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Abstract

Objective—Aging is associated with muscle fiber hypotrophy and decreased percentages of 

rapidly-contracting myosin heavy chain (MyHC) type IIb muscle fibers. Tongue exercise programs 

used to treat dysphagia target age related decline in tongue muscle function, but the impact of 

exercise on the intrinsic tongue muscles is unknown. We hypothesized that exercise would induce 

muscle fiber hypertrophy and increase the percentage of MyHC IIa fibers in the intrinsic tongue.

Methods—Eight old and 8 young-adult rats underwent 8-weeks of tongue exercise training and 8 

animals of each age group served as controls. Longitudinal, transverse, and verticalis muscle 

samples from the anterior, middle, and posterior regions of the tongue were sectioned and stained 

to determine muscle fiber diameter and MyHC composition.

Results—MyHC fiber type distribution was altered by exercise, and the effects differed by 

muscle and region of the tongue. In the exercise groups, as compared to the control groups, the 

anterior transverse and middle superior longitudinal muscles had significantly reduced percentages 

of MyHC IIx positive fibers and higher percentages of rapidly-contracting fatigable MyHC IIb 

positive muscle fibers, whereas the middle transverse and posterior longitudinal muscles had 

increased percentages of the less rapidly-contracting and more fatigue-resistant MyHC IIa fibers. 

The impact of exercise did not differ with age as there was no significant interaction between age 

and exercise. Tongue exercise had no significant effect on muscle fiber diameter.

Conclusion—The impact of exercise varied among the tongue muscles, which may indicate 

different functional contributions to the tongue exercise task.
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Introduction

Healthy swallowing function is critical for airway safety, nutrition, and quality of life, yet 

aged individuals frequently develop difficulty swallowing, with dysphagia occurring in 

15-40% of individuals over age 60.1 Tongue weakness, associated with both old age and 
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dysphagia,2,3 has been identified as a therapeutic target. Tongue strengthening exercises 

increase maximum isometric tongue pressures and improve patient-reported measures of 

swallowing.4–7 However, the biological mechanisms accounting for changes in tongue force 

with exercise are unclear. In this vein, a better understanding of the impact of exercise on the 

tongue muscles and swallowing function is needed, with the ultimate goal of optimizing 

current therapies.

A primary determinant of skeletal muscle contractile properties is muscle fiber cross-

sectional area, which affects force generation capacity. In addition, the myosin heavy chain 

(MyHC) composition of a muscle, or MyHC fiber type, affects contraction properties by 

influencing contraction velocity and fatigue.8,9 Age is typically associated with reductions in 

muscle fiber cross-sectional area,10 and increased percentages of slower-contracting, fatigue-

resistant muscle fiber types,11 although the impact of age may vary by muscle.12,13 The 

influence of exercise on MyHC fiber type distribution and fiber size also differs by muscle, 

exercise program, and age of participants.14 Aerobic exercise increased the prevalence of 

slowly-contracting, fatigue-resistant muscle fibers and increased fiber size in the vastus 

lateralus,15 yet endurance training had the opposite effect on the diaphragm with reduced 

muscle fiber size, and conversion to more rapidly-contracting muscle fiber types.16,17 

Resistance exercise has frequently been found to increase the proportion of slowly-

contracting fatigue-resistant fibers.14,18,19 Therefore, it is necessary to study the impact of a 

given exercise protocol on each muscle of interest to understand musculoplastic adaptation.

Healthy aged individuals with no swallowing complaints swallow more slowly than young 

adults and have weaker maximum isometric tongue pressures.1,2,20 With health challenges, 

an exacerbation of these factors can compromise swallowing.2 Age-related changes in the 

intrinsic tongue muscles21 may contribute to manifestations of altered swallowing. These 

muscles have an active role in swallowing, particularly bolus containment and propulsion.
22,23 A prior study found that with age, the intrinsic tongue muscles had increased 

percentages of slowly-contracting fatigue-resistant fibers. Additionally, in the protrusive 

transverse and verticalis muscles, muscle fiber sizes were reduced.21 EMG activity in the 

intrinsic tongue has been shown to increase with protrusive tongue force generation,24 

indicating that these muscles are likely targeted by tongue exercise. However, the direct 

impact of tongue exercise on the intrinsic tongue muscles has not been studied.

To better understand the impact of exercise on the tongue muscles, an aging rat model of 

tongue exercise was developed in which an 8-week tongue exercise program significantly 

increased protrusive tongue force.25 In the genioglossus, a protrusive extrinsic tongue 

muscle, both age and tongue exercise increased the percentage of slower-contracting MyHC 

isoforms,26,27 and exercise resulted in a trend towards larger fiber cross-sectional areas.25,27 

We hypothesized that, following 8 weeks of tongue exercise, the muscle fiber diameter and 

percentage of slowly-contracting fatigue-resistant fibers in the intrinsic tongue muscles 

would increase.
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Materials and Methods

Animals

Experiments were approved by the University of Wisconsin School of Medicine and Public 

Health Animal Care and Use Committee. Thirty-two male Fischer 344/Brown Norway rats 

were obtained from the National Institute on Aging colony four weeks prior to tongue 

exercise training to allow acclimation to the reversed light cycle, water restriction (3hrs per 

day), and training operandum. This rat strain, used in aging research, has a median life span 

of 34 months.28,29 At study completion, animals were aged 9 months (young adult) or 32 

months (old). In each age group, 8 rats were assigned to tongue exercise and 8 served as 

sham-exercise controls.

Tongue Exercise

The clinically-based, progressive 8-week tongue exercise training paradigm has previously 

been described in detail.25 Rats were trained to press an instrumented disk with their tongue 

for a water reward. Estimated maximum press (EMP, mN) was determined for each animal, 

averaging the 10 largest forces obtained over 3 days. Tongue exercise occured 5 days/week 

with a reward threshold of 50% EMP for weeks 1-2, increased to 60% for weeks 3-4. New 

EMPs were calculated at the end of week 4 and training progressed at 70% EMP for weeks 

5-6 and 80% for weeks 7-8. Using the same method as EMP, post-treatment assessment of 

maximum voluntary tongue force (MVTF) was collected at the end of week 8. Control rats 

learned the exercise task and were placed in the training operandum 5 days/week, but did not 

perform tongue exercises.

Muscle Samples and Fiber Typing

After completion of training, rats were euthanized, tongue muscles were removed, snap 

frozen in OCT (Tissue Tek), and stored at −80°C. Longitudinal, transverse, and verticalis 

muscle samples were later dissected from anterior, middle, and posterior regions of the 

tongue (Figure 1) and sectioned at 10 µm on a cryostat (Leica). A detailed description of 

intrinsic tongue muscle sampling and staining for MyHC types has been published 

previously.21

Primary antibodies (DSHB) were used to identify muscle fibers positive for MyHC type I 

(BA-F8 RRID:AB_10572253, 1:50), IIa (SC-71 RRID:AB_2147165, 1:600), IIx (6H1 

RRID:AB_1157897, 1:100), and IIb (BF-F3 RRID:AB_2266724, 1:200.)30–34 Because 

antibodies for MyHC IIx and IIb fibers bind the same secondary antibodies, two sequential 

slides were prepared for each muscle, one stained for MyHC I, IIa, and IIb, and the other 

MyHC IIa and IIx. Additionally, samples were stained for laminin (Sigma-Aldrich, 1:1000). 

MyHC 1 fibers were very rare and were not included in any analyses.

Each section was imaged at 20× (Nikon N-STORM, Andor iXon 897 EMCCD camera) with 

three randomly sampled fields of view, for 18 total images per muscle (2 sections × 3 

regions × 3 images). A detailed description of intrinsic tongue muscle sampling and staining 

for MyHC types has been published previously.21 Image analysis was performed in the 

MATLAB application SMASH.35 The percent of muscle fibers positive for each MyHC type 
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was determined. A hybrid fiber positive for more than one MyHC type was counted for each 

positive MyHC type. Fiber size was measured by minimum Feret’s diameter, the smallest 

possible distance of two parallel lines tangential to the muscle fiber, which is robust to fiber 

angle as an obliquely cut fiber has approximately the same minimum ferrets diameter as if 

the fiber were cut at a right angle.36

Statistical Analysis

A multivariate repeated measures ANOVA was used to analyze MyHC fiber type 

percentages. Between subjects factors were age and exercise. Within-subject factors were 

muscle and region. The three dependent measures were the percent of MyHC IIb, IIa, and 

IIx. Significance was determined using α < 0.05 as the critical value. Test statistics are 

reported using Pillai’s trace (V).37

A linear mixed effects model was used to analyze muscle fiber size. Age, exercise, muscle 

and region were fixed effects, with individual subjects as random effects. All interactions 

between age, exercise, muscle, and region were included. The dependent variable was mean 

minimum Feret’s diameter for each muscle fiber type (IIb, IIx, IIa).

A repeated measures ANOVA was used to analyze the maximum voluntary tongue force 

before and after treatment, with age and exercise as the between group factors.

Pearson’s correlation coefficient was calculated to quantify the relationship between 

maximum voluntary tongue force and average intrinsic tongue muscle fiber size.

Results

Tongue Force

As previously reported,25,27,38–40 tongue exercise training significantly increased maximum 

voluntary tongue force. The time-treatment group interaction was significant (F(1,28) = 

78.731, p < 0.001). Control and exercise groups were not significantly different at baseline, 

but the exercise group achieved significantly higher forces than the control group after the 8-

week experimental period (Figure 2). There were no significant main effects of age or 

interactions with age.

MyHC Fiber Type

A significant multivariate region-muscle-exercise interaction (V = 0.904, F(18,11) = 5.728, p 

= 0.003), indicated that shifts in MyHC fiber type percentages occurred only in specific 

muscles and regions. The multivariate simple effects of exercise indicated significant 

changes in MyHC fiber type composition in the anterior transverse (F(3,26) = 5.426, p = 

0.005) and middle superior longitudinal muscles (F(3,26) = 3.484, p = 0.03,), which had 

increased percentages of more rapidly-contracting MyHC fiber types with exercise. A 

significant change in MyHC fiber type composition following exercise was also noted in 

middle transverse (F(3,26) = 4.078, p = 0.017) and posterior inferior longitudinal (F(3,26) = 

4.637, p = 0.010) muscles, which had increased percentages of more slowly-contracting 

fiber types (Figures 3 and 4). These significant effects were further broken down by 

univariate posthoc analysis of each MyHC fiber type individually: the percentage of Type IIx 
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muscle fibers significantly decreased in all but the middle transverse muscles and Type IIa 

fibers increased in the middle transverse and posterior inferior longitudinal muscles (Figure 

3).

As previously reported with age,21 there was a significant multivariate interaction between 

age and region (V = 0.738, F (6,23) = 10.81, p < 0.001). Old animals had significantly less 

MyHC IIb fibers and more fibers positive for MyHC IIx in all regions, as well as 

significantly more IIa positive fibers in the middle and posterior regions (Table 1). There 

were no significant age-exercise interactions, which indicated the effects of exercise did not 

differ between young adult and old animals.

Muscle Fiber Size

There were no significant main effects or interactions with exercise for muscle fiber size 

(minimum Feret’s diameter) whether analyzed by MyHC fiber type (IIb, IIx, and IIa) or with 

all MyHC fiber types pooled. Within treatment groups, final maximum voluntary tongue 

force increased with overall mean muscle fiber diameter (Figure 5, Pearson’s correlation 

coefficient, one-tailed: r = 0.56, p = 0.011; r = 0.42, p = 0.051, control and exercise groups 

respectively. Old and young animals were combined within treatment groups as mean fiber 

size did not differ between age groups: old vs young control p = 0.25, old vs young exercise 

p = 0.52).

There was a significant age-region interaction for MyHC IIb fiber size (F(2,299) = 4.26, p = 

0.015). For all muscles, old animals had significantly smaller IIb fiber diameters in the 

posterior region (old = 24.93±0.65µm, young adult = 27.38±0.51µm, p = 0.003).

Discussion

We hypothesized that 8 weeks of tongue exercise would increase the percentage of fatigue-

resistant MyHC fiber types and increase muscle fiber diameter of the intrinsic tongue 

muscles. Our findings allowed us to accept our hypothesis only in part and led to new 

interpretations and hypotheses about how differential changes in muscle structure 

throughout the tongue may impact function, both with aging and exercise treatment. That is, 

the clinically based tongue exercise program induced a significant change in MyHC fiber 

type distribution, but the directionality of these changes – towards fast-fatiguable or slower 

fatigue-resistant fibers, varied by muscle and location (Figures 3 and 4). Tongue forces 

increased with exercise (Figure 2), but were not associated with intrinsic muscle fiber 

hypertrophy (Figure 5).

Muscle Fiber Type

In the middle transverse and posterior inferior longitudinal muscles, exercise increased the 

percentage of MyHC IIa fibers, the most slowly-contracting and fatigue-resistant of the fiber 

types common in the rat intrinsic tongue. Similar results have previously been reported in 

the genioglossus, in which MyHC type 1 isoform prevalence increased with tongue exercise.
27 Shifts in muscle composition to fibers with greater fatigue resistance may contribute to 

the improved fatigue indices found with tongue exercise in previous studies of rat tongue 

muscle contractile properties.27 Because this study did not examine physiological properties 
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of muscle contraction, this hypothesis should be examined in future research. In contrast, 

following exercise, the anterior transverse and middle superior longitudinal muscles had a 

greater percentage of MyHC IIb fibers, which have a faster contraction velocity and greater 

force generation capacity due to larger fiber cross-sectional areas.8 With exercise, the MyHC 

profiles of aged animal in these muscle-regions were more similar to those seen in younger 

animals as compared to the aged control group (Figure 4).21 Age is associated with slower 

oral transit times,1 slower bolus velocity,41 and longer time to develop peak swallowing 

tongue pressures.42 More rapidly-contracting MyHC muscle fibers in the middle and 

anterior regions of the tongue may allow peak bolus driving forces to be reached more 

rapidly, leading to improvements in bolus transit times. Future studies of the impact of 

exercise on intrinsic tongue muscle contractile properties and the translation to swallowing 

function are needed to examine the physiological and functional significance of these mixed 

findings.

The mixed effects of exercise on MyHC fiber type among the intrinsic tongue muscles is not 

without precedent—the impact of exercise in the quadriceps has been shown to vary among 

this muscle group as well as along the length of each muscle,14,43 depending on the loading 

and activation each muscle experiences during the task. Thus, varied impact of exercise 

among the tongue muscles may indicate differential contributions to the tongue exercise 

task. For example, EMG studies have indicated that the extrinsic genioglossus positions the 

tongue while the intrinsic tongue muscles generate protrusive force.24 It may be that among 

the intrinsic muscles, the middle transverse and posterior inferior longitudinal muscles 

provide a positioning or stabilizing function similar to the genioglossus, which undergoes a 

similar transformation in muscle composition to more slowly-contracting fiber types with 

tongue exercise.27 In contrast, the anterior transverse and middle superior longitudinal 

muscles, which transitioned to more rapidly-contracting MyHC fiber types, may have a 

more dynamic role in tongue force generation. Additionally, regional localization of motor 

units along the length of the tongue allows for segmental activation of the intrinsic tongue 

muscles,44 which may allow for regional differences in response to exercise within an 

individual muscle.

The protrusive transverse and verticalis muscles elongate the tongue by contracting to 

shorten the diameter.45,46 Significant exercise effects were found in the transverse but not 

the verticalis. It is possible the transverse muscle has a greater role in protrusive force 

generation; the horizontal fibers may have a mechanical advantage due to the wide flat shape 

of the anterior tongue.

Muscle Fiber Size

Muscle fiber hypertrophy is considered the primary method by which exercise increases 

force generation.14 In our study, despite an increase in protrusive tongue force, no significant 

increase in intrinsic muscle fiber diameter was found. Previous results in the rat 

genioglossus muscle with tongue exercise reported a trend towards increasing fiber cross-

sectional area, suggesting longer exercise durations may have resulted in significant muscle 

fiber hypertrophy.25
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Changes in fiber type distribution that occurred with exercise in the present study may be a 

confounding factor on fiber size. Rapidly-contracting muscle fibers are characterized by the 

largest diameters and transitions between fiber types as well as hybrid fibers may contribute 

to fiber diameter variability.

Within each treatment group, intrinsic tongue muscle fiber diameter was moderately 

correlated with tongue force (Figure 5). Accordingly, some of the variation in force between 

animals can be attributed to differences in intrinsic tongue muscle fiber size. However, these 

data suggest that mechanisms of increased tongue force with exercise other than muscle 

fiber hypertrophy should be considered.

Increases in force without muscle fiber hypertrophy may occur through several different 

mechanisms. First, a muscle fiber’s ability to generate force may change independently of 

fiber diameter. Single muscle fiber experiments have determined that the force a muscle 

fiber can generate per unit of cross-sectional area, known as specific force, can be modulated 

by both age and exercise.47 Age has been associated with decreased specific force,48 and 

exercise has been shown to increase muscle fiber specific force.49 Changes in specific force 

have been attributed to the fiber’s MyHC concentation.47 Second, neural adaptations have 

also been shown to increase force output without hypertrophy of muscle fibers or overall 

muscle, particularly for a new task and early in training.14,50,51 These force improvements 

were attributed to improved muscle coordination and activation.50 The tongue force increase 

with exercise may have been influenced by learning the tongue pressing task in that a slight 

increase from baseline occurred in the control groups (Figure 2). Third, overall muscle size 

may increase by increasing the number of muscle fibers rather than size of individual fibers. 

The evidence for increased muscle fiber numbers due to exercise remains inconclusive,14 yet 

the loss of muscle fiber number and overall muscle size with age is well established.10,52 

Thus, muscle metrics other than fiber diameter must be examined in seeking a definitive 

explanation for increases in tongue force with exercise.

Muscle fiber diameter may represent a tradeoff between force and fatigue, such that 

development of larger muscle fiber diameters, and thus greater force capacity, may be 

accomplished at the expense of limiting fatigue resistance. Endurance exercise decreased 

muscle fiber cross-sectional area in the diaphragm, which was thought to reduce fatigue by 

improving oxygen transfer within the muscle fibers.16,17 Endurance may be critical for the 

tongue to meet the demands of breathing, eating, and speaking. Unique features of tongue 

muscles that may maximize endurance include high capillarization and mitochondrial 

enzyme activity relative to limb muscles.53,54 The tongue exercise protocol used featured 

progressive resistance training, yet rats averaged 141 tongue presses per day above their 

target force, which may have resulted in a hybrid of endurance and resistance training. 

Muscle fiber size may also be limited by the tightly packed and interwoven anatomy of the 

intrinsic muscles. Therefore, it may be necessary for the tongue muscles to increase force 

generation through pathways other than muscle fiber hypertrophy.

Limitations

A limitation of this study is that a behavioral swallowing assessment, such as 

videofluoroscopy, was not included. More detailed measures of tongue and bolus movement 
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during swallowing may yield an increased understanding of how age- and exercise-related 

changes in the intrinsic tongue muscles relate to swallowing function. Another limitation 

was that potential mechanisms of tongue force increases with exercise, such as the number 

of muscle fibers and specific force of individual fibers, were not addressed. An accurate 

assessment of muscle fiber number was not possible with the methods used in this study 

because a complete muscle cross section was required and our tongues were subdivided to 

sample each intrinsic lingual muscle within the same animal (Figure 1).

Conclusions

This study found that tongue exercise altered the biochemical composition of the intrinsic 

lingual muscles, such that the MyHC composition of some aged tongue muscles were more 

similar to those of young adults while other muscles transitioned towards more fatigue-

resistant MyHC fiber types. However, the impact of these changes on swallowing function 

has yet to be determined. The animal model of tongue exercise used in this study consisted 

of a protrusive tongue motion to press a disk, and significant changes occurred in 4 of 12 

sampled muscle-regions. Clinical tongue training protocols are often more complex, 

including both anterior and posterior tongue pressing,5,6 lateral tongue movements, or 

effortful swallows,4 and may induce a wider range of changes among the intrinsic tongue 

muscles. A better understanding of how the intrinsic lingual muscles meet the demands of 

healthy swallowing may be necessary to determine the most effective and efficient tongue 

strengthening protocol to improve swallowing function.
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Figure 1. Schematic of the intrinsic tongue muscles
Two 0.25cm thick sections of the tongue were collected from the anterior, middle, and 

posterior of the intrinsic tongue, centered at 0.25cm, 1cm, and 1.75cm from the tongue tip, 

respectively. Middle samples shown. Of each sample pair, one was sectioned coronally with 

the longitudinal muscles in cross section and the second sample was split and sectioned in 

the transverse plane with the verticalis muscle in cross section and midsagittal sections with 

the transverse muscle in cross section as shown.

Cullins et al. Page 12

Laryngoscope. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Maximum voluntary tongue force increased with exercise
Tongue forces are shown at baseline and after 8 weeks of tongue exercise or sham-exercise 

treatment (OC = old control group, YC = young adult control, OE = old exercise, YE = 

young adult exercise). The groups were not significantly different at baseline, but after 

treatment the exercise groups for both ages had significantly higher voluntary tongue forces 

(YC = 72.77±14.9mN, YE = 123.99±20.58mN p < 0.001; OC = 74.73±16.66mN, OE = 

148.14±20.58mN, p < 0.001, ±Standard Deviations).
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Figure 3. Fiber type shifts with exercise
Significant changes in fiber type composition occurred with exercise in four different 

muscle-regions (MANOVA). Two muscles, the anterior transverse (AT) and middle superior 

longitudinal (MSL), shifted towards faster-contracting fibers with increased MyHC IIb fibers 

and less IIx and IIa fibers (White = control groups, Gray = exercise groups, * p < 0.01, **p 

< 0.001). The middle transverse (MT) and posterior inferior longitudinal (PIL) shifted in the 

opposite directions with increased percentages of the slower fatigue-resistant IIb fibers and 

less IIx and IIb fibers. Univariate ANOVA was used to analyze the fiber type percentages 

individually, which determined significant reductions in IIx fibers in the AT (p = 0.003), 

MSL (p = 0.017), and PIL (p = 0.031), as well as increased IIa fibers in the MT (p = 0.004), 

and PIL(p = 0.003).
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Figure 4. Fiber type staining examples
Muscle sections were stained for MyHC IIb (Red), MYHC IIa (Green), laminin (Cyan, 

outlines muscle fibers). MyHC IIx fibers are unstained in these images (MyHC IIx data were 

collected from serial sections stained for MyHC IIx). The MyHC muscle fiber type 

composition of the anterior transverse muscle (top) and posterior inferior longitudinal 

muscle (bottom) shifted differentially with exercise. The AT increased in the percentage of 

the fastest-contracting IIb fibers and a decrease in IIx, while the PIL also decreased in IIx, 

but increased in the percentage of slower fatigue-resistant IIa fibers. Changes in fiber type 

with exercise were not significantly different between age groups.
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Figure 5. Muscle fiber size and voluntary tongue pressing force
There were no significant effects of exercise on fiber size in any muscle or region for any 

fiber type or for all fiber types combined. Muscle fiber diameter was moderately correlated 

with maximum voluntary tongue force. A. The overall average intrinsic tongue muscle fiber 

sizes are shown for control (white) and exercise (black) animal groups. B. Within treatment 

groups, overall average intrinsic tongue muscle fiber size was correlated with maximum 

voluntary tongue pressing force (Pearson’s correlation coefficient, one sided: Control (White 

circles) r = 0.56, p = 0.011; Exercise group (Black dots) r = 0.42, p = 0.051).
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Table 1
Impact of age on fiber type by tongue region

The estimated marginal means of the percent muscle fibers positive for each myosin heavy chain type reported 

by age and region with the estimated standard error. Exercise and control group results are combined, as there 

was no significant age-region-exercise interaction.

Fiber Type Age Group Anterior Middle Posterior

MyHC IIb Old 54.3±3.5% 14.3±1.5% 4.0±1.0%

Young Adult 76.0±3.5% 21.0±1.5% 8.0±1.0%

p < 0.001* p = 0.004* p = 0.009*

MyHC IIx Old 41.9±3.5% 73.7±1.5% 75.2±1.7%

Young Adult 22.9±3.5% 69.0±1.5% 80.3±1.7%

p = 0.001* p = 0.035* p = 0.041*

MyHC IIa Old 2.8±1.3% 21.2±1.0% 29.2±1.3%

Young Adult 0.6±1.3% 1.3±1.0% 16.2±1.3%

p = 0.235 p < 0.001* p < 0.001*
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