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ABSTRACT 

The intervertebral disc is an integral component of the vertebral column. With 

its close proximity to the spinal cord and with functions that include load transmission, 

shock absorption, and neck motion, it is no surprise that complications involving the 

disc can often have serious ramifications. While the participation of both mechanical 

and molecular factors in disc function and pathology has been well-documented, no 

study in the current literature has determined if a correlation exists between disc 

mechanical properties and gene expression data.  

Twelve cadaveric cervical motion segments (C6-C7) were tested in unconfined 

axial compression in a 0.15 M saline solution at a rate of 0.1 mm/s. Samples of tissue 

from a separate disc (C7-T1) were subjected to gene expression profiling for 84 

different genetic products via real time RT-PCR. Compressive modulus, failure strain, 

failure strength, strain energy density, and stress relaxation and hysteresis measures 

were calculated and tested for significant correlations against the steady-state mRNA 

levels of each target gene. 

Results showed significant positive correlations (|r|>0.576) of compressive 

modulus with the steady-state mRNA level of 23 different target genes including 

several collagens, integrins, laminins, and catenins. Failure strength, stress relaxation, 

and hysteresis also demonstrated significant correlations (all positive) with mRNA 

level for 2 genes each.  

These results suggest that compressive modulus plays an important role in the 

regulation of cervical disc gene expression. The positive correlations indicate that 
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those discs routinely experiencing larger loads respond by increasing their 

transcription of certain genes, some of which are involved in cellular 

mechanotransduction. These findings identify several genes that might serve as future 

targets in improving clinical outcomes of cervical disc pathologies. 
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CHAPTER I 

I�TRODUCTIO� 

The Intervertebral Disc 

Situated between adjacent vertebrae along the entire length of the spine are 

twenty-three soft tissue structures called the intervertebral discs (IVDs). The IVDs are 

composite structures comprised of connective tissue that adjoin the bones of the spine 

and form a series of amphiarthrodial joints. These heterogeneous organs are made up 

of three distinct substructures: the nucleus pulposus (NP), the annulus fibrosus (AF), 

and the cartilage endplates (Figure 1.1). 

 

 

 

 

 

 

 

 

 

  

The NP is the gelatinous center of the disc and is bound along its 

circumferential periphery by the AF and on either end (i.e., superiorly and inferiorly) 

by the cartilage endplates. The NP – which is the remnant of the embryonic notochord 

– is made up mostly of water at about 70% to 90% by weight with the water content 

being highest at birth (Bartel, Davy, and Keaveny 2006). It also consists of a 

Figure 1.1: Lateral view of IVD and vertebra. AF, annulus fibrosus; �P, nucleus 

pulposus; VB, vertebral body; CEP, cartilage endplate; SC, spinal cord; �R, nerve 

root; AJ, apophyseal joints. (Urban and Roberts 2003) 
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randomly-oriented network of type II collagen, proteoglycans, which are proteins with 

long carbohydrate side chains, and a small population of chondrocyte and notochordal 

cells (Lotz et al. 2002). The AF, on the other hand, is a highly fibrocartilaginous 

structure made up of fibroblasts, fibrochondrocytes, and several lamellae that alternate 

their orientation in the radial direction at approximately ± 30°. These thin layers of 

tissue are composed primarily of type I collagen fibers, and as the distance from the 

NP increases radially outward, the amount of type I collagen in the AF increases to 

about 70% while its water content decreases. The cartilage endplates – which are thin 

layers of hyaline cartilage – serve as the permeable interface between the adjacent 

vertebral bodies and the NP and AF (Bartel, Davy, and Keaveny 2006). 

The marked difference in NP, AF, and endplate structure begs the question of 

possible functional differences among the three. Indeed, each of these substructures 

serves a very different function that contributes to the overall functions of the disc 

itself, which include load transmission, shock absorption, and movement of the neck 

and trunk. The NP, with its large water composition, acts like the air in a tire by 

providing resistance to compressive loads. Its high volume of water can be attributed 

to the abundance of proteoglycan molecules (e.g., aggrecan), which have negatively-

charged polysaccharide side chains called glycosaminoglycans, or GAGs. Since water 

is a polar molecule and is thus attracted to other polar molecules, the charged character 

of these GAGs draws in water from the surroundings and creates a swelling pressure 

in the NP. The AF plays a different mechanical role. The hydrostatic pressure 

generated in the NP affects the tissues surrounding it by causing the AF to expand in 
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all directions. For the AF, this results in the predomination of tensile circumferential 

hoop stresses. The large variation in the components of the IVD is a classic example 

of the familiar structure-function relationship observed in the biological and physical 

worlds. The well-hydrated component of the disc (the NP) opposes compression, 

which is probably the only loading mode it can oppose since liquids cannot resist 

tension or shear, and at the same time, the component containing a large amount of 

high-strength collagen (the AF) resists the tension caused by the NP as well as forward 

bending, which causes tension, compression, and shear stresses. A primary function of 

the cartilage endplates is to offer a pathway for nutrients to enter the disc and waste to 

exit it via diffusion. Since the disc does not have its own blood supply (it is the largest 

avascular organ in the human body, in fact), it relies indirectly on the blood supply of 

the neighboring vertebral bodies, which can feed the cells of the disc by way of the 

porous endplates. However, this lack of an integrated vasculature can bring about 

complications with cell-mediated repair since tissue damage in the disc cannot be 

repaired biologically and can thus accumulate over time.  

For this reason and others, the IVD is particularly susceptible to problems, and 

there are many different pathologies affecting the IVD that have been the focus of 

much study and research. For example, the issue of disc degeneration is one that has 

received particular attention for decades. The relationship between mechanical factors 

and disc degeneration has been widely reported in the literature (Acaroglu et al. 1995; 

Adams and Roughley 2006; Fujita, Duncan, and Lotz 1997; Roughley 2004; Smith et 

al. 2008), and IVD degeneration can be a source of low back pain, which has been 
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reported as one of the most common reasons for visiting a physician and at one time 

was the second most common reason for time taken off work (Deyo et al. 1991; 

Frymoyer 1988). Since the AF is the NP’s barrier to spinal cord and nerve 

impingement, a large enough alteration in the properties of the AF can lead to 

successive tears and eventual leaking of the NP, an ailment known as a herniated disc. 

This can result in debilitating disorders including severe pain and, in the most extreme 

circumstances, paralysis (Bartel, Davy, and Keaveny 2006). Although IVD 

degeneration is more common at the lower lumbar level than at the upper cervical 

level, degeneration of the cervical discs may be more neurologically hazardous 

(Korinth 2008). Despite this notion, relatively few studies have focused on IVD issues 

at the cervical level. 

Gene Expression 

The central dogma of molecular biology – which came about from the 

pioneering work of Nobel Laureate Francis Crick – illustrates the unidirectional 

cellular flow of information from DNA to RNA to protein, and it is this idea that is 

directly related to gene expression, which is the term used to describe the elaborate 

process of synthesizing a functional protein product from genetic information (Figure 

1.2).   
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Within every cell of all living organisms resides DNA, the double-helical 

macromolecule consisting of a sugar-phosphate backbone and a combination of four 

different nitrogenous bases: adenine, guanine, thymine, and cytosine. A gene is merely 

a certain segment of a cell’s DNA that codes for a particular protein or part of a 

particular protein. While there exist many steps in this process and many molecular 

checkpoints where regulation of gene expression may occur, the specific character of 

the resulting protein can usually be traced back to the sequence of the four 

aforementioned bases in the gene of interest. The order of these nitrogenous bases in 

the gene determines the order of the protein’s building blocks (namely, the amino 

acids). While DNA often receives much of the attention and credit, it is the proteins 

that serve as the tireless laborers of the cell. To use a modified form of an analogy 

Figure 1.2: Central dogma of molecular biology. RTE, 

Reverse transcriptase enzyme (Campbell and Reece 2005) 

RTE 
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presented by Dr. Michael Dini, DNA might represent the queen of an ant colony who 

does little more than sit upon her throne and delegate responsibility and instructions to 

all of the workers, who represent the proteins. Proteins are the molecular workhorses 

of the cell that carry out the commands of the DNA, but these instructions are not 

communicated directly. Rather, they must be relayed through a messenger, which is 

the function of a certain type of RNA aptly named messenger RNA, or mRNA. 

Ribonucleic acids translate the wishes of a particular gene to certain cellular 

organelles called ribosomes that then synthesize the appropriate protein by facilitating 

the bonding between the appropriate amino acids. However, these instructions 

provided by the DNA of the cell are not constant throughout life. Instead, they can 

change in response to many different types of environmental stimuli including 

mechanical forces (Setton and Chen 2004, 2006). 

While all living organisms are made up of one or more cells, those organisms 

that fall within the animal kingdom also possess an extracellular matrix (ECM) that 

lies in the spaces between cells. Because it plays a very important role in providing 

structural support, the ECM is abundant in the connective tissues of the 

musculoskeletal system (e.g., bone, ligament, IVD). Proteins (e.g., collagen, elastin) 

and proteoglycans are the primary molecular components of the ECM and are 

synthesized by the cells embedded in the matrix in accordance with the central dogma 

mentioned previously. (The carbohydrate side chains present on the core protein of 

proteoglycans are added during protein modification stages that occur in the 

endoplasmic reticulum and Golgi organelles of the cell.) These ECM proteins – which 
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are excreted from the cell to the matrix via the process of exocytosis – are coded for 

by genes in the cellular DNA. Furthermore, the exact composition and arrangement of 

ECM is what gives connective tissue its intrinsic mechanical properties. So, what can 

easily be construed as a somewhat blurred relationship between the molecular and 

mechanical realms now becomes more clear: the mechanical behavior of the IVD is 

due to the molecular constitution of the tissue, and the molecular constitution of the 

tissue is controlled by the genes in the cells residing in the ECM. 

Recent advances in genomic technology have allowed researchers to 

simultaneously quantify multiple genes in tissues containing small amounts of nucleic 

acid. Originally conceived in 1983 by Kary Mullis, the polymerase chain reaction 

(PCR) and its many variations have revolutionized the biological sciences (Bartlett 

and Stirling 2003). One variation in particular – reverse transcription PCR – has 

become known as a method for quantifying gene expression. The process 

accomplishes this by reverse transcribing (using the reverse transcriptase enzyme) all 

mRNA molecules present in the cells of a tissue sample into single-stranded DNA 

molecules with complementary base-pairing to each mRNA. Subsequent steps follow 

the protocol seen in traditional PCR. Strands of DNA are amplified according to the 

three steps of denaturation, annealing, and elongation. The hydrogen bonds that hold 

together the two strands of DNA are first broken via heat during the denaturation step 

to separate the DNA into its individual strands. The temperature is lowered during 

annealing to allow primers – short DNA sequences specific to a particular gene that 

serve as a starting point for replication – to hybridize with their target strand. Finally, a 
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polymerase enzyme catalyzes the elongation of partner strands of DNA by adding 

nucleotides (from the four different deoxynucleoside triphosphates present in the 

initial reaction mixture) to the 3’ end of the primer thus completing one cycle of about 

forty that take place in a PCR reaction. A real-time aspect to this procedure may be 

included that allows for more quantitative results. One such example involves 

measuring the amount of DNA present in solution at the end of each PCR cycle 

through the use of a fluorescent dye that binds to double-stranded DNA. 

Mechanical Properties 

Neck pain is a common clinical complaint among patients. In fact, most 

symptoms arise from biomechanical sources, and the IVD is oftentimes the culprit 

(Douglass and Bope 2003). Given their close proximity to the spinal cord and other 

peripheral nerves, it is no surprise that complications with the IVDs can lead to serious 

neurological effects and become detrimental to multiple areas of the body. Given the 

complex loading behavior of the cervical discs and their frequent involvement in pain 

and pathology, it is important to understand their mechanical properties. 

With its anisotropy, viscoelasticity, and heterogeneity, biological tissue – and 

particularly soft tissue – represents one of the most mechanically complex structures. 

Among these characteristics, viscoelasticity is perhaps the most relevant property to 

this study. The viscoelastic character of materials is probably best described via its 

four common manifestations: hysteresis, strain rate sensitivity, creep, and stress 

relaxation (Bartel, Davy, and Keaveny 2006). Mechanical hysteresis results when the 

loading and unloading paths on the engineering stress-strain curve differ and give rise 
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to a closed loop, the area of which represents the energy dissipated during the process, 

usually in the form of heat. Strain rate sensitivity refers to the different mechanical 

properties that may be obtained as a function of user-specified parameters during a 

uniaxial tension or compression test. Creep is the time-dependent strain of a material 

when under a constant stress, whereas stress relaxation – the inverse of creep – 

describes a time-dependent decrease in stress when a material is held at a fixed strain. 

Despite these complexities, the mechanical properties of these tissues are often 

determined in the same manner as those of more simple structural materials. Static and 

dynamic testing of bulk tissue using materials testing systems remains the prevailing 

method for generating stress-strain curves that are used in ascertaining parameters like 

failure strength, modulus, and strain energy density. (Microindentation and 

micropipette aspiration techniques may be used in determining mechanical behavior at 

a smaller scale including that of individual cells.) However, researchers must remain 

specific when describing their methods of soft tissue mechanical testing since the 

response of such tissue is dependent on numerous factors. Because the disc is a 

composite organ with inner (NP) and outer (AF) regions consisting of two distinct 

phases, the traditional method of transforming force-displacement data to stress-strain 

data is somewhat misleading since the procedure is usually performed on 

homogeneous isotropic materials in order to extract material properties. Nonetheless, 

conversion to stress-strain space is often still performed but in such instances can be 

viewed as normalizing for disc size rather than generating data from which true 

material properties may be calculated. 
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Several studies have conducted experiments designed to elucidate the 

phenomenon of mechanobiology (an area that studies the relationship between force 

and biology) by measuring changes in IVD gene expression in vivo or in culture 

media in response to static and dynamic mechanical loading (Baer et al. 2001; Hutton 

et al. 1999; Hutton et al. 1998; MacLean et al. 2003; Walsh and Lotz 2004), but no 

work to date has attempted to correlate the expression of multiple genes with the 

mechanical properties of an intact motion segment. 
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CHAPTER II 

METHODS 

Sample Preparation 

Fifteen full cadaveric spines (9 male, 6 female) with ages ranging from 28 to 

76 years (mean: 52 years) were obtained from the Willed Body Program at University 

of Texas Southwestern Medical Center and immediately stored at -23 °C until the day 

of dissection (Table 2.1).  

Table 2.1: Spine donor information 

Spine No. Gender Age Height (in) Weight (lb) Cause of Death 

52237 M 28 70 210 Toxic Effects of Cocaine 

52347 M 42 74 171 GI Hemorrhage* 

52849 M 42 unknown unknown Pending 

53319 M 46 unknown unknown Metastatic Gastric Cancer 

53341 M 47 unknown unknown Pending 

53349 M 55 72 257 Acute CVA/Stroke* 

52352 M 58 65 155 Arteriosclerotic CVD* 

51408 M 63 75 195 Esophageal Cancer 

51363 M 67 73 280 Sepsis, Pneumonia 

52200 F 40 69 265 Hypertensive CVD* 

52149 F 47 66 186 Gastric Cancer 

52941 F 49 unknown unknown Pending 

52827 F 60 66 258 Pulmonary TE* 

53377 F 62 65 165 Aortic Aneurism 

53342 F 76 68 230 Acute MI* 

* GI = gastrointestinal; CVA = cerebrovascular accident; CVD = cardiovascular disease; 

   TE = thromboembolism; MI = myocardial infarction  
 

On the day of dissection, frozen spines were sectioned using a band saw in a 

cool room maintained at 4 °C. Discs at the C7-T1 level were reserved for gene 

expression experiments and were separated (while frozen) with the saw into two parts: 

outer anterior AF and NP. These disc components were placed in plastic test tubes and 
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immediately stored at -80 °C to prevent further RNA degradation since some might 

have occurred during handling prior to procurement. Discs at the C6-C7 level were 

reserved for mechanical testing and were removed from the spine as motion segments 

(vertebra-disc-vertebra) with all anterior and posterior elements (e.g., ligamentous 

structures) up to and including the vertebral canal left intact. These motion segments 

were stored in plastic bags at -23 °C until the day of testing. Although fifteen spines 

were procured, only discs from twelve were used in this study due to preliminary 

testing and equipment issues. Two of the three excluded spines were used for 

debugging dissection procedures and for initial gene expression and mechanical 

experiments. Gene expression data could not be obtained on the third spine because of 

technical issues with the PCR machine. The identification numbers of those that were 

excluded were 52849, 51408, and 52827. 

Gene Expression Profiling 

On the day of testing, the AF and NP samples were removed from the -80 °C 

freezer and prepared for the first step in gene expression profiling: RNA isolation. The 

frozen tissue was placed in a stainless steel mortar containing liquid nitrogen and 

subsequently pulverized using a pestle and hammer. Both mortar and pestle were 

treated with RNaseZap® (Applied Biosystems, Foster City, CA) to remove any 

contamination due to ribonucleases, the enzymes capable of catalyzing the degradation 

of RNA. (Note: the term “gene expression” is used throughout this work to refer to the 

quantification of steady-state mRNA from known target genes.) 
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R�A Isolation 

Isolation of AF tissue RNA was performed using a modified protocol of the 

RNeasy Mini Kit (QIAGEN, Valencia, CA). Following tissue pulverization, 100 to 

350 mg of tissue was removed and placed into a test tube containing 1.0 to 3.5 ml of 

QIAzol Lysis Reagent (QIAGEN, Valencia, CA) to lyse the plasma membrane of the 

cells present in the disc tissue. The mixture was homogenized at high speed several 

times using a Polytron probe (Kinematica GmbH, CH 6005, Lucerne, Switzerland), 

placed on the benchtop for 5 minutes, and then centrifuged at 17000 G, 4 °C for 10 

minutes. The supernatant was transferred to a centrifuge tube containing 300 to 1050 

µL of chloroform, vortexed several times, and placed on the benchtop for 3 minutes. 

Following centrifugation at 29000 G, 4 °C for 21 minutes, the upper aqueous phase 

was transferred to a new tube and mixed with 1 volume of 70% ethanol. The sample 

was pipetted into an RNeasy MinElute Spin Column and centrifuged at 11000 rpm 

twice for 15 seconds, discarding the flow-through each time. Buffer RW1 (350 µl) 

from the RNeasy Mini Kit was pipetted into the spin column and centrifuged for 15 

seconds 11000 rpm, discarding the flow-through. A mixture of DNase I stock solution 

(10 µl) and buffer RDD (70 µl) was added to the membrane of the spin column and 

placed on the benchtop for 20 minutes. Buffer RW1 in the amount of 350 µl was 

added to the spin column and centrifuged for 15 seconds at 11000 rpm; the previous 

two steps (beginning with DNase I) were repeated. Two doses of buffer RPE (500 µl 

each) was pipetted onto the spin column with the first and second rounds undergoing 

centrifugation at 12000 rpm for 15 seconds and 14500 rpm for 2 minutes, respectively. 
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The spin column was transferred to a new 2-ml collection tube and centrifuged at full 

speed (15000 G) for 5 minutes. The collection tube was discarded and the spin column 

placed in a 1.5-ml tube. To elute the sample RNA into the 1.5-ml collection tube, 50 

µl of 10 mM Tris (pH 8.0) buffer was pipetted directly onto the spin column 

membrane and centrifuged at full speed for 1 minute. 

RNA concentration and purity levels were quantified using a NanoDrop™ 

spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). Since nucleic acids 

are known to absorb ultraviolet light with a peak at 260 nm, Beer’s law may be 

employed to determine the concentration of RNA in a solution. The RNA 

concentration for the outer anterior AF ranged from 246.6 to 1333.0 ng/µl (mean: 

677.1). The 260/230 and 260/280 absorbance ratios – which are used as measures of 

nucleic acid purity – all satisfied the manufacturer’s definition of a pure RNA sample. 

Gene expression experiments on the NP region of each disc were not performed due to 

low RNA concentrations and impurities, possibly a result of the use of cadaveric 

samples. 

Real Time Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

First-strand complementary DNA (cDNA) synthesis was carried out using the 

RT
2
 First Strand Kit (SABiosciences, Frederick, MD) in which 500 ng of isolated 

RNA solution from the AF tissue was reverse transcribed from mature mRNA into 

single complementary strands of DNA using random hexamers, oligo-dT primers, and 

the reverse transcriptase enzyme. Following cDNA synthesis, real time PCR was 

carried out using the Human Extracellular Matrix and Adhesion Molecules RT
2
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Profiler™ PCR Array kit (SABiosciences, Frederick, MD). SYBR Green – a dye that 

binds to double-stranded DNA – was used to detect amplification of the target gene by 

measuring increases in fluorescence intensity. The machine used for the PCR was the 

ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA). 

The associated software package provided amplification plots and threshold cycle (Ct) 

values for the genetic markers. The Ct values for each marker – which represent the 

fractional PCR cycle number at which the fluorescence intensity of the target gene 

crosses some threshold value set within the exponential region of the amplification 

plots – were used as a relative quantification of gene expression in the linear 

regression analyses performed in this study. Ct values give a relative measure of the 

initial steady-state amount of mRNA present in a tissue. If target gene A and target 

gene B cross the user-defined threshold at, say, the 18
th

 and 27
th

 cycle of the PCR, 

respectively, then Ct,A=18.0 and Ct,B=27.0. Since gene A has a smaller Ct value, its 

DNA accumulated earlier in the reaction than did the DNA of gene B, and thus there 

existed more mRNA transcripts for gene A in the cells of the tissue from which the 

RNA was isolated. In other words, gene expression level is inversely related to the Ct 

value, and in this example, gene A had a higher expression level than did gene B. 

Mechanical Testing  

On the day of testing, motion segments were removed from the -23 °C freezer 

and allowed to thaw at room temperature. Dial calipers were used to measure initial 

anterior disc height and the elliptical dimensions of the superior and inferior vertebrae. 

Initial disc cross-sectional area was calculated using the average dimensions of these 
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adjacent vertebrae along with the equation for the area of an ellipse. Motion segments 

were placed in an acrylic testing chamber containing a circulating solution of 0.15 M 

NaCl and were allowed to equilibrate for 15 minutes prior to testing. Porous stainless 

steel platens (Chand Eisenmann Metallurgical, Burlington, CT) with 50% porosity and 

50 µm pore size as previously employed (Aladin et al. 2007; Best et al. 1994; Iatridis 

et al. 1998; Johannessen and Elliott 2005) were used on either end of the segment to 

permit the flow of saline solution through the cartilage endplates, which serve to 

deliver water and nutrients to the IVD as they arrive via the vasculature of the 

vertebrae (Roughley 2004). Each motion segment was tested in a tabletop testing 

system (Model 800LE3, TestResources, Shakopee, MN) for determining elastic and 

viscoelastic properties followed by a larger materials testing system (Model 8500 Plus, 

Instron, Norwood, MA) for the acquisition of failure properties (Figure 2.1). Since the 

anthropometry of the lumbar region is larger than that of the cervical, Figure 2.1 

portrays a lumbar motion segment merely for aesthetic purposes to better illustrate the 

setup.  
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Disc dimensions were measured before the use of each testing system to ensure 

accuracy when normalizing for disc size. To ensure contact of the testing ram with the 

porous steel platens, a 5-N tare load was applied at the beginning of each testing 

block. Textured cloth was secured around upper and lower metal fixtures to prevent 

unwanted translational motion in any direction other than the axial. 

All segments were tested in unconfined uniaxial compression, and the position-

controlled displacement rate of 0.1 mm/s was used throughout mechanical testing; 

similar displacement rates have been used by other researchers (Karlsson et al. 1998; 

Lundin et al. 1998; Zimmerman et al. 1992). Ten preconditioning cycles were initially 

applied using a 1-mm amplitude, which was selected based on the finding that the 

elastic limit of cervical motion segments tested in pure compression has been observed 

to occur between 1 mm and 2 mm of displacement (Przybyla et al. 2007). This cyclic 

Figure 2.1: Experimental setup for mechanical testing. 
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loading provided viscoelastic information in the form of loading-unloading curves 

from which hysteresis levels could be obtained. Following the tenth cycle, motion 

segments were compressed to a set point of 1 mm for 500 seconds to obtain relaxation 

data. All segments were unloaded and again displaced to 1 mm for an another 500 

seconds for an additional round of relaxation. The motion segments were unloaded 

and then tested in static compression at the above rate until apparent failure occurred 

or the machine’s actuator reached its capacity. Those segments that did not fail using 

the tabletop machine were subsequently tested to failure under the same conditions 

using the larger, servohydraulic system mentioned above. 

Force and displacement data were output by a load cell and linear variable 

displacement transducer, respectively; time was also output. Normalization for disc 

size was performed by dividing the original cross-sectional area of each disc into each 

force entry to obtain stress. Strain was obtained by calculating changes in 

displacement and dividing them by the original disc height. The mechanical properties 

determined for each motion segment included linear modulus (Elin), toe modulus 

(Etoe), failure strength (σf), failure strain (εf), and strain energy density to failure 

(SED). Elin was calculated as the slope of the linear region of the stress-strain curve; 

Etoe was calculated as the slope of the stress-strain curve evaluated at zero strain. 

Stress and strain data for each motion segment were plotted up to 10% strain, and 

sixth-order polynomial trendlines were fit to the data using Microsoft Excel 

(Microsoft, Redmond, WA) and forced through the origin. The polynomial equation 

was displayed and its derivative evaluated at x=0 to give Etoe. Failure strength and 
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failure strain were evaluated as the ordered pair on the stress-strain curve 

corresponding to the first notable and sudden decrease in stress, a telltale sign of 

failure on such graphs. SED was calculated in a similar manner as Etoe but by 

integrating the polynomial equation from zero to εf to yield an area below the curve 

rather than finding a derivative that would yield a slope. 

In addition to these elastic and failure properties, three quantifications of 

viscoelasticity were calculated: the arithmetic difference between the peak stress and 

final stress for the first (RD1) and second (RD2) rounds of relaxation tests, and the 

amount of hysteresis (HA) during the tenth preconditioning cycle. The tenth cycle was 

used in calculating hysteresis in order to minimize the initial-cycle effect, wherein the 

mechanical response observed during the first loading cycles of a tissue can differ 

from that seen in later cycles (Whiting and Zernicke 2008). The loading and unloading 

curves used in the hysteresis calculation were plotted separately and integrated in the 

same manner as the SED curves. However, to account to stiffness differences among 

the various samples, each hysteresis equation was integrated from x=0 to x=0.05 (i.e., 

up to 5% strain). The difference between the area under the loading and unloading 

curves gave the amount of hysteresis. All R
2
 values from high-order polynomial 

equations used in these analyses were greater than 0.99. 

Statistical Analysis 

Tests for correlation were performed to assess the existence of a linear 

relationship between mechanical properties and donor age, height, and weight; gene 

expression data and donor age, height, and weight; and between the mechanical 
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properties themselves. Significance for these simple linear regressions was defined as 

|r|>0.576 according to the critical value of Pearson’s correlation coefficient for a 

sample size of n=12 (df=10) and a level of significance of 0.05 for a two-tailed test. 

Since height and weight information was only available for 9 of the 12 donors, the 

critical r-value for any correlations containing one of these parameters was defined as 

|r|>0.666. Finally, two-tailed unpaired Student’s t-tests were performed between male 

and female mechanical properties as well as male and female gene expression profiles 

to ascertain any significant differences due to gender. 
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CHAPTER III 

RESULTS 

Gene expression profiles and several mechanical properties (Elin, Etoe, σf, εf, 

SED, RD1, RD2, HA) were determined for twelve different human cervical motion 

segments. Figure 3.1 shows the PCR amplification plot from the AF sample of donor 

52200. Attempts to verify RNA intactness via gel electrophoresis led to inconclusive 

results. However, preliminary experiments using intact and degraded surgical ACL 

samples showed that 81 out of 90 wells (including the 6 housekeeping genes) in the 

PCR array returned a result of “undetermined”. This led to the conclusion that RNA 

degradation would manifest itself in the form of “undetermined” PCR results. Thus, 

the electrophoresis step for confirming RNA intactness was bypassed for all samples. 

The largest number of “undetermined” returns observed in any AF sample was nine, 

and any genes that returned “undetermined” calls were not included in analyses since 

such a result implies degradation or a lack of that gene’s presence in the tissue. 

 

Figure 3.1: PCR amplification plot 
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The vertical and horizontal axes represent fluorescence intensity of the SYBR 

Green detection dye and PCR cycle number, respectively. There is a single colored 

curve shown for each of the 96 genetic markers used in this study, and the bold 

horizontal green line denotes the user-specified threshold value (0.4 in this case) from 

which the Ct value for each genetic marker may be determined.  

Prior to significant accumulation of PCR product, fluorescence levels can 

fluctuate due to changing reaction conditions causing substantial background noise, 

which is most evident during the initial cycles of PCR. Once a sufficient number of 

cycles have occurred, amplification of the target exceeds background noise, and gene 

expression levels are determined from the exponential region of the amplification plot 

where each growth curve is effectively linear. Thus, the threshold in the above figure 

is set to fall within this exponential region. 

Figure 3.2 illustrates the stress-strain curves for six different motion segments 

subjected to axial compression-to-failure. These curves were used to calculate those 

mechanical properties summarized in Table 3.1.  
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Figure 3.2: Stress-strain curves for six different cervical motion segments 

 

Each stress-strain curve displayed a loading response characteristic of 

biological soft tissue: an initial toe region with low stiffness, a linear elastic region 

with increased stiffness from which Elin was evaluated, and a failure region marked by 

a sudden decrease in stress. The six motion segments shown in Figure 3.2 clearly 

illustrate differences in the elastic and failure properties calculated in this study. 
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Table 3.1: Elastic and failure properties of cervical motion segments 

Spine No. Gender 
Elin           

(MPa) 

Etoe           

(MPa) 

σf           

(MPa) 

εf            

(%) 

SED              

(MJ/m3) 

52237 M 45.6 0.80 8.4 101.0 3.3 

52347 M 31.4 1.03 4.8 159.7 2.0 

53319 M 61.3 1.65 8.3 164.1 3.7 

53341 M 60.5 3.21 9.7 68.0 2.0 

53349 M 50.7 1.60 22.4 76.8 6.7 

52352 M 60.7 2.15 15.2 50.6 2.6 

51363 M 32.2 0.23 7.8 69.6 1.3 

52200 F 49.2 1.48 12.6 61.4 1.7 

52149 F 42.4 1.44 10.8 50.9 1.7 

52941 F 62.0 3.21 11.7 60.8 2.3 

53377 F 53.7 1.13 11.9 86.0 3.4 

53342 F 26.9 0.21 10.2 114.5 4.1 

 

 

Figures 3.3 and 3.4 show the stress relaxation and hysteresis curves, 

respectively, from which the viscoelastic properties given in Table 3.2 were 

calculated. Since stress relaxation and hysteresis are two manifestations of 

viscoelasticity, quantifying these two manifestations using the results from mechanical 

testing is an appropriate way to determine the degree to which a motion segment 

displays viscoelastic behavior.  
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Figure 3.3: Stress relaxation curves for five different cervical motion segments 

 

When strained to some set point and held there over time as in a relaxation test, 

a perfectly elastic material will experience an initial increase in stress due to the 

applied strain and then will remain constant at that stress value until the strain is 

removed, at which point the stress instantaneously returns to zero. However, when an 

elastic material also possesses a viscous component, as biological tissues do, the 

resulting stress when held under fixed strain is not constant over time but instead 

shows a gradual decrease until reaching some equilibrium value. This is what is 

observed in Figure 3.3, and the more deviation from the behavior of a perfectly elastic 

material, the more viscoelastic character is present. In other words, larger values for 

RD1 and RD2 – which were calculated as the difference between the peak stress and 

the final stress for each curve – indicate more viscoelasticity.  

 

0.0E+00

3.0E+04

6.0E+04

9.0E+04

1.2E+05

1.5E+05

0 110 220 330 440 550

S
tr

e
ss

 (
P

a
)

Time (s)

52347

52352

53319

53342

53377



Texas Tech University, Geoffrey D. Fisher, August 2009 

26 

 

Figure 3.4: Loading-unloading (hysteresis) curves for three different cervical motion segments 

 

Similarly, when a perfectly elastic material is loaded to a point below the 

region of plasticity and subsequently unloaded, the paths followed by the two curves 

should superimpose giving the appearance of a single curve. In viscoelastic materials, 

on the other hand, these loading-unloading paths differ and form an enclosed loop of 

hysteresis that represents dissipated energy in the form of heat. Using this 

quantification of viscoelasticity, larger areas between the loading-unloading curves 

imply a larger viscoelastic character. 
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Table 3.2: Viscoelastic properties of cervical motion segments 

Spine No. Gender 
RD1         

(kPa)  

RD2       

(kPa) 

HA              

(Pa) 

52237 M 33.1 19.2 142.3 

52347 M 33.3 13.5 53.8 

53319 M 14.9 6.7 131.7 

53341 M 23.6 11.9 74.2 

53349 M 32.7 17.4 164.7 

52352 M 42.1 18.4 145.2 

51363 M 26.1 16.1 152.2 

52200 F 27.8 15.9 148.1 

52149 F 47.6 24.2 150.2 

52941 F 44.6 19.5 185.2 

53377 F 69.1 26.6 120.6 

53342 F 34.1 16.1 125.2 

 

Several significant correlations (|r|>0.576) were found between mechanical 

properties and individual gene expression levels. The mechanical property that 

displayed significant correlation for the largest number of different genes was Elin with 

23 separate genes. These genes along with their correlation coefficient for Elin are 

shown in Table 3.3. Included among the genes that showed significant correlation with 

Elin were those encoding for four different collagen chains, a proteinase from the 

ADAMTS family, several integrin and laminin subunits, and two types of catenin. 

Also worthy of note is the fact that all genes shown were negatively correlated with 

Elin. However, this should be interpreted with care since a large Ct value from PCR 

data actually represents a lower starting amount of RNA and vice versa. So, what is 

represented as a negative correlation is really a positive one in disguise: motion 

segment stiffness increases with expression of these genes. 
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Table 3.3: Significant correlation coefficients between Elin and genetic markers 

ADAMTS1 COL14A1 COL4A2 COL7A1 COL8A1 CTNNA1 CTNNB1 ECM1 

-0.666 -0.600 -0.650 -0.579 -0.602 -0.619 -0.585 -0.628 

ICAM1 ITGA1 ITGA6 ITGA7 ITGA8 ITGAV ITGB1 ITGB4 

-0.604 -0.624 -0.684 -0.688 -0.588 -0.645 -0.613 -0.597 

ITGB5 KAL1 LAMA2 LAMB3 LAMC1 SGCE CLEC3B  ACTB  

-0.614 -0.595 -0.576 -0.589 -0.646 -0.646 -0.581 -0.580 

 

The other combinations of mechanical properties and genes that showed 

significant correlations are given in Table 3.4. All mechanical properties not shown 

did not display significant correlation with any gene used in this study. The only gene 

from Table 3.4 that also correlated with Elin was ICAM1, an intercellular adhesion 

molecule.  

 
Table 3.4: Gene expression-mechanical property significant correlations 

r Values 
σf           

(MPa) 

RD1         

(kPa)  

HA              

(Pa) 

CDH1 -0.698 
  

SPG7 -0.582 
 

-0.584 

FN1 
 

-0.581 
 

LAMB1 
 

-0.612 
 

ICAM1     -0.604 

 

The significant correlations between mechanical properties and age, height, 

and weight as well as the correlations between the mechanical properties themselves 

are shown in Table 3.5. Any interesting finding here is the strong negative correlation 

between donor height and the stress relaxation measure of motion segment 

viscoelasticity. These results suggest that the viscoelastic character of the 

intervertebral disc – in terms of stress relaxation – decreases with taller individuals. 

A significant correlation between gene expression and age was found for only a single 

gene – ITGA7 – which codes for the α7 chain of an integrin protein. The correlation 
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coefficient for this relationship was r=+0.576, meaning that expression of ITGA7 

decreases with age. 

 
Table 3.5: Other significant correlations 

r Values 
Etoe           

(MPa) 

RD1         

(kPa)  

RD2       

(kPa) 

Height 
 

-0.713 -0.702 

Weight 
 

-0.684 
 

Elin +0.828 
  

εf   
-0.607 

RD1     +0.856 

 

 

Finally, two-tailed unpaired Student’s t-tests revealed no significant 

differences (α=0.05) between the mechanical properties or gene expression levels for 

males and females. 

Several genes were not included in analyses due to low expression levels in the 

AF (i.e., Ct values for one or more samples did not cross the threshold line or did so 

after the 40-cycle maximum of the test). These genetic markers were ADAMTS8, 

CNTN1, CTNND2, HAS1, ITGAL, LAMA1, MMP1, MMP10, MMP11, MMP12, 

MMP15, MMP16, MMP7, MMP8, SELL, TIMP3, and VTN. 
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CHAPTER IV 

DISCUSSIO� 

The results of this study provide novel information regarding the relationships 

between molecular and mechanical factors that contribute to the properties of the 

cervical intervertebral disc. There were two findings presented in this study that 

deserve particular attention and discussion. First, and perhaps among the most 

noteworthy of findings, was the significant correlation of compressive modulus (Elin) 

of the motion segment with more than 20 different extracellular matrix and adhesion 

genes. The second major finding was the correlation of compressive strength and 

viscoelastic measures (namely, RD1 and HA) of the motion segment with a set of 

genes different from those that correlated with Elin.  

An immediate observation that can be made when evaluating the data in Table 

3.3 is that several integrin subunits showed significant correlation with Elin. Integrins 

are transmembrane heterodimeric receptors of the cell that consist of one α and one β 

subunit. These proteins – which are present on the surface of virtually every cell type 

– serve as an intimate link between the extracellular matrix and the interior of the cell. 

They are involved in signal transduction goings-on that can regulate the activity of 

cytoplasmic kinases, growth factor receptors, as well as the cell cycle (Giancotti and 

Ruoslahti 1999). More specifically, integrins are involved in the processes of cellular 

mechanotransduction, meaning that through their bonds with the ECM, integrins can 

sense external mechanical stimuli, transmit such forces across the plasma membrane, 

and respond in a variety of ways that includes – but is by no means limited to – gene 
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expression regulation (Katsumi et al. 2004). The fact that several different integrin 

subunits were correlated with motion segment stiffness suggests an important 

relationship between these molecules and this mechanical property in the cervical 

IVD. Expression levels of each integrin subunit (i.e., ITGA1, ITGA6, ITGA7, ITGA8, 

ITGAV, ITGB1, ITGB4, ITGB5) increased with motion segment compressive 

stiffness. This prompts the mention of an important and applicable concept to these 

results: for a given strain, a stiffer material or structure will carry more load than one 

that is more compliant. With this in mind, it seems that the expression of each integrin 

subunit is up-regulated as the disc experiences larger static compressive loads in the 

elastic region. It is possible that the larger forces experienced by the stiffer discs cause 

– via mechanotransduction – a signaling cascade resulting in positive feedback of 

integrin expression whereby the integrins respond to the increased stresses by 

prompting transcription and translation of more of their subunits. It may be that the 

cells of the IVD require an increased number of mechanotransduction receptors on 

their surface in order to mount a proper intracellular response to the increasing 

external load. Additionally, the correlation of Elin with β-actin suggests that the larger 

number of integrin and actin transcripts present in stiffer discs associate to form focal 

adhesions and contribute to the increased stiffness of the overall motion segment. 

Integrins have been shown to affect the mechanics of arterial tissue (Louis et al. 2007) 

and their role in the structural support of the myotendinous junction has been 

documented (Grounds, Sorokin, and White 2005; Nawrotzki et al. 2003; Tidball, 

Salem, and Zernicke 1993) Chondrocytes – the cell types found in cartilage and very 
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similar to some cell types found in the IVD – have been shown to express several 

different integrin subunits, including α1, α2, α3, α4, α5, α6, α10, αv, β1, β3, and β5 (Mow 

and Huiskes 2005). Additionally, the expression levels of some integrin subunits have 

been reported for herniated lumbar discs (Xia and Zhu 2008), normal and degenerated 

NP cells (Le Maitre et al. 2009), and moderately degenerated NP and AF regions 

(Nettles, Richardson, and Setton 2004). There has also been some work performed 

investigating the load-expression relationship of integrins. In particular, the levels of 

integrin subunit α5 has been shown to increase in response to cyclically-applied 

compressive stresses in cartilage explants (Lucchinetti, Bhargava, and Torzilli 2004), 

and integrin α5β1 has been implicated as an important player in chondrocyte and 

fibroblast mechanotransduction (Chowdhury et al. 2003; Henshaw et al. 2006; Kock et 

al. 2008). Another study showed a stretch-manifested increase in expression of 

fibroblast integrin subunits α6 and β1 taken from the periodontal ligament and the 

gingiva (Bolcato-Bellemin et al. 2000). However, despite the work that has been 

performed on integrin mechanotransduction in chondrocytes and fibroblasts, it is 

expected that IVD cells respond differently than similar cells found in other tissues 

because of differences in the tissue environment (Mow and Huiskes 2005). One 

review described the effects of a stiff ECM on the characteristics of the cells 

embedded in the ECM, which included an increased number of integrin-ECM bonds 

(Wells 2008), and the results presented here agree with this.  

The different permutations of α and β subunits that could form a functional 

integrin protein gives a total of 7 possible integrins when including only those that 



Texas Tech University, Geoffrey D. Fisher, August 2009 

33 

showed a significant correlation with Elin. Figure 4.1 shows all integrins that have been 

discovered thus far; those subunits outlined in red denote those that correlated 

significantly with Elin in this study. While many studies have emphasized integrin α5β1 

as a key participant in chondrocyte, fibroblast, and IVD cell mechanotransduction 

(Henshaw et al. 2006; Le Maitre et al. 2009; Lucchinetti, Bhargava, and Torzilli 2004; 

Millward-Sadler and Salter 2004; Nettles, Richardson, and Setton 2004), the results of 

this study show that several other integrins may play a key role in cervical IVD 

mechanotransduction. The α5 subunit was correlated with Elin in this study (r=-0.537), 

but the correlation was not significant (|r|>0.576). 

 

 

Figure 4.1: The integrin family (Gullberg and Lundgren-Akerlund 2002) 

 

Several studies have reported the effects of mechanical loading on gene 

expression, but these studies occurred in vivo or in culture media using discs from the 
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lumbar level and focused on collagens and proteoglycans such as aggrecan (Baer et al. 

2001; Hutton et al. 1999; Hutton et al. 1998; MacLean et al. 2003; Walsh and Lotz 

2004). At least one study has shown that mechanical stress increases the amount of 

integrin subunit α5 in cartilage explants (Lucchinetti, Bhargava, and Torzilli 2004), a 

finding that agrees with the results presented here. However, no study to date has 

examined the expression of as many different genes and their relationship to the 

mechanical properties of entire cervical motion segments. 

In addition to the significant correlation of Elin with integrin subunits, multiple 

collagen (COL14A1, COL4A2, COL7A1, COL8A1) and laminin (LAMA2, LAMB3, 

LAMC1) chains also showed significant correlations with disc stiffness. It is well-

known that collagen – the most abundant protein present in humans (Di Lullo et al. 

2002) – plays an important role in disc structure and function. Depending on the 

specific type of collagen, one or more genes may be involved in the synthesis of its 

triple-helical structure which can be homo- or heterotrimeric. Of the collagen genes 

that correlated with Elin, COL7A1 and COL14A1 both code for polypeptides that 

assemble into homotrimeric collagen types VII and XIV, respectively (Morris et al. 

1986; Watt et al. 1992), whereas COL4A2 and COL8A1 require the products of other 

genes before assembling into their types IV and VIII heterotrimeric collagens 

(Hudson, Reeders, and Tryggvason 1993; Muragaki et al. 1991). However, markers 

for these additional genes were not included in this study. The types of collagen that 

predominate in the IVD are I and II (Bartel, Davy, and Keaveny 2006), but the results 

given here might implicate the other four types mentioned. Type IV collagen has been 
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shown to exist in the outer AF of rat discs (Hayes, Benjamin, and Ralphs 2001), but 

the expression of types VII, VIII, and XIV has not been well-characterized in the IVD. 

Laminins are a major noncollagenous glycoprotein of the ECM and basement 

membrane of tissues and can also serve as ligands for integrins (Beck, Hunter, and 

Engel 1990). Laminins have also been shown to exist in the outer annulus of rats 

(Hayes, Benjamin, and Ralphs 2001). Distribution and localization of laminin has 

been performed in the tissue of porcine lumbar IVD, but this study included only the 

laminin-1 protein, which is a trimer of α1, β1, and γ1 subunits (Gilchrist et al. 2007). 

The idea that the higher load-carrying nature of a stiffer IVD is transduced via 

integrins and triggers anabolism of laminins and collagens – as well as integrins 

themselves – seems to be a completely plausible explanation of results. If it was, in 

fact, external mechanical stimuli that induced a signal transduction cascade ultimately 

leading to an up-regulation of collagen expression in the AF, then it is very feasible 

that this increase in collagen synthesis in turn contributed to the stiffness of the motion 

segment by increasing the circumferential tensile modulus of the outer AF.  

While the aforementioned proteins discussed (e.g., collagen, laminin) are 

involved in matrix construction, one protein that showed significant correlation with 

Elin (namely, ADAMTS1) contributes to the balance of this construction by serving as 

a proteolytic enzyme. Members of the ADAMTS family have been shown to be 

expressed in cartilage (Kevorkian et al. 2004), and ADAMTS1 in particular can cleave 

both aggrecan and versican proteoglycans; it also suppresses fibroblast growth factor-

2 (Jones and Riley 2005). Although ADAMTS enzymes can show up-regulation in 
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degenerated disc tissue (Le Maitre, Freemont, and Hoyland 2004; Le Maitre et al. 

2007; Pockert et al. 2009), the fact that both ADAMTS and ECM and adhesion 

markers (e.g., COL4A2, ITGA1) were positively correlated with stiffness could mean 

that stiffer discs may experience more matrix turnover and remodeling than their 

compliant counterparts.  

Other genes worth noting that showed significant correlations include beta-

catenin (CTNNB1) and tetranectin (CLEC3B). Inhibition of beta-catenin signaling in 

articular chondrocytes can increase cell apoptosis (Zhu et al. 2008) and cause defects 

in postnatal cartilage development (Chen et al. 2008). Since it is the cells that are in 

charge of laying down the ECM on which connective tissues depend for structural 

support, increases in apoptosis (or programmed cell death) can be detrimental to the 

associated tissue (Thomas et al. 2007). If decreases in IVD loading (which occurs is 

less stiff IVDs) are related to decreases in beta-catenin expression in the AF as shown 

in this study, then it is possible that the results from Zhu et al. extend to the 

fibroblastic cells of the AF and cause an increase in apoptotic activity there. Such 

activity could yield a decrease in matrix synthesis due to smaller cell populations. 

Beta-catenin is also the central component in the Wnt signaling pathway, an integral 

pathway involved in cell proliferation and differentiation (Becker, Kleinsmith, and 

Hardin 2000). Wnt-beta-catenin signaling occurs in response to mechanical loading in 

bone (Robinson et al. 2006) and has been observed in human articular chondrocytes in 

response to mechanical stimulation (Lee et al. 2000). The pathway has also been 

shown to be necessary and sufficient for the induction of synovial joint formation 
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(Guo et al. 2004). So, the correlation between beta-catenin expression and disc 

stiffness presented here suggests that cervical IVDs experiencing larger compressive 

loads generate more beta-catenin transcripts that can be translated into functional 

proteins and utilized in the Wnt pathway. Although the Wnt pathway has been shown 

to be inactive in the lumbar disc of mice (Dahia et al. 2009), the results presented in 

this study provide possible evidence for the mechanically-induced activity of the Wnt-

beta-catenin pathway in cervical discs of humans. There may be a difference in Wnt 

signaling activity between cervical and lumbar levels. 

Tetranectin (CLEC3B) is a protein found in the ECM of many cell types 

including fibroblasts (Nielsen et al. 1997) and may be involved in tissue remodeling 

and mineralization during osteogenesis (Wewer et al. 1994). At least one study has 

shown that disruption of the gene for tetranectin  – a member of the C-type lectin 

family of proteins – results in abnormal development of the IVD in mice, protrusion of 

disc material, and kyphosis, a spinal disorder characterized by curvature of the upper 

thoracic spine (Iba et al. 2001). Results from these previous studies suggest that 

expression of tetranectin is important for the proper functioning of the musculoskeletal 

system, including the intervertebral discs.  

An important extension of these results pertains to disc degeneration. While 

the discs in this study were not graded for degeneration level, negative correlations 

have been shown between degeneration level and disc stiffness for both lumbar and 

cervical levels (Acaroglu et al. 1995; Moroney et al. 1988). This could mean that the 

stiffer discs used in this study – which are the same ones that displayed the greatest 
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expression of the genes in Table 3.3 – are also the healthier discs. It is not entirely 

unreasonable, then, to conclude that healthier, nondegenerated discs show up-

regulation of the aforementioned genes. In this case, the up-regulation of proteinases 

like ADAMTS1 may not necessarily be harmful to the disc if it is coupled with up-

regulation of those proteins it degrades.  

The cadherin (CDH1) gene was one of only two that showed significant 

correlation with failure strength (σf). Cadherin is a cell-cell adhesive glycoprotein 

present in the plasma membrane of most animal cells (Becker, Kleinsmith, and Hardin 

2000). Cadherin may be involved in a signaling pathway that contributes to motion 

segment strength, or the significant correlation between cadherin expression and 

motion segment strength may have a more direct explanation. Cadherin may serve as 

structural reinforcement at the molecular level by anchoring cells together. While the 

mechanical response of connective tissue is due primarily to the composition and 

arrangement of the ECM, the cells themselves might play a larger role in a tissue’s 

mechanical properties if those cells are bound together with cadherin proteins. Since 

pure compression of an IVD results in circumferential hoop stresses in the AF, the 

tensile forces required to separate fibroblasts connected via cadherins may come into 

play and increase the strength of the bulk tissue. It has already been reported that 

cadherin-based adhesions are capable of supporting forces of considerable magnitude 

(Chen, Tan, and Tien 2004).  

Another important player in the ECM of connective tissues, fibronection, 

showed significant correlation with the RD1 measure of IVD viscoelasticity. 
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Fibronectin also had the highest expression level across all donors as determined by 

the mean of Ct values. The mean Ct for the fibronectin gene was 22.79 ± 2.41; the 

gene that exhibited the second highest expression level was connective tissue growth 

factor (CTGF) with a Ct of 25.02 ± 1.98. 

While this work presents several novel findings, it is not without some 

limitations. First, it cannot always be assumed that the IVD will fail before the 

adjacent vertebral bodies (Skrzypiec et al. 2007), so any reference to disc failure 

should more specifically be termed as failure of the entire motion segment construct. 

Secondly, since disc dimensions were measured prior to insertion into NaCl solution, 

allowing the segments to equilibrate for 15 minutes prior to testing might increase 

undeformed disc dimensions and result in error when calculating stress and strain. 

Third, unconfined axial compression of the motion segment does not represent 

physiological loading of the cervical spine, which experiences both bending and 

torsional loading modes in addition to compression. However, achieving accurate 

physiological loading conditions was not the aim of this study. Instead, we sought to 

eliminate the variables that go along with complex loading and focus on correlating 

gene expression data with mechanical properties from a single loading mode. Finally, 

one might be tempted to cite as a limitation the use of discs from adjacent levels for 

mechanical testing (C6-C7) and gene expression profiling (C7-T1). However, it has 

been shown that there is no dependence of motion segment stiffness on disc level 

(Moroney et al. 1988; Panjabi et al. 1986), so the assumption that there is no 

significant difference in the compressive stiffness of C6-C7 and C7-T1 motion 
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segments is validated and gene expression and mechanical data can be correlated as 

though they came from the same disc. 
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CHAPTER V 

CO�CLUSIO�S & FUTURE WORK 

The major findings of this study were the significant correlations of multiple 

genetic markers with mechanical properties of the intervertebral disc. Given the large 

number of genes that correlated with Elin, compressive stiffness seems to be the key 

player in regulating gene expression of extracellular matrix and cell adhesion 

molecules in the cervical IVD. This study not only confirmed the role of structural 

ECM molecules (e.g., collagen) and proteolytic enzymes (e.g., ADAMTS1) in disc 

mechanics, but it also implicated several genes known to be involved in various signal 

transduction pathways (e.g., integrins, beta-catenin). This novel finding identifies 

some potentially important players in cervical IVD mechanotransduction activity that 

might serve as targets in improving clinical outcomes of cervical disc pathologies.  

Future work should include the extension of studies such as this to the lumbar 

level as well as histological assessments and grading of disc degeneration. Since the 

composition and thus the mechanical properties of the lumbar AF vary with both 

radial and circumferential location (Acaroglu, 1995; Ebara, 1996; Fujita, 1997), using 

AF samples from multiple locations (e.g., outer anterior, inner anterior, outer 

posterior, inner posterior) would likely yield interesting and meaningful results. Also, 

given the recent attention on the role of elastin in disc mechanics (Smith et al. 2008), it 

is worthwhile to conduct a similar study with its inclusion. Finally, since this work 

points to several markers in mechanotransduction pathways of the cervical IVD, 
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additional studies should be performed that investigate more thoroughly the potential 

role of specific signal transduction pathways in disc mechanics and pathology. 
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APPE�DIX 

 
Table A.1: Gene table for the extracellular matrix and cell adhesion kit 

ADAMTS1 COL4A2 ECM1 ITGAL LAMB1 MMP3 SPP1 B2M 

ADAMTS13 COL5A1 FN1 ITGAM LAMB3 MMP7 TGFBI HPRT1 

ADAMTS8 COL6A1 HAS1 ITGAV LAMC1 MMP8 THBS1 RPL13A 

CD44 COL6A2 ICAM1 ITGB1 MMP1 MMP9 THBS2 GAPDH 

CDH1 COL7A1 ITGA1 ITGB2 MMP10 NCAM1 THBS3 ACTB 

CNTN1 COL8A1 ITGA2 ITGB3 MMP11 PECAM1 TIMP1 HGDC 

COL11A1 VCAN ITGA3 ITGB4 MMP12 SELE TIMP2 RTC 

COL12A1 CTGF ITGA4 ITGB5 MMP13 SELL TIMP3 RTC 

COL14A1 CTNNA1 ITGA5 KAL1 MMP14 SELP CLEC3B RTC 

COL15A1 CTNNB1 ITGA6 LAMA1 MMP15 SGCE TNC PPC 

COL16A1 CTNND1 ITGA7 LAMA2 MMP16 SPARC VCAM1 PPC 

COL1A1 CTNND2 ITGA8 LAMA3 MMP2 SPG7 VTN PPC 
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