
Introduction
Low back pain affects up to 85% of people at some point during
their lives, resulting in healthcare and related costs in the United
States of $100 billion every year (Andersson, 1999; Katz, 2006).
Degeneration of the intervertebral discs is strongly implicated as
a cause of low back pain (Bogduk, 1991; Freemont, 2009). The
intervertebral discs are partially movable joints that connect each
of the vertebral bodies in the spine, functioning both to transfer
loads and impart mobility. The etiology of disc degeneration has
proven challenging to characterize because it is poorly defined and
its progression is closely linked to aging (Adams and Roughley,
2006; Urban and Roberts, 2003). Disc degeneration is perhaps best
defined as a cascade that begins with changes to the cellular
microenvironment within the substructures of the disc that
progresses over decades to structural breakdown and functional
impairment (Freemont, 2009; Urban and Roberts, 2003).

Current treatments for discogenic low back pain are
predominantly conservative, involving, for example, physiotherapy

and anti-inflammatory medications (Mirza and Deyo, 2007). In
cases in which surgical intervention is warranted, the current gold
standard is spinal fusion (Mirza and Deyo, 2007); however, fusion
seeks only to alleviate painful symptoms without restoring disc
mechanics or structure, recurrent episodes of pain are common
and adjacent levels of the spine can experience accelerated
degeneration requiring additional surgery (Ghiselli et al., 2004;
Hanley et al., 2010). More recently, disc arthroplasty (artificial disc
replacement) has been used to restore mobility; however, these
implants do not recapitulate the mechanical function of the native
joint, are subject to wear and failure, and resection is a complex
surgical procedure (Hanley et al., 2010). There is, therefore, a strong
need for therapies that both alleviate painful symptoms and restore
disc structure and mechanical function by directly addressing the
underlying biological causes of disc degeneration.

Although disc degeneration is not commonly present until
adulthood (Miller et al., 1998), changes to the cellular
microenvironment of the disc begin within just a few years of birth
(Boos et al., 2002). Developmentally, the disc is a unique structure
formed from cells of at least two disparate embryonic origins: the
notochord and the somites. These lineages give rise to a tissue that
is complex and specialized in terms of its microstructure,
mechanical function and cell types. In this Perspective, we begin
by providing a short overview of disc degeneration and current
treatment strategies. We then provide a detailed review of
embryonic development of the disc and the subsequent postnatal
changes that precede and potentially predispose the disc to clinically
significant degeneration later in life. We conclude with a synergistic
discussion, examining how an understanding of the mechanisms
that underlie development might influence therapeutic strategies
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Degeneration of the intervertebral discs, a process characterized by a cascade of cellular, biochemical, structural and
functional changes, is strongly implicated as a cause of low back pain. Current treatment strategies for disc
degeneration typically address the symptoms of low back pain without treating the underlying cause or restoring
mechanical function. A more in-depth understanding of disc degeneration, as well as opportunities for therapeutic
intervention, can be obtained by considering aspects of intervertebral disc development. Development of the
intervertebral disc involves the coalescence of several different cell types through highly orchestrated and complex
molecular interactions. The resulting structures must function synergistically in an environment that is subjected to
continuous mechanical perturbation throughout the life of an individual. Early postnatal changes, including altered
cellularity, vascular regression and altered extracellular matrix composition, might set the disc on a slow course towards
symptomatic degeneration. In this Perspective, we review the pathogenesis and treatment of intervertebral disc
degeneration in the context of disc development. Within this scope, we examine how model systems have advanced
our understanding of embryonic morphogenesis and associated molecular signaling pathways, in addition to the
postnatal changes to the cellular, nutritional and mechanical microenvironment. We also discuss the current status of
biological therapeutic strategies that promote disc regeneration and repair, and how lessons from development might
provide clues for their refinement.
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for repair and regeneration of degenerate discs, and suggest
directions for future research.

Structure and function of the intervertebral disc
The intervertebral disc consists of multiple, structurally distinct
anatomical regions (Fig. 1). The central nucleus pulposus (NP)
contains large quantities of the proteoglycan aggrecan, which
aggregates along chains of hyaluronan (Urban, 1996). The
glycosaminoglycan side chains of these proteoglycans carry a fixed
negative charge and generate an osmotic swelling pressure within
an irregular meshwork of collagen II fibrils. The NP is contained
peripherally by the annulus fibrosus (AF), which has a
heterogeneous composition and architecture (Humzah and
Soames, 1988). The highly organized outer regions of the AF consist
of distinct lamellae, which are composed of bundles of collagen I
fibers oriented at oblique angles that alternate within each
consecutive lamella to form an angle-ply structure (Cassidy et al.,
1989; Marchand and Ahmed, 1990). In the inner AF, there is a
transition to collagen II that, together with increasing proteoglycan
concentration, gives rise to a less fibrous and less organized
structure (Humzah and Soames, 1988). Two thin endplates of
hyaline cartilage extend superiorly and inferiorly over the inner AF
and NP to interface with the vertebral bodies, and function to
regulate nutrient diffusion between the disc and the vertebral bodies
(Rajasekaran et al., 2004; Urban et al., 2004). In the outer regions
of the AF, collagen fibers anchor directly into the vertebral bone.

The foremost function of the intervertebral disc is mechanical:
it transfers loads, dissipates energy and facilitates joint mobility.
The NP and AF structures act synergistically to distribute and
transmit loads between the vertebral bodies (Heuer et al., 2008;
Johannessen et al., 2006; O’Connell et al., 2007a). When the disc
is compressed, hydrostatic pressure is generated within the NP,
which is constrained peripherally by the AF, generating tensile
circumferential stresses within the lamellar structure (Heuer et al.,
2008; O’Connell et al., 2007a). Compressive loads are also supported
directly by the inner AF, which is rich in proteoglycans (Roughley
et al., 2006; Vresilovic et al., 2006). The angle-ply structure and
nonlinear properties of the AF facilitate both joint mobility and
stability in multiple modalities, including bending and rotation, and
combinations thereof (Guerin and Elliott, 2007; Heuer et al., 2008;
Schmidt et al., 2007).

The adult disc is almost completely avascular (Nerlich et al.,
2007), so resident cells must survive and function in an environment
that is low in nutrients and oxygen (Urban et al., 2004). Cell density

in the adult disc is very low, averaging 9000 cells/mm3 in the AF
and 4000 cells/mm3 in the NP. These values are considerably less
than other cartilaginous tissues (Maroudas et al., 1975). Cells in
the outer AF are fusiform fibroblast-like cells, whereas those in the
inner AF are more rounded (Bruehlmann et al., 2002). Cells in the
NP begin as large vacuolated cells that resemble those of the
embryonic notochord; however, early in postnatal life there is a
transition to smaller, less metabolically active cells (Urban et al.,
2000). The potential significance of this transition in NP cell
phenotype will be a focus of this Perspective.

Pathogenesis of intervertebral disc degeneration
With advancing age comes pronounced changes in the composition
of the disc extracellular matrix (Antoniou et al., 1996; Roughley,
2004). Decreasing aggrecan content in the NP leads to reduced
hydration (Buckwalter, 1995), leading in turn to impaired
mechanical function (Boxberger et al., 2006; Costi et al., 2008). A
less hydrated, more fibrous NP is unable to evenly distribute
compressive forces between the vertebral bodies. The forces are
instead transferred non-uniformly to the surrounding AF (Adams
et al., 1996), which can result in altered AF mechanical properties
(Acaroglu et al., 1995; O’Connell et al., 2009) and progressive
structural deterioration, including the formation of circumferential
and radial tears (Vernon-Roberts, 1988). On occasion, radial tears
can progress to a posterior radial bulge or herniation of NP
material (Vernon-Roberts, 1988), resulting in painful symptoms.
Decreased disc height is also commonly associated with advanced
disc degeneration (Videman et al., 2003) and results in painful
compression of surrounding structures. Examples of discs with
advancing degrees of degeneration, as visualized by magnetic
resonance imaging, are shown in Fig. 2.

Multiple interdependent factors, including altered mechanical
loading (Stokes and Iatridis, 2004), reduced nutrient supply (Urban
et al., 2004) and hereditary factors (Battie and Videman, 2006), have
been implicated in the initiation and progression of the degenerative
cascade. Changes to disc extracellular matrix composition with age
are attributable to alterations in function and increased death of
the cells that make up the disc (Zhao et al., 2007). The cellular
microenvironment of the disc becomes progressively more hostile,
and is characterized by upregulated levels of proinflammatory
cytokines and associated catabolic enzymes (Le Maitre et al., 2007).
This is in part due to a reduction in the diffusion of nutrients
through the endplates that accompanies thinning and calcification;
the reasons for these endplate changes are not well understood
(Rajasekaran et al., 2004; Urban et al., 2004). Mechanical loading
might also play a direct role in the progression of disc degeneration.
Cell survival and matrix synthesis are both sensitive to compressive
stress (Maclean et al., 2004; Walsh and Lotz, 2004). Although some
mechanical stimulation is necessary to induce nutrient diffusion
and to promote matrix synthesis, excessive loading can result in
localized tissue injury that is slow to repair and alters strain
distribution throughout the extracellular matrix of the entire disc
(Stokes and Iatridis, 2004). Finally, hereditary factors also play a
role in an individual’s susceptibility to disc degeneration (Battie and
Videman, 2006). Twin studies suggest that genetics predispose
individuals to disc degeneration (Sambrook et al., 1999). Population
studies for candidate genes and genome-wide assays are advancing
this idea, although the fact that disc degeneration is a multi-factorial
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Fig. 1. Schematic representations of the adult intervertebral disc. (A)Mid-
sagittal cross-section showing anatomical regions. (B)Three-dimensional view
illustrating AF lamellar structure.
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process and because large sample sizes are needed for such studies,
genetic analyses have been challenging (Chan et al., 2006).
Additionally, undertaking gene analyses (PCR or microarray) for
thousands of individuals becomes prohibitively expensive.

Models of intervertebral disc degeneration
The development and application of model systems in which to
study the pathogenesis of disc degeneration and evaluate associated
treatments has proved extremely challenging (Alini et al., 2008).
Reasons for this include the slow progression of the condition,
multifactorial underlying causes and a poor understanding of the
circumstances under which degenerative changes are associated
with painful symptoms. Nevertheless, the scarce availability of
primary human degenerate disc tissue, and the almost non-
existence of healthy tissue for comparison in in vitro studies, means
that model systems, despite their limitations, are indispensable for

investigating the molecular and cellular pathways that maintain
healthy discs and that characterize the degenerative cascade.
Indeed, the discs of both large and small animals possess anatomical
and biomechanical traits that make them suitable models for
studying the human condition (O’Connell et al., 2007b; Beckstein
et al., 2008). Techniques for initiating degenerative changes in such
model systems include AF injury (Elliott et al., 2008; Yoon et al.,
2008), mechanical overload (Iatridis et al., 1999; Kroeber et al., 2002)
and enzymatic treatment to reduce NP glycosaminoglycan content
(Boxberger et al., 2008; Hoogendoorn et al., 2007). There are also
a few animals that develop disc degeneration spontaneously, such
as the sand rat and chondrodystrophoid dog (Gruber et al., 2002;
Hansen, 1952).

Current treatments for disc degeneration
The broad objectives of any treatments for disc degeneration should
be both to alleviate painful symptoms and to restore mechanical
function. Biological treatment strategies, when appropriately
targeted, have the potential to effectively satisfy both objectives.
Depending on the stage of degeneration (Fig. 2) during which
treatment strategies are designed to act, they can be classified as
regenerative or reparative. In general, regenerative strategies, such
as cell, gene and protein therapy, are more amenable to early-stage
degeneration that is localized to the NP (Fig. 2B) (Leung et al., 2006;
Masuda, 2008; Sakai, 2008; Sobajima et al., 2004; Wallach et al.,
2003). Repair strategies are more appropriate for more advanced
stages of degeneration that are characterized by structural
degradation of both the NP and AF (Fig. 2C) (Kandel et al., 2008;
Nerurkar et al., 2010; O’Halloran and Pandit, 2007). In this section
we provide a brief overview of current strategies for disc
regeneration and repair.

Regeneration
Regenerative strategies for the treatment of disc degeneration are
focused on reviving or healing extant disc tissue. This can be done
either by altering the phenotype of cells native to the ailing disc or
by introducing new cell populations. Injection of growth factors
such as bone morphogenetic protein 7 (BMP-7), transforming
growth factor- (TGF), growth/differentiation factor 5 (GDF-5)
and others into the disc has been widely studied as a means to
stimulate extracellular matrix production and cell proliferation
(Masuda, 2008). In certain animal models of disc degeneration,
treatments have successfully diminished or even reversed
degeneration-like characteristics (Masuda, 2008). However, the
translation of such treatments to human application and clinical
use is hampered by the inability to accurately recreate the
progressive, life-long degenerative transformation of the disc in an
animal model (Alini et al., 2008). Moreover, the potential success
of anabolic factors injected directly into the disc might be limited,
both owing to the short biological half-life of the factors and their
rapid diffusion away from the delivery site. Alternatively, cell
populations within the disc can be manipulated through gene
therapy approaches, which involve the delivery of genes into cells
through viral-vector-mediated gene transfer (Sobajima et al., 2004).
Finally, a more recent regenerative approach under investigation
is cell therapy, whereby cells are delivered locally to the degenerated
disc. The purpose of these cells is to either provide signaling cues
that ameliorate the effects of disc degeneration, or adopt and/or
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Fig. 2. Magnetic resonance images illustrating different stages of human
lumbar disc degeneration. (A)A healthy disc exhibiting distinct AF lamellae
(AF) and central NP region (NP). (B)A disc exhibiting early stages of
degeneration, including moderate height reduction, decreased NP signal
intensity and inward bulging of AF lamellae (*). (C)A disc exhibiting advanced
stages of degeneration, including severely reduced height, large fissure (*) and
generalized structural deterioration. Images obtained using 7T Siemens
scanner and a turbo spin echo sequence at 200mm isotropic voxel resolution.
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maintain disc-like phenotypes themselves, producing extracellular
matrix intended to re-establish healthy disc function (Leung et al.,
2006; Sakai, 2008).

Repair
Reparative strategies are focused on either augmenting or replacing
degenerate disc tissue to re-establish healthy disc function.
Although there are several non-biological reparative methods
available, a recent focus in this area is on tissue engineering. The
appeal of tissue engineering strategies is that, unlike non-biological
materials that can wear with time, cell-generated tissues retain their
capacity for remodeling and growth. The prevailing paradigm of
tissue engineering is that cells on a biomaterial substrate or scaffold
can be coaxed into forming new tissue when the appropriate stimuli
(biological or physical) are provided. Hydrogels such as alginate-,
collagen- and hyaluronan-based gels, among others, have been
shown to support the survival of mature NP cells and to be
conducive to matrix deposition (O’Halloran and Pandit, 2007).
Although NP tissue engineering has been a particular focus over
the years, interest has more recently turned to the AF and to whole
disc composite tissues (Bowles et al., 2010; Mizuno et al., 2006;
Nerurkar et al., 2010; Nesti et al., 2008). Most of these studies have
used either disc cells or mesenchymal stem cells. Although
experiments involving in vitro formation of disc-like structures have
been used to make significant advances, important challenges
remain to be addressed, including translation of these technologies
to large animal models for pre-clinical trials and meeting in vivo
nutritional requirements.

Disc development: embryogenesis and postnatal
growth
In contrast to the challenges encountered in establishing model
systems that accurately recapitulate the complex cascade that leads
to symptomatic disc degeneration, model systems have recently
facilitated a rapid expansion of our understanding of intervertebral
disc development. For example, mice have been used to fate map
cell populations, and other small and large in vivo models have been
used to study structural maturation and extracellular matrix
patterning. In addition, many in vitro models have been used to
study microenvironmental mediators of cell phenotype and matrix
synthesis. These model systems have enabled the identification of
growth factors that stimulate extracellular matrix synthesis during
embryonic tissue formation (Pelton et al., 1990; Dahia et al., 2009;
Baffi et al., 2006; Baffi et al., 2004; Sohn et al., 2010), transcriptional
programs involved in cell differentiation and matrix patterning
(Peters et al., 1999; DiPaola et al., 2005; Wallin et al., 1994;
Barrionuevo et al., 2006; Smits and Lefebvre, 2003), and the unique
gene expression signatures that identify the resident cell phenotypes
(Minogue et al., 2010; Chen et al., 2006). Understanding how these
factors function during normal disc development could contribute
to the successful advancement of regenerative and reparative
treatment strategies for disc degeneration. Furthermore, model
systems have been used to uncover multiple postnatal changes
within the disc microenvironment, including a transition in cell
phenotype (Peacock, 1952; Trout et al., 1982a; Hunter et al., 2004),
vascular regression (Nerlich et al., 2007) and altered matrix
synthesis (Cappello et al., 2006; Aguiar et al., 1999; Erwin et al.,
2006; Erwin and Inman, 2006), which, by altering the mechanical

and nutritional microenvironment, might together predispose the
disc to degenerative changes later in life. Within this context, in
the following sections we review in detail the embryonic formation
of the disc tissue structures, the associated molecular signaling
pathways and important aspects of subsequent postnatal growth.

Embryogenesis
Embryonic development of the vertebral column centers on the
notochord, a rod-like mesoderm-derived structure (Fleming et al.,
2001; Stemple, 2005). For development of the intervertebral disc,
the notochord is important both as a signaling center that mediates
cell migration, differentiation and survival, and as the structure that
physically gives rise to the NP (Choi et al., 2008; Peacock, 1951;
Walmsley, 1953). Embryonic morphogenesis of the disc, as well as
key molecules implicated in this process, are illustrated
schematically in Fig. 3.

The AF and NP regions of the disc arise concurrently along
distinct developmental pathways. At approximately 30 days fetal
gestation in the human (12 days in the mouse), cells of the
sclerotome migrate medially from pairs of paraxial somites (Fig.
3A) to condense around the notochord (Fig. 3B) (Hunter et al.,
2003a; Peacock, 1951). This condensation adopts a metameric
pattern of more condensed and less condensed regions (Fig. 3C),
which later give rise to the AF and vertebral bodies, respectively
(Aszodi et al., 1998). Cells in the future AF region adopt a
fibroblastic morphology. These cells align and orient to form the
template for matrix deposition that later defines the AF angle-ply
lamellar structure (Fig. 3E) (Rufai et al., 1995). AF cell organization
is mediated by cytoskeletal actin filaments. Stress fibers form within
these cells with an alignment that presages the mature collagen
organization of the AF (Hayes et al., 1999).

Concurrently with AF morphogenesis, the notochord contracts
within the forming vertebral body rudiments while simultaneously
expanding within the intervertebral regions to form the NP (Aszodi
et al., 1998; Pazzaglia et al., 1989; Peacock, 1951). This process of
notochord ‘involution’ is illustrated schematically in Fig. 3D, and
histologically in Fig. 4. Biomechanical forces have been proposed
to play a role in this transformation: swelling of the pre-vertebral
chondrogenic condensations might constrict the notochord in these
regions, inducing notochord cell migration towards the
intervertebral anlagen (Aszodi et al., 1998). This hypothesis is
supported by observations in collagen-II-deficient mice, in which
vertebral body formation is impaired and the notochord persists
as a continuous rod-like structure. The alternating regions of
notochordal narrowing and expansion that occur during normal
morphogenesis are absent and, consequently, no NP is formed
(Aszodi et al., 1998).

Molecular signaling
Disc embryogenesis occurs in response to a coordinated series of
molecular signals that originate from the cells of the notochord
and the floor plate of the neural tube (Placzek, 1995). Sonic
hedgehog (Shh) is a signaling molecule that performs diverse roles
in regulating skeletal morphogenesis by providing positional
information and directing cell differentiation (Ehlen et al., 2006;
McMahon et al., 2003). Patterning of the somites is regulated by
opposing gradients of Shh and Wnt signaling, with Shh being
specifically responsible for definition of the sclerotome (Ehlen et

dmm.biologists.org34

Intervertebral disc developmentPERSPECTIVE
D

ise
as

e 
M

od
el

s &
 M

ec
ha

ni
sm

s  
    

   D
M

M



al., 2006). Shh operates synergistically with noggin, a BMP
antagonist, during induction of the sclerotome (McMahon et al.,
1998). Noggin is initially expressed by cells of the notochord
(McMahon et al., 1998) before becoming localized to the developing
AF where it remains until birth, potentially acting to block BMP
signaling that originates from the vertebral bodies (DiPaola et al.,
2005).

Pax genes encode transcription factors that regulate proliferation,
differentiation, apoptosis, cell migration and stem cell maintenance.
In particular, Pax expression is important for specifying and
maintaining tissue boundaries (Frost et al., 2008; Wallin et al., 1994),
and as such might be responsible for delineating the more and less
condensed regions of cells that will give rise to the discs and
vertebral bodies, respectively (Smith and Tuan, 1994). Of the Pax
gene family, Pax1 and Pax9 specifically have been implicated in

the development of the intervertebral disc (Peters et al., 1999). In
their absence, both intervertebral discs and vertebral bodies fail to
develop; in their place forms an irregular, cartilaginous rod that is
interrupted by ventral extensions of the neural arches (Peters et
al., 1999). Pax1 expression in the sclerotome is mediated by Shh
and noggin signaling that originates from the notochord (Fan and
Tessier-Lavigne, 1994; Furumoto et al., 1999; McMahon et al., 1998).
Prior to formation of the disc and vertebral body anlagens, almost
all sclerotome cells express Pax1. Following disc formation, Pax1
is localized solely to the disc anlagen (the precursor of the AF)
surrounding the notochord as it transforms into the NP (DiPaola
et al., 2005; Wallin et al., 1994). There is also evidence that Pax1
mediates signaling from the sclerotome back to the notochord: in
Pax1 mutants, notochords are enlarged and have increased rates
of cell proliferation (Wallin et al., 1994). As such, it has been
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Fig. 3. Schematic representation of embryonic morphogenesis of the mammalian intervertebral disc. Colors represent origins and fates of cell populations.
Also indicated are key morphogens and transcriptional regulators implicated in the growth and differentiation of the disc structures at each developmental
stage. (A)The notochord adjacent to pairs of paraxial somites, which contain sclerotome cells. (B)Sclerotome cells condense around the notochord. (C)Cells
adopt a metameric pattern of more condensed (green) and less condensed (brown) regions that give rise to the disc and vertebral bodies, respectively. (D)The
notochord contracts within the vertebral body rudiments and expands within the future intervertebral disc to form the NP. (E)Basic structures of the disc are
established, and AF cells adopt orientations and alignments that form the template for the lamellar structure. VB, vertebral body.

Fig. 4. Stages of notochord transformation into the NP in the mouse embryo. Embryos were stained with Alcian Blue (which marks glycosaminoglycans) and
Picrosirius Red (which marks collagen). At embryonic day (E)12.5, the notochord (arrow) runs uninterrupted the length of the vertebral column. Sclerotome cells
have condensed perichordially, and metameric patterning of future disc and vertebral body condensations is apparent. At E13.5, the notochord has begun to
contract within the vertebral body regions and expand within the disc regions (arrow). At E14.5, the notochord has virtually disappeared from the vertebral
bodies, persisting solely in the locations of the future NPs (arrow). In the neonate, lateral expansion of the NP has occurred (arrow) and primary ossification
centers are present in the vertebral bodies. At postnatal age 1 month, vertebral bodies are fully ossified and the NP (arrow) contains a glycosaminoglycan-rich
extracellular matrix surrounded by the collagenous AF. Scale bars: E12.5, E13.5 and E14.5: 200 mm (top) and 100 mm (bottom); neonate: 400 mm (top) and 200 mm
(bottom); 1 month: 500 mm (top) and 400 mm (bottom).
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suggested that Pax1, as a mediator of notochordal cell proliferation,
regulates contraction and expansion of the notochord as it
transforms into the NP.

Members of the Sox (Sry-related high-mobility-group box) gene
family perform diverse functions during development (Schepers et
al., 2002; Wegner, 2009). Among these, Sox5, Sox6 and Sox9 are
specifically implicated in chondrogenesis (Schepers et al., 2002),
and all three seem to be important for disc development. Sox5 and
Sox6 are expressed in both sclerotome-derived and notochordal
cells (Smits and Lefebvre, 2003). In mice lacking both Sox5 and
Sox6, the notochordal sheath fails to form, probably due to
associated downregulation of genes encoding cartilage matrix
components such as collagen II and aggrecan (Smits and Lefebvre,
2003). The absence of this sheath results in downstream
consequences, including: notochordal cell apoptosis during
perichordal condensation of the sclerotome; aberrant removal of
notochordal cells from the intervertebral regions compared with
the vertebral regions; and, ultimately, failure of the NP to form.
Additionally, there is delayed and impaired differentiation of
cartilage in the inner AF (Smits and Lefebvre, 2003). Sox9 is
expressed in all primordial cartilage during embryogenesis,
coincident with collagen II expression (Bi et al., 1999), including
in the sclerotome and notochord (Barrionuevo et al., 2006).
Although mice lacking the Sox9 gene initially develop a notochord,
it later disintegrates (Barrionuevo et al., 2006), perhaps due to lack
of matrix formation within the notochordal sheath. Absence of
the  notochord and associated signaling henceforth impairs
development of the sclerotome (Barrionuevo et al., 2006).

TGF signaling has also been implicated in the metameric
patterning of the discs and vertebral bodies. TGF signaling is
important for regulating cell proliferation and differentiation, and
extracellular matrix production during skeletal development, with
different TGF isoforms exhibiting tissue-specific expression
profiles (Millan et al., 1991). TGF3 has been shown to be strongly
localized to the perichordal condensations that give rise to the AF
and vertebral bodies. As condensation advances, this expression
pattern becomes localized to the disc anlagen, showing clear
demarcation with respect to the adjacent vertebral bodies (Pelton
et al., 1990). Conditional deletion of TGF receptor 2 (TGF-r2)
in cells expressing collagen II results in incomplete formation of
the NP and inner AF, and partial mineralization of the disc region.
Cells in the AF exhibit a more chondrogenic phenotype and are
poorly organized. This suggests that TGF-r2 plays a role both in
defining the boundaries between the disc and the vertebral bodies,
and in defining and maintaining AF cell phenotype and organization
(Baffi et al., 2006; Baffi et al., 2004; Sohn et al., 2010). There is
evidence that disc cells continue to respond to TGF signaling
during postnatal growth (Dahia et al., 2009).

Postnatal vascular regression
Poor nutritional supply to the cells of the avascular intervertebral
disc has been implicated in the pathogenesis of degeneration with
age. In humans, during the early postnatal years, blood vessels that
have penetrated the AF and cartilage endplates from as early as 35
weeks gestation begin to recede, eventually leaving the disc as a
completely avascular structure (Nerlich et al., 2007; Urban and
Roberts, 1995). Possible reasons for vascular regression include
decreased nutrient requirements following the initial period of rapid

growth or, more likely, the inability of circulatory pressure to
compete with large physiological stresses in the surrounding
extracellular matrix. Following regression, there is evidence that
the pathways followed by blood vessels are never fully remodeled
into the surrounding microarchitecture, and that they remain as
translamellar bridging elements (Melrose et al., 2008; Smith et al.,
2010); this idea is consistent with the fact that the disc has a poor
ability to remodel and repair (Buckwalter, 1995). It is likely that
these vascular remnants influence AF mechanics in response to
radial and shear deformations; however, it is unclear whether this
influence would assist or impair the function of the disc.

Changing NP cell phenotype
As discussed above, altered cellularity is a hallmark of disc
degeneration. In fact, changes to the resident cell populations, and
specifically to those of the NP, begin to occur very early in life.
Soon after birth, the cells that populate the NP exhibit
morphological characteristics that are similar to the cells that
populate its notochord precursor (Peacock, 1952; Wolfe et al., 1965;
Trout et al., 1982a; Trout et al., 1982b). Because of these similarities,
these cells have classically been referred to as ‘notochordal-like’ in
reference to their putative origin. Notochordal-like cells in the
postnatal NP are large (30-40 mm in diameter), frequently appear
in clusters and possess actin-filament-bounded intracellular
vacuoles that occupy more than 25% of the cell area (Hunter et al.,
2003b; Hunter et al., 2004). These vacuoles are a trait common to
cells of the embryonic notochord; here, they seem to contain
secreted glycosaminoglycans, enabling the cells to generate an
osmotic swelling pressure that contributes to the elongation and
straightening of the notochord (Adams et al., 1990).

In the first 10 years following birth, the number of notochordal-
like cells declines, and eventually these cells disappear (Peacock,
1952; Trout et al., 1982a; Hunter et al., 2004). Concurrently, a second
population of smaller cells appears, classically referred to as
‘chondrocyte-like’ owing to apparent phenotypic and morphological
similarities with cartilage chondrocytes (Urban and Roberts, 1995).
Hereafter, these cells will be referred to as ‘mature NP cells’
because they should not be confused with cartilage chondrocytes.
In comparison with notochordal-like cells, the mature NP cells are
smaller (~10 mm in diameter) and lack intracellular vacuoles
(Hunter et al., 2004).

The rate at which the transition between cell types occurs varies
by species: in humans, notochordal-like NP cells persist only for
the first few years of life and have long disappeared by skeletal
maturity. In other species, such as rats, these cells persist well
beyond skeletal maturity (Hunter et al., 2003a; Hunter et al., 2004).
The origin of mature NP cells has been the subject of debate (Risbud
et al., 2010; Shapiro and Risbud, 2010): whereas some studies
suggest that these cells are recruited from adjacent tissues such as
the endplates (Kim et al., 2003), there is a solid and growing body
of experimental evidence that all cell types within the adult NP are
descended directly from the embryonic notochord (Risbud et al.,
2010). A recent study used tamoxifen-inducible Shh-Cre-ERT2
mice to fate map descendents of embryonic notochord cells,
exploiting the fact that these cells express Shh, whereas those of
the sclerotome do not (Choi et al., 2008). The results clearly
demonstrated that all cell types resident in the adult mouse NP are
descended directly from the notochord.
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Notochordal-like cells and mature NP cells exhibit some gene-
expression profile similarities, and also some differences. Although
both cell types have been found to express the typical chondrogenic
markers aggrecan, collagen II and Sox9 to a similar extent (Chen
et al., 2006; Kim et al., 2009; Sive et al., 2002), the relative expression
of collagen I, as well as biglycan, decorin and lumican, which are
small leucine-rich proteoglycans that are important for collagen
fibrillogenesis, is higher for mature NP cells than notochordal cells
(Chen et al., 2006). Expression of these factors is consistent with
the extracellular matrix changes that are observed with aging and
a transition to a more fibrous structure. Putative markers of mature
NP cells – such as cytokeratins 8, 18 and 19, snaptosomal-
associated protein 25 (SNAP-25), cadherin-2 and sclerostin
domain-containing protein 1 (SOSTDC1) – are all also expressed
by notochordal-like cells, in many cases at higher levels (Minogue
et al., 2010). There is some evidence, however, that the overall
number of cells expressing these markers decreases after 30 years
of age (Weiler et al., 2010). Expression of the embryonic
notochordal cell marker brachyury (T) by both notochordal-like
and mature NP cells has been suggested to indicate their common
notochordal lineage (Minogue et al., 2010).

The factors that underlie the transition in NP cell type are not
well understood; however, changes to both the mechanical and
nutritional microenvironment have been implicated. Mechanical
forces within the disc increase considerably after birth, particularly
with the onset of bipedal locomotion. It is possible that this
additional mechanical stress induces apoptosis or chondrogenic-
like differentiation of notochordal cells. Indeed, compressive
loading has been shown to mediate chondrogenic differentiation
of other cell types, such as mesenchymal stem cells (Huang et al.,
2010). Compressive loading in a rabbit model decreased the
number of notochordal-like cells and increased the number of
mature NP cells (Guehring et al., 2010). Cells of the NP must
survive and function in a low nutrient and low oxygen
environment, which becomes progressively moreso following
postnatal vascular regression. Furthermore, as a result of their
higher metabolic activity, the nutritional requirements of
notochordal-like cells are significantly greater than those of mature
NP cells (Guehring et al., 2009). A low nutrient environment might
therefore induce notochordal-like cell apoptosis or differentiation
towards a cellular phenotype with a lower nutrient demand
(Rastogi et al., 2009).

Matrix synthesis
A key factor in early disc degeneration is the decrease in NP
proteoglycan content. Notochordal-like cells have been shown to
synthesize matrix in a manner distinct from mature NP cells
(Cappello et al., 2006). Proteoglycans synthesized by notochordal-
like cells are evenly distributed between the inter- and pericellular
regions, compared with mature NP cells, in which the majority of
proteoglycans are intercellular. Additionally, the rate at which
proteoglycans migrate to the intercellular regions is significantly
greater for notochordal-like cells than for mature NP cells (Cappello
et al., 2006).

The matrix-producing potential of notochordal-like cells in vitro
seems to be enhanced in a low oxygen environment that replicates
that of the native tissue (Erwin et al., 2009). Notochordal-like cells
can influence the matrix-synthesis behavior of mature NP cells

(Aguiar et al., 1999; Erwin et al., 2006; Erwin and Inman, 2006).
Co-culture of bovine mature NP cells and canine notochordal-like
cells results in significantly higher levels of proteoglycan synthesis
than for either of these cell types in isolation (Aguiar et al., 1999).
Canine notochordal-like cells have been shown to secrete
connective tissue growth factor (CTGF) in culture (Erwin et al.,
2006). Bovine mature NP cells cultured in notochordal-like cell
conditioned medium exhibit increased expression of aggrecan in
a dose-dependent manner, a result replicated by recombinant
CTGF-supplemented medium (Erwin and Inman, 2006).
Notochordal-like cells also seem to have the capacity to mediate
the matrix-production characteristics of non-NP cell types.
Mesenchymal stem cells cultured in media conditioned using
porcine notochordal-like cells synthesize higher quantities of
glycosaminoglycans than those cultured either without
conditioned media or in the presence of TGF3 (Korecki et al.,
2010).

Improving treatments for disc degeneration: lessons
from development
Through identification of important growth factors and
transcriptional regulators that are present during the progressive
conversion from notochord and sclerotome cells to mature NP and
AF cells, respectively, it might be possible to target and modulate
specific genes associated with cell survival, differentiation and
matrix deposition to advance biological therapies for disc
degeneration. For example, the expression of TGF3 in perichordal
condensations of AF progenitor cells during AF morphogenesis
suggests that this molecule is a promising candidate for restoration
of AF architecture and function following degeneration-associated
tears and fissures. Indeed, organ culture studies of rat intervertebral
discs identified that TGF3 improved cell viability and matrix
retention in vitro (Risbud et al., 2006). In addition, application of
TGF3 to adult bovine AF cells cultured on electrospun
nanofibrous polymer scaffolds resulted in robust extracellular
matrix production and improved mechanical properties in vitro
(Nerurkar et al., 2007). This approach was recently employed to
generate nanofibrous biologic laminates that replicated the angle-
ply form and mechanical function of the native AF (Nerurkar et
al., 2009).

The transcription factor Sox9, which is associated with
chondrogenic differentiation and collagen II synthesis, is expressed
throughout the disc structures during embryogenesis (Barrionuevo
et al., 2006) and in the newborn AF (Gruber et al., 2005). A decrease
in Sox9 expression has been associated with disc degeneration
(Gruber et al., 2005), suggesting that it could also be a potential
therapeutic target. Indeed, preliminary studies investigating the use
of Sox9 gene therapy support this idea: transduced cells from
degenerate human discs showed enhanced collagen II production
(Paul et al., 2003). These results support the future therapeutic
potential of this and other transcriptional regulators, although
associations between disc degeneration and altered expression of
many of these factors remain to be elucidated.

Recent advances in notochordal cell biology have demonstrated
that these cells, through secretion of factors such as CTGF, can
enhance matrix synthesis by other cell types, and even direct
mesenchymal stem cells towards an NP-cell-like phenotype
(Korecki et al., 2010). Such cellular conditioning has the potential
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to optimize the phenotype of cells used in both NP cell therapy
and in NP tissue engineering.

As our understanding of the physical forces associated with disc
development improves, it will be possible to tailor therapeutic
approaches such that AF and NP tissue engineering might become
distinguished from ligament and cartilage tissue engineering,
respectively. At present, however, little is known about the role of
these forces, either in the segmentation of the notochord and its
transformation into the NP, or in the generation of an angle-ply
alignment in the AF. Most NP tissue engineering endeavors have
relied on entrapping cells within hydrogel scaffolds to maintain the
rounded cell morphology present in vivo (O’Halloran and Pandit,
2007; Yang and Li, 2009). Additionally, motivated by the large
swelling pressure in the notochord and later in the NP, studies have
shown that hydrostatic pressure can modulate the phenotype and
matrix production of mature NP cells when encapsulated in
hydrogels (Hutton et al., 1999; Kasra et al., 2006). On the basis of
the observation that cell alignment in the developing AF precedes
ordered matrix deposition, some tissue engineering strategies have
focused first on aligning cells, either through the use of micro-
grooved channels (Johnson et al., 2006) or aligned scaffolds (Mauck
et al., 2009). Furthermore, studies have demonstrated that, similarly
to the process in the developing AF, alignment of AF cells results
in deposition of aligned collagen as well (Johnson et al., 2006;
Nerurkar et al., 2008). In the future, it might be possible to design
and implement deformational loading bioreactors that are
specifically tailored to recapitulate the physical environment of the
developing spine.

Future directions
Despite many years of research, the etiology of discogenic low back
pain remains poorly understood, and palliative therapies do not
restore healthy disc structure or mechanical function. Development
of the intervertebral disc involves the coalescence of different cell
types under the direction of complex molecular interactions. The
resulting structures must function synergistically in an environment
that is subjected to continuous mechanical perturbation and in the
presence of poor nutrient supply, throughout the lifetime of an
individual. It is likely that early postnatal changes, including
vascular regression, altered NP cell phenotype and altered
extracellular matrix composition, despite representing a necessary
adaptation to a changing biochemical and biomechanical
microenvironment, set the disc on a slow but relentless course
towards degeneration. Future work in this area should build on
current understanding in order to establish the mechanisms by
which postnatal changes affect disc degeneration, as well as
establishing the direct consequences of altered extracellular matrix
synthesis and molecular signaling on this process. Improved
understanding of these factors will lay the foundation for the
emergence of exciting new regenerative or reparative biological
treatments for this debilitating condition.
ACKNOWLEDGEMENTS
L.J.S., N.L.N. and D.M.E. were supported by grants AR055568-S1, EB02425 and
AR050950 from the NIH, and by the Penn Center for Musculoskeletal Disorders.
B.D.H. and K-S.C. were supported by grants AG029353 and AR055568 from the
NIH. The authors thank Jonathon Yoder and Sung Moon for obtaining the MRI
images included in this paper.

COMPETING INTERESTS
The authors declare no competing or financial interests.

REFERENCES
Acaroglu, E. R., Iatridis, J. C., Setton, L. A., Foster, R. J., Mow, V. C. and

Weidenbaum, M. (1995). Degeneration and aging affect the tensile behavior of
human lumbar anulus fibrosus. Spine 20, 2690-2701.

Adams, D. S., Keller, R. and Koehl, M. A. (1990). The mechanics of notochord
elongation, straightening and stiffening in the embryo of Xenopus laevis.
Development 110, 115-130.

Adams, M. A. and Roughley, P. J. (2006). What is intervertebral disc degeneration, and
what causes it? Spine 31, 2151-2161.

Adams, M. A., McNally, D. S. and Dolan, P. (1996). ‘Stress’ distributions inside
intervertebral discs. The effects of age and degeneration. J. Bone Joint Surg. Br. 78,
965-972.

Aguiar, D. J., Johnson, S. L. and Oegema, T. R. (1999). Notochordal cells interact with
nucleus pulposus cells: regulation of proteoglycan synthesis. Exp. Cell Res. 246, 129-
137.

Alini, M., Eisenstein, S. M., Ito, K., Little, C., Kettler, A. A., Masuda, K., Melrose, J.,
Ralphs, J., Stokes, I. and Wilke, H. J. (2008). Are animal models useful for studying
human disc disorders/degeneration? Eur. Spine J. 17, 2-19.

Andersson, G. B. (1999). Epidemiological features of chronic low-back pain. Lancet

354, 581-585.
Antoniou, J., Steffen, T., Nelson, F., Winterbottom, N., Hollander, A. P., Poole, R. A.,

Aebi, M. and Alini, M. (1996). The human lumbar intervertebral disc: evidence for
changes in the biosynthesis and denaturation of the extracellular matrix with
growth, maturation, ageing, and degeneration. J. Clin. Invest. 98, 996-1003.

Aszodi, A., Chan, D., Hunziker, E., Bateman, J. F. and Fassler, R. (1998). Collagen II is
essential for the removal of the notochord and the formation of intervertebral discs.
J. Cell Biol. 143, 1399-1412.

Baffi, M. O., Slattery, E., Sohn, P., Moses, H. L., Chytil, A. and Serra, R. (2004).
Conditional deletion of the TGF-beta type II receptor in Col2a expressing cells results
in defects in the axial skeleton without alterations in chondrocyte differentiation or
embryonic development of long bones. Dev. Biol. 276, 124-142.

Baffi, M. O., Moran, M. A. and Serra, R. (2006). Tgfbr2 regulates the maintenance of
boundaries in the axial skeleton. Dev. Biol. 296, 363-374.

Barrionuevo, F., Taketo, M. M., Scherer, G. and Kispert, A. (2006). Sox9 is required
for notochord maintenance in mice. Dev. Biol. 295, 128-140.

Battie, M. C. and Videman, T. (2006). Lumbar disc degeneration: epidemiology and
genetics. J. Bone Joint Surg. Am. 88, 3-9.

Beckstein, J. C., Sen, S., Schaer, T. P., Vresilovic, E. J. and Elliott, D. M. (2008).
Comparison of animal discs used in disc research to human lumbar disc: axial
compression mechanics and glycosaminoglycan content. Spine 33, E166-E173.

Bi, W., Deng, J. M., Zhang, Z., Behringer, R. R. and de Crombrugghe, B. (1999). Sox9
is required for cartilage formation. Nat. Genet. 22, 85-89.

Bogduk, N. (1991). The lumbar disc and low back pain. Neurosurg. Clin. N. Am. 2, 791-
806.

Boos, N., Weissbach, S., Rohrbach, H., Weiler, C., Spratt, K. F. and Nerlich, A. G.
(2002). Classification of age-related changes in lumbar intervertebral discs: 2002
Volvo Award in basic science. Spine 27, 2631-2644.

Bowles, R. D., Williams, R. M., Zipfel, W. R. and Bonassar, L. J. (2010). Self-assembly
of aligned tissue-engineered annulus fibrosus and intervertebral disc composite via
collagen gel contraction. Tissue Eng. Part A. 16, 1339-1348.

Boxberger, J. I., Sen, S., Yerramalli, C. S. and Elliott, D. M. (2006). Nucleus pulposus
glycosaminoglycan content is correlated with axial mechanics in rat lumbar motion
segments. J. Orthop. Res. 24, 1906-1915.

Boxberger, J. I., Auerbach, J. D., Sen, S. and Elliott, D. M. (2008). An in vivo model of
reduced nucleus pulposus glycosaminoglycan content in the rat lumbar
intervertebral disc. Spine 33, 146-154.

Bruehlmann, S. B., Rattner, J. B., Matyas, J. R. and Duncan, N. A. (2002). Regional
variations in the cellular matrix of the annulus fibrosus of the intervertebral disc. J.

Anat. 201, 159-171.
Buckwalter, J. A. (1995). Aging and degeneration of the human intervertebral disc.

Spine 20, 1307-1314.
Cappello, R., Bird, J. L., Pfeiffer, D., Bayliss, M. T. and Dudhia, J. (2006). Notochordal

cell produce and assemble extracellular matrix in a distinct manner, which may be
responsible for the maintenance of healthy nucleus pulposus. Spine 31, 873-882.

Cassidy, J. J., Hiltner, A. and Baer, E. (1989). Hierarchical structure of the
intervertebral disc. Connect. Tissue Res. 23, 75-88.

Chan, D., Song, Y., Sham, P. and Cheung, K. M. (2006). Genetics of disc degeneration.
Eur. Spine J. 15, S317-S325.

Chen, J., Yan, W. and Setton, L. A. (2006). Molecular phenotypes of notochordal cells
purified from immature nucleus pulposus. Eur. Spine J. 15, S303-S311.

Choi, K. S., Cohn, M. J. and Harfe, B. D. (2008). Identification of nucleus pulposus
precursor cells and notochordal remnants in the mouse: implications for disk
degeneration and chordoma formation. Dev. Dyn. 237, 3953-3958.

dmm.biologists.org38

Intervertebral disc developmentPERSPECTIVE
D

ise
as

e 
M

od
el

s &
 M

ec
ha

ni
sm

s  
    

   D
M

M



Costi, J. J., Stokes, I. A., Gardner-Morse, M. G. and Iatridis, J. C. (2008). Frequency-
dependent behavior of the intervertebral disc in response to each of six degree of
freedom dynamic loading: solid phase and fluid phase contributions. Spine 33, 1731-
1738.

Dahia, C. L., Mahoney, E. J., Durrani, A. A. and Wylie, C. (2009). Intercellular
signaling pathways active during intervertebral disc growth, differentiation, and
aging. Spine 34, 456-462.

DiPaola, C. P., Farmer, J. C., Manova, K. and Niswander, L. A. (2005). Molecular
signaling in intervertebral disk development. J. Orthop. Res. 23, 1112-1119.

Ehlen, H. W., Buelens, L. A. and Vortkamp, A. (2006). Hedgehog signaling in skeletal
development. Birth Defects Res. C Embryo Today 78, 267-279.

Elliott, D. M., Yerramalli, C. S., Beckstein, J. C., Boxberger, J. I., Johannessen, W.
and Vresilovic, E. J. (2008). The effect of relative needle diameter in puncture and
sham injection animal models of degeneration. Spine 33, 588-596.

Erwin, W. M. and Inman, R. D. (2006). Notochord cells regulate intervertebral disc
chondrocyte proteoglycan production and cell proliferation. Spine 31, 1094-1099.

Erwin, W. M., Ashman, K., O’Donnel, P. and Inman, R. D. (2006). Nucleus pulposus
notochord cells secrete connective tissue growth factor and up-regulate
proteoglycan expression by intervertebral disc chondrocytes. Arthritis Rheum. 54,
3859-3867.

Erwin, W. M., Las Heras, F., Islam, D., Fehlings, M. G. and Inman, R. D. (2009). The
regenerative capacity of the notochordal cell: tissue constructs generated in vitro
under hypoxic conditions. J. Neurosurg. Spine 10, 513-521.

Fan, C. M. and Tessier-Lavigne, M. (1994). Patterning of mammalian somites by
surface ectoderm and notochord: evidence for sclerotome induction by a hedgehog
homolog. Cell 79, 1175-1186.

Fleming, A., Keynes, R. J. and Tannahill, D. (2001). The role of the notochord in
vertebral column formation. J. Anat. 199, 177-180.

Freemont, A. J. (2009). The cellular pathobiology of the degenerate intervertebral disc
and discogenic back pain. Rheumatology 48, 5-10.

Frost, V., Grocott, T., Eccles, M. R. and Chantry, A. (2008). Self-regulated Pax gene
expression and modulation by the TGFbeta superfamily. Crit. Rev. Biochem. Mol. Biol.
43, 371-391.

Furumoto, T. A., Miura, N., Akasaka, T., Mizutani-Koseki, Y., Sudo, H., Fukuda, K.,
Maekawa, M., Yuasa, S., Fu, Y., Moriya, H. et al. (1999). Notochord-dependent
expression of MFH1 and PAX1 cooperates to maintain the proliferation of sclerotome
cells during the vertebral column development. Dev. Biol. 210, 15-29.

Ghiselli, G., Wang, J. C., Bhatia, N. N., Hsu, W. K. and Dawson, E. G. (2004). Adjacent
segment degeneration in the lumbar spine. J. Bone Joint Surg. Am. 86, 1497-1503.

Gruber, H. E., Johnson, T., Norton, H. J. and Hanley, E. N., Jr (2002). The sand rat
model for disc degeneration: radiologic characterization of age-related changes:
cross-sectional and prospective analyses. Spine 27, 230-234.

Gruber, H. E., Norton, H. J., Ingram, J. A. and Hanley, E. N. (2005). The SOX9
transcription factor in the human disc: decreased immunolocalization with age and
disc degeneration. Spine 30, 625-630.

Guehring, T., Wilde, G., Sumner, M., Grunhagen, T., Karney, G. B., Tirlapur, U. K.
and Urban, J. P. (2009). Notochordal intervertebral disc cells: sensitivity to nutrient
deprivation. Arthritis Rheum. 60, 1026-1034.

Guehring, T., Nerlich, A., Kroeber, M., Richter, W. and Omlor, G. W. (2010).
Sensitivity of notochordal disc cells to mechanical loading: an experimental animal
study. Eur. Spine J. 19, 113-121.

Guerin, H. L. and Elliott, D. M. (2007). Quantifying the contributions of structure to
annulus fibrosus mechanical function using a nonlinear, anisotropic, hyperelastic
model. J. Orthop. Res. 25, 508-516.

Hanley, E. N., Jr, Herkowitz, H. N., Kirkpatrick, J. S., Wang, J. C., Chen, M. N. and
Kang, J. D. (2010). Debating the value of spine surgery. J. Bone Joint Surg. Am. 92,
1293-1304.

Hansen, H. J. (1952). A pathologic-anatomical interpretation of disc degeneration in
dogs. Acta Orthop. Scand. 20, 280-293.

Hayes, A. J., Benjamin, M. and Ralphs, J. R. (1999). Role of actin stress fibres in the
development of the intervertebral disc: cytoskeletal control of extracellular matrix
assembly. Dev. Dyn. 215, 179-189.

Heuer, F., Schmidt, H. and Wilke, H. J. (2008). Stepwise reduction of functional spinal
structures increase disc bulge and surface strains. J. Biomech. 41, 1953-1960.

Hoogendoorn, R. J., Wuisman, P. I., Smit, T. H., Everts, V. E. and Helder, M. N.
(2007). Experimental intervertebral disc degeneration induced by chondroitinase
ABC in the goat. Spine 32, 1816-1825.

Huang, A. H., Farrell, M. J., Kim, M. and Mauck, R. L. (2010). Long-term dynamic
loading improves the mechanical properties of chondrogenic mesenchymal stem
cell-laden hydrogel. Eur. Cell Mater. 19, 72-85.

Humzah, M. D. and Soames, R. W. (1988). Human intervertebral disc: structure and
function. Anat. Rec. 220, 337-356.

Hunter, C. J., Matyas, J. R. and Duncan, N. A. (2003a). The notochordal cell in the
nucleus pulposus: a review in the context of tissue engineering. Tissue Eng. 9, 667-
677.

Hunter, C. J., Matyas, J. R. and Duncan, N. A. (2003b). The three-dimensional
architecture of the notochordal nucleus pulposus: novel observations on cell
structures in the canine intervertebral disc. J. Anat. 202, 279-291.

Hunter, C. J., Matyas, J. R. and Duncan, N. A. (2004). Cytomorphology of notochordal
and chondrocytic cells from the nucleus pulposus: a species comparison. J. Anat.
205, 357-362.

Hutton, W. C., Elmer, W. A., Boden, S. D., Hyon, S., Toribatake, Y., Tomita, K. and
Hair, G. A. (1999). The effect of hydrostatic pressure on intervertebral disc
metabolism. Spine 24, 1507-1515.

Iatridis, J. C., Mente, P. L., Stokes, I. A., Aronsson, D. D. and Alini, M. (1999).
Compression-induced changes in intervertebral disc properties in a rat tail model.
Spine 24, 996-1002.

Johannessen, W., Cloyd, J. M., O’Connell, G. D., Vresilovic, E. J. and Elliott, D. M.
(2006). Trans-endplate nucleotomy increases deformation and creep response in
axial loading. Ann. Biomed. Eng. 34, 687-696.

Johnson, W. E., Wootton, A., El Haj, A., Eisenstein, S. M., Curtis, A. S. and Roberts,
S. (2006). Topographical guidance of intervertebral disc cell growth in vitro: towards
the development of tissue repair strategies for the anulus fibrosus. Eur. Spine J. 15,
S389-S396.

Kandel, R., Roberts, S. and Urban, J. P. (2008). Tissue engineering and the
intervertebral disc: the challenges. Eur. Spine J. 17, 480-491.

Kasra, M., Merryman, W. D., Loveless, K. N., Goel, V. K., Martin, J. D. and
Buckwalter, J. A. (2006). Frequency response of pig intervertebral disc cells
subjected to dynamic hydrostatic pressure. J. Orthop. Res. 24, 1967-1973.

Katz, J. N. (2006). Lumbar disc disorders and low-back pain: socioeconomic factors and
consequences. J. Bone Joint Surg. Am. 88 , 21-24.

Kim, J. H., Deasy, B. M., Seo, H. Y., Studer, R. K., Vo, N. V., Georgescu, H. I., Sowa, G.
A. and Kang, J. D. (2009). Differentiation of intervertebral notochordal cells through
live automated cell imaging system in vitro. Spine 34, 2486-2493.

Kim, K. W., Lim, T. H., Kim, J. G., Jeong, S. T., Masuda, K. and An, H. S. (2003). The
origin of chondrocytes in the nucleus pulposus and histologic findings associated
with the transition of a notochordal nucleus pulposus to a fibrocartilaginous nucleus
pulposus in intact rabbit intervertebral discs. Spine 28, 982-990.

Korecki, C. L., Taboas, J. M., Tuan, R. S. and Iatridis, J. C. (2010). Notochordal cell
conditioned medium stimulates mesenchymal stem cell differentiation toward a
young nucleus pulposus phenotype. Stem Cell Res. Ther. 1, 18.

Kroeber, M. W., Unglaub, F., Wang, H., Schmid, C., Thomsen, M., Nerlich, A. and
Richter, W. (2002). New in vivo animal model to create intervertebral disc
degeneration and to investigate the effects of therapeutic strategies to stimulate
disc regeneration. Spine 27, 2684-2690.

Le Maitre, C. L., Pockert, A., Buttle, D. J., Freemont, A. J. and Hoyland, J. A. (2007).
Matrix synthesis and degradation in human intervertebral disc degeneration.
Biochem. Soc. Trans. 35, 652-655.

Leung, V. Y., Chan, D. and Cheung, K. M. (2006). Regeneration of intervertebral disc
by mesenchymal stem cells: potentials, limitations, and future direction. Eur. Spine J.
15, S406-S413.

Maclean, J. J., Lee, C. R., Alini, M. and Iatridis, J. C. (2004). Anabolic and catabolic
mRNA levels of the intervertebral disc vary with the magnitude and frequency of in
vivo dynamic compression. J. Orthop. Res. 22, 1193-1200.

Marchand, F. and Ahmed, A. M. (1990). Investigation of the laminate structure of
lumbar disc anulus fibrosus. Spine 15, 402-410.

Maroudas, A., Stockwell, R. A., Nachemson, A. and Urban, J. (1975). Factors
involved in the nutrition of the human lumbar intervertebral disc: cellularity and
diffusion of glucose in vitro. J. Anat. 120, 113-130.

Masuda, K. (2008). Biological repair of the degenerated intervertebral disc by the
injection of growth factors. Eur. Spine J. 17, 441-451.

Mauck, R. L., Baker, B. M., Nerurkar, N. L., Burdick, J. A., Li, W. J., Tuan, R. S. and
Elliott, D. M. (2009). Engineering on the straight and narrow: the mechanics of
nanofibrous assemblies for fiber-reinforced tissue regeneration. Tissue Eng. Part B
Rev. 15, 171-193.

McMahon, A. P., Ingham, P. W. and Tabin, C. J. (2003). Developmental roles and
clinical significance of hedgehog signaling. Curr. Top. Dev. Biol. 53, 1-114.

McMahon, J. A., Takada, S., Zimmerman, L. B., Fan, C. M., Harland, R. M. and
McMahon, A. P. (1998). Noggin-mediated antagonism of BMP signaling is required
for growth and patterning of the neural tube and somite. Genes Dev. 12, 1438-1452.

Melrose, J., Smith, S. M., Appleyard, R. C. and Little, C. B. (2008). Aggrecan, versican
and type VI collagen are components of annular translamellar crossbridges in the
intervertebral disc. Eur. Spine J. 17, 314-324.

Millan, F. A., Denhez, F., Kondaiah, P. and Akhurst, R. J. (1991). Embryonic gene
expression patterns of TGF beta 1, beta 2 and beta 3 suggest different
developmental functions in vivo. Development 111, 131-143.

Disease Models & Mechanisms 39

Intervertebral disc development PERSPECTIVE
D

ise
as

e 
M

od
el

s &
 M

ec
ha

ni
sm

s  
    

   D
M

M



Miller, J. A. A., Schmatz, C. and Schultz, A. B. (1988). Lumbar disc degeneration:
correlation with age, sex and spine level in 600 autopsy specimens. Spine 13, 173-
178.

Minogue, B. M., Richardson, S. M., Zeef, L. A., Freemont, A. J. and Hoyland, J. A.
(2010). Transcriptional profiling of bovine intervertebral disc cells: implications for
identification of normal and degenerate human intervertebral disc cell phenotypes.
Arthritis Res. Ther. 12, R22.

Mirza, S. K. and Deyo, R. A. (2007). Systematic review of randomized trials comparing
lumbar fusion surgery to nonoperative care for treatment of chronic back pain. Spine
32, 816-823.

Mizuno, H., Roy, A. K., Zaporojan, V., Vacanti, C. A., Ueda, M. and Bonassar, L. J.
(2006). Biomechanical and biochemical characterization of composite tissue-
engineered intervertebral discs. Biomaterials 27, 362-370.

Nerlich, A. G., Schaaf, R., Walchli, B. and Boos, N. (2007). Temporo-spatial
distribution of blood vessels in human lumbar intervertebral discs. Eur. Spine J. 16,
547-555.

Nerurkar, N. L., Elliott, D. M. and Mauck, R. L. (2007). Mechanics of oriented
electrospun nanofibrous scaffolds for annulus fibrosus tissue engineering. J. Orthop.
Res. 25, 1018-1028.

Nerurkar, N. L., Mauck, R. L. and Elliott, D. M. (2008). ISSLS prize winner: integrating
theoretical and experimental methods for functional tissue engineering of the
annulus fibrosus. Spine 33, 2691-2701.

Nerurkar, N. L., Baker, B. M., Sen, S., Wible, E. E., Elliott, D. M. and Mauck, R. L.
(2009). Nanofibrous biologic laminates replicate the form and function of the
annulus fibrosus. Nat. Mater. 8, 986-992.

Nerurkar, N. L., Elliott, D. M. and Mauck, R. L. (2010). Mechanical design criteria for
intervertebral disc tissue engineering. J. Biomech. 43, 1017-1030.

Nesti, L. J., Li, W. J., Shanti, R. M., Jiang, Y. J., Jackson, W., Freedman, B. A., Kuklo,
T. R., Giuliani, J. R. and Tuan, R. S. (2008). Intervertebral disc tissue engineering
using a novel hyaluronic acid-nanofibrous scaffold (HANFS) amalgam. Tissue Eng.
Part A 14, 1527-1537.

O’Connell, G. D., Johannessen, W., Vresilovic, E. J. and Elliott, D. M. (2007a). Human
internal disc strains in axial compression measured noninvasively using magnetic
resonance imaging. Spine 32, 2860-2868.

O’Connell, G. D., Vresilovic, E. J. and Elliott, D. M. (2007b). Comparison of animals
used in disc research to human lumbar disc geometry. Spine 32, 328-333.

O’Connell, G. D., Guerin, H. L. and Elliott, D. M. (2009). Theoretical and experimental
evaluation of human annulus fibrosus degeneration. J. Biomech. Eng. 131, 111007.

O’Halloran, D. M. and Pandit, A. S. (2007). Tissue-engineering approach to
regenerating the intervertebral disc. Tissue Eng. 13, 1927-1954.

Paul, R., Haydon, R. C., Cheng, H., Ishikawa, A., Nenadovich, N., Jiang, W., Zhou, L.,
Breyer, B., Feng, T., Gupta, P. et al. (2003). Potential use of Sox9 gene therapy for
intervertebral degenerative disc disease. Spine 28, 755-763.

Pazzaglia, U. E., Salisbury, J. R. and Byers, P. D. (1989). Development and involution
of the notochord in the human spine. J. R. Soc. Med. 82, 413-415.

Peacock, A. (1951). Observations on the prenatal development of the intervertebral
disc in man. J. Anat. 85, 260-274.

Peacock, A. (1952). Observations on the postnatal development of the intervertebral
disc in man. J. Anat. 86, 162-179.

Pelton, R. W., Dickinson, M. E., Moses, H. L. and Hogan, B. L. (1990). In situ
hybridization analysis of TGF beta 3 RNA expression during mouse development:
comparative studies with TGF beta 1 and beta 2. Development 110, 609-620.

Peters, H., Wilm, B., Sakai, N., Imai, K., Maas, R. and Balling, R. (1999). Pax1 and
Pax9 synergistically regulate vertebral column development. Development 126,
5399-5408.

Placzek, M. (1995). The role of the notochord and floor plate in inductive interactions.
Curr. Opin. Genet. Dev. 5, 499-506.

Rajasekaran, S., Babu, J. N., Arun, R., Armstrong, B. R., Shetty, A. P. and Murugan,
S. (2004). ISSLS prize winner: a study of diffusion in human lumbar discs: a serial
magnetic resonance imaging study documenting the influence of the endplate on
diffusion in normal and degenerate discs. Spine 29, 2654-2667.

Rastogi, A., Thakore, P., Leung, A., Benavides, M., Machado, M., Morschauser, M.
A. and Hsieh, A. H. (2009). Environmental regulation of notochordal gene
expression in nucleus pulposus cells. J. Cell Physiol. 220, 698-705.

Risbud, M. V., Di Martino, A., Guttapalli, A., Seghatoleslami, R., Denaro, V.,
Vaccaro, A. R., Albert, T. J. and Shapiro, I. M. (2006). Toward an optimum system
for intervertebral disc organ culture: TGF-beta 3 enhances nucleus pulposus and
anulus fibrosus survival and function through modulation of TGF-beta-R expression
and ERK signaling. Spine 31, 884-890.

Risbud, M. V., Schaer, T. P. and Shapiro, I. M. (2010). Toward an understanding of the
role of notochordal cells in the adult intervertebral disc: from discord to accord. Dev.
Dyn. 239, 2141-2148.

Roughley, P. J. (2004). Biology of intervertebral disc aging and degeneration:
involvement of the extracellular matrix. Spine 29, 2691-2699.

Roughley, P. J., Melching, L. I., Heathfield, T. F., Pearce, R. H. and Mort, J. S. (2006).
The structure and degradation of aggrecan in human intervertebral disc. Eur Spine J.
15, S326-S332.

Rufai, A., Benjamin, M. and Ralphs, J. R. (1995). The development of fibrocartilage in
the rat intervertebral disc. Anat. Embryol. (Berl.) 192, 53-62.

Sakai, D. (2008). Future perspectives of cell-based therapy for intervertebral disc
disease. Eur. Spine J. 17, 452-458.

Sambrook, P. N., MacGregor, A. J. and Spector, T. D. (1999). Genetic influences on
cervical and lumbar disc degeneration: a magnetic resonance imaging study in
twins. Arthritis Rheum. 42, 366-372.

Schepers, G. E., Teasdale, R. D. and Koopman, P. (2002). Twenty pairs of sox: extent,
homology, and nomenclature of the mouse and human sox transcription factor
gene families. Dev. Cell. 3, 167-170.

Schmidt, H., Kettler, A., Heuer, F., Simon, U., Claes, L. and Wilke, H. J. (2007).
Intradiscal pressure, shear strain, and fiber strain in the intervertebral disc under
combined loading. Spine 32, 748-755.

Shapiro, I. M. and Risbud, M. V. (2010). Transcriptional profiling of the nucleus
pulposus: say yes to notochord. Arthritis Res. Ther. 12, 117.

Sive, J. I., Baird, P., Jeziorsk, M., Watkins, A., Hoyland, J. A. and Freemont, A. J.
(2002). Expression of chondrocyte markers by cells of normal and degenerate
intervertebral discs. Mol. Pathol. 55, 91-97.

Smith, C. A. and Tuan, R. S. (1994). Human PAX gene expression and development of
the vertebral column. Clin. Orthop. Relat. Res. 302, 241-250.

Smith, L. J., Schaer, T., Liechty, K. and Elliott, D. M. (2010). Developmental origins of
the annulus fibrosus lamellar cross bridge network. In Transactions of the 56th Annual

Meeting of the Orthopaedic Research Society, p. 420. New Orleans, LA.
Smits, P. and Lefebvre, V. (2003). Sox5 and Sox6 are required for notochord

extracellular matrix sheath formation, notochord cell survival and development of
the nucleus pulposus of intervertebral discs. Development 130, 1135-1148.

Sobajima, S., Kim, J. S., Gilbertson, L. G. and Kang, J. D. (2004). Gene therapy for
degenerative disc disease. Gene Ther. 11, 390-401.

Sohn, P., Cox, M., Chen, D. and Serra, R. (2010). Molecular profiling of the developing
mouse axial skeleton: a role for Tgfbr2 in the development of the intervertebral disc.
BMC Dev. Biol. 10, 29.

Stemple, D. L. (2005). Structure and function of the notochord: an essential organ for
chordate development. Development 132, 2503-2512.

Stokes, I. A. and Iatridis, J. C. (2004). Mechanical conditions that accelerate
intervertebral disc degeneration: overload versus immobilization. Spine 29, 2724-
2732.

Trout, J. J., Buckwalter, J. A., Moore, K. C. and Landas, S. K. (1982a). Ultrastructure of
the human intervertebral disc. I. Changes in notochordal cells with age. Tissue Cell

14, 359-369.
Trout, J. J., Buckwalter, J. A. and Moore, K. C. (1982b). Ultrastructure of the human

intervertebral disc. II. Cells of the nucleus pulposus. Anat. Rec. 207, 307-314.
Urban, J. (1996). Disc biochemistry in relation to function. In The Lumbar Spine (ed. S.

W. Wiesel, J. N. Weinstein, H. N. Herkowitz, J. Dvorak and G. Bell), pp. 271-280.
Philadelphia: Saunders.

Urban, J. P. and Roberts, S. (1995). Development and degeneration of the
intervertebral discs. Mol. Med. Today. 1, 329-335.

Urban, J. P. and Roberts, S. (2003). Degeneration of the intervertebral disc. Arthritis

Res. Ther. 5, 120-130.
Urban, J. P., Smith, S. and Fairbank, J. C. (2004). Nutrition of the intervertebral disc.

Spine 29, 2700-2709.
Urban, J. P. G., Roberts, S. and Ralphs, J. R. (2000). The nucleus of the interverterbal

disc from development to degeneration. Am. Zool. 40, 53-61.
Vernon-Roberts, B. (1988). Disc pathology and disease states. In The Biology of the

Intervertebral Disc (ed. P. Ghosh), pp. 73-119. CRC Press.
Videman, T., Battie, M. C., Gibbons, L. E., Maravilla, K., Manninen, H. and Kaprio, J.

(2003). Associations between back pain history and lumbar MRI findings. Spine 28,
582-588.

Vresilovic, E. J., Johannessen, W. and Elliott, D. M. (2006). Disc mechanics with trans-
endplate partial nucleotomy are not fully restored following cyclic compressive
loading and unloaded recovery. J. Biomech. Eng. 128, 823-829.

Wallach, C. J., Gilbertson, L. G. and Kang, J. D. (2003). Gene therapy applications for
intervertebral disc degeneration. Spine 28, S93-S98.

Wallin, J., Wilting, J., Koseki, H., Fritsch, R., Christ, B. and Balling, R. (1994). The role
of Pax-1 in axial skeleton development. Development 120, 1109-1121.

Walmsley, R. (1953). The development and growth of the intervertebral disc. Edinb.

Med. J. 60, 341-364.
Walsh, A. J. and Lotz, J. C. (2004). Biological response of the intervertebral disc to

dynamic loading. J. Biomech. 37, 329-337.
Wegner, M. (2009). All purpose Sox: The many roles of Sox proteins in gene

expression. Int. J. Biochem. Cell Biol. 42, 381-390.

dmm.biologists.org40

Intervertebral disc developmentPERSPECTIVE
D

ise
as

e 
M

od
el

s &
 M

ec
ha

ni
sm

s  
    

   D
M

M



Weiler, C., Nerlich, A., Schaaf, R., Bachmeier, B. E., Wuertz, K. and Boos, N. (2010).
Immunohistochemical identification of notochordal cell markers in cells in the aging
human lumbar intervertebral disc. Eur. Spine J. 19, 1761-1770.

Wolfe, H. J., Pustchar, W. G. J. and Vickery, A. L. (1965). Role of the notochord in
human intervertebral disk. I. Human and infant. Clin. Orthop. Relat. Res. 39, 205-212.

Yang, X. and Li, X. (2009). Nucleus pulposus tissue engineering: a brief review. Eur.
Spine J. 18, 1564-1572.

Yoon, S. H., Miyazaki, M., Hong, S. W., Tow, B., Morishita, Y., Hu, M., Ahn, S. J.
and Wang, J. C. (2008). A porcine model of intervertebral disc degeneration
induced by annular injury characterized with magnetic resonance imaging and
histopathological findings. Laboratory investigation. J. Neurosurg. Spine 8, 450-
457.

Zhao, C. Q., Wang, L. M., Jiang, L. S. and Dai, L. Y. (2007). The cell biology of
intervertebral disc aging and degeneration. Ageing Res. Rev. 6, 247-261.

Disease Models & Mechanisms 41

Intervertebral disc development PERSPECTIVE
D

ise
as

e 
M

od
el

s &
 M

ec
ha

ni
sm

s  
    

   D
M

M


	Introduction
	Structure and function of the intervertebral disc
	Fig. 1.
	Pathogenesis of intervertebral disc degeneration
	Models of intervertebral disc degeneration
	Fig. 2. Magnetic resonance images illustrating different stages of human
	Current treatments for disc degeneration
	Regeneration
	Repair

	Disc development: embryogenesis and postnatal growth
	Embryogenesis
	Molecular signaling
	Postnatal vascular regression
	Changing NP cell phenotype
	Matrix synthesis

	Fig. 3. Schematic representation of embryonic morphogenesis of the mammalian
	Fig. 4.
	Improving treatments for disc degeneration: lessons from development
	Future directions
	References

