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Abstract
Introduction—Age-related decreases in tongue muscle mass and strength have been reported. It
may be possible to prevent age-related tongue muscle changes using neuromuscular electrical
stimulation (NMES). Our hypothesis was that alterations in muscle contractile properties and
myosin heavy chain composition would be found following NMES.

Methods—Fifty-four young, middle-aged and old Fischer 344/Brown Norway rats were
included. Twenty-four rats underwent bilateral electrical stimulation of the hypoglossal nerves for
8 weeks and were compared with control or sham rats. Muscle contractile properties and myosin
heavy chain (MHC) in the genioglossus (GG), styloglossus (SG) and hyoglossus (HG) muscles
were examined.

Results—In comparison with unstimulated control rats, we found reduced muscle fatigue,
increased contraction and half decay times and increased twitch and tetanic tension. Increased
Type I MHC was found, except for GG in old and middle-aged rats.

Discussion—Transitions in tongue muscle contractile properties and phenotype were found
following NMES.
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Introduction
It is well known that strength, endurance and sensorimotor function are affected by the aging
process and may be due to reductions in muscle mass and cross sectional area, reduction in
number or size of muscle fibers, transformation or selective loss of specific muscle fiber
types9,18,22,26,48 and reduction in muscle strength. 46 In addition to age-related muscular
changes in the extremities, decrements in critical cranial functions have also been reported
with increasing age, including problems with swallowing. 12,15,24,37,62 Older individuals
swallow more slowly in a manner that may compromise airway penetration and increase the
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risk of aspiration.23 Tongue muscle atrophy and/or weakness may contribute to degradation
in deglutitive function. 5,13,28,33,36,38,47,49,61

Skeletal muscles, including muscles of the tongue, are capable of considerable plasticity,
including alterations in strength and phenotype. 44,50,60 Recent studies in humans and rats
suggest that targeted tongue exercise49,53,55,61,71 or neuromuscular electrical stimulation
(NMES) 60,74 are associated with alterations in tongue strength, physiology, phenotype and
neuromuscular junction morphology. However, the manner in which these alterations may
contribute to physiological changes in tongue muscle contraction or how they may be
applicable to muscle plasticity for aging lingual muscles has not been well-studied.

We tested the hypothesis that alterations in muscle contractile and biochemical properties of
lingual muscles would be found after 8 weeks of bilateral hyoglossal nerve stimulation in
rats. We compared physiologic and biochemical measures of 3 extrinsic tongue muscles
(genioglossus, GG; hyoglossus, HG; and styloglossus, SG) in young adult, middle-aged, and
old rats under control, stimulated, and sham (unstimulated) conditions.

Methods
This study was performed in accordance with the PHS policy on care and use of laboratory
animals, the NIH guide for care and use of laboratory animals, and the animal welfare act.
The animal use protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Wisconsin-Madison School of Medicine and Public Health.

Animal Subjects and Experimental Design Overview
Data from 54 male Fischer 344/Brown Norway rats are reported. This strain has a median
lifespan of approximately 33 months for males. 34 As shown in Table 1, 26 rats were 9
months of age (Young Adult), 13 were 24 months old (Middle-Aged group), and 15 were 32
months old (Old group). The rats were assigned randomly into either an experimental group
(Stimulation Group; n = 24) that underwent implantation of an electrode assembly and
received chronic bilateral electrical stimulation of the hypoglossal nerves for 8 weeks, or a
Control Group (n = 20) that did not receive electrical stimulation, but were housed in our
animal care facility for 8 weeks. In addition, 10 young adult rats were assigned to a Sham
Group that received electrode implantation but did not receive any nerve stimulation across
8 weeks of observation.

Following the 8-week study period, tongue muscle contractile properties were recorded in
vivo for all 54 rats. Animals were then anesthetized and euthanized, and the genioglossus
(GG), hyoglossus (HG) and styloglossus (SG) muscles were harvested, frozen, and stored at
minus 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
myosin heavy chain composition of the muscles of interest.

Implantation of hypoglossal stimulation electrodes and chronic electrical stimulation
Rats randomly assigned to the Stimulation Group or Sham Group (18 Young Adult rats, 7
Middle Aged rats, and 9 Old rats) were anesthetized with isoflurane. Following induction,
each animal was clipped, prepped, and placed in sternal recumbancy on a water-filled heat
blanket to regulate body temperature that was maintained at 37°C throughout surgery. Each
rat was implanted with a prefabricated electrode assembly for chronic stimulation of the
hypoglossal nerves modified from that developed by Zealear. 17 The assembly consisted of a
plastic Dacron skin plug for making connections to an external stimulator, 6 coiled Teflon-
coated multistranded stainless steel lead wires, and 2 nerve cuffs made of silastic tubing.
The pair of nerve cuffs were equipped with two electrodes for hypoglossal nerve
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stimulation, and the remaining 2 leads served as electrodes for recording electromyographic
(EMG) responses from the tongue base that were evoked by hypoglossal nerve stimulation
on each side. Tongue recordings made later in awake animals were referenced to an
electrode placed on the tail. The tongue EMG electrodes were included in the assembly to
insure that hypoglossal nerve damage did not occur from the cuffs over the course of the
experiment. Three to 4 animals were implanted at a time. The animals had a recovery period
of 4 weeks to allow skin incision healing and implant fibrosis.

A Grass S88 stimulator was employed for nerve stimulation in the Stimulation Group
animals only and was administered 5 days per week for 8 weeks. The protocol consisted of 5
sets of 12 repetitions, where each repetition included 1.0 sec of stimulation followed by a
1.0 sec rest period. There was a 2 min rest interval between sets. Pulses were 0.2 ms in
width and were delivered at 40 Hz. A stimulation frequency of 40 Hz was used, because it
has been shown to maximally activate slowly contracting, fast-fatiguing and fast-fatigue-
resistant motor units3, has been used successfully in previous studies of muscle fatigue in rat
hindlimb, 7 and represents an approximate midpoint between low (10 Hz) and high (100 Hz)
frequencies used previously in the literature. 4,8,10,42,60 We used supramaximal current
intensity, defined as 1.5 times the current level needed to generate maximum tongue tension,
which varied for each rat (usually between 300 – 500 μA). A 1.0 sec rest interval between
stimulus trains allowed sufficient time for recovery of blood flow and perfusion of tongue
muscles. Sham Group rats did not receive any hypoglossal nerve stimulation.

Muscle Contractile Property Recordings
Recording of tongue muscle contraction properties was performed 1–7 days following the 8
weeks of electrical stimulation. This 7-day time period was required to allow completion of
experiments for all rats. We do not expect that this 1–7 day delay introduced detraining
artifacts, but detraining studies in the rat tongue as a function of age have not been
performed and we cannot completely rule out this possibility. Although not completely
relevant to the current work, a recent study involving treadmill running in normal Wistar rats
found that a 1-week detraining period did not alter functional capacity on an exercise test. 73

On the day of the experiment, body weights were recorded, and animals were anesthetized
via intraperiotoneal injection of sodium pentobarbital (70 mg/kg). Each animal was placed
in the dorsal recumbent position under an operating microscope (Zeiss). For the Control
Group rats, the hypoglossal nerves were exposed bilaterally using a ventral approach to
allow access for the nerve cuff stimulation electrodes. This surgical approach is well
documented in the literature. 30,52,67 Nerve exposure was not necessary for the Stimulation
Group and Sham Group rats, because these animals were previously implanted with
stimulation electrode assemblies. The core temperature of each animal was monitored at all
times and was maintained at 37 – 39° C. A small suture was placed into the tip of the tongue
for connection to a force transducer (Kent Scientific, Torrington, CT).

Whole Nerve Stimulation
The tongue was protruded manually from the mouth during the experiment. Optimal
direction and line tension on the suture were determined for each animal to yield maximum
peak muscle twitch forces. Whole hypoglossal nerves were then stimulated bilaterally via
the electrode cuffs surrounding the nerve, and retrusive tongue muscle contractile properties
were recorded. These isolated hypoglossal nerve stimulation pulses (1-Hz rectangular-wave
pulses, pulse width 0.1 ms) were delivered at supramaximal levels. Supramaximal
stimulation levels (1.5 times maximum stimulation level; generally between 300 and 500
μA; A-M Systems, Carlsborg, WA) controlled for small differences in stimulation electrode
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placement. These stimulation parameters have been reported previously. 19 Three 10-sec
trials with a 1-min rest period between trials were recorded.

The following measurements were made: (1) twitch contraction time (CT), the interval (ms)
between the onset of stimulation and the point of 50% maximal twitch tension; (2) half-
decay time (HDT), the interval (ms) between the onset of stimulation and the point of 50%
decay from peak twitch tension; (3) maximum twitch tension, the peak tension [g] generated
following a single electrical stimulus; (4) tetanic tension, the maximal tension (g) of each
stimulated fused wave; and (5) fatigue index, determined from repetitive stimulation. That
is, tongue muscles were stimulated repeatedly at 100 Hz for 2 minutes. The fatigue index
was calculated by constructing a ratio of the average tetanic tension (g) at the end of 2
minutes of stimulation relative to the initial tetanic tension (g) and multiplying by 100 to
express the value as the percentage of initial tension. A high fatigue index indicated a
resistance to fatigue. 25,35

Medial Branch Stimulation—Following retrusive tongue whole-hypoglossal nerve
stimulation, a 2–5 mm section of the lateral branch of the hypoglossal nerve was removed
bilaterally. The animal was repositioned to optimize direction and line tension for
forthcoming elicited protrusive tongue actions. Following a 45-min stabilization period,
whole hypoglossal nerves were then stimulated again. Due to the lateral hypoglossal branch
section, only the medial branch was effectively stimulated, and protrusive muscle contractile
properties were measured. The same measurements were made for protrusive muscle
contractions as described above for retrusive actions.

The stimulation signal and tongue force signal were acquired digitally on a dedicated
laboratory computer equipped with an A/D converter (Data Translation, Marlboro, MA)
using data acquisition software written and customized for our use (Acquire Ver. 1.3.0).
Representative twitch and tetanic tension signals from a Young, Middle-aged and Old
animal in the Stimulation and Control Groups are shown in Figure 1.

Following data collection, the transducer was disconnected from the tongue, and the
anesthetized animal was euthanized by an overdose of Beuthanasia via intracardiac
injection. The genioglossus (GG), hyoglossus (HG), and styloglossus (SG) muscles on both
sides were then quickly extracted and suspended in oxygenated Ringers solution. Muscles
were wrapped in foil, labeled, frozen in liquid nitrogen, and then stored in a minus 80° C
freezer.

Myosin Heavy Chain—Using a cryostat, 60 μm sections were made of the frozen GG,
HG and SG muscles from the left or right side of the tongue in each animal, as determined
by a previously assigned random schedule. 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 using small bundles of muscle fibers extracted from a muscle section at
the midpoint of the muscle under a stereomicroscope using a stainless steel needle.

The gel was then stained using a silver staining kit to visualize protein bands. Individual
silver-stained gels were digitally imaged, and the density of each band was determined using
computer-assisted image analysis and densitometry by one of the investigators (AJS) who
was blind to animal age and treatment group (UN-Scan-IT gel Version 6.1, Silk Scientific,
Inc, Utah, USA). Specifically, the percentage of each MHC isoform in each column of the
gel was calculated using the density of a particular MHC band over the total density for all
MHC bands in that column. In this manner, relative MHC composition for each muscle was
calculated.29,43,45,51,57,64,75
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To assess measurement reliability, density measurements from GG, HG and SG gels from
approximately half of the rats across age and stimulation treatment groups were measured
again by an investigator (HW) blind to age, stimulation group and original measurement
values. Intraclass correlation coefficients and 95% confidence intervals between the original
and repeated measurements were 0.98 (.97 – .99) for the GG and SG muscles, and 0.93 (.90
– .95) for the HG muscles.

Data Analysis
Examination of age effects, stimulation effects, and interactions were performed using
Analysis of Variance (ANOVA) or t-tests when only 2 groups were compared. For the
myosin heavy chain variables expressed as percentages, analyses were repeated based on
ranks, and similar results were found relative to ANOVA findings. Thus, only ANOVA
results will be presented. Pair-wise comparisons were made between groups using the Fisher
protected least significant difference tests (LSD). SAS statistical software was used for all
analyses (SAS Institute Inc., Cary, NC). The critical value for obtaining statistical
significance was set at α=.05. Effect sizes were also calculated for comparisons that were
found to be significantly different. The Cohen d was calculated as the difference between
means standardized by the pooled variance. The Cohen guidelines for interpretation of effect
sizes suggest that an effect size greater than 0.8 can be considered “large” and thus indicates
a large relative difference between means independent of the sample size for each
comparison, while an effect size between 0.5 and 0.8 is considered “medium.” 14

For some variables, missing data resulted in slightly smaller sample sizes and are reflected
in the degrees of freedom for each analysis. Error degrees of freedom of 38 represented a
full dataset. Loss of data occurred for a few muscle contraction variables due to
unanticipated expiration of 2 rats during muscle contractile property recording and a
computer error (n=1). Use of muscle tissue in other experiments limited availability for the
MHC analysis in a few cases (GG n=4; SG n=3; HG n=3). Otherwise, all available data
were included in the analysis.

Results
Twitch and tetanic tension measures were compared in young adult Control Group and
Sham Group to determine if presence of the stimulation cuff alone, without NMES
treatment, may have affected tongue muscle contractile properties. T-tests revealed that
there was not a significant difference in twitch tension between the young adult Control
Group and Sham Group with whole nerve stimulation (Control mean [SE] = 28.9 g [2.5];
Sham mean [SE] = 25.8 g [1.5]; t16=−1.10, p=.28). Similarly, there was not a significant
difference in tetanic tension (Control mean [SE] =91.1 g [7.0]; Sham mean [SE] = 80.5 g
[4.9]; t16=1.27, p=.22, respectively). When only the medial branch was stimulated
effectively, tetanic tension was also not significantly different in the young adult Control
and Sham Groups (Control mean [SE] = 21.1 g [2.9]; Sham mean [SE] = 20.5 g [1.7]; t15=.
18, p=.86). However, twitch tension was significantly reduced in the Sham Group relative to
the Control Group with isolated medial nerve stimulation (Control mean [SE]= 9.2 g [1.1];
Sham mean [SE] = 6.1 g [0.7]; t15=2.36, p=.03; d = 1.15). Thus, presence of the stimulation
cuff around the hypoglossal nerve was associated with reduced twitch tension for evoked
protrusive tongue actions. This finding is taken into account when the results for twitch
tension with medial branch stimulation are interpreted.

Whole Nerve Stimulation
Descriptive data for each measure by age group and treatment group are shown in Table 2.
No significant interaction effects (age group by stimulation treatment) were observed. No
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main effects for age group were found for any of the dependent variables. A significant main
effect for stimulation treatment was obtained for contraction time, half decay time and
fatigue ratio. Specifically, as shown in Figures 2A and 2B, contraction time and half decay
time were significantly longer in the Stimulation Group versus the Control Group
(F[1,37]=8.6, p=.006, d=.90; F[1,37]=6.8, p=.01, d=.81; respectively). Stimulation Group rats
also demonstrated significantly less fatigue than rats in the Control Group (Figure 2C,
F[1,36]=15.5, p=.0004, d=1.16). No other significant differences were found relative to
stimulation treatment.

Medial Branch Stimulation
Descriptive data comparisons for each measure by age group and treatment group are shown
in Table 3. No significant interaction effects (age group by stimulation treatment) were
observed. No main effects for age group were found for any of the dependent variables.
However, significant stimulation treatment main effects were observed for twitch tension
and tetanic tension, with greater mean values for the Stimulation Group in comparison with
the Control Group (Figures 3A and 3B; F[1,37] = 10.1, p=.003, d=1.0; F[1,37] = 16.6, p=.
0002, d=1.27; respectively). In addition, significant stimulation treatment main effects were
observed for contraction time and half-decay time, with longer time intervals found in the
Stimulation rats than in Controls (Figure 3C and 3D; F[1,37] = 6.2, p=.02; d=.77; F[1,37] =
4.5, p=.04, d=.68; respectively). No stimulation treatment differences were found for fatigue
ratio

Tongue Muscle Myosin Heavy Chain Composition
Overview of Findings—Representative silver-stained SDS-PAGE gels for a Young
Adult, Middle-Aged and Old animal in the Stimulation and Control Groups are found in
Figure 4. The percent of each MHC isoform (Types IIb, IIx, IIa, I) found in the GG, SG and
HG muscles is shown in Tables 4, 5 and 6. On the average, Type IIx MHC occupied the
greatest proportion of each muscle, regardless of age group or stimulation condition.
Conversely, Type I MHC occupied the smallest proportion of each muscle.

Genioglossus Muscle—On the average, the GG muscle (Table 4) contained between 1.1
and 5.1% Type I MHC and greater than 94% Type II MHC (a, b, x combined). A significant
main effect for age group in the absence of a significant stimulation treatment by age group
interaction was found for GG Type IIb MHC (F[2,34] = 4.6, p=.02). Post hoc LSDs revealed
a greater percentage of Type IIb MHC in Young GG versus Middle-Aged and Old (p=.03,
d=.74; and p=.009, d=.86; respectively). A significant stimulation treatment by age group
interaction effect was noted for GG Type I MHC (F[2,34] = 4.9, p=.01). Post hoc LSDs
revealed a significantly greater percentage of GG Type I MHC in the Young Stimulation
group versus the Young Control Group (p=.04, d=1.11), but a significantly greater
percentage of GG Type I MHC in the Old Control Group versus Old Stimulation (p=.03,
d=1.23). Significant differences in GG Type I MHC were not found as a function of
stimulation treatment in the Middle-Aged group. In addition, Old Control GG muscles
contained a greater percentage of GG Type I MHC than Young Control GG (p=.0001,
d=3.03) and Middle-Aged Control GG (p=.008, d=1.06). No other statistically significant
age group, stimulation treatment, or interaction effects were found.

Hyoglossus Muscle—On the average, the HG muscle (Table 5) contained between 0.6
and 4.3% Type I MHC and greater than 95.7% Type II MHC (a, b, x combined). A
significant main effect for age group and stimulation treatment in the absence of a
significant stimulation treatment by age group interaction effect was found for HG Type 1
MHC (Age Group: F[2,34] = 4.6, p=.02; Stimulation Treatment: F[1,34] = 15.5, p=.0004).
Post hoc LSDs comparing age groups revealed a greater percentage of Type 1 MHC in Old
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HG versus Young and Middle-Aged (p=.02, d=.86; and p=.01, d=1.08; respectively). The
Stimulation Group (Mean [SE]= 3.4%[0.4]) had a larger percentage of HG Type I MHC
than the Control Group (Mean [SE] = 1.2% [0.3]). No other statistically significant age
group, stimulation treatment, or interaction effects were found.

Styloglossus Muscle—Type I MHC represented 0.5 to 3.1% of the SG muscle on
average, and Type II MHC (a, b, x combined) represented over 96.9% of the muscle (Table
6). A significant main effect for stimulation treatment in the absence of a significant
stimulation treatment by age group interaction effect was found for SG Type I MHC (F[1,33]
= 6.4, p=.02, d=.96), with a greater percentage of SG Type I MHC in the Stimulation Group
versus the Control Group (Control mean [SE] = 1.1% [0.3]; Stimulation mean [SE] = 2.7%
[0.4]). No other statistically significant age group, stimulation treatment, or interaction
effects were found.

Discussion
The hypothesis of this study was that alterations in extrinsic tongue muscle contractile
properties and biochemical structure would be found following 8 weeks of bilateral
hypoglossal nerve stimulation. Our results supported this hypothesis. Animals in the
stimulation treatment condition showed both muscle contractile and biochemical alterations
when compared with control animals. Specifically, stimulated muscles exhibited less
fatigue, increased contraction and half decay times, increased twitch and tetanic tension,
and, except for the Old and Middle-Aged GG muscle, a significant increase in Type I MHC
when compared with control animals. Thus, transitions in tongue muscle phenotype were
found following 8 weeks of stimulation treatment.

Alterations in tongue muscle contraction with NMES treatment
Muscle contractile properties elicited with stimulation of the whole hypoglossal nerve
resulted in a significant increase in contraction times, half decay times, and reduced levels of
fatigue in animals that underwent 8 weeks of NMES treatment. However, alterations in
twitch and tetanic tension with whole nerve stimulation were not altered statistically as a
function of age group or NMES treatment. Results for twitch and tetanic tensions may be
due to activation of both medial and lateral branches of the hypoglossal associated with
whole nerve stimulation, leading to co-contraction of protruser and retrusor muscles and
resulting in a net retrusive action, as observed in other studies. 19 Thus, co-contraction of
muscles with opposing actions may have limited the potential magnitude of observable
retrusive forces. To specifically examine retrusive tongue forces, an experimental paradigm
that isolated retrusive actions via section of the medial branch of the hypoglossal nerve was
required but was not performed in this study. Accordingly, increased retrusive tongue forces
may have changed as a function of chronic hypoglossal nerve stimulation, but they could not
be measured with our paradigm and should be examined in future research.

Conversely, when only the medial branch of the hypoglossal nerve was stimulated in our
post-treatment muscle recordings, we found statistically significant increases in twitch and
tetanic tension and contraction and decay times following NMES versus control animals. No
significant differences were noted for fatigue. Thus, for protrusive tongue actions mediated
by the medial branch innervation, we found that force properties and temporal properties
were affected by NMES. The significant increases in twitch tension following NMES versus
control must be interpreted with some caution, because we also found significant differences
between the Young Control Group and the Sham Group. In this comparison, the Sham
Group had lower average twitch tensions than non-implanted controls. Thus, the presence of
the stimulation cuff around the nerve appeared to affect function of the nerve and
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subsequently reduced generation of tongue twitch tension in one experimental condition.
However, despite the reduced twitch tension due to presence of the cuff, following 8 weeks
of NMES, twitch tension during protrusive actions was significantly greater than in non-
treated controls, suggesting that NMES treatment was successful in potentially overcoming
the putative negative effects of the stimulation cuff around a nerve.

Taken together, the different profiles of change characteristic of chronic stimulation for
retrusive and protrusive actions suggest that adaptation of the tongue as a whole with
stimulation treatment may provide increased tension characteristics, increased contraction
and decay times and reduced fatigue. These changes may ultimately provide greater strength
and endurance during tongue movements. In this experiment, the artificial dichotomy of
separate retrusive and protrusive actions may not be relevant to the performance of natural
movements for swallowing and other critical cranial functions. However, it is the capacity
for change in all of the parameters noted that may enhance function of individual muscles of
the tongue to manifest improved function while acting in concert in the performance of
natural, goal-directed movements.

Alterations in myosin heavy chain properties with chronic stimulation
treatment—Our results showed that MHC properties of the genioglossus, styloglossus and
hyoglossus were altered by stimulation treatment in similar ways. Namely, except for the
Old and Middle-Aged GG muscle, there was an increase in the content of Type I MHC
following stimulation treatment. Lack of a signfiicant increase in GG Type I MHC within
the Old and Middle-Aged groups suggests a somewhat reduced capacity for muscle
plasticity in older protrusor muscles that may not have been differentially addressed by our
stimulation paradigm. Aspects of our stimulation protocol that may have limited our
findings are discussed further below. However, findings of increased Type I MHC with
stimulation are consistent with phenotype transitions in fast-twitch limb muscles stimulated
at low frequencies and with a recent study in rabbit tongue in which chronic low frequency
stimulation resulted in increased Type I MHC and decreased Type II MHC in the normally
fast-contracting GG muscle.42,60 In contrast, studies of denervated slow-twitch muscles such
as soleus which were stimulated chronically at high frequencies have resulted in greater
Type II MHC and reduced Type I MHC. 4,8,10,42 A potential explanation for the
directionality of these fast-to-slow or slow-to-fast phenotype transitions is that the
experimentally-applied electrical stimulation frequencies may have mimicked nerve
impulses that occur naturally in a different type of muscle fiber, and phenotype was altered
to correspond with the change in neural input. 39,42 This explanation has been reinforced by
crossed reinnervation studies in muscles. 1,39,42 That is, fast and slow muscles cross
reinnervated by each others’ nerves appear to switch their properties in accordance with
their new neural input. In aged fast-twitch muscles, “nearest neighbor” 42 fast-to-slow
phenotype transitions within the Type II muscle fiber category have been reported: Type IIb
MHC appeared to transition to Type IIx MHC, and/or Type IIx MHC transitioned to Type
IIa MHC. 16,45 Similar transformations from fast to slow MHC have been observed in fast-
twitch muscles with a disturbed nerve supply. 2,39 Thus, findings of a fast-to-slow
progession in denervated muscle and with aging in combination with findings of larger and
fewer motor units with aging 21,40 have led to hypotheses that denervation-reinnervation is a
major cause of musculoskeletal changes seen with sarcopenia.18,20

Prior studies have found that the electrical stimulation frequency and duration, or type of
exercise employed (endurance vs. resistance) can induce variability in degree of phenotype
transformation. 6,27,42,44 Alterations in MHC expression have been found to be dose-
dependent with greater durations of stimulation or exercise training associated with larger
changes along the fast-to-slow MHC continuum. 31,32 In a prior report, the highest durations
of training were required to affect the fast-to-slow MHC change in the predominantly fast-
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contracting EDL muscle in comparison with other more slowly contracting limb muscles. 32

While we developed our stimulation protocol to model clinically relevant strength training
paradigms in which 3 sets of 10–12 near-maximal contractions are produced, larger changes
in muscle contractile properties or MHC profiles may have been obtained if we had
stimulated at different frequencies for greater than 8 weeks, or if individual stimulation
sessions were longer than 10 minutes per day. Studies of the effects of chronic stimulation
on muscle have involved animal models with almost constant stimulation for 10 to 24 hours
per day over the course of days or weeks. 11,31,42 In rabbit tongue, 7 days of continuous 24
hour per day stimulation were performed and resulted in larger phenotypic changes than
those found in rat in our study. 60 However, these durations of stimulation would be difficult
to translate to clinical populations. The dose-response aspect of stimulation of tongue
muscles and phenotype shift should be investigated further in future studies with the goal of
defining optimal stimulation parameters for obtaining optimal physiological outcomes. We
are currently performing studies toward this goal in our laboratory.

Our goal in including middle-aged and old rats was to determine if age-related changes in
muscles of the tongue could be reversed or prevented. Use of animals at an early stage of
aging (24 months old) allowed examination of the intervention’s ability to delay or prevent
age-related changes in tongue muscle, while examination of an older group of animals (32
months old) pertained to the reversibility of neuromuscular decline. However, with regard to
a delay or reversal of age-related changes, we did not find that tongue muscle characteristics
became more young-like with stimulation treatment. That is, we did not observe a
conversion or replacement of MHC isoforms to more rapidly contracting isoforms consistent
with young muscles. Instead, with stimulation treatment, we found an even larger proportion
of Type I MHC in middle aged and old muscles than observed with aging alone. The shift
toward Type I MHC may be a characteristic of muscle plasticity with aging as a positive
adaptive mechanism to promote endurance, because Type I muscle fibers are more fatigue-
resistant than Type II muscle. Exercise or stimulation may function to improve the
efficiency of this transformation toward the goal of improved function within the context of
overall aging. Thus, perhaps muscle phenotype is modified with aging to maximize
endurance capabilities at expense of speed, and the stimulation treatment accelerated this
process to levels not observed with natural aging alone. Accordingly, the use of chronic
neuromuscular stimulation in this study may have served both to prevent and also treat age-
related changes in tongue muscles.

While statistically significant age group effects were found in the MHC composition of the
muscles studied, we did not find statistically significant age group effects in muscle
contractile properties as we have reported in previous studies. 52,67,68 For example, we
previously reported significantly reduced tetanic tension in old rats when compared with
young during elicited tongue protrusion. 68 Although tetanic tension for elicited protrusive
actions was somewhat smaller in old animals relative to young and middle aged rats in this
study (see Table 2), these differences were not statistically significant. Because we used the
same strain of genetically identical rats, the same equipment, similar sample sizes and the
same procedures in all studies, this lack of an age group effect is difficult to explain but may
be due to individual variation in animal batches or animal handling during training by
different personnel.

Clinical Implications
Neuromuscular electrical stimulation (NMES) is a clinical modality used currently in
physical therapy that has been applied to the treatment of swallowing disorders. 41,58

Clinically, NMES for the treatment of dysphagia generally involves surface stimulation of
muscles through the skin using a variety of electrode arrays placed on the neck. The results
of clinical investigations of the effectiveness of NMES in improving swallowing outcomes
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have been mixed. While some studies have reported beneficial effects, 41,63,66,70,72 other
studies that used randomized treatment allocation or cross-over designs have not found
benefits from NMES use in swallowing treatment over traditional treatment methods. 56,65

One source of variability in the application of this treatment method and in the research that
has been forthcoming may be that the neuromuscular targets of stimulation applied to the
neck are indirect and potentially imprecise. Relatively diffuse and superficial surface
stimulation may have unpredictable effects. For example, recent work has shown that
stimulation through commercially prescribed electrode arrays may pull the larynx down
during the swallow in a non-optimal manner. 54,59 Our study does not address these issues,
because direct nerve stimulation was used, and thus precise neuromuscular targets were
specified and optimized. We found differences in muscle contractile properties and
biochemistry that may be beneficial in promoting endurance during swallowing including
reduced fatigue and increased contractile tension. Thus, perhaps as NMES for dysphagia
treatment evolves to the point in which particular muscles can be targeted and customized
for individual patients, we will have a clearer understanding of the potential benefits of this
treatment approach. The data reported here suggest that changes in tongue muscle phenotype
and physiology may be possible following intensive and targeted stimulation of the muscles
of the tongue.
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List of Acronyms and Abbreviations

A/D Analog to Digital

C Celsius

cm centimeter

EMG Electromyographic or Electromyography

g gram

GG Genioglossus muscle

HG Hyoglossus muscle

Hz Hertz

IACUC Institutional Animal Care and Use Committee

IP intraperitoneal

kg kilogram

μA microamp

μm micron

min minutes

mg milligram

MHC Myosin Heavy Chain

mm millimeter
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ms millisecond

NIH National Institutes of Health

NMES Neuromuscular Electrical Stimulation

PHS Public Health Service

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SE Standard Error

sec second

SG Styloglossus muscle
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Figure 1.
Representative twitch and tetanic tension signals during medial nerve stimulation from
Young Adult, Middle-aged and Old animals in the Stimulation Group and Control (no
stimulation) Group. Significantly greater twitch and tetanic tension were found in the
Stimulation Group in comparison with the Control Group (p<.05)
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Figure 2. A, B, C. Whole Nerve Stimulation
Following 8 weeks of bilateral hypoglossal nerve stimulation (Stimulation Group) compared
to the no-stimulation Control Group, (A) tongue muscle contraction times were significantly
longer, (b) half decay times were longer, and (c) fatigue index was greater, indicating less
muscle fatigue. The fatigue index was calculated by constructing a ratio of the average
tetanic tension (g) at the end of 2 minutes of stimulation relative to the initial tetanic tension
(g), and multiplying by 100 to express the value as the percentage of initial tension.
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Figure 3. A, B, C, D. Medial Branch Stimulation
Following 8 weeks of bilateral hypoglossal nerve stimulation (Stimulation Group) compared
to the no-stimulation Control Group, (A) twitch tension was greater, (b) tetanic tension was
greater, (c) contraction times were longer, and (D) half decay times were longer in the
Stimulation Group.
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Figure 4.
Representative silver-stained SDS-PAGE for the GG muscle in a young, middle-aged and
old animal in the Stimulation and Control (no stimulation) Groups. As suggested in this gel,
a higher proportion of Type IIb MHC and a smaller proportion of Type I MHC were found
in Young versus the Old animals. In addition, an increased proportion of Type I MHC was
found with stimulation in the Young animals.

Connor et al. Page 18

Muscle Nerve. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Connor et al. Page 19

Table 1

Sample sizes for each age group and stimulation treatment condition. Rats in the Stimulation Group received
bilateral hypoglossal nerve stimulation 5 days per week for 8 weeks. Control Group rats did not receive
stimulation. Likewise, Sham Group rats did not receive stimulation but were implanted with the stimulation
electrode assemblies bilaterally.

Stimulation (n) Control (n) Sham (n)

Young Adult 8 8 10

Middle Aged 7 6 0

Old 9 6 0
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