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Abstract
The goal of this mini-review is to address the long standing argument that the pathogenesis of disc
disease is due to the loss and/or the replacement of the notochordal cells by other cell types. We
contend that although cells of different size and morphology exist, there is no strong evidence to
support the view that the nucleus pulposus contains cells of distinct lineages. Based on lineage
mapping studies and studies of other notochordal markers, we hypothesize that in all animals
including human, nucleus pulposus retains notochordal cells throughout life. Moreover, all cells
including chondrocyte-like cells are derived from notochordal precursors and that variations in
morphology and size are representative of different stages of maturation, and or, function. Thus,
the most critical choice for a suitable animal model should relate more to the anatomical, and
mechanical characteristics of the motion segment than concerns of cell loss and replacement by
non-notochordal cells.
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INTRODUCTION
The incidence of low back pain, which is often linked to degenerative changes in the
intervertebral disc, is extraordinary high. As many as 80% of adults will experience at least
one episode of pain during their lifetime (Shvartzman et al., 1992), and 5% will experience
chronic spinal disease (Deyo and Tsui-Wu, 1987). The annual total cost of back pain to the
US health care industry is almost 200 billion dollars (Katz, 2006). Noteworthy, degeneration
of the intervertebral disc is also believed to contribute to spinal arthritis, myelopathy and
radiculopathy. In most cases, the pain caused by spine disease is incapacitating, and may
become chronic. Although there are numerous surgical approaches for dealing with
damaged or traumatized discs, the commonest strategies are aimed at providing
symptomatic relief. None of the current therapies can completely restore the function of the
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degenerative intervertebral disc and thereby prevent further deterioration of the health of the
compromised spine.

The intervertebral disc is a complex tissue that permits a range of motions between vertebrae
and accommodates applied biomechanical forces to the spine. At the disc periphery, annulus
fibrosus forms a ligamentous structure, composed of tightly packed parallel collagen type I
fibrils; these sharpey fibers are inserted into the contiguous superior and inferior vertebral
bodies. The inner surface of the annulus fibrosus is comprised of a poorly organized
fibrocartilage containing collagen type II fibrils and proteoglycans. The annulus and the
cartilagenous endplates enclose the nucleus pulposus, an aggrecan-rich gel-like tissue
sparsely populated by cells (Fig. 1). During development, the nucleus pulposus is highly
cellular with relatively little extracellular proteoglycan. In contrast, in the mature nucleus
pulposus, the proportion of cells to matrix is low.

A defining characteristic of the disc is a proteoglycan-rich extracellular matrix with a high
osmotic pressure, and low vascularity. Since, vascularity of the tissue is limited, cells tune
their metabolism to the available oxygen supply. In this case, nucleus pulposus cells
evidence almost complete reliance on the glycolytic pathway to generate metabolic energy
(Agrawal et al., 2007). Indeed, the disc cells have very few mitochondria, extensive ER and
a large number of vacuoles filled with an osmotically active material. Cells generate lactic
acid as an end point of metabolism. If the tissue oxygen tension was altered, then aberrant
cell function would be expected, and normal biochemical activities would be subverted.
Thus, perturbation in oxygen tension within the disc, due to herniation or sclerosis of the
cartilage endplate would influence the energy status of the nucleus pulposus cells. Since
levels of ATP, NADH and reduced thiols impact on almost every biochemical activity, this
type of alteration would be expected to profoundly impact metabolism and normal anabolic
activity and decrease cell survival. Moreover, although progenitor cells are present in the
tissue, it is likely that their number or activity is too low to mount a robust repair response
(Risbud et al., 2007).

Discussions concerning the origin of cells of the nucleus pulposus have been ongoing since
the latter half of the nineteenth century. Gegenbauer and Hertig considered that the cells of
the nucleus pulposus were derived from the notochord; counter arguments by luminaries
such as Virchove, Heildberg and Weiss opined that the nucleus pulposus was derived from
peri- or extra-notochordal tissues. Surprisingly, these arguments have continued to the
present day, impacting our understanding of the fate of cells of the nucleus pulposus in the
adult, especially in relationship to degenerative disc disease (Hunter et al., 2003). As the
disc matures, the composition of the nucleus pulposus changes: the large vacuolated cells
that have been assumed to be of notochordal origin decrease in number, whereas smaller
chondrocyte-like cells, assumed to be of a different origin, increase. The focus of the current
debate is whether the pathogenesis of disc disease in humans is due to the loss and/or the
replacement of the original notochordal cells by other cell types.

This dispute even impacts investigational strategies where the choice of an animal model is
governed by considerations of whether notochordal cells are present in the disc at maturity
or have been replaced by chondrocytic cells that are non-notochordal. Accordingly, the use
of animal models including rodents, rabbits and pigs in which the nucleus pulposus is
populated by notochordal cells well into maturity is discouraged on the basis that disc cells
would be different from those of the human and hence they would not mimic the
pathognomonic changes that characterize human degenerative disc disease.

The goal of this mini-review is to address these long standing arguments in the light of
recent studies, including fate mapping of notochordal cells in the disc and profiling of
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notochord-specific genes. In addition, we consider the utility of reports on the possible
replacement of nucleus pulposus cells by cells from surrounding tissues within the
intervertebral disc. We contend that as a result of these current investigations, the source of
cells of the nucleus pulposus can now be determined with some finality, while rationale
decisions can be made concerning the choice of animal models for studies of the normal and
degenerative disc.

DEVELOPMENT OF THE NOTOCHORD AND THE SURROUNDING TISSUES
The notochord is a rod-like midline structure of mesodermal origin that forms during
gastrulation in chordate embryos and represents a primitive axial skeleton (Adams et al.,
1990; Hogan et al., 1994; Stempe DL, 2005). With respect to axial skeleton formation
during embryogenesis, osmotic swelling of notochordal cells resisted by the peri-
notochordal sheath, results in an elevation in internal tissue pressure and elongation and
straightening of the notochord (Adams et al., 1990). Signals from the notochord induce
sclerotome cell migration, condensation, and differentiation to generate a peri-notochordal
sheath. The sheath exhibits a metameric pattern of more condensed (chordascheidenstrang)
and less condensed (chordasegment) zones that give rise to the outer and inner annulus and
the vertebrae (Schaffer, 1910). Enclosed within the primitive annulus fibrosus the notochord
condenses to form the nucleus pulposus (Bell, 1996; Horwitz; 1977). However, there
remains some uncertainty whether the notochordal cells, located in the developing vertebral
bodies, disintegrate or migrate to the intervertebral regions and contribute to the formation
of the nucleus pulposus (Aszódi et al.; 1998; Rufai et al., 1995). Possibly a few dormant
notochordal cells persist in the adult vertebral body and give rise to chordomas (Choi et al.,
2008). Thus, in chordate embryos, the nucleus pulposus is the only tissue that is completely
derived from the notochord (Choi et al., 2008). Based on these earlier investigations,
considerable information has accrued concerning the relationship between the notochord and
the nucleus pulposus during development. In contrast, the fate of the notochordal cells as
well as their involvement in functional maintenance of the intervertebral disc in post-natal
life is less well understood. Whether the notochordal nature of the nucleus pulposus is
preserved in the adult remains controversial and is the main focus of this mini-review.

KEY MOLECULES REGULATING NOTOCHORD AND DISC DEVELOPMENT
During embryogenesis, the development of notochord is specified by the activity of a
number of gene products (Cunliffe and Ingham, 1999). Foxa2/HNF-3β is a key transcription
factor required for the development of the node, notochord, and floor plate of the neural tube
(Ang and Rossant, 1994; Weinstein et al., 1994). Foxa2 mutants do not generate a node and
lack all notochordal cells. Another of the important genes that has been linked to the
notochord development is brachyury, a T-box transcription factor which determines cell
differentiation and survival (Herrmann and Kispert, 1994). Nadine Dobrovolskaïa-
Zavadskaïa first described a mutation in this gene which was associated with developmental
defects in tail and vertebrae (Dobrovolskaïa-Zavadskaïa, 1927). She reported that mutations
in brachyury in homozygotes were lethal at embryonic day 10 due to defects in mesoderm
formation and notochord differentiation. Since then, brachyury has been shown to be
required for notochord development in all chordates. During early vertebrate development,
brachyury is first expressed in the mesoderm, and only later, after separation of axial and
paraxial lineages, is its expression restricted to the notochord and tailbud (Wilkinson et al
1990).

Noteworthy, notochord development can also be indirectly influenced by the abnormal
formation of vertebrae. Thus, mouse mutants that lack collagen type II (Aszódi et al., 1998;
Li et al., 1995), the homeobox transcription factors Bapx1 (Tribioli and Lufkin, 1999;
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Lettice et al., 1999) and the paired box transcription factors Pax1 and Pax9 (Wallin et al.,
1994; Peters et al., 1999) that are expressed in the sclerotome, display abnormal
development of the vertebral bodies and notochord. In these mutants, the notochord forms
normally but it is not removed from the vertebral bodies, thereby compromising the
formation of the nucleus pulposus. In addition, two other genes, Sox5 and Sox6 encode
highly homologous transcription factors, L-Sox5 and Sox6, respectively, which are
expressed in sclerotome-derived cells and in the notochord (Lefebvre, 2002). These factors
are required for peri-notochordal sheath formation, cell survival and development of the
nucleus pulposus (Smits et al., 2003). Not surprisingly, Sox5−/−/Sox6−/− embryos exhibit
extreme defects in notochord development and formation of the axial skeleton (Smits et al.,
2003).

Retinoids are also involved in development of vertebrae and intervertebral disc. Imbalance
of retinoic acid levels leads to abnormal development of the axial skeleton, disrupted
notochord segmentation and formation of oversized vertebrae and vertebral fusion (Lohnes
et al. 1994, Kessel and Gruss 1991). It is thus likely that retinoids may have a role in the
establishment of somites (Sakai et al., 2001), if so, this will explain the presence of vertebral
fusions and misshaped/sized vertebrae. Retinoids are also known to regulate expression of
Hox genes, which are important in specifying the anterior posterior axis and the formation of
vertebral elements (Wellik D 2009).

Another important gene, Sonic Hedgehog (Shh) is involved in notochord development and
along with noggin mediates inductive actions of the notochord (Chiang et al., 1996; Teillet
et al., 1998, McMahon et al., 1998). However, little is know about Shh expression and
function in the post-natal nucleus pulposus. Not surprisingly, Shh has been used for lineage
studies of the notochord, while brachyury has been utilized as both an indicator of the
notochord as well as a molecular marker of the cells of the nucleus pulposus. We propose to
use this information to delineate the ontology of the cells that contribute to and are retained
in the mature nucleus pulposus.

IS THE NUCLEUS PULPOSUS POPULATED BY CELLS OF DIFFERENT
LINEAGES?

The disposition and importance of notochordal cells in the post-embryonic state is not clear.
Hunter and his colleagues evaluated cells of the nucleus pulposus and showed the presence
of chondrocyte-like and “actin-filled’ notochordal cells (Hunter et al., 2003b; Hunter et al.,
2004). The large notochordal cells were 25–85 μm in diameter, contained glycogen stores
and were highly vacuolated (probably due to unsecreted proteoglycan). The cells exhibited a
well demarcated golgi, possessed “immature” mitochondria associated with a generous
endoplasmic reticulum, and formed fasiculi with contiguous cells. In addition to the
notochordal cells, a second population of smaller cells “chondrocyte-like” cells was noted.
Subsequently, two groups of cells were isolated from the nucleus pulposus by flow
cytometric analysis, based on autofluorescence and cell size, this finding lent support to the
argument that the nucleus contained small chondrocyte-like cells and large notochordal cells
(Chen et al., 2006). Chen et al. analyzed gene expression profile of these two populations
and showed what appeared to be differences in levels of expression of select phenotypic
markers. Moreover, cell mixing studies indicated that notochordal cells stimulated
glycosaminoglycan and aggrecan core protein synthesis by nucleus pulposus cells (Aguiar et
al., 1999). It is therefore possible that a sub-population of notochordal cells may serve as
“signaling centers” and/or progenitor cells influencing the activities of surrounding cells and
their homeostasis, thus maintaining tissue integrity (Henriksson et al., 2009; Risbud et al.,
2010).
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It has been argued that the number of notochordal cells in the nucleus pulposus declines
after birth due to their slow transformation and/or replacement by chondrocyte-like cells
(Chen et al., 2006; Buckwalter, 1995; Butler, 1989; Walmsley, 1953; Trout et al.; 1982).
Some authorities contend that a “centripetal sequential replacement mechanism” serves to
replace notochordal remnants with chondrocytes (Kim et al., 2003). This migration of the
endplate chondrocytes is thought to be facilitated by chemotactic signals generated by
notochordal cells (Kim et al., 2009). It is argued that the cell composition of the nucleus
pulposus is species specific (Gan et al., 2003; Poiraudeau et al., 1999; Guilak et al., 1999). It
is known that certain breeds of dogs are more susceptible to disc degeneration than others
and this has been linked to decline in notochordal-like cell content of the nucleus pulposus
(Hunter et al., 2003 a,b, 2004; Aguiar et al., 1999). In mature rabbits, notochordal cells are
retained in the disc (Poiraudeau et al., 1999) whereas, in rodents, it is thought that
notochordal cells are the dominant cell population in the immature tissue but few
notochordal cells are present after one year (Rufai et al., 1995; Stevens et al., 2000).
Likewise, it has been surmised that notochordal cells are rarely present after adolescence in
humans (Horwitz, 1977; Trout et al., 1982b; Pazzaglia et al., 1989); this prediction has
fueled the debate that the disappearance of the notochordal cells and their replacement by
chondrocytic cells may initiate or contribute to degenerative disc disease. Supporting this
argument, histological studies using needle punctured mouse discs show sequential
transformation of large notochordal cells first into chondrocyte-like cells and then into cells
with a fibrocartilage phenotype (Yang et al., 2009). That two cell types existed in the bovine
as well as human discs was supported by recent studies of cytokeratins, vimentin and
brachyury expression in the nucleus pulposus (Gilson et al., 2010; Minogue et al., 2010).
Urban’s group indicated that a small cohort of cells in the adult bovine nucleus pulposus
expressed the notochordal marker cytokeratin 8, suggesting the presence of both notochordal
and non-notochordal cell types (Gilson et al., 2010). Surprisingly, these cytokeratin 8
positive cells were of similar size to the chondrocyte-like cells of the nucleus pulposus. To
explain this finding the authors proposed that this may be due to cell contraction and loss of
vacuoles in culture. In contrast, Hoyland and colleagues could culture the large
(notochordal) and small (chondroytic) cells from the bovine discs (Minogue et al., 2010).

While the studies mentioned above were of great interest, build logically on each other and
generated what appeared to be a rational explanation for the observed variations in cell size
within the nucleus pulposus, there are several problems with the conclusions generated by
these investigations. First, within any tissue, cell size differences are the norm, not the
exception. Rather than indicating differences in ontology, these differences frequently signal
variations in RNA/DNA ratios, metabolic/secretive activity and cell cycle status. Indeed, it
would be very unusual if differences in cell size were not apparent in this tissue. Directly
relevant to this point, Zavala and Vazquez-Nin have reported the presence of two cell types
with distinct morphologies in the late stages of development of the notochord: large
vacuolated cells with numerous cisternae as well as much smaller non-vacuolated spindle
shaped cell containing ribosomes unattached to membranes and mitochondria (Zavala and
Vázquez-Nin, 2003). Thus, the notochord, the presumptive tissue of origin of the nucleus
pulposus, contains cells of differing size that are similar to those seen in the nucleus itself.
Relevant to the discussion of cell size, noteworthy, even in a related tissue, the growth plate,
during maturation, chondrocyte volumes can vary by as much as eight to ten fold (Hunziker
et al., 1987). Second, it would not be unreasonable to assume that within a single population,
cells of differing size express different gene profiles. This phenomenon is seen in liver cells,
where cells closest to the lobular artery express a profile of genes that differ from those
removed from the arteriole (Gebhardt, 1992). In the study mentioned above the two cell
types in the nucleus pulposus, evidenced substantive differences in expression levels of
integrins, collagens, biglycan and MMP’s (Chen et al., 2006). Again, in comparison with the
maturing chondrocyte, substantive differences in transcript expression would be expected;
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there is even, the expression of new transcript (collagen type X) by the large mature
hypertrophic cell (Reginato et al., 1988). Lastly, while differences in transcript levels are a
useful guide to phenotype, measurement of protein expression is a requirement.
Interestingly, even within sorted notochordal and small chondrocyte-like nucleus pulposus
populations, non-homogeneity in terms of integrin subunit expression was noted (Chen et
al., 2006).

Based on the limitations discussed above and the lack of a highly specific marker that is
homogenously expressed within a specific population, it is difficult to accept the view that
cells with different lineages (notochord and mesenchymal cells) are present within the
intervertebral disc. Moreover, without unequivocal lineage information the argument that
notochordal cells are lost and replaced by cells of a different lineage is far from convincing.

EVIDENCE IN SUPPORT OF THE ARGUMENT THAT CELLS OF THE
NUCLEUS PULPOSUS ARE ENTIRELY OF NOTOCHORDAL LINEAGE

In contrast to the studies mentioned above, there are a number of investigations in which
definitive markers of the notochord have been used to delineate the ontology of cells of the
intervertebral disc. Use has been made of the T-box gene, brachyury which is required for
notochordal cell differentiation and survival (Herrmann and Kispert, 1994), and Shh a
secreted protein that is necessary for normal disc development; (Chiang et al., 1996; Teillet
et al., 1998). Choi et al. created fate maps of the disc cells by knocking into the Shh gene the
recombinase gene cre which is inducible by tamoxifen (ShhCreERT2) (Choi et al., 2008).
These workers had previously shown that Shh-Cre is highly expressed in the notochord
(Tian et al., 2005). When animals containing ShhCreERT were mated with R26R Cre
reporter mice, all cells in the nucleus pulposus were labeled (Fig. 2A, B). Based on these
observations, these workers concluded that the entire nucleus pulposus is descended from
the notochord. While this finding confirms many earlier studies of notochordal development,
it said little about the adult disc. To address this issue, these workers then evaluated the
expression of the reporter in an old mouse (19 months). They showed that in the skeletally
mature animals, all of the cells of the nucleus pulposus were labeled (Fig. 2C, D). This data
lent considerable strength to the notion that cells in the adult disc were descended from “a
homogeneous population of Shhcre” expressing notochordal cells. Noteworthy, the annulus
fibrosus and the cartilaginous endplates, were devoid of Shhcre descendant cells. It was
concluded that even the chondrocyte-like cells of the adult nucleus pulposus are derived
from Shh-expressing notochord cells, and not from cells of the surrounding Shh-negative
mesenchyme.

Aside from Shh, considerable attention has been directed at the product of brachyury in both
the notochord and the nucleus pulposus. As was discussed earlier, we now know that
brachyury is required for differentiation of axial midline mesoderm into notochord (Chesley
1935; Halpern et al., 1993; Schulte-Merker et al., 1992) and that misexpression of brachyury
can give rise to a fully differentiated ectopic notochord (Takahashi et al., 1999). In a recent
study, Yang et al. has reported that duplication of the brachyury gene resulted in a tumor
(familial chordoma) that is derived from notochordal remnants (Yang et al., 2009). Thus
from all perspectives, the expression of brachyury should serve as a useful guide to the
presence of notochordal cells in the adult nucleus pulposus. Genome wide microarray
analysis indicates that adult bovine, as well as human discs, expressed brachyury and
different cytokeratins (CK8, 18 and 19) (Gilson et al., 2010; Minogue et al., 2010); the latter
genes are usually expressed by epithelial derived tissues as well as the notochord (Salisbury
and Isaacson, 1985; Salisbury et al., 1993). If it is assumed that in these species the
notochordal cells are lost from the disc early in life, then these results were unexpected.
Moreover, Minogue et al. showed that both the large notochordal and small chondrocyte-
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like nucleus pulposus cells have substantially overlapping expression patterns; for some
marker genes, the level of notochordal expression is even higher (Minogue et al., 2010).
Since, the differences in expression of marker genes between the two cells types were never
greater than ~10-fold it was suggested that both cell types may have been derived from a
common lineage. This inference is in accord with a recent observation that the rabbit
notochordal cells can differentiate into cells of different morphologies in vitro (Kim et al.,
2009). Importantly, these studies question the much debated notion that notochordal cells
are lost during the post-natal life of bovine and human discs (Gilson et al., 2010; Minogue et
al., 2010; Stosiek et al., 1988; Weiler et al., 2007).

We have measured brachyury protein expression in embryonic mouse as well as in adult
human nucleus pulposus tissue samples (Fig. 3A–C). Our data shows that there is a
pronounced expression of brachyury in the nucleus pulposus, even during degeneration (Fig.
3C). Interestingly, expression of brachyury, an unequivocal marker of notochord is also
reported in bovine as well as human nucleus pulposus (Minogue et al., 2010). Hoyland and
her colleagues showed that unlike cytokeratins 8 and 18, mRNA expression of brachyury
remained unchanged with degeneration in the human nucleus pulposus (Minogue et al.,
2010). Moreover, expression of brachyury was also pronounced in both notochordal and
chondrocyte-like nucleus pulposus cells of the adult bovine disc (Minogue et al., 2010).

While there is considerable agreement on the expression of brachyury, Vujovic et al. were
unable to show that this gene was expressed by the adult nucleus pulposus and indeed
concluded that this tissue was not derived from the notochord (Vujovic et al., 2006). Casting
some doubt on this conclusion, the authors also failed to detect cytokeratins, proteins that
are known to be expressed by the notochord as well as nucleus pulposus cells (Gilson et al.,
2010; Minogue et al., 2010; Stosiek et al., 1988; Weiler et al., 2007; Lee et al., 2007; Sakai
et al., 2009). Based on our own data, studies of other notochordal markers by several
workers and the lineage mapping studies, we forward the hypothesis that in all of the animal
species mentioned earlier, including human, nucleus pulposus tissue retains notochordal
cells throughout life. Although it is still possible that development of disc disease is linked
to loss of a sub-population of notochordal cells i.e. “large cells” either by death or by de-
differentiation to a modified phenotype (Yang et al., 2009), more definitive studies using
molecular genetic approaches are required. We propose that all nucleus pulposus cells
including chondrocyte-like cells are derived from notochordal precursors and that variations
in morphology and size are representative of different stages of maturation, and or, function
(see Fig. 3D). Finally, while an overall decrease in cell number and a reduction in their
functional activity may contribute to development of degenerative disc disease, the existing
notion that degeneration is due to a selective loss of only notochordal cells in untenable.

Perspective
Although cells of different size and shape exist, and species-specific differences have been
reported, there is no strong evidence to support the view that the nucleus pulposus contains
mixed populations of cells of distinct lineages or that the nucleus recruits cells from the
endplate or annulus fibrosus. Based on the published literature, it is quite clear that during
embryogenesis, cells of the nucleus pulposus are derived from the notochord. There is
compelling evidence that in the rodent, the cells maintain their notochordal characteristics
into maturity. Moreover, using a very well established notochordal marker brachyury, it was
shown that even human degenerate disc cells express this protein, implying that these cells
are notochordal. If these contentions are valid, then the conclusions impact current disc
research endeavors that require use of animal models. While large animal models are
important for testing surgical procedures and devices, the value of small animal models such
as rodents, for genetic, biochemical and molecular studies can not be underestimated. Thus,
the authors contend that the most critical choice for a suitable animal model should relate
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more to the anatomical, spatial and mechanical characteristics of the spinal motion segment
than concerns of cell loss and replacement by non-notochordal cells of the nucleus pulposus.
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Figure 1.
A) A saggital section through a rat intervertebral disc showing the nucleus pulposus (NP),
annulus fibrosus (AF) and endplate cartilage (EP). B) TEM image of a rat nucleus pulposus
cell showing characteristic cytoplasmic vacuoles (V). N: nucleus; Golgi: Go. Mag. 10,000
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Figure 2.
Fate mapping studies of Sonic hedgehog (shh) expressing cells in the intervertebral disc. A)
Ventral whole mount of the developing vertebral column of ShhcreERT2;R26R mouse at
E13.5 that has been pulse labeled with tamoxifen at E 8.0. Sections were stained with β-
galacosidase to identify the Shh expressing cells. Arrows show the forming nucleus
pulposus of the intervertebral discs. B) A transverse section of the intervertebral disc of a
new born mice. Note, that all the cells in the nucleus pulposus (NP) are positively labeled,
while the developing annulus fibrosus (AF) is negative. C) 19 month old Shhcre;R26R
mouse showing that all the cells of the nucleus pulposus are labeled. D) High magnification
image of the insert area shown in panel C (40X). Courtesy of Dr. Brian Harfe (Choi et al.,
2008)
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Figure 3.
Brachyury expression in cells of the nucleus pulposus. A) Low magnification saggital
section of the E15.5 mouse embryo showing brachyury staining in the developing nucleus
pulposus. Note that the annulus fibrosus and endplate cartilage is negative (10X). B) High
magnification image the developing nucleus pulposus that is shown by an arrow in panel A
(20X). All cells show intense nuclear staining of brachyury. C) Western blot analysis of
brachyury expression in nucleus pulposus tissue isolated from progressively degenerate
human discs (Thompson Grade II–V). A robust expression of brachyury was seen in all the
nucleus pulposus samples. D) Schematic indicating current theories concerning the origin of
cells of the NP. Although, it is well established that the notochord (NC) gives rise to large
NP cells during embryogenesis, there is discord concerning the origin of small chondrocytic
cells in the adult. As the NC contains both small spindle shaped cells as well as large
vacuolated cells, we hypothesize that both the large vacuolated cells (LVC) and
chondrocyte-like cells (CLC) of the NP are derived from the notochord. These cells then
undergo self renewal to maintain cellular homeostasis of the NP tissue. It is possible that
LVC may differentiate into CLC. It is known that the perinotochordal sheath (PNS) gives
rise to both endplate (EP) chondrocytes and annulus fibrosus (AF) cells. Some workers are
of the opinion that in the adult, endplate chondrocytes and inner annulus fibrosus cells give
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rise to CLC at the same time replacing LVC. There is debate that loss or replacement of
LVC in the nucleus pulposus initiates disc degeneration.
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