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Abstract

Introduction—Neuromuscular electrical stimulation (NMES) for the treatment of swallowing 

disorders is delivered at a variety of stimulation frequencies. We examined the effects of 

stimulation frequency on tongue muscle plasticity in an aging rat model.

Methods—Eighty-six young, middle-aged, and old rats were assigned to either bilateral 

hypoglossal nerve stimulation at 10 or 100 Hz (5 days/wk, 8 wks), sham, or no implantation 

conditions. Muscle contractile properties and myosin heavy chain (MyHC) composition were 

determined for hyoglossus (HG) and styloglossus (SG) muscles.

Results—Eight-weeks of 100 Hz stimulation resulted in the greatest changes in muscle 

contractile function with significantly longer contraction and half-decay times, greatest reduction 

in fatigue, and a transition toward slowly contracting, fatigue-resistant MyHC isoforms.

Discussion—NMES at 100 Hz induced considerable changes in contractile and phenotypic 

profiles of HG and SG muscles, suggesting higher frequency NMES may yield a greater 

therapeutic effect.
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Introduction

Swallowing disorders affect 20% of elderly people, and have substantial negative effects on 

quality of life, health, and rehabilitative potential. Age-related reductions in tongue strength, 

mass, and transformations or selective loss of specific muscle fiber types1–8 may underlie 
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observed decrements in the aging oropharyngeal swallow.3,6,9–13 Treatments that include 

increased levels of muscle activity, such as neuromuscular electrical stimulation, have the 

potential of improving swallowing function.

Neuromuscular electrical stimulation (NMES) is used in the treatment of swallowing 

disorders.14–18 Clinical research findings regarding the effectiveness of NMES for 

improving swallowing outcomes have been mixed.19 While some studies have reported 

favorable effects, 15,20–24 other studies have not found benefits to using NMES in 

swallowing treatment over traditional therapeutic methods.25–27 One source of variability in 

the application of NMES to dysphagia may be that various stimulation parameters have been 

used in different implementations, such as variation in stimulation frequency, duration, and 

treatment length.

Stimulation frequency has not been standardized in clinical dysphagia treatment, ranging 

from 30 Hz to 80 Hz,28,29 nor has the stimulation duration (5 minutes to 1 hour) or treatment 

period (weeks to months).30 All of these factors contribute to the total stimulation dose,31 

and alterations in muscle phenotype appear to be dose-dependent.32,33 For example, low 

frequency stimulation has been associated with muscle fiber transformations within rapidly 

contracting muscles to more slowly contracting, fatigue-resistant fibers,34–36 while high 

frequency stimulation has been shown to drive conversion of slowly contracting muscles to 

more rapidly contracting, fast-fatiguing muscle fiber types.35,37–39 Additionally, cross 

innervation studies have demonstrated muscle fiber type transformations consistent with this 

notion.35,36,40 Accordingly, NMES of the tongue muscles, which are primarily composed of 

rapidly-contracting myosin heavy chain (MyHC) type II fibers and isoforms,41,42 can be 

transformed, theoretically, to either more slowly or more rapidly contracting muscle 

phenotypes depending on stimulation frequency.35

In our prior study of NMES of the hypoglossal nerves over 8 weeks in an aging rat model, a 

40 Hz stimulation frequency was used, which represented an approximate midpoint between 

the low (10 Hz) and high (100 Hz) frequencies used previously in the literature.34,35,37–39 

With 40 Hz NMES, we found reduced muscle fatigue, increased contraction and half decay 

times, increased twitch and tetanic tension, and increased Type I MyHC in the extrinsic 

tongue muscles, suggesting conversion to a more slowly contracting, fatigue resistant muscle 

fiber type.43 However, the question remained whether conversion of muscle fiber 

characteristics could be further optimized using different stimulation frequencies.

The purpose of our study was to examine the effects of low (10 Hz) and high (100 Hz) 

frequency neuromuscular electrical stimulation (NMES) of the hypoglossal nerves on tongue 

muscle contractile properties and myosin heavy chain (MyHC) isoform composition in an 

aging rodent model. Following neuromuscular electrical stimulation (NMES), we 

hypothesized that in the retrusive, extrinsic tongue muscles (hyoglossus [HG] and 

styloglossus [SG]), high, 100 Hz frequency stimulation would result in conversion of the HG 

and SG muscles to a more rapidly contracting, fatigable muscle fiber phenotype, while low, 

10 Hz frequency stimulation would result in phenotypic transformation to a more slowly 

contracting fatigue-resistant muscle fiber type.
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Methods

This study was performed in accordance with the Public Health Service Policy on care and 

use of laboratory animals, the NIH Guide for the Care and Use of Laboratory Animals, 8th 

Edition, 2011. The animal care and use protocol was approved by the University of 

Wisconsin-Madison School of Medicine and Public Health Animal Care and Use 

Committee.

Male Fischer 344/Brown Norway rats in Young Adult (9 mo. old; n=32), Middle-Aged44 (24 

mo. old; n=25) and Old44 (32 mo. old; n=29) groups were randomly assigned to the 

following groups: 1) bilateral hypoglossal nerve stimulation at 10 Hz (n=20); 2) bilateral 

hypoglossal nerve stimulation at 100 Hz (n=23); 3) implantation of the electrode array but 

no stimulation (sham, n=6); 4) no implantation, no stimulation control ( n=37). Eleven of the 

control animals were used to for comparisons to the sham group. Sham, 10 Hz, and 100 Hz 

groups underwent implantation of an electrode assembly designed and fabricated by Dr. 

David Zealear (Vanderbilt University School of Medicine),43,45 followed by 8 weeks of 

supramaximal bilateral electrical stimulation of the hypoglossal nerves (10 Hz and 100 Hz 

groups only). Briefly, rats were anesthetized with isoflurane, implanted with the electrode 

assembly immediately below the bifurcation of the hypoglossal nerve, allowed to recover, 

and then a Grass S88 stimulator was used to present bilateral, supramaximal stimulation at 

either 10 Hz or 100 Hz 5 days per week for a total of 8 weeks.

Supramaximal stimulation was performed using a rectangular waveform, duty cycle of 1 sec 

on – 1 sec off, and 0.2 sec pulse width at low (10 Hz) or high (100 Hz) frequencies reported 

previously in the literature.34,35,37–39 Representative tongue force signals are shown in 

Supplementary Figure 1. Supramaximal current amplitude was determined for each rat and 

was defined as 1.5 times the minimum current level needed to generate maximum peak 

tongue muscle twitch force, which varied between 300 – 500 μA for each rat. Sham rats did 

not receive any hypoglossal nerve stimulation and were included to allow us to discern 

effects of the presence of the electrode cuff on the nerve. Duration of daily treatment was 30 

min for the 10 Hz group and 10 min for the 100 Hz group. Differences in treatment duration 

were employed to normalize the extent of muscle fatigue within a training session. 

Preliminary studies in our laboratory indicate a 40% reduction in the fatigue index was 

achieved at the end of a single 10 or 30 min training session at 100 or 10 Hz stimulation, 

respectively, prior to 8 weeks of NMES. All other stimulation parameters were held equal to 

allow for comparison of muscle outcomes following 10 Hz or 100 Hz NMES treatment. The 

Control group did not receive electrical stimulation.

Following the 8-week study period, tongue muscle contractile properties were recorded in 
vivo for all rats, using procedures described previously.43,46–49 Whole hypoglossal nerves 

were then stimulated bilaterally via the electrode cuffs surrounding the nerve. The following 

retrusive tongue muscle contractile properties were recorded in each rat: maximal twitch 

tension (peak tension [mN] generated following a single electrical stimulus ), twitch 

contraction time (interval [ms] between onset of stimulation and 50% peak twitch tension) 

and half-decay times (interval [ms] between onset of stimulation and 50% decay from peak 

twitch tension), maximal tetanic tension (maximal tension (mN) of each stimulated fused 
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wave ), and a fatigue index (percent fused tetanic tension [mN] at the end of 2 minutes of 

stimulation as function of initial fused tetanic tension [mN]). Rats were then euthanized and 

the hyoglossus (HG) and styloglossus (SG) muscles were harvested, snap frozen with liquid 

nitrogen, and stored at −80° C for later analysis.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed and 

gels were silver-stained and analyzed to determine the MyHC isoform composition of the 

HG and SG. The HG and SG muscles were homogenized and protein concentration 

determined (Bradford Protein Assay; Bio-Rad). SDS-PAGE was performed with a 0.75 mm 

thick 6% acrylamide/30% glycerol separating gel (18 ×16 cm) and a 4% acrylamide/30% 

glycerol stacking gel and 0.4 μg of protein was added in triplicate to each gel channel. The 

gel was stained using a silver staining kit (SliverQuest Silver Staining Kit; Invitrogen) to 

visualize protein bands, digitally imaged, and the density of each band determined using 

available software (UN-Scan-IT gel Version 6.1; Silk Scientific, Inc). Percent of each MyHC 

isoform in each column of the gel was calculated using the density of a particular MyHC 

band over the total density for all MyHC bands in that column. Accordingly, relative MyHC 

composition was calculated. The reliability and validity of these methods are high and were 

established previously.50

Data Analysis

Age, stimulation treatment, and interactions were examined using a two-way Analysis of 

Variance (ANOVA) for contraction and half-decay times, fatigue, and MyHC isoform 

composition. Because differences were found across groups in animal weight (F4,78 = 2.52, 

p=.05), a two-way Analysis of Covariance (ANCOVA) with a weight covariate was used for 

twitch and tetanic tension analyses. Pair-wise comparisons were made between groups using 

Fisher’s protected least significant difference tests (LSD). The critical value for obtaining 

statistical significance was set at α=.05 level.

Results

Sham versus Control Groups

Presence of the electrode cuff on the hypoglossal nerve had no effect on muscle force 

production, but did alter temporal properties of muscle contraction, with significantly 

increased contraction and half-decay times in the sham group compared with the control (no 

electrode cuff) group (Table 1).

Muscle Contractile Properties

Descriptive data for contractile property measures by age and condition are shown in shown 

in Table 2. The middle-aged and old groups had longer contraction times than the young 

adult group (F2,78 = 6.23, p=.003; Figure 1A). Main effects for condition were found for 

contraction time, half-decay time, and fatigue ratio. The 100 Hz group had longer 

contraction times than the control group (F2,78 = 5.51, p=.006; Figure 1B). Longer half-

decay times were found in the 10 Hz and 100 Hz conditions than in the control group (F2,78 

= 5.34, p=.007; Figure 1C). For fatigue ratio, both 10 Hz and 100 Hz stimulation groups 

evidenced greater fatigue resistance than the control group (F2,78 = 7.32, p=.001; Figure 2) 
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with the 100 Hz stimulation treatment group having the highest resistance to fatigue. No 

significant age, condition, or interaction effects were found for twitch or tetanic tension.

Myosin Heavy Chain Isoform Composition

Representative gels are shown in Figures 3A, 3B and 4A, 4B for each age by treatment 

condition, with MyHC isoform proportion data found in Table 3.

In the HG, there was greater proportion of MyHC IIa (F2,76 = 4.27, p=.018) and less MyHC 

IIb (F2,76 = 4.98, p=.01) in old versus young adult and middle-aged (Figure 3C). In the 100 

Hz stimulation condition versus control and 10 Hz stimulation groups, we observed 

increased MyHC IIa (F2,76 = 4.27, p=.0001) and MyHC IIx (F2,76 = 6.5, p=.003), and less 

MyHC IIb (F2,76 = 15.64, p<.0001; Figure 4C). No differences in MyHC I or interaction 

effects were found.

For the SG muscle, the proportion of MyHC IIa increased in the middle-aged and old groups 

relative to young adult (F2,77 = 7.68, p=.001; Figure 3D). With 10 Hz and 100 Hz 

stimulation treatment, the proportion of the MyHC IIa (F2,77 = 13.29, p<.0001) and MyHC I 

(F2,77 = 13.94, p<.0001) isoforms increased and MyHC IIx decreased (F2,77 = 5.88, p=.004; 

Figure 4D) versus the control condition. We also observed less MyHC IIb with 100Hz 

stimulation treatment relative to 10 Hz stimulation and control conditions (F2,77 = 5.39, p=.

007).

Discussion

The results of our study demonstrate that NMES may be a promising treatment for 

swallowing disorders where improvements in fatigue resistance are a therapeutic target. The 

primary finding of our study was the transition toward more slowly contracting, fatigue 

resistant contractile and phenotypic profiles in the HG and SG muscles, regardless of the 

stimulation frequency implemented over the 8-week treatment period. Both 10 Hz and 100 

Hz stimulation parameters appeared to increase the MyHC I composition in the SG muscles 

and reduce fatigue during evoked tongue retrusion. We observed that chronic low frequency 

stimulation at 10 Hz has the capacity to drive contractile and phenotypic profiles of the rat 

tongue, which is predominantly composed of MyHC Type II fibers,41–43 toward a more 

slowly contracting fatigue-resistant profile. However, the greatest degree of contractile and 

phenotypic adaptability occurred following 100 Hz, high frequency stimulation. The 100 Hz 

group exhibited decreased MyHC IIb and increased MyHC I, IIa, and IIx, and increased 

contraction and half decay times, and the greatest reduction in fatigue compared to the 

control group. Surprisingly, stimulation frequency did not alter the directionality of 

phenotypic adaptation35 in the 100 Hz stimulation group from a slow to fast fiber type 

transition. NMES training programs, that normalize to the extent of evoked muscle fatigue in 

a single training session, may mimic the muscular plastic effects of voluntary exercise, to 

achieve a fast to slow muscle fiber transformation and reduced muscular fatigue. Perhaps to 

combat the fatigue evoked by our stimulation parameters during each daily stimulation 

session over the course of 8 weeks, the phenotypic profile of the SG and HG muscles in 

young adult, middle-aged, and old rats transitioned to more slowly contracting, fatigue-

resistant MyHC isoforms. These changes in MyHC isoform composition were also 
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consistent with observed alterations in muscle contractile properties: muscle fatigue was 

significantly reduced and longer contraction times observed following 8 weeks of NMES.

Our previous results using 40 Hz NMES in rat tongue showed that the proportion of MyHC I 

increased following stimulation treatment.43 Another study in rabbit tongue had similar 

findings with chronic low frequency stimulation, demonstrating increased MyHC I and 

decreased MyHC II in the normally fast-contracting genioglossus muscle.34,35 These results 

are consistent with phenotype transitions in fast-twitch limb muscles stimulated at low 

frequencies.34–36 Although, an atypical transition in the contractile and phenotypic profile of 

HG and SG muscles of the rat tongue was observed following 100 Hz NMES, this is not the 

first report of a fast to slow MyHC fiber transition following high frequency stimulation.53 

This atypical phenotypic adaption has been attributed to the effects that NMES has on the 

cellular, molecular, biochemical, neuromuscular, and functional properties of muscle, due to 

differences in motor unit recruitment of muscle fibers and enhanced muscle fatigue.54–59 

Because we normalized each training session to induce a 40% reduction in the fatigue index, 

it is likely that we exhausted all energetic and metabolic reserves in the muscle, further 

enhancing fatigue onset in the predominantly MyHC Type II HG and SG muscles. In the 

future, it would be beneficial to study motor nerve conduction, ATP depletion, oxidative 

stress, and glycolytic enzymes following stimulation to better understand underlying 

mechanisms that are contributing to increased muscle fatigue at high stimulation intensities 

and frequencies.

We did not observe any treatment by age interaction effects. With increasing age, retrusive 

actions of the tongue in middle-aged and old rats showed increased contraction times, which 

indicates a slower time to peak muscle contraction. In addition, there was a corresponding 

transition to more slowly contracting and fatigue-resistant MyHC isoforms in both the HG 

and SG muscles. Evidence for this transition in the HG muscle is the reduction of MyHC IIb 

(rapidly contracting and highly fatigable) and increase in the MyHC IIa (slower contracting, 

fatigue-resistant) in the old rat group. Similarly, in the SG muscles of the middle-aged and 

old group, there was an increase in proportion of the MyHC IIa isoform. These results are 

consistent with aging lingual muscle literature.43,48,50,60

There are a few limitations that must be considered before translating the findings of our 

study. First, we did not examine swallowing outcomes. In the future, it would be 

advantageous to include videofluoroscopic swallowing measures to determine whether 

contractile and phenotypic changes induced by NMES also affect the functional swallow. It 

would also be important to know whether following a single stimulation treatment, an 

increase in muscular fatigue translates into a fatigued swallow. Second, because increased 

contraction and half-decay times were observed in the sham group, the alterations in 

temporal properties of muscle contraction that were also observed following 8 weeks of 10 

Hz and 100 Hz hypoglossal stimulation must be examined carefully. The presence of the 

nerve cuff alone may have contributed to increased contraction and half decay times 

following the NMES treatment, however these changes in muscle contraction are also 

consistent with the transition to a slowly contracting, fatigue resistant phenotype that 

occurred in the HG and SG muscles in both stimulation groups. Third, it is possible that our 

stimulation parameters induced muscle damage, potentially due to the metabolic and 
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mechanical stresses imposed on the muscle during NMES treatment.61 Because we are not 

able assess symptoms of muscle damage, such as muscle soreness, weakness, or pain, in a 

rat model it would be beneficial to analyze blood protein markers associated with muscle 

damage, specifically myoglobin and creatine kinase62.

The results of our study suggest that direct NMES of the hypoglossal nerves may be a 

potential and beneficial clinical treatment modality that should be tested in randomized 

clinical trials for swallowing disorders. This study contributes to our understanding of 

stimulation parameter optimization and suggests that higher stimulation frequencies may 

have greater benefit in tongue muscle adaptation than lower frequencies where the goals of 

treatment are reductions in fatigue and gains in endurance. NMES may drive beneficial 

muscular adaptations leading to improved swallowing function where increased fatigue 

resistance is the therapeutic target and/or in populations where conventional exercise 

therapies have been unsuccessful due to tongue muscle immobility issues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ANOVA analysis of variance

HG hyoglossus

Hz frequency

LSD least significance difference

mA milli-amp

mN milli-newton

MyHC myosin heavy chain

NMES neuromuscular electrical stimulation

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Sec second

SG styloglossus
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Figure 1. 
Temporal properties of muscle contraction with significantly altered by age (A, contraction 

time) and stimulation treatment (B, contraction time; C, half decay time). Bars denote 

significance, p<.05.
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Figure 2. 
Reductions in fatigue were observed following the 8-week treatment period in both 10 Hz 

and 100 Hz stimulation groups versus the control group. Bars denote significance, p<.05.
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Figure 3. 
Representative gels from the hyoglossus (HG, A) and styloglossus (SG, B) muscles. With 

age alterations in MyHC IIa and MyHC IIb were observed in the HG (C), and in MyHC IIa 

in the SG (D). Bars denote significance, p<.05.
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Figure 4. 
A. Representative SDS-PAGE gels from the HG and SG muscles following l0 and 100 Hz 

stimulation treatments (A, B, respectively). Following the 8-week stimulation treatment 

period, alterations in MyHC isoform composition of the HG (C) and SG (D) muscles were 

observed. Bars denote significance, p<.05.
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