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ABSTRACT 

The tongue plays a crucial role in the swallowing process and impairment can lead 

to dysphagia, particularly in neurological conditions such as amyotrophic lateral 

sclerosis (ALS), Parkinson's Disease, and stroke. This project utilizes our 

previously established rodent model that develops dysphagia as a consequence 

of only tongue dysfunction. This model was created by injecting a toxin into the 

genioglossus muscle of the tongue for selective death of motor neurons in the 

hypoglossal nucleus, a brainstem region that directly innervates the tongue via the 

hypoglossal nerve. Our goal is to investigate the effect of tongue exercise on 

tongue function in three groups of male rats: 1) toxin injection plus exercise (n=7); 

2) toxin injection plus sham exercise (n=7); and 3) control injection plus exercise 

(n=7). For each group, a custom spout with adjustable lick force requirement was 

placed in the home cage overnight for 12 hours on days 4 and 6 post-tongue 

injection. For the two exercise groups, the lick force requirement was set to 50% 

greater than the maximum voluntary tongue force, measured using a force 

lickometer. Assessment of the following outcome measures included: 1) baseline 

and end-line swallow function measured using videofluoroscopic swallow studies 

(VFSS); and 2) baseline and end-line lick force measured using a force lickometer. 

Swallow metrics were analyzed using our custom semi-automated VFSS analysis 

software. Our lingual exercise program resulted in statistically significant 

differences in tongue force and lick rate but had no effect on swallow rate. Results 

provide insight regarding tongue exercise as a potential treatment to ameliorate 

alterations in tongue function in neurologically impaired patients. 
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CHAPTER 1: BACKGROUND 

INTRODUCTION 

The tongue plays a crucial role in the swallowing process, which is a vital 

function of living. Physiologically, the tongue is involved in forming liquid and food 

boluses within the oral cavity, creating pressure in the oral cavity through contact 

with the hard palate to propel the bolus into the pharynx, and constricting the 

pharynx to propel the bolus into the esophagus (Ono et al., 2004; Park & Kim, 

2016). The tongue is therefore a primary component in the physiological process 

of swallowing, which is coordinated through neurological involvement.  

Tongue movement is activated by the hypoglossal nerve, which provides 

the only motor innervation to the tongue and controls and coordinates tongue 

movements (Sawczuk & Mosier, 2001). The trigeminal, facial and vagus nerves 

are involved with the sensory feedback of the tongue. The back of the tongue 

provides sensory information for when to initiate a swallow and the main body of 

the tongue provides sensory taste information. The hypoglossal nerve originates 

in the hypoglossal nucleus, which is located in the medulla of the brainstem 

(Bailey, 2011) (Figure 1). Cortical innervation of this pathway emanates from the 

swallowing region of the primary motor strip, an area within the motor cortex of the 

frontal lobe. This neural pathway provides motor innervation to all muscle fibers of 

the tongue. 
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The tongue is comprised of eight muscles (Bailey, 2011), the genioglossus 

muscle being the largest. This extrinsic muscle is positioned underneath the 

tongue and originates at the mandible and fans out to attach from the anterior 

tongue to hyoid bone. Because the genioglossus muscle comprises the major bulk 

of the tongue, it is involved in all tongue movements throughout swallowing and is 

therefore an important muscle to focus on when studying the tongue’s role in the 

swallowing process. When impairment is observed within the tongue due to 

reduced hypoglossal nerve activity, devastating functional deficits in swallowing 

can follow. 

Tongue weakness can often lead to a speech disorder known as dysarthria 

where speech becomes difficult to understand, as well as swallowing impairment, 

known as dysphagia. With regards to dysphagia, a weak tongue results in slow-

moving tongue movements and a decreased rate at which the bolus travels from 

the oral cavity into the pharynx (Park & Kim, 2016). Tongue function impairment 

http://fab-efl.com/page1/page11/index.html https://healtheappointments.com/chapter-14-the-cranial-nerves-essays/.  
Figure 1: Hypoglossal Axis. Upper motor neurons (UMNs) of the swallow area in the 
primary motor strip directly synapse on lower motor neurons (LMNs) in the hypoglossal 
nucleus to innervate the tongue. 
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occurs primarily in nervous system conditions such as amyotrophic lateral 

sclerosis (ALS) and Parkinson’s disease, since these conditions result in the 

disruption of neural connections associated to the hypoglossal nerve (Luchesi et 

al., 2015; Plowman 2015). Strokes and traumatic brain injury can also result in 

tongue weakness leading to dysphagia, and tongue weakness is commonly seen 

in the aging population (Eisenstadt, 2010; Steele et al., 2013). Thus, the tongue 

plays a crucial role in swallow execution and tongue impairment is commonly seen 

across a variety of disorder types. Without a properly functioning tongue, patients 

will suffer from swallowing difficulties such as, difficulties manipulating and 

transporting the bolus throughout the oral and pharyngeal stages of the swallow, 

because the tongue plays a crucial role in these stages of swallowing. When the 

swallowing mechanism is deprived of coordination in these two stages, serious 

deficits can occur.  

Patients suffering from swallowing difficulties, regardless of disease or 

aging, are at a high risk of respiratory failure and death as a result of aspiration 

pneumonia (Corcia et al., 2008; Eisenstadt, 2010; Luchesi et al., 2015; Robbins et 

al., 2007; Steele et al., 2013). In order to reduce the risk of aspiration pneumonia, 

compensatory treatments such as thickened liquid diet modifications to increase 

swallow safety (Castellanos et al., 2004), postural strategies (e.g., chin tuck), and 

sensory enhancement strategies are recommended to patients. Patients can also 

undergo rehabilitative treatment strategies which can include neuromuscular 

electrical stimulation and strength training of the oral structures. These 

interventions focus on improving the structure and function of individual impairment 
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(Corbin-Lewis & Liss, 2015).  Because the tongue plays such a critical role in the 

swallowing process, which is an essential function for day-to-day living, restoration 

of tongue function through strength training has been a growing area of research.  

The effectiveness of tongue exercise on swallowing function in humans has 

been studied with a variety of disorder types such as Parkinson’s disease, 

traumatic brain injury, and stroke patients as well as among healthy individuals. 

Tongue strengthening exercises have shown to increase tongue base and tip 

pressures as well as swallow pressures in healthy individuals between the ages of 

21 and 35 (Oh, 2015). This lingual exercise program involved isometric exercises 

(i.e., pushing the tongue against an immovable surface with great force) that 

generalized to benefitting swallowing function. Some isometric lingual exercise 

programs involved the Iowa Oral Performance Instrument where the patient 

pushed the tongue up against an air-filled bulb located on the hard palate as hard 

as possible (Robbins et al., 2007; Steele et al., 2007). The air displacement within 

the bulb then generated a force which appeared in kilopascals on a screen. 

Increased performance in these tasks correlated with improvement in swallowing 

function such as increased swallow pressure, reduced oropharyngeal residue, 

reduced aspiration, and longer airway protection in patients with Parkinson’s 

disease, stroke and within healthy individuals (Oh, 2015; Robbins et al., 2007; 

Steele et al., 2013). These results demonstrate the important role that tongue 

strength training plays in swallowing rehabilitation, but there is still controversy as 

to whether strength training is beneficial or deleterious in individuals with other 

neurologic diseases involving the hypoglossal axis, such as ALS. 
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However, the underlying hypoglossal axis pathologies resulting in tongue 

dysfunction have seldom been studied in ALS and other neurological 

diseases/conditions. Aspects of tongue dysfunction that are classified as 

investigative targets during a standard cranial nerve exam include: tongue 

symmetry while sustaining a tongue protrusive posture, speed, range of motion 

and strength. Despite on the finding that impaired tongue strength is an 

independent prognostic indicator of shorter survival in ALS patients (Umemoto, et 

al., 2017; Weikamp, et al., 2008), there are currently no therapeutic strategies to 

improve swallowing function or extend survival for this population. Furthermore, 

lingual exercise and strengthening programs are typically avoided in treating 

patients with motor neuron disease due to fear of causing fatigue in these patients 

(Dworkin & Hartman, 1979; Logemann, 2006; Watts & Vanryckeghm, 2001). Thus, 

therapeutic strategies targeting restoration or tongue function have not been 

identified and there are no therapeutics to significantly improve swallowing function 

and improve the quality of life for these ALS patients.  

While this is the case, research effort is being made in this direction with the 

ALS population.  Two studies in particular looked at the effectiveness of Expiratory 

Muscle Strength Training (EMST) on swallowing ability, expiratory force 

generating ability, cough physiology and on airway protection in ALS patients. 

Plowman et al. (2016) studied 25 individuals with ALS who presented with 

maintained cognition as measured by the Mini-Mental Status Exam, a decreased 

maximum expiratory pressure as compared to age and gender norms, forced vital 

capacity >60%, did not require tracheostomy or mechanical ventilatory support, 
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and had no significant co-occurring respiratory diseases. Plowman et al. (2018) 

studied a larger sample size (i.e., 52 individuals) and had similar inclusion criteria 

for participants expect for the following: 1) presented with a forced vital capacity 

greater than 65%, 2) confirmed ALS diagnosis, and 3) scored >30 on the 

Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised (ALSFRS-R).  

Both studies utilized a handheld spring-loaded valve trainer that was set to 50% of 

the patient’s maximum expiratory pressure. Each session consisted of 25 targeted 

force exhalations and took place five days a week between five and eight weeks. 

This study protocol was well tolerated by each subject within both studies. Positive 

effects were seen in expiratory forces generated by the subjects and a greater 

maximum hyoid displacement was observed during swallowing assessments via 

videofluoroscopic swallowing studies (Plowman et al., 2016). In addition, 

statistically significant differences in total DIGEST scores (i.e., Dynamic Imaging 

Grade of Swallowing Toxicity) were found, which rates swallowing efficiency on a 

scale of 0-4 based on the amount of pharyngeal residue observed during VFSS 

(Plowman et al., 2018). The ALS patients who received the EMST program 

showed little to no change in DIGEST scores when compared to the sham group 

who showed a decrease in DIGEST scores at the study endpoint. Thus, research 

seeking viable therapeutic options for the ALS population is growing.   
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Developing a Novel Rodent Model of Dysphagia and Rationale  

Swallowing function must be precisely coordinated to prevent aspiration, 

and failure of this coordination, as seen in neurodegenerative diseases including 

ALS, results in respiratory failure. This loss of coordination is attributed to 

hypoglossal motor neuron death and subsequent tongue atrophy, which then leads 

to dysphagia. By the time these patients seek medical attention, approximately 

80% of the hypoglossal motor neurons controlling the tongue have already died  

(Orsini et al., 2015). The overarching goal of this study was to identify whether 

isometric tongue exercise may trigger enhanced plasticity (i.e., increased motor 

output) of the surviving hypoglossal motor neurons. This “compensatory” 

mechanism may allow us to preserve tongue function in neurodegenerative 

conditions such as ALS, thereby delaying the onset or slowing the progression of 

dysphagia.  This hypothesis is based on rehabilitation research showing that 

tongue exercise improves speech and swallowing deficits caused by other 

neurological conditions, such as stroke, Parkinson’s disease, and traumatic brain 

injury (TBI) (Luchesi et al., 2015; Robbins et al., 2007; Steele et al., 2013). 

However, it is difficult to study hypoglossal plasticity since the amount and rate at 

which motor neuron death occurs cannot be controlled in the current animal 

models of ALS, and degeneration is not limited to the hypoglossal nucleus. 

Additionally, it is difficult to study disease processes at different time points of 

progression in people. Thus, a reliable animal model that allows us to control these 

variables is necessary in order to discover what compensatory mechanisms can 

trigger enhanced plasticity in the hypoglossal nucleus.  
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The current rodent models that exist to study dysphagia in ALS overexpress 

human superoxide dismutase gene (SOD1) mutations, since one of the main 

genetic forms of ALS is due to SOD1 mutations (Chen et al., 2013; Rosen 1993). 

SOD1 transgenic mice develop dysphagia along with a variety of concomitant 

issues (e.g., hind limb and forelimb paralysis, tremors) and the rate at which motor 

neuron death occurs cannot be controlled in this model. Thus, the primary 

objective of our previous study was to develop a rodent model of hypoglossal 

motor neuron death that mimics the behavioral phenotype of dysphagia observed 

in ALS rodent models, without other cranial and spinal nerve involvement (Lind et 

al., 2018). To do this, we directly injected a toxin named cholera toxin B conjugated 

to saporin (CTB-SAP) into the genioglossus muscle of the tongue for retrograde 

transport to the hypoglossal nucleus in the brainstem of rats (Lind et al., 2018). 

Our rationale was based on prior work showing that CTB-SAP injections into the 

intrapleural space of rats resulted in selective phrenic motor neuron death and 

decreased phrenic motor output. This reduced phrenic motor output mimicked 

what was seen in the SOD1 rat model of ALS on day 7 of the treatment when 

injected with 25µg of cholera toxin B conjugated to saporin (CTB-SAP) (Nichols et 

al., 2015). Similarly, we hypothesized that intralingual induced hypoglossal motor 

neuron death via injections of 25µg of CTB-SAP into the genioglossus muscle of 

the tongue would result in impaired swallowing function (Lind et al. 2018).  

For model development, twenty-two adult male rats were tongue-injected 

with CTB-SAP (treatment group) or CTB unconjugated to SAP (control group) into 

the midline genioglossus muscle of the tongue for retrograde transport to the 
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hypoglossal nucleus (Lind et al., 2018).  Swallowing function was assessed on 

individual rats via videofluoroscopic swallow study (VFSS) at baseline (i.e., prior 

to tongue injections) and once lick rate deficits were detected (i.e., 8 days following 

the tongue injections). Videos were captured at 30 frames/s and analyzed frame 

by frame by two independent reviewers to identify five episodes of uninterrupted 

drinking in order to quantify several swallow metrics (e.g., lick rate, swallow rate, 

inter-swallow interval, pharyngeal transit time, etc.). All reviewer discrepancies 

were resolved in a group consensus.  

There were a number of behavioral changes observed and quantified in our 

CTB-SAP rodent model of dysphagia. Specifically, the toxin treated rats had 

decreased tongue protrusion and retraction movements during drinking when 

compared to their baseline performance and control treated rats. Furthermore, 

CTB-SAP treated rats demonstrated a more vertical and slouched head posture 

while drinking. This slouched head posture is often observed in ALS patients 

(Gourie-Devi et al., 2003). Lastly, a paw being placed on the side of the bowl while 

drinking for postural support was observed in end-point rats (i.e., 8 days post-

injection). Various metrics related to swallowing function were quantified and 

described. Data showed significant lick rate (6.0±0.1 vs. 6.6±0.1 Hz, respectively) 

and swallow rate (2.0±0.1 vs. 2.5±0.2 Hz, respectively) (p<0.05 for both) (Table 1) 

differences at end-point for CTB-SAP treated rats vs. controls at day 8 post-

injection. It was concluded from our study that intralingual injections of CTB-SAP 

resulted in dysphagia.  
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   Table 1. Lick and swallow rate data from Lind et al., 2018 

 

PURPOSE OF THE STUDY 

This thesis project was a continuation of the prior study (Lind et al., 2018) 

to investigate how to improve swallowing functioning in the CTB-SAP model. Our 

overarching hypothesis was that isometric tongue exercise increases plasticity of 

the surviving hypoglossal motor neurons in this model. If this hypothesis holds true, 

then tongue exercise may be a viable treatment option for patients with 

hypoglossal nerve deficits, particularly ALS, for which tongue exercise has been 

highly controversial and is typically avoided by clinicians due to a fear of 

overburdening diseased muscles and accelerating disease progression, further 

compromising the quality and duration of life (Dal Bello-Haas & Florence, 2013). 

The first goal of this project was to investigate whether tongue exercise improves 

swallowing function in this CTB-SAP model. We hypothesized that swallowing 

ability, as characterized by lick rate, lick force and swallows per second, would 

improve in the CTB-SAP treated rats that received the exercise program when 

Swallowing Behavior CTB-SAP 

Treated Rats  

Control Rats  Significance  

Lick Rate (# of licks per 

second) 

6.0±0.1 Hz 6.6±0.1 Hz p = 0.001 

Swallow Rate (# of 

swallows per 2 seconds) 

2.0±0.1Hz  2.5±0.2 Hz p = 0.026 
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compared to the CTB-SAP treated group that received the sham exercise and 

would parallel the performance of the control rats. 

Similar to how the effectiveness of lingual exercise has been studied in 

humans, isometric lingual exercise has been studied with rats to look at the role 

that tongue control contributes to dysphagia in Parkinson disease. Following a 

protrusive tongue task, it was found that in a short period of time, the Parkinson’s 

disease group recovered tongue function and even outperformed the control group 

of rats that did not receive the exercise program in the areas of maximum tongue 

force, average tongue force and the rate of tongue presses per second (Ciucci et 

al., 2013). Following an 8-week protrusive tongue exercise program with rats 

undergoing dysphagia due to aging, maximum tongue force significantly improved 

and the cross-sectional area of the genioglossus muscle noticeably increased 

(Connor et al., 2009). Thus, measurable benefits in swallowing function and 

structure have been found following a tongue strengthening exercise program with 

rodent models of dysphagia.  

The second goal was to develop translational methodology and to relate 

this to treating humans with neurogenic dysphagia. For instance, the lingual 

exercise program introduced in this study took place in the home cages. Providing 

patients with neurodegenerative diseases a home exercise program option is lower 

in cost, relieves them from having to coordinate transportation to weekly sessions, 

and is actually preferred by most patients (Park & Kim, 2016). Another translational 

aspect of this study was to develop an individualized tongue exercise treatment 

plan based on each individual rat’s maximum voluntary tongue force (MVTF) 
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capability. Tongue force capabilities were recorded using a custom tongue-force 

lickometer that can measure voluntary lick force during drinking. Furthermore, 

preliminary studies were conducted to investigate how mastication was affected in 

this model because patients suffering from neurodegenerative disease struggle 

with swallowing food as well as liquid.  

Our long-term goal is to develop a standardized battery of assessments to 

investigate whether isometric tongue exercise treatment is effective for enhancing 

plasticity in the surviving hypoglossal motor neurons and thus improving 

swallowing function. This project utilized and modified the methods of our previous 

study to efficiently and effectively identify whether this treatment option using this 

model is successful. One way of accomplishing this goal was with our custom 

VFSS analysis software that is currently in the process of being refined to track 

and quantify new metrics of interest, such as the average jaw opening distance 

during drinking and eating. We also wanted to begin to measure structural changes 

in our rodent model using magnetic resonance imaging (MRI). We hoped to 

develop an effective protocol for collection and interpretation of MRI data with the 

CTB-SAP and control rats (without exercise program) prior to the exercise treated 

rats. This will allow us to compare exercise treatment effects in future studies.  

Here, we hypothesized tongue atrophy in the CTB-SAP treated rats (i.e., smaller 

tongue volumes and lower signal intensities) compared to the controls. Higher 

signal intensities indicate high water content and edema in T2 weighted scans, 

which is one of the scans that we planned to use during MRI during this thesis 

project. We also predicted that the 4th ventricle will be larger in the CTB-SAP 
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treated rats when compared to the controls. The enlargement of this structure may 

indicate degeneration in the hypoglossal nucleus and decreased neuron survival 

of the hypoglossal motor neurons within the hypoglossal nucleus, consistent with 

what we described in our prior study (Lind et al., 2018). 
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CHAPTER 2: METHODS 

Animals 

This study was approved by the Institutional Animal Care and Use 

Committee at the University of Missouri. Male Sprague Dawley rats (Envigo Colony 

208; Indianapolis, IN) between 3 and 4 months were included in this study. The 

human age equivalent of a 6-month-old rat is 18 human years (Sengupta, 2013). 

Rats were pair-housed in standard vivarium conditions, with unlimited access to 

standard food pellets and water (except during experimental testing, described 

below). Daily health monitoring was performed by veterinary staff.  

 

Priming Protocol  

Prior to baseline VFSS and lickometer testing, rats underwent four 

consecutive days of priming (i.e., behavioral conditioning) to familiarize 

themselves to the test conditions for approximately four hours each day. This 

priming protocol acclimated the rats to the flavored drinking solution, the custom-

made test chambers, and the test environment. The initial priming days involved 

exposing the rats to a palatable solution of 30% sucrose mixed with 120 microliters 

of non-alcoholic vanilla extract (Lind et al., 2018). A polycarbonate VFSS test 

chamber, described in our previous study with both end-caps removed, was placed 

in home cages to familiarize the rats to the space. Rats were also exposed to a 

custom-made barium-mixed peanut butter kibble (AFB International, St., Charles, 

MO), which we have determined to be palatable by the rats (Lind et al., 2018). The 
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kibble was placed in their home cages, along with the sucrose mix and chambers, 

to familiarize them to the food used during mastication testing for ~5 hours.  

In order to familiarize the rats to mastication conditions, the rats underwent 

mastication priming beginning on day two of the overall priming protocol. Rats were 

individually placed in the enclosed testing chamber for ~10 minutes, with a custom-

made kibble dispenser (attached to the front end-cap) filled with peanut butter 

barium kibble. The kibble dispenser was 3-D built in house to attach to the 

ventilation holes in the front end-cap. The front of the dispenser contained two 

semicircular openings at the bottom that were made just large enough for a rat to 

access the kibble with the forepaws. The dispenser held 18 pieces of kibble, which 

provided a sufficient supply to promote continual eating in the lateral field of view 

of the fluoroscope for several minutes. This priming condition allowed the rats to 

acclimate themselves with this novel experience prior to any formal data collection.  

On days three and four of the priming protocol, rats were acclimated to the 

lickometer testing conditions. Rats were primed and tested in lickometer test 

chambers, which were 2 inches taller than the VFSS test chambers, but the same 

length and width. The added height was an important feature because it allowed 

for additional vertical mobility of the spout inside the chamber for optimal drinking 

posture. For priming procedures, rats were placed in respective chambers within 

the tongue force lickometer system (Med. Associates, Inc.) for ~10 minutes. The 

front end-cap had a vertical slit opening to accommodate the lickometer spout, 

which protruded slightly into the chamber. Once rats demonstrated at least 20 

seconds of continuous drinking from the spout, they were considered ready for 
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testing. If the rat did not seem to be motivated to drink after the 10 minutes in the 

machine, the rat was taken out and placed back into their respective home cage 

for ~1 hour. Priming with the other rats took place during this time period. Once ~1 

hour took place, the “noncompliant” rat was placed back into the lickometer 

chamber for another priming trial. If the rat did not perform during this second trial, 

insufficient priming performance was recorded for this day. 

Once it was determined that rats demonstrated comfort with this condition 

(i.e., day four of the priming protocol), they were exposed to the test environment 

to acclimate the rats to the noise and smell of the environment and movement of 

the VFSS remote-controlled platform that is used to maintain rats in the X-ray field 

of view during VFSS testing. Rats were individually placed in the test chamber 

which was put on the platform within the c-arm region of the fluoroscope, with the 

machine turned off, for ~10 minutes while the platform was moved to simulate test 

conditions.  

 

Tongue Injections  

 Tongue injections functioned as the initial day of the study (i.e. day 0), 

where each rat was randomly assigned to receive an intralingual injection of either 

the control or treatment solution. Rats were anesthetized in a closed box with 

isoflurane and then maintained under 2-3% isoflurane that was delivered through 

a nosecone that was attached to a custom-built table while positioned on their 

backs. A custom-built weighted pulley-mechanism was attached to the lower 

incisors of the rat and assisted in maintaining an open oral cavity while intralingual 
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injections took place. Ear bars were placed in each ear to sustain a stable head 

position during injections.  

 The injection site for all intralingual injections took place directly into the 

genioglossus muscle (i.e., midline of the tongue). The treatment group received an 

intralingual injection of 25µg of cholera toxin B conjugated to saporin (CTB-SAP) 

+ 20µg CTB, while the control group received cholera toxin B unconjugated to 

saporin (i.e.,20µg CTB + 25µg SAP). CTB-SAP for the treatment group or CTB for 

the control treated animals were retrogradely transported along the hypoglossal 

nerve to the hypoglossal nucleus for selective targeting of the hypoglossal motor 

neurons. Specifically, the CTB component binds to GM1 (Galactosyl-N-

Acetylgalactosaminyl) gangliosides (i.e., receptors) on the surface cells such as 

intestinal epithelial cells and neurons. On intestinal epithelial cells, the entire 

molecule is absorbed via endocytosis. Neurons also have GM1 gangliosides on 

their cell membranes. Stoeckel et al. (1977) showed that cholera toxin is reliably 

taken up by peripheral axons and transported back to the soma. The CTB 

component binds to GM1 gangliosides on the axolemma. This allows the entire 

conjugate to enter the axon and be retrogradely transported to the neuron cell 

body. Once in the soma, the CTB and saporin dissociate, freeing the saporin (a 

ribosomal inactivating protein) to bind to the ribosomes, impede protein synthesis 

and kill the cell via apoptosis within hours to days (Llewellyn-Smith et al., 2000; 

Llewellyn-Smith et al., 1999; Lujan et al., 2010). Thus, when CTB was 

unconjugated to SAP in control treated animals, only CTB was retrogradely 

transported along the hypoglossal nerve. 
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Maximum Voluntary Tongue Force Protocol 

 The maximum voluntary tongue force (MVTF) of each rat was measured 

using a modified tongue force lickometer system. An overnight water restriction 

took place to induce thirst and promote participation. This approach allowed us to 

measure tongue strength and establish an individualized exercise program. Rats 

pressed their tongue against a custom ball bearing water spout that was connected 

to a force transducer (Force Lickometer for Rat, 12/2016, Med. Associates, Inc.) 

that connects to a digitizer (PowerLab 8/30, ADInstruments, Colorado Springs, 

CO). The spout protruded into the test chamber from a hole cut out from the front 

endcap of the custom test chamber. Figure 2 represents an expanded view of the 

individual parts that comprise the lickometer spout and Figure 3 shows the spout 

force measuring device. Vibration from the tongue contact against the spout was 

transferred to the transducer, and the vibration was converted to force readings (in 

grams) that were graphically displayed in real time using LabChart (version 8, 

ADInstruments). During testing, individual rats were placed in the lickometer for up 

to 10 minutes, which is the typical amount of time needed for rats to actively drink 

after a water restriction in order to obtain sufficient data to calculate MVTF (Figure 

4). A video camera (Figure 5) was positioned outside the chamber for 

simultaneous recording of drinking behaviors that are synchronized with the lick 

force data. A 30% sucrose solution was used to entice drinking at the spout, which 

is mixed with 5% SimplyThick EasyMix (SimplyThick, St. Louis, MO) in order to 

reduce leaking from the spout. 
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Figure 2: Expanded view of the custom lickometer spout components. Piece one is the 
spout where water can be accessed by the rats. Piece two includes the two ball bearings that 
prevent water from leaking through the spout. Piece three is a sponge-filled spring that is 
used to create tension within the spout; the sponge minimizes the occurrence of sinusoidal 
waves that can dampen energy transfer through the lick spout to the transducer. Piece 4 is 
a spacer that is used to compress the spring (#3). Piece 5 is an Allen screw that is used to 
incrementally push the spacer further into the spout to increase the spring tension, thus 
increasing the force applied to the ball bearings at the spout opening.  
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Figure 4: Rat drinking from lickometer machine. Here the rat is drinking at an 
appropriate and comfortable horizontal position and the tongue is making contact 
with the spout.  

Figure 3: The spout force measuring device "in action." This analog spring spout 
force measuring device (HALDA HALDEX Sweden Tension Force Meter LMV 1091) 
was used during calibration of the lickometer machine as well as for setting the tongue 
force requirements for each rat during their home exercise program. Force requirements 
were measured in grams. 
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Maximum Tongue Force Metrics 

 One method that was determined by this project was the calculation of 

maximum voluntary tongue force (MVTF). The calculation of maximum voluntary 

tongue force began by identifying drinking bouts lasting >4 seconds of 

uninterrupted drinking at the spout with an upright drinking posture. The maximum 

voluntary tongue force (measured in grams) was measured by identifying the 5 

highest forces and averaging those forces together to obtain the maximum 

voluntary tongue force for the exercise program. The day 4 MVTF value was used 

to determine the individualized exercise program for each rat. This timepoint 

Figure 5: Camera view. The camera is positioned outside of the chamber to video 
record drinking behavior while the rat is performing inside the chamber. 
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allowed us to determine their individual abilities at the day of their initial exercise 

exposure, so as not to administer an exercise force that was too challenging for 

their current capability. MVTF was calculated for baseline and endpoint timepoints 

in a similar way by identifying uninterrupted drinking bouts lasting >4 seconds; 

however, we averaged the 10 highest lick forces within those bouts in order to 

calculate MVTF. MVTF calculations were rounded to the nearest multiple of five, 

which was easy to visualize on our analog force calibration spring device.  

 

Overnight Exercise Protocol 

 MVTF was determined for each rat at the beginning of the exercise 

treatment, using the lickometer. On day 4 and day 6 post-injections, a custom 

exercise spout was placed in the home cage of the individually housed animals 

overnight for 12 hours. The rationale behind beginning the exercise program on 

day 4 post-injections was that we observed in our previous work that the lick rate 

of the rats began to normalize at day 4 post-injections, which indicated tongue 

recovery at the injection site. Rats are most active at night since they are nocturnal, 

and so they were more likely to voluntarily participate in tongue exercise tasks 

during this time. The required lick force to obtain liquid from the bottle was adjusted 

to maintain a 50% greater than MVTF exercise intensity, based on the 4-day post-

injection MVTF values. There were three groups to study the effect of lingual 

exercise: 1) CTB-SAP treated rats that receive a 50% greater than MVTF overnight 

program, 2) CTB-SAP treated rats that receive a sham exercise (i.e., exercise 

spout with no added force requirement), and 3) Control injected rats that received 
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a 50% greater than MVTF overnight program. The CTB-SAP treated rats were 

randomly assigned to either the 50% greater than MVTF overnight program or the 

sham exercise. The rats drank a 30% sucrose solution that is mixed with 5% 

SimplyThick EasyMix to promote drinking and reduced the amount of leaking from 

the spout overnight. This study utilized a “personalized medicine” (i.e., tailoring the 

exercise program to each rat based on their tongue force ability) approach to 

simultaneously treat multiple rats each night.  Measurements (volume) of overnight 

water consumption were manually recorded to estimate the level of exercise 

participation within and between rats over time. During non-exercise times, rats 

were given unlimited water access from standard water bottles. 

 
 

Videofluoroscopic Swallow Study (VFSS) Protocol 

In order to assess swallowing function during drinking and mastication, the 

rats underwent videofluoroscopy prior to administration of tongue injections (i.e., 

baseline testing) and on day eight following tongue injections (i.e., end-line 

testing), which we have previously determined serves as our study endpoint (Lind 

et al., 2018). To promote drinking for VFSS testing, rats were water restricted for 

12-16 hours prior to baseline and end-line testing. During the water restriction, a 

test chamber (with both endcaps removed) and flavored barium kibble were placed 

in each home cage. Similarly, in order to promote eating while in the fluoroscope, 

food was removed from the home cages ~2 hours prior to mastication testing (i.e., 

at the start of drinking VFSS testing).  
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While in the test chambers, rats were placed in a custom-made, low energy, 

magnification fluoroscope called The LabScope (Glenbrook Technologies, 

Randolph, NJ). This fluoroscope was set to 0.205 milliamperes and 40 kilovolts 

while testing, which corresponded to the maximum energy settings of the 

fluoroscope. The test chamber rested against the image intensifier, and the X-ray 

source was positioned 23 centimeters away from the image intensifier. This 

configuration permitted sufficient visual distinction between bone and soft tissues 

while rats drink and eat in lateral view. The chamber sat on a motorized platform 

that was adjusted via remote-control to maintain the rat within the X-ray field for 

view. Videos were captured at 30 frames a second using Pinnacle 18 software 

(Pinnacle Systems, Inc., Mountain View, CA), which also permitted real-time 

viewing on a computer monitor during testing.  

Rats drank from a peg-bowl (attached to the front end-cap) positioned just 

above the floor of the chamber. A 25% iohexol solution (GE Healthcare, 

Marlborough, MA) was mixed with the palatable vanilla flavored, 30% sucrose 

priming solution and was administered into the peg-bowl through a custom syringe 

delivery system. Iohexol allowed for visualization of the bolus throughout the 

swallow. In order to reduce X-ray exposure, a standard video camera was used to 

observe the rat’s behavior while in the machine. The X-ray was turned on when 

the rat was drinking at the bowl. After at least 20 seconds of uninterrupted drinking 

at the bowl, the rat was removed from the test chamber and placed back into the 

home cage with access to water.  
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Mastication VFSS testing followed drinking testing. The same VFSS 

chamber was used for testing mastication, with slight modifications. The plastic 

bowl attached to the front end-cap at the floor of the chamber was removed and 

the kibble dispenser, containing fresh peanut butter flavored barium kibble, was 

attached to the center of the front endcap. Mastication data collection was 

complete when the rat performed in the field of view for at least 25 seconds of 

continuous eating in the lateral plane (Figure 6). 

 

 

 

 

 

 

 

 

VFSS Analysis  

Videos captured during VFSS baseline and end-line drinking and eating 

were manually clipped into three second videos using Pinnacle Studio 14 software 

(Pinnacle Systems Inc. Mountain View, CA), which were then analyzed utilizing 

Figure 6. Mastication testing: representative fluoroscopic images of a control rat during 
multiple mastication cycles to create a food bolus for swallowing. The oral preparatory phase is 
indicated in image one where the rat is holding a piece of kibble in between his upper and lower 
incisors. In image two, the rat is biting a piece of the kibble using his front incisors and in image 
three the rat is transferring the bolus to the back teeth where it is using chewing behaviors to 
break down the kibble in the oral cavity (red arrowhead) (i.e., oral phase). In the final image 
(i.e., pharyngeal phase), the rat has formed a bolus in the pharynx (yellow arrow). This is the 
frame before the swallow onset (i.e., moment before the bolus is transferred back into the 
esophagus).  
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our semi-automated custom jaw tracking interface. The metrics that were used to 

analyze the videos in this study were ones that have been previously defined using 

the CTB-SAP model. These metrics were sensitive to swallowing changes over 

time and showed statistically significant differences in swallowing behavior (Lind 

et al., 2018). 

Three, three-second clips of continuous and uninterrupted drinking were 

identified, clipped and served as the framework of drinking video analysis. No 

three-second clips could overlap in time. Since lick rate served as a robust 

biomarker for swallowing deficits in the CTB-SAP model (Lind et al., 2018), it also 

served as a metric of interest in this study to determine whether lick rate improved 

after tongue exercise. Lick rate was measured using the semi-automated software. 

The reviewer would identify and mark the upper and lower jaw (Figure 7; Image A) 

which would then track and count the amount of times the jaw is maximally opened 

(or the tongue reaches maximum protrusion) (Lever et al., 2015) and maximally 

closed throughout the 3-second clip (Figure 7; Image B). Swallow rate also served 

as a sensitive biomarker for swallowing deficits in the CTB-SAP model (Lind et al., 

2018). Therefore, this metric was included in this study to determine whether 

tongue exercise maintained/improved swallowing rate. The reviewer would identify 

and mark each swallow event during the video and this metric would appear in the 

calculations section of the software (Figure 7; Image C). Videos were analyzed 

using our semi-automated software by one independent reviewer (i.e., myself) and 

were verified by Dr. Lever.  
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This thesis plan also served to determine if 5-second trials of continuous 

mastication was the most sensitive representation of swallowing performance 

during mastication for the rats. Five trials of continuous eating were identified and 

analyzed to investigate this question. The rat demonstrates two forms of chewing 

during a mastication cycle: rotary and incisor chewing. Incisor chewing is a rapid 

form of biting that occurs in the front of the mouth using the incisor teeth, while 

rotary chewing is a much slower chewing pattern that utilizes the molars and takes 

place in the back of the mouth. Because incisor chewing is too rapid and 

inconsistent to manually count, rotary chewing serves as one of the swallowing 

metrics we are analyzing in this study. Manual analysis of rotary chewing begins 

at maximum jaw opening of a rotary chewing cycle. A jaw cycle is counted each 

Figure 7: Representative image of our automated jaw tracking software that has the 
capability of calculating metrics specific to drinking behaviors. (A) Window where the 
fluoroscopic drinking video is visualized by reviewer. Red marker indicates the lower jaw 
tracker and the yellow markers depicts the upper jaw tracker. (B) Automated graph that 
appears once video clip tracking is complete. Green markers depict the maximum jaw 
opening peaks and the red markers indicate the maximum closing peaks. (C) Once peaks 
have been verified by reviewer, lick rate metrics appear on this analysis portion of the screen. 
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time the rat maximally opens the jaw during a thirty-frame interval (Lever et al., 

2009). Swallow rate was also calculated while analyzing the mastication videos 

and is defined as the number of times the rat swallows per five seconds. Semi-

automated analysis of mastication will involve a different process than the manual 

analysis and is currently underway.  

 

Automation 

Manual analysis of the VFSS videos has been proven to be extremely labor 

intensive, which created a bottle neck in our research and reduced the number of 

animals that can be tested in each cohort. Therefore, we worked with a computer 

scientist (Dr. Filiz Bunyak) and her graduate students to help us automate this 

process. Thus far, we successfully automated jaw motion tracking to quantify lick 

rate for comparison with manual analysis findings. Moreover, we are now able to 

insert event markers for swallow onset and pharyngeal transit, thus allowing semi-

automated analysis of several metrics (e.g., swallow rate, inter-swallow-interval, 

pharyngeal transit time, and lick-swallow-ratio) to ultimately replace our traditional 

manual analysis methods. We have also been working to adapt our software for 

mastication analysis, and to identify additional swallowing metrics for automated 

or semi-automated analysis that may serve as robust functional biomarkers for 

monitoring treatment efficacy with this CTB-SAP model. This software program will 

eventually allow us to calculate several swallow metrics in minutes rather than the 

hours it takes using our current manual video analysis methods. 
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Magnetic Resonance Imaging (MRI) Protocol  

The literature recommends utilizing an approach that can distinguish fat and 

fluid replacements from muscle in order to quantify degeneration (Fox & Cohen, 

2012; Jenkins, et al., 2013). Diffusion-weighted and T2-weighted scans have the 

ability to distinguish between these components and will be used in this study. 

Diffusion varies based on the ease at which water molecules can move through 

the scanned tissue (Beattie, 2011; Gaillard, n.d.). On diffusion-weighted MRI, fluid 

will show a darker (i.e., hypointense) signal and more rigid tissue, such as nerves, 

will show a bright (i.e., hyperintense) signal. Thus, diffusion-weighted scans have 

the capability to distinguish between these pertinent components and will therefore 

be used in this study.  

This project also utilized diffusion-weighted MRI scans to examine areas of 

interest within the brain, specifically, the 4th ventricle. The 4th ventricle is located 

between the cerebellum and the medulla of the brainstem. This is an area of 

interest in this particular study since the medulla is where the hypoglossal nucleus 

runs ventral to this structure. The decreased motor neuron survival in our CTB-

SAP treated model and degeneration in the hypoglossal motor nucleus reported in 

our prior study (Lind et al., 2018) lead us to investigate this particular area of 

interest within the brain.  

MRI was performed at the Biomolecular Imaging Center (BIC) at the Harry 

S. Truman Veterans’ Memorial Hospital at the University of Missouri in 

collaboration with Dr. Lixin Ma. Four groups of rats underwent MRI testing. Table 

2 depicts the type of group and scan that was used to study each group. This 
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testing took place on day 9 following tongue injections to quantify tongue size as 

well as assess neurodegeneration in the hypoglossal nucleus. Rats were inducted 

in an isoflurane filled box, which then continued through a nose cone where they 

were maintained with 1.5-3.5% isoflurane. Rats were then placed in a small animal 

horizontal bore 7T MRI scanner (Bruker Biospin, Bilerica, MA) using a four-element 

phased-array radiofrequency (RF) coil in a supine position (for brain imaging) or 

prone (for tongue imaging). A physiologic monitoring system (SA Instruments, Inc.) 

was used to keep track of vital signs while the rat was in the machine. The scan 

duration for each sequence was 15 to 20 minutes, and the total scan duration 

ranged between an hour to an hour and thirty minutes as discovered from pilot 

testing. Diffusion-weighted (DW) and T2 weighted (T2W) MRI coronal, sagittal, and 

axial scans of the brainstem and the tongue with fat-suppression were performed 

using multi-slice RARE (rapid acquisition with relaxation enhancement) spin echo 

sequence, with a b-value of 750 to 1200 s/mm² (DW) and 0 or smaller than 30 

s/mm² (T2W). Respiratory gating was used to trigger each scan. Other imaging 

parameters included: 15 – 30 slices, slice thickness = 0.8 mm, in-plane resolution 

of 70 to 140 µm, TR (reputation time) = 2 s, TE (echo time) = 35 ms, RARE factor 

= 2, and 2 averages. Once MRI scans were completed, the rats are taken out of 

the scanner and were placed back into their respective home cages on a heating 

pad. Behavior was monitored to verify normal functioning after the scans. Once 

MRI was completed, the rats were euthanized. 
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Table 2: Groups studied using T2 and DW MRI Scans 

T2 DW 
Group #1: 1 control no treatment (i.e., no 
sham, no exercise) + 1 CTB-SAP no 
treatment (i.e., no sham, no exercise) 

Group # 3: 1 control no treatment (i.e., no 
sham, no exercise) + 1 CTB-SAP no 
treatment (i.e., no sham, no exercise) 

Group # 2: 1 CTB-SAP with exercise + 1 
CTB-SAP with sham exercise 
 

Group #4: 1 CTB-SAP with exercise, 1 CTB-
SAP with sham exercise 

 
 

MRI Metrics 

Tongue and brainstem images were analyzed manually based on in vivo 

MRI. Tongue MRI images were analyzed using Segment Medviso (win64bit). 

Tongue volumes were measured in cubic centimeters and on multi-slice cross 

sectional T2WI or DWI MRI. Tongue width metrics were measured starting at the 

tip of the tongue and ending at the base of the tongue, which were then calculated 

by averaging measurements from slice three to slice six in centimeters. To further 

investigate metrics of the tongue, within that given area of the tongue muscle, 

differences in hyperintensity (i.e., white space) among the rats were measured. 

Hyperintensities were measured using the hyperintensity tool on Segment and the 

final measurements were taken from 11 slice measurements of intensities.  

With regard to brainstem analysis, medullary measurements served to 

examine degeneration within the hypoglossal nucleus. Dimensions of the fourth 

ventricle were measured in millimeters and we investigated enlargement 

differences between the CTB-SAP rats and the control rats, neither of which 

underwent the exercise program (i.e., no treatment).  
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Table 3. Methods Timeline 
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CHAPTER 3: RESULTS  

Lick Force:  

 
MVTF was calculated at baseline and end-line for each rat. The reviewer 

identified the 10 highest peaks on the lickometer graph that was run through the 

LabChart software (Figure 8) and calculated the average to determine the MVTF 

for each rat.  

 
 

Statistics were run based on the ten highest lick forces using a two-sided 

post-hoc Bonferroni test with repeated measures analysis of variance (i.e., 

RMANOVA). Statistically significant differences were found between CTB-SAP 

treated rats that received the exercise program and the CTB-SAP treated rats that 

received the sham exercise program at the study endpoint. Specifically, the CTB-

SAP treated rats that received the exercise program demonstrated a higher 

maximum voluntary lick force when compared to the CTB-SAP treated rats that 

received the sham exercise program (p= 0.027) (Figure 9). The CTB-SAP treated 

animals that received the sham program demonstrated a statistically significant 

Figure 8: Representative image of the lick force graph that would appear on the 
LabChart software. The ten highest peaks were averaged to calculate each rats’ MVTF. 
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decrease in lick rate when compared to the controls that received the exercise 

program. There was no statistically significant differences between the control rats 

that received the exercise program and the CTB-SAP treated rats that received 

the exercise program, and their lick forces increased when compared to their 

baseline lick forces.   

 

 

 

 

 

 

Lick Rate:  

Lick rate data were analyzed using our custom semi-automated software. 

The reviewer would begin by identifying the upper and lower jaw in the box where 

the VFSS video played (Figure 10; Image A). Once identified, the software would 

generate a graph (Figure 10; Image B) and mark each maximum jaw opening and 

closing event, which was then calculated. 

Figure 9: Lick force results: Lick force decreased at the study endpoint in the CTB-SAP 
treated animals that received the sham exercise when compared to the CTB-SAP treated 
animals that received the 50% greater than MVTF exercise program. Tongue exercise 
preserves lick force measurements when compared to the rats that received the sham 
exercise program. n=7 per group. Asterisk: p < 0.05; NS = non-significant. 
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Statistically significant differences were found between CTB-SAP treated 

rats that received the exercise program and CTB-SAP treated rats that received 

the sham exercise program at the study endpoint. CTB-SAP treated rats that 

received the sham exercise program licked slower than the CTB-SAP treated rats 

that received the exercise program (p=0.043). Furthermore, lick rate results of the 

CTB-SAP treated rats that received the exercise program were consistent with the 

control treated rats that received the exercise program (Figure 11). Statistics were 

run based on the mean lick rate value for each rat utilizing two-sided independent 

samples 
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Figure 10: Representative image of lick rate analysis via tracking interface: Lick rate was 
analyzed via our semi-automated jaw tracking interface. (A) VFSS still frame of a rat drinking 
from a bowl with upper (blue marker) and lower (red marker) jaw trackers in place. (B) Once 
markers were set in place, the software quantified lick rate which appeared in a graph form with 
maximum jaw opening events appearing as the green markers and the maximum jaw closing 
events appearing as the red markers.  
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Swallow Rate:  

Statistically significant differences were found between the CTB-SAP 

treated rats that received both the sham and exercise programs and the control 

rats that received the exercise program at the study endpoint. CTB-SAP treated 

rats that received the exercise program demonstrated fewer swallows per second 

when compared to the control rats that received the exercise program at the study 

endpoint (p=0.28). Similarly, CTB-SAP treated rats that received the sham 

exercise program demonstrated fewer swallows per second when compared to the 

control group (p=0.013) (Figure 12). Overall, there was no difference in swallow 

rate between the CTB-SAP treated rats that received the exercise program and 

the CTB-SAP treated rats that received the sham exercise program. These 

Figure 11: Lick rate results graph: Lick rate decreased in the CTB-SAP treated animals that 
received the sham exercise program when compared to the CTB-SAP treated animals that 
received the 50% greater than MVTF exercise program at the study endpoint. Tongue 
exercise preserves lick rate when compared to the animals that received the sham program 
(i.e., no exercise). n=7 per group. Asterisk: p < 0.05; NS = non-significant. 
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statistics were run depending on the mean swallow rate per second value for each 

rat based on two-sided independent samples. 

 

 

 

 

 

Overnight Exercise Consumption: 

Two group of rats (i.e., CTB-SAP injected and control injected) underwent 

the exercise program (n=14). The exercise treated rats drank sucrose solution 

from the exercise spouts an average of 28.62 grams on day 1 of the 12-hour 

overnight exercise program and an average of 34.7 grams on day 2 of the 12-hour 

overnight exercise program. One group of rats (i.e., CTB-SAP injected) received 

the sham exercise program (n=7). The sham treated rats that were given the sham 

program drank sucrose solution from the sham spouts an average of 27.7 grams 

on day 1 of the 12-hour overnight exercise program and an average of 34.09 grams 

Figure 12: Swallow rate results graph: Swallow rate per second in the CTB-SAP treated 
animals that received the 50% greater than exercise program is comparable to the CTB-
SAP treated animals that received the sham exercise (i.e., no exercise). Thus, tongue 
exercise does not preserve or improve swallow rate per second in the CTB-SAP treated rats 
when compared to the CTB-SAP treated rats that received the sham program. n=7 per 
group. Asterisk: p < 0.05; NS = non-significant. 
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on day 2 of the 12-hour overnight exercise program. Prior to this study, the 12-

hour water consumption of a standard group of rats drinking from their standard 

water bottles averaged to 13.3 grams of water overnight. Thus, the rats in this 

project performed differently while drinking from their exercise and sham spouts 

during the exercise program when compared to untreated rats drinking from their 

standard water spouts overnight. This finding may be related to the liquid that was 

consumed during overnight drinking. The sucrose mix that was used with the 

overnight exercise and sham spout exposure may have been more enticing than 

the plain water that was measured overnight with the standard spout exposure.  

 

MRI:  

Statistically significant structural differences in width and thickness of the 

tongue were found between the CTB-SAP treated and control rats. CTB-SAP 

treated rats (n=2) showed enlarged tongue cross-sections, measured in 

millimeters, when compared to controls (p=0.0001) as well as larger tongue 

volume when compared to controls (p=0.026) (Figure 13; Image C). These findings 

may be a result of fluid or fat build-up in areas of tongue degeneration (i.e., 

hypertrophy) in the CTB-SAP treated rats. 

Differences in hyperintensity within the tongue that were measured via T2-

weighted MRI were found between the CTB-SAP treated rats and control rats. 

Specifically, the CTB-SAP treated rat showed an increase in hyperintensity when 

compared to the control treated rat (n=1 per group) using T2 MRI (Figure 13; Image 

D). Hyperintensity in T2 weighted MRI scans indicate high water content, 



 
 

39 

suggesting edema or fat accumulation. Due to the small sample size of this finding, 

further validation is warranted in order to ensure that the low signal of the control 

rat was not related to tongue-motion which would cause a void in the signal.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: MRI tongue measurements results: Tongue measurements were assessed 
utilizing T2 weighted MRI. Results include increased tongue volume and hyperintensity, 
indicating lingual hypertrophy in the CTB-SAP treated animals. (A & B) Depict a T2 weighted 
MRI image of a control (A) and a CTB-SAP (B) treated rat. The red arrows depict the tongue. 
Graph (C) shows the results of tongue volume measurements where CTB-SAP treated 
animals have larger tongue volumes when compared to controls (n=2 per group). Graph (D) 
shows the results of hyperintensity measurements where CTB-SAP treated animals have 
greater hyperintensity when compared to controls (n=1 per group). Errors bars indicate 
standard deviation. 
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Additional differences were found via diffusion weighted MRI in the 

hypoglossal axis including an increase in the area of the 4th ventricle in the CTB-

SAP treated rat when compared to the control treated rat (n=1 per group). 

Specifically, the CTB-SAP treated rat showed a larger 4th ventricle area (i.e., Figure 

14; Image B; X= 3.6 mm (blue line) by Y=0.8 mm (orange line)) while the control 

treated rat exhibited a smaller 4th ventricle area (i.e., Figure 14; Image A; X= 3.1 

mm by Y=0.5). The enlargement of this structure may indicate degeneration in the 

hypoglossal nucleus and decreased neuron survival of the hypoglossal motor 

neurons.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: MRI 4th ventricle measurements results: 4th ventricle measurements were 
assessed utilizing diffusion weighted MRI (blue line depicts X direction and orange line 
depicts Y direction). (A & B) Results found include an enlarged 4th ventricle in the CTB-SAP 
treated animal when compared to the control treated animal. This finding indicates 
degeneration of the neighboring hypoglossal nucleus. n=1 per group. The red stars depict 
the medulla of the brainstem.  



 
 

41 

CHAPTER 4: DISCUSSION  

The main findings from this study were that our tongue exercise program 

resulted in increased tongue force and lick rates in our novel rodent model of 

dysphagia (i.e., reversed function back towards control levels), but had no effect 

on swallow rate. Thus, we have identified that isometric tongue exercise is a viable 

option for improving aspects of swallow function in our novel rodent model of 

dysphagia.  

To address our first research goal, we hypothesized that the CTB-SAP 

treated rats that were administered the 50% greater than MVTF exercise program 

would demonstrate swallow rate, lick force and lick rate greater than the CTB-SAP 

treated rats that received the sham exercise program and were consistent with the 

controls. The results from this thesis project conclude that the CTB-SAP treated 

rats that received the exercise program demonstrated a lick rate higher than the 

CTB-SAP treated animals that received the sham exercise program and a lick rate 

consistent with the controls. Similarly, we concluded that the CTB-SAP treated rats 

that received the exercise program had higher maximum voluntary lick forces when 

compared to the CTB-SAP treated rats that received the sham exercise. Overall, 

lingual exercise improved maximum voluntary tongue force and lick rate in the 

CTB-SAP treated rats when compared to the CTB-SAP treated animals that 

received the sham exercise program. These findings reveal that isometric lingual 

exercise improves aspects of swallow function in this novel rodent model of 

dysphagia.   
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On the contrary, lingual exercise had no effect on swallowing rate. The CTB-

SAP treated rats that received the exercise program demonstrated a decrease in 

swallows-per-second which was consistent with the CTB-SAP treated rats that 

received the sham program. The CTB-SAP treated rats that received the sham 

exercise program demonstrated a swallow rate that was consistent with the CTB-

SAP treated rats in our previously published article. Specifically, the CTB-SAP rats 

that received the sham exercise program had a swallow rate of 1.0 Hz per second 

while the CTB-SAP treated rats from our previous publication demonstrated a 

swallow rate of 2.0 Hz per two seconds (Lind et al., 2018).   

These results perhaps can be attributed to lick versus swallow pattern 

generators. The act of swallowing involves multiple cranial nerves including, CN V 

(trigeminal), CN VII (facial), CN IX (glossopharyngeal), CN X (vagus), CN XI (spinal 

accessory) and CN XII (hypoglossal) (Corbin-Lewis & Liss, 2015). However, the 

act of licking involves the muscles of the tongue which are innervated by CN XII 

(hypoglossal) and the muscles of the jaw trigeminal (CN V). Since our model 

presents with damage along the hypoglossal axis, impairment of the swallow 

functions related to lick rate and lick force reported in this project correlate with 

these specific pattern generators. 

These results begin to help answer the question of whether tongue exercise 

should be avoided while working with patients with hypoglossal nerve deficits, 

particularly the ALS population, due to fear of overburdening diseased muscles. 

Based on the findings of this research project, exercise preserves some aspects 

of swallow function but also shows no effect in our model while measuring other 
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aspects. Furthermore, we found no negative effect on swallow function in our 

rodent model of dysphagia following our exercise program. Our exercise program 

also suggests that a strength endurance clinical approach, which involves high 

repetitions of a low intensity, is beneficial for our model.    

Here, it would be beneficial to consider the question of whether there is a 

turning point during this disease progression where tongue exercise eventually 

becomes counterproductive. Overnight exercise was administered on day four and 

day six days post-injection and our study endpoint served on day 8. Thus, exercise 

was administered during the middle stage of disease progression in this thesis 

project. It would be interesting to determine the effects of lingual exercise at other 

timepoints and whether this would impact swallow functioning. For example, during 

the advanced stages of pathology specific to ALS patients, goals of care for 

enhancing the patient’s quality of life typically begins to transition from 

rehabilitation to the management of symptoms, such as shortness of breath 

(Majmudar et al., 2014). Relating this with our model, we could potentially measure 

the impact of exercise on swallow function if exercise was administered during the 

advanced stages of disease progression (i.e., day 7 and day 8 post-injection) or 

during the early stages. Because our timeline does not allow us to begin exercise 

prior to day 4 post-injection since the rats require that time to heal from their lingual 

injections, perhaps beginning the exercise program prior to injections would allow 

us to see greater improvements in swallow function between groups.  

To address the second research goal of developing translational 

methodology using this model of dysphagia and relating this to treating humans 
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with neurogenic dysphagia, significant progress was made. Specifically, rats 

performed what was estimated to be several hundred forceful lingual presses 

against the exercise spout per night of exercise, similar to how water was 

consumed from typical water spouts each evening. Their exercise programs took 

place in their home cages, which did not require behavioral conditioning or water 

restrictions. These aspects mimic how a human patient would practice his or her 

personalized oropharyngeal home exercise program developed by a speech-

language pathologist in their home environment.  

To further address our second research goal, mastication was an area that 

was investigated through VFSS using this rodent model, since patients suffering 

from neurogenic disorders tend to have difficulties swallowing both solids and 

liquids. While we are not able to answer this question in regard to how exercise 

impacts mastication function quantitatively, these changes may be as robust as 

drinking findings. Mastication videos were collected; however, we were not able to 

obtain numerical data since we are still optimizing the jaw tracking algorithm to 

analyze mastication data. We have made progress and can see incisive chewing 

versus rotary chewing, which are data that we are aiming to measure using the 

jaw tracking interface.  

Our last aim within our goal of developing translational methodology using 

this model was to develop an individualized tongue exercise treatment plan based 

on each individual rat’s MVTF. The idea of using a patient’s baseline lingual 

pressure to develop a personalized strengthening program has been seen 

throughout the literature (Oh, 2015; Robbins et al., 2007; Steele et al., 2013). 
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Midline (i.e., four days post-injection of CTB-SAP) MVTF was measured to 

determine the voluntary lick force of each rat using our custom tongue-force 

lickometer during drinking. The exercise treated groups (i.e., CTB-SAP + exercise, 

control + exercise) were required to apply 50% greater than their individualized 

MVTF to the exercise spout in order to obtain a liquid reward. Overall, we were 

able to create an individualized lingual strengthening program for our novel rodent 

model of dysphagia during this thesis project to mimic a home exercise program 

utilized with adult patients with neurogenic dysphagia in order to improve swallow 

function. 

Our final research goal addressed developing a standardized battery of 

assessments to investigate whether isometric tongue exercise impacts functional 

and structural metrics of interest in this research project. One way of accomplishing 

this goal was with our custom VFSS analysis software which we were able to use 

to effectively quantify swallow rate and average lick rate. We are currently working 

with the computer science team to accurately track additional metrics such as the 

number of instances where the jaw is open and closed, average period of time in 

which the jaw is open and closed, average lick-swallow ratio (i.e., how many licks 

occur between successive swallows), average inter-swallow-interval (i.e., the 

number it takes between each swallow), average pharyngeal transit time (i.e., the 

number of seconds it takes for the bolus to clear the pharynx), jaw opening and 

closing velocity (measured in millimeters per second), and jaw opening and closing 

distance (measured in millimeters).  As discussed above, the interface is also 
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being modified to track behaviors related to mastication such as, rotary versus 

incisory chewing rate.  

Lastly, MRI was utilized during this project in order to accomplish our goal 

of developing a standardized battery to measure structural changes in our rodent 

model. We were able to quantify differences in tongue volume and hyperintensity 

between CTB-SAP and control treated rats. Specifically, CTB-SAP treated rats 

presented with a larger tongue volume as well as an increase in hyperintensity, 

indicating lingual hypertrophy. Lingual hypertrophy, or macroglossia, indicates an 

enlarged tongue which was found in 33.8% of human patients with ALS who were 

on tracheostomy-invasive ventilation (TIV) and correlated to the advanced stages 

of pathology (Matsuda et al., 2016).  MRI measurements took place on day 9 post-

injection and thus, our rodent model of dysphagia mimicked results of deficits seen 

in ALS patients during the later stages of pathology. These findings further support 

the importance of this diagnostic tool in the standardization process of developing 

a battery of assessments to investigate the effectiveness of lingual exercise for 

enhancing plasticity in our rodent model.  

While we were able to conclude preliminary data on our CTB-SAP treated 

rats demonstrating lingual hypertrophy, we were unable to investigate the effects 

of tongue exercise on tongue and brainstem structures. However, significant 

progress was made in establishing this analysis process for future investigation of 

this research question. MRI data were collected for two groups of rats in this thesis 

project. Each group included one CTB-SAP treated rat that received the exercise 

program and one CTB-SAP treated rat that received the sham program. Our MRI 
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team successfully established an analysis protocol to analyze MRI data for our 

CTB-SAP and control animals that did not receive the exercise program. The 

untreated (i.e., non-exercise) MRI group that was reported in this thesis project will 

function as a comparison group to our exercise/sham treated groups during future 

analysis. In the future, we plan to apply this protocol we established during this 

project to analyze our exercise/sham treated animals. We suspect that the CTB-

SAP treated rats that complete the exercise program will have reduced lingual 

hypertrophy, meaning that they will present with tongue volumes and signal 

intensity measurements that mimic the controls (i.e., smaller tongue volumes and 

dimmer signal intensities).  

 

LIMITATIONS: 

One limitation to this thesis project was the timeframe from which the CTB-

SAP was injected into the tongue to the study endpoint (i.e., day-9) where we saw 

dysphagia that is mimicked in Dr. Lever’s end-stage ALS mouse model. This 

timeframe was quite limited, only allowing two days of exercise post-injection and 

may have limited us from seeing larger effects. One way around this limitation for 

future investigation may be to begin the exercise program prior to CTB-SAP 

injections. However, this would impede a translational aspect of our study in which 

patients typically would not begin to participate in an oropharyngeal exercise 

program prior to diagnosis of lingual dysfunction related to neurological 

impairment.  
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Another limitation to this thesis project was that we initially hypothesized 

that lingual exercise would preserve swallow rate in the CTB-SAP treated rats 

when compared to the CTB-SAP treated rats that received the sham exercise. 

However, the CTB-SAP treated rats that received the exercise program 

demonstrated swallow rates that were consistent with the CTB-SAP treated rats 

that received the sham exercise program. A swallow rate average that decreases 

indicates a decrease in efficiency of the swallow. While the CTB-SAP treated rats 

that received the exercise program are swallowing fewer times per second, it would 

be interesting to see if there is a change in bolus size at the initiation of the swallow. 

For example, if the rat is swallowing fewer times, but the size of the bolus at the 

swallow onset is larger than baseline measures, then the rat may be demonstrating 

preserved efficiency of the swallow in a way that we did not measure in this project. 

Bolus size would be a metric to analyze further with this animal model in future 

studies. A protocol for measuring esophageal bolus area prior to it entering the 

stomach has been designed in Dr. Lever’s lab. This protocol can be modified for 

analyzing bolus area in the rats at the initiation of the swallow. 

  

FUTURE DIRECTIONS 

Due to the continuing nature of the development of our automation software 

to quantify swallowing metrics, mastication data were not included in this thesis 

project. Future directions in this project will aim to finalize this aspect of the 

software in order to quantify mastication abilities of the three groups that were 

investigated in this thesis project (i.e., CTB-SAP treated rats that received the 
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exercise, CTB-SAP treated rats that received the control exercise, and control-

treated rats that received the exercise).  

Furthermore, we aim to conduct additional MRI testing on the CTB-SAP 

treated rats who received the exercise program and the CTB-SAP treated rats who 

received the sham exercise program. This will allow us to obtain an adequate 

sample size of rats and draw statistically significant conclusions related to whether 

lingual exercise impacts the tongue and/or the 4th ventricle structures in our model. 

We could also detect and quantify tongue atrophy by measuring the tongue muscle 

fibers themselves, specifically the cross-sectional area. Following tongue exercise, 

we would expect larger cross-sectional area measurements compared to the sham 

exercise group. 

Differences in the cortical thickness and signal intensity within the cortex 

(which contains the orofacial region associated with swallowing) would be another 

interesting factor to analyze in future studies. In preliminary investigation with our 

CTB-SAP treated rats (no exercise) versus control treated rats (no exercise), we 

observed darkened pathways in the cortex (which we suggest are pathways of the 

motor cortex) of the CTB-SAP treated animal when compared to the control in 

diffusion-weighted cortical imaging. These darkened pathways could be indicative 

of degeneration. We hypothesize that the cortices of the CTB-SAP treated rats 

who receive the tongue exercise program will appear brighter relative to the CTB-

SAP treated rats that receive the sham exercise program in diffusion-weighted 

cortical imaging. (orofacial functions will reverse back towards control levels (e.g., 

swallowing mastication, etc.).  
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Lastly, we predict that during the overnight exercise program, rats perform 

several hundred forceful licks at the exercise spout per night spaced across 

approximately thirty second drinking episodes. Observations from this thesis 

project suggest that our lingual exercise approach involves high-repetitions of a 

low-resistance for muscle growth. A future direction of this project would be to 

develop a mechanism that could measure the duration at which the rats are 

performing exercise at the spout and the amount of contacts that are made at the 

spout per night of exercise. One specific circuit mechanism involves a standard 

analog/digital converter that is connected to a metal sipper tube drinking spout with 

wire and to the floor of the cage through a metal cage floor (Hayar et al., 2006). 

Contact of the tongue against the spout results in a voltage change within the 

circuit, which is then recorded as the duration of the tongue-spout contacts. This 

could better help distinguish the frequency and duration of the exercise taking 

place overnight, which can better help the translational aspect of the project. Once 

these factors have been measured, we can then suggest a recommended amount 

of lingual repetitions over a specified period of time for exercise training. Other 

alternatives to the exercise program could be to administer it intermittently 

throughout the 12-exericse duration (e.g., two hours of exercise followed by two 

hours of rest, without access to the waterspout). The goal would be to determine 

the shortest tongue exercise duration that produces a therapeutic effect. While 12 

hours was sufficient for rats, this duration is not translational to human patients. 

Therefore, dose response investigations for tongue exercise are essential in the 
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future for both our rat model and human patients with hypoglossal axis 

degeneration. 
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APPENDIX A 

VFSS and Lickometer Protocol & Order  

(For Baseline and End-line Testing) 

Water Restriction (~12 hours prior to testing): 
1) Remove waters from metal inserts  
2) Place peanut butter barium kibble on the floor of cages  
3) Place VFSS testing chamber at the floor of cage and rest horizontally with 

both endcaps removed. 
4) Water restrict for ~12 hours. 

 
Testing Setup (day of testing): 

1) Remove food pellets upon arrival from metal cage inserts and place in clean 
zip lock bag. 

2) Transport rats, corresponding water bottles (these will be given back 
halfway through testing), Dysphagia passport, Dysphagia notebook, kibble 
dispenser, endcaps for chambers, and plastic bowl chambers across the 
street to Dr. Lever’s lab.  

3) Thaw Iohexol while setting up VFSS machine 
4) Uncover the VFSS machine. Turn on the machine by placing the VFSS key 

in the on/off keyhole, flip on the red switch located on the front right of the 
control panel and turn on the power strip. Remove the grey plastic mouse 
lift that is located on top of the scissor lift.  

5) VFSS Settings: 
a. Using the camera control lever, set the beam width to 23 cm.  
a. Set the KV to the maximum setting 
b. Keep the mA setting the same as the mouse settings 

6) Testing solution (25% Iohexol): 
a. Use 30 mL priming solution tube (with green cap) and fill the Iohexol 

up to 7.5 mLs. Fill the 30% sucrose/vanilla solution (i.e., 150 mL of 
30% sucrose with 2 drops of vanilla extract) up to the 30 mL line. 

7) Set plunger to the 1 ½ indent marking. 
 
Drinking VFSS:  

1. Place each rat in chamber with plastic bowl attachment to the front endcap 
and extract liquid from syringe tubing once inside. Set the plunger to the 1 
½ indent marker. 

2. Collect sufficient drinking data (i.e., 20 seconds of consecutive drinking 
while in view of camera). If rat does not perform within 5 trials (1 trial = 1 
minute of recording on Pinnacle system), place back in the home cage and 
test the next rat. Re-test this rat after each of the remaining rats have been 
tested for another 5 trials. If rat doesn’t perform within those 5 trials, no data 
will be collected for this rat on this test day. 
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Lickometer: 
1. Turn on LabChart system and Lickometer machine.  
2. Assemble 10-degree lickometer spout and set spout force to 5 grams. 
3. Place 30% sucrose mixed with 5% SimplyThick EasyMix solution (i.e., 100 mL 

of 30% sucrose/vanilla mixed with 5 mL of SimplyThick) in lickometer bottle. 
4. Calibration:  

a. Click “Start” on LabChart. Place pin in calibration chamber and verify 
that 80 g reads on the software.  

b. Record force readings before and after lickometer testing for each rat at 
10g and 20g using the “high force reader” on LabChart. 

5. Place rat in lickometer chamber and attach to lickometer machine. 
6. Click “Start” on Labchart and record the behavior of the rat while in the machine 

using the specified keys (labeled on the system on the LabChart software). 
7. Test each rat for 5 minutes, or until sufficient data is collected (i.e., 20 seconds 

of consecutive drinking while in view of camera). If rat does not perform within 
the 5 minutes of recording, place back in the home cage and test the next rat. 
Re-test this rat after each of the remaining rats have been tested for another 5 
minutes. If rat doesn’t perform within those 5 trials, no data will be collected for 
this rat on this test day. 

8. Give each rat waters back after sufficient lickometer data is collected 
9. Clean spout using an ethanol wipe between uses.  
10. Clean chambers and spout using soapy water and soft sponges after testing. 
 
Mastication: 
1. All VFSS settings remain the same for mastication data collection. 
2. Place each rat in chamber with kibble dispenser attached to the front endcap 
and the plastic bowl removed. Place fresh vivarium kibble in the dispenser and 
attach plunger to the back of the chamber. Set the plunger to the 1 ½ indent 
marker. 
3. Collect sufficient mastication data (i.e., 20 seconds of consecutive eating while 
in view of camera). If rat does not perform within 5 trials (1 trial = 1 minute of 
recording on Pinnacle system), place back in the home cage and test the next rat. 
Re-test this rat after each of the remaining rats have been tested for another 5 
trials. If rat doesn’t perform within those 5 trials, no data will be collected for this 
rat on this test day. 
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APPENDIX B 

Priming Protocol 

Day 1   
1. Mark one rat in each cage pair with a black mark using a sharpie  
2. Expose rats to 150 mL of 30% sucrose mixed with 2 drops (using a transfer 

pipet) of non-alcoholic vanilla extract. Place mixture in a standard water 
bottle with a ball bearing spout lid. Substitute this mixture in place of the 
standard water bottles. 

3. Place 1 VFSS chamber without endcaps towards the left side of the cage. 
Make sure that the chamber does not block the spout source. 

4. Place fresh peanut butter kibble (on the floor of the chamber.  
5. Leave this setup in place for ~4 hours.  
6. Trade the sucrose water bottles back with standard water bottles. Clean 

chambers and water bottles in soapy water using the blue sponge. 
7. Bring rats back to vivarium  

Day 2  
1. Set up sucrose priming: 

a. Expose rats to 150 mL of 30% sucrose mixed with 2 drops (using a 
transfer pipet) of non-alcoholic vanilla extract. Place mixture in a 
standard water bottle with a ball bearing spout lid. Substitute this 
mixture in place of the standard water bottles. 

b. Place 1 VFSS chamber without endcaps towards the left side of the 
cage. Make sure that the chamber does not block the spout source. 

c. Place fresh peanut butter kibble (located in the blue bin on the first 
shelf) on the floor of the chamber.  

d. Leave this setup in place for ~4 
hours.  

2. Mastication Priming: 
a. Each individual rat is placed in a 

black cardboard chamber setup for 
~10 minutes each.  

b. This setup (pictured to the right) 
includes a black cardboard piece 
placed around the chamber and a 
black cardboard piece placed across 
the ceiling to mimic testing 
conditions. Place a blue cover on the 
counter to collect any bedding. 

c. Remove the plastic bowl, attach the 
kibble dispenser to the front endcap and place fresh peanut butter 
kibble inside the dispenser.  

d. Attach the plunger to the back of the chamber and set it to the third 
level (third notch carved along the rod).  

e. Document behavior (i.e., Did the rat eat? If so, for how long) 
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3. Trade the sucrose water bottles back with standard water bottles. 
4. Wash chambers, sucrose water bottles, kibble dispenser, endcaps, and 

plunger using soapy water and the blue sponge. 
5. Bring rats back to the vivarium. 

Day 3  
1. Set up sucrose priming: 

a. Expose rats to 150 mL of 30% sucrose mixed with 2 drops (using a 
transfer pipet) of non-alcoholic vanilla extract. Place mixture in a 
standard water bottle with a ball bearing spout lid. Replace this 
mixture with their standard water bottles.  

b. Place 1 VFSS chamber without endcaps towards the left side of the 
cage. Make sure that the chamber does not block the spout source. 

c. Place fresh peanut butter kibble (located in the blue bin on the first 
shelf) on the floor of the chamber.  

d. Leave this setup in place for ~4 hours.  
e. Wash chambers and sucrose water bottles using soapy water and 

the blue sponge. 
2. Lickometer Priming: 

a. Bring rats, dysphagia notebook, fresh vivarium water, and 30% 
sucrose across the street to Dr. Lever’s lab. Lickometer priming takes 
place in room 4.  

b. Assemble 10-degree lickometer spout and set spout force to 5 
grams. 

c. Place 30% sucrose mixed with 5% SimplyThick EasyMix solution 
(i.e., 100 mL of 30% sucrose/vanilla mixed with 5 mL of SimplyThick) 
in lickometer bottle. 

d. Clean spout using an ethanol wipe between uses. Smear sucrose on 
the spout prior to use to entice performance. Using the Lickometer 
chamber, place each rat in the machine for ~10 minutes.  

e. Document behavior (i.e., Did the rat perform while inside the setup? 
For how long?) 

f. Clean chambers and spout using soapy water and soft sponges  
Day 4  
11. Bring rats, dysphagia notebook, VFSS chambers, plunger, 30% sucrose mix, 

endcaps, and kibble dispenser across the street to Dr. Lever’s lab.  
12. VFSS Priming: 

a. Uncover the VFSS machine. Turn on the machine by placing the VFSS 
key in the on/off keyhole, flip on the red switch located on the front right 
of the control panel and turn on the power strip. Remove the grey plastic 
mouse lift that is located on top of the scissor lift. Using the camera 
control lever, move the camera left so you will have room to place the 
rat on the lift. 

b. Place each rat in chamber with kibble dispenser attached to the front 
endcap and the plastic bowl removed. Place fresh vivarium kibble in the 
dispenser and attach plunger to the back of the chamber. Set the 
plunger to the third level.  
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c. Place the enclosed rats in the fluoroscope on the scissor lift with the X-
ray turned off. 

d. Move the lift using the control pad (located on the clear outer protection) 
occasionally to simulate testing movement. 

e. Remove the rat after ~10 minutes and document behavior  
f. Turn off all equipment after use. Place the grey mouse lift back on the 

machine. Move the camera back to original position. Cover the machine 
with the black cover. 

13. Lickometer Priming: 
a. Bring rats, dysphagia notebook, fresh vivarium water, and 30% sucrose 

across the street to Dr. Lever’s lab. Lickometer priming takes place in 
room 4.  

b. Assemble 10-degree lickometer spout and set spout force to 5 grams. 
c. Place 30% sucrose mixed with 5% SimplyThick EasyMix solution (i.e., 

100 mL of 30% sucrose/vanilla mixed with 5 mL of SimplyThick) in 
lickometer bottle. 

d. Clean spout using an ethanol wipe between uses. Smear sucrose on the 
spout prior to use to entice performance. Using the Lickometer chamber, 
place each rat in the machine for ~10 minutes.  

e. Document behavior (i.e., Did the rat perform while inside the setup? For 
how long?) 

f. Clean chambers and spout using soapy water and soft sponges  
 

 

 

 

 

 

 

 

 

 

 



 
 

57 

REFERENCES: 

Bailey, E. F. (2011). Activities of human genioglossus motor units. Respiratory 
Physiology & Neurobiology,179(1), p. 14-22. 
doi:10.1016/j.resp.2011.04.018 

Beattie, P. F. (2011). Diffusion-Weighted Magnetic Resonance Imaging of the 
Musculoskeletal System: An emerging technology with potential to 
impact clinical decision making. Journal of Orthopaedic & Sports Physical 
Therapy,41(11), p. 887-895. doi:10.2519/jospt.2011.3744 

Castellanos, V. H., Butler, E., Gluch, L., & Burke, B. (2004). Use of thickened 
liquids in skilled nursing facilities. Journal of the American Dietetic 
Association,104(8), p. 1222-1226. doi: 10.1016/j.jada.2004.05.203 

Chen, S., et al., Genetics of amyotrophic lateral sclerosis: an update. Mol 
Neurodegener, 2013. 8: p. 28.  

Corbin-Lewis, K. M., & Liss, J. M. (2015). Clinical anatomy & physiology of the 
swallow mechanism (Second ed.). Stamford, CT, USA: Cengage 
Learning. 

Ciucci, M.R., Schaser A.J., & Russell J.A. (2013) Exercise-induced rescue of 
  tongue function without striatal dopamine sparing in a rat neurotoxin 

model of Parkinson disease. Behavioural Brain Research, 252, p.239-245. 
doi: 10.1016/j.bbr.2013.06.004  

Connor, N. P., Russell, J. A., Wang, H., Jackson, M. A., Mann, L., & Kluender, K. 
(2009). Effect of tongue exercise on protrusive force and muscle fiber area 
in aging rats. Journal of Speech Language and Hearing Research, 52(3), 
p. 732-744. doi:10.1044/1092-4388(2008/08-0105) 

Corcia, P., Pradat, P., Salachas, F., Bruneteau, G., Forestier, N.L., Seihean, D., 
Hauw, J., Meininger, V. (2008). Causes of death in a post-mortem series 
of ALS patients. Amyotrophic Lateral Sclerosis, 9(1): p. 59-62.  
doi: 10.1080/17482960701656940  

Dal Bello-Haas, V. & J. Florence, (2013) Therapeutic exercise for people with 
amyotrophic lateral sclerosis or motor neuron disease (Review), T.C. 
Collaboration, Editor., The Cochrane Library 2013, Issue 5: John Wiley & 
Sons, Ltd. p. 34. doi: 10.1002/14651858.CD005229.pub3 

Dworkin J.P., Hartman D.E., Progressive speech deterioration and dysphagia in 
amyotrophic lateral sclerosis: case report. Arch Phys Med Rehabil. 
1979;60(9):423-5. PubMed PMID: 496610. 

Eisenstadt, E. S. (2010). Dysphagia and aspiration pneumonia in older 
adults. Journal of the American Academy of Nurse Practitioners, 22(1),  
p. 17-22. doi:10.1111/j.1745-7599.2009.00470. 

Fox, M. D., & Cohen, A. B. (2012). ''Bright tongue sign'' in 
ALS. Neurology,79(14), p.1520. doi: 10.1212/WNL.0b013e31826d5ffc 

Gaillard, F. (n.d.). MRI sequences (overview) | Radiology Reference Article. 
Retrieved August 8, 2018, from https://radiopaedia.org/articles/mri-
sequences-overview 

Gourie-Devi, M., Nalini, A., & Sandhya, S. (2003). Early or late appearance of 
"dropped head syndrome" in amyotrophic lateral sclerosis. Journal of 



 
 

58 

Neurology, Neurosurgery & Psychiatry,74(5), p. 683-686.  
Hayar, A., Bryant, J. L., Boughter, J. D., & Heck, D. H. (2006). A low-cost solution 

to measure mouse licking in an electrophysiological setup with a standard 
analog-to-digital converter. Journal of Neuroscience Methods,153(2), 203-
207. doi: 10.1016/j.jneumeth.2005.10.023 

Jenkins, T. M., Burness, C., Connolly, D. J., Rao, D. G., Hoggard, N., Mawson, 
S., McDermott, C.J., Wilkinson, I.D., Shaw, P. J. (2013). A prospective 
pilot study measuring muscle volumetric change in amyotrophic lateral 
sclerosis. Amyotrophic Lateral Sclerosis and Frontotemporal 
Degeneration,14(5-6), p. 414-423. doi:10.3109/21678421.2013.795597 

Lever, T. E., Brooks, R. T., Thombs, L. A., Littrell, L. L., Harris, R. A., Allen, M. J., 
Kadosh, M. D., Robbins, K. L. (2015). Videofluoroscopic validation of a 
translational murine model of presbyphagia. Dysphagia,30(3), p. 328-342. 
doi:10.1007/s00455-015-9604-7 

Lever T.E., Gorsek A, Cox KT, O'Brien KF, Capra NF, Hough MS, Murashov AK. 
An animal model of oral dysphagia in amyotrophic lateral sclerosis. 
Dysphagia. 2009;24(2):180-95. Epub 2008/12/25. PubMed PMID: 
19107538.  

Lind, L. A., Murphy, E. R., Lever, T. E., & Nichols, N. L. (2018). Hypoglossal 
motor neuron death via intralingual CTB-saporin (CTB-SAP) injections 
mimic aspects of amyotrophic lateral sclerosis (ALS) related to 
dysphagia. Neuroscience, 390, p. 303-316.  
doi: 10.1016/j.neuroscience.2018.08.026 

Llewellyn-Smith, I.J., Martin, C.L., Arnolda, L.F., Minson, J.B. (1999). Retrogradely 
transported CTB–saporin kills sympathetic preganglionic neurons. 
Neuroreport, 10(2), p. 307-312.  

Llewellyn-Smith, I.J., Martin, C.L., Arnolda L.F., Minson, J.B. (2000). Tracer toxins: 
cholera toxin B-saporin as a model. J Neurosci Methods 103(1): 83-90. 

Logemann, J.A. (2006). Medical and rehabilitative therapy of oral, pharyngeal 
Motor disorders. 

Luchesi, K.F., Kitamura, S. & Mourão, L.F. (2015). Dysphagia progression and 
swallowing management in Parkinson's disease: an observational study. 
Brazilian Journal of Otorhinolaryngology, 81(1), p. 24-30.  
doi: 10.1016/j.bjorl.2014.09.006 

Lujan, H.L., Palani, G., Peduzzi, J.D., DiCarlo, S.E (2010). Targeted ablation of 
mesenteric projecting sympathetic neurons reduces the hemodynamic 
response to pain in conscious, spinal cord-transected rats. American 
Journal of Physiology-Regulatory, Integrative and Comparative Physiology 
298(5): p. 1358-1365. doi: 10.1152/ajpregu.00755.2009 

Majmudar, S., Wu, J., & Paganoni, S. (2014). Rehabilitation in amyotrophic 
lateral sclerosis: Why it matters. Muscle & Nerve,50(1), 4-13. 
doi:10.1002/mus.24202 

 
Matsuda, C., Shimizu, T., Nakayama, Y., Haraguchi, M., Hakuta, C., Itagaki, Y., 

Ogura A., Murata K., Tiara M., Numayama T., Kinoshita, M. (2016). 



 
 

59 

Macroglossia in advanced amyotrophic lateral sclerosis. Muscle & 
Nerve,54(3), 386-390. doi:10.1002/mus.25058 

Nichols, N.L., Vinit, S., Bauernschmidt, L., Mitchell, G.S. (2015). Respiratory 
function after selective respiratory motor neuron death from intrapleural 
CTB-saporin injections. Experimental Neurology, 267, p. 18-29. 
doi:10.1016/j.expneurol.2014.11.011 

Oh, J., (2015). Effects of tongue strength training and detraining on tongue 
pressures in healthy adults. Dysphagia, 30 (3) pp. 315–320., 
doi:10.1007/s00455-015-9601-x. 

Ono, T., Hori, K., & Nokubi, T. (2004). Pattern of tongue pressure on hard palate 
during swallowing. Dysphagia,19(4), p. 259-264. doi:10.1007/bf02638592 

Orsini M., Oliveira A.B., Nascimento, O.J., Reis, C.H., Leite, M.A., de Souza, 
J.A., Pupe, C., de Souza, O.G., Bastos, V.H., de Freitas, M.R., Teixeira. 
S., Bruno. C., Davidovich, E., Smidt, B. (2015). Amyotrophic lateral 
sclerosis: new perspectives and update. Neurol Int. 2015. 7(2), p. 5885. 
PubMed PMID:26487927.  

Park, T., & Kim, Y. (2016). Effects of tongue pressing effortful swallow in older 
healthy individuals. Archives of Gerontology and Geriatrics, 66, p. 127-
133. doi: 10.1016/j.archger.2016.05.009 

Plowman, E. K. (2015). Is there a role for exercise in the management of 
bulbar dysfunction in amyotrophic lateral sclerosis? Journal of Speech 
Language and Hearing Research,58(4), p. 1151-1566. 
doi:10.1044/2015_jslhr-s-14-0270 

Plowman, E. K., Watts, S. A., Tabor, L., Robison, R., Gaziano, J., Domer, A. S., 
Richter J., Vu T., Gooch, C. (2016). Impact of expiratory strength training 
in amyotrophic lateral sclerosis. Muscle & Nerve, 54(1), p. 48-53. 
doi:10.1002/mus.24990 

Plowman, E.K., Tabor-Gray, L., Rosado, K.M., Vasilopoulos, T., Robison, R., 
Chapin, J.L., Gaziano, J., Tuan, V., & Gooch, C. (2018). Impact of 
expiratory strength training in amyotrophic lateral sclerosis: results of a 
randomized sham controlled trial. Muscle and Nerve, p. 1-30.  
doi: 10.1002/mus.26292 

Robbins, J., Kays, S.A., Gangnon, R.E., Hind, J.A., Hewitt, A. L., Gentry, L.R., 
Taylor, A. J. (2007) The effects of lingual exercise in stroke patients with 
dysphagia. Archives of Physical Medicine Rehabilitation, 88(2),  
p. 150-158.  

Rosen, D.R., Mutations in Cu/Zn superoxide dismutase gene are associated with 
familial amyotrophic lateral sclerosis. Nature, 1993. 364(6435): p. 362.  

Rosen, D.R., et al., Mutations in Cu/Zn superoxide dismutase gene are 
associated with familial amyotrophic lateral sclerosis. Nature, 1993. 
362(6415): p. 59-62.  

 
 
 
 
 



 
 

60 

Sawczuk, A., & Mosier, K. (2001). Neural control of tongue movement with 
respect to respiration and swallowing. Critical Reviews in Oral Biology & 
Medicine,12(1), 18-37. doi:10.1177/10454411010120010101 

Sengupta, P. (2013). The laboratory rat: relating its age with 
human's. International Journal of Preventive Medicine,4(6), p. 624-630. 

Steele, C.M., Bailey, G.L., Polacco, R. E., Hori, S.F., Molfenter, S. M., Oshalla, 
M., Yeates, E.M., (2013). Outcomes of tongue-pressure strength and 
accuracy training for dysphagia following acquired brain injury. 
International Journal of Speech Language Pathology, 15(5), p. 492-502.  

Stoeckel K., Schwab M., Thoenen H. (1977). Role of gangliosides in the uptake 
and retrograde axonal transport of cholera and tetanus toxin as compared 
to nerve growth factor and wheat germ agglutinin. Brain Res 132:273-285. 

Umemoto G, Furuya H, Tsuboi Y, Fujioka S, Arahata H, Sugahara M, Sakai M. 
Characteristics of tongue and pharyngeal pressure in patients with 
neuromuscular diseases. Degener Neurol Neuromuscul Dis. 2017;7:71-8. 
Epub 2017/05/30. doi: 10.2147/DNND.S132745. PubMed PMID: 
30050379; PMCID: PMC6053096. 

Watts C.R., Vanryckeghem M. Laryngeal dysfunction in Amyotrophic Lateral 
Sclerosis: a review and case report. BMC Ear Nose Throat Disord. 
2001;1(1):1. Epub 2001/11/28. PubMed PMID: 11722802. 

Weikamp J.G., Schelhaas H.J., Hendriks J.C., de Swart B.J., Geurts A.C. 
Prognostic value of decreased tongue strength on survival time in patients 
with amyotrophic lateral sclerosis. J Neurol. 2012;259(11):2360-5. doi: 
10.1007/s00415-012-6503-9. PubMed PMID: 22527240; PMCID: 
PMC3484270. 
 

 
 
 
 
 
 
 
 
 
 
 
 


