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Exploring the Acute Effects of Glucocorticoids on Rabbit VVocal Fold Tissue
Gary Joseph Gartling, Ph.D., CCC-SLP

University of Pittsburgh, 2021

Glucocorticoids (GCs) are frequently used to treat vocal fold (VF) inflammation due to
their potent anti-inflammatory effects. Glucocorticoids have varying pharmacodynamic properties
with effects ranging from reduced angiogenesis, changes in epithelial/endothelial barrier integrity,
reduced therapeutic effect after long-term use, and skeletal muscle atrophy. Despite the known
diversity of drug activity and associated negative effects, otolaryngologists typically rely on
subjective clinical judgments when prescribing GCs, rather than objective evidence of differential
efficacy. Elucidating GC-induced VF tissue changes and delineating effects between GCs is
necessary for physicians to accurately modify drug selection for patient-specific needs. To inform
these knowledge gaps, in-vivo animal models are frequently used due to the ability to study
experimentally induced tissue changes that would be impossible to conduct in humans. However,
knowledge of the existence and localization of key VF constituents involved in the regulation of
VF homeostasis in rabbits - a commonly used model in this field - has not yet been investigated.

The purpose of this study was to: 1) Compare the localization of integral membrane
proteins involved in the regulation of VVF tissue homeostasis between human and rabbit VVF tissue.
2) Investigate the acute effects of intramuscular injections of dexamethasone and
methylprednisolone on VF tight junctions, vascularity, therapeutic efficacy, and thyroarytenoid
(TA) muscle morphology in rabbit VVFs. 3) Investigate the effects of an intracordal injection of

dexamethasone on atrophy-associated gene expression and TA muscle morphology in rabbit VFs.



The results of these experiments revealed: 1) Similar localization of key ion transport
channels and cell adhesion proteins between rabbit and human VFs. 2) Increases in VF epithelial
and endothelial tight junction expression in rabbits treated with 6-daily intramuscular injections of
dexamethasone and decreases in global body mass in rabbits treated with methylprednisolone. 3)
No evidence of GC-induced atrophy in the VFs of rabbits receiving an intracordal injection of
dexamethasone. These findings provide support for the use of rabbits as an experimental model
when studying key VF constituents, and evidence of differential effects of GCs at a systemic and
VF level. These findings identify an important role for tailored GC selection dependent on patient-

specific needs when treating voice disorders.
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1.0 Introduction

Portions of this dissertation have been previously published. It is reprinted with permission
from The Laryngoscope (Gartling, Sayce, Kimball, Sueyoshi, & Rousseau, 2021) © 2021. Gartling
GJ, Sayce L, Kimball EE, Sueyoshi S, Rousseau B. A Comparison of the Localization of Integral
Membrane Proteins in Human and Rabbit Vocal Folds. The Laryngoscope. 2021

Apr;131(4):E1265-71.

1.1 Etiology of Voice Disorders

Voice disorders are the most common communication ailment across the lifespan;
approximately 20 million Americans are diagnosed with a voice disorder each year! with total
annual health care costs approaching $13 billion dollars.? A voice disorder can be defined as an
abnormality in a person’s voice production characterized by irregularities in pitch, loudness,
resonance, and/or quality that negatively impact their ability to meet daily communication
needs.>*° Voice disorders can be generally classified as being organic or functional. Organic voice
disorders can have structural origins, where there are physical changes to any of the mechanisms
involved in voice production, or neurogenic origins, where the voice mechanism is altered from
iatrogenic damage, idiopathic damage, or degeneration of the central or peripheral nervous system.
Functional voice disorders are characterized by abnormal voice production in the absence of any
organic origin. These classifications are not mutually exclusive and vary across etiological factors

including occupation, age, and sex.®



Regarding the prevalence of voice disorders across occupations, studies often use cross-
sectional methods without the use of controls, and combine occupations including telemarketers,
tour guides, salespeople, and professional singers into a single category of “professional voice
users”, making differentiating the prevalence of voice disorders across the wide variety of specific
occupations difficult. However, it is reported that teachers are considered the most at-risk
population for voice disorders, comprising approximately 5.2% to 20% of caseloads in voice
clinics,”® likely due to the increased vocal burden required for projecting voice in the classroom.

The age group that is at the highest risk of having a voice-related disability are people 40
to 59-years-old.”® However, children and adults are similarly affected by voice disorders with
causes varying by age. In younger children between 1 and 18-years-old, the most common organic
voice disorders are acute laryngotracheobronchitis, VF nodules, and VF cysts.®*! Vocal fold
nodules are observed more frequently among males ages 4 to 10-years-old.® ! However, between
12 to 60-years-old, VF nodules are seen more frequently in females.®'? This age and gender
discrepancy is likely due to males experiencing substantial laryngeal growth and subsequent lesion
regression into the VVF tissue during adolescence,*** while the female VVFs remain much smaller
compared to males after puberty. Female VFs also contain different extracellular matrix (ECM)
components which increase the likelihood of traumatic collisions during phonation (i.e.
phonotrama).t>*8

In general, voice disorders affect more females than males, as evidenced by organic voice
disorders such as VF polyps, VF nodules, Reinke’s edema, reflux laryngitis, VF paralysis, and
presbyphonia disproportionately affecting females.® Additionally, functional voice disorders are
reported to be the leading cause of voice-related disability in females 19 to 60-years-old,® believed

to be partly associated with higher reported occurrences of depression and anxiety in the general



female population,*® which can contribute to functional voice disorders such a muscle tension
dysphonia.?®?* The higher incidence of voice disorders among the female population may also be
due to the well-documented findings that females are more likely to report a voice disorder,® while
males are less likely.? It is important to note the sparsity of evidence and underrepresentation of
diverse participants in studies exploring the etiology of voice disorders, making findings regarding

the prevalence of voice disorder in underrepresented groups of individuals challenging.

1.2 Structure of the VVocal Folds

The VFs are bilateral membranous bands of tissue located within the larynx (Figure 1A).
Each VF is composed of five layers; the outermost luminal layer is comprised of stratified
squamous epithelial (SSE) cells anchored to a basement membrane zone (BMZ). Deeper into the
tissue is the lamina propria (LP), which is segmented into three distinct sections: the superficial,
intermediate, and deep layers, which gradually increase in elastin and collagen density and elastin

flexibility toward the muscle. The final layer of the VF is the TA muscle (Figure 1B).
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Figure 1. Coronal-section of the larynx and VF

1.2.1 Stratified Squamous Epithelium

Efficient voice production primarily depends on the unique layered structure of the VFs
allowing for this specialized tissue to withstand amazingly rapid vibration (i.e. phonation), and
extreme stress and strain during phonation and other biological processes. Each VF consists of 5-
10 tightly packed layers of SSE?*?4 (Figure 2A-C) which consist of integral protein complexes in
the cell’s membrane which function to maintain cellular homeostasis and barrier integrity. Integral
membrane proteins contributing to the specialized function of the SSE are transepithelial ion
channels and cell junctions.

lon channels regulate the influx and efflux of positively and negatively charged molecules,
serving multiple functions: regulating osmotic potential, providing energy for active transport, and
driving cellular polarization and depolarization for cellular signaling. Sodium-
potassium adenosine triphosphatase (Na+/K+-ATPase) is a transepithelial ion channel in the SSE

believed to be involved in maintaining a thin layer of fluid on the VF epithelium, which contributes
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to efficient VF oscillation and voice production.?® This protein functions by using active transport
to simultaneously pump three positively charged sodium ions out of the cell and two positively
charged potassium ions into the cell, creating an osmotic gradient?®® This osmotic gradient is
believed to contribute to passive water transport between cells via aquaporin (AQP) water channels
(Figure2 D).?’

Cellular junctions connect adjacent SSE cells and anchor the epithelial layer to the BMZ
and underlying connective tissue, providing the first line of defense to the VFs. Two main types
of cell junctions found in the VF SSE are tight junctions (TJ)s, and anchoring junctions (AJ)s.
Tight junctions function by connecting and sealing the apical borders of adjacent SSE together,
preventing any outside pathogens from entering the paracellular space.?®%® Examples of TJs in the
VF include zonula occludin (ZO)-1 and occludin.®*=2 Anchoring junctions in the VF, including e-
cadherin, connect adjacent epithelial cells and also contribute to sealing paracellular spaces.®* E-
cadherin is also believed to facilitate the formation of TJs.34 Other AJs, such as hemidesmosomes,
connect the basal epithelium to the LP via fastening structures in the BMZ, attaching the SSE to

the LP (Figure 2 D).
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1.2.2 Lamina Propria

The LP is separated into three sections made up of the superficial, intermediate, and deep
layers. These layers are distinctly characterized by their histological elements consisting of
different concentrations of ECM components including collagen, elastin, and interstitial proteins.
Collagen is an abundant fibrous protein that provides the tissue with tensile strength and functions
as scaffolding for many cellular processes.® Elastin is essential for the elasticity and ability to
stretch and recoil under the forces of phonation.®” Interstitial proteins, including hyaluronic acid
(HA), occupy the spaces within the ECM and acts as a shock absorber during the impacts of the
VFs during phonation'’*%3% and are involved in cell proliferation, cell migration, and ECM
organization.*®*? Collagen and elastin are mostly organized parallel to the anterior/posterior plane
of the VFs, with the density of distribution varying throughout the layers. The superficial layer of
the VF has the least collagen and elastin, with loosely organized fibers interspersed throughout the

6



ECM.%®4 The superficial LP contains elastin in the form of eulanin and oxytalan, which are
relatively brittle and fracture/reform with relative ease.®** The intermediate layer has the highest
concentration of HA of the three layers* and is more densely concentrated with collagen and
elastin than the superficial layer, with the elastin predominating over the collagen. Finally, the
deep layer of the LP has the densest concentration of collagen and elastin, with collagen
predominating.*® The intermediate and deep layers of the LP comprise the vocal ligament, which

attaches to the underlying TA muscle.*®

1.2.3 Thyroarytenoid Muscle

The TA is a paired skeletal muscle that is innervated by the recurrent laryngeal nerve,
which contributes to the anterior-posterior shortening of the VFs, thereby decreasing tension in the
covering layers and subsequently reducing speaking pitch.#” Although an area of debate, it is
speculated that different parts of the TA are responsible for different functions. For example, some
researchers believe that the TA is separated into two parts; the lateral portion, called the
muscularis, and the medial portion, called the vocalis. The muscularis consists of primarily type Il
fast-twitch muscle fibers and is reported to have roles in VF adduction and airway protection. The
vocalis consists primarily of type I slow twitch muscle fibers*® and is believed to be the primary

portion involved in modulating speaking pitch.*%°



1.3 Physiology of Voice Production

The seemingly effortless production of voice is a complex physiological activity involving
the coordinated activation of the respiration, phonation, and resonance systems. In order to produce
adequate voice, it is necessary for these systems to work seamlessly in unison. The biomechanics
of self-sustained VF vibration is the product of the composition of the VF layers and various
aerodynamic principles.

Although the VF contains five unique layers as discussed in the previous section, it is often
biomechanically simplified into two layers: the body - consisting of the stiffer TA and vocal
ligament which remains, for the most part, stationary during phonation, - and the cover - consisting
of the more pliable superficial LP and SSE, which moves separately over “the body” during
phonation. The difference in the biomechanical properties and vibratory characteristics between
the cover and body give rise to the characteristic vertical phase difference (known as the mucosal
wave) during VF opening and closing, which is necessary for self-sustained VVF vibration.>! As
previously eluded to, the composition of collagen and elastin fibers in each layer differs to lend
the biomechanical properties described.

Activation of the lateral cricoarytenoid, interarytenoid, and the TA muscles adduct the VFs
to meet at the laryngeal midline. While approximated, the VVFs obstruct airflow from the lungs,
allowing for the buildup of subglottal pressure (Figure 3A). This accumulation of subglottal air
pressure eventually overcomes the resistance of the folds (i.e. phonation threshold pressure),
separating the VFs in an inferior to superior fashion to create a convergent glottal shape (Figure
3B). The lateral opening of the VFs continues until the natural elasticity of the tissue draws the
VFs inward in a divergent shape. Additionally, the divergent glottal geometry results in airflow

separation at the opening duct, producing intraglottal vortices (Figure 3C).% These vortices are

8



believed to result in negative pressure that pulls the VFs to midline again, decreasing the airflow
velocity and allowing for subglottal pressure to accumulate to repeat the vibratory cycle and

sustain vibration for voice (Figure 3D).>3

Figure 3. Cycle of phonation

1.4 Vocal Fold Injury

The VFs have the potential to be exposed to a variety of injurious stimuli including
vibratory, surgical, and chemical trauma that often results in inflammation, lesions, and scarring
of the mucosa and underlying tissue. These injuries often change the structure of the SSE and LP,
resulting in changes in the biomechanical function of the VFs which can adversely affect healthy
voice production.®*>" Vocal fold inflammation can result from a variety of different conditions
including infections, laryngopharyngeal reflux, systemic inflammatory diseases, and mechanical
VF injuries. A heightened laryngeal inflammatory response may exacerbate scarring,%® which is

the leading post-surgical contributor to poor voice quality.5



1.4.1 Causes of VF Injury

Viral and bacterial infections are common sources of laryngitis and often result in acute
laryngotracheobronchitis, which is characterized by inflammation of the subglottis and VFs
resulting in a dry barking cough, hoarse voice, and inspiratory stridor.>® Laryngopharyngeal reflux
results from the retrograde flow of gastric contents into the laryngopharynx. This is often caused
by insufficient closure of the upper and lower esophageal sphincters and ineffective esophageal
peristalsis,®® permitting digestive liquids such as hydrochloric acid and activated pepsin to enter
the larynx and irritate the delicate VF tissue.

Systemic diseases that present with laryngeal inflammation include relapsing
polychondritis, Wegener’s granulomatosis, and rheumatoid arthritis. Polychondritis is rare a
disease characterized by recurring episodes of inflammation of cartilaginous tissues. This disease
affects the larynx in approximately 50% of cases and can cause dysphonia and airway stenosis.®*
Wegener’s granulomatosis is an autoimmune disease characterized by the systemic inflammation
of the blood vessels including the small vessels and arteries in the airway, resulting in strider and
subglottic stenosis.®? The laryngeal manifestation of rheumatoid arthritis may present as swelling
of the arytenoid cartilage and/or rheumatoid nodules near the cartilage or other parts of the
larynx.6364

Mechanical VF injuries can occur from loud or extended speaking situations where striking
forces between the VVFs are prolonged and/or increased. Although the VFs can withstand this stress
to a high degree, a threshold exists where the mechanical stress of vibration overcomes the tissue
integrity, resulting in phonotraumatic damage to the VFs and initiation of a full-scale wound
healing response. Acutely, phonotrauma may present as VF inflammation. However, repeated

phonotraumatic events may lead to scarring of the VF tissue or the development of benign lesions
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such as VF nodules, polyps, and cysts.**%5-6” Mechanical VVF injuries can also occur from surgical
procedures performed to remove such lesions, resulting in damage to the SSE and LP, ultimately

leading to VF scarring.®®

1.4.2 Wound Healing Cascade

To provide better treatment outcomes for patients with these injuries, it is necessary to
understand the foundations of the dynamic wound healing process. Although literature regarding
VF wound healing is still emerging, knowledge of the dermal wound healing process is relatively
well established. The wound healing cascade can be divided into at least three overlapping phases;
inflammation, proliferation, and tissue remodeling.®® The inflammatory phase includes hemostasis,
vasodilation, and infiltration of immune cells responsible for various healing functions. The
infiltrating immune cells release proteins that initiate the proliferation phase, characterized by the
growth of granulation tissue in the wound bed. During the remodeling phase, the collagen fibers
reorganize, remodel, and mature to provide the tissue with tensile strength and functional

competence.

1.4.2.1 Inflammatory Phase

The purpose of the inflammatory phase is to clean bacteria and debris from the injured area
to prevent infection. Immediately after an injury, blood vessels are disrupted resulting in fluid
leakage into the wound area. In response to the injury, the adrenal medulla releases epinephrine to
constrict blood vessels, followed by platelets in the bloodstream binding to exposed collagen fibers
in the sub-endothelium of the vessels to form a plug.’®’* The exposed molecules of the sub-

endothelium, such as tissue factor, form a protein complex that initiates the coagulation cascade
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resulting in thrombin formation. Thrombin, a principal enzyme of hemostasis, aggregates
additional platelets to the site of vessel injury and converts fibrinogen into fibrin strands.”? Fibrin
composes the provisional cross-links stabilizing the newly formed platelet plug to prevent blood
from flowing out, achieving hemostasis.

During the first 24 to 36-hours following an injury, mast cells residing in nearby connective
tissue release histamine. Histamine dilates blood vessels which causes the traditional redness,
swelling, and heat associated with inflammation. The resulting increased vascular permeability
allows immune cells, such as neutrophils, to slip through the vessel walls. Concurrently, various
small proteins involved in cell signaling, called cytokines, are released from mast cells and
platelets, including interleukins (IL), tumor necrosis factor (TNF), transforming growth factor
(TGF)-B, and platelet-derived growth factor (PDGF), which induce cyclooxygenase (COX)-2
production - an enzyme that synthesizes prostaglandins that further promote platelet aggregation
and initiate inflammatory cytokine release by immune cells.”® These cytokines also chemoattract
neutrophils which utilize the fibrin clot as scaffolding to infiltrate and clean bacteria and other
foreign substances from the wound area.”*" Once the bacteria have been removed, the neutrophils
begin to die off.

Around 48 to 72-hours after an injury, many of the same cytokines that attracted neutrophils
chemoattract other immune cells called monocytes.”® Monocytes migrate to the wound area
through dilated vessels and mature into macrophages, devouring damaged tissue debris and dead
neutrophils in a process called phagocytosis.”* Macrophages play a pivotal role in the following
stage of wound healing by attracting and stimulating other cell types to initiate several tissue

reconstructive tasks (Figure 4).
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Figure 4. lllustration of the inflammatory phase of wound healing

1.4.2.2 Proliferation Phase

The inflammatory response sets the stage for the next phase in healing - the proliferation
phase. The purpose of the proliferation phase is to supply blood and oxygen to the wound area and
reestablish a protective barrier. This phase is characterized by the formation of pinkish granulation
tissue, and begins 3 to 4-days post-injury, and lasts for about 2 to 3-weeks.®%’%" Granulation tissue
is comprised of macrophages, fibroblasts, and blood vessels and serves as the foundation for scar
tissue development.®® Macrophages supply a continuous source of growth factors such as vascular
endothelial growth factor (VEGF) to induce the growth of new blood vessels in a process called
angiogenesis. The newly formed vessels provide oxygen and nutrition to the growing tissue.
Macrophages also release TGF-p and fibroblast growth factor (FGF) to recruit and proliferate

fibroblasts to the wound site in a process known as fibroplasia.®® Fibroblasts are responsible for
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the production of the ECM components including collagen types I and 11, fibronectin, elastin, and
HA. %578 Although the ECM components are immature and disorganized at this time, the ECM
provides structural support for surrounding cells and provides a reservoir for cell migration,
proliferation, and differentiation.%"

In healthy tissue, collagen type | constitutes approximately 80% of the collagens in the
ECM, while collagen type 111 constitutes 10%.”* However, during the proliferation phase, collagen
type 111 is the main collagen type synthesized. The collagens bind to fibronectin in the ECM and
predominantly replace the provisional fibrin scaffolding.”

Fibroblasts also produce several growth factors that aid in tissue re-epithelialization. Re-
epithelialization is the process of the re-establishment of a functional epithelial barrier through
proliferation, migration, and differentiation of epithelial cells at the wound’s edge and can only be
accomplished in the presence of the living, vascular granulation tissue.!® Fibroblasts and
macrophages release keratinocyte growth factor (KGF) and TGF-a, respectively, to induce
epithelization by attracting and proliferating keratinocytes - the most prevalent cells of the
epidermis.”” The proliferating and migrating keratinocytes seal the wound site and create a BMZ
that anchors down the epidermis to the dermal connective tissue. Epithelialization is usually
complete in 3 to 4-days.?1:82

At about 2-weeks post-injury, the wound site continues to fill with granulation tissue, and
the margins of the wound contract. Wound contraction is characterized by fibroblast differentiation
to their myofibroblast phenotype, which has characteristics of both smooth muscle cells and
fibroblasts. Myofibroblast cells bind to fibronectin in the ECM and connect to collagen fibers in

the fibrin clot/granulation tissue, resulting in wound contraction (Figure 5).7

14



Fibroblasts
Yy 4

Figure 5. lllustration of proliferation phase of wound healing

1.4.2.3 Remodeling Phase

The remodeling phase begins with the replacement of the fibrin clot with granulation tissue
and starts as early as 2 to 3-days after injury and can last as long as 2-years.8 When wound closure
commences, cells and capillaries from the granulation tissue that are no longer needed begin to
thin out. Starting at about 3-weeks after injury, collagen type I11 undergoes degradation while the
synthesis of the stronger collagen type | surges. The degradation and turnover of collagen are
controlled by matrix metalloproteinases (MMP)s secreted by fibroblasts, epidermal cells,
endothelial cells, and macrophages.®® Collagen type | begins to arrange in a more favorable pattern,
and the wound continues to contract.88 At the end of this phase, the wound is sealed with
collagen-rich scar tissue that has only about 70% of the original strength as normal, non-damaged

skin.%°
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Figure 6. Remodeling phase of wound healing

1.4.3 Vocal Fold Wound Healing

The VFs differ from other tissue types in the human body due to their ability to withstand
continuous sheering forces and stress during phonation without being compromised. There is a
growing body of literature characterizing the wound healing cascade in VFs using a variety of
experimental models to more precisely investigate the wound healing progression in this
specialized tissue. Although limited studies have been conducted in human subjects, laryngeal
secretions taken from a single subject after a 1-hour vocal loading task revealed increases in
inflammatory and profibrotic mediators including IL-1p, TNF-a, and MMP-8.8% Other studies
inducing VF injuries in animal models revealed similar findings regarding IL-1pB, TGF-p1, COX-

2,878 TNF-0,%” HA,3 8 MMP-1,%9 MMP-9,%° fibronectin, and collagen®® during the first 3-
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days after injury. Increases in procollagen - a collagen precursor, and nuclear factor kappa B (NF-
kB) - a prototypical proinflammatory signaling pathway, were also observed.8” Similar studies
using animals also observed decreases in gene transcript levels of the epithelial cell junctions
adhesion including occludin,®*®* tjp-1 (ZO-1 precursor), e-cadherin,®*%* and B-catenin® in the
days following injury. Branski et al.®® observed complete epithelial coverage to occur by day five
after iatrogenic injury in a rabbit model.

Regarding the proliferation and remodeling phases of VF injury, studies in various animal
models revealed increases in collagen® %" and fibronectin,® and decreases in HA%"%
approximately 2 to 3-weeks following VF injury. In the months following injury, increases in
procollagen®® and collagen®1%%11 and decreases in HA® and elastin'® were observed. However,
a study in rabbits revealed a decrease in collagen fiber density 2-months after injury.®® A summary
of these findings is displayed in Table 1. Although there is a paucity in the literature distinguishing
the morphological differences between VF scar, nodules, polyps, and cysts, human VF nodule
biopsies have demonstrated increased collagen deposition and increased fibronectin deposition,*%

while polyps had less fibronectin deposition compared to nodules.'®

17



Table 1. Summary of temporal tissue changes in VFs after injury

30m 1h 2h 4h S8h 16h 24h 72h Sd T7d 10d 2w 3w 4w 2m 3m 6m

ECM Components
Procollagen I & I 1 0

Collagen T 1 { S A I R S |
Elastin ] l
Fibronectin t 1 1 1

HAS 1 1 1 I 1 ! !

Cell Junctions

Z0-1 | 1l

E-cadherin ! l ! ! l

Occludin l I T 1l

sty

NF-kp 1

CoX-2 T 1 T 1 T -

TGF-B1 £ % F 3 -

TNF-a 1 1

IL-1p T T 1 T 1 “

MMP-1 1 0 1

MMP-§ 1

MMP-9 1 1
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1.5 Glucocorticoids

Glucocorticoids are frequently prescribed off-label for the direct treatment of VF
inflammation and scar due to their known anti-inflammatory properties in other indications.
Glucocorticoids have been administered via various clinical approaches including inhalation,
intramuscular injections, and intracordal injections to treat a variety of pathologies affecting the
larynx. Intramuscular injections have been used effectively to treat laryngotracheobronchitis. 0419
Intracordal injections, which are injections delivered directly to the VF percutaneously, trans-
nasally, or orally, are the most commonly used route'® for the treatment of VF granuloma, scar,'°"
109 Reinke’s edema,'*® nodules, %1113 and polyps. 109112

The principal effect of GCs is to reduce expression of multiple inflammatory cytokines
that are stimulated during the inflammation process, including TNF-g,’8114116 TGF-B,17 |IL-
1B,114-116.118 and 1L-6.114116118 Syppression of these proteins attenuates VF edema, decreasing the
effective mass of the tissue relative to an inflamed phenotype, allowing for easier phonation. If
given at a high enough dose, GCs may also promote anti-inflammatory protein production,
including I1L-10,'° Annexin-1,'2° and inhibitor of NF-xB (I-kB).'?* Although information
regarding the precise mechanisms of GCs in VF tissue is still emerging, these mechanisms have

been well established in other tissue types.

1.5.1 Glucocorticoid Mechanism of Action

During an injury or traumatic event, the body produces free endogenous GCs called
cortisol. The basic actions of endogenous GCs are regulated by the hypothalamic-pituitary-adrenal

axis. After an injury, neural, endocrine, and cytokine signals promote the hypothalamic secretion
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of corticotropin-releasing hormone (CRH) into the anterior pituitary via a group of capillaries
called the hypophyseal portal system.'?? Corticotropin-releasing hormone induces the anterior
pituitary to release corticotropin, inducing the adrenal glands to secrete cortisol systemically and
eventually to the cells and tissue at the site of inflammation. Elevation of GCs in the bloodstream
will attenuate the production of CRH in the hypothalamus through a negative feedback loop.*?°
Cortisol passes through the plasma membrane of the cell and enters the cytoplasm, binding
to the GC receptor (GCR). The GCR is present in almost all cells and plays a key role in the anti-
inflammatory signaling pathway. Once bound, the GC-GCR complex dissociates from chaperone
proteins, revealing specific binding domains enabling the protein complex to influence

inflammatory gene expression via direct genomic, indirect genomic, and non-genomic

mechanisms.

1.5.1.1 Direct Genomic Mechanism of Action

Direct genomic effects of GCs involve the GC-GCR complex entering the nucleus and
dimerizing to become a chain of two identical proteins (i.e. homodimer). The homodimer binds to
promoter regions of DNA called glucocorticoid-responsive elements (GRE), increasing the
transcription of anti-inflammatory mRNA.'%2 The mRNA then exits the nucleus and codes for
the translation and synthesis of specific anti-inflammatory proteins that inhibit inflammation

induced by the original injury (Figure 7).
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Figure 7. lllustration of the direct genomic mechanism of GCs

1.5.1.2 Indirect Genomic Mechanism of Action

Indirect genomic mechanisms of GCs also involve the GC-GCR complex entering the
nucleus, homodimerizing, and interfering with NF-xB genomic binding affinity. During the
uninterrupted inflammatory process, the transcription factor NF-xB typically binds to specific
DNA sequences and transcribes inflammatory mRNA for downstream translation of inflammatory
cytokines.'?* However, the GC-GCR complex interacts with NF-xkB and competes for DNA
binding sites, inhibiting the binding affinity of NF-xB and downstream production of inflammatory

cytokines (Figure 8).125:126
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Figure 8. lllustration of the indirect genomic mechanism of GCs

1.5.1.3 Non-Genomic Mechanism of Action

Non-genomic mechanisms of GCs are less understood but are believed to occur in the
cytoplasm of cells and at cell and organelle membranes. The mitochondria is a cell organelle that
produces adenosine triphosphate (ATP), a chemical that provides energy for critical cell processes
like cytokine synthesis, migration, and phagocytosis.!?’ Glucocorticoids interact with the
mitochondrial membrane to inhibit the metabolic process of ATP synthesis, thus suppressing
immune cell processes essential for inflammation.'?® Cytosolic mechanisms of GCs involve the
GC-GCR complex interfering with the synthesis of arachidonic acid (AA), a substance essential

for several inflammatory chemotactic reactions.?® This occurs by the GC-GCR complex inhibiting
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phospholipase A2 release of AA from the cell membrane into the cytoplasm and inhibiting COX-
2 from converting AA into inflammatory mediators, such as prostaglandins and leukotrienes

(Figure 9).1%
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Figure 9. lllustration of the non-genomic mechanism of GCs in the cell cytoplasm

Glucocorticoids also disrupt membrane-bound T-cell receptors (TCR) in T lymphocytes,
which are immune cells responsible for pro-inflammatory cytokine production. T-cell receptors
recruit a multiprotein complex consisting of GCR, chaperone proteins, and lymphocyte-specific
protein tyrosine kinase (LCK), which is critical for TCR signaling. Upon GC binding to the GCR,
the multiprotein complex dissociates, reducing LCK enzymatic activities in the cytoplasm and

impairing TCR signaling (Figure 10A-E).!3!
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Figure 10. llustration of the non-genomic mechanism of GCs in the cell membrane

1.5.2 Effects of Glucocorticoids on the Vocal Folds and Other Tissue

Glucocorticoids have varying pharmacodynamic properties including differences in drug
potency, duration, and mineralocorticoid activity (Table 2) with effects ranging from reduced
angiogenesis (decrease blood vessel production), changes in epithelial/endothelial barrier
integrity, reduced therapeutic effect after long-term use, and skeletal muscle atrophy. For example,
studies of prednisolone treatment in a juvenile porcine model observed fewer and disorganized
capillaries in tibia growth plates.*® Similarly, capillary shrinkage occurred in cultured bone
endothelial cells after hydrocortisone treatment*3 as well as reduced endothelial proliferation and
capillary density in rabbit and human brain tissue after betamethasone treatment.*3* In airway
tissue, the number of vessels in bronchial biopsies decreased after 6-weeks of high dose fluticasone

propionate.®®
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Long-term cortisol treatment has also been observed to reduce epidermal barrier function

in human®*1%" and mouse!®®

epidermal cells. Conversely, GC’s have also been observed to
improve epithelial and endothelial barrier integrity, as demonstrated by improved barrier function
in intestinal epithelium®®*° and brain endothelium.'33140-146 |n the context of VF and airway
tissue, rabbits treated with a high dose of triamcinolone showed reduced TJ expression, which may
lead to a compromised VF epithelial barrier.!*” However, the authors also observed increases in
VF TJ expression in rabbits treated with a low dose of triamcinolone, which has also been observed
in dexamethasone-treated cultured human tracheal epithelium.

Many inflammatory conditions require long-term GC treatment, which has the potential to
result in GC resistance and reduced therapeutic effect. A reduced therapeutic effect is believed to
be in part due to down regulation of the GCR due to chronic exposure,**® as demonstrated in
patients given repeated doses of prednisone to treat inflammatory bowel disease,**® and Nephrotic
syndrome.’®! Additionally, researchers have also observed a positive correlation between GCR
level and response to GC therapy when treating leukemia.>? A small number of patients who suffer
from severe asthma are resistant to GC treatment.*53%5 This insensitivity is believed to be partially
due to inherently lower GCR expression levels in the airway smooth muscle in this population,
rather than GC-induced resistance.>®

Although the exact mechanisms of GC effects on TJ, angiogenesis, and GCR are still being
elucidated, the underlying molecular mechanisms of GC-induced atrophy are Dbetter
understood.1°6:156157 Many catabolic conditions resulting in muscle atrophy (e.g. sepsis, cachexia,
starvation, and metabolic acidosis) are characterized by increased GC levels.'®® Additionally,
catabolic responses in skeletal muscle have been observed after GC treatment in vitro and in vivo.

The use of intracordal injections of GCs for various laryngeal indications has been associated with
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atrophy of the TA muscle of the VFs. For example, a series of prospective case studies observed
VF atrophy in two subjects receiving a weekly injection of dexamethasone for 5 and 6-weeks
respectively, resulting in perceived breathy dysphonia and incomplete glottal closure.*®®
Additionally, intracordal injection of triamcinolone in rabbits showed increased degrees of TA
muscle atrophy in the weeks following treatment.!®® These findings are also supported by

anecdotal evidence of VF atrophy following intracordal injections.*®

Table 2. Anti-inflammatory and biological half-life properties of GCs

Drug Anti-Inflammatory Strength Biologic Half-life (Hours)
Hydrocortisone 1 8-12

Cortisone 0.8 R-12

Prednisone 4 12-36

Prednisolone 5 12-36

Methylprednisolone 5 12-36

Triamcinolone 5 12-36

Betamethasone 25 24-72

Dexamethasone 25 24-72

1.5.2.1 Mechanisms of Glucocorticoid-Induced Atrophy

As discussed in section 1.5.1, the initial mechanism of action of GCs involves the GC
entering the cell membrane and binding the GCR. The GC-GCR complex then enters the nucleus
and homodimerizes and binds to GRE, increasing the transcription of mRNA that has inhibitory
effects on muscle growth. Glucocorticoids also directly induce stimulatory effects on the

Ubiquitin-Proteasome System (UPS) to increase muscle protein breakdown. To fully elucidate the
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mechanistic action of this process, it is first necessary to understand the process of healthy muscle

growth and renewal.
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1.5.2.1.1 Systems Involved in Synthesis and Degradation of Muscle
Myofibrillar proteins are fundamental for the normal growth and renewal of muscle cells
(i.e. myocytes). Muscle size is controlled by balanced rates of myofibrillar protein synthesis and

degradation,®*

and the maintenance of a healthy balance of myocytes is regulated by the IGF-
I/PI3K/AKt/mTOR signaling pathway and the UPS.'®? IGF-1/PI3K/Akt/mTOR signaling is a
widely studied molecular pathway of muscle growth and renewal and begins with insulin-like
growth factor-1 (IGF-1) binding to its receptor (IGF-R) and activating insulin receptor substrate
(IRS)-1. The IRS-1 activates phosphatidylinositol-3-kinase (PI3K), which is an enzyme
responsible for the conversion of phosphatidylinositol-(4,5)-bisphosphate (PIP2) to
phosphatidylinositol-(3,4,5)-trisphosphate (PIP3) - a substrate involved in many downstream
signaling pathways required for cell growth.'®® Once PIP3 is activated, it stimulates protein kinase
B (Akt) and the mammalian target of rapamycin (MTOR), which initiates ribosomal protein S6
kinase beta-1 (S6K1) to activate factors that induce mRNA translation for muscle protein
synthesis.'®*

In contrast to the IGF-I/PI3K/Akt/mTOR pathway, the UPS is responsible for identifying
and destroying damaged or excess proteins to support homeostasis.*®® The process of the UPS
begins with E1 ubiquitin (Ub)-activating enzyme binding to Ub - an abundant protein found in
almost all eukaryotic cells. Ub is then transferred to a second enzyme, E2 Ub-conjugating enzyme,
which escorts Ub to the E3 ligase enzyme.'® E3 ligase enzymes recognize and bind to a target
protein and act as a platform for the E2-Ub complex to transfer Ub to the target protein.'®® This
process is repeated to produce a polyubiquitin chain attached to the target protein. A protein
complex responsible for breaking down proteins, called a proteasome, recognizes and binds to the

polyubiquitin chain. The target protein is released from the polyubiquitin chain, unfolded, and
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catalyzed for entry into the proteasome where protein degradation occurs.*®” This highly regulated
system assures that ubiquitin is specifically attached to target proteins to avoid unintended protein
destruction.

Although most eukaryotic cells only contain a single type of E1 enzyme, they have several
types of protein-specific E3 ligases.'® Different E3 ligases recognize and bind to different target
proteins. Muscle-specific E3 ligases include muscle atrophy F-box (also known as atrogin-1) and
muscle RING (really interesting new gene) Finger-1 (MuRF-1),'%° and their corresponding genes
have been upregulated in several atrophy models. For example, De Boer et al.'’® investigated
muscle cross-sectional area (CSA) and MuRF-1 gene expression of leg muscle biopsies from men
subjected to unilateral lower leg suspension for 23-days. On day 10, rates of myofibrillar protein
synthesis and muscle fiber size significantly decreased, and MuRF-1 mRNA significantly
increased compared to baseline measures. Similarly, increases in MuRF-1 and atrogin-1 mRNA in
hind leg biopsies have been observed in the days and weeks following experimentally applied limb
immobilization.t"172 Other studies in humans showing increases in atrophy associated genes
resulting from muscle unloading or immobilization'”® are supported by increases in these genes in
animal models subjected to atrophic conditions such as hind limb suspension,*’* denervation,"417
cachexia,'’® and spinal cord transection.’” To further support evidence of the role of these genes
in muscle atrophy, mice genetically modified to lack atrogin-1 and MuRF-1 were resistant to
muscle atrophy after being subjected to hind leg denervation.*’

A major protein involved in stimulating the UPS and inducing atrogin-1 and MuRF-1
production is myostatin.t’® Myostatin is a protein that is prevalent in the muscle ECM, but typically
remains inactive in healthy tissue.'®* When activated in atrophic conditions, myostatin binds to its

receptor and directly stimulates Smad3!”® and indirectly stimulates FoxO through Akt
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suppression.t’ These transcription factors then translocate to the nucleus to induce the expression
of atrogin-1'818! and MuRF-1,%8%182 increasing proteolysis of myofibrillar proteins resulting in
muscle degradation and atrophy.'8 Myostatin has been observed to be increased in conditions of
atrophy. For example, patients receiving anterior cruciate ligament reconstruction had increased
levels of circulating myostatin in their blood up to two weeks after surgery compared to presurgical
measures.'® In more controlled experiments using animal models, rats subjected to 17-days of
zero gravity space flight displayed a 24% decrease in skeletal muscle mass associated with up to
5-fold increases in myostatin mMRNA and protein,*8 with similar findings observed in a separate

study subjecting rats to 10-days of hind leg unloading.'8®
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1.5.2.1.2 Inhibitory Effects

The inhibitory effects of GCs involve disrupting the transport of essential amino acids
across the plasma membrane of myocytes, likely preventing the synthesis of proteins necessary to
support muscle growth.*®” Glucocorticoids also inhibit the activating action of IGF-1 on muscle
growth and renewal, which reduces the downstream synthesis of proteins and muscle growth
through suppression of IGF-1/PI3K/Akt/mTOR signaling (Figure 11). This has been shown in
studies involving mice receiving 5-daily injections of triamcinolone or methylprednisolone,
revealing decreased IGF-1 mRNA and muscle mass compared to pair-fed controls.'® Studies in
humans receiving daily oral dexamethasone for 4-days reveal decreased levels of skeletal muscle
IGF-I mRNA expression from leg muscle biopsies compared to biopsies taken pre-GC
administration.*®® Additional evidence of inhibitory effects of GCs include GC mediated decreases
in IRS-1, an upstream component of the PIBK/AKT/mTOR pathway responsible for protein

synthesis.'*®
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Figure 11. Inhibitory effect of GCs on protein synthesis and muscle growth
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1.5.2.1.3 Stimulatory Effects
The stimulatory effects of GCs are believed to involve activation of the UPS primarily

through the stimulation of myostatin (Figure 12).1%! Myostatin has been found to be upregulated

192 193

in-vitro in human cell lines*** and in-vivo in mice** after dexamethasone treatment. For example,
mice treated with dexamethasone showed myofibrillar disorganization and degradation
accompanied by increased myostatin gene expression.'** To further support the role of myostatin
in regulating muscle growth, a study in mice lacking the myostatin gene were resistant to muscle
atrophy after dexamethasone treatment compared to wild-type mice.'*® These marked GC-induced
shifts in myostatin are thought to stimulate the previously described downstream targets that
induce muscle protein degradation,'®! as demonstrated by increases in MuRF-1%%1% and atrogin-

119197 gene expression and decreases in muscle fiber area measures in rats receiving

dexamethasone treatment,188:196.197
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Figure 12. Stimulatory effects of GCs on protein proteolysis and muscle degradation
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1.6 Specific Aims

To better understand human VF physiology and explore treatments for voice disorders,
various animal models have been used. Although no other animal shares the identical tissue layered
structure of the VFs compared to humans, in the absence of fresh procurement of human donor
larynges, animal models provide a reasonable approximation and opportunity for the study of
conserved proteins between species on the regulation of VF homeostasis. Animal larynges are also
generally more accessible than fresh human larynges and offer reasonable advantages in the control
of extraneous environmental variables, as well as better access to tissue primers and antibodies for
routine molecular biological assays.

Preference for animal models broadly depends on the specific research questions being
addressed. For example, canine larynges are commonly used in excised larynx experiments due to
similarities in laryngeal size and gross tissue structure compared to human larynges.**® However,
the use of canines in histological studies has relative disadvantages due to differences in layered
structure and tissue biomechanical properties.'®® Other comparably sized animal models, such as
porcine, offer relative advantages to canine models due to similarities in collagen and elastin
distribution with human VFs.1%82%0.201 However, porcine VF tissue is not as well characterized as
rabbit, mouse, and rat VVFs, and pigs can be inherently more challenging to work with within the
experimental setting. Smaller animal models such as rabbits, mice, and rats have been widely used
due to their ease of procurement and handling.

Due to the relative advantages of smaller species, there has been a growing body of work
using the rabbit as a small animal solution for studies of VVF tissue biology. Our lab has developed
an in-vivo rabbit model®3292-2%5 g investigate the biological characteristics of VVF tissue. Rabbits

demonstrate similarities to humans relative to VF tissue microarchitectural properties and ECM
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components.®®2%207 The rabbit is an innately quiet animal, allowing for increased control over
unsolicited vocalizations outside of the research setting.?% Rabbits also provide the relative
advantage of being easier to handle and more affordable than larger species.!??% Information
about proteins involved in the regulation of VF tissue homeostasis is still evolving in rabbits.
However, their advantageous characteristics make them a useful model when investigating
research questions related to the safety and efficacy of current pharmacological treatments used to
treat voice disorders, such as GCs.

Glucocorticoids are commonly used as off-label treatments for a wide variety of voice
disorders due to their potent anti-inflammatory and anti-fibrotic properties.?°®-2* While these
immunomodulatory properties have made GCs an attractive therapeutic within otolaryngology, it
remains unclear how GCs induce physiologic changes within the VF tissue. Glucocorticoids have
been administered using a variety of different routes including intramuscular and intracordal
injections to treat various laryngeal diseases, which have been associated with off-target effects
including VF atrophy to the injected area.!'>!%%16% Despite the known diversity of drug activity
and associated negative effects, otolaryngologists reported that they typically rely on subjective
clinical judgments when prescribing GCs, such as familiarity with the drug, rather than objective
evidence of differential efficacy.2%®

The purpose of this study was to identify the localization of key VF constituents in rabbit
and human VFs, as well as understand and characterize the temporal effects of acute GC treatment
on the VF tissue. Characterization of GC-induced tissue changes in the VFs, especially any
differential effects between GCs, is necessary for physicians to better understand the utility of GCs
and to accurately modify drug selection for patient-specific needs.

The specific aims and hypotheses for this study were as follows:
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Aim 1. Compare the localization of integral membrane proteins including Na+/K+-
ATPase, AQPs, e-cadherin, ZO-1, and occludin in human and rabbit VF tissue. The following
hypothesis was investigated: Integral membrane proteins will be similarly localized between
species.

Aim 2: Investigate the acute effects of intramuscular dexamethasone and
methylprednisolone injections on TA muscle morphology and the fluorescence expression of ZO-
1, vascularity marker cluster of differentiation (CD)31, and GCR in rabbit VVFs. The following
hypotheses were investigated: Due to differential mechanisms of action, dexamethasone will
increase ZO-1 expression compared to controls, while methylprednisolone will decrease ZO-1
expression compared to controls. Both GCs will decrease CD31, GCR, and TA muscle fiber CSA
compared to controls.

Aim 3: Investigate the effects of an intracordal injection of dexamethasone on atrophy-
associated gene expression, including MuRF-1 and atrogin-1, and TA muscle morphology in rabbit
VFs. The following hypotheses were investigated: Dexamethasone-treated VFs will show
increases in transcription levels of atrophy associated genes and decreases in TA muscle fiber CSA

in comparison to saline-treated VVFs and untreated controls.

1.6.1 Power Analyses

Statistical power analyses were conducted a priori to determine an adequate sample size
to address the proposed hypotheses in aims 2 and 3. The expected effect sizes of f = 0.9 and 1.5
were used and based on preliminary fluorescence expression changes in relevant proteins
following GC treatment, and previously published reports of changes in atrophy-associated gene
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expression and muscle CSA, respectively.'®"?12 Based on these relative effect sizes, a sample size
of five VF specimens per condition will allow the study to achieve 80% power (f = 0.20) for
detecting differences between conditions, at an adjusted alpha level of p = 0.001 for aim 2, and p
=0.016 for aim 3. This sample size has also been used to achieve adequate power in our previous

studies and similar reports in the literature,88:90.213-217
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2.0 Methodology

2.1 Human Tissue Procurement

Five human donor larynges (1 Male; 4 Female) ranging from 27 to 83 years of age (X =
52; SD = 23.8) were procured by pathologists from the Cooperative Human Tissue Network. The
samples were harvested within 24-hours of each donor’s death and transported to Vanderbilt
University Medical Center (Nashville, TN). Each VF was determined to be healthy and absent of
any gross tissue abnormalities by an otolaryngologist. The left VF from each specimen was

mounted and flash-frozen in Optimal Cutting Temperature (OCT) compound.

2.2 Animal Surgical Procedures

A total of 65 male New Zealand white rabbits weighing 2.6 to 3.6 kg (x =2.97; SD = 0.22)
were used for these experiments. All procedures in these experiments were approved by the
Vanderbilt Institutional Review Board, #170371, and by the University of Pittsburgh Institutional
Animal Care and Use Committee Institutional Review Board, #417962 and in compliance with the

Animal Welfare Act and Guide for the Care and Use of Laboratory Animals?8

2.2.1 Intramuscular Injections

Forty-five rabbits were randomized to receive intramuscular injections to the

iliocostalis/longissimus muscle of 4.5mg of methylprednisolone (n = 15), 450ug of dexamethasone

38



(n = 15), or volume matched saline (n = 15) for six consecutive days. Doses were based on the
typical dosing range for GC intramuscular injections, which are between 1-9 mg for

219

dexamethasone?'® and 10-90 mg for methylprednisolone.?® Based on these standard human doses

for each drug, the dose for rabbits was calculated based on weight (human: 60 kg, rabbit: 3 kg).

2.2.2 Intracordal Injection

An additional 10 rabbits were sedated with intravenous (IV) ketamine (0.06 mg/kg) and
dexmedetomidine (7.5 mg/kg) via the marginal ear vein. Once sedated, the animals were placed
on the surgical platform in the supine position and shaved from the submentum down to the chest.
Acrtificial tears were applied to the eyes to prevent drying and the eyes were taped closed. Heart
rate, blood pressure, respiratory rate, body temperature, and spot oxygen saturation (SpO2) were
monitored every 15-minutes throughout the procedure. The neck was sterilized with a minimum
of three applications of iodine and isopropyl alcohol. At this point, the lead surgeon observed an
aseptic technique to ensure a sterile field. A pediatric laryngoscope and 0° 4-mm rigid endoscope
was inserted into the mouth by the non-sterile assisting surgeon to visualize the VFs. Five rabbits
were randomized to receive bilateral percutaneous VF injection with either 40ul of dexamethasone
(10 mg/ml) or volume matched saline using a 30-gauge Exel Comfort Point Micro Syringe
utilizing the trans-cricothyroid membrane approach (Figure 13). Once the injections were
complete, rabbits received an 1V injection of Atipamezole (0.5 mg/kg) and were recovered and

returned to their cage.
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Figure 13. Percutaneous VF injection using the trans-cricothyroid membrane approach

2.2.3 Rabbit Vocal Fold Tissue Acquisition

All rabbits were sedated with ketamine (20 mg/kg) and dexmedetomidine (0.125 mg/kg)
via intramuscular injection into the iliocostalis/longissimus muscle. Heart rate, blood pressure,
respiratory rate, body temperature, SpO2 were monitored throughout the procedure to assess the
animals’ state of sedation and general well-being. Once sedated, the animals were placed on the
surgical platform in the supine position and shaved from the submentum down to the chest.
Lidocaine was subcutaneously injected along the midline of the shaved region to locally
anesthetize the incision area. The larynx and trachea were exposed by an incision along the midline
from the sternal notch to the hyoid bone. Once the larynx and trachea were exposed, the animal
was euthanized via 1V injection of sodium pentobarbital (390 mg/kg). Once euthanized, the entire
larynx was excised and hemisected. For the five larynges being used for human comparison, the

left half of each larynx was mounted in OCT medium.
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The 45 rabbits receiving intramuscular GC injections were sedated and euthanized as
previously described either 1-day following termination of GC injections (n = 15), 3-days
following termination of injections (n = 15), or 7-days following termination of injections (n = 15)
Larynges were excised and hemisected, and the right half was fixed in formalin for Hematoxylin
and Eosin (H&E) staining, and the left half was fresh frozen in OCT medium for immunolabeling

(Figure 14).
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Figure 14. Schematic of experimental paradigm for rabbits receiving intramuscular injections

For the 10 rabbits receiving intracordal injections, animals were survived 7-days post

injections, and then humanely sacrificed as described previously. Larynges were excised and
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hemisected (Figure 15), and the right half was stored in 10% neutral buffered formalin and the TA

muscle was placed in RNAIlater Stabilization Solution™ and stored at -20°C until further

processing.
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Figure 15. Schematic of experimental paradigm for rabbits receiving intracordal injections

2.2.4 Frozen Vocal Fold Tissue Sectioning

Frozen OCT blocks of all VF samples were sectioned in the coronal orientation at 12um
thickness using a Leica CM1900 cryostat and mounted onto positively charged slides. Samples

were stored at -80°C until further processing.

2.2.5 Paraffin Embedded Vocal Fold Tissue Sectioning

A Leica™ TP1020 Automatic Tissue Processor was used for paraffin embedding.
Formalin-fixed VF samples were inserted into the tissue basket and dehydrated in increasing

concentrations of ethanol (70%; 80%; 96%; 100%; 100%, 100%) for equal durations of 1.5-hours
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in each concentration. Samples were then cleared in two 1.5-hour baths of xylene and then in two
2-hour baths of paraffin wax. The VFs were placed in a tissue mounting cassette and embedded in
paraffin wax. Once hardened, the paraffin blocks were sectioned in the coronal orientation at 10um
using a Leica™ HistoCore BIOCUT microtome. Once sectioned, the tissue was floated in a
Leica™ HI1210 heated water bath and adhered to positively charged slides. Slides were stored at

room temperature until further processing.

2.2.6 Immunofluorescence Labeling

Immunofluorescence labeling was performed in triplicate per sample using primary
antibodies against AQP1 (Santa Cruz Biotechnology Cat# sc-70371), AQP4 (Santa Cruz
Biotechnology Cat# sc-390636), AQP7 (Santa Cruz Biotechnology Cat# sc-376407,) alpha subunit
Na+/K+-ATPase (Abcam Cat# ab7671), e-cadherin (BD Biosciences Cat# 610182), ZO-1
(Innovative Research Cat# 33-9100), occludin (Santa Cruz Biotechnology Cat# sc-271842), CD31
(Novus Cat# NB600-562), and GCR (Abcam Cat# ab2768). Samples labeled for AQP4, AQP7, e-
cadherin, ZO-1, occludin, CD31, and GCR were fixed in methanol for 10-minutes at -20°C. These
were washed in three changes of phosphate-buffered saline (PBS) for 5-minutes per wash and
permeabilized in 200l of Triton X-100 (diluted 1:1000 in PBS), and then washed in one change
of PBS for 5-minutes. Samples labeled for AQP1 and Na+/K+-ATPase were fixed and
permeabilized in acetone for 10-minutes at -20°C and then washed in three changes of PBS for 5-
minutes per wash. For antigen blocking, samples in all conditions were blocked in 200 pl of 10%
goat serum for 1-hour at room temperature. After blocking, samples were treated with 200 pl of
the appropriate primary antibody diluted 1:100 in 1% goat serum for 1-hour at room temperature
(RT) and then washed in three changes of PBS. For secondary antibody treatment, Alexa Fluor®
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594 Goat anti-Mouse Immunoglobulin G conjugate (Molecular Probes Cat# A-11032) in 1% goat
serum was used (dilution 1:500) and incubated for 1-hour in the dark at RT. Samples were washed
in three changes of PBS. Samples labeled for AQPland Na+/K+-ATPase were incubated in 200
ul 4',6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific Cat# D1306) (dilution 1:50)
for 5-minutes in the dark at RT. Samples were washed in three changes of PBS and mounted under
glass coverslips using Vectashield® Mounting Medium (Vector Laboratories Cat# H-1000).
Samples labeled for AQP4, AQP7, e-cadherin, ZO-1, occludin, CD31, and GCR were mounted
under glass coverslips using Vectashield® Mounting Medium with DAPI (Vector Laboratories
Cat# H-1200). Samples that were not treated with the primary antibody served as controls to ensure

specific protein labeling.

2.2.7 Hematoxylin and Eosin Staining

Hematoxylin and eosin staining was performed in triplicate for each sample. Slides were
deparaffinized using three changes of xylene for 3-minutes each and then dehydrated in three
decreasing concentrations of ethanol (100%, 95%, 85%, respectively) for 3-minutes each. Slides
were then immersed in hematoxylin for 15-minutes and then washed in distilled water (dH20) for
15-minutes. Slides were immersed in eosin for 30-seconds followed by a 30-second wash in dH20.
Samples were then submerged in three increasing concentrations of ethanol (85%, 95%, 100%,
respectively) for 3-minutes each, and then in three changes of xylene for 3-minutes each.

Coverslips were mounted onto slides using SecureMount™ low viscosity mounting medium.
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2.2.8 Image Acquisition

Images were captured digitally using a Nikon Eclipse 90i microscope and Hamamatsu
C10600 Camera. All samples were captured at 10x and 20x magnification at a fixed exposure time

per experiment.

2.2.9 Protein Localization Ratings

To identify and compare the localization of proteins between species, two raters familiar
with rabbit and human VF histology identified the location of positive protein labeling in tissue
samples. Raters were aware of species and image magnification when rating but blinded to specific
protein labeling. Raters identified positive labeling in tissue structures including the apical

epithelium, basal epithelium, basement membrane, and LP layers (Appendix A).

2.2.10 Fluorescence Quantification

Positive immunolabeling of ZO-1, GCR, CD31 was quantified using ImagelJ’s “threshold”
tool. Images were separated into color channels. The “Triangle” threshold presets were used to
select CD31, GCR, Z0O-1, and DAPI nuclear counterstain. The “analyze particles” function was
then applied to calculate the percent area positively labeled within each sample. The positive area

for each immunolabel of interest was normalized to the DAPI area and reported as a % value.
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2.2.11 Muscle Fiber Cross-sectional Area Quantification

To calculate TA muscle fiber CSA, ImageJ software was used to manually select a region
of interest containing the muscle fibers in H&E stained samples. Default thresholding was
performed, and the particle analysis tool was used to calculate the total muscle fiber CSA in each
sample. Individual muscle fibers were then manually counted using the multipoint tool, and the
average individual muscle fiber CSA for each image was calculated (Appendix B) using the
formula:

Total muscle fiber area

= X individual muscle fiber

Muscle fiber count

2.2.12 Quantitative Polymerase Chain Reaction Primer and Probe Design

To assess transcript levels, quantitative polymerase chain reaction (QPCR) assays were
developed and validated. Rabbit sequences for the genes of interest were obtained from Ensembl
v.10422! and GenScript Real-time PCR (TagMan) Primer and Probes Design Tool was utilized to
design assays that met the following specifications:

1) Primers or probes designed to span exon (protein-coding region) junctions to ensure

sequence specificity

2) Primer melting temperature ~ 60°C and Probe melting temperature ~ 70°C

3) Absence of possible self-annealing sites (e.g. hairpins, primer dimers)

Once designed, primers were run through the nBLAST tool (NCBI) to ensure unique sequence
identity within the rabbit genome, such that cDNA from other genes will not be recognized and

amplified.
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2.2.13 Electrophoresis

Polymerase chain reaction and gel electrophoresis were performed to evaluate primer
specificity. cDNA was amplified for 35 cycles at 95°C, 60°C, and 72°C using standard protocol
for the 2X complete PCR Master Mix (Thermofisher). Products were separated on a 2% agarose
gel, at 120V, for approximately 45-minutes and visualized using a GelDoc (BioRad). The size was
determined by comparison to a 100bp protein ladder. Primers that yielded products that were of
the incorrect size, or multiple products, were not determined to be specific to the cDNA sequence

and were excluded from further use.

2.2.14 Standard Curve

Once primer specificity was confirmed, the primer and probe combination (TagMan assay)
were evaluated for efficiency by generating a standard curve. In order to compare between assays
(e.g. to perform relative expression analysis with a control gene), each assay must have similar
efficiency. For these experiments, an efficiency of 90 — 110% was considered optimal. A 5-point
standard curve of cDNA was generated at 1:5 dilution steps and added to identical wells containing
Universal Fast gJ°PCR master mix (BioRad) and the TagMan assay of interest. Samples were plated
in triplicate, and gPCR was performed for 40 cycles at 95°C, and 60°C. Sample efficiency was
determined by plotting the fluorescence expression at each dilution and calculating their linear

relationship.
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2.2.15 RNA Extraction

RNA was extracted from VF samples using the manufacturer’s directions for the Direct-
Zol RNA kit (Zymo Research). Samples were homogenized in 500ul TRIzol reagent using a
Precellys homogenizer coupled to the Cryolys chamber with dry ice to prevent RNA degradation.
Homogenized samples were mixed with 100% ethanol and passed through a column to bind the
RNA. Samples were then treated with DNase I, to prevent enzymatic contamination for 15-minutes
at RT. Following this step, the RNA was washed with several proprietary solutions, before being

eluted in DNase/RNase free water and nanodropped to determine concentration.

2.2.16 Reverse Transcription

Reverse transcription was undertaken with the High Capacity cDNA kit (BioRad)
following the manufacturer’s instructions. Briefly, RNA was added in equal volume to a PCR mix
containing random primers and free-floating nucleotides that could be recruited to replicate the
complementary strand to the RNA (cDNA). The reaction was amplified at 60°C for 2-hours and

then stored at 4°C until used.

2.2.17 Quantitative Polymerase Chain Reaction

Quantitative PCR was performed using the TagMan Universal Fast Mix (ThermoFisher)
at 95°C for 40 Cycles. Reactions were run in triplicate, with five samples per condition. Each

sample was evaluated for the following transcripts: MuRF-1, atrogin-1, and succinate

48



dehydrogenase subunit A (SDHA; the internal control). The sequences for primers and probes are

found in Table 3 as well as an illustration of transcript level quantification in qPCR (Figure 16).

1. Primers and fluorescently tagged-probe (F) bind cDNA 2. The TAMRA quencher (Q) prevents fluorescence while
both the fluorescent tag and the quencher are bound to the

A o B
primer \ ok \ @

~——
primer

3. During polymerization the fluorescent tag is cleaved 4. Fluorescence is measured to quantify transcript levels

3
\ B —— Fluorescence @

@ PCR products @ cleavage products

‘---—--—_—

Figure 16: qPCR with dual labeled 5’FAM, 3’TAMRA probes TagMan assays are designed with primers that
flank a region of the gene of interest, and a probe that anneals between these two primers. The probe has a 5°
fluorescent dye attached (6-FAM) and 3’ quencher (TAMRA - which prevents 6-FAM from fluorescing when
they are both attached to the probe). When the DNA is amplified by PCR it is transcribed from the 5’ end,
releasing the 6-FAM dye which can then fluoresce. The fluorescence is quantified by the StepOne gPCR

machine and can be used to determine relative expression to a control gene SDHA.

Table 3: Probe and primer sequences

Forward Primer Reverse Primer Probe

Atrogin-1 CGATGCTACCCGAGGAGGGA GGTCAGTGCCCTTCCAGGAC AGACACCCTCCAGCTCTGCAAGCA
MuRF-1  CATCCTGCCGTGTCAGCACA  TGCAGCCTGGAAGATGTCGT ACCTCTGCCGCAAGTGTGCCA

SDHA GCTGCATTTGGCCTCTCGGA CAGAGCCCTTCACGGTGTCG TGCCTCCCTGTGCCGCCACA
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Results were analyzed using StepOne software (ThermoFisher) and the 242t method.
Samples were first evaluated for internal consistency between replicates, and anomalous data
points were excluded. Next, the means of each gene of interest were compared within the sample
to generate a cycle threshold (Ct) for the onset of detection of fluorescence. This is then averaged
across samples within the condition to provide an average delta Ct. Next, the Ct of the internal
control group (SDHA) is subtracted from the Ct of the gene of interest to derive a normalized

AACt. Finally, 2 is raised to the power of - AACt to calculate fold change of expression.
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3.0 Results

All statistical analyses were calculated using IBM SPSS Statistics V.26 (SPSS, INC,
Chicago, IL) and GraphPad Prism V.7.0 (GraphPad Software, San Diego, California, USA) with
a significant alpha level determined at p < 0.05.

To establish inter-rater reliability for localization ratings, a weighted Cohen's kappa (kw)
was used. The weighted extension of the kappa coefficient was necessary because this statistic
considers the degree of disagreement between observers, unlike the traditional kappa which treats
any slight disagreement between raters as total disagreement.??> Samples were considered positive
for the presence of protein if both raters identified positive labeling in the tissue of interest. The
kw Was 0.62 (p < 0.01), indicating moderate-substantial agreement between raters as determined
by Viera and Garret.??3

For variables attained from rabbits receiving intramuscular injections, two-way repeated-
measures analyses of variance (ANOVA)s with Sidak’s multiple comparisons tests and two-way
ANOVAs with Tukey’s multiple comparisons tests were conducted. For variables attained from
rabbits receiving intracordal injections, one-way ANOVAs with Tukey’s multiple comparisons
tests were conducted. If assumptions for parametric analysis were not met, an analogous non-
parametric Kruskal-Wallis with Dunn’s multiple comparison tests were used. Confidence intervals
(CI) of 95% were reported with statistically significant findings. The practical significance of

statistically significant findings was evaluated using Cohen’s d and f effect size measurements.
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3.1 Localization of Integral Membrane Proteins in Human and Rabbit VVocal Folds

3.1.1 Aquaporin 1

The integral transport protein AQP1 was present in the basal epithelium/basement
membrane, superficial LP, and deep/intermediate LP of both species (Figure 16A and B). Out of
the 13 rabbit samples positive for AQP1 labeling, eight (62%) had positive labeling in the basal
epithelium/basement membrane, 12 (92%) in the superficial LP, and 13 (100%) in the deep LP.
Out of the seven human samples positive for labeling, four (57%) had positive labeling in the basal
epithelium/basement membrane, seven (100%) in the superficial LP, and six (85%) in the

intermediate LP.

3.1.2 Aquaporin 4

Aquaporin 4 was present in the apical epithelium, basal epithelium/basement membrane,
superficial LP of both species (Figure 16C and D). Out of the eight positive rabbit samples, five
(62%) had positive labeling in the apical epithelium, six (75%) in the basal epithelium/basement
membrane, seven (88%) in the superficial LP, and two (25%) in the deep LP. Out of the seven
human samples positive for labeling, three (43%) had positive labeling in the apical epithelium,

two (28%) in the basal epithelium/basement membrane, and one (14%) in the superficial LP.
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3.1.3 Aquaporin 7

Aquaporin 7 was present in the apical epithelium, basal epithelium/basement membrane,
superficial LP of both species (Figure 17 E and F). Out of the seven positive rabbit samples, six
(86%) had positive labeling in the apical epithelium, seven (100%) in the basal
epithelium/basement membrane, six (86%) in the superficial LP, and three (43%) in the deep LP.
Out of the six human samples positive for labeling, two (33%) had positive labeling in the apical
epithelium, three (50%) in the basal epithelium/basement membrane, and one (16%) in the

superficial LP.

Figure 17: Representative immunofluorescence images labeled for AQP1, 4, and 7. Rabbit (A, C, and E) and

human (B, D, and F) VF epithelium, superficial LP, and intermediate/deep LP labeled for DAPI are shown in
blue and AQP1 (A-B), AQP4 (C-D), and AQP7 (E-F) in red. Dotted white boxes represent the magnified
portion of the image and are displayed in the bottom left corner of each image. White arrows indicate other

areas of positive labeling. Scale bars: 100 pm.
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3.1.4 Sodium-potassium Adenosine Triphosphatase

The integral transport protein Na+/K+-ATPase was present in the apical epithelium and
basal epithelium/basement membrane region in both species (Figure 18A and B). Out of the 15
rabbit samples positive for Na+/K+-ATPase labeling, six (40%) were positive in the apical
epithelium while 15 (100%) were positive in the basal epithelium/basement membrane region. Out
of the 10 human samples positive for labeling, eight (80%) were positive in both apical epithelium

and basal epithelium/basement membrane regions.
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Figure 18: Representative immunofluorescence images labeled for Na+/K+-ATPase. Rabbit (A) and human
(B) VF epithelium, superficial LP, and intermediate/deep LP labeled for DAPI in blue and Na+/K+-ATPase
in red. Dotted white boxes represent the magnified portion of the image and are displayed in the bottom left

corner of each image. Scale bars: 100 pm.

3.1.5 E-cadherin

The cell-cell adhesion protein e-cadherin was present in the apical epithelium and basal

epithelium/basement membrane region (Figure 19A and B) in all 14 rabbit samples. Out of the 11
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human samples, 10 (91%) had protein labeled in both the apical epithelium and basal

epithelium/basement membrane regions.

3.1.6 Occludin

The TJ protein occludin was present in the epithelium of both species (Figure 19C and D).
Out of the 10 positive rabbit samples, nine (90%) were positive in the apical epithelium and three
(30%) were positive in the basal epithelium. All rabbit samples also had positive labeling
throughout the LP layers. In the seven human samples positive for labeling, only two (29%)

showed presence in the apical epithelium and basal epithelium/basement membrane regions.

3.1.7 Zonula Occludin-1

The TJ protein ZO-1 was present in the apical epithelium, basal epithelium/basement
membrane, and LP of both species (Figure 19E and F). Out of the eight positive rabbit samples,
seven (88%) were positive in the apical and basal epithelium/basement membrane region, eight
(100%) were positive in the superficial LP, and five (63%) were positive in the deep LP. Out of
five positive human samples, three (60%) were positive in the apical epithelium, two (40%) were
positive in the basal epithelium/basement membrane region, four (80%) were positive in the
superficial LP, and two (40%) were positive in the intermediate LP. A summary of these findings

is presented in Table 3.
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Figure 19: Representative immunofluorescence images labeled for E-cadherin, Occludinm, and ZO-1.
Representative immunofluorescence labeled images of rabbit (A, C, and E) and human (B, D, and F) VF
epithelium, superficial LP, and intermediate/deep LP labeled for DAPI in blue and e-cadherin (A-B),
occludin (C-D), and ZO-1 (E-F) in red. Dotted white boxes represent the magnified portion of the image and
are displayed in the bottom left corner of each image. White arrows indicate other areas of positive labeling.

Scale bars: 100 pm.
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Table 4: Results of positive labeling of tissue structures in rabbit and human VFs

Basal
Protein Apical Epithelium Epithelinm/Basement Superficial LP Deep/ Intermediate LP
Membrane

Rabbit Human @ Rabbit Human Rabbit Human | Rabbit  Human

AQPI - - 62% 57% 92% 100% 100% 85%
AQP4 63% 43% 75% 28% 88% 14% 25% -
AQP7 86% 33% 100% 50% 85% 16% 43% -

Na+/K+-ATPase 40% 80% 100% 80% . - - -

E-cadherin 100% 100% 91% 91% - - - -
Occludin 90% 29% 30% 29% 100% - 100% -
Z0O-1 88% 60% 88% 40% 100% 80% 63% 40%

3.2 Acute Effects of Daily Intramuscular Glucocorticoid Treatment on Rabbit Vocal Folds

3.2.1 Body Mass

A two-way repeated measures ANOVA with Sidak’s multiple comparisons test revealed a
significant increase in pre and post-treatment body mass in saline treated rabbits euthanized at the
1-day timepoint (F(13, 13) = 10.06; p = 0.04; d = 0.86; Cl = -0.16 to -0.002) (Figure 20A). No
significant differences between pre-post treatment weight were observed in rabbits euthanized at
the 3-day timepoint (Figure 20B). There was a significant body mass decrease in rabbits treated
with methylprednisolone (F(12, 12) = 15.55; p = 0.001; d = 1.11; CI = 0.097 to 0.35), and a
significant body mass increase in rabbits treated with saline (F(12, 12) = 15.55; p = 0.044; d =

0.81; Cl =-0.25 to -0.003) at the 7-day timepoint (Figure 20C).
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Figure 20: Scatter plots showing pre and post-treatment body mass (kg) for rabbits treated with
dexamethasone, methylprednisolone, or saline (vehicle control), and euthanized at 1-day following
termination of injections (A), 3-days following termination of injections (B), and 7-days following termination

of injections (C). * = p<0.05; **=p <0.01

3.2.2 Thyroarytenoid Muscle Cross-sectional Area

A two-way ANOVA revealed no significant interactions or main effects of treatment
conditions or euthanasia time points on TA CSA (Figure 21A-D). To establish intra-rater
reliability, 10% of the samples were randomly selected and redundantly analyzed. The calculated

correlation coefficient revealed excellent reliability (r = 0.96) between ratings.
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Figure 21: H&E stained TA muscle fibers and scatter plot from rabbits treated with dexamethasone (A),
methylprednisolone (B), and saline (C). Scatter plot displays means and SDs for TA muscle CSA measures

across drug and euthanasia timepoints. Scale bars: 150 um.
3.2.3 Immunofluorescence Expression

A two-way ANOVA and Tukey’s multiple comparisons test revealed a significant increase
in ZO-1 fluorescence expression with dexamethasone treatment compared to saline treatment at
all time points (F (2, 107) = 3.66; p = 0.04; f = 0.07; CI = 0.003 to 0.10) (Figure 22A-D). There
were no significant interactions or main effects of treatment conditions or euthanasia time points

on CD31 or GCR fluorescence expression (Figure 22E-L).
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Figure 22: Immunofluorescence images of rabbit VF epithelium and LP layers. Labeling for ZO-1 (A-C),
CD31 (E-G), and GCR (I-K) from rabbits treated with dexamethasone (A,E, 1), methylprednisolone (B,F,J),
and saline (C,G,K) is colored red. DAPI counterstain is colored blue. Scatter plot displays means and SDs for
normalized pixel area measures across drug and euthanasia timepoints (D,H,L). Scale bars: 150 um. * = p <

0.05

3.3 Occurrence of Vocal Fold Atrophy after Intracordal Dexamethasone Injection

3.3.1 Thyroarytenoid Muscle Cross-sectional Area.

A non-parametric Kruskal-Wallis test was used due to apparent differences in variance

between experimental groups. No significant differences in TA muscle CSA were observed. To

61



establish intra-rater reliability, 10% of the samples were randomly selected and redundantly

analyzed. The calculated correlation coefficient revealed good reliability (r = 0.85) between ratings

(Figure 23A-D).

TA Muscle Fiber CSA

Dexamethasone Saline Control

Treatment

Figure 23: H&E stained TA muscle fibers and scatter plot from rabbit VFs injected with dexamethasone (A),
saline (B), and untreated controls (C). Scatter plot (D) displays means and SDs for TA muscle CSA measures

across treatment. Scale bars: 150 um.
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3.3.2 MuRF-1 Gene Expression

Two outliers from the dexamethasone (244t = 123.48; 172.38) and saline (2724t = 40.27;
22.71) treated VFs and three outliers from the untreated control VFs (224t = 133.69; 132.25;
145.2) were excluded from analysis. A Kruskal-Wallis test revealed no significant differences

between experimental groups (Figure 24).
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Figure 24: MuRF-1 gene expression in VFs injected with dexamethasone, saline, and untreated controls

3.3.3 Atrogin-1 Gene Expression

A Kruskal-Wallis test revealed no significant differences in atrogin-1 gene expression

between experimental groups (Figure 25).
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Figure 25: Atrogin-1 gene expression in VFs injected with dexamethasone, saline, and untreated controls
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4.0 Discussion

4.1 Localization of Integral Membrane Proteins in Human and Rabbit Vocal Folds

The use of rabbits as a small animal model has gained increased attention in the voice
literature due to its relative advantages to larger animals and as a reasonable alternative to smaller
species, such as mice and rats. The localization of these proteins in the rabbit VFs provides an
opportunity for further characterization in this species and similarities in localization of these
critical membrane proteins relative to humans. The purpose of the present study was to identify
and compare the localization of these integral membrane proteins between species to validate the
suitability of the rabbit for future studies of VF tissue homeostasis and epithelial barrier integrity.

The integral membrane transport protein AQP1 was primarily localized in the superficial
LP in both human and rabbit VVFs, which is supported by findings of AQP1 in mouse VFs.?24
Aquaporin 1 may serve an important role in the vascular permeability of the VF LP. In corneal and
respiratory tissue in mice, the deletion of this gene reduces fluid production in the eyes??* and fluid

movement across the endothelium that lines blood vessels in the lungs.?26 Furthermore, studies in
pulmonary tissue revealed that humans expressing the AQP1 gene demonstrate an increase in
airway wall thickness, following 1V injection of saline, compared to humans deficient in AQP1.2%’
This increase was not a result of vascular distention, suggesting that AQP1 may be involved in
promoting vascular permeability. Blood vessel permeability enables the flow of small molecules
such as drugs, nutrients, and water, and is critically important during the inflammatory and wound

healing process.
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Between species, the localization of AQP4 was most comparable in the VF epithelium,
which is also supported by findings in mouse VFs?2# and studies in the airway epithelium of rats.?®
Although few studies claim a minimal role of AQP4 in transepithelial water transport in airway
tissue, 226229 AQP4 is believed to contribute to neural signaling?3® and cell migration?3! in glial
cells.

Aquaporin 7 is involved in water/glycerol transport in adipocytes (i.e. fat cells),?3? and was
primarily observed in the epithelium of both species. Although AQP7 has been previously
localized to submucosal laryngeal glands in mice,??* our study seems to be the first to identify
AQP?7 in the epithelium of rabbit and human VFs. Most rabbit samples also had positive labeling
in the superficial LP, which may be due to the presence of adipocytes in the connective tissue.
Although the presence of adipocytes in the VF LP has not been confirmed to our knowledge,
studies in bladder mucosa revealed that adipocytes constitute the ECM composing the LP.233

Sodium-potassium adenosine triphosphatase functions by using active transport to pump
three positively charged sodium ions out of the cell, while simultaneously pumping two positively
charged potassium ions into the cell.?6 This results in a difference in charge between the interior
and exterior of the cell, forming an osmotic gradient. Fisher and colleagues?3* were the first to
determine that this osmotic gradient is the driving force of water diffusion and transport across the
cell membrane of VF epithelium. Water transfer and hydration of the VVFs have been reported to
increase the efficiency of VF oscillation and voice production through its contributions to
phonation threshold pressure.?® In the current study, Na+/K+-ATPase was localized to intracellular
membranes of the epithelium in both species. The rabbit samples demonstrated more intense
labeling in the basal-most region of the epithelium. This finding is comparable to those identified

by Fisher et al.** who identified Na+/K+-ATPase in the cell membranes of the basal-most
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epithelium in canine larynges. The human samples demonstrated an equal distribution in both
apical and basal regions of the epithelium. The slight distribution variations of Na+/K+-ATPase
may be due to the differences in epithelial layers between species, as humans have 5-10 layers of
SSE while rabbits have only 2-4.24235

E-cadherin is a cell adhesion molecule present in epithelial cells and is believed to maintain
the epithelial barrier created by TJs.3* This protein was similarly localized to intercellular junctions
throughout the SSE in both species. E-cadherin plays a crucial role in the maintenance of mucosal
integrity and barrier function. Reduced expression of e-cadherin has been observed in biopsy
samples of patients with laryngopharyngeal reflux.236237 Disruptions in barrier integrity may result
in the undesirable entry of environmental pathogens into the VFs, and the development of disease.
Although e-cadherin has been localized throughout the VF epithelium of multiple species
including humans, it had not been localized until now in rabbit VVFs.

The role of the TJ proteins like ZO-1 and occludin is to facilitate intercellular signaling and
adhere to adjacent cells to create an effective barrier.?82° The presence of these proteins in VF
tissue has been described in rabbits31238 pigs,3° and sheep,3? but the distribution of these proteins
has only been localized to the epithelium of rat VFs.23° Similar to these findings in rats, our study
found that ZO-1 and occludin were localized to the rabbit and human epithelium. There was also
substantial ZO-1 labeling in the superficial LP of both species, likely due to their presence in
endothelial cells.?824°CL) There was only substantial occludin labeling in the superficial LP in rabbit
samples, possibly due to inherent differences in the layered LP structure between species and
subsequent distribution of blood vessels.

The disparity of specific protein labeling in matching structures within species may be due

to the heterogeneity between VF tissue in both human and rabbit samples used in this study. For
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example, humans are inherently genetically diverse, and information regarding previous voice use
and preexisting pathologies in our acquired human samples was nonexistent. Additionally, our
rabbit samples were not from homogeneous inbred colonies, but rather from genetically diverse
outbred stocks.

On the whole, similarities in these integral membrane proteins provide an opportunity to
further investigate the role and function of these proteins following experimentally induced
challenges that might otherwise be difficult to perform in humans. These experiments may include
exploring the effects of therapeutic drugs such as GCs, phonotrauma, and iatrogenic injury on VF
barrier integrity and ion transport. Unpublished data in our laboratory revealed dose-dependent
increases in e-cadherin labeling in human and rabbit cultured VF epithelial cells after
dexamethasone treatment and dose-dependent decreases in ZO-1 and trans-electrical epithelial
resistance (TEER) after methylprednisolone treatment, indicating improved barrier function.
Regarding in-vivo studies in our laboratory, rabbits treated with 6-daily intramuscular injections
of dexamethasone revealed no changes in AQP-1, Na+/K+-ATPase, ZO-1, and occludin
fluorescence expression 14-days after injections were terminated. Similarly, rabbits receiving the
same treatment regimen of methylprednisolone revealed no changes in AQP-1, Na+/K+-ATPase,
and occludin fluorescence expression, but did show decreases in ZO-1 fluorescence and tjp-1 gene
expression, indicating the possibility of compromised barrier integrity following

methylprednisolone treatment.
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4.2 Acute Effects of Daily Intramuscular GC Treatment on Rabbit VVocal Folds

Due to the frequent off-label use of GCs to treat a variety of voice disorders, it is critical to
characterize and delineate GC effects in healthy VF tissue to provide insight regarding the utility
of dexamethasone and methylprednisolone to improve clinical outcomes and to mitigate potential
adverse drug effects. Although the current study did not observe VF TA muscle atrophy for the
variables of GC treatment or euthanasia timepoint, rabbits revealed global body mass loss 7-days
post methylprednisolone treatment. This global body mass loss may be due to the inhibitory effects
methylprednisolone has on the endocrine system, specifically IGF-1.1824 Dose-dependent body
mass decreases have been observed in rats after repeated methylprednisolone treatment,?*? which
was postulated to result from decreased circulating IGF-1. There have also been mixed reports
regarding GCs' effect on appetite. Studies in rats revealed dose-dependent decreases in food intake
and body mass,?*324 while other studies in rats and humans found increases in food intake and
body mass.?*>24" However, the rabbits in the current study had open access to food, and
conclusions about any association between food intake, body mass, and GC treatment are
unavailable.

The role of ZO-1, an epithelial and endothelial TJ protein, is to adhere adjacent cells
together to decrease paracellular permeability and maintain barrier integrity.?® Decreased ZO-1
expression is associated with increased endothelial and epithelial paracellular permeability.240248
In the current study, rabbits treated with daily intramuscular dexamethasone injections revealed an
up-regulation of ZO-1 across all euthanasia time points compared to controls. This finding is
supported by several studies that observed increased ZO-1 expression associated with increased
TEER and decreased paracellular permeability in epithelial and endothelial cells after

dexamethasone treatment.}4%142 Previous research in our group revealed decreases in ZO-1

69



transcript levels in rabbits subjected to acute phonotraumatic injury.3>?%® Similarly, a study by
Shen et al.?* revealed significant decreases in ZO-1 expression in rat intestinal epithelium after
ischemia-reperfusion injury. These decreases in ZO-1 expression are believed to result from the
structural damage to the tissue, which may increase the size of paracellular spaces to allow entry
of harmful toxins and pathogens that impede the homeostasis of the mucosa.?>® Our findings reveal
that dexamethasone may be a useful therapeutic in up-regulating ZO-1 for re-establishing and
preserving a functional endothelial and epithelial barrier in VF tissue. As stated previously in
section 4.1, unpublished data in our laboratory revealed decreases in ZO-1 in the 14-days following
intramuscular methylprednisolone injections, which may be detrimental to epithelial and epithelial
barrier function. However, the current study did not demonstrate any effects of methylprednisolone
on ZO-1 in the 7-days following treatment.

The potential anti-angiogenic properties of GCs led to the investigation of this phenomenon
in VF tissue, which may be detrimental to the VF wound healing process. However, the current
study did not find any effects of GCs on VF tissue vascularity using the endothelial marker CD31.
Interestingly, unpublished data from our laboratory observed an increase in CD31 fluorescence
expression in rabbit VFs 14-days after 6-daily intramuscular injections of methylprednisolone.
Although the current study did not observe any changes in CD31 during the 7-days following
intramuscular methylprednisolone injections, it may be that the pro-vascular effects of this GC
may only be apparent in the weeks following treatment. Increased vascularity - in combination
with the unpublished findings of reduced ZO-1 in the VF of methylprednisolone-treated rabbits -
may lead to a greater likelihood of damage to vessels and VF hemorrhage.

Some studies suggest that repeated GC treatment is associated with decreased expression

of GCR.% In the current study, there were no observed changes in GCR fluorescence expression
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in VF tissue after repeated systemic treatment of dexamethasone or methylprednisolone, indicating
that the anti-inflammatory and immunosuppressive properties of these GCs are likely still

maintained in the week after 6-daily intramuscular injections.

4.3 Occurrence of Vocal Fold Atrophy After Intracordal Dexamethasone Injection

Glucocorticoid injections have been associated with skeletal muscle atrophy in multiple
tissue types and models, including the VFs. With the frequency of GC use for laryngeal
indications, particularly dexamethasone, it was imperative that the potential of GC-induced VF
atrophy be investigated further using a well-established, controlled, in-vivo experimental
paradigm. In the current study, there was no evidence of GC-induced atrophy. This finding was
determined from no observed changes in atrophy-associated genes or TA morphological changes
between the treatment group and controls.

A single intracordal injection of dexamethasone has been clinically utilized and shown to
improve subjective voice measures®®! objective voice measures, and lesion size.?>? Although the
current study used the highest commercially available dose of dexamethasone at a clinically
relevant injection volume, repeated intracordal injections may be required to elicit TA skeletal
muscle atrophy. The retrospective case series by Shi et al. 2016%° observed the occurrence of VF
atrophy after 5-6 weekly subepithelial injections of 0.1 mL of 10 mg/mL dexamethasone, but the
analysis was limited to only endoscopic ratings of atrophy presence. Therefore, interpretations of
whether atrophy was localized to the epithelium, lamina propria, or skeletal muscle were
unachievable. A study by Hashimoto et al. (2021)?° investigating the temporal atrophic effects of

four triamcinolone injections in rat VFs observed significant decreases in the area of hyaluronic
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acid and thickness of the lamina propria, but no differences in TA muscle fiber CSA. Our study
was limited to only exploring the potential atrophic effects of a single intracordal injection of
dexamethasone on the TA muscle.

Although further studies are required to elucidate the possible local atrophic effects of
serial intracordal GC injections, the current findings support the safety of a single intracordal

injection of dexamethasone when treating various laryngeal pathologies.

4.4 Limitations

A limitation that was acknowledged is the uniqueness in the structure of the rabbit VF
tissue and how this may influence how findings can be generalized to drug effects on human VFs.
Although rabbits demonstrate similarities to humans in the context of VVF tissue, microarchitectural
properties, and ECM components, the rabbit only has 2-4 layers of VF SSE and a 2-layered
LP,99:206207 \while humans have 5-10 SSE layers and a tertiary intermediate LP layer.2425
Additionally, while humans have both type | and Il muscle fibers in their TA muscle, rabbits have
been reported to only have type Il muscle fibers,?®> which are believed to be less resistant to
skeletal muscle atrophy.2*® Although no atrophy was observed in these experiments, it is unclear
whether different muscle fiber types have different resistance levels of skeletal muscle atrophy
induced by GCs. Additionally, GCs are typically administered for laryngeal indications that
frequently involve an inflammatory response in the VVFs or surrounding tissue. It is reasonable to
believe that this inflammatory response - characterized by an influx of immune cells, the release

of inflammatory mediators, and chemoattraction of other cell types - can influence how GCs
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interact with the VF tissue. However, the VFs used in the study were uninjured. Therefore,
generalization of GC effects on inured VF tissue is limited.

A second limitation of this study was the absence of analysis of endocrine biomarkers, food
intake, and waste output. It is unclear if body mass loss in rabbits receiving intramuscular
methylprednisolone injections was influenced by potential GC effects on IGF-1, decreases in
appetite, or increases in urine/fecal output. It is also unclear if there was atrophy in the injected
iliocostalis/longissimus muscle or surrounding connective tissue. Future studies will account for
food intake and fecal output, as well as the inclusion of skeletal muscles and endocrine biomarkers
that may be affected by systemic GCs.

A third limitation was the location of the intracordal GC injection in the rabbit VF. In
almost all instances of clinical GC intracordal injection, the surgeon will inject the bolus into the
superficial LP, avoiding the vocal ligament and TA muscle.?>” Due to the significantly smaller size
of the rabbit VVF, delineation of the superficial LP from the vocal ligament and TA muscle during
endoscopic injection was challenging. Consequently, the rabbits receiving intracordal GC
injections received the bolus into the TA muscle, which is atypical in clinical practice.

A fourth limitation was the lack of inclusion of female rabbits. Although attempts were
made to incorporate female rabbits in all experimental cohorts, vendor supplies at the time of
purchase were limited to male rabbits. While it is well established that human VF compositions
differ between males and females, information regarding the differences and similarities between
male and female rabbit VVFs is virtually non-existent. To more precisely use in-vivo animal models
to conclude VF biology to the general human population, future studies should include similar

distributions of both male and female animals.
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5.0 Conclusion and Clinical Implications

Immunolabeling of key integral membrane proteins in rabbits and humans revealed similar
localization in the VFs between species, supporting the utility of rabbits as a model to investigate
treatments for voice disorders. Rabbits treated with daily intramuscular dexamethasone revealed
increases in VF epithelial and endothelial TJ expression, which may indicate improved VF barrier
integrity and provide better protection of the underlying connective tissue. Although global body
mass loss occurred with daily intramuscular methylprednisolone treatment, there were no observed
drug effects associated with changes in TA muscle morphology. Similarly, rabbits receiving a
bilateral intracordal injection of dexamethasone did not reveal any changes in TA muscle
morphology or atrophy associated gene expression, supporting the use of a single intracordal
injection of dexamethasone in treating laryngeal indications.

The differential effects of GCs discovered in the current study emphasize the important
role physicians have to tailor GC selection based on patient-specific needs when treating voice
disorders. For example, individuals who have a compromised VF epithelial barrier, as seen in
patients with laryngopharyngeal reflux,?3®23” may benefit from dexamethasone treatment.
Similarly, physicians may want to avoid using serial methylprednisolone treatment in patients who
have difficulty maintaining healthy body weight, as this GC was observed to be associated with
rapid weight loss. These findings will provide physicians with additional objective evidence when

selecting GCs for treating voice disorders as well as other conditions where GCs are utilized.

74



6.0 Future Directions

The etiology of voice disorders is wide-ranging with varying treatment efficacy. The
current oversimplified clinical paradigm dichotomizes voice disorders into two distinct categories:
mucosal injury and neuromuscular dysfunction. A concern with the current dichotomous
classification of these two diagnoses is the disregard of potential interactions with the various
tissue types of the VF. There is a large body of evidence describing the potential interactions
between mucosa and muscle in lower airway diseases. For example, patients with asthma who
have mucosal inflammation were also observed to have increased contractile properties?>® and
hypertrophy of the airway muscles.2>%2¢° There is also evidence of altered expression of contractile
proteins in airway muscles in instances of severe mucosal inflammation.?®! In the context of VF
tissue, preliminary investigations have recently observed bidirectional interactions between
mucosa and muscle. Most notably, studies observed the favorable down-regulation of genes
associated with fibrosis in the presence of rat laryngeal myoblast controlled media and the
unfavorable suppression of myogenesis in the presence of rat laryngeal fibroblast controlled
media.?®? These data combined with our collective interest in developing novel and efficacious
treatments for patients with voice-related disabilities provide the foundation for the current
proposal.

| have recently taken a position as an Associate Research Scientist at the NYU Grossman
School of Medicine. | seek to expand this area of investigation with the ultimate goal of improved
insight into mechanisms of voice-related disabilities and improvement of therapeutic strategies for
these challenging patients. | plan to combine in vitro studies of myoblasts, fibroblasts, and

macrophages to investigate the interactions between different cell and tissue types within the VF,
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and how these interactions may influence response to injury. Additionally, established models of
preclinical iatrogenic VF injury will be employed. Specifically, I will investigate the effects of
iatrogenic injury to the mucosa as a potential mediator of abnormal laryngeal muscle physiology.

Ultimately, | seek to evolve as an independent investigator committed to elucidating the
mechanisms underlying voice disorders to develop novel therapeutics for patients with voice-
related disabilities. The training | received at the University of Pittsburgh in Dr. Rousseau’s
Laryngeal Biology Laboratory, in combination with expertise from Dr. Branski’s laboratory, will
allow me to integrate myself as an active member of the NYU Grossman School of Medicine

scientific community to enhance my progression as an independent investigator.
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Appendix A Subjective localization rating form

e Directions

The following slides contain images of rabbit and human vocal fold sections.
The nuclei of the cells are labeled blue. Elastin fibers are represented by green
auto fluorescence. The protein that that you are going to localize is labeled
red. Rabbit samples were captured at 20x magnification and contain the
epithelium, superficial lamina propria, and deep lamina propria. There are also
muscle fibers present in some rabbit samples. Human samples were captured
at 10x and 20 x magnification. The human samples captured at x20 contain the
epithelium, and superficial lamina propria. The human samples captured at
10x contain the epithelium, superficial lamina propria, intermediate lamina
propria. To the right of each image, there will be boxes to “check off” which
tissue structures you see containing red labeling. You can check multiple boxes.

e Rabbit (top) and human (bottom) VF samples (labeled for e-cadherin in red). Images
were labeled with “X’s” by a blinded rater which determined positive labeling in the
apical epithelium and basal epitheliumin both samples

*  Rabbit X20 magnification

Please chock what structures are

labeled red

Apkal epithelium X
Basl epithehum X

Basemeont Membrane

Superficial LP

‘Drcp Lp

*  Human X20 Magnification

Ploase chack what structures are |
labeled red

Apical epithebum X

X

Basal epithelium

|
Basement Membrane ‘
} !

Superficial LP |

77



Appendix B Depiction of muscle fiber CSA quantification

Import ND2 H&E image into ImageJ.
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2. Manually select region of interest consisting of TA muscle using ImagelJ’s “polygon”

tracing function.
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Use “Default” thresholding to obtain a high contrast image.

ol ¢
L S S Ve
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4. Use the “Analyze Particle” function to obtain pixel measures of muscle fibers.
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5. Using the mulit-selection tool, obtain a manual count of each muscle fiber.

6. Use the following formula to obtain the average individual muscle fiber CSA:

Total muscel fiber area

; = x Individual muscle fiber CSA.
Muscle fiber count
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