toll-like receptor

TNF Tumour necrosis factor

TRPA1 Transient receptor potential, ankyrin 1
TRPV1 Transient receptor potential, vanilloid 1

1 An Overview of the Neurobiology of Airway Sensation

The respiratory tract is densely innervated by sensory neurons, many of which arise
from the vagus nerves (Fig. 1) (Mazzone et al. 2020; Lee and Yu 2014; Mazzone and
Undem 2016). The cell bodies of vagal sensory neurons reside in two distinct col-
lections of cells known as the nodose (inferior) and jugular (superior) ganglia. These
ganglia are located bilaterally, extrinsic to the respiratory system, at the cranial end
of the vagus nerves (Mazzone and Undem 2016). The nodose and jugular ganglia
differ in embryonic origin, and consequently the sensory neurons residing within
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Fig. 1 Mechanisms involved in the pathogenesis of respiratory viral infections. (a) A viral infec-
tion of the respiratory epithelium initiates an inflammatory response which serves to limit the
extent of viral propagation and promote viral clearance. (b) Respiratory epithelial cells are juxta-
posed to vagal sensory nerve terminals, which may be activated or sensitised by respiratory viruses
and/or the resultant products of inflammation. (¢) Severe respiratory viral infections have been
shown to cause inflammation within the vagal sensory ganglia, characterised by inflammatory cell
infiltration and altered neuronal gene expression. (d) Neuroinflammation may extend to the brain-
stem and brain where alterations in glial cell activity, inflammatory gene expression and synaptic
function have been reported. Collectively, alterations in normal function within these diverse sites
of inflammatory pathology are thought to contribute to acute and long-term symptoms associated
with respiratory viral infections. Abbreviations: CNS central nervous system; DAMPs damage-
associated molecular patterns; IFNARI interferon alpha and beta receptor subunit 1; TLR4 toll-
like receptor 4. (Created with BioRender.com)

each set of ganglia display differing patterns of gene and protein expression, result-
ing in distinct anatomical and functional airway sensory neuron phenotypes
(Mazzone and Undem 2016; Wang et al. 2017; Carr and Undem 2003). Peripherally,
although some overlap of the location of nodose and jugular neuron terminal fields
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exists, nodose sensory neuron terminals are more prevalent within the intrapulmo-
nary airways and lungs, whereas jugular neurons have terminations mostly in the
large extrapulmonary airways and larynx. The central projections of nodose and
jugular neurons are quite distinct. Nodose airway sensory fibres project mainly to
the nucleus of the solitary tract, whereas jugular airway sensory fibres terminate in
and around the paratrigeminal nucleus in the medulla. Collectively, these two broad
classes of sensory neurons serve to detect a wide range of physical, chemical or
thermal stimuli that can occur in the airways and lungs and send this information
about the airway environment to the central nervous system to regulate a range of
respiratory and autonomic processes important for normal homeostatic functioning
and pulmonary defence (Lee and Yu 2014; Carr and Undem 2003).

Vagal sensory nerve fibres terminate in proximity to epithelial cells, mucosal
glands, vasculature and/or airway smooth muscle in the conducting airways, respi-
ratory airways and lung parenchyma (Lee and Yu 2014; Carr and Undem 2003;
Brouns et al. 2021). A major functional subclass of airway sensory neurons serve as
‘physiological’ receptors, monitoring lung inflation, deflation and airway smooth
muscle tone. These sensory neurons are typically myelinated fast-conducting
A-fibres, derived from the nodose vagal ganglia, and play an important role in opti-
mising breathing, airway patency and gas exchange (Mazzone and Undem 2016;
Carr and Undem 2003; Kollarik et al. 2010; Mazzone 2004). This class of sensory
neuron is not the focus of this chapter and has been described in detail elsewhere
(Mazzone and Undem 2016; Wang et al. 2017; Carr and Undem 2003; Kollarik
et al. 2010; Kupari et al. 2019). A second major functional class of airway sensory
neurons, often called nociceptors, are derived from both the nodose and jugular
ganglia and mainly consist of slower conducting C-fibres (although Ad-fibre noci-
ceptors exist in some species) (Mazzone and Undem 2016; Carr and Undem 2003).
Nociceptors are so named as they are specialised to sense noxious and potentially
harmful stimuli that could impact the airways and compromise normal pulmonary
functions (Mazzone and Undem 2016; Carr and Undem 2003). They are especially
important as the respiratory tract is an open system, exposed to the environment via
the air that is inhaled which can contain pathogens and irritant stimuli (e.g. smoke
or other chemicals) that can cause airway damage (Mazzone and Undem 2016; Carr
and Undem 2003). Additionally, the initial anatomical conduits for foodstuffs and
air are shared with potential for airway damage via the aspiration of consumed
foods and liquids or refluxed gastric contents. Many nociceptors are positioned in or
close to the airway epithelial barrier allowing for constant monitoring of the pres-
ence of these potentially damaging stimuli (Mazzone and Undem 2016; Carr and
Undem 2003). Collectively, the two broad functional classes of vagal sensory neu-
rons play an important role in pulmonary homeostasis and defence by providing
feedback from the respiratory environment to the brainstem driving a variety of
responses including the Hering-Breuer inflation and deflation reflexes, reflex
changes in bronchomotor tone and cough (Lee and Yu 2014; Carr and Undem 2003;
Brouns et al. 2021).
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Sensory neuron transduction of stimuli and conduction of action potentials is
mediated by a suite of ionotropic receptors, G protein-coupled receptors and
voltage-gated ion channels, expressed on the peripheral nerve terminals and axons
(Fig. 1) (Lee and Yu 2014; Mazzone and Undem 2016; Wang et al. 2017; Kollarik
et al. 2010). Some stimuli directly activate channels and receptors expressed by
airway sensory neurons, whilst others activate sensory neurons via intermediary
molecules produced from resident or infiltrating cells, including immune cells. The
unique complement of these receptors and channels confers sensory neurons with
their subtype functional specificity, allowing for the encoding of different modali-
ties of stimulation (Lee and Yu 2014; Mazzone and Undem 2016; Wang et al. 2017,
Kollarik et al. 2010). Nociceptors are often characterised by the expression of one
or more of the transient receptor potential (TRP) family of ionotropic sensory trans-
duction channels (Mazzone and Undem 2016; Kollarik et al. 2010; Mazzone 2004,
De Logu et al. 2016). Of the TRP family, TRPV1 and TRPA1 channels are abun-
dantly expressed on airway nociceptors and have been shown to play a key role in
response to noxious thermal stimuli, exogenous chemicals (including components
of smoke or natural products in plants such as capsaicin from chilli peppers) and
endogenous inflammatory mediators (Mazzone and Undem 2016; De Logu et al.
2016; Caceres et al. 2009). Interestingly, the activation of these channels has been
implicated as playing an important role in respiratory diseases. For example, the
ablation of TRPAI in a murine asthma model showed a reduction in bronchial
hyper-responsiveness and inhibition of infiltrating eosinophils and levels of inter-
leukin (IL)-5 (De Logu et al. 2016; Caceres et al. 2009).

Additional to these channels, nociceptors express a variety of receptors for
inflammatory mediators and pathogen-associated molecular patterns including
receptors for interferon alpha (IFNARI1, IFNAR2) (Wang et al. 2017; Patil et al.
2020), tumour necrosis factor (TNFR2) (Wang et al. 2017) and toll-like receptor 3
(Wang et al. 2017). Activation of each of these transduction receptors and channels
results in the modification of membrane excitability and depolarisation. Altered
membrane voltage leads to the activation of voltage-gated sodium channels (e.g.
Nayl.7, Nayl.8 and Nay1.9), initiating centrally directed propagation of action
potentials. Some nociceptors can also release neuropeptides including substance P,
calcitonin gene-related peptide, neurokinin A and vasoactive intestinal peptide
locally in the airway tissues (Lee and Yu 2014; Mazzone and Undem 2016; Carr and
Undem 2003; Kollarik et al. 2010). Neuropeptides can interact directly and indi-
rectly on structural cells to alter pulmonary physiology and on immune cells to
modulate inflammation and are therefore important mediators regulating a variety
of pulmonary pathologies. Calcitonin gene-related peptide, for example, is a potent
vasodilator and has been shown to inhibit dendritic cell maturation by modulating
the antigen presentation, negatively affecting T cell activation (Assas et al. 2014;
Rochlitzer et al. 2011).
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2 Pathogenesis of Respiratory Viruses

Pathogen-dependent respiratory diseases in humans are mostly caused by viruses,
which notably include influenza A virus (IAV), human coronaviruses (hCoV), respi-
ratory syncytial virus (RSV), human metapneumovirus (hMPV) and rhinovirus
(Lee 2017; Schmidt and Varga 2018; Rey-Jurado et al. 2020; Allie and Randall
2017; Gillim-Ross and Subbarao 2006; Johansson and Kirsebom 2021). Viral respi-
ratory tract infections are extremely frequent across the life span and can range in
severity from subclinical presentation with no symptomatology, mild cold-like
symptoms, to severe symptoms such as pneumonia leading to acute respiratory dis-
tress syndrome (ARDS) or even death (Lee 2017; Schmidt and Varga 2018; Rey-
Jurado et al. 2020; Allie and Randall 2017; Gillim-Ross and Subbarao 2006;
Johansson and Kirsebom 2021). The disease severity is dependent on the host
immune response, patient age, any pre-existing patient comorbidities and type/
strain of virus in question.

Respiratory viruses commonly infect epithelial cells in the upper (nose, pharynx
and/or larynx) and lower (trachea, bronchi, bronchioles and alveoli) respiratory
tracts (Fig. 1) (Allie and Randall 2017; Braciale et al. 2012; Wong et al. 2019).
Epithelial infection is an important mode of viral replication and a primary trigger
for the initiation of the immune response. Viral-induced inflammation is also facili-
tated early in the infection by alveolar macrophages, whilst resident and infiltrating
dendritic cells play an important role in both innate host defence and the co-
ordination of innate and adaptive immune responses. Epithelial and resident immune
cells in the respiratory tract can detect viral pathogens through a variety of host cell
pathogen recognition receptors including toll-like receptors, retinoic acid-inducible
gene 1-like receptors, cytosolic DNA sensors and nucleotide oligomerisation
domain-like receptors (Allie and Randall 2017; Braciale et al. 2012; Wong et al.
2019). These pathogen recognition receptors detect both pathogen-associated
molecular patterns expressed by invading viruses and damage-associated molecular
patterns released by infected, injured and necrotic/apoptotic cells (Allie and Randall
2017; Braciale et al. 2012; Wong et al. 2019).

Early inflammation is orchestrated through the secretion of a first wave of tissue
damage-associated molecular patterns and inflammatory cytokines including ATP,
HMGBI, IL-33, IFNy, IFNB, IL-6, TNF, IL-12, IL-23 and IL-1p (Allie and Randall
2017; Braciale et al. 2012; Wong et al. 2019; Troy and Bosco 2016; Yoo et al. 2013).
In addition to effects on resident respiratory tract cells, these mediators can attract
other innate immune cells such as cytotoxic T-cells, natural killer cells and innate
lymphoid cells to the infected region. These cells release additional cytokines exert-
ing cytotoxic effects on infected cells. The second wave of cytokines will also attract
circulating neutrophils and monocytes, thereby further amplifying the immune
response (Allie and Randall 2017; Braciale et al. 2012; Wong et al. 2019; Troy and
Bosco 2016; Yoo et al. 2013). In addition, cytokines promote dendritic cell matura-
tion. Matured dendritic cells are antigen-presenting cells that migrate to local lymph
nodes to prime the adaptive responses (Allie and Randall 2017; Braciale et al. 2012;
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Wong et al. 2019). In the lymph nodes, naive CD4* T-cells and CD4* effector cells
are activated and proliferate and differentiate. CD8* T-cells differentiate to cyto-
toxic and memory CD8* T-cells releasing potent cytokines and aid in apoptosis and
clearance of infected cells (Allie and Randall 2017; Braciale et al. 2012; Wong et al.
2019; Troy and Bosco 2016; Yoo et al. 2013).

Host inflammatory responses following viral infection are ideally regulated to
effectively clear virus and virally infected cells from the respiratory tract and pro-
mote tissue repair (Allie and Randall 2017; Braciale et al. 2012; Wong et al. 2019;
Troy and Bosco 2016; Yoo et al. 2013). However, during some respiratory infections
an uncontrolled immune response is observed with an exacerbated cytokine
response, commonly referred to as a ‘cytokine storm’. The uncontrolled immune
response has cytotoxic properties, augmenting the tissue injury in the pulmonary
system by increasing apoptosis and necrosis to the alveolar epithelium (Matthay
and Zemans 2011; Matthay et al. 2019). A resultant excessive activation of neutro-
phils is central to this pathology, progressing affected patients towards the develop-
ment of ARDS and the release of toxic mediators that increase paracellular epithelial
permeability and promote severe vascular damage (Matthay and Zemans 2011;
Matthay et al. 2019). This immunopathology contributes significantly to disease
severity and patient morbidity typically includes symptoms such as excessive
coughing and severe dyspnoea, suggestive of profound, yet poorly described
impacts on pulmonary sensory nerves.

3 Neurotropism of Respiratory Viruses

Severe respiratory tract infections have been shown to result in systemic inflamma-
tion and cause extrapulmonary disorders, including neurological clinical manifesta-
tions such as encephalopathies characterised by seizures, memory loss, confusion,
personality changes, depression, anxiety and ‘brain fog’, encephalitis and syn-
dromes including Guillain-Barre syndrome. These neurological manifestations can
be induced by neurotropic viruses with less severe symptoms usually caused by
non-neurotropic viruses (Ruisanchez-Nieva et al. 2017; Ryabkova et al. 2021;
Glaseretal. 2012; Mao et al. 2020; Zubair et al. 2020; Frankl et al. 2021; Bohmwald
et al. 2018; Desforges et al. 2019).

Respiratory viruses including strains of RSV, hMPV, IAV and hCoV are known
to be neurotropic and could conceivably invade the nervous system at the site of
airway infection (Bohmwald et al. 2018; Desforges et al. 2014, 2019; Koyuncu
etal. 2013; Dey et al. 2021). In support of this assertion, following intranasal inocu-
lation of rodents with influenza virus, viral antigen has been recovered from tri-
geminal and vagal ganglia in the absence of any systemic infection (Shinya et al.
2000; Matsuda et al. 2004). hMPV has been shown to infect and persist in local
neuronal processes in the airway wall following epithelial replication (Liu et al.
2009). These data suggest a capacity of sensory neurons to uptake and potentially
transport some respiratory viral strains. As the nose is typically the first site of viral
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infection, transport of virus to the brain via the olfactory nerves has been widely
postulated (Bohmwald et al. 2018; Desforges et al. 2019; Koyuncu et al. 2013; Dey
et al. 2021) and recent observations with SARS-CoV-2 suggest this is a possible
mechanism for the neurological sequalae in patients with COVID-19 (Meinhardt
et al. 2021; Douaud et al. 2022). However, little is known about the specific viral
and neuronal entry factors that allow for neuronal infection. In the case of SARS-
CoV-2, sensory neurons do not appreciably express the most common entry factor
needed for viral uptake (ACE2) (Shiers et al. 2020), suggesting non-traditional fac-
tors may be important for viral interactions with neurons. Whether this extends to
other neurotropic respiratory viruses is not entirely clear. After entry occurs at the
nerve endings, the mobility of the virus along axons to the CNS is dependent on
anterograde or retrograde transport using neuronal motor proteins, including dynein
and kinesins (Bohmwald et al. 2018; Desforges et al. 2019; Koyuncu et al. 2013;
Dey et al. 2021).

Viruses may impact the nervous system via means other than direct infection of
neurons. Another possible route of entry is through the haematogenous route where
the virus reaches peripheral ganglia and/or crosses either the blood-brain barrier or
the blood-cerebrospinal fluid barrier in the choroid plexus, or by infection of leuko-
cytes diffusing to the CNS (Bohmwald et al. 2018; Desforges et al. 2014, 2019;
Koyuncu et al. 2013; Dey et al. 2021). This mode of action is not restricted to the
intact native virus but can also occur for isolated viral proteins. For example, shed
spike proteins from SARS-CoV-2 have been detected in the CNS driving inflamma-
tory responses independent of any detectable replication competent virus (Rhea
et al. 2021). Most AV strains circulating seasonally in humans are non-neurotropic
and cannot replicate in the CNS giving less severe neurological clinical manifesta-
tions (Bohmwald et al. 2018; Desforges et al. 2019; Koyuncu et al. 2013). However,
through blood-borne routes viruses can still cause secondary effects on the CNS,
including via systemic inflammation and the release of neurotropic factors produced
by inflammation (Bohmwald et al. 2018; Desforges et al. 2019).

4 Evidence for Viral-Mediated Neuroinflammation

4.1 Impact of Respiratory Viral Infection on Vagal
Sensory Neurons

Pulmonary vagal sensory neurons have not been studied extensively during respira-
tory viral infections. Kaelberer et al. (2020) showed lipopolysaccharide-induced
pulmonary inflammation, mimicking a bacterial infection, resulting in transcrip-
tional changes in neurons of vagal sensory ganglia innervating the pulmonary sys-
tem. These transcriptional changes were characterised by an upregulation in gene
expression associated with innate immune responses, more specifically genes Lrg!/
and C3 that could indicate the maturing of resident or infiltrating ganglia immune
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cells, or alternatively the changing of satellite cells towards an active immune cell
type (Kaelberer et al. 2020). Transcriptomic changes in vagal sensory ganglia,
including the pulmonary vagal sensory neurons themselves, were also observed
during severe respiratory IAV infection in a murine model (Verzele et al. 2021).
Notably in this study, the sensory neuron transcriptional alterations induced by
active viral infection were mimicked by both the administration of cytokines and the
inoculation of the lung of healthy mice with viral-inactivated lung homogenates
from previously infected animals (Verzele et al. 2021). This suggests that the sen-
sory neuron impacts of respiratory viral infection can occur independently of neu-
ronal viral infection but instead are dependent on mediators of pulmonary
inflammation. Consistent with this, the upregulated genes were associated with
defence and pro-inflammatory responses, including signalling downstream of inter-
feron production (Verzele et al. 2021).

Tissue injury is commonly associated with inflammatory cell influx and/or pro-
liferation into the nerves that innervate the injured tissue. During respiratory IAV
infection, inflammatory cells are increased in the vagal sensory ganglia (Fig. 2)
(Verzele et al. 2021), a further sign of vagal neuroinflammation. The importance of
inflammatory cell recruitment is still unknown; however, these immune cells could
potentially play a role in inducing or facilitating molecular, structural and functional
changes in sensory neurons. The ganglionic signalling mechanisms that lead to the

Influenza A

Mock

Immune cells

Fig. 2 Vagal neuroinflammation accompanying respiratory viral infection. Top panel micrographs
show immune cell infiltration into the vagal sensory vagal ganglia following influenza A (IAV)
infection. Immunohistochemistry for immune cells MHCII (major histocompatibility class I —
red) and the pan-neuronal marker MAP2 (microtubule-associated protein 2 — green) following
either Mock (saline) or IAV inoculation of the lungs. The bottom panel micrographs show inocula-
tion of the lungs with IAV inducing translocation of the danger-associated molecular pattern, and
HMGBI1 (red) from the nucleus to the cytoplasm in vagal ganglia sensory neurons. Neurons are
outlined by dotted lines and arrowheads point to nuclei, visualised by DAPI (blue). Scale bar in top
and bottom panels represent 75 pm and 25 pm, respectively
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increase in inflammatory cells are also unknown. One possible mediator is the tissue
alarmin HMGBI1, which can be released from injured or activated cells (Fig. 2)
(Mazzone et al. 2021). We previously demonstrated the mobilisation of neuronal
HMGBI following respiratory infection with IAV or pneumovirus, and subsequent
changes in sensory neuron structure and function dependent upon the HMGBI1
receptor RAGE (Mazzone et al. 2021). Notably, respiratory infection resulted in the
increase in neurite outgrowth in vagal sensory neurons, indicating neuronal sprout-
ing and growth, a common feature in airway pathologies (Mazzone et al. 2021;
Shapiro et al. 2021; Drake et al. 2021). Additionally, HMGBI increased the excit-
ability of the vagal sensory neurons, via a mechanism dependent on RAGE expres-
sion (Mazzone et al. 2021). HMGBI1 has a well-known role in early initiation of
inflammatory cell influx and activation (Yang et al. 2021; Magna and Pisetsky 2014)
and thus neuronally released HMGB1 may be pivotal in establishing vagal neuroin-
flammation. How HMGB/1 is mobilised from neurons is not clear, although increased
action potential traffic along the axon may be involved (Yang et al. 2021).

Collectively, the sensory neuron impacts of respiratory viral infection may
underpin the development of a sensory hypersensitivity, resulting in increased
coughing and other defensive reflexes that are beneficial for the clearance of the
airways and potentially for transmission of the virus to new hosts. Persistence of the
hypersensitivity beyond the period of active viral infection, perhaps due to a sus-
tained neuroinflammatory state, is hypothesised to be responsible for the long-
lasting respiratory and neurological symptoms commonly associated with
respiratory viral infection (Undem et al. 2015).

4.2 Impact of Respiratory Viral Infection on Vagal Sensory
Pathways in the Brain

The impact of respiratory viral infections on the CNS is an underexplored area,
although it has received more attention recently after increasing reports of long-
term neurological complications seen in patients with SARS-CoV-2 infections. In
general, viral-induced neurological manifestations have been noted after respiratory
infections with both neurotropic and non-neurotropic viruses, perhaps indicating
that the impacts on the CNS are not simply dependent on neuroinvasion (Fig. 1)
(Hosseini et al. 2018).

Studies of asthma and allergic inflammation in the pulmonary system have
offered insight into the impact of non-pathogenic lung diseases on vagal sensory
processing pathways in the CNS (Bonham et al. 2006). At the level of the nucleus
of the solitary tract, alterations in synaptic efficacy between primary vagal afferent
and second-order neurons have been noted (Bonham et al. 2006; Chen et al. 2001;
Klein et al. 2016), thought to reflect alterations in the release of neurotransmitters
from primary afferent terminals and/or changes in the intrinsic excitability of
nucleus of the solitary tract neurons (Bonham et al. 2006). For example, in allergen
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sensitised rats, respiratory allergen challenge changed the membrane properties of
the second-order neurons in the nucleus of the solitary tract, increasing membrane
depolarisation and potentially modulating the output of vagal efferent nerves (Chen
et al. 2001). Effects on nucleus of the solitary tract processing of vagal inputs have
also been seen in models of cigarette smoke exposure and lung fibrosis (Litvin et al.
2018; Mutoh et al. 2000), suggesting that either an excessive level of vagal sensory
neuronal activation in lung disease or accompanying systemic inflammation results
in a centrally sensitised state that impacts vagal sensory processing.

Although peripheral inflammation is the likely initiator of CNS sensitisation,
central processes also undoubtedly become involved which notably includes the
recruitment and activation of CNS glial cells and the development of a central neu-
roinflammatory state. During respiratory viral infections or following exposure to
either bleomycin or inhaled diesel exhaust particles, brainstem microglia cells and
astrocytes have been shown to be activated, along with an upregulation of brainstem
inflammatory gene expression (Undem et al. 2015; Litvin et al. 2018; Chen et al.
2021). These CNS support cells are important for the brain homeostasis and neuro-
protective functions but can contribute to a CNS inflammatory state that alters the
processing of incoming sensory inputs (Siracusa et al. 2019; Bachiller et al. 2018).
For example, the activation of microglia leads to the production of pro-inflammatory
cytokines that then affect neuronal morphology, synaptic structure and function
leading to an imbalance in normal excitatory and inhibitory neurotransmission
(Bohmwald et al. 2018; Hosseini et al. 2018). These inflammatory events are a hall-
mark feature of central sensitisation.

Similar events can occur beyond the brainstem, in higher brain regions that may
contribute to complex sensory, motor or cognitive processing. For example, during
severe respiratory viral infections, microglia and astrocyte activation and an accom-
panying pro-inflammatory state have been reported in a variety of brain regions
including the hypothalamus, hippocampus and substantia nigra impacting the func-
tion of each region (Hosseini et al. 2018; Wang et al. 2018; Jang et al. 2009, 2012).
Indeed, respiratory infection with highly pathogenic strains of IAV resulted in CNS
viral infection of both neurons and microglia, induction of pro-inflammatory cyto-
kines, prolonged microgliosis which coincided with a loss of dopaminergic neurons
in the substantia nigra as well as aggregation of alpha-synuclein in the hippocam-
pus, brainstem and cortex, suggesting that certain respiratory viruses could be
important aetiological agents in the development of neurodegenerative diseases
including Parkinson’s and Alzheimer’s disease (Bohmwald et al. 2018; Magna and
Pisetsky 2014; Siracusa et al. 2019; Bachiller et al. 2018; Jang et al. 2009, 2012).
How these higher brain CNS neuropathologies induced by respiratory viral infec-
tions impact vagal sensory processing circuits in the brain, important for pulmonary
interoception, has not been investigated.
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5 The Clinical Significance of Respiratory
Viral-Induced Neuropathy

Respiratory viral infections represent a significant burden to the human health as
they are extremely prevalent and can cause both acute and long-term clinical mani-
festations. The neurological impacts of respiratory viral infections are especially
difficult to treat or manage. For example, cough is one of the most common symp-
toms associated with respiratory viral infection (Bohmwald et al. 2018), and whilst
it may resolve spontaneously for many patients, soon after viral clearance and natu-
ral resolution of the disease, cough can persist for some people for many weeks or
months. Post-viral cough syndrome is poorly understood, and there are no effective
therapies for treatment, but may reflect the consequences of the neuroinflammatory
state established during viral infection. Similarly, other persistent neurological
symptoms have been reported following viral infections of the lungs. A significant
population of patients infected with SARS-CoV-2 continue to experience chronic
fatigue, cognitive impairment, pain and other symptoms as part of the long COVID
syndrome, consistent with long-term changes in the functioning of the peripheral
and central nervous system (Bohmwald et al. 2018; Song et al. 2021; Buckley et al.
2021). Similar symptomatology may occur following IAV infections. Again, the
mechanism behind these long-lasting manifestations has yet to be determined and
treatment options are limited. A deeper understanding of the neuroinflammatory
events that accompany respiratory viral infections, including their persistence,
responsiveness to standard therapies and the resultant changes that are imparted on
neural function, may offer new avenues for therapeutic intervention and effective
management of these challenging and debilitating symptoms.
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