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ABSTRACT 
 

The R577X α-actinin-3 (ACTN3) stop codon polymorphism associates with 

skeletal Class II and open bite malocclusions.  In mice, Actn3 knock out (KO) condylar 

growth is altered, producing an increase in trabecular number, but decrease in trabecular 

thickness and separation. This study expands these findings by comparing bone length 

and quality in the cranial base and calvarial bones of Actn3-/- and Actn3+/+ genotype 

mice. 

The heads of 20, 3-month old female mice, 10 wild type (WT) and 10 KO, were 

scanned using the Skyscan 1172 microCT scanner at a resolution of 9.4µm using a 

0.5mm Aluminum filter.  The raw microCT data was reconstructed.  The macro-anatomy 

(linear measurements) was obtained using the line measurement tool in CTAn software. 

Micro-anatomy, bone volume and trabeculation, were also assessed using the CTAn 

software.  The presphenoido-basisphenoidal and basisphenoido-basioccipital 

synchondroses were evaluated in entirety and five sutures (frontal, parietal, fronto-

parietal, bregma and pari) were segmented as a 1mm wide X 1mm deep X height of 

suture region of interest.  

No statistically significant difference between Actn3 KO and WT mice was found 

in linear measurements of the cranial base and calvarial bones.  The ratio of bone volume 

to total volume (BV/TV) and trabecular separation (Tb. Sp.) of Actn3 KO and WT suture 

sites were found to have no statistically significant difference (p range 0.9957-0.0953)   

The Tb. Sp. of the presphenoido-basisphenoidal synchondrosis was the only location to 

show statistical significance (p = 0.0331).  Tb.Sp of the basisphenoido-basioccipital 
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synchondrosis was found to be nearly statistically significant (p= 0.1818), with power 

analysis predicting significance at n=51. 

As seen in previous studies, Actn3 KO mice are shown to have an altered bone 

quality in cartilaginous growth areas, including the mandibular condyle and cranial base 

synchondroses.  
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CHAPTER 1 

INTRODUCTION 

 The diagnosis of malocclusions has come a long way since Hippocrates first noted 

the irregularities of the teeth in approximately 400 B.C. (Wahl, 2005).  Initially, little was 

known about how teeth moved, and even less was known about the development of the 

dental and or skeletal malocclusions.  Shortly after Angle developed his molar 

classification system, he realized that the etiology of a Class II dental malocclusion might 

be due to mesial drift of a maxillary first molar when the deciduous molar was 

prematurely exfoliated (Proffitt, 2013).  The etiology for skeletal malocclusions is not 

well defined despite extensive research on the topic.  We are able to distinguish which 

jaw is the primary offender, in some instances both, but the underlying causes of aberrant 

growth are unknown. 

 Personalized medicine is currently a popular topic in medicine and dentistry.  

Personalized medicine, also known as precision medicine is “the application of genotypic 

and Omics biomarkers to determine the most appropriate, outcome-driven therapy for 

individual patients.” (Streeter et al 2017)  This approach to medicine, takes into 

consideration the influence of both genetic and epigenetic factors in order to properly 

diagnose and treat the patient (Offit, 2011). 

 Skeletal malocclusions are complex trait conditions that develop from genetic 

predispositions and epigenetic factors affecting bone and muscle growth (Sciote, 2013).  

Over the years, many of the epigenetic or environmental factors contributing to skeletal 

malocclusions have been studied. Understanding the genes involved in the development 

of skeletal malocclusions would allow for effective and efficient treatment.  A starting 
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point would be to investigate gene polymorphisms known to affect the muscular and or 

skeletal systems elsewhere in the body.  One such gene that has been studied recently in 

humans is Alpha-Actinin-3 (ACTN3). 

 ACTN3 is a well-studied gene primarily expressed in type II skeletal muscle 

fibers.  An ACTN3 polymorphism present in approximately 20% of Europeans codes for 

the R577X stop codon, which causes a total lack of protein expression.  This total lack of 

protein expression leads to decreased type II skeletal muscle fiber size as well as an 

association with class II skeletal malocclusions (Zebrick et al, 2014).  Actn3 (-/-) mice 

have been shown to exhibit a decreased bone mineral density (BMD) in comparison to 

Actn3 (+/+) mice.  Yang et al., (2011) have suggested that, Actn3, but not Actn2, is 

expressed in osteoblasts so that to Actn2 cannot compensate for the R577X 

polymorphism as in skeletal muscle.   

  Alpha-actinins were first discovered as a crucial element of the Z-line of striated 

muscles (Maruyama and Ebashi 1965).  As a cytoskeletal protein, alpha-actinins 

contribute to cell morphology and stiffness (Jackson, 2008).  Alpha-actinins aid in the 

regulation of cell survival by interacting with integrin and focal adhesion kinase at focal 

adhesions (Triplett, 2006). Non-muscle alpha-actinins are expressed in osteoblasts and 

osteocytes (Yang, 2011).  138 differentially expressed genes were found to have a 0.2 to 

5.0 fold down-or up-regulation between wild type and Actn3 -/- osteoblasts (Yang 2011).  

Notably, Enpp1 (Ermakov, 2010), Opg (Theoleyre, 2004), Wnt7b (Kubota, 2009) have 

been shown to be associated with altered bone mineral density (BMD). Statistically 

significant up-regulation of these genes is observed in Actn3-/- mice (Yang, 2011). 
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The increase of Enpp1 expression seen in these Actn3 -/- mice decreases circulating 

levels of calcium and phosphate, trabecular number, and cortical thickness (Mackenzie et 

al, 2012).   

This study expands these findings by comparing bone length and quality in the 

cranial base and calvarial bones of Actn3-/- and Actn3+/+ genotype mice.  We expect to 

find altered bone quality in the cartilaginous growth areas of the cranial base 

synchondroses. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

2.1 Genetic and Epigenetic Influences on Malocclusion 

Recent studies have started to question whether function and craniofacial 

development are the sole etiologies of malocclusion. When humans transitioned to a 

softer diet of processed foods, the need for functional mastication was no longer as great.  

Although it is a complex trait, malocclusions can appear quite rapidly when geographic 

location and diet are changed (Sciote, 2013).  Animal studies have shown a correlation 

between diet and craniofacial morphology (Abed, 2007).  In addition, a change in 

masticatory muscle fiber type composition and decreased muscle fiber size are noted.  

The affected rats were found to have shorter condylar length and mandibular height in 

addition to the altered muscle composition (Kiliardis, 1988).  Similar to the work of 

Kiliardis, mice with an altered expression of myostatin (GDF-8), a factor that regulates 

muscle fiber growth, found that a gene knockout model for myostatin resulted in 

increased muscle size, altered calvarial bone development, and a rocker mandible 

(Vecchione, 2007).  The results of these studies allow us to conclude that muscle function 

and mastication play a role in the skeletal development of the jaws, and thus the 

development of malocclusions. 

 Malocclusions are the result of an intricate combination of genetic and epigenetic 

factors.  Some aspects of malocclusion are hereditary.  Perhaps the most well known 

example is the prognathic mandible of the Hapsburg family, which became known as the 

Hapsburg jaw.  Genetic influence occurs primarily during embryonic craniofacial growth 

and development, but postnatally, the environment also plays a role, predominantly 
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during facial growth.  The ability to distinguish genetic and epigenetic effects on the 

craniofacial skeleton is vital to understanding and subsequently treating a malocclusion in 

a given patient (Mossey, 2009).  

Genome-wide association (GWA) studies allow an investigator to quickly 

examine the entire DNA set of a large group of people in order to find genetic variations 

associated with specifics disorders (Genome.gov, 2015).  The future of medicine is in the 

ability of the clinician to assess a patient’s risk for a given disease or disorder simply by 

testing their DNA.  Once this technology becomes more affordable and more accessible, 

it will be of great benefit to both the clinician and the patient when diagnosing the proper 

etiology and then treating the skeletal malocclusion. 

Three recent GWAs of large cohorts of European decent have exposed 

approximately 30 genetic loci associated with bone mineral density.  Of interest are, 

Osteoprotegerin (OPG), Receptor Activator of Nuclear factor Kappa β (RANK) and its 

ligand RANKL.  OPG and RANK are regulatory proteins of the bone deposition (Wnt- β-

catenin signaling) and bone resorption (RANK-RANKL-OPG) pathways respectively 

(Yang, 2011).  Altered bone mass and disease state arise when the function of these key 

pathways is disrupted (Richards, 2009).  Such disturbances in the key regulators of the 

bone deposition and resorption pathways may have drastic effects on craniofacial 

development, thus predisposing a patient to a skeletal malocclusion.  

The ACTN3 R577X genotype is one such polymorphism that has been linked to 

altered expression of Enpp1, Opg, and Wnt7b (Yang, 2011).  The ACTN3 polymorphism 

that codes for the R577X stop codon is present in approximately 20% of Europeans, and 

causes a total lack of protein expression (North et al., 1999). 
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2.2 Role of Alpha-Actinin-3 In Human Bone Development 

Alpha-actinins were first discovered as a crucial element of the Z-line of striated 

muscles (Ebashi and Ebashi 1965).  They are a spectrin-like actin-binding proteins 

critical to maintenance of the cytoskeleton and muscle contraction.  As a cytoskeletal 

protein, alpha-actinins contribute to cell morphology and stiffness (Jackson, 2008).  

Alpha-actinins aid in the regulation of cell survival by interacting with integrin and focal 

adhesion kinase at focal adhesions.  

The two members of the actinin family of proteins found in skeletal muscle are 

alpha-actinin-2 and alpha-actinin-3. These proteins are structurally similar, but expressed 

differently.  ACTN2 is found in all skeletal muscle, whereas ACTN3 is only found in type 

II skeletal muscle fibers.  Although similar in structure, ACTN2 and ACTN3 are found on 

different chromosomes, chromosomes 1 and 11 respectively (Beggs, 1992).  ACTN3 is a 

well-studied gene primarily expressed in type II skeletal muscle fibers. In people with 

this R577X mutation, ACTN2 because of its location of a different chromosome is left 

unaffected and is able to compensate for the lack of ACTN3.  This total lack of protein 

expression leads to decreased type II skeletal muscle fiber size as well as an association 

with class II skeletal malocclusions (Zebrick et al, 2014).  ACTN3 is reported to be 

expressed in osteoblasts and osteocytes (Yang, 2011).  Actn3 (-/-) mice have been shown 

to exhibit a decreased bone mineral density (BMD) in comparison to Actn3 (+/+) mice.  

Unlike in skeletal muscle, Actn2 is not expressed in the osteoblasts as Actn3 is, and thus it 

is not able to compensate for the R577X polymorphism.   

138 differentially expressed genes were found to have a 0.2 to 5.0 fold down-or 

up-regulation between wild type and Actn3 -/- osteoblasts (Yang 2011).  Notably, Enpp1 
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(Ermakov, 2010), Opg (Theoleyre, 2004), Wnt7b (Kubota, 2009) have been shown to be 

associated with altered bone mineral density (BMD). Statistically significant up-

regulation of these genes is observed in Actn3-/- mice (Yang, 2011). 

The increase of Enpp1 expression seen in these Actn3 -/- mice results in decreased 

circulating levels of calcium and phosphate as well as decreases in trabecular number and 

cortical thickness (Mackenzie et al, 2012).   

 

2.3 Influence of ENPP1 Mutation on Bone Mineral Density 

 Bone development and remodeling is a continuous process that is dependent on a 

strict balance of bone deposition by osteoblasts and resorption of osteoclasts (Mackenzie, 

2012).  Bone mineralization begins in an osteoblastic or chondrocytic matrix vesicle 

(MV) where calcium ions and inorganic phosphate (Pi) crystallize to form 

Hydroxyapatite (HA) (Anderson, 2003). Further mineralization occurs once these MVs 

are released into the extracellular matrix (ECM) (Anderson, 1990).  ECM mineralization 

is regulated by inhibitors such as inorganic pyrophosphate (PPi) and inducers such as 

inorganic phosphate (Pi).  The extent of bone mineralization is dependent on the ration of 

Pi to PPi.  The ratio of Pi and PPi is regulated by tissue-non-specific alkaline phosphatase 

(TNAP), ecto-nucleotide pyrophosphatase/phosphodiesterase-1 (ENPP1), and the 

ankylosis protein (ANK) (Hessle, 2002; Harmey, 2004/2006). 

 HA formation is inhibited when ENPP1, a plasma membrane glycoprotein 

releases its ectoplasmically generated PPi (Addison, 2007).  ENPP1 facilitates the 

production of extracellular PPi by mature osteoblasts and chondrocytes (Johnson, 1999).   
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Multiple studies have shown a decrease in circulating levels of PPi in the absence of 

ENPP1 (Sali, 1999).   

 Decreased eutopic tissue mineralization and increased ectopic tissue 

mineralization can be demonstrated in mouse models of ENPP1 deficiency.  In one 

Ennp1 deficiency model known as the “tiptoe walking” mouse, a natural truncation of 

Ennp1 occurs (Okawa, 1998). The “tiptoe walking” mouse presents with increased 

mineralization of cartilage and ligaments, but a decreased cortical bone thickness and 

trabecular bone volume as compared to the wild type mice (Nam, 2011). These findings 

are replicated in the Enpp1 knockout mouse (Johnson, 2003).  A recent GWA showed 

that the C392S mutation of Enpp1 caused a decrease in protein expression leading to 

diminished long bone density and content (Babij, 2009). 

 FGF2 stimulates ENPP1 expression in pre-differentiated osteoblasts, but not in 

mature calvarial osteoblasts, which indicates that the role ENPP1 may differ between 

pre-differentiated osteoblasts and differentiated ones (Hatch, 2005).  ENPP1 expression is 

necessary for osteoblast differentiation and acts independently of extracellular Pi and PPi 

as well as independent of its own enzymatic activity (Nam, 2011).  ENPP1 helps to 

inhibit ectopic bone mineralization while promoting eutopic bone mineralization via 

stimulating osteoblast differentiation.  In the Enpp1 -/- model, an increase in ectopic soft 

tissue mineralization in addition to decreased cortical bone thickness and bone mineral 

density is observed (Nam, 2011) 
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2.4 ACTN3 and Skeletal Malocclusions 

  Malocclusions develop as a complex musculoskeletal trait, due in part to the 

effect of masticatory muscles on vertical growth of the face.  Fiber type and size are the 

extremely influential factors in terms of vertical facial growth (Sciote, 2012).  Current 

GWAs show that fiber type is influenced by genetic polymorphisms, most notably a 

single nucleotide polymorphism (SNPs).  Some SNPs result in functional alterations to 

the genetic sequence, while many have no known function (Shastry, 2009).  One SNP of 

particular interest when looking at ACTN3, is the rs1815739 SNP.  This SNP results in 

the R577X nonsense mutation.  Zebrick et al. (2014) found that the ACTN3 R577X 

genotype has a significant correlation with Class II and open bite malocclusions. 

 Studying complex dysmorphologies of the human craniofacial skeleton can be 

exceedingly difficult, but mouse models enable researchers to investigate the effects of 

genetic and epigenetic factors on a much larger scale (Vora, Camci, and Cox 2015). The 

related developmental processes and similar phenotypic variability between humans and 

mice reaffirms the use of mouse models, although many differences in craniofacial 

anatomy exist (Hallgrimsson and Lieberman, 2008). A recent study by Arino et al. found 

that Actn3 -/- genotype mice have a significant correlation with Class II and open bite 

malocclusions resulting from diminished subchondral growth in Class II malocclusion.   
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CHAPTER 3 

AIMS OF THE INVESTIGATION 

 The goal of this study is to investigate the effect of Actn3-/- on macro-anatomy 

and bone quality in the cranial base and calvarial bones of developing mice.  Actn3 

knockout mice will be compared to wild type mice.  We hypothesize that the knockout 

variant will have a decrease in trabecular separation and bone volume fraction (BV/TV) 

as seen in previous studies of long bones. (Yang et al, 2011)   

Although the effects of Actn3 -/- on bone and muscle systems have been well 

researched, we hope to explore its role in the development of the cranial base, calvarial 

bones, and their associated synchondroses. Previous work by Arino et al. (2017) has 

shown that Actn3-/- genotypes had a statistically significant decrease in mandibular 

length (p=.01) and an increase in mandibular ramal heights (p=.02) in comparison to 

Actn3 +/+.  In addition, reduced trabecular thickness (p=.001) and separation (p=.031) 

were noted.  Our study seeks to discover the effects of Actn3 on cranial base and calvarial 

bone linear dimensions, density, and sutural spacing, and how this may relate to 

malocclusion. 
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CHAPTER 4 

METHODS AND MATERIALS 

4.1 Participants 

 Dr. Kathryn North at the University of Melbourne (Australia) sent a total of 20 

mouse heads to the Craniofacial Biology Research Laboratory at the Temple University 

Kornberg School of Dentistry. Of the 20 mouse skulls, all were female, 10 were three-

month Actn3 knockout and 10 were three-month wild type. The mouse skulls were sent 

skinned, fixed and hydrated in saline solution.  The mouse skulls were refrigerated at a 

temperature of 38o F except when being scanned. 

 

4.2 microCT Scanning 

 Each skull was scanned individually.  Prior to being scanned, the mouse head was 

wrapped in parafilm and inserted into the microCT specimen holder. The SkyScan 1172 

requires a 15-minute warm-up before it is capable of scanning specimens.  A flat field 

correction was performed prior to loading the sample (Figure 1). Once prepared, the 

skull in its specimen holder was fastened to the SkyScan 1172; (Skyscan, Aartselaar, 

Belgium) scanning platform.  The skulls were scanned at a resolution of 9.4μm, an X-ray 

tube potential of 80kV, and X-ray intensity of 125μA.  A 0.5 mm Aluminum filter was 

used to remove image noise with a ring artifact correction of 15, a beam hardening 

correction of 40%, and Acquire Bright+Dark for current mode setting was selected 

(Figure 2).  Each mouse skull required approximately 6-7.5 hours to obtain the desired 

segmented regions of interest. 
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Figure 1. Flat-Field correction was performed before loading the first sample. 
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Figure 2. Skulls were scanned at a resolution of 9.4μm using a 0.5 mm Aluminum filter 

and the Acquire Bright+Dark for current mode setting was selected 

 

 

4.3 microCT Scan Reconstruction 

 Upon completion of the scan, the individual 2D slices were reconstructed in a 

program called CTRecon V1.6.10.  The data was reconstructed into a useable 3D format 

that can be opened in various analytical software programs.  Reconstructions ranged from 

minutes to hours depending on the sample size and resolution obtained from the microCT 

scan. 
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4.4 Reorientation of microCT Scan Using DataViewer 

 The reconstructed scan was loaded into DataViewer. Once opened, the scan can 

be re-oriented in three planes.  For the purposes of our study, the mid-sagittal plane was 

found using known midline structures in the superior endocranial view, ethma (most 

antero-superior point of the intersection of the left and right turbinates), ethmp (most 

posterior point of the intersection of the posterior turbinates), and cpsh (most anterior 

point of the indentation in the center of the prespenoid).  In the inferior view, rmaxi (the 

midline point on the premaxilla between the incisor and the nasal cavity just 

anterior of the incisive foramen, right side) will be used as an additional landmark 

(Richtmeier Lab) (Figure 3).   The reoriented sagittal view was then saved to be used for 

linear and bone mineral density measurements. (Figure 4)  Orienting the mid-sagittal 

view so that the endocranial image slices through the cranial base both antero-posteriorly 

and transversely produces the endocranial view.  

 

 

 

 

 

 

 

 

 

Figure 3. Image from Richtmeier Lab annotated to show known midline structures ethma, 

ethmp, and cpsh in the superior endocranial view as well as rmaxi in the inferior view. 
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Figure 4. Screen shot of mouse skull in our study reoriented to midline in all 3 views using 

the landmarks provided by the Richtsmeier Lab at Pennsylvania State University 

 

4.5 Micro-Anatomical Analysis of Calvarium and Cranial Base 

 For the purposes of this study, bone micro-anatomy is referring to the assessment 

of bone quality and trabeculation of the samples.  The trabecular micro-anatomy of 

calvarial bones will be assessed at the suture between the left and right frontal bones, the 

suture at the intersection of the frontal and parietal bones both bilaterally and at the 

midline (Bregma), the suture of the left and right parietal bones, the intersection of the 

parietal and interparietal bones (pari), as well as the intersection of the interparietal bones 

with the squamous portion of the occipital bone at the midline (paro). (Figure 5)  

Additionally, the trabecular micro-anatomy of the cranial base will be assessed at the 

synchondroses of the Basiocciput, basisphenoid and preshenoid bones. (Figure 6)  While 

in DataViewer, 1500 μm3 volume of interest will be segmented and saved.  The file will 

then be opened in CTan where the VOI can be isolated using an irregular ROI tool.  Prior 
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to isolation, the pixel size will be set to 4.944 μm with a lower grey threshold of 0 and an 

upper grey threshold of 70.  The segmented VOI were then uploaded into 

BATCHmanager where a task list was run to calculate the volumetric data as well as 

produce 3D models of the VOI.  Bone volume fraction (BV/TV) and trabecular 

separation (Tb. Sp) will be investigated (Bouxsein et al, 2010).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Superior view of mouse calvarial bone anatomy (Cook, 1965).  Red boxes added 

to indicate regions of interest mentioned above.  
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Figure 6. Mid-sagittal view of a mouse skull anatomy (Vora, 2016) 

 

4.6 Macro-Anatomical Analysis of the Calvarium and Cranial Base  

 For the purposes of this study, bone macro-anatomy is referring to the linear 

dimensional analysis of the calvarium and cranial base.  Linear measurements of the 

calvarium and cranial base will be obtained using the reoriented sagittal and endocranial 

views of the mouse skull.  The “line” measuring tool within CTan will be used to 

measure and record the linear measurements. The sagittal view will be opened in CTan 

and the Euclidian distance of the Basiocciput (AA), Basisphenoid (BB), and Presphenoid 

(CC) bones will be measured to assess the antero-posterior dimension of the cranial base. 

(Figures 6 and 7) The vertical dimensions of the cranial vault will be measured at the 

posterior cranial vault (N), middle cranial vault (O), anterior cranial vault (P), and frontal 

crest height (Q). (Figure 8) The transverse dimension of the cranial base will be 
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measured at the synchondroses rostral (A) and caudal (B) to the basisphenoid, as well as 

the posterior region of the cranial base (C). (Figure 9). (Vora et al, 2016) 

 

Figure 7. Screen shot of the “line” measuring tool within the CTan program is used to 

measure and record linear measurements of the cranial base of the mouse skull. 

 

 

 

 

 

 

 

 

 

 

Figure 8: Mid-sagittal view of mouse skull depicting the location of vertical 

measurements; posterior cranial vault (N), middle cranial vault (O), anterior cranial vault 

(P), and frontal crest height (Q) (Vora, 2016). 
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Figure 9:  Endocranial view of mouse skull used to measure the transverse dimension of 

the synchondroses rostral (1) and caudal (2) to the basisphenoid (Vora, 2016). 

 

 

4.7 Statistical Analysis 

 Student t-tests will be performed to determine significant differences of bone 

quality and linear measurements of the cranial base and calvarial bones between the 

Actn3 knockout mice and the wild-type mice. Power analysis will be completed to assess 

strength of sample size. 
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CHAPTER 5 

RESULTS 

5.1 Results Overview 

The skinned skulls of 20, 3-month old mice were acquired and analyzed.  Of the 

20 mouse skulls, 10 were wild-type and 10 were Actn3 knockout.  All samples were 

harvested from female mice.  Macro-anatomical (linear) measurements were recorded 

throughout the calvarium and cranial base.  Micro-anatomical (volumetric) measurements 

were recorded at five calvarial sutures and two cranial base synchondroses.  
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5.2 Macro-anatomical Comparison of Wild-type and Actn3 Knockout Samples 

  Linear measurements at nine locations were recorded to compare macro-anatomy 

of the calvarium and cranial base in wild-type (Table 1) and Actn3 knockout (Table 2) 

mice.  The mean value for each location was calculated and a student t-test was 

performed to calculate statistical significance (Table 3).  There were no statistically 

significant distances observed for any of the linear measurements investigated, with p-

values ranging from p=0.095-0.995) (Table 1). 

 

Table 1                     

Macro-Anatomical Measurement Raw Data of Wild-type Samples 

Wild-type 

Samples Sample ID 

Location 

15. 

176 

15. 

193 

15. 

215 

15. 

216 

15. 

233 

15. 

252 

15. 

253 

15. 

263 

15 

.293 

15. 

294 

Basiocciput 

(mm) 3.66 3.62 3.47 3.57 3.49 3.69 3.58 3.96 3.47 3.67 

Basisphenoid 

(mm) 3.34 3.06 1.6 3.16 3.43 3.35 3.48 3.32 3.4 3.54 

Presphenoid 

(mm) 2.28 2.34 3.5 2.48 2.35 2.3 2.47 2.127 2.47 2.73 

Posterior 

Cranial Vault 

(mm) 5.92 5.95 5.52 5.73 5.93 5.95 5.72 6.13 5.48 5.79 

Middle Cranial 

Vault (mm) 6.59 6.67 6.39 6.49 6.54 6.61 6.47 6.74 6.3 6.37 

Anterior 

Cranial Vault 

(mm) 5.91 6.04 6.16 5.97 5.87 6.15 6.06 6.01 6.07 6.44 

Frontal Crest 

Height (mm) 4.07 4.35 4.32 4.14 4.07 4.14 4.05 4.05 3.86 4.37 

Anterior 

Synchondrosis 

(mm) 2.09 2.15 1.98 2.13 2.04 2.07 2.05 2.03 1.93 2.02 

Posterior 

Synchondrosis 

(mm) 1.24 0.09 1.10 1.40 1.15 1.31 1.33 1.15 1.28 1.19 
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Table 2 

Macro-Anatomical Measurement Raw Data of Actn3  Knockout Sample 

Knockout Samples Sample ID 

Location 

15. 

187 

15. 

201 

15. 

208 

15. 

213 

15.  

224 

15. 

262 

15. 

271 

15. 

272 

15. 

273 

15. 

282 

Basiocciput (mm) 3.54 3.61 3.69 3.54 3.69 3.48 3.55 3.73 3.57 3.87 

Basisphenoid 

(mm) 3.44 3.63 3.57 3.53 3.59 3.45 3.39 3.45 3.47 3.56 

Presphenoid (mm) 2.51 2.81 2.51 2.49 2.46 2.49 2.63 2.49 2.44 2.5 

Posterior Cranial 

Vault (mm) 5.84 5.73 5.92 5.94 5.89 5.96 5.99 5.87 5.87 5.35 

Middle Cranial 

Vault (mm) 6.37 6.41 6.83 6.46 6.49 6.67 6.38 6.53 6.53 6.42 

Anterior Cranial 

Vault (mm) 5.95 6.04 6.42 5.97 6.13 5.95 5.98 6.17 6.01 6.01 

Frontal Crest 

Height (mm) 4.09 4.16 4.29 4.21 3.91 3.94 3.88 4.11 4.11 4.03 

Anterior 

Synchondrosis 

(mm) 2.12 2.11 2.05 2.13 2.08 2.01 1.97 2.05 2.08 2.05 

Posterior 

Synchondrosis 

(mm) 1.24 1.29 1.17 1.18 1.29 1.36 1.21 1.28 1.53 1.26 

 

Table 3           

Comparison of Macro-Anatomical Measurements     

Locations 
WT Mean 

(mm)  

WT 

SD 

KO Mean 

(mm) 

KO 

SD 
p= 

Frontal Crest Height 4.143 0.17 4.072 0.132 0.326 

Anterior Cranial Vault 

Height 
6.078 0.167 6.062 0.145 0.820 

Middle Cranial Vault Height 6.518 0.145 6.506 0.141 0.850 

Posterior Cranial Vault 

Height 
5.821 0.214 5.834 0.187 0.883 

Presphenoid Length 2.504 0.404 2.533 0.109 0.824 

Basisphenoid Length 3.169 0.603 3.508 0.076 0.095 

Basiocciput Length 3.624 0.153 3.624 0.122 0.995 

Anterior Synchondrosis 

Width 
1.182 0.131 1.243 0.069 0.243 

Posterior Synchondrosis 

Width 
2.033 0.062 2.577 0.048 0.383 
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5.3 Micro-anatomical Comparison of Wild-type and Knockout Samples 

Bone quality of the 10 wild-type and 10 Actn3 knockout mice was compared at 

five calvarial sutures (Figure 5; Tables 4-8) and two cranial base synchondroses (Figure 

9; Tables 9-10).  The suture sites exhibit intramembranous ossification whereas the 

synchondroses exhibit endochondral ossification.  Based on previous studies of long 

bones and the mandible, we hypothesized the Actn3 knockout mice would display altered 

endochondral bone quality in the synchondroses but not the sutural sample sites.  The 

ratio of bone volume to tissue volume (BV/TV) and the trabecular separation (Tb. Sp.) 

were selected as the measures of bone quality for this study.  

 One sample, 15.213, was visually different anatomically, and was found to have 

vastly different measurements from the other samples.  For this reason, these outlier 

measurements were not included in any of our calculations. 

 

Table 4 

Micro-Anatomical Measurements of Parietal Suture 

Wild-type Samples Knockout Samples 

Sample ID BV/TV Tb. Sp. Sample ID BV/TV Tb. Sp. 

15.176 36.86 0.093 15.187 32.36 0.107 

15.193 36.39 0.084 15.201 36.23 0.084 

15.215 38.79 0.076 15.208 40.22 0.072 

15.216 38.19 0.096 15.213 95.79 0.012 

15.233 42.62 0.062 15.224 39.86 0.093 

15.252 34.84 0.083 15.262 37.87 0.058 

15.253 41.48 0.067 15.271 41.19 0.062 

15.263 39.65 0.066 15.272 33.71 0.087 

15.293 37.77 0.075 15.273 58.52 0.034 

15.294 41.20 0.073 15.282 50.5 0.043 

Mean =  38.86 0.078 Mean = 49.62 0.071 

p=.187 p=.50 
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Table 5           

Micro-Anatomical Measurements of Fronto-Parietal Suture 

Wild-type Samples Knockout Samples 

Sample ID BV/TV Tb. Sp. Sample ID BV/TV Tb. Sp. 

15.176 37.49 0.073 15.187 34.44 0.081 

15.193 36.39 0.078 15.201 40.53 0.071 

15.215 41.20 0.067 15.208 45.47 0.063 

15.216 31.70 0.098 15.213 96.43 0.012 

15.233 44.33 0.055 15.224 36.17 0.081 

15.252 42.41 0.056 15.262 36.64 0.063 

15.253 39.36 0.070 15.271 46.20 0.053 

15.263 50.15 0.049 15.272 37.81 0.069 

15.293 42.65 0.062 15.273 64.53 0.029 

15.294 41.62 0.057 15.282 49.62 0.041 

Mean =  40.68 0.066 Mean = 48.79 0.061 

p=..233 p=.501 

 

 

Table 6 

Micro-Anatomical Measurements of Pari Suture 

Wild-type Samples Knockout Samples 

Sample ID BV/TV Tb. Sp. Sample ID BV/TV Tb. Sp. 

15.176 41.46 0.083 15.187 44.06 0.084 

15.193 45.62 0.074 15.201 50.93 0.063 

15.215 50.18 0.062 15.208 50.67 0.055 

15.216 50.02 0.079 15.213 96.70 0.012 

15.233 58.96 0.039 15.224 46.65 0.075 

15.252 48.54 0.059 15.262 57.57 0.036 

15.253 51.68 0.047 15.271 54.18 0.042 

15.263 52.13 0.051 15.272 43.62 0.077 

15.293 50.45 0.057 15.273 67.63 0.028 

15.294 53.02 0.058 15.282 63.36 0.036 

Mean =  50.21 0.061 Mean = 57.54 0.055 

p=.202 p=.503 
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Table 7           

Micro-Anatomical Measurements of Frontal Suture 

Wild-type Samples Knockout Samples 

Sample ID BV/TV Tb. Sp. Sample ID BV/TV Tb. Sp. 

15.176 44.79 0.095 15.187 38.11 0.095 

15.193 39.87 0.101 15.201 36.98 0.084 

15.215 45.98 0.071 15.208 47.98 0.071 

15.216 37.69 0.087 15.213 96.55 0.129 

15.233 44.79 0.062 15.224 56.08 0.075 

15.252 48.03 0.076 15.262 58.99 0.062 

15.253 51.46 0.059 15.271 48.47 0.065 

15.263 56.09 0.059 15.272 51.06 0.067 

15.293 50.27 0.063 15.273 64.43 0.039 

15.294 43.99 0.069 15.282 55.08 0.054 

Mean =  46.33 0.074 Mean = 55.37 0.068 

p=.144 p=.403 

 

 

Table 8           

Micro-Anatomical Measurements of Bregma Suture 

Wild-type Samples Knockout Samples 

Sample ID BV/TV Tb. Sp. Sample ID BV/TV Tb. Sp. 

15.176 41.81 0.073 15.187 45.99 0.075 

15.193 99.86 0.01 15.201 50.11 0.058 

15.215 61.11 0.044 15.208 54.81 0.059 

15.216 56.59 0.072 15.213 96.99 0.012 

15.233 59.86 0.041 15.224 48.23 0.076 

15.252 53.57 0.054 15.262 54.91 0.048 

15.253 56.98 0.042 15.271 55.52 0.052 

15.263 59.03 0.048 15.272 48.88 0.061 

15.293 52.57 0.053 15.273 70.01 0.034 

15.294 52.34 0.054 15.282 59.68 0.038 

Mean =  59.18 0.049 Mean = 58.51 0.056 

p=.927 p=.450 
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Table 9           

Micro- Anatomicl Measurements of Anterior Synchondrosis 

Wild-type Samples Knockout Samples 

Sample ID BV/TV Tb. Sp. Sample ID BV/TV Tb. Sp. 

15.176 46.78 0.107 15.187 37.13 0.069 

15.193 31.11 0.108 15.201 21.17 0.089 

15.215 16.11 0.146 15.208 16.62 0.085 

15.216 6.36 0.103 15.213 0.663 0.145 

15.233 28.63 0.095 15.224 24.19 0.066 

15.252 39.95 0.104 15.262 23.59 0.069 

15.253 16.48 0.069 15.271 17.49 0.072 

15.263 20.36 0.1 15.272 14.24 0.074 

15.293 12.82 0.117 15.273 18.51 0.072 

15.294 23.94 0.091 15.282 23.56 0.085 

Mean =  24.25 0.104 Mean = 19.72 0.082 

p=.368 p=.033 

 

 

Table 10           

Micro-Anatomical Measurements of Posterior Synchondrosis 

Wild-type Samples Knockout Samples 

Sample ID BV/TV Tb. Sp. Sample ID BV/TV Tb. Sp. 

15.176 43.99 0.052 15.187 45.45 0.049 

15.193 33.92 0.079 15.201 34.92 0.059 

15.215 34.19 0.051 15.208 35.65 0.053 

15.216 38.59 0.049 15.213 3.03 0.106 

15.233 32.04 0.069 15.224 37.6 0.052 

15.252 34.31 0.065 15.262 31.53 0.055 

15.253 31.14 0.055 15.271 35.36 0.054 

15.263 29.78 0.057 15.272 34.55 0.054 

15.293 29.84 0.052 15.273 29.9 0.056 

15.294 345.72 0.057 15.282 29.69 0.064 

Mean =  34.35 0.059 Mean = 31.79 0.055 

p=.504 p=.182 
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Table 11     

p-Values of Micro-Anatomical Measurements 

Locations BV/TV Tb. Sp.  

Anterior Synchondrosis p=0.368 p=0.033 

Posterior Synchondrosis p=0.504 p=0.181 

Frontal Suture p=0.144 p=0.403 

Bregma Suture p=0.927 p=0.450 

Fronto-Parietal Suture p=0.233 p=0.501 

Parietal Suture p=0.187 p=0.500 

Pari Suture p=0.202 p=0.503 

 

No statistically significant difference in bone quality was found between Actn3 

knockout and wild-type at any of the five sutures investigated.  P-values for BV/TV and 

Tb. Sp. of the five sutures ranged from p= 0.144-0.927 and p=0.403- 0.503 respectively 

(Table 11). BV/TV of the anterior and posterior synchondroses showed no statistically 

significant difference between knockout and wild-type (p=0.368 and 0.504 respectively) 

(Table 11).   The Tb. Sp. of the posterior synchondrosis was found to be statistically 

insignificant for our current sample size at p= 0.181 (Table 11).  A power analysis was 

run, and predicted statistical significance at n=51.  The anterior synchondrosis was found 

to have a statistically significant difference in trabecular separation between Actn3 

knockout and wild-type mice (p= 0.033) (Table 11). 
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CHAPTER 6 

DISCUSSION 

6.1 Discussion Overview 

 A better understanding of the genetic and epigenetic factors that influence the 

growth and development of skeletal malocclusions would allow for more effective and 

efficient treatment.  One such gene that has been linked to skeletal malocclusion is  

Alpha-Actinin-3 (ACTN3).  Although primarily expressed in type II skeletal muscles, 

ACTN3 is also found in osteoblasts and osteocytes (Yang, 2011).  The effect of ACTN3 

on musculoskeletal development has been shown to be associated with Class II and open 

bite skeletal malocclusions (Zebrick et al, 2014).  In regards to bone development, Actn3 

(-/-) mice exhibited a decrease in bone mineral density of long bones (Yang, 2011).  This 

lack of Actn3 in bone additionally yields an increase in Enpp1 -/- resulting in decreased 

levels of circulating calcium and phosphate and a decrease in trabecular number. In bone 

development, Actn2 is unable to compensate for the lack of Actn3 as seen in skeletal 

muscle, because Actn2 is not expressed in osteoblasts (Mackenzie, 2012). 

6.2 Bone Development 

The effect of the Actn3 knockout in mice has previously been studied in long  

bones and the mandible (Yang et al., 2011 and Arino et al., 2017).  Although both long 

bones and the mandibular condyle grow via cartilaginous growth sites, the osteogenic 

process differs.  In long bones, endochondral ossification emanates from the epiphyseal 

growth plates in both directions as chondrocytes proliferate and mature (Gilbert, 2000).  

The cartilage located at epiphyseal growth plates is known as primary cartilage, whereas 
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the cartilage of the mandibular condyle is secondary cartilage.  The secondary cartilage of 

the condyle is often referred to as fibrocartilage due to its fibroblast content.  The  

fibrocartilaginous nature of the condyle allows it to function as both a growth site and  

point of articulation of the mandible with the glenoid fossa (Mizoguchi, 2013). 

It was the goal of this study to investigate the role Actn3 plays in the growth and  

development of the calvarial bones and cranial base in a mouse model. The calvarium  

and cranial base were selected as regions of interest due to their differing modes of  

ossification, intramembranous and endochondral ossification respectively. 

Intramembranous ossification of the calvarium occurs by direct differentiation  

mesenchymal tissue into bone, while not undergoing a cartilaginous stage (Gilbert, 2000).   

Growth of the calvarium occurs in part by sutural growth.  In order for a suture to  

properly function as an intramembranous growth site, the suture must remain unossified  

while at the same time allowing bone formation at the edges of adjacent bone fronts  

(Jin,2016).  Conversely, growth of the cranial base occurs via endochondral growth,  

similar to the growth of long bones.  The cartilage located in the cranial base is primary  

cartilage as seen in long bones, but the so called epiphyseal plate of the synchondroses is  

bipolar as opposed to the monopolar growth site seen in long bones (Mizoguchi, 2013)  

(Thilander, 1995).  As the ossification occurs from both sides, the hyaline cartilage of the  

synchondroses transitions from hyaline cartilage to fibrocartilage (Thilander, 1995).   

During endochondral ossification, the mesenchymal cells condense into compact nodules  

and ultimately differentiate into cartilage cells known as chondrocytes.  In the 3rd phase  

of cartilaginous bone growth, the chondrocytes proliferate and become hypertrophic.  The  

hypertrophic chondrocytes eventually die via apoptosis.  The void created by the death of  
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the chondrocyte is filled by adjacent cells that differentiate into bone forming osteoblasts  

that deposit osteoid and initiate mineral deposition (Gilbert, 2000). It is based on this  

information that we suspected a similar alteration in bone growth and quality of the  

cranial base as was seen in the endochondral growth sites of long bones and the  

mandible.  

6.3 Comparison of Findings 

 Macro-anatomical comparisons were made between knockout and wild-type mice 

in the form of nine linear measurements.  No statistically significant difference was found 

between the knockout and wild-type mice for any of the nine linear measurements 

recorded, with p-values ranging from 0.095-0.995 (Tables 1, 2, and 3).  It can be 

speculated that the lack of variance in macro-anatomical anatomy between knockout and 

wild-type mice can be attributed to Actn3’s effect on bone quality as opposed to bone 

quantity.  The absence of Actn3 diminishes the levels of calcium and phosphate as well as 

decreases the trabecular number, but it appears to leave the macro-anatomy of the bone 

unaffected. This speculation is partially supported by (Mackenzie, 2012) that showed a 

reduction in mineral formation due to Actn3 -/- causing an upregulation of Enpp1. These 

findings however contradict recent findings in a similar study of the mandible (Arino et 

al., 2017) that reported decrease in mandibular length (p=0.010 and increased ramal 

height (p= 0.02).  In agreement with the Arino study, Constant et al. (2018) report 

alteration in condylar height and morphology associated with the rs9373000 SNP of 

ENPP1.  It is interesting to note that both studies investigating the mandible reported 

macro-anatomical variations, whereas our study of the cranial base and calvarium found 

no such macro-anatomical variations.  The apparent disparity in effect of Actn3 knockout 
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on macro-anatomical architecture in the mandible and cranial base is still unknown.  

Mackenzie reported shorter femurs but longer tibia in Enpp1 -/- mice in comparison to 

wild-type controls which suggests that differential loading of the bone may be a 

contributing factor (Mackenzie, 2012).  Although long bones, the mandibular condyle, 

and the synchondroses all grow via endochondral ossification, the osteogenic process 

differs among the three and may be an underlying cause of the discrepancy in findings. 

Future studies should seek to shed light on a potential difference in the effects of Actn3 

and Enpp1 in the mandible and cranial base.   

 Micro-anatomical comparisons were made between knockout and wild-type mice 

at five calvarial suture sites and two un-calcified cranial base synchondroses.   The five 

calvarial suture sites mature through intramembranous ossification and were selected to 

juxtapose the endochondral growth sites of the cranial base synchondroses.  Bone quality 

was investigated through two measures, bone volume fraction (BV/TV) and trabecular 

separation (Tb. Sp) (Bouxsein et al, 2010).  No statistically significant difference was 

found between the wild-type and knockout samples at any of the five sutural regions of 

interest.  The p-values for BV/TV and Tb. Sp of the five sutures ranged from p= 0.144-

0.927 and p= 0.403-0.503 respectively (Table 11). These results show that 

intramembranous growth sites, of the calvarium in particular, appear unaffected by the 

lack of Actn3.  Thus we can deduce intramembranous growth and sutural fusion of the 

calvarium remains normal in Actn3 (-/-) mice.   

 The lack of statistically significant difference in BV/TV in the anterior and 

posterior synchondroses of knockout and wild-type sample (p=0.368 and 0.504 

respectively) is in disagreement with Yang et al, 2011 that found a 59% (p<0.01) 
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decrease of BV/TV (Table 11).   One possible cause of our differing results may be 

sample size.  The Yang et al. study evaluated 165 mice, whereas our study included only 

20 mice.  A larger sample size for our study may have yielded a statistically significant 

difference in BV/TV for Actn3 knockout and wild-type mice.  

The Tb. Sp. of the posterior synchondrosis was found to be statistically 

insignificant for our current sample size at p= 0.181 (Table 11).  A power analysis 

predicts statistical significance at n=51.  As hypothesized, a statistically significant 

reduction in trabecular separation between Actn3 knockout and wild-type mice was 

discovered for the anterior synchondrosis (p= 0.033) (Table 11). Our findings in the 

endochondral growth sites of the cranial base synchondroses are in agreement with the 

study by Arino et al. (2017) who saw a decrease in Tb. Sp, p=0.031.  

It is still unknown as to why bone growth in endochondral sites is affected by a 

lack of Actn3, yet intramembranous growth sites appear unaltered. Perhaps, it could be 

due to Actn3 (-/-) ultimately leading to a decrease in both osteoblasts and chondrocyte 

precursor cells via its effect on ENPP1as reported by Nam et al., (2011).  Endochondral 

growth sites contain both osteoblasts and chondrocytes as opposed to intramembranous 

growth sites that only contain osteoblasts.  The combined decrease in osteoblasts and 

chondrocytes seen in endochondral growth sites may be enough to yield the significant 

difference in bone quality seen in Actn3 (-/-) mice.  Conversely, its effect on osteoblasts 

alone in intramembranous sutures may not be enough to yield a significant alteration in 

bone quality.  
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6.4 Study Shortcomings 

 Data collection from a small sample size, n=20, of three month old female mice 

did not provide a large representation of the mouse population.  In order to grasp a more 

vast understanding of the effects of Actn3, mice of varying ages and sexes should be 

studied. By three months, many of the sutures and synchondroses have begun to fuse 

(Vora et al, 2016).  Therefore, we believe future investigations would benefit from 

studying a range of younger mice that are still developing.  

 Due to the nature and time constraints of this thesis project, samples were only 

measured once by one examiner.  Repeated measures by multiple examiners would 

increase the validity of our results and reduce any biases of the examiner. In addition, the 

examiner was not blinded to the genotype of the sample.  This knowledge may have 

subconsciously created bias when segmenting the various regions of interest and 

subsequent measurements.  

 If genetic anomalies such as a lack ACTN3 are detected as a part of the diagnostic 

process, orthodontists in the future may be able to use this information to confidently and 

accurately diagnose skeletal malocclusions.  Being able to diagnose the etiology of a 

skeletal malocclusion in such a way would enable the clinician to treat in the most 

efficient and effective manner 
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CHAPTER 7 

CONCLUSIONS 

1. As seen in previous studies, Actn3 knockout mice are found to have an altered bone 

quality in cartilaginous growth areas, including the mandibular condyle and cranial base 

synchondroses.   

2. Our findings show that endochondral growth is altered in Actn3 knockout mice, whereas 

intramembranous growth remains unaltered. 
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