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Abstract

Vocal fold epithelial cells likely play an important, yet currently poorly defined, role
in healing following injury, irritation and inflammation. In the present study, we
sought to identify a possible role for growth factors, epidermal growth factor (EGF)
and transforming growth factor-beta 1 (TGFp1), in epithelial regeneration during
wound healing as a necessary first step for uncovering potential signaling
mechanisms of vocal fold wound repair and remodeling. Using a rat model, we
created unilateral vocal fold injuries and examined the timeline for epithelial healing
and regeneration during early and late stages of wound healing using
immunohistochemistry (IHC). We observed time-dependent secretion of the
proliferation marker, ki67, growth factors EGF and TGF1, as well as activation of
the EGF receptor (EGFR), in regenerating epithelium during the acute phase of
injury. Ki67, growth factor, and EGFR expression peaked at day 3 post-injury.
Presence of cytoplasmic and intercellular EGF and TGF1 staining occurred up to
5 days post-injury, consistent with a role for epithelial cells in synthesizing and
secreting these growth factors. To confirm that epithelial cells contributed to the
cytokine secretion, we examined epithelial cell growth factor secretion in vitro using
polymerase chain reaction (PCR). Cultured pig vocal fold epithelial cells expressed
both EGF and TGFp1. Our in vivo and in vitro findings indicate that epithelial cells
are active participants in the wound healing process. The exact mechanisms
underlying their roles in autocrine and paracrine signaling guiding wound healing
await study in a controlled, in vitro environment.
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Introduction

Vocal folds are covered by a specialized, multilayered epithelium which protects
the underlying tissue from environmental and mechanical insults. To maintain an
intact epithelium, epithelial cells undergo constant turnover across the lifespan.
Under homeostatic conditions, epithelial renewal is likely achieved by turnover of
a small number of cells in the basal layer of the vocal fold epithelium [1]. The
cellular and molecular mechanisms underlying epithelial self-renewal in response
to daily challenges, injury, and infection are unknown. One common way to
elucidate these mechanisms is to recruit cells into a proliferative state through
controlled injury. In the present study, we sought to demonstrate the involvement
of key growth factors in epithelial regeneration during the acute phase of wound
healing as a necessary first step for uncovering potential mechanisms of wound
repair and remodeling.

Various growth factors have been implicated in the regeneration of a
structurally and functionally intact epithelium after injury. Here, we focus on two
endogenous growth factors that are known to play key roles in epithelial
proliferation throughout the body, epidermal growth factor (EGF) and
transforming growth factor beta (TGFP1). EGF is secreted by various cell types
involved in wound healing including epithelial cells [2, 3], fibroblasts, macro-
phages, and platelets [4]. The effects of exogenous EGF on vocal fold fibroblast,
but not epithelial cell, behavior has been studied in vitro; EGF stimulates canine
fibroblast proliferation [5], but reduces porcine fibroblast migration in in vitro
scratch assays [6]. Endogenous EGF has been shown to play a critical role in
guiding acute [7] and chronic [8] epithelial response to damage through paracrine
and autocrine signaling in airway epithelia. Further, it promotes epithelial
regeneration by regulating intercellular junction disassembly and increasing cell
proliferation after injury [9, 10]. Determining the presence, expression level, and
role of endogenous EGF in epithelium and lamina propria during acute and
chronic phases of vocal fold wound healing in vivo awaits investigation.

The role of TGEP has been better explored in vocal fold wound healing;
however, its effects are not fully understood. TGF is secreted by epithelial cells,
fibroblasts, macrophages, and platelets [4]. It is purported to mediate effects that
both help and hinder normal wound healing; for example, TGFp reduces airway
epithelial proliferation in vitro [11] but stimulates mucosal remodeling (e.g.
extracellular matrix (ECM) deposition) in vivo in its role as a profibrogenic factor
[8]. TGEP has three isoforms, TGFB1, TGFB2 and TGFB3. Welham and colleagues
[12] reported that TGFPB1 and TGFp3 are expressed in injured and uninjured
vocal fold mucosa, in cell-specific and time-dependent manners. With regard to
epithelium, TGFPI is expressed in naive rat stratified squamous epithelial cells
and ciliated pseudocolumnar epithelial cells while TGF3 is expressed in primarily
in ciliated pseudocolumnar epithelial cells. Following injury, TGFp1 is observed
throughout rat vocal fold mucosa, while TGFf3 is observed primarily in epithelial
cells [12]. TGFB1 mRNA expression levels have been quantified in rat vocal fold at
various time points during the acute and chronic phases of wound injury; an
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increase in expression levels was reported at one hour [13], 3 days [14], to seven
days post-injury [12,15]. TGFp1 regulates the lamina propria composition
through synthesis of ECM component such as collagen [16], cell proliferation, and
cell death [17]. Expression levels in vocal fold lamina propria post-injury have
been correlated with histologic changes in the lamina propria during repair; peak
TGEPL1 levels correlated with deposition of collagen type I and type III, as well as
fibronectin [18]. Exogenous TGFf1, the most abundant isoform of the TGFf
superfamily, induces collagen secretion [12, 19] and myofibroblast differentiation
[12] by vocal fold fibroblasts in vitro, indicating a role for the growth factor in scar
formation. In vivo experiments have shown that exogenous TGFB1 and TGFf3
reduce vocal fold scar formation post-injury [12, 20]. While, based on literature in
other tissue [4, 8, 11], autocrine and paracrine TGFP1 signaling in vocal fold
epithelium is likely, TGFp secretion by epithelial cells has yet to be confirmed.

Both EGF and TGFp mediate their effects through activation of the epidermal
growth factor receptor (EGFR), a member of the ErbB family of receptor tyrosine
kinases; EGF activates EGFR by binding directly to the receptor while TGFpB1
activates or inhibits EGFR indirectly via a signaling pathway [21]. This activation
is critical for wound repair [2,22], specifically epithelial proliferation and
migration. Given the purported effects of EGF and TGFf1 on epithelium outlined
above, examination of the distribution of activated EGFR following injury can
yield important insights into mucosal remodeling. Increased EGFR expression has
been reported in airway epithelium in chronic disease in vivo [7] and following
acute injury [23,24]. Further, EGFR, which are found only on the basolateral
membrane of healthy airway epithelial cells and, therefore, are protected from
environmental stimuli, are expressed on the apical membrane of these cells
following injury thus exposing them to activation by environmental stimuli [8].
This increased expression and altered distribution of EGFR are associated with
hyperresponsiveness to environmental stimuli, inflammation, and mucosal
remodeling [8]. Similar changes in expression level and distribution of activated
EGEFR in vocal fold epithelium following injury would support a role for EGFR in
mediating vocal fold mucosal remodeling [8]. While increased EGFR expression
has been observed in vocal fold squamous cell carcinoma and benign vocal fold
disorders [25,26], EGFR expression in vocal fold epithelium following injury has
not been examined. As a necessary first step to uncovering the role of EGFR in
various phases of mucosal remodeling, here we examined the density and location
of EGFR in injured vocal fold epithelium during the acute phase of wound
healing. We anticipated observing EGFR activation during the proliferative and
inflammatory phases of mucosal healing.

Based on findings in other airway epithelia, epithelial regeneration following
vocal fold injury likely follows three overlapping steps: cell adhesion and
migration, proliferation and stratification, and differentiation [27]. While these
steps have not been explicitly identified in vocal fold epithelial regeneration, their
occurrence can be inferred from literature. Cell adhesion and migration, as
evidenced by an emerging but incomplete layer of epithelium, will occur three
days post-injury [28-31]. Epithelial cell proliferation and stratification will occur
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five days post-injury. We hypothesized that these migratory and proliferative
stages of repair will be marked by heightened levels of expression of ki67, a maker
of proliferation, K14, a marker of proliferative epithelial cell, EGF, TGFB1 and
EGEFR. A confluent, multilayered epithelium will be present within 14 days post-
injury [28,31]. Cell proliferation will be expected to continue to be elevated until
14 days post-injury. We anticipatedthat this stage will be marked by elevated Ki67
and K14 expression. Based on observations of cell differentiation in airway
epithelia [32], we anticipate that a fully differentiated, complete epithelium will be
restored within 35 days following injury. At day 35, Ki67 will be expected to
return to uninjured levels, consistent with return of a complete, stable epithelium.
Further, observation of K14 staining in the basal layer only, will be consistent with
non-injured, differentiated stratified epithelium. Although the studies cited above
provide a likely timeline of the critical stages of epithelial regeneration, there
remain important gaps in our knowledge of the re-epithelialization process. First,
we needed to establish a timeline for regeneration of an epithelium. Second, we
needed to demonstrate the presence of growth factors in the epithelium likely to
play an important role in each stage of epithelial regeneration. Consequently, we
elected to examine wound healing in a rat model at five time points (1, 3, 5, 14
and 35 days) post-injury. These time points were chosen to determine the
sequence and timing of each stage of epithelial healing. Third, we needed to
confirm that epithelial cells, not a different cell type, secreted observed growth
factors. To that end, we examined EGF and TGFf1 expression in primary
epithelial cells. Given the low number of epithelial cells in a rat vocal fold and the
difficulty in isolating rat epithelial cells from the underlying lamina propria
because of its small size, quantification of gene and protein expression by
epithelial cells was not feasible. Therefore, we used primary pig cells to confirm
EGF and TGFp1 gene expression in vocal fold epithelial cells.

Materials and Methods
Animals

Fifteen three-month-old male Sprague Dawley rats were used in this study. The
animal protocol was implemented with prior approval from the School of
Medicine and Public Health Institutional Animal Care and Use Committee of the
University of Wisconsin-Madison (Permit number: M02459). All animals
underwent unilateral vocal fold surgery. The surgical procedure has been
described previously elsewhere [33]. Briefly, rats were anesthetized with isoflurane
(2% to 3% delivered at 0.8 to 1.5 L/min) followed by an injection of xylazine
(9 mg/kg) and ketamine (90 mg/kg), and placed in a near-vertical position on a
custom designed stand. The mouth was secured in an open position using a
custom-made device [34]. Vocal folds were visualized with a 1.9 mm 30-degree
endoscope. Using a 25-gauge spinal needle, the epithelium and lamina propria of
one vocal fold were removed to expose the underlying thyroarytenoid muscle.
Three rats were sacrificed by exposure to carbon dioxide at each of five time
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points (1, 3, 5, 14 and 35 days) post-surgery. Larynges were harvested immediately
following euthanasia and processed for routine histology and immunohisto-
chemistry.

Histology and Immunohistochemistry

Larynges were fixed in 10% neutral phosphate-buffered formalin (pH of 7.0)
overnight at room temperature, processed, and embedded in paraffin. Serial
coronal sections, 5 pm thick, were cut along the length of the membranous vocal
folds. Routine hematoxylin and eosin (H&E) staining was performed on sections
at 100 pm increments. Standard immunohistochemistry was completed. Antigen
retrieval was achieved using heat-activated 10 mM sodium citrate buffer (pH 6).
Sections were incubated for one hour at room temperature using antibodies
directed against the proliferation marker, Ki67 (1:100; ab16667, Abcam);
transforming growth factor beta 1 (TGFP1, 1:100; sc-52983, Santa-Cruz
Biotechnology); epidermal growth factor (EGF, 1: 1:100; BT-585, Biomedical
Technologies Inc.); phosphorylated epidermal growth factor receptor (Tyr1068,
1:100; 3777, Cell Signaling Technology); and keratin 14, a marker of basal layer
cells (K14, 1:200; RB-9020, Thermo Scientific). Species-specific isotype controls
were used as negative controls. Endogenous peroxidase activity was quenched by
incubation of sections in 3% hydrogen peroxide. For anti-EGF and anti-TGFf1
antibodies, sections were treated with a goat anti-rabbit biotinylated secondary
antibody (1:200; Vector Labs) followed by incubation in a universal prediluted
streptavidin conjugated to horseradish peroxidase (Vector Labs). For the
remaining antibodies, sections were treated with goat anti-rabbit prediluted
Impress secondary antibodies (Vector Labs). All sections were visualized with a
diaminobenzidine (DAB) chromagen and counterstained with hematoxylin. They
were viewed using a Nikon E600 microscope and photographed using an
Olympus DP71 microscope digital camera.

Cell culture

Primary epithelial cells were derived from pig larynges obtained from an abattoir
(Black Earth Meats, Black Earth, WI) using a protocol described elsewhere [35].
Briefly, vocal folds were washed with sterile Hanks’ Balanced Salt Solution (HBSS)
and soaked overnight in an incubator at 37°C in dispase I (1 U/ml; Roche) to
separate the epithelium from the underlying lamina propria. Sheets of epithelium
were placed in trypsin-EDTA (Life Technologies) for 10 minutes to isolate cells,
then vortexed and submerged in soybean trypsin inhibitor (Sigma). The cell
suspension was filtered through a cell strainer (40 pM) and centrifuged at 188 g
for 5 minutes at 4°C. Supranatant was removed and cells were resuspended in
flavinoid adenine dinucleotide (FAD) media. The media was composed of Ham’s
F-12/DMEM (3:1 ratio), FBS (2.5%), hydrocortisone (0.4 pg/ml), cholera toxin
(8.4 ng/ml), insulin (5 pg/ml), adenine (24 pg/ml), epidermal growth factor

(10 ng/ml), penicillin (100 U/ml) and streptomycin (0.01 mg/ml). Cells were
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plated in tissue culture treated six-well plates, submerged in FAD, placed in a 37°C
incubator with 5% carbon dioxide and grown to confluence. They were harvested
for PCR analysis at five to seven days after plating.

Polymerase chain reaction

Pig epithelial cells were grown to approximately 80% confluency before being
harvested for PCR. Messenger RNA from was obtained using standard methods.
Total RNA was isolated using an RNA extraction kit (RNeasy Mini Kit; Qiagen).
First strand cDNA was generated from 2 pg of total RNA using a QuantiTect
Reverse Transcription Kit (Qiagen). Primer pairs reported elsewhere were used for
EGF [36], TGF B1 [37], and beta-actin (Table 1). The latter served as a control.
An annealing temperature of 55°C was used for EGF and fB-actin, and 56 °C for
TGEFP1. Products were run on a 1% agarose gel and imaged after incubation with
an ethidium bromide solution using a BioDoc-It Imaging System (UVP).

Results

In the present study, the vocal fold epithelium and lamina propria were removed,
exposing the underlying thyroarytenoid (TA) muscle. Injury to the depth of the
TA was confirmed by observation of disorganization of the most medial muscle
fibers and infiltration of cells around these fiber bundles one day post-injury
(Fig. 1A). Epithelium was absent at day 1 post-injury. By day 3, most of the
wound was covered by epithelium; however, epithelium remained absent in small
areas at this time point (Fig. 1B). At day 5, epithelial hyperproliferation was
observed (Fig. 1C). By day 14, a thin epithelium characteristic of uninjured rat
vocal folds was restored (Fig. 1D, 1F).

The epithelial cells demonstrated positive staining for K14, a marker of basal
cells in uninjured epithelium, throughout all epithelial layers at days 3 and 5 post-
injury (Fig. 1H,I). By day 14, K14 was found primarily in basal layer of the
epithelium (Fig. 1]). This pattern of staining was also seen at 35 days post-injury
and in uninjured vocal folds (Fig. 1K, 1L).

Positive staining for Ki67, a marker of cell proliferation, was found primarily in
the lamina propria at day 1 post-injury (Fig. 1M). While epithelium was absent at
the wound site at that time point, some staining was noted in the at a distance of
around 10 cells from the wound margins at that time point; however, no staining
was found in the epithelium immediately adjacent to the wounded area consistent
with a lag in healing immediately post-injury. Abundant staining was observed in
all epithelial cell layers at day 3 (Fig. 1N). By day 5, heterogeneous distribution
was no longer observed; staining was confined primarily to the basal layer of the
hyperplastic epithelium (Fig. 10). Strong cell staining was also noted in the
lamina propria through day 5 post-injury. By day 14, Ki67 was absent from the
epithelium and lamina propria (Fig. 1P). Ki67 staining was not observed at 35
days post-injury or in uninjured vocal folds (Fig. 1Q, IR).
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Table 1. Primer sequences and products for polymerase chain reaction (PCR).

Gene Forward Primer Reverse Primer Size

TGFp1 CGATTAAAGGTGGAGAGAGGACTG AATGAATGGTGGACAGACACAGG 128 bp
EGF TCTGAACCCGGACGGATTTG GACATCGCTCGCCAACGTAG 202 bp
p-actin ACGTTGCTATCCAGGCTGTGCTAT CTCGGTGAGGATCTTCATGAGGTAGT 188 bp

doi:10.1371/journal.pone.0115389.t001

H&E K14 Ki67 EGF TGFB1

- .....
- .....

Fig. 1. Epithelial regeneration following vocal fold injury. Hematoxylin and eosin (H&E) in injured vocal
folds from day 1 (D1) to day 35 (D35) post-injury and uninjured vocal folds (A—F). Immunostaining (brown) for
keratin 14 (K14; G-L); Ki67 (M-R); epidermal growth factor (S—X); and transforming growth factor beta
(TGFB1) at five time points ranging from 1 to 35 days post-injury, as well as in uninjured vocal folds (Y-DD).
Images show results for representative animals. Scale bar: 100 pum.

doi:10.1371/journal.pone.0115389.9001
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At day 1, EGF was found throughout the lamina propria, both associated with
cells and in the extracellular matrix (Fig. 1S; S1A Figure). By day 3, cytoplasmic
and intercellular staining was observed in all layers, with strongest staining noted
in the most superficial layers of the epithelium and near erythrocytes within the
epithelium (Fig. 1T; S1B Figure). By day 5, the stain was noted predominately in
the most superficial layers of epithelial cells with intense staining around blood
cells (Fig. 1U; S1C Figure shows greater detail). EGF staining was absent in the
epithelium and sparse in the lamina propria at days 14 and 35 post-injury (Fig 1V,
1W), and in uninjured vocal folds (Fig. 1X). EGF expression in epithelial cells was
confirmed via PCR (Fig. 2).

Staining for TGFP1 was noted in the basal layer of the epithelium at the wound
margins, adjacent to the site of injury, and throughout the lamina propria at day 1
post-injury (Fig. 1Y; S2A Figure). By day 3, cytoplasmic and intercellular staining
was present throughout the epithelium but remained strongest at the interface
between the epithelium and lamina propria (Fig. 17; S2B Figure). By day 5, as
with EGF, the staining was noted predominately in the most superficial layers of
epithelial cells (Fig. 1AA; S2C Figure). TGF1 staining was largely absent at days
14 and 35 post-injury (Fig. 1BB, 1CC), and from uninjured vocal folds (Fig.
1DD). Expression of TGEP1 in epithelial cells was confirmed using PCR (Fig. 2).

EGEFR activation was noted in epithelial cells adjacent to the site of injury one
day post-injury (Fig. 3A). Abundant staining in all epithelial cell layers was
observed at day 3 (Fig. 3B). By day 5, staining was restricted primarily to cells in
the basal and most superficial layers of epithelial cells (Fig. 3C). Staining was
largely absent from the epithelium of uninjured vocal folds (Fig. 3D).

Discussion

Vocal fold healing post-injury is likely dictated by the interactions between
various cells types, growth factors and components of the extracellular matrix.
Here, we focused on establishing a timeline for epithelial restoration and presence
of two growth factors likely to play an important role in wound healing in a rat
model. Through histological and immunohistological assays, we demonstrated
that epithelium follows the expected temporospatial sequence of wound healing
observed in other airway epithelia. We further demonstrated that epithelial cells
are active participants in the wound healing process as evidenced by secretion of
growth factors critical for wound healing, EGF and TGFp1, as well as activation of
EGFR.

Based on findings in other airway epithelia and studies of vocal fold mucosal
repair, we hypothesized that epithelial regeneration following vocal fold injury
would follow three steps: cell adhesion and migration, proliferation and
stratification, and differentiation [27]. Our findings were consistent with the
predicted sequence and timeline in epithelial healing described above. Cell
adhesion and migration, as evidenced by an emerging but incomplete layer of
epithelium viewed with H&E, occurred three days post-injury. By day five, a fully

PLOS ONE | DOI:10.1371/journal.pone.0115389 December 16, 2014 8/14



@'PLOS | ONE

Growth Factor Secretion by Vocal Fold Epithelial Cells

1000bp
750bp

500bp

300bp

150bp
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Fig. 2. Growth factor expression in primary pig vocal fold epithelial cells. Agarose gel electrophoresis of
PCR products shows expression of EGF (lane one), TGFB1 (lane two), and the positive control (lane five) in
primary pig vocal fold epithelial cells at the expected product sizes. Negative water controls (W) for EGF and
TGFB1 are shown in lanes three and four, respectively.

doi:10.1371/journal.pone.0115389.g002

confluent, multilayered epithelium was observed. Epithelial regeneration was
evaluated by staining for Ki67, a marker of cell proliferation. Epithelial
proliferation was initiated one day post-injury. However, proliferation was sparse
and noted in the epithelium up to ten cells in distance from the wound one day
post-injury consistent with a lag period in healing immediately post-injury. This
lag period has been observed in various tissues immediately after injury and is
attributed to cellular reorganization and protein synthesis prior to cell
proliferation and migration [22]. Epithelial cell proliferation peaked at 3 days and
remained elevated at 5 days post-injury. By day 14, proliferation levels returned to
pre-injury levels as evidenced by sparse to absent Ki67 staining in the epithelium.
Interestingly, at early time points post-injury, cells throughout the epithelium, not
just in the basal layers, stained positive for ki67. This indicates that cells other than

it
W

L 4

%

Fig. 3. EGFR expression during the acute phase of vocal fold wound healing. Positive immunostaining (brown) for activated EGFR was present in
epithelium around the wound margin at day 1 post-injury (A). Staining was diffuse and abundant at day 3 post-injury (B). Staining was observed in discrete
cells at day 5 post-injury (C). Staining was absent from uninjured epithelium (D). Images show results for representative animals. Scale bar: 100 pm.

doi:10.1371/journal.pone.0115389.9003
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the basal cells, which drive epithelial proliferation under homeostatic condition,
are recruited to proliferate post-injury. Further, K14 positive staining, which is
typically restricted to the basal layer, was observed throughout the epithelium at
days 3 and 5 post-injury. Together, these findings suggest that epithelial cells in
suprabasal layers were capable of cell division post-injury suggesting that terminal
differentiation of cells in the suprabasal layers had not occurred by day 5. A
typically differentiated epithelium was restored by 14 days following injury, as
evidenced by an absence of K14 staining in suprabasal cells of the two-layered
epithelium.

Epithelial cells showed positive staining for the growth factors, EGF and TGFf1
during the early phase of wound healing. Further, the cytoplasmic and
intercellular staining observed for both EGF and TGFf1 is consistent with a role
for the epithelial cells in synthesizing and secreting these growth factors. These
findings suggest that vocal fold epithelial cells may participate in autocrine and
paracrine signaling in wound healing. Presence of positive staining for growth
factors in epithelium during the proliferation and migration phases of epithelial
regeneration post-injury strongly support our hypothesis that epithelial cells
participate in all phases of epithelial regeneration through autocrine signaling.
EGF and TGFp1 showed a similar, time-dependent pattern of staining across early
time points post-injury. Both showed diffuse staining throughout the epithelium
at day 3 and strongest staining in the superficial layer of the epithelium at day 5.
Presence of growth factors in the superficial epithelial layers in the days following
injury is consistent with a role for them in guiding proliferation and
differentiation of these metabolically active but typically quiescent cells [1]. The
possibility that these cells are recruited to proliferate following injury is supported
by the absence of terminal differentiation of the cells (as evidence by K14-positive
staining) and staining for the proliferation marker, Ki67 in these cells. The
presence of red blood cells in the superficial layer of the epithelium is important in
the context of this study as they provide additional sources of growth factors. The
sparse, if not absent staining, for the growth factors at later time points suggests
that TGFB1 and EGF are not secreted by epithelial cells under homeostatic
conditions following restoration of a complete, differentiated epithelium.

EGFR activation was observed during the acute phase of wound healing.
Concomitant staining for EGFR and the growth factors, EGF and TGFp1, in
epithelial cells suggest growth factor-mediated autocrine signaling drives EGFR
regulation of wound repair. Presence of activated EGFR in the proliferating, Ki-
67-positive, epithelium is consistent with the receptor playing a key role in cell
growth and wound repair. Our findings are consistent with a correlation between
EGFR and Ki67 expression observed in benign and malignant laryngeal lesions
[25].

Growth factors were also noted in the lamina propria, particularly during the
earliest time points post-injury, day 1 and 3. These observations were expected as
both EGF and TGFp1 are secreted by fibroblasts, macrophages, and platelets [4],
all of which are present during the early phases of wound healing. Observation of
TGFp1 staining in the ECM of the lamina propria is consistent with secretion of
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TGFB1 by cells such as fibroblasts [12], and, we hypothesize, storage of TGEP1 as
observed in other ECM [38]. Further, increased TGF[ gene expression has been
observed during the first week post-injury in rats [12—15]. To the best of our
knowledge, EGF gene and protein expression have not be quantified in a rat
model of vocal fold injury.

We acknowledge two weaknesses in this study. First, dynamic reciprocity
between epithelium and lamina propria likely molds vocal fold healing. Here, we
focused exclusively examining on epithelial cell protein expression as a first step to
elucidating the role of epithelial cells in mediating wound healing. Understanding
the interaction of epithelial cells and fibroblasts, as well as other cells, in the
lamina propria awaits controlled, in vitro studies of vocal fold healing. Second, we
did not quantify EGF and TGFP1 gene and protein expression in rats post-injury.
We used immunohistochemistry (IHC) for the in vivo portion of the study. While
IHC did not permit quantification of protein expression, it allowed visualization
of the cells that expressed EGF and TGFP1. TGF gene expression has been
quantified during the acute and chronic phases of wound healing in vocal fold
mucosa [12—15]. However, it is unknown which cells contributed to the aggregate
cytokine secretion; while vocal fold mucosa contains epithelial cells, it also
contains many other cell types including fibroblasts, macrophages, and platelets,
each capable of secreting growth factors. Our interest was to examine growth
factor secretion by epithelial cells. We showed that vocal fold epithelial cells do
express TGFB1 and EGF. Our observation of a positive, albeit faint, EGF band was
consistent with low expression levels of EGF in other stratified squamous
epithelia, including corneal epithelium [39] and bronchial epithelium [40]. While
it would have been ideal to demonstrate gene and protein expression in the same
species, the absence of primary rat epithelial cell rendered this infeasible. Instead,
we used primary pig cells which have been characterized elsewhere [35].

To date, studies have focused on analyzing changes in composition and
organization of the lamina propria and their impact on vocal fold physiology
following damage, with few exceptions [12,30]. Examining the cellular and
extracellular composition and biomechanical properties of the lamina propria is
important as they determine key clinical parameters such as vocal quality and ease
of phonation. However, lack of appreciation of the cellular and molecular changes
underlying epithelial regeneration and restoration of epithelial barrier function
following vocal fold injury results in an incomplete understanding of wound
healing. The role of epithelium in modulating vocal fold wound healing and the
mechanisms underlying epithelial regeneration had not been examined even
though an intact epithelium is critical for protecting the vocal folds from injury, as
well as maintaining vocal fold defense [41] and surface ion and fluid homeostasis
[42]. Here we show that epithelial cells are active participants in the healing
process. The exact mechanisms and significance of the EGF and TGFp1-mediated
inhibitory and excitatory pathways guiding wound healing in vocal fold await
study in a controlled, in vitro environment. Knowledge of these mechanisms of
epithelial wound healing may help to inform development of growth factor driven
interventions over time. It may also provide a benchmark against which the ability
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of in vitro models of vocal fold injury under development to mimic in vivo injury
[43] can be evaluated.

Supporting Information

S1 Figure. EGF staining in the acute phase of healing. Positive EGF staining
(brown) was observed in epithelium at 1 (A), 3 (B), and 5 (C) days post-injury in
representative animals. Scale bars: 50 and 100 pm.
doi:10.1371/journal.pone.0115389.s001 (TIF)

S2 Figure. TGFp1 staining in the acute phase of healing. Positive TGFf1
staining (brown) was observed in epithelium at 1 (A), 3 (B), and 5 (C) days post-
injury in representative animals. Scale bars: 50 (insert) and 100 pm.
doi:10.1371/journal.pone.0115389.s002 (TIF)

Acknowledgments

We gratefully acknowledge Drew Roenneburg for assisting with
immunohistochemistry. We thank Elizabeth Erickson-DiRenzo for providing pig
epithelial cells and Suzanne King for assisting with PCR assays.

Author Contributions

Conceived and designed the experiments: CL SLT. Performed the experiments: CL
MI RSB SFW. Analyzed the data: CL RSB SFW. Contributed reagents/materials/
analysis tools: CL SLT. Wrote the paper: CL MI RSB SFW SLT.

References

1. Leydon C, Bartlett R, Roenneburg D, Thibeault SL (2011) Localization of label-retaining cells in
murine vocal fold epithelium. J Speech Lang Hear Res 54: 1060-1066.

2. Wilson SE, Chen I, Mohan RR, Liang Q, Liu | (1999) Expression of HGF, KGF, EGF and receptor
messenger RNAs following corneal epithelial wound healing. Exp Eye Res 68: 377-397.

3. Wilson SE, He YG, Llyod SA (1992) EGF, EGF Receptor, Basic FGF, TGF Beta-1, and IL-1 Alpha
mRNA in Human Corneal Epithelial Cells and Stromal Fibroblasts. Invest Opthalmol Vis Sci 33: 1756—
1765.

4. Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M (2008) Growth factors and
cytokines in wound healing. Wound Repair Regen 16: 585-5601.

5. Hirano S, Bless DM, Heisey D, Ford C (2003) Effect of growth factors on hyaluronan production by
canine vocal fold fibroblasts. Ann Otol Rhinol Laryngol 112: 966-972.

6. Krishna P, Regner M, Palko J, Liu F, Abramowitch S, et al. (2010) The effects of decorin and HGF-
primed vocal fold fibroblasts in vitro and ex vivo in a porcine model of vocal fold scarring. Laryngoscope
120: 2247-2257.

7. Puddicombe SM, Polosa R, Richter A, Krishna MT, Howarth PH, et al. (2000) Involvement of the
epidermal growth factor receptor in epithelial repair in asthma. FASEB J 14: 1362-1374.

8. Boxall C, Holgate ST, Davis DE (2006) The contribution of transforming growth factor-beta and
epidermal growth factor signalling to airway re modelling in chronic asthma. Eur Respir J 27: 208-29.

PLOS ONE | DOI:10.1371/journal.pone.0115389 December 16, 2014 12/ 14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115389.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115389.s002

@'PLOS | ONE

Growth Factor Secretion by Vocal Fold Epithelial Cells

10.

1.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25,

26.

27.

28.

29,

30.

31.

Singh AB, Harris RC (2004) Epidermal growth factor receptor activation differentially regulates claudin
expression and enhances transepithelial resistance in Madin-Darby canine kidney cells. J Biol Chem
279: 3543-3552.

Znalesniak EB, Hoffman W (2010) Modulation of cell-cell contacts during intestinal restitution in vitro
and effects of epidermal growth factor (EGF). Cell Physiol Biochem 25: 533-542.

Semlali A, Jacques E, Rouabhia M, Milot J, Laviolette M, et al. (2010) Regulation of epithelial cell
proliferation by bronchial fibroblasts obtained from mild asthmatic subjects. Allergy 65: 1438—45.

Chang Z, Kishimoto Y, Hasan A, Welham NV (2014) TGF-f3 modulates the inflammatory environment
and reduces scar formation following vocal fold mucosal injury in rats. Dis Model Mech 7: 83-91.

Welham NV, Lim X, Tateya I, Bless DM (2008) Inflammatory factor profiles one hour following vocal fold
injury. Ann Otol Rhinol Laryngol 117: 145-152.

Lim X, Tateya I, Tateya T, Munoz-del-Rio A, Bless DM (2006) Immediate inflammatory response and
scar formation in wounded vocal folds. Ann Otol Rhinol Laryngol 115: 921-929.

Ohno S, Hirano S, Rousseau B (2009). Gene expression of transforming growth factor-p1 and
hepatocyte growth factor during wound healing of injured rat vocal fold. Laryngoscope 119: 806-810.

Roberts AB, Heine Ul, Flanders KC, Sporn MB (1990) Transforming growth factor-beta. Major role in
regulation of extracellular matrix. Ann NY Acad Sci 580: 225-232.

Schults GS, Wysocki A (2009) Interaction between extracellular matrix and growth factors in wound
healing. Wound Rep and Regen 17: 153-162.

Rousseau B, Sohn J, Montequin DW, Tateya |, Bless D (2004) Functional outcomes of reduced
hyaluronan in acute vocal fold scar. Ann Otol Rhinol Laryngol 113: 767-776.

Branski RC, Barbieri SS, Weksler BB, Saltman B, Krishna P, et al. (2009) Effects of transforming
growth factor-p1 on human vocal fold fibroblasts. Ann Otol Rhinol Laryngol 118: 218-226.

Ohno S, Hirano S, Kanemaru S, Kitani Y, Kojima T, et al. (2012) Transforming growth factor 3 for the
prevention of vocal fold scarring. Laryngoscope 122: 583-9.

Xu Y, Baker D, Quan TH, Baldassare J, Voorhees JJ, et al. (2010) Receptor Type Protein Tyrosine
Phosphatase-Kappa Mediates Cross-Talk between Transforming Growth Factor-Beta and Epidermal
Growth Factor Receptor Signaling Pathways in Human Keratinocytes. Mol Biol Cell 21: 29-35.

Zieske JD, Takashashi H, Hutcheon AEK, Dalbone AC (2000) Activation of epidermal growth factor
receptor during corneal epithelial migration. Invest Opthalmol Vis Sci, 41: 1346-1355.

Trinh NT, Prive A, Maille E, Noél J, Brochiero E (2008) EGF and K+ channel activity control normal
and cystic fibrosis bronchial epithelial repair. Am J Physiol Lung Cell Mol Physiol 295: 866—880.

Wang Z, Chen JK, Wang SW, Moeckel C, Harris RC (2003) The importance of functional EGF
receptors in recover from acute nephrotoxic injury. J Am Soc Nephrol 14: 3146-3154.

Krecicki T, Jelen M, Zalesska-Krecicka M, Rak J, Szkudlarek T, et al. (1999) Epidermal growth factor
rector (EGFR), proliferating cell nuclear antigen (PCNA) and Ki-67 antigen in laryngeal epithelial lesions.
Oral Oncol 35: 180-6.

Lee CS, Redshaw A, Boag G (1996) TGF-alpha immunoreactivity in laryngeal carcinoma: lack of
prognostic value and correlation to EGF-receptor expression. ANZ J Surg 66: 464—468.

Puchelle E, Zahm JM, Tournier JM, Coraux C (2006) Airway epithelial repair, regeneration, and
remodeling after injury in chronic obstructive pulmonary disease. Proc Am Thor Soc 3: 726-33.

Branski RC, Rosen CA, Verdolini K, Hebda PA (2005) Acute vocal fold wound healing in a rabbit
model. Ann Otol Rhinol Laryngol 114: 19-24.

Cohen SM, Huang S, Garrett CG, Courey MS (2005) Acute histologic effect of extraesophageal reflux
on vocal fold healing. Ann Otol Rhinol Laryngol 114: 296-303.

Ling C, Yamashita M, Waselchuk EA, Raasch JL, Bless DM, et al. (2010) Alteration in cellular
morphology, density and distribution in rat vocal fold mucosa following injury. Wound Rep Regen 18: 89—
97.

Tateya T, Tateya |, Sohn JH, Bless DM (2006) Histological study of acute vocal fold injury in a rat model.
Ann Otol Rhinol Laryngol 115: 285-91.

PLOS ONE | DOI:10.1371/journal.pone.0115389 December 16, 2014 13/14



@'PLOS | ONE

Growth Factor Secretion by Vocal Fold Epithelial Cells

32

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

Dupuit F, Gaillard D, Hinnrasky J, Mongodin E, De Bentzmann S, et al. (2000) Differentiated and
functional human airway epithelium regeneration in tracheal xenografts. Am J Physiol Lung Cell Mol
Physiol 278: L165-76.

Imaizumi |, Thibeault SL, Leydon C (2014) Classification for animal vocal fold surgery: Resection
margins impact histological outcomes of vocal fold injury. Laryngoscope In Press.

Suzuki T, Conner N, Lee K, Leverson G, Ford CN (2002). Laryngeal-Respiratory Kinematics are
Impaired in Aged Rats. Ann Otol Rhinol Laryngol 111: 684—689.

Erickson-DiRenzo E, Leydon C, Thibeault SL (In Preparation). Method for porcine vocal fold epithelial
cell culture for the investigation of epithelial mucin expression.

Vaughan T, James PS, Pascall JC, Brown KD (1992) Expression of the genes for TGF, EGF and the
EGF receoptor during early pig development. Development 116, 663—-669.

Popovic N, Bridenbaugh EA, Neiger JD, Hu JJ, Vannucci M, et al. (2009) Transforming growth factor-
B signaling in hypertensive remodeling of procine aorta. Am J Phsyiol Heart Circ Physiol 297: 2044—
2053.

Taipale J, Keski-Oja J (1997) Growth factors in the extracellular matrix. FASEB J 11: 51-59.

Zieske JD, Takashashi H, Hutcheon AEK, Dalbone AC (2000) Activation of epidermal growth factor
receptor during corneal epithelial migration. Invest Ophthalmol Vis Sci 41: 1346—1355.

Ip WK, Wong CK, Li MLY, Li PW, Cheung PFY, et al. (2007) Interleukin-31 induces cytokine and
chemokine production from human bronchial epithelial cells through activation of mitogen-activated
protein kinase signaling pathways: implications for allergic response. Immunol 122: 532-541.

Kutta H, Steven P, Kohla G, Tillmann B, Paulsen F (2002) The human false vocal folds: an analysis of
antimicrobial defense mechanisms. Anat Embryol 205: 315-323.

Leydon C, Sivasankar M, Lodewyck D, Atkins C, Fisher KV (2009) Vocal fold surface hydration: A
review. J Voice 23: 658—665.

Leydon C, Selekman JA, Palecek S, Thibeault SL (2013) Human embryonic stem cell-derived
epithelial cells in a novel in vitro model of vocal mucosa. Tissue Eng PT A 19: 2233-2241.

PLOS ONE | DOI:10.1371/journal.pone.0115389 December 16, 2014 14 1 14



	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	TABLE_1
	Figure 1
	Section_8
	Figure 2
	Figure 3
	Section_9
	Section_10
	Section_11
	Section_12
	Section_13
	Section_14
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43

