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Aging affects voice production and is associated with reduced communicative ability and quality of life. Voice therapy 
is a critical component of treatment, but its effects on neuromuscular mechanisms are unknown. The ultrasonic vocaliza-
tions (USVs) of rats can be used to test the effects of aging and voice use on the laryngeal neuromuscular system. This 
study tested the hypothesis that age-related changes in the USVs of rats and laryngeal neuromuscular junctions can be 
reversed through vocal exercise. Young and old rats were trained for 8 weeks to increase their USVs and were compared 
with a no intervention group pre- and post-treatment. USV acoustics and aspects of neuromuscular junction (NMJ) 
morphology were measured in the thyroarytenoid muscle. Vocal training reduced or eliminated some age differences 
found in both USVs and NMJs. We conclude that vocal exercise may assist in mitigating age-related changes in voice 
characteristics and underlying neuromuscular adaptations.
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Voice problems (dysphonia) are common in elderly 
adults and have a significant negative impact on qual-

ity of life (1,2). Symptoms of age-related dysphonia include 
a breathy, weak vocal quality, and bowing of the vocal 
folds, indicating possible muscle atrophy within the larynx 
(3). An important intrinsic muscle of the larynx that is likely 
affected by age-related atrophy is the thyroarytenoid (TA) 
muscle. The TA muscle is active during laryngeal adduction 
to modulate airflow during expiratory tasks such as phona-
tion, coughing, and laryngeal braking during exhalation of 
large tidal volumes, and it requires very rapid contraction 
speeds for voicing and airway protection (4,5).

Denervation-like changes in the senescent laryngeal 
neuromuscular system likely contribute to age-related 
dysphonia (6,7). This is evidenced at the neuromuscular 
junction (NMJ), which changes in size, complexity, den-
sity, and abundance in aging laryngeal muscles, including 
the TA muscle (8–10). Morphological and physiological 
adaptations in the aging NMJ, including a deterioration 
of the pre-post synaptic relationship (11), likely lead to 
decreased efficiency of synaptic transmission at the NMJ 
(12–14) and precede signs of atrophy in aging muscle fib-
ers (15). NMJs of the TA muscle display different age-
related morphological changes than limb muscles (16). 
Therefore, direct study of TA NMJ morphology will pro-
vide insight into how aging affects laryngeal muscles and 
how we can reduce or prevent the effects of aging on the 
laryngeal neuromuscular system.

Exercise in the limb musculature has been shown to 
reduce the effects of age on both muscle function (17–19) 
and NMJ morphology and physiology (20,21). Exercise 
programs have been developed for the aging voice, but 
there is little biological evidence to support the use of these 
interventions. The effects of vocal exercise on the underly-
ing neuromuscular mechanisms of the larynx are unknown 
and difficult to study in humans. However, an animal model 
may prove useful in this regard. Understanding the mech-
anisms of exercise on the muscles of the upper airway is 
critical to developing treatments to prevent and/or reverse 
the effects of age-related voice disorders.

The ultrasonic vocalizations (USV) of rats have been used 
to study a variety of correlates between the brain and behav-
ior, including the central mechanisms underlying laughter 
and joy (22) and vocal deficits related to Parkinson’s disease 
(23). Additionally, acoustic parameters of USVs, including 
bandwidth, peak intensity, and peak frequency, decrease in 
aging rats (24). Because the rat larynx has been implicated 
as the source of USVs (25–27), rat USVs also provide an 
opportunity to study peripheral neuromuscular changes in 
response to behavioral interventions.

The hypothesis of this study was that age-related decreases 
in bandwidth, peak intensity, and peak frequency of USVs 
and age-related changes in the size, complexity, and density 
of TA NMJs can be reversed through vocal exercise in 
the form of vocal training. This hypothesis was tested by 
comparing USV acoustics and NMJ morphology in the TA 
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muscle in young adult and old rats that were vocally trained 
versus control groups of animals that were not trained.

Methods

Animals
The animal use protocol for this study was approved by 

the Animal Care and Use Committee of the University of 
Wisconsin–Madison School of Medicine and Public Health. 
Forty Fischer 344/Brown Norway male rats, 20 young adult 
(6 months old) and 20 old (29 months old), were obtained 
from the National Institute on Aging animal colony. At time 
of post-treatment analysis, young adult rats were 9 months 
old, representing mature young adulthood, and elderly rats 
were 32  months old, representing advanced senescence. 
Only male rats were used because the female estrus cycle 
influences USV production (28).

Rats were kept on a reversed light cycle. All investiga-
tor–rat interactions took place in a sound-isolated, darkened 
room dimly illuminated with red light. Rats remained in 
their home cages for all recordings, vocalization training 
sessions, and control condition interactions. Water and food 
were provided ad libitum. Rats were singly housed because 
socially isolated rats have a more robust response to meth-
ods that elicit vocalizations than socially housed rats (29).

Vocal Training
USVs were monitored and recorded using an ultra-

sonic microphone (UltraSoundGate CM16/CMPA, Avisoft 
Bioacoustics, Berlin, Germany) and USB recording interface 
(UltraSoundGate 116Hb, Avisoft Bioacoustics) connected 
to a Windows PC running Avisoft-RECORDER (Avisoft 
Bioacoustics). A real-time spectrogram was used to visually 
monitor USVs during recording and training sessions.

Baseline and post-training USV recordings from all rats 
were obtained using an existing procedure that reliably elicits 
vocalizations in male rats (30). In brief, a male rat was paired 
with a sexually receptive female rat in estrus. The female rat 
was removed when the male rat expressed interest in her, 
thereby eliciting a bout of vocalizations from the male rat. 
Each bout typically consisted of one to five vocalizations.

A total of 20 rats (10 young adult and 10 old) were ran-
domly assigned to a vocal exercise group. The remaining 20 
rats (10 young adult and 10 old) were assigned to a control 
group. Rats in the vocal exercise group were trained 5 days 
a week for 8 weeks to progressively increase their produc-
tion of 50-kHz USVs. The elicitation technique described 
previously was paired with an operant conditioning para-
digm in which male rats were rewarded with a food treat 
when they began vocalizing in response to the female rats. 
Initially, each individual bout of 50-kHz vocalizations was 
rewarded. In week 3 of the training, rewards were faded and 
given only after a string of vocalizations in rapid succession.

All rats in the vocal exercise group were trained to pro-
duce the same number of vocalizations in each session to 
equalize the exercise dose. The initial target of 50 vocali-
zations per session was determined by calculating the first 
quartile of the number of vocalizations produced during the 
baseline recordings. This provided a 2-week acclimation 
period for the operant conditioning. The target number was 
then increased weekly according to the following schedule: 
week 3 (75), week 4 (100), week 5 (150), week 6 (200), 
week 7 (250), and week 8 (300).

Rats in the control group were treated and housed identi-
cally to the vocal exercise group but did not receive vocal 
exercise. In lieu of the vocal exercise program, the control 
animals were given hand-fed food treats in their home cage 
5 days a week to control for social effects of human con-
tact. To ensure that this interaction did not elicit USVs, the 
control interaction was acoustically monitored once a week.

USV Analysis
Baseline and post-training USVs were analyzed using 

SASLab Pro (Avisoft Bioacoustics) following an estab-
lished protocol (30). After creating a spectrogram of the 
sound file, the beginning and end of each 50-kHz USV 
were automatically defined using an intensity threshold. 
Interfering noise and 22-kHz USVs were manually erased; 
then, each vocalization was classified by an experienced 
rater and labeled into one of the four categories (Figure 1) 
based on visual inspection of its frequency characteris-
tics: (1) flat (steady frequency), (2) frequency modulated 
(FM) (regular frequency modulation with a sine wave–like 
appearance), (3) harmonic (fundamental frequency near 
30 kHz with a visible harmonic one octave above), or (4) 
step (abruptly bifurcated frequency components). These 
categories of 50-kHz USVs are well established, have been 
shown to respond differently to age and disease, and have 
strong inter- and intrarater reliability (24,31). The age and 
experimental groups of the recordings were masked during 
classifications.

USVs identified as either FM, harmonic, or step were 
grouped together for statistical analyses because of 
their relative acoustical complexity (“complex USVs”), 
compared with the acoustically simple flat USVs (“simple 
USVs”). Acoustic parameters of all labeled vocalizations 
were then automatically measured using SASLab Pro. 
Overall measures of vocalization rate (per minute) and the 
percentage of complex USVs (%) were calculated. The 
following parameters were measured separately for simple 
and complex vocalizations: duration (ms), maximum 
amplitude (dB), and mean frequency (kHz). Additionally, 
for FM vocalizations, the frequency bandwidth (distance 
between maximum and minimum frequency expressed 
in kHz) and maximum frequency slope (the maximum 
frequency change between spectrogram time bins expressed 
in kHz/ms) were calculated.
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NMJ Analysis
Within 48 hours of the post-training recordings, rats were 

euthanized via an IP injection overdose of Beuthanasia; the 
entire larynx was dissected, fixed for 1 hour in 4% formal-
dehyde solution in phosphate-buffered saline, cryoprotected 
overnight, then flash frozen, and stored at −80°C. Using a 
−20°C cryostat, 30-μm-thick transverse slices containing both 
the lateral and medial portions of the TA muscle were obtained 
from each larynx. Sections were mounted on slides, and the 
three primary structures of the NMJ (terminal Schwann cells, 
nerve terminal, and motor endplate) along with the inner-
vating axon were labeled using immunohistochemistry (for 
detailed methods, please see Supplementary material).

NMJs were imaged using a spectral confocal microscope 
(A1R, Nikon, Melville, NY) at the W.M. Keck Laboratory 
for Biological Imaging at the University of Wisconsin-
Madison. NMJs were collected from both the left and right 
sides of at least three different laryngeal sections to account 
for possible intramuscle variability. A minimum of 18 NMJs 
from both the medial and lateral portions of the TA muscle 
were collected, for total of 36 NMJs for each animal. Using 
reference spectra collected from single-labeled laryngeal 
specimens, the 32-channel spectral images were linearly 
unmixed to create four-channel images, one channel for 
each fluorescent label. Unmixed images were pseudo
colored as follows: red = motor endplate, green = Schwann 
cells, blue = axon, and yellow = nerve terminal membrane 
(Supplementary Figure 1).

NMJ morphology was assessed both qualitatively and 
quantitatively. All measurements were made in three 
dimensions as area measurements of 2D projections are 
less accurate than volumetric measurements of 3D recon-
structions (11,32,33). Qualitative measures of the presence/
absence of (1) axon withdrawal, (2) terminal Schwann cell 
projection(s), and (3) extrajunctional axon sprout(s) were 
made by examining both the four-color 3D reconstruc-
tion in Elements AR (Nikon) and each single-color chan-
nel in grayscale to avoid color bias. Axon withdrawal was 
assessed by the presence/absence of a stained axon in con-
tact with the endplate. Terminal Schwann cell projections 

and extrajunctional axon sprouts were positively identified 
as a narrow, finger-like extension of staining beginning at 
and extending beyond the NMJ. Approximately 5% of the 
images were selected for inter-rater and intrarater reliabil-
ity testing. Inter- and intrarater reliabilities (% agreement) 
were above 80% for all measures.

Images were quantitatively measured in ImageJ (34) 
using an automated measurement algorithm (11). Images 
were filtered using a 3 × 3 median filter, and the dynamic 
intensity range was normalized by linearly scaling the 12-bit 
images to 8-bit images. Image stacks were then converted 
to binary by applying an intensity threshold and further 
processed to remove small, isolated structures by applying 
a 3D median filter followed by a 3D erosion and dilation. 
Volumes (μm3) of the binary nerve terminal and motor end-
plate stacks were measured by multiplying the stained area 
on each slice by the stack spacing (0.3 μm).

Two-dimensional measurements of NMJ morphology are 
affected by the angle at which the NMJ resides in the tis-
sue relative to the microscope plane or angle of view (11). 
Therefore, before measuring synaptic overlap and motor 
endplate dispersion, each image stack was rotated to the 
angle that resulted in the maximum motor endplate area on 
a z-projection, simulating the en face orientation. Synaptic 
overlap was defined as the percentage of the total stained 
endplate area overlapped by the stained terminal area on 
a maximum z-projection. Motor endplate dispersion was 
calculated by measuring the area of a convex hull of the 
stained motor endplate area on a maximum z-projection of 
the rotated stack and then subtracting and dividing by the 
stained motor endplate area. Motor endplate fragmenta-
tion was a binary measure; an endplate was scored as frag-
mented if it contained two or more 3D objects as counted by 
the 3D Object Counter Image plugin (35).

Statistical Analyses
Each dependent variable was tested for equality of vari-

ances between combined age and experimental groups 
using Levene’s test. Based on variance equality, either the 

Figure 1.  Spectrogram of representative USVs from the four classifications: (A) and (B) simple (short and long durations), (C) and (D) frequency modulated (FM) 
(small and large bandwidths), (E) harmonic, and (F) step. For acoustic analysis, FM, harmonic, and step USVs analyzed together as “complex.” USV = ultrasonic 
vocalization.

http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glt044/-/DC1
http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glt044/-/DC1
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Student’s or Welch’s t test was used to test for differences 
between age groups in baseline USV measurements.

To analyze post-training differences in both USV and NMJ 
measurements, two-way analysis of variance (ANOVA) was 
used examining main effects of age and training as well as 
their interaction. In the case of unequal variances between 
groups, a log transformation was attempted. If heteroske-
dasticity persisted, the nonparametric Kruskal Wallis Test 
One-Way ANOVA by Ranks was used. Post hoc testing 
was completed using the Fisher’s protected least significant 
difference test or Wilcoxon’s rank sum test in the case of 
heteroskedasticity.

Effect sizes (Hedges’ unbiased d) with 50% and 95% 
confidence intervals were calculated for all USV and NMJ 
variables to compare differences between age groups within 
each experimental group (36).

For the variables with unequal variances, Levene’s test 
was used in pairwise testing of age and experimental group 
combinations to determine if age and/or training affected 
the variance between groups. It was hypothesized that old 
groups would have greater variability in measures of USV 
acoustics and NMJ morphology, whereas training would 
reduce variability.

The experimental unit was the individual rat. Therefore, 
multiple measures from each rat were averaged for each 
dependent variable to arrive at a single representative meas-
ure. This accounted for variance within each animal. All 
statistical analyses were completed using R (37–39). An 
alpha level of 0.05 was selected a priori for determining 
statistical significance.

Results

Ultrasonic Vocalizations

Baseline.—The duration of simple USVs in the control 
group was shorter than that in the trained group (F

[1,36]
 = 

4.36, p = .04) at baseline. Therefore, further analysis of 
the duration of simple USVs was not performed. All other 

USV acoustic measures were equal at baseline between the 
trained and control groups.

Young adult and old groups differed in the amplitude, 
frequency, and duration of their USVs at baseline (Table 1) 
(Figure 2). Maximum amplitude in the young adult group 
was greater than that in the old group for both simple (F

[1,36]
 

= 18.40, p = .02) and complex USVs (F
[1,36]

 = 8.84, p = 
.03). The young adult group had a higher mean frequency of 
simple USVs than old (F

[1,36]
 = 5.68, p = .02); the frequency 

of complex USVs was not significantly different between 
groups (F

[1,36]
 = 2.96, p = .09). The complex USVs of the 

old group were significantly longer in duration than those 
of the young adult group (F

[1,36]
 = 6.32, p = .02). There were 

no baseline age differences in vocalization rate, the percent-
age of complex USVs, FM bandwidth, or maximum FM 
frequency slope.

Post-training.—All rats produced the target number of 
vocalizations in each session although the time it took for an 
individual rat to produce the target was variable. The mean 
session duration throughout the 8 weeks of training was 4.8 
minutes (SD = 3.1 minutes). Post-training age effects were 
different from baseline age effects. At baseline, frequency 
of complex USVs in the old group was lower but not sig-
nificantly different than the young group. However, this dif-
ference increased and was significant post-training (F

[1,36]
 

= 8.47, p = .006). The opposite was observed in the mean 
frequency of simple USVs; the baseline difference between 
age groups was not present post-training (F

[1,36]
 = 1.33, p = 

.26). The longer duration of complex USVs in the old group 
observed at baseline was also present post-training (F

[1,36]
 = 

29.63, p < .001).
There was a significant interaction between training 

and age on vocalization rate (F
[1,36]

 = 4.53, p = .04). The 
old trained group had a higher vocalization rate than the 
old control group (p = .0001), and the young adult control 
group had a higher vocalization rate than the old control 
group (p = .03). Comparing baseline and post-training 
call rates showed that 14/20 of the trained rats increased 

Table 1.  Main Effects of Age and Training on Ultrasonic Vocalizations

Baseline After 8 Weeks

Young Old Young Old Control Trained

Vocalization rate (per minute) 35.5 ± 5.1 31.4 ± 3.5 36.6 ± 3.7 31.6 ± 4.9* 23.8 ± 3.4 44.4 ± 4.0*
Percentage complex (%) 65.6 ± 2.2 70.0 ± 2.8 67.7 ± 2.0 61.7 ± 3.0 62.8 ± 2.7 66.6 ± 2.4
Duration simple (ms) 16.6 ± 1.2 18.6 ± 1.4 19.1 ± 1.3 19.5 ± 1.4 17.8 ± 1.3 20.8 ± 1.4
Duration complex (ms) 29.6 ± 0.9 32.9 ± 0.9† 28.4 ± 0.8 37.9 ± 1.7† 31.4 ± 1.3 34.9 ± 2.0
Maximum amplitude simple (dB) −40.0 ± 1.1 −43.7 ± 1.0† −44.5 ± 0.5 −47.5 ± 0.5† −46.5 ± 0.7 −45.6 ± 0.6
Maximum amplitude complex (dB) −35.9 ± 0.9 −38.9 ± 1.0† −40.0 ± 0.6 −42.3 ± 0.5† −41.3 ± 0.7 −41.0 ± 0.6
Mean frequency simple (kHz) 54.2 ± 0.6 51.8 ± 0.8† 58.9 ± 0.7 57.6 ± 0.9 59.3 ± 0.7 57.3 ± 0.9
Mean frequency complex (kHz) 53.5 ± 0.6 52.0 ± 0.6 60.0 ± 0.8 56.7 ± 0.8† 57.9 ± 0.8 58.8 ± 1.0
Bandwidth FM (kHz) 18.3 ± 0.6 18.9 ± 0.9 18.1 ± 0.8 16.9 ± 0.9 16.4 ± 0.8 18.6 ± 0.8
Maximum FM frequency slope (kHz/ms) 12.3 ± 0.6 12.0 ± 0.8 10.6 ± 0.6 9.8 ± 0.6 9.8 ± 0.6 10.7 ± 0.6

Notes: Values are means ± SE; n = 40 (10 per age/experimental group combination). FM = frequency modulation.
*Significant interaction (p ≤ .05) between age and training.
†Significant difference (p ≤ .05) from young group.
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their vocalization rate from baseline, whereas the oppo-
site was seen in the control rats; 14/20 of the control rats 
decreased their vocalization rate after 8 weeks of no train-
ing (Figure 3).

Training reduced the amplitude difference between old 
and young adult groups seen at baseline. Although there 
was not a significant interaction between age and training 
(F

[1,36]
 = 2.83, p = .10, simple; F

[1,36]
 = 1.87, p = .18, complex), 

examination of effect sizes showed the post-training 
difference in amplitude was significant only between young 
adult and old in the control group (95% confidence interval 
not overlapping zero) and not in the trained group (Figure 4). 
Training did not affect USV duration or frequency although 
there were age effects that differed from those observed 
at baseline (discussed previously). There were no training 
effects in the percentage of complex USVs, FM bandwidth, 
or maximum FM frequency slope.

Neuromuscular Junction
A total of 1,185 images containing 1,655 NMJs were col-

lected. Results for all tests of age and training for the lateral 
and medial TA muscle portions are summarized in Tables 
2 and 3.

Effects of age.—Presynaptic remodeling was greater 
in the old group than that in the young adult group, as 
reflected by axon sprout and Schwann cell process percent-
age (Figure 5). In the lateral TA muscle, the old group had 
a significantly higher percentage of axon sprouts than the 
young adult by approximately 7% (W = 122, p = .02). In the 
medial TA muscle, the old group had double the percentage 
of terminal Schwann cell processes found in young adult 

Figure 2.  Representative USVs recorded post-training demonstrating the smaller amplitude found in USVs from (A) an old control rat, compared with USVs from 
both (B) an old trained rat, and (C) a young control rat. USV = ultrasonic vocalization.

Figure  3.  Comparison of vocalization rate pre/postintervention. Symbols 
above the 45° dashed line indicate an increased rate after 8 weeks relative to 
baseline.
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(F
[1,36]

 = 8.94, p = .005). No significant effects of age were 
found in the percentage of axon withdrawal.

There was a significant main effect of age on the volume 
of both nerve terminals and motor endplates in the medial 
TA muscle; the old group had a larger nerve terminal 
volume (F

[1,36]
 = 7.90, p = .008) and motor endplate volume  

(F
[1,36]

 = 5.77, p = .02) than the young adult group (Figure 6). 
A similar trend was seen in the motor endplate volume in 
the lateral TA muscle (F

[1,36]
 = 3.91, p = .06). Aging had no 

significant effect on synaptic overlap in either the lateral or 
medial TA muscle.

The old group showed greater motor endplate instabil-
ity than the young adult group, as reflected in measures of 
dispersion and fragmented motor endplates. The old group 
had higher motor endplate dispersion than the young adult 
group in the medial TA muscle (F

[1,36]
 = 17.23, p = .0002). 

In the lateral TA muscle, there was a significant interaction 
between age and training (discussed later) (F

[1,36]
 = 4.64,  

p = .04). A main effect of age was found in the percentage 
of fragmented motor endplates; in the lateral TA muscle, the 
old group had 17% more fragmented motor endplates than 
young adult (F

[1,36]
 = 10.81, p = .002), and 14% more in the 

medial TA muscle (F
[1,36]

 = 10.80, p = .002).

Effects of training.—There was a significant interac-
tion in the lateral TA muscle between age and training that 
showed the effect of age on dispersion was limited to the 
control group (Figure 7). The old group had a higher dis-
persion than the young adult group within the control group 
(p = .0007) but not within the trained group (p = .5). There 
was no effect of training on dispersion in the medial TA 
muscle. No significant effects of training were found in the 
remaining measures of NMJ morphology.

Differences in variance.—Differences in variance 
between the old trained and old control groups accounted 
for four of the five variables that did not pass Levene’s test 
of equal variance (Figure 8). In the lateral TA muscle, the 
old control group had higher variability than the old trained 
group in dispersion (p = .02) and percentage of fragmented 
endplates (p = .03). Similarly in the medial TA muscle, the 
old trained group had higher variability in percentage of 
axon withdrawal (p = .023). An opposite effect of training 

Table 2.  Main Effects of Age and Training on Neuromuscular Junctions in the Lateral Thyroarytenoid Muscle

Young Old Control Trained

Presynaptic remodelling
  Axon withdrawal (%) 39.9 ± 4.6 40.9 ± 5.2 37.9 ± 4.2 43.0 ± 5.5
  Axon sprouts (%)* 2.3 ± 0.8 9.0 ± 2.3† 4.4 ± 1.7 6.9 ± 2.0
  Terminal Schwann cell processes (%) 14.3 ± 2.5 19.9 ± 3.7 17.6 ± 3.2 16.7 ± 3.3
Size and pre/postrelationship

  Nerve terminal volume (µm3) 76.6 ± 8.9 74.4 ± 9.5 63.4 ± 7.3 87.6 ± 10.0

  Motor endplate volume (µm3) 224.4 ± 8.5 247.9 ± 8.4 230.1 ± 11.1 242.3 ± 5.6

  Overlap (%) 33.9 ± 4.3 34.3 ± 4.7 33.1 ± 4.1 35.1 ± 4.9
Endplate stability
  Dispersion (%)‡ 10.9 ± 0.5 13.5 ± 0.7§ 12.4 ± 0.9 11.9 ± 0.4§

  Fragmented endplates (%)‡ 11.6 ± 1.4 28.7 ± 2.5† 20.7 ± 3.2 19.6 ± 2.4

Notes: Values are means ± SE; n = 40 (20 per group).
*Nonparametric testing completed due to heteroskedasticity.
†Significant difference (p ≤ .05) from young group.
‡Log transformed to achieve homoskedasticity; values shown untransformed.
§Significant interaction (p ≤ .05) between age and training.

Figure  4.  Effect sizes with confidence intervals of comparisons between 
young and old demonstrating that the young adult control group had higher 
ultrasonic vocalization amplitudes than old in control group only (open cir-
cle = control group, filled circle = trained group).
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Table 3.  Main Effects of Age and Training on Neuromuscular Junctions in the Medial Thyroarytenoid Muscle

Young Old Control Trained

Presynaptic remodelling
  Axon withdrawal (%)* 18.5 ± 3.6 15.2 ± 3.5 15.6 ± 3.8 18.1 ± 3.3
  Axon sprouts (%) 2.7 ± 0.8 5.2 ± 1.6 4.7 ± 1.3 3.2 ± 1.2
  Terminal Schwann cell processes (%) 8.6 ± 1.5 17.8 ± 2.8† 15.9 ± 2.8 10.5 ± 1.9
Size and pre/postrelationship

  Nerve terminal volume (µm3) 88.8 ± 10.0 127.5 ± 9.1† 104.0 ± 8.9 112.3 ± 11.9

  Motor endplate volume (µm3) 101.9 ± 4.0 116.3 ± 4.4† 105.5 ± 4.9 112.7 ± 4.0

  Overlap (%) 64.8 ± 4.9 71.1 ± 4.2 70.1 ± 4.5 65.8 ± 4.6
Endplate stability
  Dispersion (%) 8.5 ± 0.5 12.0 ± 0.7† 10.6 ± 0.7 9.9 ± 0.7
  Fragmented endplates (%)‡ 19.9 ± 2.1 34.2 ± 2.6† 25.2 ± 2.1 28.9 ± 3.4

Notes: Values are means ± SE; n = 40 (20 per group).
*Nonparametric testing completed due to heteroskedasticity.
†Significant difference (p ≤ .05) from young group.
‡Log transformed to achieve homoskedasticity; values shown untransformed.

Figure 5.  Maximum z-projections of confocal image stacks showing examples of (A) an NMJ with no qualitative signs of presynaptic remodeling from an old 
trained rat, (B) axon withdrawal from two motor endplates from a young trained rat (note axon bundle on top right but no axon extending to either motor endplate), 
(C) a Schwann cell projection (arrowhead) from an NMJ from an old trained rat, and (D) an axon sprout (arrowhead) from an NMJ from an old control rat (scale 
bars = 5 µm) (red = motor endplate, green = Schwann cells, blue = axon, and yellow = nerve terminal).

was seen in the percentage of fragmented endplates in the 
medial TA muscle, with the old trained group having higher 
variability than the old control group (p = .0002). The het-
eroskedasticity in the remaining variable, percentage of 

axon sprouts in the lateral TA muscle, was due to an effect 
of age, with higher variability in the old group than the 
young adult group (trained and control groups combined) 
(p = .0003).
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Discussion
The hypothesis of this research was that vocal training 

would reverse age-related changes in USVs and laryngeal 
NMJs of senescent rats. This hypothesis was tested by 
examining rat USV acoustics and NMJ morphology in the 
lateral and medial TA muscle. Results showed that (1) age-
related differences were found in both USV acoustics and 
NMJ morphology and (2) some of these differences were 
mitigated by vocal training. Accordingly, the results of this 
study supported the hypothesis.

Effects of Age
The effect of age on USVs was evidenced by smaller 

amplitude, higher frequency, and longer duration of USVs 

in the old group than that in the young adult group. In TA 
NMJs, aging was associated with increased presynaptic 
remodeling, larger volumes of the pre- and postsynap-
tic components, and increased motor endplate instability. 
Therefore, aging was associated with both acoustic changes 
in USVs and morphological changes of the NMJ.

These age-related differences in USVs are consistent 
with other studies on acoustic changes in senescent rat 
vocalizations (24,40). Basken and colleagues (24) hypoth-
esized increased duration of USVs with advanced age may 
have been an attempt to compensate for reduced intensity. It 
may also indicate a deficit in the fine motor control needed 
to begin and end USVs. Loss of fine motor control may 
result from an increase in the size of the motor unit seen 
with aging (41). Indeed, acoustic changes in vocalizations 

Figure 7.  Maximum z-projection images demonstrating the difference in dispersion between motor endplates from (A) an old rat in the trained group and (B) an 
old rat in the control group. In image B, note the greater unstained black space between the red-stained acetylcholine receptor clusters compared with image A. Also 
note the increased fragmentation of the motor endplate from the old control rat (scale bars = 5 µm). (C) In the lateral thyroarytenoid muscle, there was a significant 
interaction of age and training on dispersion; within the control group, the old group had a higher dispersion than the young adult group. There was no difference 
between age groups within the trained group. Data are shown as mean and standard error.

Figure 6.  Micrographs of motor endplates (red) and nerve terminals (yellow) from rats in (A) the young trained group and (B) the old control group, demon-
strating the larger volume in both the motor endplate and nerve terminal in the old group compared with the young group, as well as the increased dispersion and 
fragmentation in the old control group (scale bars = 5 μm).
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from old rats have been associated with a decrease in the 
number of primary motoneurons in the nucleus ambiguus, 
suggesting motor unit remodeling with age in the TA mus-
cle (24). This interpretation is supported by EMG findings 
from the human TA muscles that show longer motor unit 
durations in older participants (42). The signs of presyn-
aptic remodeling of the NMJ seen in the old group in this 
study are likely another sign of this age-related motor unit 
remodeling. Age-related changes at the NMJ may be a pri-
mary cause of motor unit remodeling (43). The age-related 
changes in the NMJ are similar to an earlier study of aging 
NMJs in the rat TA muscle that found age-related increases 
in the number of terminal Schwann cell processes and qual-
itative signs of receptor cluster degradation (8). Therefore, 
aging is associated with changes in NMJ morphology in the 
rat TA muscle.

Effects of Training
The effect of training on USVs was evident by the higher 

post-training vocalization rate in the trained group than the 
control group. Additionally, the trained group had no age-
related difference in USV amplitude, whereas the baseline 
age effect of lower USV amplitude in old persisted in the 
control group. Vocal training also mitigated an effect of 
aging on the NMJ by reducing motor endplate dispersion 
in the old trained group. Therefore, vocal training changed 
vocal behavior by increasing vocalization rate and reduced 

age-related effects on USV acoustics and neuromuscu-
lar mechanisms in the TA muscle, a muscle used in USV 
production.

Another effect of training was decreased variability in 
measures of NMJ morphology in the old trained group rela-
tive to the old control group. This suggests that the effect 
of training may have been stronger on certain individual 
animals than that on group means. Studying the same NMJ 
in vivo over time in a single animal may provide a more 
accurate picture of the effect of training. Repeated in vivo 
imaging has been used with more superficial muscles (44), 
but the challenges of difficulty with accessibility and small 
size have not yet been overcome in the larynx.

These changes in NMJ morphology may have physiolog-
ical and functional consequences related to voice. Reliable 
synaptic transmission at the NMJ depends on precise spatial 
arrangement of the synapse and is necessary for consist-
ent and dependable muscle contraction (45). Age-related 
disruption of the synaptic structure as found in this study, 
including expansion of both pre- and postsynaptic compo-
nents and fragmentation and dispersion of the motor end-
plate, likely affects reliability of synaptic transmission at 
the NMJ (46–48). Physiological study of the aging TA mus-
cle has shown decreased muscle contraction capability and 
a higher likelihood for synaptic failure in old rats (10). The 
decrease in motor endplate dispersion associated with vocal 
training may serve to improve synaptic transmission and, 
therefore, increase muscle strength and improve muscle 

Figure 8.  Plot of residuals showing training significantly decreases variability in the old group (range of residuals in old trained is less than old control) in all 
plotted variables except fragmentation in the medial TA, which shows the opposite effect (L-TA = lateral TA; M-TA = medial TA). TA = thyroarytenoid.
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function as evidenced by increased USV amplitude in the 
trained group of old rats.

Factors Influencing USV Acoustics
The NMJ is only part of a cluster of central and peripheral 

mechanisms that are likely affected by exercise and aging. 
For example, changes in laryngeal tissue composition and 
biomechanics in humans have been implicated as causes for 
acoustic changes in the senescent voice (49,50); the impact 
of age on laryngeal biomechanics in the rat, however, is 
unknown. Additionally, USVs are produced with an egres-
sive airflow, and, therefore, age-related changes in breath-
ing and pulmonary function likely affect USVs. Respiratory 
mechanisms for speech in humans are altered with advanced 
age (51,52). Changes in rat pulmonary function with aging 
have been identified (53) although subglottal pressure dur-
ing USV production has only been studied in young rats 
(26). Finally, the paradigm used to elicit and train USVs 
relied on the male rats’ interest in a female rat. Therefore, 
age-related decline in mating behavior may have affected 
age-related differences in USVs (54). Despite the multitude 
of possible factors contributing to changes of USVs with 
age and exercise, the results from this study provide the first 
evidence for a relationship between USVs and NMJs.

Clinical Implications
The results of this research have demonstrated that 

behavioral vocal training affects neuromuscular plasticity 
in a senescent muscle of vocalization within a rat model. 
There are clinical implications to these findings because 
the training methods employed are a model for those used 
with elderly human patients in voice therapy, which are 
also behavioral in nature. Because skeletal muscles in aged 
rats have many properties in common with those of aging 
human skeletal muscles (55), the signs of neuromuscular 
plasticity with vocal training reported here may represent 
part of a larger group of mechanisms underlying treatment-
related vocal modifications in aged patients. However, this 
is the first study to demonstrate an effect of vocal training 
on age-related USV deficits coincident with neuromuscular 
plasticity. Future studies are needed to strengthen the trans-
lation of these findings to a human population. Diagnosing 
dysphonia in humans includes measures of the social and 
communicative impacts of the vocal deficits. Therefore, 
examining the social impact of age-related USV deficits 
in rats will further support this as a translational model of 
age-related dysphonia. Furthermore, establishing that the 
rescue of vocal deficits with training also has an effect on 
vocal communication-dependent behavior in other animals 
will strengthen the ecological validity of this line of work. 
The results presented here suggest that alterations in NMJ 
morphology may be part of the neuromuscular adaptations 
occurring with vocal training in aging populations receiving 
voice therapy.
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