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ABSTRACT 

 
A major physiological risk factor of temporomandibular disorders (TMD) is 

sensitization of peripheral and central nervous system pain processing pathways. Calcium 

channel, voltage-dependent, alpha-2/delta subunit-1 (CACNA2D1) has a crucial role in 

relaying nociceptive information in the spinal dorsal horn. Up-regulation of CACNA2D1 

results in abnormal excitatory synapse formation and enhanced presynaptic excitatory 

neurotransmitter release. Blocking CACNA2D1 with gabapentinoid-class drugs relieves 

orofacial hypersensitivity. Drs. Foley, Horton, and Sciote previously reported that in a 

small sample group (n=12), CACNA2D1 expression was greater in males than females, 

but increased in women with TMD. The objectives of this study are to corroborate these 

data and investigate expression patterns of other ion channel and conducting system 

genes. Additionally, since the null polymorphism ACTN3-577XX associates with muscle 

fiber microdamage during eccentric contraction, we tested for possible gene associations 

with ACTN3-R577XX genotypes. 

Masseter muscle samples came from human subjects (n=23 male; 48 female) with 

malocclusions undergoing orthognathic surgery. This population had skeletal disharmony 

of the jaws and thus was prone to eccentric contraction. Three males and eighteen 

females were diagnosed with localized masticatory myalgia. Muscle total RNA was 

isolated and CACNA2D1, CACNA1S, GABARAP, and TRPM7 expression was quantified 

using RT-PCR. Expression of these genes were compared based on TMD status and 

various characteristics that may influence TMD including: sex, age, facial symmetry, 

sagittal dimension, vertical dimension, ACTN3-577 genotype and fiber type. 
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CACNA2D1 expression differed significantly between sexes, overall (p<0.02), 

and without TMD (p=0.001). Women with (n=13) and without (n=23) TMD differed 

significantly (p<0.03). CACNA2D1 expression was also significantly higher (p=0.031) in 

subjects below age 25. Similarly, GABARAP expression was significantly higher 

(p=0.001) for patients younger than 25 and for patients less than or equal to age 18 

(p=0.013). Otherwise, CACNA1S, TRPM7 and GABARAP differences were not 

significant. GABARAP expression differed, but not significantly by sex and for the 

ACTN3-577XX-null genotype. 

In a population of malocclusion patients, masseter muscle CACNA2D1 expression 

is significantly higher than CACNA1S, TRPM7, and GABARAP. CACNA2D1 expression 

is greater in males than females without TMD. However, CACNA2D1 expression 

increases significantly in females with TMD-associated myalgia. This may support 

evidence for calcium channel regulation of nociception differences seen between sexes in 

TMD. It was also found that expression of CACNA2D1 and GABARAP is significantly 

higher in younger subjects. Additionally, observations presented here suggest potential 

influence of ACTN3-null condition on function of GABARAP.   

  



iv 

 

ACKNOWLEDGEMENTS 

 
I would like to extend my gratitude to those who have made this study possible. 

My committee of Dr. Horton, Dr. Sciote, and Dr. Godel have provided tremendous 

support and guidance throughout this endeavor.  Thank you Dr. Horton for the many 

hours you graciously dedicated to my project. Thank you Dr. Sciote for including me in 

your laboratory. Thank you Dr. Godel for the opportunity to pursue the field of 

orthodontics. Also, thank you to my family and husband for their unwavering support and 

encouragement.   

 
 



v 

 

TABLE OF CONTENTS 

 
          Page 

 
ABSTRACT ................................................................................................................. ii 

ACKNOWLEDGEMENTS ........................................................................................ iv 

LIST OF FIGURES ................................................................................................... vii 

LIST OF TABLES .................................................................................................... viii 

 

CHAPTER 

1.  INTRODUCTION ................................................................................................. 1 

2.  REVIEW OF THE LITERATURE ....................................................................... 4 

 2.1 Overview of Temporomandibular Joint Disorders (TMD) ........................ 4 

 2.2 TMD of Muscular Origin ........................................................................... 4 

 2.3 TMD of Joint Origin .................................................................................. 5 

 2.4 Diagnostic Criteria for TMD ..................................................................... 5 

2.5 Epidemiology of TMD ............................................................................... 9 

 2.6 Etiology of TMD...................................................................................... 13 

 2.7 Masticatory Muscle Influence on TMD ................................................... 23 

3.   AIMS OF THE INVESTIGATION ..................................................................... 25 

4. MATERIALS AND METHODS ......................................................................... 26 

 4.1 Subjects and Muscle Samples .................................................................. 26 

 4.2 Genotyping ............................................................................................... 27 

 4.3 RNA Isolation for Microarray Analysis .................................................. 28 



vi 

 

            4.4 Quantification of Actinin mRNA............................................................. 29 

            4.5 Statistical Analysis ................................................................................... 35 

5. RESULTS .............................................................................................................. 36 

5.1 Results Overview ..................................................................................... 36 

5.2 CACNA2D1 Results ................................................................................. 37 

5.3 CACNA1S Results .................................................................................... 39 

5.4 GABARAP Results ................................................................................... 39 

            5.6 TRPM7 Results. ....................................................................................... 42 

6. DISCUSSION ........................................................................................................ 43 

7. CONCLUSIONS.................................................................................................... 51 

BIBLIOGRAPHY ...................................................................................................... 52 

APPENDICES ........................................................................................................... 59 

APPENDIX A ............................................................................................................ 59 
Jaw Pain and Function Questionnaire 
 
APPENDIX B ............................................................................................................ 60 
Summary of Subjects 
 
APPENDIX C ............................................................................................................ 61 
CACNA2D1 Summary of Raw Data 
 
APPENDIX D ............................................................................................................ 62 
CACNA1S Summary of Raw Data 
 
APPENDIX E ............................................................................................................ 63 
GABARAP Summary of Raw Data 
 
APPENDIX F............................................................................................................. 64 
TRPM7 Summary of Raw Data 

 

 



vii 

 

LIST OF Figures 

 

Figure  Page 

1. Diagnostic Criteria for Temporomandibular Disorders: Diagnostic 
Decision Tree 1 ...................................................................................................... 7 

2. Diagnostic Criteria for Temporomandibular Disorders: Diagnostic 
Decision Tree 2 ...................................................................................................... 8 

3. Contributors to Onset of Persistence of TMD ..................................................... 16 

4. Amplification plots and standard curves for the calcium channel genes. .............. 31 

5. Amplification plots and standard curves for the TRPM7 and GABARAP 
genes. ................................................................................................................... 32 

6. CACNA2D1, CACNA1S, TRPM7 and GABARAP Overall Expression 
Levels ................................................................................................................... 37 

7. CACNA2D1 Relative Expression ......................................................................... 38 

8. CACNA2D1 Expression and Age......................................................................... 39 

9. GABARAP Expression and Age ......................................................................... 40 

10. GABARAP Expression and Sex Differences ...................................................... 41 

11. GABARAP Expression and Genotype ................................................................ 42 

 

 

 

 

 

 

 



viii 

 

LIST OF TABLES 

 

Table  Page 

1. Top 20 Association Results for OPPERA Cohort ............................................... 15 

2. Amplification Properties for HPRT1, CACNA2D1, CACNA1S........................... 31 

3. Amplification Properties for HPRT1, TRPM7, GABARAP ................................. 32 

4. Summary of the Sample Groups and their Characteristics .................................. 36 



1 

 

CHAPTER 1 

INTRODUCTION 

With the rise of personalized medicine, an abundance of research has been 

undertaken to discover genetic markers of medical conditions. This medical model uses 

diagnostic testing to select the optimal therapy for individuals based on their genetic 

content. To date, the understanding of genetic and epigenetic influences on the 

craniofacial complex is minimal. This is unfortunate because facial asymmetry, 

temporomandibular joint disorders, condylar hyperplasia, and condylar resorption all may 

be influenced by complex inheritance with a multifactorial etiology between genetic 

makeup and environmental factors. If more was known about the craniofacial complex, 

future genetic testing could assess the risk of developing craniofacial disorders and shed 

light on how to intervene in these scenarios.  

Temporomandibular disorders (TMD) are a diverse family of musculoskeletal 

disorders that exert a considerable burden on the population. They represent the most 

common chronic orofacial pain condition, affecting approximately 7-15% of the adult 

population in North America (LeResche et al., 1997). It has been estimated that 

17,800,000 work days are lost per year for every 100,000,000 working adults in the US 

due to TMD (Maixner et al., 2011). These disorders can cause symptoms that are chronic 

and difficult to manage, resulting in a poorer quality of life. 

There are numerous signs and symptoms associated with TMD, with masticatory 

muscle pain being the most common. Pain can be followed by restriction of mandibular 

movement and or grinding, crunching, clicking, and popping sounds during jaw 
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movement. The debilitating forms of TMD are associated with persistent pain in the 

temporomandibular joint, periauricular region, and muscles of the head and neck.  

Headaches, ear pain, and tinnitus can also be associated with TMD. 

The etiology of TMD is multifactorial. They can be associated with joint and 

muscle trauma, anatomical factors (such as skeletal and occlusal relationships), 

pathophysiological factors (such as bone and connective tissue disorders), hormonal 

differences, sensitization of peripheral and central nervous system pain processing 

factors, and psychosocial factors (such as depression and anxiety, emotional and 

perceptual responses to psychological stressors) (Maixner et al., 2011). The most 

prevalent risk factor involved in developing TMD is sex. Many epidemiological studies 

have documented that TMD has a greater frequency, severity, and duration in women 

than men specifically in women during their reproductive years (Fischer et al., 2007; 

Fischer et al., 2008; Von Korff et al., 1988). 

TMD are a result of a complex and multifactorial etiopathogenesis and, although 

they are common, they are not well understood. Patients reporting with signs and 

symptoms of TMD are usually not adequately treated because there is a general lack of 

evidence for successful TMD treatments and there are no widely accepted treatment 

protocols. As of now the most common treatments are occlusal splints, NSAIDs, and 

laser or ultrasound therapy (Simonic-Kocijan, 2014). Thus, there is a substantial need to 

identify the risk factors that lead to the onset of TMD so that it can be properly treated or, 

perhaps, prevented (Maixner et al., 2011). 
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A more thorough understanding of the genetic and epigenetic influences on the 

craniofacial complex could improve our knowledge on this matter. Genetic analysis from 

saliva samples could potentially determine an individual’s likelihood of acquiring TMD, 

the predicted level of severity, and the proper therapeutic intervention.  By treating 

patients in such a proactive fashion the economic burden of medical treatment of TMD 

would decrease while quality and precision of care would increase. As orthodontists are 

experts in dento-facial orthopedics, this tool could help the members of this profession 

diagnose and treat TMD using evidence-based knowledge. 

By delving further into the genetic make-up of TMD versus TMD-free subjects, 

perhaps more light can be shed on the process of developing TMD in general. In this 

study, CACNA2D1, CACNA1S, GABARAP, and TRPM7 expression in masseter muscle 

will be compared in TMD-free controls versus chronic TMD cases. Hypoxanthine 

phosphoribosyltransferase (HPRT1) will be compared as a “housekeeping gene” for a 

normalized reference. The relative quantities of expression for each gene will be 

determined by the ΔΔCт method of Livak & Schmittgen (2001). Quantitative data from 

these assays will be used to determine possible associations between the genes of interest 

and TMD risk factors. Finally, associations that are found will then be tested for 

statistical significance. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

2.1 Overview of Temporomandibular Joint Disorders (TMD) 

 TMD can present with a variety of symptoms. Some of the common symptoms 

are: difficulty and/or pain when opening the mouth; instances where the jaw gets “stuck” 

or “locked;” difficulty and/or pain when chewing; noises in the jaw joint; regular feelings 

of the jaw being stiff, tight, or tired; pain in or about the ears temples, or cheeks; and 

frequent headaches, neckaches, or toothaches (Okeson & Ikeda, 2011). TMD can be 

caused by muscular disorders or problems that originate within the TMJ itself. Muscular 

disorders are the most common cause of TMD and are referred to as myofascial pain and 

dysfunction. Treatment varies widely from non-invasive modalities such as occlusal 

splints and guards to extensive surgeries. Treatment success and the alleviation of 

symptoms also vary widely.  

2.2 TMD of Muscular Origin 

TMD of muscular origin is the most common form of TMD. Its main symptom is 

masticatory muscle pain (Schiffman et al., 1990). Myofacial pain and dysfunction 

involves abnormal muscular function or hyperactivity in the masticatory muscles. This 

results in tenderness and pain that can frequently be involved with daytime clenching and 

nocturnal bruxing (Tucker, Farrell & Farrell, 2008). Pain can also be perceived through 

headaches, other head and neck muscles, in the dentition, and at the TMJ itself. Pain can 

also be elicited from further muscle contraction outside a limited range in motion. This 

can result in an alteration of mouth opening due to avoidance of inducing myalgia. 
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Muscle contraction resulting in temporary shortening of muscle resting length can cause 

acute malocclusion (Okeson, 2013).  

2.3 TMD of Joint Origin 

Disorders that originate within the joint include internal derangement, 

osteoarthritis, rheumatoid arthritis, chronic recurrent dislocation, ankylosis, neoplasia, 

and infection (Tucker, Farrell & Farrell, 2008). Degenerative joint diseases are believed 

to be a result of direct mechanical trauma, hypoxia reperfusion injury, or neurogenic 

inflammation. They can present with irregular, perforated, or severely damaged disks 

along with articular surface abnormalities. The articular surface can have flattening, 

erosions, or osteophyte formation (Tucker, Farrell & Farrell, 2008). 

2.4 Diagnostic Criteria for TMD 

 In 1992, Research Diagnostic Criteria for Temporomandibular Disorders 

(RDC/TMD) was published. This dual-axis system was an expert-based classification of 

the most common TMD. It was derived from epidemiologic and clinical data where Axis 

I was directed by clinical conditions and Axis II centered on pain-related disability and 

psychological status. Following its publication, this system has been the most widely 

employed diagnostic protocol for TMD research (Schiffman et al, 2014). 

 Since then, several international symposia, consensus workshops, and field trials 

have been undertaken to further develop and fine-tune this classification system. In 2014 

Schiffman et al. published Diagnostic Criteria for Temporomandibular Disorders 

(DC/TMD) for Clinical and Research Applications: Consortium Network and Orofacial 
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Pain Special Interest Group with the most updated version of this system. It was found 

that the evidence-based assessment protocol is a valid screener for detecting pain-related 

TMD and includes valid diagnostic criteria for differentiating the most common pain-

related TMD. 

 Arthralgia, myalgia, local myalgia, myofascial pain, myofascial pain with referral, 

four disc displacement disorders, degenerative joint disease, subluxation, and headache 

are among the 12 common types of pain conditions attributed to TMD. For the Axis I 

portion of the classification system, a decision tree can be followed to determine the 

diagnosis. The following two decision trees (shown in Figures 1 and 2) depict the several 

diagnostic criteria that are used. 

 



7 

 

 

Figure 1. Diagnostic Criteria for Temporomandibular Disorders: Diagnostic 

Decision Tree 1.  This diagram includes selection processes for identification of pain-
related-TMD and headache. From: http://www.rdc-
tmdinternational.org/TMDAssessmentDiagnosis/DCTMD.aspx 
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Figure 2:  Diagnostic Criteria for Temporomandibular Disorders: Diagnostic 

Decision Tree 2. This diagram includes selection processes for identification of intra-
articular and degenerative joint disorders.  
From: http://www.rdctmdinternational.org/TMDAssessmentDiagnosis/DCTMD.aspx 

 

Axis II is based on the recognition that patients’ cognitive, emotional, and 

behavioral responses to pain are independent of the source of pain. Thus, instruments 

used in other areas of medicine to assess psychosocial functioning associated with any 

pain condition were used. These instruments assess pain intensity, pain disability, jaw 

functioning, psychosocial distress, parafunctional behaviors, and widespread pain. 

Axis III and Axis IV are on the horizon. Axis III is on the path of identifying 

clinically relevant biomarkers such as quantitative sensory measures and genomic or 
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molecular profiles. Axis IV is being planned as a method of classifying patients into 

clinically meaningful categories by consolidating large amounts of variability across 

biopsychosocial and molecular genomic domains by using concepts such has been seen in 

modern clustering models. 

2.5 Epidemiology of TMD 

2.5.1 Sex 

TMD has been found to be 1.5-2 times more prevalent in women than men. 

Individuals seeking care have pain of higher intensity and more recent origin than those 

who do not seek treatment (Von Korff et al., 1991) and those seeking care are 

disproportionately female (5:1 or higher) (LeResche, 1997). Locker and Slade’s 1988 

telephone survey of adult residents in Toronto, Ontario found in their sample that 5% of 

the men and 9.5% of the women reported experiencing pain in the face just in front of the 

ears. Von Korff et al.’s questionnaires from 1988 in Seattle, Washington found that 8% 

of the men and 15% of the women reported pain in the TMJ or facial muscles in the prior 

6 months (excluding fleeting or minor pain). In a 1995 telephone survey of the French-

speaking population of Quebec by Goulet et al., 5% of the males and 9% of the females 

reported frequent episodes of pain in the jaw joint or jaw muscles. The Northern Finland 

study of Lapps found facial and/or jaw pain in 10% of the men and 14% of the women 

(Helkimo, 1974). Similarly, the Hungary study showed that 3% of the men and 8% of the 

women reported TMJ or facial muscle pain (Szentpetery, Huhn & Fazekas., 1986). 
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2.5.2 Age 

TMD is primarily a condition of young and middle-aged adults, rather than 

children or the elderly. The risk of onset was found to be highest for those aged 18-44 

(LeResche, 1997). Von Korff et al. in 1988 found that rates peaked in the 25-44 year age 

group with 10% of the men and 18% of the women reporting pain. Also in this study, 

rates were quite low: 0% for men and 2% for women over age 65. The Goulet et al. 1995 

telephone survey found the prevalence rate of temporomandibular pain highest among 

34-54 year olds, 6.8% of men and 10.4% of women in that age category. In the Helkimo 

1974 study, 23% of the sample in the 35-44 year old age group reported pain. 

2.5.3 Asymmetry 

Inui, Fushima, and Sato (1999) assessed frontal cephalograms in order to 

investigate the prevalence of facial asymmetry, especially mandibular asymmetry, in 

patients with internal derangement of the TMJ. Posterior-anterior (P-A) cephalograms of 

34 adult female subjects diagnosed with internal derangement of the TMJ were compared 

to P-A cephalograms of 15 female controls with no history or symptoms of TMD. It was 

found that mandibular lateral displacement was significantly greater in the TMD patients 

versus the controls. It was demonstrated that the degree of displacement was significantly 

related to the cant of the frontal occlusal plane and the frontal mandibular plane. This was 

related to the reduced vertical dimension of the posterior occlusal level and the ramus 

height on the mandibular displaced side. The authors concluded that facial asymmetry 

due to mandibular lateral displacement is a common problem in individuals with internal 
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derangement of the TMJ. They observed that the cant of the frontal occlusal plane is an 

important characteristic related to TMD. 

2.5.4 Sagittal relationship 

Several studies investigated the association of occlusal factors and TMD. The 

results are variable with some studies showing statistically significant associations and 

some not. Nilner (1986) examined 749 juveniles and adolescents and found that TMD 

signs and symptoms were associated with centric slide and balancing-side contacts. 

Egermark-Erikkson (1983) studied a random sample of 402 children and found that 

occlusal supracontacts and unusual occlusion (such as anterior crossbite, anterior open 

bite, Class II malocclusion, Class III malocclusion) were associated with signs and 

symptoms of TMD. Brandt (1985) evaluated 1,342 children and showed a positive 

correlation between overbite, overjet, and anterior open bite with TMD. Similarly, the 

Study of Health in Pomerania (Germany) conducted a large epidemiological cross-section 

survey and reported associations between 15 occlusion-related variables and TMD signs 

and symptoms. It has also been asserted that a high incidence of signs of TMD were 

found in Class II malocclusion subjects (Riolo, Brandt & TenHave, 1987; Pullinger, 

Seligman & Solberg 1988). This has led some to speculate that retroganthia of the 

mandible can increase the risk of TMD (Inui, Fushima & Sato, 1999). 

Still, the relationship between dental occlusion and TMD is controversial (Turp & 

Schindler, 2012). There have been several reports that TMD has no statistically 

significant association with occlusal factors. A few examples are the DeBoever and 
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Adriaens (1983) study involving 135 TMD patients, Gunn’s (1988) report on 151 migrant 

children, and Dworkin’s (1990) evaluation of 592 subjects. 

2.5.5 Psychosocial considerations 

LeResche (1997) asserts that TMD is 1.5 times more likely to be found in 

severely depressed versus non-depressed individuals. Several authors have pointed to life 

stress, depression, and the presence of multiple somatic symptoms as possible risk factors 

of TMD (Rugh & Solberg, 1976; Greene & Marbach, 1982; Eversole & Marbach 1985; 

Lundeen, Sturdevant & George, 1987; Dworkin & Massoth, 1994). Interestingly, these 

conditions also are reported more frequently in women (Weissman & Olfson, 1995). This 

neuropsychiatric link is not surprising since stress has been shown to increase masseter 

muscle tension in myofascial pain patients (Flor et al., 1991) and neurotransmitters such 

as norepinephrine and serotonin are implicated in both pain and depression (Fields, 

1987). 

Von Korff et al.’s 1988 study considered association of depression with back, 

head, abdomen, face, and chest pain. Individuals reporting they had none of the pain 

conditions had a 2% prevalence of major depression, while the prevalence of major 

depression was 3-5 times higher among persons with a pain condition. On average, 

subjects with a pain condition had higher levels of anxiety, depression, poorer self-ratings 

of health status, and more family stress compared to subjects without a pain condition. In 

1990, Dworkin et al. showed a highly significant association between reported number of 

pain conditions and elevated levels of somatization. The authors reported that individuals 

with two or more pain conditions were at elevated risk of major depression, while 
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persons with a single pain condition did not differ from persons with no current pain 

conditions. They concluded that number of pain conditions reported was a better 

predictor of major depression than measures of pain experience such as pain severity and 

pain persistence. Similarly, in 1993 Von Korff et al. found the presence of pain in other 

body sites at baseline to be a significant predictor of TMD pain onset. It was also 

reported that the rates of onset were higher among the severely depressed and women. 

Slade et al. in 2007 published the findings that depression, perceived stress, and mood 

were associated with pain sensitivity and were predictive of a 2- to 3- fold increase in risk 

of TMD. 

2.6 Etiology of TMD 

2.6.1 Local Myalgia 

Local myalgia is often the response of muscle tissue to protracted co-contraction. 

Protracted co-contraction is a CNS-induced muscle response that can result from a 

sudden alteration in sensory input. When deep pain is perceived, trauma occurs, or a 

patient is in a state of increased emotional stress, muscles respond with co-contraction. 

This is often initially a form of protection, but then unfortunately results in muscle 

soreness which prompts further co-contraction. The co-contraction leads to further 

soreness causing yet more co-contraction, resulting in a cycle of muscle pain.  

The origins of muscle pain can arise locally in the muscle tissue or be influenced 

by activity in the CNS. CNS influence can be secondary to ongoing deep pain input or 

altered sensory input. It may also occur from central influences like upregulation of the 
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autonomic nervous system (as occurs with emotional stress). Conditions in the CNS can 

excite peripheral sensory neurons which can lead to motor effects resulting in an increase 

in muscle tonicity which is co-contraction, the culprit of local myalgia (Okeson pg 236-

237, 2013). 

2.6.1 OPPERA 

The Orofacial Pain Prospective Risk Evaluation and Assessment Study 

(OPPERA) is the first-ever large, prospective clinical study to identify risk factors that 

contribute to the development and persistence of the TMD condition. The ongoing study 

considers psychological and physiological risk factors, clinical characteristics, genetic 

mechanisms, and biological pathways associated with the development of TMD (Maixner 

et al., 2011). Its findings to date show that TMD is a complex disorder that must be 

understood within a biopsychosocial model of illness. The condition does not stem from a 

single cause, but rather is a multisystem disorder with overlapping comorbidity.  

In OPPERA’s Prospective cohort study of incidence of first-onset 

temporomandibular disorder, intermediate phenotypes and TMD onset were evaluated 

for their associations with a panel of 358 genes encoding proteins known to contribute to 

nociceptive pathways, inflammation and affective distress. The chart in Table 1, taken 

from Smith et al. (2011), includes the top 20 genes that show preliminary evidence for 

association with TMD status. These results, combined with evidence from previous 

biological and clinical studies of pain, led to refinement of the model shown in the 

diagram illustrated in Figure 3. In this model, genes are depicted as an upstream 

biological determinant of several intermediate phenotypes and then integrated with 
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environmental influences. Collectively, they produce downstream phenotypic changes 

that increase risk of developing TMD. Currently, the results of OPPERA’s studies have 

confirmed the importance of upstream genetic influences and intermediate phenotypes as 

determinants of first-onset TMD. Looking forward, OPPERA plans to more thoroughly 

investigate injury and life stressors enabling the detection of greater contributions of 

environmental influences on first-onset TMD. Further investigation of the biological 

domain will be accomplished through genome-wide association studies, evaluation of 

rarely occurring genetic variants, and assessment of circulating inflammatory mediators 

(Slade et al., 2013). 

Table 1. Top 20 Association Results for OPPERA Cohort*

 
*From:  Smith et al. (2011) 
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Figure 3. Contributors to Onset of Persistence of TMD. A summary model of factors 
that contribute to onset of persistence of TMD.  
From Maixner et al. (2011) 

2.6.2 Peripheral sensitization 

One of the major physiological identifiable risk factors of TMD is sensitization of 

the peripheral and central nervous system pain processing pathways. OPPERA 

recognizes this and is incorporating newer approaches for considering pain amplification 

in the TMD condition in their studies by testing how neurotransmitters and genetic 

components interact to contribute to this phenomenon. In a recent study, thresholds for 

pressure pain, mechanical cutaneous pain, and heat pain were compared among TMD-

free controls and chronic TMD cases. It was found that, compared to the TMD-free 

controls, chronic TMD cases have statistically significant greater pain sensitivity to the 

many experimental noxious stimuli that were applied to the extracranial sites (Greenspan 

et al., 2011). 
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It is well known that many patients who suffer from temporomandibular pain and 

dysfunction for a long duration can exhibit signs of chronic pain syndrome disorder. This 

can involve gross exaggeration of symptoms and clinical depression. Of the patients 

seeking treatment for TMD, 10-20% have a comorbid psychiatric illness. Commonly, 

individuals with chronic pain have a higher incidence of anxiety disorders (Tucker, 

Farrell & Farrell, 2008). Accordingly, Maixner et al. (2011) has suggested that TMD is 

related to a general state of pain amplification.  

Long-term sensitization of spinal cord neurons that relay nociceptive information 

to the brain is associated with chronic pain states. OPPERA studied this effect in chronic 

TMD (Smith et al., 2011). A major physiological risk factor of TMD is sensitization of 

peripheral and central nervous system pain processing pathways. Calcium channel, 

voltage-dependent, alpha-2/delta subunit-1 (CACNA2D1), which has a crucial role in 

relaying nociceptive information in the spinal dorsal horn, is listed in Table 1 as one of 

the top 20 genes associated with TMD status. Up-regulation of CACNA2D1 results in 

abnormal excitatory synapse formation and enhanced presynaptic excitatory 

neurotransmitter release. A recent study targeting calcium channel genes, including 

CACNA2D1, found that by using microRNA to repress their up-regulation, the spinal 

sensitization to pain was relieved (Favereaux et al., 2011). Similarly it has been found 

that blocking CACNA2D1 with gabapentinoid-class drugs relieves orofacial 

hypersensitivity (Davies et al., 2007; Li et al 2014). 

A portion of Dr. Bryan Foley’s thesis studied the CACNA2D1 gene’s expression 

in TMD. Using quantitative RT-PCR in masseter muscle samples of TMD and TMD-free 
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patients, Foley found that among all subjects, CACNA2D1 expression was greater in 

males than in females. Additionally, males with TMD had less CACNA2D1 expression 

than when they did not have TMD. However, the reverse was true for females. Females 

had greater expression of CACNA2D1 with TMD and less without. These results 

suggested that perhaps CACNA2D1 has protective effects against TMD in males and 

exacerbates TMD in females. Prompted by the aforementioned discovery, this study aims 

to further investigate the expression patterns of CACNA2D1 with regard to TMD and also 

expand the investigation to include more ion channel and conducting system genes 

suspected to influence TMD. 

Calcium channel, voltage-dependent, L type, alpha 1S subunit (CACNA1S) is a 

similar type of gene to CACNA2D1. It encodes one of the five subunits of the slowly 

inactivating L-type voltage-sensitive calcium channel (VSCC) in skeletal muscle cells. 

The function of VSCCs is to mediate the entry of calcium ions into excitable cells. It is 

also involved in several calcium-dependent processes such as muscle contraction, 

hormone or neurotransmitter release, gene expression, cell motility, cell division and cell 

death. The isoform alpha-1s plays an important role in excitation-contraction coupling in 

skeletal muscle because it gives rise to L-type calcium currents. Mutations in this gene 

have been associated with hypokalemic periodic paralysis (Li et al., 2012), thyrotoxic 

periodic paralysis (Kung et al., 2013), and malignant hyperthermia susceptibility (Stewart 

et al., 2001). 

Transient receptor potential melastatin 7 (TRPM7) is both a cation channel and a 

functional kinase. It is ubiquitously expressed, belongs to the melastatin-related transient 
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receptor potential ion channel subfamily, and supports multiple cellular and physiological 

functions such as magnesium homeostasis, cell viability and growth, anoxic neuronal cell 

death, synaptic transmission, cell adhesion, and intestinal pacemaking. (Numata & 

Okada, 2008). During pathophysiological conditions, such as ischemia and inflammation, 

high proton concentrations are generated which could potentially require more TRPM7 

channels (Numata & Okada, 2008). It is hypothesized to play a role in pathological 

response to vessel wall injury (Oancea, Wolfe & Clapham, 2006), proton conductivity in 

physiologically and pathologically acidic situations (Numata & Okada, 2008), and 

regulation of acetylcholine from sympathetic neurons (Montell, 2006). 

In the brain, γ-Aminobutyric acid type A (GABAA) receptor-associated protein 

(GABARAP) is a major site of fast synaptic inhibition. It is believed to play a role in 

intracellular GABAA receptor transport, clustering, and anchoring (Kittler et al., 2001) 

with γ-Aminobutyric acid (GABA) being the major inhibitory neurotransmitter in the 

CNS. 

2.6.3 Sex 

The question of why TMD is more prevalent in females than males has been the 

topic of several studies. In 2007, using rats, Fischer et al. studied the role of testosterone 

in protecting against TMD. It was concluded that testosterone protects male rats by 

decreasing their risk of developing TMJ pain.  Another study by the same group focused 

on how sex differences and ovarian hormones influence TMJ nociception in rats. The 

group found that increases in estradiol decreased TMJ nocioception and decreases in 

estradiol increased TMJ nocioception (Fischer et al., 2008). With these results and the 
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clinical observation that TMD is more prevalent and severe in women of reproductive 

age, Fischer et al. developed a theory that the physiological fluctuation of ovarian 

hormone serum levels, which occurs most dramatically in women of reproductive age, 

affects TMJ pain sensitivity. This is similar to other theories of the possible etiologic role 

of female reproductive hormones in pain conditions. For example, several clinical studies 

have found increased rates of migraine headaches during specific phases of the menstrual 

cycle and adverse effects of oral contraceptives on migraine occurrence (Schipper, 1986; 

Silberstein & Merriam, 1991; Marcus 1995). 

Relaxin (RLN) is a hormone produced by the ovaries and, during pregnancy, by 

the placenta that may play a role in TMD prevalence in women of reproductive age. It is 

a polypeptide hormone and acts with estrogen to produce dilation of the birth canal. 

Relaxin may be involved in remodeling connective tissue, particularly of the pubic 

symphysis, during pregnancy and muscle relaxation during childbirth. It is a known 

tissue-remodeling modulator in the female reproductive organs and is involved in the 

increased systemic joint laxity during pregnancy. A 1998 study linked degradative 

remodeling of the fibrocartilaginous disc to the induction of collagenase-1 and 

stromelysin-1 by relaxin in unprimed and β-estradiol primed diarthrodial joint 

fibrocartilaginous cells (Kapila & Xie, 1998). Due to this finding, it has been proposed 

that relaxin may predispose women to abnormal joint remodeling by modulating the 

expression of matrix-degrading enzymes (Warren & Fried, 2001). Studies have even 

found an association of anterior cruciate ligament (ACL) injuries with increases in serum 

relaxin levels in elite female athletes (Dragoo et al., 2011). In males, relaxin-like peptides 

are variably expressed in the testis of mammals at a low level. They are unlikely to have 
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much of an influence in men except on very local systems in the gonad. The prostate 

gland is the major source of relaxin in males reportedly having roles in growth, 

differentiation, metastasis formation, and angiogenesis of epithelioid prostate cancer 

(Ivell et al., 2011). The three variants of the relaxin gene are RLN1, 2 and 3. On a 

microarray of masseter muscle gene expression, all three variants were detected with 

signal for RLN3 being the highest (data deposited in NCBI’s Gene Expression Omnibus; 

Edgar, Domrachev, & Lash (2002); GEO Series accession number GSE57775). In 

addition to hormonal activity, RLN3 is thought to mediate neuropeptide signaling 

processes by means of G-protein coupled receptor binding (Sutton et al., 2004). 

2.6.4 Asymmetry 

Asymmetric growth in the mandibulofacial region is common and increased 

mandibular asymmetry is more pronounced in people with skeletal discrepancies 

(Pirttiniemi, 1994). It can be associated with unfavorable occlusal states such as lateral 

malocclusions. Individuals with lateral malocclusions such as lateral crossbites have been 

found to have more severe asymmetry in the mandibular dimensions than individuals 

with normal occlusion. The left side of the mandible has been found to often be the 

longer of the two sides (Vig & Hewitt, 1974). The sagittal positions of the condyles have 

been found to be highly asymmetric in relation to the skull base in cases of severe 

malocclusions with skeletal discrepancies (Forsberg, Burstone & Hanley, 1984). By 

using computed tomography, individuals with lateral malocclusions have been shown to 

have asymmetric positions of the condyles in relation to the posterior wall of the glenoid 

fossa (Pirttiniemi et al., 1991).  
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Fushima, Inui, and Sato (1999) extended their previous posterior-anterior (PA) 

cephalogram study on facial asymmetry in temporomandibular joint disorders by 

including study models of the subjects in their analysis. The mandibular lateral 

displacement, lateral deviation of the midline of the mandibular occlusal table, and the 

right-left difference of the molar relationship were examined. They found that in most 

cases the displaced side of the midline of the lower occlusal table coincided with the 

mandibular skeletal midline. Their results suggest that in TMD subjects, asymmetries in 

occlusal relationship of the midline of the mandibular teeth and molars were mainly due 

to a mandibular skeletal asymmetry and not a dental malposition on the alveolar basal 

bone. In most cases, the mandibular displaced side has a more distal occlusal relationship 

of the first molar versus the contralateral molar. A Class II relationship was found in 

61.8% of the cases and was more pronounced on the mandibular displaced side. The 

authors observed that the midline discrepancy and right-left difference of the molar 

relationship was an important factor in patients with TMD. 

2.6.5 Sagittal relationship 

The precise role of occlusion in TMJ pathology does not seem to be clearly 

defined in the literature (Poveda Roda et al., 2007). A 1993 study by Pullinger and 

coworkers pointed to five occlusal features that have been associated with TMD 

conditions: skeletal anterior open bite, an overjet greater than six to seven millimeters, 

retruded cuspal position and/or intercuspal position that slides greater than four 

millimeters, unilateral lingual cross bite, and five or more missing posterior teeth. The 

association of these features with TMD, however, is relatively low (McNamera, Seligman 
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& Okeson, 1995). A 2000 study by Selligmen and Pullinger compared women with 

internal TMJ derangement versus asymptomatic control women. They found that subjects 

with disc displacement mainly had unilateral posterior crossbite, long displacement of 

centric relation to the position of maximum intercuspation, greater overjet and reduction 

in overbite. Selligmen and Pullinger concluded that occlusal alterations may act as 

cofactors in the identification of patients with TMD and that some occlusal variables may 

be a consequence rather than a cause of TMD. 

2.7 Masticatory Muscle Influence on TMD 

2.7.1 Masticatory muscle genetic variation 

In skeletal muscle there is an ordered myofibrillar array involving Z-disk 

sarcomeric α-actinins (α-actinin-2 and -3) that crosslink with actin and structural proteins. 

In about 20% of the population homozygosity for the null polymorphism (R577X; 

rs1815739) in the ACTN3 gene occurs and this has been found to result in the absence of 

fast fiber-specific α-actin-3. This deficiency is associated with decreased force generation 

and a reduction in sprint and power performance among elite athletes. Due to this finding, 

it has been suggested that α-actinin-3 is vital to optimal forceful repetitive muscle 

contractions. By using ACTN3 knock-out mice, a recent study investigated the effects of 

α-actinin-3 deficiency on sarcomeric integrity. It was found that α-actinin-3 deficiency 

results in muscle fiber microdamage during eccentric contraction (Seto et al, 2011). 

These observations are of interest to TMD etiology as mastication involves repetitive 

muscle contractions and TMD can be associated with eccentric contraction of masticatory 

muscles. 
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2.7.2 Masticatory muscle functional variations 

 High masticatory muscle force and specific orientation of masticatory muscles 

have also been found to contribute to myofascial and TMJ pain. A 2015 study found 

subjects with TMJ pain to have significantly higher muscle forces, especially for lateral 

pterygoid muscles. The orientation of the muscle fibers were greater or equal to five 

degrees more upright for masseter muscles and greater or equal to three degrees more 

posteriorly directed for temporalis muscles (Iwasaki et al, 2015). Another 2015 study 

compared energy densities (mJ/mm³) in TMJs of three diagnostic groups. The groups 

were based on the presence of jaw muscle or joint pain (+P) and bilateral disk 

displacement (+DD) and were as follows: (+P+DD, n=16; -P+DD, n=16; and -P-DD, 

n=36). The energy density for the +P+DD group was significantly greater when 

compared to the -P+DD and -P-DD groups. The energy densities in -P+DD and -P-DD 

groups were not significantly different. The authors concluded that the differences in 

energy densities among the diagnostic groups suggest that mechanical work may be a 

unique mechanism that contributes to cartilage fatigue in subjects with pain and disk 

displacement (Gallo et al., 2015). 
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CHAPTER 3 

AIMS OF THE INVESTIGATION 

Drs. Foley, Horton, and Sciote previously reported that in a small sample group 

(n=12), CACNA2D1 expression was greater in males than females, but increased in 

females with TMD. The aim of this study is to corroborate these data and investigate 

expression patterns of other ion channel and conducting system genes. These genes are 

CACNA1S, GABARAP, and TRPM7. The expression of these genes will be compared 

based on TMD status and various characteristics that may influence TMD including: sex, 

age, facial symmetry, sagittal dimension, vertical dimension, and ACTN3-R577X 

genotype.  

It is hypothesized (based on previous findings) that CACNA2D1 expression will 

be greater in males than females, but will increase in females with TMD. For 

CACNA2D1, CACNA1S, and TRPM7 it is hypothesized that gene expression will increase 

in TMD younger patients who are female, have facial asymmetry (midline deviation > 

3mm), Class II, open bite, and have ACTN3-577XX genotype. In contrast for GABARAP, 

it is hypothesized that gene expression will decrease in TMD younger patients who are 

female, asymmetric, Class II, open bite, and have ACTN3-577XX genotype. 
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CHAPTER 4 

MATERIALS & METHODS 

4.1 Subjects and Muscle Samples 

Masseter muscle was obtained from 71 human subjects (23 males, 48 females) 

undergoing orthognathic surgery at the Centre Hospitalier Regional Universitaire’s  

Department of Maxillofacial Surgery in Lille, France. At the pre-surgical consultation 

informed consent (IRB Approval 13438) was obtained in accordance with the Research 

Ethics Committee of the University of Lille and the Institutional Review Board of 

Temple University. All subjects had a non-contributory medical history. Prior to surgery, 

skeletal orthodontic diagnoses were made by the French surgical team using the Delaire 

analysis (Delaire, et al., 1981) and the type of surgical repositioning needed to correct 

jaw deformation and malocclusion was determined. Transverse malocclusions included 

both posterior facial asymmetry and mandibular asymmetry, vertical malocclusions 

included open bite and deep bite malocclusions, and sagittal malocclusions included 

skeletal Class II and III. Patients were evaluated for facial skeletal symmetry using a 

posterior-anterior cephalogram and/or submental vertex radiographs.  All patients 

received the Jaw Pain and Function (JPF) questionnaire (refer to Appendix A), translated 

into French, with a self-rating scale for signs and symptoms of TMD.  The JPF 

Questionnaire was created to diagnose TMD (Clark et al., 1989) and has been found to be 

98% sensitive and 100% specific when a cut off score of six is used for responses 

(Gerstner et al., 1994; Undt et al., 2006).  TMD signs and symptoms were documented, 

which included positive findings of crepitus, bruxism, onychophagia, and muscular pain 
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upon palpation. Using the several diagnoses and evaluations, patients were sorted by sex, 

malocclusion type, facial symmetry, and TMD status which is displayed in Appendix B.    

During the surgeries, all subjects had at minimum a mandibular bilateral sagittal 

split osteotomy using Epker’s technique.  Depending on the correction needed, it was 

sometimes necessary to cut the pterygo‐masseteric sling to reposition bones.  A Tessier’s 

distractor was used to completely separate the two bony pieces by over one inch.  Before 

closing the surgical site, lacerated muscle fibers were removed as clinical waste to avoid 

being interpositioned between the bony pieces or being caught in the suction drain.  

During these procedures, approximately 0.5cm3 of masseter muscle tissue were excised 

on both the left and right sides from a uniform site in the middle of the deep layer 1.5 cm 

from the lowest point of the mandible’s angle as described previously by Rowlerson et al. 

(2005). The masseter samples were then mounted for sectioning, quickly frozen and 

stored at -80°C.  Sixty masseter specimens were shipped at a time on dry ice to Dr. James 

Sciote’s laboratory at Temple University’s Kornberg School of Dentistry.  Upon arrival, 

the specimens were stored at -80°C until sectioning and isolation of total RNA for 

microarray analysis and RT-PCR.  

4.2 Genotyping 

As described by Zebrick et. al. (2014), saliva samples were also obtained from all 

subjects. They were stored in Oragene® kits and used for DNA extraction and 

genotyping. Two SNPs in ACTN3 were selected for genotyping, rs1815739 (the R577X 

SNP) and rs678397 (a SNP not known to have functional consequences). They were 

tested to determine if specific allelic variants are over-represented in subjects with 
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malocclusion sub-classifications. TaqMan® chemistry and end-point analysis were used 

in an automatic sequence-detection instrument (ABI Prism 7900HT, Applied Biosystems, 

Foster City, CA), as described previously (Zucchero, 2004).  Thirty-three additional 

anonymous SNPs were also genotyped to evaluate the presence of population 

substructure among the controls selected. 

4.3 RNA Isolation for Microarray Analysis 

The left and right side masseter samples of the selected subjects were transported 

on dry ice to the University of Pennsylvania Molecular Profiling Facility and University 

of Pennsylvania Center for Musculoskeletal Disorders where total RNA was isolated 

using Qiagen miRNeasy® procedures (Qiagen Inc., Valencia, CA) according to the 

manufacturer’s specifications.  Tissue was disrupted in QIAzol Lysis® Reagent (700 μl) 

with a generator probe.  Dissociation of the nucleoprotein complexes was promoted by 

adding chloroform to the homogenates at room temperature.  Homogenate mixes were 

centrifuged and the upper aqueous phase containing RNA was transferred to a clean 

collection tube.  One hundred percent ethanol was added to the aqueous phase tubes and 

the precipitated RNA was collected by centrifugation onto RNeasy Mini Spin® columns.  

After a series of washes the RNA retained on the spin columns was digested with a 

freshly prepared deoxyribonuclease I (DNase) stock solution (80ul) at room temperature 

for 15 min.  Spin columns were washed several times with Qiagen specified reagents and 

the purified RNA was eluted with ribonuclease (RNase)-free water by centrifugation.   
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Control tests for the quality of isolated total RNA samples were done by Agilent 

Bioanalyzer®  (Agilent, Santa Clara, CA) and Nanodrop (Thermo Fisher, Waltham, MA) 

spectrophotometry.       

4.4 Quantification of mRNA for the Genes of Interest 

After cryosectioning, RNA was isolated from the remaining muscle by 

homogenizing with TRIzol® reagent according to the manufacturer’s specifications. 

RNA pellets were resuspended in reaction buffer (10mM Tris-HCl, 2.5mM MgCl2, 

0.5mM CaCl2,  pH 7.6) and digested with 10 U DNase I, followed by heating at 65° C to 

inactivate the enzyme. RNA in the digests was isolated again with RNAqueous® 

(Ambion, Austin, TX) and quantified by absorbance at A260  (Horton et al., 2008). 

mRNAs for CACNA2D1, CACNA1S, GABARAP, and TRPM7 were quantified by 

TaqMan® (Applied Biosystems, Foster City, CA) quantitative real time PCR (qRT-

PCR). Reactions, in triplicate, contained RNA from masseter muscle or an adult skeletal 

muscle reference standard (commercially prepared skeletal muscle RNA), TaqMan RNA-

to-CT 1-Step reagent, and an Applied Biosystems expression assay set for either 

CACNA2D1, CACNA1S, GABARAP, and TRPM7 or internal control HPRT1, which is a 

“housekeeping” gene in all tissues, for normalization. Relative quantities of expressed 

RNA were determined by the comparative CT (∆∆CT) method. This method measures 

fold-difference between normalized quantities of target in the sample and in the reference 

standard.  It compares the relative RNA quantities of the target sample with the RNA 

quantities of reference gene, which is constitutively expressed in all tissues. 
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Accuracy of this quantitative method requires calibration of standard curves and 

comparing their slopes to ensure that amplification of the genes of interest and the 

reference gene HPRT1 are approximately equal. Data from assays were considered 

reliable when standard curves were approximately parallel, slope values were within 10% 

of one another and amplification efficiencies for both the target genes and reference gene 

were greater than 90%. A calibrator sample of commercially prepared human skeletal 

muscle RNA was used to calibrate all of the quantification assays. Standard amounts of 1, 

10 and 100 ng of human skeletal muscle RNA were prepared by serial dilution from a 

1000ng/µl stock and used for comparison of amplification plots.  

Figure 4 shows amplification plots for the internal reference gene HPRT1 

(Fig.4A), and the two calcium channel genes of interest, CACNA2D1 (Fig. 4B), and 

CACNA1S (Fig. 4C), along with the standard curve for each gene (Fig.D). The standard 
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curves in Fig. 1D were approximately parallel with data for HPRT1 and CACNA2D1 

nearly overlapping one another. Arithmetic values for amplification properties of the 

standard curves, summarized in Table 2, show that efficiency percent of amplification for 

the genes were within 10% of each other. 

Table 2: Amplification properties for HPRT1, CACNA2D1, and CACNA1S 

Gene Slope Y-Intercept R² Efficiency % 

HPRT1 -3.39 31.91 1.00 97.24 

CACNA2D1 -3.32 31.81 1.00 100.23 

CACNA1S -3.40 30.34 1.00 96.68 

 

Expression plots and standard curves for HPRT1, TRPM7, and GABARAP were 

done by the same methods as for the calcium channel genes (Figure 5 and Table 3). 

C D 

Figure 4.  Amplification plots and standard curves for the calcium channel genes. Plots 
were generated using 1ng, 10ng and 100ng of standard skeletal muscle RNA, A. HPRT1 
(internal control), B. CACNA2D1 (target gene), C. CACNA1S (target gene) and D. 
standard curves for the three genes. Horizontal lines indicate the amplification threshold 
cycle for each plot. 
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Figure 5.  Amplification plots and standard curves for the TRPM7 and GABARAP genes. 
Plots were generated using 1ng, 10ng and 100ng of standard skeletal muscle RNA, A. 
HPRT1 (internal control), B. TRPM7 (target gene), C. GABARAP (target gene) and D. 
standard curves for the three genes. Horizontal lines indicate the amplification threshold 
cycle for each plot. 
 

Table 3: Amplification properties for HPRT1, TRPM7, and GABARAP 

Gene Slope Y-Intercept R² Efficiency % 

HPRT1 -3.33 31.86 1.00 99.87 

TRPM7 -3.39 35.34 1.00 97.40 

GABARAP -3.45 31.41 1.00 94.86 
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The standard curves for CACNA2D1, CACNA1S, GABARAP, and TRPM7 met the 

conditions for quantification by the ΔΔCT method.  These slopes had minor differences, 

but were considered to be parallel.  Accordingly, all of the genes were amplified greater 

than 90%.  The comparative CT (concentration threshold) method could be applied to 

quantify the gene expression of CACNA2D1, CACNA1S, GABARAP, and TRPM7 in the 

masseter muscle samples, based on the results of this experiment. 

After conditions were established with the initial tests, a reference calibrator 

(15ng of commercial skeletal muscle) was utilized for each assay and relative expression 

quantities of CACNA2D1, CACNA1S, GABARAP, and TRPM7 were determined using the 

ΔΔCT method (Livak, 2001).  Using the following equation, the fold change in RNA 

expression was calculated: 

1. Fold Change = 2-ΔΔCT in which: 

2. ΔCT (Masseter Muscle Sample) = CT (CACNA2D1, Masseter RNA) – CT 

(HPRT1, Masseter RNA) 

3. ΔCT (Masseter Muscle Sample) = CT (CACNA1S, Masseter RNA) – CT 

(HPRT1, Masseter RNA) 

4. ΔCT (Masseter Muscle Sample) = CT (GABARAP, Masseter RNA) – CT 

(HPRT1, Masseter RNA) 

5. ΔCT (Masseter Muscle Sample) = CT (TRPM7, Masseter RNA) – CT (HPRT1, 

Masseter RNA) 

6. ΔCT (Calibrator Skeletal Muscle Sample) = CT (CACNA2D1, Skeletal Muscle 

RNA) – CT (HPRT1, Skeletal Muscle RNA) 
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7. ΔCT (Calibrator Skeletal Muscle Sample) = CT (CACNA1S, Skeletal Muscle 

RNA) – CT (HPRT1, Skeletal Muscle RNA)  

8. ΔCT (Calibrator Skeletal Muscle Sample) = CT (GABARAP, Skeletal Muscle 

RNA) – CT (HPRT1, Skeletal Muscle RNA)  

9. ΔCT (Calibrator Skeletal Muscle Sample) = CT (TRPM7, Skeletal Muscle RNA) 

– CT (HPRT1, Skeletal Muscle RNA) 

10. ΔΔCT = ΔCT (Masseter Muscle Sample) – ΔCT (Commercial Skeletal Muscle 

Sample) 

11. 2-ΔΔCT = 2-[ΔCT (Masseter Muscle Sample)-ΔCT (Commercial Skeletal Muscle Sample)] 

In these completed experiments, fold change data (i.e. fold change of expression in 

masseter muscle samples in comparison to the skeletal muscle calibrator) are presented as 

relative quantities for comparison of CACNA2D1, CACNA1S, GABARAP, and TRPM7 

expression between individual subjects.  Relative quantity values for expressivity of 

CACNA2D1, CACNA1S, GABARAP, and TRPM7 are the averages of triplicate assays of 

each masseter muscle sample.   
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4.5 Statistical Analysis 

Averages and standard deviations were calculated for all data, whether for the 

entire population or for comparison by sex, TMD status, sagittal dimension, vertical 

dimension, facial symmetry, genotype, fiber type, and age. An unpaired t-test was used to 

determine if averages of two groups were significantly different. Analyses between 

averages of three or more groups were done by a one-way analysis of variance (ANOVA) 

to determine whether there were any significant differences.  A p-value ≤ 0.05 was 

considered to be significant. 
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CHAPTER 5 

RESULTS  

5.1 Results Overview 

Masseter muscle gene expression data was collected from a pool of 71 

orthognathic surgery patients (23 males, 48 females) with no reported trauma, 

craniofacial syndromes or growth disturbances. A summary of the patients and their 

characteristics are displayed in Appendix B. Because of the loss of some specimens and 

depletion of available RNA, the numbers of subject samples were not entirely uniform for 

analyses of the different genes. Accordingly, CACNA2D1 expression data was collected 

from 56 subjects in this pool and CACNA1S expression data was collected from 55 of 

these subjects, along with 59 for GABARAP and 29 for TRAPM7. Table 3 displays the 

breakdown of the patient population variables. 

Table 4. Summary of the Sample Groups and their Characteristics 

 
 

Masseter muscle CACNA2D1 expression was significantly (p<0.001) higher than 

CACNA1S, TRPM7, and GABARAP (Figure 6). The raw data for each gene of interest are 

reported in Appendices C-F. 

Total Male Female TMD+ <25 years Asymm Class II Class III Open Deep RR RX XX

CACNA2D1 56 20 36 16 17 17 39 17 23 18 9 35 12

CACNA1S 55 19 36 16 17 15 38 17 23 17 9 35 11

GABARAP 59 21 38 17 42 18 41 18 21 18 10 36 13

TRPM7 29 9 20 6 15 7 21 8 14 8 5 16 8
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Figure 6. CACNA2D1, CACNA1S, TRPM7 and GABARAP Overall Expression 

Levels. Summary of the relative quantity of expression for all four genes of interest. 
Numbers in parenthesis represents the number of subjects studied for each gene. 
 

 

5.2 CACNA2D1 Results 

Figure 7 shows that CACNA2D1 expression differed significantly between sexes, 

overall (p<0.02), and without TMD-related myalgia (p=0.001). Women with (n=13) and 

without (n=23) TMD differed significantly (p<0.03). When divided into subgroups of 

patients with and without facial asymmetry, expression was greater in males, although 

not at significant levels. Expression of CACNA2D1 in females exceeded that of males 

only in the subject group with TMD, but the difference was not significant. 
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Figure 7. CACNA2D1 Relative Expression. Relative quantity of CACNA2D1 
expression with regard to the subjects’ sex, TMD status and facial symmetry. 

 

When compared by age, average CACNA2D1 expression was higher in younger 

subjects (≤18 yr and <25 yr) of both sexes, with a significant difference (p<0.03) found in 

those below age 25 compared to all older individuals (Figure 8). When data were divided 

into three groups (≤18 yr, 19-39 yr and ≥40 yr), expression of CACNC2D1 decreased 

progressively with age, but no significance difference were found by an ANOVA test. 

Otherwise, CACNA2D1 gene expression was statistically insignificant when 

comparing sagittal dimension, vertical dimension, and genotype. 
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Figure 8. CACNA2D1 Expression and Age. Relative quantity of CACNA2D1 
expression with regard to the subjects’ age. 

 

5.3 CACNA1S Results 

Relative CACNA1S gene expression was statistically insignificant when 

comparing sex, TMD status, sagittal dimension, vertical dimension, facial symmetry, 

genotype, and age. 

5.4 GABARAP Results 

An apparent effect of age was also seen for the GABARAP gene. Figure 9 

demonstrates that GABARAP expression, like CACNA2D1, was significantly higher 

(p=0.001) for patients younger than 25 and for patients less than or equal to age 18 

(p=0.013). Expression decreased between three age groups (≤18 yr, 19-39 yr and ≥40 yr), 

significantly according to an ANOVA analysis (p=0.04). 
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Figure 9. GABARAP Expression and Age. Relative quantity of CACNA2D1 expression 
with regard to the subjects’ age. 

 

GABARAP expression differed, but not significantly, by sex with a higher average 

value seen in male subjects (Figure 10). 

Relative expression of GABARAP between individuals having different genotypes 

for the ACTN3 R577X polymorphism was not significantly different (Figure 11). 

Subjects with the ACTN3-577XX-null condition did show lower expression levels but 

were not significant when compared with the 577RR group (577RR=0.69±0.21; 

577XX=0.60±0.11; p<0.27). 
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Also, GABARAP gene expression was statistically insignificant when comparing 

TMD status, sagittal dimension, vertical dimension, and facial symmetry. 

 

 

 

 
Figure 10. GABARAP Expression and Sex. Relative quantity of CACNA2D1 expression 
with regard to the subjects’ sex. Note: Male mean age was 21.1±7.3 years. Female mean 
age was 24.9±10.9 years. The difference in age was not statistically significant (p>0.12). 
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Figure 11. GABARAP Expression and Genotype. Average relative quantity of 
GABARAP expression in ACTN3-RR, RX, and XX genotype samples. The ACTN3-
577XX (null polymorphism) genotype samples expressed less GABARAP than the 
ACTN3-577RR genotype, but this is not statistically significant.  

 

5.5 TRPM7 Results 

Relative TRPM7 gene expression was statistically insignificant when comparing 

sex, TMD status, sagittal dimension, vertical dimension, facial symmetry, genotype, and 

age. 
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CHAPTER 6 

DISCUSSION  

If more was known about genetic and epigenetic influences on the craniofacial 

complex, future genetic testing could assess the risk of developing craniofacial disorders 

and provide insight on how to treat these various conditions. Since TMD represent the 

most common array of chronic orofacial pain conditions, they are the logical choice to 

focus our efforts. The etiology of TMD is multifactorial. They can be associated with 

joint and muscle trauma, anatomical factors, pathophysiological factors, hormonal 

differences, sensitization of peripheral and central nervous system pain processing 

factors, and psychosocial factors (Maixner et al., 2011). The most prevalent risk factor 

involved in developing TMD is sex. Many epidemiological studies have documented that 

TMD has a greater frequency, severity, and duration in women than men specifically in 

women during their reproductive years (Fischer et al., 2007; Fischer et al., 2008; Von 

Korff et al., 1988). 

It was for these reasons that this study sought to understand the expression of four 

genes of interest with regard to TMD status, sex, age, sagittal dimension, vertical 

dimension, facial symmetry, and genotype. Among the population studied, the TMD 

positive patients were diagnosed with localized myalgia. Local myalgia is often the 

response of muscle tissue to protracted co-contraction. Protracted co-contraction is a 

CNS-induced muscle response that can result from a sudden alteration in sensory input. 

The origins of muscle pain can arise locally in the muscle tissue or be influenced by 

activity in the CNS. CNS influence can be secondary to ongoing deep pain input or 
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altered sensory input. It may also occur from central influences like upregulation of the 

autonomic nervous system. Conditions in the CNS can excite peripheral sensory neurons 

which can lead to motor effects resulting in an increase in muscle tonicity which is co-

contraction, the culprit of local myalgia (Okeson pg 236-237, 2013). 

One of the major physiological identifiable risk factors of TMD is sensitization of 

the peripheral and central nervous system pain processing pathways. OPPERA 

recognizes this and is incorporating newer approaches for considering pain amplification 

in the TMD condition in their studies by testing how neurotransmitters and genetic 

components interact to contribute to this phenomenon. CACNA2D1 has a crucial role in 

relaying nociceptive information. Up-regulation of CACNA2D1 results in abnormal 

excitatory synapse formation and enhanced presynaptic excitatory neurotransmitter 

release.  

A portion of Dr. Bryan Foley’s thesis studied the CACNA2D1 gene’s expression 

in TMD. Using RT-PCR in masseter muscle samples of TMD and TMD-free patients, 

Foley found males with TMD had less CACNA2D1 expression than those who did not. 

The reverse was true for females. Females had more expression of CACNA2D1 with 

TMD and less without. These results suggested that perhaps CACNA2D1 has protective 

effects against TMD in males and exacerbates TMD in females. Prompted by the 

aforementioned discovery, the present study aimed to further investigate the expression 

patterns of CACNA2D1 with regard to TMD and also expand the investigation to include 

more ion channel and conducting system genes suspected to influence TMD. 
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CACNA1S is a similar type of gene to CACNA2D1. It encodes one of the five 

subunits of the slowly inactivating L-type voltage-sensitive calcium channel (VSCC) in 

skeletal muscle cells. The VSCCs mediate the entry of calcium ions into excitable cells. 

They are also involved in several calcium-dependent processes such as muscle 

contraction, hormone or neurotransmitter release, gene expression, cell motility, cell 

division and cell death. The isoform alpha-1s plays an important role in excitation-

contraction coupling in skeletal muscle. 

Transient receptor potential melastatin 7 (TRPM7) is both a cation channel and a 

functional kinase. It is ubiquitously expressed, belongs to the melastatin-related transient 

receptor potential ion channel subfamily, and supports multiple cellular and physiological 

functions such as magnesium homeostasis, cell viability and growth, anoxic neuronal cell 

death, synaptic transmission, cell adhesion, and intestinal pacemaking. (Numata & 

Okada, 2008). During pathophysiological conditions, such as ischemia and inflammation, 

high proton concentrations are generated which could potentially require more TRPM7 

channels (Numata & Okada, 2008).  

In the brain, γ-Aminobutyric acid type A (GABAA) receptor-associated protein 

(GABARAP) is a major site of fast synaptic inhibition. It is believed to play a role in 

intracellular GABAA receptor transport, clustering, and anchoring (Kittler et al., 2001). 

GABA is the major inhibitory neurotransmitter in the CNS. 

Masseter muscle samples came from human subjects that had skeletal disharmony 

of the jaws who were undergoing orthognathic surgery and thus were prone to eccentric 
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contraction, so that three males and eighteen females were diagnosed with localized 

masticatory myalgia  

It was hypothesized (based on previous findings) that CACNA2D1 expression will 

be greater in males than females, but will increase in females with TMD. For 

CACNA2D1, CACNA1S, and TRPM7 it was hypothesized that gene expression would 

increase in TMD patients who are female, younger, asymmetric, Class II, open bite, and 

have the ACTN3-577XX genotype. The hypothesis was based on the knowledge that 

these genes were prone to increase in situations of stress such as inflammation, 

contraction and pain. 

For GABARAP it was hypothesized that gene expression will decrease in TMD 

patients who are female, younger, asymmetric, Class II, open bite, and have the ACTN3-

577XX genotype. This hypothesis was based on the fact that GABA is the major 

inhibitory neurotransmitter in the CNS. TMD result in an increase in pain and motor 

signaling, thus the inhibition of this signaling would be reduced in a TMD state. 

Originally relaxin expression was also planned to be evaluated. The rationale for 

including this hormone was that relaxin is an ovarian hormone that may play a role in 

TMD prevalence in women of reproductive age. It is a known tissue-remodeling 

modulator in the female reproductive organs and is involved in the increased systemic 

joint laxity during pregnancy. However, initial assays indicated little to no relaxin 

expression occurred in this study’s masseter muscle samples. 
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Because evidence from the laboratory of Dr. James Sciote suggests that masseter 

muscle fiber types influence vertical bite malocclusion, correlation analyses were done 

between CACNA2D1 gene expression and the percent occupancy (i.e. cross-sectional area 

x number) for fast, slow, and hybrid fibers in muscle samples. However, correlation 

coefficients were all low, indicating that there was no preferential relationship between 

this calcium channel gene and fiber composition among malocclusion groups or with 

TMD-related myalgia. 

The first finding was that masseter muscle CACNA2D1 expression was 

significantly (p<0.001) higher than CACNA1S, TRPM7, and GABARAP suggests, 

particularly, that the 2D1calcium channel protein may be more abundant in cranial 

muscle such as masseter. Significance of this observation is unclear with regard to 

specific muscle function such as mastication, but this is important to consider for future 

masseter muscle research. Future studies may choose to include CACNA2D1 and exclude 

the other three genes for this reason. 

The second finding mirrored the previous findings from Foley’s thesis. 

CACNA2D1 expression differed significantly between sexes, overall (p<0.02), and 

without TMD (p=0.001). Women with and without TMD differed significantly (p<0.03). 

Based on previous studies, it is not surprising that CACNA2D1 was expressed more in the 

female TMD subjects and the initial finding of Foley has been corroborated here. The 

bases of these sex-related differences, especially for pain perception in TMD, are unclear. 

One study found that by repressing the up-regulation of the calcium channel genes 

(including CACNA2D1) using microRNA, spinal sensitization to pain was relieved 
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(Favereaux et al., 2011). Similarly another study found that blocking CACNA2D1 with 

gabapentinoid-class drugs relieves orofacial hypersensitivity (Davies et al., 2007; Li et al 

2014). Thus, calcium channel activity appears to affect nociception and the diminution of 

channel gene expression, as well as, activity ameliorates pain. Accordingly, the 

observations that CACNA2D1 expression is enhanced in males and, in turn, then down-

regulated in males and up-regulated in females with TMD could be interpreted as 

counterintuitive. However, it might be possible that with higher CACNA2D1 expression 

and, correspondingly, a greater calcium channel concentration, the baseline threshold for 

nociception via Ca++ mediated neurotransmission in males is elevated above that in 

females. Furthermore, with TMD, channel expression is down-regulated in males and up-

regulated in females thus promoting more sensitivity and pain in women.  The 

mechanisms that might control such events are not understood and the CACNA2D1 

expression sex differences require further investigation. 

As a third finding, CACNA2D1 expression was significantly higher (p<0.03) in 

subjects below age 25. Similarly, GABARAP expression was significantly higher 

(p=0.001) for patients younger than 25 and for patients less than or equal to age 18 

(p=0.013). However, these findings were not significant when comparing TMD status 

and age. TMD is primarily a condition of young and middle-aged adults as exemplified 

by our patient population (age range of 14 to 53 years). Without children (<10 yrs) and 

elderly (>60 yrs) in the analyses, TMD and TMD-related myalgia is already distributed 

among individuals of all ages in our cohort. Accordingly, specific association of either 

CACNA2D1 or GABARAP with age might not be expected when TMD is included as a 

cofactor. Although elevated expression of these genes in the younger subjects of our 
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population is of interest, further investigation would require a greater number of subjects 

to determine whether age-related expression of calcium channel and GABA-associated 

genes affect TMD. Otherwise, studies of expression changes of these genes with age 

might be a topic of greater interest in the growth and development of human masseter 

muscle. 

Overall, differences seen for CACNA1S and TRPM7 were not significant. Beyond 

the age-related effect, GABARAP expression differed, but not significantly by sex and for 

the ACTN3-577XX-null genotype. GABARAP expression was lower in females and 

samples with the ACTN3-null condition—both groups that would be expected to be at 

higher risk of TMD.  Females are two times as likely to develop TMD and since GABA is 

the major inhibitory neurotransmitter in the CNS, less inhibition would be expected. This 

is because ACTN3-null condition results in eccentric contraction and thus an increase in 

neurotransmission (or in other words, a decrease in inhibition).  

The original aim of this study was to evaluate CACNA2D1, CACNA1S, TRPM7 

and GABARAP expression based on TMD status and various characteristics that may 

influence TMD including: sex, age, symmetry, sagittal dimension, vertical dimension, 

ACTN3-577 genotype and fiber type. One limitation in the design of this study is that, for 

obvious reasons, masseter muscle samples could only be collected from patients 

receiving orthognathic surgery. This meant that all of the subjects involved in this study 

had severe skeletal imbalances and there was no true control population (i.e. individuals 

with normal occlusion without jaw disorders) to establish baseline values of gene 

expression for data comparisons. Secondly, as TMD is less common in males, there were 
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only three male subjects with TMD which limited the ability make statistical 

comparisons. Last, limited amounts of some muscle samples made it logistically difficult 

to analyze all four genes using equal numbers of exactly the same samples. Thus, the 

results did not have the level of consistency that was originally anticipated. 

In order to build a personalized medicine approach to diagnosis and treatment of 

TMD, future studies are needed. Studying CACNA2D1 seems promising. A larger and 

more diverse population sample will be needed. 
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CHAPTER 7 

CONCLUSIONS 

In a population of malocclusion patients, masseter muscle CACNA2D1 expression 

is significantly higher than CACNA1S, TRPM7, and GABARAP. CACNA2D1 expression 

is greater in males than females without TMD. However, CACNA2D1 expression 

increases significantly in females with TMD-associated myalgia. This may support 

evidence for calcium channel regulation of nociception differences seen between sexes in 

TMD. Additionally, observations presented here suggest a potential influence of ACTN3-

null condition on expression of GABARAP. Since GABA is the major inhibitory 

neurotransmitter in the CNS, less inhibition would be expected. This is because ACTN3-

null condition results in eccentric contraction and thus an increase in neurotransmission 

(or in other words, a decrease in inhibition).  

Further investigations of CACNA2D1 and sex differences could prove beneficial. 

Extending the study to include hormonal differences such as progesterone may shed more 

light on the matter. Although not statistically significant, genotype and GABARAP 

expression differences were observed. Perhaps studying a larger sample size could yield 

significant results. 
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Appendix B: Summary of Subjects   
 

 

No Gender Age Sagittal Vertical Asym > 3mm JPFScore TMDSigns ACTN3

01 W 16 Class II Open midline L 0 no TT
02 M 17 Class II Normal midline R 0 no CC
03 W 17 Class II Open Minor 2 no TC
04 W 41 Class II Open Minor 2 no TC
05 W 53 Class III Open (PFA)Minor 0 no TT
06 W 18 Class III Deep midline R 0 no CC
07 M 23 Class III Deep Minor 3 no TT
08 M 45 Class II Open No 0 no TT
09 M 29 Class III Normal midline L 0 no TC
010 W 24 Class II Deep midline L 0 no TC
011 W 47 Class II Deep No 9 yes TC
012 M 17 Class II Normal No 5 yes TT
013 W 24 Class II Open Minor 5 yes CC
014 W 17 Class II Open No 4 no TC
015 W 35 Class II Open No 5 yes CC
016 W 17 Class II Normal Minor 3 no TC
017 M 17 Class III Normal No 1 no TT
018 W 14 Class III Open Minor 2 no TC
019 W 34 Class II Deep No 4 no TC
020 W 40 Class II Open No 3 no TT
021 W 30 Class II Open Minor 3 no CC
022 M 26 Class II Open midline R 0 no TC
023 W 45 Class II Normal No 1 no TC
024 W 20 Class II Open No 2 no TC
025 M 18 Class III Open Minor 1 no TC
026 W 38 Class III Open midline L 2 no TT
027 W 31 Class II Deep No 17 yes TC
028 W 15 Class II Deep Minor 0 no TC
029 W 16 Class II Normal Minor 0 no TT
030 M 36 Class II Deep Minor 3 no TC
031 W 24 Class II Open midline L 6 yes TC
032 M 20 Class III Open midline left 1 no CC
033 M 15 Class II Normal Minor 0 no TC
34 W 20 Class II Open midline R 14 yes TT
35 W 15 Class II Open midline R 5 yes TC
36 W 16 Class III Open No 2 no TC
37 W 16 Class III Deep midline R 4 no TC
38 W 41 Class II Open midline L 14 yes TC
39 W 16 Class II Normal No 1 no TC
40 W 15 Class II Deep Minor 6 yes TC
41 W 28 Class II Open 5-L 3 no TC
42 W 16 Class III Deep minor 7 yes TC
43 W 15 Class II Deep no 1 no TT
44 M 21 Class II Deep 3-R 13 yes TC
45 W 34 Class III Deep minor 1 no CC
46 M 19 Class III Normal Minor 2 no TC
47 W 16 Class II Deep Minor 0 no TC
48 M 16 Class III Normal 3-L 5 no TC
49 W 18 Class II Open No 9 yes TC
50 W 34 Class II Open 3-L 18 yes TC
51 M 16 Class II Normal Minor 1 no TC
52 W 15 Class II Normal Minor 0 no TT
53 M 17 Class III Normal No 0 no TC
54 W 23 Class III Deep No 9 yes CC
55 M 16 Class II Deep No 0 no TC
56 M 17 Class II Normal No 13 yes TC
57 M 17 Class III Open 4-R 4 no CC
58 W 18 Class II Normal 5-L 2 no TT
59 W 18 Class II Deep No 0 no TC
60 M 16 Class II Deep 4-R 0 no TC
61 W 17 Class III Normal 5-L 10 yes TC
62 W 18 Class II Normal No 10 yes CC
63 W 17 Class III Deep No 2 no TT
64 W 16 Class III Open No 14 yes TT
65 W 18 Class II Normal 3-L 2 no TC
66 W 21 Class II Normal Minor 6 yes TT
67 M 18 Class II Deep No 0 no TC
68 W 20 Class II Normal No 13 no TC
69 W 30 Class II Deep No 2 no TT
70 M 20 Class II Normal 3-R 0 no CC
71 M 21 Class II Normal Minor 0 no TT
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Appendix C: CACNA2D1 Summary of Raw Data 

 

 

 

No Gender Age Sagittal Vertical Asym > 3mm JPFScore TMDSigns ACTN3 2D1 RL Ave
02 M 17 Class II Normal midline R 0 no CC 16.18292676
03 W 17 Class II Open Minor 2 no TC 7.510038614
04 W 41 Class II Open Minor 2 no TC 6.318621043
05 W 53 Class III Open (PFA)Minor 0 no TT 7.339267015
06 W 18 Class III Deep midline R 0 no CC 5.638740301
07 M 23 Class III Deep Minor 3 no TT 11.75226235
08 M 45 Class II Open No 0 no TT 11.1274136
09 M 29 Class III Normal midline L 0 no TC 13.56591511
010 W 24 Class II Deep midline L 0 no TC 8.014905691
011 W 47 Class II Deep No 9 yes TC 6.718101501
012 M 17 Class II Normal No 5 yes TT 10.55448771
013 W 24 Class II Open Minor 5 yes CC 18.32807454
014 W 17 Class II Open No 4 no TC 11.28801489
015 W 35 Class II Open No 5 yes CC 12.28221329
016 W 17 Class II Normal Minor 3 no TC 9.549775505
017 M 17 Class III Normal No 1 no TT 18.59800529
018 W 14 Class III Open Minor 2 no TC 5.982094343
019 W 34 Class II Deep No 4 no TC 7.781560421
020 W 40 Class II Open No 3 no TT 11.16135482
021 W 30 Class II Open Minor 3 no CC 11.10750456
022 M 26 Class II Open midline R 0 no TC 13.17557382
023 W 45 Class II Normal No 1 no TC 8.240915407
024 W 20 Class II Open No 2 no TC 8.322407464
025 M 18 Class III Open Minor 1 no TC 3.971906925
026 W 38 Class III Open midline L 2 no TT 9.96286538
027 W 31 Class II Deep No 17 yes TC 7.297391653
028 W 15 Class II Deep Minor 0 no TC 17.19675799
029 W 16 Class II Normal Minor 0 no TT 10.54418435
030 M 36 Class II Deep Minor 3 no TC 6.75192591
031 W 24 Class II Open midline L 6 yes TC 16.69035244
032 M 20 Class III Open midline left 1 no CC 10.97043288
033 M 15 Class II Normal Minor 0 no TC 17.24955685
34 W 20 Class II Open midline R 14 yes TT 11.38643932
35 W 15 Class II Open midline R 5 yes TC 9.217629433
36 W 16 Class III Open No 2 no TC 7.701861858
38 W 41 Class II Open midline L 14 yes TC 5.106935382
40 W 15 Class II Deep Minor 6 yes TC 11.2858597
42 W 16 Class III Deep minor 7 yes TC 15.41086388
43 W 15 Class II Deep no 1 no TT 11.71266164
44 M 21 Class II Deep 3-R 13 yes TC 8.000486374
45 W 34 Class III Deep minor 1 no CC 5.024067894
46 M 19 Class III Normal Minor 2 no TC 16.88328037
47 W 16 Class II Deep Minor 0 no TC 11.85377267
48 M 16 Class III Normal 3-L 5 no TC 15.16936098
49 W 18 Class II Open No 9 yes TC 14.06349111
50 W 34 Class II Open 3-L 18 yes TC 15.51906872
51 M 16 Class II Normal Minor 1 no TC 9.731406002
52 W 15 Class II Normal Minor 0 no TT 9.428840668
53 M 17 Class III Normal No 0 no TC 13.29090023
54 W 23 Class III Deep No 9 yes CC 10.48821595
55 M 16 Class II Deep No 0 no TC 10.21364965
56 M 17 Class II Normal No 13 yes TC 14.69244639
57 M 17 Class III Open 4-R 4 no CC 17.94827147
58 W 18 Class II Normal 5-L 2 no TT 14.16323731
59 W 18 Class II Deep No 0 no TC 6.946377352
60 M 16 Class II Deep 4-R 0 no TC 13.82387397
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Appendix D: CACNA1S Summary of Raw Data 

 

 

No Gender Age Sagittal Vertical Asym > 3mm JPFScore TMDSigns ACTN3 1S RL Ave
02 M 17 Class II Normal midline R 0 no CC 2.0103462
03 W 17 Class II Open Minor 2 no TC 2.6767395
04 W 41 Class II Open Minor 2 no TC 0.7789754
05 W 53 Class III Open (PFA)Minor 0 no TT 1.0049263
06 W 18 Class III Deep midline R 0 no CC 1.2251826
07 M 23 Class III Deep Minor 3 no TT 2.7559845
08 M 45 Class II Open No 0 no TT 1.6190661
09 M 29 Class III Normal midline L 0 no TC 1.9389036
010 W 24 Class II Deep midline L 0 no TC 1.3153816
011 W 47 Class II Deep No 9 yes TC 1.6942738
012 M 17 Class II Normal No 5 yes TT 2.2774403
013 W 24 Class II Open Minor 5 yes CC 2.536212
014 W 17 Class II Open No 4 no TC 1.2192898
015 W 35 Class II Open No 5 yes CC 1.4977057
016 W 17 Class II Normal Minor 3 no TC 2.2529097
017 M 17 Class III Normal No 1 no TT 1.762601
018 W 14 Class III Open Minor 2 no TC 0.938869
019 W 34 Class II Deep No 4 no TC 2.0090992
020 W 40 Class II Open No 3 no TT 1.9499077
021 W 30 Class II Open Minor 3 no CC 2.6019046
022 M 26 Class II Open midline R 0 no TC 2.5350606
023 W 45 Class II Normal No 1 no TC 1.6598085
024 W 20 Class II Open No 2 no TC 1.224912
025 M 18 Class III Open Minor 1 no TC 0.4343298
026 W 38 Class III Open midline L 2 no TT 1.7321668
027 W 31 Class II Deep No 17 yes TC 1.8141391
028 W 15 Class II Deep Minor 0 no TC 2.4006908
029 W 16 Class II Normal Minor 0 no TT 2.140449
030 M 36 Class II Deep Minor 3 no TC 1.6512921
031 W 24 Class II Open midline L 6 yes TC 2.1153567
032 M 20 Class III Open midline left 1 no CC 1.8470687
033 M 15 Class II Normal Minor 0 no TC 2.4592803
34 W 20 Class II Open midline R 14 yes TT 1.7222434
35 W 15 Class II Open midline R 5 yes TC 2.0257804
36 W 16 Class III Open No 2 no TC 1.6182656
38 W 41 Class II Open midline L 14 yes TC 1.4841898
39 W 16 Class II Normal No 1 no TC 1.9581699
40 W 15 Class II Deep Minor 6 yes TC 2.0331106
42 W 16 Class III Deep minor 7 yes TC 2.0888762
43 W 15 Class II Deep no 1 no TT 2.3303844
44 M 21 Class II Deep 3-R 13 yes TC 1.3875397
45 W 34 Class III Deep minor 1 no CC 1.194074
46 M 19 Class III Normal Minor 2 no TC 2.0387543
47 W 16 Class II Deep Minor 0 no TC 2.0332091
48 M 16 Class III Normal 3-L 5 no TC 1.893972
49 W 18 Class II Open No 9 yes TC 2.6013956
50 W 34 Class II Open 3-L 18 yes TC 1.7905904
51 M 16 Class II Normal Minor 1 no TC 1.4461192
52 W 15 Class II Normal Minor 0 no TT 1.7541327
53 M 17 Class III Normal No 0 no TC 1.6505404
54 W 23 Class III Deep No 9 yes CC 2.2492754
55 M 16 Class II Deep No 0 no TC 1.8391218
56 M 17 Class II Normal No 13 yes TC 2.0044418
57 M 17 Class III Open 4-R 4 no CC 1.8011798
59 W 18 Class II Deep No 0 no TC 0.9160598
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Appendix D: GABARAP Summary of Raw Data 

 

 

No Gender Age Sagittal Vertical Asym > 3mm JPFScore TMDSigns ACTN3 GAB RL Ave
02 M 17 Class II Normal midline R 0 no CC 0.891312465
03 W 17 Class II Open Minor 2 no TC 0.909071758
04 W 41 Class II Open Minor 2 no TC 0.482961491
05 W 53 Class III Open (PFA)Minor 0 no TT 0.58209607
06 W 18 Class III Deep midline R 0 no CC 1.16291818
07 M 23 Class III Deep Minor 3 no TT 0.598953336
08 M 45 Class II Open No 0 no TT 0.575656593
09 M 29 Class III Normal midline L 0 no TC 0.816809535
010 W 24 Class II Deep midline L 0 no TC 0.515722588
011 W 47 Class II Deep No 9 yes TC 0.70769003
012 M 17 Class II Normal No 5 yes TT 0.458755359
013 W 24 Class II Open Minor 5 yes CC 0.694449395
014 W 17 Class II Open No 4 no TC 0.553629518
015 W 35 Class II Open No 5 yes CC 0.489892095
016 W 17 Class II Normal Minor 3 no TC 0.563238502
017 M 17 Class III Normal No 1 no TT 0.599481404
018 W 14 Class III Open Minor 2 no TC 0.571011066
019 W 34 Class II Deep No 4 no TC 0.607910812
020 W 40 Class II Open No 3 no TT 0.541600347
021 W 30 Class II Open Minor 3 no CC 0.523735106
022 M 26 Class II Open midline R 0 no TC 0.439500198
023 W 45 Class II Normal No 1 no TC 0.455094099
024 W 20 Class II Open No 2 no TC 0.391433328
025 M 18 Class III Open Minor 1 no TC 0.515360117
026 W 38 Class III Open midline L 2 no TT 0.493079588
027 W 31 Class II Deep No 17 yes TC 0.476488486
028 W 15 Class II Deep Minor 0 no TC 0.573724151
029 W 16 Class II Normal Minor 0 no TT 0.421413541
030 M 36 Class II Deep Minor 3 no TC 0.398540467
031 W 24 Class II Open midline L 6 yes TC 0.434906185
032 M 20 Class III Open midline left 1 no CC 0.639623776
033 M 15 Class II Normal Minor 0 no TC 0.678079128
34 W 20 Class II Open midline R 14 yes TT 0.599901527
35 W 15 Class II Open midline R 5 yes TC 0.723404378
36 W 16 Class III Open No 2 no TC 0.742772877
38 W 41 Class II Open midline L 14 yes TC 0.449298173
39 W 16 Class II Normal No 1 no TC 0.723467767
40 W 15 Class II Deep Minor 6 yes TC 0.923345447
42 W 16 Class III Deep minor 7 yes TC 0.453176737
43 W 15 Class II Deep no 1 no TT 0.716924667
44 M 21 Class II Deep 3-R 13 yes TC 1.4973737
45 W 34 Class III Deep minor 1 no CC 0.609452009
46 M 19 Class III Normal Minor 2 no TC 0.448100686
47 W 16 Class II Deep Minor 0 no TC 0.872923851
48 M 16 Class III Normal 3-L 5 no TC 1.276827693
50 W 34 Class II Open 3-L 18 yes TC 0.369652689
51 M 16 Class II Normal Minor 1 no TC 0.622365505
52 W 15 Class II Normal Minor 0 no TT 0.881898999
53 M 17 Class III Normal No 0 no TC 0.456421494
54 W 23 Class III Deep No 9 yes CC 0.760168314
56 M 17 Class II Normal No 13 yes TC 0.810890675
60 M 16 Class II Deep 4-R 0 no TC 0.679716706
61 W 17 Class III Normal 5-L 10 yes TC 0.466767728
62 W 18 Class II Normal No 10 yes CC 0.670656919
63 W 17 Class III Deep No 2 no TT 0.654156625
65 W 18 Class II Normal 3-L 2 no TC 0.871650398
67 M 18 Class II Deep No 0 no TC 1.66388166
70 M 20 Class II Normal 3-R 0 no CC 0.412537172
71 M 21 Class II Normal Minor 0 no TT 0.646718234
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Appendix D: TRPM7 Summary of Raw Data 

 

 

No Gender Age Sagittal Vertical Asym > 3mm JPFScore TMDSigns ACTN3 TRP RL Ave
02 M 17 Class II Normal midline R 0 no CC 0.467869997
03 W 17 Class II Open Minor 2 no TC 1.001612335
04 W 41 Class II Open Minor 2 no TC 0.447461277
05 W 53 Class III Open (PFA)Minor 0 no TT 1.039774716
06 W 18 Class III Deep midline R 0 no CC 0.917677671
07 M 23 Class III Deep Minor 3 no TT 2.467257857
08 M 45 Class II Open No 0 no TT 1.080121666
09 M 29 Class III Normal midline L 0 no TC 1.838036358
010 W 24 Class II Deep midline L 0 no TC 1.719658852
011 W 47 Class II Deep No 9 yes TC 1.643913329
012 M 17 Class II Normal No 5 yes TT 1.535699904
013 W 24 Class II Open Minor 5 yes CC 2.47761178
014 W 17 Class II Open No 4 no TC 1.608399987
015 W 35 Class II Open No 5 yes CC 1.605374575
016 W 17 Class II Normal Minor 3 no TC 2.344427645
017 M 17 Class III Normal No 1 no TT 2.107850671
018 W 14 Class III Open Minor 2 no TC 0.824355111
019 W 34 Class II Deep No 4 no TC 1.081458688
020 W 40 Class II Open No 3 no TT 2.168652296
021 W 30 Class II Open Minor 3 no CC 1.7513448
022 M 26 Class II Open midline R 0 no TC 1.945125341
023 W 45 Class II Normal No 1 no TC 2.788804293
025 M 18 Class III Open Minor 1 no TC 2.834712505
026 W 38 Class III Open midline L 2 no TT 1.778387427
027 W 31 Class II Deep No 17 yes TC 2.531448543
028 W 15 Class II Deep Minor 0 no TC 1.857470751
029 W 16 Class II Normal Minor 0 no TT 1.618281364
030 M 36 Class II Deep Minor 3 no TC 1.275334954
031 W 24 Class II Open midline L 6 yes TC 2.035326481


