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Abstract

Objectives—To investigate the hypothesis that a transient episode of raised intensity phonation
causes a significant increase in vocal fold inflammatory messenger RNA (mRNA) expression in-
Vvivo.

Study Designh—Prospective animal study.
Setting—Laboratory.

Subjects and Methods—Ten New Zealand white breeder rabbits received 30 minutes of
experimentally induced modal or raised intensity phonation, followed by a 30 minute recovery
period. A separate group of five rabbits served as sham controls. Real-time PCR was performed to
investigate the mRNA expression of Interleukin-1beta (IL-1f), Transforming Growth Factor
beta-1 (TGFpB-1), and Cyclooxygenase-2 (COX-2). Separate one-way analysis of variance
(ANOVA) tests were used to investigate differences in gene expression across groups, with an
appropriate alpha correction of .016 to control for type | error. Significant main effects were
further examined using Fisher’s Least Significant Difference.

Results—ANOVA revealed that there were differences for IL-1B, TGF-p1, and COX-2 between
sham-control, modal phonation, and raised intensity phonation (p < .0001). Pairwise comparisons
revealed that the expression of IL-13, COX-2, and TGF-B1 increased significantly during raised
intensity phonation, compared to modal phonation and sham-control (p <.0001).

Conclusions—Results provided support for the hypothesis that a transient episode of raised
intensity phonation causes a significant increase in vocal fold inflammatory mRNA expression.
Future studies will investigate the signal transduction pathways and mechanisms regulating the
vocal fold inflammatory response. The long-term goal of these studies is to advance understanding
of the molecular and cellular events underlying phonation-related tissue alterations.
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Introduction

Methods

Animals

It has been suggested that phonotraumatic voice use contributes to dysphonia and vocal
pathology.1-3 Despite the clinical ramifications and importance of phonation as it relates to
the development of vocal fold lesions, in-vivo studies on the cellular alterations resulting
from phonation are largely unavailable. In particular, there remains a lack of empirical data
on the duration of voice use that is safe and/or unsafe, the effects of physiologic and
phonotraumatic phonation on the initiation of inflammation, and the cycles of tissue injury
and repair that are unique to the vocal folds.

What we do know based on currently available data, is that prolonged phonation results in
structural damage to the vocal fold epithelium and basement membrane, with associated
alterations in the biochemical pathway involved in the maintenance of vocal fold tissue.4—6
Thus, the vibration exposure of the vocal folds during phonation appears to play an
important role in phonation-related tissue alterations. What remains unknown, however, is:
1) the effects of physiologic and phonotraumatic phonation on the initiation of the
inflammatory cascade, 2) the time course of tissue recovery, and 3) the molecular and
cellular events leading to the development of vocal fold pathology. As inflammation plays
an important role in the release of chemotactic cues for orchestration of tissue remodeling, it
is likely an important component of phonation related injury. Thus, there is a critical need
for information on the effects of acute phonotrauma on inflammation and tissue recovery.

Our laboratory has recently characterized physiologic and raised intensity phonation in an
evoked rabbit phonation model.7 Based on an animal model described in our previous work,
6,8 subsequent experimentation led to the finding that an increase in the rate of transglottal
airflow, resulted in a change in glottal configuration and an increase in mean phonation
intensity. 7 The objective of the present study was to investigate the hypothesis that a
transient episode of raised intensity phonation causes a significant increase in vocal fold
inflammatory messenger RNA (MRNA) expression in-vivo.

Fifteen New Zealand White breeder rabbits weighing 3 to 5 kg were used in this study. Five
animals were assigned to one of three groups and received experimentally induced
phonation as described previously. 6-8 Five animals received modal phonation, five
received raised intensity phonation, and five underwent sham surgery without phonation to
serve as a control group. Each animal underwent a 30 minute time dose of modal phonation,
raised intensity phonation, or sham surgery, followed by a 30 minute recovery period.
Induction of anesthesia was achieved with ketamine 35mg/kg, xylazine 5mg/kg, and
acepromazine 0.75 mg/kg intramuscular sedation. Subsequent intramuscular injections of
ketamine (17.5 mg/kg) and acepromazine (0.375 mg/kg) were provided as needed to
maintain a surgical plane of anesthesia.

This study was performed in accordance with the PHS Policy on Humane Care and Use of
Laboratory Animals, the NIH Guide for the Care and Use of Laboratory Animals, and the
Animal Welfare Act (7 U.S.C. et seq.); the animal use protocol was approved by the
Institutional Animal Care and Use Committee (IACUC) of Vanderbilt University Medical
Center.

Surgical Procedure

The neck was shaved and prepped for surgery from the level of the submentum down to the
chest. With the animal in the supine position, a vertical midline incision extending from the
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hyoid bone to the sternal notch was used to expose the larynx and trachea. The trachea was
then transected just proximal to the sternum, and sutures were placed to suspend the lower
portion of the trachea to the sternal fascia which secured the airway. A 3.5 cuffed
endotracheal tube (RUSCh, Kernen, Germany) was inserted into the upper portion of the
bisected trachea and positioned to rest approximately two cm below the glottal aperture. The
cuff of this endotracheal tube was inflated to seal off the trachea and deliver airflow through
the glottis. Custom, stainless steel, hooked electrodes were prepared prior to each
experiment. One electrode was inserted mediolaterally into the belly of each cricothyroid
muscle in a direction perpendicular to the muscle fibers (approximately at a 45 degree angle
off midline) to serve as cathodes for electrical stimulation. Two additional electrodes were
then inserted into the cricothyroid membrane to serve as anodes for electrical stimulation.
One electrode was placed into the membrane on each side at the intersection of a
longitudinal line one millimeter lateral to midline and a transverse line one millimeter
inferior to the thyroid cartilage. A Gilmont Instruments flowmeter (GF-8522-1700.
Barrington, IL) and Conch Therm 111 humidifier (Hudson, RCI, Temecula, CA) were used to
deliver compressed humidified air heated to 37 degrees Celsius to the glottis.

A Grass S-88 stimulator (SA Instrumentation, Encinitas, CA) and constant current isolation
unit (Grass Telefactor, model PSIU6; West Warwick, RI) were used to provide electrical
stimulation to the laryngeal apparatus. The total train duration was 10 seconds (3 seconds
on; 7 seconds off). Animals assigned to the sham control group received identical surgery as
those in the experimental group. However, in the sham group, airflow was kept in the off
position during the 30 minute experimental period, while electrical stimulation was provided
to just approximate the vocal folds. Based on methods described in our earlier work,
transglottal airflow was delivered at 85 cm3/sec while the stimulation current was increased
in 0.2 mA steps until arriving at the phonation threshold. Modal phonation was produced
using stimulation currents of 0.2 — 0.6 mA above the phonation threshold on average. This
represented the current level necessary for producing sustained audible phonation. For raised
intensity phonation, transglottal airflow rate was increased to 144 cm3/sec. The increase in
phonation intensity was a within rabbit variable. In an earlier proof of concept study, we
found that the increase in transglottal airflow rate used in the current study, produced
phonations that were an average 6 dB louder than modal.7 Therefore, in the current study,
raised intensity was defined as a minimum 6 dB (within rabbit) increase in the intensity of
phonation and this increase in intensity from modal was maintained between 5-10 dB
throughout the 30 minute stimulation period. Table 1 displays mean phonation intensity and
standard deviations for rabbits in the modal phonation and raised intensity phonation groups
during the 30 minute stimulation period. Table 2 displays mean phonation frequency and
standard deviations for rabbits in the modal phonation and raised intensity phonation groups
during the 30 minute stimulation period.

Data Collection

A 5° 2.7mm rigid endoscope (Karl Storz Endoscopy, Endoscopy—America, Inc. CA) and
Telecam-C camera (Karl Storz Endoscopy, Endoscopy—America, Inc. CA) were used to
obtain video-documentation of vocal fold positioning and glottal closure during phonation.
Acoustic signals were recorded using a Shure SM48 unidirectional dynamic microphone
(Shure Incorporated, Niles, IL.), placed 10 cm from the opening of the laryngoscope and
digitized using the Computerized Speech Lab (CSL ™ Model 4500, KayPENTAX, Lincoln
Park, NJ). Three to five, 0.5-1.0 second samples were selected from the most stable portion
of the acoustic waveform, and the CSL main program was used to extract mean phonation
intensity and fundamental frequency. Immediately following the 30 minute phonation and
recovery period, all animals were euthanized and the larynges were harvested. The lamina
propria of each animal’s vocal folds was then dissected and removed with the aid of
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microscopic visualization. Dissection was limited to the mucosal layers of the vocal fold
above the thyroarytenoid and did not include muscle. Harvested tissue was subsequently
frozen and stored for later analysis in a sub—80° freezer.

Real-Time PCR

A Mixer Mill MM 301 (Retsch Inc. Pittsburgh, PA, USA) was used to homogenize vocal
fold specimens. Total RNA was isolated using an RNeasy Mini Kit (Qiagen, Valencia, CA,
USA) and treated with ribonuclease-free deoxyribonuclease | (QIAGEN, Valencia, CA,
USA) to minimize contamination from genomic DNA. The quantity of total RNA was
determined using the A260/A280 ratio and electrophoresis was used to evaluate the quality
based on the appearance of the 18S and 28S ribosomal RNA bands. Reverse transcription
was performed using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) using the manufacturers recommended reaction
protocol. Reactions were performed with a Biometra TGradient Thermocycler
(LABREPCO, Horsham, PA, USA) using the following parameters: 25°C for 10 min, 37°C
for 120 min, 85°C for 5 sec, and 4°C for 5 min.

Rabbit-specific primers for interleukin-1p (IL-1p), cyclooxygenase-2 (COX-2), transforming
growth factor -1 (TGFp-1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were synthesized by Integrated DNA Technologies (Coralville, 1A, USA) based on
previously published sequences.9-12 Specific primer sequences are displayed in Table 3.
All primers generated a single PCR band of the expected size. DNA sequencing was used to
verify the PCR products. Real-time PCR was performed using the iQ™SyBR Green
Supermix Kit (BioRad, CA, USA) in a 25 pL volume reaction mixture composed of 500 nM
primerl, 500 nM primer 2, 12.5 UL iQ SyBR Green Supermix, 1 uL of template
complementary DNA, and 9 L of ribonuclease-free water. The following protocol was used
for real-time PCR: 1 cycle at 95°C for 3 min, followed by 45 cycles at 95°C for 20 seconds,
58.7°C for 20 seconds, 72°C for 40 seconds, and 1 cycle at 95°C for 2 min, 55°C for 2 min,
and then 1 cycle at 55°C to 95°C in 0.2°C increments to make a melting curve. An iCycler
iQ™ Optical System (Software version 2.0; Bio-Rad, Hercules, CA, USA) was used to
detect the PCR products. PCR products were separated by electrophoresis in 1 % agarose
gels containing 0.5ug/mL ethidium bromide for verification of PCR products according to
fragment size.

Standard curves were used to determine the relative ratio of gene expression. Target gene
ratios from sham-control, modal phonation, and raised intensity phonation groups were
normalized using expression ratios of the internal control gene (GAPDH). Bilateral vocal
fold specimens were averaged for each animal before doing the group analysis with five
animals per group.

Data Analysis

Three, one-way repeated measures analysis of variance (ANOVA) tests were used to
investigate differences in IL-1B3, TGFB-1, and COX-2 gene expression across groups. Alpha
was adjusted to .016 to control for type I error. Significant main effects were further
examined using Fisher’s Least Significant Difference. For post hoc testing, a significance
level of P <.016 was used to control for multiple pairwise comparisons. All analyses were
performed with the use of two-tailed P values. Data were analyzed using SPSS 17.0 for
Windows (SPSS, Inc., Chicago, IL).
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Results from ANOVA revealed that there were differences for IL-1p (p < .0001), TGF-B1 (p
<.0001), and COX-2 (p < .0001) between sham-control, modal phonation, and raised
intensity phonation. Pairwise comparisons revealed that the expression of IL-15 increased
significantly during raised intensity phonation, compared to modal phonation and sham-
control (p <.0001) (Fig 1); COX-2 increased significantly during raised intensity phonation,
compared to modal phonation and sham-control (p < .0001) (Fig 2), and TGF-B1 increased
significantly during raised intensity phonation, compared to modal phonation and sham-
control (p <.0001) (Fig 3).

Discussion

Following trauma, the inflammatory response plays an important role in the release of
chemotactic cues for orchestration of tissue remodeling. Animal studies over the last several
years have allowed us to gain a much better understanding of the inflammatory cycle and
process of wound healing in the vocal fold following mechanical trauma. Most relevant to
the current study, Welham et al found the cytokines IL-1p, COX-2, and TNF-q, to be
significantly upregulated in the rat vocal fold one hour after mechanical injury.13 With the
exception of TNF-B, mMRNA levels of these cytokines remained elevated for up to 72 hours
after injury.14 In an attempt to better understand the mRNA expression of key extracellular
matrix components during the inflammatory, proliferative, and remodeling phases of wound
healing, Ohno et al reported time-dependent alterations in the MRNA expression of
procollagen —I, -111, decorin, and hyaluronan synthase (HAS)-1, -2, and -3 between 1 and 56
days following mechanical injury to the rat vocal fold.15 While these studies have provided
important information regarding the biochemical events involved in mechanical trauma to
the vocal folds, less is known about the cycles of tissue injury and repair that are unique to
phonation. Although the effects of inflammation on connective tissue healing has been the
focus of research in other mobile tissues,16—20 the mechanical forces produced during
phonation are unlike any other tissue found in the body. Some histological and physiological
comparisons can be made between the vocal folds and other mobile tissues in the body
however, it is likely that the cellular response to repeated cycles of trauma and inflammation
secondary to phonation are unique to this specialized tissue.

Clinically, it is often observed that patients who use phonotraumatic vocal behaviors are at
increased risk for developing vocal pathology, ranging from edema and mild dysfunction of
the vocal folds, to discrete vocal fold lesions and marked voice impairment. Reportedly,
management of voice is designed to alter the process of inflammation in a way that provides
an optimal environment for healing following phonotrauma or phonosurgery.21 However, a
more complete understanding of the cycles of inflammation and recovery, and the
progression of these cycles of repair during the development of phonotraumatic lesions is
needed.

The purpose of the current study was to investigate the effects of modal and raised intensity
phonation on vocal fold inflammatory gene expression. Using the in-vivo rabbit phonation
model described previously, we investigated the hypothesis that a transient episode of raised
intensity phonation causes a significant increase in vocal fold inflammatory messenger RNA
(mRNA) expression in-vivo.7 Each animal underwent a 30 minute time dose of modal
phonation, raised intensity phonation, or sham surgery, followed by a 30 minute recovery
period. Our aim was to more clearly define raised intensity phonation at the mRNA level
and confirm its potential for use as a phonotraumatic model in future investigations. To do
this, we measured gene expression of known inflammatory markers in the vocal folds
following a transient episode of raised intensity phonation, compared to modal phonation
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and sham-control. We used experimental controls that underwent surgical preparation with
electrical stimulation of the laryngeal apparatus for 30 minutes without full closure of the
glottis and without transglottal airflow.

Results from ANOVA revealed that there were differences for IL-1 3, TGF- 8 1, and COX-2
between sham-control, modal phonation, and raised intensity phonation. Pairwise
comparisons revealed that the expression of all three inflammatory markers measured in this
study increased significantly during raised intensity phonation, compared to modal
phonation and sham-control. IL-18, TGF- f1 and COX-2 are well characterized
inflammatory markers. The cytokine TGF- 1 is a major promoter of fibrosis and scar
formation.22 If left unchecked, increased TGF- $1 expression may result in excessive cell
proliferation and repair signaling to fibroblasts. In the current study, TGF- f1 mRNA levels
were upregulated in the vocal fold following raised intensity phonation, compared to modal
phonation and control. As TGF- 1 is an important mediator of inflammation, the
modulation of TGF- 1 signaling may provide a logical target for the manipulation of vocal
fold inflammatory signaling. It is generally believed that phonotrauma from prolonged,
raised-intensity phonation causes inflammatory changes in the lamina propria, often
progressing to dysphonia and vocal fold pathology. COX-2 and its enzymatic product
prostaglandin are known mediators of inflammation and fibroblast signaling. In the present
study, COX-2 mRNA levels were upregulated in the vocal fold following raised intensity
phonation, compared to modal phonation and control, and similar to the COX-2
upregulation that has been reported in the vocal fold following mechanical injury. 14 IL-1 3
is a prototypical pro-inflammatory cytokine that plays an important role in the regulation of
the extracellular matrix during wound healing. It has been shown that IL-1 8 stimulation of
lung and mucosal fibroblasts results in an increase in the production of hyaluronic acid.
23,24 In an earlier study, we found IL-1 3 to be non-significantly increased in the rabbit
vocal fold after experimentally induced phonation (2 seconds on; 3 seconds off for 180
minutes), compared to control.6 Interestingly, although accumulated voicing time in the
current study was less (3 seconds on; 7 seconds off for 30 minutes), IL-1p mRNA was
significantly increased after raised intensity phonation, compared to modal phonation and
control. One possible explanation is that the longer recovery time (1 hour) employed in the
2008 study, a period which was twice as long as the recovery period used in the current
study (30 minutes), may have facilitated the post-phonation recovery of IL-1f gene
expression. Albeit, we are reluctant to make direct inferences between the two studies as the
stimulation parameters, placement of electrodes, and data/specimen collection procedures in
the two experiments was different.

Results of the present study provided support for the hypothesis that a transient episode of
raised intensity phonation causes a significant increase in vocal fold inflammatory mRNA
expression. We plan to utilize the model of acute phonotrauma used in the current study to
develop an improved understanding of cycles of tissue injury and repair that are unique to
phonation. The long-term goal of these studies will be to improve our understanding of the
molecular and cellular events underlying phonation-related tissue alterations in order to
begin testing pharmacologic interventions for the management of acute phonotrauma. It
should be noted that although rabbits share similarities with humans with respect to vocal
fold extracellular matrix components, interspecies variation in tissue layered structure may
also influence the inherent tissue response to mechanical trauma, and should be considered
when making comparisons between species.

Conclusion

An in-vivo rabbit phonation model was used to investigate the effects of modal and raised
intensity phonation on the vocal fold inflammatory response. Experimental animals were
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bjected to either 30 minutes of modal phonation or raised intensity phonation, followed by

a 30 minute recovery period. Results revealed that a transient episode of raised intensity
phonation causes a significant increase in vocal fold inflammatory mRNA expression. This
increase in inflammatory mediator expression persisted despite a 30 minute recovery period,
while the same duration of modal phonation resulted in no change in inflammatory mRNA

ex

pression, compared to sham-control.
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Figure 1.

Log-transformed mRNA expression ratios between the sham control, modal phonation, and
raised intensity phonation groups for interleukin-13 (IL-1B). The error bars represent 95.0%
confidence intervals of the mean.
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Figure 2.

Log-transformed mRNA expression ratios between the sham control, modal phonation, and
raised intensity phonation groups for cyclooxygenase-2 (COX-2). The error bars represent
95.0% confidence intervals of the mean. Outlier variable denoted by @.
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Figure 3.

Log-transformed mRNA expression ratios between the sham control, modal phonation, and
raised intensity phonation groups for transforming growth factor- 1 (TGF-$1). The error
bars represent 95.0% confidence intervals of the mean.
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Table 1
Mean phonation intensity

Rabbit# Mean Intensity (dB) Standard Deviation (Hz) Group
8142 56.90 1.27 Modal
8145 60.18 0.73 Modal
8146 55.38 0.98 Modal
8152 55.85 0.98 Modal
8157 61.52 1.06 Modal
8148 52.49 0.74 Raised Intensity
8149 65.92 0.43 Raised Intensity
8150 60.04 1.52 Raised Intensity
8151 63.93 1.22 Raised Intensity
8156 59.04 1.69 Raised Intensity

1duasnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Otolaryngol Head Neck Surg. Author manuscript; available in PMC 2010 September 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Swanson et al.

Mean fundamental frequency

Table 2

Rabbit # Mean Fundamental Frequency (Hz) Standard Deviation (Hz) Group
8142 1099.67 24.19 Modal
8145 1202.90 14.28 Modal
8146 1002.64 12.91 Modal
8152 1137.72 25.24 Modal
8157 1104.47 12.29 Modal
8148 784.44 29.37 Raised Intensity
8149 1294.34 15.98 Raised Intensity
8150 1657.62 9.90 Raised Intensity
8151 1294.84 20.88 Raised Intensity
8156 821.51 26.19 Raised Intensity
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Table 3

Primer Sequences

GAPDH  Forward: 5_-TCG GCA TTG TGG AGG GGC TC-3_
Reverse: 5_-TCC CGT TCA GCT CGG GGA TG-3_

IL-1B Forward: 5_-GAA TCT GAA CCA ACA AGT GG-3_
Reverse: 5_-ATG TAC CAG TTG GGG AAC T-3_

COX-2 Forward: 5_-CAA ACT GCT CCT GAA ACC CAC TC-3_
Reverse: 5_-GCT ATT GAC GAT GTT CCA GAC TCC-3_

TGF-p1  Forward: 5_-CGG CAG CTG TAC ATT GAC TT -3_

Reverse: 5_-AGC GCA CGATCATGT TGG AC -3_

GAPDH - glyceraldehyde-3-phosphate dehydrogenase; IL- 1f - interleukin-13; COX-2 - cyclooxygenase-2; TGF-B1 - transforming growth factor
beta-1.

Otolaryngol Head Neck Surg. Author manuscript; available in PMC 2010 September 01.



