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Abstract
Age-related changes in muscle composition and function are often treated using exercise, including muscles of the tongue 
to treat swallowing impairments (dysphagia). Although tongue exercise is commonly prescribed, optimal tongue exercise 
doses have not been determined. The purpose of this study was to evaluate effects of varying tongue exercise frequency on 
tongue force, genioglossus muscle fiber size, composition and metabolism, and swallowing in a rat model. We randomized 
41 old and 40 young adult Fischer 344/Brown Norway rats into one of four tongue exercise groups: 5 days/week; 3 days/
week; 1 day/week; or sham. Tongue force was higher following all exercise conditions (vs sham); the 5 day/week group had 
the greatest change in tongue force (p < 0.001). There were no exercise effects on genioglossus (GG) fiber size or MyHC 
composition (p > 0.05). Significant main effects for age showed a greater proportion of Type I fibers in (p < 0.0001) and 
increased fiber size of IIa fibers (p = 0.026) in old. There were no significant effects of citrate synthase activity or PGC-1α 
expression. Significant differences were found in bolus speed and area (size), but findings were potentially influenced by 
variability. Our findings suggest that tongue force is influenced by exercise frequency; however, these changes were not 
reflected in characteristics of the GG muscle assayed in this study. Informed by findings of this study, future work in tongue 
dose optimization will be required to provide better scientific premise for clinical treatments in humans.
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Introduction

The negative effects of aging on swallowing function are 
well established [1]. The estimated lifetime prevalence of 
impaired swallowing (dysphagia) is approximately 33% in 
older people [2]. Given that the population over the age of 
65 is rapidly increasing [3], more individuals than ever are 
at risk for developing age-related dysphagia. The profile of 

aged swallowing is characterized by inefficiency, with longer 
duration of the oropharyngeal swallow [4] and increased 
pharyngeal residue after the swallow [5] can increase risk of 
penetration or aspiration events and may lead to the develop-
ment of aspiration pneumonia [6]. Adequate tongue function 
is required for safe and efficient swallowing because tongue 
actions contribute to both the oral and pharyngeal phases 
[7]. The tongue is used to procure and form a bolus, and 
serves as the driving force for propelling the bolus through 
the pharynx into the esophagus [7]. Tongue pressures dur-
ing swallowing actions are reduced in older individuals, 
perhaps due to changes in tongue structure and physiology 
[8]. Consequently, elderly people may have reduced tongue 
strength [9–11], which is associated with difficulty eating, 
impaired swallowing, and reduced food consumption [12]. 
The combined effect of these swallowing pathologies has a 
negative impact on quality of life and increases morbidity 
and mortality, and risk of malnutrition [13–17].

Aging is associated with sarcopenia [18], characterized 
by a reduction in number and size of skeletal muscle fib-
ers [19, 20] and alterations in the composition of muscle 
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fiber types [20–23]. Type II (fast) fibers are differentially 
impacted by aging and decrease in fiber size, while type I 
(slow) fibers are less affected [20, 23]. The causes of these 
age-related changes in skeletal muscle are not fully under-
stood, but likely involve a combination of processes includ-
ing decline in overall activity level, altered gene expression 
[24], age-related loss of motor units [25], and changes in 
muscle metabolism, hormones, and protein synthesis [26, 
27]. These age-related shifts in muscle fiber innervation, 
type, size, and volume contribute to overall change in muscle 
contractile properties, toward a more slowly contracting and 
less powerful profile [18, 28–32]. These changes in muscular 
characteristics likely alter swallow function.

Mitochondrial structural changes within the muscle are 
also apparent with aging. Mitochondrial function is critical 
to maintaining an energy supply (adenosine triphosphate; 
ATP) to contracting muscles [33], and it is well established 
that aging negatively impacts mitochondrial structure and 
function [34–36], resulting in decreased ATP production for 
cellular use [33, 37–39]. Peroxisome proliferator-activated 
receptor-γ coactivator-1α (PGC-1α) is a transcription coacti-
vator [40] that signals a cascade of gene expression resulting 
in proliferation of mitochondrial content, and other effects 
[40–43]. Thus, PGC-1α protein expression is an upstream 
indicator of mitochondrial biogenesis and is used as a marker 
of mitochondrial content [44–48]. Another protein, citrate 
synthase, is a downstream marker of mitochondrial function 
related to genesis of ATP [43, 46, 49–51]. Due to the specific 
function and exclusive location of citrate synthase within 
the mitochondria, citrate synthase enzyme function reflects 
overall mitochondrial respiratory oxidative capacity [52, 
53]. Age-related degradation in mitochondrial biogenesis 
and function represent putative mechanisms for muscular 
capacity in cranial muscles that have not been systematically 
explored in dysphagia research.

Tongue exercise has been used to treat dysphagia across 
multiple etiologies with positive results [54–59], with 
increases tongue muscle volume and strength with asso-
ciated improvements in swallowing function [17, 58, 60]. 
While tongue exercise is used frequently in dysphagia treat-
ment with geriatric populations, it is not well understood 
how to optimize tongue exercise protocols because the 
underlying biological mechanisms of these treatments are 
unknown. Further, the appropriate dose of tongue exercise 
to achieve optimal results has not been determined [61, 62].

It is well established that exercise dose is an important 
component of muscular conditioning and contributes to 
training outcomes [63]. However, there is not a consensus 
on appropriate dosing for tongue exercise as a treatment of 
dysphagia [61]. As a result, there are a wide range of recom-
mended doses currently used for tongue exercise [54, 56, 58, 
64, 65]. Studies using tongue exercise regimens vary from 
3 times/day for 3 days/week [54, 58, 64] to as many as 7x/

day, 7 days/week [65, 66]. An understanding of the manner 
in which tongue exercise dose affects muscle structure and 
function would be beneficial in optimizing treatment plans 
[61, 67]. It is not necessarily the case that higher exercise 
doses result in greater muscle strength and greater improve-
ments in patient outcomes. In some cases, over prescrip-
tion could result in diminishing returns or even injury [68]. 
Higher doses of exercise could also lead to poor adherence 
with treatment recommendations and potentially limit treat-
ment benefits as a result. Recommendations for tongue exer-
cise programs should be based on strong scientific criteria.

While our laboratory has demonstrated the utility of 
an aging rat model to study tongue exercise as a treatment 
for dysphagia at the biological level [69–75], we have not 
explored the effects of varying tongue exercise dose on bio-
logical, metabolic, and functional outcomes. Incorporation 
of different exercise doses into research studies will address 
clinically relevant gaps in knowledge and will allow for 
discovery of the association among biological assays and 
behavioral outcome measures. Therefore, the purpose of this 
study was to: (i) quantify effects of altering tongue exer-
cise dose (frequency; # days/week) on tongue force after 
an 8-week exercise program; (ii) examine effects of tongue 
exercise dose on biological composition of the genioglossus 
muscle to determine how differential dose prescriptions alter 
muscle fiber size and composition; (iii) quantify the impact 
of increasing tongue exercise frequency on mitochondrial 
content and function as measured by PGC-1α expression 
and citrate synthase activity in the genioglossus muscle; 
and (iv) determine dose-related effects of tongue exercise 
on swallowing physiology as measured through videofluoro-
scopic swallow studies. Given the known changes to occur 
with again muscle fiber biology and physiology, we opted to 
study tongue exercise frequency effects in both young adult 
and old rats to see if age differentially impacted any of our 
selected outcome measures, as these data can serve to inform 
future studies in human participants.

We hypothesized that greater frequency of tongue exer-
cise would result in greater gains in tongue force, a higher 
proportion and size of MyHC I and IIa fibers, increased 
signaling for mitochondrial biogenesis by elevated PGC-1α 
expression with concomitant increases in citrate synthase 
activity, increased swallow speed and more efficient mastica-
tion of the bolus (increased mastication rate).

Materials and Methods

Use of live animals was performed in accordance with the 
Guide for the Care and Use of Laboratory Animals (8th Edi-
tion; 2011) and approved by the University of Wisconsin 
School of Medicine and Public Health Animal Care and Use 
Committee.
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Animals

Eighty-one Fischer 344/Brown Norway rats were obtained 
from the National Institute on Aging rat colony (Charles 
Rivers Laboratories; Wilmington, MA). At study comple-
tion, 41 rats were approximately 32 months old (old group) 
and 40 rats were approximately 9 months old (young adult 
group). Upon arrival, young adult and old rats were ran-
domly assigned to one of four groups: (1) Sham control; 
(2) One day/week tongue exercise; (3) Three days/week 
tongue exercise; and, (4) Five days/week tongue exercise 
(Fig. 1). Power calculations indicated that at least 10 rats 
per group allowed for detection of tongue strength differ-
ences across exercise conditions (α = 0.05, power = 90%, 
effect size d > 0.8) [76].

Preparation

Rats were housed in pairs in polycarbonate cages in a 
humidity- and temperature-controlled facility with reverse 
light–dark cycling (12:12 h) to maximize levels of activity 
during exercise and testing. Rats were acclimated to these 
conditions with food and water provided ad libitum and with 
handling by research personnel for at least 10 days prior to 
testing.

Videofluoroscopy

After the handling acclimation period, rats were slowly 
food-restricted over 5 days to encourage consumption 
of barium-infused substances during videofluoroscopic 
swallow studies (VFSS). This food restriction protocol 

Fig. 1   Experimental flow chart 
demonstrating randomization of 
groups, experimental protocol, 
euthanasia, and experiments 
performed. IHC immunohisto-
chemistry, CSA cross sectional 
area, MyHC myosin heavy chain
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involved reducing access to standard rat chow from ad libi-
tum to only 3 h per day over 4 days. On videofluoroscopy 
testing days, rats were transported to the testing facil-
ity, given Wanda’s ® Barium Cookies (Wanda’s Barium 
Cookie LLC; Calumet, MI), and imaged in a standard 
C-arm fluoroscopy suite (Artis Zee—Siemens; Frankfurt, 
Germany) with an acquisition rate of 30 frames per sec-
ond. The rat enclosure was positioned to allow for imaging 
from a lateral view. Rats moved freely within the enclo-
sure during image acquisition. Up to 10 swallows were 
imaged and recorded per session. Swallow studies were 
conducted 3 days prior to initiation of a water restriction 
protocol (described below) and 3 days after completion of 

the tongue exercise and testing sequence (described below) 
to allow for pre-post comparison of swallow physiology.

Tongue Exercise

Tongue exercise time points are represented in Fig. 2.
Methods related to tongue exercise have been described in 

detail previously [69, 71, 73], and are reviewed briefly here. 
Prior to acclimation to the tongue exercise apparatus (Fig. 3), 
rats were placed on a 10-day water restriction protocol, where 
access to water was incremented down from full access to only 
3 h of access per day [77]. During this water restriction proto-
col, rats were placed in individual polycarbonate cages, similar 

Fig. 2   Tongue exercise schedule. Each box represents a single day in 
the acclimation and tongue exercise protocol. After 7 days of accli-
mation, rats underwent Maximum Voluntary Tongue Force (MVTF) 
testing to determine maximum tongue forces prior to training. This 
value was used to calculate daily threshold values during exercise and 
was re-evaluated at the end of Week 4 for the exercise animals only 
(5-day, 3 day, 1 day/week groups only). Exercise days occurred Mon-

day through Friday, where rats entered the Tongue Exercise Appara-
tus and completed either sham exercise (less than 20 presses at 2 mN 
force threshold) or tongue exercise (average 100 presses at set thresh-
old for that training week). Exercise days for each group are indicated 
in the figure. At the end of each exercise day Monday–Friday, all rats 
received 3 h of water ad libitum in the watering cages

Fig. 3   Exercise apparatus and watering cages. Watering cages are 
used to prime rats for tongue exercise training using classical con-
ditioning principles, providing a reinforcement (water) in the same 

location as in the training apparatus. The Training Apparatus dis-
penses water onto the disk when the rat presses with adequate force 
as measured through the force transducer. Adapted from [69]
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to the tongue exercise enclosure, with dishes of water placed 
in an area analogous to the location of the operandum in the 
tongue exercise enclosure (see Fig. 3). Once rats received only 
3 h of water/day for 5 consecutive days before acclimation 
to the tongue exercise apparatus began. During acclimation, 
rats were classically conditioned to press the tongue against a 
disk for a water reward on a variable 1:5 reinforcement sched-
ule. Tongue force was measured by a force transducer (Sen-
sotec load cell, 0–245.17 mN). Force transducer output was 
collected by custom-designed acquisition software (Matrix 
Product Development; Cottage Grove, WI) with a precision 
of 2 mN and a 200 Hz sampling rate.

After 7 days of acclimation to the exercise apparatus, 
where only a low force was required for water to dispense 
(2 mN), rats were challenged to press the disk at increas-
ing force levels by incrementing the threshold for receipt 
of a water reward. The average of the greatest 10 tongue 
presses across 3 consecutive days represented the Maxi-
mum Voluntary Tongue Force (MVTF) measurement for 
both baseline and post-exercise time points. The sham con-
trol group received MVTF testing only at baseline and after 
8 weeks of the sham control condition. For exercise groups, 
reward thresholds for each individual rat across the 8 weeks 
of tongue exercise were calculated as a percentage of that 
rat’s MVTF. For weeks 1 and 2, reward thresholds were set 
to 50% of MVTF, and were then set at 60% for weeks 3 and 
4. MVTF was re-determined for tongue exercise groups only 
at the end of week 4. Following this re-assessment, reward 
thresholds were set to 70% of the revised MVTF value for 
weeks 5 and 6, and finally at 80% for weeks 7 and 8.

On tongue exercise days (Fig. 2) rats assigned to the 1, 
3, or 5 day/week tongue exercise groups entered the tongue 
exercise chamber and pressed the disk with the tongue 
approximately 100 times at or above the predetermined 
threshold to obtain a water reward. Sham control rats entered 
the exercise apparatus 5 days/week but were allowed to press 
the disk < 20 times with no threshold increase over the mini-
mal level (2 mN) to demonstrate learning the task but with-
out participating in exercise. On non-exercise days, the 1 and 
3 day/week rats entered the exercise apparatus and followed 
the same protocol as sham control animals to maintain per-
formance of the task. All rats received 3 h of access to water 
after tongue exercise or sham control conditions on each 
treatment day. Rats did not enter tongue exercise apparatus 
on weekend days, but received access to water 3 h on each 
weekend day.

Tongue Exercise Dose for Exercise Groups

During 8 weeks of tongue exercise (duration), 3 exercise 
conditions dictated the number of days per week of exer-
cise (frequency). The targeted number of tongue presses 

per session (repetitions) was held at approximately 100 at 
the predetermined threshold (intensity). That is, on exercise 
days, rats in 1 day, 3 days, and 5 days/week exercise groups 
pressed the disk approximately 100 times per session above 
the predetermined force threshold for that exercise session. 
However, due to the behavioral nature of the task, some rats 
did not achieve the 100-press criterion on some days. To 
confirm actual dose of exercise administered across all rats, 
we monitored and recorded daily averages for force per ses-
sion (intensity) and number of presses per session (repeti-
tions). To calculate these daily averages, we included presses 
that registered at or above the designated force threshold for 
an individual exercise session.

Muscle Tissue Harvest

Within 72  h of final VFSS, rats were euthanized with 
Beuthanasia intraperitoneal injection (0.2 cc) after anes-
thesia with isoflurane. Paired GG muscles (left and right 
side) were removed and randomly assigned to either to 
whole muscle snap freezing in liquid nitrogen for bioener-
getic assays (citrate synthase and western blotting) or whole 
muscle freezing in optimum cutting temperature (OCT) fix-
ing solution and stored at − 80 °C for later sectioning for 
immunohistochemistry (IHC). Extensor digitorum longus 
(EDL) and soleus (SO) muscles were harvested at random 
from one animal per exercise/sham group to serve as biologi-
cal controls for IHC (see below).

Immunohistochemistry of Genioglossus Muscle

The IHC staining protocol was performed over three con-
secutive days for sectioning, staining, and imaging.

Sectioning

Using a cryostat (Leica CM 1850; Meyer Instruments, Hou-
ston, TX), GG muscles were cut into 10 µm cross-sections 
and mounted on slides at − 20 °C. To stain for all 4 MyHC 
isoforms (I, IIx, IIb, IIa), two serial sections were taken from 
the midbelly of each GG to avoid regional differences that 
have been previously found in this muscle [74], resulting in 
2 slides per rat.

Staining

The staining protocol has been used previously in our 
laboratory [78] and is validated in the literature [79–81]. 
After sectioning, slides were stored at − 20 °C overnight 
until performing the staining protocol the following day. 
The first slide was stained for laminin, MyHC I, IIa, IIb 
and the second slide was stained for laminin MyHC IIa and 
IIx (Fig. 4a–c). Different primary antibodies were applied 
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to each slide to stain for different MyHC isoforms (see 
Table 1). Two slides are required because secondary anti-
bodies for MyHC isoforms IIx and IIb both illuminate red 
when imaged (Table 1) [78]. MyHC Type IIa isoform was 
stained on both sections. Sections from EDL and SO mus-
cles were used with each staining batch to serve as controls 
and validation for staining protocol (Fig. 4c, d): EDL mus-
cles are majority (> 50%) Type IIb fibers and SO are major-
ity (> 50%) Type I [82]. These were selected as biological 
controls given that relative fiber composition for these mus-
cles have been well studied in the limb literature.

Prior to staining, slides were first fixed in cold acetone for 
10 min followed by phosphate buffered saline (PBS) washes 
(2×, 2 min each). Following washes, 10% normal goat serum 
(NGS) was applied as a blocking solution for 30–45 min. 
Primary antibodies were applied to each group of slides for 
1 h and 15 min at room temperature (see Table 1). Following 
primary incubation, slides were blotted and rinsed with PBS 
(3×, 5 min each) prior to secondary body application (see 
Table 1). Slides were incubated in secondary antibody for 
45 min, covered, at room temperature. Following secondary 

application, slides were washed a final time in PBS (3×, 
5 min each) and left to air dry before cover slipping with 
ProLong Anti-Fade without DAPI (Invitrogen Life Technol-
ogies, Eugene, OR). Slides were stored at room temperature 
overnight before imaging the following day.

Imaging

All slides were imaged on the third day with an Olympus 
BX53 Upright Microscope (Center Valley, PA) using Cell 
Sense Dimension (117) acquisition software. GG sections 
were imaged at 20 × resolution to allow capture of the 
entire section. Prior to image analysis, files are prepared 
in ImageJ, converting. VSI to.TIFF files. Relative immuno-
fluorescence was converted to RBG, which was used by the 
Semi-Automatic Muscle Analysis (SMASH) program [83] 
for MATLAB analysis. A custom ImageJ (National Institutes 
of Health, LOCI University of Wisconsin) script was used to 
convert colors on images to allow us to distinguish laminin 
from MyHC Type I fibers (Fig. 4a), measurement of MyHC 

Fig. 4   Representative exam-
ple from 1 genioglossus (GG) 
muscle: TIFF files for Semi-
Automatic Muscle Analysis 
(SMASH) after ImageJ process-
ing. a Blue outlines laminin, 
Red indicates MyHC Type I 
isoform, b Blue outlines fiber 
laminin, Green indicates MyHC 
Type IIa isoform, Red indicates 
MyHC Type IIb isoform, c Blue 
outlines fiber laminin, Green 
indicates MyHC Type IIa iso-
form, Red indicates MyHC IIx 
isoform. Representative exam-
ples for staining validation from 
1 extensor digitorus longum 
(EDL) muscle demonstrating 
Type IIb in Red and 1 soleus 
(SO) muscle demonstrating 
Type I in Red
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IIa and IIb fibers (Fig. 4b), and measurement of MyHC IIa 
and IIx fibers (Fig. 4c).

Analysis

Files were uploaded into MATLAB (MathWorks, Natick, 
MA) using the Semi-Automatic Muscle Analysis (SMASH) 
program [83] to determine fiber cross sectional area (CSA) 
by proportion of fibers staining positive for each MyHC 
isoform Type (I, IIx, IIb, IIa) based on signal of staining 
intensity—threshold values are set to capture all positively 
stained fibers based on a histogram provided in SMASH 
of staining intensities. Measurements for CSA were deter-
mined based on the pixel size of the 20 × objective of the 
Olympus Scope (0.5119 µm/pixel). Tissue sections were 
excluded (n = 21) if there was freezer artifact or if the sec-
tion contained a majority of longitudinal fibers rather than 
cross sectioned fibers.

Homogenization

GG muscles that were snap frozen during final harvest 
for bioenergetic assays were homogenized in CelLytic™ 
MT buffer (Sigma Aldrich, St. Louis, MO, product code 
C 3228) with EDTA, protease, and phosphatase inhibitors 
added (1:10). Following homogenization with scissors, 
samples were sonicated and spun at room temperature for 
10 min at 20,000 rcf. Supernatant was transferred to a sepa-
rate tube and stored in aliquots at − 80 °C prior to analysis. 

Total protein was quantified using a Bradford Protein Assay 
(Thermo Fisher Scientific, Maltham, MA, #23200) prior to 
freezing aliquots.

Citrate Synthase Activity Assay

Citrate synthase activity was quantified using a Citrate Syn-
thase Assay Kit (Sigma Aldrich, St. Louis, MO, product 
code CS0720). The sample was loaded into a 96 well plate at 
8 μg/well and the kinetic reaction between acetyl coenzyme 
A and oxaloacetic acid (OAA) is quantified using spectro-
photometry at 412 nm with an Eon microplate spectropho-
tometer (BioTek Instruments Inc, Winooski, VT) using 
Gen5™ (BioTek Instruments Inc, Winooski, VT) collection 
and analysis software. Control wells were included (sample 
without OAA added) and a positive control of citrate syn-
thase (included with kit) was used to ensure quality for each 
batch of reactions measured.

Western Blotting for Expression of PGC‑1α

Western blotting was used to detect expression level of 
PGC-1α in GG muscle homogenates. Samples were diluted 
1:1 with XT sample buffer (Bio-Rad, Hercules, CA), heated 
for 5 min at 95 °C and loaded into Criterion XT 4–12% 
Bis–Tris gels (Bio-Rad, Hercules, CA) with 22.5 ug/well 
concentration and run for 60 min in XT MOPS (Bio-Rad, 
Hercules, CA) running buffer using the Bio-Rad Gel Elec-
trophoresis system at 200 V constant current. Gels were then 

Table 1   Primary and secondary antibodies used in MyHC IHC staining applied to two serial sections of each genioglossus muscle

DSHB Developmental Studies Hybridoma Bank, S-A Sigma-Aldrich, TF Thermofisher

Section 1: primary antibodies

Isoform Product Host Isotype Dilution

MyHC I BA-F8 from DSHB Mouse IgG2b 1:50
MyHC IIa SC-71 from DSHB Mouse IgG1 1:600
MyHC IIb BF-F3 from DSHB Mouse IgM 1:200
Laminin L9393 from S-A Rabbit IgG 1:1000

Section 2: primary antibodies

Isoform Product Host Isotype Dilution

MyHC IIa SC-71 from DSHB Mouse IgG1 1:600
MyHC IIx 6H1 from DSHB Mouse IgM 1:50
Laminin L9393 from S-A Rabbit IgG 1:1000

Sections 1 and 2: secondary antibodies

Isoform Wavelength Product Host Isotype Dilution

MyHC I 350 A21140 TF Goat IgG2b 1:200
MyHC IIa 488 A21121 TF Goat IgG1 1:500
MyHC IIx, b 555 A21426 TF Goat IgM 1:500
Laminin 633 A21071 TF Goat IgG 1:500
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transferred to membranes at 4 °C in Townbin Transfer Buffer 
using the Bio-Rad Transfer Tank system for 40 min at 100 V 
constant current. Due to age-related variation of expres-
sion in common housekeeping proteins such as GADPH 
and β-actin [84], we opted to use internal loading controls 
to normalize analysis across western blots. Accordingly, 
skeletal muscle lysate from mouse (Abcam, Cambridge, 
UK, Ab29711) served as our internal loading control. We 
completed total reversible staining of proteins after trans-
fer using Memcode Reversible Protein Stain and Destain 
Reagent (Pierce™ Reversible Protein Stain Kit for nitrocel-
lulose membranes, Thermo Fisher Scientific, Maltham, MA) 
[85, 86]. Blots were then imaged for total protein (25 ms 
exposure, UVP ChemiDoc-IT2 Imager, Analytik Jena, 
Jena, Germany) and analyzed using VisionWorks software 
(Analytik Jena, Jena, Germany). After imaging, MemCode 
Stain Eraser was used to clear bands from membrane prior 
to blocking for one hour at room temperature (filtered 5% 
Milk in TBS-T).

After blocking, membranes were incubated in primary 
antibody for 14 h at 4 °C (Anti-PGC-1α antibody N-termi-
nal, ab191838, Abcam, Cambridge, UK; 1:500 dilution in 
filtered 5% Milk in TBS-T). Blots were removed from 4° 
one hour prior to TBS-T washes (5 min, 5×). Membranes 
were then incubated in secondary antibody for one hour at 
room temperature (Donkey anti-Rabbit IgG HRP, Thermo 
Fisher Scientific, Maltham, MA SA1-200; 1:1000 dilution 
in TBS-T). Following TBS-T washes (5 min, 5×), blots 
were incubated in SuperSignal™ West Pico Plus Chemilu-
minescent Substrate (Thermo Scientific, Maltham, MA) for 
5 min prior to detection. Blots were then detected using UVP 
ChemiDoc-IT2 Imager using the Total Dynamic Exposure 
setting capturing 20 frames over 10 min.

Files were stored and then uploaded into VisionWorks 
(Analytik Jena, Jena, Germany) for final quantification of 
PGC-1α expression as measured by Mean Density of band 
intensity. Total Protein Assay from Memcode Reversible 
Protein Stain was used to normalize relative expression 
within a blot; skeletal muscle tissue control (Abcam, Cam-
bridge, UK, ab29711) was used to normalize expression 
across blots. PGC-1α expression was quantified at the 130 
kD band, per instructions for this primary antibody (Anti-
PGC-1α antibody N-terminal, ab191838, Abcam, Cam-
bridge, UK).

Analysis of Videofluoroscopic Swallow Studies

Videofluoroscopic swallow studies were blinded and ana-
lyzed. To control for swallow-to-swallow variation, 3 swal-
lows per rat were analyzed using ImageJ for average bolus 
speed, bolus area, and mastication rate. Bolus speed was 
calculated as change in distance (pixels/mm) over time 
(frame rate, 30 fps) using the “multi-point” tool in ImageJ 

to track the head of the bolus from the initiation of the swal-
low (first frame when bolus exits oral cavity) through the 
upper esophageal sphincter. Bolus size (pixels/mm) was 
measured using the “freehand selections” tool in ImageJ 
by outlining the bolus. Mastication was measured across 5 
full cycles, rate was determined using number of frames/5 
cycles of mastication. Because rats were free to move about 
the cage, we excluded rats from analysis if three swallows 
were not in a full lateral view to allow measurement of each 
variable (bolus speed, bolus area, mastication rate). Magni-
fication was used during recording of each fluoroscopy ses-
sion. Appropriate calibration factors were applied to allow 
accurate measurements. Both intra- and inter-rater reliability 
were assessed. Reliability was assessed by remeasurement of 
bolus speed, bolus area, and mastication rate for 10% of the 
measurements by the primary investigator and by a second 
investigator. An intraclass correlation coefficient (ICC) of 
> 0.95 was achieved for both intra- and inter-rater reliability.

Statistical Analyses

All statistical analyses were performed in SPSS (IBM 
Software) using two-way analyses of variance (age x exer-
cise) with a critical α of ≤ 0.05 for all comparisons (main 
and interaction effects). If appropriate, post hoc tests were 
conducted using a Tukey’s correction to account for mul-
tiple comparisons. The following variables were assessed: 
number of presses/session, average force per session (mN), 
change in maximum voluntary tongue force (MVTF; mN), 
fiber size (CSA, μm2), MyHC isoform composition (%), cit-
rate synthase activity (nmol/mg/min), relative expression of 
PGC-1α (arbitrary units), change in bolus speed (mm/s), 
change in bolus area (mm2), and change in mastication rate 
(cycles/s).

Results

Exercise Dose (Intensity, Repetitions)

We tracked tongue presses at or above the set force thresh-
old for each training day, per rat, to measure dose-delivery 
of intensity. Data for average force above threshold (mN) 
per exercise group are presented in Fig. 5. Overall, average 
daily forces were very close to threshold with a range of 
10.2–12.4 mN between the threshold set and the daily aver-
age force across groups. There were significant differences 
in average daily force between 5 day/week exercise group 
and 1 day/week group. The 5 day/week rat group had higher 
daily tongue forces, on average, than 1 day/week group (12 
mN vs 10.4 mN, respectively, p = 0.047). We also tracked 
average number of presses per day with a target of 100 
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repetitions per day. Across groups, there were no significant 
differences in average number of presses per day (repeti-
tions; p > 0.05 for all comparisons).

Tongue Force (MVTF)

There was a significant main effect for tongue exercise con-
dition on change in MVTF (F3,73 = 45.271, p < 0.0001), but 
there was not a significant main effect for age (F1,73 = 3.306, 
p = 0.295) and no significant interaction effect (F3,73 = 0.508, 
p = 0.678). Depicted in Fig. 6, the 5 days/week exercise con-
dition had the greatest change in MVTF after 8 weeks of 
tongue exercise (p < 0.001). However, change in tongue force 
in 1 day/week and 3 day/week exercise conditions was sig-
nificantly greater than the control (sham) group (p < 0.0001). 
There were not significant differences for change in MVTF 
for 1 versus 3 days/week of exercise (p = 0.329). Of note, 
there were no significant main or interaction effects for 
age or exercise condition for MVTF measured at baseline, 
meaning all groups had equal tongue force measures at base-
line (age F1,73 = 0.621, p = 0.433; condition F3,73 = 0.726, 
p = 0.540; interaction F3,73 = 1.181, p = 0.323).

Immunohistochemistry

All fiber size (CSA, um2) and MyHC isoform content sta-
tistical values are represented in Table 2. Significant main 
effects for age showed a greater percentage of MyHC Type 
I fibers in old than in the young adult group (F1,54 = 44.927, 
p < 0.0001), and a greater proportion of MyHC Type IIb 

fibers in the young adult group (F1,54 = 13.467, p = 0.001; 
Fig.  7). Fiber size (CSA, μm2) by MyHC isoform also 
showed a significant main effect for age in MyHC Type IIa 
isoform (F1,54 = 5.242, p = 0.026), with larger IIa fibers in 
the old than in young adult group (Fig. 7). There were no 
significant main effects for exercise and no significant inter-
action effects (see Table 2).

Citrate Synthase Activity

There were no significant main effects for age (F1,72 = 0.135, 
p = 0.714) or exercise (F3,71 = 0.386, p = 0.763) and no sig-
nificant interaction effects (F3,72 = 0.118, p = 0.949) in citrate 
synthase activity.

Relative Expression of PGC‑1α

There were no significant main effects for age (F1,72 = 2.348, 
p = 0.13) or exercise (F3,71 = 0.207, p = 0.891) and no signifi-
cant interaction effects (F1,72 = 0.087, p = 0.967) in PGC-1α 
expression.

Fig. 5   Average difference in daily force threshold. Error bars repre-
sent standard deviation. The average difference between the assigned 
force threshold (% maximum voluntary tongue force) and the actual 
force threshold achieved (tongue force during exercise) per exercise 
day are displayed. Average force per session across groups ranged 
between 10.2 and 12.4 mN above threshold. 5 day/week rats did have 
slightly higher average daily forces (above threshold) as compared 
to the 1 day/week exercise group (p = 0.047). Y young adult, O old; 
1 = 1  day/week exercise; 3 = 3  days/week exercise; 5 = 5  days/week 
exercise

Fig. 6   Change in Maximum Voluntary Tongue Force (MVTF) after 
8-weeks of tongue exercise at different dose conditions (sham control, 
1  day/week, 3  days/week, and 5  days/week of exercise). There was 
not a significant main effect for age (F1,73 = 3.306, p = 0.295), so age 
conditions are combined here. There was a significant main effect for 
exercise condition (F3,73 = 45.271, p < 0.0001): 5  days/week of exer-
cise had the greatest increase in MVTF. Both 1 and 3 days/week of 
exercise had greater increases in MVTF than the sham control condi-
tion, but less than 5 days/week of exercise
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Swallowing Characteristics

Videofluoroscopic swallow study analysis for bolus speed, 
bolus size, and mastication rate are represented in Fig. 8 
with sample size values ranging from 6 to 11 rats per group. 
We found a significant interaction effect between age and 
exercise (F3,66 = 6.007, p = 0.001) for change in bolus speed 
(Fig. 8). Post hoc comparisons revealed that the 5 day/week 
old group had significantly faster bolus speeds after exercise 
than the 3 day/week old group (p = 0.004).

However, at baseline, the 5 day/week old group was 
also significantly different from the 3 day/week old group 
(p = 0.026). Thus, we interpret these findings with cau-
tion. For change in bolus area (Fig. 8), we also found a 
significant interaction effect between age and exercise 
condition (F3,69 = 3.02, p = 0.036). Post hoc comparisons 

revealed that the 5 day/week old group had significantly 
greater bolus areas than 5 day/week young adult group 
(p = 0.045). Mastication rate (Fig. 8) showed no significant 
main effects for age (F1,60 = 1.529, p = 0.221) or exercise 
(F3,60 = 0.302, p = 0.824) and no significant interaction 
effects (F3,60 = 1.273, p = 0.292).

Discussion

We hypothesized that increasing tongue exercise frequency 
would result in concomitant increases in tongue force, a 
greater proportion and size of more slowly contracting and 
fatigue-resistant muscle fibers (Type I and IIa MyHC iso-
forms) and increased signaling for mitochondrial biogen-
esis with related increases in mitochondrial activity. We also 

Table 2   MyHC isoform analysis 
of variance results for age × 
condition

Significant effects are represented in bold

MyHC isoform Proportion of positive fibers (%) Cross sectional area (μm2)

Type I Age F1,54 = 44.927, p ≤ 0.0001 Age F1,54 = 0.304, p = 0.584
Exercise F3,54 = 0.455, p = 0.722 Exercise F3,54 = 0.3, p = 0.825
Interaction F3,54 = 0.414, p = 0.743 Interaction F3,54 = 0.809, p = 0.494

Type IIa Age F1,54 = 2.065, p = 0.157 Age F1,54 = 6.138, p = 0.016
Exercise F3,54 = 0.83, p = 0.483 Exercise F3,54 = 0.195, p = 0.936
Interaction F3,54 = 2.24, p = 0.094 Interaction F3,54 = 0.844, p = 0.9

Type IIx Age F1,54 = 0.93, p = 0.762 Age F1,54 = 3.376, p = 0.072
Exercise F3,54 = 1.832, p = 0.152 Exercise F3,54 = 0.695, p = 0.559
Interaction F3,54 = 2.07, p = 0.115 Interaction F3,54 = 0.206, p = 0.892

Type IIb Age F1,54 = 13.467, p = 0.001 Age F1,54 = 0.033, p = 0.857
Exercise F3,54 = 1.413, p = 0.249 Exercise F3,54 = 0.688, p = 0.563
Interaction F3,54 = 1.121, p = 0.349 Interaction F3,54 = 0.667, p = 0.576

Fig. 7   MyHC isoform composi-
tion (%) and fiber size (CSA). 
Exercise groups are collapsed 
here by age, since there was 
no exercise effect across all 
MyHC Fiber types. There were 
significant main effects for age: 
(1) Increased percentage MyHC 
Type I in old (F1,54 = 44.927, 
p < 0.0001); (2) Increased 
percentage of MyHC Type IIb 
in young adult (F1,54 = 13.467, 
p = 0.001); (3) Fiber size in 
old MyHC Type IIa fibers 
was greater than young adult 
(F1,54 = 5.242, p = 0.026)
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hypothesized that increased exercise frequency would result 
in changes in swallowing characteristics, including speed 
and efficiency. Our hypotheses were supported in part by 
our data. We observed robust and significant increases in 
tongue force with increased frequency of exercise. However, 
these changes were not reflected in biological assays of the 
genioglossus muscle. In addition, we did not find significant 
differences in swallowing characteristics as a function of 
exercise frequency. Negative findings in this study may be 
related to our exercise task, choice of assays, and variability 
in rat behavior during swallow studies.

Tongue Force

We hypothesized that increasing frequency of tongue exer-
cise would increase tongue force, and our findings supported 
this hypothesis. The highest tongue exercise frequency of 
5 days/week resulted in the greatest increase in tongue force. 
The 1 and 3 days/week exercise groups also had significantly 
greater tongue forces than the sham control group, suggest-
ing that the lowest dose, 1 day/week of tongue exercise, was 
sufficient to significantly increase tongue force, but not to 
the same extent as 5 days/week. Previous studies using this 
rat model have also shown increases in tongue forces follow-
ing 5 days/week of exercise [69, 71, 73], but this is the first 
study to show that smaller doses of exercise (1 and 3 days) 

are also associated with significantly increased tongue force 
versus control. No significant difference in tongue force 
after 1 versus 3 days/week of tongue exercise contrasts with 
findings from the limb literature, where exercise at 3 days/
week results in greater gains than 1 day/week [87, 88]. This 
further supports the premise that tongue muscles must be 
explored directly, and findings from the limb may not reflect 
mechanisms present in the cranial motor system. Tongue 
exercise dosing characteristics must be studied directly to 
better understand dose–response in this unique group of 
muscles.

Muscle Fiber Biology and Metabolism

We also hypothesized that increasing frequency of tongue 
exercise would result in a higher proportion and size of Type 
I and IIa muscle fibers, as identified by staining of MyHC 
isoforms. However, these hypotheses were not supported by 
our data. We did not see a significant effect of tongue exer-
cise in genioglossus muscle fiber size or MyHC composition 
at any tongue exercise dose. This is in contrast with a previ-
ous finding from our laboratory that showed a shift toward 
a greater proportion of MyHC I fibers with tongue exercise 
using whole muscle homogenate in SDS-PAGE gel assays 
[71]. One explanation for this might be that we only exam-
ined changes in the GG midbelly in this study when there 

Fig. 8   Change in bolus speed, bolus area, and mastication rate after 
tongue exercise. For change in bolus speed, there was an interaction 
effect (F3,66 = 6.007, p = 0.001), where old 5 day/week rats had faster 
speeds after tongue training than old 3  day/week rats (p = 0.004). 
However, there was a pre-existing difference between these groups at 
baseline (3  day/week old group > bolus speed at baseline compared 
with 5  day/week old group p = 0.026). Change in bolus area after 
tongue exercise showed an interaction effect (F3,69 = 3.02, p = 0.036), 

5  day/week old animals had larger boluses sizes after tongue exer-
cise as compared to young adult 5 day/week. Change in mastication 
rate after tongue exercise showed no main effects for age, exercise, or 
interaction effects (F1,60 = 1.529, p = 0.221; F3,60 = 0.302, p = 0.824; 
F3,60 = 1.273, p = 0.292, respectively). Y young adult; O old; C Sham 
control; 1 = 1 day/week exercise; 3 = 3 days/week exercise; 5 = 5 days/
week exercise
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are known regional differences within the GG in proportion 
of MyHC isoforms [74]. Accordingly, there could be exer-
cise effects in anterior or posterior portions of the GG not 
discovered here that could be examined in a future study. 
Another consideration is that other tongue muscles (intrin-
sic—superior longitudinal, inferior longitudinal, transverse, 
verticalis; other extrinsic—hyoglossus, styloglossus) could 
be contributing to changes in tongue force after exercise. 
These muscles have different activation characteristics than 
the GG and may have been differentially affected during our 
protrusive tongue exercise task [89, 90]. Examining tongue 
exercise effects on these muscles in future studies would 
allow discovery of potential changes in muscle fiber biology 
or metabolism across different exercise doses and would pro-
vide insight on how tongue exercise may impact the synergy 
of tongue muscle activity during the swallow.

This study also showed that there was an age-related 
increase in proportion of Type I and size of Type IIa muscle 
fibers in the old group, which is consistent with previous 
work in our laboratory [71, 74]. This demonstrated a shift 
in old rat GG toward a slower contracting, fatigue-resistant 
profile. These findings are also supported by previous studies 
of aged tongue contractile properties, showing that fatigue 
was not increased with age but that the tongue had slower 
contraction times to reach maximal force generation [91]. 
This shift toward a more slowly contracting fatigue-resistant 
profile with age may be a compensatory change to allow for 
increased endurance of these muscles during critical motor 
activities, such as maintenance of airway patency, oral pro-
cessing, and swallowing throughout a meal.

Another potential explanation for lack of identification of 
biological mechanisms for dose-related changes in tongue 
force after exercise could be that our tongue exercise task 
was not sufficiently rigorous to induce changes in muscle 
fiber properties. The genioglossus muscle is very active 
during a multitude of tasks including airway patency [92] 
and speech [93], in addition to deglutition [94]. Given this 
high level of activity in this particular muscle, our tongue 
exercise task may not have induced activity levels over 
and above routine muscle activation levels and thus failed 
to induce changes in fiber type or size [95–97]. Increasing 
number of repetitions or intensity (force threshold) of the 
tongue exercise task may create more of a challenge to signal 
for changes in muscle biology of the GG. Examination of 
biological variables in other extrinsic and intrinsic tongue 
muscles may also clarify the mechanisms responsible for 
dose-related increased in tongue force.

Increasing tongue exercise frequency also did not signifi-
cantly increase PGC-1α expression or citrate synthase activ-
ity. Thus, mitochondrial content and function, as measured 
by these specific assays, do not appear to be mechanistic 
candidates for alterations in maximum tongue force with 
dose observed in this study. To compare these findings with 

the literature, we must clarify whether the tongue exercise 
program used in this study is considered an endurance, 
resistance, or a combination exercise program. This distinc-
tion is important because previous studies of mitochondrial 
changes with exercise have reported findings dependent on 
exercise type. Based on the definitions provided by Cartee 
and colleagues [98], our task makes use of both high repeti-
tions (endurance) and high resistance (strength), given that 
rats are challenged to press the disk 100 times per session at 
increasing force thresholds (60–80% of max). Most resist-
ance exercise programs only require 12 repetitions max (per 
set) [43], making our 100 presses in the “high-repetition” 
range. As such, the tongue exercise approach used in this 
study may be more similar to a combination of endurance 
and resistance exercise.

Studies examining mitochondrial adaptation in combina-
tion exercise programs are few, and findings are inconsist-
ent. One study found that PGC-1α expression was almost 
2 × higher after concurrent exercise than with endurance 
exercise alone [99]. Another study concluded that resist-
ance exercise inhibited mitochondrial biogenesis when 
added after endurance (aerobic) exercise [100]. Given the 
few studies looking at concurrent exercise and the mixed 
findings it is difficult to compare our findings to those in the 
literature base. More conclusive findings have been reported 
for endurance and resistance exercise alone. Endurance 
exercise has been shown to increase mitochondrial content 
and function [101, 102], while resistance exercise does not 
increase signaling for mitochondrial biogenesis [103, 104]. 
Resistance exercise is also known to have little to no effect 
on citrate synthase activity [105–109]. Thus, findings in our 
study are more consistent with resistance exercise effects on 
mitochondria found in the limb literature, suggesting that 
perhaps our task is more resistance-based when it comes to 
mitochondrial remodeling.

In this study, we assayed for changes in muscle metabo-
lism as measured by markers in mitochondrial content and 
function. It is possible that other markers of mitochondria 
were affected by this task that were not measured in this 
study, such as O2 consumption [110]. This task may also be 
more similar to resistance exercise than an endurance exer-
cise task. Given that resistance exercise is generally thought 
to have less robust changes in upregulation of mitochondrial 
production, this may explain why we did not see changes in 
these upstream and downstream markers. However, if we 
changed the task to require a more endurance like task (e.g., 
200 repetitions at a lower force threshold) or by inducing 
fatigue by stimulation of the hypoglossal nerve, we may see 
change in these mitochondrial assays.

We showed that 5 day/week exercise rats had the greatest 
change in tongue force from baseline, but that 1 and 3 day/
week exercise rats had greater changes in force than controls. 
While all rats in this study learned the exercise task, the 1, 3 
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and 5 day/week animals had the opportunity to learn a more 
complex task that required pressing the disk with increas-
ing force over time to receive a water reward. Control rats 
were not challenged to press the disk at increased intensity 
and pressed at a low threshold for fewer repetitions. Perhaps 
increasing the intensity throughout 8 weeks for exercise rats 
required a more skilled behavioral response to continue to 
receive the water reward. There is evidence to support this, 
showing that learning skilled tasks results in differential 
organization of the motor cortex as compared to unskilled 
tasks [111]. On the other hand, repeatedly performing a 
task is necessary for learning any motor skill or behavior 
[112]. Motor learning literature has emphasized the need 
for repeating a task over time to allow for long-term gains in 
task performance [113]. Our findings are supported by this 
given that 5 day/week group that performed this task with 
the greatest frequency of all groups, had the greatest gains 
in tongue force task performance.

Swallowing Characteristics

Our hypothesis that increasing frequency of tongue exercise 
would result in greater improvements in swallowing speed 
and efficiency was not supported by our data. Although sta-
tistical findings showed a significant difference between two 
groups (O3 vs O5) in measures of bolus speed, we are inter-
preting these results with caution given the large amount 
of variability across groups and the significant differences 
between groups at baseline. We also found no age or exer-
cise effects on mastication rate, which contrasts our previous 
findings using a pasta biting task that showed more cycles of 
mastication in old rats than in young adult [110].

There are several possible explanations for these findings. 
First, differences in food consistency (pasta vs cookie) may 
account for these disparate findings. This was the first study 
in our laboratory to use a cookie texture during VFSS as 
compared to previously studied peanut butter. This differ-
ence in texture may have resulted in more variable move-
ments during imaging because rats had greater freedom to 
move about the cage when handling their cookies, rather 
than licking peanut butter off of a fixed stage at the front of 
the cage. Future comparisons of swallowing characteristics 
across different food textures would shed more light on our 
findings of high variability with cookie.

An alternative interpretation of these findings could relate 
to tongue strength and swallowing function at baseline: our 
analyses demonstrated no significant difference in lingual 
strength between old and young adult rats at baseline. That 
is, rats in any exercise condition (young adult or old) did 
not necessarily have a deficit in lingual or swallowing func-
tion at baseline, which could explain the lack of measurable 
change in swallowing function as a result of tongue exercise.

One statistically significant finding that cannot be 
explained by a difference at baseline is bolus area between 
the old 5 day/week exercise group and young adult 5 day/
week exercise group. After 8 weeks of exercise training, the 
old rat exercise group had larger bolus areas than their young 
adult counterparts, but no other group differences. Older 
rats were significantly larger than young adult rats in the 
5 day/week exercise groups (p = 0.008), which may partially 
explain why the older rats had larger bolus areas. However, 
it is possible that this is an incidental finding given the wide 
range of variability among the fluoroscopic swallow study 
measurements.

Limitations

We acknowledge several limitations in this work. First, while 
we attempted to control the intensity at which rats pressed 
the disk on training days by setting force threshold, we could 
not control how hard rats pressed the disk. As a result, the 
5 day/week exercise rats pressed on average higher than their 
force threshold as compared to the 1 day/week rats. This is 
an inherent challenge with animal behavior that we acknowl-
edge as a limitation. Another challenge we encountered with 
animal behavior was related to the videofluoroscopic swal-
low studies. Use of the barium cookie allowed the rats pick 
up the cookie and move freely around the age, as opposed 
to the peanut butter barium mixture used in previous studies 
in our laboratory that was fixed to the front of the cage and 
ensured a standard distance from the C-arm across rats and 
swallows [114]. Ensuring equal distance might reduce some 
of the variability in magnification that could have contrib-
uted to variability in our findings. This would also allow us 
to control for animal size by using a spinal calibration during 
bolus measurements. This calibration method was not pos-
sible in this study because of variance in distance from the 
C-arm due to the freely moving rats.

Second, we did not quantify contractile properties of the 
tongue, including fatigue indices [91], and thus we cannot 
draw conclusions about differences between animal behavior 
(maximal voluntary press) and contractile properties derived 
through neuromuscular stimulation of the tongue muscles. 
This limitation prevents us from differentiating voluntary 
pressing as a learned behavior and muscle capacity. Third, we 
examined muscle biology in only one of the extrinsic muscles 
of the tongue—the genioglossus. Given that the other extrinsic 
and intrinsic tongue muscles have different activation patterns 
during tongue protrusion [89, 90], it is possible that there are 
differential effects of tongue exercise on mitochondrial struc-
ture and function in the retrusive muscles that we did not 
examine in this study. Future studies should explore exercise 
effects on these retrusive muscles as they work together with 
the GG to perform swallowing specific tasks [115, 116]. Also, 
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we only examined muscle fiber type and fiber size changes 
at the midbelly of the GG muscle. Regional differences in 
this muscle do exist [74], therefore different findings may be 
found in the anterior or posterior regions. And finally, we did 
not measure O2 consumption from live tissue as a measure 
of mitochondrial function, which is the gold standard assay 
for determining health and function of regional mitochondria 
[110].

Future Directions

Given the limitations and scope of this study, much more 
work can be done within this animal model to further sup-
port the translation of these dosing characteristics to human 
participants. As discussed, accessing these muscles in the 
head and neck is not possible in healthy elders. Future stud-
ies using this model can investigate other dose components 
(intensity, repetitions, duration) and the effects on tongue 
muscle biology and physiology with the goal of optimiz-
ing dose effects and form better clinical recommendations. 
Future work should also explore other muscle characteris-
tics that were not explored in this study, such as stimulated 
tongue force generative capacity vs voluntary tongue force 
generation and induced fatigue.

To clinically translate these findings, it will be neces-
sary to conduct studies of varied exercise dose in human 
participants. Ideally, all components of exercise dose would 
be compared and tested and applied to development of a con-
sensus on an optimal dose. Based on what we discovered in 
this work, it is likely that greater frequency of tongue exer-
cise will produce larger changes in tongue force. However, 
our findings of change in force in 1 and 3 days/week of exer-
cise are encouraging in that this limited dose resulted in a 
large percent change from baseline (51% change). Given that 
tongue force during swallowing is a submaximal task [117], 
determining the minimal change in tongue force necessary 
for improvement of swallowing will be critical for develop-
ment of clinical guidelines. Another factor we must consider 
in determining appropriate dosing in human studies will be 
exercise adherence. Poor adherence to dysphagia treatments 
has been established [118]. This is a concern because of 
the strong relationship between adherence and achieving 
prescribed exercise dose. Researchers must consider feasi-
bility of clinical programs for people with dysphagia when 
determining clinical doses for tongue exercise to maximize 
patient adherence.

Conclusion

This is the first study of resistance and endurance exercise 
in the cranial muscle system to examine related effects on 
muscle biology, and mitochondrial content and function. We 

conclude that increasing days/week of tongue exercise in the 
rat leads to greater increases in tongue force as measured by 
our voluntary tongue press task. Our findings indicate that 
1 and 3 day(s)/week of exercise increase tongue force above 
control levels, but 5 days/week of exercise results in the 
greatest force increase. These changes in tongue force were 
not related to changes in muscle fiber type composition, fiber 
size, PGC-1α expression, or citrate synthase activity in the 
genioglossus muscle. Further, swallowing features (speed, 
bolus area, bolus size) showed high variability at baseline 
making change in bolus characteristics difficult to interpret. 
Because we were unable to define biological mechanisms 
of increased tongue forces with increasing exercise dose, 
more work must be done to examine other muscle variables, 
as discussed here. The findings of this study provide sci-
entific understanding necessary for future clinical studies 
geared toward refining treatment approaches and maximiz-
ing outcomes.
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