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Abstract

Nucleus pulposus (NP) cells of the intervertebral disk (IVD) have unique morphological
characteristics and biologic responses to mechanical stimuli that may regulate maintenance and
health of the IVD. NP cells reside as single cell, paired or multiple cells in a contiguous
pericellular matrix (PCM), whose structure and properties may significantly influence cell and
extracellular matrix mechanics. In this study, a computational model was developed to predict the
stress—strain, fluid pressure and flow fields for cells and their surrounding PCM in the NP using
three-dimensional (3D) finite element models based on the in situ morphology of cell-PCM
regions of the mature rat NP, measured using confocal microscopy. Three-dimensional geometries
of the extracellular matrix and representative cell-matrix units were used to construct 3D finite
element models of the structures as isotropic and biphasic materials. In response to compressive
strain of the extracellular matrix, NP cells and PCM regions were predicted to experience
volumetric strains that were 1.9-3.7 and 1.4-2.1 times greater than the extracellular matrix,
respectively. Volumetric and deviatoric strain concentrations were generally found at the cell/
PCM interface, while von Mises stress concentrations were associated with the PCM/extracellular
matrix interface. Cell-matrix units containing greater cell numbers were associated with higher
peak cell strains and lower rates of fluid pressurization upon loading. These studies provide new
model predictions for micromechanics of NP cells that can contribute to an understanding of
mechanotransduction in the VD and its changes with aging and degeneration.
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1 Introduction

The nucleus pulposus (NP) is a highly hydrated and gel-like tissue located in the center of
the intervertebral disk (1VVD), providing for compressive load support and load transfer to
adjacent structures in the spine. The NP tissue is maintained by NP cells, which have been
demonstrated to respond to different types of mechanical stimuli, such as compressive,
tensile or shear stresses and strains, fluid flow, hydrostatic or osmotic pressures, and
electrokinetic effects in many mechanobiology studies (Lotz et al. 2002; Setton and Chen
2004; latridis et al. 2006; Setton and Chen 2006). Although the effects of mechanical
loading have been well studied at the organ and tissue level using finite element modeling,
little is known about the associated micromechanical stimuli at the cell level due to the lack
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of data on complex cell and pericellular matrix geometries or mechanical properties, which
together may influence cell-matrix interactions. Studies that advance an understanding of
micromechanical stimuli in the NP cell have potential to reveal the magnitudes of
mechanical stimuli that regulate mechanobiologic responses and their changes with disk
degeneration and aging.

Cells of the immature NP may be rounded and exist in “clusters” with significant changes in
morphology observed with maturity and aging of the IVD (Trout et al. 1982a,b; Ishii et al.
1991; Hastreiter et al. 2001; Cao et al. 2007). NP cells are surrounded by a pericellular
matrix (PCM) that is rich in type VI collagen (Wu et al. 1987; Roberts et al. 1991) and
reside as single cell, paired or multiple cells in a contiguous PCM in the NP tissue
(Hastreiter et al. 2001; Cao et al. 2007). More than half of NP cells have been found to
reside in a common PCM shared by multiple cells in the immature (>80%) or mature
(~60%) rat lumbar IVD, representing both chondrocyte-like cells and notochordal cells (Cao
etal. 2007). It is likely that the PCM region in the NP influences the mechanical
environment at the cell level upon loading of the extracellular matrix (ECM), as seen for
chondrocytes in articular cartilage (Alexopoulos et al. 2005a,b; Guilak et al. 2006; Michalek
and latridis 2007) and fibrochondrocytes in the anulus fibrosus (Cao et al. 2009). However,
the presence of the PCM containing multiple cells and the associated mechanical role of the
PCM in the NP has not been previously studied.

Finite element modeling (FEM) is particularly useful in the study of cell mechanics in cases
where loading conditions or mechanical responses cannot be easily quantified
experimentally. Various theoretical models have been developed to predict single cell
mechanics in the extracellular matrices of articular cartilage (Wu et al. 1999; Guilak 2000;
Wu and Herzog 2000; Haider 2004; Alexopoulos et al. 2005a,”; Guilak et al. 2006;
Korhonen et al. 2006; Wu and Herzog 2006; Haider and Guilak 2007; Michalek and latridis
2007; Kim et al. 2008), the anisotropic meniscus (Upton et al. 2006) and the anisotropic
anulus fibrosus and isotropic NP (Baer and Setton 2000; Baer et al. 2003; Cao et al. 2009),
showing complex dependence of model predictions on geometric and regional
inhomogeneity and material properties. As an example, a previous study reporting FEM
predictions of isolated NP cell mechanics in an extracellular matrix subjected to
compression predicted lower strain values in cells when compared to extracellular matrix
due to assumed properties for both cell and matrix (Baer et al. 2003). These previous models
for NP cells (Baer and Setton 2000; Baer et al. 2003) assumed 2D axi-symmetric cell
geometry (spheroidal or ellipsoidal) and thus could not represent the “cell cluster” features
observed in the NP (Trout et al. 1982a,b; Ishii et al. 1991; Hastreiter et al. 2001; Cao et al.
2007) nor include a PCM region that has since been demonstrated to significantly affect
predicted cell stress and strain, and fluid pressure and flow profiles for other cell types
(Guilak 2000; Alexopoulos et al. 2005a,b; Haider et al. 2006; Kim et al. 2008; Cao et al.
2009). In this respect, a fully 3D FEM constructed from geometrically accurate 3D in situ
morphology of the PCM and enclosed cell(s) has potential to advance an understanding of
how these features contribute to the micromechanics of NP cells.

The objective of this study was to describe the micromechanical environment of NP cells
from theoretical FEM predictions based on 3D in situ morphology of the PCM and enclosed
cell(s) in the NP. The 3D solid geometries of the PCM and cell regions were segmented and
registered from serial confocal images of cell-matrix units (CMU—cell and associated
PCM) from mature rat NP tissues and used to generate 3D meshed volumes for 3D FEM of
interacting extracellular matrix, PCM and cell sub-domains. FEM predictions of the cell-
PCM units as linearly elastic, biphasic and isotropic domains based on custom code
(COMSOL Multiphysics) were used to investigate the local stress, strain, fluid pressure and
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flow fields in the cell and PCM domains that may be experienced by NP cells residing as
single cell units, paired or multiple cell units.

2 Methods

2.1 3D biphasic finite element method

A weak form of 3D mixed u—p formulation (Wayne et al. 1991; Meng et al. 2002) of linear
biphasic theory (Mow et al. 1980) was implemented and validated in COMSOL
Multiphysics using “custom weak form” application mode with structural mechanics
module, as described previously (Cao et al. 2009). As is standard for this model, the solid
phase for each domain was modeled as a linearly elastic solid with strain-independent
permeability values, while the fluid phase was modeled as an incompressible and inviscid
fluid.

2.2 3D geometry registration and meshing

Three-dimensional reconstructions and morphometric measurements of the PCM and cell
regions were obtained in situ using fluorescence confocal microscopy of en bloc sections of
the NP from the mature rat lumbar disk immunolabeled for type VI collagen (Cao et al.
2007). A total of six distinct cell-matrix units (CMU) were chosen for FEM presented here
as representative of a majority of CMU observed for the NP region. These CMU models
were chosen with aspect ratios around the mean values in each CMU subgroup (1 cell, 2
cells, and 3 or 4 cells, 2 representative models for each CMU group, Fig. 1). The
reconstructed surfaces of the PCM and enclosed cell(s) in the CMU were separately
registered as 3D solid geometry objects in COMSOL by custom programs written in
MATLAB (The Mathworks, Inc., Natick, MA) and COMSOL Script (COMSOL, Inc.,
Burlington, MA), as described previously (Cao et al. 2009). A cube representing the ECM
with dimensions (a x a x h) of at least three times the PCM dimensions was then added to
the geometry, in which a is the width of the transverse plane of the ECM and h is the height
of the ECM along the longitudinal direction (the principal axis of the CMU). A preliminary
study confirmed that the choice of this ECM size was sufficient to accurately predict
viscoelastic responses in all sub-domains that were independent of dimension and associated
with acceptable computational cost. Thus, a 3D solid geometry model with three sub-
domains including the extracellular matrix, PCM and enclosed cell(s) was built based on
their in situ 3D morphologies. These three sub-domains were exclusive to each other but
physically connected via enforcement of continuity of displacement and pressure boundary
conditions.

The combined 3D solid objects were meshed using tetrahedron elements in COMSOL
Multiphysics (Fig. 1). The registered 3D geometries required a large number of tetrahedron
elements to generate good quality meshes due to the curvature and roughness on the surfaces
of the PCM and cells, as seen in examples of meshed CMUs in the NP region. The meshes
generally consisted of 28,000-35,000 tetrahedron elements and approximately 120,000-
150,000 degrees of freedom, dependent on the CMU size and shape. The average minimum
element quality index across all models was ~0.15, satisfying the requirement for tetrahedral
elements in COMSOL (>0.1). In the elemental interpolation, the shape function for pressure
(linear) was set to be one order lower than displacements (quadratic) to obtain convergence
in COMSOL.

2.3 Material properties

FEM definitions closely follow those developed previously for anulus fibrosus and PCM
domains in the IVD (Cao et al. 2009) with the exception of the isotropic material assumption
that is invoked for all material domains in the NP here. In brief, the extracellular matrix,
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PCM and cell sub-domains were assumed to be isotropic, linearly elastic biphasic materials
with a constant permeability (Mow et al. 1980). The material constants were chosen from
the literature for the extracellular matrix (latridis et al. 1997; Johannessen et al. 2004;
Johannessen and Elliott 2005; Perie et al. 2005; Cloyd et al. 2007), PCM (Alexopoulos et al.
2003, 2005a,b) and cells (Guilak et al. 1999) (Table 1).

2.4 Boundary conditions

2.5 Solution

The 3D solid models were used to simulate a stress relaxation response under application of
a compressive deformation in a laterally unconfined configuration, a simplified loading
condition that may be experienced by the NP tissue under physiological loading (Tsantrizos
et al. 2005). Compressive displacements were applied instantaneously to the top surface (z =
h/2) of the NP volume to correspond to a constant compressive strain (5%) generated in the
z-direction across all models. Free draining was assumed on all exterior faces of the NP
volume, or cube.

The associated boundary conditions on six surfaces of the cubic NP matrix were as follows
for all time (t = 0):

At the top surface z=h/2, wo=—0.05hH () and p=0; (1)
At the bottom surface z= — /#/2, u=v=w=0 and p=0; (2
At the lateral surface x= +a/2, S,=0 and p=0; )
And y=+ /2, Sy=0 and p=0. 4)

Here, t is time and H(t) is the Heaviside step function (modeled as a smoothed Heaviside
step function), u, v, w are three displacement components, p is the fluid pressure, wg is the
applied displacement along the z-axis and S is the applied surface traction on the boundary.
The interfaces between the cell and PCM or the PCM and extracellular matrix were assumed
to be fully bonded.

procedure and post-processing

The models were solved for a simulation time of 0-500 s after load application using a
generalized minimal residual method (GMRES) as an iterative linear system solver and a
backward Euler difference approximation for time-dependent analysis (computational times
of 30,000-50,000 s across all models; Dell Inspiron, 3.2GHz 32-bit computer with 2GB
RAM). The convergence was examined by refining the mesh and tightening the tolerance.
Post-processing results to calculate stress, strain, fluid pressure and fluid pressure gradients
were obtained using COMSOL post-processing features. Additional measurements such as
the average volumetric strain, &, and average fluid pressure, p, were calculated from the
integrals of pressure and strain in each sub-domain, Q, according to the following equations,
respectively.
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where V represented the volume of the sub-domain. Note that these averaging measurements
provide valuable information of the overall response for each sub-domain with complex 3D
geometry; however, their values in the extracellular matrix domain may be underestimated
due to a boundary effect caused by averaging over all elements in the extracellular matrix
that included large domains near the boundaries on which the pressure or displacement was
set to zero.

An effective von Mises stress, oo, was defined as

(7)

and a deviatoric strain invariant, ege,, Was defined to describe the shear strain as,

Edev= \/% [((9})'+8_\2<;+8§X = (&xx — &m) (8)'}' - ‘Sm) - (gyy - 81/1) (82— &m) — (82— &m) (Exx — 3111))] s

3 Results

(8)

where ey = (exx + &yy + €72) /3. All predicted values were compared across models to
examine for differences among extracellular, PCM or cellular levels, and to examine for
differences among the three CMU subgroups.

Mechanics in the extracellular matrix domain were generally insensitive to the presence of
subdomains of the PCM and enclosed cell(s). Upon loading in compression, fluid pressure in
the extracellular matrix domain first rose to a peak value followed by decay to zero pressure
at equilibrium, representative of the behavior of a biphasic material under free-draining
boundary conditions. The rate of fluid pressurization and decay was similar at extracellular
matrix and PCM levels (Fig. 2a, extracellular matrix values not shown). The decay of fluid
pressurization in the cell domain occurred more slowly than for the PCM domain and
decreased with an increasing number of cells enclosed in one PCM, as determined by
comparing the 1 cell, 2 cell, and 3 or 4 cell CMU subgroups (Fig. 2b).

The average volumetric strain in the extracellular matrix exhibited rapid onset of an
equilibrium value (—0.006), as expected for the assumed short path for fluid exudation in the
extracellular matrix (data not shown). The average volumetric strain in the PCM decayed
more rapidly than cell domains to an equilibrium value, with fewer variations when
comparing different CMU subgroups (Fig. 2c, d). In general, the volumetric strains were
spatially non-uniform in the PCM but not cell domains (Fig. 3). The predicted average

Biomech Model Mechanobiol. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caoetal.

Page 6

volumetric strain in the PCM of NP tissues at equilibrium was significantly higher than that
in the extracellular matrix with a strain amplification ratio ranging from 1.4 to 2.1, giving
evidence of a strain amplification effect in the PCM noted previously for modeling of
chondrons and anulus fibrosus cells (Guilak and Mow 2000; Cao et al. 2009). Large
variations in equilibrium volumetric strains in the cell domain were observed depending on
cell number and relative position within the PCM (Figs. 2, 3), with the highest value of
strain amplification ratio in 3 or 4 cell CMUs (up to 3.7) and lowest in 1 cell CMUs (~1.9).
Of interest was a trend observed for the cell domain, which was predicted to experience a
volume gain for short periods after loading followed by a large volume loss (Figs. 2, 3); this
behavior was not noted for the PCM nor extracellular matrix domains. The strain
concentration was highest at the cell/PCM interface and decreased over time (Fig. 3). No
consistent nor significant differences were noted in average PCM nor cell volumetric strain
among the different CMU subgroups, likely due to averaging over values for strain within
one PCM, or among cells within one CMU, that were shown to be highly variable.

The deviatoric strains were higher in the extracellular matrix than in the cell and PCM
domains, with virtually zero magnitude of deviatoric strain in the PCM domains (Fig. 4).
Deviatoric strain concentrations were seen at the PCM/extracellular matrix interface rather
than at the cell/PCM interface and were largest along the long axis of the PCM in all
models. No consistent or significant differences were noted in PCM or cell deviatoric strain
among the different CMU subgroups.

The stress was uniform in the far-field of the NP extracellular matrix and inside the cell, but
highly non-uniform in the PCM, with nearly zero magnitude of stress in the cell domain.
The effective von Mises stress was highest in the PCM with the largest magnitudes
frequently coincident with the region of smallest width of the CMU (Fig. 5). A stress
concentration was seen at the cell/PCM interface in this smallest dimension, in accordance
with the location of the highest stress gradient. Peak values for the von Mises stress were
predicted to be ~2,000 Pa, although the average value in the PCM domain was ~800 Pa.

Individual cells in multi-cell-containing CMUs were predicted to experience very similar
trends for transient change in pressure, strain and stress upon loading of the NP matrix,
although the magnitudes of these parameters were observed to differ among cells within one
CMU (Fig. 6). It was difficult to identify a repeatable relationship between cell position or
cell geometry and magnitude of average stress, strain or pressure, illustrating the very
complex interaction among these variables and mechanical behaviors. Strain or stress
concentrations were consistently observed, however, at interfaces with high curvatures.

4 Discussion

The micromechanical environment of cells and their PCM were predicted for NP cells
embedded within the NP extracellular matrix, using a biphasic finite element model and
geometrically accurate 3D morphologies. This is the first study to make use of physically
realistic 3D cell-PCM geometries that represent the unique feature of NP cells as existing in
multi-cell clusters, or in the stacked multi-cell “arrays” more commonly seen in the anulus
fibrosus (Bruehlmann et al. 2002; Cao et al. 2007). The results of model predictions suggest
that significant differences exist in the strain, stress and pressure fields at extracellular, PCM
and cellular levels in the NP, with a dependence on in situ geometry and assumed relative
mechanical properties of the three subdomains (Guilak and Mow 2000; Breuls et al. 2002;
Michalek and latridis 2007). In general, NP cells and PCM domains were predicted to
experience volumetric strains that were significantly larger than those in the far-field
extracellular matrix, with strain amplification ratios that varied from 1.9 to 3.7 and 1.4 to
2.1, respectively. This trend is consistent with that reported previously for FEM of anulus
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fibrosus cells, along with observations of peak strain concentrations at the cell/PCM
interface and stress concentrations observed at the PCM/extracellular matrix interface. As
for modeling of anulus fibrosus cells, the prediction of higher volumetric strain in the NP
cell and PCM depends on the assumed properties that were stiffer for the extracellular
matrix when compared to cell or PCM domains. An interesting observation was that the
mechanical environment in the PCM domains was predicted to be highly non-uniform, in
contrast to rather uniform mechanics inside the cell. This observation is related to the narrow
dimensions of the PCM (e.g., width) that contained large or multiple cells, as steep pressure
and strain gradients, as well as high von Mises stresses, were associated with these smallest
dimensions. FEM models not incorporating this unique PCM geometry for the NP cells
enabled by labeling of type VI collagen would thus not predict many of the features reported
here. Thus, the complex interactions among geometric and mechanical factors gave rise to
unique predictions for micromechanics in the NP matrix.

The presence of the PCM greatly alters the local micromechanical environment of NP cells,
when compared to previous models of NP cell mechanics (Baer et al. 2003). The volumetric
strain amplification at the cellular level depended on the number of cells and relative
positions within one PCM, with the highest values at the cell-PCM interface and occurring
for cells residing in 3 or 4 cell CMUs (up to 3.7x greater that of the extracellular matrix)
when compared to 1 cell CMUs (~1.9x greater than extracellular matrix). In addition, the
NP cell was predicted to experience a complex pattern of transient strain change with an
early volume gain followed by a volume loss, due to a net inward fluid flux to the cell
domain at short times after loading. These predictions for transient and equilibrium
volumetric strains in the NP cells differ from predictions of an earlier model of cells in
matrix alone, which reported that NP cells would experience little deformation upon loading
(Baer et al. 2003). This difference may arise from the presence of the PCM domain in the
current model and the assumed relative material properties among the cell, PCM and ECM
domains. These findings suggest that the PCM may be an important component for cell-
matrix interactions and that it may regulate mechanotransduction from extracellular to
cellular level in the NP tissue, as similarly predicted for chondrocyte mechanics (Guilak
2000; Alexopoulos et al. 2005a,b).

Interstitial fluid flow in the NP is driven by compressive loading and is necessary for
nutrient transport and cell-cell communication (Urban et al. 2004). Fluid pressure and flow
in the PCM can impart forces on the cells, including fluid shear stress and normal stress at
the cell membrane, and they can also have non-mechanical effects on the cells, through
transport of solutes and modulation of the pericellular distribution of key signaling proteins
or matrix-binding proteins. The peak fluid pressure was generally higher in the PCM of the
NP than in the cell and was higher in both cell and PCM domains for CMUs containing
multiple cells. CMUs containing multiple cells were associated with smaller characteristic
geometric dimensions for the PCM domains, both smaller dimensions separating cells and
smaller overall dimensions from cell to extracellular matrix margins. Thus, this higher peak
fluid pressure and pressurization rate can be explained by the smaller dimensions existing
among mechanical interfaces of the cell, PCM and extracellular matrix. The fluid
pressurization rate at the cellular level was always lower than that in the PCM and
extracellular matrix, however, suggesting the PCM may provide a shielding layer for acute
fluid pressurization and promote fluid pressure homeostasis in the cell. The assumed
permeability values for the NP matrix, PCM and cell gave rise to predictions of maximum
fluid-flow velocities of 0.0001-0.01 pum/s in the PCM domains, two orders lower than that
of the NP tissue. These predicted values may assist an understanding of mechanical force
effects on the biologic responses of NP cells.
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Significant regional differences of cell-matrix interactions were predicted by region-specific
finite element models in the NP, when compared to those in the AF regions (Cao et al.
2009), despite some similar features observed, such as strain amplification, low stress, low
fluid pressurization rate and complex fluid pressurization pattern at the cellular level. The
magnitudes of micromechanical stimuli that NP cells perceive are quite different from those
that AF cells perceive, as shown by predicted values of stress, strain, fluid pressure and flow
in the vicinity of cells. For example, AF cells were predicted to experience large amplified
volumetric strain and deviatoric strain compared to the ECM values, while NP cells had
amplified volumetric strain but attenuated deviatoric strains. In addition, fluid pressurization
was significantly longer in the NP (in hundreds of seconds) than that in the AF tissue (in
tens of seconds) at multiple material domains. While these differences partly reflect different
ECM mechanical environments due to the region-specific material properties assumed for
AF and NP problems, these differences were presumed to reflect physiological conditions.
As a result, it appears that AF cells may experience large deformations in general, while NP
cells may experience more shape change (higher deviatoric strain) but little volume change
(lower volumetric strain) under loading. Thus, fluid pressurization may be one of the major
mechanisms for NP cells to maintain normal tissue function, which was in agreement with
previous models of intervertebral disk cell mechanics (Baer et al. 2003).

An interesting model prediction was that individual cells residing in a shared PCM exhibit
similar transient mechanical responses to loading of the NP matrix, but possibly at different
magnitudes of strain, stress and pressure, depending on the cell size, shape and relative
position within the PCM. Such differences may have some role in regulating cell-cell
communication in these CMU subgroups, particularly if inter-cellular processes or paracrine
signaling mechanisms are important for NP cells (Errington et al. 1998; Bruehlmann et al.
2002; Baer et al. 2003; Johnson and Roberts 2003). It is of some interest that the largest cell
strain and PCM stresses were observed within the middle regions of the CMUs, consistent
with the smaller dimensions from cell to extracellular matrix margins for those cells. Given
findings of a shift toward fewer cells in each cell-matrix unit with aging in the NP region of
the rat (Cao et al. 2007) and lower cell densities in the NP matrix of the human (Maroudas et
al. 1975), these mechanical stimuli in the PCM can be expected to change with aging and
degeneration. Nevertheless, the prediction based on the morphometric features of the NP
cells and PCM in the rat model may be limited when extrapolated to the human 1VD. These
rodents exhibit a prolonged period of growth in body mass that extends beyond 12 months,
with an NP that contains notochordal cells even in the 12-month-old animal. Both of these
features are markedly different from what has been shown for the human 1VD; thus, future
studies of the human IVD using these techniques will be of great interest.

While FEM predictions have utility in suggesting cell-level physical stimuli and the impact
of geometry and mechanical loading on cell biology, such theoretical models rely on many
assumptions, thus requiring physical confirmation of model predictions. Although
heterogeneous tissue mechanics exist in the local regions of the IVD (Weidenbaum et al.
1996), spatially uniform properties and NP loading conditions were used here for model
simplicity. A main goal of the current study was to illustrate complexities introduced by the
geometrically distinct PCM in the NP alone, due to the presence of different numbers and
unique geometries of NP cells. The use of uniform physical properties with no presumed
variation in material parameters may limit interpretation of the current study conclusions but
was felt necessary to accommodate introduction of the geometric complexity of the
physically realistic 3D cell-matrix units here. Prior studies of geometrically simplified,
axisymmetric models of cell-matrix interactions in chondrocytes and other cell systems
have yielded predictions of material property effects on stress—strain, fluid pressure and
fluid-flow fields in cells and vicinity that may shed light on trends expected for these more
complex cell-matrix units here (Guilak 2000; Breuls et al. 2002; Michalek and latridis

Biomech Model Mechanobiol. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caoetal.

Page 9

2007). More accurate boundary conditions, such as displacement and fluid pressure in the
near cell region, and physical assumptions representing loading and material properties
appropriate to non-degenerate or pathological disk tissues, as well as the presence of cell
processes or other cell-matrix interfaces could be implemented and subsequently transferred
to the microscale. This would greatly increase our understanding of 1\VVD cell mechanics in
diseased and injured states.

While chemical and electrical effects have been shown to be important in understanding
physical signaling and solute transport in the NP tissue (Gu et al. 1999; Yao and Gu 2006,
2007), the presence of charged biochemical species can be expected to significantly impact
mechanotransduction of IVD cells through the formation of chemical or electrical potentials
across the cell membrane (Lai et al. 1991; Gu et al. 1998). Future modeling advances could
incorporate some of these features in order to construct more realistic predictions of cell-
level stimuli expected to impact cell mechanobiology. Another potential limitation of the
current model includes the assumption of linearity and elasticity for the solid phase of the
NP as a biphasic material, although intrinsic viscoelasticity and nonlinear effects have been
well documented for the NP extracellular matrix (latridis et al. 1997; Johannessen and
Elliott 2005). Therefore, a multi-phasic FEM incorporating features of non-linearity and
viscoelasticity may be useful in future studies for revealing a more complete understanding
of the cell-matrix interaction in the 1\VVD.

In summary, the micromechanics of NP cells in their uniqgue PCM domains were predicted
using 3D, isotropic, linearly elastic and biphasic finite element models based on in situ
morphology of the PCM and cells. Model predictions of region-specific micromechanics of
the PCM and NP cells were highly heterogeneous but revealed that NP cells experience
higher volumetric strains, lower deviatoric strains and longer periods of fluid pressurization
than the adjacent extracellular matrix. The PCM was shown to influence cell mechanics and
to generate micromechanical fields that varied among cells sharing one PCM and depended
on the spatial arrangement of multiple cells within the PCM. The predicted temporal and
spatial responses of mechanical stimuli in the vicinity of NP cells provide useful information
in understanding mechanotransduction in the intervertebral disk.
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Fig. 1.

Registered 3D solid geometries in tetrahedron meshes in the nucleus pulposus. Models
include different cell-matrix unit (CMU) subgroups: 1 cell CMUs 1 and 2; 2 cell CMUs 3
and 4; and 3 or 4 cell CMUs 5 and 6. For clarity, only meshes on the surfaces of the
pericellular matrix and cells are shown above (not shown on equivalent scales)
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Fig. 2.

Average fluid pressure and volumetric strain at multiple material domains in the nucleus
pulposus. The average fluid pressures in the PCM domain a in the 1 cell, 2 cell, and 3 or 4
cell cell-matrix unit subgroups showed similar temporal responses with negative pressures
throughout time, while the overall fluid pressures in the cell domain b showed a period of
positive fluid pressure characteristic of flow reversal after some time of loading. The
pressurization rate was lower in the cell domain and decreased with increasing cell numbers
in one PCM. Comparisons of average volumetric strain among the PCM c and cell d
domains in the 1 cell, 2 cell, and 3 or 4 cell cell-matrix unit subgroups showed that the
average volumetric strain in the extracellular matrix (—0.006) was amplified in the PCM
domain (~ —0.01) and furthermore in the cell domain (—0.007-0.021) with a value
depending on the cell number and relative position within the PCM. Open and closed signs
represent two different models in the same cell-matrix unit subgroup
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Fig. 3.

Temporal responses of volumetric strain at multiple material domains in the nucleus
pulposus. High strain concentration (generally with positive values) was seen near the cell/
PCM interface and decreased over time. Similar trends were seen among 1 cell a, 2 cell b,

and 3 or 4 cell ¢ cell-matrix unit subgroups
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Deviatoric strain at equilibrium

Fig. 4.
Deviatoric strain at multiple material domains in the nucleus pulposus at equilibrium. The

deviatoric strain in the cell domain was 25% lower than that of the extracellular matrix. The
strain concentrations were seen at the PCM/extracellular matrix interface, mainly along the

long axis of the PCM
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Effective von Mises stress at equilibrium

Fig. 5.
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Effective von Mises stress at multiple material domains in the nucleus pulposus. The stress
was highly heterogeneous in the PCM, when compared to the extracellular matrix and cells
(viewed in YZ plane at x = 0). The stress concentration (up to ~2,000 Pa) was mainly at the
cell/PCM interface and significantly higher than the average value in the PCM (~800 Pa)
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Average volumetric strain of individual cells enclosed in one PCM containing multiple cells
in the nucleus pulposus. Similar responses were seen for all cells, but the magnitude of strain
can be different for individual cells in both the 2 cell aand b and 3 or 4 cell ¢ and d cell-
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Table 1

Material properties chosen for the extracellular matrix, pericellular matrix and cells in the nucleus pulposus

Young's Modulus E (kPa)  Poisson's ratiov  Permeability k (m*/N-s)

ECM 5 0.45 2x 1071
PCM 30 0.2 7 %1077
Cell 0.9 0.4 4% 10715

The extracellular matrix (Umehara et al. 1996; latridis et al. 1997; Johannessen et al. 2004; Johannessen and Elliott 2005; Perie et al. 2005; Cloyd
et al. 2007), pericellular matrix (Alexopoulos et al. 2003, 2005a,b) and cell (Guilak et al. 1999) of the nucleus pulposus are assumed to be biphasic,
linearly elastic and isotropic materials
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