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Abstract The nucleus pulposus is an avascular and aneural
tissue that has significant influence on the homeostasis and
overall function of the intervertebral disc. The nucleus
pulposus is comprised of a heterogeneous population of
cells including large notochord cells and smaller
chondrocyte-like cells. Loss of notochord cells has been
correlated with the pathogenesis of disc degeneration and
consequently, it has been hypothesized that regeneration of
the disc could be mediated by notochord cells. Attempts to
grow and expand notochord cells in vitro have thus far been
limited by cell availability and ineffective culturing meth-
odologies. As a result, co-culturing techniques have been
developed in order to exploit notochord-derived signals for
the differentiation of proliferative mesenchymal stem cells.
A recent study by Korecki et al. has demonstrated that
notochord cell conditioned medium has the ability to
differentiate mesenchymal stem cells toward a nucleus
pulposus-like fate, producing high levels of glycosamino-
glycans and type III collagen. These findings suggest that
growth factors and other soluble proteins may be able to
stimulate endogenous IVD tissue maintenance in vivo.

While this study advances our understanding of interverte-
bral disc cell-cell interactions, limitations remain in our
ability to determine the phenotype of terminally differenti-
ated cells within the nucleus pulposus (ie mature notochord
cells) and therefore assess the relevance of differentiated
mesenchymal stem cells for disc regeneration. In order for
the field to progress, elucidation of the notochord pheno-
type remains of utmost importance.
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Abbreviations
AF Annulus Fibrosus
CEP Cartilage End Plate
GAG Glycosaminoglycans
IVD Intervertebral Disc
MSC Mesenchymal Stem Cells
NCCM Notochord Cell Conditioned Medium
NP Nucleus Pulposus
SOX9 Sry-related HMG Box 9
TIMP1 Tissue Inhibitor of Metaloproteinases-1
TGF-β Transforming Growth Factor β-1

The intervertebral disc (IVD) is an intricate structure
consisting of three functionally distinct, yet interdepen-
dent tissues: the outer fibro-cartilagenous annulus fibro-
sus (AF), the central gelatinous nucleus pulposus (NP),
and the cartilage end-plates (CEP) that anchor the discs
to the adjacent vertebral body bones. The NP is formed
through deposition of a proteoglycan rich extracellular
matrix, leading to water influx providing the osmotic
properties needed to resist compression (Fig. 1). Early in
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life, the NP contains two distinct cell types within this
matrix: clusters of large vacuolated notochord cells (the
cell type that forms the NP during embryonic develop-
ment) and smaller more numerous cartilage-like cells.
Until recently, there has been considerable debate as to the
origins of the cartilage-like cells, whether they migrate
from the surrounding tissues or are derived from the
notochord cells (Choi et al. 2008; Kim et al. 2009; Vujovic
et al. 2006). Interestingly, the loss of notochord cells has
been correlated with disc degeneration, a process marked
by decreased proteoglycan content which results in
decreased physiological function, specifically the IVD’s
role in load bearing and flexibility.

The nucleus pulposus is an avascular tissue from the
onset of development and as a result, the nutrient supply to
the disc is limited to the diffusion capability of neighboring
tissues. It has been previously established that the addition
of growth factors in vitro, including Transforming Growth
Factor-β1 (TGF-β1) and Basic Fibroblastic Growth Factor
(bFGF) increases proteoglycan content within the disc,
specifically within the NP (Thompson et al. 1991).
However, when considering the physiological environment
of the IVD, the source of cytokines and their relative
contribution to IVD maintenance and homeostasis in vivo
remains unclear. It would be reasonable to consider
notochord cells as a potential source of growth factors
given the role of the notochord as a signaling center during
development and the localization of notochord cell clusters
within the NP of fully formed IVDs. This role for the
notochord was determined in a classical experiment that
demonstrated that co-culture of purified notochord cells
with mature nucleus pulposus cells could significantly
increase proteoglycan content from the latter (Aguiar et al.
1999). Additionally, this study established this to be cell
contact independent since the culture of NP cells in

notochord conditioned media (NCCM) was capable of
recapitulating the anabolic effects.

Given the effect of NCCM on nucleus pulposus cell
metabolism, notochord cells are broadly considered to be
an excellent source of signals for potential cell-based IVD
therapies. However the development of strategies to exploit
this potential is limited by the fact that these cells are no
longer present in human IVDs as early as the age of three
(Liebscher et al. 2010). The loss of notochord cells
therefore markedly precedes the development of disc
degeneration and the resulting need for medical interven-
tion. This limitation prevents the direct therapeutic appli-
cation of notochord cells and consequently highlights the
need for an alternate source of cells for IVD therapy.
Mesenchymal stem cells (MSC) provide an obvious source
for stem cell therapy due to their ease of availability
(Castro-Malaspina et al. 1980; Majumdar et al. 1998; Van
et al. 1976), overall plasticity (Jiang et al. 2002) and ability
to undergo chondrogenic differentiation (Pittenger et al.
1999). In fact, many studies have focused on the use of co-
culture systems using NP cells to drive MSC differentiation
towards a NP-like phenotype (Allon et al. 2010; Chen et al.
2009; Niu et al. 2009; Vadala et al. 2008). However, the
recent publication of conditioned medium-based
approaches presents a more elegant and practically appli-
cable approach that serves as proof-of-principle that growth
factors and other soluble proteins might be able to stimulate
IVD tissue maintenance from endogenous cells in vivo.

Korecki et al. (2010) demonstrated the ability of NCCM
to stimulate the differentiation of MSCs towards to a NP-
like phenotype, using as direct comparison MSC treated
with TGF-β (used extensively for chondrogenic differenti-
ation) (Barry et al. 2001; Jiang et al. 2002; Worster et al.
2001). In these studies, the NCCM was produced using NC
cells isolated by size from porcine IVDs and cultured in

Fig. 1 Morphology and Composition of the Intervertebral disc. a
Histological sections of the IVD from a 4 week old mouse stained
with safranin-O/fast green demonstrates IVD morphology and
regionalization of the nucleus pulposus (NP), annulus fibrosis (AF),
and cartilaginous end-plate (CEP). Proteoglycan content is indicated

by red stain (scale bar represents 100 uM). b Enlarged view of the
nucleus pulposus region in A. Arrows indicate large aggregations of
vacuolated notochord cells and * indicate the smaller more disperse
cartilage-like cells
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alginate to maintain cell viability and mimic the three-
dimensional environment of the NP (Fig. 2). MSCs were
isolated from the bone marrow of human patients. The
authors observed that culture of MSCs in the presence of
NCCM produced differentiated cells secreting higher
levels of glycosaminoglycans (GAG) and type III collagen
when compared to TGF-β treatment. Further suggesting
that NCCM induced the differentiation of potential
notochord cells rather that chondrocyte-like cells, MSCs
demonstrated increased expression of laminin β-1 and
tissue inhibitor of metaloproteinases-1 (TIMP-1), genes
previously shown to be upregulated in the subset of
notochord cells within the NP when compared to adjacent
IVD cell types (Hayes et al. 2001).

This study is limited by two main factors: the origin of
the stem cell source used for differentiation and the ability
to assess cell fate following differentiation. While we are
only recently beginning to understand the phenotype of NP
cells (Lee et al. 2007; Minogue et al. 2010), the phenotype
of notochord cells has yet to be characterized either during
early IVD development or as cells persist in the mature
IVD. Without knowing the phenotype of these cells within
the NP, our ability to properly assess the success of cell
differentiation experiments is limited. However, in their
study Korecki et al. (2010) recognize this potential
limitation by examining both known chondrogenic markers

(SOX9 and type II collagen) and some of the limited known
markers of the NP, specifically laminin β-1 and TIMP-1.
The authors state that NCCM has the potential to
differentiate MSCs towards a “young” NP phenotype based
on the expression of type III collagen which is the first
collagen to be expressed during early IVD development in
rats (Hayes et al. 2001) and is also detected during human
IVD development (McAlinden et al. 2002). However, type
III collagen is also expressed during disc repair and disc
degeneration (Adam and Deyl 1984; Kaapa et al. 1994;
Roberts et al. 1991). The upregulation of type III collagen
reported during MSC differentiation may be attributed to
the advanced age of the sample population from which the
MSCs were obtained (mean of 64.3) and consequently the
cellular changes that may have occurred (Stolzing et al.
2008). As such, these “mature” MSCs may be inducing a
fibrotic repair rather than tissue regeneration.

An additional confounding variable is the use of porcine
IVDs as a source of notochord cells. This approach is
experimentally feasible given that pigs retain their noto-
chord cells throughout life and therefore cells can be easily
isolated (Hunter et al. 2004). However, the inherent
difference between the persistence of notochord cells and
resulting difference in cellular composition of the NP
between porcine and human IVDs (Liebscher et al. 2010)
further complicates the interpretation of the reported

Fig. 2 Schematic representation
of notochord conditioned media
experiments undertaken by
Korecki et al.. Nucleus pulposus
tissue was isolated and the cel-
lular contents were sorted
according to size to obtain the
large notochord cells. Notochord
cells were grown in vitro to
generate conditioned media
which was then applied to iso-
lated bone marrow derived
mesenchymal stem cells. Differ-
entiated mesencymal stem cells
were analyzed and compared to
transforming growth factor-β
(TGF-β) treatments

Exploiting notochord cells for stem cell-based regeneration 41



findings. Since notochord cells are not present in mature
human IVDs, is there a species-related difference in the
phenotype of the notochord cell, in the profile of growth
factors being produced by these cells, and importantly
could these studies be recapitulated using a human source
of NCCM? Furthermore, to obtain sufficient notochord
cells, samples were pooled from throughout the entire spine
of five animals. It has been shown that distinctive
anatomical regions of the spine contain notochord cells
with specific gene expression profiles during development
(Yamanaka et al. 2007). This is bound to have an effect
on conditioning experiment that obtain a pooled disc
sample, given that it is now known that all cells in NP
are derived from the notochord during development
(Choi et al. 2008). In addition, using mature cell types
to direct cellular differentiation might have unknown
molecular and physiological effects (Barry et al. 2001)
especially when the molecular phenotype of notochord

cells are currently unknown both in development and
degeneration.

This study clearly demonstrated the ability of notochord-
conditioned media to direct the differentiation of MSCs.
While the potential of NCCM is greatly recognized, the
generation of so-called notochord cells in vitro, is limited
by the lack of specific markers to assess the notochord
phenotype (Fig. 3). Currently, the phenotype of notochord
cells during the stages of embryonic patterning, interverte-
bral disc formation, and in mature/senescent notochord
cells remains to be conclusively established. Differentiation
of MSCs can lead to any of the aforementioned stages of
notochord cell progression, and unless we know the molecular
phenotype of the desired cell type we cannot conclusively
determine what cells have been generated. Consequently, the
characterization of the notochord cell phenotype throughout
development should be undertaken to enable the advancement
of the field of intervertebral disc biology.

Fig. 3 Lack of specific pheno-
typic markers limits strategies
for notochord cell generation.
Protocols have been established
for the differentiation of mesen-
chymal stem cells down specific
lineages producing specialized
cell types with known markers.
This has been achieved via
internal regulation (transcription
factor-mediated differentation),
as well as external stimulation
such as three-dimensional
scaffolding and the use of
growth factors and small
molecules. These methods have
been validated based on well-
characterized cell type-specific
markers, a limiting factor for the
production of notochord cells
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