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Abstract  

Exercise-based therapies are currently used to treat voice and swallowing disorders without a clear 

understanding of the mechanisms that alter the cranial neuromuscular system. The recent application of 

principles of neuroplasticity to rehabilitation has revolutionized how we think about treatment, 

highlighting the need for change in both behavior and neural substrates to create lasting benefits. It is 

difficult, however, to study neural substrates in human patients while controlling for factors that may 

influence plasticity such as genetic and environmental differences. The use of a rat model allows these 

controls. This dissertation research aims to further our understanding of the neuroplastic potential of 

exercise in the cranial sensorimotor system with the ultimate long-term and future goal of guiding care of 

individuals with voice and swallowing problems.   

Neurotrophins are mediators of neuroplasticity.  Results from Study 1 show age-related decreases in 

neurotrophins in the cranial sensorimotor system and increases in tongue force in all age groups following 

8 weeks of tongue exercise. Study 1 also found neurotrophin up-regulation in the hypoglossal nucleus in 

young adult groups, but not in old groups. Results from Study 2 again show age-related decreases in 

neurotrophins.  However, with the inclusion of a no-exercise control group and detraining groups, Study 2 

found that tongue exercise paired with a water swallow resulted in increased behavioral tongue force, 

regardless of age. Study 2 also found that BDNF concentration in the hypoglossal nucleus is increased in 

old exercise groups compared to old control and 2- and 4-week detraining groups. 

This work is significant because it examines the neuroplastic potential of exercise in the cranial 

sensorimotor system in both muscle and the central nervous system, along with the enduring effects of 

exercise (detraining) with the long term and future goal of using our results to guide current therapy 

timelines and protocols used in clinical populations with voice and swallowing problems. 
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I. Review of the Literature  

1.1 Introduction 

Voice and swallowing disorders are prevalent in elderly people and result in significant quality of 

life impairments and increased health care costs (Chen et al., 2009; Cohen et al., 2012a; Cohen et al., 

2012b; Golub et al., 2006; Irles Rocamora et al., 2009; Kocdor et al., 2015; Lindgren and Janzon, 1991; 

Marik and Kaplan, 2003; Merrill et al., 2011; Ney et al., 2009; Niederman et al., 1998; Tian et al., 2013; 

Tibbling and Gustafsson, 1991; Turley and Cohen, 2009; Verdonck-de Leeuw and Mahieu, 2004). A 

number of neurodegenerative changes occur in the cranial sensorimotor system with aging and have direct 

effects on voice and swallowing function (Davids et al., 2012; Logemann et al., 2000; Robbins et al., 

1995).  

In this review of literature, neurodegenerative changes are discussed at multiple levels within the 

cranial sensorimotor system including muscles involved in voice and swallowing, motor neurons and 

nerves innervating specific muscles, and the connection between nerves and muscles, the neuromuscular 

junction.  When degenerative changes across multiple levels are considered, a complex etiologic picture is 

formed to explain age-related functional changes in voice and swallow (For review, see Jaradeh, 1994; 

Kays and Robbins, 2006; Schindler and Kelly, 2002). That is, etiologies can include, motor impairments 

alone manifested as changes in strength resulting in reduced bolus propulsion and oral or pharyngeal 

stasis, or sensorimotor impairments related to deficits in timing, coordination, and reduced sensation, 

resulting in delayed triggering of the swallow, penetration, and in some cases aspiration.    

1.2 Age-related changes in voice and swallowing  

Older individuals, even those without dysphagia, swallow more slowly overall with increased oral 

and pharyngeal transit times and decreased hyolaryngeal movement (Cook et al., 1994; Robbins et al., 

1992; Sonies et al., 1988; Tracy et al., 1989).   As a result of the global slowing of the swallow, older 

individuals are at risk for more dangerous complications, like aspiration pneumonia, because of the 
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increased time in which the open airway is exposed to the bolus during the swallow (Nicosia et al., 2000).  

While aspiration pneumonia is not commonly seen in healthy older adults, secondary factors, such as a 

disease or injury that further tax the system are likely to result in dysphagia that causes serious health 

complications (Jaradeh, 1994).   

There are also global changes to the voice in many elderly people. The term “presbyphonia” 

describes the age-related change in vocal function in elderly people, and is characterized by breathiness 

(Linville, 2002), reduced intensity, reduced phonation duration, and “rough” vocal quality, mostly likely 

due to asymmetric vocal fold vibration (For review, see Baken, 2005; Kendall, 2007; Pontes et al., 2005).  

The age-related changes described above result in physical and emotional difficulties and reduce the 

quality of life of elderly individuals (Costa and Matias, 2005; Golub et al., 2006; Roy et al., 2007; 

Verdonck-de Leeuw and Mahieu, 2004).  

The current state of knowledge concerning changes in cranial muscles, motor neurons, nerves, 

and the neuromuscular junction related to voice and swallow function in elderly people is reviewed in the 

following sections.  Many of the same cranial muscles mediate voice, swallowing, and respiratory actions 

(McCulloch et al., 1996; Palmer et al., 2008; Perlman et al., 1999) and receive input from similar neural 

control elements (McFarland and Tremblay, 2006; McFarland and Paydarfar, 2011; Nishio and Niimi, 

2004). The focus of this dissertation is on the tongue and larynx because muscles within these structures 

mediate both voice and swallowing actions and are common therapeutic targets for age-related 

decrements in these critical cranial functions (Hewitt et al., 2008; Logemann et al., 1992; McCulloch et 

al., 1996; Perlman et al., 1999; Pressman, 1941; Robbins et al., 2005; Steele, 2012; Stuart, 1891; Van 

Daele et al., 2005; Yeates et al., 2008).   

1.2.1 Altered cranial muscle structure and function with aging 

It is well documented that there are age-related reductions in muscle mass in limb skeletal 

muscles in humans, specifically in type II muscle fibers, and that the reductions in mass are linked with a 
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reduction in strength, a condition known as sarcopenia (Doherty, 2003; Rosenberg, 1997). Specific 

changes to the human tongue musculature with age are also documented (For review, see Logemann, 

1990). These findings coincide with a putative reduction in tongue muscle mass with age and an increase 

in fat and additional connective tissue (For review, see Miller et al., 2002).  Interestingly, some studies 

deny age-related atrophy of the tongue, claiming that MRI studies provide no evidence that atrophy of the 

tongue is based on age alone when looking at measures of volume, perimeter, and area (Mahne et al., 

2007; Ohnishi et al., 1992). However, these studies did not consider differences in muscle mass versus fat 

and connective tissue, and instead looked only at overall measures of tongue size. Considering the amount 

of adipose tissue in the tongue is particularly important, because the human tongue is found to increase its 

percentage of adipose tissue by 2.7% each decade (Rother et al., 2002).  Therefore, studies that do not 

take the percentage of fat and connective tissue into account may skew their size measurements because 

the tongue may stay the same size or grow in size overall with age, but the actual percentage of muscle 

mass has been shown to decrease (Rother et al., 2002).  These reductions in muscle mass coincide with 

reports of decreased tongue strength.  For example, reductions in maximum isometric tongue pressures 

have been observed in elderly individuals (Nicosia et al., 2000; Robbins et al., 1995; Youmans et al., 

2009). A recent study provided correlative evidence for the relationship of tongue strength, self-reported 

swallowing function, nutritional and anthropometric parameters, and sarcopenia in an elderly group of 

individuals (Maeda and Akagi, 2015).  Results showed that maximum tongue pressure was significantly 

associated with age, albumin concentration, and presence of sarcopenia. In addition, the presence of 

dysphagia was significantly associated with a diagnosis of sarcopenia (Maeda and Akagi, 2015).  

Accordingly, reductions in tongue muscle mass and strength may contribute to the swallowing deficits 

observed in elderly people. 

Animal studies examining the tongue musculature also report reductions in tongue strength with 

age.  For example, research using a rat model has shown that there are reductions in protrusive tongue 

force with age (Nagai et al., 2008; Schaser et al., 2012). In addition, timing differences have been found 
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in the contractile properties of the aged rat tongue (Becker et al., 2015; Ota et al., 2005).  Interestingly, 

older animals were found to have comparable maximum tongue forces to young animals following 

stimulation of the whole hypoglossal nerve (Ota et al., 2005), as well as during stimulation of the 

retrusive tongue muscles (Becker et al., 2015). However, older rats required increased contraction times 

to achieve maximum tongue forces (Ota et al., 2005). Accordingly, studies involving animal models of 

age-related tongue force and timing measures found deficits in tongue strength and timing consistent with 

data from human subjects.  As a result, these studies indicate that a rat model is appropriate for future 

studies, such as this dissertation, attempting to determine the underlying cause of functional age-related 

swallowing difficulties.  

Reductions in muscle mass are also seen in the human larynx with age. For example, 25% of 

adults with voice complaints over the age of 65 were found to have vocal fold atrophy in a retrospective 

chart review (Davids et al., 2012). In addition, qualitative changes in laryngeal postures were identified 

within the senescent larynx using laryngeal imaging, with an increased percentage of vocal fold bowing 

and vocal process prominence found in geriatric versus younger patients (Pontes et al., 2006). Animal 

studies have also found age-associated changes in the thyroarytenoid (TA) muscle. For example, a 

studying looking at histological markers and in vivo contractile properties of the rat TA, found the TA to 

be “weaker, slower, and more fatigable with age” (McMullen and Andrade, 2006).  In addition, muscle 

fiber analysis determined a reduced number of muscle fibers in the TA with age in the rat. However, this 

reduction in number of muscle fibers was not accompanied by a significant reduction in muscle fiber 

diameter (Nishida et al., 2013).  As stated previously, one of the proposed mechanisms for degradation in 

vocal function with age in humans is atrophy of the thyroarytenoid (TA) muscle (Pontes et al., 2006). 

That is, the age-related changes observed in voicing, such as breathiness, roughness, and reduced intensity 

described above, may be the result of reduced glottal closure and vocal fold vibratory asymmetry directly 

related to atrophy of the TA muscle. 
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Biochemical changes within contractile proteins in cranial muscles may underlie deficits 

observed with age in strength and mass.  The distinct myosin heavy chain (MyHC) isoforms collectively 

represent most of the myosin protein structure, which is the main contractile protein within the muscle 

(Bottinelli and Reggiani, 2000; Pette and Staron, 1990). MyHC isoforms are closely linked to muscle 

fiber type and changes in MyHC isoforms have been shown to correspond to changes in muscle 

contraction speed (Bottinelli et al., 1994). As found in limb muscles (For review, see Pette and Staron, 

2000), a transition from fast to slow MyHC isoforms has been reported in extrinsic tongue muscles 

(Schaser et al., 2011) and the intrinsic larynx  (Suzuki et al., 2002) in rats. Therefore, the shift from fast to 

slow contracting isoforms may have a role in the functional changes seen with age in voice and 

swallowing, or could serve as a compensatory strategy to allow functional swallowing or voicing to occur 

in the setting of other age-related changes. 

In summary, previous work has shown that aging results in reduced muscle mass, strength, and 

contractile speed at the functional and biochemical level in both the tongue and laryngeal musculature, 

which could contribute, in part, to observed age-related changes in voice and swallowing.   
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1.2.2 Altered motor neuron and nerve structure and function with aging 

It has been hypothesized that age-related changes within motor neurons may result in 

denervation-like changes within muscle targets (Campbell et al., 1973). Specifically, a reduction in motor 

neuron number has been shown with aging, with a corresponding increase in motor unit size as adjacent 

motor neurons are recruited to innervate muscle fibers that have lost their innervation (Brooks and 

Faulkner, 1994; Campbell et al., 1973; Larsson, 1995).  This change in innervation is manifested as a 

change in the structure of the muscle.   That is, with denervation/reinnervation patterns, there is abnormal 

grouping of similar muscle fiber types that disrupts the normal mosaic pattern of the musculature (For 

review, see Lexell, 1995). Because motor neuron firing controls the contractile properties of different 

muscle fiber types (Liu et al., 2014b), a change in innervation will also change the MyHC isoform 

characteristics of the muscle.  For example, studies involving cross reinnervation and artificial stimulation 

of the motor neuron have shown that it is the motor neuron firing pattern that drives muscle fiber type 

(For review, see Edstrom and Grimby, 1986). Denervation and reinnervation patterns have also been 

shown to result in increased proportions of hybrid muscle fiber types, suggesting a transition in MyHC 

isoform properties from one type of motor neuron firing pattern (slow) to another (fast) or vice versa (For 

review, see Ingalls, 2004; Pette and Staron, 2001). While continued work is needed to examine the motor 

neuron numbers, motor unit size changes, and innervation patterns within the cranial sensorimotor 

system, initial studies in aging rat models have shown reductions in motor neuron number in the nucleus 

ambiguous (Basken et al., 2012) and primary dendrite number in hypoglossal nucleus (Schwarz et al., 

2009).  Therefore, it is possible that similar changes exist in humans and could be responsible for the 

change in speed and coordination seen in senescent swallowing and vocalizations.   

Age-related changes have also been found in cranial nerves.  After the age of 60 there is a 

reduction in the speed of nerve conduction in the recurrent laryngeal nerve (RLN) in humans, as shown 

through EMG testing (Takeda et al., 2000).  The RLN innervates the muscles of the larynx involved in 
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voice and swallowing function. A reduction in conduction speed could result in altered coordination of 

phonatory function, airway protection, and a safe swallow.  

1.2.3 Altered structure and function at the neuromuscular junction with aging  

Age-related changes to the neuromuscular junction (NMJ) have also been found in the cranial 

system.  Specifically, there is a morphological change to the structure of the NMJ with age in both the 

tongue and larynx in animal studies. Aging NMJs are larger and less densely packed in animals models 

(Hodges et al., 2004; Johnson and Connor, 2011; Johnson et al., 2013), a change that is also seen in the 

aging human limb musculature (Li et al., 2011; Valdez et al., 2010).  However, further work is needed to 

examine if the above changes in structure result in altered physiological properties of the NMJ as well the 

functional changes seen in older individuals’ swallow and vocalizations.   

1.2.4 Neurotrophic factors may combat age-related decline throughout the neuromuscular system  

While further examination of age-related changes at each level of the cranial sensorimotor system 

is needed, a more efficient strategy may be to explore candidate proteins or growth factors that interact at 

each level of the cranial sensorimotor system.  Neurotrophic factors, or neurotrophins, represent one such 

molecular candidate (Barbacid, 1995; Carrasco and English, 2003; Garcia et al., 2010).   It was recently 

proposed that neurotrophins are responsible in part for changes in MyHC isoform composition, 

specifically in response to high-intensity exercise (Liu et al., 2014a). Neurotrophins are necessary for the 

proper development of muscle fiber phenotypes and muscle fiber type transitions during early 

development (Carrasco and English, 2003), and are important for synapse growth, maintenance, and 

survival, (For review, see Dechant and Neumann, 2002).  Specifically, neurotrophin binding and receptor 

signaling is necessary for NMJ stability, morphological integrity, and function (Loeb et al., 2002; 

Mantilla et al., 2014). Neurotrophins also contribute to maintaining and restoring synaptic function in 

neurons of both the central and peripheral nervous systems, and have been proposed as a mechanism of 

activity-dependent change in the limb sensorimotor system (Barde, 1990; Gomez-Pinilla et al., 2002; 
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Hennigan et al., 2007; Mantilla et al., 2004; Zhan et al., 2003).  Therefore, neurotrophins represent a 

potentially important candidate to examine as a possible mediator of change during age and exercise 

related studies of the cranial sensorimotor system, because they have been shown to act at each level 

within the system. Thus, studies focusing on neurotrophins may provide a better understanding of how 

system-wide decrements occur with aging and how they may be altered with exercise. 

1.3 Neurotrophic Factors 

Neurotrophic factors are a family of proteins that induce signaling cascades to improve the 

development, growth, maintenance, and survival of neurons (For review, see Bothwell, 1995).  They act 

by binding to either a high affinity receptor, Tyrosine receptor kinase (Trk) or a low affinity receptor, p75 

(Barbacid, 1995).  During development, binding of the neurotrophin to p75 is especially important 

because p75 mediates both excitatory and inhibitory signaling cascades to assist in proper growth and 

pruning within the developing nervous system, and is an important player in cell apoptosis (cell death) 

that needs to occur to induce proper development (For review, see Hennigan et al., 2007). After the 

developmental stage is complete, the action of the high affinity Trk receptor becomes more important for 

the growth, maintenance, and survival of the neuron (For review, see Hennigan et al., 2007).  The action 

of neurotrophic factors is carried out once the neurotrophin binds to the high affinity Trk receptor, 

initiating endocytosis of the neurotrophin and its receptor, and inducing signaling cascades to improve the 

maintenance and survival of individual neurons (Chao, 1992).  Specifically, ERK (Loeb et al., 1992) and 

phospholipase C gamma I (Widmer et al., 1993) signaling pathways are initiated and lead to increased 

production of transcription factors such as CREB to promote protein signaling of different synaptic 

proteins like synapsin I and synaptotagmin that improve synaptic efficiency (For review, see Leslie and 

Nedivi, 2011).  

1.4 Neuroplasticity 
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Creating both a behavioral change and an underlying change to the structure and/or function of a 

neural substrate should be the goal of our therapy protocols, because this is the way to create a lasting 

neuroplastic change (Kleim and Jones, 2008; Ludlow et al., 2008; Robbins et al., 2008). Neuroplasticity is 

defined as any change in neuronal structure or function that can be shown either at the individual level by 

studying a single neuron or that can be inferred by looking at a population of neurons (Warraich and 

Kleim, 2010).  In addition, this change in function and structure should be accompanied by a behavioral 

change and should be brought about by external factors (For review, see Kleim and Jones, 2008). An 

example of neuroplasticity at the individual neuronal level occurs when a high frequency stimulation 

(external stimuli induced in a scientific experiment) causes a functional change, such as an excitatory 

post-synaptic potential (EPSP) and over time can result in long term changes to the structure of the 

neuron such as, increased axonal arborization, increased number of synapses, increased dendritic spine 

density, increased receptor density, or localization of specific receptors to increase synaptic efficiency 

(For review, see Warraich and Kleim, 2010). In addition, changes in populations of neurons can be 

examined after exercise or after a learning paradigm has been put into place (external factor). The 

structure and function of specific populations of neurons, such as those within the motor cortex, can be 

examined through motor mapping, functional magnetic resonance imaging (fMRI) or additional imaging 

techniques to determine if a structural (increase gray matter density or structural thickness) and/or 

functional (increased signaling) change has occurred (For review, see Warraich and Kleim, 2010). It is 

only when both an underlying structural or functional change and a behavioral change takes place that the 

change can be determined a neuroplastic change.  

It is important to remember that not every behavioral change can be considered neuroplastic.  For 

example, compensatory treatments can often result in behavioral changes, but don’t necessarily cause 

changes at the neuronal level.  Specific to the swallowing literature, compensatory treatments such as 

positional changes can result in a patient being able to eat safely or at a more favorable consistency level.  

However, there is no evidence available to show that this behavioral improvement stems from changes at 
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the neuronal level (Robbins et al., 2008).  We do know that there are structural and functional changes at 

the peripheral level that occur within the swallowing musculature with exercise, such as increased muscle 

bulk and increased strength and pressure generation during the swallowing (Robbins et al., 2005; Steele, 

2012; Yeates et al., 2008). However, we currently lack the evidence to show that a neuronal change also 

occurs with exercise.  Studies using animal and exercise models, such as those reported in this dissertation 

are important to determine if neuroplastic changes are also occurring.  

In general, neuroplasticity is thought to occur in two phases, a short term phase that does not 

require protein synthesis and a long term phase that requires protein synthesis (Leslie and Nedivi, 2011).  

Neuroplasticity results from simultaneous firing of neurons, creating a connection between the neurons on 

additional stimulation, termed Hebbian synapse based on the work of Hebb who stated that “neurons that 

fire together, wire together” (For review, see Berlucchi and Buchtel, 2009).  The increase in activity 

within neurons that have been excited at the same time is known as Long term potentiation or LTP (Bliss 

and Lomo, 1973; Cooke and Bliss, 2006; Lomo, 2003).  The mechanisms of LTP have been thoroughly 

studied by Kandel and his work in aplysia and in the mammalian hippocampus (Siegelbaum and Kandel, 

1991). In addition, the opposite effect can occur and signaling between neurons can be depressed, a term 

known as Long Term Depression (LTD) (Linden, 1994).  While Kandel has elegantly described the 

mechanisms of LTP and LTD in aplysia and within the hippocampus, his work has been focused on small 

populations of neurons and the initial increase in firing within the synapse has been induced by 

experiment stimulation or by reflexive learning and memory strategies within the aplysia.  Since the work 

of Kandel, others have expanded this work and have looked at the mechanisms of LTP in learning and 

memory that occur within larger populations of neurons and with more advanced species (Bliss et al., 

2004).  However, it is still unclear if the mechanisms of LTP involved in learning and memory are the 

same as those involved in experience dependent plasticity, specifically with regard to exercise.  
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II. Statement of the Problem 

2.1 Introduction 

It has been proposed that neuroplasticity can be induced through activity dependent mechanisms, 

such as exercise or specific learning based paradigms, through the signaling of neurotrophic factors (Lu, 

2003). However, the mechanisms of inducing these changes within the cranial sensorimotor system are 

currently unknown. While exercise may lead to neuroplastic change, optimal exercise types, exercise 

durations, and intensities, how specific the exercise needs to be, and at what point within the lifespan the 

exercise should optimally occur are currently unknown (Ludlow et al., 2008). Therefore, it is necessary to 

use animal models to examine the underlying structural and functional neuroplastic changes as they relate 

to the disorders seen in our clinical populations. In addition, a dearth of information exists about the role 

of neurotrophins within the cranial sensorimotor system. As a first step towards development of 

mechanistically based therapy approaches for age-related voice and swallowing, this dissertation 

examines one possible neuroplastic target, neurotrophins, in the cranial sensorimotor system and their 

response to age and exercise.  

2.2 Exercise as a way to induce a neurotrophic response in the cranial sensorimotor system 

Exercise-based interventions for dysphagia and dysphonia are currently within the 

armamentarium of the speech-language pathologist. However, little is known about mechanisms that 

underlie functional changes associated with exercise and the effects of exercise and age on the cranial 

sensorimotor system (Ludlow et al., 2008; Robbins et al., 2008). Exercise-based therapy programs 

focused on strength and coordination of the voice and swallowing musculature represent a minimally 

invasive approach to treatment and have been used by speech-language pathologists throughout the 

history of clinical practice (For review, see Stathopoulos and Felson Duchan, 2006). Activity-based 

treatment approaches hold theoretic promise because they are known to result in significant alterations in 

the brain and within limb muscles (Fluck, 2006; Gomez-Pinilla et al., 2002; Kempermann et al., 2000; 
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Knaepen et al., 2010; Marais et al., 2009; Mattson, 2000; Ploughman, 2008; Smith and Zigmond, 2003; 

Vaynman and Gomez-Pinilla, 2005; Zoladz and Pilc, 2010). However, the potential of exercise-based 

treatment to create underlying changes in the cranial sensorimotor system has been largely unexplored. 

Current review articles found in the swallowing and voice literature have suggested that exercise-based 

treatments result in improved outcomes for patients (Burkhead et al., 2007; Kays and Robbins, 2006; 

Robbins et al., 2005; Shaker et al., 2002; Steele, 2012; Stemple et al., 1994; Tay et al., 2012). Yet, there is 

little to no evidence that current exercise therapies result in changes to the underlying structure and 

function of neural substrates within the cranial sensorimotor system. (Kays and Robbins, 2006; Ludlow et 

al., 2008; Robbins et al., 2008)  

Neurotrophins were examined as the neural substrate within the cranial sensorimotor system in 

this dissertation. As stated above, neurotrophins are the molecular mediators of synaptic plasticity. They 

are up-regulated with exercise and provide system-wide benefits in the central (CNS) and peripheral 

(PNS) nervous systems (Gomez-Pinilla et al., 2001; Pedersen et al., 2009; Ploughman, 2008; Vaynman 

and Gomez-Pinilla, 2005). In addition, previous research has shown that the amount and presence of 

neurotrophins in the CNS is dependent on age (Johnson et al., 1996; Johnson et al., 1999) and that 

exercise differentially up-regulates neurotrophins in aging models (Hopkins et al., 2011). However, the 

effects of age and exercise on neurotrophin levels in the cranial sensorimotor system are currently 

unknown. 
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2.3 Aims  

2.3.1 Study 1: 

 Previous research in our laboratory has shown 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), and that aging 

results in degenerative changes to the nucleus ambiguus, hypoglossal nucleus, 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). 

However, prior to Study 1 it was unknown if: 1) neurotrophins were present in the cranial 

sensorimotor system involved in voice and swallowing and varied with age, and 2) the behavioral changes 

seen with tongue exercise in the rat were accompanied by underlying changes in neurotrophin levels.  

Aim 1: To determine the effect of age on neurotrophins in the hypoglossal nucleus. 

Experiment 1a: We quantified the amount of BDNF and its receptor TrkB in the hypoglossal nucleus 

using immunohistochemical methods from young adult and old rats.  

Hypothesis: We hypothesized that levels of BDNF and TrkB immunoreactivity would be decreased with 

age. 

Aim 2: To determine the effects of tongue exercise on the hypoglossal nucleus. Experiment 1b: 

We quantified the amount of BDNF and its receptor TrkB in the hypoglossal nucleus using 

immunohistochemical methods from young adult and old rats that underwent 8 weeks of tongue exercise 

and compared values to control rats.  

Hypothesis: We hypothesized that levels of BDNF and TrkB immunoreactivity would be increased with 

exercise. 

2.3.2 Study 2: 
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The degree to which specificity and exercise follow-up are required to produce enduring changes 

in behavioral measures of voice and swallowing, and the associated neuroprotective effects have been 

largely unexplored prior to this dissertation. Therefore, the goal of Study 2 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. Study 2 expands upon the work completed in 

Study 1, includes examination of specific muscles involved in voice and swallowing, and included the 

neurotrophins NT-4, BDNF, and receptor TrkB. 

Aim 1: To determine the neuroplastic and cross-activation effects of tongue exercise on 

behavioral measures, brainstem nuclei, and muscles involved in voice and swallowing. Experiment 1: 

We quantified behavioral measures of larynx and tongue muscle function (vocalization acoustics and 

tongue forces), and the amount of BDNF and NT4 and their receptor TrkB in the hypoglossal nucleus, 

nucleus ambiguus, genioglossus muscle (GG; tongue), and thyroarytenoid muscle (TA; larynx) from 

young adult and old rats that underwent 8 weeks of tongue exercise and a no-exercise control condition.  

Hypothesis: Based on the principles of specificity and saliency (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 hypoglossal nucleus) following 

tongue exercise than for those involving the larynx (thyroarytenoid (TA) muscle, vocalization acoustics 

and nucleus ambiguous). 

Aim 2:  To determine the durability of exercise-based therapies by examining the effect of de-

training on tongue force measures, vocalization acoustics, and BDNF, NT4/5 and TrkB in brainstem 

nuclei and GG and TA muscles. Experiment 2: We compared neurotrophin measures, tongue force 

measures, and vocalization acoustics from young adult and old rats that received 8 weeks of tongue 

exercise followed by either 2 or 4 weeks of detraining.  
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Hypothesis: 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).  

2.4 Summary 

Without a clear understanding of the changes to underlying neural substrates with exercise and 

age, clinicians lack the physiologic and mechanistic evidence needed to support their decision to 

formulate a specific treatment protocol. Thus, the goal of this dissertation was to use an animal model to 

systematically examine therapy parameters and the resulting changes to neurotrophins after exercise-

based therapy to provide clinicians with the evidence needed to better guide clinical decision-making and 

gain maximum therapeutic benefit. The ultimate translational goal of this work is to contribute to the 

future development of new exercise-based therapies for dysphagia and dysphonia.  
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Abstract 

 

Age-associated changes in tongue musculature may contribute to dysphagia. One possible treatment is 

tongue exercise. Exercise induces synaptic plasticity by increasing neurotrophic factors in spinal cord and 

limb musculature. However, effects of exercise on neurotrophic factors in the cranial sensorimotor system 

are unknown. Our purpose was to examine the effects of age and exercise on brain-derived neurotrophic 

factor (BDNF) and its receptor TrkB in the rat hypoglossal nucleus. 

Young, middle-aged, and old rats were assigned to exercise or no-exercise control conditions.  Exercise 

animals were trained to perform a licking task for 8 weeks. Samples from the hypoglossal nucleus were 

analyzed for BDNF and TrkB immunoreactivity.  

Baseline maximum tongue forces were similar in all age groups and increased significantly following 

exercise. BDNF immunoreactivity did not show a significant decrease with age in control group. 

However, in the exercise group, BDNF was significantly increased in young animals. TrkB 

immunoreactivity decreased significantly with age in control group, but did not change with exercise. 

BDNF and TrkB immunoreactivity levels were positively correlated with exercise in young and middle-

aged animals, but were negatively or weakly correlated with exercise in old animals and with a lack of 

exercise in no-exercise controls. 

Tongue exercise was associated with increased tongue forces in rats at all ages. While increases in BDNF 

and TrkB levels associated with exercise may play a role in mechanisms contributing to increased tongue 

forces in young and middle-aged rats, other mechanisms may be involved in increased tongue forces 

observed in old rats. 

 

Key Words: Exercise, Aging, Neurotrophic Factors, Hypoglossal Nucleus, Tongue Muscle 
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3.1 Introduction 

 

 Aging is associated with muscle weakness and fatigue, a condition that has been termed 

sarcopenia (Doherty, 2003; Janssen, 2010; Rosenberg, 1997). The cause of sarcopenia is likely 

multifactorial and includes a variety of potential mechanisms including neuromuscular changes, 

decreased nutrition, hormonal changes, and inactivity (Marcell, 2003; Roubenoff, 2001; Thomas, 2010). 

Sarcopenia affects all elderly individuals to some extent because it is a consequence of normal aging 

(Roubenoff, 2001). In addition, sarcopenia has clinical relevance because the loss of muscle mass and 

strength in the aging musculature has functional consequences.  Functional deficits have been well 

characterized in the limb musculature and include changes in balance and gait, increased risk of falls, and 

decreased independence (Dutta, 1997; Lang et al., 2010). Recent data suggest that similar age-related 

changes occur in the cranial musculature involved in swallowing, and may be associated with the age-

related changes seen in the swallow of elderly individuals (Connor et al., 2009; Johnson and Connor, 

2011; Schaser et al., 2011). Elderly individuals swallow more slowly and have increased residue in the 

pharyngeal cavity following the swallow, both of which may result from reduced strength in tongue and 

pharyngeal musculature (Cook et al., 1994; Nicosia et al., 2000). 

Due to the complex nature of sarcopenia, a variety of treatments have been suggested to decrease 

the functional consequences of this condition. Of the possible treatments proposed for limb musculature, 

resistance exercise appears to be the most promising (Kirkendall and Garrett, 1998; Liu and Latham, 

2009; Peterson et al., 2011; Waters et al., 2010). In addition, resistance exercise training of the tongue 

musculature has been shown to have beneficial effects on tongue muscle strength and swallowing 

function in elderly individuals (Kays and Robbins, 2006; Robbins et al., 2005). Therefore, tongue 

exercise protocols are currently being used in clinical practice to strengthen the lingual musculature and 

to improve age-related declines in swallowing function (Logemann, 2005; Yeates et al., 2008).  
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While evidence suggests that resistance exercise is a beneficial treatment for sarcopenia, the 

underlying mechanisms responsible for the increases in muscle strength and function associated with 

exercise are unknown.  In addition to the changes in musculature with exercise, there is evidence to 

suggest that exercise has a neuroprotective component (Grondard et al., 2005; Mattson, 2000; Smith and 

Zigmond, 2003) mediated by neurotrophins in both the central and peripheral nervous systems (Ebadi et 

al., 1997). Neurotrophins are a family of proteins that, when activated through binding with Tyrosine 

receptor kinase (Trk) receptors, initiate signaling cascades that promote the development, survival, and 

function of neurons (Poo, 2001; Schinder and Poo, 2000; Skaper, 2008). Given that the neurotrophin 

receptors TrkB and TrkC are decreased in the spinal motoneurons of aged rats (Johnson et al., 1996), it 

appears that decreases in neurotrophin levels may also have a role in the limb deficits seen with aging. 

Results of previous studies in brain and spinal cord support the hypothesis that neurotrophins act as a 

therapeutic agent in cases of neurodegenerative disease and nerve injury (Lindsay, 1996; Yuen and 

Mobley, 1995; Yuen, 2001). In addition, neurotrophins appear to be regulated in an exercise dependent 

manner. Vaynman and colleagues found that mRNA of brain-derived neurotrophic factor (BDNF) and its 

receptor TrkB was up-regulated in the hippocampus of rats after 3 and 7 days of wheel running (Vaynman 

et al., 2003). The same group also found that both mRNA and protein levels of BDNF were increased in 

the spinal cord following 5 days of wheel running exercise (Gomez-Pinilla et al., 2001). Other work has 

shown that BDNF is important for plasticity in respiratory regions of the spinal cord after intermittent 

hypoxia, which is used as a method of inducing long term facilitation in phrenic and hypoglossal motor 

outputs (Baker-Herman et al., 2004; Wilkerson and Mitchell, 2009). Therefore, previous work has 

demonstrated a link between neurotrophins, aging, and activity-dependent neuroplasticity in the limb 

sensorimotor system. 

No studies, however, have examined changes in neurotrophin levels in the cranial sensorimotor 

system with either age or exercise. Currently, our laboratory is using an animal model to study the 

underlying changes to the tongue musculature associated with progressive resistance exercise of the 
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tongue (Connor et al., 2009; Johnson and Connor, 2011). We have shown that tongue exercise induces 

changes in muscle fiber size and variability in the genioglossus muscle of aged rats that are associated 

with increased protrusive tongue forces. We found that there was a trend toward an increase in muscle 

fiber size with tongue exercise and a significant increase in muscle fiber size variability with tongue 

(Connor et al., 2009). In addition, we have shown that neuromuscular stimulation results in a reduction in 

age-related changes to the morphology of the neuromuscular junction in aged rats (Johnson and Connor, 

2011). In this study we used our previously described animal model to examine changes in neurotrophin 

levels in the hypoglossal nucleus of rats with both age and exercise. We hypothesized that levels of 

BDNF and TrkB immunoreactivity would be decreased with age and increase with exercise. Therefore, 

the purpose of our study was to examine the levels of BDNF and TrkB in the hypoglossal nucleus of rats 

at different ages, in both control and exercise conditions, to determine the effect of age and exercise on 

BDNF and TrkB in the cranial nucleus that controls the tongue musculature involved in swallowing.  

3.2 Methods 

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

Laboratory Animals and approved by the University of Wisconsin Animal Care and Use Committee. A 

total of 48 (16 young, 16 middle-aged, 16 old) male Fischer 344/Brown Norway (F344/BN) rats were 

obtained from the National Institute of Aging colony.  At study completion, the animals were in one of 

three age groups: young (9-10 months), middle-aged (24-25 months), or old (32-33 months).  The median 

life expectancy of F344/BN rats is 36 months (Turturro et al., 1999). Every effort was made to minimize 

the number of animals used and their suffering. Thus, tissues from these animals were assigned to more 

than one experiment (Behan et al., 2012).  

3.2.1 Exercise  

 Animals were housed in pairs in standard polycarbonate cages on a 12:12 hour light-dark 

reversed light cycle.  Rats were obtained 8 weeks prior to the start of the experiment to allow acclimation 
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to the animal care facility, reversal of light cycle, water restriction, and familiarization to the tongue force 

operandum. Food was given ad libitum. Water was restricted to 3 hours per day to encourage the animals 

to press a disk for a water reward. Experimental methods for licking measurements in rats have been 

detailed previously (Ciucci and Connor, 2009; Connor et al., 2009) but are discussed briefly below.  

Throughout the experiment, animals were placed individually into a polycarbonate cage 

resembling the home cage, but equipped with a 1 x 1 centimeter (cm) aperture and force operandum that 

delivered aliquots of water based on licking behaviors.   

After familiarization with the task, baseline tongue force measurements were obtained for the rats 

in the exercise group allowing for a measurement of baseline maximum force (g).  Following baseline 

testing the animals in the exercise group underwent an 8-week training paradigm. Throughout the 8 weeks 

of training the force required for a water reward was increased to mimic a progressive resistance training 

program.  For the first two weeks of training the animals were required to press at 50% of their estimated 

maximum press (EMP) force, which was established during baseline testing.  During the second two 

weeks the force was increased to 60% of their EMP force, then 70%, and finally 80%.  After the 8 weeks 

of training, post-exercise maximum force (g) values were obtained.  

The control rats were placed on a water restriction protocol and light/dark cycle reversal identical 

to the exercise-treatment rats. However, they were not given access to the operandum enclosure and did 

not receive any exercise treatment. Instead, they were placed in an enclosure that resembled the 

operandum enclosure and were permitted to drink water ad libitum from a water dish for 3 hours. 

3.2.2 Perfusion 

Rats were anesthetized with isoflurane followed by sodium pentobarbital (120 mg/kg i.p.).  

Anesthetized rats were transcardially perfused with 200ml of heparinized saline (10,000 units/liter) 

followed by 400 mL of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M sodium phosphate buffer 

(PB) (pH 7.4). Brains were removed and postfixed for 1 hour at 4˚C, then cryoprotected for 24-36 h at 
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4˚C with 20% sucrose and 5% glycerol in 0.1M phosphate buffer. Sections were cut coronally (40µm) 

and stored in 0.1 M phosphate buffer containing 0.02% sodium azide at 4º C.   

3.2.3 Immunocytochemistry 

Two sections through the hypoglossal nucleus from each animal were immunochemically reacted 

for the presence of BDNF. A separate pair of adjacent sections were reacted for the presence of TrkB. 

Specifically, sections were selected from the junction between middle-caudal (to be known as caudal 

sections) and middle-rostral (to be known as rostral sections) hypoglossal nucleus in the medulla. A 

dilution series was conducted to identify the optimal dilution for each antibody. Sections were washed in 

Tris-buffered saline (TBS), then in 0.1% Triton X-100 in TBS (TBST). After 2 h in blocking solution 

(5% normal donkey serum in TBST), primary antibodies were applied for 24 h at room temperature in 

blocking solution. Primary antibodies were used at 1:50: anti-BDNF (Santa Cruz, sc-546, Santa Cruz, 

CA), and 1:200 anti-TrkB (Santa Cruz, sc-8316, Santa Cruz, CA). An Alexa-Fluor conjugated secondary 

antibody (594 donkey anti-rabbit IgG. Invitrogen, Eugene, OR) was used for both BDNF and TrkB 

staining at 1:500 in 5% normal donkey serum in TBST. All sections were reacted at the same time. 

Negative controls were reacted simultaneously with the omission of either the primary or secondary 

antibody. Sections were mounted and coverslipped with Vectashield Hard Set mounting medium for 

fluorescence (Vector Laboratories, Burlingame, CA). There were no labeled cells in negative control 

sections from all behavioral states. 

3.2.4 Analysis   

All images were acquired during the same session using SPOT (Advanced version) computer 

software and SPOT RT Slider camera (Diagnostic Instruments, Sterling Heights, MI, USA) attached to a 

Nikon Eclipse E600 microscope. In each section, one image was taken from each side of the ventral 

middle hypoglossal nucleus (Fig. 1A) for both BDNF and TrkB immunoreactivity using the 40X 

objective, resulting in 8 images from each animal (4 of BDNF, 4 of TrkB). Images were analyzed using 
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ImageJ (Abramoff et al., 2004). To separate signal from background an Otsu thresholding algorithm was 

applied to each image. The average fluorescent intensity of each image was then measured and used for 

statistical analysis. 

We used an analysis of variance (ANOVA) to compare tongue forces between age groups. The 

pre-to-post exercise change in force was assessed within each age group using a paired t-test. The impact 

of age, exercise, and region (caudal vs. rostral) on average pixel intensity within the specified area of the 

hypoglossal nucleus was examined using a mixed model analysis for both BDNF and TrkB 

independently. Age, exercise, and region were included as fixed variables, and the rat itself was included 

as a random variable to account for the multiple measures taken from each animal. Post-hoc testing was 

completed on all significant interactions found during the mixed model analysis using a Fisher’s LSD 

analysis to examine individual group differences.  In addition, Spearman Correlation was used to examine 

the relationship between BDNF and TrkB immunoreactivity in the different age, exercise, and region 

groups. All analyses were performed using SAS statistical software version 9.1 (SAS Institute Inc., Cary, 

NC). P-values less than 0.05 were considered as significant. 

3.3 Results 

3.3.1 Force 

Tongue exercise was associated with increased maximum tongue force (g) at all ages compared 

with baseline values (Fig. 2; F (2, 21) =4.23, p=.03.)  Posthoc testing revealed that middle aged and old rats 

had significantly greater gains in maximum tongue forces than young rats (p < .05).  No difference in 

force gains was found between middle aged and old rats.  

3.3.2 BDNF Immunoreactivity 

BDNF immunoreactivity was found in both the rostral and caudal regions of the hypoglossal 

nucleus in all age groups.  BDNF staining was diffuse throughout the ventral medial portion of the 
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hypoglossal nucleus, with the areas of high intensity staining concentrated in cell bodies (arrow heads in 

Fig.1B).   

Significant regional differences in staining intensity were found (F (2, 42) = 9.71, p = 0003). 

Specifically, BDNF immunoreactivity was significantly higher in the caudal region than in the rostral 

region in both young exercised animals and in middle-aged control animals (Fig. 3A; p = 0.003, p = 

0.002), respectively.  
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3.3.3 Age and Exercise-associated changes in BDNF Immunoreactivity 

BDNF levels in the ventral medial portion of the hypoglossal nucleus were not affected by age. 

BDNF immunoreactivity was similar in all age groups in both the caudal and rostral regions of the 

hypoglossal nucleus (Fig.3B). BDNF levels were, however, affected by exercise (F (2, 42) = 9.71, p = 

.0003), but this effect was only seen in the young rat group in the caudal portion of the hypoglossal 

nucleus (Fig.3C).  Specifically, a significant increase was found in BDNF immunoreactivity with exercise 

in young animals in the caudal region (p = 0.03). However, no differences were found in any other age 

group or region. 

3.3.4 TrkB Immunoreactivity 

TrkB immunoreactivity was present in both the rostral and caudal regions of the hypoglossal 

nucleus in all age groups. In contrast to BDNF, TrkB staining was punctate and appeared to stain axons 

(arrow head in Fig.1C) and synaptic vesicles (arrow in Fig.1C). 

Significant regional differences in staining intensity were detected and were more widespread for 

TrkB than BDNF.  Regional differences in TrkB immunoreactivity were present across conditions (F (1,38) 

= 5.32, p = 0.03) and age groups (F (2,38) = 5.11, p = 0.01). Specifically, TrkB immunoreactivity was 

greater in the caudal region than the rostral region for both the exercise group and the control group 

(Fig.4A; p < 0.0001, p = 0.0096) and in each of the three age groups (Fig.4B; p = <0.0001, p = 0.01, p = 

0.05).   

3.3.5 Age and Exercise-associated changes in TrkB Immunoreactivity 

TrkB levels in the hypoglossal nucleus were affected by age (F (2,38) = 5.11, p = 0.01). Post-hoc 

testing revealed a significant decrease in TrkB immunoreactivity with age in both the caudal and rostral 

regions of the hypoglossal nucleus (Fig.4C).  In the caudal region, there was a significant decrease in 

TrkB in old animals compared with young animals (p = 0.0001), and in old animals compared with 
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middle-age animals (p = 0.02). No difference was found between middle-age animals and young animals.  

In the rostral region, there was a significant decrease in TrkB in the old animals compared with young 

animals (p = 0.02) and in old animals compared with middle-age animals (p = 0.03). TrkB levels in the 

hypoglossal nucleus were not affected by exercise at any age.  

3.3.6 Relationship between BDNF and TrkB Immunoreactivity 

Both BDNF and TrkB must be present to exert the downstream signaling effects that cause 

synaptic changes in the cell (Barbacid, 1995; Bothwell, 1995; Skaper, 2008). Thus, we examined the 

relationship between BDNF and TrkB immunoreactivity within age and exercise conditions. Spearman 

correlation analysis revealed that BDNF and TrkB immunoreactivity were positively correlated following 

exercise in both the caudal and rostral regions in young and middle-age animals (Fig.5; young caudal: rho 

= 0.59,  p = 0.03; young rostral: rho = 0.62, p = 0.02;middle-age caudal rho = 0.58,  p = 0.02;middle-age 

rostral rho = 0.52, p = 0.04).  Negative or weak correlations were found in control animals at all ages. In 

addition, BDNF was negative or weakly correlated with TrkB immunoreactivity in old animals in both 

the exercise and control groups (Fig. 5). 
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Fig. 1.  (A) Diagram of a representative coronal section through the caudal medulla showing the location 

of images used for measurement of fluorescent signal for BDNF and TrkB. The hypoglossal nucleus is 

outlined in black. The squares containing asterisks within the ventral half of the nucleus depict the areas 

imaged. (B) Representative image of BDNF immunoreactivity showing diffuse staining throughout the 

nucleus. Staining was more intense in cell bodies (arrows).  (C) Representative image of TrkB 

immunoreactivity showing punctuate staining of axons (double arrowheads) and synaptic boutons 

(arrows). Scale bar = 50 m. 
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Fig. 2. Effect of tongue exercise on behavioral tongue forces at different ages. Age groups (young, 

middle-age, and old) are represented along the horizontal axis and tongue force (in grams) is represented 

along the vertical axis. Black bars represent baseline tongue forces and white bars represent tongue forces 

following 8-weeks of tongue exercise.  A significant increase (p < 0.05) in tongue force was seen in all 

age groups. * denotes significant values; error bars represent standard error of the mean. 
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Fig. 3. (A-C) Changes in BDNF immunoreactivity by region (A), age (B), and exercise (C). (A) Mean 

BDNF fluorescent intensity, expressed in relative fluorescent units (RFU), is represented along the 

vertical axis. Age groups (young, middle-age, and old), divided into control and exercise conditions, are 

represented along the horizontal axis.  BDNF immunoreactivity in the caudal portion of the hypoglossal 

nucleus is shown in light gray and BDNF immunoreactivity in the rostral portion of the hypoglossal 

nucleus is shown in dark gray. A significant increase (p < 0.05) in BDNF immunoreactivity was seen in 

the caudal portion of the hypoglossal nucleus compared to the rostral portion of the hypoglossal nucleus 

in middle-aged animals in the control group, and in young animals in the exercise group. (B) Mean BDNF 

fluorescent intensity, expressed relative fluorescent units (RFU) is represented along the vertical axis. 

Age groups (young, middle-age, and old), divided into control and exercise conditions, are represented 

along the horizontal axis. No significant differences (p < 0.05) in BDNF immunoreactivity were seen 

across age groups in either the caudal or rostral regions of the hypoglossal nucleus (C) Mean BDNF 

fluorescent intensity, expressed in relative fluorescent units (RFU) is represented along the vertical axis. 

Age groups (young, middle-age, and old), divided into control and exercise conditions, are represented 

along the horizontal axis. A significant increase (p < 0.05) in BDNF immunoreactivity was seen in the 

young age group in the caudal portion of the hypoglossal nucleus with exercise. * denotes significant 

values; error bars represent standard error of the mean. 
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Fig. 4. (A-C) Changes in TrkB immunoreactivity by region (A), region and age (B) and age (C). (A) 

Mean TrkB fluorescent intensity, expressed in relative fluorescent units (RFU), is represented along the 

vertical axis.  Control and exercise conditions are represented along the horizontal axis.  TrkB 

immunoreactivity in the caudal portion of the hypoglossal nucleus is shown in light gray and TrkB 

immunoreactivity in the rostral portion of the hypoglossal nucleus is shown in dark gray. Significantly 

greater TrkB immunoreactivity (p < 0.05) was seen in the caudal portion of the hypoglossal nucleus 

compared to the rostral portion of the hypoglossal nucleus in both the control and exercise conditions. (B) 

Mean TrkB fluorescent intensity, expressed in relative fluorescent units (RFU) is represented along the 

vertical axis.  Age groups (young, middle-age, and old) are represented along the horizontal axis.  TrkB 

immunoreactivity in the caudal portion of the hypoglossal nucleus is shown in light gray and TrkB 

immunoreactivity in the rostral portion of the hypoglossal nucleus is shown in dark gray. Significantly 

greater TrkB immunoreactivity (p < 0.05) was seen in the caudal portion of the hypoglossal nucleus 

compared to the rostral portion of the hypoglossal nucleus in all age groups. (C) Mean TrkB fluorescent 

intensity, expressed in relative florescent units (RFU), is represented along the vertical axis. Age groups 

(young, middle-age, and old), divided into caudal and rostral regions, are represented along the horizontal 

axis. A significant decrease (p < 0.05) in TrkB immunoreactivity was seen in the old age group compared 

to the young and middle-age age groups in both the caudal and rostral portions of the hypoglossal 

nucleus. * denotes significant values; error bars represent standard error of the mean. 
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Fig. 5. Correlation between BDNF and TrkB immunoreactivity with exercise in young and in age groups. 

Each square represents a different age group and condition. The control condition is represented in the 

first row and the exercise condition represented in the second row. Age groups (young, middle-age, and 

old) are represented across the three columns, respectively. Within each square, mean TrkB intensity 

expressed in relative fluorescent units (RFU), is represented along the horizontal axis and mean BDNF 

intensity along the vertical axis. Each data point represents one animal. With both caudal and rostral data 

combined for each age group and condition. The slope of the line indicates the correlation between BDNF 

and TrkB immunoreactivity.  A significant positive correlation (p < 0.05) between TrkB and BDNF was 

seen in the young and middle-age groups with exercise. * denotes significant values. 
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3.4 Discussion  

The hypothesis guiding this study was that the neurotrophin BDNF and its receptor TrkB would 

be decreased in the hypoglossal nucleus of rats in an age-dependent manner and would increase following 

a tongue exercise regime of eight weeks. We found that TrkB immunoreactivity was decreased with age 

in both the caudal and rostral regions of the hypoglossal nucleus and that BDNF was increased with 

exercise in caudal region of the hypoglossal nucleus in young rats.  However, BDNF did not decrease 

with age, and exercise-induced changes in BDNF and TrkB were not found in the middle aged and old 

rats despite significant increases in tongue force. 

Our results are similar to previous work that reported age-related reductions in TrkB in spinal 

cord motor and sensory neurons (Bergman et al., 1996; Johnson et al., 1996; Johnson et al., 1999). BDNF 

sparing in the presence of TrkB reductions with aging has also been found in the pituitary (Rage et al., 

2007). Because both the neurotrophin and its receptor must be present to allow downstream signaling 

cascades leading to synaptic changes within the neuron (Barbacid, 1995; Bothwell, 1995; Skaper, 2008), 

age related changes to TrkB receptors alone may be sufficient to affect synaptic function. Therefore, 

reduced TrkB immunoreactivity with age in the hypoglossal nucleus suggests that there are age-related 

changes to the neurotrophin system that may interfere with normal synaptic function. It may not be 

necessary for both the neurotrophin and its receptor to manifest reductions with age for the entire system 

to be affected. 

TrkB functions as a high affinity receptor for neurotrophins other than BDNF (Barbacid, 1995; 

Patapoutian and Reichardt, 2001; Skaper, 2008). Specifically, TrkB is also a receptor for muscle-derived 

NT4/5 neurotrophin (Bothwell, 1995). Accordingly, the lack of age-related decline in BDNF in this study 

may suggest that another neurotrophin, for instance NT4/5, may be reduced with age. In this study, only 

BDNF immunoreactivity was measured. Given that NT4/5 has been shown to be important for 

neuromuscular plasticity in the uninjured animal throughout the lifespan (Funakoshi et al., 1995; Johnson 

et al., 1996), NT4/5 may serve as an important neurotrophin to focus on in future studies.  
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Our results indicated that BDNF immunoreactivity was increased with tongue exercise in the 

caudal region of young animals, and represents the first indicator that targeted tongue training can result 

in increased neurotrophin levels in the cranial sensorimotor system. Previous work in the limb 

sensorimotor system has shown that direct administration of BDNF into the spinal cord can promote 

growth and survival of damaged neurons (Friedman et al., 1995; Wilkerson and Mitchell, 2009) and can 

lead to improved recovery after spinal cord injury (Jakeman et al., 1998). In addition, BDNF and NT4/5 

have been shown to improve synaptic transmission at the neuromuscular junction by binding with the 

TrkB receptors to increase release of synaptic vesicles (Zhan et al., 2003). Our results show that targeted 

tongue exercise may be a less invasive therapeutic method of increasing BDNF levels in the cranial motor 

system and further support the neuroprotective effects of exercise.  

Additional support for the neuroprotective effects of exercise is provided by the results of our 

correlative data, in which we found a moderate positive correlation between TrkB and BDNF 

immunoreactivity in both sections of the hypoglossal nucleus in young and middle-age animals following 

exercise: the immunoreactivity levels of both BDNF and TrkB in young and middle-age animals 

increased following exercise. However, these increases were not large enough to lead to statistically 

significant changes, except in the caudal section of young animals.  As stated previously, both the 

neurotrophin and receptor need to be present to initiate the down-stream signaling cascades that result in 

improved synaptic transmission (Bothwell, 1995). Therefore exercise may serve as a method to regulate 

the levels of both BDNF and its receptor to promote more effective ligand to receptor binding. However, 

this does appear to be the case in the old animals, as TrkB and BDNF immunoreactivity were weakly 

correlated in both the control and exercise conditions in old animals.  

In a recent systematic review of the literature examining the effect of exercise on peripheral 

(serum or plasma) levels of BDNF in human subjects, it was shown that increases in BDNF levels 

following exercise were dependent on the type of exercise performed and appeared to be somewhat 

transient in nature (Knaepen et al., 2010). In our study only one type of exercise (strength training) was 



 37 

evaluated, and there was a time delay between the end of our exercise protocol and our data collection. 

Therefore, the lack of significant increases in BDNF and TrkB immunoreactivity observed in our study in 

middle age and old animals may be due to these factors. Future studies should examine the effect of 

different forms of exercise on levels of BDNF and TrkB in the cranial sensorimotor system, such as acute 

exercise vs. prolonged training, and should also measure neurotrophin levels immediately following the 

end of the exercise protocol in an attempt to capture more transient increases in neurotrophins and 

receptors following exercise.      

Tongue forces increased following exercise in all age groups. Despite an increase in BDNF 

expression in young rats following exercise, there was not a concomitant increase in BDNF 

immunoreactivity in the middle aged and old rats. It is possible that different mechanisms and or 

neurotrophins are involved in the functional changes seen in older animals. For example, Ying and 

colleagues found increases in NT-3 mRNA and protein in the lumbar spinal cord after 7 days of treadmill 

running, and increases in TrkC mRNA in lumbar spinal cord and soleus muscle. However, increases in 

NT-3 mRNA and not in protein were observed in rat soleus muscle (Ying et al., 2003). Similarly, Gomez-

Pinilla and colleagues found that exercise has a differential effect on BDNF and NT-3 in both the spinal 

cord and muscle (Gomez-Pinilla et al., 2001). Based on the results of these studies it will be necessary to 

look at changes in mRNA and protein levels of several different neurotrophins and their receptors in both 

the hypoglossal nucleus and the tongue musculature before we can rule out the possibility that 

neurotrophins play a role in the increased tongue forces seen in old animals.  

This study is the first to examine age and exercise-induced effects on neurotrophins in the cranial 

sensorimotor system. Our results show that the cranial system undergoes age related neurotrophic 

changes, specifically manifested as a decrease in TrkB receptors in the hypoglossal nucleus with age.  In 

addition, our results show that exercise results in an increase in BDNF immunoreactivity in the 

hypoglossal nucleus of young animals. However the role of exercise induced neurotrophic up-regulation 

in older animals requires further study.  Based on the results of this initial study it appears necessary to 
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continue to explore age and exercise induced changes in neurotrophic factors in the tongue musculature 

and hypoglossal nucleus to further elucidate the neuroprotective role of exercise as it relates to disorders 

of the cranial sensorimotor system. 
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Abstract 

Purpose: Lingual and laryngeal sensorimotor systems are impaired with aging and can manifest as voice 

and swallowing deficits. Tongue exercise is used clinically as a treatment for swallowing disorders. In 

addition to activating lingual muscles, tongue exercise paired with a water swallow also activates 

laryngeal muscles. It was hypothesized that: 1) tongue exercise paired with a water swallow would result 

in improved behavioral outcomes and increased neurotrophic factor concentration with greater effects in 

lingual versus laryngeal structures, and 2) exercise effects would diminish with detraining. 

Methods: Forty young adult (9m) and 40 old (32m) male rats were randomly assigned to a tongue 

exercise group, 2- or 4-week detraining groups, or control group. Exercise and detraining animals 

performed a licking task paired with a water swallow for 8 weeks.  Detraining animals underwent 2 or 4 

weeks of detraining, respectively.  Tongue forces and ultrasonic vocalizations were recorded at all time-

points. Following training, laryngeal and lingual muscles and brainstem nuclei of interest were removed 

for analysis of neurotrophic factors. Two-way analyses of variance were performed to examine effects of 

age and training condition on tongue force, ultrasonic vocalizations, and neurotrophic factors. T-tests 

were performed to examine the effects of detraining. In addition, Spearman correlations were performed 

to examine the relationship between exercise participation, tongue force, and neurotrophic factor 

concentration.  

Results: Significant main effects of age (p < 0.001) and condition (p < 0.001) were seen for tongue force. 

Post-hoc analyses revealed that with exercise both age groups increased tongue force, with tongue force 

increasing to a greater extent with tongue exercise in the old group.  A detraining effect was found only in 

old animals after 4 weeks. Results of the ultrasonic vocalization data showed a significant main effect of 

age (p < 0.05), and a significant increase in intensity with exercise in one training group (p=0.04).  NT4 

was reduced with aging in all brainstem nuclei studied (p < 0.05) and BDNF was reduced with aging in 

the laryngeal muscle in one training group (p=0.03). In addition, an age and condition interaction effect 



 41 

(p=0.04) was found for BDNF in the hypoglossal nucleus.  Post-hoc testing revealed that BDNF 

concentration in the hypoglossal nucleus in the old group alone was associated with tongue exercise. 

Conclusions:  Tongue exercise paired with a water swallow was associated with increased tongue forces 

at all ages and gains were maintained after detraining only in the young group. Age-related changes in 

vocalizations, NT4, and BDNF were shown. However, cross-system activation effects were only observed 

on one vocalization measure (intensity), which is logical based on the activation of the laryngeal and 

respiratory structures during the swallow.  In addition, concentration of BDNF in the hypoglossal nucleus 

appears to be related to behavioral improvement in tongue forces in old animals. Thus, this research 

showed that tongue exercise paired with a swallow led to specific, neuroplastic benefits in the old animals 

in that both behavioral improvements and an underlying change at the level of the hypoglossal nucleus 

was observed through up regulation of BDNF.  Therefore, tongue exercise paired with a water swallow 

represents a therapeutic modality that could be developed, studied, and optimized in human clinical 

studies for the treatment of swallowing and voice disorders in elderly people. 
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4.1 Introduction 

Exercise-based interventions are currently used to treat a variety of cognitive and sensorimotor 

impairments that occur as a result of aging and/or neurodegenerative disorders (Ding et al., 2011; 

Dishman et al., 2006; Intlekofer and Cotman, 2013; Vaynman and Gomez-Pinilla, 2005). In addition, 

exercise-based interventions are an often-used tool for the treatment of dysphagia and dysphonia by the 

speech-language pathologist (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 has not been optimized because the underlying functional changes associated 

with exercise and the effects of exercise and age on neuroplastic mechanisms within the cranial 

sensorimotor system are currently unknown. As a result, clinicians have limited evidence upon which to 

choose an exercise method based on the specific signs and symptoms of their patients.  Clinicians are 

currently required to try a plethora of “possible” exercises to see if one of them will result in 

improvement, resulting in increased therapy time and a lack of evidenced-based therapy guidelines 

(Carnaby and Harenberg, 2013; Ludlow et al., 2008; Robbins et al., 2008). Neuroplasticity is defined as 

“any change in the structure or function of a neuron that can be shown either at the individual neuronal 

level or that can be inferred by looking at a population of neurons” (Warraich and Kleim, 2010) and is 

accompanied by a behavioral change (Berlucchi and Buchtel, 2009; Warraich and Kleim, 2010). 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 a 

specific exercise, to decide if training of behaviors that share neuromuscular substrates will have cross-

activation effects, or to determine when and if exercise follow-up should occur (Carnaby and Harenberg, 

2013; Cramer et al., 2011).  Thus, it is imperative that research systematically examines therapy 

parameters and the resulting changes to neural substrates after exercise-based therapy to provide 

clinicians with the evidence needed to better guide clinical decision-making and maximize beneficial 

neuroplasticity.  While work in this study is performed in an animal model and is not directly related to 
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clinical care, the level of evidence provided in this dissertation will serve as the foundation for future 

clinical studies and will provide the evidence needed to direct more focus hypotheses for future human 

clinical studies. 

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 a mechanism of activity-dependent change in the limb sensorimotor system (Gomez-

Pinilla et al., 2002; Gomez-Pinilla et al., 2011). However, a dearth of information exists about the 

potential for neuroplastic change within 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.  

Previous research in our laboratory has shown 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), and 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). In addition, our previous research 

suggests that brain derived neurotrophic factor (BDNF) and its receptor TrkB may be 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 still exist regarding the enduring benefits (effects of detraining), generalizability (cross-

activation potential) of tongue exercise paired with a water swallow, how neurotrophic factor protein may 

mediate adaptations in motor sensorimotor function with age and exercise, and how other neurotrophic 

factors, such as NT4 (Barbacid, 1995) may exert effects through the TrkB receptor. 
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 The degree to which specificity and exercise follow-up are required for producing enduring 

changes in behavioral measures of voice and swallowing, and the associated neuroprotective effects have 

been largely unexplored. 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.  Although this work is performed in an animal model, the ultimate 

translational goal of this work is to focus development of new exercise-based therapies for future human 

clinical studies related to dysphagia and dysphonia. 

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

water swallow was used as the exercise-based therapy intervention. The concept of cross-activation 

during training as a method to induce treatment efficiency is already being explored in the clinical world 

(Easterling, 2008; El Sharkawi et al., 2002). For the exercise task trained in the current study, muscles of 

both the tongue and larynx were activated during the exercise to allow for a safe and accurate swallow 

(Fig. 6). Thus, this task had the potential to affect both lingual and laryngeal structures and their 

sensorimotor outputs because the larynx is known to elevate and the vocal folds are known to close to 

protect the airway during the swallow (Fink, 1974; Logemann et al., 1992; McCulloch et al., 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 Tremblay, 2006; McFarland and Paydarfar, 2011; Nishio and 

Niimi, 2004). Therefore, it is theoretically possible and reasonable that an exercise targeting a specific 

component, such as 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 
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tongue (genioglossus (GG) muscle, tongue forces, and HN) following tongue exercise than for those 

involving the larynx (thyroarytenoid (TA) muscle, vocalization acoustics and NA).  
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Fig. 6. 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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To examine the lasting benefits of exercise in the cranial sensorimotor system and to provide 

clinical evidence to support the need for maintenance following 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 clinical studies 

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

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

4.2 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 32-month old group represents 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).  Measurement variables are found in 

Table 1. 
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Table 1. Summary of training groups, tissues analyzed and measurement variables. 

Training Group Tissue Analyzed Measurement Variables 

8 weeks of tongue 

exercise 

Hypoglossal 

Nucleus (HN) 

Nucleus Ambiguus 

(NA)  

Genioglossus 

muscle (GG)  

Thyroarytenoid 

muscle (TA) 

 

Control Tissue: 

2  tissue slices at 

level of spinal cord 

+ 2 tissue slices in 

medulla rostral to 

NA (Brainstem 

Control (BSC)) 

 & 

Extensor Digitorum 

Longus Muscle  

(EDL) 

 

 

 

Tongue Force 

Maximum and Δ tongue force (mN) 

 

Vocalization Acoustics 

Total and Δ number of calls 

Average and Δ peak frequency (kHz) 

Average and Δ bandwidth of calls (kHz) 

Average and Δ call intensity (dB) 

Average and Δ call duration (seconds) 

 

 

Neurotrophic Factors (BDNF, NT4, TrkB) 

Concentration (pg/ml) Neurotrophin Protein: Enzyme 

Linked Immunosorbent Assay (ELISA) 

 

8 weeks of no-

exercise (skill 

maintenance) 

 

8 weeks of tongue 

exercise followed by 

Detraining: Short-

term (2 wks) & long-

term (4 wks) 
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4.2.1 Behavioral Tongue Exercise and Tongue Force Acquisition   

Rats had access to water gradually restricted to only 3 hours a day over the course of 14 days 

(Toth and Gardiner, 2000). The rats also had their light and dark cycles reversed to ensure that 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 an approximately 0.10 mL water reward, using a 

variable ratio 5 reinforcement schedule (VR5; one reinforcement for approximately every 5 licks). 

Following a 10 minute training session per day, rats were removed from the operandum enclosure (Fig. 6) 

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 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 these 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. 

Work in our laboratory has shown that 8 weeks of tongue exercise is necessary to produce maximum 

changes in tongue forces (unpublished data). At the end of each 2-week exercise period, the tongue force 

threshold required to for receipt of a water reward was progressively increased.  
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A. For the first 2 weeks, the criterion for receiving a water reward was set at 

50% of the maximum tongue force, defined individually for each rat at 

baseline.  

B. For weeks 3 and 4, the threshold for receipt of a water reward was increased 

to 60% of the baseline maximum tongue force. At the end of Week 4, 

maximum tongue force values were re-assessed to account for possible 

increases in tongue strength with exercise.  

C. Based on the individualized data for each rat, tongue force thresholds for 

weeks 5 and 6 were increased to 70% of the new maximum tongue force 

determined at the end of Week 4.  

D. For the final 2 weeks (weeks 7 and 8) the tongue force threshold was 

increased to 80% of the maximum tongue force determined at the end of 

Week 4.  

Within an exercise session, rats were required to produce at least 20 licks 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 licks 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 are 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. 

The no-exercise control rats were placed on a water restriction protocol and light/dark cycle 

reversal identical to the exercise treatment rats. To allow collection of baseline tongue force data, the no-
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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 less than 5 

reinforcements per session to ensure skill maintenance.  In addition, 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. 

4.2.2 Vocalization Acoustics  

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

have been studied extensively in previous research and are semiotic in nature in that 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). Although this constriction produces a high 

frequency, whistle-like acoustic output unlike human phonation, rat USVs provide a good model for 

addressing our research questions because they are produced during egressive airflow with intrinsic 

laryngeal muscle activity (Johnson et al., 2010; Riede, 2011). Thus, rat USVs serve as a good model for 

studying laryngeal muscles, associated neuromuscular pathways, and vocalization behaviors in our 

specific context (Ciucci et al., 2007; Ciucci et al., 2008; Ciucci et al., 2009; Ciucci et al., 2010; Russell et 

al., 2010). 

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 
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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 an appropriate 

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 (see Table 1) only frequency modulated 

(operationally defined as calls with a bandwidth greater than 10 kHZ) calls 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. 

Measures are found in Table 1. (For video example and review of previous studies, see Ciucci et al., 

2009; Johnson et al., 2011; Johnson et al., 2013).  

4.2.3 Detraining 

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

reversal identical to the exercise rats and no-exercise control rats.  They underwent the same exercise 

treatment protocol as the exercise rats.  Baseline and post exercise maximum tongue force measures and 

vocalization acoustic measures were obtained as described previously (Table 1).  Following collection of 

the post exercise measures, the 2- and 4-week detraining animals remained on the water restriction 

protocol. During the 2-week no-exercise period, the 2-week detraining group entered the cage and licked 

from the operandum without any resistance for a total of less than 5 reinforcements per session, to ensure 

skill maintenance. After the 2-week no-exercise period, post detraining tongue force and vocalization data 
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were obtained.  Identical procedures were applied to the 4-week detraining rats following a 4-week period 

of no-exercise. 

4.2.4 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 

based on studies previously conducted in our laboratory (Behan et al., 2012; Schaser et al., 2012; Schwarz 

et al., 2009) the hypoglossal nucleus and nucleus ambiguous were grossly microdissected and stored for 

downstream protein analysis.  Neural control tissue from the spinal cord and medulla at levels above and 

below the nuclei of interest was also collected (Brainstem Control (BSC)).  The GG and TA muscles were 

dissected out, as well as the 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
o
C until use. 
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4.2.5 Measurement of Neurotrophins   

Neurotrophins 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 were compared with known protein concentrations using a standardized calibration 

curve provided by the respective manufacturers. 

4.2.6 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) 

on the variables listed in Table 1.   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 -level of less than 0.05 was established as the criterion for statistical significance. An -

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 -levels .  Dr. Glen Leverson, a 

biostatistician in the UW-Department of Surgery, served as a consultant for all statistical analyses.   
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For some measures, missing data resulted in a smaller sample sizes for some comparisons, which 

is reflected in the degrees of freedom for particular tests. Specifically, unexpected animal expiration 

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 the time 

point).  For the 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 the 

measure). Laryngeal neurotrophin analyses were not performed within the 2- and 4-week detraining 

groups, with the exception of the intensity measure, 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. 
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4.3 Results 

4.3.1 Tongue Force 

4.3.1.1 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. 7; F1,73 =4.91, p=0.03), suggesting an age-related tongue weakness in this cohort of 

aged rats. 
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Fig. 7.  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. * Denotes significant values; error bars represent 

standard error of the mean. 
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4.3.1.2 Increased Tongue Force with Exercise 

The change in tongue force (Δ mN) from baseline to the post exercise time point was 

significantly greater in old group compared with young adult group (Fig. 8A, F1, 73 =12.73, p < 0.001) and 

in the exercise groups than in the no-exercise control group (Fig. 8B, 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. 

4.3.1.3 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 

time point relative to immediate post exercise levels  (Fig. 9A, p=0.02).  However, as shown in Figure 

9B, 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 the improved tongue forces found following tongue exercise paired with a water swallow, but 

that the old group experienced a relative decrement in maintenance of post-exercise tongue force levels.   
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Fig. 8A. 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. * Denotes significant values; error bars 

represent standard error of the mean. 
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Fig. 8B. 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. * Denotes significant values; error bars represent standard error of the mean. 
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Fig. 9A. 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.  * Denotes 

significant values; error bars represent standard error of the mean. 
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Fig. 9B. 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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4.3.2 Ultrasonic Vocalizations (USVs) 

4.3.2.1 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. 10A, F1, 73 =16.68, p < 0.001); average call duration, with an increased call duration in the old 

group (Fig. 10B, F1, 63 =5.05, p=0.03); and average peak frequency, with a reduced peak frequency in the 

old group (Fig. 10D, F1, 63 =13.87, p < 0.001).  However, there was not a significant main effect of age on 

average bandwidth (Fig. 10E, 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. 10C, p < 0.001), along with decreased average intensity 

in the old exercise group compared with the old control group (Fig. 10C,  p=0.007). These findings 

indicate that rats in the old exercise group had the quietest calls at baseline. 

4.3.2.2 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.  Specifically, there were not significant main effects of 

condition for number of calls (Fig. 11A, F1, 73 =1.12, p=0.29), average call duration (Fig. 11B, F1, 54 =1.05, 

p=0.31), average peak frequency (Fig. 11D, F1, 54 =0.27, p=0.60) and average bandwidth (Fig. 11E, F1, 54 

=0.87, p=0.36). There was a significant main effect of condition on average intensity (Fig. 11C, F1, 54 

=4.63, p=0.04), with less reductions in average intensity following tongue exercise, indicating that rats in 

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

control group got quieter.  
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Fig. 10 (A-E). Age-related changes in USV characteristics (A-E) 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). (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). * Denotes significant values; error bars represent standard 

error of the mean. 
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10 (A): Number of calls 

 

 

  



 66 

10 (B): Average call duration 
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10 (C): Average call intensity. Y axis represents normalized intensity (dB), with smaller numbers 

representing decreased intensity levels relative to maximum. 
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10 (D): Average peak frequency 
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10 (E): Average call bandwidth 
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Fig. 11 (A-E). Effect of tongue exercise on USV characteristics. Maintenance of call intensity was found 

with tongue exercise at the post exercise time point (C). (A) Number of calls: No significant difference in 

number of calls (p=0.29) between control and exercise group. (B) Average call duration: No significant 

difference in average call duration (p=0.31) between control and exercise group. (C) Average call 

intensity: Significantly less (p=0.04) change in intensity of calls in the exercise than the control group. 

(D) Average Peak Frequency:  No significant difference in average peak frequency (p=0.60) between 

control and exercise groups. (E) Average bandwidth: No significant difference in average bandwidth 

(p=0.36) between control and exercise groups. * Denotes significant values; error bars represent standard 

error of the mean. 
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11 (A):  Δ Number of calls 
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11 (B): Δ Call duration 
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11 (C): Δ Call intensity. Y axis represents change in normalized intensity (dB). 
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11 (D): Δ Peak frequency 
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11 (E): Δ Call bandwidth 
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4.3.2.3 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. 12, p=1.0).    

As a result of the lack of significance found after 8 weeks of tongue exercise paired with a water 

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

for average intensity (above), are not reported in this manuscript. 
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Fig. 12. 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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4.3.3 Neurotrophins 

4.3.3.1 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. 13A, F1, 68 =13.40, p < 0.0001), NA (Fig. 13A, F1, 34 =6.45, p=0.02), and BSC (Fig. 

13A, F1, 68 =9.66, p=0.003).  There was not a significant difference in NT4 concentration in old group 

versus the young adult group in the GG (Fig. 13B, F1, 68 = 0.54, p=0.47) or EDL (Fig. 13B, F1, 68 =2.63, 

p=0.11).  There was a significant increase in the concentration of NT4 in the TA of the old versus young 

adult group (Fig. 13B, 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. 13C, 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 old 

and young adult groups in any of the other brainstem nuclei or muscles of interest in this study. See table 

in the appendix for raw data (means and SEMs). 
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Fig. 13 (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.  * Denotes significant 

values; error bars represent standard error of the mean. 
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13 (A): Brainstem nuclei 
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13 (B): Muscles 
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13 (C): BDNF in the TA 
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4.3.3.2 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. 14A, 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 exercise and no-exercise control 

groups (p=0.5) or 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.   
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Fig. 14A. 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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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. A pattern similar to the exercise 

related differences in the HN in the old group was visible in 3 locations from the young adult NT4 data 

based on means alone (Fig 14B). However due to increased variability these data were not significant 

(Fig. 14B; BSC: F3, 68 =1.47, p=0.23, HN: F3, 68 =1.18 p=0.32, EDL: F3, 68 =1.90, p=0.14).  To review all 

neurotrophin raw data see table in the appendix.  
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Fig. 14B. NT4 differences in the young adult group showed a similar pattern of exercise effects as BDNF 

in the old group in HN, without reaching significance. (1) No significant interaction effect (F3, 68 =1.47, 

p=0.23) in NT4 concentration in BSC. (2) No significant interaction effect (F3, 68 =1.18, p=0.32) in NT4 

concentration in HN. (3) No significant interaction effect (F3, 68 =1.90, p=0.14) in NT4 concentration in 

EDL. * Denotes significant values; error bars represent standard error of the mean. 

14B1: BSC 
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14 (B2): HN 
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14 (B3): EDL 
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4.3.4 Correlations 

4.3.4.1a Participation was Positively Correlated with Tongue Force, but not USV characteristics, 

regardless of Age 

 For the old and young adult groups, 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. 15, (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 of the USV characteristics in this study (p >0.05). These 

significant correlations suggest that increases in behavioral tongue force were directly related to 

participation in the tongue exercise protocol and training condition. 

4.3.4.1b Change in Tongue Force with Tongue Exercise was Positively Correlated with Change in 

Intensity. 

 For all rats, the change in tongue force from baseline to the post-exercise time point (Δ mN) was 

moderately correlated with the change in intensity from baseline to the post-exercise time point (Δ dB) 

(ρ=0.32, p=0.01).  This correlation suggests that the significant difference in intensity between the 

exercise and control groups at the post exercise time point (Fig. 11C) is related to level of improvement in 

tongue force with tongue exercise.  

4.3.4.2 BDNF Concentration in the HN and Participation  

 In the old group, BDNF concentration in the HN approached a positive, but weak, correlation 

with average participation (Fig. 16 (A), Old: ρ=0.34, p=0.05).    Other measures of tongue function in the 

old group were not significantly correlated with BDNF concentration in the HN, including ∆ maximum 

tongue force (Fig. 16 (B), Old: ρ=0.06, p=0.73) and maximum tongue force (Fig. 16 (C), Old: ρ=-0.09, 

p=0.60).   In the young adult group, correlations for all measures of tongue function were not significantly 
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correlated with BDNF concentration in the HN (Fig. 17 (A-C); (A), Average participation: ρ=0.08, 

p=0.62, (B), Δ Maximum tongue force: ρ=0.22, p=0.20, (C), Maximum tongue force ρ=0.11, p=0.50).  

These data indicated that while BDNF concentration and participation in tongue exercise may be weakly 

associated in the old, other mechanisms may be related to the behavioral improvement in tongue force in 

the young adult group. 

4.3.4.3 Neurotrophin Concentrations in the GG were linked to Skill Maintenance  

 BDNF and NT4 concentrations in the GG were strongly correlated with average participation in 

the young adult control group, and not correlated with average participation in the old control group (Fig 

18 (A), BDNF Young Adult: ρ=0.74, p=0.04; BDNF Old: ρ=0.64, p=0.07; Fig 18 (B), NT4 Young Adult: 

ρ=0.70, p=0.03; NT4 Old: ρ=0.55, p=0.09). There was also a strong positive correlation between NT4 

concentration in the GG and BDNF and TrkB concentrations in the GG in the old control group (Fig 18 

(C&D); (C), NT4 vs. BDNF: ρ=0.86, p=0.002, (D), NT4vsTrkB: ρ=0.74, p=0.03). This was not 

correlated in the young adult group (Fig 18 (C&D); (C), NT4 vs. BDNF: ρ=0.63, p=0.1, (D), NT4 vs. 

TrkB: ρ=0.53, p=0.12).  A possible explanation for these findings is that BDNF and TrkB increase with 

NT4 to improve skill learning in the old group, and to maintain the skill during exercise because the 

correlation between NT4 concentration and BDNF concentration in the GG in present in the old exercise 

group as well (ρ=0.79, p=0.03).  
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Fig. 15 (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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Fig. 16 (A-C). BDNF concentration in the HN approached a significant positive correlation with 

participation in the old. BDNF concentration in the HN in the old approached a positive correlated with 

average participation (A), but was not correlated with Δ maximum tongue force (B), or maximum tongue 

force (C), respectively (Average participation: ρ=0.34, p=0.05, Δ Maximum tongue force: ρ=0.06, 

p=0.73, Maximum tongue force: ρ=0.-0.09, p=0.60).* Denotes significant values; ρ value represented by 

diagonal line. 
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16 (A): 

 

16 (B): 
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16 (C): 

 

  

ρ=-0.09 
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Fig. 17 (A-C). BDNF concentration was not correlated with tongue measures in the young. Average 

participation (A) Δ maximum tongue force (B) and maximum tongue force (C) were all weakly correlated 

with BDNF concentration in the young. (Average participation: ρ=0.08, p=0.62, Δ Maximum tongue 

force: ρ=0.22, p=0.20, Maximum tongue force: ρ=0.11, p=0.50).* Denotes significant values; ρ value 

represented by diagonal line. 
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17 (C): 

 

  

ρ=0.11 
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Fig. 18 (A-D). Neurotrophin concentration and skill maintenance. (A): Average participation and BDNF 

concentration in the GG were strongly correlated in the young adult control group (ρ=0.74, p=0.04), but 

not correlated in the old control group (ρ=0.64, p=0.07). (B): Average participation and NT4 

concentration in the GG were strongly correlated in the young adult control group (ρ=0.70, p=0.03), but 

not correlated in the old control group (ρ=0.55, p=0.09). (C): NT4 and BDNF concentration in the GG 

were strongly correlated in the old control group (ρ=0.88, p=0.002), and but not correlated in the young 

adult control group (ρ=0.63, p=0.09). (D) NT4 and TrkB concentration in the GG were strongly 

correlated in the old control group (ρ=0.74, p=0.03), and but not correlated in the young adult control 

group (ρ=0.53, p=0.12). * Denotes significant values; ρ value represented by diagonal line. 
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18 (B): 
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18 (C): 
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18 (D): 
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4.4 Discussion  

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

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

concentration, with greater benefits in lingual vs. laryngeal structures. Second, we hypothesized that 

improvements following tongue exercise paired with a water swallow would be diminished after 

detraining. The results of this study support our first hypothesis and partially support our second.   

 Tongue exercise resulted in increased tongue force, regardless of age, compared to skill 

maintenance alone (Fig. 8B).  In addition, BDNF concentration was increased in the old exercise group in 

the HN compared with the old no-exercise controls (Fig. 14A). For the laryngeal behavioral task, 

ultrasonic vocalizations, there was only one behavioral difference shown, maintenance of call intensity in 

the exercise group compared with a reduction in call intensity in the no-exercise control group (Fig. 11C). 

However, there was no significant difference in neurotrophin concentration in the NA with exercise in 

either age group (Fig. 14B). These data support the hypothesis that stronger findings would be observed 

in lingual versus laryngeal structures.  That is, tongue exercise, which is focused on strengthening the 

tongue as its main target, resulted in global improvements in maximum tongue force, but was only 

associated with maintenance of one measure of laryngeal function, intensity.  In addition, the HN, which 

is the brainstem nucleus that contains the motor neurons that specifically innervate the tongue, was the 

only brainstem nucleus to have increased BDNF concentration.  As such, our results show that tongue 

exercise paired with a water swallow leads to specific, neuroplastic benefits in lingual brainstem motor 

control structures.  

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

would be diminished after detraining was supported only in the old group.  We found that the change in 

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

in the old 4-week detraining group (Fig. 9A). In addition, BDNF concentration in the HN was 



 105 

significantly lower in the old 2-and 4-week detraining groups than the old exercise group (Fig. 14A).  

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 (Fig. 14B).  

These data demonstrate that while young rats may maintain performance levels up to 4 weeks following 

exercise, this is not true for older rats.  These data also provide initial evidence for the necessity of 

exercise maintenance programs following tongue exercise protocols in older populations.  Interestingly, 

the only detraining study conducted in a human clinical population found a decrease in tongue force 

following detraining in a little as 2 weeks in healthy adults (Clark et al., 2009).   

 It could be argued that maintenance of USV intensity following tongue exercise paired with a 

water swallow is evidence for the cross-activation potential of exercise in the cranial sensorimotor 

system. This argument has already been introduced in the voice and swallowing literature based on 

clinical findings (Easterling, 2008; El Sharkawi et al., 2002).  However, it is important to consider the 

goal and activation elements of an exercise prior to assuming the cross-activation benefits.  We 

hypothesized that there would be some changes within the larynx following tongue exercise paired with a 

water 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).  The maintenance of USV intensity found with 

tongue exercise paired with a water swallow can be explained from a cross-activation perspective 

considering that vocalization intensity is a function of respiratory capacity and glottal closure (Riede, 

2011), which are two elements that were finely controlled during the exercise used in this study (Fig. 6).  

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

vocalization 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 here was paired with a 

swallow, which therefore 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 
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work, there were no improvements in USVs found after tongue exercise paired with a water 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 the role of 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 water 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. 7) and NT4 concentration (Fig. 13). 

Specifically, we found a lower tongue force in the old group at baseline than in the young adult group. 

However, reduced tongue force has not been a universal finding in previously reported animal studies 

(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 the swallow in this cohort of animals.  However, previous work from our 

laboratory has shown that older rats demonstrate 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, it can be hypothesized that age-related changes to the 

functional swallow were also present in the animals in this study, but it is unknown if the increase in 

tongue force and BDNF concentration in the HN found with tongue exercise in this study 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 



 107 

(NA). These findings suggest a putative age-related decrease in NT4 concentration in motor and sensory 

neurons in the brainstem, which has yet to be shown in previous research.  

Previous work from our laboratory and others has shown that TrkB is decreased with age in 

multiple systems (Greising et al., 2015; Johnson et al., 1996; Schaser et al., 2012; Tong et al., 2015).  

However, age-related differences in TrkB were not found in this study. There are many methodological 

differences in this study from our previous study (Schaser et al., 2012) that could account for the lack of 

change seen in TrkB with age.  For example, our previous study used a staining technique to specifically 

target motor neurons in the ventral middle hypoglossal nucleus.  In this study, a gross-dissection through 

the entire HN was performed and protein concentration was obtained through ELISA methods, versus 

measures of relative fluorescent intensity.  As a result, the specific age-related changes found for TrkB in 

the ventral middle HN could have been “washed out” due to our analysis of the entire HN. Accordingly, 

the age-related decrease in TrkB found in our first study could be specific to the motor neurons 

innervating the muscles within only that area of the HN.   

 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 the 

old group versus the young adult group at baseline (Fig. 13B), and (2) Reduced BDNF concentration in 

the old control group versus the young adult control group (Fig. 13C). The significantly greater NT4 

concentration in the old group versus the young adult group was in opposition 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 and frequent activity of the TA (Kuna et al., 1988) may 

partially explain our findings. The TA is active during the 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 
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upregulated in an activity-dependent manner in muscle (Funakoshi et al., 1995), it might be expected that 

greater NT4 levels would be found in muscles with sustained or frequent activity.  Support for this view is 

the seemingly greater NT4 levels in the TA than in the other muscles studied (Fig. 14B). The increased 

NT4 in the old group may be a compensatory strategy or a sign of growth and remodeling in this muscle 

(Funakoshi et al., 1995). Increased NT4 in the old control group may be compensatory for reduced BDNF 

given that both NT4 and BDNF are the ligand for the TrkB receptor (Barbacid, 1995).   

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

found age-related changes in USVs. Our findings were similar to the 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 may have contributed to the age-related behavioral decrements in 

USVs we 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). 

No other significant differences were found in the muscles investigated in this study. However, 

we found significant correlations in the GG in the control group.  Specifically, we found that BDNF 

concentration (Fig. 18A) and NT4 concentration (Fig. 18B) were strongly correlated with exercise 

participation in the young adult control group, but not in the old control group.  Instead, the old control 

group showed strong correlations between NT4 concentration and BDNF concentration (Fig. 18C) and 

TrkB concentration (Fig. 18D) in the GG, and the strong correlation between NT4 concentration and 

BDNF concentration was also present in the old exercise group. These findings may highlight the 

importance of and differences in the regulation of these neurotrophins in skill maintenance and learning in 
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the young adult and old control groups.  The control group rats learned the licking task, and maintained 

the skills needed to complete the task over the 8-week training period, but did not participate in the 

progressive resistance exercise paradigm.   Thus, this control group gives us particular insight into the 

role of neurotrophins in learning versus activity-dependent exercise mechanisms.  It appears from our 

results that BDNF and NT4 concentrations are linked to skill learning in young adult animals, because the 

concentrations of these neurotrophins in the GG muscle was highly correlated with participation in the 

control group but not in the exercise group.  However, these high correlations were not found in the old 

group.  Instead, the neurotrophins themselves were correlated in the old control group in the GG, and 

remained correlated in the old exercise group in the GG.  This finding in the old groups highlights the 

importance of both the ligand and receptor working together to produce downstream signaling and task 

maintenance in the old (Greising et al., 2015; Mantilla et al., 2004).  

The other two correlations performed in this study again highlight the importance of including a 

no-exercise control group in this study.  Due to the inclusion of this group and the detraining groups we 

found relationships between participation and tongue force in both the old and young adult groups (Fig. 

15).  This finding is proof of principle that it is participation in the progressive resistance tongue exercise 

program that results in increased tongue force and not just learning or improvement in the licking task 

over time.  Participation at or over the individual force threshold set for each individual animal was 

needed to improve tongue force and decreased participation during the detraining time periods led to 

decreased tongue force (Fig. 15).   The final correlation examined was the relationship between BDNF 

concentration in the HN and measures of tongue task performance (Fig. 16 &17).  Results did not identify 

any significant relationships for any age or condition.  However, BDNF concentration and participation 

approached a significant correlation in the old group (Fig. 16), but not the young adults (Fig. 17). This 

finding suggests that participation in the progressive resistance tongue exercise protocol is partially 

responsible for the change in BDNF concentration in the HN seen based on training condition in the old 

(Fig. 14).  It may be hypothesized that BDNF concentration in the HN is increased in the old due to the 
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increased motor neuron activation during exercise.  This hypothesis cannot be confirmed in this study, 

because specific activation levels of the motor neurons in the HN during exercise were not recorded.  

However, future research can examine this hypothesis.  

The question remaining in this study concerns the underlying changes responsible for increased 

behavioral tongue force in the young adult group.  BDNF concentration did not increase in the young 

adult group with exercise.  However, there appeared to be a pattern of increased NT4 concentration in the 

young adult group (Fig. 14B).  Therefore, it is possible that NT4 may lead to improved neuromuscular 

transmission in the young adult group in combination with other factors not explored in this study.  For 

example, other neurotrophins and their receptors, such as NT3 and TrkC have been shown to be activity-

dependent in nature and upregulated with exercise in the spinal sensorimotor system (Gomez-Pinilla et 

al., 2001). Future research can examine this potential contribution and others. 

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

Specifically, tongue exercise paired with a water swallow resulted in specific gains in a behavioral 

measure of tongue force as well as an underlying change in neurotrophin concentration, specifically an 

increase in BDNF concentration in the HN with exercise in the old group. These findings highlight the 

neuroplastic potential of tongue exercise paired with a water 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 bolus transport, but this must be confirmed in 

future studies. This work also demonstrates the importance of continued examination of the current 

exercise protocols used in clinical populations with voice and swallowing disorders. While the cross-

activation benefits found in this study were minimal and were tied specifically to behavioral functions 

that were 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.  In addition, our second hypothesis, that detraining would result in loss of tongue 
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force, was supported by data in the old group.  This finding has clinical significance in voice and 

swallowing populations because it stresses the need for continued maintenance after a therapeutic 

protocol has been completed, especially for elderly people.  

Thus, the results of this study provide critical foundational evidence for future clinical research.  

Human clinical studies, as well as future animal studies, should continue to deconstruct our current 

exercise based therapy protocols to determine the true cause of improvement, at both the behavioral and 

underlying level.   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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V. Summative Discussion and Clinical Implications 

 This dissertation represents the first comprehensive examination of neurotrophins as mediators of 

neuroplasticity in the cranial sensorimotor system. Findings from both Study 1 and Study 2 provide a 

mechanistic rationale for exploring the use of tongue exercise paired with a water swallow as an exercise-

based treatment for swallowing and/or voice disorders in clinical populations. In these studies, this 

treatment was associated with global changes in behavioral aspects of swallowing and limited changes in 

behavioral aspects of voice in addition to concentrations of neurotrophins known to be important 

mechanisms underlying neuromuscular efficiency.  Furthermore, this work supports the further 

exploration of tongue exercise paired with a swallowing task in clinical populations to elicit cross-

activation and cross-system benefits in the cranial sensorimotor system as a whole. However, this 

dissertation also highlights that it is important to maintain a clear and realistic understanding of the 

underlying physiological goals and activation pathways of an exercise when theorizing cross-activation 

effects.  Clinicians and researchers exploring the cross-activation potential of this form of tongue exercise 

should note that behavioral differences in vocalizations following our exercise protocol were limited to 

maintenance of only one vocalization measure in this study, intensity, a measure that specifically benefits 

from the coordination of respiratory and laryngeal muscle activation employed during this exercise task 

(Riede, 2011).  

 Overall, this work is significant because it examined the neuroplastic potential of exercise in the 

cranial sensorimotor system in muscles and the central nervous system, along with the enduring effects of 

exercise (detraining) with the long term and future goal of using our results to guide current therapy 

timelines and protocols used to treat people with voice and swallowing problems. 

 

5.1 Limitations 
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 There were some limitations to the work reported within this dissertation, including some 

methodological concerns that may have led to variation in our findings.  

First, the method used to determine neurotrophin protein concentration and/or the specific area of 

the HN that was analyzed may have introduced some variation or error, between the two studies in this 

dissertation.  The specificity of the TrkB staining in Study 1 was definitive and showed age-related 

relative fluorescent intensity differences in the rostral area of the HN that was targeted for our analysis.  

However, the BDNF staining was more diffuse and may not have captured age and exercise related 

differences with the same level of specificity.  To control for staining differences in the neurotrophins of 

interest, we used an ELISA method in Study 2 to measure protein concentration.  However, because gross 

dissection of the nuclei of interest was performed it is possible that the brainstem samples analyzed were 

not specific to our nuclei of interest alone.  To guard against this possibility, brainstem tissue (BSC) was 

carefully selected to be directly caudal and rostral to known locations of the particular nuclei of interest, 

based on previous anatomical studies in our lab (Basken et al., 2012; Behan et al., 2012; Schaser et al., 

2012) and published anatomical references (Palkovits and Brownstein, 1988). 

 A second methodological concern was the use of a mating paradigm to elicit calls from both the 

old and young adult rats.  The old rats demonstrated a significant decrease in number of calls and it 

cannot be ruled out that this reduction in number of calls was due to lack of interest in mating or altered 

responsiveness from the females during the acclimation periods and testing sessions that in turn affected 

vocalization characteristics in the males.  A recent vocalization playback study demonstrated that female 

rats were differentially responsive to normal rat vocalizations versus those from parkinsonian rats 

(Pultorak et al., 2015). It is possible that this phenomenon may extend to aged rats and may have affected 

our findings.  However, we attempted to control for this issue by having no-exercise control groups in 

each age group.  In addition, we attempted to control for reduced mounting behavior in the old group by 

not allowing the young adult group to mount the females during the testing sessions.  
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 Our results showed that tongue exercise paired with a water swallow was linked with behavioral 

tongue force increases and increased BDNF concentration in the HN of old rats. However, this study has 

not shown that these behavioral and neurotrophic effects resulted in improvements in swallowing 

behaviors in the rat.  As a result, the direct implication of this work on human clinical populations is 

somewhat limited.  However, previous work from our laboratory has shown that older rats demonstrate 

functional changes to the swallow as a result of normal aging, including reduced bolus transport speed, 

detected through videofluoroscopic swallowing examinations (Russell et al., 2013). Therefore, it can be 

hypothesized that age-related changes to the functional swallow were also present in the animals in this 

study, but it is unknown if the increase in tongue force found with exercise resulted in benefits to the 

functional swallow, such as improved bolus transport speed. Current and future work in our laboratory 

will explore this hypothesis. Thus, this study is a first step in the research pipeline and provides the 

foundational evidence needed to support future animal and clinical studies.  

5.2 Clinical Implications 

Future clinical studies should strive to obtain increased levels of control, similar to that obtained 

in animal studies, by including appropriate control groups and examining both behavioral measures and to 

the extent possible, underlying mechanisms responsible for behavioral change. For example, serum level 

analyses of BDNF and other neurotrophins can be completed in human clinical populations, and could 

serve as potential biomarkers for age-related declines, including sarcopenia (Kalinkovich and Livshits, 

2015).   In addition, a genetic variant of BDNF, the Val66Met polymorphism, exists in the normal human 

clinical population, and has been hypothesized to be the cause of reduced BDNF in serum levels (Elfving 

et al., 2012). This polymorphism has been related to cognitive declines, learning disabilities, and a lack of 

behavioral response to exercise and rehabilitation in elderly populations and people recovering from 

stroke (Mang et al., 2013).  Based on the results of this dissertation, future clinical studies examining the 

effect of exercise on voice and swallow function could consider including a genetic screening or serum 
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level analysis of BDNF to rule out possible factors that could lead to increased variability in an 

individual’s response to exercise.  

5.3 Future Studies  

The results of this dissertation point to the sufficiency of increases in BDNF concentration in the 

HN for improvements in tongue force in old rats.  However, this study cannot be used to determine 

necessity.  A future study or line of inquiry could use genetic BDNF knockout or knockdown rats to 

determine if increases in BDNF concentration in the HN are necessary to have a functional improvement 

in tongue force in old rats, or if other redundant mechanisms are available or at work.   Currently, our lab 

has tissue from BDNF knockdown rats from a collaborating laboratory on campus, and it would be very 

interesting to examine NMJ morphology in these animals in our muscles of interest to determine if 

reduced BDNF results in morphological changes in the NMJ similar to or different from those seen with 

normal aging in the GG and TA (Johnson and Connor, 2011; Johnson et al., 2013).  

Additional studies should also examine the impact of tongue exercise-based increases in tongue 

force on measures of functional swallowing, a project which is already ongoing on our laboratory, using 

videofluoroscopic swallowing measures (Russell et al., 2013).  

Finally, future studies should also examine the effect of exercise in different patient populations, 

including Parkinson disease (PD), as previous research from our laboratory has shown that tongue 

function is affected in PD animal models (Ciucci et al., 2011) and can be improved with tongue exercise, 

through mechanisms other than striatal dopamine sparing (Ciucci et al., 2013). As a result, future studies 

should examine additional brainstem nuclei of interest in PD related to the cranial sensorimotor system, 

both as early biomarkers of PD and in response to exercise in genetic animal models.  Additionally, other 

exercise protocols that target coordination and effort, as opposed to strength alone, should be examined in 

the PD population, because previous work from our lab has shown that maximally stimulated forces in the 



 116 

GG muscle in a PD animal model are not significantly reduced, indicating a central control mechanism 

and not a peripheral mechanism of behavioral force declines in this population (Ciucci et al., 2011). 
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Appendix 

Table 2: Means and SEM. Values are neurotrophin (NT) concentration (pg/ml), YA= Young Adult.  Open 

cells represent detraining data from the laryngeal brainstem nuclei (NA) and muscle (TA).  These data 

were not analyzed due to the lack of an initial exercise effect on the laryngeal tissue. 
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NT Location 
 Control Exercise 2W 4W 

Mean SEM Mean SEM Mean SEM Mean SEM 

NT4 BSC YA 40447 7278 84578 18838 76744 19468 59983 11523 

Old 43113 5390 41886 6800 38904 5112 33402 4206 

HN YA 40482 8228 74547 16076 52964 9872 47394 7602 

Old 33745 5836 34885 7833 26533 3989 27782 2946 

NA YA 54954 11099 68808 12173   

Old 38618 6404 37893 5072 

EDL YA 16542 6722 29858 6707 21663 2343 21168 3635 

Old 22575 7825 12279 2848 20235 3860 12181 1770 

GG YA 10783 2593 7357 1830 17618 4653 13375 5102 

Old 8111 1943 9797 1849 14536 5790 9257 1610 

TA YA 46989 3635 66573 10547   

Old 82788 8724 83013 18156 

BDNF BSC YA 

Old 

168 62 133 43 252 80 163 36 

85 28 376 205 137 40 170 34 

HN YA 

Old 

337 105 471 91 530 107 450 105 

296 83 1049 381 341 89 377 61 

NA YA 

Old 

107 35 206 77   

144 23 555 308 

EDL YA 

Old 

401 180 584 236 188 62 338 178 

228 152 586 279 129 36 351 306 

GG YA 

Old 

325 133 129 43 311 47 328 90 

220 70 375 122 282 98 192 33 

TA YA 

Old 

657 230 351 148   

165 79 486 32 

TrkB BSC YA 

Old 

645 191 1277 567 709 262 483 159 

775 324 733 190 771 237 1379 844 

HN YA 

Old 

834 323 1354 612 956 419 792 267 

974 414 1059 352 1058 280 960 492 

NA YA 

Old 

920 360 436 203   

506 238 787 279 

EDL YA 

Old 

3882 613 5278 834 3620 413 2785 427 

4268 773 3193 889 3490 788 5069 1116 

GG YA 

Old 

2584 636 2815 692 3210 302 2184 482 

2041 475 2575 433 2496 420 3145 637 

TA YA 

Old 

4635 1151 8568 2204   

6826 1851 9894 4433 


