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Back pain is the second most common neurological ailment in the United States and the 

leading cause of pain and disability.  More than 80% of the total US population 

experiences back-pain during their life time and the annual back pain related healthcare 

costs exceed 100 billion dollars.  While the exact cause of low back pain (LBP) is still 

unknown, degeneration of the intervertebral disc (IVD) has been suggested as a primary 

contributor.  IVD is the largest avascular tissue in the human body and it is composed of 

three integrated tissues (annulus fibrosus - AF, nucleus pulposus - NP and cartilaginous 

end plate - CEP).  IVD functions as a shock-absorber during motion and provides 

flexibility to motion of the spine.  Maintaining IVD tissue integrity is an energy 

demanding process.  Studies have shown that mechanical loading affects cellular 

biosynthesis of IVD tissue and may also promote IVD degeneration.  However the path 

to this effect is still unknown.  We propose a link between mechanical loading and cell 

energy production which contributes to altered cellular biosynthesis.  Thus, we 

investigated the effects of mechanical loading on IVD cell energy metabolism under 

various mechanical loading regimes. 
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Porcine AF and NP cells were isolated and seeded in 2% agarose at a 5,000,000 

cells/mL cell density.  A custom made bioreactor was used to conduct compression 

experiments.  The experiment groups were: 15% static compression; 30% static 

compression; 0.1, 1 and 2 Hz dynamic compression at 15% strain magnitude.  

Experiment duration was 4 hr.  ATP concentration in cell-agarose construct and culture 

media were measured using Luciferin-luciferase method to evaluate ATP production and 

ATP release from cells respectively.  Lactate concentration in media was measured using 

lactate dehydrogenase enzymatic assay.  Nitrite (stable metabolite of nitric oxide - NO) 

concentration in media was measured by Greiss Assay.  DNA content per sample was 

measured using fluorometric assay.  DNA content per sample was used as an internal 

control; all compressed samples were then normalized to unstrained control group. 

ATP production of AF cells was up regulated by static and dynamic mechanical 

loading.  Data suggests that AF cell response to mechanical loading is primarily loading 

amplitude dependent.  NP cells exhibited an increased ATP production at 1 Hz dynamic 

loading but remained comparable to control samples at other tested conditions.  AF cells 

produced an increase in NO production at 1-, 2 Hz dynamic loading.   NO production of 

NP cells was up regulated by mechanical loading at all tested conditions.  ATP release 

was up regulated at higher frequencies in AF cells.  In addition to higher frequencies (1 

Hz and 2 Hz) NP cell ATP release was also up regulated by 30% static compression.  

Thus, this study clearly illustrates that mechanical loading affects IVD cell energy 

production.   
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Chapter 1: INTRODUCTION 

Back pain is the second most common neurological ailment in the United States 

and is the leading cause of pain and disability.  More than 80% of the total US population 

experiences back-pain during their lifetime.  Direct and indirect annual health care related 

costs due to back pain exceed 100 billion dollars making it a significant socio-economic 

burden [1].  Despite its prevalence, our understanding of the disease process is poor.  

Degeneration of the intervertebral disc (IVD) has been suggested as a significant 

contributor to low-back pain (LBP), stimulating a significant interest in identifying the 

causes of IVD degeneration.  Current treatments for LBP is limited and is not always 

successful and may in fact cause further damage to the spine [40,48,73]. 

Extracellular matrix (ECM) synthesis, which is critical to retain IVD tissue 

integrity, is an energy demanding process.  Inefficient maintenance of IVD tissue matrix 

has been implicated in promoting tissue degeneration.  Additionally, the IVD is 

constantly subjected to various mechanical loads due to movement of the spine.  

Therefore understanding IVD tissue regulation and its mechanobiology will facilitate in 

finding optimum treatments and preventive methods for disc degeneration and LBP.  The 

objective of this study was to investigate the effects of mechanical loading on the energy 

metabolism of isolated IVD cells.  
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1.1: Structure, function and composition of IVD 

The primary functions of spine include movement, load support and protection to 

the spinal cord.  The human spine is made of 33 vertebral bodies, 22 of which are 

separated by intervertebral discs (IVD) [Figure 1- 1].   

 

Figure 1- 1: Anatomy of the spine.  Image - http://www.kinecare.net/treatments.html 

 

The IVD is a highly specialized structure that enables motion of the spine and 

transmits mechanical load through the spinal column while providing a resistive force to 

keep the vertebrae apart during compression.  7-10 mm in diameter and approximately 4 

cm in thickness around the lumbar region of the spine, the IVD is the largest avascular 
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tissue in the human body [75].  The percent composition of each region of the IVD varies 

with age and location within the spine but can be categorized into three distinct 

anatomical regions: Nucleus Pulposus (NP), Annulus Fibrosus (AF) and Cartilaginous 

End Plate (CEP) [Figure 1- 2, Figure 1- 3]. 

 

Figure 1- 2: Anatomy of the intervertebral disc. 
 

 

 

 

Figure 1- 3: Transverse view of a porcine lumbar disc. 
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NP tissue is confined to the center of the disc [Figure 1- 3].  It has a highly 

hydrated extracellular matrix primarily composed of type II collagen and aggrecan at a 1 

to 20 ratio (1 to 2 in articular cartilage) [65].  The collagen fibers are randomly oriented 

within this matrix.  Aggrecan is a highly negative and hydrophilic proteoglycan 

compound that is abundant in this fluid matrix plays a crucial role in NP tissue function.  

Its hydrophilic nature allows the disc to stay hydrated and confers a fluid pressure that 

prevents vertebrae from collapsing during compression [6].  The fluid like behavior of 

this matrix ensures that forces are evenly distributed to the surrounding AF region [80]. 

Surrounding the NP tissue on the perimeter is the highly organized, concentric 

lamellae of the AF tissue [Figure 1- 3] [60].  AF tissue is composed of collagen I fibers 

that are parallel within each lamella and approximately 60° to the vertical axis and 

alternate right and left in adjacent lamella [18].  AF restrains the swelling pressure of NP 

within the disc during compression and bears tensile and compressive loads during 

motion.  In contrast to NP tissue, AF tissue display viscoelastic and anisotropic properties 

[80].      

The CEP is a thin layer (approximately 1 mm in thickness) of hyaline cartilage 

that interfaces between the vertebral body and the IVD [Figure 1- 2].  This structure 

prevents NP leakage to the superior and inferior vertebral bodies and provides lateral 

support to IVD and vertebral bodies to prevent fracture during load transmission.   
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1.2: Cells from different regions of the IVD 

Young IVD, or immature NP tissue, contain cells with spherical morphology and 

are thought to be of notochord origin.  It has been reported that notochordal cells contain 

immature mitochondria associated with endoplasmic reticulum, and has glycogen 

deposits [25,84].  These cells, however, disappear with age and are replaced by a more 

chondrocyte-like cell type [67,85].  While the reason for the change in cell phenotype is 

still unclear, it may be a contributing factor to age dependent variation in disc mechanical 

properties and subsequently to disc degeneration.  However, it has been reported that 

mature NP cells are more resistant to nutritional stress than notochordal cells [25].  Cell 

density within the NP tissue varies with region (highest at annulus edge where the 

nutrient supply is highest) and age but is approximated to 5,000 cells/mm
3
 [62]. 

AF cells have a mesenchymal origin and an ellipsoidal morphology, where the 

long axis of the cells aligns with the orientation of the collagen fibers [67,80].  These 

cells are primarily composed of type I, II collagen and proteoglycan and therefore are 

considered similar in function to chondrocytes and fibroblasts.  Cell density in the AF 

region is significantly higher compared to NP region approximating 7000 to 12000 

cells/mm
3
 [30,62].  As can be seen in Figure 1- 3, the AF and NP regions are integrated 

by a transition zone.  As the cells approach the transition zone, morphology changes 

gradually from ellipsoidal to spherical suggesting the different mechanical properties of 

these cells and possibly their function within the tissue. 
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1.3: Nutrient supply to IVD 

 

As previously mentioned, there is no direct blood supply in to the IVD.  Blood 

vessels on the periphery of the IVD provide nutrients to the outer AF.  Capillaries extend 

from the blood supply to vertebral bodies, but end without penetrating the CEP [Figure 1- 

4] [62,87].  As such, nutrient transport across the IVD is significantly affected by 

diffusivity and permeability of the tissue, concentration gradients that arise due to cellular 

consumption and coupling effects between nutrients and metabolites.  Convective 

transport, which originates from fluid discharge of the disc under loading, is not 

considered to be a significant contributor to transport of small molecules such as glucose 

and oxygen.  Thus, transport of nutrients and metabolites relies heavily on diffusion [87].  

 

 

Figure 1- 4: Nutrient pathways to the IVD.  
 Image: Nutrition of the intervertebral disc, Urban et al. 
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Recent studies have shown that mechanical loading indirectly affects solute 

transport in cartilage-like tissue by changing the diffusivity of tissue [32,74].  For 

example, Yuan et al. demonstrated that oxygen diffusivity in bovine annulus fibrosus 

tissue was significantly decreased with increased compressive strain magnitude [91].  

Similarly, Jackson et al. showed that increase in compressive strain, significantly 

decreased glucose diffusivity of IVD tissue [39].  Since nutrients must diffuse through 

vertebrae and CEP to reach IVD cells, sclerosis or hardening of the subchondral bone and 

calcification of the end plate significantly hinders the nutrient supply for these cells.  

Decrease in blood supply, which may occur due to diseases such as atherosclerosis of the 

abdominal aorta, sickle cell anemia, and Caisson disease also restricts proper nutrient 

supply to the disc. 

 

1.4: Energy Metabolism of IVD 

 

Adenosine tri-phosphate (ATP) is the primary energy currency for cellular 

activities.  Although glucose is the most commonly used substrate for ATP production in 

eukaryotic cells, other sources such as fatty acids and amino acids can also be used as 

substrates.  For example, because of high energy demands, heart muscles utilize fatty 

acids as their primary energy source resulting in high ATP yield.  A simplified schematic 

of cell energy production in cells is depicted in Figure 1- 5.  In effect, two processes 

contribute to ATP production: glycolysis and aerobic respiration. 

As illustrated by Figure 1- 5, energy metabolism can be divided into five steps.  

Since energy metabolism occurs in the cytosol, the substrate must first be transported into 
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the cell.  However, some cells including, immature NP cells and chondrocytes, have been 

reported to contain glycogen - glucose deposits [85].  When required, glycogen can be 

broken down to glucose and be utilized for ATP production.  The process of breaking 

down glucose is known as ‘glycolysis’.  Pyruvate, an intermediate of glycolysis, may 

enter mitochondria to undergo aerobic respiration or, in the absence of sufficient oxygen 

may become lactate.  Thus lactate can be used as a reference for glucose consumed for 

ATP production that does not undergo aerobic respiration.  The net energy production of 

glycolysis via lactate is 2 ATP molecules per glucose molecule.     

 

 

Figure 1- 5: Schematic representation of ATP production in cells. 

Image: http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=bnchm&part=A2959 

 

Pyruvate (or other intermediates) that enters mitochondria is converted to 

Acetyle-coenzyme A, the starting compound for the Krebs cycle (also known as citric 
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acid cycle or tricarboxylic cycle – TCA).  The Krebs cycle includes a series of chemical 

reactions which produces 2 ATP molecules per cycle and intermediates such as NADH, a 

compound necessary for oxidative phosphorylation (also known as the electron transport 

chain); a process that takes place in the inner membrane of the mitochondria.  Five 

protein molecules (commonly known as subunit I through V) are required to stimulate 

and carry out ATP synthesis via electron transport.  Nitric oxide (NO), a highly excitable 

molecule and a messenger for various cellular activities, is able to inhibit subunit IV 

(cytochome C oxidase) activity and as such is able to inhibit ATP synthesis via electron 

transport pathway.  The theoretical net energy production of mitochondrial respiration is 

36 ATP units per glucose molecule.   

Like most cells, IVD cells use ATP as their primary energy form for cellular 

activities.  A study conducted by Bibby and Urban demonstrated that IVD cell viability 

was more sensitive to glucose concentration and pH than to oxygen [5].  Although, 

studies have shown that NP cells are able to perform mitochondrial respiration, glucose 

consumption via lactic acid pathway was seen as the preferred method of ATP production 

at physiological conditions [5]. 

 

1.5: Degeneration of IVD 

While the exact cause is unknown, five major factors may contribute to disc 

degeneration:  1) Nutrient supply, 2) Soluble regulators of cell function, 3) Genetic 

influences, 4) Ageing and senescence, and 5) Mechanical loading [4,6,18].  

With an increase in disc degeneration seen in patients with atherosclerosis, sickell 

cell anemia, Caisson disease and Gaucher’s disease, diseases which affect the nutrient 
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supply to the IVD, a prominent link between nutrient supply and disc degeneration has 

been suggested [18,46,47].  Recent studies show that alterations in cytokine such as IL-1 

and TNF-α regulation can promote degenerative processes such as up-regulation of 

matrix degrading enzymes; abnormal synthesis of aggrecan, collagen I and II; 

angiogenesis; neuronogenesis; and cell death [18].  Twin-studies have illustrated that 

heritability of disc degeneration exceeds 60%, with genetic associations such as collagen 

IX and vitamin D receptor (VDR) polymorphism seen in a reasonable number of patients 

[3,18,79].  While physical stimulation is widely accepted as a regulating factor for proper 

cell function, studies show that abnormal over loading may cause injury to disc and 

induce degeneration [18,54,56,70]. 

The physiology and mechanical properties of the disc change with aging and disc 

degeneration.  Primarily, the IVD loses its highly organized structure as the lamellae of 

the AF become irregular and gaps form within the NP.  Aggrecan, generally a large 

molecule, degrade and become fragments of smaller molecules resulting in reduced disc 

hydration and swelling pressure.  Due to this loss in swelling pressure, disc height is lost 

which in turn relaxes adjoining tissues and ligaments.  Ligamenta flava, which connects 

adjacent vertebrae with each other, loses its tensile forces and elasticity as a result of this 

loss in disc height.  It is believed that this causes the ligament to bulge into the spinal 

canal leading to spinal stenosis [75].  Also, the large, highly negative structure of 

aggrecan is thought to inhibit vascular and nerve in-growth and prevent or limit 

movement of large molecules such as cytokines and growth factors into the disc 

[44,61,77].  Therefore, decrease in aggrecan concentration may either induce or 

aggravate degenerative processes of the disc, and as such explain the increased 
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vasculature and nerve ingrowth seen in degenerated discs.  Disc degeneration causes the 

composition of collagen to alter, with collagen fibers becoming denatured due to irregular 

enzyme activities.  Increased amounts of fibronectin are seen in degenerated discs, 

confirming altered cellular biosynthesis [68].  Altered mechanical properties arising due 

to these degenerative changes to the disc may create abnormal stress distributions in AF, 

NP, and CEP regions, causing further injury to the disc and associated structures, thus 

catalyzing disc degeneration.  Various spinal conditions associated with disc 

degeneration are shown in Figure 1- 6.  

 

Figure 1- 6: Spine conditions. Image from 

http://www.laserspineinstitute.com/back_problems/ 
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1.6: Discogenic back pain 

Back-pain specifically arising from IVDs is termed discogenic back pain.  

Clinical studies show that patients with back pain due to IVD degeneration exhibit nerve 

ingrowth into discs (normally aneural and avascular), whereas patients with similar levels 

of disc degeneration and no complaints of back-pain do not exhibit nociceptive nerve 

ingrowth [18].  Studies are currently conducted to identify the processes that promote 

nerve ingrowth and their stimulants. 

Angiogenesis (ingrowth of blood vessels) also occurs with disc degeneration 

possibly to compensate for the decreased nutrient supply to the disc under degenerative 

conditions.  Studies have shown that vascular ingrowth may accompany nerve ingrowth 

to the disc and subsequently stimulate nociceptive nerve growth [71].  Aggrecan has been 

implicated in having inhibitory effects on nerve ingrowth.  As disc becomes degenerated, 

aggrecan is degraded leading to a reduced inhibitory effect and consequently allowing 

nerve ingrowth [44].   

 

1.7: Mechanotransduction 

Cells within our body are constantly stimulated by changes in their environment.  

These could be biochemical stimulations arising from changes in various protein or ion 

concentrations, or physical stimulations from hydrostatic and osmotic pressures, 

compressive, tensile and shear stresses and strains and electro-kinetic forces.  The 

magnitude and frequency of these forces are dependent on their environment and 

function.  For example, articulating joints and ligaments are constantly exposed to static 
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and dynamic tensile and compressive loading.  On the other hand, blood cells are 

constantly exposed to shear stresses associated with fluid flow.  At a cellular level, these 

physical forces are translated as increased or decreased cell membrane tension and cell 

deformation.  Cells respond to these stimuli by changing rate of cell division, 

differentiation, movement, signal transduction, gene expression, secretion, endocytosis 

and apoptosis [2,52].  The process of identifying a physical stimulation and translating it 

to an appropriate response is known as mechanotransduction. 

Studies conducted on bone marrow derived mesenchymal stem cells have shown 

that mechanical loading is capable of directing differentiation of these stem cells toward 

chondrogenesis [33,34].  Numerous studies conducted on various cell types including 

chondrocytes and IVD cells have illustrated that mechanical loading is able to regulate 

the cellular biosynthesis, and may in fact be essential for maintaining normal phenotype 

of these cells [26,36,37,45,57,81].  Mechanical loading at non-physiological levels has 

been implicated as a contributing factor to alterations in tissue biomechanics and thus 

loss of proper function [28,89].  Therefore a need persists to identify how various 

mechanical forces are perceived by IVD cells and optimum mechanical stimulations that 

promote tissue regeneration and prevent or retard disc degeneration.   

 

1.8: Nitric oxide 

 Nitric oxide (NO) is a potent inter- and intra cellular signaling molecule.  

Investigators have shown that, in certain cell types, NO can induce transient inhibition of 

mitochondrial respiration by reversibly binding to cytochrome c oxidase [8,9].  Various 

chondrocytes studies have also reported that NO inhibits proteoglycan synthesis [82] and 
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cell proliferation [7].  Further effects of NO include matrix breakdown activity, cell 

apoptosis and cytoskeleton reorganization.  Studies have shown that herniated IVDs 

spontaneously secrete NO among other cytokines and as such NO might have a 

significant role in IVD tissue regulation and degeneration.  We investigated NO 

production associated with mechanical loading to identify possible effects on 

mitochondrial respiration of IVD cells. 
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Chapter 2: OBJECTIVES OF STUDY 

2.1: Significance of this study  

As stated earlier, back pain is a significant socio-economic burden in our society 

affecting greater than 80% of the total population.  While etiology of low back pain is 

still unknown, degeneration of the disc is a favored candidate [10].  Heritability, 

malnutrition and abnormal mechanical loading have been suggested as possible causes of 

disc degeneration.  However, the exact pathways leading to disc degeneration remain 

unknown.  

Functionality of the IVD is highly dependent on the proper maintenance of its 

extracellular matrix.  Over time, this energy demanding process may be affected by poor 

nutrient supply to the disc, leading to insufficient energy metabolism and cellular 

biosynthesis.  Previous studies have shown that extracellular ATP mediates matrix 

production under mechanical loading [13,64].  A study conducted on an osteoarthritis 

model showed that decrease in intracellular ATP promoted cartilage degeneration [42].  

Similarly, ATP production and release may have a significant effect on proper 

maintenance of the IVD.  To understand the effects of energy metabolism on the disc 

degeneration, we must first understand how energy metabolism is regulated under normal 

physiological conditions.  Since the IVD is constantly subjected to mechanical loading, 

here we investigate the effects of mechanical loading on energy metabolism of IVDs at 

various physiological frequencies.   

Knowledge gained from this study will help us understand how various 

mechanical forces are perceived by IVD cells and in particular identify their effect on cell 
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energy metabolism.  Such information will facilitate the development of new clinical 

strategies to prevent or retard the degenerative processes of IVDs by promoting energy 

production and nutrient transport using different mechanical loading regimes.      

2.2: Objectives 

Mechanical loading of the spine compel fluid discharge from the disc to generate 

necessary resistive forces.  As a direct result of decreased fluid level, nutrient supply to 

the cells decreases.  Studies have shown that increase in compressive strain magnitude 

significantly decreased diffusivity and permeability of tissue thus affecting the nutrient 

supply to the cells [39,91].  Subsequent changes in tissue osmolarity and pH may also 

affect nutrient transport to the cells.  Dynamic loading may also indirectly affect nutrient 

supply to the cells by altering solute transport in tissue [32].  Additionally, compressive 

and tensile forces transferred to IVD cells via the extracellular matrix of the disc can 

directly induce cell deformation which may trigger cellular responses such as change in 

cell membrane properties and ATP release.  However, since the mechanical forces on the 

IVD are translated to cells via its dense matrix, cells in different regions might respond 

differently to the same stimuli [80].   

In this study, cells were isolated from their surrounding matrix in order to identify 

how mechanical loading intrinsically affect cell energy metabolism.  The objectives of 

this study were to investigate:   

1) The effects of static loading on IVD cell energy production; 

2) The effects of dynamic loading on IVD cell energy production; 

3) Differences in response to mechanical stimulation between AF and NP cell.  
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Chapter 3: MATERIAL AND METHODS 

3.1: Cell Isolation 

IVD tissues from 2-3 month old pigs, weighing approximately 200-250 lbs. were 

used for this experiment.  The pigs were obtained from a local slaughter house and 

dissected approximately within 2 h of sacrifice.   

 

Figure 3- 1: Porcine spine. 

 

The spines were extracted using an electric saw and bone cutting forceps [Figure 

3- 1].  After careful removal of excess tissue, the spines were rinsed with sterile 

phosphate-buffered saline (PBS) containing 10% antibiotic-antimycotic (Invitrogen 

Corp.) 3 to 4 times.  Spines were then moved to a biological safety cabinet and sprayed 

with 70% isopropyl alcohol to minimize contamination.  To open each disc, first, a 

surgical blade was inserted at the center of IVD from outer AF to the center of NP region.  

Then a circular transverse cut was made to minimize AF and NP tissue mixing.
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  Following the opening of the disc, outer AF tissue and NP tissue were extracted 

independently using a surgical scalp and tweezers and placed in enzyme solution.  The 

AF tissue was chopped finely to enhance tissue digestion.  The enzyme solutions were 

made of Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen Corp.) supplemented 

with 15% fetal bovine serum (FBS; Invitrogen Corp.) and 1% antibiotic-antimycotic.  For 

AF tissue, digestion solution was supplemented with 1.5 mg/mL collagenase type II 

(Worthington Biochemical Corp., Lakewood, NJ), and protease (Sigma Aldrich) 0.6 

mg/mL.  NP tissue digestion solution was supplemented with an equal concentration of 

protease but with slightly less collagenase type II concentration, 0.75 mg/mL.  The tissue 

samples were kept on a plate shaker overnight at 37°C, 5% CO2 and 21% O2 tissue 

culture incubator [59].  

Following tissue digestion, cell containing media were filtered with a 70 µm cell 

strainer (BD Biosciences, San Jose, CA) to isolate cells.  Cells were then collected by 

centrifugation (NP: 1000 rpm for 4 min; AF:  2467 rpm for 10 min) and re-suspended in 

10% FBS, 1% antibiotic-antimycotic DMEM.   

Previous studies have observed changes in IVD cell phenotype due to sub-

culturing [11].  To eliminate these phenotypic changes, fresh porcine cells were utilized 

in this study.    

      

3.2: Agarose disc sample preparation 

Number of cells obtained from tissue was calculated using a hematocytometer 

(Hausser Scientific, Horsham, PA).  Cells were then suspended in DMEM (10% FBS, 1% 

antibiotic-antimycotic) at ten million cells per mL cell density.   
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4% low-melting agarose (Sigma Aldrich) solution was made with phosphate-

buffered saline and sterilized using an autoclave machine.  This solution was then mixed 

at a 1:1 ratio with cells to obtain final cell density of five million cells per mL in 2% 

agarose.  The cell-agarose mix was poured on to a custom made Teflon mold to obtain 

discs with 8 mm in diameter and 1 mm in thickness [Figure 3- 2].  Once the discs 

solidified, they were transferred to Petri dishes containing DMEM supplemented with 

10% FBS and 1% antibiotic-antimycotic and cultured overnight in a cell culture incubator 

prior to conducting experiments.   

Previous research has shown that three-dimensional agarose culture is able to 

retain IVD cell phenotype [21,22].  Additionally, theoretical studies have demonstrated 

that 2% agarose exhibits isotropic properties and have minimal effect on transport of 

small solutes [23,24].  Thus variations in energy metabolism due to nutrient transport are 

eliminated in this study.  Also, we believe at the given dimensions of the agarose disk, it 

is able to produce uniform force distribution to all cells within construct [63]. 

 

 

Figure 3- 2: 2% agarose disc.  The disc is 8 mm in diameter and 1 mm in thickness. 

Cells were seeded at 5,000,000 cells per mL cell density with each sample containing 

500,000 cells. 
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3.3: Bioreactor 

Custom designed bioreactor system [Figure 3- 5: Bioreactor system.] used in this 

experiment is introduced in detail by its designer [Jessica Czamanski, Masters Thesis, 

Dept. of Biomedical Engineering, University of Miami].  Brief introduction to the main 

components of the system is given here.  An eccentric cam follower system was used to 

generate sinusoidal displacement.  The cam [Figure 3-5 (a)] movement was governed by 

a stepping motor.  This cyclic displacement is passed to the shaft [Figure 3-5 (d)] and 

then to the compression plate [Figure 3-5 (h)] via the follower [Figure 3-5 (b)] sitting 

tangent (directly below) to the cam.  

Dynamic loading frequency was varied by changing applicable parameters in the 

interface program (LABVIEW).  Changes to strain level was manually adjusted and 

verified by LVDT measurements [Figure 3-5 (e)].  Given the minute change in 

displacement (200-500 µm), reference points slightly further from the center were 

utilized for this adjustment. 

Samples were placed on a porous filter [Figure 3- 3] inside the chamber [Figure 3- 

4] with predefined amount of culture media.  Porous filter enables nutrient supply to the 

bottom surface of the cell-agarose disc.  Compression plugs were initially set to rest on 

the samples and locked in place by lowering a nut [Figure 3-5 (j)] to prevent unintended 

compression of samples during experiment set-up.  The position of the cam was set to 

neutral position (displacement at zero) prior to inserting samples.  After the compression 

samples were kept in position, the compression plate [Figure 3-5 (h)] was lowered 

through the rods and tightly fitted using nuts.  At this point in time, the locks placed to 

prevent samples from unintended compression were released.  To obtain 5% preloading 
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(offset), a 0.001 inch think shim (Small Parts Inc.) was folded four times (total thickness 

0.004 inch / 100 µm) and inserted between the cam and the follower [Figure 3-5 (c)].  

Bioreactor system was then transferred to a tissue culture incubator for the duration of the 

experiment.  At the completion of each experiment, the nuts intended to safeguard 

samples were returned to locking position prior to releasing the compression plate and 

removing samples. 

Chambers, porous filters and plugs were sterilized using standard autoclaving 

procedures in-between experiments.  

 

Figure 3- 3: Porous filter.  The filter is 12.7 mm is diameter and is made of stainless 

steel.  Pore size is 20 µm and was 40% porosity. 

 

 

Figure 3- 4: Chamber and compression plug.  Each chamber contained one sample that 

was either compressed or was used as a control.  Samples were compressed by the 

movement of the compression plug.  Movement of the compression plug was guided by 

the rod.  Chamers were closed by a cap.  Chamber, cap and plug were made from an 

autoclavable polymer.  Rods were made of stainless steel. 

Chamber 

Compression Plug 

Rod  

Cap  
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Figure 3- 5: Bioreactor system. 

(a) Cam: Off-center 

rotation provides 

dynamic strain. 

 

(c) Thin filament: pre-

defined dimensions 

inserted between the 

cam and the follower 

provides preloading to 

the sample. 

 

(e) LVDT: 

Measures liner 

displacement of 

compression plate. 

 

(g) Fixed Plate: This 

stationary plate 

provides support to the 

LVDT and the 

stabilizing plate. 

 

(d) Shaft: Translates the 

dynamic displacement to 

Plate 2.   

 

(f) Stabilizing Plate: 

Minimizes lateral 

movement of the 

follower and helps 

translate vertical 

displacement to 

compression plate. 

 

(j) Screws: Provide a 

locking system to 

safeguard the samples 

during set-up.   

 
(k) Chamber: 

Contains one sample 

per chamber. 

 

(i) Rods: Provide 

dynamic strain to 

each sample as they 

follow the 

displacement of 

Plate 2. 

 

(h) Compression Plate: 

Dynamically displaces 

the rods accordingly. 

 

(b) Follower: Propagates 

the dynamic 

displacement provided 

by the cam to the shaft. 
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Figure 3- 6: Sample setup.  A porous filter was placed at the bottom of each chamber.  

Cell-agarose construct was placed on top of this porous filter.  This porous filter enables 

nutrient supply to the cells at the bottom of the sample.  A plug, made from the same 

material as chamber, was used to compress the sample.  The movement of the plug was 

governed by the rod attached to the plug.  A plug was placed on the control sample but 

this plug was not subjected to any compression. 

 

3.4: Experiment protocol 

All samples were cultured in DMEM supplemented with 10% FBS and 1% 

antibiotic-antimycotic for a minimum of 12 h (up to 70 h) prior to conducting loading 

experiments.  Due to interference of FBS in certain chemical assays, all samples were 

rinsed in DMEM without any supplements immediately before each experiment.   

Each sample was placed in custom made chamber on top of a porous filter.  600 

µL of DMEM (without any supplements) was added to each chamber.  For control 

samples, a plug, without any loading, was set to rest on top of the samples [Figure 3- 6].  

We believe this control set up is subjected to similar nutrient supply as the compressed 

samples, thus eliminates the differences in energy metabolism due to a change in nutrient 

supply.  Compression samples were loaded to the bioreactor as mentioned in the previous 

Impermeable 
platen / Plug 

 

Cell-agarose 
disk 

Porous 
platen 
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section.  The bioreactor system and control samples were kept in a tissue culture 

incubator at 37°C and 5% CO2 for the duration of the experiment.  

The experimental categories can be divided as follows: Control group, kept at 

same culture conditions without subjecting to mechanical loading.  Static compression 

group – samples subjected to either 15% or 30% static compression for 4 hrs [Figure 3- 

7].  Dynamic loading group – samples subjected to dynamic loading frequencies at 0.1 

Hz, 1 Hz and 2 Hz for 4 hrs at 15% total strain (5% preloading and 10% dynamic) 

[Figure 3- 8].   

 

Figure 3- 7:  Graphical representation of static loading experimental protocol.  All 

samples were subjected to either 15% or 30% static strain for 4 hr. 

 

 

Figure 3- 8: Graphical representation of dynamic loading experimental protocol.  
All samples were initially set to 5% strain or preloading (offset) followed by 10% 

dynamic strain for 4 hr. 
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At the end of each experiment, cell-agarose discs were collected from each 

chamber into separate sterile Eppendorf tubes.  30 µL of culture medium was mixed at a 

1:1 ratio with ATP stabilizing solution (3mM EDTA)  and boiled for 2 min to preserve 

ATP released to culture media.  The remaining culture media was collected without 

further processing and all samples were stored at -80°C until analysis.  

 

3.5: Cell-agarose breakdown 

Cell-agarose discs were defrosted and separated into halves using a pill-cutter.  

One half was placed in 500 µL of lysis buffer to break down agarose and release cells 

seeded within the construct.  The lysis buffer was made by dissolving the following 

chemicals at given concentrations in sterile water: 15% 1.5 M NaCl, 15% 50 mM EDTA, 

1% Triton-X 100 and 10% 100 mM TRIS-Cl at pH 7.4.  The remaining half-disc was 

combined with another half-disc of the same experimental group for RNA extraction. 

 Cell-agarose constructs were broken down by utilizing homogenizing pestles and 

vortexing.  These samples were heated at 65°C for 10 min before vortexing again to 

promote breakdown of agarose and cell release.  Samples were heated for an additional 

10 min at 65°C and then centrifuged at 9000 rpm for 10 min.  The supernatant was 

collected and frozen at -80°C until measurements.   
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3.6: Chemical Assays 

ATP assay Intracellular ATP and ATP released to media were measured using the 

Luciferin-luciferase method (Sigma).  For intracellular ATP measurements, standard 

concentrations were made using lysis buffer used for cell-agarose breakdown.  DMEM 

without supplements were used to prepare standards to measure ATP concentrations in 

media.  When necessary, intracellular ATP and extracellular ATP samples were diluted in 

lysis buffer or DMEM without supplements respectively to bring measurements within 

the range of the standard curve.  Final concentrations of samples were calculated based 

on linear curve derived from standard concentrations.  These sample concentrations were 

converted to total amount of ATP based on sample volume and were then normalized to 

amount DNA content per sample to account for cell number variation. 

    

Lactate assay Lactate concentrations in media were measured using L-lactic 

dehydrogenase enzymatic assay (Sigma).  Standard curve for this assay was made using 

DMEM without supplements.  If necessary, samples were diluted in DMEM without 

supplements to bring measurements within the range of the standard curve. Final 

concentrations were calculated based on a 2
nd

 order polynomial curve obtained from 

standard concentrations.  These sample concentrations were converted to total amount of 

lactate per sample based on sample volume and were then normalized to amount DNA 

content to account for possible variations in cell concentrations. 

 

 NO assay NO production was evaluated by measuring nitrite concentration, a stable 

breakdown product of NO, using Greiss assay [20].  Standards were made with DMEM 

without supplements and the final concentrations were calculated using a linear curve 
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derived from standards.  Similar to ATP and lactate productions, sample concentrations 

were converted to total amount of nitrite based on sample volume and were then 

normalized to amount DNA content per sample to account for possible variations in cell 

concentrations. 

 

Glucose consumption measurements Glucose concentrations were measured at Diabetes 

Research Institute (DRI), Miami FL (Cobas C system, Roche).  Culture medium from 

each sample was analyzed for glucose concentrations (C_final).  DMEM without any 

supplements was used as the reference glucose concentration (C_0).  The difference in 

concentrations (C_0 – C_final) provided the change in glucose concentration due to 

cellular glucose consumption.  Total amount of glucose consumed was calculated based 

on sample volume and then normalized to the number of cells per sample by dividing it 

by respective DNA content per sample.  Thus the results presented are the total amount of 

glucose consumed during the total length of the experiment normalized to the amount of 

cells.             

 

DNA measurements DNA content of each sample was measured using a fluorometric 

assay (Quant-it, Invitrogen).  DNA content of each sample was converted to DNA 

content per sample based on sample volume.   

 

Biochemical assay data normalization As mentioned in each assay protocol, all 

measurements were normalized to DNA content per sample to account for variations in 

cell number.  To evaluate the effects of compressions, the compressed sample values 

were normalized to respective uncompressed sample values.  To analyze differences 
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between AF and NP cell types, values of NP cells were normalized to respective value 

(culture condition and assay) of AF cells.  

 

Gene expression analysis  Each sample contained approximately 500,000 cells.  RNA 

from samples was extracted using Trizol (TRI reagent RT, Molecular Research Center, 

Cincinnati OH) and chloroform (Sigma).  Sequential centrifugation in Iso-proponol and 

75% ethanol at 12,000 rpm for 30mins was used to precipitate RNA in each sample.  

RNA concentrations and purity was spectrophotometrically evaluated (SmartSpec Plus 

Spectrophotometer, BioRad Hercules, CA).  Reverse transcription to cDNA was 

performed using qScript cDNA synthesis kit (Quanta Biosciences, Gaithersburg, MD), 5 

min at 22 ºC, and 30 min at 42 º C and 5 min at 85 º C. 

Real-Time polymerase chain reaction method was utilized to measure relative 

mRNA quantities of the following genes:  type II collagen, aggrecan and inducible nitric 

oxide synthase (iNOS).  18s was used as an internal control for each cDNA sample.  

Primer sequences used are given in Table 1:  Primer sequences.  δδCt method was used to 

calculate relative mRNA quantities [55].      

Table 1:  Primer sequences. 

Gene   Sequence Size Gene Bank 

Collagen 

II 

sense   5’-TGAGAGGTCTTCCTGGCAAA-3’ 163 bp AF201724 

antisense   5’-ATCACCTGGTTTCCCACCTT-3’     

Aggrecan 
sense   5’-AGACAGTGACCTGGCCTGAC-3’ 151 bp AF201722 

antisense   5’-CCAGGGGCAAATGTAAAGG3’     

iNOS 
sense   5’-TGTTCAGCTGTGCCTTCAAC-3’ 226 bp NM_001143690 

antisense   5’-CAGAACTGGGGGTACATGCT-3’     

18s 
sense   5-CGGCTACCACATCCAAGGA-3 188 bp NR_002170.3 

antisense   5-AGCTGGAATTACCGCGGCT-3     
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3.7: Statistical analysis 

One way ANOVA analyses with post-hoc Student-Newman-Keuls test was 

performed using SPSS software (Chicago, IL) for multiple group comparison.  Samples 

subjected to static compression and dynamic compression was analyzed separately.  

Unpaired student’s t-test was perform using excel data analysis tool (Microsoft, Seattle, 

WA) for comparison between cell types.  In all cases p ≤ 0.05 was considered significant.   
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Chapter 4: RESULTS 

Effects of static and dynamic mechanical loading on energy metabolism of IVD 

cells were evaluated in this study.  A comparison was also made between AF and NP 

cells to identify differential response based on cell type.  Results are statistically 

significant (p<0.05) unless otherwise stated.  There were total of 15 samples per 

experiment per cell type.  

4.1.1: Effects of Static compression on AF cells 

ATP release from AF cells was not significantly altered by static compression of 

either strain level [Figure 4- 1].  Compared to control, AF cells subjected to 15% static 

compression displayed a significant increase in total ATP content [Figure 4- 2] (p < 

0.05) and lactate production [Figure 4- 3] (p < 0.05).  Though an increase is seen in 

glucose consumption at this static strain magnitude, it was not statistically significant 

[Figure 4- 4].  No significant differences relative to control were found in NO production 

[Figure 4- 5] due to 15% static compression.   

Samples subjected to 30% static compression exhibited significant increases in 

glucose consumption [Figure 4- 4] (p < 0.001) and total ATP content [Figure 4- 2] (p < 

0.05) relative to control.  Additionally, there were no significant differences in lactate 

production [Figure 4- 3], NO production [Figure 4- 5] or ATP release [Figure 4- 1] due to 

30% static compression. There was a statistically significant decrease in lactate 

production and a significant increase in glucose consumption due to increase in strain 

level from 15% to 30%.  
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No significant differences were observed in mRNA levels for aggrecan, type II 

collagen or iNOS [Figure 4- 6] due to static compression of AF cells.  

   

 

 

 
 

Figure 4- 1:  Effects of static compression on ATP release from AF cells.  This graph 

demonstrates the fold change in ATP release from AF cells due to 15% and 30% static 

compression.  Although the data suggests an increase in ATP release due to static 

compression, this increase was not statistically significant.  All data were normalized to 

total DNA per sample to account for variation in cell count.   
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Figure 4- 2:  Effects of static compression on total ATP of AF cells.  This graph 

demonstrates the fold change in total ATP with respect to control samples following 15% 

and 30% static compression of AF cells.  Total ATP content was significantly increased 

by both strain magnitudes (p < 0.05) however there were no significant differences in 

total ATP between 15% and 30% strain levels.  All data were normalized to total DNA 

per sample to account for variation in cell count.   
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Figure 4- 3:  Effects of static compression on lactate production of AF cells.  This 

graph demonstrates the fold change in lactate production of AF cells relative to 

uncompressed samples due to static compression at 15% and 30% strain magnitudes.  

15% static compression increased lactate production significantly with respect to control 

(p < 0.05) but there were no significant differences between uncompressed samples and 

samples compressed at 30% strain magnitude.  There was a significant decrease in lactate 

production of AF cells when the strain magnitude was increased from 15% to 30% strain.  

All data were normalized to total DNA per sample to account for variation in cell count.   
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Figure 4- 4:  Effects of static compression on glucose consumption of AF cells.  Total 

glucose consumption was calculated based on the change in glucose concentration over 

the duration of the experiment and was normalized to DNA content per sample.  Glucose 

consumption following 30% static compression was significantly higher with respect to 

uncompressed samples and samples compressed at 15% strain magnitude (p < 0.001).  

There were no significant differences in glucose consumption between uncompressed 

samples and samples compressed at 15% strain magnitude.     
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Figure 4- 5:  Effects of static compression on NO production of AF cells.  This graph 

depicts the fold change in NO production of AF cells due to 15% and 30% static 

compression with respect to uncompressed samples.  The decrease seen in NO production 

under increased static strain magnitude was not statistically significant.  All data were 

normalized to total DNA per sample to account for variation in cell count.   
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Figure 4- 6:  Effects of static compression of extracellular matrix genes of AF cells.  
All cDNA samples were normalized to 18s internal control and then to respective control 

samples.  Due to significant standard deviation, no significant differences were observed 

in relative gene expressions.    
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4.1.2: Effects of dynamic compression on AF Cells 

 ATP release was significant increased by 1 Hz and 2 Hz dynamic loading [Figure 

4- 7].  All tested dynamic frequencies promoted total ATP content [Figure 4- 8] (p < 

0.05), lactate production [Figure 4- 9] (p < 0.05), and glucose consumption [Figure 4- 10] 

(p < 0.05) relative to control.  NO production was significantly increased by dynamic 

loading at the higher frequency levels (1 Hz and 2 Hz) but not at 0.1 Hz (p < 0.05) 

[Figure 4- 11].   

Frequency dependence was not seen throughout AF dynamic loading groups 

except in NO production.  There was a significant increase in NO production at 1 Hz and 

2 Hz respect to 0.1 Hz [Figure 4- 11]. 

Dynamic compression of AF cells did not produce a significant variation in 

mRNA levels of aggrecan, type II collagen and iNOS [Figure 4- 12].  
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Figure 4- 7:  Effects of dynamic compression on ATP release from AF cells.  This 

graph illustrates the fold change in ATP release from AF cells with respect to 

uncompressed samples following dynamic compression.  1 Hz and 2 Hz dynamic strain 

significantly increased ATP release with respect to control samples (p < 0.05).  Increase 

seen due to 0.1 Hz compression was not statistically significant.  All measurements were 

normalized to DNA content per sample to account for variation in cell number.  
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Figure 4- 8:  Effects of dynamic loading on total ATP of AF cells.  Total ATP in AF cells 

was significantly increased following dynamic compression at all tested frequencies (p < 

0.05).  However, there were no significant differences observed within the dynamic 

loading groups.  All data were normalized to DNA content per sample to account for 

variation in cell concentrations.    
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Figure 4- 9:  Effects of dynamic loading on lactate production of AF cells.  Lactate 

production of AF cells was significantly increased by dynamic compression at all tested 

frequencies (p < 0.05).  However, no significant differences were observed due to the 

frequency of compression.  All data were normalized to DNA content per sample to 

account for variation in cell number per sample.   
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Figure 4- 10:  Effects of dynamic loading on glucose consumption of AF cells.  Total 

glucose consumption was calculated based on the change in glucose concentration over 

the entire loading period and was normalized to DNA content per sample.  Glucose 

consumption was significantly increased in all dynamically compressed groups with 

respect to uncompressed samples (p < 0.05).  However, there were no significant 

differences in glucose consumption between different frequency groups.     
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Figure 4- 11:  Effects of dynamic compression on NO production of AF cells.  NO 

production of AF cells was significant increased by 1 Hz and 2 Hz dynamic loading 

groups with respect to control (p < 0.05).  This increase was also significantly higher 

compared to 0.1 Hz (p<0.05).  All data points were normalized to DNA content per 

sample to account for change in cell number per sample.      
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Figure 4- 12:  Effects of dynamic loading on extracellular matrix genes of AF cells.  
All cDNA samples were normalized to 18s internal control and then to respective control 

samples.  Due to significant standard deviation, no significant differences were observed 

in relative gene expressions.    
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4.2.1: Effect of static loading on NP cells 

ATP release was significantly increased by 30% static strain magnitude but not by 

15% strain level with respect to control (p < 0.001) [Figure 4- 13].  There were no 

significant differences observed in total ATP content between compressed and 

uncompressed samples [Figure 4- 14].  Although an increase in total ATP is seen at 15% 

static strain level, this increase was not statistically significant.  Relative to control, 

lactate production increased significantly at 15% static compression but not at 30% static 

compression (p < 0.05) [Figure 4- 15].  Significant increases in glucose consumption (p < 

0.05) [Figure 4- 16] and NO production (p < 0.05) [Figure 4- 17] were observed at both 

strain levels compared to control. 

 Statistical analysis of variance between 15% and 30% demonstrated a significant 

increase in ATP release (p < 0.001) [Figure 4- 13] and a significant decreased lactate 

production (p < 0.05) [Figure 4- 15] due to increase in strain level.  There were no 

significant differences in total ATP content, glucose consumption or NO production due 

to change in strain level. 

Static compression of NP cells did not produce a significant variation in mRNA 

levels of aggrecan, type II collagen and iNOS [Figure 4- 18].  
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Figure 4- 13:  Effects of static loading on ATP release of NP cells.  ATP release was 

significantly promoted by static compression at 30% strain amplitude but not at 15% 

strain amplitude (p < 0.001).  Increase in ATP release due at 30% static compression was 

significantly higher with respect to 15% static compression (p < 0.001).  All data were 

normalized to DNA content per sample to account for variation in cell number per 

sample. 
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Figure 4- 14:  Effects of static loading on total ATP in NP cells.  Total ATP content in 

NP cells were not significantly affected by static compression at either strain level.  All 

data points were normalized to DNA content per sample to account for change in cell 

number. 
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Figure 4- 15:  Effects of static loading on lactate production of NP cells.  15% static 

compression significantly increased lactate production of NP cells with respect to control 

and 30% static strain magnitude (p < 0.05).  There were no significant differences 

between control samples and samples compressed at 30% strain magnitude.  All data 

points were normalized to DNA content per sample to account for variation in cell 

number per sample. 
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Figure 4- 16:  Effects of static compression on glucose consumption of NP cells.  
Total glucose consumption was calculated based on the change in glucose concentration 

and was normalized to DNA content per sample.  Glucose consumption was significantly 

increased by both static strain magnitudes with respect to uncompressed samples (p < 

0.05). 
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Figure 4- 17:  Effects of static loading on NO production of NP cells.  NO production 

was significantly promoted by static compression at both strain magnitudes (p < 0.05).  

There were no significant differences in NO production between samples due to change 

in strain magnitude. 
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Figure 4- 18:  Effects of static compression on extracellular matrix genes in NP cells.  
All cDNA samples were normalized to 18s internal control and then to respective control 

samples.  Due to significant standard deviation, no significant differences were observed 

in relative gene expressions.      
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4.2.2 Effects of dynamic compression on NP cells 

Dynamic loading at 1 Hz and 2 Hz significantly increased ATP release relative to 

control (p < 0.05).  There were no significant differences in ATP release between 0.1 Hz 

compressed samples and uncompressed samples [Figure 4- 19].  Total ATP in NP cells 

following 1 Hz dynamic compression was significantly higher relative to uncompressed 

samples (p < 0.05).  The increased total ATP detected in other dynamically compressed 

samples relative to control was not statistically significant [Figure 4- 20].  0.1 Hz 

dynamic compressed group exhibited significant increase in lactate production relative to 

control (p < 0.05).  There were no statistically significant changes in lactate production 

among uncompressed samples and samples compressed at higher frequencies (1 Hz and 2 

Hz) [Figure 4- 21].  Glucose consumption was significantly promoted by 1 Hz dynamic 

compression relative to control (p < 0.05).  Although an increase in glucose consumption 

relative to control is detected in 0.1 Hz and 2 Hz compressed samples, these changes 

were not statistically significant [Figure 4- 22].  NO production of NP cells was 

significantly promoted by all tested dynamic frequencies (p<0.001) [Figure 4- 23]. 

Dynamic loading frequency dependence was observed in ATP release and NO 

production of NP cells.  Increase in ATP release at 1 Hz and 2 Hz was statistically 

significant relative to 0.1 Hz dynamic compression (p < 0.05) [Figure 4- 19].  Increase in 

NO production at 1 Hz was significantly higher compared to 0.1 Hz and 2 Hz dynamic 

compression (p < 0.001) [Figure 4- 23]. 

Dynamic compression of NP cells did not produce a significant variation in 

mRNA levels of aggrecan, type II collagen and iNOS [Figure 4- 24].  
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Figure 4- 19:  Effects of dynamic loading on ATP release from NP cells.  ATP release 

from NP cells was significantly promoted by dynamic compression at 1 Hz and 2 Hz 

relative to control (p < 0.05).  This increase was also significant relative to ATP release 

from NP cells compressed at 0.1 Hz (p < 0.05).  There were no significant differences 

between uncompressed samples and samples dynamically compressed at 0.1 Hz.  All data 

points were normalized to DNA content per sample to account for variation in cell 

number per disk.       
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Figure 4- 20:  Effects of dynamic compression on total ATP of NP cells.   Significant 

increase in total ATP relative to control was observed in samples compressed at 1 Hz (p < 

0.05).  Although the data suggests an increase in total ATP in other dynamic loading 

groups, these were not statistically significant.  All data were normalized to DNA content 

per sample to account for variation in cell number per sample.  The bar graphs indicate 

the fold change relative to control.  
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Figure 4- 21:  Effects of dynamic loading on lactate production of NP cells.  Lactate 

production of NP cells was significantly increased by 0.1 Hz relative to control (p < 

0.05).  The increases relative to control seen in other dynamically compressed groups 

were not statistically significant.  There was no frequency dependence in lactate 

production of NP cells.  All data points were normalized to DNA content per sample to 

account for variation in cell number.  The bar graphs illustrate the fold change relative to 

control.  
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Figure 4- 22:  Effects of dynamic loading on glucose consumption of NP cells.  Total 

glucose consumption was calculated based on the change in glucose concentration over 

the entire length of the experiment and was normalized to DNA content per sample.  

Glucose consumption was significantly increased by 1 Hz dynamic compression relative 

to control (p < 0.05).  The increases relative to control seen in other dynamically 

compressed groups were not statistically significant.     
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Figure 4- 23:  Effects of dynamic loading on NO production of NP cells.  All tested 

dynamic frequencies up regulated NO production of NP cells relative to control 

(p<0.001).  NO production due to 1 Hz dynamic loading was significantly higher respect 

to other dynamic loading groups (p<0.001).  All data points were normalized to DNA 

content per sample to account for variation in cell number.  The bar graphs indicate the 

fold increase relative to control group. 
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Figure 4- 24:  Effects of dynamic compression on extracellular matrix genes in NP 

cells.  All cDNA samples were normalized to 18s internal control and then to respective 

control samples.  Due to significant standard deviation, no significant differences were 

observed in relative gene expressions.    
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4.3.1: Comparison between AF and NP cells 

At control culture conditions, NP cells had a significantly higher total ATP 

content (p < 0.001) and significantly lower glucose consumption (p < 0.001), lactate 

production (p < 0.001) and NO production (p < 0.001) relative to AF cells.  However, 

there were no differences in ATP release between AF and NP cells at control conditions 

[Figure 4- 25]. 

At 15% static compression, NP cell ATP content (p<0.001) and ATP release by 

NP cells (p < 0.001) were significantly higher than those of AF cells.  Lactate production 

(p < 0.001), glucose consumption (p < 0.001) and NO production (p < 0.001) remained 

significantly lower in NP cells relative to AF cells [Figure 4- 26]. 

Following 30% static compression, NP cell ATP content (p < 0.001) and ATP 

released by NP cells (p < 0.05) were higher compared to AF cells.  Lactate production (p 

< 0.001), NO production (p < 0.05) and glucose consumption (p < 0.001) remained 

significantly lower in NP cells at this static strain level [Figure 4- 27]. 

Total ATP content in NP cells were significantly higher compared to AF cells in 

all dynamic compression groups (p < 0.001 for all frequencies).  Additionally, glucose 

consumption (p < 0.001 all groups), lactate production (0.1 Hz, 1 Hz: p < 0.05; 2 Hz: p < 

0.001) and NO production (p < 0.001 all groups) remained significantly lower in NP cells 

compared to AF cells under respective dynamic loading group.  ATP release by NP cells 

was significantly lower compared to AF cells at 0.1 Hz (p < 0.05).  However, this relation 

was reversed at 2 Hz where ATP release from NP cells was significantly higher 

compared to AF cells (p < 0.05).  There were no statistically significant differences in 
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ATP release at 1 Hz between AF and NP cells [Figure 4- 28; Figure 4- 29; Figure 4- 

30]. 

 

 

 

 
 

Figure 4- 25:  Comparison of AF and NP cells at control culture conditions.  There 

were no significant differences in ATP release between AF cells and NP cells under 

control culture conditions.  While the total ATP was significantly higher in NP cells, 

lactate production, NO production and glucose consumption remained significantly lower 

in AF cells relative to NP cells (p < 0.001 for all measurements).  All data points were 

first normalized to DNA content per sample to account for variation in cell number.  The 

bar graphs indicate the fold change of each assay relative to AF cells. 

  

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

ATP Release Total ATP Lactate 

production

NO 

production

Glucose 

consumption

F
o
ld

 c
h

a
n

g
e 

re
la

ti
v
e 

to
 A

F
 c

el
ls

AF NP

**

** ** **

* p < 0.05

**  p < 0.001



www.manaraa.com

60 

 

 

 

 

 

 

 

 
 

Figure 4- 26:  Comparison of AF and NP cells following 15% static compression.  
ATP release and total ATP in NP cells were significantly higher compared to AF cells 

following 15% static compression (p < 0.001).  Lactate production, NO production and 

glucose consumption remained significantly lower in NP cells compared to AF cells (p < 

0.001 all measurements).  All data points were first normalized to DNA content per 

sample to account for variation in cell number.  The bar graphs indicate the ratio between 

AF and NP cells for respective assays. 
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Figure 4- 27:  Comparison of AF and NP cells following 30% static compression.  
ATP release and total ATP was significantly higher in NP cells relative to those of AF 

cells (p < 0.001).  Lactate production, NO production and glucose consumption remained 

significantly lower in NP cells compared to AF cells (p < 0.001 all measurements).  All 

data points were first normalized to DNA content per sample to account for variation in 

cell number.  The bar graphs indicate the ratio between AF and NP cells for respective 

assays. 
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Figure 4- 28:  Comparison of AF and NP cells following 0.1 Hz dynamic 

compression.  Total ATP of NP cells was significantly higher relative to AF cells (p < 

0.001).  ATP release (p < 0.05), lactate production (p < 0.05), NO production  (p < 0.001) 

and glucose consumption (p < 0.001) remained significantly lower in NP cells compared 

to AF cells.  All data points were first normalized to DNA content per sample to account 

for variation in cell number.  The bar graphs indicate the ratio between AF and NP cells 

for respective assays. 
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Figure 4- 29:  Comparison of AF and NP cells following dynamic compression at 1 

Hz.  Total ATP of NP cells was significantly higher relative to AF cells (p < 0.001).  

There were no significant differences in ATP release between AF and NP cells at this 

compression.  Lactate production (p < 0.05), NO production (p < 0.001) and glucose 

consumption (p < 0.001) remained significantly lower in NP cells compared to AF cells.  

All data points were first normalized to DNA content per sample to account for variation 

in cell number.  The bar graphs indicate the ratio between AF and NP cells for respective 

assays. 
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Figure 4- 30:  Comparison of AF and NP cells following dynamic compression at 2 

Hz.  ATP release (p < 0.05) and total ATP (p < 0.001) of NP cells was significantly 

higher relative to AF cells.  Lactate production, NO production and glucose consumption 

remained significantly lower in NP cells compared to AF cells (p < 0.001 all 

measurements).  All data points were first normalized to DNA content per sample to 

account for variation in cell number.  The bar graphs indicate the ratio between AF and 

NP cells for respective assays. 
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Figure 4- 31:  Comparison of aggrecan expression in AF and NP cells at different 

culture conditions.  NP cells displayed a significantly lower level of aggrecan at 15% 

static compression (p < 0.05).  There were no significant differences in aggrecan 

expression levels at other testing conditions.  All samples were normalized to 18s to 

account for variation in cDNA per sample and then normalized to respective AF sample. 
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Figure 4- 32:  Comparison of type II collagen expression in AF and NP cells at 

different culture conditions.  There were no significant differences in type II collagen 

expression at all tested conditions.  All samples were normalized to 18s to account for 

variation in cDNA per sample and then normalized to respective AF sample. 
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Figure 4- 33:  Comparsion of iNOS expression in AF and NP cells at different 

culture conditions.  NP cells exhibited a significant decrease in iNOS expression 

following 30% static compression (p < 0.05).  There were no significant differences in 

iNOS expression levels in other tested conditions.  All samples were normalized to 18s to 

account for variation in cDNA per sample and then normalized to respective AF sample. 
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Chapter 5: DISCUSSION 

IVD is an important structural and functional unit of the spine.  Degeneration of 

the IVD is closely linked to low back pain, a major socio-economic burden in the USA 

[1].  This association has stimulated researches to identify degenerative processes of the 

IVD.  Among multiple possible causes, inefficient nutrient supply to IVD takes the lead 

[18].  Given the constant exposure to mechanical loading of the spine, many studies are 

conducted to understand how mechanical loading affect IVD tissue regulation at a 

cellular and tissue level [5,26,28,32,36,37,39,45,57,80,86,91].  While a correlation 

between mechanical loading and IVD biosynthesis is seen, the signaling pathway(s) to 

this effect is still unknown.  Additionally, a study conducted by Lee et al. on cartilage 

demonstrated that cellular biosynthesis can be affected by mechanical loading due to 

change in ATP turnover [52].  We suspect a similar effect on IVD energy metabolism due 

to mechanical loading.  A previous study conducted in our lab evaluated the effects of 

dynamic loading at 2 Hz on energy metabolism of IVD cells.  To our knowledge, this is 

the first study to evaluate the effects of static compressive mechanical loading and 

multiple compressive dynamic loading frequencies on energy metabolism of IVD cells. 

 

5.1: Justification of experiment model 

Previously it was shown that phenotype of IVD cells changes in sub-culturing 

[12].  To eliminate the effects of these phenotypic changes, fresh porcine cells were used 

for this experiment.  Further, cells were suspended in 2% agarose gel to mimic its 3-

dimentional microenvironment and retain its phenotype throughout the experiment.
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Based on theoretical studies, 2% agarose was shown to exhibit isotropic 

properties and have minimal effects on transport of small solutes [23,24].  Thus 

variations in energy metabolism due to changes in nutrient supply to cells were 

eliminated in this study.  Also, we believe at the given dimensions of the agarose disk, it 

is able to produce uniform force distribution to all cells within construct [63]. 

During daily activities, human spine is subjected a wide range of motions.  A 

study showed that at rest the human IVD is subjected to approximately 0.19 MPa 

pressure while a disc pressure above 3 MPa may cause vertebral fracture [76].  

Equivalently, physiological frequency of the human spine has a wide range with 

resonance occurring around 4 – 6 Hz at the lumbar spine region  [49].  Even at rest, IVD 

tissue is subjected to pressure due to gravity and counteracting forces exerted by various 

muscles and ligaments to maintain posture.  Due to this wide range in mechanical loading 

parameters (strain level, duration, frequency), we conducted two strain levels (15% and 

30%) to understand the effects of increased strain on IVD cells in static compression.  

Agarose gels were unable to maintain structural integrity at 30% strain under dynamic 

loading, and as a result only 15% dynamic strain was evaluated.  Three frequency levels 

within physiological range were tested: 0.1 Hz, 1 Hz and 2 Hz.  4 hr duration was chosen 

based on practicality in carrying out all loading experiments and was thought to be 

reasonable based on a previous study conducted in our lab in which changes in 

mesenchymal stem cell biosynthesis was altered following 4 hr compression [33].  

However, the future studies will evaluate the effects of duration on energy metabolism of 

IVD cells under compression. 
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Various studies have shown that cells release ATP in response to mechanical 

stimulation.  Therefore we measured ATP concentrated in sample medium to scope the 

change in ATP release under different loading regimes.  Total ATP, which combined 

intracellular ATP and ATP released to medium, was used to evaluate ATP production.  

Lactate production was measured as a reference for ATP production via lactic acid 

pathway, a major metabolic pathway for IVD cell ATP production.   

NO, a potent inhibitor of oxidative phosphorylation was measured to evaluate 

potential changes to mitochondrial respiration in IVD cells under mechanical 

compression.  Studies have also shown that NO production is up regulated by shear stress 

induced by fluid flow and mechanical stretch in various cell types [29,41,66,72].  

However, a study conducted by Lee et al. demonstrated that dynamic compression of 

bovine chondrocytes suppressed NO production [51].  Although NO concentration was 

measured in both media and cell-agarose construct in a preliminary experiment, NO 

concentration in gel was negligible (data not shown), and as such only medium 

concentration was evaluated for successive experiments.  

A live-dead staining was conducted in a preliminary experiment to ensure cells 

remained viable at the end of each loading experiment.  Cell-agarose constructs showed 

greater than 98% viability confirming tested conditions were not fatal to cells (data not 

shown).  All measurements were normalized to sample DNA content to account for cell 

number variation per sample. 
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5.2: Experimental findings 

5.2.1: Effects of static compression on energy metabolism of IVD cells 

In the current study, increased lactate production of AF cells at 15% static 

compression indicates that, at this strain level, there is a significant increase in ATP 

production via lactic acid pathway.  In our study, although not statistically significant, 

glucose consumption does exhibit an increase due to static compression.  It is likely that 

this statistical insignificance is due to low sample number failing to produce a statistical 

significance.      

At higher static strain level (30%), increased glucose consumption was not 

followed by an increased lactate production in AF cells.  Lack of differences seen in NO 

production implies that ATP production via electron transport chain was not affected 

relative to control at 30% static compression.  Increase in glucose consumption and total 

ATP collectively advocate that ATP synthesis is promoted due to compression; however 

the path to this effect cannot be easily accounted for.  Few theories can be speculated to 

explain this observation.  For example, it is possible that at 30% compression, more 

pyruvate acid following glycolysis enters mitochondria and contributes to more ATP 

production.  It is important to note that pyruvate acid entering mitochondria can produce 

2 more ATP molecules in Krebs cycle by substrate-level phosphorylation (production of 

ATP by direct transfer of a phosphoryl (PO3) group from an intermediate metabolite to 

adenosine di-phosphate - ADP).  This pathway would result in increased ATP production 

without increasing lactate production.  Also in addition to ATP synthesis, glucose can be 

consumed for different cellular processes such as glycosaminoglycan (GAG) synthesis, 

which would not produce lactate as a byproduct further contributing to the discrepancy in 
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glucose consumption and lactate production correlation.  The explanations presented here 

however remain strictly hypothetical, and needs to be investigated in future experiments. 

Significant increase of lactate production in NP cells indicated that ATP 

production via lactic acid pathway is up-regulated at 15% static compression.  Increase in 

NO production seen due to 15% static compression might result in inhibition of 

mitochondrial respiration (i.e., reduction in mitochondrial ATP production).  As such, 

increased glucose consumption and lactate production may be a mechanism to 

compensate decreased ATP production in mitochondria, and to maintain cellular 

activities and maintain viability.  At 30% static strain level, similar elevation of NO 

production and glucose consumption was observed.  However lactate production was not 

affected at this strain level.  Similar to AF cells subjected to 30% static compression, this 

increase in glucose consumption and lack of subsequent increase in lactate production 

can be explained by the possibility of pyruvate acid entering mitochondria following 

glycolysis.  Taken as a whole, data suggests that under static compression (at tested 

culture conditions), NP ATP synthesis via electron transport is inhibited and is shifted to 

ATP production via substrate-level phosphorylation.  This would result in a decreased 

ATP yield per glucose molecule compared to control.  As such, increased glucose 

consumption does not guarantee increased ATP production relative to control (which will 

maintain its normal ATP production via oxidative phosphorylation).  This explanation is 

supported by the lack of differences observed in total ATP content between control and 

compressed groups.   

Previous studies have stated that AF cell response to mechanical loading was 

primarily strain magnitude dependent while NP cells were responsive to both strain 
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magnitude and frequency of loading [45,58].  Consistently, in our study, glucose 

consumption and lactate production of AF cells and lactate production and ATP release 

of NP cells exhibited strain dependency.   

Multiple studies have reported that cellular biosynthesis is optimum at 

physiological strain levels and tends to decrease outside this range [26,69].  A study 

conducted by Wang et al showed that cellular biosynthesis decreased with static 

compression but increased with dynamic compression [88].  Though not directly 

comparable due to differences in experimental protocols, our data illustrates that ATP 

production is affected by mechanical loading.  Among other factors, it is also possible 

that changes in cellular biosynthesis under compression are governed by energy supply to 

the cells.   

 

5.2.2: Effects of dynamic compression on energy metabolism of IVD cells 

Lactate production, glucose consumption and total ATP content of AF cells were 

increased relative to control by all tested dynamic frequencies.  This collectively 

indicates that dynamic compression promotes ATP production of AF cells via lactic acid 

pathway. 

Based on the findings in this study, it is apparent that energy metabolism of NP 

cells can be complicated compared to that of AF cells.  All dynamic loading frequencies 

exhibit an increase in NO production suggesting a possible inhibition in ATP synthesis 

via oxidative phosphorylation relative to control.  Increase in NO production at 1 Hz was 

significantly higher with respect to 0.1 Hz and 2 Hz indicating a possible elevated 

inhibition in ATP production at this frequency level relative to other dynamic loading 
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groups.  Lack of difference in lactate production at 1 Hz with respect to control suggests 

that the increased glucose consumption does not follow anaerobic respiration, and as 

suggested before might promote ATP production in mitochondria.  Despite a possible 

inhibition in ATP synthesis by NO, net ATP production of NP cells was up regulated by 

dynamic loading at 1 Hz.   

0.1 Hz dynamic loading exhibited an increased lactate production which suggests 

that at this frequency, ATP production via lactic acid pathway was promoted in NP cells.  

Significant increase in NO production relative to control further suggests a possible 

inhibition of ATP production in mitochondria.  As mentioned previously, ATP yield per 

glucose molecule is much lower via lactic acid pathway than that via mitochondria.  

Thus, this decrease in ATP yield could explain the lack of difference in total ATP content 

relative to control.  Although glucose consumption was increased at this frequency, this 

increase was not statistically significant.  As such, we are unable to statistically account 

for glucose molecules contributing to the production of lactate.  It is possible however, 

that lack of significance is directly linked to low sample number. 

2 Hz dynamic loading did not produce statistically significant differences in 

glucose consumption, lactate production or total ATP in NP cells relative to control.  

However, NO production and ATP release were significantly up-regulated at this 

dynamic frequency. 

Overall, this study clearly demonstrates that dynamic loading affects energy 

metabolism of IVD cells.  While ATP production of AF cells was promoted by all tested 

frequencies, significant increase in ATP production of NP cells was only seen at 1 Hz 

dynamic frequency.  This observation is consistent with a previous study conducted by 
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Maclean et al. where in vivo dynamic compression of discs showed that AF cellular 

response was primarily dependent on magnitude than frequency, and NP cells were 

sensitive to both loading amplitude and frequency [58].  The differential response 

between cell types can be attributed to their intrinsic differences which are adaptations to 

their unique environment and functionality.  Furthermore, this data presents an 

interaction between loading frequency and magnitude.  Similar interaction was reported 

by Maclean et al. for AF cells [58].  However, in that study, dynamic compression 

stimulated a catabolic response in AF cells at their tested conditions.  Wang et al. 

subjected rabbit IVD explants to dynamic loading at two strain levels [88].  In that study 

both cell types showed an anabolic response to dynamic loading with possible 

interactions due to loading parameters.  Another study conducted by Kasra et al examined 

the effects of dynamic hydrostatic pressure on rabbit IVD cells (AF cells - monolayer 

culturing; NP cells seeded in alginate constructs) [45].  Here collagen and protein 

metabolism was evaluated at a wide frequency range, 1 – 20 Hz at different magnitudes.  

They reported that at high amplitude and high frequency, collagen synthesis was 

promoted in AF cells but had no effect on proteases responsible for AF ECM breakdown; 

in NP cells however, in addition to increased biosynthesis, down regulation of 

degradation enzyme activity was also detected.  Additionally neither cell type was 

stimulated at low amplitude and frequencies.  It is apparent that direct comparisons 

between various studies are difficult due to significant amount of variables associated 

with each protocol.  However, overall, it can be said that cellular biosynthesis is regulated 

by mechanical loading and the net effect is highly dependent on loading parameters.  Our 

study illustrates that mechanical loading affects ATP production of IVD cells.  Thus the 



www.manaraa.com

 

  

 

76 

change in ATP production might be a governing factor for altered cellular biosynthesis 

under mechanical loading.  

 

5.2.3: ATP release due to mechanical loading 

In this study, higher dynamic loading frequencies (1, 2 Hz) exhibited a significant 

increase in ATP release from both AF and NP cells.  However, only NP cells exhibited 

frequency dependence in this response.  Additionally, NP cells under 30% static 

compression stimulated an increase in ATP release.  ATP released from AF cells was not 

responsive to static compression at either of the strain levels.  This data indicates that 

ATP release is up-regulated by higher dynamic compression frequencies and higher static 

strain magnitudes.  

ATP release due to mechanical stimulation has been observed in various cell 

types [27,50].  A study conducted by Graff et al showed that chondron pellets 

significantly up-regulated ATP release under mechanical stimulation but cells exhibited 

desensitization to continuous loading [19].  Another study conducted on AF cells showed 

maximum ATP release after 10 min and 30 min of continued vibratory loading for human 

and rat cells respectively [90].  Similarly to Graff et al, Yamazaki et al study found that 

continued mechanical stimulation results in below control ATP levels.  However, it is 

important to note that the above mentioned studies were conducted at different culture 

conditions (pellet culture, monolayer culture respectively) which may contribute to the 

final response.  Additionally, these studies allowed longer culture periods to promote 

extracellular matrix build up. 
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The physiological role of ATP release due to mechanical stimulation was not 

evaluated in this study.  However, studies have shown that extracellular ATP and its 

metabolites are able to regulate cellular biosynthesis [13,16,19,64].  Additionally, studies 

have shown that inorganic pyrophosphate (PPi), an ATP metabolite is able to induce 

cartilage calcification [31,43,78].  Though may not be its primary function, ATP release 

in response to various mechanical stimulations of the spine, may inadvertently promote 

calcification of the cartilaginous end plate over time.  As such, this may be a primary 

pathway for age dependent CEP calcification and subsequent disc degeneration due to 

resulting decreased nutrient supply.   

ATP at increased extracellular concentrations have also been implicated in 

activating nociceptive nerves [14,15].  Although avascular and aneural in healthy adult 

disc, nerve in-growth and vasculature occurs with degeneration [18].  While a high 

extracellular ATP concentration is required for this stimulation, this threshold can be 

decreased if the microenvironment acidifies [53].  Accumulation of lactic acid could 

occur in degenerated discs due to decreased tissue diffusivity providing the necessary 

conditions to stimulate pain nerves within the degenerated discs.  As such, this may 

provide a link between sensation of low back pain and disc degeneration.  Additionally, 

intracellular ATP concentration is approximately 1000-fold higher compared to 

extracellular ATP [17].  Cell death which may occur due to high impact loading and 

during disc degeneration will result in significant increase in extracellular ATP and 

further contribute to activation of pain receptors.                        
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5.2.3: NO production due to mechanical loading 

Static and dynamic loading of NP cells significantly up regulated NO production.  

NO production of AF cells was increased by higher dynamic frequencies (1 Hz and 2 Hz) 

but not by static compression or 0.1 Hz dynamic frequency.  These data clearly 

demonstrate that mechanical stimulation affects NO production in IVD cells and further 

that these cells are affected differently.  

Contrary to the down regulation of NO production observed in dynamic 

compression of bovine chondrocytes conducted by Lee et al. [51], in our study, NO 

production was either up regulated or unaffected by mechanical loading.  This variation 

in response can be attributed to intrinsic differences between chondrocytes, AF and NP 

cell types.  Significant difference in the experiment duration, 4 h vs. 48 h, might also 

have an effect on the final concentrations and as such conclusions.  Furthermore, 

mechanically stimulated NO production of chondrocytes is considered to be regulated by 

a purinergic pathway [13].  Though not conclusive due to lack of inhibition testing, our 

data display a significant correlation between NO production and ATP release due to 

mechanical stimulation.    Thus further investigations must be conducted to identify the 

physiological significance of this observation. 

Tomita et al. evaluated the effects of NO on energy metabolism on articular 

chondrocytes at oxygen tensions 5% and 20% [83].  They concluded that respiration and 

ATP synthesis was inhibited by NO and increase in extracellular NO concentration 

enhanced glucose consumption and lactate production.  Although our data are explained 

with the hypothesis that under tested conditions, NP cells primarily utilize mitochondrial 
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respiration for ATP production, further experiments with complete inhibition of 

mitochondrial respiration are required to prove this hypothesis.  

 

5.2.3: Differential response of AF and NP cells under mechanical loading 

At control and all tested conditions glucose consumption and lactate production of 

NP cells were significantly lower to that to AF cells.  However, total ATP cell content 

remained significantly higher in NP cells for control and all experiment groups.  

Collectively this finding suggests that at performed culture conditions (25mM glucose 

DMEM; 20% O2), NP cell ATP synthesis was dominated by mitochondrial respiration.  

A study conducted by Huang et al demonstrated that oxygen consumption of NP cells 

was significantly higher to that of AF cells [35].  A similar observation was made by 

Ishihara et al, in which increased oxygen tension decreased lactate production of IVD 

discs [38].  In the current study, although significantly lower, NP cells exhibited lactate 

production in the range of 41% - 69% relative to AF cells.  This indicates that ATP 

production of NP cells in not exclusive to aerobic respiration.  Relatively lower NO 

production in NP cells observed throughout all experiment groups could possibly be due 

to tight regulation of NO production in NP cells to retain aerobic respiration.  

Additionally it should be noted, that the immature NP cells used in our experiment is 

more similar to notochordal cells.  Thus, mature NP cells might respond differently to 

these mechanical stimulations.  Furthermore, higher NO production observed in AF cells 

might limit (or prevent) ATP synthesis via mitochondrial respiration which could explain 

relatively lower ATP synthesis in AF cells.   
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There were no significant differences in ATP release between AF and NP cells at 

control and 1 Hz culture conditions.  NP cell ATP release was significantly higher to 

those of AF cells under static compression (15% and 30%) and 2 Hz dynamic loading.  

0.1 Hz dynamic compression however exhibited a reversed response in which AF cells 

released more ATP relative to NP cells.  Overall, this finding suggests with the exception 

of low dynamic loading frequency, NP cells have a significantly higher contribution to 

extracellular ATP concentrations than AF cells.  The physiological significance of this 

effect remains to be investigated.  However, as mentioned previously, chondrocytes 

studies have illustrated the effects of extracellular ATP on cartilage calcification.  As 

such, the permeable region of CEP which calcifies with aging maybe initiated by ATP 

released from IVD cells.  Furthermore, these observations collectively highlight the 

intrinsic differences in AF and NP cells and their differential cellular responses based on 

applied stimulation. 

 

5.3 Experiment limitations 

The present study was conducted to evaluate the effects of various mechanical 

loading parameters on energy metabolism of IVD cells.  It is apparent based on numerous 

studies cited here, that cellular response is affected by mechanical stimulation, yet the 

exact reaction is significantly affected by the loading regimen.  Therefore direct 

comparison among various studies is difficult due to different loading parameters (strain 

level, loading type and duration) and experimental protocols (tissue, explants and cells) 

which in combination will produce differential responses.   
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A recent study demonstrated that osmolarity of tissue/culture system has a 

significant impact on cellular response to mechanical stimulation [86].  Additionally, a 

study conducted on effects of oxygen tension on NO production showed that biological 

effects of NO was more pronounced at, low or in vivo oxygen tensions.  Our study was 

conducted at iso-osmolar conditions at 21% oxygen tension in 25 mM glucose 

concentrations.  Further investigations simulating in vivo osmolarity, glucose and oxygen 

tensions will provide us data that is more comparable to in vivo cellular responses.  
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Chapter 6: CONCLUSION AND FUTURE WORK 

Previous studies have investigated the effects of mechanical loading on IVD 

biosynthesis.  This is the first study to evaluate the effects of static compressive 

mechanical loading and multiple compressive dynamic loading frequencies on energy 

metabolism of IVD cells.  Here we report that IVD cell energy metabolism is altered by 

mechanical loading.  ATP production of AF Cells was promoted at all tested 

compressions (dynamic and static).  However, increased ATP production of NP cells was 

only detected at 1 Hz.  Furthermore, the data indicates that IVD cells respond differently 

to the same mechanical stimulation highlighting its intrinsic differences.  Additionally, 

comparison between AF and NP cells strongly suggests that NP cells utilize aerobic 

respiration as a major part of its energy production pathway. 

In future studies, protein synthesis must also be evaluated under mechanical 

loading to confirm that increased energy production is utilized for cellular biosynthesis 

activities.  Given this study was conducted at 21% O2 in 25 mM glucose, in vivo cellular 

response may differ from the observations in this study.  Thus future studies must 

evaluate the effects of mechanical loading in culture condition parameters that mimic in 

vivo conditions.  Additionally, NP cells used in this study are notochordal (immature) 

cells.  Therefore, future studies must evaluate the effects of mechanical loading on 

mature NP cells, which is likely to respond differently.     

Significant increase in ATP release due to mechanical loading was observed in 

this study.  Previous studies on chondrocytes have reported that extracellular ATP affects 

extracellular matrix synthesis and cartilage calcification.  Therefore, future studies will be 

conducted to evaluate if extracellular ATP has a similar effects on IVD tissue.
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