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Abstract

Voice and swallowing deficits can occur with aging. Tongue exercise paired with a swallow may 

be used to treat swallowing disorders, but may also benefit vocal function due to cross-system 

activation effects. It is unknown how exercise-based neuroplasticity contributes to behavior and 

maintenance following treatment.

Eighty rats were used to examine behavioral parameters and changes in neurotrophins after tongue 

exercise paired with a swallow. Tongue forces and ultrasonic vocalizations were recorded before 

and after training/detraining in young and old rats. Tissue was analyzed for neurotrophin content.

Results showed tongue exercise paired with a swallow was associated with increased tongue 

forces at all ages. Gains diminished after detraining in old rats. Age-related changes in 

vocalizations, neurotrophin 4 (NT4), and brain derived neurotrophic factor (BDNF) were found. 

Minimal cross-system activation effects were observed. Neuroplastic benefits were demonstrated 

with exercise in old rats through behavioral improvements and up-regulation of BDNF in the 

hypoglossal nucleus. Tongue exercise paired with a swallow should be developed, studied, and 

optimized in human clinical research to treat swallowing and voice disorders in elderly people.
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1.1 Introduction

Clinicians use exercise-based therapies to treat a variety of age-related cognitive and 

sensorimotor impairments (Butefisch, 2006,Ding, et al., 2011,Dishman, et al., 

2006,Intlekofer and Cotman, 2013,Vaynman and Gomez-Pinilla, 2005), including 

impairments in voice and swallowing (Behrman, et al., 2008,Burkhead, et al., 2007,Carnaby 

and Harenberg, 2013,Fox, et al., 2006,Green and Bavelier, 2008,Robbins, et al., 2007,Roy, 

et al., 2003,Stemple, et al., 1994). However, treatment efficacy for swallowing problems 

(dysphagia) and voice problems (dysphonia) has not been optimized because the underlying 

functional changes associated with exercise in the cranial sensorimotor system are unknown. 

As a result, clinicians have limited evidence available when choosing an exercise-based 

Corresponding Author: Allison J. Schaser, PhD, CCC-SLP, ajschaser@gmail.com, Tel: (262) 751-3649. 

HHS Public Access
Author manuscript
Behav Brain Res. Author manuscript; available in PMC 2017 January 15.

Published in final edited form as:
Behav Brain Res. 2016 January 15; 297: 285–296. doi:10.1016/j.bbr.2015.10.030.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment for the specific needs of their patients. Thus, clinicians are required to try a 

plethora of “possible” exercises to see if one of them will lead to improvement, resulting in 

inefficient use of therapy time and a lack of evidenced-based therapy guidelines (Carnaby 

and Harenberg, 2013,Ludlow, et al., 2008,Robbins, et al., 2008). Without a clear 

understanding of changes to underlying neural substrates with exercise and age, clinicians 

are at a disadvantage because they lack physiological and mechanistic evidence to support 

the decision to use specific therapy parameters or to determine when and if exercise follow-

up should occur (Carnaby and Harenberg, 2013,Cramer, et al., 2011). Thus, research must 

systematically examine therapy parameters and the resulting changes to neural substrates to 

provide evidence needed to guide clinical decision-making, maximize therapeutic outcomes, 

and encourage neuroplasticity.

Neurotrophic factors, or neurotrophins, represent molecular candidates for neural substrates 

responsible for neuroplastic change. Neurotrophins are the molecular mediators of synaptic 

plasticity within the motor system (Zhan, et al., 2003), contribute to maintaining and 

restoring synaptic function in neurons of both the central and peripheral nervous systems 

(Barde, 1990,Hennigan, et al., 2007), and have been proposed as mechanisms of exercise-

based change in the limb sensorimotor system (Gomez-Pinilla, et al., 2002,Gomez-Pinilla, et 

al., 2011). However, little information exists regarding the potential for neuroplastic change 

in the cranial sensorimotor system and the role of neurotrophins in this context, making 

development of mechanistically-based neuroplastic therapy approaches for voice and 

swallowing challenging.

Research in our laboratory has demonstrated that aging results in degenerative changes to 

the nucleus ambiguus (NA), hypoglossal nucleus (HN), and muscles involved in voice and 

swallowing (Basken, et al., 2012,Hodges, et al., 2004,Ota, et al., 2005,Schaser, et al., 

2011,Schwarz, et al., 2009,Suzuki, et al., 2002) and that 8 weeks of tongue exercise leads to 

increased tongue forces across the lifespan in a rat model (Behan, et al., 2012,Connor, et al., 

2009,Schaser, et al., 2012). In addition, our research suggests that brain derived 

neurotrophic factor (BDNF) and its receptor TrkB are a putative mechanism underlying age 

and exercise related change in tongue function, because the HN showed decreased TrkB 

with age and increased BDNF with exercise in adult rats (Schaser, et al., 2012). However, 

questions exist regarding the enduring benefits and generalizability (cross-activation 

potential) of tongue exercise paired with a swallow. Furthermore, it is unknown how 

neurotrophic factors mediate adaptations in sensorimotor function with age and exercise, 

and how other neurotrophic factors, such as neurotrophin 4 (NT4) (Barbacid, 1995) exert 

effects through the TrkB receptor in the cranial sensorimotor system.

To examine exercise specificity and cross-activation in our study, tongue exercise paired 

with a swallow was used as the exercise-based therapy intervention. This exercise is 

relevant, because exercises that use cross-activation of shared inputs during training to 

induce treatment efficiency are being explored in the clinical world for dysphagia and 

dysphonia (Easterling, 2008,El Sharkawi, et al., 2002). For the exercise task trained in this 

study, muscles of both the tongue and larynx were activated during the exercise to allow for 

a safe and accurate swallow (Fig. 1), because the vocal folds are known to close to protect 

the airway during the swallow (Fink, 1974,Logemann, et al., 1992,McCulloch, et al., 
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1996,Perlman, et al., 1999,Pressman, 1941,Stuart, 1891,Van Daele, et al., 2005). In addition, 

muscles involved in both vocalization and swallowing receive input from similar neural 

control elements and are both involved in respiration (McFarland and Paydarfar, 

2011,McFarland and Tremblay, 2006,Nishio and Niimi, 2004). Therefore, the task used in 

this study had the potential to affect both lingual and laryngeal structures and their 

sensorimotor outputs. As such, it is theoretically possible and reasonable that our exercise, 

which targets a specific component, the tongue, within a larger sensorimotor framework 

(swallowing) may provide cross-system benefits to other components not specifically 

targeted but activated, such as the larynx (McFarland and Tremblay, 2006). However, based 

on the principles of specificity and saliency proposed in a seminal paper outlining the 10 

principles of neuroplasticity (Kleim and Jones, 2008), it was hypothesized that changes in 

physiological and underlying neural substrates would be greater in measures involving the 

tongue (genioglossus (GG) muscle, tongue forces, and HN) after tongue exercise than for 

those involving the larynx (thyroarytenoid (TA) muscle, vocalization acoustics and NA), 

because this exercise was specific to tongue activation, and resulted in a greater proportion 

of tongue presses, with laryngeal activation occurring passively during the swallow.

To examine the lasting benefits of exercise in the cranial sensorimotor system and to provide 

clinical evidence to support maintenance programs after exercise-based therapy, a detraining 

protocol was also used in this study. Periods of 2 and 4 weeks of detraining were chosen 

because they represent both short term (2 weeks) and long term (4 weeks) detraining 

(Mujika and Padilla, 2000a,Mujika and Padilla, 2000b). It was hypothesized that all 

outcomes would decrease following detraining, with greater reductions at 4 weeks versus 2 

weeks, based on the “use it or lose it” and timing principles of neuroplasticity (Kleim and 

Jones, 2008). This hypothesis is also supported by previous human clinical studies showing 

that tongue forces were decreased following 2-4 weeks of detraining following a 9-week 

lingual strengthening protocol (Clark, et al., 2009).

Therefore, the goal of this study was to obtain a better understanding of the effects of age, 

exercise specificity, and detraining on neurotrophic factors and behavioral measures within 

the cranial sensorimotor system, using a rat model. Although this work was performed in an 

animal model, the level of evidence provided will serve as a foundation for future clinical 

studies and will provide the evidence needed to direct more focused hypotheses for future 

human clinical studies related to treatment of dysphagia and dysphonia.

1.2 Methods

All procedures were performed in compliance with the NIH Guide for the Care and Use of 

Laboratory Animals, Eighth Edition (National Research Council Committee for the Update 

of the Guide for the Care and Use of Laboratory, 2011) and approved by the University of 

Wisconsin School of Medicine and Public Health Animal Care and Use Committee.

A total of 80 Fischer 344/Brown Norway male rats were obtained from a National Institute 

on Aging (NIA) aging animal colony. This inbred strain of rat is used most frequently in 

aging research because they are genetically identical and are raised in identical conditions. 

Two age groups were studied: 40 young adult (9-month old) and 40 old (32-month old). The 
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32-month old group represented advanced senescence because the median lifespan for this 

strain of rats is 33 months (Turturro, et al., 1999). Only male rats were used because the 

female estrus cycle may affect vocalization acoustics (Matochik, et al., 1992). The rats were 

equally and randomly assigned to either a tongue exercise group (n=20; 10 young adult and 

10 old), 2-week detraining group (n=20), 4-week detraining group (n=20) or a no-exercise 

control group (n=20).

1.2.1 Behavioral Tongue Exercise and Tongue Force Acquisition

Rats had access to water gradually restricted to only 3 hours a day over 14 days (Toth and 

Gardiner, 2000). Rats also had light and dark cycles reversed to ensure exercise was 

provided at the time of most activity. All rats were trained during a 2-week acclimation 

period to lick with 2.0 mN of force against an 18 mm aluminum disk fitted with a force 

transducer on the shaft of the disk (Sensotec load cell, 0-250 g range) to receive 

approximately 0.10 mL water reward, using a variable ratio 5 reinforcement schedule (VR5; 

one reinforcement for approximately every 5 licks). After a 10 minute training session per 

day, rats were removed from the operandum enclosure (Fig. 1) and given water ad libitum in 

a water dish for 3 hours. This program of water delivery is in current use in our laboratory 

and was consistent in this study throughout the acclimation period, exercise program, 

detraining program, and no-exercise control condition (Connor, et al., 2009,Schaser, et al., 

2012).

Following the 2 weeks of preliminary behavioral training, each rat was tested to determine 

an individual maximum tongue force value by averaging the 10 highest force values for each 

rat over 3 days. Each rat was placed in the operandum enclosure and force targets were 

progressively increased within 3 consecutive daily sessions to determine maximum values. 

Maximum tongue force testing was performed for all exercise, detraining, and control rats at 

baseline and following the 8 week experimental period.

The progressive resistance exercise program began immediately following the 2 weeks of 

preliminary behavioral training. The exercise period lasted 8 weeks and was performed 5 

days per week. At the end of each 2-week exercise period, the tongue force threshold 

required for receipt of water reward was progressively increased. For detailed information 

regarding the exercise program see methods from research from our laboratory (Ciucci, et 

al., 2013,Connor, et al., 2009,Schaser, et al., 2012).

Within an exercise session, rats were required to produce at least 20 tongue presses greater 

than or equal to the target threshold for that day to be counted as a successful training 

session. If an initial training session was not successful, rats were placed in the training cage 

for subsequent attempts (maximum of 2 repeat trials per day). If the rat did not produce 20 

tongue presses greater than or equal to the target threshold for 3 consecutive days of 

training, the threshold value was reduced and the new threshold was documented. Values for 

percent of maximum force and number of resistance trials within a session were consistent 

with recommendations for strength training for humans by the American College of Sports 

Medicine (Kraemer, et al., 2002). Post-testing identical to that performed at baseline 

revealed maximum tongue forces associated with training. Testing was also performed in an 

identical manner for animals in the detraining groups.
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No-exercise control rats were placed on a water restriction protocol and light/dark cycle 

reversal identical to exercise treatment rats. To allow collection of baseline tongue force 

data, no-exercise control rats also underwent 2 weeks of behavioral training using the 

operandum without any applied resistance. In this manner, the control rats had a threshold of 

2.0 mN for receiving a water reward. These rats did not receive progressive resistance 

exercise during the 8-week experimental duration, but instead entered the cage and licked 

from the operandum without any resistance for a set period of time, to ensure skill 

maintenance. In addition, the no-exercise control rats received water for 3 hours per day 

throughout the experimental duration. Post-testing identical to that performed at baseline 

revealed maximum tongue forces associated with skill maintenance alone in the no-exercise 

control group.

1.2.2 Vocalization Acoustics

Rats produce several types of ultrasonic vocalizations (USVs) in the 50 kHz range. These 

calls, which have been studied extensively, are semiotic in nature because they have 

symbolic reference and are capable of changing the behavior of the communication partner 

(Bialy, et al., 2000,Blanchard, et al., 1992,Brudzynski, 2005,McGinnis and Vakulenko, 

2003,Riede, 2014,Wohr, et al., 2008). USVs in rats are produced by a constriction in the 

larynx that occurs through fine motor control of intrinsic laryngeal muscles (Johnson, et al., 

2010,Riede, 2011).

Baseline and post-intervention acoustic measurements of USVs from all rats were obtained 

using an existing mating paradigm (Ciucci, et al., 2008). The procedure involved: (1) pairing 

a male rat with a receptive female in estrus, evidenced by lordosis, darting, and ear wiggling 

in the female rat; (2) allowing the male to mount the female; and (3) putting both rats into 

the test cage and removing the female after the male exhibits further interest, such as 

chasing and vocalization (mounting was not allowed during this stage to control for reduced 

mounting behavior in aged rats), which induced further vocalization by the male and 

allowed USVs to be recorded from the male rat in isolation (Ciucci, et al., 2008). Once the 

female was out of the range of the microphone, two minutes of calling was recorded onto a 

Windows-based personal computer using an ultrasonic recording system (Avisoft, Germany) 

with appropriate wide frequency response range (10 to 180 kHz) and the capability of 

producing spectrograms in real time. All calls within the 50 kHz range, collected during the 

2 minute recording period, were analyzed for total number of calls. For subsequent USV 

characteristic analyses only frequency modulated call (operationally defined as calls with a 

bandwidth greater than 10 kHZ) were included. Offline acoustic analyses were performed 

with a customized automated program using SASLab Pro (Avisoft, Germany). Spectrograms 

were built from each waveform with the frequency resolution set to an FFT of 512 points, 

frame size of 100%, flat top window, and the temporal resolution set to display 75 % 

overlap. (For video example and review of previous studies, see Ciucci, et al., 2009,Johnson, 

et al., 2013,Johnson, et al., 2011).

1.2.3 Detraining

The two detraining rat groups were placed on a water restriction protocol and light/dark 

cycle reversal identical to exercise rats and no-exercise control rats. They underwent the 
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same exercise treatment protocol as exercise rats. Baseline and post exercise maximum 

tongue force measures and vocalization acoustic measures were collected as described 

previously. After collection of the post exercise measures, 2- and 4-week detraining rats 

remained on water restriction. During the 2-week no-exercise period, 2-week detraining rats 

entered the cage and licked from the operandum without any resistance for a set period of 

time to ensure skill maintenance. After the 2-week no-exercise period, post detraining 

tongue force and vocalization data were collected. Identical procedures were applied to 4-

week detraining rats following a 4-week period of no-exercise.

1.2.4 Tissue Collection

All rats were deeply anesthetized with 5% isoflurane until unresponsive to toe pinch or 

corneal reflex, were humanely euthanized, and their brains and muscle were dissected for 

analyses. Brain tissue was snap-frozen and embedded in optimum cutting temperature 

compound (OCT) and stored at -80 degrees. Brains from the level of the spinal cord through 

the medulla were sliced into 300μm thick slices with a freezing microtome (Leica 2000R, 

Bannockburn, IL, USA). Using known anatomical markers and methods successfully 

employed in our lab previously (Behan, et al., 2012,Schaser, et al., 2012,Schwarz, et al., 

2009) the hypoglossal nucleus and nucleus ambiguus were grossly microdissected and 

stored for downstream protein analysis. Neural control tissue from the spinal cord and 

medulla at levels above and below nuclei of interest was also collected (Brainstem Control 

(BSC)). The GG and TA muscles were dissected out, as well as extensor digitorum longus 

(EDL) muscle in the hind limb to serve as muscular control tissue. The specific nuclei and 

muscles were chosen because of their role in voice and swallowing behaviors. The EDL was 

chosen because it contains largely rapidly-contracting muscle fiber types analogous to the 

tongue and larynx (Connor, et al., 2008). The HN is the brainstem nucleus that controls the 

tongue musculature, including the GG muscle (Nowinski, et al., 2012). The GG is the main 

protrusive muscle of the tongue, is active during bolus manipulation and transport (Fregosi 

and Fuller, 1997,Gilliam and Goldberg, 1995,Miller, 2002,Sauerland and Mitchell, 1975), 

and is active throughout the swallow (Perlman, et al., 1999). The NA is the brainstem 

nucleus that controls the intrinsic laryngeal musculature, including the TA (Nowinski, et al., 

2012). The TA is active during the swallow to protect the airway (Fink, 1974,Gay, et al., 

1994,Logemann, et al., 1992,Pressman, 1941,Stuart, 1891), and creates tension in the vocal 

folds during vocalization (Story and Titze, 1995). Muscle tissue was placed in an Eppendorf 

tube and frozen in liquid nitrogen. Samples were stored at −80°C until use.

1.2.5 Measurement of Neurotrophins

Neurotrophin levels were measured in the HN, NA, GG, TA, and control samples. Enzyme 

Linked Immunosorbent Assays (ELISA) were used to detect protein levels. Whole muscles 

were homogenized in ice cold PBS buffer. Homogenates were centrifuged and supernatants 

collected. Overall protein concentration levels were normalized using wet tissue weight 

(w.t.w) mg/volume (μl). BDNF, NT4, and TrkB protein levels were quantified using 

selected ELISA kits, (BDNF Emax ImmunoAssay System Kit (Promega, Madison, WI); Rat 

Neurotrophin 4 (NT4) ELISA Kit (Cusabio); Rat TrkB (Tyrosine receptor kinase B) ELISA 

Kit (MyBioSource), as per the manufacturer’s protocol. Unknown protein concentrations 
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were compared with known protein concentrations using a standardized calibration curve 

provided by the respective manufacturers.

1.2.6 Statistical Analysis

A two-way analysis of variance (ANOVA) was used to examine main and interaction effects 

of age (2 levels: young adult and old) and training group (2 levels: tongue exercise and no-

exercise controls). For the behavioral data, t-tests were performed on the Δ variables from 

the post-exercise time point to each respective detraining time point to examine the effect of 

detraining on tongue force and USV characteristics. In addition, Spearman correlations (ρ) 

were used to examine the relationship between average participation during tongue training, 

Δ tongue force, and neurotrophin concentration for the different neurotrophins, age groups, 

training groups, and regions of interest. All analyses were performed using SAS statistical 

software version 9.1 (SAS Institute Inc., Cary, NC) or Sigma Plot. An α-level of less than 

0.05 was established as the criterion for statistical significance. An α-level correction was 

not used in this study, due to the limited number of multiple comparisons (6) and the 

increased chance of type two errors with more conservative α-levels.

For some measures, missing data resulted in smaller sample sizes for comparisons, which is 

reflected in degrees of freedom for particular tests. Specifically, unexpected animal death 

accounted for some missing tongue force, USV, and neurotrophin data (n=3). The USV 

analyses also contained missing data when rats did not vocalize in a testing session 

(n=10-19, depending on time point). For neurotrophin analyses, missing data also occurred 

when ELISA assays could not be used because the standard curve needed for a plate was not 

at an acceptable level (n=4-17, depending on measure). Laryngeal neurotrophin analyses 

were not performed within 2- and 4-week detraining groups because significant differences 

were not found as a function of exercise, and this smaller sample size is reflected in the 

degrees of freedom for those tests (overall n=32-38). All other available data were used in 

statistical analyses.

1.3 Results

1.3.1 Tongue Force

1.3.1.1 Age-related Deficits in Tongue Force—Tongue force (mN) was significantly 

reduced in the old group compared with the young adult group at baseline (Fig. 2A; F1,73 

=4.91, p=0.03), suggesting an age-related tongue weakness.

1.3.1.2 Increased Tongue Force with Exercise—The change in tongue force (Δ mN) 

from baseline to the post exercise time point was significantly greater in the old group than 

in young adult group (Fig. 2B, F1, 73 =12.73, p < 0.001) and in the exercise group than in no-

exercise control group (Fig. 2C, F1, 73 =192.02, p < 0.001). This finding indicated that 

progressive-resistance tongue exercise was associated with increased tongue force versus 

skill maintenance of the task alone, regardless of age.

1.3.1.3 Decreased Tongue Force with 4 weeks of Detraining in the Old—In the 

old group alone, tongue force (Δ mN) was significantly decreased at the 4-week detraining 
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time point relative to immediate post exercise levels (Fig. 2D, p=0.02). However, as shown 

in Figure 2E, tongue force at the 2-week and 4-week time points was significantly greater 

than baseline tongue forces in both age groups (p < .001). In combination, these results 

suggest that detraining did not eliminate improved tongue forces found following tongue 

exercise paired with a swallow, but that old rats experienced a relative decrement in 

maintenance of post-exercise tongue force levels.

1.3.2 Ultrasonic Vocalizations (USVs)

1.3.2.1 Age-related Changes in USVs—Age-related changes in vocalizations were 

found in a number of USV variables at baseline. Significant main effects of age were found 

for number of calls, with a reduced number of calls in the old group (Fig. 3A, F1, 73 =16.68, 

p < 0.001); average call duration, with an increased call duration in the old group (Fig. 3B, 

F1, 63 =5.05, p=0.03); and average peak frequency, with a reduced peak frequency in the old 

group (Fig. 3D, F1, 63 =13.87, p < 0.001). However, there was not a significant main effect 

of age on average bandwidth (Fig. 3E, F1, 63 =0.31, p=0.58). In addition, a significant 

interaction effect (age vs condition) was found for average call intensity (F1, 63 =10.32, 

p=0.002). Post-hoc testing revealed reduced average intensity in the old exercise group (Fig. 

3C, p < 0.001), along with decreased average intensity in the old exercise group compared 

with the old control group (Fig. 3C, p=0.007). These findings indicate that rats in the old 

exercise group had the quietest calls at baseline.

1.3.2.2 Effect of Exercise on USVs—The change in USV characteristics (Δ unit) from 

baseline to the post exercise time point showed no consistent differences based on condition. 

There were no significant main effects of condition for number of calls (F1, 73 =1.12, 

p=0.29), average call duration (F1, 54 =1.05, p=0.31), average peak frequency (F1, 54 =0.27, 

p=0.60) and average bandwidth (F1, 54 =0.87, p=0.36). There was, however, a significant 

main effect of condition on average intensity (Fig. 3F, F1, 54 =4.63, p=0.04), with less 

reductions in average intensity following tongue exercise, indicating that rats in the exercise 

group maintained intensity of their calls over the 8-week training period, while rats in the 

control group got quieter.

1.3.2.3 No Change in Intensity with Detraining—There was no significant change in 

intensity (Δ dB) from the post exercise time point to the 2- and 4-week detraining times 

points. (Fig. 3G, p=1.0).

As a result of lack of significance found after 8 weeks of tongue exercise with a swallow on 

all other USV characteristics, changes in all USV characteristic following detraining, except 

for average intensity (above), were not reported in this manuscript.

1.3.3 Neurotrophins

1.3.3.1 Age-related Changes in Neurotrophins—The concentration of NT4 (pg/ml) 

was significantly lower in the three brainstem nuclei in the old group than in the young adult 

group. Specifically, the old group had a significantly lower concentration of NT4 in the HN 

(Fig. 4A, F1, 68 =13.40, p < 0.0001), NA (Fig. 4A, F1, 34 =6.45, p=0.02), and BSC (Fig. 4A, 

F1, 68 =9.66, p=0.003). There was not a significant difference in NT4 concentration in the 
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old group versus the young adult group in the GG (Fig. 4B, F1, 68 = 0.54, p=0.47) or EDL 

(Fig. 4B, F1, 68 =2.63, p=0.11). There was a significant increase in the concentration of NT4 

in the TA of the old group versus the young adult group (Fig. 4B, F1, 68 =5.29, p=0.03).

There was a significant interaction effect for age and training group for the concentration of 

BDNF (pg/ml) in the TA (Fig. 4C, F3,28 =4.70, p=0.04). Post-hoc testing revealed a 

significantly lower concentration of BDNF in the TA in the old no-exercise control group 

than in the young adult no-exercise control group (p=0.03). The concentration of BDNF and 

TrkB did not differ significantly between the old and young adult groups in any of the other 

brainstem nuclei or muscles of interest in this study. See table in appendix for raw data 

(means and SEMs).

1.3.3.2 Differences in BDNF with Level of Training in the HN in Old Group 
Alone—There was a significant interaction effect for age and training group for the 

concentration of BDNF (pg/ml) in the HN (Fig. 4D, F3, 62 =3.06, p=0.04). Post-hoc testing 

revealed that the old exercise group had a significantly higher concentration of BDNF in the 

HN compared to the old no-exercise control group (p < 0.001). In addition, both the old 2-

week (p < 0.001) and old 4-week (p=0.002) detraining groups had a significantly lower 

concentration of BDNF than the old exercise group. However, there was no significant 

difference between the young adult group and the no-exercise control group (p=0.5) or the 

young adult 2-week and 4-week detraining groups, respectively (p=0.92, p=0.44). These 

data suggest that a training effect was observed for BDNF concentration in the HN in only 

the old group.

The concentration of TrkB and NT4 did not differ significantly with exercise or detraining 

in any of the brainstem nuclei or muscles in the old or young adult groups. To review all 

neurotrophin raw data see table in the appendix.

1.3.4 Correlations

1.3.4.1a Participation was Positively Correlated with Tongue Force, but not 
USV characteristics, regardless of Age—Average participation (i.e., average number 

of licks above the individual force threshold set during training [licks/session]) was 

moderately correlated with maximum tongue force in the old group and strongly correlated 

in the young adult group (Fig. 5, (A); Old: ρ=0.62, p < 0.0001 (B) Young Adult: ρ=0.78, p < 

0. 0001). However, there were no significant correlations between average participation and 

any USV characteristics in this study (p >0.05). These significant correlations suggest 

increases in behavioral tongue force, but not USV characteristics, were directly related to 

participation in the tongue exercise protocol and training condition.

1.3.4.1b Change in Tongue Force with Tongue Exercise was Positively 
Correlated with Change in Intensity—For all groups, change in tongue force from 

baseline to the post-exercise time point (Δ mN) was moderately correlated with change in 

intensity from baseline to the post-exercise time point (Δ dB) (ρ=0.32, p=0.01). This 

correlation suggests the significant difference in intensity between the exercise and control 

groups at the post exercise time point (Fig. 3F) was related to level of improvement in 

tongue force with tongue exercise.
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1.4 Discussion

The hypotheses of this study were two-fold. First, it was hypothesized that tongue exercise 

paired with a swallow would result in behavioral improvements and an increase in 

neurotrophin concentration, with greater benefits in lingual vs. laryngeal structures. Second, 

it was hypothesized that improvements after tongue exercise paired with a swallow would be 

diminished after detraining. The results of this study support our first hypothesis and 

partially support our second.

Tongue exercise resulted in greater tongue forces regardless of age than skill maintenance 

alone (Fig. 2C). In addition, BDNF concentration in the HN was greater in the old exercise 

group than in the old no-exercise group (Fig. 4D). For ultrasonic vocalizations, there was 

only one difference shown: call intensity in the exercise group was maintained while a 

decrease in call intensity was found in the no-exercise group (Fig. 3F). However, there were 

no significant differences in neurotrophin concentration in the NA with exercise in either 

age group.. These data support the hypothesis that a greater change would be observed 

following tongue exercise paired with a swallow in brainstem and muscle regions associated 

with tongue actions than with laryngeal actions. That is, although laryngeal closure was 

presumably a key element of airway protection during the tongue exercise/swallow task, this 

exercise was associated with maintenance, not improvement, in the laryngeal function 

measure, intensity. In contrast, the exercise employed focused on strengthening the tongue 

as its main target and resulted in global improvements in maximum tongue force. In 

addition, the HN, a brainstem nucleus that contains motor neurons specifically innervating 

the tongue, was the only brainstem nucleus to demonstrate increased BDNF concentration 

after treatment. As such, our results show tongue exercise paired with a swallow led to 

specific, neuroplastic benefits in lingual brainstem sensorimotor control structures.

The hypothesis that improvement gained following tongue exercise paired with a swallow 

would diminish after detraining was supported only in the old rat group. We found change in 

tongue force from the post-exercise time point to the 4-week time point was significantly 

diminished in old 4-week detraining group alone (Fig. 2D). In addition, BDNF concentration 

in the HN was significantly lower in the old 2-and 4-week detraining groups than the old 

exercise group (Fig. 4D). However, tongue force was maintained for up to 4 weeks of 

detraining in the young adult group, and there were no differences in neurotrophin 

concentration in the young adult group with detraining. These data demonstrate while young 

rats maintain performance levels up to 4 weeks following exercise, this is not true for older 

rats. These data provide initial evidence for the necessity of exercise maintenance programs 

following tongue exercise protocols in older populations.

Maintenance of USV intensity following tongue exercise paired with a swallow provides 

evidence for the cross-activation potential of exercise in the cranial sensorimotor system. 

This argument was previously introduced in the voice and swallowing literature based on 

clinical findings (Easterling, 2008,El Sharkawi, et al., 2002). We hypothesized some 

changes within the larynx following tongue exercise paired with a swallow because the TA, 

a muscle within the larynx important for voice, is activated during swallowing (Perlman, et 

al., 1999,Van Daele, et al., 2005). Maintenance of USV intensity with tongue exercise 
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paired with a swallow can be explained from a cross-activation perspective considering 

vocalization intensity is a function of respiratory capacity and glottal closure (Riede, 2011), 

two elements finely controlled during the exercise task used in this study (Fig. 1). In both 

the rat and the human, respiratory timing and glottal closure must be precisely coordinated 

during vocalization to produce voice and during the swallow to allow materials to safely 

enter the esophagus and avoid aspiration (Perlman, et al., 1999,Riede, 2011). The tongue 

exercise intervention used in this study was paired with a swallow, which activated and 

perhaps strengthened glottal closure, and may have contributed to the observed post exercise 

maintenance of call intensity in the exercise group. However, the goal of a particular 

exercise protocol may be improvement in a specific function and not solely maintenance. In 

this work, there were no improvements in USVs found after tongue exercise paired with a 

swallow. Therefore, cross-activation of the larynx during a swallowing task alone does not 

appear to be sufficient or specific enough to improve vocal function. As such, based on the 

results of this initial study, future clinical studies could explore cross-activation for 

maintenance of function. However, if improvement in a specific function is the goal of 

therapy, specific exercise appears to be necessary and should be used. Nevertheless, results 

of this initial study do not rule of the possibility that tongue exercise paired with a swallow 

could be used in future clinical studies to optimize both swallow and vocal function in 

individuals at risk for both disorders, such as elderly individuals and people with Parkinson 

disease, especially in the early stages of the disease where maintenance or slowing of the 

disease process is the goal.

We observed age-related changes in tongue force (Fig. 2A) and NT4 concentration (Fig. 

4A,B). Specifically, we found lower tongue forces in old rats at baseline than in young adult 

rats. However, reduced tongue force has not been a universal finding (Schaser, et al., 2012). 

This speaks to the relevance of this animal model to human clinical populations where 

decreased tongue force, or tongue weakness, is not consistently reported (Steele, 2013). This 

study did not include a direct measure of functional swallowing. As a result, we are unable 

to comment on specific age-related changes to swallowing in this cohort of animals. 

However, work from our laboratory shows that older rats have functional changes to the 

swallow as a result of normal aging, including reduced bolus transport speed, detected 

through video fluoroscopic swallowing examination (Russell, et al., 2013). Therefore, age-

related changes to the functional swallow may be present in the animals in this study, but it 

is unknown if the increase in tongue force and BDNF concentration in the HN with tongue 

exercise has a direct benefit to the functional swallow, such as improved bolus transport 

speed. Current and future work in our laboratory will explore this hypothesis. We also found 

a decrease in NT4 concentration in all brainstem nuclei, including our brainstem control 

nuclei (BSC) and the laryngeal brainstem nucleus of interest (NA). These findings suggest a 

putative age-related decrease in NT4 concentration in motor and sensory neurons in the 

brainstem, which has not been shown in previous research.

Differences were sparse in neurotrophin concentration as a function of age or exercise in the 

TA muscle. Only two significant age-related findings were observed: (1) Increased NT4 

concentration in old rats versus young adult rats at baseline (Fig. 4B), and (2) Reduced 

BDNF concentration in old control rats versus young adult control rats (Fig. 4C). The 

significantly greater NT4 concentration in old rats versus young adult rats was in opposition 
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to our hypothesis and previous reports of reduced neurotrophin concentration with age 

(Greising, et al., 2015,Johnson, et al., 1996). However, decreased BDNF concentration was 

consistent with the hypothesis that neurotrophins are decreased with age in the 

neuromuscular system (Greising, et al., 2015,Kalinkovich and Livshits, 2015). The unique 

innervation and sustained activity of the TA (Kuna, et al., 1988) may partially explain our 

findings. The TA is active during critical life functions of respiration, airway protection, 

swallowing, and also during vocalization in the rat (Nagai, et al., 2005,Riede, 2011) and the 

human (Hillel, et al., 1997,Jafari, et al., 2003,Maronian, et al., 2003). Because NT4 is 

specifically upregulated in an activity-dependent manner in muscle (Funakoshi, et al., 1995) 

greater NT4 levels might be found in muscles with sustained or frequent activity. The 

seemingly greater NT4 levels in the TA than in the other muscles analyzed in this study 

support this view (Fig. 4B). The increased NT4 in old rats may be a compensatory strategy 

or a sign of growth and remodeling in this muscle. Increased NT4 in old control rats may 

also be compensatory for reduced BDNF given that both NT4 and BDNF are the ligand for 

the TrkB receptor (Barbacid, 1995).

In addition to age-related neurotrophin changes found in the NA and TA, we also found age-

related changes in USVs. Our findings were similar to age-related changes reported in 

previous studies examining aging rat vocalizations (Basken, et al., 2012,Johnson, et al., 

2013), including reduced number of calls, increased duration, and decreased intensity in old 

versus young adult groups. In the Basken study, these age-related behavioral changes were 

correlated with significant motor neuron loss in the NA (Basken, et al., 2012). While motor 

neuron count in the NA was not examined in our study, it is possible that loss of NA motor 

neurons contributed to age-related behavioral decrements in the USVs observed to a greater 

extent than neurotrophin concentration. However, neurotrophin concentration may have a 

greater role in tongue actions, as we found increased BDNF concentration with exercise. 

This interpretation is consistent with the results of a prior study showing that motor neuron 

number in the HN is preserved with age (Schwarz, et al., 2009).

Significant correlations were found between extent of participation in the tongue exercise/

swallow task and tongue force in both old and young adult groups (Fig. 5). This finding is 

proof of principle that participation in the progressive resistance tongue exercise program is 

associated with increased tongue force, and the increased tongue forces observed are not 

solely a function of learning or refinements in task performance over time. Participation at 

or over the individual force threshold set for each individual animal was needed to improve 

tongue force while decreased participation during the detraining time periods led to 

decreased tongue force (Fig. 5).

A question remaining in this study concerns the underlying changes responsible for 

increased tongue forces in the young adult group following exercise, given that BDNF 

concentrations were not higher following exercise. While NT4 levels were not significantly 

increased in the young adult exercise group, these levels were somewhat higher than those 

measured in the control group. A possible explanation, therefore, may be that NT4 in 

combination with other factors not explored in this study contributed to improved 

neuromuscular transmission in young adult rats. For example, other neurotrophins and their 

receptors, such as NT3 and TrkC are activity-dependent in nature and upregulated with 
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exercise in the spinal sensorimotor system (Gomez-Pinilla, et al., 2001). Future research 

should examine this potential contribution and others.

In summary, results from this study support both of the hypotheses established for this work. 

Tongue exercise paired with a swallow resulted in specific gains in tongue force as well as 

an increase in BDNF concentration in the HN with exercise in old rats. These findings 

highlight the neuroplastic potential of tongue exercise paired with a swallow in the cranial 

sensorimotor system. However, this work did not examine whether an increase in tongue 

force and BDNF concentration in the HN with exercise resulted in an improvement to the 

functional swallow in aged rats. It is hypothesized that an increase in tongue strength will 

result in improved measures of swallowing function, such as bolus transport, but this must 

be confirmed in future studies. This work also demonstrates the importance of continued 

examination of current exercise protocols used in clinical populations with voice and 

swallowing disorders. While cross-activation benefits found in this study were minimal and 

were tied specifically to behavioral functions directly activated during our exercise task, 

maintenance of vocalization intensity following tongue exercise may be beneficial in some 

clinical contexts, as long as tongue exercise is paired with a swallowing activity. Because 

detraining resulted in loss of tongue force levels, the need for continued maintenance after a 

therapeutic protocol has been completed is suggested, especially for elderly people.

The results of this study provide evidence for the development of future clinical studies. 

Human translational and clinical studies should continue to deconstruct our current exercise-

based therapy protocols to determine the biological foundations of treatment-based changes 

in target behaviors. These types of studies will increase the efficacy and efficiency of our 

current exercise protocols and provide clinicians with the evidence they need to decide 

which therapy protocol or exercise to use based on the presentation and specific diagnosis of 

the individual clients they treat.
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Fig. 1. 
Schematic of tongue force operandum. Image demonstrates tongue exercise followed by a 

water swallow in the rat. Image highlights activation of the thyroarytenoid muscle (TA) to 

protect the airway, following licking, during the water swallow. Image adapted by TG.
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Fig. 2. 
Tongue Force. A) Reduced tongue force in the old group at baseline. Significantly lower 

(p=0.03) tongue force was found in the old group than the young adult group. B) Tongue 

exercise resulted in a greater increase in tongue force in old group. Significantly larger 

increases (p < 0.001) in tongue force were found in the old group. C) Tongue exercise 

resulted in greater increases in tongue force than skill maintenance (control). A significantly 

larger increase (p < 0.001) in tongue force was observed for both ages in the exercise group 

than the control group. D) Decreased tongue force following 4 weeks of detraining in old 

group. A significant decrease (p=0.02) in tongue force was observed in the old 4-week (4W) 

detraining group alone. E) Increased tongue force was found after 2 and 4 weeks of 

detraining compared to baseline. Tongue force at the 2-week (2W) and 4-week (4W) time 

points was significantly greater than tongue force at baseline (p < 0.001). * Denotes 

significant values; error bars represent standard error of the mean.
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Fig. 3. 
USVs. (A-E). Age-related changes in USV characteristics at baseline. A) Number of calls: 

Significantly lower (p < 0.001) number of calls in the old group. B) Average call duration: 

Significantly greater (p=0.03) average duration of calls in the old group. C) Average call 

intensity: Significantly reduced (p < 0.001) average intensity of calls in the old exercise 

group, and a decreased average intensity in the old exercise group compared with the old 

control group (p=0.007). Y axis represents normalized intensity (dB), with smaller numbers 

representing decreased intensity levels relative to maximum. D) Average Peak Frequency: 

Significantly lower (p < 0.001) peak frequency of calls in the old group. E) Average 

bandwidth: No significant age-related differences (p=0.58). F) Maintenance of call intensity 

found with tongue exercise at the post exercise time point. Significantly smaller (p=0.04) 

change in intensity of calls in the exercise than the control group. Y axis represents change 

in normalized intensity (dB). G) No significant difference in intensity following detraining. 

No difference (Old 2-week [2W]: p=1.0, Young Adult 2W: p=0.28, Old 4-week [4W]: 

p=0.84, Young Adult 4W: p=0.25) was found in intensity following detraining in either 

detraining or age group. * Denotes significant values; error bars represent standard error of 

the mean.
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Fig. 4. 
Neurotrophins. (A-C). Age-related differences in neurotrophins. NT4 differences in (A) 

brainstem nuclei and (B) muscles of interest, (C) BDNF differences in TA. A) Concentration 

of NT4 was lower in old groups in all brainstem nuclei: Significantly lower concentration of 

NT4 in all brainstem nuclei of interest (BSC: p=0.003, HN: p < 0.0001, NA: p=0.02) in the 

old group than the young adult group. B) Increased concentration of NT4 in the TA muscle 

with age: Significantly greater (p=0.03) concentration of NT4 in the TA of the old group 

compared to young adult group. No significant difference in NT4 concentration with age in 

the EDL (p=0.11) or GG (p=0.47). C) Significantly lower (p=0.03) concentration of BDNF 

in the TA of old no-exercise control group vs young no-exercise control group. D) Age and 

exercise interaction effects in the HN. A significant increase (p < 0.001) in BDNF 

concentration was found in the old exercise group compared with the old control group, and 

a significant decrease (p < 0.001, p=002) in BDNF concentration was observed between the 

old exercise group and old 2W and 4W groups, respectively. There was no significant 

difference between the exercise group and the other training groups (control: p=0.5, 2W: 

p=0.92, 4W: p=0.44) for the young adult group. * denotes significant values; error bars 

represent standard error of the mean.
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Fig. 5. 
A&B). Participation was positively correlated with tongue force regardless of age. Tongue 

force and participation were moderately correlated in the old (A) and strongly correlated in 

the young adult (B) groups, respectively (Old: ρ=0.62, Young Adult: ρ=0.78, Both: p < 

0.0001). * Denotes significant values; ρ value represented by diagonal line.
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