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Abstract

Objective—This study sought to examin effects of age and tongue exercise on the posterior 

digastric (opener) and the temporalis (closer). We hypothesized 1) age would result in differing 

morphological (cross sectional area) and biochemical (myosin heavy chain isoform) components 

of these muscles; 2) tongue exercise would result in coactivation of these muscles inducing a 

decrease in age-related differences between age groups.

Design—Young adult (9 months) and old (32 months) Fischer 344 Brown Norway rats were 

randomized into a tongue exercise or control group. Post-training, posterior digastric and 

temporalis muscles were harvested and analyzed using: 1) Sodium Dodecyl Sulfate-

Polyacrylamide Gel Electrophoresis (SDS-PAGE) to assess percent myosin heavy chain (MyHC) 

content; 2) Immunohistochemical staining to determine cross sectional area (CSA).

Results—A larger proportion of slowly contracting MyHC isoforms in the posterior digastric and 

temporalis muscles were found in old. No significant main effects for age or exercise in fiber size 

were found in posterior digastric muscle. An interaction between age and exercise for temporalis 

cross sectional area indicated the old exercise group had smaller average cross sectional area than 

all other groups.

Conclusions—Findings suggest that: 1) Increasing age induces biochemical changes in muscles 

of the jaw, specifically showing an increase the proportion of slower contracting MyHC isoforms; 

2) Increasing age and tongue exercise induce a reduction in muscle fiber cross sectional area in the 
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temporalis muscle only. However, continued study of these cranial muscle systems is warranted to 

better understand these changes that occur with age and exercise.
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Introduction

Aging results in progressive decrements in muscle function and can have a negative impact 

on deglutition. (J. P. Newton, Abel, Robertson, & Yemm, 1987; Nicosia et al., 2000; Peyron, 

Blanc, Lund, & Woda, 2004; Roy, Stemple, Merrill, & Thomas, 2007; Schindler & Kelly, 

2002) Age-related dysphagia is associated with reductions in quality of life and potentially 

serious complications such as aspiration pneumonia.(Eisenstadt, 2010; Roy et al., 2007; 

Thein et al., 2009) Swallowing requires the coordination of many muscle groups, including 

those of the jaw and the tongue, which can be affected by sarcopenia (Rosenberg, 1997) and 

associated reductions in muscle strength,(Porter, Vandervoort, & Lexell, 1995; Saitoh et al., 

2007) muscle size, (Rosenberg, 1997) fiber number,(Faulkner, Larkin, Claflin, & Brooks, 

2007) and an increase in muscle fatigue.(Thein et al., 2009) Within the tongue, human 

intrinsic muscles critical to bolus propulsion have been shown to decrease in size.

(Nakayama, 1991) Animal studies have further demonstrated that changes in lingual muscle 

contractile and fiber properties(Schaser, Wang, Volz, & Connor, 2011) result in slower fiber 

contraction.(Nadine P Connor, Ota, Nagai, Russell, & Leverson, 2008)

Muscles of mastication also show reductions in relative cross-sectional area with age.(Galo, 

Vitti, Santos, Hallak, & Regalo, 2006; J. Newton, Yemm, & Menhinick, 1993) Mastication 

involves a series of complex movements in coordination with the tongue that allows for 

bolus formation, saliva mixing, and ultimately initiation of the swallow.(Palmer, Rudin, 

Lara, & Crompton, 1992; Prinz & Lucas, 1997; Saitoh et al., 2007; Schindler & Kelly, 2002; 

Woda, Mishellany, & Peyron, 2006) Specifically, muscles of mastication, including the 

masseter, temporalis, pterygoid, and digastric(McLoon & Andrade, 2012) must act in 

concert with the intrinsic and extrinsic tongue muscles for successful bolus formation and 

swallowing. (Schindler & Kelly, 2002)

Older individuals often swallow more slowly, and for some people there may be a reduction 

in tongue (Machida et al., 2016) and palatal pressure reserves that result in inadequate bolus 

formation and propulsion,(Steele & Cichero, 2014) increasing risk of aspiration.(J. Robbins, 

Levine, Wood, Roecker, & Luschei, 1995) Physiological changes in mastication with aging 

include an increased number of masticatory cycles,(Mioche, Bourdiol, Monier, Martin, & 

Cormier, 2004; Peyron et al., 2004) decreased accuracy of bites,(Ballard, Robin, 

Woodworth, & Zimba, 2001) reduced bite force,(Bakke, Holm, Jensen, Michler, & Møller, 

1990) and decreased jaw opening force.(Iida et al., 2013) These changes may produce less 

efficient particalization of food, resulting in boli that are less comminuted.(Mioche et al., 

2004) The muscles of the tongue and the jaw work together simultaneously to effectively 

prepare and propel a bolus.(K. M. Hiiemae, Hayenga, & Reese, 1995; Hori, Ono, & Nokubi, 

2006; Kakizaki, Uchida, Yamamura, & Yamada, 2002; Naganuma, Inoue, Yamamura, 
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Hanada, & Yamada, 2001) The structure and function of the tongue and jaw muscles are 

mutually impacted by age related decline. (Galo et al., 2006; J. Newton et al., 1993; J. P. 

Newton et al., 1987; Porter et al., 1995)

Treatments for presbyphagia include tongue exercise with the goal of strengthening muscles 

of the tongue and improving palatal pressure generation and bolus propulsion during 

swallowing.(J. Robbins et al., 1995) This treatment has been modeled in our laboratory in 

the rat, which allows study of biochemical and physiological changes that are not possible in 

humans.(N. P. Connor et al., 2009; German, Crompton, Gould, & Thexton, 2017; Kletzien, 

Russell, Leverson, & Connor, 2013; Krekeler & Connor, 2016) We have demonstrated that 

tongue exercise increases generative force capacity in the tongue,(N. P. Connor et al., 2009; 

Kletzien et al., 2013; Krekeler & Connor, 2016) and induces changes in intrinsic tongue 

muscle fiber type. Although muscles of the jaw have been shown to co-activate with muscles 

of the tongue, (Kayalioglu, Shcherbatyy, Seifi, & Liu, 2007; Yamamoto, Matsuo, Fujiwara, 

& Kawamura, 1982) our previous work demonstrated that tongue exercise did not have a 

significant impact on masticatory patterns in rats.(Krekeler & Connor, 2016) However, It is 

not known if tongue exercise induces biochemical changes in the muscles of the jaw that 

were not detected using behavioral measures of mastication. The hypothesis that increased 

tongue strength could impact masticatory function has been supported in the literature. 

Specifically the tongue and jaw coordinate during masticatory functions in bolus preparation 

and transit.(K. M. Hiiemae et al., 1995; Hori et al., 2006; Kakizaki et al., 2002; Naganuma et 

al., 2001) Thus, increased tongue strength could provide better lingual support for 

masticatory functions and improve timing sequelae in both chewing and swallowing.

This gap in knowledge is important to explore because tongue exercise in our model 

approximates tongue exercise treatments used to treat dysphagia in humans. Therefore, to 

gain a full understanding of the potential biological effects of this treatment, we must study 

exercise effects on the cellular level.(German et al., 2017) Because feeding and mastication 

are both critical components of the oropharyngeal swallow, it is necessary to understand the 

implications of tongue exercise on supporting systems in the mascitatory musculature.

In a previous (see: Krekeler & Connor, 2016), we examined behavioral effects of age and 

tongue exercise on masticatory function. The purpose of this follow up study is to examine 

the effects of age and tongue exercise on biochemical and morphologic properties of two 

muscles of mastication, the posterior digastric and the temporalis. The digastric muscle is 

involved in opening of the jaw and the temporalis is involved in jaw closure; together these 

muscles work along with others to form a complete masticatory cycle. We hypothesized that: 

(1) muscle morphology (cross sectional area) and biochemistry (myosin heavy chain isoform 

proportions) would differ in young adult and the old rat groups; specifically, that age would 

be associated with a decrease in cross sectional area and a shift from fast-contracting 

isoforms to more slowly contracting isoforms; and, (2) tongue exercise would induce 

morphometric and biochemical changes in the posterior digastric muscle and the temporalis 

muscle; specifically, that tongue exercise would be associated with a decrease in age-related 

differences between the young adult and old rat groups.(De-Ary-Pires, Ary-Pires, & Pires-

Neto, 2003; K. Hiiemae & Houston, 1971)

Krekeler et al. Page 3

Arch Oral Biol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods

Animal Exercise and Mastication Measure

The University of Wisconsin School of Medicine and Public Health Animal Care and Use 

Committee approved all procedures. Animal subjects were 34 male Fischer 344 Brown 

Norway rats (17 young adult rats [9-months] and 17 old rats [32-months]). Animal training 

and exercise procedures are reported in detail elsewhere.(Krekeler & Connor, 2016) Briefly, 

rats were randomized into control and exercise groups with 9 tongue exercise animals and 8 

control animals per age group. Mastication testing was performed at two time points: before 

exercise training was initiated and at the end of the 8-week training period. Mastication 

testing was performed using a pasta-biting task previously described.(Allred et al., 2008; 

Kane et al., 2011; Plowman et al., 2013; Tennant et al., 2010) The pasta biting task involved 

quantifying number of bites, time to eat, and interbite interval using acoustic signals emitted 

from the rats biting uncooked pasta pieces. After pre-training data were collected, rats 

underwent the tongue exercise program over 8 weeks that involved progressively increasing 

the tongue force required to receive a water reward. Rats underwent a water-restriction 

protocol to provide motivation for pressing the tongue on the disc to receive a water reward. 

Tongue force targets were progressively increased force targets over 8 weeks. This 

progressive increase of force targets in an 8 week training period mirrors the human tongue 

training intervention.(JoAnne Robbins et al., 2005) Post-training pasta biting data were 

collected at completion of 8 weeks of tongue exercise.

Tissue Preparation

Following post-training pasta biting testing, rats were euthanized following anesthesia with 

isoflurane using Beuthanasia via intraperitoneal injection (0.2 cc). The paired posterior 

digastric and paired temporalis muscles were harvested. Each of the paired sides of the 

temporalis muscle were randomized to the myosin heavy chain (MyHC) assay or the muscle 

fiber cross sectional area (CSA) assay. The two paired bellies of the posterior digastric lie 

very closely together and therefore are difficult to separate without tearing. Thus the 

digastric muscle bellies were analyzed together, and were prepared first for CSA analysis, 

then homogenized for MyHC analysis. Tissues to be used for CSA analysis were frozen in 

an optimal cutting temperature (OCT) compound, while tissues bound for MyHC analysis 

were snap frozen in liquid nitrogen. All prepared tissues were kept frozen at −80°C until 

analyzed. All muscles were processed using standard lab protocols for CSA and MyHC 

analysis using the extensor digitorum longus (EDL) and soleus (SO) muscles as control 

tissues.(N. P. Connor et al., 2009)

Myosin Heavy Chain Analysis with SDS-Page

Myosin heavy chain (MyHC) analysis was performed using a Sodium Dodecyl Sulfate-

Polyacrylamide Gel Electrophoresis (SDS-PAGE) assay to illuminate the distribution of 

MyHC isoforms in the muscle. Because MyHC composition is highly linked to muscle fiber 

type,(Scott, Stevens, & Binder–Macleod, 2001) this analysis allowed us to infer the types of 

muscle fibers present and their associated contraction speeds and force generation capacities.

(Pette & Staron, 2000) MyHC isoforms studied in muscles of the rat include MyHC type I, 

IIb, IIx, and IIa and separate in this order in a gel.(Larsson & Ansved, 1995) First, muscle 
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tissue fibers were homogenized, muscle proteins were extracted and analyzed for protein 

concentration (Bradford Protein Assay) using 0.4 μg of protein per well. Then, protein 

aliquots of 4 μL (0.4 μg total concentration) were processed using SDS-PAGE (0.75-mm-

thick 6% acrylamide-30% glycerol separating gel, 18 × 16 cm, and a 4% acrylamide-30% 

glycerol stacking gel) and stained using a silver staining kit (SilverQuest Silver Staining Kit, 

Invitrogen, Carlsbad, CA). Gel bands were then scanned and analyzed using an optical 

density measurement program as shown in Figure 1 (UN-Scan-IT gel version 6.1; Silk 

Scientific, Orem, UT). A percentage of each MyHC type per animal was determined by first 

subtracting the background difference from a blank space on the gel within a lane, and then 

producing a ratio for an individual band to the total density of all the bands within a lane.

(Kletzien et al., 2013; Schaser et al., 2011) MyHC analysis was performed on all excised 

tissues for both the anterior digastric muscle and a randomized right or left temporalis 

muscle. As discussed previously, due to the close proximity of the digastric bellies, 

homogenization of both bellies were included in MyHC analysis.

Cross Sectional Area Analysis with IHC

Tissue frozen in OCT was sectioned at −20 °C into 8–10 μm cross-sections using a cryostat 

(Leica CM 1850; Meyer Instruments, Houston, TX). Sections were taken through the medial 

belly of the digastric, and through both the anterior and posterior temporais as described in 

Sano et al. (2007) and Tanaka et al. (2008).(Sano et al., 2007; Tanaka et al., 2008) Between 

3–4 sections per animal were taken, and muscle sections were mounted on slides, air-dried, 

and stored at −20 °C until immunohistochemical (IHC) staining. As previously described,

(N. P. Connor et al., 2009) slides were washed in phosphate buffered saline (PBS; Sigma, St. 

Louis, MO) and blocker was added to slides for one hour (10% normal goat serum [NGS], 

Invitrogen, Carlsbad, CA; with 0.1% triton Acros, New Jersey; and PBS). Primary antibody 

(anti-laminin rabbit; Sigma L9393; St. Louis, MO) was then added (1:2K) to diluent (1% 

NGS, 0.1% triton and PBS) for 2 hours. Slides were then washed again in PBS before the 

addition of secondary (Anti-goat rabbit—Alexa fluor 488; Invitrogen Life Technologies, 

Eugene, OR) 1:800 with PBS to slides for 1 hour. After staining, slides were washed a final 

time in PBS, cover slipped using ProLong anti-fade (Invitrogen Life Technologies, Eugene, 

OR). Slides were dried overnight at room temperature and were photographed within one 

week of staining using a Keyence-Biorevo Scope (Keyence, Itasca, IL). Using visual 

determination, the most intact muscle slice per slide was chosen for further analysis. 

Digastric muscle slides were photographed at 40x magnification (resolution 1360 × 1024) 

with approximately 16 photos per animal. Temporalis muscle slides were photographed at 

20x magnification (resolution 2720 × 2048) with approximately 14 photos per animal. Semi-

automatic Muscle Analysis using Segmentation of Histology (SMASH),(Smith & Barton, 

2014) a MATLAB application (MathWorks, Natick, MA), was used to determine cross 

sectional area (CSA) and Ferets diameter, (Tsubaki & Jimbo, 1979) a safeguarded 

measurement of fiber size that accounts for sectioning errors (digastric= 0.13321 μm/pixel; 

temporalis= 0.22642 μm/pixel). Some tissue was freezer-damaged, potentially resulting in 

altered cell size and structure. In consequence, these tissues were excluded from analysis 

and are reflected in the degrees of freedom for each analysis in the results section.
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Statistical Analyses

Statistical Package for the Social Sciences (SPSS; IBM Corporation, Armonk, NY) 

statistical software was used for all analyses. A two-way analysis of variance (ANOVA) was 

used (age × exercise) to discern differences in MyHC isoform composition with a critical α-

level of ≤ 0.05 using a Fisher’s protected least significant difference approach for multiple 

comparisons. Levene’s Test of Homogeneity of Variance was used to determine if 

parametric assumptions were met; when homogeneity was violated, a rank ordered non-

parametric substitute was used. For analysis of fiber cross-sectional area (μm2) and Ferets 

diameter (μm), a two-way analysis of variance (age × exercise) with a covariate (ANCOVA) 

was used to account for muscle size differences between the young and the old rat groups. 

That is, because animal weights differed significantly between the two age groups, it was 

necessary to use animal weight as a covariate in the ANCOVA (t(32)=8.708, p= <0.0001; 

old rats M=468.2, SD= 47.6; young adult rats M=356.9, SD=22.6). Coefficient of variance 

was also calculated for CSA and Ferets diameter and then compared using a two-way 

ANCOVA (age × exercise) to determine differences in variation of fiber size among groups. 

A second researcher (JW) performed SMASH analysis on 10% of the cross-sectional images 

and an intra-class correlation coefficient (ICC) was calculated to confirm a high level of 

reliability in the measurements analyzed in SMASH (ICC= 0.98).

Results

Myosin Heavy Chain Isoform Composition

Significant main effects for age were found in the posterior digastric MyHC isoform 

composition in type I, IIx, and IIb, but not type IIa (Table 1). In the posterior digastric, the 

old rat group had a higher percentage of MyHC isoform type I than young adult group 

(F1,29= 38.82, p<0.0001; Figure 2), a lower percentage of type IIx (F1,29= 49.56, p<0.0001; 

Figure 2), and a lower percentage of type IIb (F1,29= 49.75, p=<0.0001; Figure 2). There 

was no difference between age groups in percentage of MyHC isoform type IIa (F1,29= 

0.051, p=0.82; Figure 2). Exercise did not have a significant effect on MyHC isoform type.

In the temporalis muscle, main effects for age in type IIx and IIb were found; the old rat 

group had a larger percentage of MyHC isoform type IIx (F1,30= 12.85, p=0.001; Figure 3) 

and a smaller percentage of isoform type IIb (F1,30= 6.83, p=0.014; Figure 3) than the young 

adult group. There was no difference between the age groups in percentage of MyHC 

isoform type I (F1,30= 0.30, p=0.59; Figure 3) or type IIa (F1,30= 1.498, p=0.23; Figure 3). 

Similar to the posterior digastric, exercise was not found to have an effect on MyHC isoform 

type in the temporalis muscle (Figure 3, Table 2).

Cross Sectional Area

There were no significant main effects found for either age or exercise in the posterior 

digastric for average cross sectional area (Age: F1,22= 0.00, p=0.98; Exercise: F1,22= .47, 

p=0.50), Feret’s diameter (Age: F1,22= 0.029, p=0.87; Exercise: F1,22= 2.98, p=0.099), or 

coefficient of variance (Age: F1,22= 0.86, p=0.36; Exercise: F1,22= 1.03, p=0.32) (Figure 4). 

However, there was an interaction between age and exercise in the temporalis muscle for 

cross sectional area (F1,24= 8.00, p=0.009; Figure 5), Feret’s diameter (F1,24= 8.65, 
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p=0.007), and coefficient of variance of cross sectional area (F1,29= 6.05, p=0.021; Figure 

5). Feret’s diameter is an additional measure meant to rule out oblique sectioning of the 

tissue. Because Feret’s diameter and cross sectional area data were highly correlated, Feret’s 

diameter data are presented in Table 3, but not discussed further. As shown in Figure 5, the 

old exercise group on average had smaller average fiber size than old control, young adult 

control, and young adult exercise groups (CSA: p=0.002, p=0.021, p=0.018 respectively). In 

Figure 5, the old control rat group had a lower variability in average fiber size as determined 

by the coefficient of variance than the old exercise group (CSA: p= 0.015) and young adult 

exercise group (CSA: p= 0.040), but not the young adult control group (CSA: p=0.187).

Discussion

Our first hypothesis was that age would impact biochemistry of rat jaw muscles as quantified 

by alterations in MyHC isoform from faster-contracting MyHC isoforms to more slowly 

contracting MyHC isoforms. Second, we hypothesized that tongue exercise would alter 

MyHC isoform composition in the old rat group to resolve pretraining differences between 

the young adult and old rat group. Our data supported these hypotheses in part. We found 

that in the posterior digastric and the temporalis muscles, increasing age resulted in a larger 

proportion of more slowly contracting MyHC isoforms. Specifically, in the posterior 

digastric muscle, there were smaller percentages of fast contracting IIb and IIx MyHC 

isoforms in the old group than in the young adult group and a larger percentage of type I 

(Figure 2). In the temporalis muscle, there was a lower percentage of the type IIb MyHC 

isoform (Figure 3). Our findings are in agreement with literature examining limb 

musculature(Larsson & Ansved, 1995; Lexell, Taylor, & Sjöström, 1988; Pette & Staron, 

2000; Porter et al., 1995; Scott et al., 2001) and in two studies(Monemi, Liu, Thornell, & 

Eriksson, 2000; Monemi, Thornell, & Eriksson, 1999) of human jaw muscles. However, we 

did not find that tongue exercise had a significant impact on biochemistry of MyHC 

isoforms in either the posterior digastric or temporalis muscles. Although it has been 

demonstrated that the muscles of the jaw are active during tongue movements for licking in 

pigs(Kayalioglu et al., 2007) and rats,(Yamamoto et al., 1982) tongue exercise may not have 

been specific enough to induce biochemical changes in these muscles of the jaw. The 

specificity argument is reinforced by prior findings of significant alterations in MyHC 

isoform composition within the extrinsic tongue muscles following tongue exercise in rats.

(Kletzien et al., 2013)

Second, we hypothesized that age and exercise would affect cross sectional area of 

masticatory muscle fibers. That is, we hypothesized that these muscles would be smaller in 

the old rat group and that muscle fiber size differences between the old rat group and the 

young adult rat group would be attenuated with exercise. In the posterior digastric muscle, 

there were no significant changes in muscle fiber size with age or exercise. This finding is 

supported by another study(Monemi, Thornell, et al., 1999) examining human digastric 

muscle where cross sectional area was examined stratified by fiber type and there was not a 

significant difference between old and young adult in relative cross-sectional area in all but 

one fiber type. Further, in our study, the coefficient of variance among posterior digastric 

fibers was not significantly different between groups, indicating that variation in muscle 

fiber size was not affected by exercise or age. This absence of significant change in CSA 
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with age in posterior digastric suggests that effects of age may be dependent on muscle 

function and regional location, and therefore have different rates of change as compared to 

other muscles of the jaw.(McLoon & Andrade, 2012; Monemi, Thornell, et al., 1999) Other 

authors have suggested that some cranial muscle systems could be spared from typical 

aging, which could be related to the high motoneuron innervation ratios or functional 

attributes of these muscles.(N. P. Connor et al., 2009; McLoon & Andrade, 2012; 

Nakayama, 1991) These mechanisms have yet to be definitively determined and should be 

explored in future studies.

For the temporalis muscle, we found a significant age by exercise interaction for both cross 

sectional area and coefficient of variation. The old control group had less variation in muscle 

fiber size than the young adult and old exercise groups, suggesting that age may be 

associated with stability in temporalis muscle fiber size when a tongue exercise intervention 

is not provided. Further, the old exercise group had on average smaller CSA in the 

temporalis than all other groups. Muscle fiber size is influenced by muscle fiber type as 

demonstrated in one study of the rat temporalis muscle where type IIb fibers had more than 

double the CSA than IIa fibers.(Tanaka et al., 2008) Although we did not detect differences 

between exercise and control groups in MyHC composition of the temporalis, these changes 

in muscle fiber size and variability in muscle fiber size might be indicative that tongue 

exercise did have an effect on the temporalis. Yet, another alternative explanation has been 

proposed: rather than increasing CSA with exercise, CSA may remain the same or decrease 

with a concordant increase in the number of muscle fibers.(Gonyea, Sale, Gonyea, & 

Mikesky, 1986; Tesch & Larsson, 1982) Further work should be conducted to explore how 

fiber size and MyHC composition could interact with tongue exercise-effects in the 

temporalis.

As discussed, deglutition is a complex process initiated by the coordination of jaw muscles 

opening and closing to masticate and form a bolus that may be safely swallowed without 

entering the airway. In interpreting findings from our current study, it is important to 

examine these data along with the behavioral measures of our previous work in a rat model 

of mastication.(Krekeler & Connor, 2016) Using our aging rat model, we discovered 

significant differences in patterns of mastication in the old rat group when compared to 

young adult rats: 1) older rats used a greater number of bites during mastication, 2) took 

longer to eat, and 3) had shorter intervals between bites.(Krekeler & Connor, 2016) In our 

current study, we demonstrated that age had a significant impact on myosin heavy chain 

isoform proportions in the posterior digastric and temporalis muscles, with larger 

percentages of more slowly contracting isoforms. Our behavioral data demonstrated that the 

old rat group took more time to eat and required more bites than did the young adult rats. 

However, it is unclear if the shift in MyHC isoforms, thus indicating a shift in fiber type 

toward more slowly contracting fibers, is impacting the speed of mastication or if the speed 

of mastication is causing an adaptation towards a more slowly contracting fiber type. More 

work must be completed to determine pathophysiology of aging effects on these cranial 

muscles.

In our prior study, tongue exercise did not have a significant impact on any of our behavioral 

measures of mastication.(Krekeler & Connor, 2016) This current study sought to determine 
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if underlying changes in biochemistry and morphology in muscles of the jaw with 

coactivation during tongue protrusion(Kayalioglu et al., 2007; Yamamoto et al., 1982) that 

were not detectable by our behavioral measures. The digastric showed no significant 

alterations of fiber size or fiber size variability with exercise or age. Yet, tongue exercise was 

associated with smaller muscle fibers in the temporalis in old exercise rats. An explanation 

for the directionality of this effect is unclear. Myosin heavy chain isoform proportions were 

not significantly impacted by exercise, however, the change in muscle fiber size in the old 

exercise and variability of fiber size in old control rats suggest that changes occurring at the 

muscle level may not have been detected by whole muscle homogenization in our SDS-

PAGE protocol. In future studies, using a multi-staining protocol for specific fiber type of 

these muscles in cross section to identify which fiber types are changing in size could bring 

clarity to these findings.

Limitations

One of the inherent limitations of using an animal model are the various differences in 

anatomy and physiology between rats and humans. However, our rat model of deglutition 

has been well established and used to study many aspects of swallowing behavior with age.

(Cartee, 1995; Nadine P Connor et al., 2008; N. P. Connor et al., 2009; Kletzien et al., 2013; 

Russell, Ciucci, Hammer, & Connor, 2013; Schaser et al., 2011) Another limitation in this 

study was the sole use of SDS-PAGE to quantify fiber type. While this methodology has 

been well established in analysis of muscle fiber type (Pette & Staron, 2000; Scott et al., 

2001), only a gross estimate of discrete fiber categories can be assessed and hybrid fibers are 

unidentifiable using this method. Further, using laminin staining only for cross sectional area 

measurements did not allow us to categorize fiber size changes by fiber type. In future 

studies, use of a multi-staining technique to illuminate multiple fiber types per slice will be 

used to further analyze these differences.

Conclusion

The findings in our study emphasize the importance and need for further study of the cranial 

muscles, as their biochemistry, composition, and functions differ greatly from the frequently 

studied limb muscles.(Monemi, Kadi, Liu, Thornell, & Eriksson, 1999) The composition of 

muscle fibers is not easily studied, as the variances in fiber type exist in a continuum rather 

than distinct categories.(Ingalls, 2004) Further, muscle fiber type transitions are complex and 

are influenced by a variety of factors including age(Porter et al., 1995) and atrophy,(Lexell et 

al., 1988) neuromuscular innervation, hormones, and exercise.(Larsson & Ansved, 1995; 

Pette & Staron, 2000) Conclusions from the limited studies of muscles in the head and neck 

suggest changes in MyHC and CSA are region-dependent and related to innervation.

(McLoon & Andrade, 2012) A majority of the published literature, including articles cited in 

this manuscript, are examining these changes in the limb. There is a frank call for more 

research examining these effects on muscles in the head and neck. There are few animal 

models of mastication, thus the work presented here greatly contributes towards unveiling 

the mechanisms underlying age-related changed in deglutition.(McLoon & Andrade, 2012) 

The findings in our study suggest that aging and exercise can influence biochemical and 

morphological changes in relative proportions of MyHC isoforms and cross sectional area, 
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but it is not yet clear how muscle fibers types are changing or what other factors influence 

this change. More high quality work in this area must be examined to develop a broad 

understanding of how age and exercise influence muscles of the jaw involved in deglutition.
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Highlights

• Increased age resulted in more slowly contracting fibers in posterior digastric 

and temporalis

• Age/tongue exercise did not affect fiber size in posterior digastric.

• Tongue exercise training resulted in reduced CSA in old temporalis muscles
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Figure 1. 
Scanned Gel Bands for Analysis. After SDS-PAGE assay, dried gel was scanned and 

processed using UN-Scan-IT to determine relative percentage of MHC isoform composition.

Please see JPEG image attached.
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Figure 2. 
Posterior Digastric Myosin Heavy Chain Isoform Percentages per Age Group. There was a 

main effect for age in percentage of MHC isoform composition in type I, IIx, and IIb (F1,29= 

38.82, p<0.0001; F1,29= 49.56, p<0.0001; F1,29= 49.75, p=<0.0001 respectively).This 

demonstrates a general shift from faster contracting fiber types to slower contracting types. 

Standard error is denoted in error bars.
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Figure 3. 
Temporalis Myosin Heavy Chain Isoform Percentages per Age Group. There was a main 

effect for age in percentage of MHC isoform composition in type IIx, and IIb only (F1,29= 

49.56, p<0.0001; F1,29= 49.75, p=<0.0001 respectively).This demonstrates a general shift 

from faster contracting fiber types to slower contracting types. Standard error is denoted in 

error bars.
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Figure 4. 
Posterior Digastric Cross Sectional Area and Coefficient of Variance. There was no effect of 

age or condition on fiber size (Age: p=0.984; Exercise: p=0.50) or coefficient of variance 

(Age: p=0.36; Exercise: p=0.32) in the posterior digastric muscle.
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Figure 5. 
Temporalis Cross Sectional Area and Coefficient of Variance. Old exercise rats on average 

had smaller cross sectional area of fibers than did all other groups (Old control: p=0.002, 

Young adult control: p=0.021, Young adult exercise: p=0.018). Old control animals had a 

smaller coefficient of variance of fiber cross sectional area as compared to old exercise rats 

(p= 0.015) and young exercise rats (p= 0.040) only.
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Table 1

Posterior Digastric Myosin Heavy Chain Isoform Percentages per Age Group × Condition (Exercise or 

Control). There were no significant interaction effects between age and exercise in percentage of MHC 

isoform.

MHC Isoform Type Young Adult Control (%) Young Adult Exercise (%) Old Control (%) Old Exercise (%)

Type I 6.16 7.07 14.31 13.61

Type IIa 24.77 25.77 24.64 25.64

Type IIx 33.35 32.35 30.50 30.29

Type IIb 35.72 34.81 30.56 30.46
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Table 2

Temporalis Myosin Heavy Chain Isoform Percentages per Age Group × Condition (Exercise or Control). 

There were no significant interaction effects between age and exercise in percentage of MHC isoform.

MHC Isoform Type Young Adult Control (%) Young Adult Exercise (%) Old Control (%) Old Exercise (%)

Type I 1.89 2.36 1.41 2.14

Type IIa 8.35 8.65 11.32 11.19

Type IIx 30.04 31.06 39.22 35.64

Type IIb 59.72 57.93 48.06 51.04
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Table 3

Feret’s Diameter in the Posterior Digastric and the Temporalis. No significant main effects were found for age 

or exercise condition in the posterior digastric muscle Feret’s diameter, indicating age and exercise did not 

have an effect on fiber size in the posterior digastric. In the temporalis muscle the old exercise group had on 

average a smaller measure of Feret’s diameter than the old control group (p=0.001), young adult control group 

(p=0.0.025), and young adult exercise group (p=0.024) suggesting the exercise condition resulted in a reduced 

fiber cross sectional area in the old animal group.

Muscle Age × Condition Feret’s Diameter Standard Error

Temporalis

Old Control 59.563 1.652

Old Exercise 51.242* 2.099

Young Adult Control 58.763 1.645

Young Adult Exercise 59.504 1.910

Posterior Digastric

Old Control 39.434 1.31

Old Exercise 36.813 1.21

Young Adult Control 38.639 0.954

Young Adult Exercise 38.208 1.178

Feret’s diameter values were covaried by weight of the animal at the end of the study.

*
Significance of p<0.05
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