1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Crit Rev Eukaryot Gene Expr. 2011 ; 21(1): 29-41.

Notochordal Cells in the Adult Intervertebral Disc: New
Perspective on an Old Question

Makarand V. Risbud and Irving M. Shapiro
Department of Orthopaedic Surgery and Graduate Program in Tissue Engineering and
Regenerative Medicine, Thomas Jefferson University, Philadelphia, PA

Abstract

The intervertebral disc is a soft tissue, positioned between each of the vertebrae, that
accommodates applied biomechanical forces to the spine. The central compartment of the disc
contains the nucleus pulposus (NP), which is enclosed by the annulus fibrosus and the endplate
cartilage. The NP is derived from the notochord, a rodlike structure of mesodermal origin.
Development of the notochord is tightly regulated by interactive transcription factors and target
genes. Since a number of these molecules are unique, they have been used for cell lineage and fate
mapping studies of tissues of the intervertebral disc. These studies have shown that in a number of
species including human, NP tissue retains notochordal cells throughout life. In the adult NP, there
are present both large and small notochordal cells, as well as a progenitor cell population which
can differentiate along the mesengenic pathway. Since tissue renewal in the intervertebral disc is
dependent on the ability of these cells to commit to the NP lineage and undergo terminal
differentiation, studies have been performed to assess which signaling pathways may regulate
these activities. The notch signaling pathway is active in the intervertebral disc and is responsive
to hypoxia, probably through HIF-1a. From a disease viewpoint, it is hypothesized that an oxemic
shift, possibly mediated by alterations in the vascular supply to the tissues of the disc, would be
expected to lead to a failure in notochordal progenitor cell activation and a decrease in the number
of differentiated cells. In turn, this would lead to decrements in function and enhancement of the
effect of agents that are known to promote disc degeneration.
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l. INTRODUCTION

The incidence of low back pain is extraordinarily high and is a cause for societal and fiscal
concern. Most often, it is due to degenerative changes in the disc that contribute to
intervertebral osteochondrosis as well as osteophytosis; patients also suffer from associated
arthritic changes of the zygapophyseal joints. Compromised disc function leads to a loss of
stability of the spine, while limitations in flexion and extension interfere with posture and
mobility. Surgeons have developed an armamentarium of approaches for repairing the
damaged disc. While the more common strategies provide pain relief, they cannot prevent

© 2011 Begell House, Inc.

"Address all correspondence to: Makarand V. Risbud or Irving M. Shapiro, Department of Orthopaedic Surgery, Jefferson Medical
College, 1015 Walnut St., Curtis Bldg., Suite 501, Philadelphia, PA 19107; makarand.risbud@jefferson.edu or
irving.shapiro@jefferson.edu.



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

1duasnuey Joyiny vd-HIN

Risbud and Shapiro

Page 2

further degeneration, nor completely restore disc function. Viewed from this perspective,
these procedures are less than optimal, as they fail to prevent further deterioration of the
health of the compromised spine.

Discussions concerning the function of the nucleus pulposus have been ongoing since the
sixteenth century. Although anatomical features of the discs were described by Vesalius in
1543, and by Winslow in 1776, it was not until the 19t century that von Luschka provided
the first detailed account of the disc structure.

The disc is a soft tissue positioned between each of the vertebrae of the spine. It permits a
range of motions between vertebrae and accommodates biomechanical forces applied to the
spine. The disc structure is complex, including a peripheral annulus fibrosus that composed
of tightly packed parallel collagen type | fibrils. Sharpey fibers from the annulus are inserted
into contiguous superior and inferior vertebral bodies and cartilaginous endplates. The inner
aspect of the annulus fibrosus is poorly organized and contains both collagen type | and 11
and aggregating proteoglycans. The annulus and the cartilaginous endplates enclose the
nucleus pulposus, an aggrecan-rich gel-like tissue. In the neonate, the nucleus pulposus is
highly cellular with relatively little extracellular proteoglycan. In contrast, in the adult, the
proportion of cells to matrix is low (Fig. 1). 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 increase.
These cellular events are also accompanied by the changes in the extracellular
microenvironment.

Since vascularity of the disc is limited, the oxygen tension within the nucleus pulposus is
low, causing the cells to tune their metabolism to the available oxygen supply. The hypoxic
nucleus pulposus cells evidence almost complete reliance on the glycolytic pathway to
generate metabolic energy, which is controlled by the transcription factor HIF-1a.1 HIF-1
regulates expression of a number of genes involved in glycolysis as well as mitochondrial
energy metabolism.23 Not surprisingly, the disc cells have very few mitochondria, an
extensive ER, and a large number of vacuoles filled with an osmotically active material 4>
Measurement of the osmotic pressure of the disc shows that it is hypertonic, almost 200
mOsm/kg above the norm. Our previous work showed that adaptation to this osmotic
environment is mediated through the activities of a TOonEBP/NFAT5.5:7 Upon activation,
TonEBP binds to the TonE element of genes that control osmolarity by regulating levels of
non-ionic osmolytes, eg, betaine, taurine, myoinositol, and sorbitol. Thus, this transcription
factor regulates the expression of osmoregulatory genes that are required to maintain the
survival and function of the notochordal nucleus pulposus.8

There has been considerable debate concerning the embryological origin of the nucleus
pulposus. For example, while Gegenbauer and Hertig considered that the nucleus pulposus
was derived from the notochord, luminaries such as Virchow, Heildberg, and Weiss opined
that the nucleus pulposus was derived from peri- or extra-notochordal tissues. While the
evidence has mounted that the nucleus pulposus is notochordal in origin, surprisingly, these
arguments have continued to the present day, especially those that relate to the postnatal fate
of the notochordal cells. As a result, this debate has obfuscated our understanding of the fate
of cells of the nucleus pulposus in the adult, especially in relationship to degenerative disc
disease.8 The focus of the current debate is whether the pathogenesis of disc disease in
adults is due to the loss and/or the replacement of the original notochordal cells by other cell
types. The goal of this review is to address these competing views and elaborate on the role
of the notch signaling system on the homeostasis of notochordal cells of the nucleus
pulposus.
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II. NOTOCHORD FUNCTION DURING EMBRYOGENESIS AND
INTERVERTEBRAL DISC FORMATION

The body axis of vertebrates, established during gastrulation, is characterized by the
formation of the notochord. This rod-like midline structure is of mesodermal origin and
serves as a primitive axial skeleton.®-1! Flanked by two rows of somites, it causes patterning
of the paraxial mesoderm to generate the metameric array of vertebrae. Each somite gives
rise to cell populations that are progenitors of the dermis/muscle (dermatomyotome) and
axial skeleton (sclerotome)1213 (Fig. 2). The notochord may also specify other tissues such
as the asymmetry of the developing heart.14.15

During the segmentation period of development, the notochord acquires a thick three-
layered connective tissue sheath consisting of large diameter collagenous fibers. The
mechanical strength imparted by this firm sheath together with the turgor pressure generated
by the vacuolated notochordal cells provides stiffness to the combined structure that permits
elongation of the developing embryo.? From week 5 to week 12 of development, the
notochord in the human embryo gradually breaks down and cellular remnants, enclosed
within a primitive annulus fibrosus, form the presumptive nucleus pulposus®17 (Fig. 2).
However, there remains some uncertainty whether the notochordal cells, located in the
developing vertebral bodies, either disintegrate, or migrate to the intervertebral regions and
contribute to the formation of the nucleus pulposus.18.19 Possibly, a few dormant
notochordal cells persist in the adult vertebral body and, if activated, may give rise to
chordomas.2 Thus, it would not be unreasonable to assume that in chordate embryos, the
nucleus pulposus is the only tissue that is completely derived from the notochord.20 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 postnatal life is less well understood. Nonetheless,
there is now overwhelming evidence that the notochordal nature of the nucleus pulposus is
preserved in the adult state.20-23

IIl. MOLECULAR REGULATION OF NOTOCHORD AND DISC
DEVELOPMENT

The development of the notochord from the axial mesenchyme is specified by a number of
signaling molecules and transcription factors.242> Following neurulation, the notochord
expresses transcription factors encoded by Foxa2/HNF-3p, the secreted patterning factor,
Sonic Hedgehog (Shh), as well as brachyury, a T-box transcription factor that determines
cell differentiation and survival. 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.2% In homozygotes, Dobrovolskaia-
Zavadskaia reported that these mutations are associated with developmental defects in tail
and vertebrae.2” Another important transcription factor required for the development of the
node, notochord, and floor plate of the neural tube is Foxa2/HNF-3p.28:29 Foxa2 mutants do
not generate a node and a definitive endoderm, and lack all notochordal cells.

Sonic Hedgehog is involved in notochord development and along with noggin mediates
inductive actions of the notochord.3%-32 However, little is know about Shh expression and
function in the postnatal 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. Since the
expression of these important molecules provides insights into the ontology of the cells that
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contribute to, and are retained in, the mature nucleus pulposus, their expression will be
discussed in a later section of this review.

It is noteworthy that notochord development is influenced indirectly by the abnormal
formation of vertebrae. Thus, mutants that lack collagen type 11,18:33 the homeobox
transcription factors Bapx1,34:35 and the paired box transcription factors Pax1 and Pax936:37
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 nucleus pulposus morphogenesis. In addition,
two other genes, Sox5 and Sox6 encode highly homologous transcription factors, L-Sox5
and Sox®6, respectively, which are expressed in sclerotome-derived cells and in the
notochord.38 These proteins are required for peri-notochordal sheath formation, cell
survival, and development of the nucleus pulposus.3° Not surprisingly, Sox5~/~/Sox6~/~
embryos exhibit extreme defects in notochord development and formation of the axial
skeleton.39

Among small molecules regulating notochord function are the retinoids. These molecules
are secreted by the paraxial mesoderm and known to influence both the overlying neural
plate as well as the development of vertebrae and the intervertebral disc. 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.? Imbalance of retinoic acid levels
leads to abnormal development of the axial skeleton, disrupted notochord segmentation, and
formation of oversized vertebrae and vertebral fusion.#1:42 It is, thus, likely that retinoids
may have a role in the establishment of somites.*3 If so, this would explain why a
disturbance in retinoid synthesis leads to vertebral fusions and misshaped/sized vertebrae.

One final group of molecules that needs to be briefly mentioned are components of the notch
signaling system. While they will be described in more detail later in this review, it is
important to comment that this group of proteins appear to play a critical role at both the
pre- and post-gastrulation stages of development. There is evidence to suggest that notch
regulates proliferation of floor plate cells.#4-46 Later, jagged and other notch ligands are
expressed in the notochord.#7-49 Interestingly, activation of notch signaling through jagged
results in preferential development of non-vacuolated notochordal cells that are responsible
for the formation of the peri-notochordal sheath.59 The notch target jagged also regulates
notochordal patterning activities and the levels of hedgehog, required for speciation of
muscle cells. Since the notochord serves as an inducer of a multitude of critical activities,
the following question is raised: is this signaling system active in the adult nucleus pulposus
and, if indeed, what is its role in maintaining and organizing the annulus and endplate
cartilage in the post-embryonic state?

In summary, the development of the notochord and paraxial mesoderm is tightly regulated
by a series of interactive transcription factors and target genes. Since a number of these
molecules are unique they can be used successfully for cell lineage and fate mapping studies
of tissues of the intervertebral disc. Moreover, since the notochord is extraordinarily active
in terms of organizing and inducing changes in the paraxial mesoderm, floor plate, and
neural tube, the possibility exists that cells of the nucleus may well retain at least a part of
this activity in the adult. Indeed, it has been speculated that loss of these activities may
coincide with the induction of the degenerative state.

IV. THE CELLULAR COMPOSITION OF THE ADULT NUCLEUS PULPOSUS

Discussion of the cellular composition of the nucleus pulposus in the post-embryonic and
adult states has markedly influenced current thinking concerning the functional importance
of this tissue. That a heterogeneous population of cells may exist in the nucleus pulposus
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was supported by the observation from Hunter and his colleagues who showed the presence
of small chondrocyte-like and large “actin-filled’ notochordal cells.?51 Subsequently, two
groups of cells were isolated from the nucleus pulposus by flow cytometric analysis, lending
support to the argument that the nucleus contained small chondrocyte-like and large
notochordal cells.>2 Gene expression profile of these two populations showed differences in
levels of expression of select markers. Moreover, cell mixing studies indicated that
notochordal cells stimulated glycosaminoglycan and aggrecan core protein synthesis by
nucleus pulposus cells.53 Henriksson et al. and Risbud et al. raised the possibility that a
subpopulation of notochordal cells may serve as “signaling centers” and/or progenitor cells
that influence the synthetic activities of neighboring cells and preserve cell type and
number,54:55

A number of authorities contend 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.5256-59 Some argue that a “centripetal sequential replacement
mechanism” serves to replace notochordal remnants with chondrocytes, possibly facilitated
by chemotactic signals generated by extant notochordal cells.80-61

The observation that cells of the nucleus pulposus appear to be heterogeneous in size has
fueled the argument that the cell composition of the nucleus pulposus is species-
specific.52-64 For example, 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.19:65 The decline in notochordal-like cells from the nucleus pulposus is thought to be
linked to disc degeneration in certain breeds of dogs.>8:°1:53 Likewise, it has been surmised
that notochordal cells are rarely present after adolescence in humans.17-66.67 This prediction
has fueled the debate that the disappearance of notochordal cells and their replacement by
chondrocytic cells may initiate or contribute to degenerative disc disease. 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 fibro-
cartilagenous phenotype.88 Recent studies by Gilson et al. and Minogue et al. support this
viewpoint.21:22

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. 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 (ShhCre-ERT2)20. As was
discussed earlier, Shh is involved in notochord development and along with noggin mediates
inductive actions of the notochord and thus, as expected, Shh-Cre is highly expressed in the
notochord.®? When ShhCreERT mice were mated with R26R Cre reporter mice, all cells in
the nucleus pulposus were labeled, leading to the conclusion that the entire nucleus pulposus
was 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 evaluated the expression of the reporter in 19-month-old animals. In these skeletally
mature animals, all of the cells of the nucleus pulposus were labeled. This finding
strengthened the view that cells in the adult disc were descended from *“a homogeneous
population of Shhcre” expressing notochordal cells. Not surprisingly, the annulus fibrosus
and the cartilaginous endplates were devoid of Shhcre descendant cells, indicating a non-
notochordal lineage. Thus, it is evident 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, in both the notochord and the disc considerable attention has been directed
at brachyury. As indicated earlier, brachyury is required for differentiation of axial midline
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mesoderm into notochord, 47971 and misexpression of brachyury gives rise to a fully
differentiated ectopic notochord.”2 Moreover, duplication of the brachyury gene results in
chordomas that are derived from notochordal remnants.”® Thus, 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
nucleus pulposus tissues, expressed brachyury and different cytokeratins (CK8, 18 and
19).21.22 The latter genes are usually expressed by epithelial-derived tissues, as well as the
notochord.”47® If it is assumed that in these species the notochordal cells are lost from the
disc early in life, then these results are unexpected. Moreover, Minogue et al. showed that
both the large notochordal and small chondrocyte-like nucleus pulposus cells have
substantially overlapping expression patterns.22 Moreover, the differences in expression of
marker genes between the two cells types were never greater than ~10-fold, suggesting that
both the 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.”® Importantly, these studies question the much debated
notion that notochordal cells are lost during the postnatal life.21:22:77.78 \We have measured
brachyury protein expression in embryonic mouse as well as in adult human nucleus
pulposus tissue samples.23 Our data show that there is a robust expression of brachyury in
the nucleus pulposus, even during degeneration (Fig. 3). Supporting this finding, Hoyland
and her colleagues showed that in the degenerate human nucleus pulposus, unlike
cytokeratins 8 and 18, brachyury expression remained constant.22

While there is considerable agreement on the expression of brachyury, it is acknowledged
that Vujovic et al. were unable to show that this gene was expressed by the adult nucleus
pulposus.”® Tempering the conclusion that this tissue was not derived from the notochord
was the observation that other characteristic proteins such as the cytokeratins were also not
detected in this tissue.21:22.77.78.80.81 | the absence of these related proteins, there is little
support for the conclusion by Vujovic and colleagues that the notochord does not contribute
to the cellular composition of the adult nucleus pulposus.

The ontological studies mentioned earlier provide a rational explanation for the observed
variations in cell size within the nucleus pulposus. That variations exist is not surprising and
may reflect one or more of the following possibilities. First, within any tissue, cell size
differences are the norm, not the exception. Rather than indicating differences in lineage,
they may signal variations in metabolic/secretive activity and cell cycle status. Indeed, it
would be very unusual if differences in cell size were not apparent in this tissue.
Noteworthy, the presence of two cell types with distinct morphologies in the late stages of
development of the notochord has been reported: large vacuolated and smaller, spindle-
shaped cells.82 Thus, the notochord contains cells of differing size that are similar to those
seen in the nucleus pulposus itself. Also relevant to this discussion is that in the growth
plate, chondrocyte volumes can vary by as much as eight- to ten-fold.82 Second, it would not
be unreasonable to assume that within a single population, cells of differing size express
different gene profiles.84 In the study by Chen et al., the two cell types in the nucleus
pulposus evidenced substantive differences in expression levels of integrins, collagens,
biglycan, and MMPs.52 Again, this is similar to the maturing chondrocytes where
substantive differences in transcript expression are reported; there is even the expression of
new transcript (collagen type X) by the large mature hypertrophic cells.85 Based on the
limitations discussed above and the lack of a highly specific marker that is uniformly
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 nucleus
pulposus. Moreover, without unequivocal lineage information, the argument that
notochordal cells are lost and replaced by cells of a different lineage is far from convincing.

Crit Rev Eukaryot Gene Expr. Author manuscript; available in PMC 2012 January 1.
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Findings from our own investigations as well as the state-of-the-art lineage mapping studies
favor the hypothesis that in all of the animal species mentioned earlier, including human,
nucleus pulposus tissue retains notochordal cells throughout life.23 Although it is still
possible that development of disc disease is linked to loss of a subpopulation of notochordal
cells, ie, “large cells,” either by death, or by de-differentiation to a modified phenotype,58
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 (Fig. 4). Nevertheless, since notochordal cells may retain
some stem cell characteristics, it would not be unreasonable to assume that they would
continue to proliferate within the disc to maintain cell homeostasis and tissue function.86
Moreover, in the disease state, a change in the hypoxic and hyperosmotic environment, as
well as expression of cytokines and growth factors, may serve to limit cell proliferation
while provoking terminal differentiation along chondrocyte, fibroblast, and osteoblast
lineages. 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 the notochordal fraction of cells is untenable.

V. REGULATION OF CELLULAR HOMEOSTASIS: REGENERATION OF THE
DEGENERATE DISC

In this review, we have drawn attention to the critical role and fate of notochordal cells in
the postnatal intervertebral disc. Where applicable, we have included a discussion of the
relationship of notochordal cells to the development of the disease state. It should be noted
that in concert with most connective tissues, cell turnover within this hypoxic tissue niche is
slow: as indicated in Figure 4, some cells retain their proliferative potential. Moreover, we
have shown that a small notochordal progenitor cell population is present within the adult
disc and can differentiate along the mesengenic pathway to replace dying cells.8¢ Thus,
tissue renewal in the intervertebral disc is dependent on the ability of notochordal
progenitors to commit to the nucleus pulposus lineage and undergo terminal differentiation.

It is now recognized that the notch signaling pathway is central to both of these activities. In
blood, skin, and gut epithelium, the notch pathway maintains stem cells in a proliferative,
pluripotent, and undifferentiated state. Additionally, it directs cell fates. In the canonical
notch pathway, there is interaction between two cells or two cell types; in the disc, these
cells could be in the nucleus pulposus itself or possibly between the nucleus pulposus and
the inner annulus fibrosus cells. Proteins on one cell (Jagged-1 and -2; and Delta-like-1,
Delta-like-3, and Delta-like-4) serve as ligands to the single-pass notch transmembrane
receptor. Following two sequential proteolytic cleavages, the notch intracellular domain
(NICD) is released from the plasma membrane and translocates to the nucleus, where it
interacts with a transcription factor of the CSL (RBPJk) family and activates the
transcription of target genes that include Hes and Hey. The transmembrane domain cleavage
and release of NICD is mediated by the y-secretase complex, which in mammals contains
either presenilin-1 or presenilin-2 as the catalytic subunit. Removal of both presenilin-1
(encoded by Psenl) and presenilin-2 (encoded by Psen2) completely abolishes NICD
production.

We have recently shown that the notch signaling pathway is active in the intervertebral disc
and is responsive to hypoxia.8” In skeletal tissues, disruption of notch signaling markedly
increases trabecular bone mass: with aging, the mice become osteopenic due to a sharp
reduction in mesenchymal progenitor populations.88:89 Hypoxia also increases the
expression of known notch target genes. Accordingly, in the nucleus, HIF-1o may directly
interact with the notch ICD and direct cell fate. Based on what is known of cell replacement
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in other tissues, it is more than likely that this HIF-regulated pathway is a critical component
of cell renewal and replacement.

From a disease viewpoint, an oxemic shift, possibly mediated by alterations in the vascular
supply to the endplate cartilage, or even the annulus fibrosus, would be expected to lead to a
failure in notochordal progenitor cell activation and a decrease in the number of
differentiated cells. In turn, this would lead to decrements in function and enhancement of
the effect of agents that are known to promote disc degeneration. From a therapeutic
viewpoint, it should be possible to modulate the niche environment to enhance renewal and
promote differentiation of precursors into functional cells of the nucleus or the annulus.
Accordingly, rather than relying on surgical and other interventional strategies, which may
themselves damage the disc or cause infection, it should be possible to promote tissue repair
by manipulating oxemic conditions within the niche, or by using proteins of the notch
signaling pathway to reactivate the endogenous notochordal precursors in the nucleus
pulposus. Restoration of disc cell function and prevention of degeneration remains the
ultimate goal of current intervertebral disc research.
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FIGURE 1.

A saggital section through neonatal (A) and mature (B) rat intervertebral disc showing the
nucleus pulposus (NP), annulus fibrosus (AF), and endplate cartilage (EP). Note that in the
neonate, the NP is highly cellular containing large vacuolated notochordal cells and there is
little deposition of extracellular proteoglycan matrix. At this stage the sclerotomal-derived
EP and AF are not completely organized and endochondral ossification of the vertebrae is
yet to occur. Original Mag. X10. In the adult NP, the ratio of proteoglycan matrix to cells is
high. The AF exhibits a characteristic lamellar structure in the adult. Original Mag. X4.
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FIGURE 2.

(A) During segmentation the paraxial mesoderm forms pairs of somites along the neural
tube (light orange) and notochord (blue). Each somite is composed of a dermatome (light
purple), myotome (light brown), and sclerotome (dark yellow). The ectoderm lies above and
the endoderm below. (B) Sclerotomal cells migrate from adjacent somites above and below
each future vertebra. Dermatomal cells stream beneath the ectoderm to form the dermis,
while the myotomal cells form muscle. Insert B shows the architecture of the vertebrae with
the spinal canal, spinal processes, and the nucleus pulposus in blue. Courtesy of Dr. Richard
Dryden.
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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 of 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 I1-V). A robust expression of brachyury was seen in all the
nucleus pulposus samples. Reproduced with permission.23
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Disc Degeneration

FIGURE 4.

Schematic indicating current theories concerning the origin of cells of the nucleus pulposus
(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 disc. 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 researchers
are of the opinion that in the adult, endplate chondrocytes and inner annulus fibrosus cells
give rise to CLC at the same time replacing LVVC. There is debate that loss or replacement of
LVC in the nucleus pulposus initiates disc degeneration. Reproduced with permission.23
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