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Extracellular adenosine triphosphate (ATP) released from cells can mediate a 

diverse number of biological responses, such as cell secretion, inflammation, and immune 

reactions through signaling pathways. According to Wang et al. (2013), the extracellular 

ATP concentration has been measured to accumulate to a high level in the nucleus pulposus 

(NP) region in the intervertebral disc (IVD), approximately 165 μM. Since extracellular 

ATP is involved in a variety of cellular activities, the role of ATP distribution and 

accumulation in the IVD should be investigated. The objective of this study is to examine 

the effects of mechanical compression on the distribution of extracellular ATP and its 

adenine derivatives in the IVD using triphasic mechano-electrochemical theory. This 

theory describes the mechanical behavior and transport phenomena of charged hydrated 

soft tissue such as the IVD.  Michaelis-Menten kinetics was used to model ATP hydrolysis 

and incorporated into a finite element model.  

Experiments were performed to measure Michaelis-Menten parameters of annulus 

fibrosus (AF) and NP cells. Results of the ATP hydrolysis experiments show that the 

maximum reaction velocity, Vmax, for AF cells is significantly greater than the value for 

NP cells. Thus, the extracellular ATP hydrolysis rate for AF cells could be significantly 

greater than the rate for NP cells. By comparing the results with the findings reported by 



Wang et al. (2013), the theoretical analysis indicated that mechanical loading may promote 

ATP hydrolysis and induce an intrinsic cellular response. Based on a finite element model, 

this study simulates the distribution of extracellular ATP and its adenine derivatives in the 

IVD under mechanical loading.  
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Chapter 1—Introduction 
 
 

Lower back pain is a major economic burden in the United States, with a lifetime 

prevalence estimated to be 80-90% of the population. It may be associated with disc 

degeneration of the intervertebral disc (IVD), which occurs due to mechanical factors and 

a loss of nutrient supply. Understanding the cause of disc degeneration could eventually 

lead to a treatment for alleviating lower back pain. 

1.1 Structure and Function of the IVD 

 
The IVD is an inhomogeneous and anisotropic soft tissue that lies between adjacent 

vertebrae in the spine. Because it is the largest avascular tissue in the human body, diffusion 

is the primary mode of nutrient transport. The main function of the IVD is to transfer loads 

and permit proper spinal movement  (1). 

Three distinct anatomical regions exist: nucleus pulposus (NP), annulus fibrosus 

(AF), and cartilaginous endplate (CEP) (Figure 1-1). NP tissue is located in the central 

portion of the disc, and it is composed of chondrocytic cells, collagen fibrils, and 

proteoglycans. Negatively charged proteoglycans attract water molecules, producing a 

swelling pressure found in the center of the IVD. As a result, the water content in NP tissue 

is higher than AF tissue. Moreover, the NP region contains collagen fibers with random 

orientation. 

AF tissue composition is significantly different from NP tissue (Figure 1-2). AF 

tissue is made of 15-25 distinct layers of collagen fiber lamellae organized into concentric 

rings around the NP (2). This structure allows it to resist tensile forces during spinal 

movement. In addition, it contains mostly type I collagen with a relatively low 
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proteoglycan and water content. Differences in metabolism also exist between AF and NP 

cells. For example, NP has a lower collagen content than AF but higher proteoglycan 

content. The CEP is a thin layer of hyaline cartilage (1 mm thick) and forms an interface 

between the disc vertebral body (3).  

 

Figure 1-1: Structure of the IVD. The nucleus pulposus (NP), annulus fibrosus (AF), and 
cartilaginous endplate (CEP) are three main regions of the IVD. (A) The mid-sagittal 
view and (B) three-dimensional cross section are shown (4). 

 
Due to the avascular nature of the IVD, nutrients such as glucose are supplied to 

the disc's cells almost entirely by diffusion. Since nutrients must be transported through the 

tissue, concentration gradients can develop and are dependent upon the supply of nutrients, 

the rate of nutrient transport through the IVD extracellular matrix (ECM), and the rate of 

cellular metabolism by disc cells (5). Convective transport, caused by load-induced fluid 

movement in and out of the disc, is another mechanism of transport for some nutrients (6). 

However, convection may not be a significant factor for small solutes (7). Blood vessels 

on the edge of the IVD provide nutrition to the outer AF, while the NP receives nutrients 

that diffuse through the endplate from the blood supply of the vertebrae (8). As a person 
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ages, the endplate calcifies and facilitates development of disc degeneration by restricting 

nutrient transport. 

 

Figure 1-2: Image of IVD. Transverse plane view of porcine intervertebral disc. 

 
A previous study by Wang et al. (2013) reported a high accumulation of 

extracellular adenosine triphosphate (ATP) in the NP region of the IVD (165 µM) (9). It is 

a significant finding that needs to be further investigated because extracellular ATP 

accumulating in avascular tissue may have an important effect on IVD cell function.  

1.2 Function of ATP and Adenine Derivatives 

 
 The ATP molecule is a nucleoside triphosphate that is involved in intracellular 

energy transfer (Figure 1-3). Because ATP is present in nearly every cell of the body, it is 

an important molecule that is involved in the energetics of nearly all cellular activities. For 

example, IVD cells consume glucose and oxygen in order to produce intracellular ATP and 

provide energy for extracellular matrix (ECM) synthesis. In contrast, extracellular ATP 

released from cells can mediate a diverse number of biological responses, such as cell 

secretion, inflammation, and immune reactions through signaling pathways (10). 
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Extracellular ATP is known to regulate cell metabolism and growth through purinergic 

signal pathways, via P2 receptors (11). These receptors are categorized into two main 

types: G-protein coupled or ligand-gated. After binding purinergic receptors, extracellular 

ATP may act as a mediator to activate the purinergic pathway. ATP can be hydrolyzed into 

adenosine diphosphate (ADP), which modulates cellular responses (i.e. proliferation, 

growth) via purinergic P2Y receptors (12, 13).   

In vivo, ATP exists as a neutral molecule because negative charges on the phosphate 

groups of ATP are electrostatically stabilized by a magnesium (Mg2+) ion. Moreover, ATP 

must be bound to a magnesium ion to be biologically active and be hydrolyzed at a 

significant rate (14) (15). 

NTPDase1, a member of the ENTPDase family of eight ecto-enzymes, is known to 

hydrolyze extracellular nucleoside tri- and/or diphosphates such as ATP directly to 

adenosine monophosphate (AMP)  (16). NTPDase2 has a high preference for ATP, while 

the hydrolysis of ATP by NTPDase3 and NTPDase8 may result in a transient accumulation 

of ADP (17). Extracellular ATP is hydrolyzed by ectonucleotidases such as NTPDase1, 

and releases inorganic pyrophosphates (PPi) and phosphates (Pi). Thus, pyrophosphates 

and phosphates may lead to calcium deposition in the IVD. Chondrocytes are known to 

express a specific ectoenzyme, nucleotide triphosphate pyrophosphohydrolase (NTPPPH) 

that directly degrades ATP to AMP and inorganic pyrophosphate (18). ATP hydrolysis 

releases chemical energy by breaking phosphoanhydride bonds to generate ADP and 

orthophosphate (Pi). The overall reaction results in more stable molecules by lowering the 

Gibbs free energy. ADP can be further hydrolyzed to form AMP and Pi, while AMP can be 

degraded into adenosine and Pi. ATP is reported to break down rapidly into adenosine in 
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the bloodstream by ectonucleotidases, and it may contain antinociceptive properties (19). 

In contrast to ATP, adenosine is known to act on P1 receptors and has anti-inflammatory 

properties (20). The accumulation of these adenine derivatives will be evaluated in this 

study to understand their distribution in the IVD. 

  

 

Figure 1-3: Structure of adenosine triphosphate (ATP) molecule (21). ATP contains three 
phosphate groups and an adenine attached to a ribose sugar. 

.  

Recently, Wang et al. (2013) found a high accumulation of extracellular ATP in the 

NP region and was measured to be approximately 165 μM. Due to the biological effects of 

extracellular ATP and its adenine derivatives, their distribution could exert a significant 

influence on IVD function and needs to be further investigated. 

1.3 Michaelis-Menten Kinetics 
 

The Michaelis-Menten equation has been applied to ATP hydrolysis in previous 

studies for various processes (22, 23). In this study, ATP hydrolysis is modeled by 

Michaelis-Menten kinetics and incorporated into a theoretical model. The Michaelis-

Menten model illustrates the kinetic properties of enzymes, which enhance the rate of 

reaction. The Michaelis-Menten equation is: 

MKS

SV
V




][

][max          (1-1) 
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where V is the reaction velocity, Vmax is the maximal velocity, [S] is the concentration of 

substrate, and KM is the Michaelis constant. V varies with the substrate concentration [S] in 

a hyperbolic curve until it reaches maxV  asymptotically (Figure 1-4). maxV  is the number of 

substrate molecules converted into product by an enzyme in a unit time when the enzyme 

is fully saturated with substrate. The kinetic parameters Vmax and KM can be graphically 

depicted below: 

 

Figure 1-4: Michaelis-Menten plot. A plot of the reaction velocity (V) as a function of the 
substrate concentration [S] for an enzyme that obeys Michaelis-Menten kinetics shows 
that the maximal velocity (Vmax) is approached asymptotically.  

 
KM is the Michaelis constant, which is equal to the substrate concentration at which 

the reaction rate is half its maximal value. For most enzymes, the value of KM is typically 

between 10-1 and 10-7 M. KM is a measure of the strength of the enzyme-substrate (ES) 

complex: a high KM indicates weak binding, while a low KM indicates strong binding.  

In a previous study, Huang et al. (2007) used the Michaelis-Menten equation to 

describe the association between oxygen consumption rate and concentration by IVD cells. 
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The rates differed significantly between NP and AF cells because glycolysis was the main 

pathway for ATP production in NP cells. Vmax and KM values between these two cell types 

may vary significantly for ATP hydrolysis.  

1.4 Mechanobiological Pathway 

 
Because the primary function of the IVD is to support physical loads, significant 

mechanical loading is exerted on the IVD. Mechanical loading can be generated at high 

magnitudes within the disc by fluid flow, hydrostatic pressure, deformation, or tension. 

Static compression at moderate levels (0.4 MPa) increased proteoglycan and collagen 

synthesis in explant cultures, while dynamic compression at low frequencies (0.01 Hz, 1 

MPa) applied to rodent IVD increased anabolic gene expression of type I and II collagen 

in NP cells (24-26). IVD cells also differ in response to mechanical stimuli according to 

cell origin, loading type, magnitude and duration  (27). Cells of the innermost NP and AF 

respond to low-to-moderate magnitudes of static compression, osmotic pressure, or 

hydrostatic pressure with increases in anabolic cell responses. Large hydrostatic pressures, 

but little volume change, may occur for NP cells in response to compressive loading. On 

the other hand, AF cells experience minimal tensile strains in response to tensile loading 

(27).  

A previous study investigated the effects of mechanical loading on IVD cells 

embedded in an agarose cylindrical construct in a bioreactor (28). Static and dynamic 

compressive loading on the cell-agarose construct increased total ATP content in AF cells, 

while NP cells increased total ATP content only during dynamic loading. The same study 

showed that mechanical loading affects IVD energy metabolism and depends on cell type 

and loading. A recent study also showed that mechanical loading altered extracellular ATP 
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accumulation in the IVD, indicating that mechanical compression may regulate 

extracellular ATP metabolism (9). Because previous studies have shown that extracellular 

ATP mediates ECM production of chondrocytes under mechanical loading, this effect may 

also apply to the IVD (29, 30). Therefore, an understanding of how mechanical loading 

affects extracellular ATP distribution and metabolism in the IVD may be important.  

1.5 Triphasic Mechano-Electrochemical Theory 

 
Due to the difficulty of investigating the transport of solutes and mechanical events 

in the IVD in vivo, theoretical modeling has served as a useful tool for examining solute 

transport and biomechanical behavior of the IVD. Several mathematical models have been 

developed to describe biomechanical behavior of soft tissues (31, 32). Snijders et al. (1992) 

developed a triphasic mixture model that did not consider chemical expansion stress (33). 

Another similar formulation was developed by Huyghe in 1997, who created a 

quadriphasic mixture model that included electrical fluxes and potential gradients (34).  

Among the theoretical frameworks that have been proposed to model soft tissues, 

one of them is biphasic theory that was formulated by Mow et al. (1980) to describe porous 

media as a continuum and consisting of an elastic solid matrix embedded in a fluid phase 

(35). Triphasic theory is an extension of biphasic theory by integrating ion concentration 

and electrical potential (36).  

In 1991, Lai et al. formulated the triphasic mechano-electrochemical theory for 

porous media, describing the mechanical behavior and transport phenomena of charged 

hydrated soft tissues (36). Proteoglycans are modeled as a negative charge density fixed to 

the solid matrix, and monovalent ions in the interstitial fluid are modeled as additional fluid 

phases. The triphasic mechano-electrochemical theory, based on a tertiary-mixture theory 
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and the laws of thermodynamics, has been successfully used to study the swelling, negative 

osmosis and osmotic pressure, transport of fluid and ions, and electrokinetic phenomena in 

charged hydrated tissues (37).  

Gu et al. (1998) extended the triphasic model by proposing a more general mixture 

theory to account for the presence of multiple electrolytes in tissues (38). It was developed 

into a comprehensive theory by describing mechanical properties, swelling, and passive 

transport of multi-electrolytes in the IVD (39-41). Next, Yao et al. (2003) created a 

theoretical model based on triphasic theory to study dynamic compression within cartilage. 

They applied triphasic theory to show that chemical, mechanical, and electrical signals may 

contribute to the response of cartilage to mechanical loading (42).  

Recently, the triphasic mixture theory incorporating cellular metabolic rates was 

able to describe the distribution of nutrients and metabolites in the IVD under the 

influences of mechanical loads and endplate calcification (43). The triphasic model has 

been used to analyze exogenous administration of IGF-1 (a potential treatment for disc 

degeneration) in the IVD via intradiscal injection (44). The mechano-electrochemical 

mixture model could also be used to examine the transport of extracellular ATP and its 

adenine derivatives in the IVD under the influence of mechanical loading. 

The mechano-electrochemical mixture model considers soft charged tissues such 

as the IVD as multiphasic. They consist of proteins such as proteoglycans, interstitial water, 

soluble electrolytes such as NaCl, and cell residing in the interstitial space (45). The IVD 

can be modeled using a triphasic finite element formulation of mechano-electrochemical 

theory. Since the theoretical model for investigating mechano-electrochemical behavior of 

soft hydrated tissue is complex, obtaining an analytical solution for boundary-value 
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problems is challenging. Thus, the finite element method is a useful numerical tool for 

handling complicated geometry and boundary conditions. A finite element formulation for 

triphasic theory has been developed by Sun et al. (1999) (45).  

The triphasic mechano-electrochemical theory is based on continuum mechanics 

and the second law of thermodynamics. It considers a charged hydrated soft tissue as a 

mixture consisting of: (a) an intrinsically incompressible, porous-permeable-charged solid 

phase, (b) an intrinsically incompressible interstitial fluid phase, and (c) ion phase with 

monovalent ion species, anion (-) and cation (+) (45). This mixture is affected by the 

electrochemical potential of the phases. According to triphasic theory, the gradients of the 

electrochemical potential drive mechanical deformation of the tissue and fluid flow. The 

foundation of the current finite element model is multiphasic mechano-electrochemical 

theory because it presents a comprehensive set of equations to describe biomechanical 

behavior of the IVD and considers many phases (i.e. water, solid, fluid) in porous media.  
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Chapter 2—Significance of Study 
 

2.1 Significance  

 
 As stated before, lower back pain is associated with disc degeneration. Cells 

consume nutrients in the IVD and use intracellular ATP as an energy source, while energy 

production may be a limiting factor for ECM synthesis in maintaining disc integrity. Thus, 

reduced nutrient supply may be a potential mechanism for disc degeneration (4, 9). 

However, the relationship between disc degeneration and extracellular ATP has not yet 

been elucidated.  

Recently, a previous study reported a high accumulation of extracellular ATP in the 

NP region of the IVD (9). Since ATP and its adenine derivatives can mediate a variety of 

cellular activities, the investigation of their distribution in the IVD could lead to significant 

findings. Therefore, the objective of this study is to analyze the distribution of extracellular 

ATP and its adenine derivatives in the IVD using the triphasic mechano-electrochemical 

model.  

2.2 Specific Aims 

In this study, a Michaelis-Menten kinetics model was used to account for the 

hydrolysis rates of ATP and its derivatives. In addition, the Michaelis-Menten parameters 

for NP and AF cells were determined from ATP hydrolysis experiments. The effects of 

mechanical compression on the distribution of extracellular ATP and its derivatives were 

also examined.  

Specific Aim 1: to develop a numerical tool that accounts for the consumption 

and production rates of extracellular ATP and its adenine derivatives. This tool is 
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useful because the accumulation of adenine derivatives in the IVD are difficult to measure 

in vivo, so a theoretical model can provide a prediction for concentration values. This study 

aims to contribute knowledge about these neutral solutes in order to further understand 

their function in the IVD.  

Specific Aim 2: to predict the effect of mechanical loading on ATP hydrolysis 

in the theoretical model. Previous experiments have shown that both static and dynamic 

compression significantly reduced extracellular ATP content in the NP region (9). The 

finite element model was implemented to correspond to the general range of measurements 

made by Wang et al. (2013). A simulation of mechanical compression was used to predict 

changes in the concentration of extracellular ATP and its adenine derivatives, which could 

affect\t the rate of ATP hydrolysis.
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Chapter 3—Materials and Methods 
 

3.1.1 Triphasic Mechano-Electrochemical Theory  

 
In this study, the IVD was modeled using triphasic mechano-electrochemical 

theory. In the model, the IVD consists of a solid phase (i.e. collagen and proteoglycan), 

fluid phase (i.e. water), sodium (Na+), chloride (Cl- ), and neutral solutes (i.e. ATP, ADP, 

AMP). Several multiphasic continuity equations are summarized below. First, conservation 

of mass requires each component the following: 

డఘ

డ௧
൅ div(ρv) = 0        (3-1) 

where ρ is the mass density, and v is the velocity of component. 

For negatively-charged tissue such as the IVD, Na+ and Cl- ion concentrations in tissue are 

related to the absolute value of the negative fixed charged density (cF) through the 

electroneutrality condition: 

c+ = c- + cF             (3-2) 

The net electrical charge is zero because both the FCD and electrolytes are present. 

Equation (3-2) is assumed to have a negatively solid matrix. 

3.1.2 Constitutive Equations 

 
For an isotropic hydrated charged mixture with infinitesimal deformation, the 

constitutive equations of triphasic theory are summarized below (45): 

 

Solid phase: σ ൌ  െ݌I ‐  ࡵ ܶࢉ ൅ ߣ௦݁I ൅ 2ߤ௦E       (3-3) 

Fluid Phase: ߤ௪ ൌ ଴ߤ
௪ ൅

ൣ௣ିோ்థ൫௖శା௖ష൯ା஻ೈ௘൧

ఘ೅
ೢ       (3-4) 
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Cation: ߤା ൌ ଴ߤ
ା ൅ ቀ

ோ்

ெశ
ቁ lnሺߛାܿ

ାሻ ൅ 
ி೎ట

ெశ
       (3-5) 

Anion: ିߤ ൌ ଴ߤ
ି ൅ ቀ

ோ்

ெష
ቁ lnሺିߛ ܿିሻ െ 

ி೎ట

ெష
       (3-6) 

Neutral Solute: ߤఈ ൌ ଴ߤ
ఈ ൅ ቀ

ோ்

ெഀ
ቁ lnሺߛఈܿ

ఈሻ       (3-7) 

In Equation (3-3), p is fluid pressure, ܶࢉ is the chemical expansion stress that is a function 

of ion concentration, ߣ௦ and ߤ௦are the Lame coefficients of the solid matrix, e is the trace 

of the strain tensor E: 

E ൌ
ଵ

ଶ
 ሺ࢛׏ ൅  ሻ          (3-8)்࢛׏

where u is the displacement of the solid matrix. 

In Equations (3-4) to (3-7), µβ is the reference chemical potential of the species (β= fluid 

phase w,+,-, α), R is the universal gas constant, T is the absolute temperature, ψ is the 

electrical potential, ߶ is the osmotic coefficient, ),,(   is the activity coefficient of the 

cation, anion, and neutral solute, respectively, and Bw is the inter-phase coupling 

coefficient. 

The modified electrochemical/chemical potential functions for fluid (w), Na+, Cl-, 

and neutral solutes are related to fluid pressure (p), electrical potential (ψ), and solute 

concentration (c+, c-, cα), according to Sun et al. (1999) (45): 

Fluid phase: e
RT

B
c W

WWW
Tw 


  )(c

RT

p

RT

)( 0 


      (3-9) 

                                                                            (3-10) 

                                                                            (3-11) 
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where e is the dilatation, Fc is the Faraday constant, w ,  , and   have a dimension of 

ion concentration.  is the neutral solute concentration (α = ATP, ADP, AMP). Assume 

Bw = 0, ψ = 0 and ),,(   = 1 in this model.  

The five primary Degrees of Freedom (DOFs) of the whole system are w ,  ,  ,  and 

solid displacement us. 

The governing equations include the balance of linear momentum for the mixture: 

0                   (3-13) 

The continuity equation of the mixture and ions are (36, 38, 45): 

0)(  Ws Jv          (3-14) 

                                                           (3-15) 

 
       (3-16) 

 

where σ is the total stress of the mixture, vs is the velocity of the solid phase, Jβ is the molar 

flux of the solute phase (β = w, +, -) relative to the solid phase, 
W is the tissue porosity 

defined as the ratio of water volume to total tissue volume, and cβ is the concentration (β = 

w, +, -). The continuity equation for neutral solutes in this model is: 





R )(

)(



 sw

W

vcJ
t

c
       (3-17) 

where ϕW is the osmotic coefficient of water, cα is the concentration of neutral solute (α = 

ATP, ADP, AMP), Jα is the molar flux of neutral solutes, and Rα is the hydrolysis or 

production rate of neutral solute. The continuity equation for neutral solutes follows the 

conservation of mass for each component in the mixture (Equation 3-17).  
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3.1.3 Michaelis-Menten Equations 

 
Michaelis-Menten equations were incorporated into multiphasic theory to analyze 

hydrolysis of ATP and its adenine derivatives in the IVD. Reactions governing hydrolysis 

of adenine derivatives are stated below: 

(1) 
iP  ADP  ATP          (3-18) 

(2) 
iP  AMP  ADP         (3-19) 

(3) 
iP  Adenosine  AMP         (3-20) 

(4) 
iPP  AMP  ATP         (3-21) 

Only one enzyme was assumed to catalyze each reaction for ATP, ADP, AMP, and 

other products. The following Michaelis-Menten equations were used to describe the 

kinetics of ATP hydrolysis:  

ATP

ATP

ATP

ATP

ATP
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       (3-22)
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      (3-24) 

      

where cα is the solute concentration (α = ATP, ADP, AMP), Vi and Ki are the maximum 

reaction velocity and Michaelis constant (i =1, 2, 3, 4), respectively, and JATP is the ATP 

release rate. The Michaelis-Menten parameters Vi and Ki in Equations (3-22) to (3-24) are 

numbered to correspond to Equations (3-18) to (3-21). 

 Governing equations in multiphasic theory follow the balance of linear momentum 

for the mixture and the conservation of mass for each phase. Tissue porosity and diffusivity 
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are several strain-dependent tissue properties in the model, which are critical parameters to 

consider when mechanical loading applies compressive strain on the tissue. Strain-

dependent permeability can limit the rate of stress transfer from fluid to the solid matrix 

(46). 

The flux for neutral solutes, Na+
, and Cl- are:  

 

Neutral: ܬ௥
ఈൌ ܪ଴ܿ௥

ఈ ܬ௥
௪ െ

஽ഀ

ுಲ ௞బ
 
థೢ௖ೝ

ഀ

ఌೝ
ഀ ௥ߝ௥׏

ఈ      (3-25) 

 

Cation: ܬ௥
ାൌ ܪ଴ܿ௥

ା ܬ௥
௪ െ

஽శ

ுಲ ௞బ
 
థೢ௖ೝ

శ

ఌೝ
శ ௥ߝ௥׏

ା       (3-26) 

 

Anion: ܬ௥
ିൌ ܪ଴ܿ௥

௥ܬ ି
௪ െ

஽ష

ுಲ ௞బ
 
థೢ௖ೝ

ష

ఌೝ
ష ௥ߝ௥׏

ି       (3-27)  

 
where ܪ଴is the hindrance factor of the solute for convection, ܪ஺ is the aggregate modulus, 

݇଴ is the basic scale of permeability, ߶௪is the tissue porosity, and ߝ௥
ఈ is the electrochemical 

potential of the solute. The convective and diffusive fluxes are represented in Equations 

(3-25) to (3-27). 

The hydrodynamic radius, rs, of each solute was calculated based on the Stokes-

Einstein equation (Table 3-1):  

s

b
0 r  6

Tk
D


            (3-28) 

where rs is the hydrodynamic radius, kb is the Boltzmann constant, T is the temperature, η 

is the solvent viscosity, and D0 is the diffusivity of the neutral solute in aqueous solution 

at 37°C )AMP ADP, ATP,(  . The equation can be solved in terms of rs, also known as 

the Stokes radius. 
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Table 3-1: Diffusivities of neutral solutes 

Solute D0 (m2/s) rs (nm) 

ATP 2.60 x 10-10 0.981 

ADP 3.09 x 10-10 0.825 

AMP 3.80 x 10-10 0.671 
 

Next, the hydrodynamic radius was used to estimate diffusivity and permeability of 

each solute. The hydraulic permeability k of the tissue was calculated based on the 

following constitutive equation (47): 

 ݇ ൌ ܽ ∗ ሺ
థೢ  

ଵିథೢ  
ሻ௡               (3-29) 

where a = 0.00339 and n = 0.24. The material constants a and n were previously determined 

for agarose gels and cartilaginous tissue (47). 

The dependence of solute diffusivity (Dα) on the tissue porosity is estimated by the 

following constitutive relationship derived by Gu et al. (2004) (48): 

Dα

D0
∝ ൌ  exp ሾ ‐ሺAሻ* ቀ

rs

√k
 ቁ
B
ሿ  (3-30) 

where A = 1.25, B = 0.681, ܦ଴
∝ is the diffusivity of the solute in aqueous solution, and k is 

the hydraulic permeability of the porous medium. The material constants, A and B, depend 

on the type of tissue and were previously determined for agarose gels and the IVD.  

Tissue porosity (߶௪ሻ is related to tissue dilatation, e, and the porosity at the reference 

configuration (i.e. at e = 0), in the following equation:  

߶௪ ൌ  
థబ
ೢା௘

ଵା௘
           (3-31) 

where ߶଴
௪ is the interstitial fluid volume fraction at the reference configuration. 
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The reference configuration is the hypertonic state, corresponding to infinite salt 

concentration. Therefore, in this model, intrinsic solute diffusivities and permeabilities are 

all strain-dependent tissue properties.       

3.2 Experimental Determination of V1 and K1 for Extracellular ATP Hydrolysis 

 
Michaelis-Menten parameters for V1 and K1 of extracellular ATP hydrolysis have 

not yet been measured in the IVD. Thus, experimental values were determined and 

implemented into the theoretical model. The experimental method is described next.  

IVD cells were first isolated from porcine lumbar discs. Adult pigs were obtained 

from a local slaughter house and dissected approximately within 2 h of sacrifice. The spines 

were extracted using bone cutting forceps and surgical scalpels. After removing excess 

tissue around the spine, they were rinsed in phosphate-buffered saline (PBS) containing 

10% antibiotic-antimycotic (Invitrogen Corp.) several times. Then the spines were moved 

to a biological safety cabinet for dissection. To open each disc, a scalpel was cut through 

the center of the outer AF to the inner NF region. Discs were exposed by making a 

transverse cut on either the superior or inferior margin. Then NP and outer AF tissues were 

carefully harvested from the discs without removing the endplate. Outer AF tissue and 

inner NP tissue were independently isolated using scalpels and tweezers, respectively. AF 

tissue was finely chopped to expedite tissue digestion. Cells were released from AF and 

NP tissues by enzyme digestion in high glucose (25 mmol/L) Dulbecco’s Modified Eagle 

Medium (DMEM; Invitrogen Corp., Carlsbad, CA) supplemented with 10% fetal bovine 

serum (FBS; Invitrogen Corp.) and 1% antibiotic-antimycotic (Invitrogen Corp.) for 24 

hours. The enzyme solution contained 0.5 mg/mL collagenase and 0.3 mg/mL protease for 

NP and AF tissues. After the digestions were filtered by a sterile 70-µm cell strainer (BD 
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Biosciences, Bedford, MA), cells were recovered by centrifugation and then resuspended 

in high-glucose DMEM containing 10% FBS and 1% antibiotic-antimycotic.  

Next, cells were encapsulated in 2% agarose discs (8 mm in diameter, 1 mm thick) 

at a density of 1x106 cells/disc. Three-dimensional agarose culture has been reported to 

maintain the phenotype of IVD cells (49). The agarose discs were plated in high-glucose 

DMEM containing 10% FBS and 1% antibiotic-antimycotic at 37°C. 

For NP and AF cells, two different concentrations of ATP were injected into 

custom-made chambers. A range of ATP concentrations were tested to find the optimal 

concentration for each cell type. First, a 1 mM ATP stock solution made from lyophilized 

ATP sodium salt hydrate (Sigma) was diluted in serum-free DMEM to the desired 

concentration that resulted in an ATP concentration that is hydrolyzed by the IVD cell 

nearly to zero at t = 4 hr, i.e. 10 µM for NP cells and 150 µM for AF cells. Next, it was 

sterile filtered and mixed with the appropriate volume of serum-free DMEM, 600 µL of 

media overall, in an Eppendorf tube to produce the desired ATP concentration. Then the 

medium was transferred to the chamber.  

 Next, the cell-agarose disc was cut into small pieces on a clean glass slide, about 

1 mm cubes, to minimize the concentration gradient of oxygen within the agarose gel. Then 

it was added to the chamber filled with 600 µL of serum-free DMEM and ATP. It was 

placed on the magnetic stirrer for 5 minutes to facilitate cellular adaptation to the new 

medium (Figure 3-1). Then the chamber was placed inside an incubator at 37°C in 5% CO2. 

The negative control consisted of an agarose disc placed into a chamber with serum-free 

DMEM without ATP injection. Three sample chambers (n = 3) were prepared to mitigate 

sample-to-sample variability. 
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Figure 3-1: Schematic of ATP hydrolysis experiment. 600 µL of serum-free DMEM and 
ATP were added to a chamber. The agarose disc was cut into small cubes, and a stirring 
bar was placed into the chamber to create a homogenous mixture.  

 

At each time point (1/12 h, 1 h, 2 h, 3 h, 4 h), 5 µL of media was removed every 

hour and diluted in 95 µL DMEM (1:20 dilution). A small volume was chosen because a 

lack of normalization would be justified when the vast majority of the original media 

volume was present at the end of the assay (95.8%).  Then a 1:1 ratio of ATP stabilizing 

solution was added (1:40 dilution overall). Samples were boiled for 2 min to release ATP 

into the culture media. All samples were stored at -80°C until they were tested using the 

ATP bioluminescence assay. 

 For the ATP bioluminescence assay, extracellular ATP measurements were 

performed using the Luciferin-luciferase method (Sigma) (50) (51). Serum-free DMEM 

was used to prepare a standard curve, which is a linear curve created from standard 

concentrations. Since FBS may contain nucleotidase activity that can hydrolyze ATP, only 

DMEM without any supplements could be used (52). When necessary, extracellular ATP 

samples were diluted in serum-free DMEM to lower the luminescence value to the range 
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of the standard curve, 10 nM to 100 nM. The final concentration was calculated from the 

standard curve that provided a conversion factor between concentration and luminescence.  

Next, experimental data of ATP concentrations were calculated and plotted against 

time. The Michaelis-Menten equation describing the association between ATP hydrolysis 

rate and ATP concentration is (6): 


CK

CV
R

dt

dC

M 
 max

0         (3-32) 

where R0 is the solute hydrolysis rate, t is time, C is the solute concentration and ρ is the 

cell density. 

The analytical solution of the governing equation (3-32) is: 

ݐ ൌ
௄ಾ 

௏೘ೌೣ ఘ
ln 

஼బ 

஼
൅

஼బି஼

௏೘ೌೣ ఘ
൅  ଴         (3-33)ݐ

where C0 is the initial concentration of solute at the initial time point t0. Then Michaelis-

Menten parameters V1 and K1 were determined by curve fitting of experimental data with 

Equation (3-33) using MATLAB (Mathworks, Natick, MA). 

3.3.1 Numerical Implementation of Finite Element Analysis  

 
 A finite element method (FEM) formulation is constructed using the standard 

Galerkin weighted residual method. A Newton-Raphson iterative procedure is used to 

calculate nonlinear terms in the equations. The FEM formulation, employing the weak 

form, was developed by Sun et al. (1999) and is given by (45): 

׬ w ∙ ׏ ∙  ߪ ݀Ω ൌ 0
଴

ஐ
         (3-34) 

׬ ׏ሺଵሻሾݓ ∙ ሺv௦ ൅ JWሻሿ ݀Ω ൌ 0
଴

ஐ
        (3-35)  

׬ ሺଶሻሾݓ
డ൫థೈ௖శ൯

డ௧
൅ ׏ ∙ ሺܬା 

଴

ஐ
൅ ߶ௐܿାvsሻሿ ݀Ω ൌ 0     (3-36) 
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׬ ሺଷሻሾݓ
డ൫థೈ௖ష൯

డ௧
൅ ׏ ∙ ሺିܬ 

଴

ஐ
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׬ ሺସሻሾݓ
డ൫థೈ௖ഀ൯

డ௧
൅ ׏ ∙ ሺܬఈ 

଴

ஐ
൅ ߶ௐܿఈvsሻ െ ܴఈሿ ݀Ω ൌ 0      (3-38)  

 

where the vector w and scalar functions w(1)
, w(2), w(3), w(4) are arbitrary admissible 

weighting functions for the governing equations. 

The weak formulation of multiphasic theory after applying divergence theorem is:   

׬ trሾ
଴

ஐ
ሺ׏wሻ் ∙ ሿ ݀Ωߪ ൌ ׬ w ∙ ∗ܜ

଴

୻
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where w is the arbitrary weighting function and t* is the traction on the boundary of the 

tissue and * represents quantities on the tissue boundary.  
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Using the finite element software COMSOL (COMSOL, 4.3a, Burlington, MA), a 

two-dimensional model of the IVD was assumed to be axisymmetric with the geometry 

only representing the top right quadrant of the disc (Figure 3-2). It was modeled with a 

mesh composed of 584 quadrilateral elements (Figure 3-3). 

 

 

 

 

 

 
Figure 3-2: Computational domain of IVD. Geometrical symmetry of the disc justifies 
modeling of only the top right quadrant of the IVD. The finite element model is assumed 
to be axisymmetric. 

 

Figure 3-3: Schematic of upper right quadrant of IVD. The IVD is assumed to be 
axisymmetric in the finite element model (43). 

 
The convergence criterion was a relative error tolerance of less than 10-6. Three neutral 

solutes (ATP, ADP, AMP), sodium (Na+), and chloride (Cl-) were considered in this model. 

ATP and its adenine derivatives are assumed to exhibit no coupling effect with these ions. 

Charged ions are necessary for balancing the fixed negative charge on the solid matrix. 

Michaelis-Menten parameters were normalized with respect to the solute concentration, 

which corresponds to the blood supply at the AF edge of the IVD, (Table 3-2) (53, 54). 

z 

r 
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The AMP concentration in the blood supply is not reported in the literature, but it is 

estimated to be approximately equal to the ADP concentration. Nondimensionalization 

also converts parameters to unitless quantities to make relative comparisons possible 

between different solutes. 

 

Table 3-2: Plasma concentration of ATP, ADP, and AMP for normalization 

Solute Plasma Concentration (µM) 
ATP (53) 1 
ADP (54) 0.13 
AMP* 0.13* 
 
*The AMP plasma concentration is not reported in the literature, but it is estimated to be 
nearly equal to ADP concentration. 
 
 
The following are definitions of the major non-dimensional quantities: 
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M

AA




   (3-44) 

where 0k  is the reference permeability, which was chosen to be 5 x 10-16 m4/Ns, 
*
AH  is 

the reference equilibrium modulus, and *c  is the reference concentration of the neutral 

solute (α = ATP, ADP, and AMP). 

3.3.2 Boundary Conditions 

 
The symmetry of the computational domain results in the following boundary 

conditions (Table 3-3): 
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Table 3-3: Specific boundary conditions of finite element analysis 

At the AF edge (lateral surface of AF) 
 

 
At the mid-height (z = 0) 

0 ,0u

0

rzz 





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At the disc center (r = 0) 
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0
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
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At endplate (z = h) 
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zu = 0      no compression 

zu = 0u       under static compression   

)2sin(10 ftuuuz       under dynamic compression 

 
 

3.3.3 Determination of Vmax and KM  Based on Chondrocytes 

 

In the literature, Michaelis-Menten parameters for hydrolysis of ADP and AMP 

(V2, K2, V3, K3) were not available for the IVD. Since AF were considered to be 

metabolically similar to chondrocytes, these parameters were derived from hydrolysis data 

of ADP and AMP in a previous chondrocyte study by Hatori et al. (1995) (55). The 

theoretical curve fitting was performed on experimental data with Equation (3-33) using 

μM13.0cc

μM 1 c

M 0.15   c  c

AMPADP

ATP

NaCl-










27 
 

 
 

MATLAB (Mathworks, Natick, MA) to yield Vmax and KM for the hydrolysis of ADP and 

AMP (55). 

3.3.4  Dynamic Compression and Implementation of Experimental Data 

 
Next, V1 and K1 values calculated from the ATP hydrolysis experiment were 

implemented into the theoretical model (Table 3-4). Michaelis-Menten parameters for 

adenine derivatives (ADP, AMP) were derived from Hatori et al. (1995) (55). Then 

parametric analysis was performed to evaluate the value of JATP based on the extracellular 

ATP accumulation (i.e. 166 µM) observed by Wang et al. (2013) (9).  

  
 
Table 3-4: Parameters used for dynamic compression. Experimental data for V1 and K1 
were input into the theoretical model. Data for V2 and V3 were derived from Hatori et al. 
(1995). 
 
Parameter  Value  Source 

V1, NP   0.00659 mmol/sec*m3  Current study 

V1, AF   0.0143  mmol/sec*m3  Current study 

        

V2, NP   2.4 X 10‐2 mmol/sec*m3  Hatori et al. (1995)  

V2, AF   5.4 X 10‐2 mmol/sec*m3  Hatori et al. (1995)  

       

V3, NP   3.72 X 104 mmol/sec*m3  Hatori et al. (1995)  

V3, AF  8.37 x 104 mmol/sec*m3  Hatori et al. (1995)  

       

K 1, AF  14.144 µM  Current study 

K 1, NP  3.925 µM   Current study 

K 2  38 µM  Hatori et al. (1995)  

K 3  2.26 X 104 μM  Hatori et al. (1995)  

 

Numerical analysis of dynamic compression was incorporated into the model to 

simulate daily physical loading, which could predict changes in extracellular ATP 

distribution during mechanical compression. Then the transport and distribution of 
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extracellular ATP in the IVD under three loading configurations were analyzed: no 

compression, static compression, dynamic compression (Figure 3-4). First, the IVD was 

subject to prescribed boundary conditions without compression. During static 

compression, the disc was compressed between two endplates with a constant displacement 

until equilibrium was reached. The initial strain was 10%. For dynamic compression, the 

equilibrium state of static compression was used as the initial condition, and then the disc 

was compressed with a sinusoidal displacement with a strain of 5% and frequency f = 0.05 

Hz. The number of time steps per cycle was 10. The endplate region adjacent to the AF 

was assumed to be calcified, so it was modeled as impermeable to solutes. A mesh of 584 

second-order quadrilateral elements was used to analyze the two-dimensional model of the 

disc.  
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Figure 3-4: Displacement boundary condition for dynamic compression of the IVD. An 
initial strain of 10% was applied for the static case (t = t0), and a sinusoidal function with 
5% strain was applied for the dynamic case. For dynamic compression (t= t1), 360 cycles 
were run and each cycle was 20 s for a total time of 2 hr. 
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Chapter 4—Results 
 

4.1 Michaelis-Menten Parameters of IVD Cells 

 
The value of Michaelis-Menten parameters, V1 and K1, differed significantly 

between NP and AF cells. Moreover, a significant difference in luminescence was observed 

between samples and negative control. The negative control resulted in negligible ATP 

concentration that remained relatively constant over 4 hours. ATP hydrolysis of NP and 

AF cells were measured using various concentrations of injected ATP, 10 µM for NP cells 

and 150 µM for AF cells. For NP cells, the optimal concentration was significantly lower 

than AF cells in order to result in an ATP hydrolysis rate with minimal ATP concentration 

at the last time point (Figure 4-1 and 4-2).  

Experimental values of the Michaelis-Menten parameters for AF and NP cells were 

calculated. The mean value of V1 for AF cells (n = 3) was 0.0143 ± 0.00990 mmol/s*m3, 

and the mean V1 for NP cells (n = 3) was 0.00659 ± 0.00677 mmol/s*m3 (Figure 4-3 and 

4-4). The mean value of K1 for AF cells (n = 3) was 14.144 ± 9.452 µM, and the mean K1 

for NP cells (n = 3) was 3.925 ± 4.290 µM. 
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Figure 4-1: ATP hydrolysis experiment for NP cells. After 4 hours, nearly all extracellular 
ATP is hydrolyzed. Curve fitting was used to calculate V1 and K1. 
 

 
Figure 4-2. ATP hydrolysis experiment for AF cells. The result of the ATP hydrolysis 
experiment for AF cells shows that the V1 for AF cells is greater than that of NP cells. 
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Figure 4-3: Data for V1 from NP and AF cells in ATP hydrolysis experiment. V1 is the 
maximum velocity of ATP and calculated by curve fitting, showing that the V1 for AF cells 
is 53.9% higher than NP cells. 
 

 

Figure 4-4: Data for K1 from NP and AF cells in ATP hydrolysis experiment. K1 is the 
Michaelis constant for ATP and is calculated by curve fitting.
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4.2 Concentration of Extracellular ATP and Adenine Derivatives 

 
Because data for the ATP release rate JATP in the IVD was unavailable in the 

literature, a parametric analysis was performed to evaluate JATP. JATP was assumed to be 

close to the value of V1 (0.00659 mmol/sec*m3). Three values of JATP (V1, 2* V1, 4 * V1) 

were evaluated (Figure 4-1). With JATP = 2* V1, the finite element model resulted in an 

extracellular ATP concentration accumulating to about 165 µM in the NP region and 10 

µM in the AF region, which are comparable to the results reported in the study by Wang 

et al. (2013) (Figure 4-5). In the absence of mechanical loading, the maximum ADP 

concentration was 13.6 µM (Figure 4-7) and the maximum AMP concentration was 125.5 

µM (Figure 4-8).  
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Figure 4-5: Parametric analysis of release rate JATP for extracellular ATP distribution. The 
extracellular ATP distribution after mechanical compression was plotted using different 
adjustment factors of JATP. The optimal JATP is about 2 times the original value to result in 
an ATP distribution that falls within the range measured by Wang et al. (2013). The 
concentration gradient of ATP along the r axis increases as J ATP increases. 

 

Using chondrocyte data from Hatori et al. (1995), Vmax and KM were calculated by 

theoretical curve fitting (Table 4-1). V1 is the maximum velocity for the hydrolysis of ATP 

into ADP and Pi, and V2 refers to ADP hydrolyzed to AMP and Pi, and V3 refers to AMP 

hydrolyzed to adenosine and Pi.  
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Table 4-1: Curve fitting of chondrocyte data from Hatori et al. (1995) (55) 

ATP 
V1 =9.68 X 10-10 mmol/ s* million cells  
K1 = 131.04 μM 
r2 = 0.9998 
 
ADP 
V2 = 6 X 10-9 mmol/s*million cells 
K2 = 38.0 μM 
r2 = 0.978 

AMP 
V3 = 9.30 X 10-3 mmol/s*million cells 
K3 = 2.26 X 104 μM 
r2= 0.9981 
 

The application of 10% strain during static compression did not significantly 

change the concentration of ATP or its adenine derivatives, but dynamic compression 

resulted in a concentration change. Dynamic compression at a frequency of 0.05 Hz for 2 

hours was chosen to perform a theoretical simulation of a previous experiment by Wang et 

al. (2013) that measured changes in ATP concentration after mechanical loading on IVD 

cells (9). The theoretical model resulted in a 1.0% decrease in maximum ATP 

concentration, from 165.92 μM to 164.32 μM (Figure 4-6). The maximum concentration 

of ADP increased 0.2% from 13.60 μM to 13.63 μM (Figure 4-7), and the maximum AMP 

concentration increased 0.8% from 125.5 μM to 126.5 μM (Figure 4-8) after dynamic 

compression.  

Next, a 50% increase in V1 was chosen because Wang et al. (2013) observed an 

estimated 50% decrease in ATP concentration after static or dynamic compression 

compared to a control (Figure 4-8). This test could verify whether the theoretical model 

could also produce this result. For a 50% increase in V1, the maximum concentration of 
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ATP decreased by 35.7% (Figure 4-12), the maximum concentration of ADP increased by 

70.5% (Figure 4-13), and the maximum concentration of AMP increased by 42.2% (Figure 

4-13). A smaller increase in V1 was chosen to test the relationship between a change in 

solute concentration and increase in breakdown rate. Next, a 10% increase in V1 was tested 

to find a relationship between change in V1 and change in ATP concentration. For a 10% 

increase in V1, the maximum concentration of ATP decreased by 7.6%, the maximum 

concentration of ADP increased by 13.3%, and the maximum concentration of AMP 

increased by 9.2%. 
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Figure 4-6: Image of extracellular ATP distribution. Experimental data was implemented 
into the theoretical model without mechanical load. No strain was applied to the disc. The 
maximum ATP concentration was about 166 µM at the center of the IVD.    
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Figure 4-7: Image of extracellular ADP distribution. The ADP concentration was 
determined using curve fitting of chondrocyte data without mechanical loading. Values 
were normalized to the solute’s concentration in the blood supply, resulting in a maximum 
ADP concentration of 13.6 µM.  
 
 

0

5

10

15

0 1 2 3 4 5

A
D
P
 C
o
n
ce
n
tr
at
io
n
 (
u
M
)

r axis (mm)

Distribution of Extracellular ADP in the 
IVD



39 
 

 
 

 
Normalized 
Concentration 

 

 

 
 
Figure 4-8: Image of extracellular AMP distribution. The AMP concentration was 
determined using curve fitting of chondrocyte data without mechanical load. Values were 
normalized to the solute’s concentration in the blood supply, resulting in a maximum AMP 
concentration of 125.5 µM.  
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Figure 4-9: ATP concentration after dynamic compression. Dynamic compression was at 
frequency 0.05 Hz for t= 2 hr and resulted in a 1.0% decrease in ATP concentration. 
Boundary conditions were an initial strain of 10% for static compression and 5% strain 
with sinusoidal displacement for dynamic compression.  
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Figure 4-10: ADP concentration after dynamic compression. Dynamic compression was at 
frequency 0.05 Hz for t= 2 hr. The maximum ADP concentration was 13.6 µM. Boundary 
conditions were an initial strain of 10% for static compression and 5% strain with 
sinusoidal displacement for dynamic compression. 
 
 

0

5

10

15

0 1 2 3 4 5

A
D
P
 C
o
n
ce
n
tr
at
io
n
 (
u
M
)

r axis (mm)

Distribution of Extracellular ADP in the 
IVD

z 

r 



42 
 

 
 

 Normalized 
Concentration 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4-11: AMP concentration after dynamic compression. Dynamic compression was 
at frequency 0.05 Hz for t= 2 hr. The maximum AMP concentration was 126.5 µM. 
Boundary conditions were an initial strain of 10% for static compression and 5% strain 
with sinusoidal displacement for dynamic compression. 
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Figure 4-12: Effect of 50% increase in V1 on extracellular ATP concentration. When V1 
was increased by 50% under dynamic compression, the maximum extracellular ATP 
concentration decreased by 35.7% from 165 µM to 74 µM with static compression. 
Without a change in V1, dynamic compression decreased the ATP concentration by 1.0%. 
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Figure 4-13: Effect of 50% increase in V1 on ADP and AMP distribution. The ADP 
concentration increased 70.5% from 13.6 µM to 23.2 µM after a 50% increase in V1. The 
AMP concentration increased 42.2% from 125.5 to 178.5 µM. 
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Chapter 5—Discussion 
 

5.1 Summary 

 
This study presents the first known finite element model to analyze the distribution 

of extracellular ATP concentration and its adenine derivatives in the IVD. The theoretical 

analysis, which is based on multiphasic mechano-electrochemical theory for charged 

hydrated soft tissues, predicts the extracellular ATP distribution described by Wang et al. 

(2013) and the effect of mechanical loading on the IVD. The concentration of ATP and its 

adenine derivatives may be altered under mechanical compression and promote ATP 

hydrolysis. In addition, experiments to measure extracellular ATP hydrolysis indicated a 

significant difference in Michaelis-Menten parameters between NP and AF cells. 

5.2 Mechanical Loading of IVD Cells 

 
After static compression was applied, dynamic compression at f = 0.05 Hz led to a 

decrease in ATP and adenine derivative concentration. It is consistent with our previous 

study that showed dynamic loading promoted solute transport (56). Assuming that V1 

remained constant, mechanical loading induced a small decrease in ATP concentration 

(1.0%). Once V1 was increased by 50% to model an intrinsic effect on IVD cells, results 

were comparable to the finding by Wang et al. (2013) showing an approximately 50% 

decrease in the extracellular ATP concentration in the IVD under dynamic loading. As a 

result, the model shows that mechanical loading may promote hydrolysis of ATP. Since 

ATP is hydrolyzed by ecto-nucleotidases, mechanical loading may promote enzymatic 

breakdown of ATP or upregulate enzyme production of IVD cells. Previous studies have 

shown that changes in cellular and enzymatic activity occur in IVDs after mechanical 
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compression (57). Moreover, dynamic compression has been shown to increase the ATP 

concentration in both the AF and NP region of the IVD (9). 

In addition, a significant increase in ADP and AMP after mechanical compression 

was expected because the conservation of mass would predict an inverse relationship 

between ATP hydrolysis and ADP production. According to mass conservation, the 

degradation of ATP is expected to lead to the generation of ADP. This result was observed 

in the model after mechanical compression, as the ADP and AMP concentration increased 

when the ATP concentration decreased. Thus, the theoretical model can predict the general 

change in adenine nucleotide concentration.  

Long-term compressive loading is known to decrease the disc height and decrease 

fluid content that reduces solute transport (58). IVD cells use nutrients to generate 

concentration gradients whose magnitude depend on the balance between transport rate 

and cellular activity (7). Reduced solute diffusivity may alter the local solute concentration, 

inducing a change in metabolic rate of neutral solutes that acts to restore equilibrium levels 

(56). At the equilibrium state, the balance between the metabolism and transport of solute 

determines local solute concentration. This example of extracellular ATP homeostasis has 

been reported to involve the balance of ectoenzyme activity in animals (59).  

 Dynamic mechanical loading may also induce solute transport by enhancing 

convection. While diffusion is the predominant mode of transport in avascular tissue such 

as the IVD, convective transport is only a minor factor. Since ATP is a relatively small 

solute, with a molecular mass of 507.81 g/mol, fluid flow induced by mechanical loading 

is not known to enhance the transport of low-weight solutes (60). Therefore, dynamic 
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compression only induces small changes in ATP distribution in the IVD with a minimal 

intrinsic effect on IVD cells.  

The exact mechanism of mechanical loading inducing ATP hydrolysis has not been 

fully elucidated in the literature. The mechanism might be mediated by a 

mechanotransduction pathway (61). Mechanotransduction is reported to contain three 

coupled processes: mechanosensing, signaling pathway, and effector-cell response (62). 

This coupling has been studied in chondrocytes and is assumed to be similar in IVD cells. 

In chondrocytes, mechanical loading opens connexin hemichannels to allow the release of 

ATP, which may then activate P2 receptors to trigger downstream signaling cascades to 

alter cell function. A similar mechanotransduction pathway might also exist in the IVD. 

The mechanism for this pathway could involve an alteration in local fixed charge density 

(cF) and nutrient transport due to reduced fluid content (63). However, the sequence from 

mechanical signal to biochemical response needs to be further investigated.  

5.3 ATP Hydrolysis Experiment  

 
Based on the results of the experiment, NP and AF cells in the IVD may differ in 

extracellular ATP hydrolysis rate. Since the cell density in the AF region is higher than the 

NP region (9000 cells/mm³ and 4000 cells/ mm³ for human AF and NP, respectively), the 

extracellular ATP hydrolysis rate may be significantly higher for the AF region. In 

addition, the V1 for AF cells may be significantly higher than NP cells.  

Some difficulties with the ATP hydrolysis experiment included optimization of 

experimental design and conditions. Determination of the optimal ATP concentration 

involved several retests of the experiment because a significant difference in injected ATP 

concentration was found between each IVD cell type. The optimal ATP concentration 
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could depend on experimental conditions such as volume of media and time period. In 

addition, some variability in ATP hydrolysis was observed between samples. Possible 

sources of variability included isolation of IVD cells from different pigs and the size of 

agarose gel pieces in the chamber. 

 Michaelis-Menten parameters derived from the chondrocyte data by Hatori et al. 

(1995) was comparable to data from AF cells. On average, the V1 calculated from AF cells 

was 1.8% greater than that from chondrocyte data (55). However, the KM was 89.2% lower 

than that calculated from chondrocyte data (14.14 µM versus 131.04 µM). A smaller KM 

means higher affinity for its substrate, so specific enzymes in porcine cells may catalyze 

ATP hydrolysis reactions with greater kinetic efficiency. The V1 value for AF cells is about 

53.9% greater than the concentration for NP cells. Thus, AF cells may exhibit a greater 

extracellular ATP hydrolysis rate than NP cells because of a higher reaction velocity. 

The extracellular ATP hydrolysis rate may be significantly greater for AF cells 

compared to NP cells. NP cells are physiologically and structurally distinct from AF cells 

with different embryonic origins and a higher amount of proteoglycan (64, 65). Differences 

between these two cell types in vivo could be maintained during in vitro experiments. These 

differences might explain why the ATP hydrolysis rate in NP cells differs significantly 

from AF cells. Moreover, a high correlation coefficient between the experimental data and 

theoretical curve fitting suggest that V1 and K1 were accurately determined.  

A previous study reported that notochordal NP cells may be more metabolically 

active than AF cells because ATP production is higher in notochordal NP cells (1). 

However, this study suggests that the extracellular ATP hydrolysis rate for AF cells may 

be significantly greater than that of NP cells. This difference shows that intracellular ATP 
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consumption may not be comparable to extracellular ATP hydrolysis. In addition, the NP 

cell type is different from the study by Salvatierra et al. (2011), since according to Guehring 

et al. (2010),  mature chondrocytic-like NP cells are assumed to be predominant in the adult 

IVD and may contain different mechanical properties from notochordal NP cells (1, 66). 

Chondrocyte-like NP cells are the primary mature cell type in the IVD, which differs from 

notochordal-like NP cells in proteoglycan synthesis (4). According to Smith et al. (2011), 

compressive loading decreased the number of notochordal-like cells and increased the 

number of mature NP cells, especially as the nutrient and oxygen levels decreased in 

avascular tissue (67).  

One inherent limitation of this study is the lack of Michaelis-Menten parameter 

values for adenine derivatives in the IVD, ADP and AMP. Theoretical curve fitting of 

chondrocyte data from Hatori et al. (1995) are estimates for these values (55). However, 

this theoretical model may predict these unknown values when in vivo measurements are 

difficult to measure. A high accumulation of ADP and AMP in the IVD could be 

significant, since ADP may trigger cellular activities by purinergic P2Y receptors (13). 

AMP can be hydrolyzed into adenosine, which can function in cellular adenosine uptake 

(68). In order to predict the distribution of adenine derivatives more accurately, more 

detailed information about the hydrolysis rate of these solutes is needed.
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Chapter 6—Conclusion 

6.1 Summary 

 
This thesis is the first to study the distribution of extracellular ATP using 

multiphasic mechano-electrochemical theory in a finite element model. Mechanical 

loading may alter the concentration of ATP and its adenine derivatives. Moreover, the ATP 

concentration may decrease because ATP hydrolysis is promoted. After an increase in the 

value of V1, ADP and AMP concentrations increase in response to mechanical loading. 

Experiments to measure ATP hydrolysis rate show that for AF cells, the V1 is about 53.9% 

greater than the V1 for NP cells. Experimental determination of V1 and K1 for ATP 

hydrolysis, once input into the theoretical model, show an ATP distribution in the general 

range described by Wang et al. (2013) (9). This study presents extracellular ATP 

accumulation and its adenine derivatives in the IVD using a finite element model.  

6.2 Future Work 

 
Binding reactions of ATP and its adenine derivatives to other molecules have not 

been considered in the model, which would reduce the amount of free ATP available and 

the rate of ATP diffusion in the IVD (44). This binding phenomena has not yet been 

characterized for ATP, but ATP may competitively bind with the ECM or other solutes. It 

is a limitation of the theoretical model that could be implemented in future studies. KM and 

Vmax of adenine derivatives (ADP, AMP) in the theoretical model may vary between AF 

and NP cells, since the two cell types differ in phenotypic expression (6). Incorporating 

variations in Michaelis-Menten parameters can improve the accuracy of the solute 
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distribution in different regions of the IVD. In addition, the identity of enzymes catalyzing 

ATP hydrolysis specifically in the IVD should be determined. It can be performed using 

enzyme assays, which plot reaction velocity V with substrate concentration [S], which can 

verify experimental data.  It would improve the accuracy of Michaelis-Menten parameters 

used in the theoretical model. In addition, Michaelis-Menten parameters for adenosine have 

not yet been determined, which would help researchers study adenosine distribution and 

uptake in the IVD (69).  

In the future, the finite element model can integrate aspects of disc degeneration by 

simulating changes in CEP permeability and solute transport. The boundary above the NP 

region can be restricted to 50% permeable in a simulation of endplate calcification. As the 

disc degenerates, a loss of hydration and disc integrity in the fibrocartilage occurs (70). In 

addition to reducing the nutrient supply, the effect of reduced endplate permeability on 

extracellular ATP distribution could be investigated (5). 
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