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 Introduction 

 The vocal fold mucosa, a layered structure comprised 
of epithelium and lamina propria (LP), is subject to a bar-
rage of environmental challenges in the form of airflow 
turbulence [Khosla et al., 2008, 2009], biomechanical 
stress and strain [Gray et al., 1999, 2000], inhaled aller-
gens and pathogens [Dworkin et al., 2009; Mouadeb et al., 
2009], and gastric refluxate [Johnston et al., 2007; Birchall 
et al., 2008; Bulmer et al., 2010]. Its epithelial layer transi-
tions from a stratified squamous cell formation to a cili-
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 Abstract 

 The vocal fold epithelium is critical to upper airway immuno-

logic defense and water/ion transport; therefore, any form of 

physical trauma or insult increases the vulnerability of this 

structure to functional impairment and pathogen invasion/

infection. In this study, we examined the reestablishment of 

epithelial and basement membrane barrier structures in a 

well-established rat model of vocal fold mucosal injury. We 

observed active cell recruitment culminating in peak hyper-

plasia at 3 days postinjury, the establishment of robust E-

cadherin+ and transglutaminase-1+ biochemical barrier sig-

nals along the epithelial surface by 3 days postinjury, and the 

persistent absence of a type IV collagen+ basement mem-

brane at 7 days postinjury. The distinct spatial and temporal 

immunoactivity of these molecules is consistent with a pro-

grammed repair process driving the restoration of vocal fold 

mucosal integrity and permeability. These data may inform 

future efforts to optimize functional mucosal recovery 

postinjury and avoid undesirable events such as barrier com-

promise or epithelial metaplasia. 
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Abbreviations used in this paper 

ANOVA analysis of variance
A-P anterior-posterior
Col-IV type IV collagen
CPF ciliated pseudocolumnar formation
DAPI 4�,6-diamidino-2-phenylindole dihydrochloride
E-cad E-cadherin
HE hematoxylin and eosin
LP lamina propria
M-L medial-lateral
S-I superior-inferior
SSC stratified squamous cell
TGase-1 transglutaminase-1
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ated pseudocolumnar cell formation along its superior-
inferior (S-I) axis [Ling et al., 2010] and is primarily re-
sponsible for vocal fold immune, transport, and barrier 
functions [Sivasankar and Fisher, 2007; Leydon et al., 
2009; Thibeault et al., 2009]. The physiologic and mo-
lecular mechanisms regulating these protective func-
tions are poorly understood, particularly under condi-
tions of epithelial compromise such as mucosal injury. 
Consequently, additional research is needed to better un-
derstand and optimize the restoration of vocal fold epi-
thelial function in the context of overall mucosal repair.

  We recently reported a significant alteration in rat vo-
cal fold epithelial cell morphology and distribution fol-
lowing injury [Ling et al., 2010]. Reepithelialization was 
one of the earliest observable mucosal repair events and 
was completed by 3 days postinjury. The reconstructed 
epithelium was characterized by multiple layers of cells 
with enlarged cytoplasmic morphology, the return of su-
perior and midpoint vocal fold squamous cell stratifica-
tion by 7 days postinjury, and the complete absence of 
inferior vocal fold pseudocolumnar morphology through 
7 days postinjury. These distinct and sequential morpho-
logical changes likely correspond to transient or perma-
nent functional changes; however, the nature and extent 
of epithelial functional recovery following injury is un-
known.

  As noted, vocal fold mucosal epithelial cells provide a 
physical and biochemical barrier to insults from the la-
ryngeal lumen; this barrier function is largely modulated 
by cell adhesion molecules. For example, epithelial cad-
herin (E-cad), the major protein constituent of the epithe-
lial cell junction, is responsible for restricting bacterial 
invasion [Villar et al., 2007] and directing the movement 
of water and other soluble molecules across the epitheli-
um [reviewed by Gumbiner, 2005]. Transglutaminase 
(TGase)-1, a protein cross-linking enzyme, is an addi-
tional player in the regulation of epithelial permeability 
[Nemes et al., 1999]; however, TGase-1 overexpression 
can drive epithelial differentiation leading to squamous 
metaplasia [Martinet et al., 2003]. Epithelial cells also 
synthesize type IV collagen (Col-IV), a key structural 
constituent of the basement membrane that anchors epi-
thelial cells to the underlying LP, promotes biomechani-
cal stability, and provides an additional subepithelial bar-
rier against unwanted mucosal invasion [Khoshnoodi et 
al., 2008]. These 3 molecules represent distinct features of 
functionally intact epithelium in a variety of tissues; 
therefore, an alteration in their abundance and distribu-
tion postinjury offers direct insight into the functional 
reestablishment (or lack thereof) of the epithelial barrier. 

  The majority of epithelial barrier function research 
has been conducted in nonlaryngeal tissues; consequent-
ly, a significant amount of knowledge concerning the vo-
cal fold epithelium is inferred. The primary goal of this 
study, therefore, was to characterize the reestablishment 
of epithelial and basement membrane barrier structures 
following acute vocal fold mucosal injury, with a particu-
lar emphasis on E-cad, TGase-1, and Col-IV. We observed 
vocal fold epithelial barrier restoration characterized by 
active cell recruitment culminating in peak hyperplasia 
at 3 days postinjury, the establishment of robust E-cad 
and TGase-1 biochemical barrier signals along the epi-
thelial surface by 3 days postinjury, and the absence of a 
Col-IV+ basement membrane at 7 days postinjury. The 
distinct spatial and temporal immunoactivity of these 
molecules is consistent with a programmed repair pro-
cess driving the restoration of vocal fold mucosal integ-
rity and permeability. 

  Materials and Methods  

 Animals 
 Twenty-one 4-month-old male Sprague-Dawley rats with a 

mean body weight of 290 g ( 8 10 g) were used in this study. Sixteen 
rats received a unilateral vocal fold stripping injury, and 5 exper-
imentally naïve rats were reserved as age-matched uninjured con-
trols. All rats were housed in a pathogen-free facility at the Uni-
versity of Wisconsin School of Medicine and Public Health. All 
protocols involved in these experiments were approved by the In-
stitutional Animal Care and Use Committee of the University of 
Wisconsin-Madison.

  Surgery and Tissue Preparation 
 Vocal fold injuries were created as previously reported [Tateya 

et al., 2005; Ling et al., 2010]. In brief, rats underwent anesthesia 
induction using isoflurane inhalation (2–3% delivered at 0.8–1.5 
l/min), followed by maintenance with an intraperitoneal injection 
of ketamine hydrochloride (90 mg/kg) and xylazine hydrochlo-
ride (9 mg/kg). Atropine sulfate (0.05 mg/kg) was also injected 
intraperitoneally to reduce the secretion of saliva and sputum in 
the laryngeal lumen. Under deep anesthesia, the rats were placed 
on an operation platform in a near vertical position, and a steel 
wire laryngoscope with a diameter of 1 mm was inserted to fa-
cilitate vocal fold exposure. A 25° rigid endoscope with a diameter 
of 1.9 mm (Richard Wolf, Vernon Hills, Ill., USA) connected to an 
external light source, and a video monitor was used for surgical 
monitoring. The right vocal fold mucosa was stripped using a 
25-gauge needle, and injury was confirmed immediately by expo-
sure of the thyroarytenoid muscle. Mucosal damage was consis-
tent across experimental animals, and all rats recovered from sur-
gery.

  Euthanasia and laryngeal harvest were performed at 4 postin-
jury time points (4 rats per time point), i.e. 1, 3, 5, and 7 days 
postinjury. All animals (experimental and control) were eutha-
nized via CO 2  asphyxiation, and their larynges were harvested. 
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The laryngeal specimens were immediately embedded in opti-
mum cutting temperature compound (Tissue-Tek; Sakura, To-
kyo, Japan), frozen with acetone and dry ice, and stored at –80   °   C. 
The larynges were sectioned at an interval of 8  � m in the coronal 
plane using a cryostat (CM-3050 S; Leica, Wetzlar, Germany). One 
hundred serial sections, encompassing the majority of the vocal 
fold mucosa, were prepared from each laryngeal specimen. Every 
tenth section was subjected to routine hematoxylin and eosin 
(HE) staining to evaluate cell and tissue morphology and to iden-
tify the anatomical context along the anterior-posterior (A-P) 
axis.

  Light Microscopy and Stereological Analysis 
 We performed stereological analysis of the HE-stained vocal 

fold mucosal sections in both naïve control and postinjury condi-
tions using Stereo Investigator (MicroBrightField, Inc., Williston, 
Vt., USA). Our analysis setup consisted of a Zeiss Axioplan 2 mi-
croscope (Carl Zeiss, Thornwood, N.Y., USA) equipped with a 
digital microscopy camera (Carl Zeiss), a motorized stage (XYZ 
controller; Ludl, Hawthorne, N.Y., USA), and a computer running 
Stereo Investigator software (MicroBrightField) for instrument 
control, image capture, and image analysis. 

  Two adjacent coronal sections containing the midmembra-
nous vocal fold mucosa immediately anterior to the laryngeal alar 
cartilage were selected from each animal for stereological analy-
sis. The midmembranous mucosa was selected as it is an impor-
tant tissue region for vocal fold oscillation and was in the center 
of the tissue injury site in all injured samples; the laryngeal alar 
cartilage was selected as an anatomical landmark to ensure that 
all analyses were performed at a consistent A-P level in the coronal 
plane. For each HE-stained section, a contour was drawn around 
the border of the epithelium. An open circle was selected as a 
marker for each individual cell within the epithelium, and mark-
ers were attached to the contour to provide relative coordinates. 
2-dimensional epithelial cross-sectional area and cell density 
were calculated, and a geomorphic map comprised of the contour 
and cell makers was exported for illustration and comparison 
within and across injury and control conditions. 

  Immunohistochemistry 
 Frozen sections were fixed in 4% paraformaldehyde, washed 

with phosphate-buffered saline, and incubated with Block-Ace 
(AbD Serotech, Raleigh, N.C., USA) and 5% goat serum (Sigma, 
St. Louis, Mo., USA) for 30 min to block nonspecific binding. 
Next, sections were sequentially incubated with primary antibod-
ies [mouse monoclonal anti-E-cad, clone H-108, 2  � g/ml (Santa 
Cruz Biotechnology, Inc., Santa Cruz, Calif., USA); rabbit poly-
clonal anti-Col-IV, 10  � g/ml (Abcam, Cambridge, Mass., USA), 
and mouse monoclonal anti-TGase-1, clone B.C1, 1:   100 dilution 
(Acris, Herford, Germany)] for 90 min, and rhodamine red con-
jugated goat anti-mouse or anti-rabbit IgG (1:   200 dilution; Jack-
son ImmunoResearch, Inc., West Grove, Pa., USA) for 90 min, 
with thorough wash steps between each incubation. Finally, slides 
were covered with antifade mounting medium (Vector Labs,
Burlingame, Calif., USA) with or without 4 � ,6-diamidino-2-
phenylindole dihydrochloride (DAPI), and cover-slipped. Con-
trol sections stained with an isotype control or without the pri-
mary or secondary antibody showed no immunoreactivity (data 
not shown).

  Fluorescent Microscopy  
 Immunostained images of each section were captured using

a fluorescent microscope (E-600; Nikon, Melville, N.Y., USA) 
equipped with a digital microscopy camera (DP-71; Olympus, 
Center Valley, Pa., USA) at a magnification of 100 !  (for imaging 
the entire vocal fold mucosa) and 400 !  (for imaging detailed cell 
morphology). Consistent exposure parameters were used for each 
marker to allow the direct comparison of fluorescent intensity 
across experimental conditions. Representative images from each 
experimental condition were selected for presentation.

  Statistical Analysis 
 Changes in the epithelial 2-dimensional cross-sectional area 

and cellular density postinjury were assessed using 1-way analysis 
of variance (ANOVA). Where indicated, post hoc comparisons 
were performed using Fisher’s protected least significant differ-
ence method. Data were rank-transformed prior to analysis to bet-
ter meet the assumptions of ANOVA. Analyses were performed 
using SAS 9.1.3 (SAS Institute, Cary, N.C., USA). An  � -level of 0.05 
was employed for all comparisons; all p values were 2-sided. 

  Results 

 Vocal Fold Epithelial Morphology and Cellular 
Composition 
 We first characterized epithelial morphology in naïve 

and injured rat vocal fold mucosa. On HE-stained sec-
tions, the epithelial layer was well distinguished from its 
underlying LP by a relatively dark appearance and dis-
tinctive cellular features ( fig. 1 ). The superior and mid-
point epithelial regions were comprised of 1 or 2 layers of 
stratified squamous cells (SSCs) ( fig. 1 b, c). This SSC for-
mation gradually transitioned into a ciliated pseudoco-
lumnar formation (CPF) ( fig.  1 d) towards the inferior 
boundary of the vocal fold and formed a seamless connec-
tion with the tracheal epithelium below. As a result, the 
number of cell layers and overall medial-lateral (M-L) 
thickness increased gradually along the epithelial S-I axis.

  This well-defined epithelial structure was successfully 
removed by our mucosal stripping procedure ( fig.  2 b); 
complete reepithelialization occurred by 3 days postin-
jury in all animals ( fig. 2 c) [Ling et al., 2010]. Stereological 
analysis revealed a significant increase in the epithelial 
cross-sectional area from 3 to 5 days postinjury ( fig. 2 c–
e), with peak expansion at 5 days postinjury (p  !  0.05; 
 fig. 2 f). The total number of epithelial cells was compa-
rable to the control at 3 days postinjury, and significantly 
increased at 5 and 7 days postinjury (p  !  0.05;  fig. 2 g). 
Cell density in the newly reconstructed epithelium was 
significantly lower than in the control at all postinjury 
time points (p  !  0.05) ( fig. 2 h) due to the cross-sectional 
area expansion exceeding the cell recruitment rate. 
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  Immunolocalization of E-Cad 
 We employed immunohistochemistry to investigate 

the immunoactivity of E-cad, a calcium-dependent cell-
cell adhesion molecule with an established role in epithe-
lial barrier function [Gumbiner, 2005], in naïve and in-
jured vocal fold mucosa. The E-cad immunoactivity in 
the naïve vocal fold was consistently restricted to the ep-
ithelial region and exhibited relatively low signal inten-
sity in all animals examined ( fig. 3 a,  4 a–c). Both cell sur-
face (indicated by arrows in  fig. 4 a–c) and extracellular 
(indicated by arrowheads in  fig. 4 c) E-Cad signals were 
detected. E-cad+ cells were widely distributed through-
out the most superficial epithelial cell layer along its S-I 
axis. Extracellular E-cad signals were predominantly lo-
cated in the basement membrane. 

  One day postinjury, the majority of newly recruited 
epithelial cells were E-cad– ( fig. 3 b, indicated by arrows 
in  fig.  4 d–f); a small number of E-cad+ cells were ob-
served in isolated clusters (indicated by a wide arrow in 

 fig. 4 d) near the superior and inferior poles. Diffuse low-
intensity extracellular E-cad signals were noted among 
the mucosal debris present in the tissue (indicated by as-
terisks in  fig. 3 b). Additional extracellular E-cad signals 
exhibited an organized subepithelial distribution pattern 
in the region of expected basement membrane recon-
struction (indicated by arrowheads in  fig. 4 e). Three days 
postinjury, reepithelialization was complete ( fig. 2 c) and 
strong E-cad signals were visualized on cells throughout 
the epithelial surface layer ( fig. 3 c, indicated by arrows in 
 fig. 4 g–i). Occasional diffuse signals were still detected 
among the residual mucosal debris (indicated by an as-
terisk in  fig. 3 c); some extracellular signal clusters were 
also observed in the deep epithelium (indicated by an ar-
row in  fig. 3 c). The increased number of E-cad+ cells on 
the epithelial surface layer was also present at 5 ( fig. 3 d, 
 4 j–l) and 7 ( fig. 3 e,  4 m–o) days postinjury, whereas extra-
cellular E-cad signals were largely absent at these time 
points ( fig. 3 d, e). 

  Immunolocalization of TGase-1  
 To further examine the alteration in epithelial barrier 

function following vocal fold mucosal injury, we exam-
ined the immunoactivity of TGase-1, an enzyme trig-
gered by a rise in intracellular calcium to catalyze the 
protein cross-linking necessary for epithelial mechani-
cal integrity and water impermeability [Nemes et al., 
1999]. In the naïve mucosa, TGase-1 signals were detect-
ed exclusively in superior epithelial region SSCs ( fig. 5 a). 
Comparable TGase-1 localization was observed in unin-
jured vocal folds contralateral to the mucosal injury site 
in all experimental animals. These signals were densely 
connected and formed a continuous biochemical struc-
ture along the superior epithelial region ( fig.  5 b, d, f). 
Within this region, TGase-1 was preferentially localized 
to the inner (i.e., deep or basal) SSC layer, leaving some 
superficial (possibly desquamating) cells exposed (indi-
cated by arrows in  fig. 5 b, d, f). TGase-1 signals disap-
peared at the S-I transition from SSC to CPF ( fig. 5 a, c, 
e, g). 

  One day postinjury, the majority of newly recruited 
epithelial cells were TGase-1– (indicated by arrowheads 
in  fig.  6 b,  7 e); a small number of TGase-1+ cells were 
present near the superior pole of the mucosa (possibly 
residual SSCs not removed by the stripping procedure; 
indicated by an arrow in  fig. 6 b). Additional TGase-1+ 
cells with a relatively low signal intensity were identified 
near the inferior pole of the mucosa, within the CPF re-
gion (indicated by wide arrows in  fig. 6 b,  7 f). TGase-1 
signals increased significantly at 3 and 5 days postinjury 

SSC

CPF

SSC

a b

c

d

  Fig. 1.  Anatomical and morphological characteristics of the naïve 
rat vocal fold epithelium.  a  Microscopy image of an HE-stained 
coronal section illustrating the gross anatomy of the vocal fold 
mucosa.  b–d  Boxes in  a  have been enlarged for better illustration. 
The dotted contour line represents the boundary between the ep-
ithelium (left) and the LP (right). Scale bar = 200  � m ( a ) and 25 
 � m ( b–d ). 
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  Fig. 2.  Representative images of HE-stained coronal sections ( a–

e ) and the corresponding stereological analysis ( f–h ) of changes 
in epithelial cross-sectional area and cell density following vocal 
fold mucosal injury. The dotted contour line in  a–e  represents the 

boundary between the epithelium (left) and the LP (right). Quan-
titative data in  f–h  are presented as means  8  standard error.
d-PI = Days postinjury.  *  p  !  0.05 compared to the control. Scale 
bar = 200  � m. 

*

*

a b c d e

Control 1d-PI 3d-PI 5d-PI 7d-PI

*

  Fig. 3.  Representative images illustrating 
changes in E-cad immunoactivity in the 
rat vocal fold mucosa following injury. 
Frozen coronal sections were stained with 
antibody anti-E-cad (red) and nuclear dye 
DAPI (blue). Merged images show E-cad 
signals primarily localized to the epithe-
lium, with elevated signal intensity be-
ginning at 3 days postinjury. The dotted 
contour line represents the boundary be-
tween the epithelium (left) and the LP 
(right). The boxes in each image have been 
enlarged for better illustration and are
displayed in figure 4.  b ,  c  Asterisks indi-
cate low-intensity extracellular E-cad sig-
nal clusters in the residual mucosal debris 
at 1–3 days postinjury; the arrow indi-
cates an extracellular E-cad signal cluster 
in the deep epithelium at 3 days postin-
jury. d-PI = Days postinjury. Scale bar = 
200        � m.  
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  Fig. 4.  High-magnification representative 
images (corresponding to the small red 
boxes in fig. 3) illustrating changes in E-
cad immunoactivity in the rat vocal fold 
epithelium following injury.  a–c  Arrows 
indicate low-intensity E-cad+ cells in the 
naïve epithelium.  c  Arrowheads indicate 
low-intensity E-cad signals in the naïve 
basement membrane region.  d–f  Arrows 
indicate E-cad– epithelial cells 1 day 
postinjury.  d  The wide arrow indicates an 
isolated E-cad+ epithelial cell cluster at 1 
day postinjury.  e  Arrowheads indicate 
subepithelial E-cad signals at 1 day postin-
jury.  g–i  Arrows indicate E-cad+ epithelial 
cells at 3 days postinjury. d-PI = Days 
postinjury. Scale bar = 20        � m.  
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  Fig. 5.  Representative images illustrating 
TGase-1 immunoactivity in the naïve rat 
vocal fold epithelium and uninjured epi-
thelium contralateral to the mucosal inju-
ry site. Frozen coronal sections were 
stained with antibody anti-TGase-1 (red) 
and nuclear dye DAPI (blue). Merged im-
ages show TGase-1 signals exclusively lo-
calized to the SSC epithelial region and ab-
sent in the CPF epithelial region. Boxes in 
 a  have been enlarged for better illustration 
and are displayed in  b  and  c .  d–g  Compa-
rable anatomical locations.  b ,  d ,  f  Arrows 
indicate epithelial cells in TGase-1+ nests 
exposed to the lumen. PI-C = Postinjury 
contralateral (uninjured) control. Scale 
bar = 200        � m ( a ) and 20  � m ( b–g ).  
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  Fig. 6.  Representative images illustrating 
changes in TGase-1 immunoactivity in the 
rat vocal fold epithelium following muco-
sal injury. Frozen coronal sections were 
stained with antibody anti-TGase-1 (red) 
and nuclear dye DAPI (blue). Merged im-
ages show a significant change in TGase-1 
expression postinjury. The dotted contour 
line represents the boundary between the 
epithelium (left) and the LP (right). The 
boxes in each image have been enlarged for 
better illustration and are displayed in fig-
ure 7.  b  The arrow indicates a cluster of 
superior-region TGase-1+ epithelial cells 
at 1 day postinjury. The wide arrow indi-
cates inferior-region TGase-1+ epithelial 
cells at 1 day postinjury, and arrowheads 
indicate TGase-1– epithelial cells at 1 day 
postinjury.  c ,  d  Asterisks indicate TGase-1+ 
epithelial cell clusters at 3–5 days postin-
jury. d-PI = Days postinjury. Scale bar = 
200                � m.        

  Fig. 7.  High-magnification representative 
images (corresponding to the small red 
boxes in fig.  6) illustrating changes in 
TGase-1 immunoactivity in the rat vocal 
fold epithelium following injury.  d  Arrow 
indicates superior-region TGase-1+ epi-
thelial cells at 1 day postinjury.  e  Arrow-
heads indicate midpoint-region TGase-1– 
epithelial cells at 1 day postinjury.  f  The 
wide arrow indicates inferior-region 
TGase-1+ epithelial cells at 1 day postin-
jury.  h–l  Asterisks indicate TGase-1+ epi-
thelial cell clusters at 3–5 days postinjury. 
d-PI = Days postinjury. Scale bar = 20              � m.        
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and were detected across the entire epithelium ( fig. 6 c, d, 
 7 g–l). Signal intensity and distribution varied consider-
ably by region; some large TGase-1+ cell clusters were 
observed (indicated by asterisks in  fig.  6 c, d,  7 h–l). 
TGase-1 exhibited a similar distribution pattern with a 
slightly reduced signal intensity at 7 days postinjury 
( fig. 6 e,  7 m–o). 

  Immunolocalization of Col-IV 
 We examined Col-IV immunoactivity to evaluate the 

reconstruction of the basement membrane and the rees-
tablishment of epithelial cell anchoring following vocal 
fold mucosal injury. A Col-IV+ basement membrane 
structure 1–3 �m in thickness was identified in the naïve 
mucosa (indicated by arrows in  fig. 8 a,  9 a, b). Additional 
Col-IV signals were observed in the LP and exhibited ves-
sel-like morphology (indicated by arrowheads in  fig. 8 a). 
Our mucosal stripping procedure removed the majority 
of the basement membrane; however, residual Col-IV+ 
structures were observed near the superior and inferior 
mucosal poles at 1 day postinjury (indicated by wide ar-
rows in  fig. 8 b,  9 c, d). These residual structures were ab-
sent at all subsequent time points ( fig. 8 c–e), suggesting 
an active degenerative process. An increased number of 
Col-IV+ vessel-like structures were identified in the LP at 
all postinjury time points compared to the naïve control 
(indicated by arrowheads in  fig.  8 b–e), consistent with 

injury-induced angiogenesis. Emerging Col-IV+ struc-
tures were identified in the deep region of the newly re-
constructed epithelium between 3 and 7 days postinjury 
(indicated by arrowheads in  fig. 9 e–j). 

  Discussion 

 The primary goal of this study was to evaluate the re-
establishment of epithelial and basement membrane 
barrier structures following vocal fold mucosal injury. 
The vocal fold epithelium is critical to upper airway im-
munologic defense [Thibeault et al., 2009] and water/ion 
transport [Fisher et al., 2001]; therefore, any form of 
physical trauma or insult increases the vulnerability of 
this structure to functional impairment and pathogen 
invasion/infection. We observed complete mucosal reep-
ithelialization by 3 days postinjury, as previously report-
ed [Ling et al., 2010]. Epithelial reconstruction was char-
acterized by active cell recruitment and tissue expansion 
culminating in hyperplasia between 3 and 7 days postin-
jury. Differential immunoactivity of E-cad, TGase-1, and 
Col-IV was observed in the naïve and injured epitheli-
um-basement membrane complex, suggesting region-
specific functional roles for these molecules in the regu-
lation of vocal fold mucosal integrity and permeability. 
We observed the return of E-cad+ and TGase-1+ bio-

Control 1d-PI 3d-PI 5d-PI 7d-PI

a b c d e

  Fig. 8.  Representative images illustrating 
changes in Col-IV immunoactivity in the 
rat vocal fold mucosa following injury. 
Frozen coronal sections were stained with 
antibody anti-Col-IV (red) and nuclear 
dye DAPI (blue). Merged images show a 
significant change in Col-IV expression 
postinjury. The dotted contour line repre-
sents the boundary between the epitheli-
um (left) and LP (right). The boxes in each 
image have been enlarged for better illus-
tration and are displayed in figure 9.  a  The 
arrow indicates a Col-IV+ subepithelial 
basement membrane structure in the na-
ïve mucosa.  a–e  Arrowheads indicate Col-
IV+ vascular basement membrane struc-
tures in naïve and injured mucosa.  b  Wide 
arrows indicate residual Col-IV+ subepi-
thelial basement membrane fragments 1 
day postinjury. d-PI = Days postinjury. 
Scale bar = 200                � m.        
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chemical barriers within 7 days postinjury; however, 
Col-IV+ basement membrane regeneration did not oc-
cur during this time period.

  Vocal fold mucosal repair studies have traditionally 
focused on the LP and its extracellular matrix [Kurita, 
1983; Hirano et al., 1999; Gray, 2000; Rousseau et al., 
2003; Hansen and Thibeault, 2006; Lim et al., 2006; Ta-
teya et al., 2006a; Welham et al., 2008]; in contrast, rela-
tively little attention has been given to the cellular and 
biochemical features of vocal fold epithelial reconstruc-
tion [Tateya et al., 2006b; Ling et al., 2010]. The cell re-
cruitment and epithelial expansion observed here appear 
to reflect a sequential and programmed repair process. 
Early hyperplasia may provide some level of protection 
against pathogens and other irritating agents, but may 
also impact epithelial transport efficiency and contribute 
to an increased vocal fold mass. While active cell recruit-
ment and proliferation are desirable tissue repair process-
es, excessive or abnormal hyperplasia is undesirable. Pre-
vious work in rat vocal fold mucosal injury suggests that 
injury-induced epithelial hyperplasia is attenuated by 14 
days postinjury [Tateya et al., 2006b].

  E-cad is the most widely studied protein in the calci-
um-dependent adhesion molecule (cadherin) superfam-
ily. It contributes to adherent junction assembly and for-
mation of the epithelial junctional complex [Gumbiner, 
2005]. This junctional complex serves as a site of cell-cell 
and cell-basement membrane adhesion and acts as a bar-
rier to prevent the flow of water, soluble molecules, and 

bacteria through the intercellular space [Gumbiner, 
2005; Villar et al., 2007]. E-cad interacts with many oth-
er proteins in the junctional complex, including the clau-
dins and occludins, and is able to increase the strength 
and stability of the complex via catenin-modulated bind-
ing to the actin cytoskeleton [van Roy et al., 2008]. E-cad 
is critical to the maintenance of mucosal integrity and 
has been shown to play a defensive role in response to 
nasal [Arican et al., 2009] and laryngeal [Gill et al., 2005; 
Sivasankar et al., 2010] mucosal challenges. In this study, 
we identified strong E-cad immunoactivity in cells along 
the luminal surface of the newly reconstructed epitheli-
um postinjury. E-cad expression was largely localized to 
the most superficial epithelial cell layer. These results 
suggest that E-cad is important to vocal fold mucosal in-
tegrity and that reestablishment of the epithelial junc-
tional complex is an early tissue repair target. The new 
epithelium may regain, at least in part, its function as an 
immunologic and physiologic barrier as early as 3 days 
postinjury. 

  TGase-1 catalyzes epithelial protein cross-linking, 
which in turn confers tissue stability and resistance to 
chemical, enzymatic, and biomechanical disruption 
[Greenberg et al., 1991]. This enzyme also influences ke-
ratinocyte differentiation and is essential to the water im-
permeability of skin [Candi et al., 2005; Segre, 2006]. In 
addition to being expressed in the epidermis, TGase-1 is 
expressed in nonkeratinized epithelium [Floyd and 
Jetten, 1989; Lotan, 1993; Martinet et al., 2003] such as 
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  Fig. 9.  High-magnification representative 
images (corresponding to the small red 
boxes in fig. 8) illustrating changes in Col-
IV immunoactivity in the rat vocal fold 
mucosa following injury.  a ,  b  Arrows in-
dicate a Col-IV+ subepithelial basement 
membrane structure in the naïve mucosa. 
 c ,  d  Wide arrows indicate residual Col-IV+ 
subepithelial basement membrane frag-
ments 1 day postinjury.  e–j  Arrowheads 
indicate emerging Col-IV+ structures in 
the deep epithelium at 3–7 days postinjury. 
d-PI = Days postinjury. Scale bar = 20            � m.       
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that which is seen in the vocal fold. We observed exclusive 
TGase-1 localization to the SSC region of the naïve vocal 
fold epithelium, suggesting that this enzyme plays a regu-
latory role in squamous differentiation. Previous work 
has shown moderate TGase-1 expression in naïve rat vo-
cal fold epithelium as well as significant upregulation 
(with metaplasia) in response to vitamin A deficiency 
[Tateya et al., 2008], inferring that vitamin A acts to in-
hibit TGase-1 synthesis and metaplastic progression 
within this tissue. Related work in corneal [Nishida et al., 
1999], bronchial [Martinet et al., 2003; Dakir et al., 2008], 
hepatic [Hiiragi et al., 1999], and renal [Hiiragi et al., 
1999] epithelia has also identified a link between TGase-1 
upregulation and aberrant squamous differentiation 
leading to metaplasia; again, this process appears to be 
inhibited by vitamin A and its retinoid analogs [Jetten et 
al., 1987; Lotan, 1993]. 

  E-cad and TGase-1 colocalization has been reported 
in liver, kidney, and simple epithelial cell monolayer cul-
tures; in each case TGase-1 cross-linking activity appears 
to be concentrated around E-cad-based epithelial junc-
tional complexes [Hiiragi et al., 1999]. Consistent with 
these findings, we observed both TGase-1 and E-cad sig-
nals in the intercellular space between SSCs in the naïve 
vocal fold epithelium. Within this SSC region, low-inten-
sity E-cad signals were widely distributed throughout the 
entire epithelial cell layer and its adjacent basement mem-
brane; high-intensity TGase-1 signals surrounded all but 
a few luminal surface epithelial cells and did not extend 
to the basement membrane. E-cad was expressed in both 
SSC and CPF epithelial regions, whereas TGase-1 was ex-
clusively expressed in the SSC region. Following injury, 
we observed rapid E-cad synthesis and localization to the 
luminal epithelial surface, alongside preferential TGase-1 
localization to large patches throughout the depth of the 
epithelium. These distinct epithelial distribution pat-
terns in both naïve and injured mucosa support the func-
tional specificity of these 2 molecules in the vocal fold. 
E-cad appears to provide an immediate defensive barrier 
at the interface between the epithelium and laryngeal lu-
men (but still deep to the protective layer of surface liq-
uid/mucus [Gray, 2000; Leydon et al., 2009]), whereas 
TGase-1, the most important barrier regulator in epider-
mis [Candi et al., 2005; Segre, 2006], may play a comple-
mentary defensive role at a slightly deeper anatomic level.

  TGase-1 activation is critical to dermal wound healing 
[Inada et al., 2000], pathologic squamous differentiation 
of tracheal and bronchial epithelia [Floyd and Jetten, 
1989; Martinet et al., 2003], and the maintenance of sim-
ple epithelial cells in culture [Martinet et al., 2003]. It also 

regulates the survival and proliferation of renal epithelial 
cells, essential processes for renal regeneration [Ponnusa-
my et al., 2009; Zhang et al., 2009]. Consistent with these 
reports, we observed strong TGase-1 expression in both 
residual and newly recruited vocal fold epithelial cells 
postinjury. It is of particular interest that TGase-1 signals 
were observed in the normally TGase-1 –  CPF epithelial 
region, suggesting that the mucosal injury response over-
comes any CPF-associated TGase-1 inhibition. A number 
of lymphocytes and inflammatory cytokines present fol-
lowing vocal fold mucosal injury [Lim et al., 2006; Wel-
ham et al., 2008]; some, such as interferon- � , are known 
inducers of TGase-1 [Saunders and Jetten, 1994] and may 
have contributed to the effect observed here. 

  Col-IV is a key protein constituent of the basement 
membrane. In mucosal tissues such as the vocal fold, the 
basement membrane anchors the epithelium to its under-
lying LP and provides a subepithelial barrier against un-
wanted mucosal invasion [Hirano and Kakita, 1985; 
Gray, 2000]. In blood vessels, the Col-IV-rich basement 
membrane is synthesized during angiogenesis and sur-
rounds endothelial cells and pericytes [Baluk et al., 2003; 
Hamano et al., 2003]. In this study, we observed both sub-
epithelial and subendothelial Col-IV signals in naïve and 
injured vocal fold mucosa. The Col-IV+ basement mem-
brane identified in the naïve mucosa was removed by our 
injury procedure and failed to regenerate by 7 days postin-
jury despite complete reepithelialization by 3 days postin-
jury. In contrast, we observed a significant increase in 
Col-IV signals around vascular walls in the LP postin-
jury, indicative of active angiogenesis. These results sug-
gest that Col-IV synthesis is more rapidly induced in en-
dothelial cells compared to epithelial cells following vo-
cal fold mucosal injury, and that mucosal basement 
membrane reconstruction is a relatively late-occurring 
tissue repair event.

  We previously reported the return of squamous cell 
stratification in the reconstructed vocal fold epithelium 
by 7 days postinjury and suggested that this morpholog-
ical transformation might correspond to epithelial func-
tional recovery [Ling et al., 2010]. Our current data pro-
vide greater insight into the reestablishment of epithelial 
barrier function, demonstrating active cell recruitment 
leading to peak hyperplasia 3 days postinjury, robust E-
cad and TGase-1 biochemical signals along the epithelial 
surface by 3 days postinjury, and the absence of a Col-IV+ 
basement membrane at 7 days postinjury. The distinct 
spatial and temporal immunoactivity of these molecules 
is consistent with a programmed repair process driving 
the restoration of vocal fold mucosal integrity and per-
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meability; however, additional work is needed to establish 
the natural course of basement membrane regeneration. 
These data may inform future efforts to optimize func-
tional mucosal recovery postinjury and to avoid undesir-
able events such as pathogen invasion/infection or epi-
thelial metaplasia.
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