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Abstract
Age-related tongue weakness may contribute to swallowing deficits in the elderly. One
contributing factor may be an alteration in muscle fiber type properties with aging. However, it is
not clear how muscle fiber types within the aged tongue may vary from those found in young
adults, or how fiber types may vary across the anteroposterior axis of the extrinsic tongue muscles.
We examined myosin heavy chain (MHC) composition of anterior, medial, and posterior sections
of the genioglossus muscle (GG) in 10 old male Fischer 344/Brown Norway rats and compared
findings to previously reported data from young adult male rats. Significant differences (p< .01)
between young adult and old rats were found in the distribution of MHC isoforms along the
anteroposterior axis of the muscle. In the anterior, medial, and posterior regions, there was a
significantly smaller proportion of type IIb MHC in the old rat GG muscles, while the proportion
of type IIx MHC was significantly greater. In the medial region, the proportion of type I MHC was
found to be significantly greater in the old rats. Thus, we found a shift to more slowly contracting
muscle fibers in the aged rat tongue.
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Introduction
The tongue plays a vital role in swallowing by serving as a major contributor to three of the
four phases of the swallow [1]. Due to the complex nature of deglutition, it is possible that
even seemingly small changes to the tongue musculature may result in a disruption of
swallowing function. Therefore, it is important to understand the manner in which
characteristics of the tongue musculature may change as a function of aging or disease as a
precursor to the study of potential interventions.

Loss of muscle mass and strength and increased fatigability are phenomena associated with
aging in skeletal muscle systems and have been linked to functional changes such as reduced
maximal and specific force in the limb musculature [2–5]. Similar changes may occur in the
cranial musculature involved in swallowing, but have not been sufficiently studied. Cranial
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muscle changes with aging are suspected because several studies have reported age-related
changes in swallow actions [6–15]. In particular, these studies have found that older
individuals swallow more slowly, with longer durations in the oral and pharyngeal stages of
the swallow, during which the tongue plays a major role. As such, temporal parameters of
muscle contraction in the tongue may be altered as a function of aging, and these alterations
may be a factor in the longer swallowing durations observed in elderly people.

One possible etiology for age-related tongue weakness may be a shift from rapidly-
contracting muscle fibers to more slowly contracting muscle fiber types. A number of
studies have shown that there is a change in MHC isoform distribution and muscle fiber type
in skeletal muscles with age [16–19]. Specifically, an increase in more slowly-contracting
muscles fibers and slow MHC isoforms has been reported, along with a decrease in more
rapidly-contracting fibers and fast MHC isoforms [18,19]. These studies have focused on
MHC isoform distribution within the muscle because MHC type is closely associated with
muscle contraction speed [20,21,22]. However, specific changes to MHC isoform
distribution and other structural and physiological properties have not been as widely
studied in cranial muscles [23]. Further study of MHC isoform distribution in the tongue
musculature, and changes due to aging, is needed because cranial muscles may not respond
to aging in the same manner as other skeletal muscles [24,25,23].

It was shown in the young adult rat that MHC isoform distribution varied across the
anteroposterior axis of the genioglossus muscle (GG), the main muscle of tongue protrusion.
Specifically, more rapidly contracting muscle fibers (associated with type IIb MHC
isoforms) were found in the posterior portion of the GG [26]. It is not known if MHC
isoform distribution in the old rat tongue varies along the anteroposterior axis in a manner
similar to that found previously in young adult animals [26]. If differences are found in
anterior, medial, and posterior GG muscle fibers in old versus young adult rats, then
inferences may be made and hypotheses developed regarding biological properties
underlying the complex motor control patterns observed during deglutition in the elderly.

To determine the manner in which aging affects the distribution of MHC characteristics
along the anteroposterior axis of the GG muscle, myosin heavy chain composition was
examined in aged rats. Our hypothesis was that statistically significant differences would be
found in MHC isoform distribution along the anteroposterior axis of the GG muscle in the
aged rat. It was further hypothesized that these differences would not be reflective of a
greater proportion of more rapidly contracting muscle fibers in the posterior tongue, as had
been found in young adult rat GG muscles [26]. Therefore, the purpose of this study was to
investigate MHC isoform distribution along the anteroposterior axis of the GG in the aged
rat tongue to gain insight into changes in muscle biochemistry that might underlie muscle
weakness and fatigue in the aged tongue.

Materials and Methods
Protocols used in a prior study by Volz et al. (2007) were followed to ensure that data from
the present study from aged rats could be directly compared with data from the young adult
rats collected and reported by Volz et al.

Experimental Animals and Surgical Procedures
Ten aged male (32 months old) Fischer 344/Brown Norway rats, genetically identical to the
rats used by Volz et al. (2007), were anesthetized with an intraperitoneal injection of
ketamine hydrochloride (70 mg/kg) and xylazine hydrochloride (7 mg/kg) and then
euthanized with a 0.2-mL intracardiac injection of phenytoin sodium. Under a Zeiss surgical
microscope, the GG muscles were identified, harvested, and dissected. Once the GG muscle
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was harvested, it was cut into three equal sections; the anterior, medial, and posterior
sections (Figure 1). A total of 60 sections were collected, 30 sections from the right side of
the animals and 30 sections from the left. The samples were snap-frozen in liquid
methylbutane chilled in liquid nitrogen immediately following the dissection. The muscles
sections were stored at −80 degrees Celsius until they were ready to be prepared.

Muscle Section Preparation
The sections of the anterior, medial, and posterior GG muscle blocks were cut into 60 μm
serial sections using a cryostat. Muscle sections were mounted on microscope slides.
Freehand dissection under a stereomicroscope was performed with 27-gauge stainless-steel
needles to remove excess adipose, connective and nerve tissue. Once the extra material was
removed, the small bundle of muscle fibers was isolated and broken down into smaller
pieces with the needle. Each specimen was placed in 20 mL of sample buffer (15% glycerol,
1% sodium dodecyl sulfate, 62.5 mmol/L Tris, 15 mmol/L dithiothreitol, 0.75 mmol/L
leupeptin, 0.0625% bromophenol blue), centrifuged at 14,000 rpm for 1 min, homogenized
in an ultrasonic bath for 25 minutes, centrifuged again for 1 min, diluted five times in
sample buffer and stored at −80 degrees Celsius until SDS-PAGE gels were run.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
Muscle samples were centrifuged and then diluted 10, 20, and 40 times in sample buffer to
achieve a working range of protein concentrations. In addition, soleus muscle, a
predominately slow twitch muscle in the rat, was diluted in sample buffer and loaded in the
gel to serve as a control for the type I MHC isoform. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed with a 0.75-mm-thick 6%
acrylamide/30% glycerol separating gel (18 cm × 16 cm) and a 4% acrylamide/30% glycerol
stacking gel, using the Hoefer SE 600 system (Amersham Biosciences, Piscataway, NJ). The
running conditions were set at 275 V, 40 mA, and 15 W for 24 hours at 10 degrees Celsius.
The gels were stained using SilverQuest Silver Staining Kit (Invitrogen, Carlsbad, CA) and
developed to visualize protein bands. As previously demonstrated, individual MHC isoforms
were identified according to increasing electrophoretic mobility as follows: IIa < IIx < IIb <
I [27].

Western Blotting
To further identify the location of the individual MHC isoforms within the SDS-PAGE gel,
an immunoblotting procedure was performed. Once the electrophoresis was finished, the
proteins were transblotted onto a Polyvinylidine Fluoride (PVDF) membrane at 100mA
overnight at 4° C, according to a previously established method [28]. Following the transfer,
the blot was incubated in blocking buffer consisting of TBS and 5% nonfat milk for 2 hours
at room temperature. Then the blot was incubated with each of the primary antibodies
separately overnight at 4° C. Four monoclonal antibodies specific to each MHC isoform
were used to identify each protein band in the SDS-PAGE gel. SC-71 was used to identify
the type IIa isoform, 6H1 was used to identify the type IIx isoform, BF-F3 was used to
identify the type IIb isoform, and BA-D5 was used to identify the type I isoform [29,30]. All
antibodies used (supernatant form) were obtained from the Developmental Studies
Hybridoma Bank developed under the auspices of the NICHD and maintained by The
University of Iowa, Department of Biology. The secondary antibodies used were peroxidase
labeled anti-mouse IgG for SC-71 and BA-D5 (Bio-Rad) and peroxidase labeled anti-mouse
IgM for 6H1 and BF-F3 (Invitrogen). Enhanced chemoluminescence (ECL) was used to
detect antibody binding (Thermo-Scientific). Following detection of each individual MHC
isoform with each monospecific monoclonal antibody, membranes were stripped in a
solution containing 7% beta-mercaptoethanol, 2.5% SDS and 63 mmol/L Tris (pH 6.7) for 1
hour at 65° C [28]. After stripping, the membrane was incubated in the next monoclonal
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antibody followed by the secondary antibody, until all four antibodies were detected in a
single membrane. Due to the small percentage of the type I isoform in the GG muscle
(<2%), the soleus muscle, a primarily slow twitch muscle in the rat, was used to further
verify the location of the type I isoform within the gel. All other isoforms were located in
the GG muscle alone (Figure 2). The results of these immunoblotting experiments confirm
that individual MHC isoforms can be identified within a SDS-PAGE gel according to
increasing electrophoretic mobility as follows: IIa < IIx < IIb < I, as has been shown in
previous research [27].

Data Analysis
Densitometry was performed on individual silver-stained gels using a flatbed scanner and
computer-assisted image analysis (UN-SCAN-IT gel) to determine the percentages of MHC
isoforms in each channel of the gel. Individual variability in gel development was accounted
for by subtracting the average number of pixels of the gel background from the average
number of pixels of each band, in order to control for varying background densities. The
image analysis program used by Volz et al. (2007) was Scion Image 1.62, which was used to
perform densitometry analyses and also measured the density of protein bands on the gel.

To assess the reliability of the data analysis method and to control for individual variation in
the selection and definition of each of the MHC bands in a given gel channel, a second
analysis was performed on 50% of the gels. The second analysis was conducted by the
second author who was familiar with the UN-SCAN-IT gel program and was trained in this
specific data analysis technique. The second set of measurements was made without
reference to or knowledge of the initial set of measurements. Reliability was measured using
an interclass correlation coefficient test.

The proportions of MHC isoforms within the anterior, medial, and posterior GG were
compared using a Wilcoxon matched-pairs signed-ranks test. Results from old animals in
this study were compared with previously reported results in the young adult rat from Volz
et al. (2007), using a Wilcoxon rank sum test. A critical α-level of 0.01 was used to
determine statistical significance.

Results
Reliability

Intraclass correlation coefficients for repeated densitometry measurements were 0.96 for
type IIa, 0.89 for type IIb, 0.88 for type IIx, and 0.79 for type I. Accordingly, reliability of
measurement was good to excellent.

Myosin Heavy Chain Characteristics in Old GG Muscles
As shown in Figures 3 and 4, type IIx MHC was predominant in the anterior, medial, and
posterior regions of the old GG muscle followed by IIa, then IIb, then type I. Only one
significant difference in MHC composition was found along the anteroposterior axis of the
aged rat GG muscle. Specifically, the anterior GG contained a significantly greater
proportion of type IIa MHC (p = 0.004) than the posterior region, but did not differ
significantly from the medial region (p=.43). There were no statistically significant
differences across regions in the proportion of type IIx, type IIb, or type I MHC isoforms.

Comparison of Old and Young GG Myosin Heavy Chain Composition
Significant differences were found in the distribution of MHC isoforms along the
anteroposterior axis of the GG muscles obtained from old and young adult rats. In the
anterior, medial, and posterior regions, there was a significantly smaller proportion of type
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IIb MHC in the old rat GG muscles (p = 0.0002; p = 0.0002; p = 0.0003, respectively), while
the proportion of type IIx MHC was significantly greater (p = 0.0004; p = 0.0013; p =
0.0008, respectively). In the medial region alone, the proportion of type I MHC was found to
be significantly greater in the old rats (p = 0.006). No significant differences were found in
type IIa (Figure 5).

Discussion
The hypothesis of this study was that statistically significant differences would be found in
MHC isoform distribution along the anteroposterior axis of the GG muscle in the aged rat,
but that these differences would not reflect a greater proportion of more rapidly contracting
muscle fibers in the posterior tongue, as has been found in young adult rat GG muscles [26].
The results of this study allow us to accept this hypothesis.

In old rats, we found that the proportion of type IIa MHC was significantly greater in the
anterior portion of the GG versus the posterior portion, thus demonstrating a change in the
biochemical properties of the muscle when different regions were compared. The type IIa
MHC is associated with the most slowly contracting of the Type II myosins, therefore, these
findings are associated with a greater proportion of more slowly contracting, fatigue-
resistant muscle fiber types in the anterior tongue.

It is notable that there was not a significant difference in the proportion of type IIb MHC
across regions of the GG muscle in old rats. The type IIb MHC isoform is associated with
the most rapidly contracting muscle fibers. Thus, as hypothesized, aged rat GG muscles did
not demonstrate a greater proportion of more rapidly contracting muscle fibers in the
posterior tongue, as evidenced in prior research of the GG muscle in young adult rats [26].

In the aged rats in this investigation, a shift toward more slowly contracting muscle fiber
types, across all regions of the GG, was observed when compared with data from young
adult rats studied previously [26]. That is, there was a significant increase in the mean
proportion of type IIx MHC, and a decrease in the type IIb MHC in the old rats compared
with the young adult rats. Volz and colleagues [26] suggested that regional differences in the
distribution of MHC isoforms may be related to functional differences. It was suggested that
the more slowly contracting, but oxidative and fatigue-resistant MHC isoforms found in the
anterior portion of the GG were potentially beneficial for the sustained muscle contractions
needed to carry out early accommodation of the bolus, while the more rapidly contracting
MHC isoforms found in the posterior tongue were necessary for rapid propulsion of the
bolus in the later phases of the swallow. These hypotheses were supported by the fact that
the posterior portion, and not the anterior portion of the GG, has been found to be active
during the later phases of the swallow [31]. If a shift toward more slowly contracting
isoforms in the posterior portion of the GG muscle is also found in humans, and in other
muscles involved in the oropharyngeal swallow, some of the physiological changes
observed in the aged swallow, such as an increased pharyngeal transit time, may be partially
explained.

In the current study, we reported the presence of the type I MHC isoform within the anterior,
medial, and posterior sections of the GG muscle. This finding was unexpected because
previous work in the rat lingual muscles, in particular the genioglossus, found almost
entirely fast-twitch or Type II muscle fibers [32]. However, this prior study was conducted
with young rats. Based on the findings of the current study, it appears that the type I isoform
is present in small quantities in the aged rat tongue. More investigation is required to better
understand the physiological implications of the type I isoform in the aged rat tongue
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muscles in the current study and to determine how this finding relates to aging lingual
muscles in humans.

Differential representation of muscle phenotypes along the anteroposterior axis of the tongue
may reflect adaptation to different motor control demands. That is, the anterior versus
posterior tongue may have different roles in goal-directed movements, such as bolus
manipulation and propulsion during the swallow. For example, in an electromyographic
study in humans, the posterior portion of the GG was active in tongue-to-palate pressure
generation, while the anterior portion of the GG was not [31]. The difference in activation in
separate regions of the GG muscle may be explained by the complex neuromuscular
organization of the GG muscle. The GG muscle may contain at least two separate
neuromuscular compartments, horizontal and oblique, each with different muscle fiber
insertion points and innervation patterns. In the horizontal compartment the nerve fibers
extend throughout the whole length of the muscle, while in the oblique compartment the
nerve fibers form a grid-like pattern [33]. The distinct and separate neuromuscular
compartments in the GG muscle may account for the differences in MHC isoform
distribution found in different regions of the GG muscle because innervation patterns may
be associated with the maintenance and establishment of specific muscle fiber types [34]. As
such, small changes to innervation patterns along the anteroposterior axis of the GG muscle
may contribute to the varied distribution of MHC isoforms within the GG muscle.

Clinical Implications
In young adult rats, it was hypothesized that the varied distribution of MHC isoforms along
the anteroposterior axis of the GG may assist with performance of the complex tongue
movements necessary for deglutition [26]. In particular, the predominance of more rapidly-
contracting muscle fibers (associated with type IIb MHC isoforms) in the posterior portion
of the GG may be necessary for rapid propulsion of the bolus, whereas more fatigue
resistant oxidative fibers (associated with type IIa MHC isoforms) may be necessary in the
anterior portion of the GG to perform repetitive movements during bolus manipulation in the
initial preparatory portion of the oral swallow [26]. The shift to more slowly contracting, but
oxidative and therefore fatigue-resistant, MHC isoforms seen in the posterior portion of the
GG in aged rats may have interesting physiological implications in regards to the aging
swallow. It has been shown that older individuals swallow more slowly thereby increasing
the length of their mealtimes, and thus the act of eating a meal may be considered an
endurance event [35,36]. Therefore, if a shift to more fatigue-resistant fibers in the posterior
tongue is present in the muscles of elderly individuals, there may be increased fatigue
resistance during mealtimes. However, the loss of rapidly contracting fibers in the posterior
tongue may reduce an elderly individual’s ability to rapidly propel the bolus into the
pharynx. As such, the occurrence of the types of biochemical changes found in our study
with aging in GG muscle may suggest that speed is sacrificed in the interest of preserving
endurance. While a reduction in speed may not have a significant effect on the swallow of
healthy elderly individuals, it may provide functional complications for individuals with
neurologic or respiratory pathology, because they may not have the functional reserve and
normal coordination necessary to compensate for the additional deficits associated with
secondary disease processes [6,8,37,38,39].

We have speculated that the changes in MHC composition reported here with aging and
across the anteroposterior axis of the GG muscle of the rat may be used to explain, in part,
facets of altered muscle actions associated with swallowing in elderly people. However, it is
equally plausible that biochemical changes found in the GG muscle may be the product of,
and not the cause of, age-related alterations in swallowing behaviors. Although there have
been no studies that address the issue of causation directly, previous studies involving
immobilization of the hindlimb musculature to model age-related disuse or reduction in use
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suggest that predominately fast contracting limb muscles, like the extensor digitorum longus
(EDL) muscle, respond differently to disuse than to aging alone [40]. In particular, hindlimb
immobilization was not found to cause changes in the properties of the EDL muscle, while
age related changes to the EDL were reported in the absence of disuse [40]. In addition it
has been shown that there is a reduction in limb strength and muscle mass in elderly
individuals that cannot be correlated with a reduction in physical activity alone [41]. These
results suggest that while behavioral factors, such as disuse, may contribute to changes in
muscle strength and function, it also appears that separate and unique biochemical changes
occur as a result of aging in the absence of disuse. Future studies that combine measurement
of message, protein and function or physiology may be able to employee designs to address
this issue more directly.

Limitations and Future Directions of the Study
The comparisons of young adult versus old animals made during this study should be
interpreted with caution due to a few study limitations. First, due to the length of time
between data collected from the young adult and old animals, animal batch differences may
have occurred. Thus, although animals in the two studies were genetically identical there
maybe slight differences in animal care and other factors between the two cohorts. As such,
it is difficult to be absolutely certain that age is the only factor affecting MHC isoform
composition within these two groups. Secondly, due to the fact that the gels from the studies
were run at separate times, it is possible that different gel running conditions may have
affected the density measures used to analyze the two gel groups. However, the
normalization procedure of comparing the proportion of each MHC isoform within a given
gel channel using the background of each channel as a control measure, does help to
eliminate possible confounding gel running conditions. Based on the fact that the animals
were genetically identical and as a result of the normalization procedure, these limitations
are minor and have only a remote chance of influencing the findings of the study. The
benefit of using existing data for the young adult GG muscles, and thus not euthanizing an
additional group of control animals unnecessarily, outweighed these potentially minor
limitations.

The results of the current study have provided new information on normal aging changes
that occur in swallowing musculature in an animal model. If these muscular changes occur
in humans, they could partially explain one possible mechanism of age related decline in
muscle mass, strength, and fatigue in the tongue musculature, which has been linked to
swallowing difficulties in the elderly population [42]. Specifically, our results indicated a
change in the myosin heavy chain distribution of the GG muscle in aged rats, which is a
strong determinant of muscle fiber type, particularly in the posterior portion of the muscle.
These results may be physiologically important during the swallow because the posterior
portion of the GG is active during generation of the tongue-to-palate pressure needed to
carry out a normal pharyngeal swallow [31]. Thus a shift to more slowly contracting muscle
fibers in the posterior portion of the GG may contribute to tongue-related swallowing
difficulties in the elderly. Continued research, however, is needed to further define the
manner in which changes in muscle fiber composition are associated with the functional
complications seen in the elderly swallow.
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Figure 1.
Sagittal schematic of the genioglossus (GG) muscle in the adult rat. The muscle is sectioned
to illustrate anterior, medial, and posterior GG regions (courtesy of Dr. Hiromi Nagai).

Schaser et al. Page 10

Dysphagia. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Identification of myosin heavy chain (MHC) isoforms with Western blotting technique in
the genioglossus (GG) and soleus muscle of the rat. The soleus, a muscle composed of
predominantly type I MHC, is provided as a control to demonstrate accuracy of
identification of type I MHC. In the first lane from the left in the panel, MHC isoforms (IIa
and I) from a protein stained gel from the soleus muscle. In the second lane in the panel,
MHC isoforms (IIa, IIx, IIb, I) from a protein stained gel from the GG muscle. In the next
four lanes, Western blots of the four MHC isoforms in the GG muscle stained with
monoclonal antibodies SC-71 for type IIa, 6H1 for type IIx, BF-F3 for type IIb, and BA-D5
for type I. Arrow indicates the small percentage of type I found in the GG muscle. In the
final column of the panel, Western blot of MHC isoform type I in the soleus muscle stained
with BA-D5.
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Figure 3.
Representative silver-stained SDS-PAGE gels from one animal. Varying myosin heavy
chain isoform distribution in genioglossis (GG) muscle regions is shown. The anterior GG
contained a significantly greater proportion of type IIa than the posterior (p<.01), but not the
medial. No other significant differences were found.
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Figure 4.
The percent of type IIa, type IIx, type IIb and type I myosin heavy chain (MHC) isoforms in
the genioglossus (GG) muscles from old rats. Type IIx MHC predominated in the anterior,
medial, and posterior regions of the GG muscle, followed by IIa, IIb, and type I. The
proportions of MHC isoforms within the anterior, medial, and posterior GG were compared
using a Wilcoxon matched-pairs signed-ranks test. A significantly greater proportion of type
IIa MHC was found in the anterior GG versus the posterior GG (p <.01). Error bars
represent standard deviation. GGa= anterior, GGm= medial, GGp=posterior.
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Figure 5.
Percentage of myosin heavy chain (MHC) in young adult rats (from Volz et al., 2007) and
old rats from the present study. Type IIx was found to be significantly greater in old rats,
while type IIb was found to be significantly greater in young rats, across all regions (p<.01).
Error bars represent standard deviations.
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