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Abstract
The more we learn about the intervertebral disc (IVD), the more we come to appreciate the intricacies
involved in transmission of forces through the ECM to the cell, and in the biological determinants
of its response to mechanical stress. This review highlights recent developments in our knowledge
of IVD physiology and examines their impact on cellular mechanobiology. Discussion centers around
the continually evolving cellular and microstructural anatomy of the nucleus pulposus (NP) and the
annulus fibrosus (AF) in response to complex stresses generated in support of axial load and spinal
motion. Particular attention has been given to cells from the immature NP and the interlamellar AF,
and assessment of their potential mechanobiologic contributions to the health and function of the
IVD. In addition, several innovative approaches that have been brought to bear on studying the
interplay between disc cells and their micromechanical environment are discussed. Techniques for
“engineering” cellular function and technologies for fabricating more structurally defined biomaterial
scaffolds have recently been employed in disc research. Such tools can be used to elucidate the
biological and physical mechanisms by which different IVD cell populations are regulated by
mechanical stress, and contribute to advancement of preventative and therapeutic measures.
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Introduction
The mechanobiology of intervertebral disc (IVD) cells has been an area of significant interest
from the perspectives of growth, remodeling, degeneration, and repair. For the human IVD,
however, there are several unique challenges that obscure our understanding of these areas.
The first is that the reference state of the disc is a moving target. Cell phenotype and
extracellular composition are constantly evolving, such that the nature of both the transduced
mechanical stimulus on the resident cells and their consequent responses depend on the state
of disc maturity and health. Secondly, spinal stresses are inextricably entwined with other
intrinsic and extrinsic influences. This coupling of cumulative mechanical factors with these
influences such as aging (Buckwalter, 1995, Nerlich, et al., 1997), genetics (Chan, et al.,
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2006, Videman, et al., 2006), electrokinetic phenomena (Gu, et al., 1999), and transport of
nutrients and metabolic products (Jackson, et al., 2008, Soukane, et al., 2007), makes it
particularly difficult to distinguish the precise role of mechanobiology in disc physiology and
pathophysiology. Thirdly, the link between mechanical stress and clinical disorder is not
understood. While there certainly is involvement of mechanical stress in governing
extracellular matrix (ECM) alterations, the severity of such changes do not always coincide
with the onset of pain associated with degenerative disc disease (DDD). The combination of
these challenges have impeded a consensus from being formed as to a set of functional
outcomes for reparative/regenerative strategies, which, in turn, has made it difficult to mount
a unified effort toward a common endgoal of treatment.

As new knowledge in IVD biology, pathobiology, mechanobiology, and repair is generated,
our views of these challenges are being reshaped. Over the past few years, numerous review
articles have been published on these various aspects of the IVD, demonstrating the burgeoning
efforts in this field. In particular, some very comprehensive reviews of disc mechanobiology
serve as excellent reference material (Iatridis, et al., 2006, Lotz, et al., 2002, Setton and Chen,
2004, Setton and Chen, 2006). Rather than re-visit concepts adroitly covered by these other
reviews, we will center our discussion on two relatively new focus areas in IVD research whose
contributions to disc mechanobiology are not well understood, but are potentially significant:
the immature nucleus pulposus (NP) and the interlamellar annulus fibrosus (AF). In the
following sections, we briefly outline the structural, microstructural, and compositional
elements of the disc and consider their roles in the mechanobiology of immature NP and
interlamellar AF cells. We believe that an improved understanding of these cells could have
profound impact on the perception of how mechanical stress regulates disc health. Space
limitations and the specific nature of this review precluded comprehensively citing all work in
IVD cell mechanobiology, and we sincerely apologize to those authors whose work was
omitted due to these constraints.

Biomechanical function of the intervertebral disc
The IVD provides six degrees of freedom to a spinal motion segment and serves as a central
axial structure for cushioning loads. Physiologically, the disc experiences intricate
combinations of forces and deformations (Li, et al., 2009), determined by voluntary
movements, external perturbations, and stabilizing forces in the spine. Range of motion is
limited by known kinematic constraints of the facet joints and ligamentous structures (Onan,
et al., 1998, Smith, 1991). Complexities arise because the spine is subjected to moments that
generate coupled rotations (Li, et al., 2009, Little, et al., 2008, Panjabi, et al., 1989). Follower
loads from stabilizing structures (Patwardhan, et al., 1999, Rohlmann, et al., 2001, Wilke, et
al., 2003) and intra-abdominal pressure (Andersson, et al., 1977, Cholewicki, et al., 1999,
Daggfeldt and Thorstensson, 1997, Grillner, et al., 1978) also influence the resultant loads.
Further, intrinsic and extrinsic mechanical stresses are often dynamic and can occur over
multiple time scales. Taken together, these various elements complicate the loading
environment of the IVD, such that experimental replication of true physiologic loading
conditions in the disc is problematic.

Despite these complexities, the disc appears optimally organized such that subregions can
maintain load-bearing responsibilities for a majority of time during transient spinal motions.
Thus, different physiologic loading modes are more likely to influence magnitude, rather than
mode, of mechanical stress. Specifically, the NP is associated with hydrostatic pressurization,
while the AF resists biaxial tensile stresses and shear, both within and between lamellae. The
ability for each subregion to remain within physiologic ranges of stress/strain, however,
changes with load history and health. Linking the biological and biomechanical principles
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identified from reductionist approaches to the physiology of the disc has been, and continues
to be, a key hurdle in IVD mechanobiology.

Nucleus pulposus
Although immature NP cells have previously been thought to have little bearing on disc health,
a review of the anatomic and microstructural changes of the NP during growth and aging
suggests that they may possess characteristics necessary for IVD homeostasis. This has
stimulated some recent work focused on the nature of immature NP cells (Chen, et al., 2006,
Guehring, et al., 2009, Hunter, et al., 2007, Hunter, et al., 2004, Hunter, et al., 2004, Rastogi,
et al., 2009). Interestingly, in vivo animal models of disc loading, intended to examine stresses
experienced by adult discs, have provided a wealth of information upon which to build more
mechanistic investigations into immature NP cell mechanobiology.

Anatomy and microstructure
An area of the IVD that is in a relatively high state of flux early in life is the NP. The immature
NP contains both large, highly vacuolated chordocytes and small chordoblasts inherited from
its precursor, the notochord (Bancroft and Bellairs, 1976, Parsons, et al., 2002, Pettway, et al.,
1996, Vilovic, et al., 2001). While largely considered only as a transient signaling structure,
the notochord also serves as a primitive axial support structure (Stemple, 2005), possibly by
acting as a hydrostatic skeleton. There is evidence that the interior of the notochord is
pressurized with its integrity maintained by the proteoglycan (PG)- and laminin-rich sheath
(Platz, 2006). During embryonic morphogenesis, the notochord is pinched off by the formation
of vertebral bodies (Aszodi, et al., 1998, Grotmol, et al., 2003). With growth, the resulting
notochordal islands that constitute the NP develop even greater pressures. Resting intradiscal
pressures have been measured in situ to range from 80–340 kPa in immature discs of rat, rabbit,
and pig (Ekstrom, et al., 2004, Guehring, et al., 2005, Nesson, et al., 2008). Similarities between
immature NP and the notochord in composition and function suggests that these resident cells
and their protein products may be crucial.

In humans, the NP changes drastically by adulthood. The cell population becomes what has
been described as predominantly chondrocytic. Although mature NP cells in humans are small
and produce an aggrecan-rich matrix, their gene expression profile and metabolic activity are
distinct from articular cartilage (Melrose, et al., 2003, Poiraudeau, et al., 1999, Steck, et al.,
2005). It remains unclear what the mechanisms are that drive the change in cell population.
Some evidence points to migration of cells from the inner annulus and cartilage endplate (Kim,
et al., 2003), but one possibility not previously considered is that chordoblasts, which are
responsible for maintaining the PG sheath, could proliferate and form an NP cell population
unique to the adult disc. While the cell population has changed, the tissue retains a relatively
gelatinous consistency early into adulthood (Humzah and Soames, 1988). Over time, however,
the elastic properties of the NP begin to dominate (Iatridis, et al., 1997), and the swelling
characteristics become compromised (Johnstone, et al., 1992, Urban and McMullin, 1988).
Together, these changes reduce hydration and impair the NP’s ability to function as a
hydrostatic element, leading to altered stress distributions in the disc (Adams, et al., 1996,
Adams, et al., 1996, Gabai and Hsieh, 2007, Yerramalli, et al., 2007). Although it is generally
assumed that changes are due entirely to dismantling of the ECM by adult NP cells, it is also
possible that adult NP cells are intrinsically unable to produce appropriate matrix proteins to
maintain tissue architecture.

In terms of the ECM, the collagen of immature NP is exclusively type II (Adams, et al.,
1977, Nerlich, et al., 1998), but in only sparse amounts on the order of 5–10% of total dry
weight (Ghosh, et al., 1976). More precisely, the expressed isoform is type IIA procollagen,
which is also expressed by progenitor cells during chondrogenesis (Sandell, et al., 1991), but
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not by mature chondrocytes (Sandell, 1994, Sandell, et al., 1994). The NH2-propeptide of type
IIA collagen has been hypothesized to play a signaling, rather than structural, role, because in
the NP it does not co-localize with the triple helical region (Zhu, et al., 2001). Aggrecan levels
are very high and have unique characteristics in the immature NP. In particular, PGs exist
mostly as monomers that exhibit lesser tendency to aggregate via hyaluronic acid compared
with articular cartilage (Buckwalter, et al., 1985, Buckwalter, et al., 1989, Stevens, et al.,
1979). Their lengths are estimated to be 70% shorter than PGs from cartilage and 40% shorter
than those from the AF (Buckwalter, et al., 1989), and have a relatively high keratan sulfate
content (Melrose, et al., 2001, Stevens, et al., 1979). Together, these components of the ECM
impart a fluidic nature to the NP that suggests an enhanced ability to generate and sustain
hydrostatic pressure during disc loading.

With aging, alterations in tissue properties stem from microstructural reorganization due, in
part, to changes in collagen composition, increases in collagen content, and decreases in PG
content. Instead of consisting exclusively of types II and IX collagens, adult NP over 30 years
of age possess relatively large amounts of types I and III collagens, with an increase in type X
collagen expression in older discs (Nerlich, et al., 1998, Nerlich, et al., 1997). It is also not
clear when the type IIA isoform gives way to type IIB, which comprises adult cartilage, but
loss of the putative signaling NH2-propeptide may also contribute to the gradual change in cell
and ECM composition. PG content and its ability to aggregate decreases with age (Buckwalter,
et al., 1985, Cole, et al., 1986, Olczyk, 1994) due to the degradation of link protein (Donohue,
et al., 1988, Pearce, et al., 1989) and proteolytic cleavage of PG monomers by matrix
metalloproteinases and aggrecanases (Sztrolovics, et al., 1997). It is believed that as a
consequence, PGs are less able to stay entrapped in the NP. Glycosaminoglycan (GAG) profiles
of existing PGs shift further toward keratan sulfate (Adams, et al., 1977, Cole, et al., 1986,
Olczyk, 1994). The increasing collagen-to-PG ratio of the aging ECM may induce higher shear
stresses during compressive load-bearing in the NP, leading to a vicious cycle of stimulating
greater amounts of fibrous tissue formation.

Cell Mechanobiology
Evidence from our lab and others suggests that changes in immature NP cells may be very
sensitive to mechanical environment. For example, our unpublished observations of
morphologic distinctions among NP cells isolated from different spinal levels of juvenile
Macaca fascicularis (Long-tailed or Crab-eating macaques) suggest an association with
expected loading exposure. Specifically, NP cells from lumbar levels, those typically subjected
to the greatest stress in upright species, possess smaller vacuoles and extend greater numbers
of cell processes compared with those from caudal discs, which likely support much lower
levels of compression (Figure 1).

In rodents, dynamic compression of caudal discs has been one way to study immature NP cell
mechanobiology in situ, and have provided great insight into the regulation of gene expression
in response to tissue level dynamic loading regimens. It has been shown that NP cells exhibit
little alteration in expression of genes relevant to matrix remodeling under low loads
comparable to normal activities, regardless of loading frequency (MacLean, et al., 2004).
Supraphysiologic loads applied for short durations stimulate a remodeling response consistent
with normal composition of the NP, whereas very low frequency or longer duration loading
tends to generate increased type I collagen expression.

In long-term applications of cyclic 1 MPa compression, brief sessions of daily loading result
in maintenance of NP gene expression and PG content, as long as stimulation frequencies
remain around 1 Hz. With much lower or higher frequencies, and longer durations per loading
session, genes associated with ECM remodeling are upregulated (MacLean, et al., 2004,
MacLean, et al., 2005, Wuertz, et al., 2009). Others have demonstrated greater decreases in
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disc height and mechanical stability, even while PG content increases (Ching, et al., 2003,
Ching, et al., 2004). These observations might be explained in part by apoptosis induction
observed concurrently with increased PG areal density (Walsh and Lotz, 2004). The space
created by cell death could be filled (ineffectively) by PGs, leading to compromised disc
function and altered tissue stress distributions.

Prior studies using static compression to stimulate degenerative changes suggest spatio-
temporal dependent compaction of NP cells and tissue in mouse tail discs (Hsieh, et al.,
2005, Lotz, 2004) that appear related to apoptosis (Lotz and Chin, 2000) as well as other
catabolic processes (Hsieh and Lotz, 2003). These cellular effects lead to changes in the
mechanics of the disc, as observed in both mice (Lotz, et al., 1998) and rats (Iatridis, et al.,
1999). Overall, the data from these animal models suggest a complex dependence of
deformation on loading magnitude, frequency, and duration of loading regimen over time.

For the immature NP, the fluidic nature of the ECM allows effective hydrostatic pressure
generation during loading. Although typically regarded as beneficial, hydrostatic pressure can
also have undesired effects. In immature NP cells from rabbit and pig, hydrostatic pressures
as low as 1 MPa can increase collagen degradation if applied at high frequencies (Kasra, et al.,
2003, Kasra, et al., 2006). Based on our recent studies of load history effects on stresses in the
immature NP, the ability for the NP to pressurize further appears to be tied to the disc’s
hydration and stress state (Hwang, et al., 2009). Because immature NP cells appear to be very
sensitive to distortion and pressure, improved characterization of age group-specific
mechanical stress exposures on the disc and stress distribution through the disc would benefit
our understanding of initial changes during growth and aging.

Annulus fibrosus
Functionally, the AF of the IVD is an intriguing tissue that bears resemblance to both ligaments
and large arteries. While tethered to vertebrae and providing tensile integrity to multiaxial
translations and rotations, it is also responsible for resisting circumferential elongation
generated by internal pressure from the NP. It is tempting to simplify the mechanical
environment within the AF to gross level deformations, but a closer look reveals
microstructural complexities that belie such assumptions and represent important
considerations in cellular mechanobiology.

Anatomy and microstructure
The AF surrounds the NP with layers of unidirectional collagen lamellae. Across successive
lamellae, collagen fibers alternate between directions of approximately +30° and −30° with
respect to the transverse plane, but exhibit both intra- and interlamellar variations in fiber angle
(Cassidy, et al., 1989, Hickey and Hukins, 1980, Holzapfel, et al., 2005, Stokes and Greenapple,
1985). The AF has traditionally been divided into three regions, an inner, middle, and outer
AF. This is both a morphologic and a developmental distinction, as the inner AF arises
simultaneously with endochondral formation of the vertebral bodies (Rufai, et al., 1995). In
contrast, the outer AF originates as a separate cell condensation with slower matrix formation
kinetics. Accordingly, there is variation in the structural components from inner to outer AF.
While lamellae of the inner AF consist mostly of type II collagen and fibrochondrocytes, those
of the outer AF are composed predominantly of type I collagen and are populated by fibroblasts
(Eyre and Muir, 1976). A population of interlamellar cells that exhibit a flattened “pancake”
morphology has also been described (Bruehlmann, et al., 2002, Errington, et al., 1998,
Hastreiter, et al., 2001), but their relationship to inner and outer AF cells are not yet known.
The PG profile changes from mostly aggrecan in the inner AF to mostly decorin and
fibromodulin in the outer AF (Hayes, et al., 2001, Melrose, et al., 2001). Elastin fibers have
been detected within lamellae, in vertebral attachments, at the NP-AF interface, and abundantly
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in “bridges” across the interlamellar ECM. Although elastin exists in relatively low amounts
(less than 5% of the IVD dry weight), this component has been hypothesized to play a
significant role in the mechanical function of the AF (Buckwalter, et al., 1976, Johnson, et al.,
1982, Yu, 2002, Yu, et al., 2007).

Microstructurally, the AF bears several similarities to ligaments and tendons, relying on
collagen fiber bundles organized in parallel to resist tensile stresses (Broberg and von Essen,
1980, Cassidy, et al., 1989, Hickey and Hukins, 1980, Holzapfel, et al., 2005, Stokes and
Greenapple, 1985). The staggered discontinuous nature of the fibrillar collagen microstructure
(Holzapfel, et al., 2005, Marchand and Ahmed, 1990) results in complex transmission of force
along lamellae, and has profound impact on our view of mechanotransduction. As observed in
bovine AF (Bruehlmann, et al., 2004, Bruehlmann, et al., 2004), and similarly in rat tail tendon
(Screen, et al., 2004), tissue stretch does not uniformly propagate across the levels of collagen.
Rather, straightening of collagen crimp and fibril-fibril sliding leads to nonuniformly
increasing fibril recruitment at different loads, and appears to account for the majority of tissue
level deformations. These phenomena have been demonstrated both through intercellular
measurements within and among collagen fibers (Bruehlmann, et al., 2004, Bruehlmann, et
al., 2004, Screen, et al., 2004) and measuring the deformation of photobleached lines across
labeled collagen fibers, themselves (Bruehlmann, et al., 2004). The mechanisms and kinetics
of recovery, whether passive or actively cell-mediated, are not yet clear. Thus, not only is cell
stretch a mechanism of stimulation during AF deformation, but shear stress likely also serves
as a robust determinant of cell function.

Recent studies have improved our understanding of the interlamellar and translamellar space,
both of which could play important roles in cellular mechanobiology. Evidence suggests that
these regions arise from distinct origins but become compositionally similar during maturation.
Developmentally, translamellar channels appear to be at least partially involved in tissue
vascularization of the outer AF (Melrose, et al., 2008). With growth, vascular structures
disappear, and the space becomes occupied with components similar to the interlamellar ECM
(Melrose, et al., 2008, Yu, 2002, Yu, et al., 2007). Specifically, these regions consist of an
elaborate age- and zonal-dependent network containing collagen microfibrils, elastin, and large
PGs. The outer AF possesses higher elastin density and greater elastin co-localization with
microfibrils compared with the inner AF (Yu, et al., 2007). Large PGs such as aggrecan and
versican, as well as types I and VI collagen, permeate both inter- and translamellar ECM
(Melrose, et al., 2008, Ortolani, et al., 1988).

Cell Mechanobiology
As with the NP, most of what is known about AF mechanobiology has come from in vivo
animal studies and organ culture experiments. The advantage of such approaches is the ability
to study cellular response in the context of the cells’ native biochemical and biophysical milieu.
In the AF, this is particularly critical, given the complex three-dimensional microstructure,
which can greatly influence cell deformations, pressurization, and convective forces. Thus,
responses of AF cells to stresses experienced in situ are more likely to be physiologically
relevant. On the other hand, the ability to resolve specific physical mechanisms of
mechanotransduction is sacrificed, which is significant considering the varied physical
microenvironments and cell phenotypes in the AF. Through these types of studies, the general
trends in reported data are consistent with what has been theorized to be the primary load-
bearing function of the AF. Specifically, loading regimens that tend to maintain the AF under
tension minimize deleterious effects. For instance, cyclic loading at lower applied stresses and
higher frequencies are associated with less apoptosis and lower levels of expression for certain
MMPs and ADAM-TSs (MacLean, et al., 2004, Walsh and Lotz, 2004). Lower frequencies of
loading results in a shift in the balance of gene expression toward a more catabolic profile
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(MacLean, et al., 2004). In extreme cases of static loading at high stress magnitudes, which
has been computationally attributed to decreased annular tension (Lotz, et al., 1998), AF cells
become apoptotic, and possess de-regulated gene expression and MMP activation (Hsieh and
Lotz, 2003, Lotz and Chin, 2000, Lotz, et al., 1998). The importance of tensional stress in the
AF has also been demonstrated by subjecting the disc to transient bending (Court, et al.,
2007, Court, et al., 2001, Lotz, et al., 2008), and by impairing the disc’s ability to pressurize
via puncture injury (Hsieh, et al., 2009).

As with most tissues that possess an organized hierarchical structure of collagen, the
mechanobiology of cultured AF cells has generally been studied using monolayer stretch
approaches, under the assumption that the primary stimulus of cells in tissue is elongation.
Considering that within-fiber strains are estimated to be a fraction (12–20%) of tissue level
strain for fascicular structures (Bruehlmann, et al., 2004, Screen, et al., 2004), subjecting AF
cells to strains (~1–2%) corresponding to axial IVD compression or single degree of freedom
rotations (Heuer, et al., 2008, Stokes, 1987) appear not to influence PG synthesis significantly
(Rannou, et al., 2003). However, larger cell stretch magnitudes – such as those that would be
encountered during multi-axial bending motions with compression – decrease PG synthesis
and moderate the adverse effects of inflammatory stimuli (Rannou, et al., 2003, Sowa and
Agarwal, 2008). Very high deformations induce apoptosis and production of inflammatory
mediators (Miyamoto, et al., 2006, Rannou, et al., 2004). Cyclic hydrostatic pressure and
unconfined alginate compression studies have also been conducted, with general trends
indicating that relatively high levels of pressure or deformation (within limits) are required to
induce a stimulatory response (Chen, et al., 2004, Handa, et al., 1997, Hutton, et al., 1999,
Hutton, et al., 2001, Ishihara, et al., 1996, Kasra, et al., 2003, Kasra, et al., 2006, Korecki, et
al., 2008, Reza and Nicoll, 2008).

Considering the AF’s inhomogeneous cell population, non-uniform stress distribution, and
spatially varying microstructure, our understanding of AF cell mechanobiology would benefit
from improved characterization of cell phenotype-specific responses. Distinguishing between
inner and outer AF cells has been a typical approach, but one unstudied area with potentially
important implications in disc health is the mechanobiology of the interlamellar compartment.
Changes observed in the interlamellar space suggest that these cells are mechanobiologically
active and may contribute to age-related changes in disc mechanics and the progression of
disease. Based on prior findings, we may be able to make some inferences regarding the
mechanical environment and its role in disc health. In humans, AF elastin content as measured
by a dye-binding assay increases with degeneration grade, with greater increases in the inner
AF compared with outer AF (Cloyd and Elliott, 2007). Human scoliotic discs, however, exhibit
a decrease in elastin immunostaining with less regularity and greater distortion (Yu, et al.,
2005). In some of our own investigations (Hsieh, et al., 2009, Lotz, et al., 2008), degenerative
changes induced by static 1.3 MPa mechanical compression or 18g hypodermic needle
puncture in rodent caudal discs have been accompanied by increases in PG content within the
interlamellar space, as demonstrated by greater Safranin-O staining together with rounded cell
morphologies (Figure 2). The interlamellar composition also appears to change dramatically
with growth. Specifically, in ovine discs aggrecan, versican, and type VI collagen are present
in adult discs but not detectable in newborn discs (Melrose, et al., 2008).

Some recent studies using cryosectioned and fully hydrated bovine AF tissues have provided
some insight into interlamellar matrix deformation during annular tension. When tension is
applied along the direction of collagen bundles of alternating lamellae (and obliquely in
intervening lamellae), significant shear appears to be generated in the interlamellar ECM
(Pezowicz, et al., 2006). Although it is unclear how much these observations are accentuated
by sample preparation and idealized uniaxial loading, induction of interlamellar shear
deformations during IVD loading is plausible and probably important. One piece of supporting
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evidence is the localization of lubricin in the interlamellar space (Shine and Spector, 2008),
suggesting that these regions facilitate relative sliding of adjacent lamellae during spinal
motions and inhibit delamination of lamellae. In addition to shear, there is likely significant
radial compression caused by bulging of successive lamellae, as well. Collagen crimp angle
increases from outer to inner AF (Cassidy, et al., 1989), leading to depth-dependent decreases
in both toe and linear region stiffness (Holzapfel, et al., 2005). Thus, during NP pressurization
as one moves deeper from outer to inner AF, each lamella may exhibit successively greater
tendency to bulge outward, generating compression between lamellae. The resultant
compressive stress coupled with lamellar sliding could create a unique mechanical environment
in the AF similar to that of the superficial zone of cartilage, and could explain the localization
of lubricin and PGs in the interlamellar space in the outer AF. With excessive deformations
and pressurization, the progressive shear failure of the interlamellar ECM together with
changes in radial stresses may result in the observed changes in human and animal models of
degenerate discs.

Novel approaches for IVD cellular mechanobiology research
Traditional approaches in cellular mechanobiology involve the application of various modes,
magnitudes, and frequencies of mechanical stress in different experimental systems. These
include loading tissues in vivo and in organ culture, or loading cells in monolayer and in
scaffolds. Each of these general strategies possesses its own set of advantages and
disadvantages, and allows specific aspects of mechanobiology to be addressed, as driven by
the research question.

Various techniques in genetic manipulation and biomaterials fabrication have been used to
augment the implementation of these traditional approaches in disc cell mechanobiology
research. In the realm of molecular and cell biology, the ability to “engineer” cellular function
has broadened our capabilities to address mechanistic questions. Previously, such studies were
limited to investigating short-term changes in cellular processes using exogenously added
inhibitors or stimulating factors. Alternatively, transgene technology has permitted studying
how the presence or absence of a protein might influence tissue and disease development.

Relatively new recombinant DNA techniques for protein engineering as well as for stable
endogenous expression and silencing of genes can be used to impart functionality to cells. Thus
far, studies using these tactics in the IVD have focused on increasing endogenous growth factor
expression (Cui, et al., 2008, Moon, et al., 2008, Wang, et al., 2004, Yoon, et al., 2004, Zhang,
et al., 2006) and silencing matrix metalloproteinase (MMP) (Rastogi and Hsieh, 2009) and Fas
ligand expression (Suzuki, et al., 2009), in order to understand factors involved in disc
degeneration and regeneration. Using lentiviral transduction of primary AF cells, we have been
able to demonstrate stable knockdowns > 95% of MMP-2 at both mRNA and protein levels
using various shRNA constructs (Figure 3). These techniques can also be adopted in
mechanobiology for elucidating the roles of specific molecules in cellular mechanosensation,
mechanotransduction, and mechanoresponsiveness. One of the paradigms that we have begun
exploring is the use of RNA interference (RNAi) for engineering the mechanobiology of
mesenchymal stem cells at these different levels (Figure 4). Considering the adverse
mechanical environment that is believed to exist in degenerate discs, such an approach could
be used to engineer a desired response in cells injected into the disc space.

In the area of chemical and biomolecular engineering, there has been tremendous growth in
the development of scaffolds geared toward tissue replacement. Important limitations in the
interpretation of prior mechanobiologic studies arose from the lack of structural influences on
cultured cell deformations, and the inability to relate mechanobiology directly to cell
deformations in native tissues. The capability to control the nanostructural and biochemical
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properties of such scaffolds offers the potential to study cellular mechanobiology with
unprecedented resolution. Recently, several reports of the nanofibrous scaffolds using different
polymers have demonstrated strong potential for use in tissue engineering applications
(Nerurkar, et al., 2007, Nesti, et al., 2008, Yang, et al., 2008). It has been shown that scaffolds
such as these are amenable to cell deformation measurements, which can then be quantitatively
related to scaffold deformation as well as mechanobiologic response (Stella, et al., 2008).
Native fibrillar collagen thin films have also been developed recently (Elliott, et al., 2003).
Advantages of this platform include the ease with which live cell imaging experiments can be
performed to examine how cells interact with and remodel fibrillar collagen, and the ability to
modulate microstructural density by varying collagen concentration. Our preliminary studies
have found that type II collagen possesses what appear to be straighter, thicker fibrils compared
with type I collagen (Figure 5a). Moreover, primary AF cell function are better preserved on
collagen films than on tissue culture plastic, particularly with short duration cultures
(Morschauser, et al., 2009). Specifically, cell adopt a less flattened cell shape with greater
extension of cell processes and fewer stress fibers (Figure 5b), along with smaller variations
in cell area as assessed by quantitative microscopy (Figure 5c). Importantly, real-time RT-PCR
demonstrates that expression of type II collagen is maintained and that of aggrecan is stimulated
on CTFs, suggesting improved retention of cell phenotype (Figure 5d). These substrates and
others can potentially be adapted further to study important interactions between microstructure
and mechanobiology.

Concluding Remarks
Our understanding of cellular mechanobiology in the IVD has grown by leaps and bounds
during this past decade. Nonetheless, because of technological advances that have spurred the
development of new methods to characterize, manipulate, and measure how cells interact with
and respond to their micromechanical environment, there continue to be opportunities to
improve current understanding and address unresolved research questions. Innovation will
ensure that we continue to make progress toward our goal toward prevention and therapy of
disc disorders.
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Figure 1.
Morphology of immature NP cells isolated from juvenile Macaca fascicularis spines after 1
week in culture. Vacuolar appearance and cell shape depend on spinal level, suggesting subtle
phenotypic differences associated with variation in disc mechanical exposures. Scale bars
represent 50 μm.

Hsieh and Twomey Page 16

J Biomech. Author manuscript; available in PMC 2011 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Images of annulus fibrosus regions from mid-sagittal paraffin sections stained with Safranin-
O/Fast green. Normal rat caudal discs (a) possess very little detectable interlamellar Safranin-
O staining. Boxed regions highlight substantial interlamellar proteoglycan staining with overall
degenerative changes in (b) punctured rat caudal discs, and (c) compressed mouse caudal discs.
Scale bars represent 200 μm.
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Figure 3.
Knockdown of MMP-2 gene expression in AF cells using RNA interference. Real-time RT-
PCR (left) reveals greater than 95% knockdown of mRNA levels relative to a nonsense control
for 2 out of the 5 shRNA constructs tested (F and G). An ELISA-based protein assay (right),
however, shows effective sustained knockdown on the protein level for 4 out of the 5 constructs
(E, F, G, and H).
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Figure 4.
Schematic illustrating the potential implementation of RNA interference to modify
mechanotransduction at the extracellular, transcellular, and intracellular levels.
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Figure 5.
(a) Type I (left) and type II (right) collagen thin films consist of a bed of native collagen fibrils.
Scale bars represent 10 μm. (b) Culturing AF cells on type I collagen films (CTF) stimulates
more physiologic cell morphologies compared with tissue culture polystyrene (TCPS). Scale
bars represent 20 μm. (c) Automated quantitative microscopy shows smaller variation in
attachment area for cells cultured on CTFs. (d) CTFs promote the maintenance of cell
phenotype as assessed by real-time RT-PCR.
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