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Abstract
Botulinum neurotoxin (BoNT) injection into the thyroarytenoid (TA) muscle is a commonly
performed medical intervention for adductor spasmodic dysphonia. The mechanism of action of
BoNT at the neuromuscular junction is well understood, however, aside from reports focused on
myosin heavy chain isoform abundance, there is a paucity of data addressing the effects of therapeutic
BoNT injection on the TA muscle proteome. In this study, 12 adult Sprague Dawley rats underwent
unilateral TA muscle BoNT serotype A injection followed by tissue harvest at 72 hrs, 7 days, 14
days, and 56 days post-injection. Three additional rats were reserved as controls. Proteomic analysis
was performed using 2D SDS-PAGE followed by MALDI-MS. Vocal fold movement was
significantly reduced by 72 hrs, with complete return of function by 56 days. Twenty-five protein
spots demonstrated significant protein abundance changes following BoNT injection, and were
associated with alterations in energy metabolism, muscle contractile function, cellular stress
response, transcription, translation, and cell proliferation. A number of protein abundance changes
persisted beyond the return of gross physiologic TA function. These findings represent the first report
of BoNT induced changes in any skeletal muscle proteome, and reinforce the utility of applying
proteomic tools to the study of system-wide biological processes in normal and perturbed TA muscle
function.
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1. Introduction
Botulinum neurotoxin (BoNT) is a potent agent that induces muscle paresis or paralysis by
entering neurons and disrupting acetylcholine (ACh) release into the neuromuscular junction
[1,2]. Seven BoNT serotypes are known to exist (A-G), all of which are produced by strains
of the bacterium Clostridium botulinum. BoNT causes the paralytic syndrome botulism, but
also holds therapeutic application in the treatment of dystonias [3–6], spasticity [7,8], facial
rhytides [9], axillary hyperhidrosis [10,11], and some pain syndromes [12,13].
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BoNT injection into one or several intrinsic laryngeal muscles is the most commonly performed
medical intervention for spasmodic dysphonia; a debilitating voice disorder characterized by
involuntary phonatory interruptions and impaired voice quality. This form of treatment is
successful in alleviating voice symptoms temporarily [3]; however, as a peripheral (and
symptom) based treatment for a central nervous system disorder, it does not provide a cure.
Therefore, BoNT therapy must be readministered periodically. The mechanism of action of
BoNT in the neuron and its effect on ACh release at the neuromuscular junction are generally
understood [2], however relatively little is known about the effects of therapeutic BoNT
injection on the cellular and molecular properties of the target muscle itself. This is an important
avenue of investigation, as any such effects may hold implications for the variability in
therapeutic response observed both across and within patients, the duration of therapeutic
benefit and nature of relapse following a single injection, and the long-term consequences of
repeated injections.

Previous work in rat intrinsic laryngeal muscle has demonstrated increased acute and chronic
cellular mitotic activity following BoNT injection [14], suggesting that BoNT induces a
proliferative response in muscle tissue; however the precise nature and significance of this
response, including the cell types involved (i.e., satellite and/or fibroblast) and their associated
transcriptional/translational behaviors, is unclear. Decreased muscle fiber diameter [15,16],
endomysial fibrosis [15], and changes in myosin heavy chain (MyHC) isoform distribution
[15,17] have also been reported. Inagi et al. [17], in discussing the MyHC isoform alterations
observed in their study, noted discrepancy between their findings and those reported in the
literature for denervation by recurrent laryngeal nerve resection and suggested that their
findings may have been due to chemodenervation induced by BoNT activity in the neuron,
and/or the direct activity of BoNT on the muscle itself.

The observation that BoNT induced intrinsic laryngeal muscle changes may be distinct from
those observed following other modes of denervation highlights the importance of studying
this clinically relevant process. Proteomic analysis of rat thyroarytenoid (TA) muscle following
recurrent laryngeal nerve resection has demonstrated system-wide changes in protein
abundance [18], however the degree of correspondence between these changes and those
associated with BoNT treatment is unknown. The goal of this study was to characterize the
complex array of protein abundance changes in the rat thyroarytenoid (TA) muscle at a series
of time points following BoNT chemodenervation using 2D SDS-PAGE and MALDI-MS. We
selected the TA muscle over other intrinsic laryngeal muscles as it is the primary muscle of
the vocal fold, holds highly specialized functions for voice and swallowing, has a unique MyHC
profile, and is a common target for therapeutic BoNT injection.

2. Materials and Methods
2.1 Experimental animals

Fifteen nine-month-old male Fisher 344/Brown Norway Cross inbred rats were used in this
study. The rats had a mean body weight of 436 g (SD = 45 g). Twelve rats underwent
laryngoscopy and BoNT injection. Euthanasia and muscle harvest were performed at four time
points (3 rats per time point): 72 hr, 7 days, 14 days, and 56 days post-injection. The initial
and final time points were selected based on previous work demonstrating a robust
chemodenervation effect by 72 hr post injection, with complete return of function by 56 days
post injection [14,17,19]. Three rats, employed as controls, underwent laryngoscopy and
immediate euthanasia followed by muscle harvest.
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2.2 Laryngeal visualization and BoNT injection
Anesthesia was induced using 2–3% isoflurane gas delivered at 0.8–1.5 L/min and maintained
using an intraperiotoneal injection of ketamine hydrochloride (70 mg/kg) and xylazine
hydrochloride (5 mg/kg). Atropine sulfate (52 µg/kg) was administered in order to reduce
salivary secretions and assist with laryngeal visualization.

Laryngeal visualization was performed using a custom laryngoscope [20] and operating
platform [16,21] in addition to a 1.9 mm diameter 25° rigid endoscope (Richard Wolf, Vernon
Hills, IL) coupled to a halogen light source, display monitor and digital video camera (Sony
DCR-PC100, Tokyo, Japan). Vocal fold opening and closure during respiration were recorded
immediately prior to BoNT injection, at 72 hr post-injection and immediately prior to
euthanasia and muscle harvest. These data were also collected from the control animals. A
previous report documented that vocal fold movement during respiration is unaffected by the
anesthesia cocktail used here [20].

Commercial BoNT serotype A (BoNT/A) (Botox®, Allergan Pharmaceuticals, Irvine, CA)
was reconstituted in 0.9% saline and injected at a concentration of 0.01 U in 0.4 µL, using a 5
µL syringe with a 50 mm, 26-gauge needle. Injections were unilateral, and made into the TA
muscle under endoscopic guidance (Figure 1).

Measurements of vocal fold movement during respiration were employed to confirm BoNT
effect, as illustrated in Figure 1. All measurements were made using Photoshop 7.0 (Adobe
Systems, San Jose, CA). Still frames were selected representing maximum vocal fold opening
(during inhalation) and closure (during exhalation). A reference line was constructed between
points at the anterior (A) and posterior (P) commissures. Two additional lines were drawn
between P and points on the vocal fold medial edge at the right (R) and left (L) vocal processes.
Angles APL and APR were measured and compared across the maximum opening and closure
frames. Vocal fold movement angle was calculated by subtracting the maximum vocal fold
closure angle from the maximum vocal fold opening angle, on a given side. Sample identity
was masked and all measurements were performed in random sequence to control for any order
effect. Inter- and intra-measurer agreement data were collected for 50% of all measurements.

2.3 Laryngeal harvest and dissection procedures
Euthanasia was performed via intracardiac injection of Beuthanasia (0.22 mL/kg). The larynx
was harvested en bloc, and dissected using a surgical microscope and microsurgical
instruments. The larynx was separated along the midline, allowing separate treatment of the
left and right sides. A longitudinal incision was made in the subglottis, and the mucosa was
undermined as far as the supraglottis to expose the TA muscle. The entire muscle body
(muscularis and vocalis) was then harvested by dissection, proceeding anteriorly from the
lateral base of the arytenoid cartilage to the thyroid cartilage. Following each dissection, the
remaining hemilarynx was inspected to ensure that the non-TA intrinsic laryngeal muscles
remained intact and undisturbed. The time duration from euthanasia to completion of dissection
was approximately 10 min in all cases.

2.4 Sample preparation
Muscle samples were placed in 25 µL osmotic lysis buffer (0.3% SDS, 10 mM Tris; pH 7.4)
containing 10% nuclease inhibitor (500 µg/mL RNase, 1 mg/mL DNase, 50 mM MgCl2, 100
mM Tris; pH 7.0) and 1% protease inhibitor (20 mM AEBSF, 1 mg/mL leupeptin, 360 µg/mL
E-64, 500 mM EDTA, 560 µg/mL benzamidine) solutions. Tissue homogenization was
performed on ice using an ultrasonic homogenizer (BioLogics Model 300V/T, Manassas, VA)
for 6 min at 40% power with a micro tip. After the addition of 25 µL boiling buffer (5% SDS,
10% glycerol, 60 mM Tris; pH 6.8), the samples were placed in a boiling water bath for 30
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min to facilitate dissolution, cooled on ice, and then centrifuged to pellet solids. The samples
were then frozen and stored at −80° C in preparation for total protein quantitation and
electrophoresis.

Total protein quantitation was performed spectrophotometrically using the bicinchoninic acid
method [22] and kit produced by Pierce Biotechnologies (Rockford, IL). BSA was employed
as a standard and absorbance at 562 nm was measured using the Smart Spec 3000
spectrophotometer (BioRad Laboratories, Hercules, CA). Each assay was replicated, and final
results were averaged. Mean final measurements of total protein ranged from 50–350 µg across
all samples.

2.5 Electrophoresis
2D SDS-PAGE was performed using the carrier ampholine isoelectric focusing method [23].
Total protein sample load was 50 µg for gels intended for silver staining and image analysis
(one per animal, three per experimental time point), and 225 µg for a series of replicate gels
(one per experimental time point) intended for Coomassie blue staining and spot excision.
Isoelectric focusing was performed in glass tubes (2.0 mm inner diameter) using 2.0% pH 3.5–
10 ampholines (Amersham Pharmacia Biotech, Piscataway, NJ) for 9600 Vh.

After equilibrium for 10 min in buffer (10% glycerol, 50 mM dithiothreitol, 2.3% SDS and
0.0625 M Tris; pH 6.8), each tube gel was sealed to the top of a stacking gel above a 7.5 mm
thick 10% acrylamide slab gel. SDS slab gel electrophoresis was performed for approximately
4 hrs using 12.5 mA/gel. Six proteins (Sigma, St. Louis, MO) were added to the agarose used
to seal the tube gel to the slab gel, as MW standards: Myosin (220 kDa), phosphorylase A (94
kDa), catalase (60 kDa), actin (43 kDa), carbonic anhydrase (29 kDa) and lysozyme (14 kDa).
These standards appear along the basic edge of each gel. The gels were either silver [24] or
Coomassie blue stained. Gels were dried between cellophane paper.

2.6 Gel image analyses
Gels were scanned using an Agfa Arcus II flatbed scanner (Agfa, Mortsel, Belgium) in
transparent mode, at 200 dpi resolution and 24-bit image depth. Image analysis was performed
using Melanie 4.02 (GeneBio, Geneva, Switzerland) [25–27]; and a previously reported
analysis protocol [28]. Briefly, automatic spot detection was performed and then refined by
adjustment of the primary detection parameters (number of smoothing passes, saliency of the
spot feature, minimum pixel area) in conjunction with visual inspection. Final parameter
values, judged as providing optimal detection across all 15 gels, were 2 smoothing passes, a
3.5 saliency value, and 18 pixels minimum area. Following automatic detection, matching was
performed for all silver-stained gels within their respective experimental groups (control, 72
hr, 7 days, 14 days, 56 days post-injection) and across the entire population of 15 silver-stained
gels. The gel with the greatest number of protein spots in each experimental group was selected
as the reference gel. Six widely distributed and visually salient proteins were selected as starting
landmarks for the matching algorithm.

Spot-by-spot visual inspection and manual correction of detection and matching errors were
performed by an expert gel analyst using each gel image, its 3-dimensional representation, and
an intensity variation profile based on its entire 24-bit image depth. Sample identity was
masked. All ratings were performed in random sequence to control for any order effect.

Synthetic master gels were constructed representing each of the 5 experimental groups. The
gel with the greatest number of protein spots in each experimental group was again selected
as the reference gel. Spots added to each synthetic gel were exclusive to those consistently
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detected and matched across all 3 constituent gels. Automatic spot matching, visual inspection,
and manual correction were performed using the synthetic control gel as the reference.

Number of spots detected in each gel, and number and percentage of spots matched within the
5 experimental groups, 5 synthetic gels, and across all 15 gels were measured. Normalized spot
volume was calculated using standard software algorithms. Estimated MW values for identified
spots were determined by logarithmic interpolation and extrapolation of values for the MW
standards present along the basic edge of each gel. Estimated pI values were determined by
linear interpolation and extrapolation of surface pH measurements taken from four blank
isoelectric focusing tube gels.

Qualitative observations of consistent protein spot presence/absence across experimental
groups were noted during the visual inspection and manual correction of spot detection and
matching. The purpose of this additional visual-perceptual analysis was to detect any
potentially interesting spots that, due to their consistent absence in at least one experimental
condition, were not detected by the spot matching algorithm and therefore not included in the
quantitative analysis. Criteria for spot observations of potential importance were defined as
follows: a) present in all 3 control gels and absent in all 3 gels in at least one other experimental
group; or b) absent from all 3 control gels and present in all 3 gels in at least one other
experimental group.

2.7 Protein spot identification
Spots of interest were manually excised from the Coomassie blue stained gels, transferred to
clean tubes and rehydrated in Milli-Q water (Millipore, Bedford, MA). Spots were prepared
for digestion by washing twice with 100 µL 0.05 M Tris, pH 8.5/30% acetonitrile for 20 min
with shaking, then with 100% acetonitrile for 1–2 min, before drying for 30 min in a Speed-
Vac concentrator.

Samples were digested using 0.06 µg modified trypsin (sequencing grade, Roche Molecular
Biochemicals, Indianapolis, IN) in 13–15 µL 0.025 M Tris, pH 8.5 and then incubated at 32°
C overnight. Peptides were extracted using 2× 50 µL 50% acetonitrile/2% TFA and the
combined extracts were dried and resuspended in 3 µL matrix solution consisting of 10 mg/
mL 4-hydroxy-α-cyanocinnamic acid in 50% acetonitrile/0.1% TFA and containing two
internal standards, angiotensin and ACTH 7–38 peptide. Following resuspension, 0.5 µL of
each sample was spotted onto a MALDI plate and, once dry, washed twice with Milli-Q water.
MALDI-MS was performed on the digested samples using a Voyager DE Pro mass
spectrometer (Applied Biosystems, Foster City, CA) in the linear mode.

Peptide mass data were analyzed using ProFound (http://prowl.rockefeller.edu) and the MS-
Fit module of the ProteinProspector program (http://prospector.ucsf.edu, version 4.0.8), and
the NCBI and/or GenPept protein databases. Mass range was set at 900–5000 Da and mass
error tolerance was set at 0.5 Da. Minimum fragment length was 5 peptides. A maximum of
one missed cleavage was allowed. Acrylamide modified cysteine residues were allowed.

2.8 Statistical analyses
Vocal fold movement angle data were analyzed using Wilcoxon rank sum tests. Inter- and
intra-measurer agreement data were analyzed using the Bland-Altman procedure with limits
of agreement set at 95% [29]. Percentage of spots matched across gels was calculated using a
previously reported algorithm [27]. Statistical comparisons were performed for each group of
matched spots in the standard (i.e., non-synthetic) gels using a series of one-way ANOVAs,
with experimental group as a fixed effect. Post-hoc pairwise comparisons of significant main
effects were then performed for each post-injection experimental group against the control
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group. A parallel analysis using the synthetic gel set was conducted by calculating percentage
change in normalized spot volume for each post-injection gel compared with the control gel.
An α-level of 0.01 was employed for all statistical testing.

3. Results
3.1 Vocal fold movement data

Vocal fold movement data are summarized in Figure 2. Decreased movement of the injected
vocal fold was consistently observed for all rats (excluding controls) at the 72 hr time point
(p < 0.0001). Movement data collected by time point immediately prior to TA muscle harvest
revealed a general trend of reduced vocal fold movement by 72 hr, maintenance of this effect
at 7 days, initiation of remission by 14 days, and a return to approximate pre-injection
movement by 56 days post-injection. No statistically significant differences were observed
between any of the post-injection experimental groups and the control group.

Bland-Altman analysis of inter- and intra-measurer agreement data revealed −0.98° bias (95%
CI, −1.91° to −0.04°), −6.54° lower limit of agreement, and 4.59° upper limit of agreement for
the inter-measurer comparison, and −0.11° bias (95% CI, −0.75° to 0.53°), −3.93° lower limit
of agreement, and 3.71° upper limit of agreement for the intra-measurer comparison.

3.2 Protein spot detection and matching
The number of spots matched across all 3 gels in a single experimental group was 557 (90.7%)
in the control group and ranged from 389–481 (65.0–79.6%) in the post-injection groups. The
number of spots matched between the control group and each post-injection experimental group
ranged from 307–343 (49.3–56.3%). A total of 199 spots (33.2%) were matched across all gels
and experimental groups.

3.3 Protein spot quantitation
Twenty protein spots (Figure 3: Spots 1–20) demonstrated statistically significant differences
in normalized spot volume (increased volume in 10 cases; decreased volume in 10 cases) across
experimental groups (Figure 4). The percentage change in normalized volume that reached
significance ranged from 28.9–690.7%. Patterns of normalized volume change were different
across the various post-injection experimental groups when compared to control; however, the
direction of change was consistent in the majority of cases (17 of 20 spot groups).

It is important to highlight that statistical testing identified a number of proteins with spot
abundance changes below the 2 or 3-fold (100 or 200% increase) threshold commonly
employed in 2D gel image analysis. Because of this, data for proteins with modest but
statistically significant spot abundance changes were interpreted judiciously.

Five protein spots (Figure 3: Spots 21–25) were identified as potentially biologically significant
during qualitative gel analysis. Spots 21 and 22 were present in all 3 control gels and absent
in all 12 post-injection gels. Spots 23–25 were present in all 12 post-injection gels and absent
in all 3 control gels. Exemplar gel images representing spot 23 (MW, 33.8 kDa; pI, 6.20) are
presented in Figure 5.

3.4 Protein identification
MALDI-MS and database searching results are summarized in Table 1. Protein species were
successfully identified in 20 of the 25 samples. Four spots demonstrated multiple protein
species.
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4. Discussion
This study examined changes in the rat TA muscle proteome following chemodenervation by
BoNT/A injection. Normal TA muscle was compared with TA muscle at four post-injection
time points (72 hr, 7 days, 14 days, 56 days). Vocal fold movement during respiration was
measured to confirm gross physiologic BoNT/A effect. Both quantitative and qualitative
analyses revealed significant changes in the rat TA muscle proteome following BoNT/A
injection. The quantitative analyses revealed significant changes in abundance for 20 proteins
identified and matched across experimental groups. The qualitative analysis highlighted three
protein spots present exclusively in the post-injection experimental gels, and two protein spots
present exclusively in the control gels. Further, the quantitative analyses revealed significant
changes in individual protein abundance levels at different post-injection time points, whereas
the qualitative analysis revealed proteomic variations that appeared reliably characteristic of
either the control or post-injection (irrespective of time point) conditions. This suggests that
while some proteins hold transient functions within the multiplex of biological processes
involved in post-injection muscle alteration, others hold relatively stable functions that are
established by 72 hr post-injection and sustained for at least 56 days.

4.1 Functional protein categories
Evaluation of those proteins identified by MADLI-MS and database searching revealed five
major functional categories: Energy metabolism, contractile function, stress response,
transcription/translation/cell proliferation, and miscellaneous. Protein spots within each
category were characterized by both increased and decreased abundance, indicating dynamic
ongoing biologic processes across each functional domain.

4.1.1 Energy metabolism—Five proteins identified in this study are associated with energy
metabolism: Adenosine triphosphate (ATP) synthase (α, β and D chains), β-enolase, creatine
kinase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and aldolase A. ATP synthase
functions to produce ATP from adenosine diphosphate, providing a critical energy source for
cell function [30]. ATP synthase α chain, a regulatory subunit, demonstrated greater spot
abundance at 72 hr, 7 days, and 56 days post-injection. Both the β-chain (catalytic subunit)
and D chain (unknown function) had reduced spot abundance at 14 days. This contrasts with
previous reports of ATP synthase upregulation in rat TA and soleus muscles following
denervation and hindlimb suspension [18,31–32].

β-enolase, identified in two spot locations, demonstrated reduced spot abundance in both
locations at 14 and 56 days. This muscle specific glycolytic enzyme holds important roles in
striated muscle development and regeneration, and is more abundant in fast-twitch muscles,
such as the TA, than slow-twitch muscles [33]. Previous reports have observed downregulation
of β-enolase in aged rat gastrocnemius, denervated rabbit gastrocnemius and denervated rat
TA muscle [18,33–34]. Creatine kinase, a major energy transduction enzyme and consumer of
ATP, had reduced spot abundance at all post-injection time points, although it is important to
note that a second protein, troponin T, was also identified in the same spot sample. Creatine
kinase downregulation has been identified in aged and denervated rat gastrocnemius muscle
[34–36]; however upregulation of this protein has been reported for denervated rat TA muscle
[18].

Two additional glycolytic enzymes, GAPDH and aldolase A, were identified in spot locations
that were characteristic of all 12 post-injection gels. These proteins are ubiquitous in normal
skeletal muscle [37] and their gel presentation here suggests the possibility of a targeted
degradation process, such as due to oxidative stress (consistent with the concomitant changes
in superoxide dismutase and peroxiredoxin-3 discussed in Section 4.1.3.), or a BoNT/A
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induced PTM. Changes in GAPDH abundance across multiple spot locations have also been
reported in the aged rat gastrocnemius proteome [34].

4.1.2. Contractile function—Four identified proteins hold important muscle contractile
functions: α-actin, tropomyosin β-chain, troponin T, and MyHC IIb. α-actin, identified in two
spot locations, was consistently found in the same spot sample as other protein species at a
significant distance from its theoretical MW/pI. Abundance was significantly increased at 72
hr, 7 days and 56 days post injection, which contrasts with previous reports of decreased α-
actin abundance in denervated and aged rat skeletal muscle [32,34–35].

Tropomyosin β-chain, which regulates access to myosin binding sites on the actin filament,
demonstrated reduced spot abundance at 14 days post-injection, before recovering by 56 days
post-injection. Previous proteomic studies have confirmed the downregulation and subsequent
recovery of tropomyosin β-chain in denervated and then reinnervated rat gastrocnemius muscle
[35], in addition to the downregulation of tropomyosin α-chain in aged rat gastrocnemius
muscle [36]. Troponin T, which binds to tropomyosin in the thin filament regulatory complex,
is reportedly downregulated in rat soleus muscle following denervation and hindlimb
suspension [31–32]. In this study, troponin T demonstrated increased abundance at all post-
injection time points in one spot location, and reduced abundance at all post-injection time
points in a second spot location. This finding is similar to that reported by Piec et al. who
identified both up and downregulation of three different Troponin T isoforms across four spot
locations in the aged rat gastrocnemius proteome [34].

MyHC IIb demonstrated increased abundance at 72 hr, 7 days and 56 days in one spot location
(shared with vitamin D binding protein [VDBP] and α-actin), and was present in a second spot
location characteristic of all 12 post-injection gels. Upregulation of MyHC IIb for at least 56
days following BoNT/A injection in the rat TA was reported by Inagi et al., alongside
concomitant upregulation of MyHC IIx and downregulation of IIL [17]. These findings suggest
a general shift from superfast to fast MyHC isoform predominance following BoNT/A
injection, and contrast with other reports of decreased MyHC IIb abundance following surgical
denervation [35].

4.1.3 Stress response—Three proteins identified in this study indicate the presence of a
cellular stress response following BoNT/A injection. Superoxide dismutase, an antioxidant
enzyme that catalyzes superoxide into oxygen and hydrogen peroxide [38], demonstrated
increased spot abundance 7 days post-injection; whereas peroxiredoxin-3, another antioxidant
enzyme that functions to catalyze peroxides [39], demonstrated reduced spot abundance at 14
days post-injection. Sixty kDa heat shock protein (Hsp60), identified in the same spot location
as α-actin, showed increased spot abundance at 72 hr and 7 days post-injection. Previous reports
in denervated and aged skeletal muscle have documented elevated expression of other heat
shock proteins, but not specifically Hsp60 [32,34].

4.1.4 Transcription, Translation, Cell Proliferation—Two identified proteins hold
functions related to gene transcription, protein translation and cell proliferation. Prohibitin,
which demonstrated increased spot abundance at all time points following BoNT/A injection,
functions to inhibit DNA synthesis and cell proliferation, and also appears to play a role in
transcriptional regulation within the cell [40]. Tufm protein, which showed reduced spot
abundance at 72 hr, 7 days and 14 days post-injection, plays a key role in protein elongation
as part of translation [41]. Neither protein has been identified in previous proteomic analyses
of skeletal muscle dysfunction.

4.1.5 Miscellaneous—Three additional proteins with a significant change in spot abundance
following BoNT/A injection were VDBP, phosphatidylethanolamine-binding protein (PEBP)
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1, and protein disulfide isomerase. VDBP is the primary plasma carrier protein for vitamin D,
but also binds monomeric actin, assists in fatty acid transport and plays a role in macrophage
activation [42]. VDBP, identified in the same spot location as two other proteins, demonstrated
increased spot abundance at 72 hr, 7 days and 56 days post-injection. This finding is consistent
with a previous report of elevated VDBP in the aged rat gastrocnemius proteome [34]. PEBP
1, which demonstrated increased spot abundance at 7 and 14 days post-injection, functions as
a serine protease inhibitor, and binds ATP, opioids and the phospholipid
phosphatidylethanolamine. Protein disulfide isomerase, which also demonstrated increased
spot abundance at 72 hr and 14 days, is an enzyme which catalyzes the formation and cleavage
of disulfide bonds during protein folding [43]. Upregulation of protein disulfide isomerase has
also been reported in the aged rat gastrocnemius proteome [34].

4.2 Persistence of proteomic changes
The persistence of proteomic changes following the resolution of gross vocal fold movement
to pre-injection levels suggests the possibility of long-term (beyond 56 days for the dose
employed in this experiment) or even permanent muscle protein changes as a result of BoNT/
A injection. Such changes could be adaptive, reflecting ongoing repair, recovery, and
compensatory processes; maladaptive, resulting in subtle but significant functional impairment
not evident in gross vocal fold movement; or sub-functional and clinically irrelevant. Although
the mechanistic nature of these changes is uncertain, it is important to note that any extended
alterations in the TA muscle proteome following BoNT/A injection could have implications
for the long-term outcomes of patients who receive periodic therapeutic BoNT/A injections
for the management of focal dystonias such as spasmodic dysphonia.

The wider literature contains varied reports concerning the presence of long-term muscle
structure and function changes following BoNT/A exposure. In their series of studies
investigating BoNT/A (0.07 U) in the rat TA muscle, Inagi et al. reported a return to baseline
satellite cell mitotic activity by 28 days post-injection [14], a return to baseline vocal fold
movement levels at 31.3 days and electromyographic interference pattern at 39.5 days post-
injection [21], and a persistence of relative MyHC isoform changes (reduction in type IIL,
increase in types IIb and IIx) at 56 days post-injection [17]. Hassan et al. [44], reporting on
BoNT/A (~100 U) in the rat gastrocnemius muscle, noted full recovery of leg function by 10–
12 weeks post-injection, a return to baseline muscle fiber diameter by 18 weeks post-injection,
and a persistence of subtle ultrastructural abnormalities at 30 weeks post-injection.

While differences in target muscle and BoNT/A dose make the direct comparison of results
across studies challenging, it appears that some muscle changes (i.e., muscle fiber diameter
reduction, proteomic variations including MyHC isoform alterations, and various
ultrastructural abnormalities) do persist beyond the return of gross physiologic function. While
some of these changes are transient and represent late-stage repair or perhaps compensatory
processes, others may be permanent. Determining whether the proteomic and ultrastructural
muscle changes identified in this experiment and other reports are transient or permanent
requires collecting additional long-term post-injection data.

4.3 Protein heterogeneity
Several manifestations of protein heterogeneity were observed in this study. A number of
proteins, such as α-actin, β-enolase, MyHC IIb and GAPDH, were identified in multiple spot
locations with different MW/pI values. Further, certain proteins, such as α-actin, creatine kinase
and MyHC IIb, exhibited experimental MW/pI values that departed significantly from their
theoretical values. These spot patterns are difficult to interpret without additional data;
however, as discussed above, they could represent a targeted degradation process involving an
oxidative stress response, alternative mRNA splicing and/or PTM. Determination of which
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protein changes are due to genuine alterations in abundance and which are due to differential
PTM could be assisted by additional analysis using PTM specific antibodies and/or MS.
Phosphorylation, the most commonly observed protein PTM, has been reported for select
proteins (including β-enolase and creatine kinase) in denervated rat TA muscle [18].

In four cases, multiple proteins migrated to the same gel coordinates and were identified within
the same gel spot. The interpretation of changes in protein abundance is difficult to interpret
in these cases, as the relative contribution of each protein species to an overall shift in
normalized spot volume is uncertain. Because of this, the interpretation of significant
abundance changes for proteins identified in spots 5, 11, 13 and 24 must be made with caution,
and can only be confirmed by further analysis. This challenge may be resolved by emerging
techniques such as isotype-coated affinity tag labeling, which offer promise in delineating and
quantifying multiple proteins within a single spot [45].

4.4 Conclusions and Future Directions
This study is the first to report BoNT/A induced changes in any skeletal muscle proteome, and
the second to document experimentally induced changes in the rat TA muscle proteome. The
proteome-wide abundance changes observed here appear to reflect a series of coordinated
functional processes involving alterations in energy metabolism, muscle contractile function,
cellular stress response, transcription, translation, and cell proliferation. A number of protein
abundance changes persisted beyond the return of gross physiologic TA function. Certain
protein changes bore similarity to those documented in other skeletal muscle denervation and
aging models; whereas other changes appeared novel. These findings reinforce the utility of
applying proteomic tools to the study of system-wide biological processes in normal and
perturbed TA muscle function.

Further research is needed to extend proteome mapping and individual protein species
identification, for the TA and other muscles, tissues and cell types of significance to voice,
speech and swallowing function. Studies should examine a complement of subcellular fractions
and whole cell homogenates, in order to capture both high and low abundance proteins, assist
with the gross assignment of these proteins to their native subcellular structures, and
specifically probe for PTMs associated with various physiologic and disease states.
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Figure 1.
Schematics and photographs illustrating (A) injection of BoNT/A into the left TA muscle using
a 50 mm, 26-gauge needle and endoscopic guidance, and (B) measurement of maximum vocal
fold opening (inspiratory) and closure (expiratory) angles during respiration. Vocal fold
movement angle was calculated by subtracting the maximum vocal fold closure angle from
the maximum vocal fold opening angle, on a given side. P, posterior commissure; A, anterior
commissure; L, left vocal fold medial edge at left vocal process; R, right vocal fold medial
edge at right vocal process.
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Figure 2.
Vocal fold movement angle data. (A) For all rats (excluding controls) immediately preceding
and 72 hr following BotNT/A injection. (B) For all rats and all experimental groups,
immediately prior to TA muscle harvest. Data represent the injected vocal fold only (except
in the non-injected control group).
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Figure 3.
Representative silver-stained SDS-polyacrylamide (Ctrl/A, 7d/A) and corresponding synthetic
(Ctrl/synth, 7d/synth) gels with protein spots of interest labeled. Spots 1–20 demonstrated a
statistically significant change in normalized volume across experimental conditions, spots 21
and 22 were present in all 3 control gels and absent in all 12 post-injection gels, and spots 23–
25 were present in all 12 post-injection gels and absent in all 3 control gels.
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Figure 4.
Summary of statistically significant changes in protein expression level (normalized volume)
for 20 protein spots in post-injection gels compared with control gels. Histogram bars represent
normalized volume levels for spots in standard gels (3 per experimental group). Numeric
annotations above the histogram bars represent percentage change in normalized volume from
control, for spots in synthetic gels from each experimental group.
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Figure 5.
Example of a protein spot (Spot 23, GAPDH: MW, 33.8 kDa; pI, 6.20) present in all 12 post-
injection gels (representing all 4 post-injection time points) and absent in all 3 control gels.
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