
			 	

	

GROWTH FACTOR EXPRESSION 
IN THE RAT CONDYLE 

IMPLICATIONS FOR 
CRANIOFACIAL DEVELOPMENT 

 

Mohamad Al-Dujaili 
 

A thesis submitted for the degree of 

Doctorate of Clinical Dentistry in Orthodontics 

University of Otago, Dunedin, New Zealand 

August 2015	  



	 ii	

CONTENTS	

1	 Acknowledgements	...................................................................................................	iv	

2	 Abstract	..........................................................................................................................	v	
2.1	 Background	and	Aim	.......................................................................................................	v	
2.2	 Methods	...............................................................................................................................	v	
2.3	 Results	..................................................................................................................................	v	
2.4	 Conclusions	.......................................................................................................................	vi	

3	 Preface	.........................................................................................................................	vii	

4	 List	of	Figures	...........................................................................................................	viii	

5	 List	of	Tables	...............................................................................................................	xi	

6	 List	of	Abbreviations	..............................................................................................	xii	

7	 Review	of	the	Literature	...........................................................................................	1	
7.1	 Significance	of	this	research	........................................................................................	2	
7.2	 Embryological	Development	of	the	condyle	...........................................................	4	
7.3	 Structure	and	composition	of	the	condylar	cartilage	.........................................	6	
7.3.1	 Articular	layer	.............................................................................................................................	6	
7.3.2	 Resting	layer	................................................................................................................................	7	
7.3.3	 Proliferative	layer	......................................................................................................................	7	
7.3.4	 Hypertrophic	layer	....................................................................................................................	7	
7.3.5	 Erosive	layer	................................................................................................................................	7	
7.3.6	 Bone	.................................................................................................................................................	7	

7.4	 Chondrogensis	and	osteogenesis	...............................................................................	9	
7.5	 The	Rat	Model	In	investigating	the	Condylar	Cartilage	....................................	12	
7.6	 The	expression	of	Growth	factors	in	the	condylar	cartilage	...........................	14	
7.7	 Comparison	between	Epiphyseal	and	condylar	cartilages	.............................	16	
7.8	 Growth	Factors	-	A	focussed	review	........................................................................	19	
7.8.1	 Insulin-like	growth	factor	(IGF)	.......................................................................................	19	
7.8.2	 Vascular	endothelial	growth	factor	(VEGF)	................................................................	21	
7.8.3	 Transforming	growth	factor	(TGF)	.................................................................................	22	
7.8.4	 Fibroblast	growth	factor	(FGF)	........................................................................................	24	
7.8.5	 Parathyroid	hormone	related	protein	and	Indian	hedgehog	(PTHrP	and	Ihh)
	 27	
7.8.6	 Transcription	factors	............................................................................................................	28	

7.9	 Growth	Factor	Summary	.............................................................................................	30	
7.10	 Gene	Expression	Analysis	........................................................................................	31	
7.11	 AIMS	and	Research	Hypothesis	..............................................................................	34	
7.11.1	 Specific	Objectives:	..............................................................................................................	34	
7.11.2	 Hypothesis	..............................................................................................................................	34	

8	 Methods	.......................................................................................................................	35	
8.1	 Ethical	Approval	............................................................................................................	36	
8.2	 Study	animals	.................................................................................................................	37	
8.3	 Pilot	Study	........................................................................................................................	37	
8.4	 Main	Study	.......................................................................................................................	40	
8.4.1	 Surgical	RETRIEVAL	of	Rat	Condyles	............................................................................	43	
8.4.2	 Histology	.....................................................................................................................................	44	
8.4.3	 RNA	Isolation	using	Cryogenic	Grinding	......................................................................	44	



	 iii	

8.4.4	 RNA	purification	.....................................................................................................................	45	
8.4.5	 cDNA	synthesis	........................................................................................................................	45	
8.4.6	 RT-qPCR	Housekeeping	gene	analysis	..........................................................................	46	
8.4.7	 Growth	factor	gene	expression	analysis	.......................................................................	47	
8.4.8	 analysis	of	qpcr	data	..............................................................................................................	47	

9	 Results	.........................................................................................................................	49	
9.1	 Condylar	tissue	Collection	..........................................................................................	50	
9.1.1	 Animals	.......................................................................................................................................	50	
9.1.2	 Condyle	Harvesting	................................................................................................................	50	
9.1.3	 Radiographic	assessment	of	decalcification	...............................................................	50	

9.2	 Histology	...........................................................................................................................	52	
9.2.1	 Assessment	of	developmental	stages	of	the	rat	Condyle	......................................	52	

9.3	 Cryogenic	grinding	........................................................................................................	60	
9.3.1	 Condylar	tissue	recovery	.....................................................................................................	60	
9.3.2	 Condylar	RNA	Quantity	and	quality	assessment	......................................................	60	

9.4	 Gene	expression	and	analysis	...................................................................................	62	
9.4.1	 Comparison	of	RNA	extraction	from	rat	condyle	with	Extraction	from	soft	
tissue	 62	
9.4.2	 LDH	gene	analysis	-	validation	of	Housekeeping	gene	selection	.......................	62	
9.4.3	 Growth	Factor	Array	.............................................................................................................	62	

10	 Discussion	and	Conclusion	.................................................................................	67	
10.1	 Discussion	.....................................................................................................................	68	
10.1.1	 Condylar	tissue	Collection	...............................................................................................	68	
10.1.2	 Histology	..................................................................................................................................	69	
10.1.3	 Cryogenic	grinding	..............................................................................................................	71	
10.1.4	 RNA	extraction	and	purification	....................................................................................	71	
10.1.5	 REAL-TIME	POLYMERASE	CHAIN	REACTION	........................................................	71	
10.1.6	 RAT	CONDLYE	HOUSEKEEPING	GENE	SELECTION	.............................................	73	
10.1.7	 Growth	Factor	gene	expression	.....................................................................................	74	

10.2	 Conclusions	...................................................................................................................	78	
10.3	 Future	Directions	........................................................................................................	79	

11	 References	...............................................................................................................	80	

12	 Appendix	................................................................................................................	102	
	 	



	 iv	

1  ACKNOWLEDGEMENTS 

This study was supported by a grant from the New Zealand Dental Association Research 

Fund (NZDARF). 

I would like to thank my mentor and friend Professor Mauro Farella, for his endless efforts, 

continued dedication and his inspiring teaching and attitude. Professor Richard Cannon and 

Doctor Trudy Milne, thank you for all your time and guidance with putting this thesis 

together. To the numerous people behind the scenes: Sharla Kennedy (Medlab Dental) and 

Lee Williams (Animal Welfare Office – University of Otago): thank you for the time you 

devoted to this project. 

A big thank you to my colleagues and friends for their collegiality, companionship and for 

keeping a smile on my face throughout the entire process. To my family, I would like to thank 

you for all the support you have provided over the years. Your continued love and 

encouragement drive me to do better. My life mentors - my father and mother - without you, 

there are many things in my life that would not be possible. This is certainly an 

accomplishment I could not have achieved without your presence.  

Azza, you are a wonderful wife and an even more wonderful friend. This ride would not have 

been as smooth and enjoyable without you.  

An amazing journey. I am looking forward to the next chapter. 

  



	 v	

2 ABSTRACT 

2.1 BACKGROUND AND AIM 

The mandible is particularly important in growth and development, in that it contributes to the 

morphology of the face. From a clinical perspective, mandibular morphologies may be 

attributed to certain malocclusions. The mandibular condylar cartilage has gained a long-

standing interest in orthodontic research, as it is a site of growth and development of the 

mandible. The initial aim was to extract RNA from the condylar tissue. The main purpose of 

the experiment was to assess an array of growth factors and to appraise the changes in their 

regulation, over several time points. 

	

2.2 METHODS 

This study was carried out in two parts. A pilot study involving 6 rats was used to validate 1) 

a surgical method for the harvesting the rat condyle; 2) a protocol for the extraction of RNA, 

following cryogenic grinding of the condyle; and 3) using haematoxylin and eosin and 

toluidine blue stains, different developmentally distinct time points were identified. In the 

main study, using 36 rats, 72 condyles were extracted from 4, 10, 21 and 90 day rats and 

processed through the validated RNA extraction protocol. The remaining eight condyles were 

assigned for further histological analysis. The level of mRNA obtained and the gene 

expression for 28 growth factor genes were measured. Quantitative polymerase chain reaction 

(qPCR) technique was used to compare the relative gene expression at the time points 

identified. 

	

2.3 RESULTS 

The condylar tissue harvesting technique, the cryogenic grinding protocol and RNA 

extraction methods were all successfully carried out. In all the samples, all growth factor 

genes investigated were expressed. Across all time points and relative to the three internal 

normalisation genes, there was subtle up and down regulation of genes involved in 

chondrogenesis and osteogenesis. However, the recommended two-fold change was not 

apparent for any of these growth factor genes (-3.85 ≤ fold change ≤ 1.65; p ≥ 0.07). 
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2.4 CONCLUSIONS 

The present study showed that the cryogenic grinding protocol was a valid technique in 

extracting RNA from the condyles and that all the growth factors selected were present in the 

gene analysis. However, in the rat model, the twofold change in the regulation did not occur 

for any of the growth factors investigated at any time point selected. However, the potential 

for the adopted technique for future research directions is well demonstrated. 
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7.1 SIGNIFICANCE OF THIS RESEARCH 

The mandible is a crucial part of the craniofacial complex, and it is widely accepted that all of 

the mandibular surfaces contribute to growth and remodelling in the mandible. The majority 

of the growth of the mandible occurs posteriorly, resulting in the forward displacement and 

relocation of the mandibular body (Bjork, 1963). The mandible is particularly important in 

growth and development, in that it contributes to the morphology of the face. From a clinical 

perspective, mandibular morphologies may contribute to certain malocclusions, such as an 

anterior open bite and the long face (Bjork, 1963). 

The mandibular condyle is the part of the mandible that forms the articulation with the 

glenoid fossa of the temporal bone. It has been of long-standing interest in orthodontic 

research since it was first recognised as a site of endochondral bone growth in the mandible 

(Kolliker, 1854). The mandibular condylar cartilage is defined as a secondary cartilage as it 

appears later in development compared to the primary cartilaginous skeleton (Symons, 1965). 

This cartilage is formed at a regular and well-defined time point during foetal development 

(Moss, 1958), and is involved in growth and remodelling periods of the pre-pubertal and 

pubertal stages (Bjork and Skieller, 1976). Researchers have focused on this concept with the 

goal of manipulating this “growth site” in order to overcome mandibular retrognathia or 

prognathia – two clinical presentations that continue to challenge orthodontists and 

maxillofacial surgeons alike. With advancing biomolecular technology, growth factors have 

been implicated in the growth and development of the condylar cartilage. Growth factors are 

molecules involved in cellular communication and take part in the development and growth 

of many organ systems in the body. 

Growth factors are a large family of polypeptide molecules that are distinct from hormones, 

as they can be produced by many different types of tissues. They are regarded as local 

hormones, which function as cell-cell signalling molecules. Historically, these substances 

were first identified as stimulating the growth of cells and tissues (hence they were named 

growth factors). Developmental biologist Rita Levi-Montalicini and biochemist Stanley 

Cohen were awarded the Nobel Prize in 1986 for their discovery of nerve growth factor and 

epidermal growth factor, and for showing how the growth and differentiation of a cell is 

regulated. Growth factors regulate cell division in many tissue types, by autocrine or 

paracrine mechanisms. Depending on which receptors are activated, growth factors can 

initiate mitogenic, antiproliferative or trophic effects. Hence, they may act to enhance or 

suppress cell division and proliferation (Leander, 2010). Hiatt and Gartner refer to growth 

factors as products of signalling cells, which must interact with one another, either indirectly 

by receptor-mediated binding or directly by cellular contact (Hiatt and Gartner, 2010). The 
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following research highlights many interactions and interesting patterns of expression of these 

molecules.  

	 	



	 4	

7.2 EMBRYOLOGICAL DEVELOPMENT OF THE CONDYLE 

The development of the condyle requires a highly coordinated spatial and temporal sequence 

of events to generate this relatively complex structure. Neural crest cells have been shown to 

give rise to a diverse population of cells, including bone and cartilage cells. In young animals, 

the condylar cartilage demonstrates a distinct layer of stem cells that originate from the 

embryonic mesenchymal cells (Silbermann et al., 1987). The classic quail and chick 

experiments of Le Douarin and colleagues, have provided an insight into the migratory 

patterns of these cells and provided an increased understanding of the likely epithelial-

mesenchymal interactions that exist (Le Lievre and Le Douarin, 1975; Le Lievre, 1978; Le 

Douarin et al, 1993). 

Early histological investigations of human mandibular joints were described by Kjellberg in 

the early 1900’s followed by studies by Symons some years later in the 1950’s. The initial 

observations described the length of the foetuses rather than the age, therefore it is difficult to 

draw direct comparisons with other studies (Kjellberg, 1904; Symons, 1954). More recent 

histological studies support the first histological indication of the condylar cartilage appearing 

as a condensation of ectomesenchymal cells at day 14-17 in humans in utero (Shibata et al, 

1995; Tomo et al., 1997), with the formation of a cartilaginous tissue at weeks 10-11. 

Condylar cartilage, which is a secondary cartilage, appears distinctly during the 8-10th week 

in utero and spans the area between the mandibular foramen and the future 

temporomandibular joint (TMJ) (Furstman, 1963; Alves 2008). This is a biologically distinct 

cartilage and bares no relationship to Meckel’s cartilage – a primary cartilage that forms a 

scaffold, which supports the hard tissue development in the mandible (Kardos and Kieser, 

2000).  At five months, most of this primitive structure undergoes ossification except a small 

band; below the surface of the condylar head (Meikle, 2002). In humans, the temporal bone 

appears at week 8 in utero (Furstman, 1963; Merida-Velasco et al, 1999). With continued 

ossification, the shape of the glenoid fossa and articular eminence are developed between 

week 14 to week 26 in utero. These structures continue to grow in size, and remodel in adult 

life (Wright and Moffett, 1974; Thilander et al., 1976).  

The role of the environment on the development of a cell lineage in the mandibular condyle 

was introduced as a research concept by the early work of Ham (1930). Ham hypothesised 

that the presence of the secondary cartilages may be related to ischemic states within skull 

bones. Since then, other researchers have proposed the high pressure and shearing forces 

generated at these sites to be responsible for the development of the secondary cartilages 

(Yamagishi and Yoshimura, 1955; Girgis and Pritchard, 1958). Previous work in the 1960s 

and 1970s involving transplantation of animal condyles into a non-functional environment 
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have shown the chondrocyte progenitor cells develop into osteoblasts, forming bone, not 

cartilage (Murray and Smiles, 1965; Duterloo, 1967; Meikle, 1973). Based on these studies, it 

was concluded that cells were bi-potent and responded to environmental influences such as 

mechanical factors and hypoxia. This hypothesis has been supported by others: 

 “alterations in cell-matrix interactions cause changes in gene expression with the 

subsequent shift in collagen type synthesis… and in order for cartilage cells to 

differentiate into osteoblasts, they require a suitable micro-environment which could 

be provided by the extracelluar matrix of hypertrophic chondrocytes” (Silbermann et 

al., 1987). 

The study of Silbermann and co-workers extended previous research as it incorporated 

immunochemical, histological, electron microscopy and radiolabelling techniques.  
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7.3 STRUCTURE AND COMPOSITION OF THE CONDYLAR 
CARTILAGE 

In the mandibular condyle, cartilage tissue layers consisting of chondrocytes can be 

distinguished histologically and were described as early as 1854 (Kolliker, 1854). They will 

be described here in order of their transition from the most superficial articular cartilage to the 

deep condylar bone layer. It is important to note that there is a histological difference between 

the human condylar cartilage structure and that of other animals. Specifically, human 

condylar cartilage has a less clear distinction between the various cellular zones depicted in 

Figure 1 (Silbermann et al., 1987; Ami, 1991). 

 

	

Figure 1 - Photomicrograph of a 21-day rat condyle at 50x magnification depicting 
the layers of the condylar cartilage in a coronal section. A) erosive layer b) 
hypertrophic layer c) proliferative layer d) resting layer e) articular layer. 

 

7.3.1 ARTICULAR LAYER 

This is the most superficial part of the mandibular condyle. It is covered by an articulating 

fibrous cartilage layer, which distinguishes the TMJ from other synovial joints covered by 

hyaline cartilage. The function of the fibro-cartilage is to resist high forces, in particular sheer 

forces produced at the TMJ (Johnson and Moore, 1997). The fibro-cartilaginous layer is 

continuous with the periosteum of the condylar neck. Flat fibroblast-like cells are found in 

this layer, which have an endoplasmic reticulum surrounded by a dense cytoplasm (Klinge, 

1996).  
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7.3.2 RESTING LAYER 

The resting layer is sometimes considered to be a part of the proliferative layer (Meikle, 

1973). Since the cartilaginous cells in this layer are morphologically unique, they will be 

described separately. These cells are generally small, with a much-reduced amount of 

chondroid matrix compared to the deeper layers. The high nucleus to cytoplasmic ratio of the 

cartilage cells, reflect the beginning of what is classified as a growth site – the condylar 

cartilage. The superficial part of this layer has been suggested to contribute cells to the outer 

layers, while the deeper part has been implicated in providing cells for the deeper layers 

(Wang and Detamore, 2007).  

7.3.3 PROLIFERATIVE LAYER 

In essence, the proliferative layer serves as a layer separating the more superficial 

fibrocartilage, from the deeper hypertrophic condylar layer. This layer acts as a mesenchymal 

cell reservoir. It is abundant in cellular components and intercellular matrix, but with 

relatively larger cells that lack the abundant collagen fibres present in deeper layers. The cells 

are housed in lacunae and are not arranged in an orderly manner.  

7.3.4 HYPERTROPHIC LAYER 

This layer forms a large band of chondrocytes that are highly differentiated. There is evidence 

of calcification as progress is made through to the deeper parts of this layer. One 

characteristic of this layer is the high density of type II collagen fibres in the intercellular 

matrix that is continuous with the osteoid matrix of the erosive layer (Wang and Detamore, 

2007). Synthesis of Collagen types I and X, and alkaline phosphatase positive matrix vesicles 

has been reported to initiate mineralisation of the matrix (Shen and Darendeliler, 2005). This 

layer has also been identified to contain proteoglycans aggrecan, versican and decorin (Mao 

et al., 1998). 

7.3.5 EROSIVE LAYER 

Superficial to the bone, this layer represents a marked transition from cartilage to bone. As 

this layer is adjacent to the bone layer, irregular bone trabeculae intermix with cartilage tissue. 

The cartilage cells break down, forming calcified cartilaginous fragments. 

7.3.6 BONE 

The majority of mandibular bone is formed via intramembranous ossification, where bone 

tissue replaces the mesenchymal membrane, in which it forms. However, the condylar 
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cartilage gives rise to endochondral bone formation, where bone replaces a cartilaginous 

predecessor (Berkovitz et al., 2009). The predominant collagen type in this subchondral bone 

is type I collagen (Wang and Detamore, 2007).  



	 9	

7.4 CHONDROGENSIS AND OSTEOGENESIS 

It is currently believed that the process of endochondral ossification at the mandibular 

condyle occurs initially as a condensation of mesenchymal cells, the origin of which is 

controversial. These cells differentiate into a cartilaginous template, which hypertrophies, 

followed by destruction through vascular invasion. This tissue is then replaced by trabecular 

bone and bone marrow (Fang and Hall, 1997). This process is progressive as the cells 

“mature”, and it is evident in histological studies looking at the growth and development of 

the mandibular cartilage, that the process involves progenitor cells. As mentioned previously, 

this secondary cartilage is maintained throughout the developmental stages, and the cartilage 

has been reported to be patent in mature animals (Buchner, 1982; Enlow, 1964; 1968; 1990). 

It is interesting to note that some variation exists between different species. In avian condylar 

cartilage, no biomechanical stimulation is required to maintain condylar cartilage patency 

(Vinkka-Puhakka and Thesleff, 1993). This is in contrast to both the rodent species (Murray 

and Smiles, 1965; Duterloo, 1967; Meikle, 1973; Bouvier, 1988; Vinkka-Puhakka and 

Thesleff, 1993) and primates (Glineburg et al., 1982) where mechanical stimulation appears 

to be required to maintain condylar cartilage patency. In primates, the absence of mechanical 

stimulation on the other hand results in marked histological thinning of the articular and 

condylar cartilage, minimal expression of condylar matrix glycosylaminoglycans (GAGs) and 

minimal expression of hypertrophic chondrocytes (Glineburg et al., 1982). 

There are some theories relating to the factors that initiate osteogenesis. An increase in 

chondrocyte cell volume has been found to be associated with apoptosis, matrix calcification 

and vascular invasion at the growth plate (White and Wallis, 2001). The influx of calcium 

into chondrocytes and its secretion from chondrocytic cells has also been implicated in the 

initiation of calcification in a cartilaginous matrix (Morris and Appleton, 1980). Another 

hypothesis is that blood vessels, that richly supply the initial cartilaginous superficial layer, 

deliver stem cells of different lineages, which give rise to osteoblasts and osteoclasts. The 

invading cells stimulate the removal of calcified cartilage and its replacement by bone 

marrow and trabeculae (White and Wallis, 2001). Current research has focused attention on 

the action of growth factors. It is believed that differential expression of cytokines and growth 

factors can result in an angiogenic process and selective cellular proliferation or suppression. 

The growth factors have also been implicated in turning on or off relevant genes, which 

results in either up or down regulation of certain transcription factors, and apoptotic genes. 

This process thus affects protein synthesis (Raser and O’Shea, 2004). 

Numerous growth factor gene families have been identified through the utilisation of animal 

research and through the study of human genetics and pathology. When considering growth 
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and development, it is imperative to conceptualise the different levels of regulation present: 1) 

level of gene activation i.e. DNA; 2) the interaction between different molecules and the 

resultant gene activation or suppression; 3) regulation of transcription and translation; 4) post 

translational modification; and 5) environmental influences (Raser and O’Shea, 2004; 

Jaenisch and Bird, 2003; DeRisi et al., 1997).  

The literature contains many different types of investigations looking into the condylar 

cartilage structure; the majority of which have utilised rodent interventional or observational 

studies. A few investigations involved primates (non-human), and an even smaller number 

has involved human autopsy material. The trend over the years has progressed from initial 

descriptive histological studies, where investigators have described cells and tissue layers, to 

autoradiographic studies utilising H3- thymidine, to the current immunohistochemical studies. 

These studies are mainly aimed at quantifying the amounts of molecules present in a tissue 

sample. Finally, multiple authors have investigated the effect of changes in mastication and 

bite-altering techniques on the condylar cartilage, in an attempt to increase our understanding 

of the molecular basis of some treatment modalities. 

The secondary cartilages are found at four sites in the mandible: the symphysis, gonial, 

coronoid and condylar cartilages (Kardos and Kieser, 2000). However, the condylar cartilage 

is the only cartilage that does not disappear at birth but remains for the rest of the human life-

span. One possible reason for this relates to its articular function, which induces and 

maintains the cartilage within the condylar process of the mandible (Symons, 1954; Wright 

and Moffett, 1974). The mandibular condyle continues to remodel throughout childhood, and 

it has been reported that it does not attain its full mature contours until the late mixed 

dentition, between the ages of 6 and 12 years (Thilander et al., 1976). The condylar cartilage 

follows a similar pattern of maturation. Growth of the condyle post-natally is accompanied by 

a significant increase in the thickness of the resting and proliferative zones, and a decrease in 

the thickness of the hypertrophic zone of the condylar cartilage. This results in an overall 

thinning of the structure (Wang and Detamore, 2007). A well-designed autopsy cross-

sectional study investigated the histological appearance of the TMJ obtained from 51 humans, 

ranging between birth and 21 years of age (Wright and Moffett, 1968). At birth, the cartilage 

was approximately 1.5mm in thickness, thinning down to approximately a third of its size 

within a time span of months to years. During the first two years of life, the cartilage was 

penetrated by vascularised tissue with a proposed function of supplying nourishment. The 

cartilage was reported to diminish in dimensions at 16-17 years of age, with a hard tissue 

infiltration (Enlow, 1964; 1968; 1990). Interestingly, the condylar cartilage was still found in 

the older condyles. This has also been reported in histological-based animal studies, where 

both young and mature animals had a patent condylar cartilage that responded significantly to 
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bite altering therapy (Buchner, 1982) – This may have implications for the treatment of adults 

as the potential for growth and adaptation seems to remain.  

In the 1980s, a histologic and histochemical study involving primates was carried out 

(Glineburg, 1982). This study showed the effect of immobilisation for 8 weeks and 

remobilisation of the TMJ, over a 4-month period. Overall, condylar cartilage thinning, 

decreased cartilagenous matrix synthesis and the almost complete absence of hypertrophic 

chondrocytes were seen in the experimental group after immobilisation. The return to ‘control’ 

conditions resulted in remobilisation of the joint after 4 months. More recent animal 

experimentation has illustrated that with mandibular advancement treatment, a continued 

important role of condylar growth is shown with enhanced condylar growth in mature animals 

(Rabie et al., 2002; Chayanupatkul et al., 2003; Rabie et al., 2004; Xiong et al., 2005; Ng et 

al., 2006). Animal experiments have also highlighted that there are differences in expression 

of specific growth factors examined at the different zones within the condyles and at different 

times of development (Terao et al., 2011; Visnapuu et al 2001, 2002a, 2002b, Sato et al., 

1999). This highlights the potential for these molecules to regulate the differential 

development and growth of these tissues. 

Although these findings do not directly relate to human growth and development, the 

concepts should be further explored. However, no literature exists regarding condylar 

cartilage research in humans. 

  



	 12	

7.5 THE RAT MODEL IN INVESTIGATING THE CONDYLAR 
CARTILAGE 

Currently, most experimental research relating to the condylar cartilage shows non-uniform 

experimental techniques and methods between studies.  The quality of experimental design is 

of prime importance and there are many factors that contribute to sound research. The rat 

model of condylar cartilage development has been widely used as it has been reported to be a 

valid and preeminent biological model that closely represents physiological and pathological 

developmental processes of mammalian species. Furthermore, the genome of a rat has been 

mapped and biochemical techniques eg. growth factor assays, are readily available at a 

reasonable cost. However, a recent review highlights that rats: 

“are not a miniature form of humans; differences in anatomy, physiology, 

development and biological phenomena must be taken into consideration when 

analysing the results of any research in rats when age is a crucial factor” (Sengupta, 

2013). 

In regards to the developmental stages of a rat, rats up to 7 days old/14g are to be considered 

“neonatal”, they are weanlings around 21 days or 45g, preadolescents around 35 days or 115g, 

and considered young adults at day 63 or 300g (Sengupta, 2013). This is consistent with older 

reports, where rats between 31-42 days old were considered pre-pubertal to late pubertal and 

undergoing sexual maturation as pronounced changes in the amplitude and frequency of 

pulsatile secretion of growth hormone was noted (Gabriel et al., 1992). Animals were 

designated prepubertal between 28-32 days, 33-40 days as early pubertal and 41-54 days as 

late pubertal. 

Another methodological factor that may have an important impact on the findings of gene 

expression studies is the psychological stress levels experienced by the animals during 

experimentation. It has been suggested that stress levels may affect systemic hormones, which 

can affect the microstructure of the mandibular condyle (Li et al., 2013). In this experiment, 

plasma concentrations of aderenocorticotropic (ACRT) and cortisol (CORT) hormones (stress 

related hormones) increased in the group with induced psychological stress. Within the 5 

weeks of experimentation, the high stress group exhibited certain histological changes of the 

mandibular condylar cartilage, including a thinned fibrous layer, a thickened proliferative 

layer, a thinned mature and hypertrophic layer when compared to the control group.  

In addition to psychological stress, the interactions of molecules and the complexity of the 

pathways involved have made our understanding of each growth factor unclear. To date, there 

are over 50 growth factors that have been investigated in relation to the condylar cartilage in a 
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rat model. A plethora of functions have been attributed to these molecules ie. Cancer cell 

clonal expansion, invasion, angiogenesis and colonisation of tumour biology after initiation of 

DNA mutations (Witsch et al., 2010). Importantly, although growth factors are considered to 

be epigenetic factors by many (Meikle, 2002; Rabie et al, 2003; Leander, 2010), it is the 

author’s view that no distinct demarcation can be made between genetics and growth factors. 

Hence, it is recommended that discussions of growth factors must involve genetics.  
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7.6 THE EXPRESSION OF GROWTH FACTORS IN THE CONDYLAR 
CARTILAGE 

Various growth factors have been investigated in relation to endochondral ossification within 

the mandibular condyle. Historically, the majority of our knowledge relating to the condylar 

cartilage has been obtained by histological studies. However, in the last two decades, 

advances in biochemistry and molecular techniques have allowed a broader understanding of 

what researchers could only subjectively describe in the past. We are now able to assess 

tissues and cells for markers, proteins and other molecules, enhancing our understanding of 

growth factor effects on growth and development. An example of this has been the work of 

Shibata and colleagues in the identification of Collagen types I, II and X simultaneously, in 

the rapidly differentiating hypertrophic chondrocytes of the condylar cartilage (Shibata et al., 

1997). Further examples have been included in the work of Ami and colleagues, where they 

explored the extracelluar matrix of the condylar cartilage in human foetuses (Ami et al., 1991). 

It was shown by histological and immunohistological techniques that the progenitor cells of 

chondrocytes and osteocytes have a bipotential, which is in agreement with Silbermann’s 

“skeletoblast” theory (Silbermann et al., 1987). These cells expressed antigens that were 

characteristic for cartilage (type IX collagen, cartilage proteoglycans, and anchorin CII) and 

bone (type I collagen, fibronectin, osteonectin, osteocalcin and alkaline phosphatase). These 

findings have been confirmed in one well-conducted study that involved investigating the 

extracellular matrix proteins at the mandibular condyle and temporal bone during human fetal 

development (Sato et al., 1999).  

Throughout the various layers of condylar cartilage, Collagen types I, type II, III, V, 

fibronectin, tenascin, osteonectin and osteocalcin were located at various concentrations over 

various developmental time points. This study also used immunohistochemical proliferating 

cell nuclear antigen (PCNA) stains, which are a more sensitive indicator of cell division 

compared to autoradiographic techniques (Morita et al., 1994). These molecules and others, 

allow the categorisation of cells, allow identification of cell types and cell functions and gives 

insight into the origin of these tissues and possible interactions. Most recently, localised 

differential time-dependent expression of Insulin-like growth factor I (IGF-I), insulin-like 

growth factor II (IGF-II), transforming growth factor β II (TGF-βII), Indian hedgehog (Ihh), 

parathyroid hormone receptor protein (PTHrP), aggrecan and osteopontin have been shown in 

a rodent animal model (Watahiki et al., 2004). At the time of weaning of the animals (the 

introduction of mastication), drastic changes in expression of these molecules were found 

(Watahiki et al., 2004). These changes highlights the potential for these molecules to regulate 

the development and growth of these tissues. 
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More recent advanced molecular and genetic techniques eg. polymerase chain reaction, 

knock-out mouse models have been used to assess growth factor expression and function in 

some studies. These studies have found mesenchymal cells in condylar cartilage during 

embryonic development that had alkaline phosphatase activity, express messenger RNAs for 

collagen protein (type I, II and X collagen) and transcription factors (Runx 2, Sox 9 and 5) – 

an expression profile similar to that of osteoblastic cell lineages (Shibata et al., 1997; Fang, 

1997; Sato et al., 1999; Shibata et al., 2003; Shibata et al., 2004; Shibata et al 2006; Fukada et 

al., 1999). The authors conclude that the mesenchymal cells in the condylar cartilage, which 

are responsible for chondrogenesis and osteogenesis are bi-potent stem cells. These authors 

also suggested that biomechanical stress might be one factor determining the differentiation 

of the mesenchymal cells. The major flaw of these hypotheses is that they fail to explain the 

persistence of the condylar cartilage throughout adult life, as the condyle continues to 

function.  

Opposing evidence to these hypothesis has been presented by Peltomaki and colleagues, 

where they have carried out rat mandibular condylar cartilage transplant studies; comparing 

the growth potential of the mandibular condyle with the epiphyseal growth plate of the tibia, 

costochondral junction cartilage, basicranial syncondrosis and the medial cartilage of the 

clavicle. The investigators show that many of these secondary cartilages possess the ability to 

grow (in varying degrees) in a non-functional environment, which suggests an intrinsic, 

genetically determined capacity for tissue growth at these sites (Peltomaki et al., 1997). This 

contradicts the functional matrix hypothesis of many early investigators, where an absence of 

function led to bone formation instead of cartilage formation in animal models (Charles, 

1925; Moss, 1968; Murray and Smiles, 1965). 
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7.7 COMPARISON BETWEEN EPIPHYSEAL AND CONDYLAR 
CARTILAGES 

As previously discussed, the mandibular condylar cartilage is regarded as a secondary 

cartilage, giving rise to bone at the condyle via endochondral ossification. The condylar 

cartilage shares many common characteristics with epiphyseal growth plates in long bones, 

the synchondrosis in the craniofacial complex and articular cartilage.  Early histological and 

cytological observations showed that there were minimal differences between articular and 

epiphyseal cartilage of primary origin and the condylar secondary cartilage (Elliott, 1936; 

Pritchard, 1952; Symons, 1965; Durkin, 1972). Therefore, to increase our knowledge, the 

literature review to follow will include our current understanding of all the secondary 

cartilages. There are many similarities between these tissues, however, one must establish and 

understand the differences that exist between these structures prior to generalising findings of 

the different studies.  

The ossified product in epiphyseal growth plates and the condylar cartilage have been 

reported to be from different embryologic origins. In the secondary cartilage, the cells are of 

undifferentiated mesenchymal origin, while in primary cartilage the cells are derived from 

differentiated chondrocytes (Fuentes et al., 2002; Hironori et al., 2010; Ishii, 1995; Shibata et 

al, 2002, 2006). Carlson and colleagues have reported that the cartilage proper is covered by a 

perichondrium, with a matrix that contains type I, but not type II collagen. There was also a 

low proteoglycan content in secondary cartilages, compared to the proliferating cells in a 

layer of chondrocytes in primary cartilages, expressing type I collagen (Carlson et al., 1980; 

Fuentes, 2002).  

The origin of the epiphyseal and condylar cartilages is controversial. In fact, three hypotheses 

have been proposed to explain the origin of the chondrogenic cells from the mesenchyme 

blastema. First, the migration of pre-programmed neural crest cell populations that would 

give rise to chondroblasts or osteoblasts. Second, the existence of multipotent progenitor cells 

that are able to differentiate down osteo- or chondrogenetic pathways. An example of this are 

skeletoblast cells (Silbermann et al., 1987, Ami et al., 1991). Silbermann and colleagues 

hypothesised further that since secondary cartilage forms relatively late during foetal life, it 

may mean that this develops from already differentiated cells that have transformed, or de-

differentiated – which is a form of metaplasia. Third, a transient cell type which exists 

between the two cell types, which may be the origin of epiphyseal and condylar cartilage 

tissues (Fang, 1997). It has been reported that the expression of certain molecules is different 

between the two tissues, the condyle containing type I and II Collagen, whereas the 

epiphyseal growth plate exhibiting type II Collagen (Ishii, 1995). Histological studies are 
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useful for describing tissue architecture and can provide evidence relating to the timing of 

tissue development. Shibata and colleagues compared these two tissues and highlighted many 

similarities, including the timing of development, cells involved, cellular architecture and 

responses (Shibata et al., 1995). Currently, there is no consensus about the origin of the 

tissues and evidence is lacking. Importantly, multiple experiments have shown that the 

actions of specific growth factors have a similar effect on both primary and secondary 

cartilages (Delatte et al., 2005). 

Subtle differences are shown in the morphological organisation of the chondrocytes between 

these two tissues, with five layers found in the mandibular condylar cartilage compared to 

four in growth plates and articular cartilage (Delatte et al., 2005). Proliferating chondrocytic 

cells in the growth plate are also well differentiated compared to chondrocytes in the 

mandibular condylar cartilage (Mitani et al., 2006). There are differing cellular responses to 

the application of mechanical stimuli. Growth plates are primary cartilages with cartilaginous 

tissue progressively calcifying with advancing age, and then disappearing by the end of the 

growth period. The primary cartilages have also been reported to express a relatively 

independent growth potential, whereas secondary functional factors eg. Mechanical 

stimulation, have been implicated in the growth of secondary cartilages (Delatte et al., 2005).  

The contents of the extra-cellular matrix (ECM), and mode of proliferation of the 

chondrocytes have also been reported to exhibit some differences (Mizoguchi et al., 1990; 

Delatte et al., 2005; Mitani et al., 2006). Cells of the two most superficial layers in the 

condylar cartilage do not seem to express type II collagen or aggrecan proteins (Ami et al., 

1991).   

Despite this, several early publications attribute these highlighted differences between the two 

tissues described above to: 1) histology – the structural organisation of the chondrocytes are 

oriented in columns in the growth plate and haphazardly in the condylar cartilage; 2) Kinetics 

– the fate of the cartilage cells appears to be linked to apoptosis in the growth plate and to 

chondroblasts coalescing to form multinucleate (giant cell) chondroclasts. These remain 

viable and participate in the initiation of the endochondral ossification process; 3) The blood 

supply pattern appears to be different between the two tissues, as does the reaction of these 

tissues to differing dietary and hormonal substances (Durkin et al., 1969; Baume, 1970; 

Silbermann and Frommer, 1972a; 1972b). 

Based on the literature presented so far, one can consider these tissues conceptually to be very 

similar. Therefore, the next section will focus on growth factors and their effect on the 

secondary cartilages, including the condylar cartilage. Although the main focus of this review 

is the mandibular condylar cartilage, it is important to discuss the topic in a broader 
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perspective to try and attain a better understanding of the implications of the different 

molecules. The main growth factors that have been investigated in the literature are; insulin-

like growth factor and growth hormone, vascular endothelial growth factor, transforming 

growth factor and bone morphogenic protein, fibroblast growth factor, parathyroid hormone 

receptor protein and Indian hedgehog, Runx2 and Sox9. A summary of the current literature 

will follow. 
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7.8 GROWTH FACTORS - A FOCUSSED REVIEW 

7.8.1 INSULIN-LIKE GROWTH FACTOR (IGF) 

The Insulin-like growth factor family consists of two cell surface receptors (IGF-IR and IGF-

IIR) two ligands (IGF-I and II), six IGF binding proteins (IGFβ 1-6), and IGFβ protein 

degrading enzymes (Witsch et al., 2010). Insulin-like growth factors are a family of low 

molecular weight peptides that resemble insulin, both structurally and via their effects. They 

are produced by many cell types and can act locally, or systemically via the blood circulation 

(Hinton et al, 2005; Leander, 2010). IGF-I and the corresponding receptor molecules have 

been localised in differing concentrations throughout the layers of the mandibular condylar 

cartilage. Fuentes and co-workers conducted a cartilage explant investigation that included 

histological, immunohistochemical and mRNA gene analysis experiments in 28-42 day old 

rats (Fuentes et al., 2002). Cell proliferation in mandibular condylar cartilage explants were 

found to increase in a dose dependant response to increasing concentrations of IGF-I. The 

receptor for IGF-I (IGF-IR) was found to be expressed most strongly in cells of the 

chondroblastic zone, with no expression at the articular layers, the prechondroblastic cell 

layers, or the cartilage matrix. Cells of the lower chondroblastic zone and upper hypertrophic 

zones demonstrated weaker staining for IGF-IR (Fuentes et al., 2002). The authors also 

reported on the extensive and considerable overlap between the expression of IGF and 

fibroblast growth factor (FGF) families. Using mRNA analysis, it was consistently seen that 

IGF mRNA expression was of greater magnitude than IGF receptor mRNA expression. This 

highlights that there can be a control at the level of receptor expression as well as IGF 

expression. The chondroblasts can express ligand relative to the amount of receptor they 

express on the cell surface, and there tends to be an excess of ligand compared to the 

receptors available. Furthermore, this expression profile for IGF-IR parallels that reported for 

its expression in the growth plate, as well as in articular cartilage. 

This is supported by another similar study; a condylar chondrocyte culture investigation, 

where IGF-I was found to enhance chondrocyte proliferation in a dose dependant manner 

compared to a control group (Yang et al., 2000). This theme has further been supported, by 

the observation that cell proliferation is increased, as well as GAG and collagen production 

induced, by IGF-I (Delatte et al., 2005). Furthermore, local injection of IGF-I into the 

mandibular condylar cartilage resulted in increased cartilaginous thickness (Suzuki et al., 

2004). 

Growth hormone (GH) and IGF-I work in a very close relationship. Bilezikian and colleagues 

report that, the main effects of GH include the promotion of IGF-I production by the liver, 
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with a theory that circulating IGF-I stimulates bone growth. However, liver specific IGF-I 

knock-out mice have unaffected bone growth (Bilezikian et al., 2008). Alternatively, IGF-I 

produced locally at the site of bone growth or GH, could be responsible for regulating 

endochondral ossification. Both of these molecules in turn, stimulate chondrocyte production, 

proliferation and hypertrophy at the germinal zones (Bilezikian et al., 2008). Therefore, it is 

an overly simplistic view to consider a single molecule and its effects, when such complex 

interactions are evident between numerous molecules. 

The effect of IGF-I and IGF-II on cartilage and bone is growth, differentiation and 

homeostasis (Leander, 2010; Fuentes et al., 2002; 2003). In vitro experiments have shown 

that in cultured chondrocytes, IGF-I stimulates matrix proliferation and synthesis (Fuentes et 

al., 2003). It is also interesting to note that in a rat model experiment, the introduction of 

mandibular condyle advancement, or lateral deviation via the use of appliances, induced 

increased expression of both IGF-I, IGF-II as well as other growth factors (Haijar et al, 2003; 

Fuentes, et al 2003; Rabie et al., 2002, 2003, and 2004; Ng et al; 2006; Chayanupatkul et al., 

2003;). The receptor for IGF-I also has important implications for the effects of IGF-I. 

Animal research with mice lacking IGFR-I shows a severe growth deficit, more than if IGF I 

or II are knocked out. This further demonstrates that there seem to be many interactions and 

cascades, with molecules overlapping in action that are currently poorly understood (Baker et 

al., 1993). Furthermore, the experimental techniques are once more highlighted here, as some 

investigators have utilised a serum-free medium in their cell culture experiments, while others 

have used serum-containing medium. This would undoubtedly affect the sensitivity of the 

results, as the serum may contain traces of cells, and possibly growth factors that may take up 

the immune-stain, producing a false positive finding. This has been highlighted by the 

findings of Jiao and colleagues and will be discussed under the section on transforming 

growth factor (TGF) (Jiao et al., 2000), 

Our current understanding is that IGF-I is vital in bone and cartilage growth, as an IGF-I gene 

deletion results in dwarfism in mice, and short stature in humans (Liu et al., 1993; Woods et 

al., 1996). The exact mechanism by which IGF-I exerts its effects has not been identified due 

to the extremely intricate cytokines, transcription factors and other signalling cascades 

involved. Proposed concepts include possible IGF-I effects on glucose transporters within 

cells, as chondrocytes are highly dependant on glycolysis to fuel their biosynthetic activity 

(Wang et al., 1999).  



	 21	

7.8.2 VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF) 

This molecule has received much attention in the early literature, as investigators 

conceptualised the prerequisite of angiogenesis in the replacement of a relatively acellular 

cartilage template with a highly vascular bone tissue (i.e. endochondral ossification). The 

vascular endothelial growth factor family consists of six glycoproteins: VEGFA (five possible 

isoforms), VEGFB, VEGFC, VEGFD, VEGFE and VEGFF. There are three cell surface 

proteins belonging to the tyrosine kinase family which interact with VEGF i.e. VEGF 

receptors I, II and III (Patil, 2012; Witsch et al., 2010). There are two additional high affinity 

VEGF receptors – namely Neuropilin-I and II. These are non-tyrosine kinase receptors that 

have been assumed to serve as co-receptors to increase affinity for the different VEGF 

isoforms (Patil, 2012).  VEGFR-II has been reported to mediate most known cellular 

responses to VEGF, with more intracellular signalling intermediates than VEGFR-I (Witsch 

et al., 2010; Patil, 2012). VEGF growth factors regulate angiogenesis and bone marrow 

progenitor cells by stimulating the proliferation and migration of endothelial cells. Certain 

isoforms may also act as mitogenic agents, and cause chemotaxis, vasopermeability, 

endothelial cell proliferation and endothelial cell migration. The effects are hypothesised to 

be related to the variation in the expression of the different isoforms (Patil, 2012). VEGF 

production has been attributed to a vast number of different cells such as fibroblasts, smooth 

muscle cells, hypertrophic chondrocytes, osteoblasts and some inflammatory cells (e.g. 

macrophages). Interestingly, VEGF growth factors are differentially localised within the 

condylar cartilage. Gerber and colleagues have shown VEGF expression predominately 

within the condylar hypertrophic zone, and the posterior region of the condyle during 

advancement and natural growth, while less extensively present in the condylar proliferative 

zone (Gerber et al., 1999). This expression profile fits well with what is currently believed to 

be the function of VEGF growth factors; that they are available where angiogenesis is 

required, at sites of tissue remodelling and endochondral ossification. 

As with other growth factors, the majority of the literature to date investigating VEGF 

involves animal models and in vitro studies (e.g. explant studies). It is important to note that 

there are some differences between human and animal VEGF isoforms (e.g. rats have only 

three isoforms). However, the similarities in gene expression between species have resulted in 

very comparable VEGF structures, and therefore function, regardless of the species of origin 

(Patil, 2012). Zelzer and colleagues have carried out many VEGF investigations in animal 

experiments (Zelzer et al., 2001, 2002; 2003, 2005). VEGF, which is up-regulated in 

hypertrophic chondrocytes, has been shown to be associated with vascular invasion of 

growing cartilage, and osteogenic induction (Zelzer et al., 2001). Further animal 

experimentation, assessing the effects of functional appliances on the expression of growth 
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factors at the mandibular condyle, found evidence for up-regulation of VEGF, leading to 

increased vascularisation that preceded osteogenesis (Rabie et al., 2002). Another animal 

experiment, evaluated the effect of an appliance causing stepwise posturing of the mandible. 

The results of this progressive mechanical loading indicated that there were significant 

increases in VEGF expression resulting from the forward positioning of the mandible (Leung 

et al., 2004). In support of these findings, Papadopoulo and colleagues found significantly 

elevated concentrations of many molecules, such as VEGF, in response to a continued hard 

diet for 7 days compared to a soft diet group (Papadopoulo et al., 2007). However, these 

results should be interpreted with caution as a phenomenon of starvation may have occurred 

in the soft diet group, thus skewing the results. 

Our current understanding is that angiogenesis and the role of VEGF are essential factors 

when considering endochondral ossification and chondrocyte maturation. The most 

informative genetic evidence for the role of VEGF in endochondral ossification comes from 

animal experimentation. Administration of inactivated VEGF to rats suppressed angiogenesis, 

and the reversal of this inhibition led to angiogenesis accompanied by bone growth (Gerber et 

al., 1999). This was supported by studies of a mouse knocked out for all three VEGF isoforms, 

which showed delayed invasion of vascular endothelial cells into primary ossification centres 

and delayed removal of hypertrophic chondrocytes (Zelzer and Olsen, 2005). 

7.8.3 TRANSFORMING GROWTH FACTOR (TGF) 

The TGF superfamily includes more than 35 molecules, classified into several subfamilies, 

including the Bone Morphogenic Protein (BMP) and TGF isoforms. Three isoforms of TGF-β, 

namely I, II, III, mainly act on cells in an autocrine manner (Witsch et al., 2010). TGF-β has a 

vast number of effects on all embryonic cell types; including the ectoderm, mesoderm, 

endoderm and the ectomesenchyme. These effects include controlling cell proliferation, 

differentiation and apoptosis (Witsch et al., 2010).  

BMP and TGF-β will be discussed in detail, as they contribute to growth and development of 

the mandibular condyle significantly. 

7.8.3.1 BONE MORPHOGENIC PROTEIN (BMP) 

This subfamily consists of at least 15 members. Historically, these molecules were discovered 

to be stimulators of bone formation (hence their name). More recently, they have been shown 

to be important regulators of growth and differentiation during embryogenesis. These 

molecules have been reported to play important roles in osteogenesis such as, induction of 

osteoblast differentiation and in chondrogenesis, where BMPs are expressed by proliferating 

and hypertrophic chondrocytes (Grimsrud et al 2001; Minina et al., 2001; Yoon et al 2006; 
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Fukuoka et al., 2007). In particular, BMPs have been shown to be up-regulated in the 

condylar cartilage by hypertrophic chondrocytes (Zheng et al., 2005). In several in vitro 

experiments, BMP or activation of the BMP receptors was found to enhance the expression of 

collagen-X in chondrocytes, suggesting chondrocyte hypertrophy. Collagen X is a component 

of the extracellular matrix expressed by hypertrophic chondrocytes (Grimsrud et al., 2001; 

Van Der Eerden et al., 2003; Fukuoka et al., 2007). A temporal relationship between the 

production of collagen-X and the amount of endochondral ossification has also been reported 

(Rabie et al, 2002; Shen et al., 2000). This group of researchers has highlighted the 

importance of this molecule, showing evidence of its up-regulation with the use of 

mandibular advancement appliances in animal models. Collagen X has also been implicated 

in the terminal stage of chondrocyte maturation. As the chondrocytes become hypertrophic, 

they secrete collagen X which ultimately results in commencement of endochondral 

ossification  (Shibata et al., 2006; Shen and Darendeliler, 2005; Fukuoka et al., 2007; Mackie 

et al., 2008). Further studies have supported the role of collagen X in the initiation of 

endochondral ossification by demonstrating its ability to bind calcium molecules, thus 

implicating it in the calcification of the chondrocyte matrix (Shen, 2005).  

An animal limb culture experiment supports the evidence of the crucial role that BMPs play 

in endochondral ossification (Yoon et al., 2006). The authors concluded that other 

interactions must exist which promote Indian hedgehog (Ihh) and inhibit the other molecules, 

which are key regulators in the FGF signalling pathway. BMP was also implicated in the 

inhibition of FGFR-1, further influencing the FGF signalling pathway. Grimsrud and 

colleagues’ findings contradict these conclusions however. In their study, the effects of BMP 

signalling on proliferation and hypertrophy were independent of Ihh. Ihh induces expression 

of various BMPs, and the effects of Ihh on proliferation are independent of BMP signalling 

(Grimsrud et al., 2001). Further feedback loops in an animal limb culture model have been 

identified, and include those between parathyroid hormone receptor protein (PTHrP), Ihh, 

FGF, and BMPs (Minina et al., 2001 and 2002). These different molecular interactions 

highlight the importance of the cascade of interaction between molecules at differing levels, 

as well as the need for uniform experimental methodology when interpreting data from the 

literature. 

7.8.3.2 TRANSFORMING GROWTH FACTOR - Β (TGF-Β) 

The TGF-β subfamily, with its three TGF isoforms (β1, β2 and β3), and two receptors (TGF-

βR1 and TGF-βR2), have been implicated in chondrogenesis. All these molecules are 

expressed at sites of endochondral ossification in growing bone, articular cartilage and 

condylar cartilage (Fukumura et al., 1998). With advanced genetic manipulations using 



	 24	

transgenic mice, an insight into the complexity of the interactions that occur between different 

molecules in vivo has been gained. When TGF-βR1 for TGF-β was inactivated, loss of 

responsiveness to TGF-β was observed which resulted in increased chondrocyte hypertrophy. 

TGF-β was found to inhibit several stages of endochondral bone formation, including 

chondrocyte proliferation, hypertrophic differentiation, and matrix mineralisation (Serra et al., 

1997). The TGF-β1 receptor is reported to be regulated via metalloproteinases and by cell 

surface antagonists (Witsch et al., 2010). There are further interactions reported between 

PTHrP and TGF-β, with PTHrP causing an up-regulation of TGF-β. Furthermore, in animal 

models, it has been found that Ihh stimulates expression of TGF-β2 and TGF-β3. Those 

findings led the authors to conclude that TGF-β2 acts as a signal relay between Ihh and 

PTHrP in the regulation of chondrocyte differentiation. Hence the TGF-β subfamily and BMP 

subfamily may both dependently and independently affect the Ihh/PTHrP signalling system 

(Serra et al., 1999; Alvarez et al., 2002). The interaction of TGF-β, FGF and IGF-I on 

condylar cells were examined, and it was found that the effects of both TGF-β and FGF were 

enhanced independently of IGF-I, in the presence of low and high doses of IGF-I (O’Keefe et 

al., 1994).  

In the mandibular condyle of the neonatal rat, TGF-β1 increases chondrocyte proliferation 

and GAG synthesis, but reduces chondrocyte hypertrophy and mineralisation (Delatte et al., 

2005). There seem to be some contradictions in the literature, however, possibly due to 

differences in experimentation methodology (e.g. concentration of molecules, culture medium 

and period, nature of the experiment (in vivo versus in vitro), differentiation state of cells, and 

method of detection used) and species selected, and these findings should be interpreted with 

caution.  

Other contradictions have been reported. An example of this is that of TGF-β1 having an 

inhibitory effect on mandibular condylar chondrocyte proliferation when low serum medium 

is used, and a stimulatory effect when a high medium serum concentration is used (Jiao et al., 

2000). Future investigations must therefore consider the details of the methodology when 

drawing research conclusions about the effects of growth factors on the cartilage cells within 

the mandibular condylar cartilage. 

7.8.4 FIBROBLAST GROWTH FACTOR (FGF) 

The fibroblast growth factor family comprises 20 heparin-binding proteins, which are present 

throughout the body and contribute to skeletal development and postnatal osteogenesis 

(Ornitz and Marie, 2002). Many of the subfamily members, their receptors and co-receptors, 

have been implicated in the control of condylar cartilage chondrogenesis (Molteni et al., 
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1999). There are six subfamilies of FGrowth factors, with the three main ones being FGF-I, II 

and III. These, along with their receptors (FGFR-1, 2 and 3) are expressed in a distinct 

temporal and spatial pattern during growth and development. The fibroblast growth factor 

family is known to regulate cell fate specification through high affinity FGF receptors which, 

when activated, result in phosphorylation of intrinsic tyrosine residues. These residues initiate 

downstream kinase cascades and result in activation of transcription factors (Liu et al, 2007). 

In addition to these reactions, Growth factors bind to low affinity co-receptors known as 

heparan sulphate proteoglycans or HSPGs (eg syndecans). These cell surface transmembrane 

receptors interact with, and promote, FGF binding/signalling (Molteni et al., 1999; Terao et 

al., 2011). The FGFR-1, FGFR-2 and FGFR-3 are activated by most FGF molecules (Ornitz 

and Marie, 2002). FGF has been reported to promote cell proliferation at the mandibular 

condylar cartilage (Fuentes et al., 2002; Delatte et al., 2005; Molteni et al., 1999; Hamada et 

al., 1999). Sub-members of the FGF family, such as FGF-VIII and FGF-X have also been 

reported to be involved in reciprocal stimulation of their own expression in both 

mesenchymal and epithelial tissues in the mandible, with a differing pattern of expression on 

the medial and lateral aspects of the mandible, and with variable regulatory effects on 

transcription factors, such as Sox5, 6 and 9 (Terao et al., 2011).  

FGF-III has been implicated in chondrocyte differentiation from mesenchymal tissue (Ornitz 

and Marie, 2002), and has been shown to be expressed by proliferating and hypertrophic 

chondrocytes (Terao et al., 2011), leading to an inhibition of proliferation and acceleration of 

hypertrophy of the chondrocytes (Mackie et al., 2008). While the FGF-III receptors have been 

localised in the intracellular area of the chondroblastic layer, there is a gradual decrease in 

expression as the cells become closer to the osteogenic front (Fuentes et al., 2002). In the 

same investigation, it was reported that neither articular nor prechondroblastic cell layers 

demonstrated immunoreactivity for anti-FGFR-III antibodies. 

FGF-II has been shown to be an angiogenic factor expressed by hypertrophied chondrocytes 

(Alini et al., 1996). FGF-II has also been shown to be expressed by proliferating chondrocytes 

(Fuentes et al., 2002; Tajima et al., 1998), although its expression does not appear to show a 

clear correlation with the expression of other FGF family sub-members (Terao et al., 2011). 

In an animal model (rat explant culture), FGF-II receptors have also been located in the 

superficial layers of the mandibular condyle, with decreased expression in the deeper layers 

(Fuentes, 2002). It is also interesting to note that during the rodent puberty period of that 

study, a trend was found for decreased expression of FGF-II. The authors concluded that the 

mechanisms governing mandibular condylar growth must share common pathways with those 

regulating cranial sutures and growth plates. Interestingly, mutations in the receptors for FGF-

II receptors have been implicated in human craniosynostosis and chondrodysplasia syndromes 
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(Ornitz and Marie, 2002). In terms of regulation, it has been suggested that FGF-II is not 

affected by Ihh expression. This indicates that FGF signalling is independent of Ihh. However, 

the effects of chondrocyte proliferation, hypertrophy and Ihh expression are antagonised by 

BMP signalling, as mentioned previously (Minina et al., 2002). Thyroid hormone has also 

been shown to induce FGF-III expression, and repress PTHrP suppression (Mackie et al., 

2008). 

A tissue culture study was conducted to compare the expression of FGF receptors and 

syndecan-1, syndecan-II (fibroglycan) and syndecan-IV, between the rat mandibular condyle 

and calvaria cartilages at two time points (Molteni et al., 1999). It was found that not only 

was the expression pattern distinct spatially, but it also appeared to be reversed for these 

molecules between the two experimental time points. At the 4-day time point, there was weak 

FGFR-1, FGFR-2, and a strong FGFR-3 immunolabelling in chondrocytes, but not in 

perichondrial cells. While syndecan-4 was strongly expressed in chondrocytes, syndecan-1 

and syndecan-2 were weakly present in chondrocytes and progenitor cells at the periphery. At 

day 9, FGFR-1 and FGFR-2 were expressed more strongly in chondrocytes and perichondrial 

cells, with FGFR-3 expression found only in the perichondrial cells. Syndecan-1 was not 

present and syndecan-2 was restricted to perichondrial cells. Of interest, the onset of 

osteogenesis was reported to coincide with the FGF receptors being expressed in the 

perichondrial cell layers, indicating the regulatory effect of the FGF ligands and the presence 

of these three receptors in endochondral ossification. 

An in vivo animal study by Fuentes and colleagues involving a rat model, showed that with an 

induced lateral shift of the mandible, there were marked changes in expression of growth 

factors at the mandibular condyle (Fuentes et al., 2003). FGF-II and FGFR-I expression 

increased, whereas FGFR-II and FGFR-III expression decreased. These results support the 

concept of hormonal and biomechanical factors promoting secondary cartilage growth by 

regulating gene expression (i.e. the mechanical factors may influence gene expression). In 

summary, evidence from longitudinal studies suggests that expression of the FGF molecules 

has both temporal and region specific expression, with proportional (eg. Sox 5) or inversely 

proportional relationships exhibited with certain transcription factors (eg. Sox 6 and Sox 9). 

The investigation of Fuentes and colleagues (2003) is one of these inverse relationships, 

where as IGFR-I expression gradually declined, IGF-I expression increased; and where 

FGFR-II and FGFR-III levels were markedly up regulated, FGF-II expression declined. 

Evidence of the synergy between different growth factor molecules has also been shown in a 

monolayer tissue culture animal study. When applied separately, it was found that FGF-β had 

the greatest stimulatory effect, followed by TGF-β and IGF-I, on the proliferation of condylar 
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chondrocytes. In contrast, the combination of growth factors produced different effects on cell 

proliferation, with the combination of IGF-I, FGF-β and TGF-β producing a synergistic 

increase in cell proliferation (Jiao et al., 2000). Moreover, other studies utilising rat condylar 

cartilage explants have shed further light on the interaction between these molecules, showing 

that FGF inhibited the effect of IGF-I on GAG production and chondrogenesis (Delatte et al., 

2005; Ogawa et al., 2003). 

7.8.5 PARATHYROID HORMONE RELATED PROTEIN AND INDIAN 
HEDGEHOG (PTHRP AND IHH) 

PTHrP is structurally similar to parathyroid hormone and binds to the shared PTH/PTHrP 

receptor. PTHrP is known to be largely expressed by a number of cells in the embryonic stage 

and during growth, with expression of PTHrP leading to activation of cAMP and/or 

phospholipase C (calcium second messenger signalling) pathways (Bilezikian et al., 2008). 

The PTHrP receptor has been localised to the transition zone of the mandibular condylar 

cartilage (Leander, 2010) whereas Ihh has been located on proliferating chondrocytes prior to 

becoming hypertrophic. The function of PTHrP is to induce chondrocyte proliferation, 

differentiation and programed cell death. In contrast, the role of Ihh has been suggested to be 

slowing chondrocyte differentiation, being partly mediated directly by PRHrP (Bilezikian et 

al., 2008). This has been established by transgenic and knock-out mice experiments. 

Suppression of PTHrP expression results in decreased chondrocyte proliferation and 

premature differentiation, while overexpression of the molecule leads to delayed 

mineralisation, suppressed conversion of chondrocytes into hypertrophic cells, prolonged 

hypertrophic state of chondrocytes and delayed vascular invasion. Hence, PTHrP is 

synthesised locally by proliferating chondrocytes prior to becoming hypertrophic to provide a 

local negative feedback loop (allowing neighbouring cells to proliferate and differentiate), 

while having a reduced effect on cells further away from the proliferating chondrocytes. At 

these distant sites PTHrP suppression of Ihh expression no longer occurs, thus resulting in 

conversion of chondrocytes to osteoblasts (Kronenberg, 2006; Lai L and Mitchell, 2005). To 

complete the feedback loop, Ihh signals back (may be directly via diffusion or indirectly via 

an unknown mechanism) to distant proliferating chondrocytes to up-regulate PTHrP secretion. 

Ihh is also reported to be required for TMJ formation and condylar growth. In Ihh knock-out 

mice, TMJ development was severely compromised, with inhibition of condylar cartilage 

growth, chondrocyte proliferation, inhibition of PTHrP expression and absence of an articular 

cartilage as well as joint cavities (St-Jacques et al., 1999; Shibukawa et al., 2007; Ochiai et al., 

2010). These findings suggest that Ihh plays a vital role in the development of the condylar 

cartilage and associated structures. A similar study examining the effect of a knock-out of 
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PTHrP in a mouse model showed less drastic results compared to the knock-out of Ihh. In 

relation to the mandibular condylar cartilage, homozygous PTHrP knock-out mice showed a 

proportional reduction in the distinctive cell layers - flattened cell layer and hypertrophic cell 

layer. However, there were no changes noted histologically for heterozygous mice (Ishii et al, 

1999). 

7.8.6 TRANSCRIPTION FACTORS  

Transcription factors are proteins that are involved in initiation and regulation of transcription 

of genes. Although transcription factors are not growth factors per se, they respond to genetic 

activation, mechanical stimulation and growth factor binding, by causing changes in gene 

expression in condylar cells (Leander, 2010). Members of the Sox family (L-Sox, Sox 5, 6 

and 9) and Runx-2 have been implicated in chondrocyte proliferation, hypertrophy, 

differentiation and endochondral ossification (Shum and Nuckolls, 2002).  These molecules 

are believed to have complementary and synergistic influences on the embryological 

development of chondrocytic cells from their mesenchymal precursors. Sox-9 and Runx-2 are 

believed to: 1) regulate mesenchymal cell differentiation into chondrocytes; 2) induce 

chondrocyte proliferation, hypertrophy and terminal differentiation; 3) stimulate chondrocyte 

secretion of type II collagen (an important extracellular component of chondroblasts); and 4) 

be up-regulated by PTHrP (Ng et al., 1997; Komori, 2005).  

A study assessing the effects of condylar protrusion on molecular expression in the 

mandibular condyle has shown a significant up-regulation of the Sox-9 transcription factor 

(Rabie et al., 2003), possibly indicating important functions for Sox-9. Although transcription 

factor interactions are numerous and complex, Fukuoka and colleagues found that 

homozygote Runx-2 knock-out mice show a complete absence of bone formation and, in 

particular, absence of a condylar cartilage (Fukuoka et al., 2007). Although numerous studies 

investigating single growth factors exist, they do little to elucidate the complex pathways and 

interactions that exist during the development of the condylar cartilage. The current 

consensus is that these molecules are essential for condylar cartilage differentiation, 

formation and function. 

The literature also reports on other transcription molecules acting on gene expression, or 

having downstream effects that have been implicated in the regulation, differentiation, 

proliferation, maturation and apoptosis of chondroblasts. These experiments provide further 

insight into the complexity of the interactions between molecules present, which include Sox-

9 and Sox-5, Runx-2, Cbfa1, PCNA, Collagen type I, II and X, type D Cyclins, Wnts, MMPs, 

ADAMTSs, Bax and Bcl2 apoptopic proteins, Aggrecans and other ECM proteins 
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(Crombrugghe et al., 2001; White and Wallis, 2001; Shen and Darendeliler, 2005; Mitani et 

al., 2006).  
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7.9 GROWTH FACTOR SUMMARY 

The craniofacial complex is an intricate arrangement of a variety of tissues that change 

significantly during development. These developmental processes are critical for orofacial 

function and require coherent and coordinated communication between cells mediated by 

growth factors.	 It is believed that the growth factors discussed so far play a significant role in 

the growth and development of the craniofacial complex. Several growth factors (such as IGF, 

EGF, VEGF, TGF, BMP, FGF, and PTHrP) have been implicated in the development of the 

mandibular condylar cartilage. Although the pathways are not currently well understood, 

many pieces of the puzzle are being elucidated with the use of recent technological advances 

in the fields of molecular genetics, developmental biology and biochemistry.  
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7.10 GENE EXPRESSION ANALYSIS 

All living organisms contain proteins that carry out vital functions at the level of the cells, 

tissues, organs and systems. Proteins are encoded by specific sequences of nucleotides in 

DNA molecules usually located within the cell’s nucleus. The region of DNA encoding a 

protein is termed a gene which is flanked by sequences indicating the start and stop of the 

protein-encoding DNA (the open reading frame, or ORF). Immediately upstream of the ORF 

is a region of DNA called the promoter to which transcription factors bind and either switch-

on (induce) or switch-off (repress) the expression of the gene. When a gene is induced it is 

transcribed into mRNA and the mRNA is translated into protein. Investigating where and 

when it is expressed can gain an indication of a protein’s function. Protein expression can be 

measured with specific antibodies, or the expression of its gene can be determined by 

measuring the amount of mRNA present in particular tissue samples  

A gene expression study aims to investigate certain genes, which may have differential 

expression within a tissue. This information can provide knowledge as to the function of each 

gene within a tissue. For example, if a gene is consistently expressed at high levels in a tissue, 

that gene is likely to have a function within that tissue or organ. Gene profiling studies are 

therefore used to identify differentially expressed genes, which can be investigated further. 

Once identified, further investigation into the gene can then be carried out, including gene 

knock-out studies. These can provide additional information on the likely function of a 

particular gene.  

It is important to note that gene expression is considered a stochastic process, with a degree of 

randomness in transcription and translation, which leads to variations between cells in terms 

of gene activation and protein levels (Raj and Oudenaarden, 2008). An organism continually 

responds to its environment (eg. stress, metabolism, development, circadian rhythms and 

aging), which complicates gene expression profiling. Investigations relating to growth factor 

expression at the mandibular condyle have these limitations.  

Measuring the levels of mRNA relating to a particular gene can quantitatively assess gene 

expression. Real Time (or reverse transcription) Quantitative Polymerase Chain reaction (RT-

qPCR) is a technique that can be utilised to indirectly measure the amount of gene expression 

(Livak et al, 2001). Messenger RNA is copied into complementary DNA (cDNA) by the 

enzyme reverse transcriptase. The amount of cDNA in a sample is quantified by measuring 

the rate of amplification of the cDNA, which is proportional to the amount of cDNA present. 

This technique has many advantages: it is highly sensitive and reproducible, very rapid, 

provides “real time” interpretation of the data, and has been validated in the medical field 

(Higuchi et al., 1992; Kubista et al., 2006; Nolan et al., 2006). 
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The technique was developed around the year 2000, and was a modification and refinement 

of the original Polymerase Chain Reaction, that had been used since the 1980s. PCR is 

performed on single or double stranded DNA, in a temperature cycling reaction, with the 

addition of two oligonucleotide primers, four nucleotide triphosphates (dNTPs), a heat stable 

polymerase and magnesium ions. A high temperature is used to separate the double stranded 

DNA. The temperature is then lowered to allow the single-stranded oligonucleotide primers 

to anneal to the template. The temperature is then increased to approximately 70°C to 

optimise the polymerase-catalysed extension of the primers by incorporating the nucleotide 

triphosphates (Kubista et al., 2006; Bustin, 2000; Bustin, 2004). Real-time PCR utilises a 

fluorescent reporter that binds to the DNA formed, reflecting the amount of product generated 

in real time. There are a number of probes or dyes available for fluorescent detection. Two 

common reporting methods include non-specific fluorochromes (eg. SYBR-Green dye) and 

Hybridisation probes (eg. TaqMan probe) which quantify a specific DNA product. 

SYBR-Green represents an economical RT-qPCR detection dye. This dye binds to all double-

stranded DNA (a product of PCR reactions) and emits light. The accumulation of DNA 

product results in increased fluorescence. SYBR-Green binds all double stranded DNA, 

which may include primer-dimers and other non-specific amplification products, resulting in 

an inherent disadvantage of overestimating the actual amount of target product present. The 

design of primers in the PCR reaction becomes very important to increase the specificity of 

the assay by ensuring that only the gene you are interested in is quantified. The SYBR-Green 

fluorescence is measured relative to fluorescence for RT-qPCR of a housekeeping gene 

(Ponchel et al., 2003; Kubista et al; 2006). 

TaqMan oligonucleotide probes are specific for the DNA sequence of the gene that you are 

quantifying. They contain both a fluorophore (that fluoresces when released) and a quenching 

molecule that prevents fluorescence by the fluorophore when in the same oligonucleotide. 

The TaqMan probe binds to PCR product and the fluorophore is released as the polymerase 

disrupts the probe during DNA elongation. The amount of fluorophore released is 

proportional to the amount of PCR product present. The probes are customised, and the 

specificity is determined by the primer design. Multiple probes can be used in the same 

reaction emitting different light fluorescence and thus quantify multiple targets 

simultaneously. They are significantly more costly than SYBR-Green because they are 

bespoke oligonucleotides containing a fluorophore and a quencher (Nolan et al., 2006; 

Ponchel et al., 2003). 

Given the exponential nature of PCR, as the cycles progress (1 copy gives 2 copies which 

give 4 copies which give 8 etc), there is increasingly more product, and therefore, 
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fluorescence. This gives the characteristic shape of the curves observed in real time-qPCR. As 

the reaction components begin to deplete, the amplification reactions slows, and the products 

reduce. This results in a plateau end stage of the RT-qPCR curve. The curves that are 

produced for multiple samples have relatively similar shape, and typically, all curves in a 

PCR will saturate at the same level. The response curves are generally separated at the 

“growth” phase of the reaction, which reflects the variable amounts of template molecules at 

the commencement of the reaction (which is what is of interest). Quantification of this 

difference is made possible by comparing the different sample response curves in reaching 

the threshold fluorescence signal – the number of cycles it takes to reach this threshold is 

termed the Cycle threshold (Ct), otherwise known as the quantification cycle (Cq) (Kubista et 

al., 2006). 

The validity of PCR assays rely on the integrity of the RNA you start with, contamination, 

laboratory errors in processing cDNA, and carrying out the PCR protocol. Ribosomal RNA 

and transfer RNA are not routinely copied, and a bias may occur due to variations in coupling 

efficiencies of the four nucleotides (Kubista et al., 2006). The DNA secondary and tertiary 

structure may also affect the binding ability of the amplification primers. 

The present review of the literature identified key molecules that are believed to be involved 

in chondrogenesis and osteogenesis, namely: IGF, VEGF, TGF, BMP, FGF, and PtHRP. 

Synergistic and antagonistic effects can occur between these growth factors and so they 

should not be studied in isolation. In the literature to date, no study has investigated growth 

factor expression using a gene array expression analysis, with most studies investigating the 

relative expression of a select few genes. Most studies also focus on one age group when 

using animal models, which does not provide a profile of changes in expression for these 

genes with time. Furthermore, the validity and reproducibility of the experimental techniques 

used is often unclear – adding another layer of complexity. This study aims to address these 

points. 
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7.11 AIMS AND RESEARCH HYPOTHESIS 

	

7.11.1 SPECIFIC OBJECTIVES: 

To validate a protocol for dissecting the rat mandibular condyle and extracting mRNA 
suitable for quantitative PCR (qPCR) analysis. 

To determine the expression of a range of growth factors in the mandibular condyle of rats. 

To compare the pattern of expression of growth factors in the mandibular condylar cartilage 
of growing rats, at different time points. 

To generate an experimental platform with which future studies can examine the role of 
individual growth factors in mandibular condyle growth. 

7.11.2 HYPOTHESIS 

Cryogenic grinding can be used to extract RNA from the mandibular condyle of rats. 

The expression of growth factors and transcription factors can be detected by the RT-qPCR 

technique.  

Certain growth factors and transcription factors are differentially expressed in the fast-

growing young rat compared to the slow-growing mature rat.  



 

 

 

 

 

 

	

	

	

	

	

	

	

8 METHODS 
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8.1 ETHICAL APPROVAL 

The study included a pilot study and a main study, which were carried out between April 2014 and 

April 2015. The research protocol was approved by the University of Otago Animal Ethics 

Committee (AEC #17/13 and #18/14).  
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8.2 STUDY ANIMALS 

Inbred Sprague Dawley rats were used in the study and housed at the Hercus Taieri Research 

Unit (HTRU), University of Otago. The rats were weaned at day-21, then they were fed a 

standardised chow. Six rats were used for the pilot study, with the age at death being 4, 7, 11, 

15, 21 and 90 days, whereas forty rats were used for the main study with ten of each at the 

following time-points: 4, 10, 21 and 90 days. Further, one condyle per rat was used for 

histology and the other used for crogenic gridning. The University of Otago Animal Welfare 

Office classifies rats as juvenile rats if they are under 21 days old. The euthanasia protocol 

involves the decapitation of these animals. Euthanasia of adult rats (≥ 21 days) involved the 

animals being placed in a carbon dioxide chamber for five minutes or until loss of the 

breathing reflex was noted and the rats were unconscious. 

8.3 PILOT STUDY 

The pilot study was aiming to: 1) optimize a surgical approach for retrieval of the rat condyle; 

2) identify biologically distinct time-points in the development of the mandibular condylar 

cartilage of rats by the use of histology; 3) develop a protocol for the cryogenic grinding of 

the condyle for RNA extraction; 4) validate gene expression analysis of a housekeeping gene. 

Different surgical approaches were firstly tested in order to retrieve the condyles from rats at 

different developmental stages. One condyle was used for histology and the other used for 

cryogenic grinding for each of the rats. An aseptic surgical technique was utilised for all 

samples using a reference for rat anatomy to aid in the dissection (Olds and Olds, 1979). 

Extra-oral and intra-oral surgical techniques were assessed. It was found that due to the 

immature hard tissues in the young group of rats, condylar tissue damage was evident with 

the intra-oral technique due to the requirement of hyper-extension of the temporomandibular 

joint to retrieve the condyle. Furthermore, similar condyle tissue samples were obtained when 

the mandibular anatomy could be better identified in the extra-oral approach. 

Secondly, histological sectioning of the samples was carried out to allow the identification of 

biologically distinct age groups, where significant changes were observed at the mandibular 

condylar cartilage. Tissue-processing parameters were optimised with the support of 

radiographs taken across different decalcification stages. All radiographs were taken using the 

same parameters: exposure time = 0.08 s; milliampere hour = 60mAh; focal distance = 

380mm; tube current (mA) = 63KV. Time-points to be used in the main study were defined 

on the basis of histology. 
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Thirdly, the cryogenic grinding protocol was tested and optimized, aiming to produce a 

homogenous and pulverised condylar tissue sample that would be used for RNA extraction. 

Due to the small size of the condyles retrieved, it was decided to grind them using a cryogenic 

grinder (Figure 2) and an anvil-removing tool (Figure 3). 

 

	

Figure 2 - Cryogenic grinding tube assembly. A) anvil B) polycarbonate tube C) 
metal impactor D) polycarbonate tube assembly E) tubes inserted into the cryogenic 
impaction cradle. 

	

	

Figure 3 - SPEX SamplePrep assembly and anvil-removing tool. 
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Finally, to validate the cryogenic condylar grinding method for RNA extraction the levels of 

housekeeping gene Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels in 

the condylar samples were compared with RNA extracted from a soft tissue sample used a 

gold standard.  Samples of masseter muscle tissue taken from a 90-day old rat were used as 

standard to compare to the RNA obtained from the hard tissue. RNA free water (Ambion, 

Life Technologies, CA, USA) was used as a negative control.  

  



	 40	

8.4 MAIN STUDY 

The main study aimed to analyse the expression of mRNA from genes encoding 28 growth 

factors at the four time-points identified in the pilot study, which were 4, 10, 21 and 90 days, 

respectively.  

The study sample included forty rats allocated to four different age groups with 10 rats per 

age group (Figure 4). Nine rats from each age group were then allocated to three subgroups of 

three rats. The six condyles obtained from each subgroup were pooled and represented a 

biological replicate. Therefore, for each age group, there were three biological replicates. 

Twelve samples were processed with cryogenic grinding, qPCR and growth factor gene 

expression analysis (Figure 5).  

One rat from each of the four age groups was used for histology (total of 4 rats); the left 

condyles were sectioned in the coronal plane, and the right condyles in the sagittal plane. An 

overview of the study design is given (Figure 4 and Figure 5). 
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Figure 4 - Flow chart of the main study, following from the extra-oral surgical 
technique to collect the condyle samples to the histological processing and gene 
expression analysis. 
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Figure 5 - Experimental rat group allocation and the biological replicates. 
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8.4.1 SURGICAL RETRIEVAL OF RAT CONDYLES 

Following euthanasia, the rats were weighed. Specific surgical techniques were necessary due 

to immature condylar tissue development, and delicate ‘hard tissues’ present in juvenile rats, 

compared to adult rats that had more mature hard tissue formation and could resist the 

increased force during mandibular manipulation. An extra-oral surgical technique was used to 

retrieve the condyle of the juvenile rats, whereas an intra-oral surgical approach was preferred 

in the adult rats. 

An aseptic surgical technique was employed with the additional use of RNAse AWAY 

solution (Ambion, Life Technologies, CA, USA) to spray all the equipment to be used, in 

order to minimise contamination of the condyle tissues being retrieved.  

In juvenile rats, a lateral incision from the angle of the mouth to external auditory meatus was 

carried out, followed by depression and elevation of the mandible; this enabled the 

identification of the TMJ. The underlying fascia and periosteum were then separated and 

teased away from mandibular condylar neck using a surgical scalpel. Once the condylar head 

was identified, the condyle was sectioned with surgical scissors, at the level of the condylar 

neck and collected (Figure 6). 

 

	

Figure 6 - Photographs of the extra-oral surgical approach used in a 21 day old rat. 
The condylar neck dissection in the photograph on the right is highlighted by the 
arrow. 
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8.4.2 HISTOLOGY 

Coronal and sagittal sections of the left and right condyles were obtained from a rat of each 

age group. Condyles were fixed in a 10% buffered formalin solution, for 72h. The fixed 

condyles were then washed in distilled water for 5min, then immersed in 10% (w/v) EDTA, 

pH 7.4 at 25°C, for 10 days for the 4, 10 and 21 day specimens and 21 days duration for the 

90 day specimens. All condylar samples were gently agitated continuously and the EDTA 

was replaced every 3 days. For histological processing of the bone and cartilage, 

Haematoxylin and Eosin (H&E), and Toluidine Blue (TB) stains were used. After paraffin 

embedding, coronal sections of the condyles (5µm thick) were cut and every 30th section was 

subjected to H&E staining and every 31th to Toluidine Blue staining. The slides were stored at 

-4°C. Representative photomicrographs of sections were taken using a Leica DFC490 system 

(Leica, Wetzlar, Germany) using the Spot Advanced histological imaging software. 

 

8.4.3 RNA ISOLATION USING CRYOGENIC GRINDING  

The remaining 36 rats (9 per age group) were used for RNA extraction and qPCR analysis. 

Within each age group, the condyles of three rats were pooled and weighed (3 pools; 6 

condyles per pool). As there were 4 age groups there were 12 pools of condyles for RNA 

isolation. After the surgical collection, the condyles were immediately transferred to 2ml of 

an RNA stabilisation buffer - RNAlater (Ambion, Life Technologies, CA, USA) and stored at 

-80°C, before cryogenic processing. RNA was isolated from the condylar head and masseter 

muscle samples by mechanical cryogenic grinding protocol using a cryogenic grinding 

machine (SPEX 6770 Freezer/ Mill, USA) in combination with a phenol-chloroform 

extraction technique (TRIzol® Plus RNA Purification Kit, Invitrogen, Life Technologies, CA, 

USA) (Gedrange et al, 2008).  

Cryogenic grinding was found to be suitable for the small size of the condyles when the mini 

canister system was used (Figure 2). This mini system of canisters, which houses three 

canisters into what is usually one larger canister, was smaller and hence resulted in closer 

adaptation between the anvil and polycarbonate tubes, therefore resulting in efficient 

pulverisation and homogenisation of the hard tissue condyle samples.  

  



	 45	

8.4.4 RNA PURIFICATION 

RNA purification was carried out according to a previously published method with some 

modifications (Gedrange et al., 2008) – the addition of a DNase treatment to remove genetic 

DNA with the DNase On-Column step. The Mini RNeasy Plus extraction kit (Qiagen, 

Linburg, Netherlands)	was used. The cryogenically ground condyles stored in QIAzol reagent 

were removed from -80°C storage and placed in a water bath at 37°C, for 5min and then 

placed at room temperature for 5min. The positive control muscle tissue was homogenized in 

QIAzol reagent (900µl) using a mortar and pestle. Chloroform (180µl) was then added to both 

the condyles and muscle tissue homogenates, the microfuge tube cap secured and the tube 

shaken vigorously for 15s. Following incubation at room temperature for 3min the samples 

were centrifuged at 12,000 x g for 15min at 4°C. The upper, aqueous phase (approximately 

600µl) was transferred to a new 1.5ml RNase-free tube. An equal volume of 70% RNase-free 

ethanol was added and mixed well by pipetting up and down. The total volume was then 

transferred to an RNeasy spin column (700µl at a time) and centrifuged at 8,000 x g for 1min. 

Buffer RW1 (350µl) was then added to the RNeasy spin column which was centrifuged again 

at 8,000 x g for 1min. An on-column DNase I treatment was then performed (On-Column 

DNase kit, Ambion, Life Technologies, CA, USA) as follows. A master mix solution was 

made by the addition of 10µl DNase I stock solution (1500K units/550µl) to 70µl of buffer 

RDD per sample. This was mixed by pipetting up and down gently to avoid introducing 

bubbles into the solution. The DNase master mix  (80µl) was then added directly to the 

RNeasy spin column and incubated at room temperature for 15 min. RPE buffer (500µl) was 

then added and the spin column centrifuged at 8,000 x g for 1min. This step was repeated 

with the addition of 500µl of RPE buffer and the column centrifuged again at 8,000 x g for 2 

min. The RNeasy spin column was placed in a new 1.5ml tube and 50µl of RNase-free water 

was added to the column which was incubated for 1min at room temperature. The RNA was 

collected into the 1.5ml tubes by centrifugation at 8,000 x g for 1min. The quality and 

concentration of the purified RNA was determined spectrophotometrically using a 

NanoVue™ spectrophotometer (GE Healthcare, Buckinghamshire, UK). The samples were 

then stored at -80°C. 

 

8.4.5 CDNA SYNTHESIS 

To enable quantitative PCR analysis, a DNA strand complementary to the RNA needs to be 

synthesized. The High-Capacity cDNA Reverse Transcription Kit for Real-Time PCR (Life 

Technologies, CA, USA) was used, which contains reverse transcriptase, nucleotides and 
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buffers for the synthesis of cDNA from an RNA template. The kit also includes reagents for 

the elimination of genomic DNA. cDNA was synthesised from the purified total RNA.  

A minimum of 500ng of RNA template was utilized, to enable a substantial quantity of cDNA 

to be generated for future assays. When the RNA sample was found to be very concentrated, a 

5x dilution with RNA-free water was used. 

First the reverse transcription master mix was prepared as per manufacturer’s (Life 

Technologies, CA, USA) instructions. The master mix consisted of 2µL RT buffer, 0.8µL 

dNTP mix, 2µL RT Random Primers, 1 µL MultiScribeTM Reverse Transcriptase, 1µL RNase 

Inhibitor and 3.2µL Nuclease-free H2O. Then 10µl of RNA sample was added to 10 µl of the 

master mix. The tubes were mixed, sealed, and briefly centrifuged to spin down the contents 

and to eliminate any air bubbles. A reverse transcription reaction was then performed in a 

thermal cycler: 25°C for 10min, 37°C for 120min, 85°C for 5s, then cool to 4°C until the 

sample was retrieved (Figure 7). Once complete, the reverse transcription reactions 

(containing cDNA) were used directly for quantitative Real-Time PCR or alternatively, stored 

at -20°C. 

	

Figure 7 - Reverse transcription parameters using a programmable thermal cycling 
machine (PTC-100 MJ research inc. USA). 

	

8.4.6 RT-QPCR HOUSEKEEPING GENE ANALYSIS 

Lactate dehydrogenase (LDH) RT-qPCR gene expression analysis was carried out as an 

mRNA quality control. The cDNA samples from the twelve condyle pools were diluted to 

5ng/5µl and assayed in duplicate. Briefly, 10µl of Taqman Fast Master Mix was added to 1µl 

of LDH primer assay (Life Technologies, CA, USA), 4µl RNA-free water and 5µl of cDNA. 

A RNA free-water no-template control was included on the micro-titre plate. The qPCR assay 

was performed on an Applied Biosystems FAST 7500 system using the following thermal 

cycling parameters: polymerase activation (hot start) at 95°C for 20s, 40 cycles at 95°C for 3s 

and annealing and extension at 60°C for 30s.  
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8.4.7 GROWTH FACTOR GENE EXPRESSION ANALYSIS  

A custom Taqman qPCR array was used to determine the mRNA levels in the rat condyle 

samples for 28 genes (Figure 8) involved in osteogenesis and chondrogenesis of the rat 

mandible. The custom array included an additional four housekeeping genes, which were 

used for normalisation of sample loading. 

Each plate contained pre-dispensed Taqman primers and probes for the 32 different genes this 

allowed 3 samples to be analysed on one plate (Figure 8). Each pooled group of condyles was 

subjected to three qPCR assays, on three separate plates. This gave rise to three technical 

replicates. A total of 12 plates were run.  

 

	

Figure 8 - 96-well plate showing the location of the selected genes on the plate. 

	

PCR reactions were set up in a laminar flow hood to prevent contamination of reactions. 

Briefly, 180µl of Taqman Gene Expression master mix (x2) was combined with 7.2µl (7.2ng) 

of cDNA and. 172.8µl RNase-free water. A 10µl aliquot of the master mix was then 

dispensed in each well. The plate was then placed into the Fast Real-Time PCR system 

(Applied Biosystems 7500, Life Technologies, CA, USA) and the following thermal cycling 

conditions were used: a hot start cycle at 95°C for 10 min, followed by 40 cycles at 95°C for 

15min and 60°C for 1min. 

 

8.4.8 ANALYSIS OF QPCR DATA 

The Cq was determined using 7500 FAST system SDS software v2.0.6 (Life Technologies, 

CA, USA).  The ΔCq and ΔΔCq relative gene expression method was used, with 

normalisation to the housekeeping genes. Graphpad Prism (version 6) and the RT2 Profiler 
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PCR Array Data Analysis Version 3.5 (SA Biosciences, QIAGEN, Linburg, Netherlands) 

Software System were used to analyse the results.  



	

 

 

 

 

 

	

	

	

	

	

	

	

9 RESULTS 
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9.1 CONDYLAR TISSUE COLLECTION 

	

9.1.1 ANIMALS 

The experiment rats were healthy and, after weaning at day 21, fed normally on standard 

chow and water ad libitum during the study. Prior to day 21, the rats were breast-fed. The 

mean weights (range) at death for the rats were 16g (15 - 17g), 30.2g (27 - 36g), 46.8g (43 - 

53g), 384g (246 - 520g), for the day-4, day-10, day-21, and day-90 rats, respectively. 

9.1.2 CONDYLE HARVESTING 

The condyles were harvested complete and without obvious damage. Day-4 rat condyles were 

incompletely formed with a soft tissue capsule that resembled the condylar head. Difficulty in 

differentiating the condyle from the gelatinous soft tissue occurred. When using a scalpel, 

minimal resistance was felt when these condyles were sectioned from the mandible. Rats at 

day 10 had a more distinct condylar bone architecture when compared to rats at day 4, and the 

soft tissue capsule was more easily separated from the bone structure beneath. More 

resistance was felt when these condyles were sectioned. The 21-day old rats had slightly 

larger condyles, but the overall architecture was very similar to that of the day 10 rats. As 

expected, the most architecturally developed and mechanically robust condyles were found in 

the 90-day rats. 

9.1.3 RADIOGRAPHIC ASSESSMENT OF DECALCIFICATION 

In the pilot study, sample mandible specimens were radiographed to determine the 

radiolucency/opacity of the tissue following the decalcification process.  The specimens were 

radiopaque prior to decalcification. Once the tissue specimens had been processed for 10 days 

in EDTA, the radiopacity was markedly reduced (Figure 9), thus indicating that the 10 day 

EDTA emersion resulted in an effective decalcification.  
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Figure 9 - Radiographs of two 21-day old rat hemi-mandibular samples, before (A) 
and after (B) decalcification. 

	 	

A B 
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9.2 HISTOLOGY 

	

9.2.1 ASSESSMENT OF DEVELOPMENTAL STAGES OF THE RAT 
CONDYLE 

Histological analysis of rat condyles was carried using H&E and TB histological stains. The 

staining allowed identification of the different cell layers of the mandibular condylar cartilage. 

Below are representative samples of the sections in the developmental stages for rats aged 4, 

7, 11, 15, 21 and 90 day-old (refer to Figures 10-22). 

At day 4, photomicrographs showed an immature level of organisation with a haphazard 

arrangement of the cellular layers of the mandibular condylar cartilage (Figure10). A central 

layer of cartilaginous matrix is evident in the TB stain, with a dense cellular connective tissue 

layer at the periphery of the condyle. The cellular organisation is more defined in central 

sections compared to peripheral sections (Figure 11).  This highlights the importance of 

consistently examining representative central sections from different samples or the need to 

define the level of sectioning of a specimen. A more central level of sectioning reveals that 

hypertrophic central cells are present. 

	

Figure 10 - The left mandibular condyle of a 4-day rat. Peripheral condyle coronal 
sections stained with H&E (A) and TB (B). 100x magnification. a) cartilaginous 
matrix b) dense cellular connective tissue layer.	
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Figure 11 - Central sections of the left condyle of a 4-day old rat (coronal sections). 
This is the same rat condylar sample as in Figure 10. Sections stained with H&E (A) 
and TB (B). 100x magnification. a) erosive cell layer b) hypertrophic cell layer c) 
resting cell layer d) muscle tissue. 

	

At day 7, an advancing arrangement of cellular layers is seen in the mandibular condylar 

cartilage (Figure 12). In the H&E and TB sections, a central darkened area of cells has 

appeared corresponding to the proliferative layer. Beneath this an area of hypertrophied cells 

represent the hypertrophic layer. 

	

Figure 12 - The left condyle of a 7-day old rat. Coronal sections stained with H&E 
(A) and TB (B). 100x magnification. a) muscle tissue b) dense cellular connective 
tissue c) proliferative cartilaginous layer d) hypertrophic layer. 

	

At day 11, the beginnings of an intricate level of organisation could be observed (Figure 13). 

A layer of dense cellular tissue appears as a band, which is indicative of the articular layer. 

Beneath this there is a less dense layer of cellular tissue – corresponding to the resting cell 

layer of the mandibular condyle. With both the H&E and TB stains, a central zone of 

hypertrophied cells could be seen. Organisation can be seen at the proliferative and resting 

cell layers, resulting in banding. 
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Figure 13 - The left condyle of an 11-day old rat. Coronal sections stained with 
H&E (A) and TB (B). 200x magnification. A more advancing level of the cellular 
layers is seen. a) articular layer b) resting layer c) proliferative layer d) 
hypertrophic layer. Note the beginning of banding of the cell layers a, b and c. 

 

The day 15 rat condyle histology (Figure 14) resembled the level of organisation of the layers 

of the condylar cartilage seen at day 11. Within the matrix of the hypertophic cell layer, a 

large amount of eosinophilic material was evident in the H&E-stained section. In the TB-

stained section, this area of the matrix stained dark purple – indicative of glycosaminoglycan 

rich area. 

	

Figure 14 - The left condyle of a 15-day old rat. Coronal sections stained with H&E 
(A) and TB (B). 200x magnification. a) hypertrophic cell layer b) eosinophilic rich 
area c) extracellular matrix within the hypertrophic cell layer staining dark purple. 

 

At day 21 (Figure 15), the banding of the cell layers becomes distinct. It is interesting to note 

that the architecture of the condylar cartilage is not uniform throughout the condyle – it varies 

in thickness and appears thicker on the anterior aspect and thinner on the distal aspect of the 

condyle. 
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Figure 15 – A coronal section of the left condyle of a 21-day old rat. The same 
condyle was photographed at 50x magnification (A) and 100x magnification (B). 
Both sections were stained with TB. A) Section taken at the anterior aspect of the 
condyle B) section from the posterior aspect of the same condyle. 

 

Finally, the sections from mature, 90-day old rats showed a substantial reduction in the 

thickness of the condylar cartilage (Figure 16) when compared to the day-21 condyle section 

(Figure 15). Trabacular bone was present throughout the bulk of the condyle. There was a 

condensed cartilaginous area where the condylar cartilage layers remain; however, there was 

a markedly reduced hypertrophic cell layer. 

	

Figure 16 - The left mandibular condyle (coronal section) of a 90-day old rat. 
Sections stained with H&E (A) and TB (B). 200x magnification (A) and 50x 
magnification (B). The arrow indicates the diminished and thinned hypertrophic cell 
layer. 

 

From the pilot study, four biologically distinct developmental time points were identified, 

which displayed the most tissue variation. At day 4, the condyles had a very gelatinous 

structure and the hard tissue development was not advanced. Day 10 showed a continued 
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trend in the structural organisation observed between day-4 and day-21, where the animals 

were weaning. At day 90 the rats had reached adult maturation and most of the development 

and remodelling of the rat condyle had occurred.  

In the main part of the study, both coronal and sagittal sections were stained with H&E and 

TB stains. Below are representative photomicrographs of 4, 10, 21 and 90-day old rats (refer 

to Figures 17-22): 

As early as in the day 4 coronal sections, the histology shows the condylar cartilage layers 

can be identified (Figure 17). In the H&E slide, the eosinophil rich area can be referenced 

with the darkly straining area on the TB slide – corresponding to abundance of cartilage 

matrix.	

	

Figure 17 – coronal section of the left mandibular condyle of a 4-day rat at 100x 
magnification in H&E (A) and TB (B) stains. a) hypertrophic layer b) darkly 
staining area in the extracellular matrix of the hypertrophic layer. 

 

The differing layers of the condylar cartilage identified in sagittal histological sections 

(Figure 18). The premature joint disk and articular cartilage can be visualized. The 

proteoglycan rich areas are visualized by the dark straining section within the hypertrophic 

zone, corresponding to the abundant cartilage in this area. 
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Figure 18 - Photomicrograph of the right condyle (sagittal section) of a 4-day old rat 
at 50x magnification (A), taken close to the centre of the condyle. A second 
photomicrograph of the same condyle above in a TB stain at 100x magnification (B). 
a) premature joint disc b) articular cartilage c) extracellular matrix rich area most 
commonly corresponding to the formation of cartilage in this area. 

 

At day 10, the bias that can be introduced in interpretation according to the level of sectioning 

can be seen(Figure 19), as was highlighted in the coronal sections (Figures 10 and 11). The 

section selected can greatly influence the representation of the architecture of the mandibular 

condyle cartilage. A more superficial section is selected to show the more hazardous 

arrangement of the cellular structure. At increased magnification, areas of dense fibrous 

connective tissue can be seen superiorly and to the right of the image as well as a central area 

of hypertrophic condylar cartilage cells with eosinophilic rich material surrounding the area. 

	

Figure 19 - Photomicrograph of the right condyle in sagittal section from time point 
10-days, at magnification 100x (A). The same condyle at 200x magnification (B). a) 
dense fibrous connective tissue b) hypertrophic cells surrounded by an eosinophil 
rich matrix. 
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Furthermore, by taking a section at a greater depth at day 21 (Figure 20), a misrepresentation 

of the quantity of the condylar cartilage and the amount of different cartilage cell layers is 

observed – atypical of a condyle from this time point.  

	

Figure 20 - Both photomicrographs are a coronal section of a 21-day old rat at 100x 
magnification. A) H&E stain B) TB stain. The depicted thickness of the cartilage is heavily 
dependent on the location and orientation of the section.	

 

At day 21 – banding can be typically observed of the cellular structure due to the clear 

demarcation of the different zones of the mandibular condylar cartilage cell layers (Figure 21). 

	

Figure 21 - Photomicrograph of a 21-day right condyle in a TB stain in sagittal 
sections at magnification 100x (A) and 200x (B). Clear demarcation can be seen of 
the cartilage cell layers. 
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With advancing age beyond the juvenile period, there remains minimal amount of the 

mandibular condylar cartilage, characterised by generalized thinning of the cartilage (Figure 

22). 

	

Figure 22 - Photomicrographs of a 90-day condyle in coronal view at 100x 
magnification (A) and sagittal view at 200x magnification (B). These sections are 
taken towards the central area of the condyle and highlight a condylar cartilage that 
has a much-reduced thickness. 
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9.3 CRYOGENIC GRINDING  

	

9.3.1 CONDYLAR TISSUE RECOVERY 

The weight of the condylar tissue harvested from the rats increased as the age of the rats 

increased (Figure 23). The average weight of the condylar pool from day 4 rats was 0.134g, 

day 10 rats 0.154g, day 21 rats 0.179g, and 0.178g for the day 90 rats. 

	

Figure 23 - Yield of pooled condyle tissue from the four different age groups. 

	

9.3.2 CONDYLAR RNA QUANTITY AND QUALITY ASSESSMENT  

The quality of the RNA samples was assessed spectrophotometrically. The A260 

measurements, the concentrations of RNA in the sample (µg/mL) and the A260:A280 ratios 

were determined (Table 1). The A260 value is an indication of the quantity of nucleic acids 

contained in the sample where a value above 1.8 indicates an acceptable quantity of nucleic 

acids. An A260/A280 value is a measure of sample purity where a value of 2 is indicative of a 

pure RNA sample. 
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Table 1 - Rat condyle tissue weights and corresponding RNA yield and purity. 

	

	

The concentration of RNA obtained per each pooled condyle sample showed some variation 

(Figure 24), with progressively increasing values between day 4, 10 and 90. A discrepancy is 

noted with decreased RNA concentration obtained at day 21. 

 

	

Figure 24 - Mean RNA concentrations of samples obtained from condyles of each 
age group. 
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9.4 GENE EXPRESSION AND ANALYSIS 

	

9.4.1 COMPARISON OF RNA EXTRACTION FROM RAT CONDYLE WITH 
EXTRACTION FROM SOFT TISSUE 

A comparison was made between a hard and soft tissue RNA extraction from the rats. This 

was done to assess how much RNA could be obtained after cryogenic grinding from the two 

tissue types. The housekeeping gene expression was analysed by qPCR analysis. This resulted 

in an average cycle threshold value of 16.3 for the soft tissue samples and an average value of 

19.04 Cq for the condylar tissue. No amplification of the GAPDH gene could be detected for 

the NTC RNAase-free water, which was used as a negative control.  

9.4.2 LDH GENE ANALYSIS - VALIDATION OF HOUSEKEEPING GENE 
SELECTION 

To establish the level of housekeeping gene expression, LDH qPCR analysis was carried out. 

The LDH qPCR analysis showed high levels of LDH mRNA to be present in all 12 groups of 

pooled condyles, with Cq values ranging between 20.91 to 26.22. The NTC RNAase-free 

water samples showed no undetectable signal. This showed that constant levels of LDH 

housekeeping gene expression were found and that this housekeeping gene could be used as 

an internal reference point, to compare the expression profile of the 28 growth factor genes 

selected. 

9.4.3 GROWTH FACTOR ARRAY 

Below are the normalized and averaged Cq values for the Growth Factor array at each of the 

four time points (Table 2). The time point 4-days was used to assess the expression pattern, as 

it resembled an identical pattern observed for day 10, 21 and 90 (Figure 25). All the raw data 

for the 12 plates (Cq values) and the PCR array plate set up can be found in the Appendix. 

The housekeeping gene expression for RNA18s was very strong; hence it affected the overall 

presentation of the data - skewing the results. This dataset were therefore omitted from the 

analysis. For each of the growth factors, three biological replicates provided a mean Cq value, 

which were plotted (Table 2). 

When the housekeeping gene LDH was used as an internal reference, an interesting pattern of 

expression for all the investigated growth factor genes could be seen (Figures 25-28). At day 

4, the growth factors Runx2, Sp7, Alpl, Col2a1, Bglap, and Col1a1 had increased relative 

expression. Whereas, the other growth factor genes investigated showed a relative decrease in 

the level of expression (Figure 25). Although all the genes selected were expressed, some 
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were of low Cq value – namely, Shh, Ptchd1 and Wnt1 - rendering them undetectable (Figure 

25-28). These were considered too low to accurately represent a reliable quantity of the gene 

of interest. Therefore, these should be interpreted with caution.  

 

	

Figure 25 - Average qPCR ΔCq values for the growth factor array in the 4-day rat 
samples. Cq values above 35 were considered too low to accurately represent a 
reliable quantity of the gene of interest (dotted line – undetected). 

	

Subtle changes in expression could be detected for some of the growth factor genes. Eg. 

Runx2 had decreased expression compared to the housekeeping gene Ldha at day 10 (Figure 

26), whereas it had increased expression at day 4 relative to the housekeeping gene (Figure 

25). 
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Figure 26 - Average qPCR ΔCq values for the growth factor array in the 10-day rat 
samples. 

	

	

Figure 27 - Average qPCR ΔCq values for the growth factor array in the 21-day rat 
samples. 
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Figure 28 - Average qPCR ΔCq values for the growth factor array in the 90-day rat 
samples.  

	

Average Cq values of all the growth factor genes referenced to all three housekeeping genes 

are shown in Table 2. There was variability in the Cq quality obtained from the qPCR, as the 

Cq value was regarded as low across all four time points in some samples – namely, Bmp-6, 

Tgf- β2, WNT-1, Msx-1, Fgf-2, Shh, PthIh and Ptchd1. The Cq catagory of “Okay” or “A” – 

indicates the gene’s average threshold cycle is reasonably detected in both samples (okay) or 

is reasonably detected in one sample and relatively low in the other sample (a). Both “Okay” 

and “A” ratings suggest that the actual fold change value is at least as large as the calculated 

and reported fold-change result. A “B” rating describes that the gene’s relative expression 

level is low in both the control and test sample. The fold change reported in the “B” category 

may have greater variation – therefore, it is important to have a sufficient number of 

biological replicates to validate the result for that gene. Furthermore, if the p value for a 

sample is greater than 0.05, this emphasizes a high variability of the fold change observed. 

Changes were observed across all time points for all growth factor genes, the P-value was 

consistently above the set 0.05 significance threshold. 
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Table 2 - Averages of the Cq values at each time point, after being normalized to 
three housekeeping genes (gray shading). 

	



	

 

 

 

 

 

	

	

	

	

	

	

	

10 DISCUSSION AND CONCLUSION 
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10.1 DISCUSSION 

The present study’s objectives were to validate a technique of dissecting the rat condyle, to 

cryogenically grind these condyles, then process them to determine the expression of an array 

of growth factors. A comparison was then made regarding the expression profile of these 

growth factors. Finally, it was an objective to establish a methodology and experimental plat-

form that can be used for future animal studies, that will examine the individual role of 

growth factors at the mandibular condyle. 

It is known that growth factor molecules act in synergy in growth and development. Our 

current understanding is somewhat limited as all of the published literature to date 

investigates the expression profile of a few select chondrogenic and osteogenic growth factors. 

Our study aimed to address this knowledge gap by incorporating a custom growth factor array, 

where 28 genes were investigated. Our experimental approach involved a pilot study to 

optimize protocols and to identify key developmental age groups in the rat model. Cryogenic 

grinding and mRNA extraction protocol was developed and RNA could be extracted. This 

was followed by a main study, where the protocols established in the pilot study were further 

enhanced and gene expression analysis was carried out, using the qPCR technique. 

 

10.1.1 CONDYLAR TISSUE COLLECTION 

Prior to this study, there was no published description of a dissection technique to obtain 

condyles from a rat. Two different surgical protocols in the pilot study were used, namely the 

extraoral and intraoral techniques. The extraoral technique involved dissecting the soft tissues 

lateral to the border of the mandible and condyle and collecting the condyle. This surgical 

approach was the preferred technique as it allowed improved visualisation and access to the 

tissue and condyle dissection was reliable. Therefore, the extraoral technique was more 

precise and resulted in samples with less contamination from non-condylar tissue. Finally, the 

extra-oral surgical approach allowed a lateral view of the mandibular condyle, mandibular 

ascending ramus and body, which enabled similar-sized samples, to be collected. Hence, all 

animals in the main experiment underwent a standardised extra-oral surgical approach to 

dissect and remove the mandibular condyle. 

Interestingly, a recent study has shown that psychological stress can alter the microstructure 

of the mandibular condyle in rats 1-5 weeks, which highlights the importance of swift 

laboratory handling and minimising stress to the animals during housing and experimentation 

(Li et al., 2013). The study showed that rats experiencing stress showed changes in the central 

and posterior parts of the condylar cartilage, with an overall decrease in condylar cartilage 
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thickness – a thinned fibrous layer, a thickened proliferative layer and thinned mature and 

hypertrophic layers. This was especially highlighted with increased experimentation time ie. 5 

weeks (Li et al., 2013). In our study all the rats were housed in similar conditions at the 

Hercus Animal House, the 4 day old and 10-day-old rats underwent decapitation and the 21 

day old and 90 day old rats were euthanised in a carbon dioxide chamber – according to the 

University of Otago Animal Welfare Office protocols for euthanasia of rats. Although the 

euthanasia protocols differed, this did not affect the gene expression between the four time 

points investigated. It is likely that the rats grew normally under the housing conditions used 

as their weights agreed with age-weight relationships reported in the literature (Sengupta, 

2013).  

The total weight of condylar tissue harvested and pooled for the different age groups of rats 

differed, especially between the day 4, day 10 and day 21 rats. The amount of tissue harvested 

was greater and the variation in condylar mass between samples was larger for the older rats 

(Figure 23). Larger animals will have larger condyles and this may have been the reason for 

the differences observed. 

 

10.1.2 HISTOLOGY 

As there are few reports entailing methodological details of the processing of rat condyles, 

radiographic analysis was used to assess decalcification prior to sectioning. It was found in 

the pilot study that immersion in 10% EDTA at pH 7.4 for a period of 10 days was successful 

in decalcifying rat condyles for 4 day old through to 21day old rats. However, condyles from 

90-day-old rats required a longer decalcification time (21 days) due to their more mature and 

developed calcified tissues. Once the decalcification parameters were established, no further 

radiographs were required in the main part of the study. 

The histological features of the rat condyle and the condylar cartilage have been well 

documented in the literature and were confirmed in this study (Meikle, 1973; Thilander et al., 

1976; Silbermann et al., 1987). Histology was used to identify the type of tissues being 

sampled, and which was then used for RNA extraction and gene expression analysis. The 

most commonly used histology stains are haematoxylin and eosin (H&E), which are used to 

visualise the morphology of cells, the nuclei of cells, cytoplasm, red blood cells, calcified 

material matrix and other structures. Haematoxylin is a dark blue or violet stain than binds to 

basophilic substances such as DNA and RNA, which are negatively charged. Eosin is a red or 

pink stain that binds to acidophilic substances such as proteins. The Toluidine Blue (TB) stain 
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binds to proteoglycans and glycosaminoglycans in tissues and thus can depict areas of 

cartilage deposition.  

In this study, both H&E and TB staining of 5µm tissue sections was used to identify different 

cell types within sections and depict the cell layers of the mandibular condylar cartilage. This 

was critical in order to assess the changes in tissue architecture occurring with time in the 

pilot study rats and was used to identify the biologically distinct developmental time points to 

be assessed in the main study. All the coronal sections revealed mandibular condylar cartilage 

cell layers consistent with those described in the literature (Meikle, 1973; Thilander et al., 

1976; Silbermann et al., 1987). The sagittal sections, however, showed some variability in the 

mandibular condylar cartilage layers according to the level of sectioning. The histological 

analysis of coronal and sagittal sections showed that condyles from 4-day-old rats had a 

relatively immature level of organisation especially in the superficial sections. In sections 

approaching the mid-coronal plane of the condyle, a central hypertrophic zone of cells was 

identified that made up the majority of the condylar head. These observations highlight two 

important aspects. Firstly, when researchers publish histological reports of condyles, they 

should indicate the level within the condyle of the sections. Secondly, the condylar cartilage 

is patent very early in growth and development (Figure 10 and Figure 11). 

At the other end of the developmental spectrum, the 90 day old rats were selected for the 

main study as they showed a much more advanced stage of condylar maturation and cellular 

organisation, with a diminished hypertrophic zone. At day 7, 10, 11 and 15, the resting layer 

of the condylar cartilage was more evident. This indicates the beginning of advanced cellular 

organisation within the condylar cartilage (Figures 12-14). Finally, at day 21, banding of the 

different tissue layers could be observed - five distinct layers of the condylar cartilage were 

evident (Figure 15). Furthermore, weaning of the rats occurs at day 21, and in light of the 

report that there are drastic changes in the expression of several growth factor molecules upon 

weaning (Enomoto et al., 2014), this time point was included in the main study and regarded 

as a key date to assess growth factor expression. 

At each time point, in addition to coronal sections, sagittal sections were taken which 

provided another view of the condylar cartilage, and provided a good visualisation of the 

anterior-posterior architecture of the condylar cartilage. The overall representation of the 

condylar cartilage cell layers was present regardless of the angle of viewing. Sagittal sections 

of condyles have been reported rarely (Visanapuu, 2002a; Hajjar et al., 2003; Fuentes et al., 

2003; Wu et al., 2012); the majority of the literature reports findings based on coronal 

sections of the condyles. It was difficult to control the angle of sections due to the small size 

of the samples. Furthermore, with smaller samples, it was easy to miss a representative mid-
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sagittal section that can show the different cell layers of the mandibular condylar cartilage. 

However, it was found in this study, that the two planes of sectioning enabled the localization 

and identification of the condylar cartilage. These sections were used to visualise the 

architecture of the specimen and relate that to the gene expression observed.  

 

10.1.3 CRYOGENIC GRINDING 

A micro-canister system for cryogenic grinding was used. This system allows milling of 

smaller samples, compared to the regular sized system. In the further processing of the tissues, 

the phenol reagent QIAzol (Qaigen) was used to help release the RNA (Gedrange et al., 2008). 

This method was validated here to provide a pulverized and homogenous condylar tissue 

sample. Although it was not validated in this experiment, an alternative method using a Pestle 

and mortar may provide similar results. This method was not trialed as the condyles were 

hard and very small in size; therefore, it was thought that the cryogenic grinding protocol 

would efficiently yield a homogenous and pulverized tissue sample. 

 

10.1.4 RNA EXTRACTION AND PURIFICATION 

RNA samples were assessed for quality and quantity using the spectrophotometric technique 

(A260:280 ratio and concentration). The A260:A280 indicates the level of contamination of the 

RNA sample by proteins or phenols - a pure sample of RNA has an A260:A280 ratio of 2.0. The 

A260 is used to calculate the concentration of RNA in the sample. The RNA concentrations in 

this study were consistently above 1.5 µg/mL, indicating a reasonable yield of nucleic acid 

from each sample. The quantity of RNA extracted varied between the samples, with no 

distinct pattern being present. The range of the RNA yield was between 54.4 and 440.4µg/mL. 

The samples were consistently of good quality, as indicated by the A260:A280 ratios that were 

in the range 1.98 – 2.68.  

With regard to results for condyle weight and RNA yield, it was surprising that more mature 

and older i.e day 10 and 21, compared to the day 4 condyles, did not yield a larger RNA 

quantity. The exception was for the day 90 animals. Furthermore, the concentration of RNA 

obtained did not correlate to the amount of condylar tissue obtained. This indicates that there 

was variability in the release of RNA from the condylar tissue as a result of the processing 

technique used on the samples. 

10.1.5 REAL-TIME POLYMERASE CHAIN REACTION 
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Reverse-transcriptase qPCR is the gold-standard method for measuring gene expression (in 

terms of mRNA transcription) in tissues and was selected for this investigation of growth 

factor expression in rat condyles. To date, the expression of these molecules has been 

reported on individually or only in small groups of animals, which has resulted in a very 

limited understanding of their overall importance. This initial investigation, using a gene 

array, has provided a broad screen of the growth factors and other molecules that have been 

reported in the literature and determined their expression at different stages in the 

development of rat condylar cartilage.  

Quantitative PCR measures the amplification of DNA templates in real time. Fluorescent dye 

in the PCR binds to the DNA as it is synthesized and the increase in fluorescence is a measure 

of the amount of DNA synthesized. The slope of the exponential log curve of increased 

fluorescence was used to measure the efficiency of the amplification for each growth factor 

gene analyzed in the qPCR reactions. In qPCR a key measure is the number of cycles taken 

for the fluorescence to exceed the background fluorescence level, the cycle at which this 

occurs is the quantification cycle (Cq). Cq values are determined for the genes of interest and 

for control, housekeeping, genes. The difference between the Cq value for the gene of interest 

and the Cq value for the normalizing housekeeping gene is ΔCq. Previous studies have used 

this technology to carry out a gene expression analysis of only a few selected growth factor 

genes (Fuentes et al., 2002; Yakota et al., 2008; Watahiki et al., 2004; Wang et al., 2010; Patil 

et al., 2012; Deng et al., 2014). 

The design of the present study included three biological replicate samples for each time point, 

and three technical replicates. The three technical replicates were run on three separate 

custom Taqman qPCR array plates and allowed for any variation in the qPCR protocol. The 

technical replicates showed excellent agreement between them. A recommendation can be 

made for future studies to increase efficiency of the experimentation by not running technical 

replicates. The three biological replicates were from separate groups of rats and allowed for 

variation between animals. Pooling condyles from 3 rats within each group also reduced this 

variation. This provides for a robust data set with good reliability. Recommendation for future 

studies would involve increasing the biological replicates to allow for further improvements 

in the reliability of the dataset.  

Moreover, to attain valid gene expression results, three housekeeping genes (Beta-2 

Microblobin (B2M), Lactate dehydrogenase (Ldha), Actin-β (ActB), 18s Ribosomal RNA 

(18srRNA)) were included in the gene array for normalization of the data from the growth 

factor genes. The later housekeeping gene was found to be expressed at very high values, 
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which caused skewing of the results. Therefore, this housekeeping gene’s data were omitted 

from the analysis. 

In this study, the assessment of gene expression used qPCR, which in essence measures the 

mRNA that has been converted to cDNA. A limitation of this technique is that the mRNA 

concentration for a particular gene may not correlate with the amount of protein expressed or 

with the protein’s activity. This is because of variations in mRNA turnover, mRNA 

translation and post-translational modification of the encoded protein. It is important to 

evaluate both mRNA and protein expression when trying to understand the control and 

function of gene networks (Hatzimanikatis et al., 1999). This work will be undertaken in the 

future. 

Finally, when the histological sections were viewed, it was evident that there was 

incorporation of muscle tissue and surrounding connective tissue along with the condylar 

cartilage samples. This would act to confound the qPCR gene expression results, as the 

mRNA obtained may have been from associated non-cartilage tissue, possibly masking 

important growth factor gene expression levels at the different time points. The use of micro-

dissection technique (Watahiki et al., 2004) may mitigate this effect and provide more 

representative sections from the mandibular condylar cartilage. 

 

10.1.6 RAT CONDLYE HOUSEKEEPING GENE SELECTION 

Housekeeping genes are genes that are required for the maintenance of basic cellular function, 

are expressed at a constant level and are usually species specific. It has been reported that the 

genes Lactate Dehydrogenase (LDH), Glyceraldehyde-3-Phosphate Dehydrogenase 

(GAPDH) and Beta-2 Microglobulin (B2M) can be used as housekeeping genes in the rat 

(Cai et al., 2007; Thellin et al., 1999; Yao et al., 2012).  Measuring housekeeping gene 

expression allows relative quantification of the genes of interest – they provide an internal set 

of reference points, which can be used to compare the expression of the genes being 

investigated.  

Expression of the single housekeeping gene GAPDH was measured in RNA samples prepared 

from 90 day rat masseter muscle tissue by standard tissue grinding and in rat condyles by 

cryogrinding. This analysis provided some important information. Firstly, it validated the 

cryogenic RNA extraction process and confirmed the presence of cDNA. Secondly, a 

comparison in expression was made between a gold standard soft tissue sample, and the hard 

tissue condyle samples extraction. Thirdly, this experiment highlighted that there was a large 

amount of genomic DNA contamination when the QIAGEN gDNA elimination buffer was 
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used on its own. An additional on-column genomic DNA elimination step was therefore 

added to the protocol, to remove this contamination. This purification step has also been 

recommended by other authors (Enomoto et al., 2014). 

The LDH housekeeping gene was selected as the normalization gene in the main study, as it 

showed the most consistent level of expression at all developmental stages of rat tissues tested.  

 

10.1.7 GROWTH FACTOR GENE EXPRESSION 

It is believed that the growth factors IGF, VEGF, TGF, FGF PTHrP/Ihh along with 

transcription factors Runx, Sox, and Col1a1, may play key regulatory roles in chondrogenesis 

and osteogensis in the mandibular condyle of a rat (Meikle, 2002; Shen and Darendeliler, 

2005; Witsch et al., 2010; Leander, 2010). The objective of this study was to examine the 

relative expression of a number of these genes within the same samples and during condyle 

development. 

Other techniques have successfully shown selective gene expression patterns at different time 

points in rat tissues. For example, histomorphomic and immunochemical studies, have shown 

that selective gene expression patterns for FGF, FGFR I-III, PDGFR, Gli2, Sox, Ihh and other 

transcription factors proportionally increase with age in the rat model (Molteni et al., 1999; 

Visnapuu et al., 2002a; Purcell et al., 2009). In situ hybridization studies have further 

supported the notion that there is up/down regulation of certain growth factor and 

transcription factor genes (IGF-I, VEGF, collagen type I, II and X, aggrecans, IIh, Gli3) 

associated with the aging process in the rat condylar cartilage (Fukada et al., 1999; Visnapuu 

et al., 2002b; Zelzer et al., 2002; Watahiki et al., 2004; Mitani et al., 2006; Shibukawa et al., 

2007; Ochiai et al., 2010). Furthermore, immunohistochemical studies have further supported 

the hypothesis of selective gene expression for TGF-B1, IGFR-I, GH and PTHrP, in the rat 

condyle (Van Der Eerden et al., 2000; Visnapuu et al., 2001; Rubert et al., 2008). Northern 

blot (Strauss et al., 1990) and Western blot gene analyses have also been used to support this 

hypothesis (Aoyama et al., 2004; Macotela et al., 2006). 

Studies utilising PCR to assess growth factor gene expression have also supported the 

selective gene expression hypothesis. Generally, as the rats mature, selective up-regulation at 

the condylar cartilage has been reported for IGF-I, FGF-II, VEGF, Runx2, MMP-9, Col2a1, 

Cbfa1, FGFR-I and FGFR - II (Zelzer et al., 2001; Fuentes et al., 2002; Wang et al., 2010; 

Jiao et al., 2011; Terao et al., 2011). Down regulation for FGF10, Sox9, MMP-3, VEGF-II, 

VEGFR-I, VEGFR - II and IGFR-I has been reported (Zelzer et al., 2003; Liu et al., 2007; 
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Want et al., 2010; Terao et al., 2011), and no clear correlation for any of the other growth 

factor genes investigated at the condylar cartilage (Hamada et al., 1999; Terao et al., 2011). 

By carrying out quantitative gene expression analysis, we have confirmed the expression of 

these selected genes. Overall, no growth factor genes were up- or down-regulated by more 

than two fold, a threshold regarded as representing a significant change (Steinhoff and 

Vingron, 2006). However, as expression of all genes was detected they may still be having an 

effect during development. Another factor to be considered is that some growth factors may 

be very potent - may not need a large change in the amount of expression to effect a large 

developmental change. For example, Shh expression may have been low, and there were no 

significant (2-3 fold) changes in up- or down-regulation between the different time points, but 

it may have a high potency that would not require a large change in the gene expression to 

result in cellular changes. For all the genes investigated and analysed in the Data Assist 

software (Qiagen), there was a variation in the Cq values between the samples at the same 

time points. This resulted in P values that were above 0.05 indicating high variability and 

insignificant differences in Cq values. This gave rise to trends that were observed for the 

expression of growth factor genes at day 10, 21 and 90, relative to day 4. IGF-1, FGF-1, 

TGFβ-III and BMP-2 showed no changes in the level of expression. VEGF-A, WNT-1 and 

PTHrP showed a progressive increase in expression relative to the expression at day 4. 

Fluctuations in the level of expression were noted for BMP-2, BMP-4, BMP-6, TGFβ-I, 

Runx-2, Ihh, Sox-9 and Col2a1 (Figure 29). 
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Figure 29 - Comparison of the growth factor gene expression to the literature. Green 
arrows indicate a gradual increase in expression compared to day 4. Red arrows 
indicate a progressive decrease in gene expression compared to day 4. Green and red 
arrows indicate increased and decreased expression across the different age groups, 
when compared to day 4. 

 

Furthermore, not all growth factor genes were included in the qPCR analysis as the 

florescence level was very low for some samples. Hence, they may have been invalid. This 

was the case for the Shh, Ptchd1 and Wnt1 genes; therefore, the results for these genes should 

be interpreted with caution. 

Finally, because this was a custom qPCR gene expression array, and because previous 

literature has not described their methodological protocols in detail, it is difficult to compare 

the results obtained in this study with that of others. Methodological protocols can alter gene 

expression results drastically, and it is recommended that future research utilises a 

standardised protocol. 

This study is, however, in support of previous research that has found qPCR to be successful 

in detecting growth factor expression in the mandibular condyle (Fuentes et al., 2002; Yakota 
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et al., 2008; Watahiki et al., 2004; Wang et al., 2010; Jiao et al., 2011; Patil et al., 2012; Deng 

et al., 2014).   
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10.2 CONCLUSIONS 

The qPCR gene analysis technique was successful in detecting mRNA expression of the 

genes investigated. Up- and down-regulation of several of the growth factor genes were 

observed in our results; however, these changes were small. The results weakly support the 

hypothesis that certain growth factor genes are up- and down-regulated during the 

developmental stages of the rat condyle, which may impact on the overall morphology of the 

mandible. 
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10.3 FUTURE DIRECTIONS 

This investigation aimed to develop a sound platform for further research into the effects of 

certain growth factors on condyle development. The next logical step would be to identify the 

pathways these molecules regulate in an animal model. Future studies may include gene 

knockout mice models involving mice with particular growth factor genes deleted. This will 

enable researchers to draw conclusions relating to growth factor molecular function, which 

will ultimately shed light on the relevance of these molecules in growth, development, 

craniofacial pathology and treatment interventions.  
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Materials and equipment 

The following materials and equipment were used: Radiographic equipment (Sirona) and 

Phosphor plate intraoral radiograph system (Planmecca ScanX). Plastic storage and transfer 

bottles. RNAlater solution (Ambion – Life Technologies). PBS solution. Formalin 10% buffer. 

RNAase Away reagent (Ambion – Life Technologies). 70% alcohol. EDTA 10% buffered at 

pH 7.4. Camera DSLR (Canon 550D) and 100mm Macro lens 2.8ft. Sterile scalpel, no. 15 

blades, surgical scissors, tissue forceps, collage tweezers. Gloves and protective clothing. 

Rotary light microscope (Leica DM 2500, Wetzlar, Germany) and camera (Leica DFC490 

system, Leica, Wetzlar, Germany). Cryogenic grinder (SPEX 6770 Freezer/ Mill). Phenol. 

Chloroform. RNase Free H2O (Ambion). 15L Liquid Nitrogen.  
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Ethics 

	

Figure 30 – Ethics approval; application no. ET17/13. 
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Figure 31 – Ethics updated application 2014. Application no ET1814.  
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Tuesday, 21 May 2013. 

Dr Trudy Milne, 
Faculty of Dentistry - Department of Oral Science, 
DUNEDIN. 

 

Tēnā Koe Dr Trudy Milne, 

Growth Factor Expression In The Rat Condyle - Implications For Craniofacial 
Development 

The Ngāi Tahu Research Consultation Committee (The Committee) met on Tuesday, 21 May 
2013 to discuss your research proposition. 

By way of introduction, this response from The Committee is provided as part of the 
Memorandum of Understanding between Te Rūnanga o Ngāi Tahu and the University. In the 
statement of principles of the memorandum it states ″Ngāi Tahu acknowledges that the 
consultation process outline in this policy provides no power of veto by Ngāi Tahu to research 
undertaken at the University of Otago″. As such, this response is not ″approval″ or ″mandate″ 
for the research, rather it is a mandated response from a Ngāi Tahu appointed committee. This 
process is part of a number of requirements for researchers to undertake and does not cover 
other issues relating to ethics, including methodology they are separate requirements with 
other committees, for example the Human Ethics Committee, etc. 

Within the context of the Policy for Research Consultation with Māori, the Committee base 
consultation on that defined by Justice McGechan: 

″Consultation does not mean negotiation or agreement. It means: setting out a proposal not 
fully decided upon; adequately informing a party about relevant information upon which the 
proposal is based; listening to what the others have to say with an open mind (in that there is 
room to be persuaded against the proposal); undertaking that task in a genuine and not 
cosmetic manner. Reaching a decision that may or may not alter the original proposal.″ 

The Committee acknowledges that this research project is laboratory based on a rat model 
therefore further consultation is not required in this instance, however should the project 
develop further research the Committee would request that you come back for further 
consultation. 

We wish you every success in your research. 

This letter of suggestion, recommendation and advice is current for an 18 month period from 
Tuesday, 21 May 2013 to 8 November 2014. 

 



	 108	

	

Figure 32 – Maori research consultation  

 

 

Nāhaku noa, nā 

 

Mark Brunton 
Kaiwhakahaere Rangahau Māori 
Research Manager Māori 
Research Division 
Te Whare Wānanga o Otāgo 
Ph: +64 3 479 8738 
Email: mark.brunton@otago.ac.nz 
Web: www.otago.ac.nz 
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Gene expression analysis 

	

Figure 33 – GAPDH housekeeping gene qPCR analysis.  

Document Name: GAPDHActin061114 
Plate Type: Absolute Quantification
User: 7500 Fast PCR

Document Information

Operator: 7500 Fast PCR
Run Date: Thursday November 06 2014 11:10:52
Last Modified: Thursday November 06 2014 14:39:29
Instrument Type: Applied Biosystems 7500 Fast Real-Time PCR System

Comments:
SDS v1.3.1

Thermal Cycler Profile
Stage Repetitions TemperatureTime Ramp Rate

1 1 95.0 °C 10:00 Auto
2 40 95.0 °C 0:15 Auto

60.0 °C 1:00 Auto
Fast 7500 Mode
Data Collection :  Stage 2 Step 1
PCR Volume: 20 µL

Well Sample NameDetector Task Ct
A1 SYBR Unknown Undetermined
A2 SYBR Unknown Undetermined
A3 SYBR Unknown Undetermined
A4 SYBR Unknown Undetermined
A5 SYBR Unknown Undetermined
A6 SYBR Unknown Undetermined
A7 SYBR Unknown 9.69
A8 SYBR Unknown 12.29
A9 SYBR Unknown 12.44
A10 SYBR Unknown 11.74
A11 SYBR Unknown 19.7
A12 SYBR Unknown 8.19
B1 SYBR Unknown Undetermined
B2 SYBR Unknown Undetermined
B3 SYBR Unknown Undetermined
B4 SYBR Unknown Undetermined
B5 SYBR Unknown 12.47
B6 SYBR Unknown 11.59
B7 SYBR Unknown Undetermined
B8 SYBR Unknown 22.93
B9 SYBR Unknown 11.61
B10 SYBR Unknown 16.17
B11 SYBR Unknown 13.57
B12 SYBR Unknown 10.52
C1 SYBR Unknown Undetermined
C2 SYBR Unknown Undetermined
C3 SYBR Unknown Undetermined
C4 SYBR Unknown Undetermined
C5 SYBR Unknown 11.41
C6 SYBR Unknown 14.7
C7 SYBR Unknown 10.99
C8 SYBR Unknown 12.26
C9 SYBR Unknown 7.84
C10 SYBR Unknown 18.27
C11 SYBR Unknown 16.09
C12 SYBR Unknown 22.78
D1 SYBR Unknown Undetermined
D2 SYBR Unknown Undetermined
D3 SYBR Unknown Undetermined
D4 SYBR Unknown Undetermined
D5 SYBR Unknown 25.96
D6 SYBR Unknown 19.74
D7 SYBR Unknown 25.65
D8 SYBR Unknown 11.81
D9 SYBR Unknown 18.43
D10 SYBR Unknown 16.96
D11 SYBR Unknown 12.05
D12 SYBR Unknown 13.09
E1 T1 SYBR Unknown 16.3
E2 T1 SYBR Unknown 16.45
E3 T1- SYBR Unknown 25.18
E4 T1- SYBR Unknown 25.16
E5 H2O SYBR Unknown Undetermined
E6 H2O SYBR Unknown 35.02
E7 SYBR Unknown 15.9
E8 SYBR Unknown 12.46
E9 SYBR Unknown 16.56
E10 SYBR Unknown 12.77
E11 SYBR Unknown 13.37
E12 SYBR Unknown 9.31
F1 T2 SYBR Unknown 16.16
F2 T2 SYBR Unknown 16.29
F3 T2- SYBR Unknown 25.19
F4 T2- SYBR Unknown 25.19
F5 SYBR Unknown Undetermined
F6 SYBR Unknown 35.31
F7 SYBR Unknown 19.87
F8 SYBR Unknown 15.24
F9 SYBR Unknown 13.53
F10 SYBR Unknown 32.99
F11 SYBR Unknown 13.82
F12 SYBR Unknown 13.93
G1 21d SYBR Unknown 19.24
G2 21d SYBR Unknown 19.38
G3 21d- SYBR Unknown 23.29
G4 21d- SYBR Unknown 23.22
G5 SYBR Unknown 16.67
G6 SYBR Unknown 32.58
G7 SYBR Unknown 24.95
G8 SYBR Unknown 17.76
G9 SYBR Unknown 13.55
G10 SYBR Unknown 15.19
G11 SYBR Unknown 12.61
G12 SYBR Unknown 8.87
H1 90d SYBR Unknown 18.73
H2 90d SYBR Unknown 18.8
H3 90d- SYBR Unknown 22.02
H4 90d- SYBR Unknown 21.94
H5 SYBR Unknown 11.92
H6 SYBR Unknown 13.4
H7 SYBR Unknown 10.84
H8 SYBR Unknown 14.02
H9 SYBR Unknown 17.28
H10 SYBR Unknown 11.29
H11 SYBR Unknown 8.22
H12 SYBR Unknown 20.55
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Figure 34 – LDH single housekeeping gene qPCR analysis.  

Document Name: LDH090215 
Plate Type: Absolute Quantification
User: 7500 Fast PCR

Document Information

Operator: 7500 Fast PCR
Run Date: Monday February 09 2015 11:40:31
Last Modified: Monday February 09 2015 12:17:53
Instrument Type: Applied Biosystems 7500 Fast Real-Time PCR System

Comments:
SDS v1.3.1

Thermal Cycler Profile
Stage Repetitions TemperatureTime Ramp Rate

1 1 95.0 °C 0:20 Auto
2 40 95.0 °C 0:03 Auto

60.0 °C 0:30 Auto
Fast 7500 Mode
Data Collection :  Stage 2 Step 1
PCR Volume: 20 µL

Well Sample NameDetector Task Ct
A1 1 Tacman assay LDHUnknown 22.09
A2 1 Tacman assay LDHUnknown 22.12
A3 2 Tacman assay LDHUnknown 25.1
A4 2 Tacman assay LDHUnknown 25.59
A5 3 Tacman assay LDHUnknown 26.22
A6 3 Tacman assay LDHUnknown 26.2
A7 4 Tacman assay LDHUnknown 22.99
A8 4 Tacman assay LDHUnknown 23.08
A9 5 Tacman assay LDHUnknown 22.28
A10 5 Tacman assay LDHUnknown 22.13
A11 6 Tacman assay LDHUnknown 22.22
A12 6 Tacman assay LDHUnknown 22.27
B1 7 Tacman assay LDHUnknown 23.18
B2 7 Tacman assay LDHUnknown 23.13
B3 8 Tacman assay LDHUnknown 24.66
B4 8 Tacman assay LDHUnknown 24.62
B5 9 Tacman assay LDHUnknown 22.56
B6 9 Tacman assay LDHUnknown 22.4
B7 10 Tacman assay LDHUnknown 22.64
B8 10 Tacman assay LDHUnknown 23.09
B9 11 Tacman assay LDHUnknown 24.56
B10 11 Tacman assay LDHUnknown 24.92
B11 12 Tacman assay LDHUnknown 24.82
B12 12 Tacman assay LDHUnknown 25.02
C1 T1 Tacman assay LDHUnknown 20.79
C2 T1 Tacman assay LDHUnknown 21.05
C3 T2 Tacman assay LDHUnknown 20.91
C4 T2 Tacman assay LDHUnknown 20.87
C5 21d Tacman assay LDHUnknown 23.32
C6 21d Tacman assay LDHUnknown 22.54
C7 90d Tacman assay LDHUnknown 22.48
C8 90d Tacman assay LDHUnknown 22.52
C9 h2o Tacman assay LDHUnknown 39.17
C10 h2o Tacman assay LDHUnknown Undetermined
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Figure 35 - Set up of the 12 samples on the custom qPCR Taqman arrays. The plates 
were designed with 3 x 32 replicate genes. Hence, three samples could be analysed 
per plate. 

	

	

Figure 36 - Set up of the growth factor and housekeeping genes on the qPCR 
Taqman array plate.  
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Figure 37 - Raw qPCR data from custom Taqman plates 1-4. 
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Figure 38 - Raw qPCR data from custom Taqman plates 5-8. 
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Figure 39 - Raw qPCR data from custom Taqman plates 9-12. 
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Figure 40 – Mean Cq values for the three biological replicates for the four different 
age groups of rats. 

 

Gene # Gene Symbol Day$4$A1 Day$4$B1 Day$4$C1 Day$10$A1 Day$10$B1 Day$10$C1 Day$21$A1 Day$21$B1 Day$21$C1 Day$90$A1 Day$90$B1 Day$90$C1
A01 r18S 40 40 40 40 40 40.00 40 40 40 40 40 40
A02 B2m 21.82 26.55 25.67 20.99 22.90 23.02 22.09 22.67 23.73 23.89 23.05 24.46
A03 Ldha 23.25 27.96 27.70 24.52 24.41 24.96 24.75 25.90 25.23 25.28 26.39 27.18
A04 Actb 19.59 24.61 24.41 20.42 20.72 21.20 21.23 22.41 21.39 21.88 22.42 23.76
A05 Bmp2 28.24 33.05 32.00 29.16 28.88 29.72 28.89 30.99 30.19 30.44 30.15 32.32
A12 Bmp3 26.55 30.75 30.29 27.44 27.33 28.19 27.51 28.44 28.42 29.08 28.43 31.10
B07 Bmp4 27.32 31.47 30.27 29.11 28.06 29.28 29.15 29.25 29.25 29.98 30.21 31.68
C02 Bmp5 27.98 33.90 32.50 29.78 28.66 29.79 29.69 30.48 29.69 30.61 30.36 32.29
A06 Bmp6 29.50 35.41 34.84 31.35 30.48 30.91 31.63 33.50 31.51 31.52 32.90 33.84
A07 Igf1 24.74 29.40 29.15 27.16 25.75 26.40 26.76 28.30 26.46 26.92 27.72 29.71
A08 Tgfb1 24.82 29.59 29.43 25.78 25.40 26.10 26.18 27.54 26.53 26.88 27.26 28.75
B03 Tgfb2 30.39 37.03 33.78 30.71 31.04 31.32 31.94 32.58 32.24 32.49 32.35 33.34
B10 Tgfb3 25.49 29.74 29.30 27.25 26.16 26.82 27.21 27.88 27.19 27.55 28.24 29.24
A09 Wnt1 34.78 38.07 34.88 34.11 34.95 36.39 31.42 35.25 37.37 36.91 33.09 36.33
A10 Msx1 29.96 35.98 35.47 34.02 30.72 33.64 32.41 33.39 31.61 34.25 33.49 35.61
A11 Alpl 22.54 27.12 26.36 22.94 23.20 23.75 23.05 24.83 23.71 24.57 24.69 26.15
B01 Fgf1 28.43 33.08 32.01 29.72 28.67 29.95 29.51 30.22 29.95 30.61 30.79 31.62
B08 Fgf2 28.29 33.49 32.43 30.65 29.31 30.07 30.25 30.33 30.14 30.53 31.43 31.72
B02 Pdgfa 25.46 29.06 29.14 27.02 26.20 26.68 26.56 28.18 27.12 27.41 27.68 29.69
B09 Pdgfb 26.48 29.79 29.73 26.97 27.29 27.72 27.72 27.87 27.61 28.30 27.65 30.16
B04 Ihh 26.52 30.86 30.63 28.75 28.25 27.62 27.81 32.72 28.89 28.05 29.33 32.63
B05 Runx2 24.13 26.94 26.03 24.67 24.91 25.36 24.85 25.43 25.86 26.32 26.26 27.18
B06 Bglap 21.05 24.22 22.40 18.40 21.84 22.41 19.19 20.09 22.17 23.38 19.75 21.77
B11 Shh 37.17 UD UD UD 31.53 UD UD UD 34.95 UD UD UD
B12 Sox9 24.98 28.97 28.14 26.83 26.04 26.01 26.76 28.13 26.86 26.78 27.17 29.35
C01 Col1a1 17.26 21.20 20.23 18.28 17.62 18.55 18.06 19.90 18.74 19.67 19.35 20.88
C08 Col2a1 20.52 24.40 24.39 21.79 22.08 21.16 21.31 25.83 22.46 21.62 23.12 24.82
C03 Bli3 26.76 30.82 29.66 28.66 27.65 28.17 28.37 28.78 28.69 29.00 29.33 31.03
C04 Pthlh 29.12 33.76 31.75 31.82 29.55 30.53 29.89 30.75 30.69 31.09 30.67 32.48
C05 Vegfa 25.56 29.33 27.56 27.18 26.25 26.35 26.20 27.02 27.60 26.99 27.38 28.63
C06 Ptchd1 35.43 UD UD 38.08 36.33 36.79 37.10 37.36 36.93 37.75 37.93 UD
C07 Sp7 23.50 27.60 26.56 24.81 24.21 25.01 24.73 25.27 25.03 25.99 24.46 27.76
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Figure 41 – Cq results for all day 4 samples – both biological (A1, B1, C1) and technical replicates (A2, A3, B2, B3, C2, C3). 

Gene # D4#A1 D4#A2 D4#A3 D4#B1 D4#B2 D4#B3 D4#C1 D4#C2 D4#C3
1 Bmp2 28.24 29.19 33.83 33.05 32.49 38.87 32.00 33.17 38.46
2 Bmp6 29.50 30.12 35.27 35.41 34.43 37.93 34.84 35.87 UD
3 Igf1 24.74 25.09 30.00 29.40 28.74 32.79 29.15 29.77 33.45
4 Tgfb1 24.82 25.38 30.50 29.59 28.80 33.40 29.43 30.10 33.98
5 Wnt1 34.78 36.04 UD 38.07 38.24 UD 34.88 35.58 Ud
6 Msx1 29.96 24.58 35.48 35.98 34.81 38.07 35.47 35.72 38.66
7 Alpl 22.54 21.70 27.74 27.12 26.44 30.25 26.36 27.11 30.94
8 B2m 21.82 22.45 27.24 26.55 25.72 29.04 25.67 26.57 30.70
9 Bmp3 26.55 27.25 31.87 30.75 30.45 34.26 30.29 31.13 34.71
10 Fgf1 28.43 28.94 33.66 33.08 32.22 35.93 32.01 32.44 UD
11 Pdgfa 25.46 26.00 30.66 29.06 28.46 32.43 29.14 29.75 33.53
12 Tgfb2 30.39 30.90 36.19 37.03 34.52 UD 33.78 34.78 UD
13 Ihh 26.52 27.34 32.10 30.86 29.86 33.89 30.63 31.23 35.75
14 Runx2 24.13 25.51 29.53 26.94 26.19 31.51 26.03 26.87 32.16
15 Bglap 21.05 17.81 26.62 24.22 23.33 26.93 22.40 23.30 26.98
16 Ldha 23.25 23.93 29.01 27.96 27.26 31.51 27.70 28.71 33.36
17 Bmp4 27.32 27.94 32.76 31.47 30.75 34.97 30.27 31.61 36.66
18 Fgf2 28.29 28.89 34.06 33.49 31.94 36.43 32.43 32.68 37.05
19 Pdgfb 26.48 27.03 32.27 29.79 28.91 32.12 29.73 30.40 34.63
20 Tgfb3 25.49 25.95 30.64 29.74 28.85 33.13 29.30 30.13 35.19
21 Shh 37.17 39.27 UD UD UD UD UD UD UD
22 Sox9 24.98 23.98 30.01 28.97 28.17 32.15 28.14 29.17 32.20
23 Col1a1 17.26 21.21 22.67 21.20 20.54 24.68 20.23 20.97 25.30
24 Actb 19.59 20.24 24.51 24.61 23.80 28.11 24.41 25.29 29.67
25 Bmp5 27.98 28.55 34.47 33.90 33.07 UD 32.50 34.40 36.82
26 Bli3 26.76 27.19 31.91 30.82 30.21 35.08 29.66 30.93 34.96
27 Pthlh 29.12 29.41 34.49 33.76 33.22 37.21 31.75 33.13 UD
28 Vegfa 25.56 26.04 30.83 29.33 28.83 33.00 27.56 28.62 32.54
29 Ptchd1 35.43 35.28 UD UD 39.15 UD UD 39.11 UD
30 Sp7 23.50 34.20 28.69 27.60 27.08 30.38 26.56 27.48 30.97
31 Col2a1 20.52 23.66 25.99 24.40 23.63 27.98 24.39 25.45 29.66
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Figure 42 - Cq results for all day 10 samples – both biological (A1, B1, C1) and technical replicates (A2, A3, B2, B3, C2, C3). 

Gene # D10$A1 D10$A2 D10$A3 D10$B1 D10$B2 D10$B3 D10$C1 D10$C2 C10$C3
1 Bmp2 29.16 29.73 33.00 28.88 28.00 31.88 29.72 28.49 32.91
2 Bmp6 31.35 31.51 34.83 30.48 29.57 33.36 30.91 29.70 33.95
3 Igf1 27.16 27.57 31.19 25.75 24.90 28.88 26.40 25.42 29.91
4 Tgfb1 25.78 26.17 29.47 25.40 24.65 28.59 26.10 24.98 29.94
5 Wnt1 34.11 33.76 UD 34.95 34.79 UD 36.39 35.29 UD
6 Msx1 34.02 24.88 37.66 30.72 29.62 33.11 33.64 24.40 36.12
7 Alpl 22.94 18.78 27.31 23.20 22.35 25.96 23.75 21.25 27.72
8 B2m 20.99 21.35 24.49 22.90 22.51 25.98 23.02 22.19 26.62
9 Bmp3 27.44 27.62 30.94 27.33 26.55 30.32 28.19 26.99 31.55
10 Fgf1 29.72 30.03 32.92 28.67 27.90 31.51 29.95 28.69 33.27
11 Pdgfa 27.02 27.42 30.57 26.20 25.44 28.86 26.68 25.72 30.09
12 Tgfb2 30.71 31.17 33.73 31.04 30.63 33.80 31.32 30.43 37.25
13 Ihh 28.75 29.36 32.79 28.25 27.21 30.77 27.62 26.41 30.86
14 Runx2 24.67 27.15 28.57 24.91 24.27 27.86 25.36 25.01 28.94
15 Bglap 18.40 18.46 22.26 21.84 21.11 24.34 22.41 17.43 25.52
16 Ldha 24.52 24.76 28.19 24.41 23.95 27.15 24.96 23.88 28.17
17 Bmp4 29.11 29.42 33.52 28.06 27.84 31.05 29.28 28.01 32.52
18 Fgf2 30.65 31.39 34.39 29.31 28.92 32.54 30.07 28.99 33.08
19 Pdgfb 26.97 26.74 28.57 27.29 26.49 30.38 27.72 26.53 30.91
20 Tgfb3 27.25 27.52 30.69 26.16 25.30 29.10 26.82 25.71 29.95
21 Shh UD 39.29 UD 31.53 31.22 35.11 UD UD UD
22 Sox9 26.83 25.21 30.49 26.04 25.31 28.87 26.01 23.84 29.29
23 Col1a1 18.28 22.31 22.14 17.62 17.08 20.88 18.55 19.92 22.13
24 Actb 20.42 21.02 24.40 20.72 19.80 23.47 21.20 20.10 24.56
25 Bmp5 29.78 30.37 33.24 28.66 28.08 31.38 29.79 28.68 33.16
26 Bli3 28.66 29.39 32.62 27.65 27.03 30.26 28.17 27.14 31.27
27 Pthlh 31.82 31.87 34.14 29.55 29.07 32.49 30.53 29.35 34.18
28 Vegfa 27.18 27.58 30.79 26.25 25.54 28.96 26.35 25.43 29.65
29 Ptchd1 38.08 32.38 39.64 36.33 35.10 38.25 36.79 35.47 UD
30 Sp7 24.81 33.51 28.65 24.21 23.37 26.96 25.01 29.97 28.13
31 Col2a1 21.79 23.87 25.97 22.08 21.02 24.51 21.16 22.76 23.99
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Figure 43 - Cq results for all day 21 samples – both biological (A1, B1, C1) and technical replicates (A2, A3, B2, B3, C2, C3). 

Gene # D21$A1 D21$A2 D21$A3 D21$B1 D21$B2 D21$B3 D21$C1 D21$C2 D21$C3
1 Bmp2 28.89 29.20 34.79 30.99 31.43 35.49 30.19 28.83 34.43
2 Bmp6 31.63 32.29 36.26 33.50 33.80 UD 31.51 30.17 35.44
3 Igf1 26.76 27.04 31.01 28.30 28.71 33.39 26.46 25.58 30.54
4 Tgfb1 26.18 27.07 31.02 27.54 27.94 32.31 26.53 25.29 30.26
5 Wnt1 31.42 28.54 Ud 35.25 38.31 UD 37.37 34.71 UD
6 Msx1 32.41 25.24 38.08 33.39 33.89 UD 31.61 24.71 34.36
7 Alpl 23.05 19.93 27.55 24.83 25.37 30.46 23.71 21.01 27.77
8 B2m 22.09 22.31 26.60 22.67 23.24 27.52 23.73 22.55 27.33
9 Bmp3 27.51 27.89 31.99 28.44 29.09 33.06 28.42 27.12 32.32
10 Fgf1 29.51 30.10 35.82 30.22 31.00 35.54 29.95 28.56 32.77
11 Pdgfa 26.56 27.22 31.05 28.18 28.65 33.15 27.12 25.87 30.96
12 Tgfb2 31.94 32.20 35.88 32.58 32.95 UD 32.24 31.23 36.74
13 Ihh 27.81 UD 32.12 32.72 34.31 35.94 28.89 27.59 32.17
14 Runx2 24.85 27.12 29.45 25.43 25.81 30.53 25.86 25.70 30.02
15 Bglap 19.19 18.69 23.56 20.09 20.68 24.97 22.17 17.68 25.55
16 Ldha 24.75 25.14 29.32 25.90 26.28 31.21 25.23 23.79 29.13
17 Bmp4 29.15 29.40 33.44 29.25 30.11 34.76 29.25 27.93 32.80
18 Fgf2 30.25 30.78 35.09 30.33 30.92 35.59 30.14 28.90 34.38
19 Pdgfb 27.72 28.20 32.49 27.87 28.78 33.01 27.61 25.65 30.76
20 Tgfb3 27.21 27.51 31.25 27.88 28.26 33.08 27.19 25.99 30.99
21 Shh UD 38.63 UD UD UD UD 34.95 33.20 UD
22 Sox9 26.76 25.43 30.87 28.13 28.74 32.52 26.86 23.83 30.36
23 Col1a1 18.06 22.16 22.80 19.90 20.51 24.97 18.74 20.99 22.75
24 Actb 21.23 21.69 25.66 22.41 23.21 27.73 21.39 20.51 25.24
25 Bmp5 29.69 30.07 33.28 30.48 31.43 34.33 29.69 28.34 34.36
26 Bli3 28.37 29.02 32.63 28.78 29.61 33.82 28.69 27.57 32.69
27 Pthlh 29.89 30.29 35.26 30.75 31.18 35.76 30.69 29.41 34.46
28 Vegfa 26.20 26.66 30.89 27.02 27.77 31.85 27.60 26.90 31.59
29 Ptchd1 37.10 30.73 UD 37.36 38.70 UD 36.93 36.68 UD
30 Sp7 24.73 23.07 28.96 25.27 26.13 30.48 25.03 33.94 28.73
31 Col2a1 21.31 24.82 25.75 25.83 26.53 31.15 22.46 25.15 26.31
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Figure 44 - Cq results for all day 90 samples – both biological (A1, B1, C1) and technical replicates (A2, A3, B2, B3, C2, C3). 

Gene # D90$A1 D90$A2 D90$A3 D90$B1 D90$B2 D90$B3 D90$C1 D90$C2 D90$C3
1 Bmp2 30.44 30.19 35.53 30.15 31.60 34.97 32.32 31.16 34.47
2 Bmp6 31.52 30.93 35.87 32.90 33.52 UD 33.84 32.52 39.46
3 Igf1 26.92 26.49 31.34 27.72 28.50 32.74 29.71 29.18 33.20
4 Tgfb1 26.88 26.39 31.26 27.26 27.85 31.98 28.75 27.46 32.11
5 Wnt1 36.91 36.60 UD 33.09 34.11 UD 36.33 36.76 UD
6 Msx1 34.25 33.31 39.22 33.49 34.76 39.18 35.61 26.38 UD
7 Alpl 24.57 24.18 29.30 24.69 25.27 29.96 26.15 20.80 29.74
8 B2m 23.89 23.34 28.31 23.05 23.70 27.31 24.46 23.10 27.79
9 Bmp3 29.08 28.63 33.31 28.43 28.91 33.20 31.10 29.98 34.28
10 Fgf1 30.61 30.01 35.39 30.79 31.23 38.93 31.62 30.17 34.20
11 Pdgfa 27.41 27.06 31.72 27.68 28.54 31.90 29.69 28.50 32.56
12 Tgfb2 32.49 32.33 UD 32.35 33.48 36.94 33.34 32.46 37.68
13 Ihh 28.05 27.53 31.95 29.33 30.07 34.37 32.63 31.14 34.81
14 Runx2 26.32 25.71 30.80 26.26 26.76 30.65 27.18 28.63 30.80
15 Bglap 23.38 22.72 27.88 19.75 20.66 24.71 21.77 20.28 25.34
16 Ldha 25.28 24.90 29.81 26.39 26.92 31.42 27.18 25.80 30.33
17 Bmp4 29.98 29.41 34.25 30.21 30.72 35.14 31.68 30.59 35.18
18 Fgf2 30.53 30.09 35.44 31.43 32.07 34.57 31.72 30.55 37.09
19 Pdgfb 28.30 27.86 33.08 27.65 28.65 31.81 30.16 29.21 33.26
20 Tgfb3 27.55 26.85 31.71 28.24 28.74 33.06 29.24 28.40 32.60
21 Shh UD 39.75 UD UD UD UD UD UD UD
22 Sox9 26.78 26.21 31.33 27.17 27.72 32.02 29.35 26.55 32.44
23 Col1a1 19.67 19.01 24.05 19.35 19.87 23.84 20.88 23.73 24.75
24 Actb 21.88 21.25 26.49 22.42 23.24 27.58 23.76 22.60 26.86
25 Bmp5 30.61 29.82 34.56 30.36 31.75 34.68 32.29 30.89 35.85
26 Bli3 29.00 28.47 33.01 29.33 29.89 34.98 31.03 29.83 33.95
27 Pthlh 31.09 30.55 35.45 30.67 31.77 37.19 32.48 31.47 UD
28 Vegfa 26.99 26.54 31.50 27.38 27.87 32.52 28.63 27.68 32.12
29 Ptchd1 37.75 37.27 UD 37.93 UD UD UD 32.13 UD
30 Sp7 25.99 25.39 30.24 24.46 25.73 30.23 27.76 22.77 30.79
31 Col2a1 21.62 20.79 25.96 23.12 23.79 28.30 24.82 25.45 28.71


