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Ageing and muscular dystrophy differentially affect
murine pharyngeal muscles in a region-dependent manner
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Key points

e Millions of elderly individuals have dysphagia, a debilitating and life-threatening condition in
which the ability to swallow is impaired.

e Several muscles surround the three regions of the pharynx, which are essential for proper
swallowing, yet the effects of ageing and disease on these muscles are not well understood.

® We demonstrate that the fibre size of murine pharyngeal muscles is differentially affected by
ageing and muscular dystrophy depending on their location within the pharynx.

e Using a mouse model of an age-associated dysphagic disease (oculopharyngeal muscular
dystrophy), we show that overexpression of wild-type polyadenylate binding nuclear
protein 1 in muscle tissue prevents age-related dysphagia and age-related muscle atrophy
of laryngopharyngeal muscles.

e These results demonstrate that mice are an excellent model for studying mechanisms of ageing
and disease on pharyngeal muscle physiology, and such studies could lead to new therapies for
individuals with dysphagia.

Abstract The inability to swallow, or dysphagia, is a debilitating and life-threatening condition
that arises with ageing or disease. Dysphagia results from neurological or muscular impairment
of one or more pharyngeal muscles, which function together to ensure proper swallowing and
prevent the aspiration of food or liquid into the lungs. Little is known about the effects of age
or disease on pharyngeal muscles as a group. Here we show ageing affected pharyngeal muscle
growth and atrophy in wild-type mice depending on the particular muscle analysed. Furthermore,
wild-type mice also developed dysphagia with ageing. Additionally, we studied pharyngeal muscles
in a mouse model for oculopharyngeal muscular dystrophy, a dysphagic disease caused by a
polyalanine expansion in the RNA binding protein, PABPN1. We examined pharyngeal muscles of
mice overexpressing either wild-type A10 or mutant A17 PABPN1. Overexpression of mutant A17
PABPNI1 differentially affected growth of the palatopharyngeus muscle dependent on its location
within the pharynx. Interestingly, overexpression of wild-type A10 PABPN1 was protective against
age-related muscle atrophy in the laryngopharynx and prevented the development of age-related
dysphagia. These results demonstrate that pharyngeal muscles are differentially affected by both
ageing and muscular dystrophy in a region-dependent manner. These studies lay important
groundwork for understanding the molecular and cellular mechanisms that regulate pharyngeal
muscle growth and atrophy, which may lead to novel therapies for individuals with dysphagia.
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Introduction

Swallowing is a highly complex and co-ordinated reflex
regulated through the central nervous system to elicit a
synchronized contraction of muscle tissues surrounding
the oral, pharyngeal and oesophageal cavities (Donner
et al. 1985; Rubesin et al. 1987; Ertekin & Aydogdu, 2003;
Miller, 2008). The swallow reflex prevents the aspiration of
food and liquid into the trachea/lungs and the subsequent
development of life-threatening pneumonia (Martin et al.
1994; Prasse & Kikano, 2009). Almost 16 million people
in the United States are affected with dysphagia (Robbins
etal. 2002), a debilitating and potentially deadly condition
involving impairment of the swallow reflex (Logemann,
2007). Swallow impairment is associated with several
diseases, including stroke (Lindgren & Janzon, 1991;
Miller, 2008), Parkinson’s disease (Logemann, 2007),
myasthenia gravis (Ertekin et al. 1998), pharyngeal myo-
sitis (Ertekin & Aydogdu, 2003), DiGeorge syndrome
(Eicher et al. 2000), advanced stage Duchenne muscular
dystrophy (Nozaki et al. 2007; Aloysius et al. 2008) and
oculopharyngeal muscular dystrophy (OPMD) (Taylor,
1915; Victor et al. 1962). Additionally, dysphagia is
also associated with ageing (Kawashima et al. 2004;
Logemann, 2007; Prasse & Kikano, 2009). Studies from
Japan, the Netherlands and the United Kingdom suggest
that 11-16% of the elderly have dysphagia (Bloem et al.
1990; Kawashima et al. 2004; Eslick & Talley, 2008;
Holland et al. 2011). One study found that almost 45% of
dysphagic elderly individuals reported no history of stroke
or overt disease (Kawashima et al. 2004), suggesting a high
incidence of age-related dysphagia.

Pharyngeal muscles are an essential component of
the swallow reflex (Ertekin & Aydogdu, 2003; Miller,
2008). Seven major muscles are responsible for pharyngeal
contraction when swallowing (Donner et al. 1985;
Rubesin et al. 1987; Ekberg et al. 2009). These
muscles arise during vertebrate development from the
third and fourth pharyngeal arches (Mootoosamy &
Dietrich, 2002; Noden & Francis-West, 2006) and are
comprised of the stylopharyngeus, palatopharyngeus,
salpingopharyngeus and the superior, middle and inferior
pharyngeal constrictor muscles (Dutta & Basmajian,
1960; Himmelreich, 1973; Donner et al. 1985; Rubesin
et al. 1987). The inferior pharyngeal constrictor can
be subdivided into the cricopharyngeus and the thyro-
pharyngeus muscles (Donner et al. 1985; Rubesin et al.
1987). Despite the critical nature of these muscles, few
studies have analysed the effects of age and disease on
pharyngeal muscles as a group.

Only a few individual pharyngeal muscles have been
studied in the context of ageing and dysphagia. To our
knowledge, only one report has linked abnormalities in
the palatopharyngeus muscle with dysphagia (Kirberger
et al. 2006). In contrast, the effects of ageing or disease on
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the inferior pharyngeal constrictor muscles, particularly
the cricopharyngeus muscle, have been well studied (Leese
& Hopwood, 1986; Hyodo et al. 1999; Bachmann et al.
2001; Périé et al. 2006; Davis et al. 2007; Mu et al. 2012;
Gidaro et al. 2013).

One dysphagic disease that directly affects the
cricopharyngeus is the autosomal dominant disease,
OPMD (Victor et al. 1962; Brais et al. 1998). OPMD
is caused by a polyalanine expansion in the N-terminus
of polyadenylate-binding nuclear protein 1 (PABPNI1)
(Brais et al. 1998; Robinson et al. 2005), which plays key
roles in RNA biogenesis (Banerjee et al. 2013). Despite
the ubiquitous expression of PABPNI1, only a subset
of muscles is primarily affected in OPMD: pharyngeal
muscles, tongue, levator palpebrae, extraocular muscles
and proximal limb muscles (Victor et al. 1962; Little &
Perl, 1982). The main prognostic factor for patients with
OPMD is the dysphagia associated with cricopharyngeal
muscle pathology and dysfunction (Victor et al. 1962;
Blakeley et al. 1968; Montgomery & Lynch, 1971; Little
& Perl, 1982). Little is known concerning the effects
of mutant PABPN1 expression in the other pharyngeal
muscles and their potential contribution to pathology.

To gain an integrated view of pharyngeal muscle physio-
logy, we characterized multiple pharyngeal muscles in
mice, and tested whether these muscles are differentially
affected with age or muscle-specific overexpression of
mutant A17 PABPN1 using a mouse model of OPMD.
Our studies provide insight into the myofibre composition
of murine pharyngeal muscles and reveal variable
sensitivity of individual pharyngeal muscles to growth
and atrophic changes associated with ageing or muscular
dystrophy. Furthermore, we show that both ageing and
overexpression of mutant A17 PABPN1 alter swallowing
behaviour in mice, while overexpression of wild-type
(WT) A10 PABPNI1 protects swallow function throughout
life. These studies provide a critical foundation for
advancing our understanding of molecular mechanisms
underlying changes in pharyngeal muscles that occur with
age and/or a disease state.

Methods
Ethical approval

All experiments were performed in compliance with
the United States National Institutes of Health and in
accordance with approved guidelines and ethical approval
from Emory University’s Institutional Animal Care and
Use Committee.

Mice

Both male and female mice at various ages, as
indicated for individual experiments, were utilized in
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this study. C57BL/6 and FVB mice were purchased
from Charles River Laboratories (Wilmington, MA,
USA). A10.1 and Al7.1 PABPNI1 transgenic mice
(Davies et al. 2005), a mouse model for OPMD, were
acquired from Dr David Rubensztein. Polymerase chain
reaction was utilized to distinguish mice expressing
the A10.1 or Al7.1 PABPNI1 allele from wild-type
littermates using the following primer sequences (F:
5'-GAGCGACATCATGGTATTCCC-3; R: 5-AGGACT
GACACGTGCTACGA-3') (Davies et al. 2005).

Dissection of pharyngeal tissue

Mice were killed using CO, asphyxiation immediately
before tissue collection. The mandible and lower jaw were
removed, exposing the pharyngeal tissues. For histological
analyses, the middle cervical region of the trachea and
oesophagus were transected and pharyngeal tissue was
collected using blunt dissection rostrally toward the hard
palate. Histological samples included the nasal, oral and
laryngeal pharynxes, soft palate, larynx, cranial trachea
and cranial oesophagus.

Histology/immunohistochemistry

All muscle tissues were frozen in Tissue Freezing Medium
(Triangle Biomedical Sciences, Durham, NC, USA) and
10 pum cross sections were obtained using a Leica
(Buffalo Grove, IL, USA) CMI1850 cryostat. Sections
were collected every 80 pum representing the entire
pharynx. Myofibre cross-sectional areas of haematoxylin
and eosin (H&E) stained sections of palatopharyngeus
(naso- and oropharyngeal regions), thyropharyngeus
and cricopharyngeus (laryngopharyngeal region) were
quantified using Image] 1.43u. Four, five or six
representative 200x sections were analysed for myo-
fibre cross-sectional areas from the nasal, oral and
laryngeal pharynx, respectively, of 2-, 12- or 24-month-old
male and female mice. The total number of myofibres
analysed for each genotype averaged 1900 for the nasal
and oral pharyngeal sections, and 700 for the laryngeal
pharynx. Quantification of centrally localized myonuclei
was also performed on the aforementioned sections of
2-month-old male and female mice using Image] 1.43u.
Forimmunostaining, sections of pharyngeal and gastro-
cnemius/soleus muscles were blocked for endogenous
peroxidases using 0.3% H,0O, in 0.1 M potassium
phosphate buffer (pH 7.3) (PBS) for 10 min and then
successively washed with PBS. TNB blocking buffer (0.1 m
Tris—~HCI, pH 7.5, 0.15 M NaCl and 0.5% blocking reagent)
(PerkinElmer, Waltham, MA, USA) was then applied to
the sections for 30 min at room temperature, followed by
blocking of endogenous binding sites using the M.O.M.
Kit (Vector Laboratories Inc., Burlingame, CA, USA). Sub-
sequently, tissue sections were incubated for 1 h at room
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temperature with either primary antibodies or appropriate
isotype controls. The following antibody supernatants
(Developmental Studies Hybridoma Bank, Iowa City, IA,
USA) were used: BA-D5 [myosin heavy chain (MHC)
I], N2.261 (MHC I/IIa/Neonatal), SC-71 (MHC IIa),
BF-B6 (Embryonic/Neonatal), 6H1 (MHCIIx), and BF-F3
(MHC IIb). Successive washes in 0.05% Tween 20 in PBS
(PBS-T) were followed by another 30 min of incubation
in TNB. Horseradish peroxidase-conjugated antimouse
IgG or IgM (Jackson ImmunoResearch, West Grove, PA,
USA) at 4 ug ml™! in TNB buffer was applied for 60 min
at room temperature. After washes with PBS-T, sections
were incubated with DAB Fast 3,3’-diaminobenzidine
(Sigma-Aldrich, St. Louis, MO, USA).

H&E images of pharyngeal muscles were obtained
using a BX51 microscope with a 0.16 NA 4x UPlanApo
objective (Olympus, Tokyo, Japan) and a MicroFire digital
microscope camera using Neurolucida software (MBF
Bioscience, Williston, VT, USA). All other images were
acquired using an Axioplan microscope with a 0.5 NA
20x Plan-Neofluar objective (Carl Zeiss Microlmaging,
Inc., Oberkochen, Germany) and charge-coupled device
camera (Carl Zeiss Microlmaging, Inc.) with Scion Image
1.63 (Scion Corp., NIH, USA). All images were globally
processed for contrast, size and brightness using Photo-
shop CS4 (Adobe, San Jose, CA, USA).

Biochemical analysis of myosin heavy chain isoforms

Extraocular, gastrocnemius/soleus, heart and pharyngeal
muscles (i.e. the entire pharynx with larynx/trachea
removed) were dissected from 2- or 6-month-old
male or female C57BL/6 mice. Tongues were collected
from day-old postnatal C57BL/6 pups. From each
sample, 40-50 mg of tissue was homogenized in
200 wpl of PBS containing 5% protease inhibitor
cocktail (Sigma-Aldrich). Homogenates were centrifuged
at 10,000 g (4°C) for 10 min and the pellets re-suspended
in PBS with protease inhibitors for isolation of the
MHC fraction. Total protein content was determined
by bicinchoninic acid assay (Pierce BCA protein assay;
Thermo Fisher Scientific Inc., Waltham, MA, USA).

The gel electrophoresis protocol was modified
from Talmadge and Roy (1993). Briefly, we
used stacking gels of 4% acrylamide (wt/vol;
acrylamide: N, N -methylene-bis-acrylamide, 37.5:1),
30% glycerol, 70 mm Tris, 4 mMm EDTA, 0.05%
N,N,N',N -tetramethylethylenediamine, 0.4% sodium
dodecyl sulphate (SDS) and 0.1% ammonium
persulphate; and separating gels of 8% acrylamide
(wt/vol; acrylamide:N,N -methylene-bis-acrylamide,
50:1), 30% glycerol, 0.2 M Tris, 0.1 M glycine, 0.05%
N,N,N',N -tetramethylethylenediamine, 0.4% SDS, and
0.1% ammonium persulphate. Two electrode buffers
were utilized: 50 mM Tris, 75 mM glycine and 0.05%
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SDS buffer was used for the lower electrode while a 6x
concentrate of the aforementioned solution with 0.12%
2-mercaptoethanol was used for the upper electrode.
Laemmli sample buffer (Bio-Rad Laboratories, Hercules,
CA, USA) at a 1:1 dilution was used to solubilize proteins.
Electrophoresis was performed at 140 V for 22 h at 4°C.
One set of gels were stained with Imperial Protein Stain
(Thermo Fisher Scientific Inc.), destained with water
and visualized using an Epson (Long Beach, CA, USA)
Perfection V33 imager.

For MHC immunoblotting, proteins were trans-
ferred from SDS-PAGE gels on to Immuno-Blot PVDF
membranes (Bio-Rad Laboratories). After incubation in
0.5x blocking buffer (USB Corporation, Cleveland, OH,
USA), membranes were incubated overnight with A4.84
(MHC 1) (Developmental Studies Hybridoma Bank) in
0.5x blocking buffer with 0.1% Triton X-100 at 4°C.
Membranes were then washed, incubated with IRDye
800CW goat antimouse IgM (Rockland, Gilbertsville, PA,
USA) and visualized by Odyssey Infrared Imaging System
(LI-COR, Lincoln, NE, USA).

Polyadenylate binding nuclear protein 1
immunoblotting

Whole pharynxes from 2-month-old male mice, with
larynx/trachea removed, were homogenized in RIPA-2
buffer (50 mm Tris—HCI, pH 8.0, 150 mMm NaCl, 1% NP-40,
0.5% deoxycholic acid, 0.1% SDS) containing protease
inhibitors (Mini Complete; Roche, Basel, Switzerland).
The homogenate was centrifuged at 3000 g for 30 min,
and the supernatant utilized for SDS-PAGE and immuno-
blotting. Tissue lysates containing 100 ug of protein were
loaded on to 12% Mini-PROTEAN TGX gels (Bio-Rad
Laboratories) and subsequently transferred to 0.45 pum
nitrocellulose membranes (Bio-Rad Laboratories). The
membranes were blocked for non-specific binding with
5% non-fat dry milk in Tris-buffered saline and then
incubated with primary antibodies against PABPN1
(Apponi et al. 2010) and heat shock protein 90 (Santa
Cruz, CA, USA) overnight at 4°C. Secondary antibody
labelling was performed using species appropriate horse-
radish peroxidase-conjugated 1gG (Jackson Immuno-
Research) for 1 h at room temperature. Enhanced
chemiluminescence was utilized to detect antibody
binding and densitometry analysis performed using
Image] 1.43u.

Lick assays

Pharyngeal function was assessed indirectly using lick
assays as described by Lever et al. (2009). Briefly, food
and water were removed from female mice for 14-16 h
overnight. Afterwards, room temperature water and one
pellet of food were reintroduced. Water was delivered via
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a sipper tube bottle with a ball-bearing spout. Mice were
digitally videoed to capture lick episodes when drinking.
Video was captured using a Panasonic (Kadoma, Osaka,
Japan) HC-V10 Digital Video Camera, recorded as MP4
files at 60 frames per second, and analysed by two blinded
independent reviewers using AVIDEMUX 2.5.4 software
(Mean, http://avidemux.sourceforge.net). Lick rates were
determined by counting five independent, continuous-lick
episodes that spanned 60 frames of video per animal. Data
were averaged per mouse and reported in licks per second.

Statistical analyses

Data were analysed for statistical significance using
GraphPad Prism version 5 for Macintosh (GraphPad
Software, San Diego, CA, USA). For all statistical tests,
a 0.05 level of confidence was considered statistically
significant. To determine the significance of two factors
among multiple groups, data were analysed using two-way
ANOVA with Bonferroni post-tests. Mood’s median test
was applied to non-parametric data to determine statistical
differences between sample distributions using Microsoft
Excel 2008 for Mac Software.

Results
Identification of murine pharyngeal muscles

The swallow reflex occurs in three phases, namely oral,
pharyngeal and oesophageal (Donner et al. 1985; Rubesin
et al. 1987). Each phase involves a unique set of muscles.
The pharyngeal phase of the swallow reflex relies on
co-ordinated neuromuscular contractions within the oral
cavity paired with muscles located in the nasal, oral
and laryngeal regions of the pharynx (Donner et al.
1985; Rubesin et al. 1987). To study the muscles of each
pharyngeal region in mice (Fig. 1A), we first identified
the various pharyngeal muscles histologically. Pharyngeal
tissues extending from the rostral soft palate caudally to
the mid-cervical trachea/oesophagus were collected for
transverse tissue sectioning and histologic examination
via H&E staining.

The nasopharynx was defined as beginning at
the closure of the pharyngeal epithelial mucosa
where both the superior pharyngeal constrictor
muscles dorsolaterally (Fig. 1B, yellow diamond)
and the palatopharyngeal fold comprised of the
palatopharyngeus and salpingopharyngeus ventrolaterally
form the pharyngeal cavity (Fig. 1B, yellow asterisks)
(Nakano & Muto, 1985; Rubesin et al. 1987).
The velopharyngeal opening marked the end of
the nasopharynx and beginning of the oropharynx.
The oropharynx extended caudally to the pharyngeal
aponeurosis of the palatopharyngeal muscle (Rubesin
et al. 1987). Muscles identified in the oropharynx

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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included the middle pharyngeal constrictor (Fig. 1B,
green triangle) and palatopharyngeus (Fig. 1B, green
asterisks). The laryngopharynx began at the pharyngeal
aponeurosis and extended caudally to the first tracheal
ring. Muscles identified in the laryngopharynx were the

Ventral

Nasopharynx

Oropharynx

Laryngopharynx

Y

Ventral

Figure 1. Pharyngeal muscles of mice

A, murine pharyngeal regions depicting the NP in yellow, OP in
green, and LP in blue. B, representative histologic sections of murine
pharyngeal tissue stained with haematoxylin and eosin. Pharyngeal
muscles are outlined for identification. Representative images of the
NP containing the superior pharyngeal constrictor () and
palatopharyngeus (%); the OP containing the middle pharyngeal
constrictor (A) and palatopharyngeus (¥); and the LP containing the
thyropharyngeus () and cricopharyngeus (M) are shown. Bar:

250 pum. LP, laryngopharynx; NP, nasopharynx; OP, oropharynx.
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inferior constrictor muscles, thyropharyngeus (Fig. 1B,
blue circle) and cricopharyngeus (Fig. 1B, blue square).
These studies demonstrate that pharyngeal muscles are
easily identified in mice using histologic sections, allowing
for subsequent comparative analyses among the muscles
required for the pharyngeal phase of swallowing.

Variability in myofibre types between pharyngeal
muscles

To examine differences among muscles throughout the
pharynx, we began by analysing myofibre types as the
myofibre composition of a muscle affects its function.
Slow twitch oxidative myofibres (type I) are typically
observed in muscles utilized for endurance, whereas
the fast twitch glycolytic myofibres (type II) are over-
represented in muscles used for rapid contractions (Reiser
et al. 19854, 1985b). Each myofibre type is composed
of distinct isoforms of contractile proteins, including
MHC. Initially, to determine the myofibre types pre-
sent in murine pharyngeal muscles as a whole, we iso-
lated MHC proteins and performed separation SDS-PAGE
and Coomassie to discriminate myosin isoforms. Mouse
pharyngeal muscles predominantly contained type IIb and
IIx, and neonatal MHC, with trace amounts of type Ila
MHC (Fig. 2A). Type I MHC was not detected by either
Coomassie stain or immunoblot (Fig. 2A). Additionally,
neonatal MHC was present in pharyngeal muscles of both
young and mature mice (Fig. 2A).

To analyse the myofibre composition of individual
muscles of the pharynx, we used immunohistochemistry
to visualize myofibre types in vivo. Type IIb MHC was pre-
dominantly expressed in the palatopharyngeus as well as in
the superior, middle and inferior pharyngeal constrictor
muscles, with lesser amounts of type Ila and IIx. Type
I MHC was not observed in any pharyngeal muscle.
Immunostaining of representative muscles is shown in
Fig. 2B. The expression of neonatal MHC was strictly
confined to muscles of the inferior constrictor adjacent to
the mucosal epithelium of the laryngopharynx (Fig. 2C).
Thus, murine pharyngeal muscles are mainly composed of
fast glycolytic myofibres with neonatal MHC expression
confined to the laryngopharynx.

Regional effects of ageing on pharyngeal myofibre
size

To study the effects of ageing on the muscles of
each pharyngeal region, we performed a histologic
study utilizing wild-type FVB mice at 2, 12 and
24 months of age. Myofibre size was determined by
analysing cross-sectional areas from the palatopharyngeus
(naso- and oropharyngeal regions), thyropharyngeus
and cricopharyngeus (laryngopharyngeal region) as these
muscles were transected transversely versuslongitudinally



5306

M. E. Randolph and others

A Rat
Ladder Mouse Mouse Mouse M F M M F
(Soleus+ Heart EOM Tongue Phar  Phar Phar Limb Limb
tongue) 6 mo 6 mo 1 day 2mo  2mo 6 mo 2 mo 2 mo
4—Embryonic
<—lla
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B
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Middle Palato-
Constrictor pharyngeal

Gastroc./

Neonatal MHC

Figure 2. Pharyngeal muscles are composed of fast glycolytic myofibres but lack slow oxidative myo-
fibres

A, MHCs were isolated from the indicated muscles, separated by gel electrophoresis and visualized with coomassie
blue (top panel). The main MHCs present in pharyngeal muscles (delineated within the black box) were types llb and
I, and neonatal based on comigration with MHC standards from other muscles. No type | MHC was observed
in pharyngeal samples, which was confirmed by immunoblot analysis using the type | MHC-specific antibody,
A4.84 (bottom panel). n = 4 mice pooled per sample. B, pharyngeal muscle sections were immunostained with
antibodies against type I, lla, lix and llb MHC. Representative sections from the palatopharyngeus and middle
pharyngeal constrictor muscle are shown. Gastroc and soleus muscles were used as positive controls. Bar: 50 um.
n = 3 mice, 2-3 months of age. C, representative image of neonatal MHC immunostaining of the CP muscle in
the LP marked with a dashed line to delineate the CP OL and CP IL of the muscle. Bar: 100 um. n = 3 male mice,
2-3 months of age. CP IL, inner layers of the cricopharyngeal muscle; CP OL, outer layers of the cricopharyngeal
muscle; EOM, extraocular muscle; F, female; Gastroc, gastrocnemius; LP, laryngopharynx; M, male; MHC, myosin
heavy chain; mo, months; PE, pharyngeal epithelium; Phar, pharyngeal muscles.
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in sections. From 2 to 12 months of age, significant
increases in myofibre size were observed in both the
naso- and oropharynx, while myofibre size decreased in
the laryngopharynx (Fig. 3A). However, by 24 months
of age, myofibre size significantly decreased in all three
pharyngeal regions (Fig. 3B). These results provide
evidence that muscles in every pharyngeal region undergo
age-related atrophy while muscles of the laryngopharynx
undergo atrophy at an earlier age than those in the naso-
and oropharynxes.

Overexpression of wild-type A10 and mutant A17
polyadenylate binding nuclear protein 1 has
differential effects on pharyngeal muscle growth

We used an OPMD mouse model to test if regional
differences in pharyngeal muscle growth or atrophy
also occur with muscular dystrophy. This OPMD model
overexpresses a 17-alanine-expanded mutant PABPN1
(A17-MUT) specifically in skeletal muscle (Davies
et al. 2005). Mice overexpressing wild-type PABPN1
(A10-WT), which contains 10 alanines in the N-terminus
of the protein, were simultaneously created to control
for any effects of overexpressing PABPN1 (Davies et al.
2005). The A17-MUT mice develop symptoms of muscle
weakness and atrophy with minimal signs of degeneration
in limb muscles as early as 6 months of age compared to
both wild-type and A10-WT control mice (Davies et al.
2005; Trollet et al. 2010). As pharyngeal muscles of these
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mice have never been studied, we first confirmed PABPN1
overexpression in the pharyngeal muscles of both A10-WT
and A17-MUT mice relative to wild-type littermates using
immunoblots (Fig. 4A). A17-MUT mice demonstrated
a two-fold increase in PABPNI1 overexpression when
compared to A10-WT mice (data not shown). The
apparent absence of PABPN1 protein in the wild-type
pharyngeal muscle is consistent with the findings reported
by Apponi et al. (2013) that pharyngeal muscles express
very low levels of PABPN1 protein compared to limb
muscles and other tissues.

Initially, we compared myofibre cross-sectional area
of wild-type and A10-WT mice for each region of
the pharynx to investigate whether overexpression of
wild-type A10 PABPNI1 alters pharyngeal muscle growth
(Fig. 4B). Again, regional differences in pharyngeal myo-
fibre size were observed. At 2 months of age, myofibre size
was significantly increased in each pharyngeal region in
A10-WT mice (Fig. 4B). However, only laryngopharyngeal
muscles consistently exhibited increased myofibre size
throughout the time course of the experiment (Fig. 4B),
indicating that overexpression of wild-type A10 PABPN1
both enhances muscle growth and provides resistance to
age-related atrophy in laryngopharyngeal muscles.

When analysing the pharyngeal muscle sections from
the A10-WT mice, we observed an unusual pre-
ponderance of myonuclei with a more central localization
within the myofibres, as opposed to the typical sub-
sarcolemmal position. The presence of such centrally

A Nasopharynx Oropharynx Laryngopharynx
- 2mo
@ 30 N A +~12mo
5201 /) £oA A
= ! X i ' LA
E { ~ : \ - ~a
S 19, \ P<0.0001 001 | A . P=0.0062
0 A“*. ands _J —— A’A A
0 3 6 9 12 0 3 6 9 120 3 6 9 12 15
Myofibre Cross-Sectional Area (100 umz}
B
-+ 12 mo
» 30 - 24 mo
1
£ 20
(=]
>
Z 10
s P<0.0001 P=0.0008 P<0.0001
ES
0 =i N
0 3 6 9 12 0 3 6 9 12 0 3 6 9 12 15

Myofibre Cross-Sectional Area (100 umz}

Figure 3. Regional differences in myofibre size occur with ageing in pharyngeal muscles

Histogram plots are shown for myofibre cross-sectional areas (CSA) from the naso-, oro- and laryngopharyngeal
regions of wild-type FVB mice at 2, 12 or 24 months of age. A, myofibre CSA significantly increased from 2 to 12
months of age in the naso- and oropharynx but decreased in the laryngopharynx. n = 752-1943 myofibres, three
to four mice per time point. B, myofibre CSA decreased from 12 to 24 months of age in all pharyngeal regions.
Data from 12 months of age are shown again for comparison. n = 792—1943 myofibres, four mice per time point.

mo, months.
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Figure 4. Overexpression of WT A10 PABPN1 enhances muscle growth in only one region of the pharynx
A, representative immunoblot of PABPNT from pharyngeal muscle lysates of 2-month-old A10-WT, A17-MUT
and WT littermates. Lanes were loaded with 100 wg total protein. Heat shock protein 90 was used as a loading
control. Data are representative of three independent experiments. B, histogram plots are shown for myofibre
CSA from the naso-, oro- and laryngopharyngeal regions of WT and A10-WT mice at 2, 12 or 24 months of
age. Data from WT mice in Fig. 3 are shown again for comparison. At 2 months of age, overexpression of WT
A10 PABPN1 significantly increased myofibre CSA in all three pharyngeal regions. At both 12 and 24 months of
age, WT A10 PABPN1 overexpression only increased myofibre size in the laryngopharynx. P values are indicated
in plots with significant differences in myofibre CSA. n = 609-1943 myofibres; three to five mice per genotype
and time point. C, representative haematoxylin and eosin-stained section of the inferior constrictor muscle located
in the laryngopharyx of a WT 2-month-old mouse. Centrally located myonuclei (black arrowheads) are present
in multiple myofibres. Bar: 50 um. D, quantification of centrally located myonuclei within the nasal, oral and
laryngeal pharynxes of 2-month-old WT, A10-WT and A17-MUT mice. Centrally located myonuclei within A10-WT
myofibres were significantly increased compared to WT (*P < 0.05) or A17-MUT (**P < 0.01) mice, but only in
the laryngopharynx. Data are means + SEM from 752 to 1214 myofibres from three mice per genotype. A10-WT,
wild-type A10.1 PABPN1 overexpression transgenic mouse; A17-MUT, mutant A17.1 PABPN1 overexpression
transgenic mouse; CSA, cross-sectional areas; LP, laryngeal pharynx; NP, nasal pharynx; OP, oral pharynx; PABN1,
polyadenylate binding nuclear protein 1; WT, wild-type.
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located nuclei within myofibres is consistent with myo-
genesis, the fusion of muscle stem cells with myofibres,
resulting in the addition of new myonuclei to myo-
fibres, which contributes to muscle growth (Schmalbruch,
1976). Therefore, we analysed H&E-stained pharyngeal
sections of wild-type and A10-WT 2-month-old mice
for centrally located myonuclei (Fig. 4C). In the naso-
and oropharynx, no significant difference in frequency of
central nuclei was observed (Fig. 4D). However, wild-type
A10 PABPNI1 overexpression in the laryngopharynx
resulted in a significant increase in the incidence of
centrally localized nuclei, which was not observed in
A17-MUT sections (Fig. 4D). These findings suggest that
increased levels of wild-type A10 PABPN1 enhance myo-
genesis in laryngopharyngeal muscles, consistent with
the enhanced myofibre size observed in these muscles of
A10-WT mice.

Subsequently, we analysed selected pharyngeal muscles
(Fig.3) of A17-MUT mice and compared them to A10-WT
mice to control for the variable of PABPN1 overexpression.
No signs of myofibre degeneration, immune infiltration
or increased interstitial fibrosis were observed in H&E
sections (data not shown); however, when myofibre size
was quantified for sections from A17-MUT and A10-WT
mice at 2, 12 and 24 months of age, overexpression of
mutant A17 PABPNI1 differentially affected muscle growth
and atrophy of specific muscles in each pharyngeal region
(Fig. 5). In 2-month-old A17-MUT mice, myofibre size
was significantly smaller in the laryngopharynx while
minimal changes occurred in the naso- and oropharynx. In
12-month-old A17-MUT mice, major decreases in myo-
fibre size occurred in the oro- and laryngopharynx relative
to myofibres from A10-WT mice. Furthermore, when
we compared the region of the palatopharyngeus located
in the oropharynx at 2 and 12 months, we observed a
pronounced impairment of muscle growth demonstrated
by failure of A17-MUT myofibres to shift towards a
larger size as observed with A10-WT mice between
these time points (Fig. 5). This growth impairment
between 2 and 12 months was not observed in the
nasopharyngeal region of the palatopharyngeus (Fig. 5).
By 24 months, no major size differences were observed
between A10-WT and A17-MUT myofibres (Fig. 5).
Muscles of the oropharynx were more susceptible to
the effects of mutant A17 PABPN1 than those in the
nasopharynx. Within the muscles of the laryngopharynx,
the observed decrease in size with mutant A17 PABPN1
overexpression may be related to pathology caused by
the mutant protein. Alternatively, overexpression of the
mutant A17 protein may fail to protect against age-related
atrophy, as does overexpression of the wild-type A10
protein in laryngopharyngeal muscles. Taken together,
these data indicate that variable effects of both age and
disease occur in the different regions of the pharynx.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Differential effects of age and overexpression of
either wild-type A10 or mutant A17 polyadenylate
binding nuclear protein 1 on swallowing

Considering the presence of pharyngeal muscle atrophy
with ageing in wild-type mice (Fig. 3), we next
hypothesized that swallowing may be impacted by ageing.
Currently, no assays exist for directly measuring the
pharyngeal phase of swallowing in mice. Therefore, as an
indirect test of pharyngeal function, we utilized an assay
that analyses the oral phase of swallowing (Lever et al.
2009, 2010). In this assay, food and water were withdrawn
from mice for 14-16 h. Upon reintroduction of food and
water, mice were digitally recorded to visualize individual
lick episodes (Fig. 6A, Supp. Video 1). Lick rates, defined as
the number of licks/second, were quantified for wild-type
FVB mice at 6, 18 and 24 months of age (Fig. 6B). At
24 months of age, a 9.5% decrease in lick rate occurred
in wild-type mice (Fig. 6B). We then tested whether age
also affects swallowing in A10-WT or A17-MUT mice.
Surprisingly, A10-WT mice demonstrated no significant
change inlick rates either at 18 or 24 months of age (Fig. 6C
and D). However, at 18 and 24 months of age, A17-MUT
mice exhibited decreases in lick rates of 5.9% and 7.2%,
respectively, when compared to the A17-MUT 6-month
baseline (Fig. 6D).

We then tested whether wild-type A10 PABPN1 over-
expression provides a protective effect for lick function
as was observed in laryngopharyngeal muscle growth
(Fig. 4). Therefore, we compared lick rates of A10-WT
mice to wild-type mice to determine if increased levels of
wild-type A10 PABPN1 significantly altered the ability to
swallow. No difference was observed between wild-type
and A10-WT lick rates at 6 months of age (Fig. 6C).
However, A10-WT lick rates were increased, relative to
wild-type mice, at both 18 and 24 months of age by 6.2%
and 7.3%, respectively.

Finally, we compared the lick rates of A17-MUT mice
to the A10-WT overexpression control mice at each time
point to determine if mutant A17 PABPNI1 expression
alters swallow function. No difference in lick rate was
observed at 6 months of age (Fig. 6 D). However, A17-MUT
lick rates were impaired relative to A10-WT mice at both
18 and 24 months of age by 8.8% and 6.5%, respectively
(Fig. 6D). No significant differences in lick rates were
observed in A17-MUT mice at any age when compared
to wild-type mice (data not shown). The decrease in lick
rates observed in A17-MUT mice relative to A10-WT mice
could be due to a failure of mutant A17 PABPNI to rescue
age-related dysphagia. Together these data demonstrate
that mice develop impaired swallow function both with
age and mutant A17 PABPN1 overexpression, while over-
expression of wild-type A10 PABPNI1 provides a protective
effect against age-related dysphagia in mice.
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Discussion

Dysphagia is a debilitating condition that affects milli-
ons of individuals (Robbins ef al. 2002), yet little is
known about basic pharyngeal muscle biology. Here we
utilized a mouse model system to investigate pharyngeal
muscles. With age, both pharyngeal muscle atrophy and
oral dysphagia developed in wild-type mice. Interestingly,
overexpression of wild-type A10 PABPN1 provided
protection against the development of age-related
dysphagia. Furthermore, we observed differential
susceptibility of various pharyngeal muscles to over-
expression of either wild-type or mutant A17 PABPN1
in age-related muscle growth and atrophy.

Murine pharyngeal myofibres are composed of type I
and neonatal myosin heavy chain

In all murine pharyngeal muscles examined, the pre-
dominant myofibre types were fast twitch type II

M. E. Randolph and others
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myofibres with no evidence of slow twitch type I myofibres.
In contrast, human cricopharyngeal muscle contains a
layer of type I myofibres closest to the mucosal epithelium
and an outer layer of type II myofibres (Mu & Sanders,
2002; Mu et al. 2007). The type I myofibres provide
the tonic force for maintaining closure of the upper
oesophageal sphincter (Davis et al. 2007). Interestingly
in murine cricopharyngeal muscle, we observed an inner
layer of myofibres expressing neonatal MHC, instead of
type I MHC. Other adult craniofacial muscles in mice
also express neonatal MHC, such as extraocular muscles
(Wieczorek et al. 1985), inner ear muscles (Scapolo ef al.
1991), sternocleidomastoid muscles (McLoon, 1998) and
masseter muscles (Butler-Browne et al. 1988; Bredman
et al. 1992). Myofibres expressing neonatal MHC have
decreased shortening velocities and strength (Johnson
et al. 1994), hence they are more similar to slow twitch
myofibres than to fast twitch. Thus, the neonatal MHC
myofibre layer in murine cricopharyngeal muscle is
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Figure 5. Overexpression of 17-alanine-expanded PABPN1 is deleterious to myofibre size only in specific

regions of the pharynx

Histogram plots are shown for myofibre CSA from the naso-, oro- and laryngopharyngeal regions of A10-WT and
A17-MUT mice at 2, 12 or 24 months of age. Data from A10-WT mice in Fig. 4 are shown again for comparison. At
2 months of age, myofibre CSA majorly decreased in the laryngopharynx of A17-MUT mice while CSA minimally
changed in the naso- and oropharynx. At 12 months of age, major decreases in A17-MUT myofibre CSA occurred
in the oro- and laryngopharynx. A pronounced lack of growth occurred in the A17-MUT oropharynx from 2 to 12
months. At 24 months of age, no major differences in myofibre CSA were observed in any pharyngeal region. P
values are indicated in plots with significant differences in myofibre CSA. n = 609-2591 myofibres; three to five
mice per genotype and time point. A10-WT, wild-type A10.1 PABPN1 overexpression transgenic mouse; A17-MUT,
mutant A17.1 PABPN1 overexpression transgenic mouse; CSA, cross-sectional areas; PABN1, polyadenylate binding

nuclear protein 1.
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probably functionally analogous to the slow twitch inner
myofibre layer of humans.

Postnatal growth and age-related atrophy of murine
pharyngeal muscles

In wild-type mice, postnatal muscle growth occurred
in muscles of the naso- and oropharynxes followed
by late-life muscle atrophy, consistent with age-related
muscle growth and atrophy of limb muscles in
humans (Aherne et al. 1971; Lexell et al. 1988; Wada
et al. 2003). However, muscles of the laryngopharynx
reached maximum size in this study by 2 months of
age and exhibited muscle atrophy by 12 months of age.
These findings point to unique regulatory mechanisms
underlying growth of murine laryngopharyngeal muscles
in their role as pharyngeal constrictors. To date, post-
natal muscle growth in the human laryngopharynx has
not been assessed; therefore, whether early onset of
laryngopharyngeal muscle atrophy also occurs in humans
is unknown. Further studies examining the cellular and
molecular mechanisms regulating the differential growth
of pharyngeal muscles could provide valuable insights into

Differential effects of age and disease on pharyngeal muscles
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region-specific differences underlying age-related muscle
atrophy of the pharynx.

Wild-type A10 polyadenylate binding nuclear protein
1 overexpression enhances myofibre growth in the
laryngopharynx

Davies et al. (2008) previously demonstrated that
wild-type A10 PABPN1 overexpression in limb muscles
protected against OPMD-related apoptosis and strength
loss in A17-MUT mice. We observed that overexpression
of wild-type A10 PABPNI1 alone provided a protective
effect on myofibre growth of pharyngeal muscles in a
region-dependent manner. Wild-type A10 PABPNI1 over-
expression enhanced myofibre size in all pharyngeal
muscles at 2 months of age, but surprisingly,
protected against age-related muscle atrophy only
in laryngopharyngeal muscles. These data show that
wild-type A10 PABPN1 overexpression differentially
affects mechanisms underlying myofibre growth of
pharyngeal muscles in vivo. Interestingly, recent studies
of the vastus lateralis muscle indicate decreased levels of
PABPNI1 mRNA in the context of both muscle ageing and
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Figure 6. Overexpression of WT A10 PABPN1 protects against age- and muscular dystrophy-related

dysphagia

A, single lick episode is depicted using still frames from a representative lick assay video. White arrowheads highlight
the extension and retraction of the tongue. B-D, quantification of lick rates of WT, A10-WT or A17-MUT mice at
6, 18 and 24 months of age. Data are means & SEM from 3 to 13 mice. B, WT lick rates significantly decreased at
24 months of age (*P < 0.05). C, overexpression of WT A10 PABPN1 provided a protective effect on lick rates at
both 18 and 24 months of age (P < 0.05) when compared to WT mice at these time points. Data from WT and
A10-WT mice. D, lick rates of A17-MUT mice significantly decreased at 18 and 24 months of age (*P < 0.05) and
were significantly impaired at these time points compared to A10-WT mice (*P < 0.05). A10-WT, wild-type A10.1
PABPN1 overexpression transgenic mouse; A17-MUT, mutant A17.1 PABPN1 overexpression transgenic mouse;
PABN1, polyadenylate binding nuclear protein 1; WT, wild-type.
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OPMD in humans (Anvar et al. 2013; Raz et al. 2014),
suggesting a connection between disease and diminished
PABPNI1 levels in certain muscles. Our studies suggest that
alleviating age- or OPMD-related PABPN1 loss with over-
expression of wild-type A10 PABPN1 could potentially
prevent muscle loss in the human laryngopharynx and
ameliorate one of the most devastating symptoms of
OPMD.

Myofibre size in the muscles of the laryngopharynx in
the A10-WT was associated with an increased number
of centrally located nuclei in myofibres. Neither the
enhanced size phenotype nor the corresponding increase
in the number of central myonuclei was observed in
any other pharyngeal region of A10-WT mice. Two
mechanisms could account for the presence of the centrally
located myonuclei, either (1) ongoing basal myogenesis,
or (2) regeneration due to focal myofibre injury. Other
craniofacial muscles, such as the extraocular muscles,
undergo continuous myofibre remodelling and contain
a population of proliferative myogenic precursor cells
(McLoon & Wirtschafter, 2002 , 2003; McLoon et al.
2004; Wirtschafter et al. 2004). If pharyngeal muscles have
a similar myogenic precursor population and undergo
myofibre remodelling, wild-type A10 overexpression in
the laryngopharynx may selectively enhance the myogenic
potential of these cells, thereby increasing the incidence of
central myonuclei present in the A10-WT laryngopharynx.
Alternately, the continuous tonic demand of the inferior
pharyngeal constrictor may result in focal myofibre
damage not detected in sections leading to local muscle
regeneration and an increase of centrally located myo-
nuclei. Further studies are needed to distinguish between
these two possibilities.

Pharyngeal location results in variable sensitivity to
mutant A17 polyadenylate binding nuclear protein 1
overexpression

Using the A17-MUT OPMD mouse model (Davies et al.
2008), we analysed the effects of mutant A17 PABPN1
overexpression on pharyngeal muscle growth. Mutant
A17 PABPN1 overexpression adversely affected myo-
fibre size in both the oro- and laryngopharynx at both
2 and 12 months of age relative to overexpression of
wild-type A10 PABPNI1. However, by 24 months of
age, A10-WT oro- and laryngopharyngeal myofibres
underwent atrophy and demonstrated a similar myo-
fibre distribution as the A17-MUT animals, suggesting
that age-related changes eventually nullified the positive
growth effect of wild-type A10 PABPN1 overexpression
in the oropharynx. Meanwhile, minimal to no effect of
mutant A17 PABPN1 on myofibre size was observed in the
palatopharyngeus of the nasopharynx regardless of age.
Despite the fact that the palatopharyngeal muscle spans
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both the nasal and oral pharynxes, impairment of muscle
growth was only observed in the oropharyngeal region of
the palatopharyngeal muscle in 12-month-old A17-MUT
mice. Regional differences in the effect of mutant A17
PABPN1 on myofibre size within the palatopharyngeal
muscle are probably related to the unique functional
demands of the oral versus the nasal pharynx. In the
nasal pharynx, the palatopharyngeus merges with the
stylopharyngeus and salpingopharyngeus to elevate the
soft palate cranially and caudally as one collective unit.
However, in the oral pharynx, the palatopharyngeal
muscle splits into two separate heads that are no longer
associated with the soft palate. This anatomical division
of the palatopharyngeus within the oropharynx could
exert unique physiological demands on these muscles
and contribute to the region-dependent sensitivity of
the palatopharyngeus to mutant A17 PABPNI over-
expression. Interestingly, overexpression of mutant A17
PABPNI affected the muscles of the laryngopharynx in a
different manner. While overexpression of wild-type A10
PABPNI1 increased myofibre size at all observed ages, no
increase was observed upon overexpression of mutant A17
PABPNI, which could indicate that the alanine expansion
in mutant A17 PABPNI1 disrupts its ability to enhance
growth. Muscles of the laryngopharynx are adversely
affected in patients with OPMD (Blakeley et al. 1968;
Montgomery & Lynch, 1971; Dayal & Freeman, 1976; Little
& Perl, 1982; Périé et al. 2006), yet it is unknown whether
oropharyngeal muscle growth is adversely affected with
mutant PABPNI1 expression in humans. Studies assessing
oropharyngeal muscle growth in patients with OPMD
are needed to assess whether oropharyngeal muscles
would also be viable therapeutic targets for treating
OPMD-related dysphagia.

Overexpression of wild-type A10 polyadenylate
binding nuclear protein 1 prevents the development
of age-related dysphagia

Because no direct assays for measuring pharyngeal swallow
function were available, we utilized an established oral
dysphagia model that analyses lick rates (Lever et al. 2009,
2010) to assess indirectly the effects of ageing and muscular
dystrophy on pharyngeal function. We observed that both
the wild-type and A17-MUT mice developed dysphagia
with age; however, muscle-specific overexpression of
wild-type A10 PABPNI1 protected against age-associated
impairments in swallowing. Given that wild-type A10
PABPNI overexpression protects against both age- and
OPMD-dependent decreases in swallow function, as well
as myofibre size, the development of therapies directed
at modulating region-specific PABPN1 expression in
dysphagic patients might be indicated.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Summary

We demonstrate that murine pharyngeal muscles exhibit
unique phenotypes in response to ageing and muscular
dystrophy related to their location within the pharynx.
The pronounced protective effects from muscle-specific
wild-type A10 PABPN1 overexpression on pharyngeal
muscle growth and swallow function emphasize the
integral role of pharyngeal muscles in swallow physio-
logy. Additionally, our studies suggest mice are an
excellent model organism in which to study molecular
mechanisms underlying the changes in pharyngeal
muscle physiology that occur with ageing and disease.
Given the availability of numerous mutant and trans-
genic mice, future studies addressing the molecular
and cellular biology of pharyngeal muscle could
lead to new therapeutic options for individuals with
dysphagia.
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