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Sensory Innervation of the Larynx and the
Search for Mucosal Mechanoreceptors
Alexander G. Footea and Susan L. Thibeaulta
Purpose: The larynx is a uniquely situated organ,
juxtaposed between the gastrointestinal and respiratory
tracts, and endures considerable immunological challenges
while providing reflexogenic responses via putative mucosal
mechanoreceptor afferents. Laryngeal afferents mediate
precise monitoring of sensory events by relay to the
internal branch of the superior laryngeal nerve (iSLN).
Exposure to a variety of stimuli (e.g., mechanical, chemical,
thermal) at the mucosa–airway interface has likely evolved
a diverse array of specialized sensory afferents for rapid
laryngeal control. Accordingly, mucosal mechanoreceptors
in demarcated laryngeal territories have been hypothesized
as primary sources of sensory input. The purpose of this
article is to provide a tutorial on current evidence for
laryngeal afferent receptors in mucosa, the role of mechano-
gated ion channels within airway epithelia and mechanisms
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for mechanoreceptors implicated in laryngeal health and
disease.
Method: An overview was conducted on the distribution
and identity of iSLN-mediated afferent receptors in the
larynx, with specific focus on mechanoreceptors and their
functional roles in airway mucosa.
Results/Conclusions: Laryngeal somatosensation at the
cell and molecular level is still largely unexplored. This
tutorial consolidates various animal and human researches, with
translational emphasis provided for the importance of mucosal
mechanoreceptors to normal and abnormal laryngeal function.
Information presented in this tutorial has relevance to both
clinical and research arenas. Improved understanding of iSLN
innervation and corresponding mechanotransduction events will
help shed light upon a variety of pathological reflex responses,
including persistent cough, dysphonia, and laryngospasm.
Animals and humans have evolved diversity of
specialized sensory cells to detect environmental
physical stimuli, including heat, mechanical forces,

chemical ligands, and light (Katta et al., 2015). Regulation
of physiological processes in cells initiates at the periphery
through mechanotransductive events, enacting signaling
pathways for unique cell function and paracrine signaling
to neural circuits—paramount for complex sensory systems.
The larynx, similar to other well-established organs unify-
ing the airway (e.g., lung), has been described as a highly
responsive sensory organ. This emanates from its unique
anatomic position and powerful reflexogenic mechanisms,
which has received considerable attention for study of airway
protective responses to stimulation of peripheral afferents
in the internal superior laryngeal nerve (iSLN; Jafari et al.,
2003; Sanders & Mu, 1998; Sant’Ambrogio & Widdicombe,
2001; Sinclair et al., 2017). The mucosa of the larynx contains
one of the most dense concentrations of sensory receptors
in the human body (Sanders & Mu, 1998), with a variety
of physiological inputs from chemoreceptors (Jetté et al.,
2020; Prescott et al., 2020), thermoreceptors (Sant’Ambrogio
et al., 1985), proprioceptors (Bianconi & Molinari, 1962),
nociceptors (Hamamoto et al., 2008, 2009; Uno et al., 2004;
Yamamoto & Taniguchi, 2005), and mechanoreceptors
(Andreatta et al., 2002; Davis & Nail, 1987; Hammer &
Krueger, 2014). Laryngeal mechanoreceptors provide pro-
prioceptive and perceptual afferent information for several
essential human functions, including breathing, deglutition,
speech, voice, and airway protection (Hammer & Krueger,
2014). Increased knowledge of mucosa mechanoreceptors
in health and disease is paramount for finding novel treatment
options for voice, swallow, and cough disorders. Insights into
these elusive receptors require amalgamation of research from
both animal and human models. Laryngeal mucosa is densely
innervated with heterologous afferent receptor subtypes that
exhibit specialized, albeit overlapping (i.e., polymodal), re-
sponses to physiological stimuli (Albegger et al., 1991; Domeij
et al., 1991; Gonçalves da Silva Leite et al., 2016; Hisa et al.,
1992; Jetté et al., 2020; Takahashi et al., 2016; Tanaka et al.,
1993; Yamamoto et al., 2001, 1998, 2000, 1997). Data are of-
ten confounded with differences across species and uncertain
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Figure 1. Animation of human larynx split open in posterior view.
Internal superior laryngeal nerve (iSLN) enters the larynx through
the thyrohyoid membrane and subdivides into three major divisions
(superior, middle, and inferior), providing nerve supply to demarcated
anatomic regions. E = epiglottis; AE = aryepiglottic fold; A = apex of
arytenoid; Ventr = ventricular/false fold; VF = true vocal fold; PR =
pyriform recess; SG = subglottic area; RLN = recurrent laryngeal
nerve.
functional roles. Furthermore, we have little understanding
of upstream transduction events at the laryngeal mucosa–
airway interface for gating of mechanical stimuli. In this re-
view, we evaluate our current knowledge of sensory innerva-
tion of the larynx with specific focus on mechanoreceptors
for functional roles in health and disease. Our goal is to pro-
vide both clinicians and researchers in the field of voice with
a comprehensive resource related to laryngeal sensory inner-
vation in the context of normal and abnormal sensory patho-
physiology. Details of mechano-gated ion channels for
events of mechanotransduction at the mucosa–airway
interface will be highlighted. Much research is warranted,
and discoveries may provide targeted approaches for treat-
ing recalcitrant laryngeal pathologies.

Sensory Innervation of the Larynx
Anatomical and physiological knowledge of the SLN

has been fundamental for our understanding of voice, swal-
low, and cough behaviors. The SLN and its functions, al-
beit physiologically important, remains poorly understood
in the field of laryngology, which has hindered treatment
options in the clinic. Despite much debate, recent work has
indicated that the iSLN is sensory (Santoso et al., 2020),
separate from the external branch, which supplies motor
innervation to the cricothyroid muscle. iSLN innervation is
distributed nonuniformly throughout the larynx (Boushey
et al., 1974; Sanders & Mu, 1998; Sinclair et al., 2017), with
stimulation of mucosa enacting a protective reflex—the la-
ryngeal adductor response (LAR)—resulting in rapid vocal
fold (VF) closure and tracheobronchial airway protection
(Sinclair et al., 2017). These peripheral signals are conveyed
to the central nervous system (CNS) via the iSLN branch
of the vagus cranial nerve (X). Laryngeal mucosa afferents
have first-order nerve cell bodies located in the nodose and
jugular ganglion, which communicate via axon projections
to second-order nerve cell bodies located within the intersti-
tial subnucleus of the nucleus tractus solitarius (NTS) of the
brainstem (Alvarez-Berdugo et al., 2016; Jürgens, 2002, 2009).
In humans, the iSLN trunk enters through the thyrohyoid
membrane and distributes into three major divisions (supe-
rior, middle, and inferior)—each demarcating distinct anatomic
laryngeal territories, with individual branch subdivisions
and ramified networks (see Figure 1; Sanders & Mu, 1998;
Stephens et al., 1999). Despite minor anatomic discrepan-
cies in the literature, the superior division supplies inner-
vation to the mucosa of the laryngeal surface of the epiglottis
and pyriform recess; the middle division supplies mucosa
of the aryepiglottic folds, ventricular (false) folds, and true
VFs; and the inferior division supplies the mucosa of the aryte-
noids, proximal subglottis, anterior wall of the hypopharynx
(aka posterior glottic wall), and upper esophageal sphincter
(see Figure 2A; Sanders et al., 1993; Stephens et al., 1999).
While these formative studies provided important insights
into laryngeal innervation, certain limitations merit discus-
sion. The use of Sihler’s staining technique allows for visu-
alization of nerve distribution within soft tissues; however,
the technique maps entire nerve supply patterns without
372 Journal of Speech, Language, and Hearing Research • Vol. 64 • 3
distinction between the SLN and the recurrent laryngeal
nerve (RLN). The resulting data likely reflect an amalgam
of both SLN and RLN nerve fibers. Only monosynaptic,
antero- and/or retrograde tracing techniques (e.g., cholera
toxin B subunit), which are prohibited for use in humans,
are able to determine which afferent cell bodies innervate
which receptors. Second, extensive individual variations
in innervation patterns exist with the RLN and its branch
subdivisions forming at least two anastomoses (i.e., inter-
neural connections) at the level of the larynx (Naidu et al.,
2014, 2012). The two most common interneural communi-
cations are Galen’s anastomosis and the arytenoid plexus
(Henry et al., 2017). Both exhibit high prevalence rates in
humans and are believed to contribute to sensory innerva-
tion of the larynx via proprioceptive fibers that supply its
joints and muscles (Henry et al., 2017; Sañudo et al., 1999).
Galen’s anastomosis forms by the union of the descending
division of the iSLN and the posterior division of the RLN,
after each extends off their muscular branches. Likewise, the
arytenoid plexus forms from the union between the arytenoid
branches of the iSLN and the anterior branch of the RLN.
Although anastomoses have largely been studied by gross
anatomical techniques in humans, these could produce
71–391 • February 2021



Figure 2. (A) Anatomic regions innervated via the human internal superior laryngeal nerve (iSLN). The iSLN subdivides into three major divisions
(superior, middle, and inferior), which supply demarcated regions of the larynx with nonuniform heterologous nerve fibers. (B) Anatomic sites of
most intense bilateral laryngeal adductor response (LAR) corroborate locations of highest nerve density. E = epiglottis; AE = aryepiglottic fold;
A = arytenoid; VF = true vocal fold; Ventr = ventricular/false fold; PGW = posterior glottic wall; SG = subglottis; UES = upper esophageal
sphincter.
considerable variability in the interpretation of both ef-
ferent and afferent innervation. For example, anterograde
tracing techniques (i.e., cell body to nerve fiber projections)
were utilized by injecting a label tracer into the nodose gan-
glion of the feline, which demonstrated that the posterior
branch of the RLN provides additional sensory bilateral in-
nervation to the caudal aspect of the VF and proximal sub-
glottis via the ramus perforans (Yoshida et al., 2000, 1986).
Additionally, complex anastomotic patterns exist, suggest-
ing functional differences in sensory and motor innervation
between individuals (Sañudo et al., 1999). The importance
of sensory afference cannot be understated as surgical bilat-
eral denervation of the iSLN abolishes the LAR with signif-
icant loss of neural innervation to supraglottic and glottic
regions and partial loss to the subglottis (Matsuo & Shin,
1994; Sasaki et al., 2005).

Physiological Data Suggest Evidence for
Mechanoreceptors in Laryngeal Mucosa

To date, researchers have utilized anatomical, behav-
ioral, and neurophysiological methods to elucidate defined
areas exhibiting differential densities of neural innervation
and sensory response to mechanical perturbation (Sanders
& Mu, 1998; Sinclair et al., 2017; Yamashita et al., 1997;
Yoshida et al., 1986). The role of sensory receptors involved
remains elusive. Accordingly, rapidly adapting mucosal
mechanoreceptors have been implicated in elicitation of the
LAR (Andreatta et al., 2002). This involuntary airway pro-
tective reflex is highly conserved among species (Andreatta
et al., 2002; Sinclair et al., 2017). The LAR consists of a
rapid ipsilateral thyroarytenoid (TA) response, R1 (approx-
imately 15–18 ms after stimulus), and a delayed, indepen-
dent bilateral TA response, R2 (approximately 60–70 ms;
Sinclair et al., 2017; Yamashita et al., 1997). While the rapid
R1 response has been largely attributed to mucosal mechano-
receptor afferents, research suggests more centralized regu-
lation of the delayed R2 response (Barkmeier et al., 2000;
Sasaki et al., 2003). Other work has demonstrated clear
physiological differences in the characteristics of electro-
myography response to electrical stimulation of the iSLN
from that of responses to air puff stimulation of laryngeal
mucosa (Bhabu et al., 2003; Kearney et al., 2005). Activa-
tion of mechanoreceptors by direct air puff stimulation to
mucosa in humans only elicits a bilateral, late response around
100 ms or greater, whereas electrical stimulation of the iSLN
produces an early ipsilateral response in the TA around 16 ms
and bilateral R2 responses around 65 ms (Ludlow et al.,
1992). Given that the early R1 response is only elicited upon
electrical stimulation, it has been argued that this is an artifi-
cial response due to direct electrical nerve stimulation, and
only the delayed, bilateral R2 response is similar to what
occurs with mechanoreceptor stimulation as both occur
between 60 and 100 ms poststimuli. This distinction is re-
markable, as electrical stimulation of a nerve can induce a
response that normally does not occur in nature. Similar
differences have been exhibited between the blink reflex
elicited by electrical or mechanical stimulation of the supra-
orbital nerve and responses to air puff stimuli to the cornea
in humans (Esteban, 1999). Studies investigating the effect
of gating of the LAR during voicing and breathing tasks
further attest to this distinction. When electrical stimulation
Foote & Thibeault: Sensory Innervation of the Larynx 373



of the iSLN was tested during various activities (e.g., voicing,
inspiration/expiration, and breath hold), no effects were found
on R1 responses, implying that electrical elicitation was un-
modified by central activation (Henriquez et al., 2007). On
the contrary, modulation of mechanosensory afference was
altered via air puff pressure stimulation to arytenoid mucosa,
demonstrating increased thresholds for eliciting LAR during
voicing (Hammer & Krueger, 2014). Interpretation of the
R1 response elicited by electrical stimulation or mechanical
stimulation to nerve endings (Andreatta et al., 2002) should
be approached with caution. This may produce adductor
responses that are unlikely to be functionally relevant to
laryngeal protective reflexes in awake humans and may
be the result of electrical stimulation likely activating mech-
anoreceptor afferents along with C-fibers and capsaicin-
sensitive receptors, while the air pressure puff technique is
likely to only activate mechanoreceptors.

Mechanoreceptors have historically been categorized
based upon sites of termination, rapidly or slowly adapting,
spontaneous activity, sensitivity to discrete mechanical stim-
uli, conduction velocity (i.e., myelinated, A-range), and
low- versus high-threshold activation response (see Figure 3;
Boushey et al., 1974; Bradley, 2000; Davis & Nail, 1987;
Sant’Ambrogio & Widdicombe, 2001; Tsuda et al., 1998).
Mechanoreceptors in the larynx have been differentiated by
location, either in the superficial mucosa (i.e., mucosal mech-
anoreceptors) or deeper in muscles and laryngeal joints (i.e.,
proprioceptive afferents; Bradley, 2000). To this end, elicita-
tion of LAR responses, in the feline, was found to be highly
dependent on the presence of mucosal mechanoreceptors
and not proprioceptive afferents following perturbation pre/
Figure 3. Classification of mechanoreceptor phenotypes.
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post mucosal strip conditions (Andreatta et al., 2002). The
classical hallmark of mechanoreceptors is that they exhibit
rapid adaptation upon stimulation (Sant’Ambrogio &
Widdicombe, 2001), with previous research indicating a
significant proportion of laryngeal mechanoreceptor responses
were rapidly adapting when recorded from the SLN (Davis
& Nail, 1987) or presynaptically in the NTS of the brain-
stem (Esaki et al., 1997).

Much work has been done to establish territorial dif-
ferences regarding density of neural innervation and analo-
gous sensory responses. In excised human larynges, a rich
distribution of nerve endings to mucosa of the ventricular
and true VF, arytenoid, posterior glottis, and laryngeal sur-
face of the epiglottis were found (see Figure 2A; Sanders &
Mu, 1998). While authors assumed data to reflect density
of mechanoreceptors, distinction between chemo- and mech-
anoreceptors was not considered and currently remains un-
clear, as many receptors function as polymodal—responding
to a wide variety of stimuli, including mechanical, chemical,
and thermal (Sant’Ambrogio & Widdicombe, 2001). Using
anterograde tracing techniques in the feline, injection of
wheat germ agglutinin–horseradish peroxidase into the no-
dose ganglion demonstrated distribution of laryngeal periph-
eral sensory nerve fibers to the epiglottis, aryepiglottic fold,
arytenoid eminence, rostral 1/3 VF, and laryngeal vestibu-
lum. Areas of greatest sensory supply were observed on
laryngeal aspect of the epiglottis, aryepiglottic fold, and
arytenoid region, reflecting anatomical locations involved
in reflex closure of the glottis (Yoshida et al., 1986).

Anatomic studies largely correspond to physiological
data demonstrating LAR-elicited sensory topography of
71–391 • February 2021



the human larynx (see Figure 2B; Sanders & Mu, 1998;
Sinclair et al., 2017). Using electrical stimulation of the
laryngeal mucosa, the researchers mapped LAR elicitation
in various subsites, including epiglottic tip, membranous
true VF, midventricular VF, and posterosuperior supraglot-
tis. It was found that elicitation of bilateral LAR responses
via electrical mucosal stimulation was predominate in the
laryngeal subsites of posterosuperior supraglottis followed
by epiglottic tip and ventricular VF, albeit absent in mem-
branous true VF, subglottis, and epiglottic petiole (Sinclair
et al., 2017). Authors speculated that differential reflex re-
sponses likely evolved to protect against inappropriate LAR
activation during volitional tasks without compromise of air-
way protection. Of particular interest was the lack of LAR
response in the membranous VF subsite (Sinclair et al.,
2017), despite the previous findings of neural endings in
this region (Sanders & Mu, 1998). Given the potential for
biomechanical trauma induced to the membranous VF
during phonation and cough, this may suggest that identity
and function of intra- and subepithelial nerve fibers likely
serve as high-threshold, mono- or polymodal nociceptors.
Considered together, data might suggest an evolved physio-
logical advantage for demarcated density and distribution
of afferent fibers in humans.

Species and Regional Differences in Laryngeal
Afferent Nerve Fibers

Extensive histological studies have been performed in
a wide variety of animal models to explore identity and func-
tion of sensory afferent receptors in laryngeal mucosa (see
Table 1; Albegger et al., 1991; Domeij et al., 1991; Gonçalves
da Silva Leite et al., 2016; Hisa et al., 1992; Jetté et al., 2020;
Takahashi et al., 2016; Tanaka et al., 1993; Yamamoto et al.,
2001, 1998, 2000, 1997). However, morphological, topo-
graphical, and physiological characteristics of these structures
have not been definitively categorized. Species differences are
commonplace; therefore, it is important to understand and
consider the limitations of specific animal models and dif-
ferent species offer differing advantages, depending on the
end points of the investigation. Historically, the feline (cat)
model has been utilized for the study of laryngeal mecha-
noreception (Andreatta et al., 2002; Davis & Nail, 1987;
Sampson & Eyzaguirre, 1964). This is due to the high num-
ber of myelinated fibers in the feline vagus nerve, averaging
30,000 afferent nerve fibers in the vagus trunk, with 3,000
myelinated fibers in the SLN branch, of which 2,400 are af-
ferent (Jammes et al., 1982; Sant’Ambrogio & Widdicombe,
2001; Tsuda et al., 1998). A preponderance of myelinated
fibers occurs in the SLN of humans, felines, and canines
(Sant’Ambrogio & Widdicombe, 2001), with similar focal
areas of rich innervation exhibited for human and feline
larynges (Andreatta et al., 2002; Yoshida et al., 1992). Fur-
thermore, in the feline, monomodal mechanosensitive fibers
were predominately demonstrated in afferents of the SLN
compared to chemosensitive and polymodal fibers (Takagi
et al., 1995). This model has proved effective to study muco-
sal mechanoreceptor phenotypes and for accurate modeling
of sensitivity to mechanical perturbations contributing to
movement dynamics. In addition to feline (Tanaka et al.,
1993), canine (Yamamoto et al., 1997), equine (Yamamoto
et al., 2001), and rodent (e.g., mouse, rat) models have been
predominately utilized for morphological studies of nerve
endings in laryngeal mucosa (Lima-Rodrigues et al., 2004;
Sbarbati et al., 2004; Soda & Yamamoto, 2012; Takahashi
et al., 2016; Yamamoto et al., 1998, 2000, 2003). In light of
the vast array of transgenic tools available today, the mouse
can be a very powerful model for study of mechanosensory
protein and neuron activation (Kichko et al., 2015), with
numerous similarities to humans, albeit few studies have
explored receptor afferents using this model (Hamamoto
et al., 2008; Jetté et al., 2020; Prescott et al., 2020). In com-
parison, neurophysiology of the rat has been well character-
ized with ample insight into laryngeal sensory receptor
afferents but currently lacks accessible transgenic models.
Due to advancements in genomics (i.e., CRISPR/Cas9),
alongside technological innovation (i.e., single-cell transcripto-
mics, optogenetics, antero- or retrograde cell tracing), research
trends appear to emphasize increased use of transgenic mouse
models based on both precedent literature and ethical con-
cerns (Birling et al., 2017; Ellenbroek & Youn, 2016; Kim
et al., 2016; Mahmoudi et al., 2017). Aforementioned tech-
niques allow for targeted manipulation of specific cell types
and neural pathways in readily available genetically engi-
neered mice to elucidate biological mechanisms. Use of
these techniques during developmental stages may help to
define the molecular profiles for placode versus neural crest
cell contributions to the intrinsic and extrinsic laryngeal
nervous system. Insights will aid in our understanding of
iSLN and RLN physiology and may provide answers for
commonly observed pediatric disorders, such as congenital
laryngomalacia and idiopathic VF paralysis, given their
high prevalence and assumed neurological etiology (Hsu
et al., 2015; Thompson, 2007). For example, recent data
have identified different mutations found responsible for
what was previously thought to be idiopathic VF paraly-
sis. In one study, a mutation in the coding for dynactin, an
axonal transport protein, was found affected in families
with VF paralysis (Puls et al., 2003, 2005), while in other
studies, a mutation affecting transient receptor potential
vanilloid 4 (TRPV4) was found responsible for familial
VF paralysis in Charcot-Marie-Tooth Type 2C (Landouré
et al., 2012, 2010; Zimon et al., 2010).

Many sensory receptor subtypes exist in laryngeal mu-
cosa, with elicitation of several different reflexes (Widdicombe,
1998). Prior work has indicated free nerve endings of myelin-
ated or unmyelinated nerve fibers reside in laryngeal epithe-
lium and respond to mechanical and/or chemical stimuli,
generally regarded as polymodal nociceptors (Boushey et al.,
1974; Davis & Nail, 1987; Tsuda et al., 1998). It is gener-
ally accepted that laryngeal chemoreflexes originate from
free nerve endings of unmyelinated fibers (type C-fibers;
Sbarbati et al., 2004; Yamamoto et al., 2000), while mechan-
oreflexes usually involve thin myelinated fibers (type Aδ or
Aβ) with or without complex nerve endings (i.e., corpuscu-
lar, laminar, glomerular, lamellar) and with rapid adaptation
Foote & Thibeault: Sensory Innervation of the Larynx 375



Table 1. Species and regional differences in laryngeal afferent nerve fibers.

Laryngeal mucosa

Cited
literature

Neuropeptide
or molecule

Reported
receptor
class Labels Species

Location: mVF cVF

Laryngeal
epiglottic
surface

Ventr
fold

Ary-
epiglottic

fold Arytenoid

Posterior
glottic
wall

Proximal
subglottic

Epithelia:
Stratified
squamous

Stratified
squamous,

intermediate,
ciliated

columnar
Ciliated

pseudostratified
Nonciliated
cuboidal

Ciliated
pseudostratified

SP C-fiber
peptidergic
nociceptor

Neurons, sub- and
intraepithelial

free-ended nerve
fibers, and taste

bud–like structures

human (H),
rat (R),

mouse (M),
feline (F),
dog (D),
equine (E)

R R, F, D H, R, F, D, E H, F, D R, F, E R, M, F, D, E R, F, E R, F, D, E Albegger et al.,
1991;

Corcoran et al.,
1999; Domeij
et al., 1991;
Hamamoto
et al., 2009;

Kawasoe et al.,
1990; Lima-

Rodrigues et al.,
2004; Nishijima
& Atoji, 2004;

Shin et al., 1987;
Takahashi et al.,
2016; Tanaka
et al., 1993;
Yamamoto
et al., 2001,
2003; Yoshida
et al., 2000

CGRP C-fiber
peptidergic
nociceptor

Neurons, sub- and
intraepithelial

free-ended nerve
fibers, and

chemosensory
cells

human (H),
rat (R),

feline (F),
dog (D),
equine (E)

H, R, F, D H, R, F, D R, F, D, E H, F, D R, F, E R, D, E R, F, D, E R, F, D, E Albegger et al.,
1991; Corcoran
et al., 1999;
Domeij et al.,
1991; Hisa
et al., 1992;

Kawasoe et al.,
1990; Lima-

Rodrigues et al.,
2004; Matsuo &

Shin, 1994;
Nishijima &
Atoji, 2004;

Takahashi et al.,
2016; Tanaka
et al., 1993;
Yamamoto
et al., 2001,
2003; Yoshida
et al., 2000

(table continues)
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Table 1. (Continued).

Laryngeal mucosa

Cited
literature

Neuropeptide
or molecule

Reported
receptor
class Labels Species

Location: mVF cVF

Laryngeal
epiglottic
surface

Ventr
fold

Ary-
epiglottic

fold Arytenoid

Posterior
glottic
wall

Proximal
subglottic

Epithelia:
Stratified
squamous

Stratified
squamous,

intermediate,
ciliated

columnar
Ciliated

pseudostratified
Nonciliated
cuboidal

Ciliated
pseudostratified

VIP Class II G-
protein–
coupled
receptor

Apical visceral
mucosa,
intestinal

epithelial cells

dog (D),
equine (E)

E D Corcoran et al.,
1999; Kawasoe
et al., 1990

Neurokinin A Nociceptor Neurons and
secretory cells

human (H) H H H Albegger et al.,
1991

PGP9.5 Polymodal
nociceptor

Neurons and
intraepithelial
free-ended
nerve fibers

human (H),
rat (R)

mouse (M),
feline (F),
equine (E)

H, F H, F H, R, E H R, E H, R,M, E F F Gonçalves
da Silva Leite
et al., 2016;
Jetté et al.,

2020; Matsuo
& Shin, 1994;
Nishijima &
Atoji, 2004;
Ruoppolo

et al., 2015;
Soda &

Yamamoto,
2012;

Yamamoto
et al., 2001,

2003
NFP n/a Type IV

intermediate
filaments in
neurons and
nerve fibers

dog (D),
equine (E)

D, E D D Yamamoto
et al., 2001,

1997

P2X3 Ionotropic
purinergic
receptor

Neurons and
intraepithelial
ramified nerve

fibers or
associated with
chemosensory

cells and
neuroendocrine

cells

human (H),
rat (R),

mouse (M)

R H, R, M R R Jetté et al.,
2020; Soda &
Yamamoto,

2012;
Takahashi

et al., 2016

P2X2 Ionotropic
purinergic
receptor

Sensory neurons
and nerve fibers

rat (R) R R Takahashi et al.,
2016

(table continues)

Fo
o
te

&
T
hib

eault:S
ensory

Innervation
of

the
Larynx

377



Table 1. (Continued).

Laryngeal mucosa

Cited
literature

Neuropeptide
or molecule

Reported
receptor
class Labels Species

Location: mVF cVF

Laryngeal
epiglottic
surface

Ventr
fold

Ary-
epiglottic

fold Arytenoid

Posterior
glottic
wall

Proximal
subglottic

Epithelia:
Stratified
squamous

Stratified
squamous,

intermediate,
ciliated

columnar
Ciliated

pseudostratified
Nonciliated
cuboidal

Ciliated
pseudostratified

P2RY1 G-coupled
purinergic
receptor

Second-order
chemosensory
neurons that

form corpuscle
terminals that

appose laryngeal
taste buds

mouse (M) M M M M M M Prescott et al.,
2020

SNAP25 Presynaptic
plasma

membrane
protein

Neurons and
nerve fibers,

subpopulation of
Type III cells and
neuroendocrine

cells

human (H),
rat (R),

mouse (M)

R H, R, M R Jetté et al.,
2020;

Takahashi et al.,
2016

Calbindin 1
(CALB1)

Unclear Intracellular calcium
in neurons and
laminar nerve

endings
associated

with taste buds,
sub- and

intraepithelial
nerve fibers, and
endocrine cells

rat (R),
mouse (M)

R, M R M Nishijima &
Atoji, 2004;
Prescott

et al., 2020;
Yamamoto
et al., 2000

Calretinin Unclear Intracellular calcium
in neurons and

sub- and
intraepithelial

nerve fibers with
laminar endings

rat (R) R R R Soda &
Yamamoto,

2012;
Yamamoto
et al., 1998

vGLUT1 Transporter Neurons and
endocrine cells

rat (R) R R R Soda &
Yamamoto,

2012;
Takahashi

et al., 2016
vGLUT2 Transporter Neurons and

endocrine cells
rat (R) R R R Soda &

Yamamoto,
2012;

Takahashi
et al., 2016

(table continues)
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Table 1. (Continued).

Laryngeal mucosa

Cited
literature

Neuropeptide
or molecule

Reported
receptor
class Labels Species

Location: mVF cVF

Laryngeal
epiglottic
surface

Ventr
fold

Ary-
epiglottic

fold Arytenoid

Posterior
glottic
wall

Proximal
subglottic

Epithelia:
Stratified
squamous

Stratified
squamous,

intermediate,
ciliated

columnar
Ciliated

pseudostratified
Nonciliated
cuboidal

Ciliated
pseudostratified

vGLUT3 Transporter Neurons and
endocrine cells

rat (R) R R Takahashi
et al., 2016

Na+/K+

ATPase,
α3-subunit

Mechanoreceptor Neurons and
subepithelial

nerve fibers with
laminar endings

rat (R) R Soda &
Yamamoto,

2012

S-100 n/a Schwann cells rat (R) R Soda &
Yamamoto,

2012
Myelin basic
protein

Myelinated axons rat (R) R Takahashi
et al., 2016

GNAT3 Chemoreceptor G-protein subunit
in Type II taste
cells and solitary
chemosensory

cells

human (H),
rat (R),

mouse (M)

R R H, R, M R R Jetté et al.,
2020; Sbarbati
et al., 2004;
Takahashi

et al., 2016
PLCβ2 Chemoreceptor Transduction

component in
Type II taste

cells

human (H),
rat (R),

mouse (M)

R R H, R, M Jetté et al.,
2020; Sbarbati
et al., 2004

CA4 Chemoreceptor Sour-responsive
Type III taste

cells

human (H) H Jetté et al., 2020

Acetylated
tubulin

Nerve fibers human (H),
mouse (M)

H, M Jetté et al., 2020

NPY1R G-protein–
coupled
receptor

Jugular-derived
neurons with
free-ended
nerve fibers

mouse (M) M M Prescott et al.,
2020

NPY2R G-protein–
coupled
receptor

Nodose-derived
neurons with
free-ended
nerve fibers

mouse (M) M Prescott
et al., 2020

TRPV1 Polymodal
nociceptors

Ca2+-gated
mechanosensitive
transmembrane
ion channels in

human (H),
rat (R),

mouse (M)

M M H, R, M R, M R, M Hamamoto et al.,
2008, 2009; Uno

et al., 2004;
Yamamoto &

Taniguchi, 2005

(table continues)
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Table 1. (Continued).

Laryngeal mucosa

Cited
literature

Neuropeptide
or molecule

Reported
receptor
class Labels Species

Location: mVF cVF

Laryngeal
epiglottic
surface

Ventr
fold

Ary-
epiglottic

fold Arytenoid

Posterior
glottic
wall

Proximal
subglottic

Epithelia:
Stratified
squamous

Stratified
squamous,

intermediate,
ciliated

columnar
Ciliated

pseudostratified
Nonciliated
cuboidal

Ciliated
pseudostratified

neurons and
various cell types

TRPV2 human (H),
rat (R),

mouse (M)

M M H, R, M R, M R, M Hamamoto et al.,
2008, 2009; Uno
et al., 2004;
Yamamoto &

Taniguchi, 2005
TRPV3 human (H),

mouse (M)
M M H, M M M Hamamoto et al.,

2008, 2009
TRPV4 human (H),

mouse (M)
H Hamamoto et al.,

2008, 2009
αENaC Mechano- and

chemoreceptors
Na+-gated

transmembrane
ion channels in

neurons, epithelia,
and taste buds

rat (R) R Yamamoto &
Taniguchi, 2006

βENaC rat (R) R Yamamoto &
Taniguchi, 2006

γENaC rat (R) R Yamamoto &
Taniguchi, 2006

Note. mVF = membranous vocal fold; cVF = cartilaginous vocal fold; Ventr fold = ventricular fold; SP = substance P; CGRP = calcitonin gene-related peptide; VIP = vasoactive intestinal
polypeptide; PGP9.5 = protein gene product; NFP = neurofilament protein; P2X3 = purinergic receptor P2X, ligand-gated ion channel, 3; P2X2 = purinergic receptor P2X, ligand-gated ion
channel, 2; P2RY1 = purinergic receptor P2Y1; SNAP25 = synaptosomal-associated protein, 25 kDa; vGLUT = vesicular glutamate transporter; GNAT3 = α-gustducin; PLCβ2 = phospholipase
C β2; CA4 = carbonic anhydrase 4; NPY1R = neuropeptide Y receptor Type 1; NPY2R = neuropeptide Y receptor Type 2; TRPV = transient receptor potential vanilloid; ENaC = epithelial
sodium channel.
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(Sant’Ambrogio & Widdicombe, 2001; Yamamoto et al.,
1997). The most investigated neuropeptide across animal
models was found to be the free-ended C-fiber–associated
nociceptors, substance P (SP), and calcitonin gene-related
peptide (CGRP)—localized to sub- and intraepithelial struc-
tures (Corcoran et al., 1999; Domeij et al., 1991; Hayakawa
et al., 2014; Hisa et al., 1992; Kawasoe et al., 1990; Shin
et al., 1987; Tanaka et al., 1993). Generally, across studies,
density of nerve fibers was found to increase in the supra-
glottis than in the subglottis and in the posterior compared
to the anterior glottic regions. In specific, territorial differences
were observed with increased fiber density in the posterior
1/3 cartilaginous VF, anterior wall of the hypopharynx
(posterior glottic wall), and arytenoid mucosa. While the
anterior 2/3 membranous VF exhibited innervation, fiber
density was marginal. The highest density of pan-neuronal
marker protein gene product (PGP9.5) was observed just
anterior to the vocal process in the feline VF (Matsuo &
Shin, 1994), which suggests an important perceptive site
within the anterior glottis. Anatomic distribution of neuro-
peptides and molecules across animal models was quite sim-
ilar, with the rat being the most investigated model across
studies. While human studies were scarce, recent work has
demonstrated intraepithelial free nerve endings and glomeru-
lar endings via PGP9.5 reactivity in VF mucosa and PGP9.5
and P2X3 in arytenoid mucosa of human newborns, as well
as TRPV1–TRPV4 protein isoforms in the human adult epi-
glottis (Gonçalves da Silva Leite et al., 2016; Hamamoto
et al., 2009; Jetté et al., 2020).

These collective immunohistochemical studies corrobo-
rate human physiological data establishing territorial demar-
cations for afferent nerve fiber densities and LAR sensory
receptors. Data support the evolved importance of focal
sensory mechanisms in the larynx that serve as checkpoints
to inhibit unnecessary reflexogenic responses during voli-
tional and nonvolitional tasks while also allowing for ade-
quate upper airway protection. Human studies are rare;
thus, there are not enough data to support a clear correla-
tion to animal models. However, there seems to be agree-
ment on the importance of somatosensory perception to the
superior/posterior glottis, with assumptions given to the role
in eliciting rapid reflexive responses for airway protection,
while also attenuating sensory perception in focal regions of
high mechanical activity within the anterior glottis.

Mechano-Gated Ion Channels Provide Key Insight
for Transduction Events

Cells actively sense and respond to their physical
environment through events of mechanotransduction, pro-
viding the molecular machinery to cells for sensory detection
and subsequent information relay from peripheral nerve end-
ings. In biology, this involves translating mechanical stresses
into biochemical signals, thus enabling cells to adapt to their
surrounding tissue environment (Jaalouk & Lammerding,
2009). While numerous studies have provided biological
evidence for nerve terminals in laryngeal mucosa, we have
little understanding of upstream transduction events at the
mucosa–airway interface. The ability of mechanoreceptors
to detect mechanical cues relies on the presence of mechan-
otransducer ion channels to rapidly transform mechanical
forces into electrical signals and depolarize local receptive
fields. This local depolarization can generate action poten-
tials (i.e., receptor potential) that propagate toward the
CNS (Roudaut et al., 2012). However, properties of mole-
cules that mediate mechanotransduction and adaptation
to mechanical forces remain vaguely defined in the larynx.
The emergence of novel ion channels as candidates for trans-
duction molecules has provided critical insight into somato-
sensory processing for sensory organs.

To date, proprioceptors and mechanoreceptors in
human upper airway have been localized to pharyngeal
walls (Pacini-like corpuscles, Ruffini-like corpuscles, spiral-
wharves nerve structures; de Carlos et al., 2013), VF mucosa
(intraepithelial free nerve endings, glomerular endings), and
laryngeal intrinsic muscles (Meissner-like corpuscles, muscle
spindles, spiral-wharves nerve structures; Gonçalves da Silva
Leite et al., 2016). Mechano-gated ion channels (i.e., mechan-
oproteins) have been found in neurons within vagal sensory
ganglia (nodose/jugular/petrosal superganglia; Lu et al., 2009;
Nonomura et al., 2017; Prescott et al., 2020; Zeng et al., 2018;
L. Zhang et al., 2004) and at mucosal surfaces of the uni-
fied airway—particularly in epithelia (de Carlos et al., 2013;
Groneberg et al., 2004; Hamamoto et al., 2008, 2009; Stewart
& Davis, 2019). Airway epithelia are mechanically sensitive
cell types, which, in addition to their protective roles, per-
form key signaling functions for regulation of mucosal health
(Althaus et al., 2007; Button et al., 2013; Eisenhoffer et al.,
2012; van der Vliet & Bove, 2011). Identification of mechan-
oproteins with putative importance for laryngeal function
includes the family of transient receptor potential channels
(e.g., TRPV1–TRPV4, transient receptor potential ankyrin
1 [TRPA1]; Groneberg et al., 2004; Hamamoto et al., 2008,
2009; L. Zhang et al., 2004), the degenerin/epithelial sodium
channels (Leydon et al., 2009; Tsujimura et al., 2019),
and its subfamily acid-sensing ion channels (ASICs, e.g.,
ASIC2; de Carlos et al., 2013; Lu et al., 2009). Epithelial
sodium channels (ENaCs) contribute to a variety of sensory
perceptions such as touch, smell, vision, hearing, salty taste,
and sensation of temperature changes (Qadri et al., 2012).
ENaCs are expressed in rat sensory neurons within nodose
ganglion and in nerve endings of the laryngeal submucosal
layer and epiglottic mucosa (Yamamoto & Taniguchi, 2006).
Mechanical activation of ENaCs is essential for electrolyte
and water balance and has been found, alongside sodium–

potassium pumps (Na+/K+ ATPase), to regulate cell volume
by supporting active transport across cells (Althaus et al.,
2007; Fisher et al., 2001; Leydon et al., 2009). The ENaC
has also been involved in initiation of mechanically evoked
(i.e., punctate, pressure) swallows in anesthetized rats, albeit
highly dependent on SLN integrity (Tsujimura et al., 2019).
These researchers further demonstrated topical application
to laryngeal mucosa of either an ENaC blocker (amiloride)
and its analogs (benzamil and dimethyl amiloride) and/or a
mechanosensitive channel blocker (gadolinium) inhibited me-
chanically elicited swallows, but not by ASIC drug antagonists
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(mambalgine-1 and diminazene; Tsujimura et al., 2019).
However, ASICs and TRPV1 exhibit activation following
acid exposure with acid-evoked swallows abrogated by the
combination of both drug antagonists, suggesting their pos-
sible role in gastroesophageal reflux disease (GERD; Tsujimura
et al., 2019). Purinergic signaling (P2Y subclass) via adenosine
triphosphate release has also been found to promote repair
in human airway epithelia and maintain proper mucus hy-
dration of lower airways (Button et al., 2013; van der Vliet &
Bove, 2011). Recent work in mice has demonstrated the crit-
ical role P2RY1 sensory neurons play in airway defense, func-
tioning as second-order chemosensors in the larynx (Prescott
et al., 2020). Researchers utilized sweeping genetic approaches
to identify diversity of neuron populations within nodose/
jugular/petrosal superganglia and analogous laryngeal ter-
minals via Cre-dependent adeno-associated viruses encoding
reporter biomarkers. Results found that physiological re-
sponses to laryngeal acid and water challenge required P2RY1
neurons and evoked a coordinated motor program for airway
defense, including not only apnea but also VF adduction,
pharyngeal swallow, and expiratory reflexes. Purinergic re-
ceptors (P2X subclass) have also been previously localized
to laryngeal mucosa (see Table 1; Jetté et al., 2020; Soda &
Yamamoto, 2012; Takahashi et al., 2016), with functional
roles only recently uncovered. First, researchers used opto-
genetic stimulation of laryngeal epithelia and found that
swallowing was evoked by selective activation of these cells,
which suggests epithelial cell-to-neuron communication, as
opposed to direct neuron activation. Next, authors utilized
P2X2/P2X3 knockout mice, which lack ionotropic adenosine
triphosphate receptors, in combination with laryngeal chal-
lenge and found that, although responses to force and high
salt were normal, responses to acid were diminished and
completely eliminated for water. Results indicate the spe-
cialized and diverse function of epithelial cells at the mucosa
surface—acting as an airway sentinels for detection of cer-
tain laryngeal chemical challenges. Signaling and protective
potential of airway epithelia result from their highly polar-
ized apicobasal field alongside the integrity of their mediolat-
eral field (i.e., intercellular junctions; Fernandez-Sanchez et al.,
2015; Levendoski et al., 2014). Laryngeal mucosa exhibits
diffuse innervation of intraepithelial nerve fibers (PGP9.5,
CGRP, and SP; Corcoran et al., 1999; Domeij et al., 1991;
Hisa et al., 1992; Jetté et al., 2020; Kawasoe et al., 1990;
Lima-Rodrigues et al., 2004; Matsuo & Shin, 1994; Shin
et al., 1987; Takahashi et al., 2016; Tanaka et al., 1993),
with putative signaling to neighboring epithelia. Interestingly,
CGRP and SP nerve fibers in the rat were found to extend
into the lumen and may be exposed and thus receive direct
stimulation from irritants and mechanical stimuli at the
mucosa–airway interface (Lima-Rodrigues et al., 2004). Nox-
ious stimuli to the larynx activate nerve fibers expressing
SP and/or CGPR neuropeptides, thought to play a role in
nociception and peripheral neurogenic inflammation via
promoting vascular permeability and vasodilatation, re-
spectively—leading to plasma extravasation (Hoyer &
Bartfai, 2012; Walker et al., 2010). In the absence of a mucus
protective sheath to the epithelium, it has been suggested
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that exposed nerve endings may stimulate cough reflex
and/or neurogenic inflammation (Lima-Rodrigues et al.,
2004). This emphasizes the importance of direct activation
or manipulation of primary afferents at the mucosa–airway
interface for innovating future treatment modalities.

While comprehensive review of mechano-gated ion
channels in sensory systems can be found elsewhere (Del
Valle et al., 2012; Delmas & Coste, 2013), it is worth dis-
cussing the family of nonselective calcium mechano-gated
ion channels, PIEZO1 and PIEZO2. Piezo proteins have
been extensively studied in recent work and have been deemed
essential for development and homeostasis of various tissues
that undergo mechanical stress such as lung, skin, carti-
lage, bladder, vasculature, and heart (Anderson et al., 2017;
Cahalan et al., 2015; Li et al., 2014; Nonomura et al., 2017;
Ranade et al., 2014; Retailleau et al., 2015; Servin-Vences
et al., 2017; Woo et al., 2014). In particular, Piezo1 has been
found to regulate the life cycle of epithelial cells (Eisenhoffer
et al., 2012; Gudipaty et al., 2017), while Piezo2 has been
localized to nodose ganglia, vital for establishing efficient
respiration at birth and maintaining normal breathing in
adults (Nonomura et al., 2017). In addition, vagal Piezo2
neurons in the mouse were found to mediate airway stretch-
induced apnea but did not evoke swallowing expiratory
reflexes and/or associated transient apnea under lighter an-
esthesia (Prescott et al., 2020). Other work has demonstrated
Piezo1 activation results in nuclear shrinkage, thereby regu-
lating chromatin condensation in a Ca2+-dependent manner
(Jetta et al., 2019). Furthermore, Piezo1-YAP crosstalk has
been elucidated in the context of human neural stem cell di-
rected differentiation (Pathak et al., 2014) and proposed as a
model for regulation of VF epithelial and mesenchymal re-
modeling due to its involvement in response to load-induced
VF changes (Lungova et al., 2020). Given these data and
the biomechanical environment of the larynx, future work
targeting these channel proteins offers an exciting and
promising area for investigation.

Mechanoreceptors Implicated in Laryngeal
Health and Disease

Somatosensory laryngeal disorders represent a sig-
nificant clinical cohort and present ubiquitous challenges
to treatment outcomes in clinical settings (Jafari et al.,
2003; Morice et al., 2014, 2006; Murry et al., 2010); sen-
sory perception, if compromised, can have detrimental
effects on organismal health and longevity (Delmas &
Coste, 2013; Gendron et al., 2015). Understanding iSLN-
mediated afference will provide critical insight into normal
and disordered laryngeal behaviors. Many disorders of
cough, swallow, and voice implicate laryngopharyngeal
sensory pathophysiology mediated by mechanoreceptor
afferents in airway mucosa. These clinical conditions have
been hypothesized to manifest as sensory distortions char-
acterized as hypersensitivity and/or hyposensitivity (chronic
cough, laryngospasm, irritable larynx syndrome, paradoxical
vocal fold motion [PVFM] disorders; Aviv et al., 1997; Murry
et al., 2010).
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Age-Related Anatomical and Sensory Changes
Over the Life Span

Mechanoreceptors and mechanoproteins have both
been implicated in laryngeal disease states with age-related
sensory and anatomical changes over the life span (Aviv
et al., 1994; Canning, 2011; Erskine et al., 1993; Groneberg
et al., 2004; Kawamura et al., 2004; Mortelliti et al., 1990;
Sant’Ambrogio & Widdicombe, 2001; Widdicombe, 1998;
Yamamoto et al., 2003). In the developing infant larynx,
sensorimotor integrative function and tone are altered with
laryngomalacia, as demonstrated by increased sensory
thresholds via laryngopharyngeal sensory testing, which
correlate to disease severity (Thompson, 2007). Laryngo-
pharyngeal sensory testing thresholds were higher in infants
with GERD compared to those without, with laryngomala-
cia symptom improvement attributed to treatment of un-
derlying GERD and a maturational effect of laryngeal
reflexes and the CNS over a 9-month period. Results sug-
gested that changes in the peripheral afferent sensory func-
tion of the larynx, in combination with underlying delay to
the CNS, may predispose an infant to laryngomalacia com-
pared to nondiseased infants and that GERD with laryngo-
pharyngeal reflux (LPR) is likely the most potentiating
factor influencing laryngomalacia symptomology. Progres-
sive attenuation in pharyngeal and supraglottic sensitivity
with increased age has also been demonstrated in humans
via air pulse stimulation and corroborates observed loss of
small myelinated fibers within the iSLN, presumed to be
sensory, in subjects over 60 years of age (Aviv et al., 1994;
Mortelliti et al., 1990). Age-related laryngeal neural dys-
function has been reported in both efferent and afferent
nerves (Erskine et al., 1993; Pontoppidan & Beecher, 1960).
For example, it has been demonstrated that elderly patients
exhibit reduced LAR reflex against exposure of the upper
airways to ammonia vapor (Erskine et al., 1993; Pontoppidan
& Beecher, 1960). Patients with laryngeal sensory deficits
characterized by an absent LAR have 6.8 times the odds
of developing pneumonia as compared to those with a pres-
ent LAR (Kaneoka et al., 2018). Frequency of upper esoph-
ageal sphincter response to air stimulation as evidenced
via mucosal perturbation to the posterosuperior glottis
was also significantly lower in the elderly compared with that
in young subjects (Kawamura et al., 2004). In a rat animal
model, aging was associated with reduction of laryngeal
sensory and secretomotor terminal nerve endings (Yamamoto
et al., 2003). Aged rats exhibited morphological changes
and reduction in the number of laminar nerve endings,
taste buds and their associated nerves, and intraepithelial
free nerve endings. Specifically, density and distribution
of PGP9.5, CGRP, and SP fibers within laryngeal epithe-
lium were markedly reduced in 35-month-old, compared
to 12- and 24-month-old, rats. Data suggest a relationship
between age-related changes in laryngeal neural structures
and laryngeal sensory dysfunction, which may be contrib-
uting factors to development of dysphagia and aspiration-
related pneumonia within disordered and/or aged patient
populations.
Chronic Cough
One sensory distortion thought to be related to hyper-

sensitivity of laryngeal afferent receptors in airway mucosa
presents clinically as refractory chronic cough. Chronic
cough is a debilitating disorder and afflicts roughly 10%
of the general population (Morice et al., 2014, 2006). Cough
is an essential homeostatic reflex preserving airway patency;
however, it can often become dry and unproductive, resulting
from enhanced excitability of somatosensory afferent nerve
endings in mucosa (O’Connell et al., 1996; Riccio et al., 1996;
Undem et al., 2002). This cough variant presents in the clinic
and is hypothesized to result from augmented peripheral
sensitivity in subjects following upper respiratory infections,
gastroesophageal reflux disorders, and/or asthma.

Research in the area of cough is extensive, involving
both human and animal models. The guinea pig has emerged
as the most frequently utilized animal model for reflexive test-
ing. Guinea pigs offer an ideal size for physical manipulation;
can be utilized in both conscious and anesthetized models of
cough; and, most importantly, initiate cough to similar stimuli
as human subjects (e.g., capsaicin, bradykinin, acid, punctate
mechanical stimuli; Canning & Chou, 2009). Rats and mice
have not been shown to exhibit a cough reflex (Mazzone,
2005). While cough research dates back to the 1950s, we
will highlight current knowledge of afferent nerve subtypes
and mechanoproteins most often implicated in cough. Com-
prehensive overview of sensory receptors regulating cough
throughout the unified airways can be sourced elsewhere
(Mazzone, 2005; Mazzone & McGovern, 2007).

Dichotomy of afferent subtypes has resulted from their
differential sensitivity to anesthesia and responsiveness to
different stimuli. Although functional classification is com-
monly utilized, additional delineation can be based upon
origin, location in airways, neurochemistry, and/or electro-
physiological properties (Mazzone et al., 2003). Broadly
speaking, sensory nerves projecting to the airways and lungs
have been functionally classified as either predominately
mechanosensitive (i.e., low-threshold mechanosensors) or
chemosensitive (i.e., chemosensors, unmyelinated C-fibers,
nociceptors), albeit strict dichotomy is not always apparent.
Two classic types of low-threshold mechanosensors detailed
in the intrapulmonary airways of numerous mammalian spe-
cies are rapidly adapting receptors (RARs) and slowly adapt-
ing receptors (SARs; Mazzone & Undem, 2016; Schelegle &
Green, 2001; Widdicombe, 2003). Both subtypes have cell
bodies in the nodose ganglia, terminate in intrapulmonary
airways and lung parenchyma, are sensitive to various me-
chanical stimuli with conduction action potentials in the
Aβ range, but are generally insensitive to a wide range of
chemical stimuli (Mazzone, 2005). There is general con-
sensus of at least two vagal afferent pathways that initiate
cough upon activation, extrapulmonary cough receptors
(concentrated in larynx and carina of trachea) and broncho-
pulmonary C-fibers, with cell bodies arising from either
nodose or jugular ganglia, respectively (Canning, 2011;
Undem et al., 2002). Cough receptors have been argued
to represent a unique rapidly adapting afferent subtype,
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distinct from the well-defined intrapulmonary RARs and
SARs throughout the airways, with a primary function to
regulate the productive, involuntary cough reflex in airway
defense (Canning et al., 2004). Research indicates that cough
receptors are polymodal Aδ fibers and are classified as mye-
linated, capsaicin-insensitive, acid-sensitive mechanorecep-
tors. Unlike RARs and SARs, which are sensitive to airway
stretch and/or bronchospasm, cough receptors respond solely
to punctate mechanical stimuli and rapid changes in pH
that readily evoke cough from the trachea or larynx in con-
scious and anesthetized animals and humans (Canning
et al., 2004; Mazzone & McGovern, 2007). On the other
hand, bronchopulmonary C-fibers have been described as
capsaicin-sensitive nociceptors of both Aδ- and C-fiber
types, implicated in the nonproductive refractory chronic
cough (Canning et al., 2004). Capsaicin, an active component
of chili peppers, is well known to evoke the cough reflex
by stimulating capsaicin receptors of sensory nerve endings
and is frequently used for measurement of cough sensitivity
(O’Connell et al., 1996; Uno et al., 2004). Cough receptors
rapidly adapt to mechanical probing and acidification with
known roles in regulating cough in both conscious and
anesthetized animals and humans. This is in contrast to
the C-fiber–dependent cough, which is prevented entirely
by anesthesia, selectively responsive to capsaicin, bradyki-
nin, protons, and noxious activators of the cation channels,
TRPV1 and TRPA1 (Birrell et al., 2009; Groneberg et al.,
2004; G. Zhang et al., 2008).

The subfamilies of TRPVs seem to play important func-
tions in regulation of the airway via their physiological role
in epithelia lining the mucosa–airway interface (Hamamoto
et al., 2008, 2009). Involvement of TRPV1, TRPV4, and/or
TRPA1 has been implicated in lower airways for pathologi-
cal conditions, such as chronic cough (Birrell et al., 2009;
Groneberg et al., 2004), and has been associated with trau-
matic mucositis-induced pain in oral mucosa (Ito et al., 2017;
Yamaguchi et al., 2016). Bronchial airway biopsies from pa-
tients symptomatic for chronic persistent cough were found to
overexpress TRPV1 localized to airway sensory nerves com-
pared to normal controls following a capsaicin challenge
(Groneberg et al., 2004). Furthermore, inhibition of citric
acid– and capsaicin-induced cough has been demonstrated
with TRPV1 channel drug antagonists in guinea pigs (Leung
et al., 2007; Undem & Carr, 2010), while TRPV1- and
TRPA1-selective antagonists were able to inhibit sponta-
neous pain in the mouse model (Ito et al., 2017). Results
suggest channel targets as novel noncentralized alternatives
for antitussive therapy. While mechanoproteins within the
upper airway have remained ill-defined, TRPV1 has been
exhibited in laryngeal mucosa of both mouse and human
(see Table 1), hypothesized to contribute to laryngeal sensi-
tivity (Hamamoto et al., 2009), albeit with unknown func-
tional roles.

Given that mechanical/chemical polymodal irritant
receptors have exhibited differential tussigenic sensitivity
dependent upon anatomic location along the airway, com-
parisons between receptor characteristics may offer greater
insight. For example, it was found that the elicitability of
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cough, in anesthetized dogs, with both mechanical (punctate)
and chemical stimulation (citric acid) proved to be signifi-
cantly higher for the tracheobronchial region than for the
larynx (Tatar et al., 1994). Cough intensity was also strongly
suppressed when mechanical stimulation followed capsaicin
administration into trachea or intravenously, consistent with
other work (Canning et al., 2004), and suggests that, in
anesthetized animals, capsaicin-sensitive nerve activation
is not sufficient for evoking cough from the trachea or larynx.
Moreover, absence of mechanically induced tracheobronchial
cough during bilateral vagal cooling has been described
in feline and dog models (Tatar et al., 1994; Widdicombe,
1954). This implies the important role myelinated vagal
afferents (i.e., RARs) play in mediating mechanically induced
cough from the tracheobronchial tree. Bilateral vagotomy in
anesthetized guinea pigs has been shown to decrease respira-
tory rate and prevent cough evoked via mechanical stimula-
tion of the larynx. More interesting, denervation to the SLN
was without effect on the ability to evoke cough; however,
cutting of the RLN abolished coughing induced by electrical
and mechanical stimulation to the tracheal and laryngeal
mucosa (Canning et al., 2004). Subsequent electrophysio-
logical data revealed 88% of nodose ganglia neurons project
to the rostral trachea and larynx via the RLN providing ad-
ditional support for RLN sensory innervation to the proxi-
mal subglottis (Yoshida et al., 2000, 1986). One limitation
of this study is that the laryngeal receptive field was not
explicitly defined; therefore, locations of laryngeal mucosa
probing were unknown. Findings overall implicate the addi-
tive effect of various stimulants to airway afferent receptors,
likely activating both nodose and jugular ganglia neurons,
and suggest loss of these receptors or their connections may
be the basis for silent aspiration—a significant clinical prob-
lem in dysphagia.

Research to date has differentiated cough and bronch-
opulmonary C-fiber afferent receptors, aimed to characterize
productive versus nonproductive cough phenotypes, respec-
tively, although it is likely that both pathways regulate both
variants of cough due to interactions within the airways and
centrally within the brainstem (Canning, 2009). For exam-
ple, neuropeptide-containing chemosensors (e.g., SP) were
found to play a permissive, yet nonessential, role in cough
evoked by mechanoreceptor stimuli in anesthetized guinea
pigs (Mazzone & McGovern, 2007). Research in humans and
guinea pigs further implicates chemosensitive afferent input
from the nose or esophagus may likewise increase cough
sensitivity via centrally interacting mechanisms (Brozmanova
et al., 2005; Harding & Richter, 1997; Plevkova et al., 2004).
Knowledge regarding voltage- and mechano-gated ion chan-
nels at the mucosa–airway interface and within peripheral
sensory ganglia is rapidly progressing. Currently available
antitussive agents offer negligible benefit over placebo for
cough relief (Eccles, 2020), in addition to off-target effects
raising ethical concerns (Morice et al., 2019). Nonetheless,
insights gained may lead to development of novel peripherally
acting antitussive drugs that selectively target C-fiber cough
pathways, while preserving the important defensive functions
of the cough receptor reflex.
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PVFM Disorder
Another aberrant sensory distortion often presenting

in the clinic is PVFM disorder, also commonly known as
vocal cord dysfunction or episodic paroxysmal laryngospasm
(Denipah et al., 2017). This laryngeal-based disorder is
characterized by triggered and episodic dyspnea, resulting
in disordered breathing and cough related to involuntary
periods of VF adduction during inspiration and/or expira-
tion (Murry et al., 2010). While the underlying pathophysi-
ology remains relatively unknown, contributing etiological
factors involve abnormal sensory responses via somatosen-
sory feedback from the larynx. It has been hypothesized
that decreased sensory receptor thresholds (i.e., hypersen-
sitivity) may promote laryngospasm to normally benign
mechanical and/or chemical stimuli (Sinclair et al., 2017),
which may explain exhibited associations between LPR and
paroxysmal laryngospasm (Loughlin & Koufman, 1996).
Patients presenting with cough and LPR demonstrated
sensory compromise of the laryngopharynx by reduced lar-
yngopharyngeal sensitivity (i.e., LAR) to air puff stimuli
(Aviv et al., 2000; Phua et al., 2005). Cough and PVFM
have historically been considered discrete entities; however,
recently, it has been suggested that there may be an under-
lying link between the two conditions (Vertigan et al., 2006).
Approximately 80% of patients with chronic cough exhibit
PVFM comorbidity (Newman et al., 1995), which is often
the primary symptom (Murry et al., 2004), associated with
aberrant laryngeal sensation—mainly thought to be caused
by LPR (Murry et al., 2010). Acidic environments, charac-
teristic of gastric reflux, have been shown to compromise
epithelial barrier function in porcine VF mucosa via reduced
transepithelial resistance (Erickson & Sivasankar, 2010) and
may contribute to mucosa-based inflammatory reactions. It
has been suggested that cough associated with PVFM may
be attributed to reduced mechanosensitivity, resulting from
afferent receptors obscured within edematous mucosa lead-
ing to hyposensitivity (Murry et al., 2010). However, these
conclusions are speculative with no direct correlation be-
tween changes in sensory perception thresholds and mecha-
noreceptor function. Recent animal studies utilizing the rat
model indicate mechanisms that may be the basis for such
abnormalities (Park et al., 2005; Simonyan et al., 2012). To
elicit central mechanisms underlying the development of
pathological laryngeal responses, researchers induced trauma
and/or inflammation to the VF by injection of saline vehicle
or lipopolysaccharide solution, respectively, compared to
controls absent of any VF manipulation. Immunoreactivity
for c-Fos (marker of neuron excitability) and IL-1β (proin-
flammatory cytokine) was assessed within brainstem regions.
While acute laryngeal trauma and inflammation produced
elevated c-Fos response in both sensory and motor nuclei of
the brainstem (Park et al., 2005), a follow-up study demon-
strated prolonged VF inflammation combined with trauma,
but not trauma alone, was correlated with increased c-Fos
response in brainstem sensory nuclei, limited to the NTS and
intermediate/parvicellular reticular formation (Simonyan
et al., 2012). IL-1β data were inconsistent across studies.
Of particular interest given this increased c-Fos expression
in second-order sensory nuclei in the lipopolysaccharide-
treated cohort was the absence of correlated c-Fos expres-
sion in first-order neurons of laryngeal afferents in nodose
and jugular ganglia (Simonyan et al., 2012). This may be
due to rapid excitability and resolution of vagal ganglia
neurons, in which detection is expressed only in the acute
inflammatory phase, which was not assessed in this work.
Future research is warranted to fully elucidate changes in
vagal ganglia neurons and how these may correlate to cen-
tral changes and peripheral mechanisms at the mucosa–air-
way interface. Collectively, studies demonstrate evidence
for amplified central sensory response following laryngeal
tissue remodeling events, which may be the basis for recal-
citrant hypersensitivity changes occurring in patients with
chronic laryngeal inflammation. While changes to laryn-
geal mucosa are highly suspect in patient cohorts, one
cannot rule out behavioral components. Regardless, eluci-
dation of potential biological mechanisms at the mucosa–
airway interface will help to clarify human behavioral work
and targeted drug development and is a significant area
awaiting further investigation.
Conclusions
Understanding laryngeal mechanosensory pathways

may provide much needed insight into the pathophysiology
of sensory-based laryngeal disorders observed in the clinic.
Laryngeal somatosensation (interoception) at the cell and
molecular level is still largely unexplored. Research suggests
heterologous afferent receptors in laryngeal mucosa with
cell bodies extending from both nodose and jugular ganglia,
likely with polymodal function, albeit a division of labor is
apparent at least for some peripheral sensory neurons. Ac-
cordingly, mechanotransduction events at the laryngeal
mucosa–airway interface via mechanoproteins result in
action potential generation and will yield significant in-
sight into the identity and function of definitive mucosal
mechanoreceptors—critical for rapid laryngeal control.
Recognizing the diverse laryngeal mucosa sensorium will
be an important first step for interpretation of electrophysi-
ological and behavioral data as well as development of new
drugs for targeted treatment modalities. The fields of genet-
ics and engineering are rapidly evolving with use of more
complex transgenic rodent models, which may aid in trans-
lation to humans. Application of advanced basic science
techniques (optogenetics, antero- or retrograde cell trac-
ing) paired with enhanced optical resolution (time-resolved,
single-cell genomics) may prove invaluable for future re-
search. Understanding sensorimotor integrative function
of the larynx, especially during development, will provide
vital insight for common pediatric clinical presentations
(congenital laryngomalacia, idiopathic VF paralysis), as-
sumed, in part, to result from inherited neuropathies. Pre-
vention and treatment of disorders resulting from laryngeal
sensory dysfunction is a significant and exciting area await-
ing further investigation.
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