@ S.'EI.CI' Ed. Hﬁar L Sacred Heart University
UNIVERSITY DigitalCommons@SHU

Communication Disorders Faculty Publications Communication Disorders

10-2014

Vocal Fold Epithelial Barrier in Health and Injury: A Research
Review.
Elizabeth E. Levendoski

Ciara Leydon

Susan L. Thibeault

Follow this and additional works at: https://digitalcommons.sacredheart.edu/speech_fac

b Part of the Speech and Hearing Science Commons


http://digitalcommons.sacredheart.edu/
http://digitalcommons.sacredheart.edu/
https://digitalcommons.sacredheart.edu/
https://digitalcommons.sacredheart.edu/speech_fac
https://digitalcommons.sacredheart.edu/speech
https://digitalcommons.sacredheart.edu/speech_fac?utm_source=digitalcommons.sacredheart.edu%2Fspeech_fac%2F174&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1033?utm_source=digitalcommons.sacredheart.edu%2Fspeech_fac%2F174&utm_medium=PDF&utm_campaign=PDFCoverPages

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Speech Lang Hear Res. Author manuscript; available in PMC 2015 September 02.

-, HHS Public Access
«

Published in final edited form as:
J Speech Lang Hear Res. 2014 October ; 57(5): 1679-1691. doi:10.1044/2014 JSLHR-S-13-0283.

Vocal Fold Epithelial Barrier in Health and Injury A Research
Review

Elizabeth Erickson Levendoski, Ciara Leydon, and Susan L. Thibeault
Department of Surgery, Division of Otolaryngology — Head & Neck Surgery, University of
Wisconsin —Madison, Madison, WI

Abstract

Purpose—Vocal fold epithelium is composed of layers of individual epithelial cells joined by
junctional complexes constituting a unique interface with the external environment. This barrier
provides structural stability to the vocal folds and protects underlying connective tissue from
injury while being nearly continuously exposed to potentially hazardous insults including
environmental or systemic-based irritants such as pollutants and reflux, surgical procedures, and
vibratory trauma. Small disruptions in the epithelial barrier may have a large impact on
susceptibility to injury and overall vocal health. The purpose of this article is to provide a broad-
based review of our current knowledge of the vocal fold epithelial barrier.

Methods—A comprehensive review of the literature was conducted. Details of the structure of
the vocal fold epithelial barrier are presented and evaluated in the context of function in injury and
pathology. The importance of the epithelial-associated vocal fold mucus barrier is also introduced.

Results/Conclusions—Information presented in this review is valuable for clinicians and
researchers as it highlights the importance of this understudied portion of the vocal folds to overall
vocal health and disease. Prevention and treatment of injury to the epithelial barrier is a significant
area awaiting further investigation.

Keywords
Vocal fold; Epithelium; Cell junctions; Barrier function

Introduction

Vocal folds are a well-defined layered structure consisting of numerous tissue types
including epithelium, lamina propria, and muscle that are exposed to nearly constant insults
from a multitude of sources including environmental or systemic-based irritants such as
pollutants and reflux, surgical procedures, and vibratory trauma (Gray, 2000). In order to
preserve vocal function, it is imperative that the vocal folds be able to defend themselves
against injury from such insults. The epithelium is an essential, yet underappreciated
mechanism for vocal fold defense. As the outermost layer of the vocal folds, the epithelium
forms a physical barrier against injury which is maintained through the formation of protein
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complexes called cell junctions. Cell junctions provide structural support to the epithelium
by linking adjacent epithelial cells and sealing the paracellular space. Sustained insults that
disrupt vocal fold epithelial cells or junctions diminish the protective capacity offered by
this important barrier. Recently, voice researchers have begun to identify an association
between disrupted structure of the epithelial barrier and vocal fold injury and pathology. As
voice disorders are estimated to affect 3-9% of Americans annually (Roy et al., 2004), it is
critical that we recognize the contribution of the vocal fold epithelial barrier to vocal health.
In this review, we evaluate our current knowledge of the structure of the vocal fold epithelial
barrier and discuss these structures in the context of the function of this barrier in vocal fold
injury and pathology. We also highlight the vocal fold epithelial-associated mucus barrier
and introduce emerging evidence that this barrier may also be altered in states of vocal fold
injury and disease. Our goal is to provide both voice clinicians and researchers a foundation
for interpreting current and future work in the vocal fold epithelial biology. We further hope
that readers will understand the contribution of the vocal fold epithelial barrier to vocal
health and appreciate how prevention and treatment of injury to this important barrier should
be an actively pursued area of future voice research.

Structure of the Vocal Fold Epithelial Barrier

Understanding the importance of the vocal fold epithelial barrier to vocal health requires a
review of epithelial structure. Laryngeal epithelium is a diverse cellular structure composed
of numerous cell types and associated cell junctions.

Cellular Structure

The luminal surface of the membranous vocal folds is covered by stratified squamous
epithelium (SSE) (Fisher, Telser, Phillips, & Yeates, 2001; Gill, Buda, Moorghen, Dettmar,
& Pignatelli, 2005; Gray, 2000). SSE is composed of multiple layers of closely packed
stratified squamous cells (Figure 1). Human vocal fold epithelium normally consists of 5-10
epithelial cell layers (Arens, Glanz, Wonckhaus, Hersemeyer, & Kraft, 2007). Multilayered
epithelium is a characteristic of tissues where frequent exposure to a wide range of irritants
and mechanical forces require that the epithelium be durable for protection (Stepp, Spurr-
Michaud, & Gipson, 1993). SSE of the vocal folds is classified as non-keratinized, in
contrast to keratinized SSE, such as that found in skin. Non-keratinized SSE cells are
nucleated and living (Morita, Miyachi, & Furuse, 2011). Other tissues with portions of non-
keratinized SSE include the oral cavity (Squier & Kremer, 2001), esophagus (Squier &
Kremer, 2001), vagina (Houghton & McCluggage, 2009), and cornea (Kinoshita et al.,
2001). Within the larynx, SSE is unique to the membranous vocal folds and the superficial
surface of the epiglottis (Stell, Gudrun, & Watt, 1981). SSE of the vocal folds transitions to
a ciliated pseudostratified columnar epithelium at the anterior and posterior commissures,
supraglottis, and subglottis (Bulmer, Ali, Brownlee, Dettmar, & Pearson, 2010; Fisher, et al.,
2001; Gray, 2000; Stiblar-Martincic, 1997). Epithelium lining the upper airway is also
designated as ciliated pseudostratified columnar which is composed of humerous cell types
including ciliated columnar cells and mucus-secreting goblet cells (Knight & Holgate,
2003). Goblet cells are also integrated into the epithelium of the larynx especially in areas of
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the false vocal folds and subglottis (Kutta, Steven, Varoga, & Paulsen, 2004; Kutta et al.,
2008).

Layers of squamous cells of the membranous vocal fold epithelium can be divided into two
sections: basal layer and suprabasal, or luminal, layers (Figure 1B). The basal and
suprabasal layers are divided histologically through staining for specific stratified squamous
epithelial markers called keratins. Specifically, keratin 14 is primarily localized to the basal
layer while keratin 13 is primarily localized to the suprabasal layers (Leydon, Selekman,
Palecek, & Thibeault, 2013). A state of equilibrium, or epithelial homeostasis, depends on
continuous self-renewal of the basal and suprabasal cell layers and represents normal
structure and function. Epithelial cell layers experience nearly constant turnover (Gray,
2000; Leydon, Bartlett, Roenneburg, & Thibeault, 2011; Savelli et al., 1991). It has been
estimated that complete epithelial turnover occurs in 96 hours (Savelli, et al., 1991). During
this process, cells divide in the basal layer and move superiorly and medially into the
suprabasal layers. The most luminal epithelial cells are eventually replaced with new cells
while old cells are sloughed off into the laryngeal lumen. It is likely that adult stem cells
provide the reserve of cells necessary for self-renewal (Leydon, et al., 2011). Adult stem
cells are considered a primary component of the tissue regeneration process and have been
identified across the length of the vocal folds in humans (YYamashita, et al., 2007) and mice
(Leydon, et al., 2011). The basal layer of epithelial cells is joined to a basement membrane
(Figure 1B), which is composed primarily of collagen, but includes other proteins such as
fibronectin (Gray, Pignatari, & Harding, 1994; Hirschi, Gray, & Thibeault, 2002).
Collagenous anchoring structures incorporated into the basement membrane secure the
epithelium to the lamina propria (Gray, et al., 1994). The surface of the most superficial
layer of epithelial cells supports a series of dense microvilli that increase the epithelial
surface area (Gray, 2000; Rousseau, Suehiro, Echemendia, & Sivasankar, 2011). The exact
function of microvilli in the epithelium of the vocal folds and other tissues including the
cornea and airway remain elusive. It has been hypothesized that these structures promote
fluid spreading and adherence (Kahwa, Atwal, & Purton, 1997) and facilitate the absorption
of water and other nutrients (Beuerman & Pedroza, 1996). In addition, these structures may
perform a unique function in the vocal folds by providing traction during vibration (Gray,
2000).

Epithelial lon and Water Transport

The vocal fold epithelial surface is covered by a thin layer of fluid (Fisher et al., 2001). This
fluid is believed to substantially contribute to the maintenance of optimal vocal fold
hydration which in turn influences the biomechanics of vocal fold vibration and promotes
normal voice quality (Leydon, Sivasankar, Lodewyck, Atkins, & Fisher, 2009). Fisher and
colleagues (2001) were the first research group to establish that vocal fold surface fluid is
maintained, in part, by ion and water transport across the vocal fold epithelia. lon and water
transport occurs through epithelial cells and is mediated by specific pumps and channel
proteins located on the apical and basolateral epithelial cell membranes (Leydon, et al.,
2009). lon transport is primarily regulated by sodium (Na*) absorption and chloride (CI7)
secretion. The Na* K*-ATPase pump protein has been localized to the basolateral membrane
of canine vocal fold epithelial cells and creates an electrochemical gradient that is the
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primary driving force behind active ion transport (Fisher, et al., 2001). The Na* K*-ATPase
transports three Na* ions out of the cell in exchange for two K* ions into the cell. Other
membrane proteins important for Na* and CI~ transport across the vocal fold epithelium
include the epithelial sodium channel (ENaC) and the cystic fibrosis transmembrane
regulator (CFTR), respectively (Fisher, Lodewyck, Menco, Telser, & Yeates, 2002; Leydon,
Fisher, & Lodewyck-Falciglia, 2009). Using ovine vocal folds, it has been demonstrated that
both ENaC and CFTR are located on the luminal membrane of vocal fold epithelial cells.
ENaC provides the primary pathway for Na* absorption while CFTR provides the primary
pathway for CI~ secretion. Transport of Na* and CI~ ions through the pathways described
above creates an osmotic gradient that drives water fluxes across the epithelium (Fisher, et
al., 2001). Specifically, basally-directed water fluxes are linked with Na* absorption, while
apically-directed water fluxes are linked with CI~ secretion. These ion-driven water fluxes
likely occur, in part, through water channels referred to as aquaporins (Lodewyck, Menco, &
Fisher, 2007). Vocal fold epithelial ion transport is influenced by numerous factors
including ionic and osmotic perturbations (Sivasankar & Fisher, 2008), simulated reflux
(Erickson Levendoski & Sivasankar, 2011), and pollutants (Erickson Levendoski &
Sivasankar, 2012). This topic has recently been reviewed in detail elsewhere (Leydon, et al.,
2009).

Cell Junctions

In the SSE of vocal folds, individual cells are joined by protein complexes termed cell
junctions (Gill, et al., 2005). Cell junctions are specialized protein complexes that facilitate
adherence and communication between two cells or between a cell and the basement
membrane and contribute to the maintenance of tissue integrity (Knight & Holgate, 2003).
Stratified squamous cells with intervening cell junctions form the basic structure of the vocal
fold epithelial barrier. This structural configuration creates two selectively permeable
cellular pathways: the transcellular pathway and paracellular pathway (Figure 2). Selective
permeability refers to the process of permitting appropriate absorption and secretion of
electrolytes and water while limiting permeation of potentially noxious environmental
irritants into the vocal folds. While the transcellular pathway is primarily involved with the
selective absorption and secretion of ions and water as described in the previous section, the
paracellular pathway is associated with transport in the space between adjacent epithelial
cells and is regulated by cell junctions. Cell junctions seal the paracellular pathway creating
an epithelial barrier. Furthermore, by joining adjacent epithelial cells, cell junctions are also
necessary for the mechanical stability of this important barrier, which is essential during
vocal fold vibration.

Cell junctions are typically grouped by function. Three major groups of cell junctions
include occluding, anchoring, and communicating junctions (Table 1). Members of each
junction group have been identified in the vocal fold epithelium of humans and numerous
animal models using a combination of cellular and molecular biology techniques (Alper, Fu,
Erickson-Levendoski, Zheng, & Sivasankar, 2011; Fisher, et al., 2001; Gill, et al., 2005;
Hirano et al., 2003; Ling, Raasch, & Welham, 2011; Rousseau, et al., 2011; Schneider,
Teschner, Sudermann, Pikula, & Lautermann, 2002; Sivasankar, Erickson, Rosenblat, &
Branski, 2010; Van Deusen & Lyon, 2008; Zhang & Fisher, 2012). Alteration in cell
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junction formation and distribution, destabilization, or all may lead to epithelial barrier
dysfunction. For the purpose of this review, we will focus on junction proteins that, to date,
have been identified in the vocal folds (Figure 3).

Proteins complexes called tight junctions are the primary occluding junction of vocal fold
epithelium. Tight junctions encircle the apical ends of epithelial cells and seal together
adjacent epithelial cells (Suzuki, 2013). Tight junctions are the main determinant of
permeability of the paracellular pathway and are critical to vocal fold defenses as damage to
these junctions may result in uncontrolled access of noxious insults into the vocal folds.
Transepithelial resistance (TER) and paracellular flux are well-used indicators of tight
junction permeability (Balda, Whitney, Flores, Gonzalez, Cerijido, & Matter, 1996;
Hasegawa, et al., 1999). TER measures the “tightness” of the epithelium to the passage of
electrolytes (Li, Sheppard, & Hug, 2004). Vocal folds typically exhibit a high TER that is
suggestive of a “tight” epithelial barrier (Sivasankar, et al., 2010). Paracellular flux
measures the permeability of nonionic molecules, such as mannitol or dextran, through the
paracellular pathway (Hasegawa et al., 1999). Changes in TER and paracellular flux
typically, but do not always occur in unison. This is likely because TER represents an
instantaneous permeability measurment while paracellular flux indicates permeability over a
longer period of time (Balda, et al., 1996; Hasegawa, et al., 1999). Consequently, it is
important when studying vocal fold tight junction permeability that researchers assess both
TER and paracellular flux.

Adherens junctions, desmosomes, and hemidesmosomes are major classes of anchoring
junctions. Anchoring junctions play a critical role in the maintenance of epithelial barrier
integrity by providing strong adhesive bonds between the cytoskeletal components of
adjacent epithelial cells (adherens junctions, desmosomes) or between cellular cytoskeletal
components and the basement membrane (hemidesmosomes) (Niessen, 2007). Anchoring
junctions are particularly abundant in tissues, such as the vocal folds, that are subjected to
significant mechanical forces (Fisher, et al., 2001). Not surprisingly, these junctions are
critical for stabilizing epithelial sheets during vibration. Adherens junctions may also play a
role in determining paracellular permeability, though to a lesser extent than tight junctions
(Niessen, 2007). Further, the adherens junction E-cadherin regulates the assembly of tight
junctions (Troxell, et al., 2000; Tunggal, et al, 2005). Consequently, disruption to E-
cadherin expression or localization will have negative consequences for the formation and
functionality of tight junctions.

Communicating junctions are the final functional class of vocal fold cell junctions. Although
communicating junctions do not directly relate to the barrier function of the epithelium,
these junctions provide pathways critical for intercellular communication. As the major class
of communicating junctions, gap junctions form intercellular channels that facilitate
signaling between adjacent cells and permit the passage of small molecules such as ions
(Schneider, et al., 2002; Van Deusen & Lyon, 2008). Gap junctions are composed of
connexin proteins. At this point, we have very little information regarding the distribution of
specific connexin proteins in human or animal vocal fold epithelia. However, initial research
suggests that the distribution of connexin proteins differs based upon laryngeal location
suggesting unique functional roles for specific proteins (Van Deusen & Lyon, 2008).
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Vocal Fold Epithelial Barrier Injury

Irritants

An intact vocal fold epithelium formed by the squamous cells of the epithelium and
adjoining cell junctions acts as a barrier that protects the vocal folds from injury. However,
the protective capacity offered by the vocal fold epithelium is contingent upon the
maintenance of this robust structure (Gill, et al., 2005). Injury to the vocal fold epithelial
barrier from various extracellular stimuli results in changes to epithelial structure and
function that are likely closely associated with overall vocal fold health and susceptibility to
pathology (Figure 4). Assessment and treatment procedures for vocal fold epithelial injury
remain limited as we lack a comprehensive understanding of structural and functional
changes that occur to the the vocal fold epithelium as a result of injury. Over the past
decade, using in vitro and in vivo animal studies and human biopsy specimens, researchers
have begun to identify an association between disrupted structure and function of the
epithelial barrier and vocal fold injury and pathology. Such investigations provide a
foundation for the development of evidence based assessments and treatments that
specifically target vocal fold epithelial barrier injury

The larynx is situated at the separation of the respiratory and digestive tracts (Mouadeb et
al., 2009; Thibeault, Rees, Pazmany, & Birchall, 2009). Narrowing at the level of the vocal
folds creates an area of highly turbulent airflow that promotes the deposition of a wide-range
of inhaled, environmental and sometimes ingested, systemic irritants. As the outermost layer
of the vocal folds, the epithelium is the first structure to come in contact with such
challenges. Various environmental and systemic irritants that been shown to compromise the
vocal fold epithelial barrier.

Environmental irritants—Injury to the vocal fold epithelial barrier may occur as result of
drying of the vocal fold surface or may be a product of pollutants such as cigarette smoke.
Drying of the vocal fold epithelial surface occurs in everyday home and work environments
as a result of factors such as low humidity and mouth breathing (Sivasankar, Erickson,
Schneider, & Hawes, 2008; Sivasankar & Fisher, 2002). VVocal fold drying is a common
clinical concern as it increases the pulmonary effort required to initiate and sustain vocal
fold vibration (Verdolini et al., 2002) as well as alters perturbation measures that are
potentially indicative of reduced voice quality (Hemler, Wienke, & Dejonckere, 1997).
Vocal fold surface drying can be accompanied by an increase in the tonicity, or
concentration, of vocal fold surface fluid (Sivasankar, et al., 2010). To better understand the
effects of surface drying on the vocal fold epithelial barrier, Sivasankar and colleagues
(2010) investigated the effects of a high tonicity fluid, or hypertonic fluid, on TER in
excised porcine vocal fold folds. Paracellular pathway morphology and the expression of
cell junction proteins were also investigated. Within two hours, hypertonic surface fluid
rapidly decreased TER and increased the length and width of paracellular pathways without
altering the expression of tight or adherens junction proteins. This suggests that even short
durations of vocal fold drying may compromise the integrity of the vocal epithelial barrier
and that with longer challenge durations we may begin to see changes in expression of
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junction proteins. Such changes to epithelial barrier may make the vocal folds vulnerable to
insults from other common inhaled challenges such as pollutants.

Acute and chronic inhalation of pollutants is considered to be hazardous to voice production
(Sataloff, 1992). Despite this prevalent clinical belief, very few studies have investigated the
effects of pollutant exposures on the vocal fold epithelial barrier. One of the most commonly
investigated pollutants challenges in the larynx is cigarette smoke. This is not surprising
given that cigarette smoke exposure is a principal risk factor for the development of
laryngeal carcinoma (Sadri, McMahon, & Parker, 2006). In a recent study, an acute, 4 hour
exposure to cigarette smoke extract did not alter TER in excised porcine vocal folds
(Branski, Zhou, Kraus, & Sivasankar, 2011). Authors hypothesized that a more chronic
exposure may be required to compromise the functional integrity of the epithelium and
increase leakiness. While the effects of chronic cigarette smoke exposures on TER have not
been studied, damage to epithelial structure following chronic exposures was observed in rat
and rabbit models (Duarte, Faria, Ceolin, Cestari, & Assis, 2006; Gaafar & Al-Mansour,
1981; Isik, Kalender, Yardimci, & Ergun, 2004). Vocal fold epithelium of rats exposed to 30
cigarettes per day for 25, 50, and 75 days demonstrated signs of hyperplasia (Duarte, et al.,
2006). Significant disturbances in epithelial structure were also observed with fewer daily
cigarettes. Rabbits challenged with cigarette smoke for 20 minutes per day for 90 days
exhibited disturbed epithelial stratification, desquamation, and disorganized microridges in
addition to epithelial hyperplasia (Gaafar & Al-Mansour, 1981). Similar observations were
seen in rats exposed to cigarette smoke for 2 hours per day for 60 days (Isik, et al., 2004). In
these animals, reduced numbers of desmosomes and enlargement of the paracellular
pathways were also evident.

In addition to cigarette smoke a variety of other pollutant challenges have been investigated
across acute and chronic timelines. Alper and colleagues (2011) challenged excised porcine
vocal folds for two hours with hydrogen peroxide, a common reactive oxygen Species.
Reactive oxygen species were targeted as these chemically reactive molecules can be
produced from a variety of pollutants, tobacco smoke, and radiation. Exposure to hydrogen
peroxide did not alter TER or the expression of the tight junction ZO-1. Similarly, a 60
minute exposure to the pollutant acrolein, a common byproduct of mobile exhaust, industrial
processes, and tobacco smoke, did not alter TER in excised porcine vocal folds (Erickson
Levendoski & Sivasankar, 2012). Neither pollutant challenge caused gross changes in vocal
fold epithelial structure. Together, these findings suggest that the vocal fold epithelium may
be able to withstand acute pollutant exposures without significant changes in epithelial
barrier structure or function. On the other hand, there is evidence that suggests chronic
pollutant exposures disturb vocal fold epithelial structure. Calcium carbonate, a main
ingredient of chalk dust, induced desquamation, or shedding of the outermost layer of rat
vocal fold epithelial cells following 30-90 days of exposure (Marcelino & Oliveira, 2005).
In bonnet monkeys, a three month exposure to ozone, an environmentally prevalent
pollutant formed by the interaction of automobile exhaust with heat and sunlight, prompted
signs of vocal fold epithelial hyperplasia and disorganization (Leonard, Charpied, & Faddis,
1995).
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Systemic irritants—Laryngopharyngeal reflux (LPR) is the most commonly investigated
systemic-based irritant in the larynx. LPR is the backflow of gastric contents, including acid
and pepsin, from the stomach and esophagus into the pharynx and larynx and is estimated to
occur is up to 50% of patients with voice problems (Koufman, Amin, & Panetti, 2000). The
effects of LPR on vocal function are well recognized (Oguz et al., 2007; Pribuisiene, Uloza,
Kupcinskas, & Jonaitis, 2006), however, the mechanisms underlying LPR-induced vocal
deficits are less understood. Bulmer and colleagues (2010) used an excised porcine laryngeal
damage model to investigate the effects of 60 minute acid and pepsin challenges, designed
to mimic LPR, on the integrity of laryngeal epithelial structure using optical density, DNA
release measurements, and microscopy. While both acid and pepsin induced epithelial
damage, as measured by significant increases in cellular release of intracellular tissue
components and DNA and disturbances in gross epithelial structure, acidified pepsin
produced the most significant damage to the vocal fold and subglottic epithelium. Laryngeal
biopsy specimens from three laryngeal sites (vocal fold, posterior commissure, and
ventricle) from patients with LPR were utilized to investigate the effects of this disease on
the adherens junction protein, E-cadherin. At all tested sites, there was a significant decrease
in E-cadherin expression (Gill et al., 2005; Johnston et al., 2003; Reichel, Mayr, Durst, &
Berghaus, 2008). Franchi and colleagues (2007) observed further evidence of structural
compromise in laryngeal epithelial biopsy specimens from the posterior commissure in
patients with LPR. They noted a widening of the paracellular pathway, obliteration of
microvilli, and reduced numbers of desmosomes. Whether such structural changes are seen
in the vocal fold epithelium has yet to be determined. Epithelial structural changes are
suggestive, but not directly indicative of impaired epithelial barrier function. To test this,
Erickson and Sivasankar (2010) challenged excised porcine vocal folds with acidified pepsin
and measured TER. Results indicated that within 15 minutes acidified pepsin rapidly
decreased TER. A leaky epithelial barrier was associated with acid and but not pepsin
exposure and may indicate increased paracellular tissue permeability to further reflux
events. Taken together, these findings indicate that exposure to refluxed materials such as
acid and pepsin can compromise the structural and functional integrity of the epithelial
barrier. With integrity compromised, it is highly possible that the epithelium remains
vulnerable to further damage by subsequent reflux events. It may be that repeated exposures
to gastric contents lead to the development of LPR. Factors such as reduced expression of E-
cadherin and dilated paracellular pathways may be morphologic markers of LPR and prove
to be useful diagnostic tools for this disease.

In another example of a systemic challenge to the vocal fold epithelial barrier, Zhang and
Fisher (2012) investigated the effect of the inflammatory mediator histamine on vocal fold
TER and paracellular pathway permeability in excised ovine vocal folds. Histamine is
primarily generated in the granules of mast cells or basophils and, in the airway, is involved
in the development of infection and allergic diseases. Within two hours, a histamine
challenge significantly decreased vocal fold TER and increased paracellular permeability.
These authors hypothesized that changes in TER and permeability were a function of
compromised tight junction integrity. The role that histamine may play in the development
of vocal fold allergic disease remains to be elucidated, but the results of the current
investigation suggest that histamine has the ability to compromise the integrity of the vocal
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fold epithelial barrier. Similar findings of histamine-related epithelial dysfunction have also
been observed in nasal epithelia (Jacobi et al., 1998; Takeuchi, Kishioka, Ishinaga,
Sakakura, & Majima, 2001). Future research may prove useful in identifying histamine as a
new pathogenic mechanism for vocal fold epithelial barrier dysfunction.

Literature summarized above suggests that in animal models the vocal fold epithelial barrier
is sufficiently robust to withstand acute exposures to most tested environmental and
systemic irritants. However, consistent epithelial structural breakdown is observed following
chronic irritant challenges. Such structural breakdown may hold adverse consequences for
various aspects of vocal fold health. For example, reduced expression of cell junctions,
disturbed stratification, and desquamation may suggest that the vocal folds cannot withstand
the mechanical forces of vibration placing the tissues at risk for development of vocal fold
pathology. Hyperplasia, or an increase in cellular proliferation, may be an adaptive response
to external stimuli. However, it could also be an early indicator of abnormal cellular
proliferation (neoplasia) which may lead to development of laryngeal carcinoma. Finally, it
is also possible that breakdown of the epithelial barrier is associated with viral and bacterial
infections. In other epithelial tissues such as that found in the stomach and cervix, viral and
bacterial infections are linked to impaired epithelial structure and function (Amieva,
Vogelmann, Covacci, Tompkins, Nelson, & Falkow, 2003; Stanley, 2012). For example,
human papillomavirus (HPV) is a common benign vocal fold disorder in adults and children
(Aaltonen, Rihkanen, & Vaheri, 2002). In the cervix, HPV infects squamous epithelium
following compromised barrier function (Stanley, 2012). The virus targets basal epithelial
cells. While basal cells are usually protected from insult by suprabasal cell layers, disruption
to barrier integrity from a microabrasion permits the virus to reach the cells (Doorbar, 2005).
In gastric epithelial cells, helicobacter pylori, a Gram-negative bacterium, disrupts epithelial
cell junctions; thus, promoting bacterial invasion and growth (Amieva et al., 2003). Whether
viral and bacterial infections are associated with breakdown of the vocal fold epithelial
barrier is unknown and should be a focus of future research.

Surgical Injury

To date, the majority of studies that investigate vocal fold repair as a result of surgical injury
have mostly focused on the recovery of the structure and function of the lamina propria.
Researchers are in the early stages of establishing a timeline for epithelial structural
reestablishment following surgical injury. In these investigations, animal models of surgical
injury are established through vocal fold stripping. This injury-type represents a gross form
of barrier loss, where there is direct damage to epithelial cells and exposure of underlying
tissues. Following vocal fold stripping in a rabbit model, Branski and colleagues (2005)
sacrificed animals at 12 hours, 1, 3, 5, 7, 10, 14, and 21 days post injury. They observed
partial epithelial coverage of the injury by day 3 and complete epithelial coverage of the
injury at day 5. Despite complete coverage by day 5, the epithelium was not normal in
appearance and marked by significant hypertrophy characterized by enlargement of
epithelial cells. This structural abnormality is likely indicative of a functionally impaired
epithelium. Ling and colleagues (2010) also examined epithelial healing following vocal
fold stripping in a rat model of injury. Animals were sacrificed at 1, 3, 5, and 7 days post
injury. Partial epithelial cell coverage of the injury was observed at day 1 and complete by
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day 3. Similar to the findings by Branski and colleagues, the epithelium was characterized
by significant hypertrophy during the healing process. However, by day 7, the luminal
surface of this thickened epithelium was characterized by decreased cell numbers and partial
coverage by squamous-appearing cells. To further investigate epithelial recovery following
injury, this group characterized the expression of the adherens junction protein E-cadherin
and the protein cross-linking enzyme transglutaminase-1 at the same points as above (Ling,
etal., 2011). Like E-cadherin, transglutaminase-1 is important for cell-cell adhesion and
epithelial stability. The majority of newly recruited cells at day 1 were negative for E-
cadherin; however, by 3-7 days post injury strong E-cadherin signals were present
throughout the completely covered epithelium. Similar patterns of recovery were observed
for transglutaminase-1. One investigation has been identified that describes the expression
of epithelial-related proteins during the chronic phases of wound healing. Hirano and
colleagues (2003) investigated the expression of adhering proteins including cadherin,
syndecan-1, and syndecan-4 2 and 6 months following vocal fold stripping in canines.
Syndecan-4 was increased in the basal layer of epithelial cells at both 2 and 6 months
following injury. An important protein during wound healing, syndecan-4 assists in the
formation of focal adhesions between cells and the extracellular matrix (Woods &
Couchman, 2001), and in this case between the basal epithelial cell layer and the basement
membrane. No changes were observed in the expression of cadherin and syndecan-1. Taken
together, this finding suggests that the basal layers of epithelial cells continues to experience
remodeling during more chronic phases of wound healing, whereas the suprabasal cell layers
undergo remodeling during the acute phases of injury.

In summary, we are beginning to understand the timeline of epithelial barrier structural
reestablishment following surgical injury. From the studies above, it appears that full
epithelial coverage following surgical wounding is established fairly quickly, within 3-5
days, and recovery of the adherens junction E-cadherin seems to occur within a similar
timeframe. However, we continue to lack a timeline of recovery for other cell junction
proteins including tight junctions and other anchoring-type junctions that are critical to
epithelial barrier integrity. Furthermore, the nature and extent of epithelial functional
recovery following wounding is entirely unknown. Consequently, further studies need to be
conducted that include measurements of TER and paracellular permeability. It is likely that
during the wound healing process the vocal folds are more susceptible to injury from
vibratory stresses and environmental and systemic irritants. Consequently, there is a critical
need for establishment of a comprehensive timeline of epithelial structural and functional
recovery following surgical injury. Until this time, we do not have a complete understanding
of the ability of the epithelial barrier to protect the vocal folds following surgery.

Vibratory Injury

Phonotrauma, or intense vocal fold vibration over prolonged periods, is a major factor that
contributes to the development of many mid membranous, benign vocal fold lesions of the
lamina propria (Behrman, Rutledge, Hembree, & Sheridan, 2008). It has been suggested that
the vocal fold epithelium is important for defending the lamina propria against such
mechanical stresses during vocal fold vibration (Rousseau, et al., 2011). To date, three
studies, using animal models, have been identified that investigate the effects of simulated
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phonotrauma, or excessive phonation, on the vocal fold epithelium. Two early studies
evaluated the structure of the vocal fold epithelium following excessive phonation. Zhao and
colleagues (1991) induced excessive phonation in felines 25 minutes per day, two times per
day for 15 weeks, finding that excessive phonation resulted in vocal fold epithelial
hyperplasia as well as shedding of surface epithelial cells. Gray and Titze (1988)
investigated the effect of two to four hours of excessive phonation in a canine model on
vocal fold structure. At two hours, vocal fold surface damage included the destruction and
loss of epithelial microvilli and desquamation. By four hours, marked tearing of
desmosomes and hemidesmosomes was also noted. More recently, Rousseau and colleagues
(2011) investigated the effect of 30 minutes of raised intensity phonation, in rabbits, on the
expression of cell junction genes and epithelial structure. Significant reductions in the
expression of the tight junction protein occludin and the adherens junction protein -catenin
were observed. Structural changes to the vocal fold epithelium including desquamation,
microhole formation, and dilated paracellular spaces were also identified. Together, these
results suggest that both short and long durations of excessive phonation may be detrimental
to the vocal fold epithelial barrier. Disrupted epithelial barrier structure may not only
increase the likelihood of noxious irritants entering the vocal fold mucosa, but also reduce
the vocal fold’s ability to tolerate further vibratory stresses and protect the underlying
lamina propria from injury. Consequently, it is possible that changes in epithelial structure
as a result of vibratory injury are implicated in the development of vocal fold pathology.

Epithelial Barrier Defects Associated with Vocal Fold Pathology

The animal studies discussed in the previous sections suggest that altered epithelial barrier
structure and function may be an associative factor predisposing to the development of vocal
fold pathologies. However, to date there are no studies in humans that directly demonstrate
epithelial barrier changes precede the major structural changes accompanying vocal fold
pathologies, only that various research groups have described cellular structure of various
vocal fold lesions (Dikkers, Hulstaert, Oosterbaan, & Cervera-paz, 1993; Kothy, Nassar,
Seif, Helal, & Saleh, 1988; Martins, Defaveri, Domingues, & de Albuquerque e Silva,
2011). Although a detailed examination of the epithelium is often not the primary goal of
these investigations, significant disruptions in epithelial structure have been reported.
Dikkers and colleagues (1993) conducted an investigation of the structure of benign
laryngeal lesions (hodules, polyps, granulomas, Reinke’s edema, cysts). The basement
membrane was characterized by a thickened irregular appearance and the structure of
desmosomes and hemidesmosome were altered. Structural changes to the epithelium were
most evident in vocal nodules. Additional investigations have focused on characterizing the
structure and ultrastructure of single lesions. Kotby and colleagues (1988) and Martins and
colleagues (2010) both described the morphological features of vocal fold nodules. Both
groups noted dilation of the paracellular spaces and, in places, an absence of the basement
membrane. Martins also reported additional findings including a high prevalence of
histological alterations including epithelial hyperplasia, basement membrane thickening, and
an increase in the number of desquamating cells. Further findings of basement membrane
disruption in vocal nodules, including a loss of anchoring structures, has been observed by
Gray and colleagues (1995).
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To date, inconsistent or few alterations in epithelial structure have been observed in other
benign vocal fold lesions including polyps and granulomas, though studies that examine
these lesions are limited. In structural analyses of vocal fold polyps, investigators
inconsistently observed epithelial changes (Martins, et al., 2011). For example, during gross
structural analysis, some polyp epithelia appeared normal while others presented as
hyperplastic or atrophic. Analyses of ultrastructure demonstrated similar variability.
Desquamation and obliteration of microvilli were only observed in a portion of samples.
While epithelial changes are reported more consistently in granulomas, these changes were
mild in severity compared with that of nodules. Martins (2009) and Shin (1994) report some
mild desquamating surface epithelial cells post endotracheal intubation and in contact
granulomas. Martins (2009) further observed some epithelial hyperplasia and altered
desmosomal structure in these lesions.

Vocal Fold Mucus Barrier

The epithelium is not the only important vocal fold barrier. Luminal epithelial surfaces of
the vocal folds are covered by a thin layer of mucus. Mucus serves as a barrier between the
epithelial cell membranes and the environment. Primary functions of mucus include
protection, transport, and lubrication (Samuels, et al., 2008). Specifically, mucus binds and
traps environmental and systemic irritants for subsequent transport and removal through
mucociliary clearance mechanisms. In the larynx, mucus also serves a unique function of
lubricating the vocal folds during vibration (Roy, Tanner, Gray, Blomgren, & Fisher, 2003).
Unfortunately, our knowledge of the composition and effect of insults on the vocal fold
mucus barrier is limited. Mucus is a heterogeneous mixture of salts, carbohydrate-rich
glycoproteins (also called “mucins”), and water (Knowles & Boucher, 2002). The functional
properties of mucus are mostly influenced by its mucin content. Approximately 20 mucins
have been detected in the human airway. These mucins fall into two broad-categories:
secreted, gel forming mucins and membrane-associated mucins (Jeffery & Li, 1997). In the
larynx, secreted mucins are typically considered to be a product of the false vocal folds and
subglottis (Kutta, Steven, Kohla, Tillmann, & Paulsen, 2002; Kutta, et al., 2008). False
vocal folds are two mucosal folds located in the supraglottic region immediately superior to
the true vocal folds. The false vocal folds and subglottis contain specialized mucus
producing cells called goblet cells as well as mucus producing submucosal glands (Figure
5). Secreted mucins are much larger than membrane associated mucins and primarily
responsible for the physical properties of airway mucus such as viscosity (Lillehoj & Kim,
2002). Membrane-associated mucins are found on epithelial cell membranes throughout the
larynx. Traditionally, the major functions of membrane-associated mucins are thought to
include cellular adhesion, pathogen binding, and signal transduction (Rose & Voynow,
2006). However, the extracellular domain of membrane-associated mucins can be
proteolytically cleaved or alternatively sliced and released into the mucus layer (Williams,
Sharafkhaneh, Kim, Dickey, & Evans, 2006). In this capacity, membrane-associated mucins,
like secreted mucins, may contribute to protective physical properties of the mucus layer.

Given the critical role that mucus plays in vocal fold defense and vibration, a better
understanding of the expression of laryngeal mucins in states of health, injury, and
pathology is necessitated. In healthy tissue, at the gene level, numerous secreted and
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membrane-associated mucins including MUCs 1-5AC/B, 7, 9, 13, 15, 16 and 18-20 are
expressed in posterior laryngeal biopsy specimens (Samuels, et al., 2008). Similarly, mucin
proteins including MUCs 1, 5AC, 5B, 7, 8, and 16 have been detected in the human
laryngeal subglottis (Kutta, et al., 2008). There is emerging evidence that the expression of
mucin genes is altered in laryngeal disease states. Preliminary findings suggest an improved
patient survival advantage when MUCA4 is expressed in laryngeal squamous cell cancers
(Paleri, et al., 2004). MUCs 2, 3, and 5 are expressed at reduced levels in posterior laryngeal
biopsy specimens from patients diagnosed with LPR (Samuels, et al., 2008). In addition,
when animals are chronically exposed to pollutants including ozone in bonnet monkeys
(Leonard et al., 1995), calcium carbonate in rats (Marcelino & Oliveira, 2005), and tobacco
smoke in guinea pigs (Mouadeb, et al., 2009), researchers observed significant alterations in
the physical properties of the mucus overlying the laryngeal surfaces. Specifically, pollutant
exposures resulted in increased mucus production as well as increased aggregation of
viscous mucus on the laryngeal surfaces. Such changes in mucus have multiple implications
for laryngeal health. For example, reduced expression of mucin may inhibit the protective
properties of this important barrier. Mucin overproduction, on the other hand, may lead to
reduced efficiency in clearance of foreign particulates. Furthermore, changes in the viscosity
of mucus may significantly impact vocal fold vibration. Researchers have yet to determine
whether mucin content is associated with vocal fold pathology. In patients with voice
disorders, abnormal aggregation of “rough” and “uneven” mucus is a common observation
during laryngeal imaging (Bonilha, White, Kuckhahn, Gerlach, & Deliyski, 2012). As a
change in amount mucus could affect vocal fold defenses as well as vibration, it is critical
that future research be completed in this area.

Summary and Conclusions

Epithelium constitutes a unique barrier between the external environment and underlying
connective tissue of the vocal folds. This paper provided a broad based review of what is
currently known about the structure of the vocal fold epithelial barrier and discussed the
structure in the context of barrier function in injury and pathology. It is clear that sustained
insults from sources such as environmental and systemic insults, surgical instruments, and
vibration disrupts vocal fold epithelial barrier structure and likely diminishes the protective
capacity offered by this important barrier. Such disturbances may have dramatic
consequences for overall vocal health. Despite the increase in our understanding of the
importance of the epithelial barrier, we are still in the very early stages of investigation of
vocal fold epithelial biology. Future studies are needed that focus on correlating changes in
vocal fold epithelial barrier structure and function with changes in voice through perceptual,
aerodynamic, and acoustic analyses. Furthermore, we are in need of investigations that seek
to re-establish epithelial barrier structure and function following injury.
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Figure 1.
Structure of the vocal fold epithelial barrier. VVocal fold epithelium is classified as stratified

squamous consisting of multiple layers of closely packed squamous cells. (A) Coronal
histologic section through membranous portion of a human vocal fold at 20x magnification.
Ep — Epithelium, LP — Lamina Propria. (B) Schematic of the vocal fold epithelial barrier.
Cell layers are divided into two sections: suprabasal layers and basal layer. The basal layer
of epithelial cells is joined to a basement membrane.
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Figure 2.
Two pathways across the vocal fold epithelial barrier. Vocal fold epithelium is a selectively

permeable barrier. This schematic demonstrates two distinct pathways for transport across a
single sheet of epithelial cells. The transcellular pathway involves selective transport
through an epithelial cell. The paracellular pathway involves selective transport through the
paracellular space between epithelial cells and is regulated by cell junctions.
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Figure 3.
Cell junctions of the vocal fold epithelial barrier. Cell junctions occur at points of cell-cell

and cell-matrix contact. Tight junctions are the apical-most cell junctions that seal the
paracellular space and are classified as occluding junctions. Adherens junctions,
desmosomes, and hemidesmosomes are classified as anchoring junctions. Anchoring
junctions join cytoskeletal filaments from cell to cell (adherens junctions, desmosomes) and
from cells to extracellular matrix (hemidesmosomes). Gap junctions are classified as
communicating junctions that mediate the passage of electrolytes and other small molecules
between cells.
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Summary of factors resulting in vocal fold epithelial barrier dysfunction. Numerous insults

including environmental and systemic irritants, vocal fold vibration, and surgical

instruments compromise the structure of the vocal fold epithelial barrier. Such structural
changes may manifest as either changes in cellular structure or organization (a) or alterations

in cell junctions (b). Examples of changes in cellular structure and organization are
illustrated in part (a) and may include desquamated cells, dilated paracellular space,

disrupted basement membrane, and hyperplasia. Examples of alterations in cells junctions

are illustrated in part (b) and may include fewer or missing junctions.
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Figureb.
Example of mucus producing cells of the larynx. Coronal histologic section through human

false vocal fold at 20x magnification. False vocal fold sections were stained with Alcian
Blue/Periodic Acid Schiff (AB/PAS). AB/PAS is a special stain commonly used for the
evaluation of mucins. Mucins are stained as either blue or magenta. (A) Positive staining
around the cell membrane of apical epithelial cells of the false vocal fold. (B) Positive
staining of cells of a submucosal gland.
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