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Abstract

Objective—Tongue strength, timing, and coordination deficits may underlie age-related
swallowing function. Retrusive tongue actions are likely important in retrograde bolus transport.
However, age-related changes in retrusive tongue muscle contractile properties have not been
identified in animal studies. Because previous studies employed whole hypoglossal nerve
stimulation that activated both protrusive and retrusive tongue muscles, co-contraction may have
masked retrusive muscle force decrements. The hypotheses of this study were: (1) retrusive tongue
muscle contraction forces would be diminished and temporal characteristics prolonged in old rats
when lateral nerves were selectively activated, and (2) greater muscle contractile forces with
selective lateral branch stimulation would be found relative to whole hypoglossal nerve
stimulation.

Design—Nineteen Fischer 344/Brown Norway rats (9 Old, 10 Young Adult) underwent tongue
muscle contractile property recording elicited by: (1) bilateral whole hypoglossal nerve
stimulation, and (2) selective lateral branch stimulation. Twitch contraction time (CT), half-decay
time, maximal twitch and tetanic forces, and a fatigue index were measured.

Results—For whole nerve stimulation, CT was significantly longer in the old group. No
significant age group differences were found with selective lateral nerve stimulation. Significantly
reduced twitch forces (old group only), increased tetanic forces and significantly less fatigue were
found with selective lateral nerve stimulation than with whole hypoglossal stimulation.

Conclusions—Retrusive tongue forces are not impaired in old rats. Deficits observed in
swallowing with aging may be due to other factors such as inadequate bolus propulsive forces,
mediated by protrusive tongue muscles, or timing/coordination of muscle actions.
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Introduction

Timing and coordination of swallowing behaviors changes with aging such that oral transit
times may be increased, multiple swallows per intake may be observed, wet voice may be
evidenced, time to relaxation of the upper esophageal segment may increase, and throat-
clearing and coughing may be associated with the swallow, even in people not symptomatic
of dysphagia [1-6]. Combinations of subtle strength, timing, and coordination deficits may
result in longer-duration swallows that expose the airway to the bolus for a greater time,
potentially increasing the probability of aspiration. The underlying causes of presbyphagia
are not known, but have been linked with changes in cranial muscle structure and function.
In particular, evidence supports a reduced maximum tongue isometric pressures in older
adults [7-10]. While reduced tongue forces during the swallow have not been reported in
prior studies of healthy elders, the amount of tongue force used represented a greater
proportion of maximal isometric pressure than in younger adults [7-9]. However, reductions
in tongue strength have been associated with swallowing deficits [11-13] and tongue
exercise-based treatments appear to improve tongue strength [14] and swallowing [15, 16].
Accordingly, age-related changes in swallowing may be characterized by both temporal and
strength changes, perhaps due to structural and functional decline within the muscles of the
tongue.

The extrinsic muscles of the tongue are active during oral preparation of the bolus prior to
transport into the pharynx [17], bolus propulsion [17], and throughout the entire
oropharyngeal swallow [18]. Of the extrinsic muscles, the genioglossus acts to elevate the
tongue tip and protrude the tongue, with a primary role in generating tongue-to-palate
pressure during the swallow [19]. Motor innervation of the protrusive and retrusive muscles
of the tongue is provided by the hypoglossal nerve. Stimulation of the medial branch of the
hypoglossal nerve will elicit a tongue protrusion, [20, 21], while stimulation of the lateral
branch elicits tongue retrusion, via the hyoglossus and styloglossus muscles [21]. The
hyoglossus, styloglossus, and the genioglossus are active during oral preparation and
retrograde movement of the bolus to the hypopharynx [18,22, 23]. Thus, both protrusive and
retrusive tongue muscle actions are relevant to the swallow.

Because the hypoglossal nerve provides motor innervation to both retrusive and protrusive
muscles of the tongue, stimulation of the whole hypoglossal nerve (proximal to its
bifurcation into the medial and lateral branches) will produce a co-contraction of retrusive
and protrusive muscles and a net retrusive tongue action [20, 21]. Stimulation of the lateral
branch of the hypoglossal alone results in tongue retrusion of greater force than that reported
whole nerve stimulation [20, 21]. Accordingly, co-contraction of protrusive and retrusive
tongue muscles serves to reduce force output for evoked retrusive actions. With regard to
temporal parameters, contraction times following isolated medial nerve stimulation are
faster than both isolated lateral nerve stimulation and whole nerve stimulation [20]. How
aging may affect tongue muscle responses to whole nerve stimulation versus isolated lateral
nerve stimulation has not been examined.

Decreased swallow function may occur due to a decline in both retrusive and protrusive
tongue functions. However, in rats, age-related changes in tongue muscle contractile
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properties have been found for evoked protrusive [24, 25] and not retrusive actions elicited
with whole nerve stimulation [26, 27]. This is surprising given the retrusive nature of bolus
transport during the swallow and previous findings of slower bolus transport speeds during
videofluorography in old rats [28]. However, prior data examining retrusive tongue actions
were derived by stimulating the whole hypoglossal nerve, and may have been confounded
by antagonistic protrusive muscle activity. To examine this possibility, it is necessary to
examine retrusive tongue actions following section of the medial branch of the hypoglossal
nerve to remove the effects of the genioglossus and to allow precise targeting of the lateral
branch and associated retrusive muscles.

The purpose of this study was to determine if age-related changes are manifested in muscle
contractile properties of elicited tongue retrusion by whole hypoglossal nerve stimulation
and lateral branch hypoglossal stimulation in a rat model. Our hypotheses were that: (1)
retrusive tongue muscle contraction forces would be diminished and temporal characteristics
prolonged in old rats relative to young adults when the lateral nerve branches are selectively
activated, and (2) greater muscle contractile forces with selective lateral branch stimulation
would be found relative to whole hypoglossal nerve stimulation in both young adult and old
rats. That is, we hypothesized senescence would not alter the previously reported
observation of greater tetanic forces with selective lateral nerve stimulation versus whole
hypoglossal nerve stimulation [20, 21].

Materials and Methods

This research project was performed according to principles put forth in the NIH Guide for
the Care and Use of Laboratory Animals, Eighth Edition, and was approved by the
University of Wisconsin School of Medicine and Public Health Animal Care and Use
Committee.

Animal Subjects

Ten young adult (9 month, 433.8g [SD+35.75]) and 10 old (32 month, 531.2g [SD+67.84])
male Fischer 344/Brown Norway rats were used in this research. The median life
expectancy of the Fischer 344/Brown Norway rat is approximately 36 months [29]. One old
rat expired during anesthesia; thus data are reported for 10 young adult and 9 old rats.

Surgical Method

Following anesthesia with an intraperitoneal injection of sodium pentobarbital (70 mg/kg),
the hypoglossal nerves were exposed bilaterally using a ventral approach under an operating
microscope. Bipolar electrodes in a silicon nerve cuff were placed distal to the bifurcation of
the whole hypoglossal nerve. The bifurcation of hypoglossal nerve was identified during
placement of the cuff. In addition, identification of the bifurcation was further substantiated
during the dissection of the medial branch of the hypoglossal nerve. Each nerve was tested
for appropriate reaction to stimulation prior to data acquisition.

Two experimental conditions followed: (1) Whole nerve stimulation and muscle contractile
property recordings, and (2) Isolated lateral branch recordings. That is, following whole
nerve stimulation recordings as described below, the medial branch of the hypoglossal nerve
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was isolated and transected bilaterally using microscissors, leaving an intact lateral branch.
Following a 45-minute waiting period, the hypoglossal nerves were stimulated again,
resulting in the isolated stimulation of the lateral branch of the hypoglossal nerve.

Muscle Contraction Recordings

Tongue force was measured by attaching a suture to the tip of the tongue and then
connecting the suture to an isometric force transducer. The rat was placed in a dorsal
recumbent position onto a fixed stage. The transducer was slightly elevated to avoid
interference of the suture by the incisors. This adjustment in suture angle was typically
around 10 degrees. The rat’s jaw was retracted to enable access to the tongue. The upper jaw
was secured to the fixed stage by wire to prevent movement of the head from interfering
with data collection. The tongue was extended to a preload force of approximately of 20 mN
to allow recording of tongue forces in response to stimulation.

Tongue contractile properties were measured in response to bilateral stimulation of the
hypoglossal nerves, as described previously in Surgical Method.

Stimulation waveforms were 0.1-ms rectangular pulses at a supramaximally applied current,
defined as 1.5 times the maximum current level required to obtain maximal twitch force (A-
M Systems Differential AC amplifier, model 177; A-M Systems Isolated Pulse Stimulator,
model 2100; A-M Systems Analog Stimulus Amplification Unit, model 2200, Carlsborg,
WA). For muscle twitch, stimuli were delivered at 1 Hz. Three 10-s trials with a 1-min rest
period between trials were recorded. Following twitch contraction data collection, tetanic
forces were recorded using 200 ms trains with stimulus rates at 60, 80, and 100 Hz.
Fatiguability was measured using a 2-minute fusion stimulation paradigm consisting of an
80 Hz train for 500 ms. Data were electronically acquired directly into a dedicated
laboratory computer using software developed for this purpose (Acquire 1.5; Madison, WI).
Maximal twitch contraction time (CT), twitch contraction half-decay time (HDT), maximal
twitch force, maximal tetanic force, and a fatigue index were measured for each rat. The CT
was measured as the duration between the onset of stimulation and the point of 50%
maximal force. The HDT was measured as the duration between the onset of stimulation and
the point of 50% decay from the maximal force. Tetanic force was the maximal force of
each stimulated fused wave. The fatigue index was calculated as the ratio of the force
following two minutes of stimulation divided by the initial recorded force [28]. A fatigue
index closer to 1.0 reflects a resistance to fatigue.

Because of the exploratory nature of this work, pairwise comparisons were used to
interrogate all possible pairs. That is, 2-sided, two-sample equal variance t-tests were used
for comparison of age groups for temporal variables and fatigue index on the whole nerve
and isolated lateral branch of the hypoglossal. Due to significant differences in weight
between age groups (t (17) = 4.53; p <.001; Old mean = 540.6 [SD=67.8] g; Young adult
mean = 433.8 [SD = 35.75]) that can affect muscle size and force measures [31,32], analysis
of covariance (ANCOVA) was performed with a weight covariate for twitch and tetanic
force variables. Paired t-tests were used to compare outcomes within each age group for
both the whole nerve and the lateral branch. SAS statistical software was used for all
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analyses (SAS Institute, Inc., Cary, North Carolina). The critical value for obtaining
statistical significance was set at o, = 0.05.

Representative twitch and tetanic contraction waveforms for a young adult and old rat in
each of the two conditions, whole nerve and lateral branch stimulation, are shown in Figure
1.

Whole Hypoglossal Nerve Stimulation

As shown in Figure 1 and Table 1, contraction time was significantly longer in the old group
than in the young adult group (t (17) = 2.21; p = .049). There were no significant differences
in decay time, twitch force, tetanic force, or fatigue ratio with whole hypoglossal nerve
stimulation.

Lateral Branch Stimulation

Following section of the medial branch of the hypoglossal nerve, isolated lateral branch
stimulation revealed no significant differences (p >.05) between young adult and old groups
on any force or temporal variables (Table 1).

Differences between Whole Nerve and Lateral Branch Stimulation

Force amplitudes and temporal measures were compared across the two hypoglossal nerve
stimulation conditions in the same rats. With selective lateral nerve stimulation (Table 1),
we found significantly reduced twitch forces only in the old group (old: t (g) = 2.43; p = .04;
young adult: t gy = 1.22; p = .25), significantly greater tetanic forces (at 100 Hz stimulation)
in both groups (old: t gy = 9.19; p <.0001; young adult: t () = 8.61; p<.0001), and
significantly less fatigue (old: t (g) = 3.47; p =.009; young adult: t () = 3.5; p =.007).

There was not a significant difference between young adult and old groups in tetanic force
evoked by whole nerve stimulation when expressed as a function of forces evoked by
selective lateral nerve stimulation t (17) = .39; p =.70. That is, the proportional difference
between tetanic force levels evoked by the two stimulation conditions did not change
significantly with aging.

Discussion

The goal of this study was to investigate the degree to which retrusive tongue actions may
be compromised by the aging process. It is intuitive that retrusive actions of the tongue may
be important for bolus transport or propulsion into the pharynx, and have been implicated as
a potential source of disruption in the aging swallow in human and animal studies [28, 33].
Yet, direct recordings of retrusive tongue actions elicited by stimulation of whole
hypoglossal nerves bilaterally have not shown deficits in force in prior animal studies [26,
27]. To investigate this disparity, we examined selective stimulation of the lateral branches
of the hypoglossal nerves to allow measurement of retrusive muscle contractile properties
without co-contraction of protrusive muscles, which is known to diminish force amplitudes
[21]. That is, we considered that whole hypoglossal nerve stimulation may: (1) compromise
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accurate measurement of retrusive muscle contractile properties due to coactivation of
protrusive and retrusive tongue muscles [20], and (2) may mask potential age group
differences, and thus account for previous negative findings. Our hypotheses were that
selective lateral nerve stimulation would result in: (1) significantly lower retrusive tongue
forces in old versus young adult rats and, (2) tetanic force amplitudes that were greater
overall versus whole hypoglossal nerve stimulation. Our findings supported the latter, but
not the former, hypothesis.

With whole hypoglossal nerve stimulation and with selective lateral branch stimulation, no
significant group differences in twitch or tetanic force were detected. Accordingly, previous
reports in the rat were confirmed by these findings [26, 27]. It did not appear that
antagonistic co-contraction by muscles of tongue protrusion was masking underlying force
decrements in retrusive muscles within the old or young adult groups. Because the aging rat
model has been shown to have analogous deficits in the oropharyngeal swallow to elderly
people [28], these findings were unexpected. Tongue force decrements have been observed
in elderly people [9, 34], particularly those with swallowing impairments [11, 33]. An
interpretation of these findings is that impaired swallowing in elderly people is not due to
reductions in tongue force generated by retrusive muscles. If alterations in muscle function
are underlying age-related dysphagia, it appears that other muscles, such as extrinsic tongue
muscles with protrusive actions or intrinsic tongue muscles, may have a much larger role.

In fact, decrements in force have been found previously for evoked protrusive actions of the
tongue in the rat model [24, 25]. The genioglossus is the major contributor to tongue tip
elevation and protrusion and is active throughout the oropharyngeal swallow to the point of
laryngeal closure [18]. It may follow, therefore, that age-related decrements in genioglossus
force generation contribute to dysphagia due to impaired generation of bolus driving
pressure. This possibility is supported by the results of tongue exercise studies where tongue
elevation and press (e.g, protrusive actions) are used, resulting in increased tongue forces
following training [14-16]. Swallowing function has been shown to improve in some, but
not all of studies testing tongue exercise interventions [14-16, 35, 36]. Therefore, protrusive
tongue muscles may be contributing to the oropharyngeal swallow in a substantive fashion
and disruptions in protrusive muscle function may be an underlying factor in presbyphagia
to a greater degree than retrusive muscle weakness or contraction timing.

However, other interpretations of these findings must be considered in light of results from
human studies in which maximum isometric tongue pressures were impaired in elderly
people, but tongue pressures during the swallow were not different from young controls [9].
One interpretation is that strength or functional reserve is reduced in elderly people, which
may facilitate development of dysphagia in the event of illness or other health challenge [9].
However, deficits in functional reserve in elderly people have not been found when studied
directly [37]. Although submaximal tongue forces are employed in swallowing actions [9], it
appears that tongue force may have a role in presbyphagia. Recent studies of elderly people
with dysphagia have reported reduced tongue propulsion forces versus healthy volunteers,
and those patients with reduced tongue strength were more likely to aspirate than those with
greater tongue strength [11, 33]. Therefore, reduced tongue strength may be part of a larger
constellation of factors characterizing presbyphagia.
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As in previous studies [20, 21], we found that selective lateral branch stimulation resulted in
greater tetanic force output than whole hypoglossal nerve stimulation in young adult and old
animals, while twitch forces were marginally, but significantly, greater in only the old
group. Differences in force and temporal values reported in this work versus prior studies
from our laboratory [27] may be due to differences in stimulation electrode configuration
and methodology.

These results and the other findings reported here suggest that overall strength of retrusive
tongue muscles is not impaired with aging. However, altered protrusive muscle strength,
timing [24, 25], or coordination with retrusive muscle actions may contribute to the overall
swallow impairment profile. In this work, we found that twitch contraction time was longer
in duration in the old group with whole nerve stimulation, but not with selective lateral
branch stimulation. That is, timing deficits were apparent only when protrusive muscles
were co-activated. This finding suggests that coordination of co-contraction of all tongue
muscles innervated by the hypoglossal nerve may be a factor in the prolonged contraction
time. Previous studies have shown that retrusive and protrusive muscle co-contraction does
not interfere with respiration and may serve to stabilize the tongue base and upper airway
during breathing [21]. Perhaps these same co-contraction mechanisms apply during the
swallow, with the goal of maintaining pharyngeal patency and airway safety during bolus
transfer. If so, altered timing profiles in aged tongue muscles with retrusive/protrusive co-
contraction may interfere with a normal swallow.

Taken with prior findings in the rat model, results suggest that strength in retrusive tongue
muscles does not appear to be an explanation for the swallowing deficits manifested with
aging. However, deficits in timing and protrusive muscle strength may be factors to
consider, especially given improvements observed in swallowing in some human studies
using tongue exercise maneuvers employing protrusive gestures.
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Representative twitch and tetanic tension signals during whole nerve and lateral branch
stimulation of the hypoglossal nerve (HN) from young adult and old animals. There was a
szignificant increase in tetanic forces for lateral branch HN stimulation when compared with
stimulation of the whole nerve (p<.001). There was no age affect on either whole nerve or
lateral branch stimulation values.
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