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Abstract Respiratory virus infections leads to coughing,

sneezing, and increases in reflex parasympathetic bron-

choconstriction and secretions. These responses to viral

infection are exclusively or largely secondary to changes in

the function of the nervous system. For many with under-

lying airway pathologies such as asthma and COPD, this

neuroplasticity can lead to disease exacerbations and hos-

pitalization. Relatively little is understood about the cel-

lular and molecular mechanisms that underlie the changes

in neuronal control of the respiratory tract during viral

infection, but the evidence supports the idea that changes

occur in the physiology of both the sensory and autonomic

innervation. Virus infection can lead to acute increases in

the activity of sensory nerves as well as to genetic changes

causing alterations in sensory nerve phenotype. In addition,

respiratory viral infections are associated with changes in

the control of neurotransmitter release from cholinergic

nerve endings terminating at the level of the airway smooth

muscle.
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Introduction

The immune system is effective in clearing most respira-

tory viral infections within a period of a few weeks. In

order to avoid the immune system, viruses have evolved

mechanisms to escape the respiratory tract of the host

where it can then go on to infect another person. This has

been accomplished by causing profound alterations in air-

way neuronal control, leading to coughing, sneezing, and

increases in reflex parasympathetic mucus secretions. The

increase in parasympathetic drive can also lead to reflex

bronchoconstriction. In most healthy subjects, these

symptoms can be trying but are self-limiting and often little

more than an inconvenience. In some cases, the symptoms

such as urge to cough can persist into a chronic or sub acute

state [1, 2]. For those suffering with underlying airway

pathologies such as asthma or COPD, the changes in neural

control may contribute to acute exacerbations of the dis-

ease [1, 3, 4].

Experimental viral infection in laboratory animals [5–

11] and in human volunteers [12–15] leads to increases in

cough and also increases in bronchial responsiveness to

stimuli such as methacholine and histamine. The increase

in cough associated with virus infection is consistent with

alterations in the sensory nerve function in the airways.

The increase in bronchial responsiveness involves multiple

mechanisms but changes in both afferent (sensory) and

efferent (parasympathetic) nerve function are likely

involved.

The hyperresponsiveness associated with airway

inflammation in laboratory animals typically requires an

intact vagal nervous system. The classical allergen-induced

airway hyperresponsiveness to methacholine in mice is

entirely prevented in animals in which either the vagus

nerves are cut or if only the C-fiber neurons are depleted
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from the vagal sensory ganglia [16, 17]. Likewise, virus-

induced airway hyperresponsiveness of guinea pigs to

histamine challenge also requires intact vagus nerves [6,

18]. This indicates that the hyperresponsiveness to his-

tamine and methacholine in these studies is actually a

bronchial hyper-neuronal responsiveness (Fig. 1).

In human volunteers, experimental viral infections

consistently lead to an increase in the bronchial respon-

siveness to histamine [12, 14]. Histamine effectively sen-

sitizes vagal afferent C-fibers in a manner that would likely

lead to increased reflex parasympathetic drive [19]. Indeed,

the increase in response to histamine following respiratory

viral infection was abolished by cholinergic muscarinic

receptor antagonism [12]. Virus infection of rats and gui-

nea pigs can also augment the cholinergic nerve evoked

bronchoconstriction, even when the sensory input to the

brainstem is bypassed [6, 7, 9]. Considered together, the

evidence for increases in urge to cough and bronchial vagal

responsiveness associated with viral infections likely

involves neural plasticity within both the sensory and

autonomic systems. The sensory and autonomic innerva-

tion of the respiratory tract has recently been extensively

reviewed [20, 21].

Sensory Nerves

Sensory nerves innervating the airways are responsible for

initiating respiratory sensations and reflexes, including

coughing and sneezing. In addition by regulating

parasympathetic reflex tone, sensory nerves play a major

role in controlling mucus secretion and airway caliber. The

majority of sensory nerve fibers that project to airways are

derived from cell bodies located in the vagal jugular or

nodose ganglia. The vagal C-fibers are relatively insensi-

tive to the physiological milieu but respond vigorously to

noxious stimuli and to mediators associated with inflam-

mation [22, 23]. As Sherrington said of nociceptors in the

somatosensory system they are equipped to provide the

organ, ‘‘with a so to say sense of its own potential injury’’

[24]. In addition to nociceptive C-fibers, low-threshold

mechanosensory sensory nerves innervate the lower res-

piratory tract that can be activated in a rapidly or slowly

adapting fashion by the mechanical forces of respiration.

These nerves are generally less susceptible to inflamma-

tory-associated stimuli [22, 23].

Respiratory viruses commonly infect and replicate in

airway epithelial cells leading to local inflammatory

V agus
Nerve

Fig. 1 A schematic highlighting the potential effects of viral

infection on vagus nerve activity. (I) Viral infection of epithelial

cells can lead to release of mediators that stimulate action potential

discharge in afferent nerves, thereby alerting the central nervous

system. Viral infection can also lead to the production and release of

neurotrophic factors that can (II) influence gene expression in the

vagal jugular and nodose ganglia in a manner that can lead to relevant

phenotypic changes in the airway sensory nerves. (III) Action

potentials arriving in the brainstem are integrated, ultimately leading

to sensations and to (IV) increases in preganglionic parasympathetic

drive. (V) This will increase neurotransmission at the neuro-effector

junctions, causing bronchoconstriction and mucus secretion; effects

further amplified by inhibition of inhibitory muscarinic autoreceptors.

See text for references
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reactions. The inflammation is associated with the pro-

duction of a host of inflammatory mediators, many of

which can lead to the acute activation and sensitization of

nociceptive terminals that reside within the epithelial layer

[20]. This acute activation (action potential discharge) of

sensory nerves can potentially lead to coughing, sneezing

and parasympathetic driven bronchial smooth muscle

contraction and secretions. These responses to viral infec-

tion would be expected to terminate as the infection and

inflammation subside. Longer lasting effects of a viral

infection may involve phenotypic changes to the nerves.

Airway inflammation not only activates airway C-fibers

but also can phenotypically switch the low-threshold

mechanosensitive A-fibers such that they take on charac-

teristics of nociceptive C-fibers [25–29]. Induction of genes

that are normally not expressed by a cell has been defined

as ‘‘phenotypic switching.’’ In the somatosensory system,

inflammation is associated with a phenotypic switch of

low-threshold mechanosensitive Ab-fibers that respond to

light touch such that they begin to express the tachykinin

substance P. Light touch of the inflamed skin can then lead

to tachykinergic transmission in the spinal cord, altering

the communication between the skin and central nervous

system [30]. Large A-fiber neurons in the trachea and lungs

typically do not express the genes for the synthesis of

neuropeptides like substance P and calcitonin gene-related

peptide (CGRP). In the presence of allergic inflammation

of guinea pig airways, these neurons begin to express both

substance P and CGRP [26, 28]. Likewise, four days after a

respiratory viral infection substance P is synthesized by

large Ad cough receptors that terminate in the guinea pig

trachea [31]. In addition to changing the neurotransmitters

that A-fiber neurons produce, allergic inflammation also

induces the synthesis of key ion channels involved in nerve

activation. For example, during allergic airway inflamma-

tion transient receptor potential cation channel subfamily V

member 1 (TRPV1) is turned on in rapidly and slowly

adapting mechanosensitive A-fibers in rat lungs such that

they become responsive to capsaicin [29]. Allergic

inflammation also leads to de novo production of func-

tional TRPV1 channels in tracheal Ad cough receptors in

the guinea pig trachea [32]. This is relevant because

TRPV1 is not only the receptor for capsaicin but also a

pivotal channel in the activation mechanisms of many

disparate stimuli including heat, acid, and certain inflam-

matory mediators [33, 34]. We have now found that viral

infection with intranasal parainfluenza 3 (PIV3) leads to

TRPV1 induction in trachea Ad cough receptors in guinea

pig trachea. In vehicle treated animals, *16 % of the

tracheal-specific nodose neurons expressed TRPV1,

whereas 4 days after PIV3 infection, *50 % of the neu-

rons expressed TRPV1. The most likely mechanism by

which a local infection in the airway epithelium leads to

changes in gene expression in the cell bodies involves the

production of neurotrophic factors.

Neurotrophic factors can be produced during inflam-

matory reactions, including those associated with viral

infections [35]. The neurotrophin family of neurotrophic

factors comprise nerve growth factor (NGF), brain-derived

neurotrophic factor (BDNF), neurotrophin 3 (NT 3), and

neurotrophin 4 (NT 4) [36]. Unlike other inflammatory

mediators, these factors can interact with high affinity

receptors on nerve terminals in a manner that leads to

changes in gene transcription in cell bodies situated within

the distant sensory ganglia [37, 38]. Which neurotrophin is

most likely to interact with airway sensory nerves depends

on the nature of the neurotrophin receptors the nerve

expresses. Although there is some overlap, NGF interacts

selectively with the receptor TRKA, BDNF and neu-

rotrophin-4 (NT4) interact with the receptor TRKB, and

NT3 interacts with TRKC [36]. The neurons undergoing

the phenotypic changes (increase in TRPV1 and neu-

ropeptide gene expression) after a viral infection were the

tracheal nodose Ad cough receptors. We have previously

reported that these nerves nearly uniformly express TRKB,

whereas only a minority of the nodose tracheal Ad neurons

expressed TRKA or TRKC [32]. Moreover, applying

exogenous BDNF to the trachea mimics the effect to virus

infection with respect to induction of TRPV1 expression in

A-fiber neurons [27]. We perfused guinea pig isolated

trachea with PIV3 and found that already within 8 h, there

was nearly tenfold increase in BDNF mRNA in the tissue

(P\ 0.05). It is therefore possible that the phenotypic

changes in nodose A-fiber neurons may be secondary to

TRKB activation by BDNF or NT4.

Evaluation of cough sensitivity is a reasonable monitor

of sensory nerve function in the whole animal. Ye et al.

noted nearly a fourfold increase in the cough responses to

capsaicin in guinea pigs that had previously been inocu-

lated intranasally with PIV3 [39]. We too have found that

PIV3 infection of the guinea pig airway epithelium leads to

two to three times more coughs than those treated with the

viral growth medium in response to capsaicin, BK, and

citric acid. Capsaicin stimulation of sensory nerves

depends entirely on TRPV1, whereas bradykinin and acid

stimulation depend in part on TRPV1 [40–42]. These

results support the hypothesis that the virus-induced

TRPV1 and neuropeptide gene expression by the vagal

sensory neurons may be physiologically relevant.

Sensory nerve stimulation will lead to increases in

neurotransmission in the brainstem where the integrated

signals can lead to sensations (urge to cough and dyspnea)

and to subconscious increases autonomic parasympathetic

drive. In addition, activation of vagal C-fibers can lead to

the local release of neuropeptides in the tissue in a manner

that can augment the local inflammatory response.
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Respiratory viral infections have been associated with an

augmentation of the sensory neurogenic inflammatory

system [43, 44].

Parasympathetic Nerves

Experimental viral infection can augment the vagal nerve

mediated bronchoconstriction independently of the sensory

nerves. This can be shown by evaluating the parasympa-

thetic nerve response after severing the vagus nerve and

stimulating the peripheral cut end. In this design, the vagal

sensory nerves cannot communicate with the CNS and lead

to reflex parasympathetic drive. When the peripheral end of

the cut nerve is stimulated, action potentials are evoked,

which synapse with nicotinic receptors in the local airway

ganglia. This leads to activation of the postganglionic nerve

and stimulation of acetylcholine release onto muscarinic

receptors that causes rapid smooth muscle contraction and

airway narrowing [21]. Four or 5 days following a respira-

tory viral infection in guinea pigs and rats, the bron-

choconstriction following vagus nerve stimulation is

substantially enhanced [6, 7, 9]. This may involve increases

in synaptic transmission within the ganglia, increases in

release of acetylcholine from the postganglionic terminals,

and/or increases in the response of the muscle to the released

acetylcholine. With respect to the latter possibility, there is

little evidence that viral infection increases the response to

exogenously applied acetylcholine at the level of the smooth

muscle [7]. However, there is good evidence that viral

infections can increase the amount of acetylcholine released

from the postganglionic nerve terminals. A key mechanism

that contributes to the effect is a reduction in the activity of

prejunctional muscarinic M2 receptors [7, 9, 11, 45]. Mus-

carinic M2 receptors are expressed in the postganglionic

nerve terminal membrane where they serve as feedback

inhibitory autoreceptors. When the acetylcholine release is

increased, it acts on these terminal M2 receptors leading to a

reduction in the release of acetylcholine per impulse [46].

Following viral infections, this inhibitory feedback mecha-

nism is inhibited in guinea pig and rat airways [9, 10]. The

virally mediated decrease in the cholinergic inhibitory

feedback loop is associated with cytokine mediated

decreases in M2 receptor gene expression in neurons within

the airway parasympathetic ganglia [45].

Conclusions

In summary, it is likely that respiratory viral infections can

lead to airway inflammation and the production of inflam-

matory mediators that would be expected to stimulate noci-

ceptive C-fibers. In addition, viral infection may lead to

changes in gene expression within the sensory cell bodies

causing phenotypic changes in a manner that is relevant to

their neurotransmission (neuropeptide production) and acti-

vation profile (e.g., TRPchannel expression). The phenotypic

changes in sensory nerves following viral infection is likely

due to increases in the production of neurotrophic factors by

the epithelial cells andmaypersist beyond the periodof active

infection. Viral infection may also alter the function of

parasympathetic nerves to further increase the reflex bron-

choconstriction and secretions. The net effect of this sensory

and autonomic neuroplasticity is an increase in the classical

neuronal symptoms such as sneezing, coughing, reflex

secretions, and bronchoconstriction. For those with under-

lying airway disorders, the viral-associated neuromodulation

likely contributes to disease exacerbations. A better under-

standing of the molecular mechanisms underlying this neu-

roplasticity may lead to novel therapeutic approaches aimed

at decrease viral-associated airways disorders.
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